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Abstract

Orthodontic force-induced osteogenic differentiation and bone formation at tension sites play a critical role in orthodontic
tooth movement. However, the molecular mechanism underlying this phenomenon is poorly understood. In the current study,
we investigated the involvement of the GSK-3f/p-catenin signaling pathway, which is critical for bone formation during
tooth movement. We established a rat tooth movement model to test the hypothesis that orthodontic force may stimulate
bone formation at the tension site of the moved tooth and promote the rate of tooth movement via regulation of the GSK-
3p/p-catenin signaling pathway. Our results showed that continued mechanical loading increased the distance between the
first and second molar in rats. In addition, the loading force increased bone formation at the tension site, and also increased
phospho-Ser9-GSK-3p expression and f-catenin signaling pathway activity. Downregulation of GSK-3f activity further
increased bone parameters, including bone mineral density, bone volume to tissue volume and trabecular thickness, as well as
ALP- and osterix-positive cells at tension sites during tooth movement. However, ICG-001, the p-catenin selective inhibitor,
reversed the positive effects of GSK-3p inhibition. In addition, pharmaceutical inhibition of GSK-3f or local treatment with
[-catenin inhibitor did not influence the rate of tooth movement. Based on these results, we concluded that GSK-3f/p-catenin
signaling contributes to the bone remodeling induced by orthodontic forces, and can be used as a potential therapeutic target
in clinical dentistry.
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Introduction
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Orthodontic tooth movement (OTM) occurs through con-
work.

trolled application of mechanical forces to the tooth, which
leads to required changes in the periodontal ligament and
alveolar bone and subsequently activates remodeling of the
alveolar bone (Verna et al. 1999; Nakamura et al. 2008;

P4 Dechun Geng
gengdechun1981 @163.com

< Lin Wang . .
lw603 @njmu.edu.cn Tsuge et al. 2016; Sun et al. 2017). The periodontal liga-
54 Yong Ji ment, a connective mechanosensitive fibrous soft tissue

yongji @njmu.edu.cn
Nanjing Medical University, Nanjing 211166,
People’s Republic of China

Suzhou Vocational Health College, Suzhou 215009,
People’s Republic of China

The First Affiliated Hospital of Soochow University,
Suzhou 215006, People’s Republic of China

Chongqing Medical University, Chongqing 400016,
People’s Republic of China

located between the root and the alveolar bone, mediates the
loading force from tooth to alveolar bone, and thus creates
the necessary conditions for cells to participate in alveo-
lar bone remodeling (Liu et al. 2013; Mabuchi et al. 2002;
Cui et al. 2016). This process includes bone resorption on
the pressure side and bone formation on the tension side of
the alveolar bone and periodontal ligament, which together
causes OTM (Verna et al. 1999; Nakamura et al. 2008;
Chung et al. 2007). New bone formation on the tension side
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is extremely critical for the long-term stability of the moved
tooth. However, the molecular mechanisms underlying the
tension force-induced bone formation are poorly understood.

Recently, glycogen synthase kinase 3 (GSK-3) has been
demonstrated to play an important role in multiple biological
processes, including bone formation and remodeling (Geng
et al. 2015; Marsell et al. 2012; Jang et al. 2011; Clevers
and Nusse 2012; Clément-Lacroix et al. 2005). GSK-3, the
key regulator of glycogen metabolism, is a serine/threonine
kinase, which includes two kinds of isoforms, GSK-3a and
GSK-3p. Although GSK-3a has 97% amino-acid sequence
similarity in its kinase catalytic domains with GSK-3,
GSK-3p is more important for bone remodeling, as dem-
onstrated by increased bone formation in GSK-3p+/— mice
(Noh et al. 2009). Pharmacological inhibition of GSK-3f
promotes the expression of osteogenic differentiation related
factors, including osterix, runt-related transcription factor 2
(Runx?2) and alkaline phosphatase (ALP) (Geng et al. 2015;
Marsell et al. 2012; Krause et al. 2010), which have been
demonstrated to be involved in alveolar bone formation
at the tension site of the moved tooth (Chung et al. 2007,
Fu et al. 2016; Kariya et al. 2015). In fact, inhibition of
GSK-3p is necessary for nuclear accumulation and trans-
location of p-catenin (Clevers and Nusse 2012). It’s known
that f-catenin is an important regulator for canonical Wnt
pathway activation, which is essential for proper bone devel-
opment, and downregulation of this pathway impairs bone
formation (Gordon and Nusse 2006; Zhong et al. 2012).
Clinical evidence of pharmacological antagonists of GSK-3f
treatment showed that the canonical Wnt pathway increases
bone mass through the f-catenin pathway (Vestergaard et al.
2005). All these data indicate that GSK-3f is critical for the
regulation of bone formation. However, to our knowledge,
there are no studies regarding the role of the GSK-3p/f-
catenin signaling pathway in tension force-induced bone
formation during OTM.

Therefore, in the current study, we hypothesized that
orthodontic force may stimulate bone formation at the ten-
sion site of the moved tooth and increase the rate of tooth
movement via regulation of the GSK-3/p-catenin signaling
pathway. We established a rat tooth movement model to test
this hypothesis. This study will help us to better understand
the mechanism of periodontal tissue bone remodeling during
OTM, and provide us with a candidate therapeutic target for
improving orthodontic treatment.

Materials and methods
Agents

Lithium chloride was purchased from Sigma-Aldrich
(St. Louis, MD, USA). ICG-001 was provided by Tocis
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(Bioscience, Bristol, UK). Primary antibodies against
GSK-3p, phospho-Ser9-GSK-3p, f-catenin, ALP and osterix
were purchased from Abcam (Shanghai, China). Nickel-tita-
nium (NiTi) coil springs were obtained from Tomy Incorpo-
rated (Fukushima, Japan).

Experimental animals

All animals used in the current study were treated accord-
ing to the principles and procedures approved by the Insti-
tutional Animal Ethics Committee of the First Affiliated
Hospital of Soochow University. Thirty-five 8-week-old
Sprague Dawley rats weighing approximately 200-250 g
were obtained from the Laboratory Animal Research Center
of Soochow University.

Experimental tooth movement model and drug
treatment

The orthodontic tooth movement model was established as
previously described (Gu et al. 2017a, b; Liu et al. 2017a,
b, c). Briefly, the rats were divided into five groups: PBS
control (sham, n=5), OTM with PBS treatment (OTM,
n=15), OTM and LiCIl (LiCl group, n=5), OTM and
ICG-001 (ICG group, n=5), and OTM, LiCl and ICG-001
(LiC1+ICG group, n=5). The rats were anesthetized using
an intraperitoneal injection of 3 mg/ml 10% chloral hydrate.
A closed NiTi coil spring (50-g force) was applied between
the upper incisor and the first left molar in the OTM, LiCl
and ICG groups. Rats in the LiCl and LiCl +ICG groups
were gavage-fed with LiCl at 200 mg/kg/day. The dosage
of LiCl adopted in the current study was previously dem-
onstrated to show bone protective effects in vivo (Clément-
Lacroix et al. 2005; Gu et al. 2017a, b). Rats in the ICG
group received a local injection of ICG-001 (10 pg) on the
mesial-palatal aspect of the left maxillary first molar into
the mucoperiosteum daily until sacrifice. In addition, the
LiCl-treated rats received a 10-pL injection of PBS or ICG-
001 (10 pg) at the surgery site prior to orthodontic force
application and then daily until sacrifice. Rats in the sham
and OTM groups received PBS daily. No adverse effects or
mortality occurred during the experiment. Rats in the OTM
groups were sacrificed at day 0, 7 and 14 (n=35 at each time
point) after surgery. At the end of this experiment, five rats
in each group were sacrificed and the whole maxillae includ-
ing the left first, second and third molars were dissected for
micro-computed tomography (Micro-CT), and histological
analysis.

Micro-CT scanning

The dissected maxilla was scanned with a high-resolution
Micro-CT scanner (SkyScan 1176; SkyScan, Knotich,
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Belgium) as previously described (Gu et al. 2017a, b; Wang
et al. 2014). The maxilla was scanned at a resolution of 18 pm
operating at a source voltage of 80 kV and 100 pA with an
exposure time of 100 ms. After scanning, three-dimensional
(3D) images were reconstructed using the manufacturer’s soft-
ware. For quantitative analysis, the region of interest (ROI)
was defined as the area of alveolar bone at the distal side
near the mesiobuccal root, with the top surface of the cube
(500 pm X 500 pm x 500 pm) located at the junction between
the intermediate and apical one-thirds of the root. Parameters
including bone mineral density (BMD), bone volume to tissue
volume (BV/TV), trabecular separation (Tb.Sp) and trabecular
thickness (Tb.Th) for the ROI were analyzed using five con-
secutive images.

Histology and immunohistochemistry

After Micro-CT scanning, the maxillae were dissected and
trimmed into smaller blocks containing the first molars.
All blocks were decalcified in 10% (w/v) ethylene diamine
tetraacetic acid for 3 weeks, and then embedded in paraffin.
The blocks were cross-sectioned to 5 pm, mounted on protein-
coated glass slides, dewaxed, and stained with hematoxylin
and eosin (HE). Using a magnification of x20, digital pho-
tographs centered on the midline suture of the sections were
taken.

For immunohistological staining, the deparaffinized sec-
tions were incubated with primary rabbit-anti-mouse antibod-
ies, including GSK-3 antibody (1:200, ab32391), phosphor-
Ser9-GSK-3f antibody (1:250, ab75814), p-catenin antibody
(1:500, ab32572), ALP antibody (1:500, ab108337) and
osterix antibody (1:100, ab22552) at 4 °C. After washing, the
sections were incubated with biotin-conjugated secondary
antibodies and then avidin—biotin enzyme reagents for 30 min.
Staining was visualized by using 3.3’-diaminobezidine tetrahy-
drochloride as the substrate chromogen and hematoxylin as a
counterstain. Positive staining was determined microscopically
and counted by two independent observers.

Statistical analysis

Data were expressed as mean =+ standard deviation. One-way
analysis of variance with Tukey post-hoc pairwise compari-
sons were used for evaluating statistical significance. All P
values <0.05 were considered statistically significant.

Results

Bone formation induced by tension force
during tooth movement

As shown in Fig. 1a, the first molar moved mesially after
orthodontic force loading. Furthermore, Micro-CT analy-
sis of the alveolar bone at the tension site also showed
that the examined bone parameters, including BMD, BV/
TV, and Tb.Th, were significantly increased, while Tb.Sp
decreased markedly after orthodontic force stimulation
(Fig. Ic—f). Quantification analysis showed that the dis-
tance between the first and second molar was significantly
greater in mechanical loading-induced rats than in control
groups at 14 days after surgery (0 vs. 0.24 mm, P <0.01;
Fig. 1b). A wider periodontal space was observed in the
experimental rats than in the control group, which is con-
sistent with the Micro-CT results.

Immunohistochemical analysis further supported the
concept that mechanic loading induced bone formation
during tooth movement. As shown in Fig. 2, more ALP
and osterix positive cells, which are commonly used for
new bone formation, were observed at the tension site
in the mechanic loading-induced rats compared with the
control group. These results demonstrated that mechani-
cal force induced bone formation at the tension site and
promoted the rate of tooth movement during OTM.

Orthodontic tooth movement and the GSK-3f/
B-catenin signaling pathway

As shown in Fig. 3a, intense phospho-Ser9-GSK-3f stain-
ing was observed in force loading-induced rats compared
with the low expression found in the control group. How-
ever, mechanic loading had little effect on the level of
GSK-3f staining in rats (Fig. 3b). The semi-quantitative
analysis indicated that loading force significantly increased
the expression of phospho-Ser9-GSK-3f at day 7; the level
then declined at day 14, but was still higher than that in
untreated rats (Fig. 3c). Considering the important role
of GSK-3p on B-catenin expression, we next determined
the expression of f-catenin in force loading-induced rats.
Immunohistological staining demonstrated that mechani-
cal loading significantly increased the expression of
B-catenin (Fig. 3d), which indicated that tension force
activates the GSK-3f/p-catenin signaling pathway at the
tension site of the moved tooth.
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Fig.1 Orthodontic force loading promotes tooth movement and
induces bone formation at tension sites. a Shown are the Micro-CT
(scale bar=1 mm) and HE staining (scale bar=100 pm) images of
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the moved tooth. The distance of orthodontic tooth movement (b),
BMD (c¢), BV/TV (d), Tb.Th and Tb.Sp were calculated. n=5 per
group. *P <0.05, **P <0.01. n.s No significance
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Fig.2 ALP and osterix expression at the tension site during tooth
movement. a Immunohistochemical detection of ALP and osterix at
the tension site of the moved tooth (scale bar=50 pm). b, ¢ Semi-

The GSK-3p/B-catenin signaling pathway mediates
tension force-induced bone formation during OTM

To investigate whether loading force induced bone for-
mation through regulation of the GSK-3p/p-catenin sign-
aling pathway in vivo, firstly, the loading force-induced
rats were gavage fed with GSK-3f selective inhibitor for 7
days. As shown in Fig. 4, downregulation of GSK-3f sig-
nificantly increased BMD within a ROI of alveolar bone at
the tension site (132.3 vs. 160.8 mg/cm3; P<0.01). Micro-
CT also revealed a marked increase in BV/TV and Tb.Th,
and a marked decrease in Tb.Sp in rats stimulated with
GSK-3p selective inhibitor, consistent with the increased
new bone deposition shown in HE staining. To determine
whether the increased BMD was caused by increased oste-
oblast function, immunohistological staining was used to
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quantitative analysis by two independent pathologists was performed.
*P<0.05, **P<0.01

detect ALP and osterix expression. As expected, daily gav-
age feeding with the GSK-3p inhibitor evidently increased
ALP- and osterix-positive cells in the ROI of alveolar bone
at the tension site (Fig. 5).

Because previous studies have demonstrated that GSK-3f
is an essential regulator for the f-catenin signaling pathway
(Marsell et al. 2012; Clevers and Nusse 2012), we inves-
tigated whether GSK-3f inhibitor promotes loading force-
induced bone formation via the f-catenin signaling pathway.
As expected, lithium chloride significantly increased the
expression of phospho-Ser9-GSK-3f compared with that in
untreated rats. Additionally, many B-catenin positive cells
were observed in the GSK-3p inhibitor treatment groups
(Fig. 5a, b, d). These data indicate that lithium chloride
inhibits GSK-3p and subsequently activates the pB-catenin
signaling pathway at tension sites during OTM.
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Fig.3 Orthodontic force loading suppressed GSK-3p activity and
promoted P-catenin expression at the tension site during tooth move-
ment. a Representative immunohistochemical images of GSK-38,
phosphor-Ser9-GSK-38 and f-catenin (brown, indicated by the
arrows, scale bar=50 pm). b—d Semiquantitative analysis by two

The number of f-catenin positive cells decreased markedly
when ICG-001, a B-catenin inhibitor, was administered to rats
that have undergone OTM and lithium chloride-treated, further
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independent pathologists was performed and showed that orthodontic
force significantly increased the expression of phosphor-Ser9-GSK-3
and fB-catenin, but not GSK-3p at the tension site of the moved tooth.
*P<0.05, **P <0.01. n.s no significance

indicating that lithium chloride activates the -catenin sign-
aling pathway at tension sites. Additionally, local treatment
with ICG-001 attenuated the effects of lithium chloride on
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Fig.4 Pharmaceutical inhibition of GSK-3f promoted tension force-
induced bone formation. a Micro-CT (scale bar=1 mm) and HE (scar
bar=100 pm) images in maxillae of rats. The distance of orthodontic

bone mass and on ALP and osterix expression (Fig. 5a, b, e,
f), which indicates that GSK-3p inhibitor promotes new bone
formation via the -catenin signaling pathway at tension sites
during tooth movement.

The GSK-3p/B-catenin signaling pathway
and the rate of tooth movement

We next investigated whether modulating the GSK-3f/p-
catenin signaling pathway affects the distance between the
first and second molar in mechanical loading-induced rats.
Our results showed that pharmaceutical inhibition of GSK-3
did not restrict the rate of tooth movement during OTM
(0.1889 vs. 0.1673 mm, P> 0.05). However, local treatment
with ICG-001 also showed less impact on orthodontic force-
induced tooth movement (Fig. 4a, b). These data demonstrate
that modulating the activity of the GSK-3p/p-catenin signaling
pathway did not influence the rate of tooth movement.

Discussion
OTM is dependent on the efficient remodeling of peri-

odontal tissue, especially alveolar bone, induced by proper
mechanical loading (Verna et al. 1999; Nakamura et al.
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tooth movement (b), BMD (c), BV/TV (d), Tb.Th (e) and Tb.Sp (f)
were calculated. n=5 per group. *P <0.05, **P<0.01. n.s No sig-
nificance

2008; Tsuge et al. 2016). To understand the biological
relationship between orthodontic force and OTM, several
authors previously explored the role of osteoclasts stimu-
lated with orthodontic force (Pazzini et al. 2017; Liu et al.
2017a, b, c; Wang et al. 2017). However, mechanical stimu-
lation not only directly affects bone homeostasis by stimu-
lating osteoclastogenesis, but also has positive effects on
osteoblastogenesis. Recent studies demonstrated that marked
upregulation of bone formation from increased osteoblast
activity was a common feature of OTM at tension sites (Fu
et al. 2016; Kariya et al. 2015; Liu et al. 2017a, b, c; Dai
et al. 2017). However, the mechanism of orthodontic force-
induced bone formation at the tension site of a moved tooth
is unclear. Our results showed that proper mechanical load-
ing significantly increased levels of ALP and osterix-positive
cells, which is consistent with previous studies (Fu et al.
2016; Dai et al. 2017). Additionally, mechanical loading
obviously increased bone volume at tension sites in the rat
tooth movement model. These effects were related to sup-
pression of GSK-3p and further activation of the p-catenin
signaling pathway. These results support the concept that the
GSK-3p/p-catenin pathway plays an important role in bone
formation at tension sites during OTM.

Osteoblasts, the main cells in bone tissue and bone for-
mation, are critical for alveolar bone morphology and the
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Fig.5 Immunohistochemical staining for GSK-3p, phosphor-Ser9- quantitative analysis by two independent pathologists was performed

GSK-38, B-catenin, ALP and osterix at the tension site of the moved (b-f). *P<0.05, **P <0.01. n.s No significance. (Color figure online)
tooth (a brown, indicated by arrows, scale bar=50 pm) and semi-
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stability of the moved tooth (Aksu et al. 2010). Continu-
ous exposure to mechanical force during orthodontic treat-
ment promotes the function of mature osteoblasts, as well as
increasing bone formation and differentiation of osteoblast
precursors (Fu et al. 2016; Dai et al. 2017; Qin and Hua
2016), which is in line with the results of the current study.
It’s believed that bone formation is significantly increased at
tension sites during orthodontic treatment, which is partially
responsible for the effect of OTM. The GSK-3p/p-catenin
signaling pathway regulates osteoblast differentiation and
bone formation in vivo (Geng et al. 2015; Marsell et al.
2012), and there is increasing data to suggest a role for this
pathway in mechanical loading circumstances (Premaraj
et al. 2011; Chen et al. 2013). In support of this, we dem-
onstrated a clear increase in pSer9-GSK-3p and f-catenin
expression at the tension site of the moved tooth, suggesting
that these proteins increased osteoblastogenesis by modulat-
ing the GSK-3p/p-catenin signaling pathway in osteoblasts.

GSK-3p is known to be involved in the regulation of bone
homeostasis. We provided evidence that GSK-3p mediated
the deposition of new bone at the tension site of the moved
tooth. Previous studies demonstrated that heterozygous
GSK-3p-deficient mice display a higher bone formation rate,
higher bone mass and more osteoblasts per bone surface
(Noh et al. 2009). Pharmacological inhibition of GSK-3
reduced ovariectomy-induced bone loss and enhanced bone
mineral density in wild type animals (Krause et al. 2010).
In the current study, we demonstrated that mechanical
loading significantly decreased GSK-3p activity, which is
negatively related to orthodontic force-induced bone for-
mation at tension sites in OTM. More interestingly, mor-
phometric analysis revealed even higher BMD, BV/TV and
Tb.Th in GSK-3f inhibitor-treated animals compared with
untreated rats. These results strongly suggest that GSK-3f
plays an important role in mechanical loading-induced bone
formation.

p-catenin is a critical regulator for canonical Wnt path-
way activation, which is essential for bone homeostasis, and
downregulation of this pathway suppresses new bone forma-
tion (Gordon and Nusse 2006; Zhong et al. 2012). Previous
reports showed that f-catenin activity is tightly controlled by
N-terminal phosphorylation by GSK-38. When GSK-3 is
phosphorylated at Ser9, its ability to phosphorylate f-catenin
is blocked (Clevers and Nusse 2012). Our results showed
that mechanical loading markedly increased phospho-Ser9-
GSK-3p and p-catenin expression. Meanwhile, GSK-3f
inhibitor treatment significantly increased the expression of
[B-catenin, and subsequently increased bone formation at the
tension site of the moved tooth. However, administration of
[-catenin inhibitor significantly reversed these effects. These
results indicate that mechanical loading induced bone for-
mation at tension sites by the GSK-3f/B-catenin signaling
pathway.

Proper mechanical loading reduced GSK-3f activity and
increased B-catenin expression, thus inducing bone forma-
tion at tension sites during OTM. Our results showed that
consistent orthodontic force significantly increased the dis-
tance between the left first and second molars, which is con-
sistent with previous reports (Gu et al. 2017a, b; Liu et al.
2017a, b, ¢). Modulating the GSK-3f/p-catenin signaling
pathway influences mechanical loading-induced bone for-
mation at tension sites, but did not affect the rate of tooth
movement during OTM. Previous studies demonstrated that
the rate of tooth movement depends on the remodeling activ-
ity of alveolar bone, which is characterized by compression
force-induced bone resorption and tension force-induced
bone formation (Verna et al. 1999; Nakamura et al. 2008;
Chung et al. 2007). In the current study, we demonstrated the
relationship between GSK-3p/f-catenin signaling and ten-
sion force-induced bone formation. However, the relation-
ship between GSK-3p/p-catenin signaling and compression
force-induced bone resorption remains unclear, and this is
currently the focus of ongoing studies in our laboratory.

In summary, this study demonstrated that the activity of
GSK-3p/p-catenin signaling was associated with orthodontic
force-induced bone formation at tension sites during OTM.
Pharmacological inhibition of GSK-3f may accelerate ten-
sion force-induced bone formation without influencing the
rate of tooth movement. Collectively, our findings indicated
that GSK-3f/p-catenin signaling contributes to orthodontic
force-induced bone remodeling, and can be used as a poten-
tial therapeutic target in clinical dentistry.
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