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Introduction
As a most frequent-occurring oral disease in clinical 
practice, periodontitis exhibits a prevalence rate of about 
11% according to global data [1]. Periodontitis leads to 
injuries of periodontal tissues, usually accompanied by 
pathological tooth migration, which injures occlusion to 
speed up periodontal deterioration plus the loss of alveolar 
bone. Finally, secondary malocclusion is developed, 
severely affecting the oral health and facial aesthetics of 
people, which often requires orthodontic treatment [2,3]. 
Orthodontic treatment can reduce the mobility degree of 
teeth with periodontal disease, during which, however, 
there is a risk of alveolar bone loss. Hence, discovering 
methods able to effectively avoid the loss of alveolar bone 
in the period of orthodontic therapy for periodontitis 
is a hot research topic. Belonging to mesenchymal cells 

extracted from bone marrow, bone marrow mesenchymal 
stem cells (BMSCs) are potentially capable of not only 
differentiating into osteoblasts but also promoting bone 
tissue generation [4,5]. BMSCs are characterized by rich 
sources, convenient acquisition, multiple differentiation 
abilities, and anti-inflammatory and immunomodulatory 
properties, so they have been widely applied in clinical 
practice. BMSCs are of great significance for the repair 
of bone defects [6]. Signal transducer and activator 
of transcription 3 (STAT3) is a vital player in bone 
metabolism. After knockout of STAT3 in osteoblasts, the 
bone morphology of mice becomes obviously abnormal, 
and STAT3 can also mediate the osteogenic effect of 
osteoblasts on mechanical stress loading [7]. It is therefore 
speculated that STAT3 may be involved in regulating 
orthodontic tooth movement and bone remodeling. For 
periodontitis patients, β-catenin, a core regulatory factor 
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Abstract

We aimed to explore the performance of bone marrow mesenchymal stem cells (BMSCs) 
in modulating signal transducer and activator of transcription 3 (STAT3)/β-catenin to 
facilitate alveolar bone remodeling in periodontitis rats in the process of orthodontic 
tooth movement. Flow cytometry was employed to identify BMSCs isolated, and then 
their osteogenic capacity was examined by alizarin red staining assay. BMSCs group 
(n=10), periodontitis + orthodontic tooth movement (PO+OTM) group (n=10), 
BMSCs+Static group (n=10) and negative control (NC) group (n=10) were set up for 
random allocation of 40 rats. The PO+OTM group had significantly decreased bone 
mineral density (BMD), trabecular number (Tb.N), bone volume/total volume (BV/
TV), trabecular thickness (Tb.Th), phosphorylated STAT3 (p-STAT3) ratio in alveolar 
bone tissues, but increased receptor activator of nuclear factor-κB ligand protein 
expression, trabecular space (Tb.Sp), cement-enamel  junction to alveolar bone crest, 
and osteoclast count in comparison to those of the NC group (P<0.05). In contrast with 
the PO+OTM group, the BMSCs group had significantly increased BMD, Tb.N, BV/TV, 
Tb.Th, p-STAT3/STAT3 ratio, and protein expressions of β-catenin and osteoprotegerin, 
but decreased Tb.Sp (P<0.05). For periodontitis rats, BMSCs can promote osteogenic 
differentiation to facilitate alveolar bone remodeling in the process of orthodontic tooth 
movement.
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in the downstream of the typical Wnt pathway, has been 
proven to have a high expression in gingival tissues and a 
relation to periodontal destruction [8]. However, whether 
the STAT3/β-catenin pathway in periodontitis rats can 
act as a mechanism promoting alveolar bone remodeling 
throughout orthodontic tooth movement has not been 
reported yet. 

In this study, therefore, whether BMSCs can promote 
alveolar bone remodeling in the course of orthodontic 
tooth movement by modulating the STAT3/β-catenin 
pathway in periodontitis rats was explored.

Material and Methods
Ethical Approval

This study has been approved by the ethics committee of 
Tai’an 88 Hospital on November 15th, 2022 (approval No. 
2022-273).

Laboratory Animals

Liaoning Changsheng Biotechnology Co., Ltd. provided 
40 SPF-grade male Sprague-Dawley (SD) rats [license No.: 
SCXK (Liaoning) 2020-0001], with an age of 6-8 weeks old 
plus a weight of 220-240 g. Besides, 31-week-old female 
SD mice weighing 18-20 g were bought. The rats and mice 
were kept in a unified animal house under 45-55% indoor 
relative humidity and 22-26°C room temperature, with a 
12 h/12 h light/dark cycle, which were permitted to eat 
food and drink water freely during 1 week of adaptive 
feeding.

Reagents and Apparatus

Static, a STAT3 small molecule inhibitor, was bought from 
Selleck (USA). Wuhan Boster Biological Technology Co., 
Ltd. (China) supplied the antibodies against receptor 
activator of nuclear factor-κB ligand (RANKL), STAT3, 
phosphorylated STAT3 (p-STAT3), osteoprotegerin 
(OPG), β-catenin, and alkaline phosphatase (ALP), and 
rabbit anti-rat cluster of differentiation 29 (CD29), CD34, 
CD44 and CD45 antibodies were provided by Shanghai 
Qiming Biotechnology Co., Ltd. (China). A kit for 
bicinchoninic acid (BCA) was offered by Beijing Solarbio 
Science & Technology Co., Ltd. (China). The instruments 
used in this study included a dynamometer (Hangzhou 
Aosu Dental, China), a desktop micro-computed 
tomography (CT) scanner (Bruker, Siemens, Germany), 
and an optical microscope (Guangzhou Micro Domain 
Optical Instrument Co. Ltd., China).

Isolation and Identification of BMSCs

Bilateral femurs of the 3 1-week-old mice were taken 
out, from which the metaphyseal red bone marrow was 
aspirated, followed by culture in IMEM (containing 20 μg/
mL heparin). Next, bone marrow cells were resuspended 

and subjected to 10 min of centrifugation at 1500 rpm. 
Afterwards, following the absorption and discarding of 
the supernatant, Dulbecco’s modified Eagle medium was 
applied to dilute bone marrow cells to 10 mL, which were 
sieved using a 90-mesh filter screen. Thereafter, bone 
marrow cells were cultured in a 37°C incubator containing 
5% CO2 for 24 h. With the 80-90% confluence achieved, 
trypsin (0.25%) was added for cell digestion, and then 
the cells were passaged (1:2), followed by observation of 
morphology of the third- to fifth-generation cells under 
the microscope. The third-generation BMSCs were 
harvested for 5 min of 1000 rpm centrifugation. Next, 
monoclonal antibodies against CD29, CD90, CD45 and 
CD34 were added to each tube in turn and incubated in 
a dark ice box for 45 min. After that, 1% BSA-containing 
PBS was used for cell resuspending, and CD45, CD29, 
CD34, and CD90 as the cell surface markers were detected 
by a flow cytometer.

Alizarin Red Staining

BMSCs passaged to the third generation were harvested, 
inoculated in each well of a 6-well plate after adjusting the 
density to 2×105/cells and subjected to 24 h of incubation. 
Next, osteogenesis induction medium (10 mm/L 
β-glycerophosphate, 10 mL of fetal bovine serum, 50 
μm/L antithrombotic, 89 mL of Dulbecco’s modified Eagle 
medium/F12, 1 mL of double antibody, and 100 nm/L 
dexamethasone) was utilized to substitute the conventional 
culture medium, followed by 21 d of continuous culture, 
during which the medium was replaced once every 3 d. 
Afterwards, the original culture medium was discarded, 
and then paraformaldehyde solution (4%) was added for 
30-min fixation of washed cells. Thereafter, alizarin red 
staining was performed on the cells for 3 min, followed 
by cell washing. Finally, cells were observed under the 
microscope for their osteogenic capacity.

Grouping and Modeling

A random number table was employed to set up groups for 
totally 40 rats, namely model group (n=30) plus negative 
control (NC) group (n=10). Then models of periodontitis 
were established using all rats from model group according 
to the following steps. Firstly, 10% chloral hydrate was 
injected intraperitoneally into rats for anesthesia. Then 
the first molar on the left maxilla of rats was peeled off 
with a probe, a 0.2 mm deep retention groove was ground 
in the gingival sulcus near the mesial tooth neck of the 
molar with a rapid hand grinding machine, and the first 
molar was ligated with a 0.2 mm ligature. Next, rats were 
fed with high sugar water (100 g/L) and softened feed for 
1 month. Red and swollen gums, bleeding on probing 
and periodontal pocket formation suggested successful 
modeling of periodontitis [9].

All the 30 rats were successfully prepared into models 
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of periodontitis, and the model of orthodontic tooth 
movement was prepared. In brief, after anesthetizing rats, 
a retention groove with a depth of 0.2 mm was ground 
on the distal surfaces of the necks of the two maxillary 
central incisors. Then a tension spring was utilized, with 
one end connected to the molar of rats and the other end 
connected to the incisors of rats. The force of tension 
spring was adjusted to 50 g by the dynamometer, and the 
force applying device was removed after force application 
for 21 d. Next, the first molar and two incisors of rats were 
ligated with ligature wires to keep the first molar at the 
position after movement. One day before the removal of 
the force applying device, the 30 rats were then evenly 
and randomly divided into periodontitis + orthodontic 
tooth movement (PO+OTM) group, BMSCs group and 
BMSCs+Static group. No treatment was conducted on rats 
in NC group.

Drug Intervention

One day before the removal of the force applying device, 
15 μL of BMSC suspension with a cell density of 1×107 
cells/mL was injected into the distal local gingival tissues 
and buccal and palatine mucosae of the left maxillary 
first molar in BMSCs group. For BMSCs+Static group, 
based on the treatment in BMSCs group, 10 μL of Static 
solution (prepared as follows: Dimethyl sulfoxide was 
added to dissolve the STAT3 small molecule inhibitor 
Static, whose final concentration of 50 μmol/L was 
reached through normal saline dilution) was injected 
into the buccal and palatine mucosae of the maxillary 
first molar once every two days for 14 consecutive days. 
In NC group and PO+OTM group, an equal volume of 
normal saline was injected at the same site. Following 14 
d of drug intervention, all rats were anesthetized by the 
intraperitoneal injection of 3% pentobarbital sodium and 
sacrificed through cervical dislocation. Then alveolar bone 
tissues of the left maxillary first molar were separated, 
some of which were quickly frozen for 30 min by liquid 
nitrogen for -80°C preservation using a refrigerator. 
Finally, 4% paraformaldehyde solution was utilized for 
fixation of the remaining tissues, which were decalcified 
for 30 d.

Micro-CT

The maxillary alveolar bone tissues were collected, 
followed by removal of skin and muscle tissues. Next, the 
alveolar bone was scanned with the micro-CT scanner 
under the following conditions: tube voltage: 70 kV, 
current: 353 μA, and scanning thickness: 8 μm, followed 
by three-dimensional image reconstruction. Afterwards, 
the degrees of alveolar bone loss and tissue damage were 
evaluated. The three-dimensional images were used to 
measure the distance from cement-enamel  junction to 
alveolar bone crest (CEJ-ABC), bone mineral density 

(BMD) of rats was calculated for all groups, and trabecular 
thickness (Tb.Th), trabecular space (Tb.Sp), bone volume/
total volume (BV/TV), and trabecular number (Tb.N) 
were measured.

Hematoxylin-Eosin (HE) Staining

Decalcified alveolar bone tissues were collected for 
paraffin embedding and tissue section (thickness: 5 
μm) preparation using a slicer. Then tissue sections 
were deparaffinized in xylene, dehydrated with ethanol 
gradient, and treated with HE staining. Afterwards, they 
underwent dehydration together with transparentization, 
followed by observation under the microscope. The 
degree of bone defect repair was scored according to the 
Lane-Sandhu histological scoring criteria [10], and a higher 
score indicated a higher repair degree.

Tartrate-Resistant acid Phosphatase (TRAP) Staining

After deparaffinization plus rehydration, the tissue 
sections were put in glycollate solution and incubated in 
the dark at 37°C for 1 h. Thereafter, tissue sections were 
stained in accordance with the instructions of TRAP/
ALP staining kit. Afterwards, 5 sections were randomly 
selected, and 5 clear positive visual fields were selected at 
the root of each section to count the number of osteoclasts. 
The cytoplasm of positive osteoclasts was pink to carmine.

Measurement of Protein Expressions of STAT3, 
p-STAT3, β-catenin, RANKL and OPG in Alveolar 
Bone Tissues by Western Blotting

The alveolar bone tissues were taken, and the BCA assay was 
carried out to determine the concentration of total protein 
therein. The protein specimens with a final concentration 
of 2 μg/mL were boiled in hot water for 10 min, which 
were subsequently preserved by the -20°C refrigerator. 
Next, protein samples (50 μg) were collected, mixed with 
loading buffer, and denatured in boiling water. Thereafter, 
SDS-PAGE separation and PVDF membrane transfer 
were adopted for the protein specimens. Afterwards, 5% 
skim milk was supplemented to seal the membrane for 
1 h, followed by membrane washing with Tris-buffered 
saline solution with Tween (1 mL/L). Afterwards, primary 
antibodies were added for overnight incubation (4°C) 
of the membrane, and then cleaning agent was used 
for rinsing. Thereafter, secondary antibodies (1:5000) 
were employed for room-temperature incubation of 
the membrane for 2 h. Then electrochemiluminescence 
liquid was added for development and exposure. Finally, 
Image Lab software was adopted to analyze the relative 
expression of each protein, with GAPDH as the internal 
reference.

Statistical Analysis

Experimental data were subjected to statistical analysis 
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through GraphPad Prism 8.0 software. Mean ± standard 
deviation (X±s) was used as the expressing format of 
all measurement data with normal distribution. The 
measurement data underwent statistical comparison 
among groups by one-way ANOVA and between groups 
through the LSD-t test. The difference of statistical 
significance was denoted with P<0.05.

Results
Microscopically, BMSCs passed to the third generation 
were mostly spindle-shaped and arranged radially (Fig. 
1-A). The results of flow cytometer exhibited a positive 
expression rate of 98.3%, 99.1%, 2.3%, and 3.6% for CD29, 
CD90, CD45, and CD34 antibodies, respectively, which 
are in line with the surface markers of mesenchymal 
stem cells, implying that the isolated cells were BMSCs 
(Fig. 1-B-E).

According to alizarin red staining assay, BMSCs had more 
mineralized nodules and a significantly increased alizarin 
red stained area than Control cells (P<0.05), indicating 
that BMSCs possess osteogenic capacity (Fig. 2).

Compared with those in NC group, Tb.Th, BMD, Tb.N, 
and BV/TV significantly declined while CEJ-ABC plus 
Tb.Sp significantly rose in PO+OTM group (P<0.05). 
In contrast with PO+OTM group, BMSCs group had 

significantly elevated BMD, Tb.Th, Tb.N, and BV/TV 
but significantly dropped CEJ-ABC and Tb.Sp (P<0.05). 
BMSCs+Static group presented significantly lower BMD, 
Tb.N, BV/TV, and Tb.Th, as well as significantly higher 
Tb.Sp and CEJ-ABC than BMSCs group (P<0.05) (Fig. 3).  

In NC group displayed neatly arranged periodontal 
membrane fibers together with smooth alveolar bone and 
root surfaces and no distinct osteoclasts. In PO+OTM 
group, periodontal membrane fibers were disorganized, 
and the alveolar bone was observed with scattered bone 
absorption lacunae on the pressure surface in addition 
to active osteoclasts on the noncontinuous surface, 
with a marked elevation in the number of osteoclasts 
compared with NC group (P<0.05). As for BMSCs group, 
periodontal ligament fibers exhibited gradually regularized 
arrangement, and by contrast to PO+OTM group, it had 
a significantly smaller number of osteoclasts (P<0.05). 
According to Fig. 4, BMSCs+Static group displayed similar 
changes to PO+OTM group, with obviously disordered or 
even broken periodontal ligament fibers and an obvious 
increase in the number of osteoclasts in comparison to 
BMSCs group (P<0.05).

PO+OTM group had lower p-STAT3/STAT3 ratio and 
protein expressions of β-catenin and OPG and a higher 
protein expression of RANKL in alveolar bone tissues 

Fig 1. Morphology and identification of BMSCs. A: BMSCs typically spindle-shaped and arranged radially, B-E: Identification of cell surface 
markers by the flow cytometer

Fig 2. Identification of osteogenic capacity of BMSCs. A: Alizarin red staining assay, B: Comparison of 
alizarin red stained area. *P<0.05 vs. NC Group
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Fig 3. Alveolar bone remodeling of rats. A: f Alveolar bone under micro-CT scan, B-G: Comparisons 
of Tb.Th, BMD, BV/TV, Tb.Sp, Tb.N, and CEJ-ABC in alveolar bone. *P<0.05 vs. NC Group, #P<0.05 vs. 
PO+OTM Group, #P<0.05 vs. BMSCs Group

Fig 5. Expressions of STAT3, p-STAT3, β-catenin, RANKL and OPG proteins in alveolar bone tissues of rats. A: Protein 
bands of STAT3, p-STAT3, β-catenin, RANKL and OPG, B: Comparison of p-STAT3/STAT3 ratio in alveolar bone tissues, 
C: Comparison of protein expression of β-catenin from alveolar bone tissues, D: Comparison of expression of RANKL 
protein from alveolar bone tissues, E: Comparison of expression of OPG protein from alveolar bone tissues. *P<0.05 vs. NC 
Group, #P<0.05 vs. PO+OTM Group, △P<0.05 vs. BMSCs Group

Fig 4. HE + TRAP staining assays on alveolar bone tissues. A: HE staining assay on alveolar bone tissues (×200), B: TRAP staining assay on 
alveolar bone tissues (×200). The black arrow represents osteoclasts
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than NC group (P<0.05). Compared to PO+OTM group, 
BMSCs group displayed elevated p-STAT3/STAT3 ratio 
and protein expressions of β-catenin and OPG and a 
decreased protein expression of RANKL in alveolar 
bone tissues (P<0.05). BMSCs+Static group possessed 
significantly lower p-STAT3/STAT3 ratio and protein 
expressions of β-catenin and OPG in alveolar bone tissues 
besides significantly higher protein expression of RANKL 
than BMSCs group (P<0.05) (Fig. 5).

Discussion
As a chronic inflammation of periodontal tissues, 
periodontitis refers to gingivitis-induced inflammation 
spreading to the periodontal membrane, alveolar bone, 
cementum and so on, which can result in tooth loss in 
severe cases [11]. Orthodontic treatment can align dentition 
while bringing periodontitis under control, enabling the 
recovery of adjacent relationship and chewing function 
of teeth to normal levels [12]. However, alveolar bone 
loss or resorption occurs due to periodontitis-induced 
destruction of periodontal tissue, weakening tooth support 
and reducing the stability of tooth movement, which leads 
to the instability of teeth during orthodontic treatment 
to easily result in bad movement such as inclination and 
rotation.

Stem cell transplantation has become a new strategy for 
the treatment of bone defects due to the rapid development 
of tissue engineering [13,14]. BMSCs are considered ideal 
bone repair cells by tissue engineering due to such 
characteristics as easy isolation, convenient acquisition, 
abundant sources, stable biocompatibility, and osteogenic 
differentiation potential. BMSCs have become a hot spot 
in the repair of bone defects in tissue engineering in recent 
years since they can differentiate into many types of cells 
and have the potential of multi-directional differentiation. 
BMSCs are capable of differentiating into osteoblasts by 
proper induction [15], and can exert potential curative 
effects in the treatment of bone defects and soft tissue 
injuries by releasing various osteogenically active factors. 
Sun et al.[16] proved that BMSCs were beneficial for alveolar 
bone defects in rats in terms of regeneration and repair. 
Likewise, we herein found that BMSCs in periodontitis 
rats promoted alveolar bone remodeling throughout tooth 
movement in orthodontic treatment.

The regeneration and repair of alveolar bone defects are 
realized through a series of repeated tissue resorption 
and formation processes, during which osteoclasts are 
responsible for absorbing bone tissue, whereas osteoblasts 
are responsible for forming new bone tissue. The two 
kinds of cells are in a dynamic equilibrium state due to the 
mutual suppression between them [17]. Osteoclasts are a 
kind of highly differentiated cells, which are derived from 
hematopoietic stem cells and can be fused by peripheral 
blood mononuclear cells and osteoclast precursor cells. 

However, there are too many osteoclasts in the alveolar 
bone due to the inflammation caused by alveolar bone 
defects, and their function is abnormal, jointly giving 
rise to excessive bone resorption and thus weakening 
osteogenic function. As a result, the normal osteogenesis-
osteoclast balance is destroyed, and thus the repair process 
of alveolar bone defects is hindered [18]. In this study, the 
micro-CT results shows that BMSCs significantly elevated 
BMD, Tb.Th, Tb.N, and BV/TV but significantly dropped 
CEJ-ABC and Tb.Sp. Moreover, BMSCs promoted OPG 
to express by impeding the production of RANKL, thus 
decreasing the osteoclast count in alveolar bone tissues 
while facilitating alveolar bone remodeling.

The Wnt/β-catenin pathway is able to mediate bone 
formation, i.e. bone formation can be triggered by 
activating the Wnt/β-catenin pathway, while it is hindered 
by repressing this pathway. The Wnt/β-catenin pathway 
can modulate osteogenesis plus osteoclast differentiation 
by keeping OPG/RANKL balance [19]. Lan et al.[20] reported 
that activating the Wnt/β-catenin pathway facilitated 
periodontal ligament stem cells to differentiate into 
osteoblasts. Besides, STAT3 may influence the Wnt/β-
catenin pathway to modulate bone formation [21]. In this 
research, STAT3 attenuated the Wnt/β-catenin pathway 
from activation, inhibition of osteoclasts and promotion 
of alveolar bone remodeling by BMSCs in PO+OTM rats.

In conclusion, for periodontitis rats, BMSCs can 
promote osteogenic differentiation to facilitate alveolar 
bone remodeling in the process of orthodontic tooth 
movement, of which the action mechanism may be related 
to activating the STAT3/β-catenin signal to suppress 
osteoclast differentiation.

Declarations
Availability of Data and Materials: The datasets used and/
or analyzed during the current study are available from the 
corresponding author (X. Tian) on reasonable request.

Ethical Approval: This study has been approved by the ethic 
committee of our hospital (approval No. 2022-273), and great 
efforts have been made to minimize the animals’ suffering.

Acknowledgements: None.

Financial Support: This study was financially supported by the 
Tai’an City Science and Technology Innovation Development 
Project.

Conflict of Interest: There is no conflict of interest.

Authors’ Contributions: H. Wang and F. Gong designed the 
study and drafted the paper; Z. Wu, D. Lai, and K. Wu performed 
and analyzed the experiments; X. Tian designed the study and 
significantly revised the paper. All authors have approved the 
submission and publication of this paper.

References
1. Wang W, Zheng C, Yang J, Li B: Intersection between macrophages and 
periodontal pathogens in periodontitis. J Leukoc Biol, 110, 577-583, 2021. 

https://academic.oup.com/jleukbio/article-abstract/110/3/577/6884612?redirectedFrom=fulltext&login=true
https://academic.oup.com/jleukbio/article-abstract/110/3/577/6884612?redirectedFrom=fulltext&login=true


Kafkas Univ Vet Fak Derg
361

WANG, GONG, WU, LAI, WU, TIAN

DOI: 10.1002/JLB.4MR0421-756R
2. Martin C, Celis B, Ambrosio N, Bollain J, Antonoglou GN, Figuero E: 
Effect of orthodontic therapy in periodontitis and non-periodontitis 
patients: A systematic review with meta-analysis. J Clin Periodontol, 49 
(Suppl. 24): 72-101, 2022. DOI: 10.1111/jcpe.13487
3. Alghamdi B, Jeon HH, Ni J, Qiu D, Liu A, Hong JJ, Ali M, Wang A, 
Troka M, Graves DT: Osteoimmunology in periodontitis and orthodontic 
tooth movement. Curr Osteoporos Rep, 21, 128-146, 2023. DOI: 10.1007/
s11914-023-00774-x
4. Purwaningrum M, Jamilah NS, Purbantoro SD, Sawangmake C, 
Nantavisai S: Comparative characteristic study from bone marrow-
derived mesenchymal stem cells. J Vet Sci, 22 (6):e74, 2021. DOI: 10.4142/
jvs.2021.22.e74
5. He M, Lei H, He X, Liu Y, Wang A, Ren Z, Liu X and Yan G, Wang W, 
Wang Y, Li G, Wang T, Pu J, Shen Z, Wang Y, Xie J, Du W, Yuan Y, Yang L: 
METTL14 regulates osteogenesis of bone marrow mesenchymal stem cells 
via inducing autophagy through m6A/IGF2BPs/Beclin-1 signal axis. Stem 
Cells Transl Med, 11, 987-1001, 2022. DOI: 10.1093/stcltm/szac049
6. Yu K, Huangfu H, Qin Q, Zhang Y, Gu X, Liu X, Zhang Y, Zhou Y: 
Application of bone marrow-derived macrophages combined with bone 
mesenchymal stem cells in dual-channel three-dimensional bioprinting 
scaffolds for early immune regulation and osteogenic induction in rat 
calvarial defects. ACS Appl Mater Interfaces, 14, 47052-47065, 2022. DOI: 
10.1021/acsami.2c13557
7. Zhou S, Dai Q, Huang X, Jin A, Yang Y, Gong X, Xu H, Gao X, Jiang L: 
STAT3 is critical for skeletal development and bone homeostasis by 
regulating osteogenesis. Nat Commun, 12:6891, 2021. DOI: 10.1038/s41467-
021-27273-w
8. Naruse H, Itoh S, Itoh Y, Kagioka T, Abe M, Hayashi M: The Wnt/β-
catenin signaling pathway has a healing ability for periapical periodontitis. 
Sci Rep, 11:19673, 2021. DOI: 10.1038/s41598-021-99231-x
9. Chen Y, Zhou T, Zhang HH, Kang N: Bovine lactoferrin inhibits alveolar 
bone destruction in an orthodontic rat model with periodontitis. Ann Anat, 
237:151744, 2021. DOI: 10.1016/j.aanat.2021.151744
10. Heiple KG, Goldberg VM, Powell AE, Bos GD, Zika JM: Biology of 
cancellous bone grafts. Orthop Clin North Am, 18, 179-185, 1987.
11. Lei F, Li M, Lin T, Zhou H, Wang F, Su X: Treatment of inflammatory 
bone loss in periodontitis by stem cell-derived exosomes. Acta Biomater, 
141, 333-343, 2022. DOI: 10.1016/j.actbio.2021.12.035

12. Gehlot M, Sharma R, Tewari S, Kumar D, Gupta A: Effect of 
orthodontic treatment on periodontal health of periodontally compromised 
patients. Angle Orthod, 92, 324-332, 2022. DOI: 10.2319/022521-156.1
13. Costa CA, Deliberador TM, Abuna RPF, Rodrigues TL, Souza SLS, 
Palioto DB: Mesenchymal stem cells surpass the capacity of bone 
marrow aspirate concentrate for periodontal regeneration. J Appl Oral Sci, 
30:e20210359, 2022. DOI: 10.1590/1678-7757-2021-0359
14. Song W, Bo X, Ma X, Hou K, Li D, Geng W, Zeng J: Craniomaxillofacial 
derived bone marrow mesenchymal stem/stromal cells (BMSCs) for 
craniomaxillofacial bone tissue engineering: A literature review. J 
Stomatol Oral Maxillofac Surg, 123, e650-e659, 2022. DOI: 10.1016/j.
jormas.2022.06.002
15. Wu S, Zhang L, Zhang R, Yang K, Wei Q, Jia Q, Guo J, Ma C: Rat bone 
marrow mesenchymal stem cells induced by rrPDGF-BB promotes bone 
regeneration during distraction osteogenesis. Front Bioeng Biotechnol, 
11:1110703, 2023. DOI: 10.3389/fbioe.2023.1110703
16. Sun X, Mao Y, Liu B, Gu K, Liu H, Du W, Li R, Zhang J: Mesenchymal 
stem cell-derived exosomes enhance 3D-printed scaffold functions and 
promote alveolar bone defect repair by enhancing angiogenesis. J Pers Med, 
13 (2):180, 2023. DOI: 10.3390/jpm13020180
17. Shen H, Zhuang Y, Zhang C, Zhang C, Yuan Y, Yu H, Si J, Shen G: 
Osteoclast-driven osteogenesis, bone remodeling and biomaterial 
resorption: A new profile of bmp2-cpc-induced alveolar bone regeneration. 
Int J Mol Sci, 23 (20):12204, 2022. DOI: 10.3390/ijms232012204
18. Udagawa N, Koide M, Nakamura M, Nakamichi Y, Yamashita T, 
Uehara S, Kobayashi Y, Furuya Y, Yasuda H, Fukuda C, Tsuda E: 
Osteoclast differentiation by RANKL and OPG signaling pathways. J Bone 
Miner Metab, 39, 19-26, 2021. DOI: 10.1007/s00774-020-01162-6
19. Xu D, Gao HJ, Lu CY, Tian HM, Yu XJ: Vitamin D inhibits bone loss in 
mice with thyrotoxicosis by activating the OPG/RANKL and Wnt/β-catenin 
signaling pathways. Front Endocrinol, 13:1066089, 2022. DOI: 10.3389/
fendo.2022.1066089
20. Lan Q, Cao J, Bi X, Xiao X, Li D, Ai Y: Curcumin-primed periodontal 
ligament stem cells-derived extracellular vesicles improve osteogenic ability 
through the Wnt/β-catenin pathway. Front Cell Dev Biol, 11:1225449, 2023. 
DOI: 10.3389/fcell.2023.1225449
21. Yadav PS, Feng S, Cong Q, Kim H, Liu Y, Yang Y: Stat3 loss in 
mesenchymal progenitors causes Job syndrome-like skeletal defects by 
reducing Wnt/β-catenin signaling. Proc Natl Acad Sci USA, 118:e2020100118, 
2021. DOI: 10.1073/pnas.2020100118

https://academic.oup.com/jleukbio/article-abstract/110/3/577/6884612?redirectedFrom=fulltext&login=true
https://onlinelibrary.wiley.com/doi/10.1111/jcpe.13487
https://onlinelibrary.wiley.com/doi/10.1111/jcpe.13487
https://onlinelibrary.wiley.com/doi/10.1111/jcpe.13487
https://onlinelibrary.wiley.com/doi/10.1111/jcpe.13487
https://link.springer.com/article/10.1007/s11914-023-00774-x
https://link.springer.com/article/10.1007/s11914-023-00774-x
https://link.springer.com/article/10.1007/s11914-023-00774-x
https://link.springer.com/article/10.1007/s11914-023-00774-x
https://vetsci.org/DOIx.php?id=10.4142/jvs.2021.22.e74
https://vetsci.org/DOIx.php?id=10.4142/jvs.2021.22.e74
https://vetsci.org/DOIx.php?id=10.4142/jvs.2021.22.e74
https://vetsci.org/DOIx.php?id=10.4142/jvs.2021.22.e74
https://academic.oup.com/stcltm/article/11/9/987/6671278?login=true
https://academic.oup.com/stcltm/article/11/9/987/6671278?login=true
https://academic.oup.com/stcltm/article/11/9/987/6671278?login=true
https://academic.oup.com/stcltm/article/11/9/987/6671278?login=true
https://academic.oup.com/stcltm/article/11/9/987/6671278?login=true
https://pubs.acs.org/doi/10.1021/acsami.2c13557
https://pubs.acs.org/doi/10.1021/acsami.2c13557
https://pubs.acs.org/doi/10.1021/acsami.2c13557
https://pubs.acs.org/doi/10.1021/acsami.2c13557
https://pubs.acs.org/doi/10.1021/acsami.2c13557
https://pubs.acs.org/doi/10.1021/acsami.2c13557
https://www.nature.com/articles/s41467-021-27273-w
https://www.nature.com/articles/s41467-021-27273-w
https://www.nature.com/articles/s41467-021-27273-w
https://www.nature.com/articles/s41467-021-27273-w
https://www.nature.com/articles/s41598-021-99231-x
https://www.nature.com/articles/s41598-021-99231-x
https://www.nature.com/articles/s41598-021-99231-x
https://www.sciencedirect.com/science/article/pii/S0940960221000704?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0940960221000704?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0940960221000704?via%3Dihub
https://pubmed.ncbi.nlm.nih.gov/3550570/
https://pubmed.ncbi.nlm.nih.gov/3550570/
https://www.sciencedirect.com/science/article/pii/S1742706121008497?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1742706121008497?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1742706121008497?via%3Dihub
https://meridian.allenpress.com/angle-orthodontist/article/92/3/324/475323/Effect-of-orthodontic-treatment-on-periodontal
https://meridian.allenpress.com/angle-orthodontist/article/92/3/324/475323/Effect-of-orthodontic-treatment-on-periodontal
https://meridian.allenpress.com/angle-orthodontist/article/92/3/324/475323/Effect-of-orthodontic-treatment-on-periodontal
https://www.scielo.br/j/jaos/a/3pRtrRS4gD47FzBy7RhwJmz/?lang=en
https://www.scielo.br/j/jaos/a/3pRtrRS4gD47FzBy7RhwJmz/?lang=en
https://www.scielo.br/j/jaos/a/3pRtrRS4gD47FzBy7RhwJmz/?lang=en
https://www.scielo.br/j/jaos/a/3pRtrRS4gD47FzBy7RhwJmz/?lang=en
https://www.sciencedirect.com/science/article/pii/S2468785522001628?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S2468785522001628?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S2468785522001628?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S2468785522001628?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S2468785522001628?via%3Dihub
https://www.frontiersin.org/articles/10.3389/fbioe.2023.1110703/full
https://www.frontiersin.org/articles/10.3389/fbioe.2023.1110703/full
https://www.frontiersin.org/articles/10.3389/fbioe.2023.1110703/full
https://www.frontiersin.org/articles/10.3389/fbioe.2023.1110703/full
https://www.mdpi.com/2075-4426/13/2/180
https://www.mdpi.com/2075-4426/13/2/180
https://www.mdpi.com/2075-4426/13/2/180
https://www.mdpi.com/2075-4426/13/2/180
https://www.mdpi.com/1422-0067/23/20/12204
https://www.mdpi.com/1422-0067/23/20/12204
https://www.mdpi.com/1422-0067/23/20/12204
https://www.mdpi.com/1422-0067/23/20/12204
https://link.springer.com/article/10.1007/s00774-020-01162-6
https://link.springer.com/article/10.1007/s00774-020-01162-6
https://link.springer.com/article/10.1007/s00774-020-01162-6
https://link.springer.com/article/10.1007/s00774-020-01162-6
https://www.frontiersin.org/journals/endocrinology/articles/10.3389/fendo.2022.1066089/full
https://www.frontiersin.org/journals/endocrinology/articles/10.3389/fendo.2022.1066089/full
https://www.frontiersin.org/journals/endocrinology/articles/10.3389/fendo.2022.1066089/full
https://www.frontiersin.org/journals/endocrinology/articles/10.3389/fendo.2022.1066089/full
https://www.frontiersin.org/articles/10.3389/fcell.2023.1225449/full
https://www.frontiersin.org/articles/10.3389/fcell.2023.1225449/full
https://www.frontiersin.org/articles/10.3389/fcell.2023.1225449/full
https://www.frontiersin.org/articles/10.3389/fcell.2023.1225449/full
https://www.pnas.org/doi/full/10.1073/pnas.2020100118
https://www.pnas.org/doi/full/10.1073/pnas.2020100118
https://www.pnas.org/doi/full/10.1073/pnas.2020100118
https://www.pnas.org/doi/full/10.1073/pnas.2020100118



