Received: 23 March 2022

Revised: 1 October 2022

Accepted: 12 October 2022

DOI: 10.1096/1.202200447RR

RESEARCH ARTICLE

FASEB

Compressive force regulates orthodontic tooth movement
via activating the NLRP3 inflammasome

Yineng Han"*?

Yunfei Zheng'?

| Qiaolin Yang"® | Yiping Huang'? | Pengfei Gao*® | Lingfei Jia
| Weiran Li'?

'Department of Orthodontics, Peking University School and Hospital of Stomatology, Beijing, People's Republic of China

*Key Laboratory of Oral Biomedical Research of Zhejiang Province, Stomatology Hospital, School of Stomatology, Zhejiang University School of
Medicine, Zhejiang Provincial Clinical Research Center for Oral Diseases, Hangzhou, People's Republic of China

*National Center of Stomatology, National Clinical Research Center for Oral Diseases, National Engineering Laboratory for Digital and Material
Technology of Stomatology, Beijing, People's Republic of China

“Key Laboratory of Cell Proliferation and Differentiation of the Ministry of Education, School of Life Sciences, Peking University, Beijing, People's

Republic of China

*Peking-Tsinghua Center for Life Sciences, Beijing, People's Republic of China

®Department of Oral and Maxillofacial Surgery, Peking University School and Hospital of Stomatology, Beijing, People's Republic of China

“Central Laboratory, Peking University School and Hospital of Stomatology, Beijing, People's Republic of China

Correspondence

Yunfei Zheng and Weiran Li,
Department of Orthodontics, Peking
University School and Hospital of
Stomatology, 22 Zhongguancun Avenue
South, Haidian District, Beijing 100081,
People's Republic of China.

Email: yunfei_zheng@bjmu.edu.cn and
weiranli@bjmu.edu.cn

Funding information

National Natural Science Foundation of
China (NSFC), Grant/Award Number:
82071142 and 82071119

Abstract

Mechanical stress regulates various cellular functions like cell inflammation,
immune responses, proliferation, and differentiation to maintain tissue homeo-
stasis. However, the impact of mechanical signals on macrophages and the under-
lying mechanisms by which mechanical force regulates bone remodeling during
orthodontic tooth movement remain unclear. NOD-like receptor family pyrin
domain-containing 3 (NLRP3) inflammasome has been reported to promote os-
teoclastic differentiation to regulate alveolar bone resorption. But the relation-
ship between the compressive force and NLRP3 inflammasome in macrophages
remains unknown. In this study, immunohistochemical staining results showed
elevated expression of NLRP3 and interleukin-1f, as well as an increased number
of macrophages expressing NLRP3, on the compression side of the periodontal
tissues, after force application for 7days. Furthermore, the number of tartrate-
resistant acid phosphatase-positive osteoclasts, and the mRNA and protein

3,6,7 |

Abbreviations: AMPK, adenosine monophosphate-activated protein kinase; ANOVA, analysis of variance; ASC, apoptosis-associated speck-like
protein containing a CARD; BMDMs, bone marrow-derived macrophages; cGAS, cyclic GMP-AMP synthase; CQ, chloroquine; FGFR2, fibroblast
growth factor receptor 2; FoxO, Forkhead box; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GDF15, growth differentiation factor 15; H&E,
hematoxylin and eosin; IL, interleukin; IRF3, interferon regulatory factor 3; LC3, light chain 3; LPS, lipopolysaccharide; M-CSF, macrophage colony
stimulating factor; micro-CT, microcomputed tomography; NF-kB, nuclear factor kappa light chain enhancer of B cells; NLRP3, NOD-like receptor
family pyrin domain containing 3; OTM, orthodontic tooth movement; PCNA, proliferating cell nuclear antigen; PMA, phorbol 12-myristate
13-acetate; p-IRF3, phosphorylated interferon regulatory factor 3; P2X7R, purinergic 2X7 receptor; ROCK1, Rho-associated coiled-coil kinase 1;
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1 | INTRODUCTION

Mechanical stimulation maintains tissue homeostasis
and promotes tissue development by regulating bone re-
modeling and immune responses." There are multiple
types of mechanical stimuli like compressive force,” fluid
flow,* and tensile force.* Mechanical stress affects various
tissues, such as the periodontal ligaments, heart, lungs,
bones, and intestines. Cells in these tissues play an im-
portant role in maintaining tissue homeostasis.” In the
tissues surrounding the alveolar bone, mechanical force
leads to increased expression of chemokines and inflam-
matory cytokines. The mechanical force also activates im-
mune cells, such as T lymphocytes and macrophages, that
contribute to alveolar bone remodeling.*” Physiological
mechanical stress maintains tissue homeostasis, whereas
a lack of mechanical stress or excessive force leads to
pathological changes. For example, periodontal tissue re-
ceiving excessive occlusal or orthodontic force promotes
inflammatory responses and undermines bone resorp-
tion.® In contrast, periodontal tissues that lose occlusal
force stimulation induce the expression of inflammatory
cytokines and cause periodontal ligament tissue degrada-
tion.’ Therefore, an optimal amount of mechanical force
is required to maintain physiological homeostasis in the
microenvironment. However, the specific mechanism by
which mechanical stress contributes to alveolar bone re-
modeling remains unclear.

Mechanical stress leads to tooth movement by modu-
lating the bone remodeling process. When a mechanical
force is exerted on a tooth, the periodontal ligament un-
dergoes aseptic inflammation, resulting in bone resorption
on the compression side and bone accumulation on the
tension side.'” Macrophages participate in the immune re-
sponse by phagocytosing pathogenic microorganisms and

NLRP3 inflammasome.

expression levels of osteoclast-related genes in the periodontal tissue decreased
in the Nlrp3_/ ~ mice compared to the WT mice group after orthodontic move-
ment. In vitro mechanical force activates the NLRP3 inflammasome and inhibits
autophagy. Intraperitoneal injection of the autophagy inhibitor 3-methyladenine
in Nlrp3_/ ~ mice promoted orthodontic tooth movement. This result indicates
that the absence of NLRP3 inflammasome activation can be partially compen-
sated for by autophagy inhibitors. Mechanistically, force-induced activation of
the NLRP3 inflammasome in macrophages via the cGAS/P2X7R axis. In conclu-
sion, compressive force regulates orthodontic tooth movement via activating the

autophagy, cyclic GMP-AMP synthase, mechanical force, NLRP3 inflammasome, purinergic

releasing inflammatory cytokines that induce an inflam-
matory response.11 In addition, macrophages are precur-
sors of osteoclasts, which participate in pro-inflammatory
responses and bone remodeling during the orthodontic
process.'>"* Previous studies have reported that peri-
odontal ligament cells respond to mechanical stress.'**
However, the effect of mechanical signals on macrophages
remains unclear.

The NOD-like receptor family pyrin domain-containing
3 (NLRP3) inflammasome, a major innate immune sen-
sor, comprises apoptosis-associated speck-like protein
containing a caspase recruitment domain (ASC), NLRP3,
and pro-caspasel. Two signals, the initial priming signal I
and activation signal II, jointly activate the NLRP3 inflam-
masome. The nuclear factor kappa light chain enhancer of
activated B cells (NF-kB) pathway is activated in priming
signal I and subsequently increases the expression of pro-
interleukin (IL)-1p, pro-IL-18, and pro-caspasel. The acti-
vation of the NF-«xB pathway is initiated by several signals,
including the toll receptor, tumor necrosis factor receptor,
and the cyclic GMP-AMP synthase (cGAS)-stimulator
of interferon response cGAMP interactor (STING) path-
way. The cGAS-STING pathway is critical for immune re-
sponses against cancer and infections. STING activation
triggers numerous signaling cascades that activate inter-
feron regulatory factor 3 (IRF3), mitogen-activated pro-
tein kinase, NF-kB, and lysosome-dependent cell death.'
cGAS-STING-NLRP3 has been reported to be involved in
bacterial infections in human myeloid cells.'” The activa-
tion signal II is triggered by pathogen-associated molec-
ular patterns (PAMPs) and danger-associated molecular
patterns (DAMPs), including the extracellular adenosine
triphosphate (ATP)/purinergic2X7 receptor (P2X7R), ni-
gericin, mitochondrial DNA, and so on. NLRP3 cluster-
ing of ASC triggers the oligomerization of pro-caspasel,
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forming caspasel.'® Active caspasel induces cleavage of
pro-IL-1p, pro-IL-18, and gasdermin D, resulting in their
activation and secretion; the cytokines then recruit more
effector cells to the infection site.'® Therefore, activated IL-
1 p17is an important indicator of NLRP3 inflammasome
activation. Monocytes/macrophages that differentiate
into osteoclasts under specific conditions, express high
levels of NLRP3.% Studies have shown that the NLRP3
inflammasome promotes osteoclastic differentiation in
order to regulate alveolar bone resorption.”! Few studies
have reported the regulatory mechanisms involved in the
relationship between mechanical force and the NLRP3
inflammasome. One study reported that, in murine mac-
rophages, cyclic tensile force suppressed the secretion of
IL-1p through the inhibition of the NLRP3 inflammasome
signaling pathway.”” However, the relationship between
compressive force and NLRP3 inflammasome signaling
and underlying mechanisms in macrophages remains
unknown.

In this study, force-induced tooth movement models
were built in vivo, and compressive force was loaded in
vitro to investigate the underlying mechanisms of com-
pressive force and the NLRP3 inflammasome that cause
alveolar bone remodeling.

2 | MATERIALS AND METHODS

2.1 | Animals

Male 8-week-old mice, NLRP3-deficient (Nlrp3_/ D)
and wild-type (WT; C57BL/6), were used in this study.
The Nirp3~'~ mice were provided by the School of Life
Sciences, Peking University (Haidian District, Beijing,
China). C57BL/6 mice were obtained from WeiTong
LiHua Co. (Beijing, China). Animals were kept under
pathogen-free conditions that complied with the experi-
mental standards and were provided with water and food.
All animal experimental procedures were approved by
the Peking University Animal Care and Use Committee
(LA2020329) and conformed to the ARRIVE guidelines.

2.2 | Force-induced tooth movement
model and the intervention group

The force-induced tooth movement model was built ac-
cording to a previous study.** Nickel-titanium coil springs
were ligated from the incisors to the right maxillary first
molar (Figure 1A,B), with the contralateral maxillary first
molar serving as a control. The incisors were bonded using
flowable resin (3M ESPE, St. Paul, MN, USA), providing a
constant force of 30g for 7 d.?*

s 30f15
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For the intervention group, Nlrp3_/ ~ mice were sep-
arated into three groups. Vehicle (normal saline) or
3-methyladenine (3-MA; 30mg/kg, Sigma-Aldrich, Saint
Louis, MO, USA) was intraperitoneally injected every two
days, starting one day before the seven days of the con-
stant force application. The mice were euthanized using
pentobarbital sodium. The maxilla was carefully removed
from the surrounding tissues and fixed in 4% parafor-
maldehyde for 24h before further analysis. A stereomi-
croscope (SWZ1000, Nikon, Tokyo, Japan) was used to
observe tooth movement from the occlusal view. The tooth
movement distance was measured from the midpoint of
the mesial rim of the second molar to the midpoint of the
distal rim of the first molar."

2.3 | THP-1-derived macrophages culture
treatment and mechanical loading

Toinduce differentiation into macrophages, THP-1 human
monocytes (ATCCTIB-202) were treated with phorbol
12-myristate 13-acetate (PMA; 50ng/ml, Sigma-Aldrich)
for 24h. For mechanical loading, a 1.5 g/cm?* continu-
ous compressive force was loaded, using cover glass and
metallic balls, for 6, 12, and 24 h, as previously described
(Figure S1).** The THP-1-derived macrophages from the
control group were cultured without compression.

2.4 | Isolation and differentiation of
murine bone marrow-derived macrophages
(BMDMs)

The tibiae and femora were extracted from the WT and
Nlrp3_/ ~ mice. Thereafter, the BMDMs were flushed with
Roswell Park Memorial Institute (RPMI)-1640 medium
(Gibco, Grand Island, NY, USA). Following red blood
cell lysis, the BMDMs were resuspended in RPMI-1640
medium containing macrophage colony-stimulating fac-
tor (M-CSF; 30ng/ml, R&D, Emeryville, MN USA), 1%
penicillin, and 10% fetal bovine serum for 3 d at 37°C. The
cells were harvested and grown overnight in a 6-well plate
for the mechanical loading experiments.

2.5 | Quantitative reverse-transcription-
polymerase chain reaction (qQRT-PCR)

TRIzol reagent (Invitrogen, Carlsbad, CA, USA) was used
for total cellular RNA extraction. cDNA was synthesized
from 2 pg of the extracted RNA using an RT kit (Takara Bio,
Tokyo, Japan), and SYBR Green Master Mix (Roche Applied
Science, Basel, Switzerland) was used to amplify it using
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FIGURE 1 Force promotes NLRP3 expression in macrophages in vivo. (A) Diagrammatic sketch of mouse orthodontic tooth movement

model. The coil spring was ligated between the left maxillary first molar and the left incisor. (B) Representative image of the experimental

mouse orthodontic tooth movement procedures. (C) Immunohistochemistry staining (Scale bar = 50 um) of NLRP3 and interleukin (IL)-1p

in the control, force (compression side) groups (n = 4/group). (D) Immunofluorescence double staining (Scale bar = 25 pm) showing co-

localization of CD68+ macrophages and NLRP3 expression in the control, force (compression side) groups. The arrow shows the direction of

mechanical force. (E) The number of macrophages expressing NLRP3 (CD68 and NLRP3 co-localization) of the 400x magnification field of

the control and force groups (n = 4/group) (***p <.001).

qRT-PCR. The qRT-PCR was performed on the ABI Prism
7500 Real-Time PCR System (Applied Biosystems, Foster
City, CA, USA). The housekeeping gene glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) served as an internal
reference. Results were calculated using the 272" relative
expression method. The primers used are listed in Table S1.

2.6 | Western blotting

Western blotting was performed as described previ-
ously.”* Radioimmunoprecipitation assay (RIPA)
lysis buffer (Solarbio, Beijing, China), which was sup-
plemented with a protease inhibitor mixture (Roche
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Applied Science), was used to extract total protein
from cultured cells. Protein concentrations were meas-
ured using a Pierce BCA Protein Assay Kit (Thermo
Scientific, Waltham, MA, USA). After blocking with 5%
milk-Tris-buffered saline with Tween 20 (TBST) for 1 h,
primary antibodies were used for incubation overnight
at 4°C. The following day, TBST was used to wash the
membranes thrice, and the membranes were incubated
with their corresponding secondary antibodies for 1 h
at room temperature. An enhanced chemilumines-
cence kit was used to visualize the protein bands, which
were then quantified using the ImageJ software (http://
rsb.info.nih.gov/ij/) (National Institutes of Health,
Bethesda, MD, USA). The antibodies used were listed
in Table S2.

2.7 | Micro-computed tomography
(micro-CT) analysis

To measure the distance moved by the teeth, fixed mouse
maxillae were scanned at a resolution of 10.8 pm using
micro-CT (Skyscan1174, Bruker, Kontich, Belgium). To
reconstruct the 3D images, NRecon and CTvox software
were used.

2.8 | Hematoxylin and eosin (H&E) and
tartrate-resistant acid phosphatase (TRAP)
staining and

The specimens were decalcified by soaking them in eth-
ylenediamine tetraacetic acid (10%, pH 7.4) for 14 d. The
specimens were washed, dehydrated, and embedded in
paraffin. Afterward, the 5-pm-thick sections were cut and
stained with H&E according to a protocol from a previ-
ous study.® A leukocyte acid phosphatase kit (387A-1KT;
Sigma-Aldrich) was used for TRAP staining. A light
microscope (Olympus, Tokyo, Japan) was used to cap-
ture the images of H&E- and TRAP-stained specimens;
for TRAP-stained specimens, only TRAP-positive cells
(having >2 nuclei) attached to the surface of the adjacent
alveolar bone were considered.

2.9 | Immunofluorescence staining and
immunohistochemical staining

For cell immunofluorescence staining, cells were fixed in
4% paraformaldehyde and permeabilized with 0.1% Triton
X-100 at room temperature for 10 min. The cells were then
incubated with 5% normal goat serum for 40 min at room

- 50f15
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temperature and subsequently incubated with primary
antibody at 4°C overnight. Next, they were incubated
with the secondary antibody in dark at room temperature
for 1 h. After incubation, 4’, 6-diamidino-2-phenylindole
(DAPI) (Solarbio) was used to counterstain the nuclei.
A confocal laser scanning microscope (Carl Zeiss, Jena,
Germany) was used for the visualization of the stained
cells.

For tissue immunofluorescence staining, sections
were blocked in 5% goat serum and then incubated with
primary antibodies at 4°C overnight. Next, they were
incubated with the secondary antibody in dark at room
temperature for 1 h. DAPI (Solarbio) was used to counter-
stain the nuclei. The stained specimens were visualized
using a confocal laser scanning microscope (Carl Zeiss).
For immunohistochemical staining, proper secondary
antibodies (ZSGB-Bio, Beijing, China) were applied and
a DAB detection kit (ZSGB-Bio) was used for the pro-
duction of a brown precipitate. The sections were coun-
terstained with hematoxylin. The antibodies used were
listed in Table S2.

2.10 | Statistical analysis

SPSS v.19.0 (IBM, Chicago, IL, USA) was used for
statistical analysis. All data were expressed as the
mean +standard deviation of at least three independ-
ent experiments. Parametric data underwent two-tailed
unpaired Student's t-tests for two-group comparisons.
One-way analysis of variance (ANOVA) was used for
multiple group comparisons. The Mann-Whitney test
was used for two-group comparisons of non-parametric
data; the Kruskal-Wallis test for multigroup compari-
sons; and Tukey's multiple comparisons test for post hoc
tests. Differences were considered statistically signifi-
cant at a p-value < .05.

3 | RESULTS

3.1 | Force promotes NLRP3 expression
in macrophages in vivo

We first established a murine model of orthodon-
tic tooth movement (OTM) to test NLRP3 expres-
sion and downstream IL-1f expression during OTM.
Immunohistochemical staining revealed increased expres-
sion of NLRP3 and IL-1f in the periodontal tissues on the
compression side after applying force for 7 d (Figure 1C).
Immunofluorescence staining results revealed more mac-
rophages (CD68+) expressing NLRP3 on the compression
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side of the periodontal tissues than in the control group
(Figure 1D,E).

3.2 | Force-induced osteoclastogenesis is
attenuated in Nlrp3_/ " mice

We measured the distance of tooth movement in the
WT and Nlrp3~'~ mice. Increased tooth movement dis-
tances were observed in the OTM models compared with
the control group. Intraoral photographs and micro-CT
reconstruction images showed that the distances were
significantly longer in the WT OTM group than in the
Nlrp3~'~ OTM group (Figure 2A,B). TRAP staining re-
sults demonstrated that the area of TRAP-positive osteo-
clasts on the compression side of the periodontal tissue
was markedly elevated after 7days of the continuous
force application. The Nlrp3_/_ OTM group had less
area of TRAP-positive osteoclasts than the WT group
(Figure 2A,C). In addition, the mRNA expression levels
of osteoclast-related genes, TRAP, cathepsin K (CTSK),
and matrix metalloproteinase 9 (MMP9) were lower in
the Nlrp3~~ OTM group than in the WT OTM group
(Figure 2D). Moreover, TRAP protein expression in the
Nlrp3_/ ~ OTM group was lower than that in the WT OTM
group (Figure 2E).

3.3 | Force activates the NLRP3
inflammasome in macrophages

Next, we explored the influence of force on NLRP3
inflammasome-mediated osteoclastogenesis. After PMA
treatment for 24 h, THP-1 cells, which are round suspen-
sion cells, differentiated into adherent MO macrophages,
which were polygonal and had long pseudopods. Western
blotting results demonstrated that compressive force ac-
tivated the NLRP3 inflammasome with the activation of
caspasel (p20) and release of activated IL-1p (p17), both in
whole-cell lysates (WCL) and culture supernatants (Sup)
(Figure 3A,B).

3.4 | Force reduces autophagy by
activating NLRP3 inflammasome in
macrophages

Autophagy is a cellular response that occurs when a
compressive force is applied to human periodontal
ligament cells.”>?® In our experiment, the application
of force reduced the expression levels of light chain 3
(LC3) II/T and Beclinl in a time-dependent manner in
THP-1-derived macrophages (Figure 3C,D). Moreover,

immunofluorescence staining results showed that the
protein expression of LC3 I and Beclinl significantly
decreased with the application of force compared with
the controls (Figure 3E). Next, we measured autophagic
flux using a previously reported approach to distin-
guish between the inhibited synthetic and enhanced
degradative phases of autophagy.?’” Chloroquine (CQ),
which neutralizes lysosomal and vacuolar Ph, was used
to block autophagic degradation. The western blotting
result showed treatment with CQ to inhibit autophagy
degradative phases did not further increase the LC3
I1/I ratio after force application in THP-1-derived mac-
rophages, indicating that mechanical compressive force
impairs autophagosome synthesis (Figure S2). After
that, we explored the role of NLRP3 in compressive
force-reduced autophagy. Western blotting showed that
NLRP3 was successfully knocked out in NLRP3~/~ THP-
1-derived macrophages (Figure S3A). We found that
NLRP3 knockout significantly increased force-reduced
autophagy in both BMDMs from Nlrp3~'~ mice and
NLRP3™/~ THP-1-derived macrophages, with elevated
Beclinl expression and increased transition of LC3 I
to LC3 II (Figure 4A-D). Moreover, in vivo experiment
showed that compressive force reduced autophagy on
the compressive side and the expression of LC3 was
higher in the Nlrp3_/ ~ OTM group compared with the
WT OTM group (Figure S4).

3.5 | Force-induced OTM via NLRP3/
autophagy-mediated osteoclastogenesis

Next, autophagy inhibitor 3-MA was intraperitoneally
injected every 2days in NIrp3~'~ mice to investigate
whether 3-MA can partially increase the attenuated tooth
movement in Nlrp3_/ ~ mice via downregulating the au-
tophagy level and whether compressive force regulates
osteoclastogenesis via NLRP3/autophagy pathway. 3-MA
is a widely used inhibitor of autophagy via its inhibitory
effect on class ITI PI3K.?® Immunohistochemical staining
results showed that the expression of LC3 was decreased
in the periodontal tissues on the compression side after
applying force for 7 d, and the injection of 3-MA further
increased autophagic dysfunction (Figure S5). Intraoral
photographs and micro-CT results demonstrated in-
creased OTM after the injection of 3-MA in Nlrp3~'~ mice
compared with the Nlrp3~'~ OTM group (Figure 5A,B).
There was an increased percentage of TRAP-positive os-
teoclast area and higher expression of TRAP in Nlrp3'/ -
mice injected with 3-MA than in the Nirp3~~ OTM
group (Figure 5A,C,D). The mRNA expression levels
of osteoclast-related genes in the NIrp3~'~ mice from
the 3-MA injection group were higher than those in the
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FIGURE 2 Force-induced osteoclastogenesis is attenuated in NIrp3~'~ mice. (A) Representative intro-oral photograph, microcomputed
tomography (micro-CT) images, tartrate-resistant acid phosphatase (TRAP), and hematoxylin and eosin (H&E) staining of tooth movement
for 7days of the force application. The arrow shows the direction of mechanical force. Scale bar = 100 pm. (B) Semiquantification analysis
of the tooth movement distance between the upper first and second molar in WT, WT-+Force, Nlrp3~/~+Force groups (n = 4/group).

(C) The percentage of TRAP-positive osteoclasts area on the compression side (n = 4/group). (D) mRNA expressions of TRAP, matrix
metalloproteinase 9 (MMP9). and cathepsin K (CTSK) of the periodontal tissues in WT, WT+Force, Nlrp3~'~+Force groups (n = 4/group).
(E) Protein expressions of TRAP of the periodontal tissues in WT, WT+Force, Nlrp3_/ “+Force groups. Histogram shows the quantification
of band intensities. GAPDH was used for normalization (**p <.01, ***p <.001).

Nlrp3_/_ OTM group (Figure 5E). These results indi-
cated force-induced osteoclastogenesis via the NLRP3/
autophagy pathway. The lack of NLRP3 inflammasome

activation, which inhibits osteoclastogenesis during
OTM, can be partially compensated for by autophagy
inhibitors.
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FIGURE 3 Compressive force activates NLRP3 inflammasome and reduces autophagy. (A and B) Protein expression of NLRP3, pro-
caspasel, activated caspasel (p20), pro-interleukin (IL)-1f and activated IL-1p (p17) in THP-1-derived macrophages with force application.
Histograms show the quantification of band intensities and GAPDH was used for normalization. (C and D) Protein expression of Beclinl
and light chain 3 (LC3) II/I with force application. The histograms show the ratio of LC3 II/I and the quantification of band intensities.
GAPDH was used for normalization. (E) Immunofluorescence staining of LC3 and Beclinl in THP-1-derived macrophages with or without
force application. Scale bar = 25pum (*p <.05, **p <.01, **p <.001).

3.6 | Compressive force activates the
NLRP3 inflammasome via the cGAS-

force. The DNA sensor cGAS has been reported to be ac-
tivated by endogenous DNA.'® In this study, we hypoth-

STING-NF-kb-P2X7R signaling pathway

Finally, we explored the mechanisms underlying the ac-
tivation of the NLRP3 inflammasome by compressive

esized that the cGAS-STING axis acts as a priming signal
to activate the NF-«xB signaling pathway. Firstly, western
blotting showed that cGAS was successfully knocked out
in cGAS™~ THP-1-derived macrophages (Figure S3B).
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FIGURE 4 NLRP3knockout increases force-reduced autophagy. (A and B) Protein expression of Beclinland LC3 II/I in WT and
NLRP3~/~ THP-1-derived macrophages with or without force application. The histograms show the ratio of LC3 II/I and the quantification

of band intensities. GAPDH was used for normalization. (C and D) Protein expression of Beclin1 and LC3 II/I in BMDMs generated

from WT and Nlrp3~'~ mice with or without force application. The histograms show the ratio of LC3 II/I and the quantification of band

intensities. GAPDH was used for normalization (*p <.05, **p <.01, ***p <.001).

Compressive force activated NLRP3inflammasome in WT
THP-1-derived macrophages while in cGAS™~ THP-1-
derived macrophages, this activation effect was remark-
edly decreased (Figure 6A,D). Moreover, the activation
of phosphorylated interferon regulatory factor 3 (p-IRF3)
and NF-kB was significantly inhibited in cGAS™~ THP-1-
derived macrophages after force application (Figure 6B,F).
Immunofluorescence staining further showed that knock-
out of cGAS decreased the translocation of the NF-«B p65
subunit from the cytoplasm to the nucleus after the applica-
tion of force in THP-1-derived macrophages (Figure 6C,E).

P2X7R is closely related to mechanical force.?’
Therefore, we investigated whether compressive force ac-
tivated the NLRP3 inflammasome via P2X7R. Western
blotting showed that NLRP3 inflammasome activation was

significantly inhibited by the P2X7R inhibitor A-740003
(Figure 6G,H). These data suggest that mechanical force ac-
tivates the NLRP3 inflammasome to regulate bone remod-
eling via a cGAS/P2X7R/autophagy-mediated mechanism.

4 | DISCUSSION

The mechanical force has an effect on various cell types, in-
cluding macrophages, and is essential to maintaining tissue
homeostasis. Macrophages, one of the major cell types in
the periodontium, play a vital role in mediating mechanical
load-induced inflammatory processes and bone remodeling.
Previous studies have reported that tensile forces suppress
osteoclast differentiation and fusion,* whereas compressive
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force promotes osteoclast differentiation and activation.?
The NLRP3 inflammasome is involved in regulating osteo-
clastogenesis. Loss of NLRP3 has been reported to attenuate
osteopenia in aging mice.*® The NLRP3 inflammasome has

also been shown to regulate alveolar bone loss by promot-
ing osteoclastic differentiation through IL-1p production in
periodontitis.*! One study reported that cyclic stretch on the
periodontal ligament has been shown to induce NLRP1 and
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FIGURE 5 Reduced osteoclastogenesis in Nlrp3~/~ mice is rescued by autophagy inhibitor 3-MA. (A) Representative intro-oral
photograph, microcomputed tomography (micro-CT) images, tartrate-resistant acid phosphatase (TRAP) staining of tooth movement for
7days in Nlrp3_/ o, Nlrp3_/ “+Force, Nlrp3_/ “+Force+3-MA groups. The arrow shows the direction of mechanical force. Scale bar = 100 pm.
(B) Semiquantification analysis of the tooth movement distance between the upper first and second molar in Nlrp3~'=, Nlrp3~'~+Force,
Nlrp3~/~+Force+3-MA groups. (n = 4/group). (C) The number of TRAP-positive osteoclasts on the compression side in Nlrp3™'~,
Nlrp3~/~+Force, Nlrp3~/~+Force+3-MA groups. (n = 4/group). (D) Protein expressions of TRAP of the periodontal tissues in mice in
Nlrp3_/ o, Nlrp3_/ “+Force, NlrpS_/ ~+Force+3-MA groups. Histogram shows the quantification of band intensities and GAPDH was used for
normalization. (D) mRNA expressions of TRAP, matrix metalloproteinase 9 (MMP9), and cathepsin K (CTSK) of the periodontal tissues in
Nlrp3~/=, Nlrp3~/~+Force, Nlrp3~/~+Force+3-MA groups. (n = 4/group) (*p <.05, **p <.01, **p <.001).

3 activation.’® While another study found that cyclic ten-
sile force inhibits NLRP3 inflammasome-dependent IL-1f
secretion via adenosine monophosphate-activated protein
kinase (AMPK) signaling in murine macrophages.” The
different results may be because of different cell types, dif-
ferent force application times, and different force magni-
tudes. However, how compressive force regulates NLRP3
inflammasome remains unclear. In our study, we found
that compressive force activated NLRP3 inflammasome
and after force application, fewer TRAP-positive osteoclasts
appeared on the compression side in the Nlrp3_/ - OTM
group than in the WT OTM group.

Several regulatory mechanisms have already been pro-
posed as mediators of alveolar bone remodeling due to me-
chanical stress. Compressive force responsive gene growth
differentiation factor 15 (GDF15) regulates orthodontic
tooth movement via the Yes-associated protein (YAP)/
GDF5/NF-kb axis under compressive force contributes to
osteoclast differentiation in human periodontal ligament
cells.*® Cyclic strain is reported to cause the phosphor-
ylation and retention in the cytoplasm of Forkhead box
(FoxO) family members, increasing ERK kinase phosphor-
ylation and proliferating cell nuclear antigen (PCNA) ex-
pression.”* Aberrantly expressed miRNAs also participate
in regulating orthodontic tooth movement. Compressive
force inhibits osteoblast proliferation by upregulating
miR-494-3p, which suppresses fibroblast growth factor re-
ceptor 2 (FGFR2) and Rho-associated coiled-coil kinase 1
(ROCK1) expression.* Expression of miR-29 in periodon-
tal ligament cells is altered by compressive force, which
affects several genes encoding major extracellular matrix
components including Collal, Col3al, and Col5a1.’® In
the present study, we found that we found that mechanical
force activated the NLRP3 inflammasome via the cGAS/
P2X7R pathway and elevated mature IL- expression.

The cGAS-STING signal axis includes the synthesis of
the second messengers cGAS and STING, which detect
pathogenic DNA to trigger innate immune responses. As
a DNA sensor, cGAS can also be activated by endogenous
DNA, such as DNA released by the mitochondria and extra-
nuclear chromatin produced by genotoxic stress, in addition
to sensing microbial DNA. The cGAS-STING pathway is re-
garded as a critical signaling axis in sterile inflammation,

aging, and autoimmunity.’’ However, the relationship
between mechanical force stimulation and cGAS-STING
has not yet been reported. In this study, we found that me-
chanical stress activated the NF-kB pathway, indicating that
mechanical force activates the priming signal of the NLRP3
inflammasome via the cGAS/STING pathway.

Following the efflux of K* through the open channel,
P2X7R serves as a second signal to activate the NLRP3 in-
flammasome.*® Besides mediating NLRP3 inflammasome
activation, P2X7R is also involved in T-lymphocyte survival
and differentiation, cytokine and chemokine release, tran-
scription factor activation, and cell death.* In addition, an-
other study reported that root resorption was considerably
more severe after orthodontic force application in P2X7R-
knockout mice than in WT mice,* suggesting that P2X7R
plays an important role in mechanotransduction; however,
the underlying mechanism remains unclear. A recent study
has reported that P2X7R mediates both steps of NLRP3 in-
flammasome activation in astrocytes exposed to mechani-
cal strain, suggesting an important function in connecting
mechanical strain to neuroinflammation.*’ In our study, we
found that mechanical loading activated the NLRP3 inflam-
masome through P2X7R and partially reduced the matura-
tion of IL-1p, indicating that mechanical force activates the
NLRP3 inflammasome through different activation signals.

Autophagy is an intracellular process that is important
for recycling damaged proteins and cell organelles, as well
as the destruction of pathogens. Dysfunction of autophagy
causes inflammatory diseases, such as inflammatory bowel
disease, that are characterized by excessive inflammasome
activation and excessive inflammation.* The effects of tooth
movement on autophagy in vivo are controversial. Jacox
et al reported that orthodontic force activates macrophage
autophagy in a force-dependent manner.** Studies also
found that administration of 3-MA upregulated osteoclasts
and promoted OTM while administration of rapamycin, an
autophagy activator, led to reduced OTM and osteoclast re-
cruitment.?*** Our previous study found that compressive
force-induced lincRNA-p21 inhibits the mineralization of
cementoblasts by impeding autophagy.** Altered degree of
autophagic activation may be because of different force ap-
plication time and magnitude, as well as different cell types,
contributing to keeping bone homeostasis. In the present
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study, we found that compressive force inhibited autoph- overexpression of NLRP3 inflammasome core molecules in-
agy in vitro and in vivo, and administration of 3-MA in creases autophagy and LC3 II protein expression in human
Nlrp3_/ " mice increased OTM. macrophages infected with Pseudomonas aeruginosa.®®
Regulation of NLRP3 inflammasome activation and au- Silencing of NLRP3 downregulated monosodium urate-

tophagy is important for maintaining hemostasis during induced autophagy and the conversion of LC31to LC3 ITin
mechanical stimulation. Some studies have reported that osteoblasts.* In contrast, other studies have reported that the
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FIGURE 6 Compressive force activates the NLRP3 inflammasome via cyclic GMP-AMP synthase (cGAS)-stimulator of interferon response
cGAMP interactor (STING)-NF-kb-purinergic 2X7 receptor (P2X7R) signaling pathway. (A and D) Protein expression of pro-interleukin (IL)-1p
and activated IL-1f (p17) in WT, cGAS™/~ THP-1-derived macrophages with or without force application. Histograms show the quantification
of band intensities and GAPDH was used for normalization. (B and F) Protein expression of phosphorylated interferon regulatory factor 3 (p-
IRF3), phosphorylated-p65 (p-p65), p65 and inhibitory kB protein (IkB)-a in WT, cGAS™/~ THP-1-derived macrophages with or without force
application. Histograms show the quantification of band intensities and GAPDH was used for normalization. (C) Immunofluorescence staining
of p65 in WT, cGAS ™~ THP-1-derived macrophages with or without force application. Scale bar = 25 pm. (E) Quantification of p65 nuclear

translocation percentage of the 400x magnification field of the WT and cGAS™

/= THP-1-derived macrophages with force application. (G and

H) Protein expression of pro-IL-1p and activated IL-1p (p17) in control, Force, Force4+10 pM P2X7R inhibitor, Force+100 pM P2X7R inhibitor
groups. Histogram shows the quantification of band intensities and GAPDH was used for normalization (*p <.05, **p <.01, ***p <.001).

Mechanical force

>

Mechanical force

autophagy

P2X7R

Signal 2

NLRP3, pro-IL-
18 mRNA

NF-kB

IL-1B
IL-1B8

& C)Qél
Q

osteoclasotogenesis

FIGURE 7 Schematic diagram showing mechanical force activates NLRP3 inflammasome to regulate bone remodeling via a cGAS/

P2X7R/autophagy-mediated mechanism.

NLRP3 inflammasome negatively regulates the autophagic
process in microglia after stimulation with NLRP3 inflam-
masome activator neurotoxic prion peptide PrP106-126.*
One study reported that Nlrp3~'~ mice showed increased
levels of autophagy under baseline and stress conditions,
such as hypoxia.*** The discrepancies observed in the
regulation of NLRP3 inflammasomes and autophagy in
different studies may be attributed to the different NLRP3
inflammasome activators. Consistent with other previous
studies, we found that NLRP3 deficiency promoted auto-
phagy at baseline and during mechanical stimulation with
a compressive force. The NLRP3 inflammasome has been
reported to regulate autophagy by interacting with Beclinl
through the NACHT domain. Caspasel also regulates au-
tophagy by cleaving Parkin and Toll/IL-1 receptor domain-
containing adapter-inducing interferon-p (TRIF).”® In the
present study, reduced osteoclastogenesis in Nlrp3_/ ~ mice

was compensated for by the autophagy inhibitor 3-MA, in-
dicating that the lack of NLRP3 inflammasome activation,
which inhibits osteoclastogenesis during OTM, can be par-
tially increased by autophagy inhibitors. Regulation of the
NLRP3 inflammasome and autophagy is a complex process.
A limitation of our study was that we did not investigate the
regulatory mechanisms between the NLRP3 inflammasome
and autophagy under compressive force; thus, further explo-
ration of the underlying mechanisms is required.

5 | CONCLUSIONS

Our study shows that mechanical force activates the
NLRP3 inflammasome to regulate osteoclastogenesis via
the cGAS/P2X7R/autophagy pathway (Figure 7). Our
findings indicate that regulation of bone remodeling
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during OTM is mediated through the prevention of exces-
sive inflammasome activation or complete lack of inflam-
masome activation.
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