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Abstract: Estrogen plays critical roles in apical periodontitis and subsequent bone loss, however the mechanism
is not clear yet. In this study, we aimed to study the underlying mechanism of estrogen in apical periodontitis us-
ing both clinic samples and animal model. Clinically, as estrogen physiologically declines in elder female patients
(premenopausal verses postmenopausal patients), we found that the expression level of NLRP3/Caspase-1/1L-13
signaling pathway was elevated in the infected apical tissues of postmenopausal patients as compared to the
premenopausal patients, suggesting that this pathway is involved in the estrogen-mediated apical periodontitis.
Furthermore, by analyzing the well-established OVX (estrogen deficiency model) animal model, we confirmed that
the expression level of NLRP3/Caspase-1/IL-10 signaling pathway was also elevated in the infection areas of apical
periodontitis in OVX animals. Importantly, as the periodontitis progressed, the subsequent bone loss was aggra-
vated significantly. Thus, taken all these data together, our results demonstrated that the NLRP3/Caspase-1/IL-13
signaling pathway is involved in the estrogen-mediated apical periodontitis and the consequent bone loss in both
human being and animal model. This study may provide a potential target for female apical periodontitis therapy.
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Introduction

Apical periodontitis (AP) is a common infectious
disease worldwide, and already impacted peo-
ple’s normal life. It occurs in the periradicular
tissues, and primarily caused by bacterial infec-
tion of the dental pulp, therefore results in alve-
olar bone resorption in periradicular tissues [1,
2]. The pathogenesis of AP is mainly related to
host’s inflammatory and immunological re-
sponses [3]. Like other inflammatory reactions,
upon the constant stimuli of bacteria, the
immune cells in apical lesions will recruit the
inflammatory cells and then generate the cyto-
kines in order to defense the attack of inflam-
matory cells subsequently [3-5]. Moreover, sys-
temic factors, such as hormones, also play a
key role in the pathogenesis of AP [6]. Using
ovariectomized rat model, previous studies
have demonstrated that the shortage of estro-
gen can aggravate apical periodontitis, for
instance leading to larger periapical lesions.

However, the underlying mechanism of how
estrogen is regulating the local immune re-
sponse against the inflammation (in this case,
the apical periodontitis) is not completely un-
derstood yet.

Nod-like receptors (NLRs), as the cytosolic pat-
tern recognition receptors (PRRs), play pivotal
roles in autoimmune diseases and inflamma-
tory diseases [7, 8]. Generally, NLRs family is
comprised of 22 members, including 14 NLRP
(nucleotide-binding domain and leucine-rich
rep protein) members, five NLRC subfamily
members, NAIP, NLRX, and CIITA [9, 10]. Among
them, NLRPZ, NLRP3, NLRP6, NLRP7, and
NLRC4 are capable of forming inflammasomes
[11, 12]. Inflammasome is a platform that links
the sensing of pathogen and danger signals to
pro-IL-1B processing [13]. Compared with other
inflammasomes, NLRP3 inflammasomes have
attracted the most attention. It can be activat-
ed by a diverse array of stimuli such as bacterial
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peptidoglycan, lipopolysaccharides, adenosine
triphosphate and endogenous proteins relea-
sed from damaged cells [14]. Once being acti-
vated, NLRP3 inflammasomes (also known as
Nalp3, cryopyrin) start to oligomerize and form
a multiprotein complex which is associated
with apoptosis-associated speck-like protein
(ASC) and procaspase-1, then activate the cas-
pase (Casp)-1 cascade, which in turn produces
the active pro-inflammatory cytokines, interleu-
kin (IL)-18 and IL-13 [15]. Previous studies have
shown that the activity of NLRP3 inflamma-
some is abnormal in rheumatoid arthritis, ath-
erosclerosis, chronic obstructive pulmonary di-
sease, Parkinson’s disease and cancer [16-20],
indicating that NLRP3 inflammasomes are in-
volved in the pathogenesis of human disea-
ses.

Reports have illustrated the presence of
NLRP3/Caspase-1/IL-13 axis in AP and demon-
strated that this axis is contributing to the
aggravation of AP [21, 22]. Interestingly, recent
studies have reported the relationship between
estrogen deficiency and NLRP3/Caspase-1/
IL-1 axis in mouse brain. In OVX, the deficiency
of estrogen activates the NLRP3/Caspase-1/
IL-1 axis in the hippocampus of brain [23, 24].
In addition, in the induced osteoblasts derived
from OVX-BMSCs, the protein levels of NLRP3
showed a similar decreased tendency as ASC
and Caspase-1 in comparison with the Sham-
BMSCs [25]. Furthermore, estrogen deficiency
aggravate airway inflammation via up-regulat-
ing the expression of the NLRP3, ASC and
cleaved caspase-1/pro-caspase-1 [26]. Given
that the NLRP3/Caspase-1/IL-13 axis is either
involved in the pathogenesis of apical peri-
odontitis or modulated by estrogen deficiency,
it would be great interesting to investigate if
estrogen deficiency aggravates apical peri-
odontitis lesions via regulating the expression/
activity of the NLRP3/Caspase-1/IL-1p axis.

In this study, we evaluated the potential roles
of estrogen-regulated NLRP3/Caspase-1/IL-13
axis in apical periodontitis lesions using two
models: patients’ samples and OVX animal
model. First, with patients’ samples, by com-
paring the expression levels of NLRP3, Ca-
spase-1 and IL-1B in apical lesions of post-
menopausal female patients with that of pre-
menopausal female patients, we found that
postmenopausal female patients have higher
expression levels of NLRP3, Caspase-1 and
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IL-1B. Secondly, in OVX/apical periodontitis ani-
mal model, we found that the deficiency of
estrogen aggravates apical periodontitis by up-
regulating the expression levels of NLRP3,
Caspase-1, and IL-1f3, suggesting a potential
role of NLRP3/Caspase-1/IL-1p axis in estro-
gen-regulated apical periodontitis.

Materials and methods
Patients

Tissue samples: Periapical lesion tissues we-
re obtained during tooth extraction from 30
female patients with apical periodontitis. Am-
ong them, 15 female participants were 28-35
years of age (premenopausal female patien-
ts, designed as control group, pre), and the
other participants were postmenopausal wo-
men aged from 58-65 (postmenopausal group,
post). Women with any additional diseases,
such as diabetes, immune disorders, malignant
diseases, endocrine disorders and apical peri-
odontitis were excluded from our experiments.
None of the women has ever experienced hor-
mone replacement therapy, smoking, or addic-
tion to alcohol.

Of note, before the samples were collected, we
explained to all participants in great details
about the purpose of this study, and the
patients’ consents were signed up as well. The
study was approved by the Ethical Committee
of Stomatology School, Xi’an Jiao Tong Univer-
sity (2019-1018) and was conducted in accor-
dance with all requirements of the Helsinki
Declaration. Periapical tissues were either fixed
in 4% paraformaldehyde or promptly frozen in
liquid nitrogen and stored at -80°C until later
use.

Western blot: Tissues from periapical lesions
stored at -80°C were solubilized on ice. Briefly,
the tissue was blotted, weighed on a micro-
balance, cut into small pieces (1-2 mm?). Then
the tissues were homogenized in RIPA buffer
including protease inhibitor cocktail (Roche)
and phosphatase protease inhibitor, PhosSTOP.
The homogenate was centrifuged at 13.000
rom for 10 min at 4°C, and the supernatant
was transferred into fresh tubes. Protein con-
centration was determined using a Bradford
Assay Reagent kit (Bio-Rad, PA, USA). Thirty-five
micrograms of total protein from each samples
were subjected to run in a 12% SDS-PAGE.
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After the proteins were transferred to polyvinyli-
dene fluoride membranes (0.45 um), the mem-
branes were firstly blocked in 5% nonfat milk at
room temperature (RT) for 1 hr, and then incu-
bated with different primary antibodies: anti-
NLRP3 (1:150 dilution, Bioss, China), anti-Cas-
pase-1 (1:150 dilution, Bioss, China), anti-IL-13
(1:100 dilution, Bioss, China), anti-GAPDH
(1:2000 dilution, Bioss, China) overnight at
4°C, rotated. GAPDH blotting was performed as
loading control. The membranes were washed
with 1x TBST for 3x10 min at RT, rotated; then
incubated with HRP-conjugated secondary anti-
body at RT for 1 hr. Following 3x10 min washes
in 1x TBST, protein bands were visualized using
enhanced chemiluminescent reagents. The
original western blot membranes correspond-
ing with the representative images are present

in Figure S2.

Immunohistochemistry: Forimmunohistochem-
ical analysis, the embedded specimens were
cut at 4 um thickness. First, the sections were
deparaffinized and rehydrated, then followed
by 1, incubating with 3% hydrogen peroxide in
order to eliminate the endogenous peroxidase
activity; 2, washing with 1x PBS for 3x10 min;
3, incubating with different primary antibodies:
anti-NLRP3 (1:150 dilution, Bioss, China), anti-
Caspase-1 (1:150 dilution, Bioss, China) and
anti-IL-1B (1:100 dilution, Bioss, China) antibod-
ies at 4°C for overnight, respectively; 4, wash-
ing with 1x PBS for 3x10 min; 5, developing the
immunohistochemical staining using the anti-
rabbit SP kit (Maixin, Fuzhou, China) according
to the manufacturer’s introduction; 6, counter-
staining with hematoxylin for light microscopy.
Negative controls were set by omitting the pri-
mary antibodies in step 3.

Animals

Establishment of experimental apical periodon-
titis model: Animal care and experiments were
carried out in accordance with the Guide for the
Care and Use of Laboratory Animals and were
approved by the Animal Care and Use Com-
mittee, Xi'an Jiao Tong University.

A total of 50 female Sprague-Dawley rats (12-
16 week old, and 200-220 g body weight) were
purchased from the laboratory animal center,
Xi'an Jiao Tong University. The rats were ran-
domly assigned into ovariectomized (OVX) and
Sham groups, 25 rats per group. After anesthe-
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sia with an intraperitoneal injection of 3 mg/
ml pentobarbital sodium (10 ml/kg; Veterinary
Institute of Military Supplies University, Chang-
chun, China), the bilateral ovariectomies were
performed in the OVX group; for the sham
group, the surgeries were performed by remov-
ing the same-size of fatty tissues near the ova-
ries. After the surgery, all animals were let to
recover for 7 days. For establishing the apical
periodontitis model, rats from both groups
were first anesthetized as previously described,
then the pulps of the mandibular first molars
were exposed with a #1/4 round bur. To avoid
the furcal perforation, the depth of the expo-
sion should be equal to the diameter of the bur.
The pulps of the teeth were exposed to the oral
environment without any restoration during the
entire experimental period.

Measurement of serum E2: On week O, 1, 2, 3,
4 and 5 after ovariectomize surgery, the venous
blood of rats were collected and promptly cen-
trifuged at 10.000 rmp for 10 min under 4°C.
The serum level of E2 was measured within 48
hours by the immunochemiluminescent assay
with UniCel D x1800 Immunoassay System
(Beckman Coulter Inc.) according to the manu-
facturer’s instructions.

Tissue preparation: 7, 14, 21 and 28 days after
the lesion induction, 5 rats from each groups
were anesthetized as previously described and
sacrificed by cervical dislocation. Bilateral man-
dibles were removed and fixed with 4% parafor-
maldehyde at 4°C for 2 days. Then the left
mandibles were subjected to radiological analy-
sis. Meanwhile, the right mandibles were decal-
cified in 10% EDTA for 4 weeks at 4°C for sec-
tioning. These decalcified specimens were cut
at 4 um thickness in order to obtain the mesial-
distal serial sections, which were then subject-
ed to histologic, enzyme histochemical, and
immunohistochemical analysis.

Radiological examination: A dental x-ray unit
(CCX digital; Trophy Radiologic UK Ltd, London,
UK) and 31x41 mm dental radiographic film
(Insight Film; Eastman Kodak, Rochester, NY)
were used to take the radiographs. Uniform
positioning of the mandibles was achieved by
using a mold made of dental impression mate-
rials. To analyze the bone loss induced by api-
cal periodontitis, we quantify the bone loss
areas from the radiographs using SPOT RT soft-
ware v3.5 (Spot Diagnostic Instruments, Ster-
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ling Heights, MI), and then compared the re-
sults between the apical periodontitis group
and the control group. This quantification analy-
sis was conducted in a blind manner.

Histologic analysis: Serial paraffin slices with
the complete root canal, including the apical
foramen, were selected for hematoxylin/eosin
staining. After hematoxylin/eosin staining, sec-
tions were photographed using a light micro-
scope (Olympus, Tokyo, Japan). The bone loss
areas of periapical lesions were measured by
SPOT RT software, version 3.5 (Diagnostic In-
struments, Inc., Sterling Heights, MI, USA). For
comparison, position matched images from the
apical periodontitis group and the control group
were quantified in a blind manner.

Enzyme histochemistry examination: Tartrate-
resistant acid phosphatase (TRAP) is a bio-
chemical marker specific for osteoclasts [27].
To detect TRAP activity and identify osteoclast,
a TRAP kit (Sigma, St. Louis, MO) was used. The
sections with periapical region were selected
and subjected to TRAP activity examination.
Briefly, the sections were rehydrated first and
then incubated with the TRAP staining solution
for 1 hour at 37°C, according to the manufac-
turer’s protocol (Acid Phosphatase Kit; Sigma-
Aldrich, Inc., St. Louis, MO). After incubation,
sections were stained with hematoxylin. Certain
sections were incubated in a substrate free
medium, which were used as control for TRAP
activity.

Immunohistochemistry: For immunohistoche-
mistry, the sections were first deparaffinized
and rehydrated, and then subjected to the fol-
lowing procedure: 1, incubating with 3% H,0, to
eliminate the activity of endogenous pero-
xidase; 2, performing the antigen retrieval by
probing the sections with hyaluronidase (Sig-
ma-Aldrich, St Louis, MO, USA) for 20 min at
37°C; 3, blocking the sections with 5% BSA; 4,
incubating with the primary antibodies (anti-
NLRP3, anti-Caspase-1, and anti-IL-13 (all from
Santa Cruz Biotechnology, Santa Cruz, CA) at
dilution of 1:100, respectively) for 20 hr at 4°C;
5, after 3x10 min washing, the sections were
incubated with anti-rabbit straptavidin peroxi-
dase (SP) (Maixin, Fuzhou, China), according to
the manufacturers’ instructions; 6, developing
with the fresh 3,3-diaminobenzidine (DAB)
(Maixin, Fuzhou, China); 7, counter-staining with
hematoxylin for taking images with light mi-
croscopy.
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For negative controls, the sections went th-
rough the entire procedure described above
excepting no primary antibodies in step 4.

Statistical analysis

All of the experiment was performed in tripli-
cate. SPSS 19.0 software (SPSS Inc., Chicago,
IL, USA) was used to analyze the data. Data
were presented as +SEM. Data from different
groups were compared using the one-way anal-
ysis of variance (ANOVA) test. P<0.05 was con-
sidered as statistically significant. The graphic
software used was GraphPad Prism 6.0 (Gra-
phPad Software, Inc., La Jolla, CA, USA).

Results

NLRP3, ASC, Caspase-1 and IL-1 is up-regu-
lated in apical tissues of periapical periodonti-
tis in postmenopausal patients

To study the effects of estrogen on the expres-
sion of NLRP3/Caspase-1/IL-13 axis during api-
cal periodontitis, we performed IHC and west-
ern blot experiments using apical tissues of
periapical periodontitis from two groups of
patients: the premenopausal and postmeno-
pausal patients with apical periodontitis. We
found that in the postmenopausal apical tis-
sues of periapical periodontitis, due to the
decreased levels of estrogen in postmenopaus-
al female patients as compared to that in pre-
menopausal female patients, the expression
levels of NLRP3, Caspase-1, IL-13 were up-reg-
ulated (Figure 1A), respectively. The statistical
analysis showed that the differences were sig-
nificant (P<0.05) (Figure 1B). Interestingly, not
only the expression level of cleaved Caspase-1
was increased in postmenopausal female
patients, but also the level of the precursor
of cleaved Caspase-1, proCaspase-1, was
increased as well (Figure 1A), indicating that
probably estrogen regulates the translation of
Caspase-1. Next, we performed IHC staining
using the sections from the apical tissues of
periapical periodontitis to detect the cellular
expression levels of NLRP3, Caspase-1 and
IL-1B. We observed that there were more immu-
nostaining positive cells in the apical lesion
areas in the postmenopausal patients as com-
pared to the premenopausal patients, as
showed by quantification analysis (P<0.05)
(Figure 2). Thus, clinically, this data demon-
strated that estrogen may be regulating the
expression/activity of NLRP3/Caspase-1/IL-13
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Figure 1. The expression levels of NLRP3, proCaspase-1, active Caspase-1 and IL-1 are increased in periapical tis-
sues of periapical periodontitis in postmenopausal patients. The tissue lysates from the patients were separated on
SDS-PAGE, and then immunoblotted with different specific antibodies. A. Representative immunoblotting images of
different antibodies as indicated. B. Quantification analysis of the expression levels of the indicated proteins based
on the immunoblotting results. The expression levels of NLRP3, Caspase-1, IL-13 were markedly up-regulated in
periapical tissues of periapical periodontitis in postmenopausal patients. Data are presented as mean + SEM (n=15
per group). ***P<0.001, *P<0.05. pre, premenopausal patients; post, postmenopausal patients.
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Figure 2. Immunohistochemic analysis of the cellular expression of NLRP3, Caspase-1 and IL-1B in periapical tis-
sues of periapical periodontitis in premenopausal and postmenopausal patients. A. Representative images of im-
munohistochemical staining using anti-NLRP3, Caspase-1 and IL-1(3 antibodies, respectively. The red arrows in the
insert point to the immunoreactive positive cells. Scale bar, 100 um. B. Quantification of the NLRP3, Caspase-1
and IL-1B positive cells in the periapical lesions of periapical periodontitis in postmenopausal patients vs premeno-
pausal patients. The number of NLRP3, ASC, Caspase-1 and IL-13 immunostaining positive cells were significantly
increased in the postmenopausal patients (grey bars) as compared to the premenopausal patients (black bars).
Data are presented as mean + SEM (n=15 per group). ***P<0.001, *P<0.05. Original magnification, 200x; Scale
bar, 100 pym.

axis during apical periodontitis development. In level of apoptosis-associate speck-like protein
addition, we further found that the expression (ASC), an upstream interacting molecule of
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Figure 3. Measurement of serum levels of estrogen (E2) in Sham and OVX
rats. Serum samples were prepared at different time points as indicated
from both Sham and OVX groups, respectively. The serum level of estrogen
was measured using immunochemiluminescent assay. At the start point
right after ovariectomy (week 0), the serum levels of E2 in Sham and OVX
rats are alike (P>0.05). However, during the first week after ovariectomy,
the serum level of E2 was gradually reduced in the OVX group as compared
to that in Sham group. After 1 week up to 5 weeks of ovariectomy, the se-
rum levels of E2 were significantly reduced in the OVX groups as compared
to that in Sham group, but no significant changes found within each group
itself. Data are presented as mean = SEM (n=>5), ***P<0.001.

NLRP3/Caspase-1/IL-1 signaling pathway, in
the infected apical tissues of the postmeno-
pausal patients was also increased as com-
pared to that of the premenopausal patients
(Figure S1), providing another evident that
NLRP3/Caspase-1/IL-1 axis is involved in the
apical periodontitis mediated by estrogen
deficiency.

Estrogen deficiency regulates the expression
of NLRP3/Caspase-1/IL-1f3 axis in OVX animal
model

Establishing OVX model: The ovariectomy rat
model is known to result in characteristics of
bone loss similar to those found in post-meno-
pausal women [28]. In order to study the func-
tion of estrogen during the development of api-
cal periodontitis, we also employed this model
in our study.

To verify the efficacy of the ovariectomy proce-
dure in OVX model, we measured the serum
levels of E2 at different time points: week O, 1,
2, 3, 4, 5 after ovariectomy. At week O, there
was no significant difference on the serum lev-
els of E2 between OVX and Sham groups
(P>0.05) (Figure 3). 1 week after ovariectomy,
the serum levels of E2 in OVX group decreased
10~26% of the sham group, whereas no signifi-
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Sham group (P<0.01) (Figure
3).

Estrogen mediates the prolif-
eration of osteoclasts: Oste-
oclasts play very important
roles during the alveolar bone
loss resulted from periapical
periodontitis [29]. Thus, we
also investigated if estrogen
deficiency impacts the devel-
opment of osteoclasts using
TRAP staining. In general, we
found that, on day O after sur-
gery, only a very few osteoclasts were observed
in both groups. However, on day 7, the number
of osteoclasts increased as compared to that
on day O, and kept increasing until day 14,
where it reached the peak (Figure 4A). On day
21, the number of osteoclasts decreased, and
persisted to day 28, the last time point we
examined in both groups. Specifically, on day 7,
14, and 21, we observed that there are signifi-
cant more osteoclasts in the OVX group as
compared to the Sham group in the apical peri-
odontitis lesion areas, but not on day 0 and 28
(Figure 4B). Our data suggest that estrogen
may aggravate the alveolar bone loss via regu-
lating the proliferation of osteoclasts during
periapical periodontitis.

Estrogen deficiency up-regulates the expres-
sion levels of NLRP3/Caspase-1/IL-13 axis in
experimental apical periodontitis: The NLRP3/
Caspase-1/IL-1B axis has been demonstrated
to be involved in the development of inflamma-
tory periapical lesions [21, 22]. To address the
effects of estrogen on the expression levels of
NLRP3/Caspase-1/IL-1B axis in apical peri-
odontitis, we performed immunohistochemic
experiments on sections from day 7, day 14,
day 21, and day 28. Our results showed that
the numbers of immunoactive cells for the
three components of NLRP3/Caspase-1/IL-13

Am J Transl Res 2020;12(2):660-671
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Figure 5. Estrogen deficiency upregulates the expression levels of NLRP3, capase-1 and IL-1f3 in periapical tissues
of periapical periodontitis in OVX rats. A. Representative images of Immunohistochemical staining using anti-NLRP3
antibody at different time points as indicated (right panel), and the quantification analysis of the NLRP3 immunoac-
tive positive cells in periapical tissues of periapical periodontitis of sham and OVX groups (left panel). B. Represen-
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tative images of Immunohistochemical staining using anti-caspase-1 antibody at different time points as indicated
(right panel), and the quantification analysis of the caspase-1 immunoactive positive cells in periapical tissues of
periapical periodontitis of sham and OVX groups (left panel). C. Representative images of Immunohistochemical
staining using anti-IL-1B antibody at different time points as indicated (right panel), and the quantification analysis
of the IL-13 immunoactive positive cells in periapical tissues of periapical periodontitis of sham and OVX groups (left
panel). The red arrows in the inserts point to the immunoreactive positive cells. Original magnification, 200x; Scale
bar, 100 um. Data are presented as mean + SEM. ***P<0.001.
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Figure 6. Estrogen deficiency aggravates the alveolar bone loss induced by apical periodontitis. A. Representative
images of the radiologic photographs (upper panel) and the histological staining (lower panel) after 28 days of
OVX. Original magnification, 400x; Scale bar, 50 uym. The periapical lesion areas were marked with the dot lines.
B. Quantitative analysis of the bone loss area in periapical lesions of each group. Compared to the sham group,
based on both radiologic and histological data, the bone loss area is significantly greater in the OVX group. Data is

represented as mean + SEM. ***P<0. 001.

axis in the apical periodontitis lesion areas of
OVX group are greater than the numbers of
Sham group from day 7 to day 28 (Figure 5A-C).
This alteration is dynamic: from day 7 to day 14,
the increase of the immunopositive cells re-
ached the peak on day 14, and then started to
decrease (Figure 5A-C), which is in line with the
dynamic changes of osteoclasts (Figure 4).
Taken all these data together, we found that
estrogen deficiency probably aggravates the
development of apical periodontitis lesion via
up-regulating the expression/activity of the
NLRP3/Caspase-1/IL-1p axis.

Estrogen deficiency aggravates the alveolar
bone loss induced by apical periodontitis

The consequent results of apical periodontitis
are the alveolar bone loss, so next we exam-
ined whether in the OVX model, estrogen defi-
ciency results in the bone loss using radio-
graphic image and HE staining. On day O after
pulp exposure, no alveolar bone loss was ob-
served in both OVX and Sham groups. However,
on day 28 after pulp exposure, as the apical
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periodontitis is getting worse and worse, we
found that there was significant alveolar bone
loss in OVX group as compared to the Sham
group (Figure 6A). The data from the two differ-
ent measurements are comparable (Figure
6B). Thus, these findings indicate that estrogen
may play important roles in the alveolar bone
loss induced by apical periodontitis.

Discussion

It has been demonstrated that estrogen defi-
ciency is strongly associated with bone loss
and osteoporosis [30, 31]. Apical periodontitis,
which is the major causative factor of bone loss
in the periodontitis lesion, is a worldwide com-
mon oral disease. Previous studies have estab-
lished a close relationship between estrogen
deficiency and the bone resorption during the
development of apical periodontitis [32, 33].
However, to date, the specific underlying mech-
anisms of how estrogen deficiency regulates
the bone loss induced by apical periodontitis
are still unclear. In the present study, using the
clinic samples of postmenopausal woman pa-
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tients and OVX rat model, we found that estro-
gen deficiency accelerated the apical periodon-
titis-induced bone loss via up-regulating the
expression of NLRP3/Caspase-1/IL-1 axis.

In human females, the ovarian functions be-
come dysfunction or failure gradually when
they are entering the perimenopause [34], and
after menopause, the estrogen level is sudden-
ly dropped [35, 36]. This estrogen decrease
due to ovarian failure is known to significantly
affect bone homoeostasis and increases bone
loss, and this antiresorptive action of estrogen
is thought to be related to its ability to regulate
modulating factors of osteoclastgenesis, but
not due to its direct action on osteoclasts, for
instance, the regulation of cytokine release in
hypoestrogenism accelerates bone resorption
[37, 38]. Cytokines, such as IL-13, are found to
be increased in ovariectomized rats and post-
menopausal women [39, 40]. In consistent with
these previous findings, we also demonstrated
that, in postmenopausal women, the decrea-
sed estrogen level accelerated the bone resorp-
tion via up-regulating the expression of NLRP3/
Caspase-1/IL-1B axis in an inflammation con-
dition, providing evidences that the NLRP3/
Caspase-1/IL-1B axis is involved in estrogen-
regulated bone resorption.

It is well known that the ovariectomy model
used in this study can result in characteristics
of bone loss very similar to those found in post-
menopausal women, and providing an experi-
mental model to study the effects of estrogen
on bone loss or resorption [27]. Before the sur-
gical procedure, the estrous cycle was evaluat-
ed to select animals with normal cycle, and the
efficacy of the ovariectomy procedure was con-
firmed by measuring the reduced serum levels
of estrogen in the OVX groups (Figure 3). Se-
veral studies have used the OVX animal model
to address the effects of estrogen deficiency
and related molecules on bone loss issues [28,
29]. NLRP3, Caspase-1, and IL-13 are compo-
nents of NLR signaling pathway, and Caspase-1
and IL-1 are downstream molecules of NLRP3.
Mature IL-10 is synthesized as pro-IL-1J first,
and then cleaved into mature forms by activat-
ed Caspase-1 [10]. Studies have shown that
IL-1 is highly expressed in apical granulomas
and that the overwhelming release of IL-1f3
leads to the destruction of local tissues by stim-
ulating bone resorption [41, 42]. NLRP3 inflam-
masomes have been demonstrated to play an
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important role in inflammation. Tran et al. and
Besnard et al. showed that the increased
expression levels of NLRP3 and IL-1B in the
allergic airway inflammation of OVX model, indi-
cating that NLRP3 activation was required in
allergic airway inflammation, which was further
confirmed by the observation of that NLRP3-
specific inhibitor could reverse neutrophilic
inflammation in allergic airway disease [43-45].
Very recently, the results of Cheng et al. demon-
strated that after OVX challenge, the expres-
sion levels of NLRP3 and Caspase-1 were in-
creased in allergic airway inflammation, further
confirmed the association of allergic airway
inflammation with activation of NLR signaling
[26]. Besides the roles of NRLP3 in the allergic
airway inflammation mentioned above, Ran et
al. and Liu et al. also demonstrated that in api-
cal periodontitis patients and rats, the expres-
sion levels of NRLP3, Caspase-1, and IL-13
were up-regulated, and may be involved in the
process of inflammation and associated with
the degree of inflammation in apical periodon-
tal lesions [21, 22]. In the present study, using
apical periodontitis model with or without bilat-
eral ovariectomies, we documented that NLRP3
expression level was increased accompanied
by increased levels of active Caspase-1 and
IL-183, suggesting that estrogen deficiency wou-
Id lead to activation of NLR signaling, therefor
result in the bone resorption during the devel-
opment of apical periodontal lesions.

To further confirm the effects of estrogen on
the expression/activity of NLRP3 and its down-
stream molecules, including Caspase-1 and
IL-1B, investigators performed the rescue ex-
periments using E2. In mouse brain, Xu et al.
indicated that administration of E2 or its recep-
tor (ERB) agonists can reverse the activity of
NLRP3 caused by estrogen deficiency [24].
Thakkar et al. (2016) showed that E2 can
noticeably inhibit NLRP3 activation and pro-
inflammatory cytokine production in the brain
after global cerebral ischemia. In the mouse
model of amyotrophic lateral sclerosis (ALS),
Heitzer et al. showed that E2 reduced the ex-
pression levels of NLRP3 protein, activate
Caspase-1 and mature IL-13 [46]. Cheng et al.
also showed that E2 markedly inhibited the
mMRNA and protein expression of NLRP3, as well
cleaved Caspase-1 in inflammatory lung tissue
[26]. Taken together, these studies further
demonstrated that NLR signaling pathway plays
an important role during the development of
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estrogen-mediated inflammation. However, the
interaction between estrogen and NLRP3/Ca-
spase-1/1L-1B axis in estrogen-mediated devel-
opment of apical periodontitis is still unclear.
Our current study provided evidences showing
that the NLRP3/Caspase-1/IL-1p axis is playing
a critical role during the development of estro-
gen-mediated apical periodontitis.

In conclusion, our current study revealed a
potential mechanism underlying the develop-
ment of apical periodontitis lesion mediated by
estrogen deficiency, and indicated that phar-
macological inhibition of NLR signaling might
be beneficial for the treatment of inflammatory
diseases in postmenopausal woman patients.
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Figure S1. The expression levels of ASC in periapical tissues of periapical periodontitis in postmenopausal and
premenopausal patients. A. Representative immunoblotting images of ASC as indicated (left panel), and the quan-
tification analysis of ASC based on the immunoblotting results (right panel). B. Representative images of immu-
nohistochemical staining using ASC antibody as indicated (left panel), and the quantification analysis of the ASC
immunoactive positive cells in infected periapical tissues of postmenopausal and premenopausal patients. Scale
bar, 100 ym. Data are presented as mean + SEM. ***P<0.001.
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Figure S2. Photographs of the original western blot membranes showing expression levels of NLRP3, procaspase-1,
caspase-1, IL-1B, and ASC in Figures 1A and S1. nc: healthy patients; post: postmenopausal patients; pre: premeno-
pausal patients.



