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Abstract Background/purpose: Glycogen synthase kinase-3b (GSK3b) inhibitor enhances
bone formation, while dental pulp stem cells (DPSC) are potentially used to repair bone de-
fects. The present study aimed to investigate the effect of AR-A014418 (AR, a specific glycogen
synthase kinase-3b inhibitor) on the migration and osteogenic differentiation of rat-derived
dental pulp stem cells (rDPSCs), and further explore the underlying mechanism.
Materials and methods: rDPSCs were isolated from rats, and then cultured with different con-
centrations of AR with or without LY294002 (a PI3K inhibitor). Then, cell viability, migration,
osteogenic differentiation, and the involvement of PI3K pathway were detected by CCK-8
assay, Transwell assay, Alizarin Red S Staining, Alkaline phosphatase (ALP) assay, Western blot,
and RT-PCR, respectively.
Results: Our present study demonstrated that AR of various concentrations (1 mM, 2.5 mM, and
5 mM) not only promoted the rDPSC proliferation and migration, but also increased calcium
deposition, the activity of alkaline phosphatase (ALP), and levels of osteogenic markers
(RUNX2, OPN, OCN, and OSX) in rDPSCs. It was also found that the administration of AR resulted
in an increase in the expression level of p-GSK3b (Ser), b-catenin, p-PI3K, and p-Akt, and a
reduction in p-GSK3b (Tyr216). Furthermore, PI3K inhibitor LY294002 abrogated the enhanced
cell migration and osteogenic differentiation of rDPSCs induced by AR.
Conclusion: Our results provide evidence that AR significantly promotes migration and osteo-
genic differentiation of rDPSCs by activating b-catenin/PI3K/Akt signaling pathway.
ª 2021 Association for Dental Sciences of the Republic of China. Publishing services by Elsevier
B.V. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).
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Introduction

As all known, stem cells can self-renew and differentiate
into other cell types. In the last decade, mesenchymal stem
cells (MSCs) have shown great potential in the field of
regenerative medicine due to their capacities of self-
renewal and multilineage differentiation.1,2 MSCs could be
isolated from numerous tissues including adipose tissues,3

bone marrow,4 skeletal muscle,5 and dental tissues.6 In
2004, Seo et al.7 initially isolated and identified dental pulp
stem cells (DPSCs) from the human pulp tissues. Since
DPSCs not only display a MSC-like property but also can be
conveniently harvested, they are considered promising
stem cell sources for clinical use.8 Extensive basic studies
proved the potent potential of DPSCs in the regeneration of
bone.9,10 Additionally, a previous clinical study confirmed
the safety and therapeutic effects of DPSCs in treating se-
vere periodontal defects.11 It is undoubted that the oste-
ogenic differentiation capacity of DPSCs is crucial for bone
regeneration. Besides, the migration of endogenous or
exogenous DPSCs to bone injury or loss sites is also signifi-
cant for bone regeneration.12 Therefore, enhancement of
osteogenic differentiation and migration of DPSCs is an
important avenue in improving the therapeutic efficacy of
DPSC-based therapy.

In recent years, increasing studies have found that
some small molecules show osteogenic function via
diverse signaling mechanisms.13e15 Given that it is easy to
synthesize small molecules, which are non-immunogenic
and cost-effective, it seems an attractive choice for
directing osteogenic differentiation and migration of
PDLSCs. Glycogen synthase kinase-3 (GSK3) is a
serineethreonine protein kinase containing two isoforms
(GSK3a and GSK3b), which is an important component of
various key signaling pathways, including insulin, mTOR,
NF-kB, and Wnt/b-catenin.16 Many studies have impli-
cated the Wnt signaling pathway in the lineage differen-
tiation and migration of MSCs.17,18 It is well known that
GSK3b inhibitors can activate the Wnt signaling pathway
by decreasing the degradation of b-catenin. Hence, GSK3b
inhibitors may provide a new therapeutic strategy for
DPSC-based bone regeneration. In the past decades, a
number of small molecule GSK3b inhibitors have been
identified;19e21 however, more than half of the published
inhibitors not only target GSK3b, but also affect cyclin-
dependent kinase 2 (cdk2) or cdk5.22 In 2003, Bhat
et al.23 identified an amino thiazole in a high-throughput
biochemical screening using purified recombinant GSK3b,
which was named as AR-A014418 (AR). AR can inhibit
GSK3b activity in an ATP-competitive way, with high
specificity for GSK3b as it does not affect the activity of
other 26 protein kinases, especially cdk2 and cdk5
(IC50 > 100 mM) that are inhibited by the majority of GSK3
inhibitors.23 Several studies reported that AR had potent
activities against diverse types of cancer with no adverse
effects in rodents.24,25 However, to our knowledge, the
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role of AR in migration and osteogenic differentiation of
DPSCs has been rarely studied before.

The aim of this study is to investigate the effects of
GSK3b inhibitors, AR, on migration and differentiation of
rat DPSCs (rDPSCs) into osteoblasts in vitro, and prelimi-
narily explore the underlying molecular mechanisms.

Materials and methods

rDPSCs isolation and characterization

SpragueeDawley rats (3 months, SPF grade) were pur-
chased from Guangdong Medical Laboratory Center
(Guangzhou, China), and rDPSCs were isolated from the
dental pulp of incisors of rats, as Alksne et al.26 previously
described. The isolated rDPSCs were cultured in DMEM
supplemented with 10% FBS and 1% penicillin/streptomycin
at 37 �C in a 5% CO2 incubator. The third rDPSC passage was
subjected to characterization, which included identifica-
tion of the cell surface markers and multidirectional dif-
ferentiation of rDPSCs. Every procedure was approved by
the Animal Care and Use Committee of Fujian Provincial
Hospital.

Osteogenic and adipogenic differentiation

For osteogenic differentiation, 5 � 104 rDPSCs were main-
tained in cultured media containing 10 mM b-glycerol
phosphate, 50 mg/mL L-ascorbic acid, 10 nM dexametha-
sone, and 2 mM glutamine for 7 or 14 days. During the
cultivation, the media were renewed three times every
week.

For adipogenic differentiation, 5 � 104 rDPSCs were
maintained in cultured media containing 5 mg/mL insulin,
0.5 mM 3-isobutyl-1-methylxanthine, and 1 mM dexameth-
asone for 14 days. During the cultivation, the media were
renewed every other day.

Alizarin red S (ARS) staining

ARS staining was conducted to confirm osteogenic differ-
entiation and assess calcium-rich deposits in rDPSCs. In
brief, after incubated with osteogenic media for 14 days,
rDPSCs were fixed with 4% paraformaldehyde (PFA) for
15 min and subsequently washed with PBS. 2% ARS solution
was added and incubated for 15 min. Thereafter, the
stained rDPSCs were observed under an optical microscope.
For quantitative evaluation, ARS was dissolved in 5%
perchloric acid by measuring absorbance at 562 nm under a
microplate spectrophotometer.

Oil red O staining

As a fat-soluble diazo dye that can stain lipid droplets in
cells, Oil Red O is usually utilized to confirm the adipogenic
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differentiation of MSCs. Briefly, rDPSCs were fixed with 4%
PFA, followed by staining with Oil Red O solution in iso-
propanol for 15 min. Finally, differentiated oil red O-posi-
tive rDPSCs were observed and imaged under a microscope.

Western blot

rDPSCs were lysed in RIPA buffer (Abcam, Cambridge, MA,
USA) on ice to extract total protein. The total protein was
separated by SDS-PAGE gels and electrophoretically trans-
ferred onto PVDF membranes, which were subsequently
blocked in skimmed milk (12%) for 2 h. The membranes
were incubated overnight at 4 �C with primary antibodies,
and subsequently rinsed three times before incubation with
the secondary antibody. Finally, protein bands were visu-
alized using ECL Substrate Kit (Abcam), and quantified using
Image J software (Bethesda, MD, USA). The information of
antibodies used in this study was described in
Supplementary Table S1.

CCK-8 assay

rDPSCs were cultured in media containing different con-
centrations (0, 1, 2.5, 5, 10, and 20 mM) of AR (Sigma-
eAldrich; A3230) for 1 day, 3 days, 5 days, and 7 days,
respectively. At the indicated time points, a CCK-8 reagent
(10%, v/v) was added to each well. Finally, the absorbance
at 450 nm was measured under a microplate reader (Bio-
Rad, Hercules, CA, USA) after additional 2-h incubation.

Transwell assay

Briefly, 700 mL cultured media were added to the bottom
chamber. Then, 200 mL rDPSCs suspension (serum-free) with
different treatments was added to the top chamber with a
filter membrane (8 mm pores), followed by 24-h incubation.
The cells which migrated to the bottom chamber were fixed
and stained. They were then photographed under a
microscope.

Alkaline phosphatase (ALP) assay

After incubated with osteogenic media for 7 days, the ALP
activity of rDPSCs was determined using colorimetric Alka-
line Phosphatase Assay Kit (Abcam). In short, rDPSCs were
incubated with ALP substrate for 15 min in the dark. Then,
the reaction was stopped by 2 M NaOH. The absorbance of
the product was detected at 405 nm under a microplate
reader.

RT-PCR

Total RNAwas extracted from rDPSCs by using TRIzol reagent
(Life Technologies, Carlsbad, CA, USA). Thereafter, RT-PCR
analysis was conducted as described previously27 with the
following primer sequences: RUNX2 (F: 5-‘GATAACCTG-
GATGCCGTCGTG-30, R: 50-CAGCCTAGCCAGTCGGATTTG -30),
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OPN (F: 5-‘CAGGTTCACCCCATTCTCC-30, R: 50-AAAT-
TATCCGGGCGTGGT-30), OCN (F: 5-‘CAGCGTTATGAGATCAA-
GATGACCA-30, R: 50-AGTGATGTGCAAGAGTCCATCCTG-30),
OSX (F: 5-‘GCTTTTCTGTGGCAAGAGGTTC-30, R: 50-
CTGATGTTTGCTCAAGTGGTCG-30 GADPH (F: 5-‘GAGAAG-
TATGACAACAGCCTC-30, R: 50-ATGGACTGTGGTCATGAGTC-
30). The subsequent quantification was carried out using the
QuantiTect SYBR Green PCR Kit (Toyobo, Osaka, Japan) on a
7500 Real-Time PCR System (Applied Biosystems, Förster,
CA, USA). GAPDH was selected as an internal control for
normalization in this study.

Statistical analysis

All data were expressed as mean � standard deviation (SD)
of three independent experiments. The Student’s t-test
was used for comparison between two groups. For multiple-
group condition, one-way ANOVA was performed with
Bonferroni’s method. P < 0.05 indicated significant
difference.

Results

rDPSC characterization

rDPSCs were isolated from incisors of rats, of which surface
antigens were characterized using Western blot. Compared
with non-DPSCs, CD29, CD44, CD90, and CD105 were obvi-
ously up-regulated, while CD34 and CD45 were down-
regulated in the isolated rDPSCs (Fig. 1A). ARS staining
and Oil red O staining respectively confirmed the role of
rDPSCs in osteogenic differentiation and adipogenic dif-
ferentiation (Fig. 1B). All these data suggested successful
isolation of rDPSCs.

AR enhances migration and osteogenic
differentiation of rDPSCs

Using the CCK-8 kit, the effect of AR (0, 1, 2.5, 5, 10, and
20 mM) on rDPSCs proliferation was observed (Fig. 2A). On
day 1 and day 3, there was no significant discrepancy in
rDPSCs proliferation between groups. After 5-day and 7-day
incubation, both 10 and 20 mM of AR suppressed prolifera-
tion of rDPSCs. Notably, after 5-day and 7-day incubation,
15 mM, 2.55 mM and 5 mM of AR enhanced proliferation of
rDPSCs. Hence, 15 mM, 2.55 mM and 5 mM of AR were
selected to investigate the effect of AR on rDPSCs migration
and osteogenic differentiation. As shown in Fig. 2B, the
migratory capacity of rDPSCs was promoted by AR in a
concentration-dependent way.

The biological role of AR in osteogenic differentiation of
rDPSCs was also explored using ALP assay, and ARS staining,
and the expression of osteogenic markers (RUNX2, OPN,
OCN, and OSX) was determined. The results showed that
the ALP activity of rDPSCs in 2.5 mM and 5 mM groups was
significantly higher than that in the control group after
osteogenic induction for 7 days (Fig. 2C). Similar to the



Figure 1 Characterization of rDPSCs. (A) Identification of stem cell markers in rDPSCs using Western blot. Normal fibroblasts
(NFs) without stemness were used as control. (B) Osteogenic differentiation (top) and adipogenic differentiation (bottom) of
rDPSCs detected by ARS and Oil Red O staining, respectively.
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result of the ALP assay, the ARS staining showed there was
no significant difference between the control and 1 mM
groups (Fig. 2D). Besides, the deposition of calcium induced
by osteogenic media in rDPSCs was significantly increased
by 2.5 mM and 5 mM of AR (Fig. 2D). Moreover, both 2.5 and
5 mM of AR significantly elevated the expression of RUNX2,
OPN, OCN, and OSX in rDPSCs at mRNA and protein levels
(Fig. 2E and F). Taken together, our results indicated that
AR plays a positive role in migration and osteogenic dif-
ferentiation of rDPSCs.
AR promoted migration and osteogenic
differentiation of rDPSCs via the Wnt/b-catenin/
PI3K/Akt signaling

To preliminarily explore the potential mechanisms of AR
acting in migration and osteogenic differentiation, the ef-
fect of AR on the activity of Wnt/b-catenin, PI3K/Akt,
ERK1/2, and JNK signaling pathways in rDPSCs was investi-
gated. The results were depicted in Fig. 3. Compared with
the control group, AR treatment decreased the phosphor-
ylation of GSK3b at Tyr216 along with an increase in the
expression of b-catenin. Besides, the phosphorylation of
GSK3b at Ser9 was increased by the treatment of 5 mM AR.
These data suggested that AR could reduce the activation
of GSK3b, thereby increasing the expression of b-catenin to
activate Wnt/b-catenin signaling. In addition, the treat-
ment of AR also increased the phosphorylation of both PI3K
and Akt in a concentration-dependent way. The
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phosphorylation of ERK1/2 was obviously increased when
the concentration of AR reached 5 mM. However, there was
no obvious difference in the phosphorylation of JNK among
all groups. Collectively, our results suggested that the Wnt/
b-catenin/PI3K/Akt signaling was involved in the effect of
AR on migration and osteogenic differentiation of rDPSCs.

Inhibiting PI3K reversed the effect of AR on
migration and osteogenic differentiation of rDPSCs

To confirm the role of PI3K/Akt signaling in the function of
AR in rDPSCs, rDPSCs were pretreated with LY294002
(15 mM), a specific PI3K inhibitor, for 1 h before AR treat-
ment (5 mM). LY294002 significantly weakened the migra-
tion ability of AR-treated rDPSCs (Fig. 4A). ALP assay and
ARS staining indicated that LY294002 effectively reversed
the increased osteogenic differentiation induced by AR
(Fig. 4B and C). Additionally, LY294002 also significantly
decreased the expressions of osteogenic markers in AR-
treated rDPSCs at both mRNA and protein levels (Fig. 4D
and E). We further investigated the effect of LY294002
interference on Wnt/b-catenin/PI3K/Akt signaling in AR-
treated rDPSCs. As expected, the treatment of LY294002
noticeably decreased expression of p-PI3K and p-Akt in AR-
treated rDPSCs. In the meantime, LY294002 also effectively
suppressed the decrease of p-GSK3b (Tyr216) and increase
of p-GSK3b (Ser9) and b-catenin induced by AR treatment.
In short, these data suggested that PI3K/Akt signaling
pathway was involved in the role of AR in migration and
osteogenic differentiation of rDPSCs.



Figure 2 The effect of AR-A014418 on cell proliferation, migration, and osteogenic differentiation of rDPSCs. (A) The cell
viability of rDPSCs determined by CCK-8 assay after 1-, 3-, 5-, and 7-day treatment. (B) The migration of rDPSCs detected by
Transwell assay. (C) The ALP activity of rDPSCs. (D) The calcium deposits in rDPSCs visualized by using ARS staining. The expressions
of osteogenic markers (RUNX2, OPN, OCN and OSX) were detected by (E) RT-PCR and (F) Western blot, respectively. **P < 0.01 and
***P < 0.005, versus control.
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Discussion

DPSCs are an attractive source of MSCs for regenerative
medicine due to their relative accessibility and lack of
ethical controversy.28,29 It has been demonstrated that
DPSCs display greater proliferative potential than bone
MSCs.30 During the application of DPSCs for bone regener-
ation, it is required for DPSCs to expand and migrate to the
bone damaged/defect area and differentiate into osteo-
blasts. Hence, it is important to explore a strategy for
promoting DPSCs migration and osteogenic differentiation
in DPSC-based therapy. In this study, it was demonstrated
that AR, an inhibitor specific to GSK3b, may promote cell
migration and osteogenic differentiation via specifically
activating Wnt/b-catenin/PI3K/Akt signaling pathways in
rDPSCs.

In an attempt to determine the ideal concentration
range of AR on the cell proliferation of rDPSCs, a CCK-8
assay was carried out on rDPSCs after treated with diverse
concentrations of AR. In our study, after 7 days of incuba-
tion, AR suppressed cell viability of rDPSCs at a concen-
tration of 10 up to 20 mM, while no more than 5 mM
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promoted the cell viability. Based on the results, a con-
centration range of 1e5 mM was chosen for the subsequent
experiments. Thereafter, our data demonstrated that the
migratory ability of hDPSCs was enhanced by 2.5 and 5 mM
of AR. Previous studies indicated that GSK3 inhibitors
potentially promoted osteogenic differentiation of several
MSCs.31e33 Similar to the literature, our study showed that
the indicated concentrations of AR enhanced ALP activity
and calcium deposition. Moreover, both the mRNA and
protein expressions of RUNX2, OPN, OCN, and OSX were up-
regulated in a concentration-dependent way. RUNX2 is a
crucial transcription factor involved in osteoblast differ-
entiation, which regulates expression of many
osteogenesis-related genes.34 Takahashi35 indicated that
the overexpression of RUNX2 induced differentiation of
preadipocytes into functional osteoblasts. RUNX2 enhances
the expression of OSX,36 thereby inducing the expression of
OCN and OPN.37 These data collectively revealed that AR
promoted migration and osteogenic differentiation of
rDPSCs.

It is well known that Wnt/b-catenin signaling is involved
in tissue generation, regeneration, as well as self-



Figure 3 The effect of AR-A014418 on the Wnt/b-catenin, PI3K/Akt, ERK1/2 and JNK signaling pathways in rDPSCs. **P < 0.01
and ***P < 0.005, versus control.
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renewal.38 Given that GSK3b is one of the key components
of Wnt/b-catenin signaling, we assessed the effect of AR on
the activity of the Wnt/b-catenin pathway. The activity of
GSK3b is down-regulated by phosphorylation at the Ser9
site, while up-regulated by phosphorylation at the Tyr216
site.16 The inactivation of GSK3b might lead to a decrease
in the degradation of b-catenin, thereby activating Wnt/b-
catenin signaling. Previous studies demonstrated that the
treatment of AR leads to a significant reduction in GSK-3b
phosphorylation at Tyr216 and regulates diverse biological
processes, such as cell growth,39 apoptosis,40 and sur-
vival.41 Besides, AR increases GSK-3b phosphorylation at
Ser9 when promoting osteogenic differentiation in human
adipose-derived MSCs.31 A similar result was obtained in the
present study. Once the concentration of AR reached 5 mM,
the Ser9 phosphorylation of GSK3b was significantly
enhanced, but 1 mM and 2.5 mM of AR did not affect Ser9
phosphorylation of GSK3b. Meanwhile, the administration
of AR resulted in an obvious decrease in the Tyr216 phos-
phorylation of GSK3b in a dose-dependent manner. Mean-
while, as expected, the protein level of b-catenin was
elevated in rDPSCs after treated with AR. These data
revealed that the activation of Wnt/b-catenin signaling
might be involved in the role of AR in rDPSCs migration and
osteogenic differentiation.
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Moreover, our data also indicated that AR could increase
the activity of the PI3K/Akt pathway in a dose-dependent
manner, but displayed no obvious effect on JNK signaling in
rDPSCs. Our study also revealed that the activity of the
ERK1/2 in rDPSCs was obviously elevated only when the
concentration of AR reached 5 mM. This suggested that a
high dose of AR might further induce the activation of
ERK1/2 in rDPSCs. Since our results demonstrated that AR
promoted migration and osteogenic differentiation of
rDPSCs once its concentration reached 2.5 mM, the subse-
quent experiments merely focused on the role of the PI3K/
Akt pathway in the function of AR. Akt is an important
member of the protein kinase family, and it is at the center
of the signaling pathway, which is a biological signal
transduction pathway initiated by PI3K and can be acti-
vated by many stresses. Multiple studies implicated the
PI3K/Akt signaling pathway in cell proliferation and dif-
ferentiation.42,43 Accumulating evidence has demonstrated
that this pathway is involved in osteogenic differentia-
tion.44,45 Besides, a recent study has revealed that the
migration of DPSCs is associated with the PI3K/Akt
signaling.46 In our study, LY294002 was used to inhibit PI3K/
Akt signaling, and it was found that the treatment of
LY294002 reversed the enhanced migration and osteogenic
differentiation induced by AR. GSK3b is an important



Figure 4 PI3K inhibition by LY294002 blocked the promoting role of AR-A014418 in migration and osteogenic differentiation

of rDPSCs. (A) The migration of rDPSCs detected by Transwell assay. (B) The ALP activity of rDPSCs. (C) The calcium deposits in
rDPSCs visualized by using ARS staining. (D) The mRNA expressions of RUNX2, OPN, OCN and OSX were detected by RT-PCR. (E) The
expressions of osteogenic markers and Wnt/b-catenin/PI3K/Akt signaling determined by Western blot. **P < 0.01 and ***P < 0.005,
versus control.
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substrate of PI3K/Akt signaling.47 PI3K/Akt signaling in-
hibits GSK3b by enhancing its phosphorylation at the Ser9
site. Our data suggested that inhibition of GSK3b activated
PI3K/Akt signaling, which was related to the role of AR in
promoting migration and osteogenic differentiation of
rDPSCs. Our data hinted a novel regulatory loop between
GSK3b and PI3K/Akt in rDPSC migration and osteogenic
differentiation.

In conclusion, the present study indicated that AR, a
GSK3b inhibitor, promoted migration and osteogenic dif-
ferentiation of rDPSCs in vitro. Activation of theb-catenin/
PI3K/Akt signaling pathway was involved in the effect of AR
on migration and osteogenic differentiation of rDPSCs.
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