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Background/purpose: Autophagy, a lysosome-based degradation pathway that is reportedly
activated by mechanical stress and nutrient deprivation, plays an important role in various
physiological and pathological events. The present study investigated the level of autophagy
and tumor necrosis factor-a(TNF-a) expression in the periodontal ligaments (PDLs) of
SpragueeDawley (SD) rats to analyze the involvement of autophagy and inflammatory cyto-
kines in orthodontic tooth movement (OTM) and maintaining periodontal tissue homeostasis.
Materials and methods: SD rats (nZ 100) were randomly divided into a control group (nZ 10)
and an experimental group (nZ 90). An orthodontic appliance was placed in each rat in the
experimental group, and 10 rats were randomly euthanized 15 min, 30 min, 1 h, 2 h, 4 h,
12 h, 1 d, 3 d and 7 d after mechanical loading. The OTM distance was then measured. Hema-
toxylin and eosin (HE) staining was used to analyze the morphology of the PDL. Immunohisto-
chemical (IHC) staining and tartrate-resistant acid phosphatase (TRAP) staining were also
performed.
Results: After the application of orthodontic force and under the dual effects of mechanical
force and starvation caused by compressed vessels, the level of autophagy and TNF-a expres-
sion in the PDL fluctuated and exhibited a similar trend.
Conclusion: Our data suggest a significant correlation between the initiation of autophagy and
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TNF-a expression, which both exerted positive effects on PDL remodeling during OTM in rats.
ª 2020 Association for Dental Sciences of the Republic of China. Publishing services by Elsevier
B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
Introduction

Orthodontic tooth movement (OTM) is a process related to
the continuous physiological response and adaptation of
the periodontal tissue to an externally applied force. As
the initial recipient of the orthodontic force, the peri-
odontal ligament (PDL) is an important bridge through
which the orthodontic force exerts a vital biological ef-
fect.1 Mechanical force triggers various microscopic and
macroscopic alterations in the PDL, mediating the
remodeling of periodontal tissue. When the tooth to which
an orthodontic force is applied begins to move beyond its
original physiological location, the compression side of the
PDL is appreciably deformed and compressed, while the
tension side of the PDL is stretched.2 Subsequently, the
tissue fluid filling the PDL space begins to flow, deforming
the periodontal ligament cells (PDLCs). Then, the
mechanical-chemical transduction system is activated,
resulting in the local synthesis and release of a variety of
key cytokines and inflammatory mediators, triggering a
series of tissue responses such as hyaline degeneration and
osteoclast aggregation in the compression side of the PDL,
bone resorption in the compression side of the PDL and
bone formation in the tension side of the PDL, ultimately
allowing tooth movement.3 The reception, response and
adaptation of PDLCs to mechanical stimulation during OTM
suggest their vital functions in the reconstruction of
periodontal tissue. How do PDLCs achieve an adaptive
response to mechanical stress? The mechanisms underly-
ing this response remain elusive.

PDLCs are located in a tridimensional microenviron-
ment and are often subjected to multiple different types,
values and directions of mechanical force.4 Mechanical
force experienced by the periodontal tissue structure and
cell physiology are regulated throughout the entire life
cycle of the organism. The adaptability of cells to changes
in the mechanical environment is very important for
maintaining cellular homeostasis and normal functioning.
After an orthodontic force is applied to a tooth, an initial
tipping movement occurs within the alveolar socket, and
the PDLCs are subjected to compressive or tensile me-
chanical stress.5 Concomitantly, blood vessels in the
compression side of the PDL are compressed, which might
create a “starvation” microenvironment. Thus, OTM in-
duces mechanical stress and nutrient deprivation. Auto-
phagy is a highly conserved catabolic mechanism. For
many decades, researchers have known that autophagy
occurs in a wide range of eukaryotic organisms and mul-
tiple different cell types during starvation, cellular and
tissue remodeling, and cell death.6e8 The autophagic
response, which is part of an integrated response to me-
chanical challenge, allows cells to cope with a continu-
ously changing physical environment.9 Therefore, cell and
tissue autophagy might have emerging importance in the
reconstruction of periodontal tissue and cellular homeo-
stasis during OTM. However, apoptosis is triggered in the
presence of excessive or inhibited autophagy.10e12

Cellular autophagy is described as comprising three pha-
ses. The initial stage involves the formation of autophagic
vacuoles, which are double-membrane vesicles that
package the remodeled subcellular membranes. Auto-
phagic vacuoles then sequester damaged proteins or or-
ganelles, leading to the production of autophagosomes.6

Finally, autophagosomes fuse with lysosomes to form
autophagolysosomes, in which the cytoplasmic contents
are degraded and recycled.13 Light chain 3B (LC3B),
beclin-1 and p62/sequestosome 1 (p62/SQSTM1) are three
crucial proteins that monitor the formation of autopha-
gosomes and autolysosomes.14e17 Changes in the levels of
these markers indicate alterations in autophagy (i.e.,
reduction, hyperactivation, or impairment).

In addition, autophagy is closely related to inflamma-
tion, which regulates cell death and inflammation. The in-
duction of autophagy reportedly depends on the presence
of the inflammasome sensor.18,19 OTM is a sterile inflam-
matory process, and a relationship exists between inflam-
matory factors and periodontal tissue remodeling.20 Based
on the current evidence, we speculate that orthodontic
forces and inflammatory cytokines induce autophagy in
PDLCs and that autophagy plays a key role in the adaptation
of PDLCs to mechanical stimulation and the inflammatory
environment. Additionally, inflammatory cytokines may
mediate cell autophagy induced by mechanical stimulation.
This study summarizes the physiological roles and mutual
relationship between autophagy and the inflammatory
cytokine tumor necrosis factor-a(TNF-a) in mediating PDL
reconstruction during OTM in rats to better explain the
potential importance of autophagy in the adaptation of
PDLCs to mechanical force and the inflammatory microen-
vironment during tooth movement.
Materials and methods

Laboratory animal model of OTM

Ethical approval for the present study was provided by the
Ethics Committee (no. 201703026) of The Affiliated Sto-
matology Hospital of Southwest Medical University (Luz-
hou, China) on 26 March 2017. We used a rat OTM model to
confirm the involvement of autophagy during periodontal
tissue remodeling induced by mechanical loading
(Fig. 1A). The experimental protocol for OTM was per-
formed as previously described.21 One hundred 6-8-week-
old male SpragueeDawley (SD) rats with a mean weight of
247� 33 g were used in the experiment. Animals were
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Fig. 1 Orthodontic tooth movement. A) Image of an inserted orthodontic appliance fixed between the blocked incisor and the
first maxillary molar in an SD rat. The maxillary molar is drawn to the mesial side. B) OTM distance at different time points.
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provided by the Experimental Animal Center of Southwest
Medical University Authority, and animal procedures were
conducted in accordance with the Animal Welfare Act.
One hundred animals were housed under standard hu-
midity, ventilation, temperature, and light conditions
with food and water provided ad libitum. All rats were
acclimated for one week prior to any experimental pro-
cedures. Ninety rats were included in the experimental
group, and ten rats served as an unoperated control
group. The animals in the experimental group were
anesthetized with an intraperitoneal injection of chloral
hydrate at a concentration of 0.1 g/ml and use of 4 ml per
1 kg body weight, that is 0.4 g chloral hydrate per 1 kg
body weight. The anesthetized rats were placed in the
dorsal decubitus position with their four limbs affixed to a
surgical table. An orthodontic appliance was placed be-
tween the maxillary right first molar and central incisor of
each rat in the experimental group under general anes-
thesia, and the maxillary right first molar was mesially
moved by a coiled spring (IMB, Shanghai, China), deliv-
ering a force of 40 g. We prepared a 0.5-mm groove on the
incisors in which the ligature wire was seated and secured
it with a light-cured resin (Xihubiom, Hangzhou, China) to
prevent the detachment of the appliance. Henceforth,
the animals’ food supply was ground to avoid possible
damage to the orthodontic appliance. Each rat was
checked daily to ensure that the spring remained in place,
and if the spring fell off, the rat was immediately sacri-
ficed, and the animal OTM model was reconstructed using
another rat.

Conditions of the rats

During our 1-week experiment, the orthodontic appliances
fell off in five of 90 rats, which were sacrificed and replaced
by five other rats to ensure that ten rats were available for
the final analysis. No appreciable inflammatory response
was observed at the local injection site in any of the 90
animals examined. The application of the orthodontic force
did not affect the body weight of the rats.
Animal grouping and tissue preparation

The experimental animals were randomly divided into nine
groups, to which 15min, 30min, 1 h, 2 h, 4 h, 12 h, 1 d, 3 d,
or 7 d of force was applied. Animals were euthanized by an
intraperitoneal injection of excessive chloral hydrate at
each experimental time point. And rats have no heartbeat
and both eyes are grayish white as the standards of death.
The hemimaxillae were removed and fixed with a 4%
paraformaldehyde (Biosharp, Anhui, China) solution, pH
7.4, for 48 h. Subsequently, the fixed tissues were decal-
cified by immersion in a 14% EDTA (Solarbio, Beijing, China)
solution for 6e8 weeks. After complete decalcification,
blocks of tissue containing the maxillary right first molar
and the surrounding alveolar bone were dehydrated with a
graded alcohol series and embedded in paraffin. The
specimens were oriented in the paraffin blocks such that
mesiodistal sections parallel to the long axis of the teeth
were cut. Serial sections (4-mm-thick) were cut and moun-
ted on glass slides.
Measurement of the OTM distance

We measured the bilateral distance from the most mesial
point of the maxillary second molar to the most distal point
of the first molar using electronic Vernier calipers to
determine the OTM distance. The OTM distance was the
difference between the experimental side and the control
side. Each distance was measured twice by the same
observer, and the mean value was used.



Fig. 2 HE staining of the pressure side and tension side of the periodontium at different time points. A) Representative images of
HE staining. In the control group, the PDL was neatly arranged. At 1 d after OTM, the pressure side of the PDL was compressed and
narrow, and hyalinization was observed. The tension side of the PDL was stretched and wider. AB, alveolar bone; Dt, dentin; PDL,
periodontal ligament. Scale bars Z 50 mm. B) Number of PDLCs in the compression side at different time points. The number of
PDLCs gradually increased after the application of the orthodontic force compared to the control group, while the number of PDLCs
began to decrease after the application of the orthodontic force for 1 d, with the lowest value observed after 7 d **P < 0.01, nZ 10
animals per group.

354 J. Xu et al
Hematoxylin and eosin (HE) staining

Changes in periodontal tissue sections were examined using
HE (Solarbio) staining under an optical microscope. Sections
were deparaffinized with xylene three times (10 min each)
and rehydrated through a graded alcohol series. After the
slices were washed with double-distilled water (DDW) and
dried, they were incubated with hematoxylin for 6 min, and
then a 1% HCl alcohol solution was added for 10 s before
rinsing with water. Slices were washed for 25min and then
incubated with 0.5% eosin for 6min. After washes with
phosphate-buffered saline (PBS), slices were sequentially
dehydrated with 75%, 85%, 95% and 100% ethanol. Slices
were incubated with dimethylbenzene three times for
2 min each, and the slices were mounted with neutral
resins. First, the distal tension side of the molar mesial root



Fig. 3 TRAP IHC staining of the compression side at different time points. A) Representative images of TRAP IHC staining; higher
magnification images of the squares in the images in the upper panels are shown in the lower panels. AB, alveolar bone; Dt, dentin.
Red arrows: osteoclasts. B) Number of TRAP (þ) cells. *P < 0.05, **P < 0.01, n Z 10 animals per group.
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and the mesial compression side of the distal root were
observed under a light microscope, and the number of
PDLCs in the compression side was counted using Image-Pro
Plus 6.0 software (Media Cybernetics, Bethesda, MD, USA).
Tartrate-resistant acid phosphatase (TRAP)
immunohistochemical (IHC) staining

For TRAP IHC staining, sections were immersed in xylene
twice for 10min each to eliminate paraffin, dehydrated in
absolute alcohol, and rehydrated through a graded ethanol
series to DDW. Activated osteoclasts were labeled by per-
forming TRAP staining (Tartrate-resistant Acid Phosphatase
Assay, Beyotime, Shanghai, China). The total number of
TRAP-positive osteoclasts at the PDL compression side on
the distal buccal root of the first maxillary molar was
counted under an optical microscope.
IHC staining for beclin-1, LC3B, p62/SQSTM1, CD34,
and TNF-a

IHC staining was performed to detect the levels of the
autophagy markers beclin-1, p62/SQSTM1 and LC3B, and
vascular endothelial marker CD34, and evaluate the level of
autophagy and microvessel density, respectively, in PDLs.
Serial sections (5 mm) were deparaffinized, rehydrated,



Fig. 4 IHC staining for beclin-1, LC3B and p62/SQSTM1 in the compression side at different time points. Scale barsZ 50 mm. Since
beclin-1, LC3B and p62/SQSTM1 are located in the cytoplasm, cells in which the nuclei were stained blue and cytoplasm was
stained brown were considered positive. The higher magnification image of the square in the IHC staining image for LC3B at 1 h is
shown in the upper right corner panel. Red arrows: the positive cells.
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washed with distilled water, and then soaked in PBS for
5min. These steps were followed by an incubation with a
3% hydrogen peroxide solution (SP-0023 Histostain-Plus Kit,
Bioss, Beijing, China) for 20 min. Then, the sections were
washed with PBS containing 0.1% Triton TM X-100.31 three
times for 5 min each and blocked with normal goat serum
(SP-0023 Histostain-Plus Kit, Bioss) for 20min. The sections
were incubated with the following primary antibodies in a
humidified chamber overnight at 4 �C: 1) rabbit anti-beclin-
1 polyclonal antibody (Abcam, Cambridge, UK) diluted
1:1000, 2) rabbit anti-LC3B polyclonal antibody (Abcam)
diluted 1:800, 3) rabbit anti-p62/SQSTM1 polyclonal anti-
body (Abcam) diluted 1:100, 4) rabbit anti-TNF-a polyclonal
antibody (Abcam) diluted 1:100, and 5) rabbit anti-CD34
monoclonal antibody (Abcam) diluted 1:100. After rinses
with PBS, the sections were incubated with a goat anti-
rabbit secondary antibody (SP-0023 Histostain-Plus Kit,
Bioss) for 20min at room temperature and subsequently



Fig. 5 Quantitative analysis of IHC staining for beclin-1, LC3B
and p62/SQSTM1. *P < 0.05, **P < 0.01, n Z animals 10 per
group.
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incubated with streptavidin horseradish peroxidase (SP-
0023 Histostain-Plus Kit, Bioss) for 20min at room temper-
ature. Diaminobenzidine (DAB, Bioss) was used as a chro-
mogen, and sections were counterstained with
hematoxylin. After washes with PBS, the slices were
sequentially dehydrated with 75%, 85%, 95% and 100%
ethanol. Sections were incubated with dimethylbenzene
three times for 2 min each, and the slices were mounted
with neutral resins. Since beclin-1, LC3B and p62/SQSTM1
are located in the cytoplasm, cells in which the nuclei were
stained blue and cytoplasm was stained brown were
considered positive. Sections were observed under a light
microscope at 400�magnification. The quantitative anal-
ysis was performed using Image-Pro Plus 6.0 software
(Media Cybernetics), and the integrated optical density
(IOD) was used as an indicator of positive staining.

Statistical analysis

Data are presented as the mean� standard deviation of ten
independent experiments. Statistical analyses of data were
performed using one-way analysis of variance with SPSS
software (version 21.0; IBM, New York, USA) and GraphPad
Prism software (version 6.0; GraphPad Software, Inc., La
Jolla, CA, USA). P< 0.05 was considered to indicate a sta-
tistically significant difference. In addition, in all statistical
analyses, the experimental groups were just compared with
the negative control group. There was no pairwise com-
parison among the experimental groups.

Results

Measurement of the OTM distance

The OTM distance was proportional to the time of ortho-
dontic force until 7 d, when the maximum OTM was
observed. The OTM in the group exposed to orthodontic
force for 30min differed statistically from the control
group, while tooth movement increased significantly at
1 h (P< 0.01), followed by unobvious tooth movement from
1 h to 12 h. The OTM distance increased again after the
application of force for 12 h (Fig. 1B).

Histological changes in PDLs induced by mechanical
stimuli, as examined using HE staining

Following HE staining, the histopathological examination
indicated different changes in the PDL tissue structure
following tooth movement for different periods of time
(Fig. 2A). In the negative control group, the PDL was ar-
ranged in an orderly manner and exhibited no destruction.
In the pressure area of the PDL in the experimental group,
the PDL fibers were arranged irregularly and resembled
wrinkles. Over time, the width of the PDL gradually
decreased. At 1 d, hyalinization appeared in the PDL, and
hyalinization in the PDL was widely distributed at 7 d. In the
tension zone of the PDL, the PDL fibers were stretched, and
the width of the PDL gradually increased. The number of
PDLCs in the compression side gradually increased after the
application of orthodontic force (P< 0.01) (Fig. 2B) and
then remained stable from 1 h to 12 h. The number of PDLCs
decreased quickly after 12 h (P< 0.01) and was below the
basal level at 7 d (P< 0.01).

TRAP IHC staining of the compression side

TRAP-positive cells mainly appeared around areas of hya-
linization and near the alveolar bone (Fig. 3A). The number
of TRAP-positive osteoclasts in the compression side was



Fig. 6 IHC staining for CD34 and TNF-a in the compression side at different time points. A) Representative images of IHC staining
for CD34 and TNF-a. Vascular endothelial marker CD34 mainly expressed around blood vessel, the higher magnification image of the
square in the IHC staining image for CD34 at 1 h is shown in the upper right corner panel. Red arrows: the positive cells. TNF-a
always diffusely distributed in the extracellular space, so the brown was not as obvious as intracellular proteins. The higher
magnification image of the square in the IHC staining image for TNF-a at 1 h is shown in the upper right corner panel. B) Quan-
titative analysis of IHC staining for CD34 and TNF-a. Scale bars Z 50 mm *P < 0.05, **P < 0.01, n Z animals 10 per group.

358 J. Xu et al
noticeably increased after 1 d of mechanical loading
(P< 0.01) and peaked at 7 d (P< 0.01) (Fig. 3B).

IHC staining for autophagy-associated proteins in
the compression side of the PDL

IHC staining for beclin-1 and LC3B exhibited very similar
trends. Cells expressing LC3B and beclin-1 were present in
all groups, but both LC3B and beclin-1 exhibited a very
weak expression pattern in the control group (Fig. 4 and
Fig. 5). In the experimental group, the expression of beclin-
1 and LC3B fluctuated and gradually increased over time,
reaching the highest mean values at 1 h (P< 0.01) before
gradually decreasing. In the compression side of the PDL,
beclin-1 and LC3B expression increased again to a small
peak at 1 d (P< 0.01) and then decreased. Eventually, the



Fig. 7 IHC staining for beclin-1, LC3B and p62/SQSTM1 in the tension side at different time points. Scale barsZ 50 mm.
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expression of beclin-1 and LC3B decreased to the baseline
level at 7 d (P> 0.05). In contrast, IHC staining indicated
that p62/SQSTM1 expression followed a completely
different trend (Figs. 4 and 5).

IHC staining for CD34 in the compression side of the
PDL

CD34, the most common endothelial cell marker used to
evaluate vessel density, is expressed in endothelial cells
and individual smooth muscle cells present in arterioles and
metarterioles. A significant increase in CD34 expression was
observed after mechanical loading (P< 0.01), which
suggests the compression of the blood vessels. Following
the adaptation to mechanical stress, CD34 expression
gradually decreased. A marked decrease in CD34-positive
cells was initially observed at 1 d and finally decreased
below the basal level (P< 0.01) (Fig. 6).

IHC staining for TNF-a in the compression side of
the PDL

The levels of TNF-a were maintained to a certain extent in
the control group (Fig. 6). After mechanical loading, the
levels of TNF-a in the PDL increased continuously until 1 h
after mechanical loading. The TNF-a levels then decreased



Fig. 8 Quantitative analysis of IHC staining for beclin-1, LC3B
and p62/SQSTM1 in the tension side at different time points.
*P < 0.05, **P < 0.01, n Z animals 10 per group.
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slightly but remained significantly (P< 0.01) higher than
the levels in the control group. In the compression side of
the PDL, TNF-a expression increased again and peaked at
12 h (P< 0.01) before decreasing. Eventually, TNF-a
expression decreased to its baseline level at 7 d.
IHC staining for autophagy-associated proteins in
the tension side of the PDL

In the stretched sides of the PDL, the level of autophagy
gradually increased and peaked at 1 h (P< 0.01). The
autophagy then decreased slightly but remained signifi-
cantly (P< 0.01) higher than the levels in the control group.
With rapid tooth movement observed after 12 h, in the
stretched sides of the PDL, autophagy was then increased
again at 1 d (P< 0.01), (Fig. 7 and Fig. 8), and continuously
increased over time. There was a linear phase of the
autophagy level was detected from days 1e7, reaching the
highest mean values at 7d (P< 0.01).

IHC staining for TNF-a in the tension side of the PDL

In the tension side of the PDL, the level of TNF-a increased
continuously until 1 h after mechanical loading. The TNF-a
level then decreased slightly but remained significantly
(P< 0.01) higher than the level in the control group. After
rapid tooth movement was observed after 12 h, the TNF-a
level was increased again at 1 d (P< 0.01) (Fig. 9). There
was a linear phase of the TNF-a level was detected from
days 1e7, reaching the highest mean values at 7d
(P< 0.01), which is the same as the trend of autophagy-
associated proteins. In addition, the levels of autophagy
and TNF-a expression in the compression side were signifi-
cantly higher than in the tension side at 2, 4, and 12 h
(Fig. 10).

Discussion

Autophagy, a lysosome-based degradation pathway that is
reportedly activated by mechanical stress and nutrient
deprivation, plays an important role in various physiological
and pathological events. Here, autophagy also plays a key
role in maintaining the homeostasis and remodeling of
periodontal tissue during OTM.9,22,23

Under normal conditions, autophagy occurs at a low
baseline level to maintain long-term cellular homeostasis.
Upon changes in the environment, the autophagy level
changes correspondingly.24 LC3B and beclin-1 are
autophagy-related proteins whose levels are correlated
with the formation of autophagic vacuoles.25 Notably, p62/
SQSTM1 binds to the autophagosome membrane to degrade
target aggregates in autophagosomes.26 Autophagy activa-
tion manifests as an increase in LC3B and beclin-1 levels
and the degradation of p62/SQSTM1. In this experiment,
autophagy was rapidly activated in the compression side
and the tension side of the PDL after mechanical loading,
but this increase in autophagy was transient, and the level
of autophagy was gradually restored after 1 h. We speculate
that this pattern occurs because the PDLCs adapted to the
mechanical stress. According to King J S, when mammalian
cells are subjected to mechanical stress, autophagy is
rapidly induced; while this response is transient, it persists
until the cell has remodeled its cortex to relieve the
stress.9 Jiang also reported a half-life of autophagosomes of
approximately 8 min. Without persistent stimulation, the
autophagy level will return to its normal baseline level
after 2 h.26 In our study, due to the sustained mechanical



Fig. 9 IHC staining for TNF-a in the tension side at different time points. A) Representative images of IHC staining for TNF-a. B)
Quantitative analysis of IHC staining for TNF-a. Scale bars Z 50 mm, *P < 0.05, **P < 0.01, n Z animals 10 per group.
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force, the autophagy level was greater than its baseline
level for a longer time.21 When the autophagy levels be-
tween the compression side and the tension side at
different time points were compared, the autophagy level
in the compression side was significantly greater than in the
tension side at 2, 4, and 12 h. The pressure side of the PDL
was compressed and narrow after the application of force,
which compressed the blood vessels, and CD34 expression
was subsequently increased significantly. Due to the sub-
stantial compression of the blood vessels, CD34 expression
was significantly decreased after 1 h. Therefore, in the
present study, the application of a long-term compressive
force led to a “starvation” microenvironment that helped
to maintain the autophagy level of the PDLCs.

Hyaline degeneration was observed in the pressure side
at 1 d, and the number of PDLCs decreased significantly,
suggesting that apoptosis occurred. Autophagy is closely
related to apoptosis. Under conditions of long-term or high-
intensity stimulation, apoptosis often appears in the same
cell after autophagy.10e12,27 Apoptosis, which is triggered in
the presence of excess autophagy, has recently been shown
to gradually increase over time.21,28 Therefore, we specu-
late that the dual effects of starvation and the persistent
compression stimulus caused excessive autophagy that
amplified apoptosis and mediated the hyaline degeneration
in the compression sides of the PDL. Hyalinization may have
been absent because apoptosis was not obvious, and bone
formation at least partially masked apoptosis in the tension
side of the PDL.

Based on the results from the present study, both indi-
rect starvation caused by compressed vessels and direct
force stimulation activated autophagy during OTM, but how
is this process achieved? OTM is a sterile inflammatory
process. The appropriate inflammatory response is benefi-
cial to the host defenses, but excessive inflammatory re-
sponses result in serious damage, such as tissue destruction
or organ failure.29 Autophagy has a wide range of functions
with confirmed anti-inflammatory effects.23,30e32 As shown
in the study by Du Li, the activation of inflammasomes in-
duces autophagy, which limits inflammasome activity
through physical engulfment.33 The inhibition of autophagy
potentiates inflammasome activity, whereas the stimula-
tion autophagy limited this process. Among the numerous
extracellular stimuli that induce autophagy, the role of
TNF-a is well established.34 Hence, we investigated
whether the inflammatory cytokine TNF-a is involved in the
process regulating autophagy during periodontal tissue
remodeling during OTM. TNF-a levels and autophagy
exhibited very similar trends, suggesting that TNF-a
expression is positively correlated with the initiation of
autophagy.

Beclin-1, LC3B, CD34 and TNF-a were all expressed in
osteoclasts in the compression side of the PDL. CD34 was
expressed in osteoclasts because CD34(þ) cells are pre-
cursors of osteoclasts;35 however, why did autophagy
occur, and why was TNF-a expressed in osteoclasts? Under
hypoxic-ischemic conditions, autophagy is a pivotal regu-
lator of osteoclast differentiation and provides the energy
needed for the differentiation and maturation of hypoxia-
induced osteoclasts.5 Additionally, the normal function of
osteoclasts requires the participation of TNF-a.36e38 In the
present study, TNF-a levels increased after 12 h, while the



Fig. 10 Comparison of autophagy and TNF-a levels between the compression side and the tension side at different time points.
The levels of autophagy and TNF-a expression in the compression side were significantly higher than in the tension side at 2, 4, and
12 h (compression side vs. tension side, *P < 0.05, **P < 0.01, n Z 10 animals per group).
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number of osteoclasts began to increase at 1 d, and
autophagy was obviously observed in osteoclasts at 3 d.
These observations might validate the putative participa-
tion of autophagy and TNF-a in the regulation of hypoxia-
induced osteoclastogenesis. Marino G proposed that
autophagy mediates the aggregation of phagocytes and
the digestion of necrotic cells.10 In the present study, the
level of autophagy was slightly increased at 1 d. At this
time point, osteoclasts began to aggregate around the
area of hyalinization, and the number of osteoclasts
increased. Thus, autophagy may mediate the recruitment
of osteoclasts to the hyaline degeneration zone to ulti-
mately induce bone resorption in the compression side of
the PDL. Ravindra Nanda also noted that OTM does not
occur as long as these lesions persist.39 This period is
coincident with the unobvious tooth movement phase
from 2 h to 12 h. Therefore, once osteoclasts remove
necrotic tissue from the compression side of the PDL, the
tipping of the dental crown occurs, and the tooth moves
quickly at 1 d; therefore, the PDL fibers in the tension zone
may be stretched again. Tissue responses at sites of ten-
sion tend to occur after tissue removal at compression
sites. These findings might explain the occurrence of
autophagy and the upregulation of TNF-a expression in the
tension zone after 12 h. Finally, further investigations are
needed to determine whether autophagy and TNF-a
mediate bone formation in the tension side of the PDL,
along with the presence of osteoblasts and related
proteins.

Taken together, autophagy mediates hyaline degen-
eration in the PDL, affects the biological functions of
osteoclasts, and promotes the maintenance of cell
metabolism and survival. A significant correlation be-
tween the initiation of autophagy and TNF-a expression
is observed, both of which exert a positive effect on PDL
remodeling during OTM in rats. However, in the present
study, due to the limitations of in vivo experiments, the
overlapping effects of mechanical force and starvation
on autophagy in PDLCs were not clearly distinguished.
Further studies are needed to obtain a better under-
standing of this process.
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