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Purpose: Periodontitis is a major chronic oral disease that is accelerated by activation of the
NLRP3 inflammasome and the resulting pyroptosis. According to recent studies, active
vitamin D and its analogs have been reported to have great anti-inflammatory effects.
However, the anti-inflammatory mechanism of a newly found vitamin D analog, eldecalcitol
(ED-71), is still unclear. This study investigates whether ED-71 could protect human gingival
fibroblasts (HGFs) from LPS-induced pyroptosis and, if so, determine its underlying
mechanism.

Methods: After HGFs were treated with LPS alone or with LPS and ED-71, their viability
was measured by CCKS assay. The degrees of inflammation and pyroptosis were measured
via LDH assay, H,O, assay, fluorescent staining, flow cytometry, and Western blots.
Intracellular ROS, Hoechst 33,342, and PI stains were assessed with a fluorescence micro-
scope. ROS inhibitor NAC, NLRP3 inhibitor MCC950, and Nrf2 inhibitor ML385 were
added to further clarify the mechanism.

Results: LPS induced cytotoxicity in HGFs, as shown by CCK8 assay. LPS also increased
intracellular ROS, H,0, levels, release of LDH, and expression of the pyroptosis-related
proteins NLRP3, caspase-1, and IL-13. NAC and MCC950 reduced LPS-induced NLRP3,
caspase-1, and IL-1p. Pretreatment with ED-71 effectively inhibited the LPS-induced pyr-
optosis and was associated with activation of the Nrf2/HO-1 signaling pathway. This
beneficial effect of ED-71 was suppressed by ML385.

Conclusion: This study demonstrates the therapeutic effect of ED-71 on LPS-induced
NLRP3 inflammasome-dependent pyroptosis in HGFs and further reveals that ED-71 can
inhibit pyroptosis by activating the Nrf2/HO-1 pathway. Our results thus suggest that ED-71
is a potential candidate for the treatment of periodontitis.
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Introduction

Periodontitis is a progressive and chronic oral disease that leads to periodontal
tissue damage. The host-mediated inflammatory response to pathogenic bacteria in
periodontal pockets is a key factor in its occurrence and development.! Human
gingival fibroblasts (HGFs) are the most abundant cells in periodontal tissue, and
their inflammatory response to pathogenic bacteria leads to the release of immu-
noregulatory factors and proteolytic enzymes. The former activated osteoclasts to

submit your manuscript

Dove n

http:

in 3

Drug Design, Development and Therapy 2020:14 4901-4913 4901

© 2020 Huang et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.
T php and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the

work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


mailto:liminqi@sdu.edu.cn
http://www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
http://www.dovepress.com/permissions.php
http://www.dovepress.com

Huang et al

Dove

cause alveolar bone resorption, and the latter directly
destroy periodontal tissue, which ultimately leads to the
progression of periodontitis.>* Therefore, inhibition of the
inflammatory response of HGFs is of critical importance
for the prevention of periodontitis.

Recent studies have shown that innate immunity, in which
pyroptosis plays a vital role, is closely associated with
periodontitis.>® Pyroptosis, a type of caspase-1-dependent
inflammatory programmed cell death, was first observed in
macrophages infected by Salmonella  typhimurium.”
Compared with apoptosis, pyroptosis is characterized by cell
swelling, perforation, lysis, and release of cell contents. During
this process, the integrity of the cell membrane is reduced, and
the permeability of the cell membrane is increased, which
permits propidium iodide to enter the cells. In a recent study,
activation of caspase-1 and the resultant pyroptosis were found
to contribute to the progression of apical periodontitis.® Active
caspase-1 can lead to the production of interleukin-1§ (IL-1B)
and IL-18. The activation of caspase-1 is due to the assembly
of inflammasomes, with the NLRP3 inflammasome playing an
important role in periodon‘[itis.9 In this process, NLRP3, ASC,
and pro-caspase-1 are assembled into inflammasomes, then
pro-caspase-1 is cleaved into active caspase-1 p20 to perform
the appropriate function.

In periodontitis, lipopolysaccharide (LPS) from
Porphyromonas gingivalis is the main pathogen-associated
molecular pattern. As an important causative factor, LPS
interacts with TLR4 to promote the release of inflammatory
cytokines such as IL-6 and IL-8 to promote the expansion of
inflammation.'® In addition, the generation of reactive oxy-
gen species (ROS) in response to LPS is the key signaling
event in the pro-inflammatory response in HGFs,'" and the
ROS can also stimulate the activation of NLRP3 inflamma-
somes, which can further promote periodontitis.'> The
expression of NLRP3 inflammasomes is upregulated in
periodontitis,'* and the inhibition of the NLRP3 inflamma-
some can reduce the periodontitis in mice.'* Thus, inhibition
of NLRP3 inflammasome activation and the resulting pyr-
optosis may be essential in improving periodontitis.

Nrf2 (nuclear factor-erythropoietin 2-related factor 2) is
a basic leucine zipper redox-sensitive transcription factor
with anti-oxidant and anti-inflammatory properties and is
a major regulator of other cytoprotective genes. Under static
conditions, Nrf2 interacts with Keapl and is inactive. In
response to oxidative and inflammatory stress, it is released
from Keapl and transported to the nucleus where it acti-
vates the expression of dozens of cytoprotective genes, such
as hemeoxygenase-1 (HO-1) and NAD(P)H quinone

oxidoreductase-1 (NQOI1), to defend against oxidative
stress and inflammation.'> HO-1 prevents the expansion of
inflammation by degrading heme groups into products such
as bilirubin, which plays a protective antioxidant role. The
heme group is found in many cells, including gingival
fibroblasts. Studies have found that the activation of Nrf2
and induction of HO-1 could inhibit the NLRP3 inflamma-
some and thus pyroptosis.'®'® Activation of the Nrf2 path-
way with isorhamnetin reduces the inflammatory response
of HGFs."” These findings promote speculation that the
activation of Nrf2/HO-1 may be a protection mechanism
in periodontitis and reduce pyroptosis.

ED-71, a new kind of active vitamin D analog, has been
widely used for the treatment of osteoporosis in Japan.
Osteoporosis is a major risk factor for periodontal disease
and seems to be related to alveolar bone loss in disease
progression.20 Compared with calcitriol, ED-71 has
a different mode of binding to vitamin D binding protein
(DBP), the vitamin D receptor (VDR), and vitamin D 24-
hydroxylase (CYP24A1). ED-71 consequently has a longer
half-life, a lower clearance rate, and stronger VDR-mediated
effects, resulting in greater efficacy than calcitriol.”' Recent
research has shown that vitamin D plays a role in a variety of
inflammatory diseases, such as inflammatory bowel
disease.”” Vitamin D can activate the Nrf2/HO-1 pathway
to ameliorate liver and kidney injuries, which are markedly
promoted by oxidative stress and inflammation.*® Because
ED-71 is an analog of active vitamin D, it is hypothesized
that ED-71 may have a similar effect on other inflammatory
diseases, including periodontitis.

The anti-pyroptotic effect of ED-71 on LPS was
explored in the present study. In addition, potential
mechanisms of pyroptosis involving the Nrf2/HO-1 signal-
ing pathway were investigated.

Materials and Methods

Chemicals and Reagents

ED-71 was purchased from Chugai Pharmaceutical Co.,
Ltd (Japan). E.coli LPS was purchased from Solarbio
(Beijing, China). The Nrf2 inhibitor (ML385) and ROS
inhibitor (NAC) were purchased from MedChemExpress
(Shanghai, China). The NLRP3 inhibitor MCC950 was
bought from Tocris (Shanghai, China). Antibodies against
Nrf2, Histone H, HO-1, NLRP3, ASC, IL-18, IL-1pB, IL-6
and IL-8 were purchased from Abcam (Shanghai, China).
Antibodies against GAPDH and TLR4 were bought from
Proteintech (Wuhan, Hubei, China).
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Cell Culture

This study was approved by the Ethics Committee of the
School of Stomatology,
20,200,103), and all
informed consent before the collection of fresh tissue.

Shandong University (No.
participants provided written
All procedures were carried out according to the principles
of the Declaration of Helsinki. Normal human gingival
fibroblasts (HGFs) were cultured from four patients under-
going maxillofacial surgery who were entirely free from
clinical periodontal disease. The HGFs were isolated and
cultured as previously described.”* All HGFs were cul-
tured in o-minimum essential medium (a-MEM; Hyclone,
Logan, UT, USA) containing 10% FBS (Gibco, Grand
Island, NY, USA) at 37°C with 5% CO, in a cell incubator.

Detection of Cell Viability

In order to evaluate the cytotoxicity of ED-71 and LPS, cell
viability was measured by CCKS assay (MedChemExpress,
China). HGFs were seeded in 96-well plates. After 24 h, cells
in some of the wells were treated with LPS (at 0, 0.05, 0.5, 5,
and 50 pg/mL) for 6 h, 12 h, 24 h, and 48 h. Cells in other
wells were treated with ED-71 (at 0, 0.5, 5, and 50 nM) for 24
h and then stimulated with or without 5 pg/mL LPS for 6
h. CCKS (10 pL) was added to each well and incubated for 3
h. Finally, the optical density at 450 nm was measured with
a Bio-Rad Microplate Reader (Model 680, Bio-Rad, USA).

Lactate Dehydrogenase (LDH) Release
Assay

To evaluate the cytotoxicity of LPS and curative effect of
ED-71, LDH release was assessed by LDH Assay Kit
(Beyotime, China). Briefly, HGFs were plated in 96-well
plate with 3000/well. The cell supernatant was harvested
after treatment with indicated drugs, and LDH release was
evaluated with an LDH assay kit. The absorbance at 490
nm was measured with the microplate reader.

Detection of ROS Generation

The production of intracellular ROS was detected by
DCFH-DA (Beyotime, China). Cells were seeded in
6-well plates and exposed to treatments as described before.
DCFH-DA (10 uM) was added to each well, and the plates
were then incubated at 37°C in the dark, then washed 3
times with PBS. ROS was detected by fluorescence micro-
scopy (OLYMPUS 1X73, Tokyo, Japan) and captured by
software (OLYMPUS cellSens
Standard 1.17) at room temperature in the dark.

camera and imaging

Determination of H,O, Content

Cells were seeded in 6-well plates at 1 x 10° cells/well.
After drug treatments, the cells were collected and centri-
fuged. After discarding the supernatant, 1 mL acetone was
added for every 5 million cells, and the cells were ultra-
sonically broken. After centrifuging at 8000 g at 4°C for 10
min, the supernatant was saved, and the content of H,O,
was determined following the protocol of the Micro
Hydrogen Peroxide Assay Kit (Solarbio, Beijing, China).

Flow Cytometry

Cells were seeded in 6-well plates at 1 x 10° cells/well.
After drug treatments, the cells were collected and washed
twice in cool PBS, and then suspended in 100 pL 1x bind-
ing buffer. We added 5 pL Annexin V-FITC and 5 pL PI
(Beyotime, Beijing, China) and incubated at room tempera-
ture in the dark for 20 min. Finally, 400 pL of 1x binding
buffer was added to the cells. Cells were analyzed by flow
C6 plus
Dickinson) within an hour. Annexin-V binds to phosphati-

cytometry using Accuri software (Becton
dylserine exposed on the external leaflet of the plasma
membrane in apoptotic cells, but can also label pyroptotic
cells because membrane rupture permits its entry into the
cell and binding to phosphatidylserine on the inner leaflet.”

RNA Isolation and Quantitative Real-time
Polymerase Chain Reaction (qQRT-PCR)

After drug treatment, total RNA was extracted by Trizol
(TaKaRa, Tokyo, Japan), then reverse transcribed to cDNA
using a SuperScript TM II reverse transcriptase kit (TaKaRa,
Tokyo, Japan) following the manufacturer’s instructions.
Real-time quantitative PCR was measured using SYBR
Premix Ex Taq (TaKaRa Bio, Inc., Otsu, Japan). The condi-
tions of denaturation, annealing, and extension were as fol-
lows: 95°C for 30 sec, 45 cycles at 95°C for 5 sec, and 60°C
for 20 sec. Relative gene levels were analyzed by the 2744
method and standardized by the GAPDH. The primers used
were as follows: 5-GCCTGTTCCTGTGATGT GGAG-3'
(forward primer) and 5" -TGCCCACAGACATTCATAC
AGTTTC-3" (reverse primer) for the human Caspase-1
gene, 5' -CCAGGGACAGGATATGGAGC-3' (forward pri-
-TTCAACACGCAGGACAGGTACAG-3'
(reverse primer) for the human IL-1B gene, 5-GAT
CTTCGCTGCGATCAACA-3' (forward primer) and 5'-
GGGATTCGAAACACGTGCATTA-3' (reverse primer) for
the human NLRP3 gene, 5'-GTATGCAACAGGACATTG
AGCAAG-3' (forward primer) and 5-TGGAACCATGGT

mer) and 5’
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AGTCTCAACCAG-3' for the human NRF2 gene, 5'-
GGAACTTTCAGAAGGGCCAGGT-3" (forward primer)
and 5-TGCAGCTCTTCTGGGAAGT AGACA-3' (reverse
primer) for the human HO-1 gene. The internal reference
control was GAPDH, 5-CCTGCACCACCAACTGCTTA
-3' (forward primer), 5-GGCCATCCACAGTCTT CTG
AG-3' (reverse primer).

Western-Blot Analysis

After the indicated treatments, HGFs were lysed by RIPA
lysis buffer (Beyotime, China) and the concentration of the
protein was detected by BCA Protein Assay Kit (Beyotime,
P0010, China). One-fourth volume of 5x SDS loading buffer
was added in proteins and heated at 95°C for 5 min. Nuclear
protein was extracted by a Nuclear Protein Extraction kit
(Boster, Wuhan, China) according to the manufacturer’s
protocol. All of the proteins were then separated by 6—-15%
SDS-PAGE and transferred to PVDF membrane. 5% BSA
was added to membranes for 1 h. Correspondent primary
antibodies were added to the membranes and stayed for 12
h at 4°C. After washing by TBST for three times, the second
antibodies were added to membranes. Washing three times
by TBST, the ECL detection system (SmartChemi 420,
Beijing, China) was used to measure the immune reaction
zone. All experiments were repeated three times.

Statistical Analysis

After all the statistics were collected, Image J and Graphpad
Prism 7 were used to analyze the statistics. We used Student’s
t-test to calculate the differences between the control group and
the experiment group. Data were all presented as average value
+ SEM. P < (.05 was considered as statistical significance.

Results
LPS-Induced NLRP3
Infllmmasome-Dependent Pyroptosis by

the Activation of ROS in HGFs

As showed in Figure 1A, the cytotoxicity of LPS to HGF is
dose-dependent, with a significant effect at 5 pg/mL. This
concentration was used to guide subsequent experiments. As
noted above, pyroptosis is characterized by activation of
caspase-1 and the release of IL-1PB, IL-18, and LDH. As
shown in Figure 1B—D. When cells were exposed to different
concentrations of LPS for 6 hours, TLR4 expression was up-
regulated. Subsequently, the expression of NLRP3 inflam-
masome-related proteins caspase-1 p20, IL-1f, and IL-18
increased, and the release of LDH also increased. The

inflammatory factors IL-6 and IL-8 increased at the same
time. To further verify whether pyroptosis is NLRP3-
dependent, we introduced NLRP3 inhibitor MCC950 (100
nM). The results show that with NLRP3 inhibition, expres-
sion of caspase-1 p20 and IL-1PB decreased rapidly (Figure
1H) while cell viability increased, and the release of LHD
was attenuated (Figure 1F and G). ROS production is an
important event in LPS-induced pyroptosis, which results
in the activation of the NLRP3 inflammasome. As shown
in Figure 1J and K, LPS caused the production of large
quantities of intracellular ROS and H,O,, indicating that
the cells were in a state of high oxidative stress. To confirm
that LPS-induced ROS was closely associated with the
NLRP3 inflammasome and subsequent pyroptosis, we
added the ROS inhibitor NAC (20 mM), which decreased
the relative expression levels of NLRP3, mature caspase-1,
and IL-1B (Figure 11). Correspondingly, cell viability was
improved, and the release of LDH was decreased (Figure 1F
and G). Together, these findings confirm that the LPS could
induce pyroptosis in HGFs, which was primarily due to the
NLRP3 inflammasome, with ROS playing a substantial role.

ED-71 Reduces LPS-Induced Cell Death
in HGFs

Figure 2A presents the chemical formula of ED-71. To assess
the cytotoxicity of ED-71 and further investigate its effect on
HGFs treated by LPS, CCKS8 and the release of LDH were
examined. When treated with ED-71 alone, the cells were not
affected (Figure 2B). As shown above, LPS induced cell
death in HGFs in a dose-dependent manner. After pretreat-
ment with ED-71 (at 0, 0.5, 5, and 50 nM) for 24 h, cells were
treated with 5 pg/mL LPS for 6 h. As shown in Figure 2C,
ED-71 reduced cell death induced by LPS.

ED-71 Suppressed LPS-Induced NLRP3
Inflalmmasome-Dependent Pyroptosis in
HGFs

To assess the anti-pyroptotic ability of ED-71, cells were
pretreated with 0, 0.5, 5, or 50 nM ED-71 for 24 h, then
treated with 5 pg/mL LPS for 6 h. RNA was collected and
analyzed by qPCR. The results show that NLRP3, caspase-
1, and IL-1P showed a dose-dependent decrease with
increasing concentration of ED-71 (Figure 3C). All pro-
teins were collected and analyzed by Western blots. TLR4,
NLRP3, caspase-1 p20, ASC, and GSDMD-N (Figure 3A
and B) were all found to decrease in a dose-dependent
manner as compared with the group treated with LPS
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Figure | LPS-induced NLRP3 inflammasome-dependent pyroptosis by the activation of ROS in HGFs. (A) Cell viability and (B) relative LDH release in HGFs treated by 0,
0.05, 0.5, 5 and 50 pg/mL of LPS for 6 h, 12 h, 24 h and 48 h. (C and D) The protein content in HGFs treated with 0, 0.05, 0.5, 5, 50 pg/mL of LPS for 6 h. (E) Relative mRNA
expression was shown. (F) Cell viability and (G) relative LDH release in HGFs treated with 5 pg/mL LPS for 6 h with or without MCC950 (100 nM) or NAC (20 mM) for Ih.
(Hand 1) The protein content was shown. (J) Relative ROS and (K) H20O2 content in HGFs treat with 0, 0.05, 0.5, 5, 50 pug/mL of LPS for 6 h. Data were shown as mean *
SEM from three experiments independently. P < 0.001, **P < 0.01 and *P < 0.05 compared with control group. "*P < 0.001, *P < 0.01 and *P < 0.05 compared with the
group only treated by 5 pg/mL LPS.

Drug Design, Development and Therapy 2020:14 submit your manuscript 4905

Dove


http://www.dovepress.com
http://www.dovepress.com

Huang et al Dove
1.5+ 2.5+
@B LPS+ED-71
= &» ED- =
3 ED-71 only 3 2.0
£ 1.0 # €
8 2 S 151 2
> H i
= dkk 7]
3 S 10
© -_— U~
S 0.54 ®
= I
3 2 0.5
0.0 0.0- . -
> 2 » o “ N o > Q » ) N
&,‘o Ry K o o ED-71 &(o K o S nM
&f &

LPS+ED-71(nM)

LPS(5ug/ml)

Figure 2 ED-71 reduces LPS-induced cell death in HGFs. Part of cells were only treated by ED-71 (0, 0.5, 5 and 50 nM) for 24 h. Another part of cells were pretreated by
ED-71 (0, 0.5, 5 and 50 nM) for 24 h, followed by 5 pg/mL LPS for 6 h. (A) The chemical formula of ED-71. (B) Cell viability were detected by CCK8. (C) The LDH released
in HGFs supernatant were detected by LDH assay kit. Data were demonstrated as mean + SEM from three experiments independently. ***P < 0.001 compared with control

group. P < 0.01, #P < 0.05 compared with the group only treated by 5 pg/mL LPS.

alone. ED-71 pretreatment reduced the release of IL-1f
and IL-18 to normal levels (Figure 3A and B). Moreover,
ED-71 inhibited the production of IL-6, IL8 (Figure 3D
and E). Intercellular ROS and H,O, were decreased by
ED-71 (Figure 3F and G). In addition, flow cytometry
analyses of annexin V and propidium iodide staining
showed that double-positive cells increased significantly
after LPS treatment, whereas ED-71 pretreatment reduced
the double-positive rate (Figure 3H). Combined with LDH
release (Figure 2C), the nature of cell death was confirmed
as pyroptosis. These results indicate that ED-71 can ame-
liorate the pyroptosis and inflammation caused by LPS.

ED-71-Activated Nrf2/HO-1 Suppressed
by LPS in HGFs

As an essential factor for the response of cells to external
stimuli, Nrf2 participates in LPS-induced cellular response.
At the transcription level, after treatment with LPS up to

a concentration of 5 pg/mL, Nrf2 and its effector molecule
HO-1 were found to be significantly down-regulated
(Figure 4C). In addition, the Nrf2 entering the nucleus
was significantly reduced, and the protein expression of its
effector molecule HO-1 was also significantly reduced
(Figure 4A and B). At this time, pretreatment with ED-71
caused increased transcription of Nrf2 and HO-1
(Figure 4F), and simultaneously increased nuclear translo-

cation of Nrf2 and expression of HO-1 (Figure 4D and E).

The Nrf2 Signaling Pathway Plays a Role
in the ED-7|-Mediated Amelioration of

Pyroptosis in HGFs

To further confirm that the anti-pyroptotic effect of ED-71
was caused by Nrf2 activation, the Nrf2 inhibitor ML385
was added. ML385 interacts with Nrf2 and affects the DNA
binding activity of its protein complex, inhibiting the expres-
sion of its downstream target gene.”® Cells were first treated
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Figure 3 ED-71 suppressed LPS-induced NLRP3 inflammasome-dependent pyroptosis in HGFs. (A and B) The protein content in HGFs treated with various concentration ED-7 |
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with 5 uM ML385 followed by 5 nM ED-71 for 24 h, then
exposed to 5 pg/mL LPS. The effects on cell viability and
LDH release are presented in Figure SA and B. Compared
with the LPS-only group, ED-71 reduced the pyroptosis-
associated protein and activated the Nrf2/HO-1 pathway, as
shown with Western blots (Figure SC—H), consistent with the
conclusion reached from the previous results. After blocking

Nrf2, TLR4 increased, which led cells to respond more
negatively to LPS (Figure 5C and D). The anti-pyroptotic
ability of ED-71 decreased sharply (Figure 5F and G), and
the number of IL-6, IL-8 increased rapidly (Figure 5I and J).
The transcriptional results were consistent with the Western-
blot (Figure S5E and H). Moreover, in cells in which Nrf2 was
inhibited, ED-71 did not reduce intracellular ROS and H,0,
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0.05 compared with the group only treated by 5 pg/mL LPS.

(Figure 5K and L). In this case, cells are under high oxidative
stress, and caspase-1 can successfully cleave GSDMD and
induce the release of IL-1f and IL-18, further resulting in the
swelling and lysis of the cell. In addition, annexin V and PI
double-staining were strongly positive (Figure SM), indicat-
ing that the number of pyroptotic cells increased after Nrf2
was blocked. In summary, without Nrf2 activation, ED-71
could not fully protect cells from LPS.

Discussion

This study is the first to provide evidence that ED-71 can
ameliorate pyroptosis via the activation of the Nrf2/HO-1
signaling pathway on HGFs, and that pyroptosis is induced
via the activation of the NLRP3 inflammasome stimulated
by LPS. Because pyroptosis is known to be closely asso-
ciated with periodontitis, ED-71 may provide a new treat-
ment for periodontitis, and its relevant mechanism has
been preliminarily revealed.

Periodontitis is a serious oral disease characterized by the
inflammation of the gingival tissue caused by infection; it
results in the loss of connective tissue and bone support and is
a major cause of tooth loss in adults.?” Because HGFs are an
important component of gingival connective tissue, their
inflammation contributes to the pathogenesis of
periodontitis.* Recent studies have suggested that innate
immunity plays a crucial role in the development of period-
ontitis, and innate immunity is characterized by pyroptosis.>

Inflammasomes are important sensors/receptors in innate
immunity and participate in the response to inflammatory
diseases.”® Recent research has shown that NLRP3 plays an
essential role in the progression of periodontitis and pro-
motes the destruction of periodontal tissue.”” The overall
intensity of NLRP3 expression is notably higher in gingival
tissues with periodontitis than in healthy tissues.*® In addi-
tion, it has been found that blocking NLRP3 inhibits inflam-
mation and the production of inflammatory cytokines in
mouse periodontal ligament fibroblasts.'” Based on these
results, it was posited that the activation of the NLRP3
inflammasome may trigger innate immunity and thus lead
to the occurrence and development of periodontitis in vivo.

In this study, it is shown that the activation of the
NLRP3 inflammasome in HGFs was strongly induced by
LPS and further resulted in cell death that was subse-
quently identified as pyroptosis with the resulting release
of IL-1B and IL-18 in a dose-dependent manner. It was
also shown that pyroptosis could be reduced by MCC950,
indicating that pyroptosis in HGF is a result of LPS-
induced excessive activation of the NLRP3 inflamma-
some. Moreover, it was revealed that the expression of
the marker proteins IL-6 and IL-8 in periodontitis was
significantly increased in LPS-induced HGFs in a dose-
dependent manner. Previous research indicated that the IL-
18 release can induce the release of MMP-9, which causes
tissue degeneration.’! IL-1p can further mediate the
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inflammatory activation in HGFs.*> IL-6 causes bone
resorption,*® and IL-8 increases the number of local neu-
trophils via chemotaxis, further destroying the periodontal
ligament and aggravating the progression of
periodontitis.** Pivotally, the release of pro-inflammatory
factors (IL-1B, IL-8) in periodontal tissue will activate
osteoclasts and eventually lead to alveolar bone resorption.
The latter is a key indicator to distinguish periodontitis
from gingivitis.>>~°

Porphyromonas gingivalis has been confirmed to be the
principal pathogen in periodontitis. Though P. gingivalis
LPS is more relevant to periodontitis, it is not usually
present. Moreover, the ligands of P. gingivalis LPS are
TLR2 and TLR4; this makes the present data hard to inter-
pret, as TLR4 is the study’s main target.’” An ultraportable
preparation of E. coli LPS was used in this study, which is
an identified TLR4 agonist as has been indicated in the
previous research. LPS was presented with CD14, inter-
acted with TLR4, and was then transported into the cells
by TLR4 to cause a series of responses in the cell.*® One of
the most important events is the generation of ROS, which
is a vital element for NLRP3 inflammasome activation.'®
The crystal structure of NLRP3 includes a highly conserved
disulfide bond connecting the PYD domain and the nucleo-
tide-binding site domain, which is very sensitive to altered
redox states.”” In the present research, adding LPS to gin-
gival cells led to a significant increase in mitochondrial
respiration, but it led to the production and accumulation
of a large amount of H,O, rather than ATP. This change
marks a fundamental change in the homeostasis of the cell’s
mitochondria and will cause abnormal cell function.
Therefore, the determination of H,O, content is of great
significance for further revealing whether cells are in a state
of oxidative stress.*” Based on these studies, our study
shows that LPS can interact with TLR4 and then induce
the accumulation of total intracellular ROS, H,O,, and the
NLRP3 inflammasome relative proteins and caspase-1 p20
in a dose-dependent manner, and further that the ROS
inhibitor NAC can inhibit the activation of NLRP3 inflam-
masomes. These experimental data fully verify that the
generation of oxidative stress is an important change in
human gingival fibroblasts induced by LPS while further
demonstrating that its consequence is pyroptosis. In sum-
mary, the results indicate that LPS was successfully recog-
nized by TLR4 and activated the NLRP3 inflammasome in
HGFs, and that the activation of the NLRP3 inflammasome
was caused by ROS.

ED-71, a new active vitamin D analog, has been used for
the treatment of osteoporosis in Japan. Research has found
that 10,25-dihydroxyvitamin D3 has a good therapeutic effect
on various inflammatory diseases, such as rheumatoid arthri-
tis and multiple sclerosis.*' The results of the present study
indicate that pretreatment with ED-71 can effectively reduce
the accumulation of ROS, NLRP3 inflammasome relative
protein, and subsequent pyroptosis in LPS-induced HGFs
in a dose-dependent manner. RT-PCR results showed
a reduced transcription level of NLRP3. In addition, it
reduced caspase-1 p20, which is the functional component
of the activated NLRP3 inflammasome. Moreover, it reduces
the secretion of inflammatory cytokines IL-1p, IL-18, IL-6,
and IL-8 in a dose-dependent manner. Considering that the
NLRP3 inflammasome and subsequent pyroptosis are of
great significance for the course of periodontitis, and in the
context of the experimental results, it is likely that ED-71 has
a therapeutic effect on periodontitis. Moreover, 25-
hydroxyvitamin Dj has been found to attenuate experimental
periodontitis via the downregulation of TLR4,*? The results
of the present study indicate that LPS-induced TLR4 was
also inhibited by ED-71 in a dose-dependent manner, which
may be an additional therapeutic benefit of ED-71. We
hypothesize that the downregulation of TLR4 can reduce
the susceptibility of HGFs to LPS, which may lead to the
weakening of the connection between TLR4 and LPS to
induced periodontitis; however, these results have not been
expanded upon in this work, and the related mechanism
requires further research.

The previous study shows that the Nrf2 signaling path-
way is an important antioxidant response pathway, and it
has been proven to be activated by vitamin D to reduce the
inflammation reaction.>* The binding of active vitamin D to
VDR, interaction with retinoid X receptor (RXR), and then
binding to the vitamin D response element (VDRE) can
activate many vitamin D-sensitive target genes, including
Nrf2.** Chen et al found that the VDR has the ability to
physically bind the Nrf2 promoter using a ChIP approach.**
The activated Nrf2 is transported to the nucleus, activates
the antioxidant response element (ARE), and increases the
transcription of Nrf2 regulatory genes (such as HO-1, GST,
NQO-1). Heme oxygenase 1 (HO-1) is to a degree imitating
Nrf2; these proteins, in addition to removing toxic heme,
also produce biliverdin, iron ions, and carbon monoxide.
HO-1 and its products induce anti-oxidative damage and
regulate inflammation.*> A previous observation showing
association of Nrf2 with negative regulation of inflamma-
some revealed that Nrf2 induces the NQO1 expression that
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leads to the inhibition of NLRP3 inflammasome activation,
caspase-1 cleavage, and IL-1f generation in macrophages.
Furthermore, a Nrf2 tert-
butylhydroquinone (tBHQ), negatively regulated NLRP3
transcription by activating the ARE in an Nrf2-dependent

well-known activator,

manner.*® In the present study, nuclear Nrf2 can be acti-
vated to promote cell survival after exposure to low treat-
ment concentration with a certain time by LPS, which may
be a self-protection mechanism in cells. However, nuclear
Nrf2 was found to be notably inhibited by a high concentra-
tion (5 ug/mL) of LPS, resulting in the loss of self-
protection and thus promoting the subsequent pyroptosis
in HGFs. ED-71 pretreatment can effectively restore the
inhibitory effect of LPS on Nrf2/HO-1 pathway and regu-
late the transcription of NLRP3. In addition, ED-71 inhib-
ited LPS-induced ROS, NLRP3 inflammasome relative
protein, caspase-1 p20, and subsequent pyroptosis.
Furthermore, the inhibitory effect of ED-71 on the NLRP3

H

|
’/%//
HO™ " Sou

ED-71

g - W T
/T

GsoMD

inflammasome and subsequent pyroptosis was eliminated
with the Nrf2 inhibitor ML385. These results indicated that
the therapeutic effect of ED-71 is achieved by activating the
Nrf2/HO-1 pathway.

In conclusion, our study clarifies the possible protective
effect of ED-71 on LPS-induced pyroptosis in HGFs via the
Nrf2/HO-1 signaling pathway. The results indicate that the
LPS-induced activation of the NLRP3 inflammasome and
eventual pyroptosis on HGFs, which can be weakened by
NAC or MC(C950. ED-71 reduced LPS-induced ROS levels,
the activation of the NLRP3 inflammasome, and eventual
pyroptosis by activating the Nrf2/HO-1 pathway. In addition,
Nrf2 inhibition by ML385 was shown to reduce the inhibitory
effect of ED-71 on the NLRP3 inflammasome and subsequent
pyroptosis. The possible mechanism of action of ED-71 is
shown in Figure 6. The present study validates the anti-
periodontitis effects of ED-71 and is a new possible clinical

treatment of periodontitis.
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Figure 6 Mechanisms of ED-71 inhibiting NLRP3 inflammasome-dependent pyroptosis in HGFs.
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