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Abstract

Objective Porphyromonas gingivalis is involved in the

pathogenesis of chronic inflammatory periodontal disease.

Recent studies have suggested that the NLRP3 inflamma-

some plays an important role in the development of chronic

inflammation. We investigated a possible association

between the inflammasome in gingival inflammation and

bone loss induced by P. gingivalis infection using NLRP3-

deficient mice.

Methods Wild-type and NLRP3-deficient mice were

injected orally with P. gingivalis. We assessed alveolar

bone loss, expression of pro-interleukin (IL)-1b, pro-IL-18,
receptor activator of nuclear factor kappa-B ligand

(RANKL), and osteoprotegerin (OPG) in gingival tissue, as

well as IL-1b, IL-18, and IL-6 production and caspase-1

activity in peritoneal macrophages.

Results Porphyromonas gingivalis challenge significantly

increased alveolar bone loss; gingival gene expression of

pro-IL-1b, pro-IL-18, and RANKL; production of IL-1b,
IL-18, and IL-6; and caspase-1 activity in peritoneal

macrophages of wild-type mice, but did not affect NLRP3-

deficient mice. Meanwhile, OPG mRNA expression in

gingival tissue and peritoneal IL-6 production were sig-

nificantly higher in NLRP3-knockout mice.

Conclusions Porphyromonas gingivalis activated innate

immune cells via the NLRP3 inflammasome. These results

suggest that the NLRP3 inflammasome, followed by a

response from the IL-1 family, is critical in periodontal

disease induced by wild-type P. gingivalis challenge via

sustained inflammation.

Keywords Periodontopathic bacteria �
Porphyromonas gingivalis � Periodontal disease �
Inflammasome � NLRP3

Introduction

Periodontal disease, a chronic, destructive, and inflamma-

tory condition that affects many adults, is a major cause of

tooth loss and is characterized by chronic infection asso-

ciated with Gram-negative anaerobic bacteria in the dental

biofilm. It leads to the irreversible destruction of tissues

supporting the teeth and is clinically detectable by peri-

odontal pockets and alveolar bone loss [1, 2]. Because

periodontitis often causes bacteremia, a relationship

between periodontitis and systemic diseases caused by

periodontal pathogens has been explored [3].

Periodontitis is a multifactorial disease, and the genetic

background of patients as well as the presence of patho-

genic bacteria and immune mechanisms are important

elements. During the course of inflammation in response to

dental plaque bacterial species, gingival fibroblasts produce

interleukin (IL)-1, IL-6, IL-8, tumor necrosis factor-alpha

(TNF-a), and transforming growth factor-beta (TGF-b)
[4–6]. Although cytokine secretion at inflammatory sites is

initially protective in eliminating infectious bacteria,
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excessive or sustained proinflammatory cytokine produc-

tion is related to periodontal destruction, with periodontal

attachment loss and alveolar bone resorption triggered by

the receptor activator of nuclear factor kappa-B ligand

(RANKL)/osteoprotegerin (OPG) signaling pathway.

Cytokine concentrations in gingival crevicular fluid (GCF)

and saliva are higher in patients with aggressive peri-

odontitis than in healthy subjects, and decrease after

periodontal treatment [7, 8]. Macrophages represent an

important source of pro-inflammatory cytokines, including

IL-1b and TNF-a; under dysregulation, these cytokines

contribute to the destruction of host tissue. Therefore,

understanding the mechanisms of periodontal pathogen-

induced immune cell signaling could provide useful

information for the prevention and treatment of

periodontitis.

In this respect, the NLRP3 inflammasome may play an

important role in IL-1b production in response to several

bacterial ligands, including lipopolysaccharides (LPSs),

peptidoglycan, and bacterial RNA [9–12]. Peripheral blood

mononuclear cell-derived macrophages reportedly express

NALP3 mRNA [13] to release proinflammatory IL-1b,
which is highly induced by bacterial LPS [14]. In contrast,

NALP3-deficient macrophages do not produce active IL-1b
in response to bacterial infection [9, 10].

Porphyromonas gingivalis, an anaerobic, Gram-negative

bacterium, is a periodontal pathogen that possesses an array

of virulence factors involved in the pathogenesis of chronic

periodontitis [15]. Recent evidence suggests that it con-

tributes to periodontitis by functioning as a keystone

pathogen [7, 8]. Porphyromonas gingivalis virulence fac-

tors, such as LPSs, hemagglutinins, gingipains, and

fimbriae, are important in the induction of immune

responses, including inflammatory cytokine production,

such as IL-1, and inflammation-related signaling pathway

activation [15]. Moreover, IL-1 mediates periodontal tissue

destruction by stimulating alveolar bone resorption. How-

ever, the mechanism by which P. gingivalis participates in

this inflammatory response via IL-1 is unknown. Therefore,

we examined the effects of the NLRP3 inflammasome on

inflammatory response and bone metabolism accelerated

by P. gingivalis infection using inflammasome-deficient

mice.

Materials and methods

Bacterial strain

A wild-type (WT) P. gingivalis strain (ATCC 33,277) was

cultured on anaerobic blood agar plates (Becton–Dickin-

son, Sunnyvale, CA) in a model 1024 anaerobic system

(Forma Scientific, Marietta, OH) with 10 % H2, 80 % N2,

and 10 % CO2 for 3–5 days. Cultures were inoculated into

brain heart infusion broth (Difco Laboratories, Detroit, MI)

supplemented with 5 lg/mL of hemin and 0.4 lg/mL of

menadione and grown for 2 days until reaching an optical

density of 0.8 at 660 nm, corresponding to 109 colony

forming units (CFU)/mL. Cultured cells were centrifuged

at 8000 9 g for 15 minutes at 4 �C and diluted with 5 %

carboxymethyl cellulose (CMC) for oral infection.

Mice and oral infection

Eight-week-old male C57BL/6 mice (WT), obtained from

Japan SLC, Inc. (Hamamatsu, Japan), and eight-week-old

male C57BL/6 background NLRP3 knockout (KO) mice

[16] were maintained in an experimental facility under

pathogen-free conditions and fed a regular diet and water

ad libitum (Fig. 1). At week ten, mice received sul-

famethoxazole and trimethoprim (final concentrations,

1 mg/mL and 200 lg/mL, respectively) in water bottles

ad libitum for 7 days. After 2 days, the WT and NLRP3

KO mice were divided randomly into two groups (n = 6

per group). Each group was orally challenged with

0.1 mL of 5 % CMC or live P. gingivalis (109 CFU/-

mouse) five times per week for 3 weeks. At 2 days and

4 weeks after the final infection, the mice were eutha-

nized by intraperitoneal injection of Somnopentyl

(Kyoritsu Seiyaku, Tokyo, Japan) and bone and tissue

samples were collected. All mice were housed in tem-

perature- and humidity-controlled clean racks with a

12-hour light/dark cycle. All mice were maintained in a

barriered animal facility under pathogen-free conditions,

monitored daily until sacrifice, and appeared to be healthy

throughout the course of the experiment. The Institutional

Animal Care and Use Committee of Nihon University

approved all animal protocols.

Quantification of alveolar bone loss

Horizontal bone loss around the maxillary molars was

assessed using a morphometric method, as described

previously [17]. Briefly, after removing gingival tissue,

skulls were immersed overnight in 3 % hydrogen perox-

ide, pulsed for 1 minute in bleach, and stained with 1 %

methylene blue. The distance from the cementoenamel

junction (CEJ) to the alveolar bone crest (ABC) was

measured at 28 buccal sites per mouse [18]. Measure-

ments were taken under a dissecting microscope

(50 9 magnification) fitted with a video image marker

measurement system (VHX-100; KEYENCE, Osaka,

Japan), and standardized to give measurements in

micrometers. Bone measurements were performed in

triplicate by two evaluators using a random and blinded

protocol.
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Analysis of gene expression by quantitative real-time

reverse transcriptase PCR

Total RNA was isolated from gingival tissue (n = 6 per

group) using the RNeasy Plus Mini Kit (Qiagen, Hilden,

Germany) and reverse-transcribed with oligo(dT) primers

using SuperScript reverse transcriptase (Invitrogen, Carls-

bad, CA, USA) to generate complementary DNA.

Quantitative real-time reverse transcriptase (RT)-PCR

analyses were performed using a Thermal Cycler Dice real-

time PCR system (Takara Bio Inc., Otsu, Japan) in accor-

dance with the manufacturer’s protocol. The PCR consisted

of an initial denaturation step at 95 �C for 10 minutes, fol-

lowed by 40 cycles at 95 �C for 15 s, 55 �C for 25 s, and

60 �C for 35 s. The primer sequences were as follows: Pro-

IL1b forward (50-GCGGAGCAGACACACTTACA-30) and
reverse (50-TTGGCAAACTCCACCACATA-30); Pro-IL-

18 forward (50-TTCCCATTCCTGTCCTTCAC-30) and

reverse (50-CCTCTGGCTCTGCATCATTC-30); RANKL

forward (50-AGTGCCTGTGTCCTCAATCGTC-30) and

reverse (50-AGGGCCAGCATAGGTGCAAG-30); OPG

forward (50-TCATGAAGTGTGACGTTGACATCCGT-30)
and reverse (50-CCTAGAAGCATTTGCGGTGCACGA
TG-30); and GAPDH forward (50-TCATGAAGTGT
GACGTTGACATCCGT-30) and reverse (50-CCTAGAAG
CATTTGCGGTGCACGATG-30). PCR was performed in

duplicate for each gene. Target mRNA levels were normal-

ized to that of GAPDH.

Peritoneal infection and cytokine and caspase-1

assays

After the 3-week oral challenge, the mice were infected

intraperitoneally with live P. gingivalis (5 9 107 CFU/-

mouse) and peritoneal exudate cells were harvested after

2 hours. The peritoneal exudate cells were washed with

RPMI 1640 medium, resuspended at a density of 1 9 106

cells/mL in RPMI 1640 containing penicillin and 5 % fetal

bovine serum (Gibco supplied by Invitrogen Co., Carlsbad,

CA, USA), and stimulated with live P. gingivalis at a

multiplicity of infection of 10:1 for 16 hours. IL-1b
(Thermo Scientific Co., Rockford, IL, USA), IL-18 (MBL,

Nagoya, Japan), and IL-6 (R&D Systems Inc., Min-

neapolis, MN, USA) levels were measured in the culture

supernatant. Caspase-1 activity in the cytoplasmic fraction

was measured using a fluorometric caspase-1 assay kit

(Abcam Inc., Cambridge, MA, USA). Levels of released

7-amino-4-trifluoromethylcoumarin (AFC) were measured

with a micro-plate reader (ARVO MX 1420 ARVO series

Multilabel Counter, Perkin-Elmer, Yokohama, Kanagawa,

Japan) with excitation at 400 nm and emission at 505 nm.

Statistical analysis

Data are presented as the mean ± standard deviation (SD).

Differences in total atherosclerotic plaque accumulation

were assessed with a one-way analysis of variance

(ANOVA) followed by the Tukey–Kramer multiple com-

parison test. P-values\0.05 were considered to indicate

statistical significance.

Results

The inflammasome is involved in P. gingivalis-

induced alveolar bone loss

Since the effect of inflammation on bone loss is mediated

by pro-inflammatory cytokines (6), we examined the par-

ticipation of the inflammasome in P. gingivalis-induced

alveolar bone loss. At 18 weeks, alveolar bone loss was

significantly higher in P. gingivalis-challenged C57BL/6

Fig. 1 Schematic of the experimental procedure. Eleven-week-old

male C57/BL6 and NLRP3 KO mice were randomly divided into two

groups: C57/BL6 (group 1) and NLRP3 KO (group 2) mice were

challenged with 100 lL of CMC. C57/BL6 (group 3) and NLRP3 KO

(group 4) mice were challenged with 100 lL (109 CFU) of WT P.

gingivalis. Animals were challenged orally with CMC or P. gingivalis

five times per week for 3 weeks and sacrificed 4 weeks after the final

challenge
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mice compared with the CMC-treated control mice

(Fig. 2a, b; p\ 0.01). In contrast, the increased levels of

bone loss induced by P. gingivalis were ameliorated sig-

nificantly in NLRP3-KO mice (Fig. 2a, b; p\ 0.01).

Furthermore, the knockdown of NLRP3 without the

infection did not influence bone resorption (Fig. 2a, b).

Porphyromonas gingivalis-challenge downregulates

the expression of pro-inflammatory- and bone

resorption-related factors in NLRP3-KO mice

gingival tissue

Since the NLRP3–caspase-1 inflammasome promotes

maturation of the inflammatory cytokines IL-1b and IL-18,

and IL-1b-promotes RANKL followed by periodontal

destruction, we investigated whether the NLRP3 inflam-

masome is also involved in P. gingivalis-induced IL-1b,
IL-18, and RANKL expression. At 14 weeks, pro-IL-1b,
pro-IL-18, and RANKL mRNA levels were significantly

higher in the gingival tissue of P. gingivalis-challenged

C57/BL6 mice compared with that of CMC-treated control

mice (Fig. 3; p\ 0.05). In contrast, the increase in pro-IL-

1b, pro-IL-18, and RANKL mRNA levels was decreased

significantly in NLRP3 KO mice challenged with P. gin-

givalis (Fig. 3; p\ 0.05). Conversely, OPG expression, an

inhibitor of osteoclast development via RANKL, was

unaffected in P. gingivalis-challenged C57/BL6 mice

compared with CMC-treated control mice, but a remark-

able increase in OPG expression was observed in NLRP3

KO mice challenged with P. gingivalis (Fig. 3; p\ 0.05).

Porphyromonas gingivalis challenge downregulates

inflammasome-related factor secretion in peritoneal

macrophages of NLRP3-KO mice

Compared with CMC-treated C57/BL6 mice, peritoneal

macrophages from P. gingivalis-challenged C57/BL6 mice

secreted more IL-1b (Fig. 4; P. gingivalis,

446.7 ± 33.3 pg/mL, CMC, 18.3 ± 3.3 pg/mL; p\ 0.01),

IL-18 (Fig. 4; P. gingivalis, 10.5 ± 0.9 pg/mL, CMC,

0.4 ± 1.6 pg/mL; p\ 0.05), and IL-6 (Fig. 4; P. gingi-

valis, 1302 ± 58.5 pg/mL, CMC, 618.3 ± 36.3 pg/mL;

p\ 0.01) and had higher caspase-1 levels (Fig. 4; P. gin-

givalis, 1750.3 ± 98.5 AFC, CMC, 250.7 ± 10.1 AFC;

p\ 0.01). In contrast, P. gingivalis-challenged NLRP3-

KO mice exhibited markedly lower IL-1b and IL-18 pro-

duction and caspase-1 activity compared with P.

gingivalis-challenged C57/BL6 mice (p\ 0.01; Fig. 4).

IL-6 secretion was markedly higher in NLRP3 KO mice

challenged with P. gingivalis (Fig. 4; p\ 0.01).

Discussion

We found that oral challenge with P. gingivalis accelerated

alveolar bone resorption in C57/BL6 mice, which did not

affect bone loss in NLRP3 KO mice. Furthermore,

although P. gingivalis-challenged mice had significantly

higher gingival pro-IL-1b, pro-IL-18, and RANKL mRNA;

IL-1b and IL-18 protein; and caspase-1 AFC levels in

peritoneal macrophages compared with the CMC-treated

controls, these increases were suppressed significantly in

the P. gingivalis-challenged NLRP3 KO mice. These

results suggest that the NLRP3 inflammasome is involved

in bone metabolism and resorption induced by P. gingivalis

infection.

In complex tissues such as periodontal tissue, innate sig-

nals can originate from several sources and promote

periodontitis in association with pattern-recognition recep-

tors (PRRs). These signals include various extracellular

signaling pathways and facilitate infectious agent clearance

and inflammatory response induction [19]. PRRs are

important in the recognition of pathogen- and danger-asso-

ciated molecular patterns. Subsets of PRRs belonging to the

Fig. 2 Porphyromonas

gingivalis-induced alveolar

bone loss and the effect of the

NALP3 inflammasome on bone

loss. (A and B) C57/BL6 and

NLRP3-KO mice were treated

with CMC or 109 CFU of P.

gingivalis as described in the

Materials and Methods. The

distance from the CEJ to the

ABC at fourteen predetermined

sites in the unfleshed maxilla

were measured and summed for

each mouse. Results are

expressed as the means ± SD

(n = 6). ##p\ 0.01
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NOD-like receptor (NLR) family detect molecular patterns

in the cytosol and activate the formation of a multi-protein

signaling platform, termed the inflammasome. The NLRP3

inflammasome, which is the best-characterized member of

the inflammasome family, is a multi-protein complex that

induces IL-1b and IL-18 inflammatory cytokine maturation

by activating caspase-1 [20]. Periodontal diseases have been

associated with increased bone resorption, and various

studies support the relationship between inflammatory

cytokines and RANKL-stimulated osteoclast activity [21].

IL-1b and IL-18 are strong stimulators of in vivo and in vitro

bone resorption via RANKL upregulation that stimulate

osteoclastogenesis [22, 23]. Meanwhile, OPG inhibits

osteoclast differentiation by binding to RANKL [24].

NLRP3 proteins are upregulated in gingival tissues from

periodontitis patients [12].

Recently, inflammasome-independent sources of IL-1b
have been suggested to contribute to the pathogenesis of

inflammatory disease [25, 26]. Therefore, we evaluated

the involvement of the NLRP3 inflammasome in P. gin-

givalis-induced bone loss using NLRP3-KO mice.

Alveolar bone loss induced by infection was suppressed

significantly in NLRP3-KO mice, suggesting that the

production of inflammatory cytokines mediated by the

NLRP3 inflammasome is important for P. gingivalis-in-

duced bone loss. Conversely, gingival OPG expression

was significantly higher in P. gingivalis-challenged

NLRP3 KO mice, although it was not influenced by P.

gingivalis infection in the WT mice. This confirmed

observations that OPG levels in the GCF were lower in

periodontitis patients than gingivitis patients [27]. Recent

research has also indicated that OPG gene therapy pre-

vents periodontitis-induced bone loss [28]. Therefore,

knockdown of NLRP3 may be involved in preventing

bone resorption by suppressing the production of inflam-

masome-related inflammatory cytokines and by activating

OPG. Knockdown of NLRP3 did not influence IL-6 pro-

duction in P. gingivalis-induced macrophages. A previous

report indicated that IL-6 is an inflammatory marker, but

does not directly participate with inflammasomes [29].

Since IL-6 production was higher in the NLRP3-KO mice

than the WT mice, NLRP3 may control IL-6 production

due to P. gingivalis exposure, although more evidence is

required to clarify this possibility. We also tried to detect

IL-1b, IL-6, IL-18 and Caspase-1 in gingival tissue at

protein levels, but all values were lower than detection

limit. It is thought that there is considerably less number of

gingival macrophages than macrophages existing in

Fig. 3 Expression of pro-

inflammatory- and bone

resorption-related molecules in

mouse gingival tissue following

P. gingivalis challenge. Relative

mRNA levels normalized to

GAPDH were determined with

real-time RT-PCR. Data are

expressed as fold-increases in

mRNA levels compared to

sham-inoculated negative

controls. Results are expressed

as the means ± SD (n = 6).
##p\ 0.01, #p\ 0.05
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peritoneal exudate cell, otherwise, there was a time-lag

between gene expression and protein secretion. We would

like to inspect them more in future.

In summary, this study provides the first evidence that P.

gingivalis promotes periodontal disease through the

inflammatory response mediated by NLRP3 inflammasome

activation. Furthermore, our data suggest that NLRP3

inflammasome activation is involved in bone metabolism

after P. gingivalis challenge.
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