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Abstract
NOD-like receptor family pyrin domain containing 3 (NLRP3) in�ammasome is reportedly involved in
periodontal pathogenesis. Pasteurella multocida toxin (PMT) is the major virulence factor of Pasteurella
multocida strains, which belongs to the GNFR. The existence of GNFR and their toxin may aggravate
periodontitis. Therefore, it’s important to unclose the regulatory mechanisms of PMT in periodontitis.
However, the involvement of NLRP3 in�ammasome and PMT in periodontitis remain unclear. The results
showed that NLRP3 expression was increased in human and mice gingivae from periodontitis patients
and periodontitis mice by immunohistochemical staining and quantitative reverse transcription
polymerase chain reaction (qRT-PCR). Nlrp3-/- mice showed less periodontal bone loss and lower
abundances of Pasteurella multocida by 16S rRNA sequencing. PMT promoted NLRP3 expressions by
activating nuclear factor kappa light chain enhancer of B cells (NF-κB) pathway and activated NLRP3
in�ammasome. This effect was reversed by NLRP3 inhibitor MCC950. Furthermore, PMT aggravated
periodontal bone loss and in�ammation in WT mice while MCC950 attenuated periodontal bone loss and
in�ammation. The Nlrp3-/- periodontitis models with PMT local injection showed less bone loss and
in�ammation compared with WT periodontitis mice after PMT treatment. Taken together, our results
showed that PMT aggravates periodontal response to the ligature by promoting NLRP3 expression and
activating NLRP3 in�ammasome, suggesting that NLRP3 may be an effective target for the treatment of
periodontitis caused by GNFR and MCC950 may be a potential drug against this disease.

Introduction
Periodontitis is a bacterial-induced chronic in�ammatory disease resulting from an imbalance between
bacterial antigens and host immune reactions [1, 2]. It affects about 50% of the global population,
becoming the sixth most prevalent disease worldwide [3]. The severity of this global oral disease is
underscored by the fact that this disease can lead to gingival recession, periodontal tissue destruction,
and eventual tooth loss [4]. Periodontitis is mainly caused by gram-negative bacteria. Previous studies
have reported NOD-like receptor family pyrin domain-containing 3 (NLRP3) in�ammasome plays an
important role in the development of periodontitis, and interleukin (IL)-1β expression is higher in the
gingival crevicular �uid (GCF), saliva, and gingival tissue of patients with periodontitis than in healthy
controls [5-7], indicating that NLRP3 in�ammasome is involved in the progression of periodontitis.

NLRP3 in�ammasome, a major innate immune sensor, is composed of NLRP3, apoptosis-associated
speck-like protein containing a caspase recruitment domain (ASC), and pro-caspase-1. Two signals
activate the NLRP3 in�ammasome: an initial priming signal 1 and an activation signal 2. Priming signal
1 is initiated by toll-like receptor (TLR) activation, which subsequently activates the nuclear factor kappa
light chain enhancer of B cells (NF-κB) pathway, thus inducing the expression of pro-IL-1β, pro-IL-18, and
pro-caspase-1. Through activation signal 2, the NLRP3 protein clustering the ASC protein triggers
oligomerization of pro-caspase-1, inducing cleavage to form the mature caspase-1 [8]. Active caspase-1
cleaves pro-IL-1β, pro-IL-18, inducing their activation and secretion and recruiting more effector cells to
the infection site [9]. Therefore, activated IL-1β is one of important indicators of NLRP3 in�ammasome
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activation. Recently, a study found that NLRP3 in�ammasome mediated elder mice alveolar bone loss
and that targeting NLRP3 in�ammasome may be a novel option to control periodontal degeneration with
age [10].

To date, there are con�icting reports on whether bacteria can activate NLRP3 in�ammasome. Some
studies found Porphyromonas gingivalis (P.g.) activates NLRP3 in�ammasome in human monocytic-
leukemia cells through the TLR2 and TLR4 pathways. [11, 12]. P.g. induced the gene expression of IL-1β
and intracellular accumulation of IL-1β protein, but it didn’t induce the secretion of IL-1β unless
subsequent LPS or ATP stimulation. [13]. By contrast, other studies have suggested that P.g. inhibits the
activation of NLRP3 in�ammasomes and plays a counter-regulatory role [14]. Therefore, the role and
underlying mechanisms of the NLRP3 in�ammasome in periodontitis need further exploration. In present
study, in vivo experiments revealed lower abundances of Pasteurella multocida, which belongs to the non-
oral gram-negative facultative rods (GNFR), in Nlrp3-/- mice than in WT mice. In vitro experiments revealed
Pasteurella multocida toxin (PMT) signi�cantly promoted NLRP3 expression and activated NLRP3
in�ammasome. Moreover, local injection of PMT aggravated ligatured-induced periodontal bone loss and
in�ammation via NLRP3 in�ammasome, while local injection of MCC950 attenuated these effects in
vivo. These results suggest NLRP3 may be an effective target for the treatment of periodontitis caused by
GNFR and that MCC950 may be a potential drug against this disease.

Materials And Methods
Animals

Male, 8-week-old, Nlrp3-/- mice and wild-type (WT) C57BL/6 mice were used. Nlrp3-/- mice were provided
by School of Life Sciences, Peking University (China). WT mice were purchased from WeiTong LiHua Co.
(China). Animals were housed at the same time under the same speci�c-pathogen-free conditions.

Experimental periodontitis and treatment

To build ligature-induced periodontitis model, sterile silk (5-0) was ligatured around the cervical areas of
the upper right second molars of mice for one week. Interventions included local injection of the NLRP3
inhibitor MCC950 (MedChemExpress, USA), 10 mg (5ul) twice a day or of PMT (Proteintech Group, USA)
10 nM (5ul) twice a day around the periodontal area. The control group was injected the same volume of
normal saline (NS). The injections began on the day that the silks were ligatured (Supplementary Figure
1). All animal experiments protocol was approved by the Experimental Animal Welfare Ethics Branch of
Peking University Biomedical Ethics Committee (Protocol LA2020329).

Microbial sample collection and 16S ribosomal RNA (rRNA) sequencing and analysis

After ligature-induced periodontitis for seven days, the silk was removed and transferred into sterile
Eppendorf tubes. Then, 200 μL of phosphate-buffered saline (PBS) was added to each tube and shaken
for 1 h. The samples were centrifuged at 4 °C for 16S rRNA sequencing.
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E.Z.N.A. DNA Kit (Omega Bio-tek, USA) was used to extract microbial genomic DNA according to the
manufacturer’s instructions. The V3–V4 hypervariable regions of the 16S rRNA gene were subjected to
high-throughput sequencing by Beijing Allwegene Tech, Ltd. (China) using the Illumina Miseq PE300
sequencing platform (Illumina, Inc., USA). Quantitative Insights into Microbial Ecology package (v1.2.1)
was used for high-quality sequence extraction. UCLUST was used to classify a unique sequence set into
an operational taxonomy unit under a 97% identity threshold. Student’s t-test was used to calculate alpha-
and beta-diversity. The Kruskal-Wallis test was used to determine the signi�cance of categorical
variables.

Cell preparation and stimulation

Human monocytes THP-1 were purchased from ScienCell (California, United States) and were cultured in
RPMI 1640 supplemented with 10% fetal bovine serum (FBS, Gibco, USA), 100 U/mL penicillin, and 100
μg/mL streptomycin at 37 °C with 5% CO2. THP-1 cells were differentiated into macrophage-like cells with
50 ng/ml of phorbol 12-mystristate 13-acetate (PMA). The PMA-differentiated THP-1-derived
macrophages were stimulated with different concentrations of PMT (0.1, 1, 10 nM) for 6, 12, 24, 36, and
48 h.

GCF collection

GCF collection was performed according to previous study [15]. Brie�y, to avoid bleeding, the primary
ligature that had been used for periodontitis induction was removed as gently as possible. Then a new,
fresh weighed silk thread (about 2 cm in length) was placed around the second molar in each group
(Supplementary Figure 2). After 10 min of ligature placement, the silks were removed and weighed using
a Mettler Analytical Balance to a sensitivity of 0.05 μg (Mettler Instrument Corporation, USA) to calculate
the weight of GCF. Then, the silks were transferred to sterile Eppendorf tubes, and 100 μL of PBS was
added to each tube and shaken for 1 h at 4 °C for further analysis.

DNA extraction

Genomic DNA were extracted by using the DNA DNeasy PowerSoil Pro Kits (QIAGEN, Germany) according
to manufacturer’s instruction. Brie�y, the silk containing microbiota and Solution CD1 were added into the
PowerBead Pro Tubes and horizontally vortex at maximum speed for 10 min. Then the PowerBead Pro
Tubes were centrifuged at 15,000 g for 1 min. The supernatants were transfer to a clean 2 ml tube with
200 μl Solution CD2. The mixture was centrifuge at 15,000 g for 1 min and the supernatants were
transferred to another clean 2 ml tubes. 600 μl of Solution CD3 was added and the whole lysate were
centrifuged through an MB Spin Column at 15,000 g for 1 min. Then 500 μl of Solution EA and 500 μl of
Solution C5 were centrifuged through the MB Spin Column in order. Finally, 50ul of Solution C6 was
added to the center of the white �lter membrane for centrifugation and 16S rRNA genes from the
extracted DNA were quanti�ed by quantitative reverse transcription polymerase chain reaction (qRT-PCR).
The primers for Pasteurella multocidia and the internal control 16S rDNA were listed in Supplementary
Table 1.
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qRT-PCR

Total RNA was extracted from the cells and periodontal tissues (gingival tissues and alveolar bone).
Gingival tissues around the second molars were collected as gingival samples. Alveolar bone was
collected after extraction of the second molar. TRIzol reagent (Invitrogen, USA) was added into these
periodontal tissues to fully ground them. Then the procedure was as same as the RNA extraction
procedure of cells, which was preformed according to previous study (Han et al., 2020). qRT-PCR was
conducted using SYBR Green Master Mix (Roche Applied Science, Switzerland) on an ABI Prism 7500
Real-Time PCR System (Applied Biosystems, USA). The mean of housekeeping gene glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was served as an internal reference. Results were calculated using
the 2−ΔΔCt relative expression method. The nucleotide sequences of the primers are listed in
Supplementary Table 1.

Western blot

Total protein was extracted using radio immunoprecipitation assay lysis buffer supplemented with a
protease inhibitor mixture (Roche Applied Science, Switzerland). Protein concentrations were measured
using Pierce BCA Protein Assay Kit (Thermo Scienti�c, USA) and equal amounts of proteins were
separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and then transferred onto
polyvinylidene �uoride membranes (Merck Millipore, Germany). Primary antibodies against NOD-like
receptor family pyrin domain containing 3 (NLRP3, 1:1,000, Proteintech Group), phosphorylated-p65
(1:1,000, Cell Signaling Technology, USA), p65 (1:1,000, Proteintech Group), IκBα (1:1000, Proteintech
Group), and β-actin (1:2,000, ZSGB-Bio, China) were incubated overnight at 4 °C. The corresponding
secondary antibodies (1:10,000, ZSGB-Bio) were incubated the next day for 1 h. An enhanced
chemiluminescence kit (Applygen, China) was used to visualize the protein bands, which were quanti�ed
using ImageJ software (http://rsb.info.nih.gov/ij/) [16]. The signals of the target bands were normalized
to the β-actin band relative to the control groups.

Enzyme-linked immunosorbent assay (ELISA)

A human IL-1β ELISA kit (Proteintech Group) was used to quantify the in�ammatory cytokine IL-1β in the
culture supernatant of THP-1-derived macrophages, and a mouse IL-1β ELISA kit (Proteintech Group) was
used to quantify the in�ammatory cytokine IL-1β in the GCF of mice around the upper second molar
according to the manufacturer’s instructions. Results were normalized to the cell protein concentrations
at an absorbance of 405 nm. The concentrations of IL-1β in GCF were normalized based on the volume
of GCF based on the readout from the ELISA kits.

Microcomputed tomography (micro-CT)

To analyze periodontal bone loss after ligation, the �xed mice maxillae were scanned using a Skyscan
1174 micro-CT system (Bruker, Belgium) at a resolution of 10.8 μm. NRecon and CTvox software were
used for three-dimensional (3D) reconstruction. Bone volume (BV), bone mineral density (BMD), and bone
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volume/tissue volume (BV/TV) ratio were calculated using CTAn software (gray value >1000) by
extracting all teeth on the CT data of region of interests according to previous study [17]. The distance
between the cemento-enamel junction (CEJ) and the alveolar bone crest (ABC) from each side of the
upper second molar (mesial, distal, lingual, and buccal sides) was measured on the sagittal and coronal
planes using Data Viewer software.

Human gingival biopsy collection

Human gingival tissues were obtained from patients with periodontitis (n = 12; mean age, 32.4 ± 3.2
years) or from healthy controls who received gingivectomy or crown lengthening during orthodontic or
prosthodontic treatment (n = 8; mean age, 31.1 ± 2.8 years). All protocols were approved by the Ethics
Committee of Peking University School of Stomatology (PKUSSIRB-201950166), and all patients
provided written informed consent. The criteria were formulated according to previous studies [18, 19].
Brie�y, samples meeting the criteria that the gingival bleeding index (BI) ≤ 1, periodontal probing depth 
3 mm, no attachment loss,  20 teeth, and no alveolar bone loss in radiographic examination (the
distance between CEJ and ABC  2 mm) were included in the control group. Samples meeting the criteria
that BI ≥ 2, periodontal probing depth  6 mm, clinical attachment loss  3 mm and obvious bone loss
observed in radiographic examination were included in the periodontitis group. All patients conformed to
the criteria of (1) no cigarette smoking; (2) no systematic diseases which might in�uence periodontal
conditions; (3) no anti-in�ammatory medications intake during the past 3 months; (4) no periodontal
treatment during the past 6 months; (5) not pregnant or breast feeding. All the gingival biopsies were
collected from the buccal side. After collection, four control and four periodontitis biopsies were �xed in
4% paraformaldehyde for histological analysis. The other biopsies were used for qRT-PCR analysis.

Histological analysis of periodontal tissue

The specimens (5 μm sections) were stained with hematoxylin and eosin (H&E) staining kit (G1120,
Solarbio, China). For immunohistochemical staining, the sections were rehydrated in a graded ethanol
series and incubated with an antigen retrieval solution (C1034, Solarbio) for 15 min at 95 °C. Then,
sections were incubated with 3% hydrogen peroxide for 10 min at room temperature and incubated with
primary antibodies against NLRP3 (1:800, Servicebio, China) and IL-1β (1:800, Servicebio) overnight at 4
°C. Secondary antibodies (ZSGB-Bio) were subsequently applied. After the production of a brown
precipitate using a DAB detection kit (Sigma, USA), the sections were counterstained with hematoxylin.
Average optical density (Integrated optical density (IOD)/area, AOD) were calculated to analyze the
optical density of per unit area in the 400× magni�cation �eld.

Statistical analyses

SPSS version 19.0 (IBM, Chicago, IL, USA) was used for statistical analyses. All data are expressed as the
mean ± SD of at least three independent experiments. A two-tailed unpaired Student’s t-test was used for
two-group comparisons. One-way analysis of variance (ANOVA) was used for multiple group
comparisons. The threshold of statistical signi�cance was set at p < 0.05.
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Results
NLRP3 expression is upregulated in periodontitis patients and mice

We �rst examined the expression of NLRP3 in human gingival tissues to con�rm whether its expression
was affected by in�ammatory states. H&E staining showed that gingival tissue affected by periodontitis
had more in�ltration of in�ammatory cells than those from healthy controls (Figure 1A).
Immunohistochemical staining results revealed a higher expression of NLRP3 and IL-1β in gingivae from
periodontitis patients than in those from healthy controls (Figure 1A). mRNA expression of NLRP3 and IL-
1β were also signi�cantly increased in the diseased group compared to those in the healthy controls
(Supplementary Figure 3). H&E staining and micro-CT results showed that ligature-induced periodontitis
of the right maxillary second molars had been successfully constructed in mice (Figure 1B, E). BV, BV/TV
and BMD were lower in the periodontal group than in the control group (Figure 1C). The distances from
CEJ to ABC of the mesial side were calculated using micro-CT analyzing software. The results showed
that the CEJ-ABC distance was greater in the periodontal group than in the control group (Figure 1D). The
mRNA levels of NLRP3, IL-1β and IL-6 from alveolar bone and gingival tissues were signi�cantly higher in
the diseased group than in the control group (Figure 1F). Similarly, immunohistochemistry and
semiquantitative analysis (Integrated optical density (IOD)/area) results revealed a higher expression of
IL-1β and NLRP3 in the gingival tissues of mice with periodontitis than in the healthy gingivae of WT
mice (Figure 1G, H).

NLRP3 de�ciency attenuates mice ligatured-induced periodontal bone loss and in�ammation in vivo

WT (n=5) and Nlrp3-/- (n=5) mice were used to explore the role of NLRP3 in the development of ligature-
induced periodontitis. Alveolar bone loss was detected via micro-CT and further analyzed by analyzing
software. Nlrp3-/-mice showed less bone loss than WT mice (Figure 2A). The distances between the CEJ
and ABC from the mesial side were less in Nlrp3-/- mice than in WT mice (Figure 2B). Additionally, BMD,
BV and BV/TV were higher in Nlrp3-/- mice than in WT mice (Figure 2C). Consistently, H&E staining results
showed in�ammation and bone resorption were signi�cantly attenuated in Nlrp3-/- mice (Figure 2D).
Moreover, NLRP3 de�ciency remarkably decreased the mRNA expression of the in�ammatory cytokines
IL-1β and IL-6 (Figure 2E). Immunohistochemistry results further con�rmed that NLRP3 de�ciency
signi�cantly reduced IL-1β expression in gingival tissues of Nlrp3-/- mice than in those of WT mice (Figure
2F). Average optical density (IOD)/area) analysis results showed that there were less IL-1β expression in
Nlrp3-/- mice than in those of WT mice (Figure. 2G).

Altered oral microbiota between WT and Nlrp3-/- mice

Previous study reported that NLRP3 knockout increase the capability of macrophage phagocytosis [20].
Therefore, we hypothesized that whether NLRP3 in�ammasome in�uence the oral microbiota, which
further in�uence the progression of periodontitis. Oral microbiota from the silk were collected to analyze
the differences in oral bacterial communities between WT (n=3) and Nlrp3-/- mice (n=3) with ligature-
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induced periodontitis. 16S rRNA gene sequencing analysis revealed that despite individual variations in
microbiota, a general discrete clustering pattern of bacterial taxa was depicted between WT and Nlrp3-/-

mice based on a principal component analysis (Figure 3A). The most signi�cant difference in the
microbial abundance between WT and Nlrp3-/- mice was Pasteurella at the genus level, which was rare in
Nlrp3-/- mice and enriched in WT mice. To further validate the differentially abundant species we identi�ed
according to our 16S rRNA-based microbiome analyses in WT and Nlrp3-/- periodontitis mice, we used
qRT-PCR to quantify the presence of Pasteurella multocidia. The results showed that the fold changes of
Pasteurella multocidia in Nlrp3-/- periodontitis mice were signi�cantly less compared with the WT
periodontitis mice (Figure 3B). And the relative abundance analysis results were also consist with the 16S
rRNA gene sequencing analysis (Figure 3B).

PMT induces transcription and expression of NLRP3 and in�ammatory reaction in vitro

We then explored the potential in�uence of PMT on the progression of periodontitis and investigated
whether PMT has an impact on periodontitis via the NLRP3 in�ammasome. The mRNA expression of IL-
1β, IL-6, and NLRP3 were all signi�cantly upregulated after the stimulation of PMT as well as tumor
necrosis factor (TNF), which is an NF-κB pathway agonist in a time-and dose-dependent manner [21]
(Figure 3C, Supplementary Figure 4A-C). As the mRNA expression of NLRP3 reached the highest peak at
12 h with 10 nM of both PMT and TNF, we chose 12 h as the stimulation time and 10 nM as the dose in
further experiments. Consistently, western blot results also con�rmed that PMT exposure induced the
protein expression of NLRP3. Similarly, the protein expression of NLRP3 reached the highest peak at 12 h
(Figure 3D, Supplementary Figure 4D). We further found that PMT activated the NF-κB signaling pathway
and the application of NF-κB inhibitor Bay 11-7082 attenuated PMT-induced NF-κB signaling pathway
activity (Figure 3E).

PMT activates NLRP3 in�ammasome in vitro

We next explored whether PMT participated in the NLRP3 in�ammasome activation process. Western blot
results showed PMT activated NLRP3 in�ammasome with the activation of caspase-1 and the release of
activated IL-1β (Figure 4A). However, this effect was signi�cantly inhibited using the NLRP3 inhibitor
MCC950 in a dose-dependent manner. Pretreatment with 1 μM MCC950 for 1 h had a minimal effect on
PMT-induced NLRP3 in�ammasome activation, whereas pretreatment with 10 μM MCC950 signi�cantly
reduced the release of activated IL-1β in both whole cell lysates and culture supernatants (Figure 4B).
Additionally, MCC950 did not affect NLRP3 protein expression but inhibited NLRP3 in�ammasome
activation. Furthermore, the time of MCC950 effect against PMT via NLRP3 inhibition was limited.
Pretreatment with 10 μM MCC950 signi�cantly reduced the release of activated IL-1β in both whole cell
lysates and culture supernatants after 12 h of PMT stimulation. However, MCC950 rarely inhibited NLRP3
in�ammasome expression after PMT stimulation for 24 h (Figure 4C). Based on the above data, the
regulatory mechanism was deduced in Figure 4D.
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MCC950 ameliorates mice periodontal response to the ligature while PMT aggravates mice periodontal
response to the ligature

Next, we explore the role of MCC950 and PMT on the progression of periodontitis in vivo. Micro-CT
reconstruction results demonstrated that MCC950 ameliorated ligature-induced periodontitis, as PMT
aggravated ligature-induced periodontitis (Figure 5A). MCC950 treatment signi�cantly improved
periodontal bone resorption and in�ammation. The ligature-induced periodontitis group synchronously
treated with PMT showed a more severe bone loss with less BMD, BV/TV and bone volume than the
untreated ligature-induced periodontitis group (Figure 5B). ELISA results revealed that local injection of
MCC950 signi�cantly decreased IL-1β protein levels, while PMT remarkably increased IL-1β protein levels
in the GCF compared with the control group (Figure 5C). Similarly, both H&E staining and software
analysis calculating the distances between the CEJ and ABC from the mesial side showed consistent
results (Figure 5D). Immunohistochemical staining results showed that IL-1β expression was signi�cantly
higher in the PMT treatment group, while was signi�cantly lower in the MCC950 injection group (Figure
5E). Moreover, we detected the relative expression of Pasteurella multocidia via qRT-qPCR of 16s DNA
analysis. The results showed that the fold changes of Pasteurella multocidia in ligature-induced
periodontitis mice after MCC950 treatment were less compared with the WT periodontitis mice group
(Supplementary Figure 5A). And the abundance of Pasteurella multocidia relative to the total bacteria in
ligature-induced periodontitis mice after MCC950 treatment were also less compared with the WT
periodontitis mice group (Supplementary Figure 5B).

PMT aggravates periodontitis progression via NLRP3 in�ammasome

Then WT and Nlrp3-/- mice were used to further verify whether PMT aggravates periodontitis progression
via NLRP3 in�ammasome. With local intraperitoneal injection of PMT, Nlrp3-/- mice showed less bone
loss compared to the WT periodontitis mice (Supplementary Figure 6A, B). H&E staining results
demonstrated that the perpendicular distance from the mesial and distal ABC to the CEJ was less in
Nlrp3-/- mice than in the WT periodontitis mice (Supplementary Figure 6A, C). These results suggest that
PMT aggravates periodontitis progression via NLRP3 in�ammasome.

Discussion
Patients with periodontitis showed higher levels of NLRP3 in the GCF, indicating the important role of
NLRP3 in periodontitis progression [22]. NLRP3 in�ammasome recognizes various stimuli, such as
pathogen-associated molecular patterns [23] and endogenous damage-associated molecular patterns
[24]. Periodontal pathogens, including P.g., Aggregatibacter actinomycetemcomitans (A.a.), and
Fusobacterium nucleatum (F.n.), Prevotella nigrescens have been reported to activate the NLRP3
in�ammasome, inducing IL-1β secretion [25-27]. Yamaguchi et al. found Nlrp3-/- mice showed less
alveolar bone resorption with oral P.g. injection compared with WT mice [28], indicating that NLRP3
in�ammasome is involved in bone metabolism and resorption induced by P.g. infection. Consistently, in
our study, NLRP3 expression was higher in the gingivae of patients with periodontitis and in ligature-
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induced periodontitis in mice. Moreover, NLRP3 de�ciency decreased ligature-induced periodontal bone
tissue loss and in�ammation.

In present study, we used 16S rRNA gene sequencing to detect the oral microbiota after ligature-induced
periodontitis for seven days according to previous study [29, 30]. The experimental periods various from 5
days to 60 days [29, 31, 32] and in this study, we found signi�cant alveolar bone loss and in�ammatory
cells in�ltration in the ligature-induced periodontitis group for seven days. Therefore, we chose 7 days for
oral microbiota detection. The results showed that the most signi�cant difference in the microbial
abundance between WT and Nlrp3-/- mice was Pasteurella at the genus level. Pasteurella multocida is
one of the most frequently isolated subgingival non-oral GNFR [33]. It is a commensal bacterium in the
gingival crevice of BALB/c mice, nonhuman primates, ferret and dog models [34-37]. At present, most
periodontal therapies focus on major periodontopathogens such as P.g. and A.a. Though GNFR are not
always inhabiting the human oral cavity, the existence of GNFR and their toxin may resist mechanical
debridement from periodontal pockets and are insusceptible to most antibiotics frequently applied in
periodontal treatment, even aggravate periodontitis. One of GNFR Neisseria has been reported to be a
nitrate-reducing bacteria, promoting endothelial dysfunction, and increased cardiovascular risk [38].
However, the effects of GNFR in the progression of periodontitis remain largely unknown. Pasteurella
multocida is conserved with A.a. and Haemophilus in�uenzae, all belonging to the phylogeny of the
Pasteurellaceae group. PMT, the major virulence factor produced by Pasteurella multocida serotype A and
D strains [39], can lead to various pathological processes [40, 41]. One study reported that A.a.-
immunized mice harboring Pasteurella in the oral cavity developed severe periodontitis [35]. In present
study, we found PMT signi�cantly aggravated ligature-induced periodontitis in vivo. In this study, we
didn’t explore the role of Pasteurella multocida in the progression of periodontitis. In future experiments,
the function of Pasteurella multocida in the progression of periodontitis and the underlying mechanisms,
whether Pasteurella multocida activates NLRP3 in�ammasome like other periodontal pathogens, and
through which signal 1 and signal 2, need to be investigated.

In contrast to lipopolysaccharide, PMT is an AB toxin that can activate the heterotrimeric G proteins Gaq,
Ga13, and Gai [42] through deamidation of a glutamine residue required for guanosine triphosphate
hydrolysis [43]. A previous study showed PMT stimulates IL-β gene transcription by inducing NF-κB
activation; PMT induces IL-1β maturation independent of the NLRP3 in�ammasome but dependent on
Granzyme A in macrophages [44]. Moreover, the study found this Granzyme A-dependent mechanism is
speci�c for mice macrophages, while human macrophages require NLRP3 in�ammasome activation. We
found PMT promoted IL-1β and NLRP3 gene transcription via NF-κB pathway activation and stimulated
IL-1β secretion via NLRP3 in�ammasome activation in human macrophages. Additionally, studies have
reported PMT participates in bone homeostasis. It can trigger nuclear factor kappa-B ligand (RANKL)-
independent osteoclastogenesis and inhibit osteogenesis via G protein signaling activation [45, 46].
NLRP3 in�ammasome has been involved in osteoclastogenesis through IL-1β, which promotes RANKL-
induced osteoclast differentiation [47, 48]. NLRP3 in�ammasome NLRP3 regulates alveolar bone loss in
ligature‐induced periodontitis by promoting osteoclastic differentiation [49] and targeting it also reduced
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age-related alveolar bone loss [10]. However, whether PMT mediates bone resorption via the NLRP3
in�ammasome requires further exploration.

NLRP3 in�ammasome was regulated by various factors in periodontitis model to provide therapeutic
strategies for periodontitis. Bmi-1 was reported to negatively regulate TLR4-speci�c activation of the
NLRP3 pathway in a mouse model of periodontitis [50]. Oral administration of glyburide signi�cantly
suppressed the in�ltration of in�ammatory cells and the number of osteoclasts in the alveolar bone via
targeting the NLRP3 pathway in periodontal diseases [26]. Few NLRP3 in�ammasome inhibitors or
activators have been reported in regulating the pathogenesis of periodontitis. MCC950 was discovered as
a selective small molecule inhibitor of NLRP3 in�ammasomes and has been experimentally proven to be
bene�cial in the control of in�ammation and metabolic diseases such as schistosomiasis-induced liver
�brosis, diabetes, and Parkinson’s disease [51-53]. MCC950 can directly interact with the NLRP3 NACHT
domain to prevent the formation and maintenance of the NLRP3 in�ammasome complex. [54, 55]. Our
experiments demonstrated MCC950 treatment effectively inhibits PMT-induced NLRP3 in�ammasome
activation and further suppresses IL-1β production in a concentration-dependent manner in vitro.
However, MCC950 are high cost and short half-life [56] and the development of more potent agents will
offer insights into immune-mediated periodontitis strategies in future.

The limitation of this study was that we didn’t unclose why there was less Pasteurella in Nlrp3-/-

periodontitis mice. Taxman et al once provided a novel mechanism of pathogen-mediated in�ammasome
inhibition through the suppression of endocytosis. P.g. repressed NLRP3 in�ammasome activation
through endocytosis [14]. Moreover, Sun et al found that loss of PCSK9 helped maintain a normal
symbiotic microbiota and to eliminate pathogen lipid. PCSK9 knockout enhanced the ability of BMMs to
phagocytose P.g. [57]. We hypothesized that NLRP3 in�ammasome may also affect the endocytosis on
Pasteurella. However, further experiments were needed to verify this hypothesis.

In conclusion, we con�rmed there were lower abundances of Pasteurella multocida in Nlrp3-/-

periodontitis mice than in WT periodontitis mice. PMT not only promoted NLRP3 expressions by
activating NF-𝜅B signaling pathway, but also effectively activated NLRP3 in�ammasome to further
trigger pro-IL-1β cleavage in vitro. PMT aggravated ligatured-induced periodontal bone loss and
in�ammation via NLRP 3 in�ammasome and this effect was signi�cantly reversed by NLRP3 inhibitor
MCC950 with reduced IL-1β activation. Our �ndings enriched the understanding of NLRP3 in�ammasome
in the presence of GNFR during periodontitis progression. Furthermore, our �ndings provided a possibility
that targeting NLRP3 in�ammasome can alleviate PMT-induced periodontitis and that MCC950 can be a
novel option to control periodontal diseases.
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=Fusobacterium nucleatum; GAPDH = glyceraldehyde-3-phosphate dehydrogenase; GCF = gingival
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Figure 1

NLRP3 expression is upregulated in periodontitis patients and mice. (A) Immunohistochemistry staining
of IL-1β and NLRP3 in gingivae from healthy and periodontitis individuals. (B) Reconstructed 3D micro-
CT images of control, and periodontitis groups. (C) BV, BV/TV, and BMD analysis of control, and
periodontitis groups (n=5/group). (D) The distances between the CEJ and the ABC from the mesial side
of control, and periodontitis groups (n=5/group). (E, G) H&E staining and immunohistochemistry staining
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of IL-1β and NLRP3 in the gingivae in control and periodontitis groups. The histogram shows the
quanti�cation of positive cells (n=5/group). (F) mRNA expression of IL-1β, IL-6, IL-10 and NLRP3 in
control and periodontitis groups by qRT-PCR (n=5/group). GAPDH was used for normalization relative to
control groups. (H) Quantitative analysis (Integrated optical density (IOD)/Area) of IL-1β and NLRP3
immunohistochemistry staining of control and periodontitis groups. Values are presented as mean ± SD.
(*p<0.05, **p<0.01, *** p<0.001). Abbreviations: ABC = alveolar bone crest; BMD = bone mineral density;
BV = bone volume; BV/TV = bone volume/tissue volume ratio; CEJ = cemento-enamel junction; GAPDH =
glyceraldehyde-3-phosphate dehydrogenase; H&E = hematoxylin and eosin; IL = interleukin; micro-CT =
microcomputed tomography; mRNA = messenger RNA; NLRP3 = NOD-like receptor family pyrin domain
containing 3; qRT-PCR = quantitative reverse transcription polymerase chain reaction; 3D = three-
dimensional.
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Figure 2

NLRP3 de�ciency attenuates mice periodontitis in vivo. (A) Reconstructed 3D micro-CT images of
periodontitis models of WT and Nlrp3-/- mice. (B) The distances between the CEJ and the ABC from the
mesial side of upper right second molars of WT and Nlrp3-/- mice (n=5/group). (C) BMD, BV, BV/TV and
resorbed bone volume analysis of WT and Nlrp3-/- mice (n=5/group). (D, F, G) H&E staining and
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immunohistochemistry staining of IL-1β of WT and Nlrp3-/- mice. The histogram shows the quanti�cation
of average optical density (Integrated optical density (IOD)/Area) of IL-1β immunohistochemistry staining
of WT and Nlrp3-/- mice groups (n=5/group). (E) mRNA expression of IL-1β and IL-6 in the gingiva and
alveolar bone of WT and Nlrp3-/- mice (n=5/group) by qRT-PCR. GAPDH was used for normalization
relative to control groups. Values are presented as mean ± SD. (*p<0.05, ** p<0.01, *** p<0.001).
Abbreviations: ABC = alveolar bone crest; BMD = bone mineral density; BV = bone volume; BV/TV = bone
volume/tissue volume ratio; CEJ = cemento-enamel junction; GAPDH = glyceraldehyde-3-phosphate
dehydrogenase; H&E = hematoxylin and eosin; IL = interleukin; micro-CT = microcomputed tomography;
mRNA = messenger RNA; NLRP3 = NOD-like receptor family pyrin domain containing 3; qRT-PCR =
quantitative reverse transcription polymerase chain reaction; 3D = three-dimensional.
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Figure 3

Altered Oral Microbiota between WT and Nlrp3-/- mice and PMT induces transcription and expression of
NLRP3 and in�ammatory reaction in vitro. (A)16S rRNA gene sequencing analysis show the general
discrete clustering pattern of bacterial taxa between WT and Nlrp3-/- mice (n=3/group). (B) qRT-PCR
validation of Pasteurella multocidia in WT and Nlrp3-/- mice (n=5/group). (C) mRNA expression of IL-1β,
IL-6 and NLRP3 after the stimulation of PMT at a series of time by qRT-PCR (n=5/group). GAPDH was
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used for normalization relative to control groups. (D) Protein expression of NLRP3 and the internal control
β-actin after the stimulation of PMT at a series of time by western blot. The histogram shows the
quanti�cation of band intensities. β-actin was used for normalization relative to the control groups. (E)
Protein expression of pp65, p65, IκBα and the internal control β-actin after stimulation of PMT with or
without pre-treatment of NF-κB inhibitor Bay 11-7082 by western blot. The histogram shows the
quanti�cation of band intensities. β-actin was used for normalization relative to the control groups.
Values are presented as mean ± SD. (*p<0.05, **p<0.01, ***p<0.001). Abbreviations: GAPDH =
glyceraldehyde-3-phosphate dehydrogenase; IL = interleukin; mRNA = messenger RNA; NLRP3 = NOD-like
receptor family pyrin domain containing 3; NF-κB = nuclear factor kappa light chain enhancer of B cells;
PMT = Pasteurella multocida toxin; qRT-PCR = quantitative reverse-transcription polymerase chain
reaction.
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Figure 4

PMT activates NLRP3 in�ammasome in vitro. (A) Protein expression of NLRP3, pro-caspase1, activated
caspase1, pro-IL-1β, activated IL-1β and the internal control β-actin after stimulation of PMT for 12 h by
western blot. The histogram shows the quanti�cation of band intensities. β-actin was used for
normalization relative to the control groups. (B) Protein expression of NLRP3, pro-IL-1β, activated IL-1β in
whole cell lysates and supernatants and the internal control β-actin after stimulation of PMT with or
without NLRP3 inhibitor MCC950 by western blot. The histogram shows the quanti�cation of band
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intensities. β-actin was used for normalization relative to the control groups. (C) Protein expression of
activated IL-1β in whole cell lysates (WCL) and supernatants (Sup) and the internal control β-actin after
stimulation of PMT with or without NLRP3 inhibitor MCC950 in a series of time by western blot. The
histogram shows the quanti�cation of band intensities. β-actin was used for normalization relative to the
control groups. (D) Diagram illustrated that PMT can not only induce in�ammatory reactions and the
transcription of NLRP3 via the NF-κB signaling pathway, but also activate NLRP3 in�ammasome with the
release of activated IL-1β. NLRP3 inhibitor MCC950 can signi�cantly reduce this effect. Values are
presented as mean ± SD. (*p<0.05, **p<0.01). Abbreviations: IL = interleukin; mRNA = messenger RNA;
NLRP3 = NOD-like receptor family pyrin domain containing 3; NF-κB = nuclear factor kappa light chain
enhancer of B cells; PMT = Pasteurella multocida toxin.
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Figure 5

MCC950 ameliorates mice periodontitis while PMT aggravates mice periodontitis. (A) Reconstructed 3D
micro-CT images of control, lig+NS, lig+MCC950, lig+PMT groups. (D) BMD, BV and BV/TV analysis of
control, lig+NS, lig+MCC950, lig+PMT groups. (C) IL-1β protein expression in gingival crevicular �uid of
control, lig+NS, lig+MCC950, lig+PMT groups. (D) H&E staining and the distances between the CEJ and
the ABC from mesial side of f control, lig+NS, lig+MCC950, lig+PMT groups. (E) Immunohistochemistry
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staining of IL-1β in the gingivae of control, lig+NS, lig+MCC950, lig+PMT groups. The histogram shows
the quanti�cation of average optical density (Integrated optical density (IOD)/Area) of IL-1β
immunohistochemistry staining (n=5/group). Values are presented as mean ± SD. (*p<0.05, **p<0.01, ***
p<0.001). Abbreviations: ABC = alveolar bone crest; BMD = bone mineral density; BV = bone volume;
BV/TV = bone volume/tissue volume ratio; CEJ = cemento-enamel junction; H&E = hematoxylin and
eosin; IL = interleukin; micro-CT = microcomputed tomography; NS = normal saline; PMT = Pasteurella
multocida toxin; 3D = three-dimensional.
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