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Abstract

Periodontitis is the leading cause of tooth loss, and patients with smoking habits are at an increased risk of developing peri-
odontitis. A20 (the tumor necrosis factor alpha-induced protein 3, TNFAIP3) is one of the key regulators of inflammation
and cell death in numerous tissues. Emerging researches indicated A20 as a fundamental molecule in the periodontal tissue.
This study was to evaluate the role of A20 against cell death and inflammation in periodontitis and to elucidate the underlying
mechanisms. In our study, western blot, autophagy detection, and transmission electron microscopy showed that lipopoly-
saccharide from Porphyromonas gingivalis (Pg.LPS) and nicotine (NI) could enhance the activation of autophagy. Pg.LPS
and NI induce the pyroptosis of human periodontal ligament cells (hPDLCs), as evidenced by the decrease of membrane
integrity and the increase of NLRP3, GSDMD, GSDMD-N, caspase-1 activity, and the pro-inflammatory cytokines of IL-1p,
IL-6, TNF-a. Further researches were focused on that A20, an ubiquitin-editing enzyme, was linked to hPDLCs pyroptosis.
Overexpression or silencing A20 could diminish or aggravate pyroptosis in hPDLCs by the modulation of autophagy. The
above results demonstrated that A20 dictated the cross-talk between pyroptosis and autophagy. Overexpression of A20
enhanced autophagy to reduce pyroptosis, and thus alleviating inflammation, suggesting that A20 may be a potent target in
the treatment of periodontitis.
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Introduction

Periodontitis is a polymicrobial infectious disease, which
is caused by the disorder between host and microbe in the
dental biofilm [1]. Periodontal bacteria could break down
the balance of pro-inflammatory cytokines secretion, which
aggravates the progression of inflammation in periodontal
tissues [2]. Lipopolysaccharide (LPS) from Porphyromonas
gingivalis (P. gingivalis) is considered as a key risk factor.
It has been widely recognized that tobacco use is a non-
negligible risk factor for periodontitis [3, 4]. Nicotine (NI),
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a major ingredient of cigarette, confuses the subgingival
microflora and deteriorates the impairment in human peri-
odontal tissues [5]. However, the mechanisms underlying the
potential synergistic effect of NI and Pg.LPS on inflamma-
tion remains controversial.

Pyroptosis is a pivotal inflammatory form of programmed
cell death (PCD), which is activated by inflammasomes [6].
It begins with the recognition of various pathogen stimuli,
continues with cell swelling, membrane rupture, and DNA
fragmentation, and finally ends with gasdermin D (GSDMD)-
mediated pore formation on cell membranes along with
inflammatory intracellular contents flowing out [7-9]. It is well
established that cell death can exacerbate the penetration of
pathogens and aggravate the development of the disease. Nod-
like receptor protein 3 (NLRP3) inflammasome is currently
the best reported inflammasome related to activation of cas-
pase-1 and pyroptosis [10]. The critical role of pyroptosis in
periodontitis has been reported. 7. denticola surface protein,
Td92, activated caspase-1, and pyroptosis in macrophages
via NLRP3 inflammasome activation. And the Td92 has also
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Table 1 Primers for real-time
PCR

Gene

Forward primer

Reserve primer

GAPDH
IL-1p
IL-6
TNF-a
IL-18

5'-GTCTTCACCACCATGGAGAAG-3'
5'-CAGCCAATCTTCATTGCTCA-3'
5'-GTGCCTCTTTGCTGCTTTCAC-3'
5'-CACAGTGAAGTGCTGGCAAC-3'
5'-TCGGGAAGAGGAAAGGAACC-3'

5'-GTTGTCATGGATGACCTTGGC-3’
5'"TCGGAGATTCGTAGCTGGAT-3’
5'-GGTACATCCTCGACGGCATCT-3'
5'-AGGAAGGCCTAAGGTCCACT-3'
5" TTCTACTGGTTCAGCAGCCA-3'

been reported to induce caspase-4-mediated pyroptosis by
Cathepsin G in human gingival fibroblasts [11, 12]. P. gingi-
valis induced pyroptosis in both gingival fibroblasts and mac-
rophage pyroptosis [13, 14]. Gasdermin E (GSDME) cleavage
may trigger pyroptosis rather than GSDMD in human gingi-
val epithelial cells [15]. In hPDLCs, the cyclic stretch could
cause pyroptosis and induce inflammatory reaction through
the cleavage of GSDMD [16].

Autophagy, a cellular mechanism participating in starva-
tion adaptation, degradation of deserted proteins and orga-
nelles, tumor suppression, works as a “housekeeper” for the
cellular homeostasis [17]. It has been reported that a close
link existed between autophagy and periodontitis [18]. It is
believed that autophagy could regulate redox which is an
efficient and effective mechanism for antibacterial responses
and protection against apoptosis. What’s more, A20 (tumor
necrosis factor-a-inducer protein 3, TNFAIP3) has also been
reported to play an ambiguous role in autophagy. Inomata et al.
[19] demonstrated that NDP52-mediated autophagy was inhib-
ited by A20. A previous study has confirmed that A20 limits
the induction of autophagy by reducing the ubiquitination of
Beclin-1 [20]. However, another article reported a thoroughly
opposing conclusion that A20 rescues the deficient autophagy
in CD4 T cells [21].

A20, works as a regulator of ubiquitin, which tends to exert
a negative effect on inflammation [22]. It has been further
confirmed that loss of A20 could deteriorate human health.
Patients carrying loss-of-function mutations of A20 may suf-
fer from Behcet’s disease, a chronic multisystemic inflamma-
tory disease [23]. What’s more, description from Parkinson’s
disease and multiple sclerosis shows the reduced A20 expres-
sion in peripheral blood is related to an elevated peripheral
cytokines level such as interleukin (IL)-1p, IL-6, and tumor
necrosis factor (TNF)-o) [24]. And it may account for the
worrying condition compared with healthy subjects [25]. It
also worked as a negative regulator of NLRP3 inflammasome
activation to prevent Rheumatoid arthritis in vivo [26]. Sig-
nificantly, the relationship between autophagy and pyroptosis
has been highlighted. For instance, the suppression of Eukar-
yotic elongation factor-2 kinase restricted beclin-1-mediated
autophagy and augmented pyroptosis in human melanoma
cells [27]. Furthermore, acrolein-induced cell pyroptosis and
suppressed cell migration by ROS-dependent autophagy [28].
In the present study, we hypothesized that A20 might prevent
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Fig.1 Pg.LPS and NI induces NLRP3 inflammasome activation»
and pyroptosis. a Cells were cultured and stimulated with or with-
out Z-YVAD-FMK + Pg L PS+NI+Nig. RT-PCR was performed
to detect the mRNA of IL-1p, IL-6, IL-18, and TNF-a. b ELISA
was performed for the detection of IL-1f, IL-6, IL-18, and TNF-a.
¢ Western blot was performed to determine the levels of NLRP3,
GSDMD, caspase-1, GSDMD-N, IL-1p, and IL-18. d The relative
fold was target proteins to GAPDH. e The caspase-1 activity was
evaluated in hPDLCs. f The cells were stained with Lyso-Tracker Red
(red) and Hoechst 33,342 (blue) (Scale bar: 50 pm) g The LDH lev-
els were measured with the LDH Cytotoxicity Assay Kit. h Photo-
micrographs of double-fluorescent staining with PI (red) and Calcein
(green). (Scale bar: 200 um) (*P <0.05 vs. the CON group; **P <0.01
vs. the CON group; “P<0.05 vs. the Pg.LPS + Nig group; “P <0.01
vs. the Pg.LPS+Nig group; $*P<0.01 vs. the Pg.LPS+NI+Nig
group)

periodontitis by upregulating autophagy to alleviate inflam-
mation and pyroptosis.

Materials and methods
Cell isolation and treatment

hPDLCs were cultured from periodontal ligament from
healthy premolar teeth. These teeth were obtained from
healthy donors aged between 11 and 18 years who under-
went tooth extraction for orthodontic reasons. Every donor
and corresponding guardian signed informed consent. The
PDL fragments were gently separated from the middle third
of the roots. hPDLCs were cultured in o« minimum essen-
tial medium (Gibco, USA) supplemented 10% fetal bovine
serum (Biological Industries, Israel) and 1% penicillin/strep-
tomycin (Gibco, USA) then incubated at 37°C in 5% CO,.
Cells between passage 3 and 5 were for all studies.
hPDLCs were exposed to Pg.LPS (1 pg/ml) (Invivo-
gen, USA) plus NI (5 mM) (Sigma, USA) for 24 h prior to
Nigericin (Nig) (10 pM) (MCE, USA) for 2 h for the induc-
tion of pyroptosis. To assess autophagic flux, cells were
treated with bafilomycin A1 (BafA1, 200 nM for 6 h, Sigma,
USA) to block the late phase of autophagy. This experiment
involved pharmacological inhibitors or inducers. Cells were
pre-treated with the addition of autophagy inhibitor 3-meth-
yladenine (3MA, 5 mM for 24 h, Sigma, USA), autophagy
inducer rapamycin (Rapa, 100 nM for 24 h, Selleck, USA),
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«Fig.2 Pg.LPS and NI exposure led to an upregulation of autophagy
at 6 h. Cells were stimulated with or without Pg.LPS + NI+ Nig. a—c
The levels of Atg-7, p62, LC3-1I/I were measured by Western blot.
b—d Quantitative analysis of these proteins related to GAPDH were
shown in the bar graph. e Cells were transfected with the stubRFP-
sensGFP-LC3 Lentivirus to monitor the autophagic flux and exam-
ined by confocal microscope. (Scale bar: 200 pm) (n=4) f Ultras-
tructural features of hPDLCs by TEM. (Scale bar: 200 nm and 1 pm)
g Western blot was performed to determine the expression of A20.
Relative expression of A20/GAPDH was analyzed. (*P <0.01 vs. the
CON group; “P<0.01 vs. the Pg.LPS+NI 6 h group)

and caspase-1 inhibitor Z-YVAD-FMK (10 pM for 24 h,
MCE, USA), thereafter the cells were washed with PBS
twice for the following treatment as stated.

Immunocytochemistry (1CC)

Cells were washed with PBS and fixed with 4% paraform-
aldehyde for 15 min, then incubated with 0.5% Triton-100
at room temperature for 20 min, and washed with PBS. The
cells were blocked with 3% BSA for 30 min. After discard-
ing the blocking solution, diluted primary antibody against
vimentin (1:200, Servicebio) or keratin (1:200, Servicebio)
was applied to the slides overnight at 4 °C in the wet box.
And then the slides were washed with PBS and incubated
with secondary antibody at room temperature for 50 min.
Horseradish peroxidase-conjugated avidin was added, and
the cells were incubated at 37 °C for 20 min. And being
washed with PBS, slides were stained with DAB and coun-
terstained with hematoxylin. The samples were dehydrated
and sealed. Images were photographed with a Leica fluores-
cence microscope.

Real-time quantitative PCR (RT-PCR)

Total mRNA was isolated with RNA Extraction Kit
(TaKaRa, Japan) according to the manufacturer’s pro-
tocol. cDNA was synthesized by PrimeScript RT Master
Mix (TaKaRa, Japan). The RT-PCR was performed with
SYBR Premix Ex Taq Il in a 10 pl reaction system (TaKaRa,
Japan). Reactions were performed on an ABI7900 apparatus.
Primers are described in Table 1.

Enzyme-linked immunosorbent assay (ELISA)

After the respective incubation periods, IL-1f, IL-18, TNF-
a, and IL-6 levels in the culture supernatants were measured
with human ELISA kits (Neobioscience, China) according
to the manufacturer’s instructions.

Western blotting analysis

Proteins were extracted from hPDLCs in six-well plates
with different treatments. Total protein was prepared with
cell lysates (Beyotime, China). After protein separating
with 10-12% SDS-PAGE, it transferred to PVDF mem-
branes. The membranes were sealed with 5% skimmed
milk for 2 h at room temperature. Subsequently, the
protein were incubated with diluted primary antibodies
targeting at NLRP3 (1:1000, CST), GSDMD (1:1000,
Abcam), caspase-1 (1:1000,CST), IL-1p (1:1000, CST),
GSDMD-N (1:1000, Abcam), IL-18 (1:1000, Abcam),
Atg-7 (1:100,000, Abcam), p62 (1:1000, Abcam),LC 3B
(1:2000, Abcam), and GAPDH (1:1000) overnight at 4°C.
Then, the membrane was rinsed with TBST three times
and secondary antibody (1:8000) was applied for 60 min.
An Enhanced Chemiluminescence Detection Kit (Milli-
pore, Germany) was used for immunodetection.

Caspase-1 activity

The Z-WEHD-luminescent caspase-1 substrate solution is
reconstituted at room temperature [29]. Then resultant solu-
tion is combined 1:1 with the prepared sample in the 96-well
plate. The mixed were incubated for 1.5 h for the stable
luminescent signal, according to the manufacturer instruc-
tion (Promega, USA). All luminescence was recorded on a
luminescence plate reader.

Lyso-Tracker Red (LTR) staining

To detect the integrity of lysosomal membrane, we adopt
LTR staining (Beyotime, China). After being stimulated,
cells were incubated with LTR working solution for 30 min
and Hoechst 33,342 for 5 min at 37 “C and washed for three
times with PBS. Images were photographed with a Leica
fluorescence microscope.

Calcein/propidium iodide (Pl) staining

hPDLCs were stained Calcein/PI with the assay from Beyo-
time. After different stimulation, the cells were incubated
with Calcein/PI working solution for 30 min at 37 °C in
the dark and washed three times with PBS. The images of
samples were acquired by a Leica fluorescence microscope.

Lactate dehydrogenase (LDH) release assay
hPDLCs were treated with the described experimental
designs. The amount of LDH release was determined by a

commercial LDH assay kit (Beyotime, China) following the
manufacturer’s instructions.
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Fig.3 3MA inhibits autophagy
and Rapa enhanced it in
hPDLCs stimulated by Pg.

LPS and NI. Cells were
stimulated with or with-

out 3MA +Rapa+ Pg.

LPS +NI+Nig. a—c Western
blot was used to detect the
levels of Atg-7, p62, LC3-1I/1.
b-d The relative fold was target
proteins to GAPDH. e, f Cells
were initially transfected with
the stubRFP-sensGFP-LC3
Lentivirus, and examined by
confocal microscope. (Scale
bar: 200 pm) (*P <0.01 vs. the
CON group; ““P<0.01 vs. the
Pg.LPS)
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Autophagy detection

To assess the autophagic flux status, hPDLCs were trans-
fected with StubRFP-SensGFP-LC3 lentivirus (Genechem,
China) for 12 h. The red/green co-localized puncta indicate
the formation of autophagosomes (yellow punctuation).
When the green fluorescence is quenched, only red single
fluorescent punctate clusters can be detected, which indi-
cates the formation of autophagic lysosomes. hPDLCs were
plated in a 12-well dish, transfected with lentivirus for 12 h,
and challenged with different stimulation. The LC3-labeled
puncta pattern was observed by a laser-scanning confocal
microscope (Leica, Germany).

Transmission electron microscopy (TEM)

Pre-treated cells were harvested to measure autophagosomes
by TEM (Tokyo, Japan). They were fixed with 2.5% gluta-
raldehyde overnight at 4 °C, and subsequently post-fixed in
1% OsO, at room temperature for 2 h. The samples were
dehydrated with ethanol series and embedded in epoxy resin.
Next, the ultrathin sections were excised and stained with
uranyl acetate and lead citrate.

Lentivirus preparation and infection

After transfecting hPDLCs with lentivirus A20 (GeneP-
harma, China) for overexpression or silencing studies, the
positive cells were selected with puromycin (2.5 pg/mL,
12 h). The infection efficiency was over 80%.

Statistical analysis

Data were extracted from three independent experiments
unless noted otherwise. Each value is represented as the
mean + SD. When the data are in a normal distribution, dif-
ferences among groups were evaluated, using the Student ¢
test of two independent samples and one-way ANOVA of
three or more independent samples. When P value <0.05
the data were considered statistically significant.

Results
Identification of hPDLCs

The primary hPDLCs cultured by the tissue block method
could be seen after 5-7 days, crawling from the of the tissue
block radially (Fig. Sla). Since vimentin is the marker of
fibroblast and keratin is mainly present in epithelial cells, we
applied these two markers to identify the primary hPDLCs.
The ICC showed the presence of vimentin and absence of

keratin in the cytoplasm (Fig. S1b, c¢) indicating that they
were mesenchymal cells rather epithelial cell.

NLRP3 inflammasome activation
and caspase-1-mediated pyroptosis were induced
in hPDLCs

The overactivation of NLRP3 inflammasome may trig-
ger pyroptosis and the release of inflammatory cytokines.
As indicated in Fig. la, Pg.LPS plus Nig significantly
increased the expression of IL-1p, IL-18, IL-6, TNF-
a, and the combination of Pg.LPS, NI and Nig further
enhanced the mRNA level of these pro-inflammatory
cytokines mentioned above. Consistently, similar changes
of IL-1p, IL-18, IL-6, and TNF-« in the culture super-
natants were obtained by ELISA (Fig. 1b). To detect the
NLRP3 inflammasome activation and subsequent pyropto-
sis, the protein expression level of NLRP3, GSDMD, cas-
pase-1, GSDMD-N, IL-1f, and IL-18 were measured. As
shown in Fig. lc, d, stimulated with Pg.LPS plus Nig, the
pyroptotic proteins expression were significantly increased
compared with CON group. And Pg.LPS, NI along with
Nig enhanced the related proteins expression as mentioned
above (Fig. 1c, d). We further detected the caspase-1 activ-
ity. As shown in Fig. le, Pg.LPS plus Nig increased the
caspase-1 activity and the co-stimulation of Pg.LPS, NI
and Nig further intensified it. To detect the lysosome func-
tion, LTR was applied to visualized lysosomes in live cells.
Treatment with Pg.LPS, NI and Nig markedly reduced the
fluorescence intensity (Fig. 1f and S2a). The collective
data indicate the activation of NLRP3 inflammasome in
Pg.LPS-, NI-, and Nig-treated hPDLCs. Pg.LPS-, NI-,
and Nig-treated cells were counterstained with Calcein/
PI, while PI-positive indicated the cell membrane integrity
was destroyed and dead cells. We also detected the release
of LDH as a marker of pyroptosis. As shown in Fig. 1g, h
and S2b, Pg.LPS-, NI-, and Nig-induced pore formation
and membrane rupture, as indicated by the increased LDH
activity and the PI-positive staining cells and pretreatment
of Z-YVAD-FMK (the caspase-1 inhibitor) reversed them.
Together, these results suggest that Pg.LPS, NI and Nig
may induce pyroptosis in hPDLCs.

A20 modulated autophagy in hPDLCs

To monitor the autophagic flux in hPDLCs, cells were
treated with Pg.LPS plus NI for 0, 6, and 12 h in prior to
Nig. As shown in Fig. 2a, b, the ratio of LC3-1I/LC3-I and
the level of Atg-7 were increased at 6 h and then decreased
at 12 h, whereas the expression of p62 decreased at 6 h
and then increased at 12 h. Taken together, Pg.LPS,
NI, and Nig exposure led to a dramatic upregulation
of autophagy at 6 h. Next, autophagy flux was further
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«Fig.4 A20 modulated autophagy in hPDLCs stimulated with Pg.
LPS and NI. a Upregulation or b Downregulation of A20 was
detected by western blot with quantitative analysis in NC-, LV-A20-
or si-A20-infected cells. Cells were stimulated with or without Pg.
LPS+NI+Nig+BafAl. ¢, g In NC and LV-A20 groups, the lev-
els of Atg-7, p62, LC3-II/I were measured by Western blot. d, h
Quantitation was performed of target proteins and the expression of
GAPDH was used as an internal control. e, i Atg-7, p62, LC3-1I/I
expression was detected by western blot f, j with quantitative anal-
ysis when cells transfected with NC or si-A20. (ns P>0.05 vs. the
CON group; #P<0.01 vs. the NC group; “P<0.01 vs. the NC Pg.
LPS +NI+Nig; “4P<0.01 vs. LV-A20 group; **P<0.01 vs. si-A20
group)

detected by BafAl, an inhibitor of autophagosome-lyso-
some fusion. Pg.LPS, NI and Nig exposure led to further
increase of Atg-7 and LC3-II/I level in the presence of
BafAl, suggesting that autophagy flux level was increased
(Fig. 2c, d). Also, BafA1 treatment led to a similar strong
accumulation of p62 (Fig. 2¢, d). Confocal microscopic
images depicted that hPDLCs transfected with StubRFP-
SensGFP-LC3 lentivirus incubation of Pg.LPS, NI, and
Nig for 6 h significantly increased red/green co-localized
dot-like aggregation, which was consistent with the results
of autophagy-related proteins (Fig. 2e). The autophagic
ultrastructure was examined by TEM. An accumulation
of autophagosomes was detected in Pg.LPS-, NI-, and
Nig-treated hPDLCs by TEM compared with CON group
(Fig. 2f). We detected A20 expressions under different
stimuli to verify that A20 may tend to exert a regulatory
effect in autophagy. A20 protein levels were significantly
increased after the stimulation of Pg.LPS and Nig. NI fur-
ther increased A20 expression (Fig. 2g).

Autophagy inhibitor 3MA and autophagy inducer Rapa
were applied. As shown in Fig. 3a, b, the protein levels
Atg-7, and LC3-II/LC3-I were decreased by 3MA-pre-
treatment, while p62 expression was increased. In contrast,
Rapa-pretreatment showed the opposite results (Fig. 3c,
d). Also, the number of red/green co-localized dot-like
aggregation were increased by Rapa and decreased by
3MA (Fig. 3e, f). To explore the role of A20 in Pg.LPS-,
NI-, and Nig-induced autophagy, lentivirus targeting A20
were applied. As shown in Fig. 4a, b, the protein level of
A20 was increased/decreased in the LV-A20/si-A20 group.
In the LV-A20 group, the expression of Atg-7 and LC3-II/
LC3-I increased, whereas the p62 expression decreased
(Fig. 4c, d). In contrast, A20 knockdown accelerated the
inhibition of endogenous LC3-I to LC3-II conversion and
the autophagy-related protein Atg-7 and Beclin-1. Con-
versely, the p62 secretion was highly reduced (Fig. 4e, f).
Similarly, BafA1 treatment led to accumulation of Atg-7,
p62 and LC3BII/LC3BI ratio in both LV-A20 and si-A20
group (Fig. 4g, h).

Autophagy negatively regulates pyroptosis
in hPDLCs stimulated by Pg.LPS and NI

To explore the role autophagy on pyroptosis, 3MA and Rapa
were applied. Pre-treated with 3MA enhanced the secretion
of the inflammatory cytokines, whereas Rapa diminished
it (Fig. 5a, b). As shown in Fig. 5c, d, the protein level of
NLRP3, caspase-1, IL-1p, IL-18, GSDMD, and GSDMD-N
were further increased in Pg.LPS-, NI-, and Nig-induced-
cells pre-treated by 3MA. Rapa decreased the related
proteins expression (Fig. Se, f). Also, similar trends were
detected in the results of caspase-1 activity (Fig. 5g). The
fluorescence intensity of LTR was abolished by 3MA and
aggravated by Rapa (Fig. 5h and S2c¢). The role of autophagy
on pyroptosis was deeply assessed by LDH release and Cal-
cein-AM/PI Staining, the LDH release and PI-positive cells
were elevated by 3MA and suppressed by Rapa (Fig. 5i, j
and S2d). The data above implied that autophagy may nega-
tively regulate pyroptosis in hPDLCs.

A20 modulates the activation of NLRP3
inflammasome and pyroptosis by autophagy
in hPDLCs

To verify the potential mechanism underlying this process,
hPDLCs were transfected with lentivirus targeting A20.
Rapa and 3MA were also applied to explore the role of
autophagy in the A20-related activation of NLRP3 inflam-
masome and pyroptosis. In Fig. 6a—-d, A20 upregulation
decreased the IL-1p, IL-18, IL-6, and TNF-a secretion
attenuating inflammation, nevertheless, si-A20 increased
the trend. When pre-treated with 3MA or Rapa, the secre-
tion of cytokines was further enhanced or inhibited. In the
LV-A20 group, the protein levels of NLRP3, caspase-1,
IL-1pB, IL-18, GSDMD, and GSDMD-N were rescued,
and they were enhanced or diminished by 3MA or Rapa
(Fig. 6e, f). As shown in Fig. 6g, h, NLRP3, caspase-1,
IL-1, IL-18, GSDMD, and GSDMD-N expression were
increased in si-A20 group. And 3MA and Rapa showed
similar results in A20 silencing cells. Accordingly, the
decrease/increase of caspase-1 activity in the LV-A20 or
si-A20 group showed that expression of A20 was respon-
sible for it. The caspase-1 activity could be reversed by
Rapa or aggravated by 3MA in both the LV-A20 group
and si-A20 group (Fig. 61, j). Simultaneously, the decrease
fluorescence intensity of LTR was reversed by the overex-
pression of A20, which could be further intensified by the
Rapa or attenuated by 3MA (Fig. 6k and S2e). In Fig. 61
and S2f, the fluorescence of LTR was darkened when A20
was knockdown. Identically, 3MA and Rapa showed the
same effect in the si-A20 group. Furthermore, the results
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«Fig.5 Autophagy negatively regulates pyroptosis in hPDLCs stimu-
lated by Pg.LPS and NI. Cells were pre-treated with or without 3MA
or Rapa, and then treated with Pg.LPS+NI+Nig. a RT-PCR was
performed to detect the mRNA expressions of IL-1f, IL-18, IL-6,
and TNF-a. b ELISA was performed for IL-1p, IL-18, IL-6, and
TNF-a in the supernatants. ¢, e Western blot was used to detect the
levels of NLRP3, GSDMD, caspase-1, GSDMD-N, IL-1p, and IL-18.
d, f Quantitative analysis of these proteins related to GAPDH were
shown in the bar graph. g The relative luminescence results of cas-
pase-1 were recorded. h The cells were stained with Lyso-Tracker
Red (red) and Hoechst 33,342 (blue). (Scale bar: 50 pm) i The LDH
levels were measured by the LDH Cytotoxicity Assay Kit. j Cells
were double-stained with PI (red) and Calcein (green). (Scale bar:
200 pm) (*P <0.05 vs. the CON group; #P <0.01 vs. the CON group;
“P<0.05 vs. the Pg.LPS group; ~"P<0.01 vs. the Pg.LPS group)

of LDH release and PI staining showed similar results
(Fig. 6m—p and S2g, h). The collective data above deter-
mined that A20 modulated activation of NLRP3 inflam-
masome and pyroptosis by activating autophagy.

Discussion

Periodontal tissue is damaged when the balance between
inflammatory responses and host immunity is ruined. The
use of tobacco is one of the system risk factors for peri-
odontal disease. NI, the main component of a cigarette, exac-
erbated pathological changes in human periodontal tissue.
This study demonstrated that Pg.LPS- and NI-induced the
NLRP3 inflammasome activation and subsequent pyropto-
sis in hPDLCs. Pg.LPS and NI exposure led to a dramatic
upregulation of autophagy at 6 h. Furthermore, A20 inhib-
ited NI- and Pg. LPS-induced NLRP3 inflammasome acti-
vation and pyroptotic death of hPDLCs by promoting cell
autophagy (Fig. 7). These results were verified by the pre-
treatment of 3MA or Rapa.

The activation transcription factor nuclear factor-kB
(NF-xB) plays a positive role in the progression of many
inflammatory diseases. A20, as a negative regulator of
NF-«B signaling, exerts an anti-inflammatory effect [30].
Besides, an inverse correlation between the incidence of type
2 diabetes and A20 mRNA levels was found [31]. In our
study, evidence revealed that A20 protein levels were sig-
nificantly increased by Pg.LLPS. The co-stimulation further
increased A20 expression. Under the challenge of Pg.LPS
and NI, the corresponding elevating A20 secretion tends
to inhibit inflammatory response. The present data showed
that increased A20 expression led to restricted secretion of
inflammatory cytokines (IL-6 and TNF-a).

Pyroptosis is a kind of PCD characterized by membrane
pore formation, cell swelling, and membrane rupture, as
well as the release of inflammatory cytokines. The NLRP3
inflammasome, a multiprotein complex, could be activated
upon pathogen and stress [32, 33]. Pyroptosis is triggered

by caspase-1 after activation of NLRP3 inflammasomes.
Caspase-1 plays sufficient roles in initiating pyroptosis,
which is a protease cleaving target protein. Furthermore,
different from other apoptotic caspases, caspase-1 is well-
known as the inflammatory caspase, which could produce
IL-1p [34]. Walle LV et al. [26] have reported that A20
may exert a negative effect on the activation of NLRP3
inflammasome, by targeting at NF-xB signaling pathway.
Stimulated by diverse stimuli, such as pathogen-associ-
ated molecular patterns (PAMPs) or damage-associated
molecular patterns (DAMPs), the expression NLRP3 and
pro-IL-1p upregulates through translocation of NF-xB,
and the microbial products or endogenous signals trigger
ROS activation, mitochondrial dysfunction, or lysosome
permeabilization. Under these stimuli, the protein com-
ponents of NLRP3 inflammasome aggregate to activate
NLRP3 inflammasome, and express mature caspase-1 and
IL-1B [10]. Furthermore, IL-1p, the inducer of inflamma-
tion, increases during the pathogenesis of periodontitis.
The damage of periodontal tissue, such as the clinical
attachment loss and alveolar bone loss, may arise from the
upregulating IL-1p activity [35]. Gasdermin D is one of
six gasdermin family members in human, which could be
cleaved by caspase-1. And then the cleavage of GSDMD
releases the N-terminal fragment of GSDMD. The N-ter-
minal fragment of GSDMD could form plasma mem-
brane pores, leading to the induction of pyroptotic activ-
ity [36]. Our study verified that Pg.LPS and NI increased
the expression of NLRP3, GSDMD, caspase-1 and IL-1§
in hPDLCs, and the overexpression of A20 suppressed
pyroptosis in Pg.LPS- and NI-exposed cells.

Autophagy is a cellular pathway for degrading dam-
aged proteins and removing the invading bacteria. It
is characterized by increased expression levels of spe-
cific proteins, such as LC3-II/LC3-I ratio, Beclin-1,
and Atg-7, and decreased expression levels of p62. It
has been reported that poly(I:C) stimulation induces
NDP52-mediated autophagy and A20 plays an important
counter-regulatory role in it [19]. A20 may also react
with the mechanistic target of rapamycin (mTOR) and
restricts mTOR activity, resulting in amplified autophagy
in CD4 T cells [21]. The deubiquitinating enzyme A20
reduced the ubiquitination of Beclin-1 and then restricted
autophagy in response to Toll-like receptor (TLR) signal-
ing during inflammatory responses [20]. A20 may play a
non-negligible role in the modulation of autophagy. The
dysregulation of autophagy has been implicated in oral
diseases including periapical lesions, oral cancer, and
periodontitis. It has been presumed that autophagy can
facilitate cellular homeostasis against external stressors
in an early stage. But in the late stage, it promotes cell
death through the Akt/mTOR/survivin signaling pathway
in the pathogenesis of periapical lesions [37]. Decreased
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Fig.6 A20 modulates the
activation of NLRP3 inflam-
masome and pyroptosis by
autophagy in Pg.LPS and
NI-induced hPDLCs. Cells
were infected with LV-A20,
si-A20 or NC lentivirus,

and then pre-treated with or
without 3MA +Rapa + Pg.

LPS +NI+Nig. The expres-
sions of IL-1p, IL-18, IL-6 and
TNF-a in cells infected with
LV-A20 lentivirus were detected
by a RT-PCR and b ELISA.
The expression of IL-1p,

IL-18, IL-6, and TNF-a in cells
infected with si-A20 lentivirus
were detected by ¢ RT-PCR

and d ELISA. e, g Western blot
was used to detect the levels of
NLRP3, GSDMD, caspase-1,
GSDMD-N, IL-1p, and IL-18.
f, h Relative expression of these
proteins was expressed as a
percentage of GAPDH. i, j The
relative caspase-1 activity was
detected by caspase-1 activity
assay. k, 1 The cells were stained
with Lyso-Tracker Red (red) and
Hoechst 33,342 (blue). (Scale
bar:50 pm) m, n The LDH lev-
els were measured by the LDH
Cytotoxicity Assay Kit. o, p
Cells were double-stained with
PI (red) and Calcein (green).
(Scale bar: 200 pm) (ns P> 0.05
vs. the CON group; P <0.05
vs. the NC group; #P <0.01 vs.
the NC group; "P <0.03 vs. the
LV-A20 group; “"P<0.01 vs.
the LV-A20 group; $P <0.05 vs.
the si-A20 group; P <0.01 vs.
the si-A20 group)
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Fig.7 Schematic diagram depicting A20 modulates NLRP3 inflam-
masome activation and pyroptosis through autophagy in hPDLCs

expression of Beclin-1 was found in tongue squamous cell
carcinoma tissues, especially in tissues with poor prog-
nosis [38]. In our study, multiple evidence indicated that
Pg.LPS- and NI-induced autophagic flux in hPDLCs, and
the overexpression of A20 could amplify the Pg.LPS- and
NI-induced autophagy.

Autophagy is featured by autophagosome formation
and tends to be a pro-survival response to various stresses
by processing metabolite and maintain cellular homeo-
stasis [39]. It has been reported that acrolein activated
NLRP3 inflammasome mediated-pyroptosis and restricted
migration in vascular endothelial cells by ROS-depend-
ent autophagy [28]. Wang X et al. [40] also showed that
autophagy modulated acrolein NLRP3-dependent pyrop-
tosis in ZEA-treated INS-1 cells via activation of p65.
Previous work confirmed our claim that autophagy could
alleviated the increased pyroptosis [41]. We found that Pg.
LPS and NI activate autophagy and that autophagy could
regulate the fate of NLRP3 inflammasome and pyrop-
tosis. Ding et al. [42] have reported that miR-21-5p can
relieve pyroptosis and podocyte injury targeting A20 in
diabetic nephropathy. Owing to the protective effect of
A20, we assumed that A20 may inhibit the activation of
NLRP3 inflammasome and pyroptosis. To explore the role
of autophagy in the interaction of A20 and pyroptosis in
hPDLCs, 3MA and Rapa were utilized. A20 overexpres-
sion with LV-A20 reversed the upregulation of pyroptosis
and inflammatory cytokines secretion induced by Pg.LPS
and NI. And when the cells transfected by LV-A20 lenti-
virus were pre-treated with 3MA or Rapa, pyroptotic cell
death and the secretion of cytokines were intensified by
3MA or further reversed by Rapa. The similar treatment
on the si-A20 group showed the same trend.

Conclusion

Our results indicated that both the activation of NLRP3
inflammasome and pyroptosis are involved in Pg.LPS-
and NI-treated hPDLCs. A20 inhibited Pg.LPS- and
NI-induced pyroptosis and inflammation via enhanc-
ing autophagy. In this study, we investigated the roles of
pyroptosis and autophagy in the progression of periodon-
titis, and identified A20 as a potential target for the treat-
ment of periodontitis, which is expected to provide new
strategy for the exploration of drugs for the treatment of
periodontitis.
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