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Introduction: Neutrophil extracellular trap (NET) is a novel defense strategy of
neutrophils and found to be induced by Porphyromonas gingivalis (P. gingivalis)
lipopolysaccharide (LPS) or high glucose. The aim of this study was to investigate
the roles and mechanisms of NET formation in high glucose inflammatory
microenvironment.

Methods: NETs induced by 1 ug/ml P. gingivalis LPS and/or 25 mM glucose were
visualized using a fluorescence microscopy and the levels of extracellular DNA
were determined by a microplate reader. The bactericidal efficiency of NETs was
assessed by quantifying the survival P. gingivalis in neutrophils. The levels of NLRP3
and IL-1B in THP-1 derived-macrophages, and the expressions of p-PKC Bll, p-
MEK1/2, p-ERK1/2, ORAI1 and ORAI2 in neutrophils were detected by Western blot.
Moreover, levels of intracellular Ca2+ and reactive oxygen species (ROS) in
neutrophils were explored by flow cytometry.

Results: P. gingivalis LPS enhanced the formation of NETs and increased the levels
of extracellular DNA in high glucose microenvironment (p < 0.05). Compared with
normal glucose inflammatory microenvironment, quantities of extra- and
intracellular viable P. gingivalis in neutrophils exposed to NETs induced in high
glucose inflammatory one were increased (p < 0.05) and the expressions of NLRP3
and IL-1B were dramatically increased in macrophages co-cultured with NETs
from high glucose inflammatory microenvironment (p < 0.05). In addition, levels of
ROS, intracellular Ca®*, p-PKC BlI, p-MEK1/2, p-ERK1/2, ORAIL and ORAI2 were
increased in neutrophils stimulated with both high glucose and P. gingivalis LPS
compared with the single stimulus groups (p < 0.05).
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Discussion: In high glucose inflammatory microenvironment, formation of NETs
was enhanced via oxidative stress, which failed to reverse the decreased
bactericidal capacity in high glucose microenvironment, and instead aggravated
the subsequent inflammatory responses.

KEYWORDS

Porphyromonas gingivalis, lipopolysaccharide, neutrophil extracellular traps, reactive
oxygen species, inflammatory responses

Introduction

Periodontitis is a chronic inflammatory disease caused by a
variety of periodontal pathogens and eventually leads to alveolar
bone resorption and tooth loss (Hajishengallis, 2022). Porphyromonas
gingivalis (P. gingivalis), a member of the red complex, is one of the
most important periodontal pathogens (Chigasaki et al, 2021).
Lipopolysaccharide (LPS), a cell wall component of P. gingivalis,
triggers immune and inflammatory responses in the host due to its
potential toxicity and antigenicity (Xu et al., 2020).

As two major global health threats, diabetes and periodontitis
have received a lot of attention in recent years. Growing evidences
suggest a bidirectional relationship between these two diseases (Salhi
and Reners, 2022). Periodontitis is the sixth most common
complication of diabetes. Epidemiological evidences indicate that
people with diabetes are at high risk for severe periodontitis (Genco
and Borgnalkke, 2020), while there is an increased incidence of
diabetes in periodontitis patients (Genco et al., 2020). On the one
hand, serve periodontal infection impairs insulin sensitivity and
worsens glycemic control. On the other hand, diabetes exacerbates
oxidative stress and inflammation, which contributes to serious
immune damages in periodontal tissues (Polak et al., 2020).
However, the exact mechanisms by which the two diseases interact
are not fully understood.

As the most abundant circulating leukocytes in peripheral blood,
neutrophils play an important role in innate immune responses (Liew
and Kubes, 2019). They are recruited to the site of infection, where
they kill invading microorganisms by phagocytosis, degranulation,
release of reactive oxygen species (ROS) and cytokine production
(Burn et al., 2021). In addition, cross-talk between neutrophils and
other immune cells, such as macrophages, natural killer, dendritic, B
and T lymphocytes, are disclosed by accumulating evidences (Tsai
et al, 2021; Herrero-Cervera et al, 2022). Normally, there are
increased numbers of neutrophils with declinied biological
functions, including impaired phagocytosis, adhesion and
chemotaxis, delayed apoptosis and enhanced release of
inflammatory mediators in diabetes patients, which leads to
excessive inflammatory responses and immune destructions in
periodontal tissues (Graves et al., 2020; Dowey et al., 2021;
Giovenzana et al., 2022).

In 2004, a novel bactericidal strategy, neutrophil extracellular
traps (NETs) were firstly found by Brinkmann (Brinkmann et al,
2004). NETs can be induced by various stimulations, such as PMA,
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LPS, IL-8 and so on, and are characterized as decondensed
extracellular DNA structures decorated with a variety of
antibacterial proteins, including histones, neutrophil elastase and
myeloperoxidase (MPO) (Wang et al., 2021). Invading pathogens
can be entrapped by NETs, and then be killed. However, excessive
NET production may lead to tissue damages in the host and are
related with a broad spectrum of autoimmune diseases and cancers
(Ravindran et al., 2019).

Roles of NETs in the development of periodontitis are gradually
uncovered. Abundance of NETs was detected in purulent crevicular
exudate and gingival crevicular fluid (GCF) from patients with
periodontitis (Magan-Fernandez et al, 2020). NETs may be
powerful protectors of periodontal tissues, involving in the
capturing and killing periodontal pathogens, as well as resolving
periodontal inflammation. However, exaggerated NETs may cause
epithelial cytotoxicity, damage basal lamina and impair tissue
regeneration (Vitkov et al., 2020). Peptidylarginine deiminase 4
(PAD4) and Ca®" was crucial for P. gingivalis LPS-induced NET
formation (Chen et al.,, 2022). Meanwhile, high glucose promotes the
production of NETs, which is closely associated with the development
of diabetes and its complications (Njeim et al, 2020). NADPH
oxidase-derived ROS was also involved in NET formation in
diabetic retinopathy (Wang et al., 2019). Excessive NET formations
in diabetic patients may lead to extracellular matrix degradation and
delayed wound healing (Sabbatini et al, 2021). However, it still
remains obscure whether the effects of diabetes on the development
of periodontitis can be achieved by modulating NET formation in
high glucose inflammatory microenvironment, and what exact
regulatory mechanisms are involved. In the present study, it was
hypothesized that exposure to P. gingivalis LPS and high glucose
might have synergistic effects on NET formation. The possible
involvement of oxidative stress and intracellular Ca** in the
regulation of NET production in neutrophils stimulated with P.
gingivalis LPS combined with high glucose was also explored.

Materials and methods
Reagents
P. gingivalis ATCC 33277 LPS were purchased from InvivoGen

(CA, USA). SYTOX Green was acquired from Life Technologies (CA,
USA). 2',7'-Dichlorofluorescein diacetate (DCFH-DA) was obtained
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from Sigma-Aldrich (MI, USA). Anti-MPO, ORAIl, ORAI2 and
NLRP3 antibodies was supplied by Abcam (Cambridge, UK).
Antibody against PCK BII was from Huabio (Hangzhou, China)
and primary anti-bodies against ERK1/2, p-ERK1/2, MEK, p-MEK
and p-PKC BII were gotten from Cell Signaling (MA, USA).
Antibodies to IL-1f and B-actin were provided by Affinity
(OH, USA).

Cell culture

This study was approved by the Ethical Committee Department,
The Affiliated Stomatological Hospital of Nanjing Medical University
in accordance with the ethical guidelines of the Declaration of
Helsinki and written informed consents were obtained from
all recruits.

Neutrophils were isolated from peripheral venous blood collected
from systemically and periodontally healthy donors by density
gradient centrifugation (Silvestre-Roig et al.,, 2019). The purity and
viability of isolated neutrophils were more than 95%, which were
determined by Diff-Quik staining and flow cytometry, respectively.
Then, the freshly isolated neutrophils were resuspended in RPMI
1640 medium (Gibco, USA) containing 5.5 mM (normal glucose,
NG) or 25 mM (high glucose, HG) glucose for
subsequent experiments.

THP-1 cells were obtained from Shanghai Institutes for
Biological Sciences, Chinese Academy of Sciences (Shanghai,
China) and incubated in RPMI 1640 medium with 100 ng/mL
PMA (Sigma, Germany). After a 48 h-differentiation, nonattached
cells were aspirated and the remaining adherent macrophages were
cultured in fresh RPMI 1640 medium for additional 24 h.

NET detection

Neutrophils (5 x 10° cells/well) were cultured in 12-well plates
and divided into four groups. Group 1 and 3 were incubated in RPMI
1640 medium containing 5.5 mM glucose. Group 2 and 4 were
incubated in medium containing 25 mM glucose. Both Group 3
and 4 were stimulated with 1 ug/ml P. gingivalis LPS for 3 h.

To visualize NETSs, neutrophils (5 x 10° cells/well) were seeded on
poly-L-lysine-coated slides in 12-well plates. After a 3 h-stimulation,
cells were fixed with 4% paraformaldehyde, permeabilized with 0.2%
Triton X-100, blocked with 2% bovine serum albumin and then
incubated with antibody against MPO (1:250) at 4°C overnight.
Subsequently, neutrophils were incubated with Alexa Fluor 488-
conjugated anti-rabbit IgG (H + L) (Beyotime, China) for 3 h and
stained with DAPI (Beyotime, China) for 2 min. Finally, NETs were
observed by a fluorescence microscope (Leica, Germany) and
percentages of neutrophils forming NETs under 3 random fields of
views were counted.

In addition, NET formation was quantified by SYTOX Green
staining as described in previously study (Chen et al., 2022). Briefly, 5
UM SYTOX Green were added into the conditioned culture medium.
After 30 min, the amounts of extracellular DNA in culture medium
were detected by SpectraMax M2e microplate reader (Molecular
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Devices, Germany) using 504 nm excitation and 523 nm
emission filters.

Bacterial killing assay

P. gingivalis ATCC 33277 was kindly provided by Jiangsu
Province Key Laboratory of Oral Diseases (Nanjing, China). It was
cultured on brain heart infusion (BHI) agar plates containing 5%
sheep blood anaerobically for 5-7 days and then enriched in BHI
broth for an additional 24-72 h. Neutrophils (5 x 10° cells/well) were
cultured in 12-well plates and divided into five groups. Group 1-4
were stimulated as described before. Group 5 (blank control group)
was blank medium containing 5.5 mM glucose without neutrophils.
All groups were challenged with P. gingivalis at a MOI of 100:1 for 3 h.
Cells were lysed with deionized water for 10 min to release
intracellular bacteria and cultured on BHI agar plates anaerobically
for 7-10 days. The number of viable bacteria relative to blank control
group was calculated to evaluate the bactericidal efficiency of NETs in
each group.

NET isolation and co-culture
with THP-1 cells

Neutrophils (1 x 10° cells/well) were divided into four groups.
Group 1 and 2 were stimulated with 1 pg/ml P. gingivalis LPS in
RPMI 1640 medium containing 5.5 mM glucose for 3 h. Group 3 and
4 were stimulated with 1 pg/ml P. gingivalis LPS in medium
containing 25 mM glucose for 3 h. Then, group 2 and 4 were
incubated with 5 pg/ml DNase I (Sigma, USA) for 1 h to digest
NETs. NET-containing supernatants were collected and mixed with
an equal volume of fresh RPMI 1640 medium. THP-1-derived
macrophages were cultured with the prepared conditioned medium
for 12 h and then collected for subsequent western blot.

Cytosolic Ca®* measurement

Fluo-4AM (Beyotime, China) is a Ca** fluorescent dye that can
penetrate cell membrane. Neutrophils were divided into 4 groups as
described in 4.3 and incubated with 3 uM Fluo-4AM for 30 min.
Fluorescence intensity of intracellular Ca** was measured by flow
cytometry (FACSCalibur, BD, USA).

Two potent Ca?* chelators, EGTA and BAPTA, can chelate free
extracellular and intracellular Ca>", respectively. To confirm the roles
of cytosolic Ca*" in NET formation, neutrophils were pretreated with
1 mM EGTA for 30 min or 5 uM BAPTA for 50 min in dark. Then,
the levels of Ca®" and extracellular DNA were measured as
described previously.

Detection of oxidative burst product

To measure the production of ROS, neutrophils(1 x 10° cells/well)
were grouped as described in 4.3 and incubated with 10 uM DCFH-
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DA, an oxidation-sensitive fluorescent probe, for 40 min. Then, cells
were washed, resuspended in ice-cold PBS and measured immediately
by FACSCalibur flow cytometer.

NADP*/NADPH ratio in neutrophils was detected using a
NADP*/NADPH Assay Kit (Beyotime, China) based on WST-8
assay. Neutrophils were stimulated with 1 ug/ml P. gingivalis LPS in
RPMI 1640 medium containing 5.5 mM or 25 mM glucose and lysed
with NADP*/NADPH extraction buffer on ice. After a-12,000 g
centrifugation for 10 min, the supernatant was collected and
separated into two portions. One portion was heated at 60°C for
30 min to destroy NADP" (only NADPH left), while the other was left
on ice to detect both NADP" and NADPH. Each of the two parts was
individually mixed with the working solution for 10 min and then
measured at 450 nm spectrophotometrically.

To further confirm the roles of ROS in NET production,
neutrophils were pretreated with 10 uM Diphenylene iodonium
(DPI), an inhibitor of NADPH oxidase, or 5.9 nM LY333531, an
inhibitor of PKC BII, for 30 min, and then incubated with SYTOX
Green dye to explore the levels of extracellular DNA.

Western blotting

Neutrophils and THP-1 derived-macrophages were harvested in an
ice-cold RIPA buffer (Beyotime, China) for protein extraction. After a-
10% SDS-PAGE and electrotransfer, membranes were blocked with 5%
non-fat milk, incubated with primary antibodies against MEK, p-MEK,
ERK, p-ERK, PKC BII, p-PKC BII, ORAI1, ORAI2, NLRP3, IL-1f and B-
actin at 4°C overnight. After an incubation with goat anti-rabbit or goat
anti-mouse secondary antibody for 1 h, the proteins were detected with
an ECL chemiluminescence kit (Beyotime, China) and semi—quantitively
analysis using Image J software (National Institutes of Health, MD, USA)
was then performed. All results were normalized to the levels of B-actin,

NG+LPS HG NG

HG+LPS

FIGURE 1
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and phosphorylated proteins were expressed as the relative gray value to
non-phosphorylated proteins.

Statistical analyses

All data are presented as mean + SD. Statistical analysis were
performed using one-way ANOVA and differences between groups
were compared by LSD test. p value less than 0.05 was regarded as
statistically significant.

Results

High glucose promoted
the formation of NETs

NET formation was firstly observed by immunofluorescence
microscopy. Without P. gingivalis LPS stimulation, neutrophils in
NG medium (5.5 mM) were founded to be round-like cells and there
was almost no extracellular DNA network formation. Extracellular
network-like DNA strands (blue) decorated with MPO (green) were
observed in neutrophils stimulated with HG (25 mM) and/or P.
gingivalis LPS, indicating the formation of classical NETs
(Figure 1A). Moreover, there were more NET-positive cells in HG
+ P. gingivalis LPS group compared with the rest of the groups (p <
0.05, Figure 1B).

Quantification analysis of extracellular DNA was consistent with
NET visualization. It was revealed that both HG and P. gingivalis LPS
stimulation increased the levels of extracellular DNA compared with
those in unstimulated group (p < 0.05, Figure 1C), and the level of
extracellular DNA in HG + P. gingivalis LPS group was much higher than
those with a single stimulus (p < 0.05, Figure 1C).
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P gingivalis LPS exacerbated NET formations in a high glucose microenvironment. Neutrophils were stimulated with 1 pg/ml P. gingivalis LPS for 3 h in
culture medium with 5.5 mM glucose or 25 mM glucose. (A) Cells were stained with an antibody to MPO (green) and DAPI (blue), and then visualized by
an immunofluorescence microscopy. One representative result of three independent experiments is shown. Scale bar was 100 um. (B) Percentage of
NET-forming neutrophils to total cells counted was calculated. (C) Quantities of extracellular DNA were determined by Sytox Green assay. Data are

presented as mean + SD (n = 3 donors per group). *p < 0.05.
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Enhanced formation of NETs was inconsistent with the decreased bactericidal
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ability of neutrophils in high glucose microenvironment. Neutrophils in

culture medium with 5.5 mM or 25 mM glucose were treated with 1 ug/ml P. gingivalis LPS for 3 h. NG (5.5 mM) culture medium without neutrophils
served as a negative control. Then, neutrophils in conditioned supernatants containing NETs were stimulated with P. gingivalis at a MOI of 100:1 for

another 3 h. Cells were lyzed with ultrapure water and living P. gingivalis on ag

ar plates were counted after 7-10 days. (A) Representative result of three

independent experiments is shown. (B) The percentage of surviving bacteria was calculated by plate counting method. Data are presented as mean + SD

(n = 3 donors per group). *p < 0.05.

Enhanced formation of NETs failed to
reverse the decreased bactericidal
ability of neutrophils in high

glucose microenvironment

Previous studies have revealed the roles of NETs in enhancing the
efficacy of neutrophils in killing periodontal pathogens (Chen et al,
2022). In HG culture medium, P. gingivalis LPS induced more NET
formation, and then bactericidal activities of neutrophils exposed to these
NETs were explored by bacterial viability assays (Figure 2A). The number
of viable bacteria represents P. gingivalis not killed by neutrophils. The
amount of viable of P. gingivalis was significantly decreased in NG + P.
gingivalis LPS group compared with NG group (p < 0.05, Figure 2B).
Despite the enhanced formation of NETS, the quantities of viable bacteria
in HG group were significantly more than those in NG group (p < 0.05,
Figure 2B). Furthermore, a similar increase in the amount of viable
bacteria were also found in HG + P. gingivalis LPS group compared with
NG + P. gingivalis LPS group (p < 0.05).

P. gingivalis LPS and glucose-induced NETs
contributed to the up-regulated expressions
of Nod-like receptor family, pyrin domain
containing 3 and IL-1B in macrophages

Patients with periodontitis combined with diabetes are prone to
develop uncontrolled periodontal inflammation, and then it was
investigated whether the increased formation of NETs in high
glucose inflammatory environment was involved in the subsequent
inflammatory responses in macrophages. To determine whether
NETSs were able to promote the up-regulation of NLRP3 and IL-1f
expressions in macrophages, THP—1-derived macrophages were co-
cultured with NET-containing supernatants. The expressions of
NLRP3 and IL-1B in macrophages stimulated with NETs from P.
gingivalis LPS + HG group were significantly increased compared
with P. gingivalis LPS + NG group (p < 0.05). Moreover, after
treatment with DNase I, there were significant decreases in NLRP3
and IL-1B expression levels in THP-1-derived macrophages
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FIGURE 3

NETs induced in high glucose inflammatory microenvironment contributed to NLRP3 inflammasome activation and IL-1p release in macrophage
Neutrophils in 5.5 mM or 25 mM glucose culture medium were stimulated with 1 ug/ml P. gingivalis LPS and then incubated with 5 ng/ml DNase | for

1 h. THP-1-derived macrophages were incubated with supernatants containing

NETs in the absence or presence of DNase | for additional 12 h.

Expression levels of NLRP3 and IL-1B were detected by Western blot. (A) One representative result of three independent experiments is shown.

(B) Relative levels of NLRP3/B-actin (B) and IL-1B3/B-actin (C) were determined
group). *p < 0.05.
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FIGURE 4

Intracellular Ca* contributed to the formation of NETS in high glucose inflammatory microenvironment. Neutrophils were pre-incubated with or without
Ca?* inhibitors (EGTA or BAPTA), and then stimulated with 1 ug/ml P. gingivalis LPS in culture medium with 5.5 mM or 25 mM glucose for 30 min to
detect (A) intracellular Ca®* levels and 3 h for (B) extracellular DNA quantification. Data are presented as mean + SD (n = 3 donors per group). *p < 0.05.

stimulated with NETs (p < 0.05, Figure 3), which suggested that
NLRP3 activation in macrophages was attributed to the induction
by NETs.

Store-operated Ca®* entry -mediated Ca®*
influx was involved in NET formation in high
glucose inflammatory microenvironment

A common feature of defense responses against invading pathogens
in neutrophils is the regulation by Ca** signaling. SOCE process has been
found to initiate Ca** influx that regulates many biological functions of
neutrophils, including the formation of NETs. Stronger fluorescence was
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FIGURE 5
Roles of ORAI1/2, PKC BII, MEK1/2 and ERK1/2 in NET formation induced by P. gingivalis LPS in high glucose medium. Neutrophils were stimulated as
described in Figure 1 After 30 min, expression levels of ORAIL, ORAI2, PKC BlI, p-PKC BII, MEK1/2, p-MEK1/2, ERK1/2 and p-ERK1/2 were detected by
Western blot. (A) One representative result of three independent experiments is shown. Relative levels of (B) ORAIL/B-actin, (C) ORAI2/B-actin, (D) p-PKC
BII/PKC BII, (E) p-MEK1/2/MEK1/2 and (F) p-ERK1/2/ERK1/2 were determined by gray value analysis. Data are presented as mean + SD (n = 3 donors per
group). *p < 0.05
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observed in HG/P. gingivalis LPS group compared with NG group (p <
0.05, Figure 4A), indicating the increased intracellular Ca>" levels in the
first two groups. Moreover, the level of intracellular Ca®" was remarkably
increased in HG + P. gingivalis LPS group compared with the rest of the
groups (p < 0.05, Figure 4A).

To further confirm the effect of Ca** on NET formation, EGTA
and BAPTA were used to chelate free extracellular and intracellular
Ca®", respectively. As illustrated in Figure 4A, intracellular Ca*" levels
were significantly decreased in groups pre-treated with BAPTA or
EGTA compared with those without pretreatment (p < 0.05).
Moreover, the levels of extracellular DNA in neutrophils pretreated
with BAPTA or EGTA were significantly reduced compared with
those without Ca”* chelators pretreatment (p < 0.05, Figure 4B).
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ORAII and ORAI2 are the essential components of plasma-
membrane calcium-release activated calcium (CRAC) channels in
neutrophils, which were controlled by SOCE process. Expressions of
ORAII and ORAI2 were significantly increased in HG group and P.
gingivalis LPS group compared with NG group (p < 0.05, Figures 5A-
C). In addition, protein expression levels of ORAIl and ORAI2 in HG
+ P. gingivalis LPS group were much higher than both HG group and
P. gingivalis LPS group (p < 0.05, Figures 5A-C).

Increased phosphorylations of PKC lI,
MEK1/2 and ERK1/2 in NET formations in
high glucose inflammatory
microenvironment

Conventional activation of PKC is Ca**-dependent and activated
PKC can be involved in a wide range of cellular activities, including
NET formation, via MEK1/2 and ERK1/2. Phosphorylation of PKC
BII, MEK and ERK1/2 were upregulated in HG group and P.
gingivalis LPS group compared with the group without any
stimulation (p < 0.05, Figures 5A, D-F). Moreover, expressions of
p-PKC BII, p-MEK and p-ERK1/2 in HG + P. gingivalis LPS group
were remarkably increased compared with those in HG group and P.
gingivalis LPS group (p < 0.05, Figures 5A, D-F).
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High glucose enhanced P. gingivalis
LPS-induced NET formation via a NADPH
oxidase-dependent pathway

PKC BII, MEK1/2 and ERK1/2 are involved in NET formation by
activating NADPH oxidase (Halkkim et al,, 2011). In the above process,
ROS was vital by promoting the collapse of nuclear membrane. Thus, a
cell permeable fluorescein probe, DCFH-DA, was used to detect the
production of ROS. DPI and LY333531 were employed to inhibit
NADPH oxidase and PKC BII, respectively. First, HG and P. gingivalis
LPS stimulations resulted in a greater level of ROS in neutrophils (p <
0.05, Figure 6A). The level of ROS in HG + P. gingivalis LPS group was
remarkably increased compared with the rest of the groups (p < 0.05,
Figure 6A). Further analysis indicated that the up-regulated levels of ROS
and extracellular DNA were significantly suppressed by DPI or
LY333531-preincubation (p < 0.05, Figures 6A, B).

NADPH oxidase is identified as an important enzyme for
respiratory burst in neutrophils. Thus, NADP*/NADPH ratio was
detected to disclose the activity of NADPH oxidase. The ratio of
NADP*/NADPH was increased in HG group and P. gingivalis LPS
group compared with NG group (p < 0.05, Figure 6C). Moreover, this
ratio was also remarkably increased in HG + P. gingivalis LPS group
compared with HG group and P. gingivalis LPS group (p <
0.05, Figure 6C).
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Oxidative stress contributed to the formation of NETs in high glucose inflammatory microenvironment. Neutrophils were pre-treated with 10 uM DPI or
5.9 nM LY333531 for 30 min, and then stimulated with 1 pg/ml P. gingivalis LPS in medium containing 5.5 mM or 25 mM glucose. (A) ROS production in
neutrophils was measured by flow cytometry and (B) levels of extracellular DNA were quantified by a microplate reader. (C) NADP*/NADPH ratio were
measured by a microplate reader. Data are presented as mean + SD (n = 3 donors per group). *p < 0.05.
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Discussion

In recent years, the influences of the inflammatory
microenvironment on NET formation are receiving more and more
attentions. Even though the backbone of NETs is similar, there are many
differences in the composition and function of NETs depending on
distinct stimuli and disorder-specific microenvironment (Mitsios et al.,
2016). In our previous study, P. gingivalis LPS, one of the classical
virulence factors, was demonstrated to trigger the formation of NETs,
which was critical in maintaining homeostasis in periodontal tissues
(Chen et al,, 2022). It has been shown that hyperglycaemic environments
in vitro and in vivo induce the release of NETs (Shafqat et al., 2022).
However, NET formation in microenvironment with high glucose and
intense inflammation had not been clearly investigated. In this study,
enhanced formation of NETs due to high glucose microenvironment
combined with P. gingivalis LPS-induced inflammation was disclosed for
the first time. However, the increased amounts of NETs failed to enhance
the bactericidal capacity of neutrophils, but instead amplified
inflammatory responses in macrophages.

In a high glucose microenvironment, neutrophils undergo
oxidative stress and release a lot of pro-inflammatory cytokines,
such as IL-6 and TNF-o, which are strong inducers of NET
formation (Dowey et al, 2021; Johnson et al., 2022). Previous
studies confirmed that circulating NET components were increased
in serum of diabetic patients (Uribe-Querol and Rosales, 2022).
Another research also demonstrated that NET formations were
exacerbated in high glucose conditions both in vitro and in vivo,
suggesting that high glucose might have an initiating effect on NETs
production (Zhu et al., 2021). Additional stimulation, such as
lonomycin, further induces a large quantities of NETs in high
glucose condition in vitro, suggesting that high glucose might have
an priming effect on NET formation (Wong et al, 2015).
Paradoxically, study of Joshi showed that high glucose induced
NET formation, but suppressed further NET production induced by
subsequent LPS stimulation (Joshi et al., 2020). The first possible
reason for the above-mentioned discrepancy might be the difference
in the method of neutrophil isolation. The second possible
explanation might be due to the difference in incubation time. The
former employed pre-incubation in high glucose culture medium for
1 h, while Joshi selected a 24 h-incubation continuously to mimic the
high glucose microenvironment in vivo. However, neutrophils are
short-lived cells (12-24 h) and should be best stimulated within 2-4 h
following collection (Oh et al., 2008; Burn et al., 2021). Pre-incubation
for 24 h in vitro may have some negative effects on the activity and
biological functions of neutrophils. Moreover, the last possible
explanation might be the differences in blood glucose levels and
complications in diabetic patients whose peripheral venous blood was
collected, which may affect the homogeneity of the host. Thus, after
neutrophil isolation, stimulation with high glucose and P. gingivalis
LPS, but without pre-incubation, were employed in this study to avoid
any possible effects on neutrophil activities as Menegazzo’s research
(Menegazzo et al., 2015).

As the first line of host defense in periodontal tissues, a large
number of neutrophils are found in gingival crevice and release NETs,
which can trap and kill invading bacteria, fungi and parasites.
Jayaprakash’s previous study and ours demonstrated that the
bactericidal efficiency of neutrophils against P. gingivalis was
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enhanced by phagocytosis and NETs (Jayaprakash et al., 2015;
Chen et al., 2022). However, both bactericidal activity and
phagocytic capacity of neutrophils are reduced due to diabetes
(Battaglia et al., 2019; Kumar and Dikshit, 2019). Despite the
increased formation of NETs in high glucose inflammatory
microenvironment, far more P. gingivalis survived than those in
normal glucose inflammatory group, suggesting that the increased
NETs induced by P. gingivalis LPS and high glucose did not reverse
the impaired bactericidal ability of neutrophils in high glucose
microenvironment. Therefore, it might be extremely difficult to
control bacterial infection in periodontitis patients combined with
diabetes. It should be pointed out that only total bactericidal capacity
of neutrophils was assessed in this study, rather than the bactericidal
capacity of NETs and there are some other bactericidal strategies,
such as phagocytosis, degranulation, respiratory burst and some
unknown bactericidal strategies. It is very difficult to evaluate the
bactericidal activities of single NETSs, excluding the effects of other
bactericidal functions.

Macrophages are innate immune cells that are extensively
involved in the production of cytokines, as well as the destruction
and repair of periodontal tissues. In addition, macrophages recruit
and interact with neutrophils in response to invading pathogens,
which is necessary for periodontal homeostasis. During the
interaction between macrophages and neutrophils, NETs may act as
a bridge through inflammasome. Inflammasome is a multi-protein
complex activated by various physiological or pathogenic stimuli,
such as microorganisms, their virulence factors and danger-associated
molecular patterns (DAMPs) (Bullon et al., 2018; Gora et al., 2021).
Composition of NLRP3 inflammasome requires NLRP3, apoptosis-
associated spec-like protein containing a CARD (ASC), and pro-
caspase-1. Active caspase-1 cleaves pro-IL-1B into mature and
biologically active IL-1f, which is a potent proinflammatory
mediator (Moretti and Blander, 2021). PMA-induced NETs have
been shown to upregulate NLRP3 and IL-1B levels via a NF-xkB
signaling pathway in the tumour microenvironment in vitro (Wang
etal, 2022). In this present study, it was confirmed that NETs further
up-regulated NLRP3 and IL-1B expression in a high glucose
inflammatory condition. Thus, in addition to impairing bacteria-
killing ability of neutrophils and leading to the spread of infection,
excess production of NETs in a high glucose inflammatory
microenvironment might further amplify the inflammatory
responses and contribute to a persistent immune damage.
Therefore, controlling the excessive formation of NETs in
periodontitis patients with diabetes may provide a new insight into
the management of persistent infections.

Ca®" signals are widely involved in the defense responses of
neutrophils against pathogenic microorganisms (Hann et al, 2020).
Kenny and Gupta’s studies demonstrated a close link between Ca**
influx and NET induction (Gupta et al, 2014; Kenny et al., 2017). This
present study firstly revealed the involvement of Ca®" influx in the
formation of NETs in a high glucose inflammatory microenvironment.
Ca®" signals are initiated by the SOCE process, which controls the
opening of CRAC channels depending on the content of Ca®" stores
(Emrich et al., 2022). CRAC channels are composed of ORAI1, ORAI2
and ORAI3, among which ORAI1 and ORAI2 are the major components
in neutrophils. Therefore, their deletions impair multiple bactericidal
abilities of neutrophils in S. aureus skin infection and the formation of
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NETs against parasite Neospora caninum (Zhang et al., 2019; Grimes
et al, 2020). In this study, increased protein expressions of ORAI1 and
ORAI2 contributed to the enhanced formation of NETs, but not
enhanced bactericidal ability, which implied that the components,
microstructure and function of NETs remain to be further investigated,
as well as whether other bactericidal mechanisms of neutrophils play an
important role in high glucose inflammatory microenvironment.

Protein kinase C (PKC) isozymes are members of a Ser/Thr kinase
family, which is consists of conventional, novel and atypical isoforms
(Kikkawa, 2019). Activation of a conventional PKC isoform, PKC B, is
firstly initiated by its phosphorylation, and then binding Ca*" to the C2
domain to recruit itself to the plasma membrane (Newton, 2018). In the
development of atherosclerosis, PKC/Raf/MEK/ERK signaling pathway
is involved in endothelial cell proliferation triggered by native LDL (N-
LDL) (Pintus et al, 2003). PKC B also takes part in the activation of
NADPH oxidase and is the main PKC isoforms involved in NET
formation (Gray et al,, 2013; Damascena et al., 2022). Recent studies
indicated that elevated phosphorylation of PKC BII contributed to the
enhanced formation of NETs in diabetic patients (Das et al., 2018;
Menegazzo et al,, 2018). This present study also found that in high
glucose inflammatory microenvironment, phosphorylation of PKC BII
was enhanced and PKC BII inhibitor, LY333531, further suppressed ROS
production and NET formations, confirming the roles of PKC BII in
oxidative stress and NET production.

Oxidative stress plays a crucial role in the pathogenesis of both
diabetes and periodontitis (Sczepanik et al., 2020; Yaribeygi et al., 2020).
ROS is one of the classical signals of NET formation (Vorobjeva and
Chernyak, 2020). The major enzyme responsible for ROS production in
neutrophils is NADPH oxidase, which is activated by PKCs or MEK/
ERK, and then leads to a rapid release of superoxide accompanied by
oxidation of NADPH to NADP" (Rabani et al, 2020). Fan’s study
demonstrated that NADPH levels were decreased in high glucose-
stimulated rat retinal capillary endothelial cells, which resulted in an
obvious increase in the NADP*/NADPH ratios (Fan et al., 2017). The
activation of NADPH oxidase has been demonstrated to participate in
NET production, which is triggered by high glucose in patients with
diabetic retinopathy (Wang et al, 2019). PKC and Raf-MEK-ERK
pathways locate upstream of NADPH oxidase and extensively involved
in NET formation (Hakkim et al, 2011). Effects of high glucose and
inflammation on ROS production are cumulative, which might be related
with the intracellular NADPH oxidase activation and phosphorylation of
PKC BII and MEK/ERK. It has been shown that PKC isoforms can
phosphorylate the MEK/ERK pathway (Damascena et al., 2022).
However, given that there are several isozymes in PKC family and
different isozymes do not work in exactly the same way, the relationship
between PKC BII and MEK/ERK still needs to be further investigated.

In summary, P. gingivalis LPS might contribute to oxidative stress
in high glucose microenvironment through a Ca**-PKC-MEK-ERK-
NADPH oxidase-ROS pathway, thereby promoting NET formation.
Furthermore, enhanced formation of NETs might not reverse the
impaired bactericidal activities of neutrophils caused by high glucose,
instead lead to a serious inflammatory response in macrophages,
which would be a challenge for the control of infection in
periodontitis patients with diabetes. Further studies are still needed
to explore the roles of high glucose inflammatory microenvironment
in NET production in vivo, as well as the exact mechanisms involved.
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