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Abstract. Orthodontic tooth movement (OTM) has been 
widely observed worldwide. The OTM process is involved 
in several biological activities and can result in temporary 
hypoxia. The dynamic changes of autophagy and apoptosis 
during OTM have not, to the best of our knowledge, been previ‑
ously reported. In the present study, an OTM animal model 
was established. Periodontal ligament cells (PDLCs) and 
osteoclasts were investigated using H&E and tartrate‑resistant 
acid phosphatase staining. The changes in the expression levels 
of certain autophagy and apoptotic markers were investigated 
using immunohistochemical staining. A significant decrease 
in PDLC and an increase in osteoclast numbers were observed 
1 day following OTM induction. The expression levels of 
Beclin‑1 and LC3‑II peaked at 1  h post‑OTM, followed 
by a gradual decrease. The expression levels of P62 in each 
experimental group were significantly lower than those noted 
in the 0 h group. The expression levels of Bcl‑2 were mark‑
edly increased 1 h following OTM and reached a maximum 
at 1 day post‑OTM. The highest expression levels of Bax and 
caspase‑3 were observed 7 days following OTM induction. 
The present study provided additional information regarding 
the involvement of autophagy and apoptotic markers in the 
OTM process and aided the understanding of the initiation and 
pathophysiological progression of this condition.

Introduction

Application of a controlled mechanical force can cause 
orthodontic tooth movement (OTM), which influences 
several biological processes. The biological changes to the 
periodontal ligament (PDL) during OTM can be divided into 

the three following stages: Tissue degeneration, removal of 
necrotic tissue and new periodontal attachment (1,2). OTM 
has been shown to be associated with the inflammatory 
response and cytokine production (3). The release of TGF‑β 
and IL‑1β during the inflammatory response can facilitate 
osteoclast differentiation, bone remodeling and tooth 
movement (4,5).

PDL can protect the alveolar bone against tooth root and 
is mainly composed of dense connective tissue (6). During 
orthodontic treatment, PDL is the initial biological medium 
that bears the mechanical force  (7). Subsequently, the 
microenvironment of PDL cells (PDLCs) changes and the 
signal transduction system initiates the transformation of 
the mechanical stimulation signals into biochemical signals, 
participating in the reconstruction of periodontal tissues, 
such as PDL, alveolar bone and cementum (8,9). During that 
process, cell death, bone formation, tissue absorption and 
regeneration promote OTM development (10). In addition, the 
PDL provides nutrition and maintains a balanced metabolism 
for periodontal cells and tissues, which in turn regulates peri‑
odontal remodeling (11). 

Apoptosis and autophagy are the two main types of cell 
self‑destruction (12). Apoptosis is a type I programmed cell 
death and is characterized by cell shrinkage, chromatin 
condensation, DNA degradation and fragmentation, cell divi‑
sion into apoptotic bodies and, ultimately, phagocytosis and 
degradation by phagocytes  (13,14). Autophagy is a type II 
programmed death and is a highly conserved intracellular 
evolutionary process  (15). The autophagosome, which is 
comprised of a double‑membraned structure, encapsulates 
longevity proteins and damaged organelles, and fuses with 
lysosomes (16). These findings indicate that apoptosis and 
autophagy may be closely associated with the process of 
OTM. However, the dynamic changes of autophagy and 
apoptosis with regards to the reconstruction of the PDL during 
OTM, to the best of our knowledge, have not been previously 
investigated.

The present study aims to investigate the dynamic changes 
in apoptosis and autophagy and the involvement of PDL and 
osteoclasts following OTM. The present study also aims to 
elucidate the mechanism of autophagy and apoptosis after 
OTM. Findings from the present study may provide potential 
targets for improving discomfort and reducing complications 
after orthodontic treatment.
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Materials and methods

Equipment and reagents. A NiTi spiral tension spring 
(0.12 mm) was purchased from Emondi Materials Technology 
Co., Ltd. The orthodontic ligation wire (0.2  mm) and 
dynamometer were purchased from Hangzhou Bioer 
Co., Ltd. The antibodies used in the present study were 
purchased from Abcam and were as follows: Beclin‑1 
(cat. no. ab232461; 1:1,500), LC3‑II (cat. no. ab51520; 1:1,500), 
P62 (cat.  no.  ab56416; 1:1,000), Bcl‑2 (cat.  no.  ab185002; 
1:1,000), Bax (cat.  no.  ab32503; 1:1,500) and caspase‑3 
(cat. no. ab197202; 1:800). Tartrate‑resistant acid phosphatase 
(TRAP) staining regents were obtained from Beijing Solarbio 
Technology Co., Ltd.

OTM animal model. In total, 40 male Sprague Dawley rats 
(6‑8‑week‑old; weight, 247±33 g) were purchased from the 
experimental animal center of Southwest Medical University 
and the animal study was approved by the Ethics Committee 
of Southwest Medical University (license no: SCXK‑2019‑17; 
Luzhou, China). The rats were housed under a 12‑h light/dark 
cycle with free access to food and water at the temperature 
of 23 ‑25˚C and 40‑50% humidity. The rats were randomly 
divided into 4 groups, with 10 rats in each group. Rats from the 
different groups were treated with orthodontic pressure for 0 or 
1 h, as well as 1 or 7 days. The animals were initially anesthe‑
tized by intraperitoneal injection with xylazine (10 mg/kg) and 
ketamine (100 mg/kg) as described previously (17). To check 
the successful induction of anesthesia, the palpebral reflex was 
tested by touching the medial canthus or the inner corner of 
the animals' eyes. No palpebral reflex indicated the successful 
induction of anesthesia. A nitinol tension spring was placed 
between the rat incisor and the right upper first molar. The 
two incisors were used as anchorage and a force of 0.392 N 
was applied to move the maxillary first molar (Fig. 1A). The 
force application device for each rat was monitored daily. 
The animals from the various groups were euthanized at the 
end of the testing time points (0, 1 h, 1 and 7 days). Inhalation 
of carbon dioxide (used at a 30% flow displacement rate) was 
used for animal euthanasia, which was performed in October 
2019. Absence of respiration, heartbeat and the corneal/palpe‑
bral reflex indicated the death of animal. The right first molar 
and its surrounding tissues were dissected and subsequently 
used for other experiments. The relevant experiments involving 
the right first molar were subsequently performed (Fig. 1B).

Immunohistochemical (IHC) staining. The prepared tissues 
were fixed in 4% paraformaldehyde solution for 48 h at room 
temperature. The tissues were buffered in PBS solution for 
24 h at room temperature and transferred into 14% EDTA 
decalcification solution (pH: 7.3‑7.5) for decalcification at 
room temperature. The decalcification solution was replaced 
daily. Following 6 weeks of decalcification, the tissues were 
embedded using paraffin wax and cut into 4‑µm thick slices. 

An initial deparaffinization step was conducted as follows: 
Slides were incubated in xylene twice (5  min each time), 
followed by washes in a descending ethanol gradient. The 
slides were then washed using deionized water twice (5 min 
each time). In total, 3% hydrogen peroxide (25 min) was used 
to remove endogenous peroxidase activity at room temperature. 

Following washing with PBS (three times, 5 min/time), goat 
serum (cat. no. ab7481; Abcam) was applied for blocking (20 min) 
at room temperature. The aforementioned primary antibodies 
were incubated with the tissues overnight at 4˚C. Following 
washing with PBS (three times), the tissues were incubated with 
the horseradish peroxidase‑conjugated secondary antibodies 
(cat. no. ab97051, 1:2,000; cat. no. ab205719, 1:2,000; Abcam) 
for 4 h at room temperature. Finally, DAB reagents were used, 
and slides were counterstained with hematoxylin for 20 sec 
at room temperature. The relative protein expression was 
analyzed using Image Pro‑Plus 6.0 (Media Cybernetics, Inc.) 
with a light microscope (magnifications, x200 and 400; BX51; 
Olympus Corporation). Briefly, the background of images was 
adjusted firstly. Five fields per slide were taken for further 
analysis. Regions of interest were selected and the intensity of 
DAB staining was calculated. 

H&E staining. The tissues were prepared as aforementioned. 
Following deparaffinization, the tissues were stained with 
hematoxylin for 6 min at room temperature. After washing 
with running tap water for 5 min, 1% acid alcohol (30 sec) 
was used for differentiation. After washing with running tap 
water again for 1 min, 0.2% ammonia water (30 sec) was used 
for bluing. After washing with running tap water for 5 min, 
slides were rinsed in 95% alcohol for five times. Finally, the 
tissues were stained with eosin for 20 sec at room temperature, 
mounted and observed using light microscopy (magnifications, 
x200 and 400; BX51; Olympus Corporation). PDLCs were 
counted manually from five different fields of view per slide.

TRAP staining. The TRAP solution was made according to 
the instructions provided by the manufacturer. Following 
deparaffinization as aforementioned, the tissues were cultured 
with TRAP solution for 1 h at 37˚C and washed with deionized 
water three times (5 min/each time). Finally, the tissues were 
counterstained with hematoxylin for 3 min at room tempera‑
ture, dehydrated and mounted. Tissues were observed using 
microscopy (magnifications, x200 and 400; BX51, Olympus 
Corporation). Osteoclasts were counted manually from five 
different fields of view per slide.

Measurement of tooth movement. The mCT system 
(Rigaku‑mCT) was used to measure the tooth movement as 
previously described  (18). After euthanizing at the end of 
testing time points (0, 1 h, 1, and 7 days) before dissection, 
the mCT system was used to detect the distance between the 
mesial aspect of the second molar and the enamel on the most 
distal aspect of the first molar. 

Western blot analysis. The tissue samples surrounding 
first molar were homogenized and then lysed using Protein 
Lysis Buffer (Promega Corporation). Protein concentra‑
tion was measured using bicinchoninic acid protein assay 
method (Nanjing Jiancheng Bioengineering Institute). The 
same amount of protein (30 µg) was separated using 10% 
SDS‑PAGE. The proteins were transferred to a nitrocellulose 
membrane (EMD Millipore). Following blocking with 5% 
non‑fat milk prepared with TBS‑Tween 20 (0.1%) at room 
temperature for 2 h, the membranes were incubated with the 
primary antibodies aforementioned overnight at 4˚C. After 
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washing, the membranes were incubated with the horseradish 
peroxidase‑conjugated secondary antibodies (Goat anti‑rabbit 
IgG; cat.  no.  ab97051; 1:2,000; Goat anti‑mouse IgG, 
cat. no. ab205719, 1:2,000; Abcam) aforementioned for 2 h 
at room temperature. SuperSignal™ West Femto Maximum 
Sensitivity Substrate (Thermo Fisher Scientific, Inc.) was 
used as visualization reagent. ImageJ software 1.53 version 
(National Institutes of Health) was used to analyze the protein 
band intensity.

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was isolated using the TRIzol® reagent (Invitrogen; 
Thermo Fisher Scientific, Inc.) and the extracted RNA 
was reverse‑transcribed into cDNA using SuperScript™ 
II Reverse Transcriptase kit (Invitrogen; Thermo Fisher 
Scientific, Inc.). The full temperature protocol for the 
reverse transcription was listed as follows: Primer annealing 
(65˚C, 5 min), DNA polymerization (45˚C, 50 min), enzyme 
deactivation (85˚C, 5 min). RT‑qPCR was conducted using 
SYBR Premix Ex Taq™ II kit (Takara Bio, Inc.). The primer 
sequences used are as follows: GAPDH forward, 5'‑ATG​
GGG​AAG​GTG​AAG​GTC​G‑3' and reverse, 5'‑TCG​GGG​
TCA​TTG​ATG​GCA​ACA​ATA​‑3'; Bax forward, 5'‑AGA​
CAG​GGG​CCT​TTT​TGC​TAC​‑3' and reverse, 5'‑AAT​TCG​
CCG​GAG​ACA​CTC​G‑3'; Bcl‑2 forward, 5'‑GTG​AAC​TGG​
GGG​AGG​ATT​GT‑3' and reverse, 5'‑GGA​GAA​ATC​AAA​
CAG​AGG​CCG​‑3'; caspase‑3 forward, 5'‑CTC​GCT​CTG​
GTA​CGG​ATG​TG‑3' and reverse, 5'‑TCC​CAT​AAA​TGA​
CCC​CTT​CAT​CA‑3'; Beclin‑1 forward, 5'‑ATG​GAG​GGG​
TCT​AAG​GCG​TC‑3' and reverse, 5'‑TGG​GCT​GTG​GTA​
AGT​AAT​GGA​‑3'; LC3‑II forward, 5'‑GAC​CGC​TGT​AAG​
GAG​GTG​C‑3' and reverse, 5'‑AGA​AGC​CGA​AGG​TTT​
CTT​GGG​‑3'; and P62 forward, 5'‑GAG​GCA​CCC​CGA​

AAC​ATG​G‑3' and reverse, 5'‑ACT​TAT​AGC​GAG​TTC​CCA​
CCA​‑3'. GAPDH gene was used as internal control gene. 
The thermocycling conditions were set as follows: Initial 
denaturation (98˚C, 2 min); 35 cycles for denaturation (94˚C, 
30 sec), annealing (55˚C, 40 sec) and extension (72˚C, 60 sec); 
Final extension (72˚C, 5 min). The data were analyzed using 
the 2‑∆∆Cq method (19).

Statistical analysis. The data were analyzed using SPSS 25.0 
(IBM Corp.). One‑way ANOVAs followed by post‑hoc Tukey's 
test were used to analyze the significant differences between 
the various groups. P<0.05 was considered to indicate a statis‑
tically significant difference.

Results

Establishment of the OTM animal model. To investigate the 
dynamic changes of autophagy and apoptosis during PDL 
reconstruction following OTM induction in rats, initially an 
OTM model was established (Fig. 1A). The levels of specific 
key autophagy and apoptotic proteins were measured at 
different time points post OTM (Fig.  1B). Moreover, the 
tooth movement was measured post‑OTM induction and 
the data indicated that after 1 or 7 days of OTM, there was 
significant tooth movement compared with that in group 0 h 
(Fig. 1C and D).

Assessment of PDLC and osteoclast morphology using H&E 
and TRAP staining. The PDLCs were observed using H&E 
staining. PDLCs and PDL fibers in the control group were 
arranged in a regular fashion. With the extended treatment 
times, the PDL gap in the area where the pressure was exerted 
in the experimental groups was gradually narrowed and the 

Figure 1. Establishment of the OTM animal model. (A) Representative image of the OTM animal model. (B) After 0, 1 h, 1 and 7 days post OTM, the number 
of PDLCs and osteoclasts and the levels of autophagy and apoptosis related proteins were measured. (C) Schematic illustration showing the measurement of 
tooth movement. Force was exerted in the direction of the red arrow to induce the movement of first molar. (D) Extent of tooth movement following OTM. 
*P<0.05 vs. the 0 h group. OTM, orthodontic tooth movement; PDLCs, periodontal ligament cells. 
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local PDL fibers exhibited a wrinkled‑like deformation. The 
PDLC arrangement was no longer regular, the blood vessels 
were compressed and the diameter of the tube was reduced 
(Fig.  2A). The number of PDLCs was slightly increased 
following 1 h of orthodontic force and significantly decreased 
following 1 and 7 days of treatment (Fig. 2B).

The morphology and quantity of osteoclasts were inves‑
tigated using TRAP staining. The alveolar bone, in which 
osteoclasts were predominantly located, demonstrated apparent 
resorption lacuna (Fig. 2C). The number of osteoclasts in the 
pressure area was increased significantly following 1 h of 
orthodontic force application and reached its maximum value 
on day 7 (Fig. 2D). 

Determination of expression levels of autophagy‑related 
protein. Beclin‑1, LC3‑II and P62 were mainly expressed in 
the cytoplasm of PDLCs (Fig. 3A‑C). The expression levels of 
Beclin‑1 and LC3‑II in the experimental groups reached their 
peak value following 1 h of treatment compared with that noted 
in the 0 h group (Fig. 3D). Subsequently, the expression levels 
of Beclin‑1 and LC3‑II decreased to the lowest levels on the 7th 
day (Fig. 3D). The changes in the expression levels of p62 in 
PDLCs were opposite to those noted for Beclin‑1 and LC3‑II. 
The expression levels of p62 in each experimental group were 
significantly lower than those noted in the 0 h group (Fig. 3D). 
At 1 h post‑OTM treatment, the expression levels of P62 were 
at their lowest. Similar findings were observed by measuring 
the mRNA and protein expression levels of Beclin‑1, LC3‑II 
and p62. The expression levels of Beclin‑1 and LC3‑II were 
significantly increased following 1 h and 1 day of treatment 
(Fig.  3E and  F). After 7  days, the levels of Beclin‑1 and 
LC3‑II reduced to baseline levels, possibly due to adaptation 
to continuous stress. However, the expression levels of p62 
were inhibited following 1 h of treatment and were gradually 
increased following 1 day of treatment (Fig. 3E and F). After 
7 days, the level of p62 returned to baseline levels, possibly due 
to adaptation to continuous stress.

Determination of the expression levels of apoptotic proteins. 
The expression levels of Bcl‑2 significantly increased after 
induction of OTM (1  h) and reached a peak at the 1  day 
time‑point of OTM treatment (Fig. 4A and D). Subsequently, 
the expression levels of Bcl‑2 were decreased following 7 days 
of OTM induction. However, a significant increase in the 
expression levels of Bax was observed only on the 7th day 
post‑OTM (Fig. 4B and D). In addition, the expression levels 
of caspase‑3 fluctuated during the time course. The expression 
of caspase‑3 was significantly increased at the 1‑h and 7‑day 
timepoints following OTM induction (Fig. 4C and D). A slight 
increase was noted following 1 day of OTM induction (Fig. 4C 
and D). The protein and mRNA expression levels of Bcl‑2, 
Bax and caspase‑3 were also investigated using western blot‑
ting and RT‑qPCR assays, respectively (Fig. 4E and F). Bcl‑2 
mRNA and protein levels, although raised, showed a reduction 
at 7 days, which was no longer significant for the protein levels 
compared with those at 0 h. Caspase‑3 expression also stopped 
showing a significant raise at the 1 day compared with that 
at 0 h, reducing from the 1 h time‑point. However, this level 
was increased again at day 7. The mRNA levels of Bax were 
significantly decreased and increased following 1 h and 7 days 
of OTM induction, respectively (Fig. 4E and F). Meanwhile, 
the protein level of Bax was significantly increased after 
7 days.

Discussion

Orthodontic mechanical force can be roughly divided into 
traction force and compression force, and it can affect the 
biological behavior of PDLCs (20,21). Moreover, it has been 
reported that PDL hyalinization, bone density and bone turn‑
over can affect the rate of OTM (22). Continuous orthodontic 
pressure can reduce the diameter of the blood vessels, lead to 
nutritional disorders, reduce metabolism of PDLCs and result 
in PDLC starvation (23‑25). This nutrient starved environment 
can further induce autophagy (26).

Figure 2. Morphological assessment of PDLCs and osteoclasts using H&E and TRAP staining. (A) PDLCs were observed following H&E staining. 
(B) Quantitative analysis of PDLCs. (C) Osteoclasts were observed following TRAP staining. (D) Quantitative analysis of osteoclasts. Red arrows indicate 
osteoclasts. *P<0.05 vs. the 0 h group. PDLCs, periodontal ligament cells; TRAP, tartrate‑resistant acid phosphatase. 
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Autophagy is a physiological response of cells to stress 
and is maintained at a low baseline level under normal 
conditions. Several factors, such as mechanical stimula‑
tion and nutritional starvation can affect the induction of 
autophagy (23‑25). It has been previously demonstrated that 
hypoxia and ischemia can result in an insufficient supply of 
energy to cells (27). Subsequently, autophagy is activated 
and the cell components are decomposed to provide energy, 
which is conducive to cell metabolism and survival (25). 
The induction of autophagy is involved in the regulation of 
the differentiation of osteoblasts (28) and osteoclasts (29), 
whereby the production and aggregation of osteoclasts is 
also associated with autophagy (30). Appropriate mechan‑
ical tension can promote the osteogenic differentiation of 

PDL stem cells. In addition, autophagy can be activated by 
a compressive force on PDLCs (23). Autophagy regulates 
OTM by negatively modulating osteoclastogenesis and 
maintaining bone homeostasis  (31). Sequestosome 1, a 
marker for autophagy, serves a key role during the stress 
adaptation of cells  (32). Marked increases in sequesto‑
some 1 levels in the PDL are observed after orthodontic 
force treatment (32). In addition, osteoclastogenesis can be 
promoted through the expression of autophagy‑mediated 
RANKL after OTM  (33). The active involvement of 
autophagy during OTM has been previously shown (31), but 
the dynamic changes to autophagy‑related protein expres‑
sion after OTM, to the best of our knowledge, have not been 
previously reported. 

Figure 3. Measurement of the expression levels of autophagy proteins using IHC staining. (A) Beclin‑1, (B) LC3‑II and (C) P62 IHC staining. Red arrows 
indicate the strong positive cells measured by Beclin‑1, LC3‑II, or P62 IHC staining. (D) Quantitative analysis of Beclin‑1, LC3‑II and P62 staining. (E) The 
mRNA expression levels of Beclin‑1, LC3‑II and P62 were measured using reverse transcription‑quantitative PCR. (F) The protein expression levels of 
Beclin‑1, LC3‑II and P62 were measured using western blot analysis. *P<0.05 vs. the 0 h group. IHC, immunohistochemical.
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The induction of apoptosis is characterized by chromatin 
condensation, nuclear fragmentation and decomposition of 
membrane‑bound fragments  (34,35). Caspases cause the 
degradation of cellular proteins and activate specific endo‑
nucleases, which finally results in DNA fragmentation (36,37). 
Hypoxic conditions comprise the main mechanism by which 
OTM can induce apoptosis and autophagy (38). It has reported 
that OTM may cause hypoxia of periodontal tissues and further 
trigger the release of hypoxia‑inducible factor‑1α, promoting 
osteogenic differentiation (1). A previous study indicated that 
Oridonin relieves hypoxia‑induced apoptosis and autophagy 
by targeting the PI3K/AKT/mTOR signaling pathway and 
by promoting miR‑214 expression (39). Therefore, induction 

of OTM may also influence the induction of apoptosis and 
autophagy through the regulation of the PI3K/AKT/mTOR 
signaling pathway and miR‑214. In addition, hypoxia is 
believed to be an initiator for orthodontic tissue remodeling 
after OTM (40,41). Hypoxia may accelerate the remodeling 
of the PDL and bone via inducing an aseptic inflammatory 
response (42). Therefore, the association between the findings 
of the present study and the aforementioned targets should be 
explored further.

Beclin‑1 is a key regulator of autophagy and it is predomi‑
nantly involved in the formation of the autophagosome (43). 
Downregulated or missing expression of Beclin‑1 can result 
in abnormal autophagy function, which in turn induces 

Figure 4. Induction of the expression of apoptotic proteins was measured using IHC staining. (A) Bcl‑2, (B) Bax and (C) caspase‑3 staining. Red arrows 
indicate the strong positive cells measured by Bcl‑2, Bax, or Caspase‑3 IHC staining. (D) Quantitative analysis of Bcl‑2, Bax and caspase‑3. (E) The mRNA 
expression levels of Bcl‑2, Bax and caspase‑3 were measured using reverse transcription‑quantitative PCR. (F) The protein expression levels of Bcl‑2, Bax and 
caspase‑3 were measured using western blot analysis. *P<0.05 vs. the 0 h group. IHC, immunohistochemical.
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apoptosis (44). Bcl‑2 and Bax belong to the same family of 
proteins and the Bcl‑2/Bax ratio is a key factor that determines 
the induction of apoptosis (45). Bcl‑2 is not only an apoptosis 
suppressor gene, but also serves a regulatory role in the induc‑
tion of autophagy by binding to Beclin‑1 (46). Overexpression 
of Bcl‑2 can inhibit the expression of Beclin‑1 and suppress the 
formation of the autophagosome (47). In the present study, it 
was found that the levels of Bax and caspase‑3 were gradually 
increased, but the expression of Bcl‑2 was decreased to almost 
baseline levels 7 days after OTM. These data indicated that the 
induction of apoptosis by OTM was relatively slow compared 
to the induction of autophagy. 

In the present study, continuous mechanical pressure 
appeared to induce autophagy during OTM. The expression 
levels of Beclin‑1 and LC3‑II were significantly increased 
following 1 h of OTM induction. However, following 7 days 
of OTM induction, the expression levels of Beclin‑1 and 
LC3‑II were markedly decreased, indicating the induc‑
tion of PDLC apoptosis. Opposite expression changes of 
P62 compared to Beclin‑1 and LC3‑II were observed. The 
decrease of Beclin‑1 and LC3‑II, and the increase of P62 
1 day after OTM may be due to the adaptive change of the 
cytoskeleton of PDLCs. However, the proteins levels of 
Beclin‑1 and LC3‑II became significantly reduced compared 
with those at baseline, where p62 expression was no longer 
significantly reduced at 7 days.

Long‑term orthodontic stress stimulation and gradual 
aggravation of starvation can lead to the induction of PDLC 
autophagy and the expansion of the apoptotic response. Finally, 
hyaline degeneration of the PDL is observed during these 
processes (48,49). A previous study suggested that LC3‑II was 
markedly increased following hypoxia induction, which indi‑
cated that this process was significantly associated with the 
increased expression levels of autophagy‑related proteins (50). 
In the present study, OTM treatment induced the expression 
of LC3‑II following 1 h of OTM induction, indicating that it 
could cause the rapid stimulation of autophagy.

Caspase‑3 is the key protease involved in apoptosis and 
it inhibits autophagy and promotes apoptosis by inactivating 
Beclin‑1 (46,51). In addition, caspase‑3 is the most important 
end shear enzyme involved in the process of apoptosis. It has 
been reported that activation of caspase‑3 precedes DNA 
fragmentation in apoptotic cells (52,53). In the present study, 
the expression levels of caspase‑3 were significantly increased 
following 1 h of OTM induction and were gradually increased 
following the 1st day of the experimental model. The activa‑
tion of caspase‑3 is indicative of the irreversible stage of 
apoptosis (54). In the present study, a significant increase in 
Bcl‑2 expression levels was noted at the early stage post‑OTM, 
which was accompanied by a gradual increase of both Bax and 
caspase‑3.

In conclusion, the present study demonstrated a significant 
decrease in the number of PDLCs and a significant increase 
in the number of osteoclasts on the 1st day following OTM 
induction. Autophagy was rapidly initiated 1 h after OTM, 
whereas the induction of apoptosis was gradually increased 
after 7 days. The present study provided further evidence 
regarding the dynamic changes of autophagy and apoptosis 
during OTM in rats. In addition, there are some limitations 
to the present study. Firstly, only 4 time points were set in 

the animal experiments; therefore, some detailed changes 
to autophagy‑ and apoptosis‑related proteins may have been 
overlooked. Secondly, further signaling pathways influencing 
the autophagy and apoptosis process after OTM need to be 
explored.
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