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1  |  INTRODUC TION

Periodontal ligament stem cells (PDLSCs) derive from the periodon-
tal ligament, which belongs to the group of mesenchymal stem 
cells (MSCs).1,2 PDLSCs are capable of regenerating lost periodon-
tal tissues.3–5 The comparison between the osteogenic potential 
of PDLSCs in basal and differentiating culture media is of great 

benefit in exploring the mechanism of human periodontal disease.6 
Previous studies have demonstrated that exogenous additives can 
induce osteogenic differentiation of PDLSCs, such as short pep-
tides,7 which can be used for future regenerative cell therapy. In 
addition, the repairing ability of PDLSCs has been reported in the 
orthodontic tooth movement progress8,9 and periodontitis- induced 
bone destruction10 and bone defect.11,12 Studies on the molecular 
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Abstract
Periodontal ligament stem cells (PDLSCs) are important mesenchymal stem cells con-
tributing to regenerating lost periodontal tissues and repairing bone defects. Studies 
on the molecular mechanism affecting the osteogenic differentiation of PDLSCs are 
necessary. Scopolamine (SCO) is known as a regulator of neural cell damage. The 
focus of the current study is on unveiling the role of SCO- mediated molecular mech-
anism in the osteogenic differentiation of PDLSCs. Through CCK- 8 assay and LDH 
detection, we confirmed that SCO enhanced the viability of PDLSCs. Moreover, we 
determined that SCO induced the PDLSCs osteogenic differentiation, according to 
data of ALP activity measurement and ARS staining. Mechanistically, we performed 
western blot and identified that SCO could promote the lactylation of runt- related 
transcription factor 2 (RUNX2). We also found through rescue assays that knockdown 
of RUNX2 could reverse the effect of SCO treatment on the osteogenic differentia-
tion of PDLSCs. Further mechanism investigation revealed that lactylation of RUNX2 
at K176 site enhances the protein stability of RUNX2 through deubiquitination. 
Collectively, our present study unveils that SCO stabilizes RUNX2 to promote the 
osteogenic differentiation of PDLSCs through the lactylation modification of RUNX2.
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mechanism underlying the osteogenic differentiation of PDLSCs are 
needed.13

Scopolamine (SCO) is widely used as an inducer of nerve system 
damage for in vivo animal models, causing memory loss and cogni-
tive impairment.14–16 Functionally, SCO can regulate PC12 cell dam-
age and energy metabolism16; moreover, it can inhibit alveolar bone 
loss in rats.17 However, the specific role of SCO in modulating the 
osteogenic differentiation of PDLSCs is rarely reported. The focus 
of the current study is on the regulating functions of SCO in the 
osteogenic differentiation of PDLSCs as well as the corresponding 
regulatory mechanism.

Lactylation modification is known as a post- translational reg-
ulatory mode, altering the protein stability.18 Runt- related tran-
scription factor 2 (RUNX2) is an osteogenic gene, involving in the 
osteogenic differentiation of PDLSCs.19–21 To date, it remains un-
clear whether SCO affects the lactylation- mediated stability of 
RUNX2 in PDLSCs.

To summarize, the current study makes an investigation on the 
role of SCO- mediated lactylation of RUNX2 in the osteogenic differ-
entiation of PDLSCs.

2  |  MATERIAL S AND METHODS

2.1  |  Cell culture and treatment

Human PDLSCs were procured from BeNa culture collection 
(Beijing, China). For cell culture, PDLSCs were placed in Dulbecco's 
modified Eagle medium (DMEM) (Sigma, USA) containing 10% FBS 
(Hyclone, Logan, UT, USA). For incubation, the culture dishes were 
maintained in an incubator at 37°C and 5% CO2.

PDLSCs	were	treated	with	low	(25 nM),	middle	(50 nM),	or	high	
(100 nM)	 concentrations	 of	 scopolamine	 (SCO,	 Sigma-	Aldrich,	 St.	
Louis, MO, USA) to screen for suitable concentration.

For	protein	stability	detection,	PDLSCs	were	treated	with	50 μg/
mL	of	CHX	(MedChemExpress,	NJ,	USA)	for	0,	6,	12,	and	24 h.

2.2  |  Cell transfection

Short hairpin RNAs (shRNAs) targeting RUNX2 (sh- RUNX2#1, sh- 
RUNX2#2) and corresponding negative control shRNA (sh- NC) 
were synthesized by RiboBio (Guangzhou, China). PDLSCs with 
confluence reached to 50%–60% were transfected with shRNAs 
for	48 h	by	using	the	Lipofectamine	2000	reagent	(Invitrogen,	CA,	
USA).

2.3  |  Reverse transcription and real- time 
quantitative polymerase chain reaction (RT- qPCR)

Total RNA extracted from indicated PDLSCs using Trizol Reagent 
(Invitrogen) was subjected to reverse transcription by using 

PrimeScript RT Reagent Kit (Takara, Tokyo, Japan) for complemen-
tary DNA (cDNA) generation. qRT- PCR was conducted by using the 
SYBR Prime Script RT- PCR Kit (Takara), as instructed by the manu-
facturer's protocol. The relative mRNA expression was calculated 
with the 2−ΔΔCt method by taking GAPDH as the internal control.

2.4  |  Immunoprecipitation (IP)

PDLSCs treated with or without SCO were lysed with RIPA buffer. 
Next,	 the	 lysates	 were	 pretreated	 with	 50 μL of protein A/G im-
mune magnetic beads (Bimake, Houston, TX, USA) and were immu-
noprecipitated with antibodies obtained from Abcam (Cambridge, 
MA, USA), including anti- RUNX1, anti- RUNX2, anti- Osx, anti- ONT, 
anti- OPN, anti- OCN, anti- OPG, anti- BMP2, anti- BMP7, and anti- 
COL1A1. Finally, the lactylation level of RUNX2 was detected 
with western blot using an l- lactyllysine (PTM Biolabs, Chicago, IL) 
antibody.

2.5  |  Western blot

Total protein was isolated from indicated PDLSCs using RIPA buffer 
(Beyotime, China). Protein samples were loaded on a 10% sodium 
dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE) 
and then transferred to a polyvinylidene fluoride (PVDF) membrane. 
After washing, the membrane was incubated overnight with primary 
antibodies against OCN (1/1000, Abcam), OPG (1/1000, Abcam), 
RUNX2 (1/1000, Abcam), and the internal control anti- GAPDH 
(1/1000, Abcam) at 4°C. Next, the membrane was further incubated 
at room temperature with the second antibody (1/2000, Abcam) for 
2 h.	Finally,	blots	were	visualized	and	photographed	with	an	optical	
luminescence instrument (GE, USA).

2.6  |  Ubiquitination assay

PDLSCs with or without RUNX2 mutation of K176 site (WT or 
K176R) were lysed with RIPA buffer. Next, the lysates were pre-
treated	with	50 μL of protein A/G immune magnetic beads (Bimake, 
Houston, TX, USA) and were immunoprecipitated with anti- RUNX2 
antibody. The ubiquitinated RUNX2 was detected with western blot 
using an anti- ubiquitin antibody (1:1000, Abcam).

2.7  |  Cell counting kit- 8 (CCK- 8) assay

The effect of SCO on the viability of PDLSCs was evaluated by the 
CCK8 (Dojindo Laboratories, Kumamoto, Japan) assay, as instructed 
by the manufacturer's protocol. In brief, PDLSCs were incubated in 
96-	well	plates	at	a	density	of	3 × 103 cells/well	along	with	low,	mid-
dle, or high concentrations of SCO. Forty- eight hours later, each well 
was	 added	with	 10 μL	 CCK8	 solution	 for	 2 h	 incubation.	 Finally,	 a	
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microplate reader was used to measure the absorbance at a wave-
length	of	450 nm.

2.8  |  Detection of lactate dehydrogenase 
(LDH) release

To detect the effect of SCO on the necrotic cell death condition of 
PDLSCs, the LDH level was measured. Briefly, PDLSCs were seeded 
into	96-	well	plates	at	a	density	of	5 × 104 cells/well and then incu-
bated	for	24 h.	After	that,	the	supernatant	was	collected	and	incu-
bated with an LDH cytotoxicity assay kit. Results were obtained 
by	measuring	 the	 absorbance	at	560 nm	with	 a	microplate	 reader.	
Finally, the percentage of LDH release of treated PDLSCs was calcu-
lated and compared with the control group.

2.9  |  Detection of alkaline phosphatase 
(ALP) activity

PDLSCs	 (2 × l05 cells) were seeded in each well of 6- well plates 
and incubated in the osteogenic inductive medium that con-
sisted	 of	 DMEM,	 10%	 FBS,	 10 mM	 β-	glycerophosphate,	 10 mM	
dexamethasone,	 and	 50 mg/L	 ascorbic	 acid.	 Meanwhile,	 each	
well was added with the middle concentration of SCO or specific 
shRNAs. Two weeks later, cells were treated with 1% TritonX- 100 
(Solarbio). And then, cells were subjected to centrifugation 
at 12000g	 for	 10 min.	 The	 ALP	 activity	 assay	 kit	 (Jiancheng	
Bioengineering Institute, Nanjing, China) was applied to meas-
ure ALP activity, according to the manufacturer's instructions. 
Finally, a microplate reader was used to monitor the absorbance 
at	520 nm	wavelength.

2.10  |  Alizarin Red S (ARS) staining

An ARS staining kit (Solarbio, Beijing, China) was applied to moni-
tor the mineral deposition of indicated PDLSCs, as instructed by 
the manufacturer's protocol. Briefly, PDLSCs were fixed in 4% para-
formaldehyde	for	10 min	and	washed	thrice	with	PBS.	Next,	PDLSCs	
were	 stained	 for	30 min	by	40 mM	ARS	 (Sigma-	Aldrich).	 The	 reac-
tion was terminated by adding the distilled water. Finally, the results 
were observed and photographed.

2.11  |  Statistical analysis

All	 data	were	 presented	 in	 the	 form	of	mean ± standard	 deviation	
(SD) by processing with GraphPad Prism 8 (GraphPad Software Inc., 
CA, USA). The comparison for two groups or more than two groups 
was performed by student's t- test or one- way ANOVA using SPSS 
v22.0 statistical analysis tool (IBM, CA, USA). p < .05	is	a	symbol	for	
a statistically significant difference.

3  |  RESULTS

3.1  |  SCO enhances the viability of PDLSCs

In order to detect whether SCO affected the functions of PDLSCs, 
we used three different concentrations of SCO (low, middle, and 
high) to treat PDLSCs and measured cell viability through the CCK- 8 
assay. According to the CCK8 data shown in Figure 1A,	 after	48 h	
culture, the viability of PDLSCs was significantly enhanced by treat-
ment with middle or high concentration of SCO (SCO- M or SCO- 
H). Additionally, LDH detection indicated that the LDH release of 
PDLSCs was suppressed efficiently by treatment with low or mid-
dle concentration of SCO (SCO- L or SCO- M) (Figure 1B). All these 
results indicated that middle concentration of SCO had a greater 
effect on cell viability and have the best inhibitory effect on cyto-
toxicity. Therefore, SCO- M was selected for the next experiments.

3.2  |  SCO promotes the osteogenic 
differentiation of PDLSCs

Subsequently, we explored whether SCO could regulate the osteo-
genic differentiation of PDLSCs. Since the middle concentration 
of SCO could most efficiently alter cell viability, we chose it for all 
subsequent experiments. We first measured the protein levels 
of two osteogenic genes (OCN and OPG) in PDLSCs treated with 
SCO or without SCO (the control group; CON). It was found that 
both levels of OCN and OPG were increased a lot by SCO treat-
ment (Figure 2A). Next, the ALP activity of PDLSCs was strength-
ened by SCO treatment (Figure 2B), indicating that SCO promoted 
in PDLSCs. Furthermore, the result of ARS staining showed that the 
mineral deposition was accumulated in PDLSCs after being treated 
with SCO (Figure 2C). Therefore, we conclude that SCO treatment 
induces the osteogenic differentiation of PDLSCs.

F I G U R E  1 SCO	enhances	the	viability	of	PDLSCs.	(A)	CCK-	8	
assay was applied to measure the viability of PDLSCs treated 
with low, middle, or high concentrations of SCO (SCO- L, SCO- M, 
or SCO- H). p = .002,	p = .008	indicated	data	were	statistically	
significant. p = .1213	indicated	data	were	not	statistically	
significant. (B) LDH release of PDLSCs was measured in PDLSCs 
treated with three different concentrations of SCO through LDH 
detection. p = .0104,	p = .0003	indicated	data	were	statistically	
significant. p = .0799	indicated	data	were	not	statistically	
significant.



4 of 8  |     WU and GONG

3.3  |  SCO induces the lactylation of RUNX2 
protein in PDLSCs

Lactylation is a post- translational modification, exerting functions 
in various biological processes.22,23 Here, we investigated whether 
the SCO altered protein lactylation in PDLSCs. Through western 
blot analysis of IP results, we determined that total lactylation levels 
were elevated in SCO- treated PDLSCs compared with the control 
group (Figure 3A). Since osteogenic genes and proteins are essential 
to osteogenic differentiation,24 we measured the lactylation levels 
of osteogenic proteins in SCO- treated PDLSCs. It was uncovered 
that the lactylation level of RUNX2 was significantly increased in 
PDLSCs after SCO treatment (Figure 3B). The results suggest that 
SCO can promote the lactylation of RUNX2 in PDLSCs.

3.4  |  Knockdown of RUNX2 reverses the  
effect of SCO treatment on the osteogenic 
differentiation of PDLSCs

To validate the involvement of SCO- induced RUNX2 in the osteo-
genic differentiation of PDLSCs, rescue assays were carried out. 
Before that, RUXN2 expression was knocked down through exog-
enously transfecting shRNAs targeting RUNX2 (Figure 4A). Next, 
we detected the protein levels of OCN and OPG and identified that 
the increased levels of both OCN and OPG caused by SCO treat-
ment were decreased again by RUNX2 knockdown (Figure 4B). 
Additionally, the ALP activity of PDLSCs strengthened by SCO 
treatment was weakened after knockdown of RUNX2 (Figure 4C). 
Meanwhile, the mineral deposition accumulated in SCO- treated 
PDLSCs was reduced after knockdown of RUNX2 (Figure 4D). 
Hence, we confirm that SCO promotes the osteogenic differentia-
tion of PDLSCs through RUNX2.

3.5  |  Lactylation of RUNX2 at K176 site enhances  
the protein stability of RUNX2 through 
deubiquitination

To identify the functional site, we mutated two potential lactyla-
tion sites (K176R and K141R) for further western blot analysis. The 
results showed that mutation of K176 site decreased the lactyla-
tion level and total protein level of RUNX2 while mutation of K141 
site had no significant effects on both levels (Figure 5A). Studies 
have shown that the lactylation modification can enhance protein 
stability.25 Hence, we analyzed whether the lactylation of RUNX2 
altered its stability. We treated PDLSCs with or without RUNX2 
mutation of K176 or K141 site with CHX for half- life profile of 
RUNX2. The results indicated that mutation of K176 site short-
ened the half- life time of RUNX2 (Figure 5B), suggesting that the 
lactylation of RUNX2 at K176 site affected the stability of RUNX2. 
Subsequently, we analyzed whether the lactylation of RUNX2 at 
K176 site could change the ubiquitination of RUNX2. We next ana-
lyzed the potential ubiquitination sites of RUNX2 (Figure 5C) and 

F I G U R E  2 SCO	promotes	the	osteogenic	differentiation	of	
PDLSCs. (A) The protein levels of two osteogenic genes (OCN 
and OPG) were measured by western blot in PDLSCs treated with 
SCO or control (CON). (B) ALP activity of PDLSCs was measured 
in PDLSCs treated with or without SCO. p = .0048	indicated	data	
were statistically significant. (C) The mineral deposition of PDLSCs 
treated with or without SCO was detected by ARS staining. 
p = .0005	indicated	data	were	statistically	significant.

F I G U R E  3 SCO	induces	the	lactylation	
of RUNX2 protein in PDLSCs. (A) 
Total lactylation levels were measured 
in PDLSCs treated with or without 
SCO through IP- western blot. (B) The 
lactylation levels of osteogenic proteins 
were evaluated in PDLSCs treated with or 
without SCO through IP- western blot.
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F I G U R E  4 Knockdown	of	RUNX2	reverses	the	effect	of	SCO	treatment	on	the	osteogenic	differentiation	of	PDLSCs.	(A)	RUXN2	
expression was knocked down through exogenously transfecting shRNAs targeting RUNX2. The transfection efficiency was identified by 
RT- qPCR analysis. p = .0015,	p = .0005	indicated	data	were	statistically	significant.	(B)	The	protein	levels	of	OCN	and	OPG	were	detected	
by western blot in SCO- treated PDLSCs after knockdown of RUNX2. (C) The ALP activity of SCO- treated PDLSCs was evaluated after 
knockdown of RUNX2. p = .0036,	p = .0120	indicated	data	were	statistically	significant.	(D)	The	mineral	deposition	of	SCO-	treated	PDLSCs	
was evaluated by ARS staining after knockdown of RUNX2. p < .0001	indicated	data	were	statistically	significant.

F I G U R E  5 Lactylation	of	RUNX2	at	K176	site	enhances	the	protein	stability	of	RUNX2	through	deubiquitination.	(A)	The	lactylation	level	
and total protein level of RUNX2 were measured in PDLSCs after the RUNX2 mutation of two potential lactylation sites (K176R and K141R). 
Results were obtained using western blot analysis. (B) The half- life profile of RUNX2 was performed in RUNX2 K176 or K141 site- mutated 
PDLSCs after being treated with CHX for different time intervals. p = .0006	indicated	data	were	statistically	significant.	p = .6703	indicated	
data were not statistically significant. (C) The potential ubiquitination sites of RUNX2. (D) K176 site of RUNX2 protein might occur both 
ubiquitination and lactylation through intersection. (E) The ubiquitination assay was performed in PDLSCs with or without mutation of K176 
site to measure the ubiquitination level of RUNX2.



6 of 8  |     WU and GONG

found that K176 site might occur both the ubiquitination and lacty-
lation through intersection (Figure 5D). To validate the hypothesis, 
we performed the ubiquitination assay in PDLSCs with or with-
out mutation of K176 site. The result unveiled that mutation of 
K176 site increased the ubiquitination level of RUNX2 (Figure 5E). 
Therefore, we summarize that the lactylation of RUNX2 at K176 
site decreases the ubiquitination level of RUNX2 to stabilize 
RUNX2 protein.

4  |  DISCUSSION

Our current study firstly determined the promoting effect of SCO on 
the viability and osteogenic differentiation of PDLSCs. Furthermore, 
SCO treatment could elevate the total lactylation level in PDLSCs. 
Importantly, we analyzed and demonstrated that SCO induced the 
lactylation of RUNX2 in PDLSCs and thus promoted osteogenic dif-
ferentiation. And we also validated that the lactylation of RUNX2 
at K176 site was responsible for the stabilization of RUNX2 protein 
through deubiquitination.

Since MSCs can be found and isolated from various tissues, 
stem cell therapy has got increasing attention in all kinds of regen-
erative therapies. As a subgroup of MSCs, PDLSCs are proven to 
be the cell source that is best for the regeneration of periodontal 
tissues.26 Previous studies provided evidence to show the key role 
of PDLSCs osteogenic differentiation in periodontal tissue regen-
eration.2,27 According to the experimental data, we confirmed that 
SCO enhances the viability of PDLSCs, increased ALP activity and 
promoted mineral deposition. Therefore, our current study unveiled 
the promoting effect of SCO on PDLSCs osteogenic differentiation 
for the first time.

Lactylation is a post- translational modification, exerting func-
tions in various biological processes.28 Here, we investigated and 
firstly uncovered that SCO treatment led to the elevation of total 
lactylation levels in PDLSCs. As osteogenic differentiation is usu-
ally regulated by osteogenic genes and proteins,29–34 we made 
further detection and determined that the lactylation level of 
RUNX2 was significantly increased in PDLSCs after SCO treat-
ment. The changes of RUNX2 expression have been regarded 
to be an influence factor for the osteogenic differentiation of 
PDLSCs.35–37 We also performed rescue assays to validate the 
involvement of SCO- induced RUNX2 in the osteogenic differ-
entiation of PDLSCs. As indicated by the data of rescue assays, 
knockdown of RUNX2 reversed the effect of SCO treatment on 
the osteogenic differentiation of PDLSCs, suggesting that SCO 
promotes the osteogenic differentiation of PDLSCs through 
RUNX2.

In subsequence, we analyzed and identified the potential lactyl-
ation site K176. As shown by previous studies, the lactylation mod-
ification could enhance protein stability.18,38 Herein, we performed 
the half- life profile of RUNX2 and identified that mutation of K176 
site shortened the half- life time of RUNX2, indicating that the lac-
tylation of RUNX2 at K176 site affected the stability of RUNX2. 

Ubiquitination is a post- translational modification, which can regu-
late protein stability.39–42 Accordingly, we conducted the ubiquiti-
nation assay and validated that the lactylation of RUNX2 at K176 
site decreased the ubiquitination level of RUNX2 to stabilize RUNX2 
protein.

In conclusion, our study reveals the promoting effect of the 
SCO- mediated lactylation of RUNX2 on the osteogenic differ-
entiation. Our findings indicate that SCO may contribute to the 
regeneration of the periodontal ligament by regulating RUNX2- 
mediated PDLSCs osteogenic differentiation. However, there was 
still a limitation in this study. In the process of periodontal liga-
ment regeneration, many other cells are involved, such as gingi-
val mesenchymal stem cells. Whether scopolamine has the same 
effect on gingival mesenchymal stem cells, thereby promoting 
periodontal ligament regeneration, requires further research to 
confirm in the future.

AUTHOR CONTRIBUTIONS
All authors participated in the design, interpretation of the studies 
and analysis of the data, and review of the manuscript. Y W drafted 
the work and revised it critically for important intellectual content 
and was responsible for the acquisition, analysis, or interpretation of 
data for the work; P G made substantial contributions to the concep-
tion or design of the work. All authors read and approved the final 
manuscript.

ACKNOWLEDG MENTS
Not applicable.

FUNDING INFORMATION
This work was supported by the Guangzhou Municipal Health 
Science and Technology Project (grant no. 20231A011104).

CONFLIC T OF INTERE S T S TATEMENT
The authors declare that they have no competing interests.

DATA AVAIL ABILIT Y S TATEMENT
The datasets used and/or analyzed during the current study are 
available from the corresponding author upon reasonable request.

E THIC S APPROVAL AND CONSENT TO PARTICIPATE
Not applicable.

ORCID
Pan Gong  https://orcid.org/0009-0007-9929-2224 

R E FE R E N C E S
 1. Liu Y, Liu W, Hu C, et al. MiR- 17 modulates osteogenic differenti-

ation through a coherent feed- forward loop in mesenchymal stem 
cells isolated from periodontal ligaments of patients with periodon-
titis. Stem Cells. 2011;29(11):1804- 1816.

 2. Seo BM, Miura M, Gronthos S, et al. Investigation of multipotent 
postnatal stem cells from human periodontal ligament. Lancet. 
2004;364:149- 155.

https://orcid.org/0009-0007-9929-2224
https://orcid.org/0009-0007-9929-2224


    |  7 of 8WU and GONG

 3. Venkataiah VS, Handa K, Njuguna MM, et al. Periodontal regener-
ation by allogeneic transplantation of adipose tissue derived multi- 
lineage progenitor stem cells in vivo. Sci Rep. 2019;9:921.

 4. Fu X, Jin L, Ma P, Fan Z, Wang S. Allogeneic stem cells from de-
ciduous teeth in treatment for periodontitis in miniature swine. J 
Periodontol. 2014;85(6):845- 851.

 5. Liu L, Wei X, Huang R, Ling J, Wu L, Xiao Y. Effect of bone mor-
phogenetic protein- 4 on the expression of Sox2, Oct- 4, and c- Myc 
in human periodontal ligament cells during long- term culture. Stem 
Cells Dev. 2013;22(11):1670- 1677.

 6. Manescu A, Giuliani A, Mohammadi S, et al. Osteogenic potential 
of dualblocks cultured with human periodontal ligament stem cells: 
in vitro and synchrotron microtomography study. J Periodontal Res. 
2016;51(1):112- 124.

 7. Caputi S, Trubiani O, Sinjari B, et al. Effect of short peptides on neu-
ronal differentiation of stem cells. Int J Immunopathol Pharmacol. 
2019;33:205873841982861.

 8. Friedlander LT, Cullinan MP, Love RM. Dental stem cells and their 
potential role in apexogenesis and apexification. Int Endod J. 
2009;42(11):955- 962.

 9. Shirai K, Ishisaki A, Kaku T, Tamura M, Furuichi Y. Multipotency of 
clonal cells derived from swine periodontal ligament and differen-
tial regulation by fibroblast growth factor and bone morphogenetic 
protein. J Periodontal Res. 2009;44(2):238- 247.

 10. Trubiani O, Scarano A, Orsini G, et al. The performance of human 
periodontal ligament mesenchymal stem cells on xenogenic 
biomaterials. Int J Immunopathol Pharmacol. 2007;20(1 Suppl 
1):87- 91.

 11. Yang P, Li C, Kou Y, et al. Notum suppresses the osteogenic differ-
entiation of periodontal ligament stem cells through the Wnt/Beta 
catenin signaling pathway. Arch Oral Biol. 2021;130:105211.

 12. Yu M, Sun L, Ba P, Li L, Chen J, Sun Q. Progranulin promotes os-
teogenic differentiation of periodontal membrane stem cells in 
both inflammatory and non- inflammatory conditions. J Int Med Res. 
2021;49(8):3000605211032508.

 13. Sanz JL, Guerrero- Gironés J, Pecci- Lloret MP, Pecci- Lloret 
MR, Melo M. Biological interactions between calcium silicate- 
based endodontic biomaterials and periodontal ligament 
stem cells: a systematic review of in vitro studies. Int Endod J. 
2021;54(11):2025- 2043.

 14. Jiang JH, He Z, Peng YL, et al. Phoenixin- 14 enhances memory and 
mitigates memory impairment induced by Aβ1- 42 and scopolamine 
in mice. Brain Res. 2015;1629:298- 308.

 15. Tang KS. The cellular and molecular processes associated with 
scopolamine- induced memory deficit: a model of Alzheimer's bio-
markers. Life Sci. 2019;233:116695.

 16. Zhao Y, Dong Y, Ge Q, Cui P, Sun N, Lin S. Neuroprotective ef-
fects of NDEELNK from sea cucumber ovum against scopolamine- 
induced PC12 cell damage through enhancing energy metabolism 
and upregulation of the PKA/BDNF/NGF signaling pathway. Food 
Funct. 2021;12(17):7676- 7687.

 17. Ribas ME, Muniz FWMG, Steffens T, et al. The effect of periodontal 
diseases and cognitive deficit on behavioral state, oxidative stress 
parameters and alveolar bone loss in rats. J Int Acad Periodontol. 
2020;22(4):156- 165.

 18. Zhang L, Wang X, Che W, Zhou S, Feng Y. METTL3 silenced in-
hibited the ferroptosis development via regulating the TFRC 
levels in the intracerebral hemorrhage progression. Brain Res. 
2023;15(1811):148373.

 19. Mi J, Wang S, Liu P, et al. CUL4B upregulates RUNX2 to promote 
the osteogenic differentiation of human periodontal ligament stem 
cells by epigenetically repressing the expression of miR- 320c and 
miR- 372/373- 3p. Front Cell Dev Biol. 2022;10:921663.

 20. Li H, Li Y, Zou J, Yang Y, Han R, Zhang J. Sinomenine inhibits ortho-
dontic tooth movement and root resorption in rats and enhances 

osteogenic differentiation of PDLSCs. Drug des Devel Ther. 
2022;16:2949- 2965.

 21. Zheng J, Zhu X, He Y, et al. CircCDK8 regulates osteogenic differ-
entiation and apoptosis of PDLSCs by inducing ER stress/autoph-
agy during hypoxia. Ann N Y Acad Sci. 2021;1485(1):56- 70.

 22. Gu J, Zhou J, Chen Q, et al. Tumor metabolite lactate promotes 
tumorigenesis by modulating MOESIN lactylation and enhancing 
TGF- β signaling in regulatory T cells. Cell Rep. 2022;39(12):110986.

 23. Fan M, Yang K, Wang X, et al. Lactate promotes endothelial- to- 
mesenchymal transition via Snail1 lactylation after myocardial in-
farction. Sci Adv. 2023;9(5):eadc9465.

 24. Xu Y, Qin W, Guo D, Liu J, Zhang M, Jin Z. LncRNA- TWIST1 promoted 
osteogenic differentiation both in PPDLSCs and in HPDLSCs by in-
hibiting TWIST1 expression. Biomed Res Int. 2019;2019:8735952.

 25. Miao Z, Zhao X, Liu X. Hypoxia induced β- catenin lactyla-
tion promotes the cell proliferation and stemness of colorec-
tal cancer through the wnt signaling pathway. Exp Cell Res. 
2023;422(1):113439.

 26. Queiroz A, Albuquerque- Souza E, Gasparoni LM, et al. Therapeutic 
potential of periodontal ligament stem cells. World J Stem Cells. 
2021;13(6):605- 618.

 27. Han Y. High concentrations of calcium suppress osteogenic differ-
entiation of human periodontal ligament stem cells in vitro. J Dent 
Sci. 2021;16(3):817- 824.

 28. Xiong J, He J, Zhu J, et al. Lactylation- driven METTL3- mediated 
RNA m6A modification promotes immunosuppression of tumor- 
infiltrating myeloid cells. Mol Cell. 2022;82(9):1660- 1677.e10.

 29. Wu ZH, Huang KH, Liu K, Wang GT, Sun Q. DGCR5 induces osteo-
genic differentiation by up- regulating Runx2 through miR- 30d- 5p. 
Biochem Biophys Res Commun. 2018;505(2):426- 431.

 30. Liu J, Chang X, Dong D. MicroRNA- 181a- 5p curbs osteogenic dif-
ferentiation and bone formation partially through impairing Runx1- 
dependent inhibition of AIF- 1 transcription. Endocrinol Metab 
(Seoul). 2023;38(1):156- 173.

 31. Ni S, Xiong XB, Ni XY. MgCl2 promotes mouse mesenchymal stem 
cell osteogenic differentiation by activating the p38/Osx/Runx2 
signaling pathway. Mol Med Rep. 2020;22(5):3904- 3910.

 32. Cheifetz S, Li IW, McCulloch CA, Sampath K, Sodek J. Influence 
of osteogenic protein- 1 (OP- 1;BMP- 7) and transforming growth 
factor- beta 1 on bone formation in vitro. Connect Tissue Res. 
1996;35(1–4):71- 78.

 33. Yin N, Zhu L, Ding L, et al. MiR- 135- 5p promotes osteoblast differ-
entiation by targeting HIF1AN in MC3T3- E1 cells. Cell Mol Biol Lett. 
2019;24:51.

 34. Yu L, Sui B, Fan W, et al. Exosomes derived from osteogenic tumor 
activate osteoclast differentiation and concurrently inhibit os-
teogenesis by transferring COL1A1- targeting miRNA- 92a- 1- 5p. J 
Extracell Vesicles. 2021;10(3):e12056.

 35. Wang L, Liu C, Wu F. Low- level laser irradiation enhances the pro-
liferation and osteogenic differentiation of PDLSCs via BMP signal-
ing. Lasers Med Sci. 2022;37(2):941- 948.

 36. He Q, Yang S, Gu X, Li M, Wang C, Wei F. Long noncoding RNA 
TUG1 facilitates osteogenic differentiation of periodontal ligament 
stem cells via interacting with Lin28A. Cell Death Dis. 2018;9(5):455.

 37. Liu Y, Zhou Y. Circ_0087960 stabilizes KDM5B by reducing SKP2 
mediated ubiquitination degradation and promotes osteogenic 
differentiation in periodontal ligament stem cells. Regen Ther. 
2022;19:122- 130.

 38. Zhang W, Xu L, Yu Z, Zhang M, Liu J, Zhou J. Inhibition of the 
glycolysis prevents the cerebral infarction progression through 
decreasing the Lactylation levels of LCP1. Mol Biotechnol. 
2023;65(8):1336- 1345.

 39. Liu J, Guan D, Dong M, et al. UFMylation maintains tumour sup-
pressor p53 stability by antagonizing its ubiquitination. Nat Cell 
Biol. 2020;22(9):1056- 1063.



8 of 8  |     WU and GONG

 40. Dong K, Wei R, Jin T, et al. HOIP modulates the stability of GPx4 by linear 
ubiquitination. Proc Natl Acad Sci U S A. 2022;119(44):e2214227119.

 41. Howley BV, Mohanty B, Dalton A, et al. The ubiquitin E3 ligase 
ARIH1 regulates hnRNP E1 protein stability, EMT and breast cancer 
progression. Oncogene. 2022;41(12):1679- 1690.

 42. Li S, Xiao F, Zhang J, et al. Disruption of OCT4 ubiquitination increases 
OCT4 protein stability and ASH2L- B- mediated H3K4 methylation pro-
moting pluripotency acquisition. Stem Cell Rep. 2018;11(4):973- 987.

How to cite this article: Wu Y, Gong P. Scopolamine 
regulates the osteogenic differentiation of human 
periodontal ligament stem cells through lactylation 
modification of RUNX2 protein. Pharmacol Res Perspect. 
2024;12:e1169. doi:10.1002/prp2.1169

https://doi.org/10.1002/prp2.1169

	Scopolamine regulates the osteogenic differentiation of human periodontal ligament stem cells through lactylation modification of RUNX2 protein
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Cell culture and treatment
	2.2|Cell transfection
	2.3|Reverse transcription and real-time quantitative polymerase chain reaction (RT-qPCR)
	2.4|Immunoprecipitation (IP)
	2.5|Western blot
	2.6|Ubiquitination assay
	2.7|Cell counting kit-8 (CCK-8) assay
	2.8|Detection of lactate dehydrogenase (LDH) release
	2.9|Detection of alkaline phosphatase (ALP) activity
	2.10|Alizarin Red S (ARS) staining
	2.11|Statistical analysis

	3|RESULTS
	3.1|SCO enhances the viability of PDLSCs
	3.2|SCO promotes the osteogenic differentiation of PDLSCs
	3.3|SCO induces the lactylation of RUNX2 protein in PDLSCs
	3.4|Knockdown of RUNX2 reverses the effect of SCO treatment on the osteogenic differentiation of PDLSCs
	3.5|Lactylation of RUNX2 at K176 site enhances the protein stability of RUNX2 through deubiquitination

	4|DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	ETHICS APPROVAL AND CONSENT TO PARTICIPATE
	REFERENCES


