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Abstract—Root resorption is a common complication during
orthodontic treatment. Microcracks occur on the root
surface after an orthodontic force is applied and may be
related to the root resorption caused by the orthodontic
process. However, the mechanisms underlying root resorp-
tion induced by microcracks remain unclear. In this study, a
rat orthodontic model was used to investigate the biological
mechanisms of root resorption caused by microcracks. First,
the first molar was loaded with 0.5-N orthodontic force for 7
days, and microcracks were observed on the root apex
surface using a scanning electron microscope. Second, to
describe the mechanical principle resulting in microcracks, a
finite element model of rat orthodontics was established,
which showed that a maximum stress on the root apex can
cause microcrack extension. Third, after 7 days of loading
in vivo, histological observation revealed that root resorption
occurred in the stress concentration area and cementoclasts
appeared in the resorption cavity. Finally, proteomics
analysis of the root apex area, excluding the periodontal
ligament, revealed that the NOX2, Aifml, and MAPK
signaling pathways were involved in the root resorption
process. Microcrack extension on the root surface increases
calcium ion concentrations, alters the proteins related to root
resorption, and promotes cementoclast formation.
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INTRODUCTION

External apical root resorption is a common
orthodontic complication.”**> Root resorption can
reduce the root surface area, structural support, and
mechanical resistance of the periodontal tissue;** in
severe cases, root resorption can even lead to tooth
loss.® Root resorption can negatively affect
orthodontic treatment and patient satisfaction. How-
ever, the mechanisms underlying root resorption re-
main unclear. Schwarz'’ proposed that if the force
exerted on the teeth exceeds capillary blood pressure,
the capillaries will rupture, leading to hyalinization of
the periodontal tissue, recruitment of multiple phago-
cytes, and subsequent root resorption.***** Current
research suggests that root resorption is related to
excessive local periodontal ligament (PDL) pressure
caused by orthodontic force-loading. This results in a
sterile process of pyknosis and necrosis.>>’ Most pre-
vious physiological experiments have analyzed the
PDL but not the physiological and mechanical prop-
erties of the root tissue.

Microcracks have previously been found to occur
on the root surface of the first molar of rabbits after an
orthodontic force is applied. Finite element (FE)
analysis shows that stress concentrated at the rabbit
root apex can induce microcrack extension on the root
surface.®' Moreover, clinical observations indicate that
intrusion force applied to the crown is more likely to
cause stress concentration at the root apex and cause
root resorption. On the other hand, extrusion force
applied to the crown does not easily produce stress
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concentration at the root apex, nor does it necessarily
cause root resorption.** Therefore, it can be speculated
that the stress concentration at the root apex can casily
cause microcracks on the root surface, and these
microcracks may be a key root resorption indicator;®'
however, the rabbit differs from the human tooth as
the root is flat with no closed apical hole.?' Compared
to other small animal models, rat teecth more closely
resemble human teeth as they have multiple roots and
a closed apical hole, so further study on the formation
of microcracks in rats would better reflect human
physiology. Furthermore, excluding PDL tissue in a
study might help to identify a signaling pathway
underlying root resorption in simple root tissue.

Bone tissue research has shown that microcracks
can lead to tissue resorption; however, the underlying
mechanisms remain controversial. Tami er al.>*
demonstrated that linear microcracks disrupt the fluid
transport of the lacunar-canalicular system between
osteocytes. Herman er al.'® observed that microcracks
directly transect osteocytes, leading to necrosis that
further promotes adjacent osteocyte apoptosis and
results in osteoclast formation. Cardoso et al.® found
that linear microcracks can induce osteocyte apoptosis
by disrupting the osteocyte network. Vasquez-Sancho
et al.>® proposed that cracks form when the pressured
bone produces flexoelectricity, inducing bone cell
apoptosis and promoting osteoclast activation. Al-
though their respective mechanisms differ, previous
studies have shown that microcracks can induce
osteocyte apoptosis, affecting both the differentiation
and formation of osteoclasts; however, whether
microcracks on the root surface can cause cemento-
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clast activation and the related molecular resorption
mechanism remains unclear.

This study aimed to determine the microstructural
changes and regional location of the root apex through
scanning electron microscopy (SEM); analyze the
stress and microcrack extension of the root apex region
through FE simulation; and identify the sites of max-
imum stress. Through histological and proteomic
analyses of the local key areas of the tooth root tissue
after application of stress, this study explored the sig-
naling pathways underlying microcrack-induced root
resorption.

MATERIALS AND METHODS

Animal protocols were approved by the Animal
Care and Use Committee of the School of Biological
Science and Medical Engineering, Beihang University.
All sections adhered to the ARRIVE Guidelines®’ for
reporting animal research. Rats were obtained from
the Department of Laboratory Animal Science, Peking
University Health Science Center, Beijing, China.

Orthodontic Force-Loading and SEM Observation
of the Isolated Rat Maxilla

First, sixteen 8-week-old male Wistar rats
(250 £ 5 g) were ecuthanized by intraperitoneal
administration of an overdose of sodium pentobarbi-
tal. (Fig. 1a) After euthanasia, the heads of the rats
were disinfected with 75% ethanol, and the fur was
shaved. Thereafter, the maxilla of each rat was
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A flow diagram of the study design. (a) The ex vivo force-loading model of 16 rats for SEM observation of microcracks.

(b) Micro-CT scanning the maxilla of a normal rat for building the FE model. (¢) The in vivo force-loading model of 4 rats for
histological observation. (d) The in vivo force-loading model of 30 rats for proteomics analysis.
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removed and washed in an ice-cold solution of peni-
cillin-streptomycin-gentamicin (25 U/mL, 0.025 mg/
mL, and 0.0125 mg/mL, respectively; Beijing Solarbio
Science & Technology Co., Ltd., Beijing, China) to
remove the blood. Then, a 0.5-N load was immediately
applied between the first molar and the anterior teeth
on the right maxilla with a nickel-titanium spring
(Sentalloy, Tomy Inc., Fukushima, Japan) and main-
tained for 7 days. The first molars and anterior teeth of
the left maxilla, without any load, were used as con-
trols (Fig. 2a). While the spring was still attached, the
rat maxilla was soaked in a solution of penicillin-
streptomycin-gentamicin (5 U/mL, 0.005 mg/mL, and
0.0025 mg/mL, respectively) and stored at 4 °C. The
soaking solution was replaced daily. The spring was
removed after 7 days of application of force to the
maxillary bone. Then the maxillary first molar area
bones were carefully dissected and separated, and a
2,940-nm Er:YAG laser (Fotona, San Ramon, CA)
was used to separate the mesial roots of the first molars
(Fig. 2b). The treated maxillary bone was placed in a
10-mL centrifuge tube, soaked in 0.4-mg/mL neutrase
(200,000 U/g, Beijing Solarbio Science & Technology
Co., Ltd., Beijing, China) prepared in phosphate-buf-
fered saline (PBS), and placed in a constant-tempera-
ture shaker maintained at 40 °C, with a speed of 50
revolutions per min. The solution was replaced every
12 h after it was left to cool to room temperature. A
pH paper was used to ensure that the solution was pH-
neutral, to avoid decalcification and brittleness. The
PDL was allowed to dissolve until the root could be
easily removed from the alveolar bone (48 h), after
which the mesial roots of the first molars were carefully
removed. The separated mesial roots were soaked in
sodium hypochlorite with 0.25% available chlorine for
5 min to remove any residual PDL (Fig. 2¢), and then
rinsed in deionized water to remove residual sodium
hypochlorite.” Then, each of the separated mesial roots
were dehydrated using gradient alcohol dehydration
(25, 50, 75, 85, 90, 95, and 100%); each mesial root was
left in each concentration of alcohol for 15 min each.
After dehydrated, the alcohol was replaced with pure
tert-butanol three times for 2 h each time. Lastly, they
were randomly divided into four groups for different
surface observation. The distal, mesial, buccal, and
lingual surfaces of the roots were placed on an alu-
minum observation platform, fixed with conductive
glue, and placed in a freeze dryer for vacuum drying.
Gold spraying (Au 20 nm) (EMS 150TS; Quorum
Technologies Ltd, United Kingdom) was then per-
formed. The sample was observed under an SEM
(JSM-6700F, JEOL, Tokyo, Japan) at 5 kV in the
high-vacuum mode; all root apex areas were observed
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(Fig. 2d). The number of microcracks in the main
microcrack concentrated area of each root was coun-
ted using Imagel] software (1.52i, U. S. National
Institutes of Health, Bethesda, MD, USA).

Micro-computed Tomography Scanning

Micro-computed tomography (CT) scanning data of
one rat was obtained. One 8-week-old male Wistar rat
was sacrificed and its maxilla was dissected
(Fig. 1b). The SkyScan 1076 (Bruker micro-CT; Kon-
tich, Belgium) micro-CT system was used to scan the
entire maxilla at a resolution of 9-um/pixel (Fig. 3a).
The first molar and nearby bones were then dissected;
the SkyScan 1272 (Bruker micro-CT; Kontich, Belgium)
micro-CT was used to perform a finer, 1-um/pixel scan
of the first molar area (Fig. 3b). See supplementary
material for the detailed scanning parameters.

Building the FE Analysis Model

Three-dimensional (3D) models were developed
based on micro-CT images at resolutions of 1 and 9 um/
pixel using Mimics 19.0 (Materialise Inc., Leuven,
Belgium), with which the thresholding, region growing,
and 3D calculations were performed.’! Teeth, PDL,
and cortical and cancellous bones were segmented and
converted into non-uniform rational B-splines surface
models using Geomagic Studio 12 (Raindrop Geo-
magic Inc., Research Triangle Park, NC, USA). The
mesial roots of the first, second, and third molars, and
the other parts were meshed with 0.01-mm C3D4, 0.2-
mm C3D4, and 0.05-mm C3D4 tetrahedral elements,
respectively, using an advancing-front algorithm soft-
ware, HyperMesh 13.0 (Altair Engineering Inc., Troy,
MI, USA) (Fig. 3¢).*® Subsequently, the number of
teeth, PDL, cortical, and cancellous bone elements were
calculated to be 1,118,087, 105,999, 893,055, and
420,711, respectively. The entire model constituted
525,418 nodes and 2,537,852 elements. The model of
each part was imported into FE software Abaqus 6.14
(Simulia Inc., Providence, RI, USA). The teeth, cortical
bone, and cancellous bone were assumed to behave as
linear isotropic elastic materials with a Poisson ratio of
0.3 and with Young’s moduli of 20 GPa, 20 GPa and 3
GPa, respectively.’>>® PDL behave as linear isotropic
elastic materials with Young’s moduli of 0.7 MPa and
with a Poisson ratio of 0.49.'*** The cortical bone was
set to be fixed, and the tie constraint was set to the
following: root-PDL, PDL-cortical bone, PDL-can-
cellous bone, and cortical bone-cancellous bone. A 0.5-
N load was applied on the orthodontic spring direction
at the first molar, and the root apex force was analyzed
(Fig. 3d).
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<«FIGURE 2. Orthodontic force-loading and SEM observation
of isolated rat maxilla. (a) The rat maxilla is loaded ex vivo.
The red circle represents the tooth loaded with orthodontic
force. (b) An Er:YAG laser is used to separate the first molar’s
mesial root after dissecting the maxillary first molar area
bones. The red circle represents the first molar after laser
separation. (c) The mesial root from the alveolar socket is
removed after PDL dissolution. The red rectangle represents
the apex of the mesial tooth observed by SEM. (d) The mesial,
distal, buccal, and lingual surfaces of the mesial apex of the
first molar are observed using an SEM on the force-loading
and control groups under 0.5-N loading conditions. Yellow
arrows represent microcracks. (e) Analysis of number of
microcracks differences between force-loading and control
groups. *p value < 0.05. Data are presented as the mean = SD
(n = 16). (f) Analysis of the number of microcracks difference
between the mesial, distal, buccal and lingual observation
groups in the force-loading group. *p < 0.05 and ***p < 0.001.
Data are presented as the mean = SD (n = 4).

Crack Extension Simulation

To simulate crack extension, the area of maximum
principal stress root apex concentration was refined
with a 1-um hexahedral mesh (Fig. 3e). For the first
molar, the number of C3D4 tetrahedral and C3D8
hexahedral elements was 350,489 and 97,842, respec-
tively. A force analysis of the refined hexahedral mesh
model was carried out. The area with the highest
maximum principal stress value was selected, deleting
one of the hexahedral elements and simulating the dent
structure on the root surface.''**?® One surface of the
element adjacent to the deleted hexahedral element was
set as a crack defect to simulate crack extension
(Fig. 3f). The maximum principal stress criterion was
used with the extended FE method.**°! Crack exten-
sions of 0.25, 0.5, 0.8, and 1 N were simulated.

To establish the sensitivity of element deletion, a
0.5-N load was used to simulate crack extension in the
model with no element deletion. To confirm the
validity of the FE model in comparison with previously
published results, a 0.1-N load was applied on the
orthodontic spring direction at the first molar.>® The
cortical bone was set to be fixed, and the tie constraint
was set as: root-PDL, PDL-cortical bone, PDL-can-
cellous bone, and cortical bone-cancellous bone. The
Von Mises strain of the PDL and the displacement of
the first molar were analyzed.

Histological Observation

Four 8-week-old Wistar male rats (250 £+ 5 g) were
loaded with 0.5 N on the right maxillary first molars
using a nickel-titanium spring; the left side with no
loading was used as the control (Figs. 1c and 6a). Soft
food was given, following an overdose of chloral hy-
drate anesthetics injection after 1 week, incurring their
death. The maxillary bones were dissected, fixed with
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4% paraformaldehyde for 48 h, and decalcified with
10% ethylenediaminetetraacetic acid for 45 days (pH
7.4). Following dehydration, the bones were embedded
in paraffin and sliced continuously every 4 um. Every
fifth slice was stained with hematoxylin-eosin (HE) to
find the area where the root was resorbed. TRAP
staining was performed on 2 slices before and after the
resorbed area. The control group was also subjected to
TRAP staining of the corresponding sections. See
supplementary material for the detailed process of
TRAP staining. The root tissue resorption and the
TRAP-positive osteoclast position in the root apex
were observed by automatic digital section scanning
(KF-PRO-120, KFBIO, Zhejiang, PR China). The
number of TRAP+ cells in the slices of the force-
loading and control groups was manually counted
using the ImageJ software.

Proteomic Analysis
Sample Preparation

A total of 30 8-week-old male Wistar rats (250 £ 5
g) were included for proteomic analysis (Fig. 1d). The
rats were randomly divided into three groups, each
with 10 rats. A 0.5-N force was applied on the right
side of the maxillary first molar using a nickel-titanium
spring, and the left side with no loading was used as the
control (Fig. 6a). Rats were given soft food. After 1
week, they were euthanized with an overdose of pen-
tobarbital. The mesial root apex of the first molar of
the loading and blank groups were removed (Fig. 6b).
The PDL tissue was peeled off under a stereomicro-
scope and the molar was rinsed with PBS. The first
molars were fixed with paraformaldehyde for 48 h and
decalcified with ethylenediaminetetraacetic acid for 2
weeks. Three millimeters of the root apex of each
group were cut off and freeze-dried (Fig. 6¢). A data-
independent acquisition (DIA) proteomic analysis was
performed on each group.

Proteomic Analysis

The protein extraction method used in previous
studies was performed;” the Bradford method was used
to quantify protein concentration after extraction. All
samples were trypsinized using the filter-aided sample
preparation method®® for 16 h. The partial, enzymat-
ically hydrolyzed peptides were removed using the
high-pH reverse phase method'® for classification.
Orbitrap Fusion Lumos (Thermo Fisher, San Jose,
CA) was used to collect mass spectrometry data. Using
Proteome Discoverer 2.1 (Thermo Fisher), the data
collected with data-dependent acquisition (DDA) were
used for protein identification and analysis. The R.
norvegicus protein database downloaded from Uniprot
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FIGURE 3. FE model analysis method and process. (a) Micro-CT with a 9-um/pixel scan of the rat maxilla. The inserted picture is a
physical representation of the rat’s maxilla. (b) The first molar and surrounding bone are dissected, and a 1-um/pixel scan is
performed. The inserted picture is a physical representation of the first molar and nearby bones. (c) Fine mesh of the mesial root of
the first molar with 0.01 mm. (d) The FE model in the Abaqus software; the red arrow indicates the force-loading direction. (e)
According to force analysis results, the 1-um/pixel hexahedral mesh is refined on the rectangular area of the first molar mesial root
apex. (f) One of the hexahedral elements is deleted and the adjacent surface of the element is set on the root apex surface as a

defect to simulate crack extension.

was used for analysis. The Percolator algorithm®* was
employed to filter the identification results. The pep-
tide false discovery rate was < 1%, and the protein q-
value was < 0.01. Skyline 4.1 (University of Washing-
ton) was used to build a spectral library with high-
confidence peptide results in the identification result
file of Proteome Discoverer 2.1. Nanodrop 2000
(Thermo Fisher) was employed to quantify the peptide
concentration. The amount of peptide detected in each
sample was kept constant. The DIA collection method
was used to collect three mass spectrometric data
readings for each sample. Skyline 4.1 software
(University of Washington) was employed to analyze
the data. Differentially expressed proteins (filter with
protein abundance ratio > 1.2 or <0.83, and the -test p
value of < 0.05 as the differential protein screening
condition) were shown using the Blast2Go 5.0 software
(http://www.blast2go.com)®'® to conduct bioinfor-
matics analysis. For detailed steps of the proteomics
analysis, see the supplementary material.

Statistical Analysis

The results are expressed as the mean + standard
deviation (SD). One-way analysis of variance (ANO-
VA) was used to compare statistical differences
between groups using IBM SPSS Statistics (version 19;
IBM Corp., Armonk, NY, USA). Differences were
considered significant when p < 0.05. Power analysis
was calculated with G*Power software (v3.1.9.2,

UCLA, Los Angeles, CA, USA). The value of the two-
sided significance level (o) and a statistical power were
0.05 and 0.8, respectively.

RESULTS

Orthodontic Force-Loading Promotes Microcracks
on the Root Surface

The flow diagram of the study design is shown in
Fig. 1a. The morphology of the force-loading and
control groups on the root surface was observed under
an electron microscope. There were almost no micro-
crack in the control group, and nor on the lingual and
buccal sides in the force-loading group. However, a
large number of microcracks had appeared on the
surface of the third of the root apex in the mesial and
distal sides of the force-loading groups (Figs. 2d and
2e). Compared with the mesial side, the number of
microcracks in the distal side was increased signifi-
cantly, by 63% (p < 0.01) (Fig. 2f).

FE Simulates Root Stress Concentration Area
and Microcrack Extension

The results of Micro-CT scanning are shown in
Figs. 3a and 3b.The FE analysis of stress distributions
of 0.25, 0.5, and 1 N in the apical region of the rat
model is shown in Fig. 4a. The maximum principal
stress was high in one-third of the area of the root
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FIGURE 4. FE simulates the root stress concentration area and microcrack extension. (a) The stress distribution of the root apex
under 0.25, 0.5, and 1 N loading conditions. (b) Root apex microcrack extension simulation image of mesial loading under 0.1, 0.25,
0.5, 0.8, and 1 N. Microcrack extension occurred at the defect, which was set to simulate microcrack extension near the deleted
element. PHILSM is a signed distance function to describe the microcrack surface in the Abaqus software.

apex. Stress concentration and applied load values
were positively correlated; however, the stress con-
centration area did not change (Fig. 4a). One of the
hexahedral elements was removed to simulate the dent
structure on the root surface. One element surface
adjacent to the deleted hexahedral element was set as a
crack defect to simulate its extension. The simulation
result showed that the crack extension occurred at the
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nearby defect. The crack extension simulation process
and PHILSM (a signed distance function to describe
the microcrack surface)64 results under 0.1, 0.25, 0.5,
0.8, and 1 N loads are shown in Fig. 4b. The crack
extension and load positively correlated, maintaining
the crack extension path. After the 0.5-N loading in the
model with no element deletion, crack extension was
observed (Supplementary Fig. 1). Under the 0.1 N
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loading conditions, the FE analysis results showed that
the maximum Von Mises stress of the PDL was 0.094
MPa, and the maximum displacement of the first
molar was 12 um, which is similar to the results of the
maximum Von Mises stress of the PDL of 0.064 MPa
and the maximum displacement of the first molar of 18
pm in published literatures.’**

Orthodontic Force-Loading Promotes the Production
of Resorption Cavities and Cementoclast
with Histological Observation

The tissue sections of the first molar area of the rat
were observed using HE staining. Resorption cavities
(Fig. 5a) appeared on the apical surface of the force-
loading group, and no cavities were observed in the
control group (Fig. 5¢). Purplish-red TRAP-positive
particles appeared in the force-loading group near the
resorption cavities (Fig. 5b), indicating that cemento-
clasts exist in this area. However, no resorption cavity
was found in the control group, and the TRAP stain-
ing results were negative (Fig. 5d). There are signifi-
cantly different (p < 0.001) between the ratio of the
number of TRAP+ cells in the root apex area to the
number of TRAP + cells in the first molar area of the
force-loading group (17.24 &+ 1.37%) and the control
group (3.69 + 0.39%) (Fig. 5¢). The number of
TRAP+ cells per unit in the root apex area of the
force-loading group (11.23 4+ 1.66) and control group
(2.73 £ 0.45) also exhibits significantly different (p <
0.001) (Fig. 5f).

500_pm 100 um

High Expression of Orthodontic Force-Mediated
of Root Resorption-Related Proteins Revealed
by Proteomic Analysis

After strict quantitative peptide and product ion
screening, 1969 proteins were reliably and quantita-
tively analyzed. The quality stability test is shown in
Supplementary Fig. 2. Differential protein screening
was performed for each sample group; 132 differen-
tially expressed proteins were identified (with an
abundance ratio > 1.2 or < (0.83, and p value < 0.05 as
the screening conditions). The force-loading group had
68 upregulated and 64 downregulated proteins, as
shown in the volcano plot (Fig. 7a). Differential pro-
tein gene ontology function analysis was further per-
formed. Among the differentially expressed proteins,
60 emergency response, 28 cell death-related, and 27
immune response-related proteins were detected
(Fig. 7b). The analysis results of each sample group are
shown in the heat map (Fig. 7¢). Differential protein
enzyme code-matching analysis showed that the dif-
ferentially expressed proteins were mainly related to
the functional activities of oxidoreductases, trans-
ferases, hydrolases, lyases, ligases, and other enzymes
(Supplementary Fig. 3). Analysis of differentially ex-
pressed proteins with the Kyoto Encyclopedia of
Genes and Genomes (KEGG) biological pathway
(Supplementary Fig. 4). The results indicate that dif-
ferent proteins at the root apex, including nicotinamide
adenine dinucleotide phosphate oxidase 2 (NOX2),
Ca’" Jcalmodulin-dependent protein kinase II (Cam-

(e) 3'320-
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FIGURE 5. Orthodontic force-loading promotes the production of resorption cavities and cementoclasts. (a) High-power
microscopy results of the HE staining in the force-loading group (right), marked in the rectangle—resorption cavities appeared on
the root surface; low-power microscopy results of the HE staining in the force-loading group (left). (b) TRAP staining results in the
force-loading group; the black arrow indicates the purple-red cells as TRAP-positive (cementoclasts). (c) High-power microscopy
of HE staining in the control group (right) indicates no resorption filling nest; low-power microscopy of the experimental group’s
HE staining is shown (left). (d) The control group’s TRAP staining results were negative. (e) Analysis on the ratio of the number of
TRAP+ cells in the root apex area to the number of TRAP+ cells in the first molar area between 2 groups. ***p < 0.001. Data are
presented as the mean = SD (n = 16). (f) Analysis on the number of TRAP+ cells per unit in the root apex area between 2 groups.
***p < 0.001. Data are presented as the mean + SD (n = 16). B, bone; R, root; P, PDL.
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KII), adenine nucleotide translocase (ANT), apopto-
sis-inducing factor mitochondrion-associated-1
(Aifm1), mitogen-activated protein kinase (MAPK),
and signal transducer and activator of transcription 2
(STAT?2), were involved in root resorption mediated by
orthodontic force; they were also involved in the sig-
naling pathways of osteocyte/cementocyte apoptosis
and osteoclast/cementoclast differentiation (Fig. 8).

DISCUSSION

In this study, the mesial root apex of the rat tooth
was chosen as the research target, as it is the largest.
However, surface microcracks are too small to be
observed in the rat orthodontic model in vivo. The
microcrack self-repair and phagocyte destruction af-
fect microcrack observation.®> Ex vivo model evalua-
tions can reduce in vivo inherent biological
interference, such as excessive inflammatory response,
and tissue repair. The presence of masticatory loads in
living rats also affects the distribution of orthodontic
force.?3” Hence, the ex vivo model was used in this
study to observe microcracks on the root surface. The
influence of orthodontic force on microcrack extension
can be simply analyzed. Therefore, the obtained results
decouple the force from the biochemical factors, which
is more conducive to the micocracks observation by
SEM. Previous studies had shown that a 0.5-N
orthodontic force could cause significant rat root apex
resorption; as such, a 0.5-N orthodontic force was used
in this experiment.”*>?

SEM results showed microcracks on the mesial and
distal, but not on the buccal and lingual sides of the
root. Microcracks were linearly distributed on the root
surface. Previous studies found that, during bone
reconstruction, linearly distributed microcracks induce
osteocyte apoptosis through related physical injury,
subsequently activate osteoclasts, and finally promote
bone resorption.'*>” Therefore, our results confirmed
the hypothesis that the microcracks at the root may
cause cell apoptosis and resorption of the root apex.
SEM results showed non-uniform structures on the
root surface, which can easily form a stress concen-
tration area.*! The stress value of this area is usually
larger than its surrounding average, which is conducive
to crack source formation. The increase and extension
of microcracks were positively correlated with loading
time; subsequently, small microcracks interconnected
and eventually formed larger microcracks.®'

This study established an FE model of rat
orthodontic tooth loading. After the orthodontic force
was loaded, the maximum principal stress value at the
root apex was the largest (Fig. 4a). The location of
stress concentration areas did not correlate with force
magnitude (Fig. 4a). A hexahedral element was deleted
to simulate the sunken structure of the root surface in
an area with a large stress concentration, resulting
both in obvious stress concentration and crack exten-
sion. The greater the loading force can generate the
more obvious crack extension. The force-loading did
not affect the crack extension’s direction (Fig. 4b).

Observation of the HE-stained slices after in vivo
loading of rats revealed that resorption cavities

(b)
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FIGURE 6. Proteomics analysis sample preparation and process. (a) Rat first molars loaded with orthodontic force in vivo. The
crown enamel of the mesial root of the first molar was drilled off. (b) After the mesial roots of the first molars were separated, they
were extracted. (c) The mesial apex’s PDL was peeled off, and the apex was washed, fixed, and decalcified, and a 3-mm segment
was cut off from the mesial apex of the first molar for proteomic analysis.

BIOMEDICAL
ENGINEERING
SOCIETY



Microcracks on the Rat Root Surface 2237

appeared at the mesial root apex (Fig. 5a), consistent
with the SEM crack and stress concentration areas of
the FE analysis results, potentially indicating a close
relationship between stress concentration and the root
resorption of microcracks. The TRAP staining near
the resorption cavity was positive, indicating the
presence of cementoclasts (Fig. 5b). Consistent with
our results, a previous study found that the location of
root resorption was evident at one-third of the apex
under 0.5-N orthodontic force.>® Therefore, this
experiment focused on the root apex area, cutting off a
3-mm segment from the root apex, peeling off the
peripheral tissue, and performing a proteomic analysis
(Fig. 6c).

Previous studies indicated that root resorption is
related to the rupture and necrosis of PDL. To elimi-
nate the interference of PDL, the PDL tissue was
removed and proteomic analysis on only the cementum
and other hard tissues in the root apex was conducted.
This study investigated whether there are relevant
signaling pathways involved in root resorption in the
hard tissue of the root apex. Proteomics results mainly
showed responses to stress, immune system process,
and cell death-related proteins (Fig. 7b); hydrolases’
related to the phagocytosis of phagocytes were signif-
icantly upregulated (Supplementary Fig. 3). Cemen-
tocytes and cementoclasts share similar biological
functions with osteocytes and osteoclasts, respec-
tively.?>*%6> A consideration of the signaling pathways
of osteocytes and osteoclasts thus provides insight.
Previous studies reported that microcracks could in-
crease calcium ion concentrations®*" and activate
downstream inflammatory response-signaling path-
ways.!>* Moreover, this study detected an increase in
calcium ion pathway-related proteins, indicating that
this may be caused by root microcracks. The expres-
sion of the calcium ion pathway upstream-related
transmembrane proteins, NOX2 and CamKII, and
ANT were significantly increased (Supplementary
Fig. 4).'">* The calcium pathway downstream-related
protein Aifml increased, and MAPK decreased.’®®
Reactive oxygen species (ROS) can cause Janus kinase
(JAK) to increase,' and experimental results have
detected that STAT2 was elevated in the JAK-STAT
pathway. Moreover, it has been reported that MAPK,
Aifm1, and STAT2 can cause cell apoptosis.*®>3 Cell
apoptosis can turn off the inhibition of osteoclasts/
cementoclasts and induces their formation'*!” (Fig. 8).
In addition to osteoclast/cementoclast activation
caused by osteocyte/cementocyte apoptosis, calcium
ions can also promote osteoclast/cementoclast differ-
entiation.> Our results showed that orthodontic force-
loading could change the expression of calcium ion-
related signaling pathways. Previous studies showed
that microcracks increase calcium release.” Further-

FIGURE 7. Orthodontic force-mediated high expression of?»
root resorption-related proteins on proteomic analysis. (a)
Volcano plot for differential protein screening; red dots
indicate increased and green dots indicate decreased
proteins. (b) Results of the biological function analysis of
the differentially expressed proteins. (c) Heat-map of
differentially expressed proteins.

more, in a rat orthodontic model, calcitonin, which can
reduce local calcium ion concentration, can inhibit
root resorption caused by orthodontic force.'® Hence,
local calcium ion concentrations may be increased by
microcrack generation and finally mediate the response
of root resorption-related signaling pathways. Con-
comitantly, an increase in Htral was detected, which is
capable of degrading osteoprotegerin in the bone
microenvironment.*’ Additionally, mechanics-related
proteins, such as DNase and Peal5 may also be
involved in the root resorption pathway.?*°® However,
further verification and exploration of the relationship
between these proteins and root resorption is war-
ranted. In future work, it is worth analyzing the sig-
naling pathways and mechanisms related to
microcrack-mediated root resorption in order to im-
prove the understanding of this process.

The above results suggested that the excessive cal-
cium ions released by the root surface microcracks can
cause cell inflammation and apoptosis and activate the
osteoclast/cementoclast cascade, which may be a key
factor in causing root resorption. Normal root tissues
are balanced between cementum resorption and for-
mation.! Therefore, when a continuous orthodontic
force causes microcracks on the root surface, the bal-
ance between cement resorption and formation may be
disrupted, resulting in clinically visible root resorption
(Fig. 8).

This study has several limitations. First, there are
still differences between rat teeth and human teeth in
small animal models. The observation of human tooth
microcracks would yield more meaningful insight. In
the future, further studies on whether orthodontic
force causes microcracks on the root surface of human
teeth is necessary. Second, the accuracy of micro-CT
scanning on the root surface is very low relative to the
size resolution of microcracks. Therefore, the effect of
finer microstructures on the microcrack extension
should be studied in the future. Third, different
orthodontic forces may cause different root stress
concentration areas. Any part of root surface, not so-
lely root apex, may suffer from great stress concen-
tration, depending on the orthodontic force applied;
however the majority of studies have targeted apical
resorption due to its ease of examination on 2D X-ray
images. In the future, with high-resolution CT detec-
tion, personalized treatment design can be carried out
to adjust the magnitude and direction of orthodontic
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FIGURE 8. Root resorption signaling pathway. Excessive calcium ions produced by microcracks cause osteocyte/cementocyte

apoptosis and osteoclast/cementoclast differentiation.

force and reduce the risk of root resorption caused by
orthodontic force.

In conclusion, the present study investigated
microcracks on the root apex surface after orthodontic
force-loading and established an FE model of rat
orthodontic loading to simulate crack extension on the
root surface. The consistent relationship of the stress
concentration area of the root tissue, the area of
microcracks generation and extension, and the area of
root resorption, were preliminarily explored. Finally,
the signaling pathways causing root resorption in this
area was analyzed by proteomics. The present results
support the hypothesis that microcracks at the root
apex may be one of the important factors that cause
root resorption. Microcracks can serve as indicators of
root resorption in the early stage of orthodontic
treatment, and an ultra-high-resolution CT or ultra-
sound can be used for detection in the future. Previous
studies have reported that high-frequency vibration,
low-level laser therapy, and low-intensity pulsed
ultrasound can reduce root resorption in clinical
practice.?*3%36:3%45 T obtain the best treatment effect,
these methods can be combined with the findings of
this study on the generation of microcracks, the main
root resorption area, and the high expression of local
calcium ions. This combination may also further
optimize the parameter selection, location position, or

treatment time. Additionally, this study provides a
theoretical basis for further research on biological
mechanisms involved during orthodontic force-loading
and yields a practical idea for the study of new drugs to
prevent root resorption.
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