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Abstract

Obijectives: Periodontitis is an inflammatory immune disease that causes periodon-
tal tissue loss. Inflammatory immunity and bone metabolism are closely related to
periodontitis. The cannabinoid receptor | (CB1) is an important constituent of the en-
docannabinoid system and participates in bone metabolism and inflammation tissue
healing. It is unclear whether CB1 affects the mesenchymal stem cell (MSC) function
involved in periodontal tissue regeneration. In this study, we revealed the role and
mechanism of CB1 in the osteo/dentinogenic differentiation of periodontal ligament
stem cells (PDLSCs) in an inflammatory environment.

Materials and methods: Alkaline phosphatase (ALP) activity, Alizarin Red staining,
quantitative calcium analysis and osteo/dentinogenic markers were used to assess
osteo/dentinogenic differentiation. Real-time RT-PCR and Western blotting were
employed to detect gene expression.

Results: CB1 overexpression or CB1 agonist (10 uM R-1 Meth) promoted the osteo/
dentinogenic differentiation of PDLSCs. Deletion of CB1 or the application of CB1
antagonist (10 uM AM251) repressed the osteo/dentinogenic differentiation of
PDLSCs. The activation of CB1 enhanced the TNF-a- and INF-y-impaired osteo/den-
tinogenic differentiation potential in PDLSCs. Moreover, CB1 activated p38 MAPK
and JNK signalling and repressed PPAR-y and Erk1/2 signalling. Inhibition of JNK
signalling could block CB1-activated JNK and p38 MAPK signalling, while CB1 could
activate p38 MAPK and JNK signalling, which was inhibited by TNF-a and INF-y
stimulation.

Conclusions: CB1 was able to enhance the osteo/dentinogenic differentiation ability
of PDLSCs via p38 MAPK and JNK signalling in an inflammatory environment, which

might be a potential target for periodontitis treatment.
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1 | INTRODUCTION

Periodontitis is a chronic inflammatory disease caused by bacteria
and various other factors and can lead to alveolar bone resorption,
tooth movability and migration, and ultimately lead to tooth loss.t
3 At present, traditional periodontal treatment methods cannot
achieve an ideal regeneration of periodontal tissue loss.* Therefore,
the essential question of periodontal therapy is to reconstruct the
lost periodontal tissues. Mesenchymal stem cells (MSCs) are re-
ported to be excellent seed cells for regeneration treatments due to
their multidirectional differentiation capability. In-depth studies on
the utility of MSCs in periodontal tissue regeneration have reported
that using MSCs as seed cells implanted into periodontal lesion areas
via cell sheet or local injection can enhance periodontal tissue re-
generation.S'8 Periodontal ligament stem cells (PDLSCs) are a type
of tissue-specific MSC and behave according to the prevailing MSC
speciality, such as in the expression of key markers, self-renewal,
multipotency, and immune suppression responses, and they can
differentiate into mesenchymal cell lineages in vitro and in vivo.*”"
1 However, several key PDLSC surface markers, including STRO-1,
CD90, OCT-4 and CD146, are significantly abnormally expressed
in inflamed tissues compared with healthy PDLSCs. Meanwhile,
the inflammatory environment also weakens the directional differ-
entiation function of PDLSCs, and it is difficult for these damaged
PDLSCs to achieve the requirements of periodontal injury tissue
regeneration.*?*® Thus, enhancing PDLSC function in inflammatory
environments is a key issue for defective periodontal regeneration
in periodontitis.

Studies have found that the cell membrane receptor-ligand path-
way is an important mechanism of alveolar bone loss in periodonti-
tis.2* Activation of the receptor-ligand pathway recruits MSCs, and
the activated MSCs act as a pivotal factor in periodontitis alveolar
bone resorption.“‘15 Studies have reported that better periodontal
regeneration was obtained by improving seed cell function through
the addition of cytokines.®!® These studies suggested that the
damaged receptors on the MSC membrane surface in periodontitis
could be reactivated via genetic modification or specific activators.
Cannabinoid receptor | (CB1) is an important part of the endoge-
nous cannabinoid system (ECS); it is a G protein-coupled receptor
with seven transmembrane domains.r” CB1 can transmit signals via
the membrane receptor-ligand pathway.'® The expression of CB1 re-
sults in a decrease in inflamed periodontal ligament (PDL) tissues.?
The endogenous cannabinoid anandamide (AEA) and the CB1 and
cannabinoid receptor Il (CB2) are expressed in periodontal tissues
and participate in the physiological protection from ultra-inflam-
matory responses though mediating anti-inflammatory-related cel-
lular pathways.?° It has been reported that lifetime treatment with
the CB1-specific agonist meth-AEA (an AEA analogue) significantly
attenuates the loss of alveolar bone in a rat periodontitis model.?*
Previous studies have found that CB1 is activated during the os-
teogenic differentiation of bone marrow mesenchymal stem cells
(BMSCs) in mice, and CB1 enhances the early osteogenic ability of
BMSCs and influences their survival during acute stress.?%2% One

study has reported that CB1 regulates BMSC migration/homing in
mice, and this mediated BMSC function can be enhanced by the
CB1-specific agonists ACEA and weakened by the CB1-specific an-
tagonist AM281.% Studies also have reported that CB1 participates
in bone regulation and bone metabolism in bone tissue.?>?® CB17/~
mice develop osteoporosis, which is further exacerbated with age-
ing as a result of reduced bone formation and the accumulation of
fat cells.?? Furthermore, CB1 has a regulatory role in the healing of
inflamed tissues.2%-3° CP55940, an agonist of CB1, promotes human
gingival fibroblast (HGF)-mediated wound healing by activating
cB1.%

Regulatory mechanism investigations have reported that CB1
can activate the mitogen-activated protein kinases (MAPK) sig-
nalling pathways, including the p38 mitogen-activated protein ki-
nase (p38 MAPK), c-Jun N-terminal kinase (JNK) and extracellular
signal-regulated protein kinases 1 and 2 (Erk1/2) pathways, which
could further regulate cellular proliferation, survival and differen-
tiation.332 The MAPKSs consist of a series of highly homologous
protein kinases and are present in most cells; they help to trans-
duce extracellular stimuli into cells and nuclei and are involved in
the p38 MAPK, JNK and Erk1/2 signalling pathways.>>** The MAPK
signalling pathways are necessary in human adipose-derived stem
cell (ADSC) osteogenesis.>® The p38 MAPK and JNK signalling path-
ways are activated in PDLSCs after treatment with low-intensity
pulsed ultrasound (LIPUS), and the p38 MAPK-specific inhibitor
SB203580 and the JNK-specific inhibitor SP600125 can modulate
LIPUS-stimulated PDLSC proliferation.3® Erk1/2 is closely related to
PDLSC proliferation, differentiation and cementum formation.®”3®
In addition, several congeners of the endocannabinoids also act
within the wider receptor spectrum, including peroxisome prolifera-
tor-activated receptors (PPARs) and other G protein-coupled recep-
tors (GPCRs). PPARs are ligand-activated receptors in the nuclear
hormone receptor family.39 In the inflammatory response, PPAR-y
inhibits the production of inflammatory signalling pathways and in-
flammatory mediators.*® Moreover, PPAR-y can regulate BMSCs to
differentiate into osteoblasts or adipocytes.** BMSCs from CB17”
mice increase the expression of PPAR-y.29 A previous study showed
that miR-29a sufficiently suppressed the expression of CB1, which
further restored PPAR-y signalling.*? The activation of PPAR-v, often
in conjunction with the activation of CB1, could mediate the anti-in-
flammatory, analgesic, metabolic, neuroprotective, antitumour and
cardiovascular effects of cannabinoids.*® However, the function and
underling mechanism of CB1 in PDLSCs in an inflammatory envi-
ronment remains unclear along with its involvement in periodontal
regeneration.

Through analysing the dynamic changes in the local inflamma-
tory microenvironment sites of damaged tissues, previous studies
have shown that this process is accompanied by changes in the type
and quantity of inflammatory cytokines; for example, high concen-
trations of pro-inflammatory cytokines predominate in the acute in-
flammatory phase, including TNF-a and INF-y. Further studies have
shown that high concentrations of inflammatory cytokines are suffi-
cient to stimulate the immunosuppressive ability of MSCs, especially
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TNF-a and INF-y, which are crucial in initiating the immunosuppres-
sive effect of MSCs.*** It can be seen that the MSC-based ther-
apeutic effect is impacted by the inflammatory conditions. In the
current study, we used TNF-a and INF-y to mimic an inflammatory
environment, and we clarified the role and mechanism of CB1 in
PDLSCs in this inflammatory environment. Our results showed that
CB1 upregulated the osteo/dentinogenic differentiation of PDLSCs
upon stimulation by the inflammatory factors TNF-a and INF-y via

activating the p38 MAPK and JNK signalling pathways.

2 | MATERIALS AND METHODS

2.1 | Cellcultures

As in our previous study, the PDLSCs used in the current study were
isolated from impacted third molar human teeth that were obtained
after informed patient agreement and following the rules approved
by the Beijing Stomatological Hospital, Capital Medical University
(Ethics Committee Agreement, Beijing Stomatological Hospital
Ethics Review No. 2011-02). These cells were cultivated and verified
according to our previous protocol.8

In this study, 10 ng/mL tumour necrosis factor-alpha (TNF-a)
(R&D Systems) and 100 ng/mL interferon-gamma (INF-y) (R&D
Systems) were used to stimulate the PDLSCs. Selective CB1 ago-
nist, 10 uM R-1 methanandamide (R-1 Meth) and selective CB1
antagonist, 10 uM AM251 (Cayman Chemical) were used. The p38
MAPK-specific inhibitor, 20 uM SB203580 (MedChemExpress), and
the JNK-specific inhibitor, 20 uM SP600125 (Merck), were used to
stimulate the PDLSCs.

2.2 | Plasmid construction and viral infection

The plasmid construction and viral infection procedures were car-
ried out as in our previous study.8 The plasmids were constructed
according to standard techniques, and all structures were verified by
enzyme digestion and/or sequencing. Human full-length CB1 cDNA
that included an HA tag was constructed via a whole-gene synthesis
method. This HA-CB1 sequence was inserted into the pQCXIN ret-
roviral vector via the Agel and BamHJ1 restriction sites. Viral packag-
ing was prepared following the manufacturer's protocol (Clontech
Laboratories). CB1 shRNA and control shRNA lentivirus were ob-
tained from GenePharma. The targeted sequence for the control
shRNA (Consh)wasasfollows: 5-TTCTCCGAACGTGTCACGTTTC-3',
and the targeted sequence for the CB1 shRNA (CB1sh) was as fol-
lows: 5-GCCGCAACGTGTTTCTGTTCA-3".

2.3 | Reverse transcriptase-polymerase chain
reaction (RT-PCR) and real-time reverse transcriptase-
polymerase chain reaction (real-time RT-PCR)

RNA extraction, cDNA synthesis and real-time RT-PCR procedures
were performed as previously described.® Real-time RT-PCR reac-
tions were performed according to the QuantiTect SYBR Green

Proliferation
PCR kit (Qiagen) using an icycler iQ Multi-colour Real-time RT-PCR

Detection System. All primer sequences are stated in Table S1.

2.4 | Alkaline phosphatase (ALP) activity assay and
Alizarin red detection

PDLSCs were cultured in osteogenic-inducing medium contain-
ing 100 uM/mL ascorbic acid, 2 mM p-glycerophosphate, 1.8 mM
KH,PO, and 10 nM dexamethasone. The ALP activity was measured
using an ALP activity kit (Sigma-Aldrich) according to the manufac-
turer's protocol. After osteogenic induction of MSCs for 2 weeks,
70% ethanol and 2% Alizarin red (Sigma-Aldrich) were used to fix
and stain the cultured cells. The plates were then photographed and
destained for 30 minutes at room temperature with 10% cetylpyri-
dinium chloride. The absorbance of the cell cultures was measured
at 562 nm on a multi-plate reader, and the final calcium level was
normalized according to the total protein concentration in duplicate
plates.

2.5 | Western blot analysis

The total protein extraction and the SDS-polyacrylamide gel elec-
trophoresis tests were performed as previously described.2 The
primary antibodies used in this study were anti-CB1 (Cat No.
93815; Cell Signalling Technology), anti-CB2 (Cat No. ab3561;
Abcam), mouse monoclonal anti-HA (Clone No. C29F4; Cat No.
MMS-101P; Covance), anti-phospho-p38 MAPK (Cat No. 4631; Cell
Signalling Technology), anti-p38 MAPK (Cat No. 8690; Cell Signalling
Technology), anti-phospho-JNK (Cat No. 4668; Cell Signalling
Technology), anti-JNK (Cat No. 9258; Cell Signalling Technology),
anti-phospho-Erk1/2 (Cat No. 4377S; Cell Signalling Technology),
anti-Erk1/2 (Cat No. 4695S; Cell Signalling Technology) and anti-
PPAR-y (Cat No0.59256; Abcam). The primary monoclonal antibod-
ies for the housekeeping proteins were the monoclonal antibody
against histone H3 (Cat N0.10809; Santa Cruz Biotechnology) and
B-actin (Cat No. C1313; Applygen).

2.6 | Statistical analysis

All statistical calculations were implemented by SPSS 10 statistical
software (SPSS Inc). Student's t test or one-way ANOVA was used
to identify statistical significance, with P < .05 considered to be

significant.

3 | RESULTS

3.1 | Knock-down of CB1 inhibited the osteo/
dentinogenic differentiation of PDLSCs

CB1 shRNA lentivirus was used to delete CB1 expression in PDLSCs;
after 3 days of puromycin selection (1 pg/mL), the knock-down effi-
ciency was verified by Western blot (Figure 1A). After 5 days of cul-
turing in osteogenic-inducing medium, the ALP activity assay results
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indicated that CB1 knock-down reduced PDLSC ALP activity compared
with the control group (Consh group) (Figure 1B). Alizarin red stain-
ing and the calcium quantitative measurement results revealed that
the deletion of CB1 inhibited in vitro mineralization of PDLSCs com-
pared with the control group (Figure 1C,D). Compared with the control
group, the real-time RT-PCR results in the CB1sh group showed that
ON expression was significantly reduced at 2 weeks (Figure 1E), DSPP
expression was significantly decreased at 1 week (Figure 1F) and the
DMP1 and BSP expression levels were significantly reduced at 1 and
2 weeks after osteogenic induction (Figure 1G,H). Furthermore, OSX,
DLX2, DLX3 and DLX5 were also significantly reduced in the CB1sh

group compared to the control group (Figure 1I-L).

3.2 | Activation of CB1 promoted the osteo/
dentinogenic differentiation of PDLSCs

The HA-CB1 sequence was constructed in a retroviral vector and

then transduced into PDLSCs by retroviral infection. After selection

of 600 pug/mL G418 for 10 days, the overexpression efficiency was
confirmed by Western blot (Figure 2A). After 5 days of culturing in
osteogenic-inducing medium, the ALP activity indicated that the
overexpression of CB1 enhanced the ALP activity of PDLSCs com-
pared with the control group (Vector group) (Figure 2B). Alizarin
red staining and quantitative calcium measurements revealed that
the overexpression of CB1 promoted the in vitro mineralization of
PDLSCs compared with the control group (Figure 2C,D). The real-
time RT-PCR results showed that ON expression was significantly
increased at O weeks (Figure 2E), the DSPP expression was signifi-
cantly increased at 0 and 2 weeks (Figure 2F) and the DMP1 and BSP
expression levels were significantly increased at O, 1 and 2 weeks
after osteogenic induction in CB1 overexpressed PDLSCs compared
with the control group (Figure 2G,H). Furthermore, the OSX, DLX2,
DLX3 and DLX5 expression levels were increased in CB1 overex-
pressing PDLSCs compared to the control group (Figure 2I-L).
Additionally, we applied the CB1 agonist R-1 Meth to confirm
CB1 function. Western blotting showed that 10 uM R-1 Meth
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activated CB1 but not CB2 (Figure 3A). After culturing in os-
teogenic-inducing medium for 5 days, we found that 10 uM R-1
Meth raised the ALP activity of PDLSCs compared with untreated
PDLSCs (Figure 3B). Alizarin red staining and the quantitative
calcium measurement results revealed that 10 uM R-1 Meth pro-
moted the in vitro mineralization of PDLSCs compared with the
untreated group (Figure 3C,D).

The CB1-specific inhibitor AM251 was then used to further
confirm the role of CB1 in the osteo/dentinogenic differenti-
ation of PDLSCs. Western blotting showed that 10 uM AM251
blocked CB1 but not CB2 (Figure 3E). After culturing the PDLSCs
for 5 days in osteogenic-inducing medium, we found that 10 uM
AM251 repressed the CB1-enhanced ALP activity of PDLSCs
(Figure 3F). Alizarin red staining and the quantitative calcium
measurements also revealed that 10 uM AM251 inhibited the
enhanced in vitro mineralization by the overexpression of CB1 in
PDLSCs (Figure 3G,H).

3.3 | CB1 activated the p38 MAPK and JNK
signals and inhibited Erk1/2 and PPAR-y signals
in PDLSCs

Next, Western blotting was used to ascertain the expression levels of
p38 MAPK, JNK, Erk1/2 and PPAR-y in PDLSCs. The results showed
that the levels of phosphorylated p38 MAPK and phosphorylated
JNK were increased, while phosphorylated Erk1/2 and PPAR-y were
decreased in the CB1-overexpressing PDLSCs compared to the con-
trol group | (Figure 4A). Moreover, phosphorylated p38 MAPK and
phosphorylated JNK in the CB1 knocked-down PDLSCs were de-
creased, while the levels of phosphorylated Erk1/2 and PPAR-y were
increased compared with the control group (Figure 4B).

Next, we blocked the p38 MAPK signalling pathway with its
specific inhibitor, SB203580. Western blotting revealed that 20 uM
SB203580 could significantly decrease the CB1-activated phosphor-
ylated p38 MAPK (Figure 4C). We also blocked the JNK signalling
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pathway with its specific inhibitor, SP600125. Interestingly, 20 uM
SP600125 could significantly inhibit the CB1-activated phosphory-
lated JNK and suppressed the CB1-activated phosphorylated p38
MAPK (Figure 4C). Moreover, we found that 20 uM SB203580 and
20 uM SP600125 had no effect on PPAR-y expression in CB1-over-
expressing PDLSCs (Figure 4C).

3.4 | CB1 upregulated the osteo/dentinogenic
differentiation potential of PDLSCs stimulated with
TNF-a or INF-y

The 10 ng/mL TNF-a or 100 ng/mL INF-y was used to stimulate the
PDLSCs. The expression levels of IL-6 and IL-8 were increased at 1,
2, 4 and 8 hours after TNF-a stimulation (Figure S1A,B), while CB1
was decreased at 2, 4 and 8 hours after 10 ng/mL TNF-a treatment

compared with the untreated group, as shown by real-time RT-PCR

(Figure 5A). We then investigated the function of CB1 in PDLSCs
upon TNF-a treatment. The ALP activity assay results showed that
10 ng/mL TNF-a decreased the ALP activity. Alizarin red staining
and the quantitative calcium analysis results showed that 10 ng/mL
TNF-a impaired mineralization in PDLSCs, and the overexpression
of CB1 could rescue this impaired ALP activity and mineralization
(Figure 5B-D). At 2 weeks after osteogenic induction, the real-time
RT-PCR results also showed that the expressions of ON, DSPP, DMP1
and BSP were decreased after 10 ng/mL TNF-« treatment compared
with the untreated group, and the overexpression of CB1 could res-
cue these gene expressions (Figure S2A-D). Similarly, the expression
of IL-6 was increased at 1, 2 and 4 hours, IL-8 was increased at 1, 2
and 8 hours (Figure S1C,D) and CB1 was decreased at 2 and 4 hours
after 100 ng/mL INF-y treatment compared with untreated PDLSCs
(Figure 5E). The ALP activity, Alizarin red staining and quantitative
calcium measurements showed that 100 ng/mL INF-y decreased
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the ALP activity and mineralization in PDLSCs, and the overexpres-
sion of CB1 could rescue this impaired ALP activity and mineraliza-
tion (Figure 5F-H). Then, the real-time RT-PCR results showed that
the expressions of ON, DSPP, DMP1 and BSP were decreased after
100 ng/mL INF-y treatment, and the overexpression of CB1 could
rescue these gene expressions (Figure S3A-D).

Next, we further verified the CB1 function in the osteo/den-
tinogenic differentiation ability of PDLSCs under inflammatory
conditions by using the CB1-specific agonist R-1 Meth. The ALP
activity assay, Alizarin red staining, quantitative calcium measure-
ments and the real-time RT-PCR results indicated that 10 uM R-1

Meth promoted the ALP activity, mineralization and the expressions
of ON, DSPP, DMP1 and BSP in PDLSCs, which was impaired under
TNF-a or INF-y treatment (Figure 6, Figures S4 and S5).

3.5 | CB1 activated the p38 MAPK and JNK signals
that were inhibited by TNF-a and INF-y stimulation

We further investigated the relationship among CB1, the MAPK
signalling pathways and PPAR-y under inflammatory conditions.
Western blotting revealed that the levels of phosphorylated p38
MAPK, phosphorylated JNK, phosphorylated Erk1/2 and PPAR-y



T

Proliferatio

YAN ET AL.

FIGURE 5 CB1 upregulated the osteo/
dentinogenic differentiation potential

of PDLSCs under TNF-a and INF-y
stimulation. A-D, 10 ng/mL TNF-a was
used to treat PDLSCs. A, Real-time RT-
PCR results showed the expression of CB1
at 1, 2,4 and 8 h after 10 ng/mL TNF-«
treatment in PDLSCs. B, ALP activity
assay. C, Alizarin Red staining. D, Calcium
quantitative analysis. E-H, 100 ng/

mL INF-y was used to treat PDLSCs. E,
Real-time RT-PCR results showed the
expression of CB1 at 1, 2, 4 and 8 h after
100 ng/mL INF-y treatment in PDLSCs.

F, ALP activity assay. G, Alizarin Red
staining. H, Calcium quantitative analysis.
GAPDH was used as an internal control.
One-way ANOVA was performed to
determine statistical significance. Error
bars represent the SD (n = 3). *P < .05;
**p<.01
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expression were decreased in PDLSCs stimulated with 10 ng/
mL TNF-a compared with the untreated group (Figure 7A,B). The
overexpression of CB1 rescued the decreased levels of phospho-
rylated p38 MAPK and phosphorylated JNK, and further boosted
the suppressed PPAR-y levels that were caused by 10 ng/mL TNF-«
stimulation (Figure 7A,B). In the TNF-a-stimulated environment,
phosphorylated Erk1/2 showed no change in the CB1-overexpress-
ing PDLSCs compared with the control group (Figure 7A,B). After
the addition of 100 ng/mL INF-y, the levels of phosphorylated p38
MAPK and phosphorylated JNK were decreased, while phosphoryl-
ated Erk1/2 and PPAR-y expression showed no change compared
with the untreated group (Figure 7C,D). The overexpression of CB1
rescued the decreased phosphorylated p38 MAPK and phospho-
rylated JNK levels that were caused by 100 ng/mL INF-y stimula-
tion (Figure 7C,D). The overexpression of CB1 inhibited PPAR-y

expression in the INF-y-stimulated environment, but the phospho-

rylated Erk1/2 level showed no change (Figure 7C,D).

4 | DISCUSSION

This study found that bacterial inflammation decreased CB1 expres-
sion in human periodontal ligament (PDL) cells.? However, it has
been found that CB1 seems to be upregulated during gingival wound
healing in rats.>® To clarify the underlying role of CB1 in MSCs in
mediating periodontal tissue regeneration, we explored the function
and mechanism of CB1 in the osteo/dentinogenic differentiation
of PDLSCs under inflammatory conditions. First, the ALP activity,
in vitro mineralization, and osteo/dentinogenic markers, includ-
ing DSPP, DMP1, BSP and ON, demonstrated that CB1 knock-down
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FIGURE 6 The function of R-1 Meth
on osteo/dentinogenic differentiation

in PDLSCs under TNF-o and INF-y
stimulation. A-C, 10 uM R-1 Meth and

10 ng/mL TNF-a were used to treat
PDLSCs. A, ALP activity assay. B, Alizarin
Red staining. C, Calcium quantitative
analysis. D-F, 10 uM R-1 Meth and

100 ng/mL INF-y were used to treat
PDLSCs. D, ALP activity assay. E, Alizarin
Red staining. F, Calcium quantitative
analysis. One-way ANOVA was performed
to determine statistical significance. Error
bars represent the SD (n = 3). *P < .05;
*p<.01
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decreased the osteo/dentinogenic differentiation of PDLSCs, and
the overexpression of CB1 promoted osteo/dentinogenic differen-
tiation. We then found that the osteo/dentinogenic differentiation
of PDLSCs was also enhanced under the activation of CB1 by R-1
Meth, and the CB1 inhibitor AM251 could block the CB1 overex-
pression-induced osteo/dentinogenic differentiation in PDLSCs.
These results indicated that CB1 could enhance the osteo/dentino-
genic differentiation ability of PDLSCs. It has previously been re-
ported that CB1 enhances the early osteogenic ability of BMSCs.??
Meanwhile, the deletion of CB1 causes deossification in mice.?’ Our
results are consistent with these findings. Studies have shown that
several transcription factors are important during the osteo/denti-
nogenic differentiation of MSCs, including RUNX2, OSX, DLX2, DLX3
and DLX5.4¢#8 Our results showed that OSX, DLX2, DLX3 and DLX5
expression levels were increased in CB1-overexpressing PDLSCs

and decreased in CB1-depleted PDLSCs. However, the expression

of RUNX2 did not differ depending on the overexpression or deple-
tion of CB1 (data not shown). These findings indicated that CB1 en-
hanced the osteo/dentinogenic differentiation potential of PDLSCs
through upregulating OSX, DLX2, DLX3 and DLX5.

Next, we investigated the role of CB1 in PDLSCs under inflam-
matory conditions. The development of periodontitis is tied to
the accumulation of inflammatory mediators including TNF-a and
INF-y, and an increased inflammatory response develops with the
destruction of periodontium tissue.* In our study, the inflamma-
tory factors TNF-a and INF-y were used to mimic an inflammatory
condition. We found that the CB1 expression level in PDLSCs was
decreased after stimulation with either of these inflammatory fac-
tors. A previous study found that the inflammatory factors IL-1p,
IL-6 and TNF-a could enhance CB1 and CB2 expression levels
in human whole blood and peripheral blood mononuclear cells
(PBMCs).>° Upon stimulation with INF-y, no marked change was
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FIGURE 7 The effect of CB1 on
MAPK signalling pathways and PPAR-y
in PDLSCs under TNF-o or INF-y
stimulation. A, B, 10 ng/mL TNF-«
was used to treat PDLSCs for 4 h. A,
ke Kk % Western blot showed the expression of
H phosphorylated p38 MAPK, JNK and
Erk1/2, along with p38 MAPK, JNK,
Erk1/2 and PPAR-y in PDLSCs. B, The
quantitative analysis of phosphorylated
p38 MAPK, JNK and Erk1/2 and PPAR-y.
C, D, 100 ng/mL INF-y was used to treat
PDLSCs for 4 h. C, Western blot showed
the expression of phosphorylated p38
MAPK, JNK and Erk1/2, along with
p38 MAPK, JNK, Erk1/2 and PPAR-y in
PDLSCs. D, The quantitative analysis of
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Q)i" QQY’ Erk1/2 and PPAR-y. Histone H3 was used
N as an internal control. Error bars represent

the SD (n = 3). *P < .05; **P < .01

*k

INK s —— ]
0.2 1
pur [
0--
o . ¢
o %
PPARy &
\
$ &
© & A L (D)
A@é A“Z\é‘ 43; ,\é" O Vector
1.67 M Vector+INF-y
Histone H3 —-- 1.4- *.*EA-CEI-:INF-Y
rosar W —— 21T > ]
' € 1
prsvark (D -
S 0.8
— ——— — 2
p-JINK e — — E 0.6 4
L
~
nk 0.4
0.2 1
p-Erk12 R SR .
0--
erc2 . -

o
PPARy &

found in the expression level of CB1 in activated microglia.”* These
findings indicate that inflammatory factors have different effects
on CB1 in different cell types. We then found that TNF-a and INF-y
both inhibit the osteo/dentinogenic differentiation of PDLSCs by
detecting ALP activity, in vitro mineralization, and osteo/dentino-
genic markers. A previous study found that an inflammatory envi-
ronment weakens the directional differentiation of PDLSCs, and it
is difficult for the damaged PDLSCs to achieve the requirements
of periodontal tissue regeneration.12 This suggests that an inflam-
matory environment reduces the expression of CB1 in PDLSCs,
which might be associated with the impaired function of these cells.
Furthermore, the overexpression of CB1 or the activation CB1 by
R-1 Meth could rescue the osteo/dentinogenic differentiation of
PDLSCs that was impaired under the treatment of TNF-a or INF-y.
This indicates that the activation of CB1 might enhance the osteo/

& &
g

\4 A
&S

Q

dentinogenic differentiation potential of PDLSCs under inflamma-
tory conditions and could be used for enhancing PDLSC-mediated
periodontal tissue regeneration.

The primary G, ,-protein-coupled canonical endogenous ligands
for the cannabinoid receptor are AEA and 2-AG. Activation of CB1
by AEA and 2-AG results in many biochemical responses and are fre-
quently cell-type specific, including the MAPK pathways.>? Previous
research has demonstrated that CB1 activation enhances human
gingival fibroblast (HGF) proliferation by activating the Erk1/2, p38
MAPK and AKT pathways.*° CB1 can also activate the JNK and Erk
pathways in mouse osteoblasts.”® PPAR-y is primarily expressed in
adipose tissue together with CB1 under normal physiological con-
ditions; it regulates various functions such as the growth of fat
cells and their ability to store lipids, and AEA can activate PPAR-y

by CB1 receptor-mediated signal transduction in BMSCs.>*>® To
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further evaluate the regulation mechanism of CB1, we assessed the
role of the MAPK signalling pathway and PPAR-y in CB1-mediated
regulation in PDLSCs. Our results showed that CB1 activated the
p38 MAPK and JNK signalling pathways, while inhibiting the Erk1/2
signalling pathway and PPAR-y. Several studies have confirmed that
p38 MAPK and JNK are positive regulators of osteogenic differenti-
ation.’®>’ For example, BMP2 induces osteoblastic cell differentia-
tion via activation of the p38 MAPK and JNK pathways.>® Periostin
promotes the osteogenic differentiation potential of PDLSCs
through the JNK pathway under inflammatory conditions.>” The
osteogenic differentiation of PDLSCs is suppressed by IL-7 through
inactivation of the MAPK signalling pathways.’® IGFBP5 enhances
the osteogenic differentiation potentials of MSCs via the JNK and
MEK/Erk signalling pathways.'® Other studies have confirmed that
PPAR-y is a negative regulator of osteogenic differentiation.””®°
For example, a study showed that enhanced PPAR-y activity leads
to bone loss, and reduced PPAR-y activity causes bone mass to in-
crease in animal models.’” Moreover, high glucose levels can pre-
vent osteogenic differentiation by activating PPAR-y signalling and
reduces the self-repairing ability of PDLSCs in periodontal tissues.®®
These findings indicate that CB1 possibly enhances the osteo/den-
tinogenic differentiation potential of PDLSCs through activating
p38 MAPK and JNK and by repressing PPAR-y. However, the role
of Erk1/2 in the CB1-enhanced osteo/dentinogenic differentiation
potential of PDLSCs is unclear. In addition, p38 MAPK and JNK are
present with a large amount of overlap in cells.® PPAR-y activation
in dendritic cells (DCs) downregulates dendritic cell-specific ICAM-3
grabbing non-integrin (DC-SIGN) expression, which is mediated by
inhibiting the signalling pathways of Erk1/2 and JNK.®? We investi-
gated the presence of sequences in the activation of the p38 MAPK
and JNK signalling pathways on CB1 regulation and the relation-
ship between MAPK signalling pathway and PPAR-y in PDLSCs. We
found that when JNK signalling was blocked by its specific inhibitor
(SP600125), CB1-activated p38 MAPK signalling was inhibited in
CB1-overexpressing PDLSCs. However, the inhibition of p38 MAPK
signalling by its specific inhibitor (SB203580) did not affect CB1-ac-
tivated JNK signalling. Moreover, inhibition of the p38 MAPK or JNK
signalling pathways in CB1-overexpressing PDLSCs did not affect
PPAR-y expression. These results indicate that p38 MAPK activation
relies on JNK activation by CB1, which is a downstream molecule of
the JNK signalling pathway. Meanwhile, the inhibition of PPAR-y by
CB1 is independent of the activation of p38 MAPK and JNK signal-
ling in PDLSCs.

The MAPK signalling pathways are potential targets of inflam-
matory mediators and can be activated when modified by surround-
ing stress. Interestingly, we found that TNF-« stimulation repressed
the p38 MAPK, JNK and Erk1/2 signalling pathways. Moreover,
CB1 overexpression rescued p38 MAPK and JNK signalling that
was repressed under TNF-a-mimicked inflammatory conditions. In
the TNF-a-stimulated environment, Erk1/2 signalling showed no
change in CB1l-overexpressing PDLSCs. These results suggest that
CB1 rescues the function of damaged PDLSCs via the p38 MAPK

and JNK signalling pathways, but not via the Erk1/2 signalling path-
way. PPAR-y expression was found to be decreased in PDLSCs under
TNF-a stimulation. PPAR-y is a negative regulator for osteo/dentino-
genic differentiation, and the suppression of PPAR-y led to enhanced
osteogenesis.>”° This suggests that there might be other signalling
pathways, such as p38 and JNK, that compensate for the PPAR-y ef-
fect by TNF-a treatment in PDLSCs. INF-y treatment repressed only
the p38 MAPK and JNK signalling pathways in PDLSCs. However,
CB1 overexpression rescued the p38 MAPK and JNK pathways that
were repressed under INF-y-mimicked inflammatory conditions.
Under INF-y treatment, the overexpression of CB1 further repressed
PPAR-y expression but did not affect the Erk1/2 signalling pathway.
This suggests that CB1 promotes the osteo/dentinogenic differenti-
ation ability of PDLSCs through p38 MAPK, JNK and PPAR-y in an
INF-y-stimulated inflammatory environment, and this process may
be independent of Erk1/2. Taken together, these findings indicate
that CB1 can rescue the osteo/dentinogenic differentiation ability of
PDLSCs via different mechanisms under different inflammatory con-
ditions, and the p38 MAPK and JNK signalling pathways were more
important for the CB1-activated osteo/dentinogenic differentiation
potential of PDLSCs when inhibited by inflammation.

5 | CONCLUSION

In conclusion, our findings revealed that CB1 could activate the
osteo/dentinogenic differentiation potential of PDLSCs under in-
flammatory conditions. This effect might be mediated via activation
of the p38 MAPK and JNK signalling pathways and the repression
of PPAR-y. In addition, our results suggest that the CB1-activated
p38 MAPK signalling pathway is dependent on JNK signalling, and
inhibition of PPAR-y by CB1 is independent of p38 MAPK and JNK
signalling. More importantly, our discoveries suggest that p38 MAPK
and JNK are key molecules for the CB1-activated osteo/dentino-
genic differentiation potentials of PDLSCs when they are impaired
by inflammation. Our results clarified the potential role and mecha-
nism of CB1 in PDLSCs under inflammatory conditions and provide
candidate targets for enhancing MSC function and the treatment of
periodontitis.

ACKNOWLEDGEMENTS

This work was supported by grants from the Beijing Natural
Science Foundation (7192076 to FQZ), the National Natural Science
Foundation of China (81570940 to JD) and the High-level Talents of
the Beijing Health System (2014-3-080 to FQZ). The authors declare
no potential conflicts of interest with respect to the authorship and/

or publication of this article.

CONFLICTS OF INTEREST

The authors deny any conflicts of interest related to this research.



et

YAN ET AL.

Proliferation
DATA AVAILABILITY STATEMENT

Research data are not shared.

ORCID

Zhipeng Fan

https://orcid.org/0000-0003-0629-3476

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

. Van Dyke TE. The management of inflammation in periodontal dis-

ease. J Periodontol. 2008;79(8 Suppl):1601-1608.

Graves D. Cytokines that promote periodontal tissue destruction. J
Periodontol. 2008;79:1585-1591.

Nazir MA. Prevalence of periodontal disease, its association with
systemic diseases and prevention. Int J Health Sci. 2017;11:72-80.
Nunez J, Vignoletti F, Caffesse RG, Sanz M. Cellular therapy in peri-
odontal regeneration. Periodontol 2000. 2019;79(1):107-116.

Hu L, Liu Y, Wang S. Stem cell-based tooth and periodontal regen-
eration. Oral Dis. 2018;24(5):696-705.

Du J, Shan Z, Ma P, Wang S, Fan Z. Allogeneic bone marrow mes-
enchymal stem cell transplantation for periodontal regeneration. J
Dent Res. 2014;93(2):183-188.

Hynes K, Menicanin D, Gronthos S, Bartold PM. Clinical util-
ity of stem cells for periodontal regeneration. Periodontol.
2000;2012(59):203-227.

Liu D, Wang Y, Jia Z, et al. Demethylation of IGFBP5 by histone
demethylase KDM6B promotes mesenchymal stem cell-medi-
ated periodontal tissue regeneration by enhancing osteogenic
differentiation and anti-inflammation potentials. Stem Cells.
2015;33(8):2523-2536.

Tsumanuma Y, Iwata T, Washio K, et al. Comparison of different
tissue-derived stem cell sheets for periodontal regeneration in a
canine 1-wall defect model. Biomaterials. 2011;32(25):5819-5825.
Ma Z, Li S, Song Y., et al. The biological effect of dentin non-
collagenous proteins (DNCPs) on the human periodontal liga-
ment stem cells (HPDLSCs) in vitro and in vivo. Tissue Eng Part A.
2008;14(12):2059-2068.

Wada N, Menicanin D, Shi S, Bartold PM, Gronthos S.
Immunomodulatory properties of human periodontal ligament
stem cells. J Cell Physiol. 2009;219(3):667-676.

Liu D, Xu J, Liu O, et al. Mesenchymal stem cells derived from in-
flamed periodontal ligaments exhibit impaired immunomodulation.
J Clin Periodontol. 2012;39(12):1174-1182.

Park JC, Kim JM, Jung IH, et al. Isolation and characterization of
human periodontal ligament (PDL) stem cells (PDLSCs) from the in-
flamed PDL tissue: in vitro and in vivo evaluations. J Clin Periodontol.
2011;38(8):721-731.

Lin X, Han X, Kawai T, Taubman MA. Antibody to receptor activator
of NF-KB ligand ameliorates T cell-mediated periodontal bone re-
sorption. Infect Immun. 2011;79(2):911-917.

Racz GZ, Kadar K, Foldes A, et al. Inmunomodulatory and poten-
tial therapeutic role of mesenchymal stem cells in periodontitis. J
Physiol Pharmacol. 2014;65(3):327-339.

Wang Y, Jia Z, Diao S, et al. IGFBP5 enhances osteogenic differen-
tiation potential of periodontal ligament stem cells and Wharton's
jelly umbilical cord stem cells, via the JNK and MEK/Erk signalling
pathways. Cell Prolif. 2016;49(5):618-627.

Di Marzo V, Bifulco M, De Petrocellis L. The endocannabinoid
system and its therapeutic exploitation. Nat Rev Drug Discov.
2004;3(9):771-784.

Navarro HA, Howard JL, Pollard GT, Carroll Fl. Positive allosteric
modulation of the human cannabinoid (CB) receptor by RTI-371,

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

a selective inhibitor of the dopamine transporter. Br J Pharmacol.
2009;156(7):1178-1184.

Konermann A, Jager A, Held S, Brossart P, Schmdéle A. In vivo and
in vitro identification of endocannabinoid signaling in periodontal
tissues and their potential role in local pathophysiology. Cell Mol
Neurobiol. 2017;37(8):1511-1520.

Nakajima Y, Furuichi Y, Biswas KK, et al. Endocannabinoid,
anandamide in gingival tissue regulates the periodontal in-
flammation through NF-kappaB pathway inhibition. FEBS Lett.
2006;580:613-619.

Ossola CA, Surkin PN, Pugnaloni A, et al. Long-term treatment with
methanandamide attenuates LPS-induced periodontitis in rats.
Inflamm Res. 2012;61(9):941-948.

Gowran A, McKayed K, Campbell VA. The cannabinoid receptor type
1 is essential for mesenchymal stem cell survival and differentiation:
implications for bone health. Stem Cells Int. 2013;2013:796715.
Rossi F, Tortora C, Punzo F, et al. The endocannabinoid/endovanil-
loid system in bone: from osteoporosis to osteosarcoma. Int J Mol
Sci. 2019;20(8):E1919.

Wang L, Yang L, Tian L, et al. Cannabinoid receptor 1 mediates hom-
ing of bone marrow-derived mesenchymal stem cells triggered by
chronic liver injury. J Cell Physiol. 2017;232(1):110-121.

Idris Al, van 't Hof RJ, Greig IR, et al. Regulation of bone mass, bone
loss and osteoclast activity by cannabinoid receptors. Nat Med.
2005;11(7):774-779.

Tam J, Trembovler V, Di Marzo V, et al. The cannabinoid CB1 recep-
tor regulates bone formation by modulating adrenergic signaling.
FASEB J. 2008;22(1):285-294.

Elefteriou F, Ahn J, Takeda S, et al. Leptin regulation of bone re-
sorption by the sympathetic nervous system and CART. Nature.
2005;434(7032):514-520.

Yirmiya R, Goshen |, Bajayo A, et al. Depression induces bone loss
through stimulation of the sympathetic nervous system. Proc Natl
Acad Sci USA. 2006;103(45):16876-16881.

Idris Al, Sophocleous A, Landao-Bassonga E, et al. Cannabinoid
receptor type 1 protects against age-related osteoporosis by reg-
ulating osteoblast and adipocyte differentiation in marrow stromal
cells. Cell Metab. 2009;10(2):139-147.

Kozono S, Matsuyama T, Biwasa KK, et al. Involvement of the en-
docannabinoid system in periodontal healing. Biochem Biophys Res
Commun. 2010;394(4):928-933.

Gruden G, Barutta F, Kunos G, Pacher P. Role of the endocannabi-
noid system in diabetes and diabetic complications. Br J Pharmacol.
2016;173(7):1116-1127.

Galve-Roperh |, Chiurchiu V, Diaz-Alonso J, et al. Cannabinoid re-
ceptor signaling in progenitor/stem cell proliferation and differenti-
ation. Prog Lipid Res. 2013;52(4):633-650.

Patil CS, Kirkwood KL. p38 MAPK signaling in oral-related diseases.
J Dent Res. 2007;86(9):812-825.

Bliithgen N, Legewie S. Systems analysis of MAPK signal transduc-
tion. Essays Biochem. 2008;45:95-107.

Tsang EJ, Wu B, Zuk P. MAPK signaling has stage-dependent osteo-
genic effects on human adipose-derived stem cells in vitro. Connect
Tissue Res. 2018;59(2):129-146.

Gao Q, Walmsley AD, Cooper PR, Scheven BA. Ultrasound stimula-
tion of different dental stem cell populations: role of mitogen-acti-
vated protein kinase signaling. J Endod. 2016;42(3):425-431.

Yu 'Y, Mu J, Fan Z, et al. Insulin-like growth factor 1 enhances the
proliferation and osteogenic differentiation of human periodontal
ligament stem cells via ERK and JNK MAPK pathways. Histochem
Cell Biol. 2012;137(4):513-525.

Paula-Silva FW, Ghosh A, Arzate H, et al. Calcium hydroxide pro-
motes cementogenesis and induces cementoblastic differentiation
of mesenchymal periodontal ligament cells in a CEMP1- and ERK-
dependent manner. Calcif Tissue Int. 2010;87(2):144-157.


https://orcid.org/0000-0003-0629-3476
https://orcid.org/0000-0003-0629-3476

YAN ET AL.

<

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Li M, Pascual G, Glass CK. Peroxisome proliferator-activated re-
ceptor gamma-dependent repression of the inducible nitric oxide
synthase gene. Mol Cell Biol. 2000;20(13):4699-4707.

Chung SW, Kang BY, Kim SH, et al. Oxidized low density lipoprotein
inhibits interleukin-12 production in lipopolysaccharide-activated
mouse macrophages via direct interactions between peroxisome
proliferator-activated receptor-gamma and nuclear factor-kappa B.
J Biol Chem. 2000;275(42):32681-32687.

Hong JH, Hwang ES, McManus MT, et al. TAZ, a transcriptional
modulator of mesenchymal stem cell differentiation. Science.
2005;309(5737):1074-1078.

Tung CW, Ho C, Hsu YC, et al. MicroRNA-29a attenuates diabetic
glomerular injury through modulating cannabinoid receptor 1 sig-
naling. Molecules. 2019;24(2):E264.

O'Sullivan SE. An update on PPAR activation by cannabinoids. Br J
Pharmacol. 2016;173(12):1899-1910.

Ma S, Xie N, Li W, et al. Immunobiology of mesenchymal stem cells.
Cell Death Differ. 2014;21(2):216-225.

Qi K, LiN, Zhang Z, Melino G. Tissue regeneration: the crosstalk be-
tween mesenchymal stem cells and immune response. Cell Immunol.
2018;326:86-93.

Benayahu D, Wiesenfeld Y, Sapir-Koren R. How is mechanobiology
involved in mesenchymal stem cell differentiation toward the osteo-
blastic or adipogenic fate? J Cell Physiol. 2019;234(8):12133-12141.
Almalki SG, Agrawal DK. Key transcription factors in the differentia-
tion of mesenchymal stem cells. Differentiation. 2016;92(1-2):41-51.
Viale-Bouroncle S, Felthaus O, Schmalz G, Reichert TE, Morsczeck
C. Transcription factors for dental stem cell differentiation. Int J
Oral Makxillofac Implants. 2013;28(6):e478-486.

Sommer M, Dalia RA, Nogueira A, et al. Inmune response mediated
by Thl / IL-17 / caspase-9 promotes evolution of periodontal dis-
ease. Arch Oral Biol. 2019;97:77-84.

Jean-Gilles L, Braitch M, Latif ML, et al. Effects of pro-inflammatory
cytokines on cannabinoid CB1 and CB2 receptors in immune cells.
Acta Physiol (Oxf). 2015;214(1):63-74.

Mandolesi G, Bullitta S, Fresegna D, et al. Interferon-y causes mood
abnormalities by altering cannabinoid CB1 receptor function in the
mouse striatum. Neurobiol Dis. 2017;108:45-53.

Howlett AC. Pharmacology of cannabinoid receptors. Annu Rev
Pharmacol Toxicol. 1995;35:607-634.

Wu RW, Lin TP, Ko JY, et al. Cannabinoid receptor 1 regulates ERK
and GSK-3p-dependent glucocorticoid inhibition of osteoblast dif-
ferentiationin murine MC3T3-E1 cells. Bone.2011;49(6):1255-1263.
Gertsch J. Cannabimimetic phytochemicals in the diet - an evolu-
tionary link to food selection and metabolic stress adaptation? BrJ
Pharmacol. 2017;174(11):1464-1483.

55.

56.

57.

58.

59.

60.

61.

62.

Proliferation

Ahn S, Yi S, Seo WJ, et al. A cannabinoid receptor agonist N-ar-
achidonoyl dopamine inhibits adipocyte differentiation in human
mesenchymal stem cells. Biomol Ther (Seoul). 2015;23(3):218-224.
Jian CX, Fan QS, Hu YH, et al. IL-7 suppresses osteogenic differ-
entiation of periodontal ligament stem cells through inactiva-
tion of mitogen-activated protein kinase pathway. Organogenesis.
2016;12(4):183-193.

Tang, Liu L, Wang P, et al. Periostin promotes migration and osteo-
genic differentiation of human periodontal ligament mesenchymal
stem cells via the Jun amino-terminal kinases (JNK) pathway under
inflammatory conditions. Cell Prolif. 2017;50(6):e12369.

Guicheux J, Lemonnier J, Ghayor C, et al. Activation of p38 mito-
gen-activated protein kinase and c-Jun-NH2-terminal kinase by
BMP-2 and their implication in the stimulation of osteoblastic cell
differentiation. J Bone Miner Res. 2003;18(11):2060-2068.

Zhuang H, Zhang X, Zhu C, et al. Molecular mechanisms of PPAR-y
governing MSC osteogenic and adipogenic differentiation. Curr
Stem Cell Res Ther. 2016;11(3):255-264.

Deng C, Sun Y, Liu H, et al. Selective adipogenic differentiation of
human periodontal ligament stem cells stimulated with high doses
of glucose. PLoS ONE. 2018;13(7):e0199603.

Cao Y, Wang L, Yang H, et al. Epiregulin promotes the migration
and chemotaxis ability of adipose-derived mesenchymal stem cells
via mitogen-activated protein kinase signaling pathways. J Cell
Biochem. 2018;119(10):8450-8459.

Zhu W, Yan H, Li S, et al. PPAR-y agonist pioglitazone regulates
dendritic cells immunogenicity mediated by DC-SIGN via the MAPK
and NF-xB pathways. Int Inmunopharmacol. 2016;41:24-34.

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

How to cite this article: Yan W, Cao Y, Yang H, et al. CB1
enhanced the osteo/dentinogenic differentiation ability of
periodontal ligament stem cells via p38 MAPK and JNK in an
inflammatory environment. Cell Prolif. 2019;52:€12691.
https://doi.org/10.1111/cpr.12691



https://doi.org/10.1111/cpr.12691

