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Abstract. The aim of the present study was to investigate the 
alterations in the formation of cementocytes in response to 
orthodontic forces and to evaluate the contribution of these cells 
in the biological changes of tooth movement and associated root 
resorption. A total of 90 Sprague Dawley rats were randomly 
assigned to the control, high force, and low force groups. 
Intrusion forces of 10 and 50 g were applied on the rat molar to 
induce tooth intrusion. The tooth movement was observed from 
0 to 14 days by micro‑computed tomography, bone histometric 
analysis, tartrate‑resistant acid phosphatase staining, as well 
as reverse transcription‑quantitative PCR and immunofluores‑
cence staining assays. The results suggested that under low force 
conditions, osteoclasts were distributed at a higher frequency 
on the bone side than on the root side. Under high force condi‑
tions, both sides suffered osteoclast infiltration. In the low force 
group, the cementocytes exhibited downregulated sclerostin 
(SOST) and osteoprotegerin (OPG) mRNA levels and a lower 
receptor activator of nuclear factor‑κB ligand (RANKL)/OPG 
ratio over a certain period of time. The expression levels of these 
genes were lower compared with those of the osteocytes at each 

time‑point. In the high force group, both cementocytes and 
osteocytes upregulated the SOST and RANKL/OPG ratio on 
days 7 and 14, while the cementocytes expressed higher levels 
of SOST mRNA than those noted in the osteocytes. These data 
suggested that cementocytes responded to the orthodontic force 
via modulation of the RANKL/OPG ratio and SOST expres‑
sion. The biological response of cementocytes contributed to 
the mechanotransduction and homoeostasis of the roots under 
compression. Excessive forces may act as a negative factor of 
this regulatory role. These results expand our knowledge on the 
function of cementocytes.

Introduction

The side effects of orthodontic tooth movement include 
orthodontic‑induced external apical root resorption (EARR), 
periodontal inflammation, and tooth demineralization and 
loosening, among which EARR is the most common side 
effect (1). The mechanical factors noted in specific treatment 
techniques, such as the duration of force application and force 
magnitude and direction, are associated with the degree of 
EARR (2,3). It has been shown that periodontal ligament cells 
(PDLc), which are compressed by forces applied on teeth, 
secrete osteoclastogenic cytokines to stimulate bone resorp‑
tion in the direction of the orthodontic force vector (4). EARR 
is associated with the cellular activity of over‑compressed 
PDLc and cementum resorption (5).

In contrast to these findings, recent studies have shown 
an alternative consideration regarding the role of cemen‑
tocytes in the mechanotransduction and in the biological 
response during tooth movement. Α previous ex vivo study 
by the authors indicated that cementocytes were sensitive to 
mechanical loading via the upregulation of sclerostin (SOST) 
expression, the increase in the receptor activator of nuclear 
factor‑κB ligand (RANKL)/osteoprotegerin (OPG) ratio, and 
the downregulation of the expression levels of osteocalcin (6). 
Lira Dos Santos et al  (7) demonstrated that cementocytes 
exhibited increased nuclear size and proportion of euchro‑
matin under orthodontic loading, and reported a significant 
downregulation in the expression levels of type IV collagen 
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following orthodontic tooth movement. In addition, cemento‑
cytes are also involved in cellular cementum apposition in mice 
and are associated with changes in cellular ultrastructure and 
in the proteomic profile of the cementum (8). These findings 
indicate that similar to PDLc, cementocytes play important 
roles in the biological events of the orthodontic tooth move‑
ment and the associated EARR.

Heavy and prolonged forces induce over‑compression of 
PDLc and consequent cementum resorption, as aforemen‑
tioned. However, the effect of force magnitude on cementocytes 
remains largely unknown. In the present study, the response 
of cementocytes was examined with regard to the intrusion 
forces of different magnitudes, and the variations in the 
expression levels of RANKL/OPG, and SOST were assessed in 
cementocytes grown under orthodontic forces.

A variety of signaling pathways and cytokines have been 
shown to be associated with tooth movement  (9). The key 
regulators among them include the SOST, OPG, and RANKL 
proteins, which are capable of regulating the balance of 
osteoclastogenic and osteogenic differentiation (10). Previous 
in vitro studies have detected these gene expression profiles in 
cementocytes (6,11,12); therefore, in the present study, it was 
hypothesized that cementocytes may respond to the in vivo 
orthodontic force via regulation of expression of these genes.

The aim of the present study was to investigate the regu‑
latory roles of cementocytes in the biological response to 
orthodontic intrusion forces, evaluate their contributions to the 
microenvironment homeostasis, and clarify the effect of force 
magnitude on the cementocyte behavior during orthodontic 
tooth intrusion.

Materials and methods

Intrusion loading in a rat model. The animal experiments 
were approved by the Animal Ethics Committee of Shanghai 
Ninth People's Hospital (approval no. SH9H‑2020‑A298‑1) 
and the protocols were performed in accordance with the 
corresponding guidelines. Sprague Dawley rats (n=90; eight 
weeks old; weight, 289.1±37.21 g; 45 males and 45 females 
of specific pathogen‑free grade) were randomly assigned 
to three groups as follows: Control group (n=30), low force 
group (n=30), and high force group (n=30). They were housed 
at 22±2˚C at 40‑80% humidity and under a 12‑h light/dark 
cycle with commercial feed and water ad libitum. Following 
anesthesia (1% pentobarbital sodium; 50 mg/kg body weight; 
intraperitoneal injection), a sterilized stainless‑steel screw 
(1 mm in diameter and 4 mm in length) was implanted in 
the left palatal bone as an anchorage for loading. A sterilized 
0.016x0.022 inch stainless steel wire (3M Unitek), which was 
bent into a specially designed ‘L’ loop was fixed between the 
screw and right maxillary first molar, followed by resin adhe‑
sion. The elasticity of the wire was adjusted by the length of 
the buckling part and the subsequent compressive force was 
adjusted to 10 g (low force group) and 50 g (high force group) 
using a dynamometer. The rats in the control group received 
a resin adhesion without intrusion force loading. None of the 
intrusion appliances were removed during treatment. At each 
time‑point, the rats were sacrificed by overdose of anesthesia 
(1% pentobarbital sodium; 100 mg/kg body weight; intra‑
peritoneal injection) and cervical dislocation if needed, and 

their vital signs were confirmed by heartbeat and pupillary 
response to light, following the American Veterinary Medical 
Association guidelines  (13). The left first molar and the 
surrounding alveolar bone were harvested.

Micro‑computed tomography (µ‑CT) scanning. A total of 
45 rats were randomly selected in each group for µ‑CT scan‑
ning. Three rats were randomly selected each on days 1, 2, 4, 
7 and 14. Their samples were fixed in 70% ethanol for 48 h 
at room temperature and scanned by a high‑solution µ‑CT 
(Scanco Medical AG). The following conditions were used: 
Resolution of 10 µm voxel size, voltage of 45 kV, current of 
177 µA, and integration time of 200 msec. The data were 
reconstructed and the serial images were generated using the 
supporting analyzing software provided by the manufacturer. 
The distance of tooth movement was calculated as previously 
described (14,15). In short, the tooth movement was defined 
by the movement of the mesial buccal occlusal tip of the right 
maxillary first molar, and was measured by the deviation of 
the tip from the occlusal plane.

Bone histometric analysis. The quantitative analysis of the 
alveolar bone changes was conducted using serial images. 
The region of interest was set as a square area located in the 
intra‑root alveolar bone of the right maxillary first molar, as 
previously described (15). The superior boundary was defined 
as the inferior plane of the root furcation. The transverse 
boundaries extended distally by the distal buccal root and 
mesially by the mesial root of the right maxillary first molar. 
Bone volume to tissue volume (BV/TV, 100%), bone mineral 
density (g/cm3), trabecular number (per mm), trabecular thick‑
ness (µm), and trabecular separation (mm) were analyzed 
within the region.

Tartrate‑resistant acid phosphatase (TRAP) staining. The 
samples were fixed in 4% paraformaldehyde for 48 h at room 
temperature, decalcified in 14% EDTA (pH 7.1) for 8 weeks, 
dehydrated and embedded in paraffin. The specimens were cut 
into 4‑µm sections along the sagittal axis of the right maxil‑
lary first molar. For TRAP staining, deparaffinized sections 
were treated by an acid phosphatase kit (cat. no. 387A‑1KT; 
MilliporeSigma) for 1  h in a 37˚C water bath protected 
from light, according to the manufacturer's instructions and 
counterstained 2  min at room temperature using Harris' 
hematoxylin solution. Images were obtained with an Olympus 
light microscope system (Olympus Corporation) at an objec‑
tive magnification of x200. The region of interest (ROI) used 
for TRAP‑positive cell quantification was located on the apex 
of the mesial root (600 µm width and 400 µm length). The 
contour of the cellular cementum and corresponding alveolar 
bone in this region were depicted. Osteoclast cells, which were 
TRAP‑positive multinucleated cells near the linear surfaces 
of the cellular cementum and alveolar bone, were quantified 
separately. The data were normalized as the mean number of 
cells per millimeter of cellular cementum and alveolar bone 
surface. The root resorption of the mesial root of the first molar 
at each time‑point was evaluated by root resorption scores as 
previously described (16). In short, the ROI on the magnified 
(x200) image was divided into 10x10 mm grids. Root resorp‑
tion scores were determined by dividing the number of grids 
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with resorption lacunae by the total number of grids along the 
root surface.

Immunohistochemical staining. Paraffin‑embedded tissue 
sections were used following deparaffinization with xylene 
and rehydration through a series of experimental steps, 
including alcohol washes, 0.5% pepsin antigen retrieval, 
and blocking steps (10% hydrogen peroxide for 15 min at 
room temperature to quench endogenous peroxidase activity 
and 10% normal donkey serum for 30 min at 4˚C to block 
non‑specific binding). The primary antibodies were polyclonal 
rabbit anti‑OPG (1:400; cat. no. 183910; Abcam) and mono‑
clonal mouse anti‑RANKL (1:100; cat. no. sc‑52950; Santa 
Cruz Biotechnology, Inc.). The primary antibody was omitted 
in the negative control and no labeling was observed in any 
case. Donkey anti‑rabbit and anti‑mouse secondary antibodies 
(Jackson Immuno Research, Inc.) were used respectively 
at 1:200 dilutions. Following incubation with the primary 
antibodies at 4˚C overnight, secondary antibodies were used 
respectively at 1:200 dilutions for 2 h at room temperature. 
Sections were incubated using a DAB substrate kit (Thermo 
Fisher Scientific, Inc.) for 2 min at room temperature and 
then counterstained with Harris' hematoxylin (for RANKL, 
2 min, room temperature) or 0.5% methyl green (for OPG, 
1 min, room temperature). Images were obtained with an 
Olympus light microscope system (Olympus Corporation) at 
an objective magnification of x200.

Immunofluorescence staining. Paraffin‑embedded tissue 
sections were treated the same way as the sections used 
for immunohistochemical staining. The primary antibody 
was a polyclonal goat anti‑SOST (cat. no. AF1589; R&D 
Systems, Inc.) used at 1:50 dilutions. PBS was used as the 
control antibody in the negative control sample. Donkey 
anti‑goat Alexa Fluor secondary antibody (cat. no. A‑11058; 
Invitrogen; Thermo Fisher Scientific, Inc.) was used at a 
1:200 dilution. Following incubation with the primary anti‑
bodies at 4˚C overnight, the secondary antibody was used 
respectively at 1:200 dilutions for 2 h at room temperature. 
The sections were subsequently stained with 1 µg/ml DAPI 
for 10 min at 4˚C (Invitrogen; Thermo Fisher Scientific, Inc.). 
The images were obtained using an Olympus fluorescence 
microscope system (Olympus Corporation) at a magnifica‑
tion of x400. Image‑Pro Plus version 6.0 software (Media 
Cybernetics, Inc.) was used to assess the integrated optical 
density (IOD) value and area of the section. Three random 
fields from the cellular cementum and the surrounding 

alveolar bone were selected separately to calculate the mean 
density of each area.

Reverse transcription‑quantitative PCR (RT‑qPCR). To 
quantitatively compare the gene expression levels of the 
cementocytes and osteocytes following orthodontic intrusion, 
the cellular cementum and the alveolar bone were separately 
collected using a previously described method (17). A total 
of 15 rats in each group were sacrificed to collect samples 
for RT‑qPCR. Three rats were randomly selected for each 
time‑point (n=3). Briefly, the cementum was detached from the 
apical region of the mesial root of the intruded molar and the 
alveolar bone was isolated from the periapical area of the same 
root. The tissues were dissected in three cycles of serial diges‑
tion with collagenase A (300 U/l; MilliporeSigma) and EDTA 
(5 mM, in 0.1% bovine serum albumin; MilliporeSigma) for 
20 min each at 37˚C for elimination of periodontal contamina‑
tion. Total RNA was extracted from each digested sample using 
a MiniBEST Universal RNA Extraction kit (cat. no. 9767; 
Takara Bio, Inc.) according to the manufacturer's instructions. 
The RNA samples were reverse transcribed to cDNA using 
a PrimeScript RT reagent Kit (cat. no. RR036A; Takara Bio, 
Inc.) according to the manufacturer's instructions. SYBR 
Premix Ex Taq (cat. no. RR420A; Takara Bio, Inc.) was used 
as a probe. The 2‑ΔΔCq method was used to estimate the rela‑
tive RNA levels, which were normalized to those of GAPDH, 
as previously described (18). The primers were synthesized 
(Shanghai Sangong Pharmaceutical Co., Ltd.) and the 
sequences are shown in Table I.

Statistical analysis. Data are presented as the mean ± SEM. 
The data used for each parameter from µ‑CT, TRAP staining, 
and RT‑qPCR were analyzed and compared using SPSS 17.0 
software (SPSS, Inc.). Multiple groups were compared using 
one‑way ANOVA, followed by Bonferroni post hoc test to 
measure variances, while comparisons between two groups 
comparisons were performed using an unpaired Student's 
t‑test. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Orthodontic forces induce tooth intrusion and alveolar bone 
remodeling. To investigate the effects of the intrusion force 
on the tooth and alveolar bone, a tooth intrusion model was 
established. The forces applied were controlled by the wire 
length and measured using a force dynamometer (Fig. 1). 

Table I. List of primer sequences used in reverse transcription‑quantitative PCR.

Gene 	 Forward primer (5'‑3')	R everse primer (5'‑3')

GAPDH	 TGATGGGTGTGAACCACGAG	 TACTTGGCAGGTTTCTCCAGG
OPG	 TGTCCGGATGGGTTCTTCTCA	 GCACAGGGTGACATCTATTCCA
RANKL	 CAGCATCGCTCTGTTCCTGTA	C TGCGTTTTCATGGAGTCTCA
SOST	 TACATGCAGCCTTCGTTGCT	C TCGGACACGTCTTTGGTGT

OPG, osteoprotegerin; RANKL, receptor activator of nuclear factor‑kB; SOST, sclerostin.

https://www.spandidos-publications.com/10.3892/mmr.2022.12744
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The measurements of the forces were 9.12±1.37 g in the 
low force group and 54.97±4.10 g in the high force group. 
No significant differences were noted with regard to these 
parameters between male and female subjects (P>0.05; 
data not shown). A significant increase in tooth move‑
ment was detected in the low force group from day 1 to 7 
(P<0.01); on day 14, tooth movement was not significantly 
increased compared with that of day 7 (P>0.05). In the high 
force group, the tooth movement was accelerated on day 4 
(340.04±43.42 µm), which was significantly higher than that 
noted on day 1 (P<0.05). No significant increase was noted 
on day 7 compared with day 4, and on day 14 compared 
with day 7 (P>0.05). No significant difference was noted in 
the tooth movement between the low and high force groups 
detected at the time‑points examined in the study (P>0.05). 
Quantitative bone histometric analysis revealed the signifi‑
cant differences noted between each group in the following 
parameters: BV/TV, bone mineral density, and trabecular 
numbers (P<0.05). The values of these parameters were 
reduced in the low force group compared with those noted 
in the control group, and were even lower in the high force 
group. The trabecular was significantly separated in both the 
low and high force groups compared with the control group 
(P<0.001); however, no significant difference was noted 
within them. In addition, the craters were observed in the 
alveolar bone in the high force group (Fig. 2).

Osteoclast formation is induced by compressive force. The 
resorption of the cellular cementum was detected under high 
force loading (Fig. 3). To evaluate the difference of osteoclast 
formation on the surface of the cellular cementum with the 
alveolar bone, the number of TRAP‑positive osteoclasts on 
either side were quantified (Fig. 3). On the bone side, a signifi‑
cant increase in osteoclast numbers was detected after 6 h (low 
force, 6.77±1.07 cells/mm; high force, 5.63±1.11 cells/mm; 

P<0.01), and the number continued to increase over time. 
No significant differences were noted between the low and 
high force groups at any time‑point. On the cementum side, 
the osteoclast number was significantly increased in the high 
force group at 24 h (5.18±0.65 cells/mm; P<0.01), but not in 
the low force group (0.57±0.49 cells/mm; P>0.05). Therefore, 
the number of osteoclasts on the cementum side of the high 
force group was considerably higher than that of the low force 
group when comparing between 24 h and 14 days (P<0.01). 
The number of osteoclasts was significantly higher on the 
bone side compared with that noted on the cementum side in 
the low force group when comparing between 6 h and 14 days 
(P<0.05). In the high force group, the differences were noted 
at 6 h (P<0.01), 24 h (P<0.05), and 14 days (P<0.05), when the 
bone side significantly surpassed the cementum side. As for 
the root resorption scores, significant increases were detected 
after 24 h in the high force group (P<0.01), but after 7 days in 
the low force group (P<0.05). From 24 h to 14 days, the root 
resorption scores of the high force group were significantly 
higher than those of the low force group (P<0.05).

Gene expression in the cellular cementum and the alveolar 
bone under compression. To investigate the role of cemento‑
cyte mechanotransduction during tooth intrusion, the cellular 
cementum mRNA expression profiles of OPG, RANKL and 
SOST were assessed. The surrounding alveolar bone was used 
for comparison (Fig. 4). In the low force group, the expression 
levels of SOST in both the cellular cementum and the alveolar 
bone were evaluated over time. The results indicated increased 
and decreased expression patterns. The expression levels in the 
cellular cementum were slightly increased at 24 h (1.26±0.56; 
P>0.05) and significantly decreased on day 7 compared with 
those of the control group (0.02±0.02; P<0.01). The expres‑
sion levels of SOST mRNA in the bone side were significantly 
increased from 24 h (3.81±0.59; P<0.01) to 4 days (3.75±0.89, 
P<0.01) compared with those noted on day 0. From day 7 to 
day 14, the expression levels were significantly reduced. From 
24 h to 14 days, the alveolar bone expressed significantly higher 
levels of SOST mRNA than those of the cellular cementum. In the 
high force group, the difference in the expression levels of SOST 
between the cellular cementum and the alveolar bone was only 
noted on days 4 and 7. At these time‑points, SOST expression 
levels were significantly higher in the cellular cementum than 
those noted in the alveolar bone, indicating opposite findings to 
those noted at the same time‑points in the low force group.

The expression levels of OPG were significantly increased 
in the cellular cementum on days 4 (5.31±0.35), 7 (5.10±0.13), 
and 14 (4.20±0.31) in the low force group, while in the high 
force group, the expression levels were reduced over time. 
In addition, the expression levels in the alveolar bone were 
significantly decreased from days 7 to 14 compared with 
those of day 0 in both low and high force groups. Significant 
differences between the cellular cementum and the alveolar 
bone were only noted in the low force group on days  4, 
7 and 14 (P<0.01). The cellular cementum expressed approxi‑
mately 8.67‑(day 4), 16.29‑(day 7), and 10.22‑(day 14) fold 
higher levels of OPG than those noted in the alveolar bone. 
Immunohistochemistry identified intense OPG immunolocal‑
ization in the cellular cementum and cementocyte‑like cells 
on day 14 in the low force group, while the alveolar bone OPG 

Figure 1. Right maxillary first molar intrusion model. The molar intrusion 
model is shown (A) occlusally and (B)  transversally. A sterilized stain‑
less‑steel screw was implanted in the left palatal bone as a skeletal anchorage 
for intrusion. A sterilized stainless‑steel wire which was bent into a special 
designed ‘L’ loop was fixed between the screw and the right maxillary first 
molar, followed by resin adhesion. The length of the buckling part was 
adjustable. When the wire was inserted, a dynamometer was used to measure 
the force applied to the tooth. (C) The intrusion force was adjusted to 10 g 
(LF) and 50 g (HF). LF, low force; HF, high force; OTM, orthodontic tooth 
movement.
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labeling was similar. In the high force group, OPG labeling in 
both cellular cementum and alveolar bone was not found.

RANKL expression was elevated in the alveolar bone in the 
low force group from 6 h to 4 days and decreased thereafter. 
Upregulation of RANKL expression was noted in the cellular 
cementum on day 4 (1.40±0.66). Its expression levels were 
significantly lower than those of the alveolar bone (3.53±0.14) 
at the same time‑point (P<0.05). In the low force group, the 
expression levels of the alveolar bone were significantly 
higher than those of the cellular cementum at every time‑point 
observed. In the high force group, RANKL expression in both 
cementum and alveolar side was not significantly elevated 
with time from 0 to 24 h. Furthermore, the expression in 
the alveolar bone side was significantly higher than in the 

cementum side at these time‑points (0 to 24 h). However, on 
day 4, RANKL expression in the cellular cementum surpassed 
that of the alveolar bone (1.91±0.21 compared with 1.45±0.29; 
P<0.05). Intense RANKL immunolocalization was found in 
both cementum and alveolar bone after 14 days of compres‑
sion, either in the low force group and high force group. In the 
high force group, the periodontal ligament RANKL labeling 
was also detected.

In the low force group, the RANKL/OPG ratio in the 
cementum decreased over time and it was significantly lower 
than that of the bone from the time period between 24 h and 
14 days. Moreover, the ratio of the alveolar bone was increased 
over time and peaked on day 7. In contrast to these findings, 
in the high force group, both the cellular cementum and the 

Figure 2. µ‑CT images and bone histometric analysis. (A) The µ‑CT scan and the reconstruction of the experimental maxillary in Ctrl, LF, and HF groups on 
day 14. A ROI was indicated by a square area located in the intra‑root alveolar bone of right maxillary first molar. Histometric analysis was conducted with 
the ROI in each group. The white arrow indicated a small crater on the alveolar bone induced by loading. (B) Linear measurements of the experimental tooth 
movement. Data were presented by the distance of the tip from the occlusal plane (µm) over time. (C) BV/TV measured within the ROI in the Ctrl, LF and 
HF groups on day 14. (D) Bone mineral density analysis on day 14. (E) Tb.Sp on day 14. (F) Tb.N analysis on day 14. (G) Tb.Th on day 14. *P<0.05. µ‑CT, 
micro‑computed tomography; ROI, region of interest; BV/TV, bone volume to tissue volume; Ctrl, control; LF, low force; HF, high force; Tb.Sp, trabecular 
separation; Tb.N, trabecular number; Tb.Th, trabecular thickness.

https://www.spandidos-publications.com/10.3892/mmr.2022.12744
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alveolar bone demonstrated increased ratios over time. The 
increase in the RANKL/OPG ratio was higher in the cellular 
cementum than that of the alveolar bone from day 4.

Immunofluorescence staining of the cementocytes and 
osteocytes under compression conditions. Immunostaining 
of SOST protein was performed to assess its dynamic expres‑
sion in the cellular cementum and the alveolar bone. SOST 
expression (labeled red) increased in osteocytes incubated 
under both low and high force conditions at days 4, 7 and 14 
(Fig. 5A and D). In contrast to these findings, the cemento‑
cyte‑like cells of the low force group exhibited a slightly 
increased SOST protein expression at day 4, and significant 
lower expression at days 7 and 14 compared to day 0, while 
those of the high force group exhibited an increased trend in 
SOST protein expression (Fig. 5B and C). The alveolar bone 
also exhibited an up‑and down expression pattern, but the 

expression levels on days 7 and 14 were significantly higher 
than that on day 0. In the high force group, differences in 
sclerostin labelling between cementum and alveolar bone were 
not found to be associated with the force magnitude at any 
time‑point. But in the low force group, higher SOST expres‑
sion was detected on the compressive bone side compared to 
the tooth side at days 4, 7 and 14.

Discussion

The present study established a molar intrusion rat model and 
demonstrated that the cementocytes were sensitive to in vivo orth‑
odontic force by inducing SOST, OPG, and RANKL expression. 
The results indicated that cementocytes contributed to the root 
protection during tooth intrusion under light force conditions, 
while under heavy orthodontic force conditions, the expression 
profiles of these markers in the cementocytes were altered.

Figure 3. TRAP staining and osteoclast quantification. (A) Illustration of the apical area of the intruded molar. The ROI was 600 µm in width and 400 µm in 
length. The contour of CC (blue) and corresponding AB (red) are depicted. (B) The TRAP staining of CC and AB in the Ctrl, LF and HF groups on day 14. 
The TRAP‑positive osteoclasts (black arrows) were stained in red. (C) The quantification of the TRAP‑positive osteoclasts on surfaces of AB at different 
time‑points. The TRAP‑positive osteoclasts were quantified and normalized by the length of the alveolar contour. (D) The quantification of the TRAP‑positive 
osteoclasts on surfaces of CC. The number was normalized by the length of cementum contour. (E) Representative TRAP staining image of cementum resorp‑
tion under high compression force. Resorption area was illustrated as a yellow translucent area. (F) Evaluation of root resorption. Root resorption scores=(the 
number of grids with resorption lacunae/the total number of grids along the root surface) x100. Scale bar, 50 µm. *P<0.05 compared between LF and HF at 
the same time‑point; #P<0.05 compared with the control group. TRAP, tartrate‑resistant acid phosphatase; ROI, region of interest; CC, cellular cementum; 
AB, alveolar bone; Ctrl, control; LF, low force; HF, high force; RA, resorption area; Oc, osteoclasts; PDL, periodontal ligament; ns, not significant.
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A limited number of studies have been performed to assess 
the biological behavior of the cementocytes following mechan‑
ical loading. Rodents are considered optimal experimental 
models since they possess similar anatomical features to that 
of humans (19). The direction of the orthodontic forces leads to 
alternative results. Odagaki et al (20) demonstrated a different 
pattern of SOST modulation on the tension and compression 
sides of the tooth movement. The mesial traction model of the 
rat molar is widely used. This model allows easy access to the 
simultaneous tension and compression force. However, since 
the molar is a multi‑root irregular structure, the traction often 
leads to teeth tilting and uneven distribution of stress, notably 
on the root tip covered by the cellular cementum. Since the 
compression area is often associated with bone remodeling 
and root resorption, the current model was established in an 
attempt to apply compression forces with single direction and 
investigate the intrusion‑induced tooth movement and the 

associated root resorption. The force direction was designed 
as parallel to the long axis of the tooth by the wire shape and 
position adjustment. µ‑CT indicated tooth intrusion along the 
long axis of the tooth.

Force‑induced tooth movement is initiated by instan‑
taneous tooth movement within the socket  (21), which is 
followed by strain induction in the matrix of the periodontal 
ligament (22) and a fluid flow shear stress in the cementum 
and bone tissue (23). The tissue strains and fluid flow stress 
are directly and indirectly transferred to the cells, activating 
a variety of signaling pathways, such as the integrin and the 
Wnt/b‑catenin pathways, leading to mediator release and the 
activation of specific cells  (24,25). Several markers which 
cementocytes express may play an important role in the 
process, including E11, which functions in dendrite develop‑
ment, DMP1, which is a secreted ECM phosphoprotein that 
may regulate mineralization, and sclerostin, which is a negative 

Figure 4. Reverse transcription‑quantitative PCR analysis. (A) Relative SOST mRNA expression to GAPDH in the CC low and high force groups. AB was 
used for comparison. (B) Relative RANKL mRNA expression. (C) Relative OPG mRNA expression. (D) Relative ratio of RANKL and OPG mRNA expression. 
*P<0.05 compared between CC and AB at the same time‑point; #P<0.05 compared with 0 h. (E) Immunohistochemical staining (magnification, x200) of OPG 
and RANKL. Scale bar, 50 µm. (F) Illustration of the changes of the expression profile of cementocytes and osteocytes under orthodontic compression force. 
SOST, sclerostin; CC, cellular cementum; AB, alveolar bone; RANKL, receptor activator of nuclear factor‑κB ligand; OPG, osteoprotegerin; LF, low force; 
HF, high force; ns, not significant.
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Wnt signaling regulator (26). A recent study has also demon‑
strated the roles and mechanisms of the YAP/TAZ pathway in 
the orthodontic force transduction. YAP and TAZ are capable 
of reading mechanical cues, such as shear stress, cell shape, 
and extracellular matrix rigidity, and stimulate downstream 
cellular activity (27).

The macrophage colony‑stimulating factor family 
stimulates the osteoclast differentiation and RANKL binds 
to RANK on the osteoclast precursors initiating differen‑
tiation (28). OPG is the competitive antagonist of RANKL. 
The binding of OPG to RANK inhibits the terminal stage of 
osteoclast differentiation (29). SOST is a critical regulator of 
bone remodeling and metabolism and is a selective marker of 
mature osteocytes (30). SOST acts as an antagonist of lipo‑
protein receptor 5. Downregulation of the expression levels 
of SOST and Dickkopf WNT signaling pathway inhibitor 1 

(DKK1) is essential for the release of the Wnt protein, which 
can activate the Wnt pathway (31). The expression profiles of 
these markers regulate the balance of osteoclast and osteoblast 
activation and differentiation. Osteocytes have been shown to 
express these cytokines and are considered key regulators of 
bone remodeling (32).

However, studies that have utilized cementocytes are 
limited. The results of the present study indicated that under 
light orthodontic forces, the cementocytes exhibited inhibitory 
effects on osteoclast differentiation (reduced recruitment of 
osteoclasts, downregulation of the expression levels of SOST, 
RANKL, and decreased RANKL/OPG ratio, upregulation of 
OPG mRNA levels and decrease in SOST protein expression). 
Reduced osteoclast activity on the surface of the cementum 
contributes to the homeostasis of the tooth root in the tooth 
movement. Moreover, the alveolar bone exhibited an increase 

Figure 5. Immunostaining images of sclerostin. (A) representative images  (magnification, x100) of the ROI, the mesial root of the left first molar on days 0, 4 
and 7. Scale bar, 50 µm. (B and C) IOD value per area in the ROI region. The mean density of sclerostin labelling in the (B) light force group and (C) high force 
group were presented at each time‑point. *P<0.05 compared between CC and AB at the same time‑point; #P<0.05 compared with 0 days. (D) Immunostaining 
images (magnification, x400) of sclerostin on day 14. Sclerostin expression in the osteocytes in each group. The nuclei of osteocytes were labeled by DAPI (blue). 
Sclerostin was labeled red and indicated by white arrows. (E) Sclerostin (red) and DAPI (blue) immunostaining of the cementocytes (scale bar, 20 µm). The image 
on the right is the negative control. ROI, region of interest; IOD, integrated optical density; CC, cellular cementum; AB, alveolar bone; ns, not significant.
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in osteoclastogenesis (higher level of osteoclast recruitment, 
increased SOST and RANKL expression levels, increased 
RANKL/OPG ratio and upregulation of OPG mRNA levels, 
all of which accelerated bone remodeling as demonstrated by 
µ‑CT analysis). These findings may explain the continuous 
tooth movement by a relatively steady rate from day 0 to day 7.

Under light force conditions, osteoclast infiltration was 
detected at 6 h on the bone side and was significantly increased 
over time. Upregulation of RANKL expression in the alveolar 
bone was also detected after 6 h. It has been reported that in 
the early stage of osteoclast activation, recruitment of adaptor 
molecules, such as tumor necrosis factor receptor‑associated 
factor 6, can mediate RANKL signaling and induce activation 
of mitogen‑activated protein kinases, nuclear factor‑κB and 
activator protein‑1 (33). Induction of RANKL expression in the 
cementocytes was noted by light forces only on day 4. The 
temporal increase of the expression of this marker may be due 
to the stress change following tooth movement, the occlusal 
force interference, and a possible periodontal contamination. 
The relative ratio of RANKL/OPG is essential to maintain 
osteoclast differentiation, thereby playing a vital role in the 
regulation of bone remodeling (34). The results of the present 
study indicated that under light force conditions, the cellular 
cementum maintained steady levels of the RANKL/OPG ratio 
in the early stages, whereas a decrease was noted from days 7 
to 14, which paralleled SOST expression, indicating an osteo‑
clast inhibitory effect and a potential osteogenesis role in the 
early and late stages of mechanical loading, respectively.

Other studies have also reported the expression of these 
genes in the cementocytes. Jäger  et  al  (35) demonstrated 
localized SOST expression in the cementocytes of mouse 
and human tissues. In addition, SOST‑deficient mice indi‑
cated deposition of a thicker layer of the cellular cementum 
together with thicker alveolar bone (36), and increased mineral 
density (37). Cementocytes have also been reported to express 
RANKL in response to endodontic infection in mice (38).

Following the application of heavy forces on teeth, the 
expression profiles of both cementocytes and osteocytes were 
altered. Heavy forces induced higher SOST and RANKL 
expression levels, reduced OPG expression levels and higher 
RANKL/OPG ratio compared with the corresponding levels 
of these markers noted in osteocytes. The robust effect was 
initially detected on day 4 (SOST and RANKL). The expression 
levels noted in cementocytes were higher than those noted in the 
osteocytes, leading to a higher capacity of osteoclast induction 
by the cementocytes. This is a possible reason of root resorption. 
Furthermore, µ‑CT demonstrated a sudden increase in tooth 
movement, indicating that the latter was a possible result of root 
resorption rather than bone remodeling. The extent of osteoclast 
quantification further indicated that the force magnitude did not 
increase the number of osteoclasts in the alveolar bone, while 
the increase of the force magnitude caused a significant increase 
in the osteoclast number on the cementum surfaces.

The magnitude of the applied force is usually considered 
directly proportional to osteoclastogenesis. Overloading leads 
to severe bone resorption, the development of pathological 
lesions in periodontal tissues, and external root resorption. 
Previous studies have reported that significant root resorp‑
tion occurs with a loading ≥50 g compared with unloading or 
loading with 10 g (3). In addition, a 40‑g force induces a higher 

level of cementocyte death (39). The results of the present study 
demonstrated that high force induced more bone remodeling, 
periodic tooth movement and more osteoclast distribution on 
the cementum side compared with the low force. Additional root 
resorption under high force due to the cementocyte behavior may 
be related to the small amount of cementocytes, the presence of 
micro‑cracks in the matrix, the hypoxic environment, as well as 
the inflammatory conditions noted in the periodontal cells (40). 
Further investigations are required to verify these findings.

Periodontal cells have been demonstrated to play key roles 
in stimulating mechanotransduction (41,42). The contamina‑
tion of periodontal cells may impact this process. In the present 
study, various efforts were made to avoid periodontal contami‑
nation. The tissues were dissected thoroughly in three cycles 
of serial digestion. The presented results paralleled with the 
in vitro study on cementocytes indicating that the mechanical 
loading altered the expression pattern of the cementocytes (6). 
However, the ability of the loading to affect the cells in a 
periodontal‑dependent way requires further assessment. The 
crosstalk of periodontal cells and cementocytes should be 
investigated further.

Other limitations of the present study include lack of 
discussion regarding tension. As aforementioned, the cells 
may act differently following different force direction. Further 
investigations of the cellular response to different force types 
need to be performed.

In conclusion, the present study established an experimental 
tooth movement model by compressive loading and presented 
evidence that the cementocytes participate in the mechanotrans‑
duction pathway leading to tooth movement via modulation of 
the expression levels of SOST, RANKL, and OPG. High forces 
are not essential to accelerate tooth movement and induce more 
osteoclast differentiation on the surfaces of the cementum. The 
cementocytes act differently from the osteocytes by alternative 
expression patterns of cytokines, leading to different distribu‑
tion of the activated osteoclasts when subjected to low force; 
therefore they play a protective role in tooth root homeostasis. 
Excessive forces may alter this role and induce higher levels 
of osteoclast differentiation. Further investigations, such as the 
use of gene profiling can potentially provide relevant targets 
focusing on the biochemical and biomechanical roles of the 
cementocytes. These targets can be exploited therapeutically 
for tooth root protection and regeneration therapy. These find‑
ings add to our understanding of the biological mechanisms of 
the force‑induced tooth movement.
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