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Abstract

Periodontitis is characterized by periodontal pocket formation, loss of attachment, and alveolar bone resorption. Both innate and
adaptive immunity are involved in the pathogenesis of this oral chronic inflammatory disease. Accumulating evidence indicates a critical
role of leptin in periodontal diseases. However, the mechanism by which leptin promotes periodontitis pathogenesis remains unclear.
In the present study, we observed an elevated expression of leptin in the serum of periodontitis mice compared to that in healthy
controls. There was a higher extent of M| phenotype macrophage infiltration in mice periodontitis samples than in healthy controls.
A positive correlation was observed between the serum leptin levels and M| macrophages. Treatment with leptin increased M|
macrophage polarization and decreased M2 macrophage polarization in RAWV 264.7 cells. Moreover, leptin facilitated lipopolysaccharide
(LPS)—induced M| phenotype macrophage polarization in RAW 264.7 cells. In bone marrow—derived macrophages (BMDMs) generated
from leptin-deficient obese (ob/ob) mice, M| macrophage polarization was significantly attenuated after LPS stimulation compared to the
healthy controls. With regards to the molecular mechanism, we found that leptin activated the NOD-like receptor family pyrin domain
containing 3 (NLRP3) inflammasome and promoted M| polarization via the NLRP3 inflammasome in vitro. In BMDMs generated from
NIrp3~~ mice, M| macrophage polarization was significantly attenuated after synchronous stimulation with leptin and LPS compared with
BMDMs produced by healthy controls. The NLRP3 inhibitor MCC950 also prevented leptin-mediated M| macrophage polarization in
RAW 264.7 cells. NIrp3~~ periodontitis models indicated that leptin aggravates the periodontal response to the ligature by promoting M1
macrophage polarization via the NLRP3 inflammasome. Taken together, we show that leptin promotes the progression of periodontitis
via proinflammatory M| macrophage skewing, and targeting leptin/NLRP3 signaling may be a feasible approach for treating periodontitis.
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ob), was first discovered in 1994 (Zhang et al. 1994). Leptin is
mainly produced by adipocytes and regulates energy metabolism.

Introduction

Periodontitis is an inflammatory disease characterized by peri-
odontal pocket formation, loss of attachment, and alveolar
bone resorption (Armitage et al. 2003). A strong innate immune
response was first stimulated, followed by the acquired
immune response (Seymour et al. 1993). The innate immunity
is the first line of defense against invading oral pathogens,
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which mainly consists of the oral epithelial barrier and the
activity of phagocytic cells, such as neutrophils, monocytes,
and macrophages. These cells migrate to the site of infection in
response to chemotaxins and cytokines and then attack and
remove invading bacteria to regulate local immune-inflammatory
responses (Yang et al. 2018). Naive macrophages (M0) can be
polarized into 2 different phenotypes: the classical proinflam-
matory (M1) class or the anti-inflammatory (M2) class, in
response to local physiological or pathological conditions
(Sima and Glogauer 2013; Yang et al. 2018). Classically acti-
vated M1 macrophages contribute to periodontal tissue
destruction (Sima and Glogauer 2013; Gonzalez et al. 2015).
In contrast, M2 macrophages promote tissue repair and
enhance local cell regeneration (Mantovani et al. 2004; Wu,
Chen, et al. 2020).

Leptin, a 16-kDa nonglycosylated protein encoded by the
LEP gene (the human homolog of murine Lep, also known as
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Previous studies have reported that periodontitis causes
increased serum levels of leptin, and its expression is positively
correlated with leukocyte and neutrophil counts, as well as lev-
els of serum interleukin (IL)-1p, IL-6, and tumor necrosis fac-
tor (TNF) (Gangadhar et al. 2011; Liu et al. 2013; Zimmermann
et al. 2013). After periodontal treatment, serum leptin levels
decrease significantly (Shimada et al. 2010; Zimmermann et al.
2013). However, the expression of leptin in the gingival cre-
vicular fluid (GCF) is negatively correlated with periodontitis
(Karthikeyan and Pradeep 2007; Ahuja et al. 2019). But no sys-
tematic study has been conducted to determine the regulatory
mechanisms of leptin in periodontitis.

As a circulating hormone, leptin plays a key role in regulat-
ing metabolic homeostasis and mediating immune responses by
acting on various immune system cells, such as macrophages
and natural killer cells. Most studies have indicated that leptin
has a proinflammatory effect on macrophages (Conde et al.
2010), while some studies suggest that leptin treatment induces
the expression of M2 phenotype surface markers in adipose tis-
sue macrophages (Acedo et al. 2013). Moreover, leptin can
indirectly regulate the macrophage phenotype through mast
cells (Zhou et al. 2015). Therefore, the effects of leptin on mac-
rophage polarization remain controversial. Whether leptin reg-
ulates the development of periodontitis by regulating
macrophage polarization and what the underlying mechanisms
could be, remain unclear.

In the present study, we investigated the role of leptin in
periodontitis development and further clarified the regulatory
mechanism of leptin with regards to M1 macrophage polariza-
tion. Our results indicate that M1 macrophage polarization,
mediated by leptin/NOD-like receptor family pyrin domain
containing 3 (NLRP3), may drive inflammatory tissue damage
in periodontitis.

Materials and Methods

Cell Culture

A macrophage cell line, RAW 264.7 (The Cell Bank of Type
Culture Collection of the Chinese Academy of Sciences), was
cultured in high-glucose Dulbecco’s modified Eagle’s medium
(DMEM; Gibco), containing 10% fetal bovine serum (FBS;
Gibco), 50U/mL penicillin, and 50 pg/mL streptomycin
(Hyclone). All cells were cultured in a humid atmosphere with
95% air, 5% CO, at 37°C.

Isolation and Differentiation of Murine Bone
Marrow—Derived Macrophages

Tibiae and femora were obtained from wild-type (WT), Nlrp3~",
and leptin-deficient obese (ob/ob) mice. BMDMs were flushed
using RPMI-1640. After red blood cells were lysed, the
BMDMs were resuspended in complete RPMI-1640 contain-
ing macrophage colony stimulating factor (M-CSF) (30ng/mL;
R&D), 10% FBS, and 1% penicillin for 3d at 37°C. Then, the
cells were harvested and grown in a 6-well plate overnight. To
induce polarization, BMDMs were treated with Escherichia

coli—derived lipopolysaccharide (LPS, 1pg/mL; Sigma) or
leptin (500 uM) for 12h.

Flow Cytometry

After treatment, the cells were washed and stained for 30 min
at 4°C with CD80-FITC (BioLegend) antibodies to characterize
the M1 polarization of macrophages. F4/80-APC (BioLegend)
was used as a macrophage marker, and CD80*/F4/80" cells
were considered M1 macrophages. Labeling was quantified
using a BD Accuri C6 Flow Cytometer, and data were analyzed
with the FlowJo software packages (TreeStar).

Animals

Male, 8-wk-old, Nlrp3 =, ob/ob, and WT C57BL/6 mice were
used for the study. Nirp3~~ and ob/ob mice were provided by
the School of Life Sciences, Peking University. WT mice were
purchased from WeiTong LiHua Co. Animals were maintained
under specific pathogen—free conditions. All animal experi-
mental procedures were approved by the Peking University
Animal Care and Use Committee (LA2021409) and conformed
with the Animal Research: Reporting of In Vivo Experiments
(ARRIVE) guidelines.

Ligature-Induced Periodontitis Model
and Inventions

The ligature-induced periodontitis model was built according
to a previous study (Wu, Chen, et al. 2020). Briefly, after gen-
eral anesthesia, sterile silk ligatures (5-0) were placed around
the cervical areas of the upper right second molars of mice. In
the control group, the silk ligatures were immediately removed,
while in the periodontitis group, the silk ligatures were kept in
situ for 7d.

For the intervention groups, leptin (40 pg/mouse; PeproTech)
or vehicle (normal saline) was injected intraperitoneally every
day, from 1 d before the ligature-induced periodontitis (Philbrick
etal. 2018; Yan et al. 2018). Mice were euthanized by pentobar-
bital sodium overdose, and the maxilla was carefully removed
from the surrounding tissues and fixed in 4% paraformaldehyde
for 1d for further analysis.

Quantitative Reverse Transcriptase Polymerase
Chain Reaction and Western Blot

The quantitative reverse transcriptase polymerase chain reac-
tion (QRT-PCR) and Western blot were conducted as described
previously (Han et al. 2021). Details are illustrated in the
Appendix. The primers of qRT-PCR used in the experiment are
listed in Appendix Table 1.

Histological Analysis of Periodontal Tissues

The details of histological analysis, including hematoxylin and
eosin (H&E), immunohistochemical staining, and immunoflu-
orescence staining of periodontal tissues are illustrated in the
Appendix.
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Enzyme-Linked Immunosorbent Assay
Measurement of Serum Leptin

Blood samples were collected by eyeball extraction and centri-
fuged at 1,200 x g for 10 min to obtain serum. Serum leptin lev-
els were measured using enzyme-linked immunosorbent assay
(ELISA) kits for animals (MEIMIAN). All kits were used
according to the manufacturer’s instructions.

Micro—Computed Tomography Analysis

To measure alveolar bone loss, fixed mouse maxillac were
scanned using a Skyscan 1174 micro—computed tomography
(CT) system (Bruker) at a resolution of 10.8 pm. NRecon and
CTvox software were used for the 3-dimensional (3D) recon-
struction. The bone volume/tissue volume (BV/TV) ratio was
calculated using CTAn software (gray value >1,000). The dis-
tance between the cemento-enamel junction and the alveolar
bone crest from each side of the upper second molar (mesial,
distal, lingual, and buccal sides) was measured on the sagittal
and coronal planes, using the Data Viewer software.

Statistical Analysis

SPSS version 19.0 (SPSS, Inc.) was used for the statistical
analyses. All data are expressed as the mean+SD of at least 3
independent experiments. Two-tailed unpaired Student’s # test
was used for 2-group comparisons. One-way analysis of vari-
ance (ANOVA) was used for multiple group comparisons.
Differences were considered statistically significant at P<0.05.

Results

Increased Serum Leptin Expression and M|
Phenotype Macrophage Infiltration in Periodontitis

We first built ligature-induced periodontitis models to measure
serum leptin expression during the pathogenesis of periodonti-
tis. ELISA results showed that serum leptin expression was
higher in periodontitis mice than in healthy controls (Fig. 1A).
The messenger RNA (mRNA) expressions of IL-6 and TNF
were also higher in the diseased mice compared to those in the
healthy controls (Appendix Fig. 1A). There were positive cor-
relations between leptin levels and the mRNA expressions of
the inflammatory proteins IL-6 and TNF (Fig. 1B). H&E stain-
ing showed higher extent of inflammatory cell infiltration in
gingival tissues from periodontitis mice, compared with
healthy controls (Appendix Fig. 1B). Immunohistochemistry
revealed higher expression of IL-1p in periodontitis mice, indi-
cating an inflammatory condition in the periodontium
(Appendix Fig. 1B, 1D). Immunofluorescence staining results
showed that there was more M1 phenotype macrophage infil-
tration (CD86%/CD68*) in the periodontitis mice than in the
healthy controls (Appendix Fig. 1C). The number of CD86*
cells in the periodontitis group was higher than that in the con-
trol group (Appendix Fig. 1E). There was a positive correlation

between leptin levels and the numbers of CD86" macrophages
(per view) (Appendix Fig. 1F).

Leptin Aggravates Mice Periodontitis
and Enhances M| Macrophage Polarization

Next, leptin was intraperitoneally injected into the ligature-
induced periodontitis mouse model to investigate the role of
leptin in the progression of periodontitis. Micro-CT recon-
struction showed that leptin aggravated ligature-induced peri-
odontitis (Fig. 1D). The ligature-induced periodontitis group
synchronously treated with leptin showed more severe bone
loss with less BV/TV ratio than the untreated ligature-induced
periodontitis group (Fig. 1C). H&E staining showed that the
distances between the cementum-enamel junction (CEJ) and
alveolar bone crest were lower in the ligature combined with
leptin treatment group than in the ligature-only group (Fig.
1D). Immunohistochemical staining results consistently
showed that IL-1f expression was significantly higher in the
leptin treatment group than in the control group (Fig. 1D).
Also, we calculated the average optical density (integrated
optical density [IOD]/area), which reflects the optical density
of per unit area. Consistently, the results showed that there was
higher IL-1p expression in the leptin treatment group com-
pared with the control group (Fig. 1F). Moreover, immunoflu-
orescence double staining revealed higher numbers of CD86*/
CD68* cells in the ligature combined with leptin treatment
group than in the ligature group, while the control group exhib-
ited the lowest number of CD86/CD68* cells (Fig. 1E, G).

Leptin Induces M| Macrophage Polarization
in RAW 264.7 Cells

RAW 264.7 cells were treated with leptin for 12h according to
previous studies (Singh et al. 2010; Cao et al. 2016; Hsich et al.
2017). qRT-PCR results showed that leptin stimulation mark-
edly increased the expression of M1 phenotype macrophage-
associated genes, including those of TNF, IL-1f, IL-6, and
inducible nitric oxide synthase (iNOS) (Fig. 2A), and signifi-
cantly reduced the expression of M2 phenotype macrophage-
associated genes, including those of arginase 1 (Arg-1), dectin,
and IL-4 receptor (IL-4R) (Fig. 2B). After stimulation with
leptin, the levels of M1 phenotype macrophage-associated pro-
tein iNOS increased in a concentration-dependent manner,
while the expression of M2 phenotype macrophage-associated
protein Arg-1 decreased (Fig. 2C). Next, we chose 500 uM
leptin in further experiments. Flow cytometry revealed an ele-
vated percentage of M1 phenotype macrophages (Fig. 2D).
There was more M1 phenotype macrophage infiltration in
periodontitis samples, and LPS, the virulence factor to induce
inflammatory conditions, activated M1 phenotype macrophage
polarization. Above results showed that leptin induced M1
macrophage polarization in RAW 264.7 cells. Therefore, we
next explored whether leptin further promoted M1 macrophage
polarization under LPS-induced inflammatory microenviron-
ment. qRT-PCR results showed that LPS promoted MI
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Figure |. Leptin aggravates mice periodontitis and M| macrophage polarization. (A) Serum leptin expression in mice with periodontitis (n=6) or
healthy controls (n=6). The solid lines indicate the median value. (B) Correlation analyses between serum leptin concentrations and interleukin (IL)—-6
and tumor necrosis factor (TNF) messenger RNA (mRNA) expressions of periodontium of mice in both periodontal and control groups. (C) Bone
volume/tissue volume (BV/TV) analysis of control, wild-type (WT) + ligature, and WT + ligature + leptin groups (n=>5/group). (D) Reconstructed
3-dimensional (3D) micro—computed tomography (CT) images, hematoxylin and eosin staining (scale bar =500 um), and immunohistochemistry staining
(scale bar=100pum) of IL-1f of control, WT + ligature, and WT + ligature + leptin groups (n=5/group). (E) Immunofluorescence staining (scale

bar =50 um) showing colocalization of CD86 (M) positive cells with infiltrated macrophage (CD68") in the gingival tissues of control, WT + ligature,
and WT + ligature + leptin groups (n=5/group). (F) Quantitative analysis (integrated optical density [IOD]/area) of IL-1f immunohistochemistry
staining of control, WT + ligature group, and WT + ligature + leptin groups. (G) The number of M| phenotype macrophage (CD86/CD68") of the
400x magnification field of control, WT + ligature, and WT + ligature + leptin groups. *P<0.05. *¥P<0.01. ***P<0.001.
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macrophage polarization, which was further enhanced by the
synergy between leptin and LPS (Appendix Fig. 2A). At the
protein level, the combined treatment with leptin and LPS syn-
ergistically increased the expression of M1 marker (Appendix
Fig. 2B). Flow cytometry results showed that the expression of
CD80 increased in response to combined leptin and LPS treat-
ment, compared to the treatment with LPS alone (Appendix
Fig. 2C, D). Immunofluorescence results of CD86 further con-
firmed the synergistic effect of combined leptin and LPS treat-
ment (Appendix Fig. 2E).

Knockout of Leptin Inhibits LPS-Induced M|
Macrophage Polarization

BMDMs derived from 0b/ob mice were used to further explore
the effect of leptin on LPS-induced M1 macrophage polariza-
tion. Knockout of leptin slightly increased the mRNA expres-
sion of inflammatory cytokines compared to WT BMDMs.
After LPS stimulation, the mRNA expression of M1 pheno-
type macrophage-associated genes in BMDMs derived from
ob/ob mice was less compared to WT BMDMs (Fig. 3A). The
expression of the M1 macrophage-associated protein iNOS
was also significantly reduced (Fig. 3B). Flow cytometry and
immunofluorescence staining revealed decreased percentages
of M1 phenotype macrophages in BMDMs generated from
ob/ob mice compared to WT BMDMs after LPS stimulation
(Fig. 3C, D).

Leptin Promotes M| Polarization via NLRP3
Inflammasome

Previous studies have reported that the NLRP3 inflammasome
mediates M1 macrophage polarization (Zhang et al. 2020), and
leptin can induce NLRP3 inflammasome activation (Lin et al.
2020; Yu et al. 2020). We hypothesized that leptin might pro-
mote M1 macrophage polarization by activating the NLRP3
inflammasome. Western blot results showed that leptin acti-
vated the NLRP3 inflammasome through the release of acti-
vated IL-1B (Appendix Fig. 3A). It also increased the protein
expression of NLRP3. However, in BMDMSs generated from
ob/ob mice, this effect was significantly attenuated compared
with that in WT BMDMs after LPS and adenosine triphosphate
(ATP) stimulation (Appendix Fig. 3B).

Next, BMDMs derived from Nlpr3” mice were used to
explore whether leptin promotes M1 polarization in an NLRP3
inflammasome-mediated manner. There were no physiological
changes between WT and Nirp3~ mice in mRNA levels of
inflammatory cytokines (Appendix Fig. 4). Knockout of Nirp3
markedly decreased the expression of M1 phenotype macro-
phage-associated genes in BMDMs derived from Nirp3~~ mice
compared to WT BMDMs after synchronous stimulation with
leptin and LPS (Fig. 4A). The expression of the M1 macro-
phage-associated protein iNOS was also markedly reduced
(Fig. 4B). Flow cytometry and immunofluorescence staining
results revealed a decreased percentage of M1 phenotype mac-
rophages in BMDMs generated from Nlrp3~~ mice compared

with WT BMDMs, after combined treatment with leptin and
LPS (Fig. 4C, D).

Moreover, the NLRP3 inflammasome activation inhibitor
MCC950 (1 uM; MedchemExpress) was used to treat RAW
264.7 cells, to further determine whether the M1 macrophage
differentiation observed in response to leptin was dependent on
NLRP3 inflammasome activation. qRT-PCR, Western blotting,
flow cytometry, and immunofluorescence results showed an
inhibitory effect of MCC950 for M1 differentiation induced by
combined treatment of LPS and leptin (Appendix Fig. 5).
These data suggest that NLRP3 inhibition prevents leptin-
mediated M1 polarization.

Leptin Aggravates Periodontitis Progression via
NLRP3 Inflammasome-Mediated M| Polarization

WT and Nirp3~~ mice were used to explore the role of NLRP3
in leptin-induced ligature-induced periodontitis. Consistent
with the above results, with leptin intraperitoneal injection,
Nlpr37~ mice showed less bone loss compared to the WT peri-
odontitis mice (Fig. SA, B). H&E staining results demonstrated
that the perpendicular distance from the alveolar bone crest to
the CEJ was less in Nlpr3~~ mice than in the WT periodontitis
mice, both on the mesial and distal sides (Fig. 5A, C).
Immunohistochemical staining results showed that IL-13
expression was significantly lower in Nlpr3~~ mice than in the
WT periodontitis mice (Fig. 5SA). Moreover, immunofluores-
cence double staining revealed significantly lower amounts of
CD86%/CD68* cells in Nlrp3~~ mice than in the WT periodon-
titis mice (Fig. 5A). These results validate the model in
which leptin aggravates periodontitis progression via NLRP3
inflammasome-mediated M1 polarization.

Discussion

Recent studies have shown that increased leptin expression can
be a diagnostic biomarker for various inflammatory and
immune diseases (Abella et al. 2017; La Cava 2017). In addi-
tion, previous studies showed that serum leptin levels were
positively associated with periodontitis, while GCF leptin lev-
els were negatively correlated with periodontitis (Ahuja et al.
2019), indicating leptin may be involved in the pathogenesis of
periodontitis. However, the precise role and regulatory mecha-
nisms of leptin in periodontitis progression remain unclear.
Our study showed that intraperitoneal injection of leptin in
mice aggravated ligature-induced periodontitis.

Periodontitis is a multifactorial disease caused by the host
immune and inflammatory response, which leads to the
destruction of periodontal tissues, accompanied by extensive
macrophage infiltration (Huang et al. 2016). Macrophages can
be polarized into different phenotypes in response to multiple
stimulations (Su et al. 2015). The cell walls of gram-negative
bacteria contain LPS, which leads to differentiation of macro-
phages into the M1 phenotype (Talari et al. 2015; Hou
et al. 2017). Extensive infiltration of M1 macrophages leads to
severe bone destruction in the periodontium (Sima and
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Figure 2. Leptin induces M| macrophage polarization in vitro. (A) Quantitative reverse transcriptase polymerase chain reaction (QRT-PCR) revealed
the effects of leptin stimulation on M| phenotype macrophage-associated genes, including tumor necrosis factor (TNF), interleukin (IL)—I8, IL-6,

and inducible nitric oxide synthase (iNOS). (B) qRT-PCR revealed the effects of leptin stimulation on M2 phenotype macrophage-associated genes,
including arginase | (Arg-1), dectin, and IL-4 receptor (IL-4R). (C) M| marker iNOS and M2 marker Arg-1 were detected by Western blotting after
leptin stimulation. The histograms show the quantification of band intensities. GAPDH was used for normalization. (D) Flow cytometry staining of
RAW 264.7 cells for CD80-FITC. The percentage of positive cells for CD80 was determined. *P<0.05. **P<0.01. **P<0.001.

Glogauer 2013; Lam et al. 2014; Gonzalez et al. 2015). In the
present study, we observed more M1 phenotype macrophage
infiltration in periodontal tissues and higher expression of

serum leptin in periodontitis mice than in healthy controls.

At present, the role of leptin in macrophage function
remains unclear. Both protective and harmful effects of leptin
have been reported in various mouse models (Naylor and Petri
2016). One study reported that leptin stimulates IL-18 secre-
tion in M2 macrophages to promote invasion and migration of
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Figure 4. Leptin promotes M| polarization via NOD-like receptor family pyrin domain containing 3 (NLRP3) inflammasome in vitro. (A) Quantitative
reverse transcriptase polymerase chain reaction (QRT-PCR) revealed the expression of M| markers, including interleukin (IL)—Ip, IL-6, inducible nitric
oxide synthase (iNOS), and tumor necrosis factor (TNF) in bone marrow—derived macrophages (BMDM:s) generated from wild-type (WT) and Nirp3~~

mice. (B) M| marker iNOS was detected by Western blotting in BMDMs generated from WT and NIrp3~~ mice after lipopolysaccharide (LPS) and
leptin stimulation. The histogram shows the quantification of band intensities. GAPDH was used for normalization. (C) Immunofluorescence staining
of F4/80 and CD86 in BMDMs generated from WT and ob/ob mice after LPS and leptin stimulation (scale bar =20 pum). (D) Flow cytometry staining of

BMDMs for F4/80-APC and CD80-FITC. *P<0.01. ***P<0.001.

breast cancer cells (Cao et al. 2016). However, the effects of
leptin on macrophage polarization were largely unknown. We
found that leptin alone induced a low level of M1 polarization.
When macrophages were treated with a combination of leptin
and LPS, the polarization of M1 macrophages significantly
increased and knockout of leptin markedly decreased M1

macrophage polarization in BMDMs generated from ob/ob
mice after LPS stimulation. These results confirmed the proin-
flammatory role of leptin in macrophage polarization.

NLRP3 inflammasome is comprised of NLRP3, apoptosis-
associated speck-like protein containing a caspase recruitment
domain (ASC), and pro—caspase 1 (Yang et al. 1998). It can
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Figure 5. Leptin aggravates periodontitis progression via NOD-like receptor family pyrin domain containing 3 (NLRP3) inflammasome-mediated M1
polarization in vivo. (A) Reconstructed 3-dimensional (3D) micro—computed tomography (CT) images of wild-type (WT), WT + ligature + leptin,

and NIrp3~" + ligature + leptin groups. Hematoxylin and eosin staining (scale bar =500 um), immunohistochemistry staining (scale bar= 100 um)

of interleukin (IL)—1p, and immunofluorescence staining (scale bar =50 um) showing colocalization of CD86 (MI)—positive cells with infiltrated
macrophage (CD68") in the gingival tissues of WT, WT + ligature + leptin, and NIrp3~ + ligature + leptin groups (n=5/group). (B) Bone volume/tissue
volume (BV/TV) analysis of WT, WT + ligature + leptin, and NIrp37~ + ligature + leptin groups. (C) The distances of the mesial and distal crest bone to
the CEJ of WT, WT + ligature + leptin, and NIrp37 + ligature + leptin groups. *P<0.05. **P<0.01. **P<0.001.
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sense pathogens or sterile damage and subsequently activate
IL-1p and IL-18 to mediate innate immune response (Liu et al.
2020). The activation of NLRP3 inflammasome depends on 2
signals: an initial priming signal 1, inducing the expression of
pro—IL-1p, pro—IL-18, and NLRP3, and an activation signal 2,
inducing cleavage to form the mature IL-1f and IL-18 (Mangan
et al. 2018). Studies have reported that leptin activates the
NLRP3 inflammasome and thus promotes the activation of
IL-1P and IL-18 (Fu et al. 2017; Lin et al. 2020). In line with
previous studies, our results confirmed that leptin activated
NLRP3 in RAW 264.7 cells. In BMDMSs generated from ob/ob
mice, NLRP3 inflammasome activation was significantly
reduced after LPS and ATP stimulation compared to the WT
BMDMs. Raut et al. (2019) reported that leptin-induced
NLRP3 inflammasome activation is mediated via estrogen
receptor signaling and NADPH oxidase-derived reactive oxy-
gen species production. However, the mediation of NLRP3
inflammasome activation by leptin is a complicated process,
and whether leptin activates the NLRP3 inflammasome
through other priming signal 1 and activation signal 2 needs
further exploration.

Recently, the NLRP3 inflammasome has been suggested to
be a key regulator of macrophage-induced inflammation
(Zhang et al. 2020). Inhibition of the NLRP3 inflammasome
reversed choline-metabolized trimethylamine N-oxide—
stimulated M1 features (Wu, Yuan, et al. 2020). NLRP3 inflam-
masome also mediates M1 macrophage polarization in
inflammatory root resorption during orthodontic tooth move-
ment (Zhang et al. 2020). In the present study, we found that
leptin aggravates periodontitis progression via NLRP3
inflammasome-mediated M1 polarization, and Nirp3 knockout
protected against periodontal bone loss, inflammatory cytokine
expression, and M1 macrophage infiltration. The limitation of
our study was that we focused only on the effects of leptin on
M1 macrophage polarization, and whether leptin influences
M2 polarization requires further investigation.

In conclusion, our study demonstrated that elevated serum
leptin expression during periodontitis promotes M1 macro-
phage polarization by activating NLRP3 inflammasome sig-
naling. These activated macrophages secrete a large number of
inflammatory factors, such as TNF and IL-1p, and then recruit
more macrophages into the inflammation sites, destroy the
periodontium, and ultimately lead to accelerated periodontitis
progression. In the future, we will focus on how to regulate the
expression of leptin in the serum, to develop a new strategy for
the treatment of periodontitis.
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