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Effects of Endotoxin Tolerance Induced
by Porphyromonas gingivalis Lipopolysaccharide
on Inflammatory Responses in Neutrophils

Jian-yu Gu,1,2 Yu-jie Liu,1,2 Xiang-qing Zhu,1,2,3 Jia-ying Qiu,1,2,4 and Ying Sun 1,2,5

Abstract— Periodontitis is a dental plaque–induced chronic inflammatory disease. Long-
term exposure of the host to periodontal pathogens leads to a hyporesponsive state to the
following stimulations, which is described as endotoxin tolerance. Neutrophils are the most
abundant innate immune cells in the body. To clarify the roles of endotoxin tolerance in
periodontitis, inflammatory responses in Porphyromonas gingivalis (P. gingivalis) lipopoly-
saccharide (LPS)–tolerized neutrophils were explored in this study. Here, apoptosis and
respiratory burst in neutrophils upon single or repeated P. gingivalis LPS stimulations were
explored by flow cytometry. Cytokine production (TNF-α, IL-8, and IL-10) in tolerized
neutrophils or neutrophils co-cultured with peripheral blood mononuclear cells was deter-
mined by ELISA. Phagocytosis of P. gingivalis by tolerized neutrophils was also assayed by
flow cytometry. In addition, quality and quantitation of neutrophil extracellular trap (NET)
formation were detected using immunofluorescence microscope and microplate reader,
respectively. The protein expressions of extracellular signal–regulated kinase1/2 (ERK1/2),
c-Jun N-terminal kinase (JNK), and p38 mitogen-activated protein kinase (p38 MAPK) were
examined to identify possible mechanisms for the abovementioned changes. Tolerance
induced by P. gingivalis LPS significantly suppressed apoptosis, reactive oxygen species
(ROS) generation, and phagocytosis in neutrophils (p < 0.05). In both neutrophils alone and
co-culture system, repeated P. gingivalis LPS stimulations significantly decreased TNF-α
production, but increased IL-10 secretion (p < 0.05). Moreover, in tolerized neutrophils, NET
formations were strengthened and there were more released extracellular DNA (p < 0.05). In
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P. gingivalis LPS-tolerized neutrophils, phosphorylation of ERK1/2 was suppressed com-
pared with that in non-tolerized cells. Taken together, immune responses in neutrophils were
reprogrammed by P. gingivalis LPS-induced tolerance, which might be related with the
development of inflammation in periodontal tissues.Moreover, ERK1/2might play important
roles in endotoxin tolerance triggered by P. gingivalis LPS.
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INTRODUCTION

Periodontitis is a plaque-induced chronic inflamma-
tory disease, which eventually leads to alveolar bone re-
sorption and tooth loss. Unfortunately, there is no excellent
treatment so far. Porphyromonas gingivalis (P. gingivalis),
a member of red complex, has been proven to be related
with the development of periodontitis [1, 2]. Lipopolysac-
charide (LPS), the major outer membrane constituent of
P. gingivalis, can trigger immune and inflammatory re-
sponses in the host due to its potential toxicity and antige-
nicity. However, the roles and pathogenic mechanisms of
P. gingivalis LPS still need to be fully investigated.

Neutrophils are the predominant innate immune cells,
severing as the first leukocytes recruited to inflammatory
sites. Over 95% of inflammatory cells in periodontal
pockets are neutrophils [1, 3]. Numerical or functional
abnormalities in neutrophils increase the susceptibility of
periodontal infections and may lead to some hereditary
diseases with severe periodontal destructions, such as
Chediak-Higashi syndrome, Papillon-Lef’evre syndrome,
and cyclic/permanent neutropenia [4]. Bactericidal or anti-
bacterial strategies employed by neutrophils include
phagocytosis, respiratory burst, formation of neutrophil
extracellular traps (NETs), cytokine production, etc. [3,
5]. However, excessive and prolonged immune responses
in neutrophils also contribute to the destruction in peri-
odontal tissues.

Endotoxin tolerance refers to a refractory state to the
second bacteria or their virulence factor stimulations after a
primary challenge [6]. It can suppress the immune and
inflammatory responses and prevent the possible tissue
damage caused by excessive defensive responses. There-
fore, it may be a potential defense strategy utilized by the
host to maintain homeostasis [7]. It is well accepted that
endotoxin tolerance is a reprogramming of the immune
system, including the decreased secretion of pro-
inflammatory cytokines TNF-α and IL-1β and the in-
creased production of anti-inflammatory cytokines IL-10
[6, 8, 9]. It needs to point out that the suppressed

inflammatory responses due to endotoxin tolerance might
also contribute to inefficient removal of bacteria.

Periodontitis is a long and polymicrobial infectious
disease. Therefore, endotoxin tolerance might develop.
However, the effects and underlining mechanisms of tol-
erance in periodontal tissues are still unintelligible, espe-
cially the roles of neutrophils in the progression of
periodontitis.

In this study, we hypothesized that endotoxin toler-
ance induced by P. gingivalis LPS might alter the inflam-
matory responses in neutrophils, including apoptosis, re-
spiratory burst, cytokine production, phagocytosis, and
NET formation, which might have some effects on the
development of periodontitis. In addition, the possible
involvement of mitogen-activated protein kinase (MAPK)
signal pathway was explored to reveal the mechanisms of
endotoxin tolerance induced by P. gingivalis LPS.

MATERIALS AND METHODS

Reagents

P. gingivalis ATCC 33277 LPS was obtained from
InvivoGen (CA, USA). Escherichia coli (E. coli) O127:B8
LPS and 2′,7′-dichlorofluorescein diacetates (DCFH-DA)
were provided by Sigma-Aldrich (MI, USA). Fluorescent
Active Caspase 3 Staining Kit was purchased from
Biovision (CA, USA). TNF-α, IL-8, and IL-10 ELISA kits
were f rom R&D (MN, USA). Fluoresce in-5-
isothiocyanate (FITC Isomer I) was purchased from Mo-
lecular Probes (MA, USA). SYTOX Green was from Life
Technologies (CA, USA). Anti-myeloperoxidase (MPO)
antibody was gotten by Abcam (CA, UK). Antibodies to
extracellular signal–regulated kinase1/2 (ERK1/2),
phospho-ERK1/2 (p-ERK1/2), c-Jun N-terminal kinase
(JNK), phospho-JNK (p-JNK), p38 MAPK, and
phospho-p38 MAPK (p-p38 MAPK) were supplied by
Cell Signaling Technology (MA, USA).
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Cell Culture

This study was approved by the Ethical Committee of
Nanjing Medical University in accordance with the princi-
ples of the Declaration of Helsinki (Permit Number:
20130204) and written informed consents were obtained
from all recruits.

Neutrophils were freshly isolated from peripheral ve-
nous blood of healthy nonsmoking volunteers by density
gradient centrifugation as previously prescribed [10].
Polymorphprep (Axis-Shielld, Norway) was employed in
this cell preparation. After 600g centrifugation for 30 min,
two leukocyte layers were available. Neutrophils were
collected from the lower band rich in polymorphonuclear
cells, while monocytes were further prepared from the top
layer by cell sorting (FACSAira II, BD, USA) based on cell
size and intracellular granules [11]. The purity and viability
of isolated neutrophils were consistently greater than 95%
and 90%, respectively, which were determined by flow
cytometry, while the purity and viability of the yielded
monocyte population was close to 98% and 90%. Both
two kinds of cells were suspended in RPMI 1640 (Gibco,
USA) supplemented with 10% fetal calf serum (Ausbian,
Australia) at 37 °C in a humidified 5% CO2 atmosphere.

Endotoxin Tolerance Induction

Neutrophils or neutrophils co-cultured with peripher-
al blood mononuclear cells (PBMCs) at a ratio of 4:1 were
cultured in 6-well plates at a density of 5 × 105 cells/mL.
Cells were divided into 5 groups. Group 1 was incubated in
medium alone. Groups 2 and 4 were incubated in medium
for 12 h, washed for 2 h, and then stimulated with 1 μg/mL
P. gingivalis LPS or 1 μg/mL E. coli LPS (served as
positive control), respectively, for 3 h to preform apoptosis
and respiratory burst assessment, 24 h for ELISA, and
30 min for western blot. Groups 3 and 5 were cultured in
medium containing 1 μg/mL P. gingivalis LPS or 1 μg/mL
E. coli LPS for 12 h, washed, and restimulated with 1 μg/

Apoptosis Assessment

Neutrophils were collected, washed twice, and then
resuspended in 300 μL PBS with 1 μL FITC-DEVD-FMK
at 37 °C for 40 min. The cells were washed again, resus-
pended in 500 μL PBS, and analyzed by flow cytometry
using the FL-1 channel. The results were expressed as

percentages relative to the values of group 1, which were
normalized to 100%.

Reactive Oxygen Species Detection

The suspended neutrophils were collected and incu-
bated with 1 μg/mL DCFH-DA for 40 min at 37 °C.
DCFH-DA is a nonfluorescent probe, which can penetrate
cell membranes and be oxidized to fluorescent 2′,7′-
dichlorofluorescein (DCF) by intracellular reactive oxygen
species (ROS) [12]. Then, the cells were washed, resus-
pended in PBS, and analyzed by FACSCalibur (BD Bio-
sciences, USA). The results of each group were expressed
as percentages relative to the fluoresce intensities of group
1, which were normalized to 100%.

Elisa

The levels of TNF-α, IL-8, and IL-10 in supernatants
from neutrophils and the co-culture system were measured
by ELISA kits according to the manufacturer’s protocol.
The absorbance was detected in Spectramax 190 micro-
plate reader (Molecular Devices, CA, USA) at 540 nm.

Phagocytosis Assay

P. gingivalis ATCC 33277 and E. coli ATCC 25922
were kindly supplied by Jiangsu Key Laboratory of Oral
Diseases (Nanjing, China). P. gingivalis was cultured on
brain heart infusion (BHI) agar plates containing 5% sheep
blood, 5 mg/L hemin, 1 mg/L menadione, 75 μg/mL
kanamycin, and 2 μg/mL vancomycin for 5 days anaero-
bically (75% N2, 10% CO2, 15% H2) at 37 °C and inocu-
lated into BHI broth. E. coli was cultured on Luria-Bertani
agar plates containing 10 g/L tryptone and 5 g/L yeast
extract for 4 h aerobically at 37 °C and transferred into
Luria-Bertani liquid medium for enrichment. Then, both
two kinds of bacteria were harvested by centrifugation,
washed, resuspended in PBS, and labeled with FITC at a
concentration of 0.5 mg/mL for subsequent experiments.

The phagocytic activity of neutrophils was analyzed
by flow cytometry. Briefly, freshly isolated neutrophils at a
concentration of 5 × 105 cells/mL were cultured in 6-well
plates and divided into 4 groups. P. gingivalis and E. coli
were opsonized with 200 μg/mL human IgG (Sigma-
Aldrich, USA) prior to incubation with neutrophils.
Groups A and C were incubated with medium alone, while
groups B and D were challenged with 1 μg/mL
P. gingivalis LPS or 1 μg/mL E. coli LPS (served as
positive control) for 12 h, respectively. Then, the cells were
restimulated with opsonized FITC-labeled P. gingivalis
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mL P. gingivalis LPS or 1 μg/mL E. coli LPS, respective-
ly, for the subsequent explorations as described in groups 2
and 4.



(groups A and B) or E. coli (groups C and D) at a multiple
of infection (MOI) of 20 in a shaking water bath at 37 °C.
After 0 min, 30 min, 60 min, and 90 min, aliquots of
300 μL were taken from each well. Phagocytosis was
stopped on ice and the extracellular fluorescence was
quenched by 2 mg/mL trypan blue for 5 min. Fluorescence
signal emitted by endocytosed bacteria was measured by
FACSCalibur and results were expressed as percentages of
fluorescent phagocytes relative to the values of the same
group at 0 min.

NET Formation

Neutrophils were divided into 5 groups and pretreated
as described in “Endotoxin Tolerance Induction.” After
12 h, cells were seeded on poly-L-lysine-coated slides in
12-well plates and rechallenged as before. Then, cells were
fixed with 4% paraformaldehyde for 20 min, perme-
abilized with 0.2% Triton X-100 for 15 min, and blocked
with 2% bovine serum albumin (BSA) for 30 min at room
temperature. Subsequently, cells were incubated with anti-
body against MPO (1:250) overnight at 4 °C, followed by
incubation with Alexa Fluor 488–conjugated anti-rabbit
IgG (H+L) (Beyotime, China) for 2 h, washed and stained
with DAPI (Beyotime, China) for 2 min. Finally, NETs
were observed using a fluorescence microscope (Leica,
Germany) and percentages of neutrophils forming NETs
under 5 random fields of views were counted.

For NET quantification, grouping and pretreatment
were performed as described before. Five micromoles of
Sytox Green was added into the conditioned culture medi-
um of each group during restimulations. After 1-h incuba-
tion at 37 °C, 100 μL of cell suspension (2 × 105 cells) was
pipetted and analyzed by SpectraMax M2e microplate
reader (Molecular Devices, München, Germany), using a
504-nm excitation and 523-nm emission filters. The fluo-
rescent intensities were expressed as percentages relative to
the values of the cells treated with blank culture medium,
which were normalized to 100%.

Western Blot

Neutrophils were harvested in an ice-cold lysis buffer
containing 1 mmol/L phenylmethylsulfonyl fluoride
(PMSF). Protein extracts were separated by electrophoresis
in 10% SDS polyacrylamide gel and then transferred to
PVDFmembranes. The membranes were blocked with 5%
nonfat milk and incubated with primary antibodies against
ERK1/2, p-ERK1/2, JNK, p-JNK, p38 MAPK, and p-p38
MAPK overnight at 4 °C. After incubation with appropri-
ate secondary antibodies for 1 h, immunoreactive proteins

were detected by ECL chemiluminescence kit (Millipore,
USA) and semiquantification analyzed by Image J soft-
ware version k 1.45 (National Institutes of Health, MD,
USA). All results (ERK1/2, p-ERK1/2, JNK, p-JNK, p38
MAPK, and p-p38 MAPK) were normalized to the expres-
sion levels of GAPDH, and the levels of p-ERK1/2, p-
JNK, or p-p38 MAPK were expressed as the relative gray
value to ERK1/2, JNK, or p38 MAPK, respectively.

Statistical Analysis

All data are expressed as mean ± SD. Statistical
analysis was performed by one-way ANOVA and differ-
ences between groups were compared by LSD test. The
level of significance was set at P < 0.05.

RESULTS

Decreased Apoptosis in Neutrophils After Repeated
LPS Stimulations

Caspase 3, a member of caspase family, is activated to
initiate a protease cascade and then to trigger cell apopto-
sis. To evaluate the levels of apoptosis in neutrophils,
caspase 3 activities in neutrophils stimulated with or with-
out LPS were explored.

After a single challenge with either 1 μg/mL
P. gingivalis LPS or 1 μg/mL E. coli LPS, there were no
significant differences in caspase 3 activities compared
with those in the blank control group (group 1, p > 0.05).
However, there were significant decreases in caspase 3
activities in neutrophils retreated with 1 μg/mL
P. gingivalis LPS or 1 μg/mL E.coli LPS compared with
those in the cells challenged with the same LPS only once
(p < 0.05, Fig. 1).

Decreased ROS Production in LPS-Tolerized
Neutrophils

Using flow cytometry, ROS generation in neutrophils
was quantified to investigate the effects of endotoxin tol-
erance on neutrophil respiratory burst. Compared with
neutrophils without stimulations, levels of ROS were sig-
nificantly increased in the cells treated with 1 μg/mL
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E. coli LPS (p < 0.05), but not 1 μg/mL P. gingivalis
LPS (p > 0.05). After restimulation with the same LPS,
ROS production was significantly decreased compared
with those in the corresponding non-tolerized group
(p < 0.05, Fig. 2).



Cytokine Secretion in Neutrophils and Co-culture
System

Primary stimulation with 1 μg/mL P. gingivalis
LPS or 1 μg/mL E. coli LPS resulted in significant
increased levels of TNF-α, IL-10, and IL-8 in neu-
trophils compared with those in the cells without
challenge (p < 0.05). Moreover, the amounts of the
abovementioned cytokines induced by P. gingivalis
LPS were obviously less than those induced by
E. coli LPS (p < 0.05, Fig. 3), which disclosed the

differences in biological characteristics between these
two kinds of LPSs. After repeated challenge with the
same LPS, levels of TNF-α and IL-8 were decreased
compared with those stimulated with P. gingivalis
LPS and E. coli LPS only once (p < 0.05, Fig.
3a, c). Meanwhile, IL-10 secretion was enhanced in

Similar with the cytokine production in neutrophils,
P. gingivalis LPS or E. coli LPS induced significantly

Fig. 1. a, b Influences of endotoxin tolerance on the expressions of active caspase 3 in neutrophils. Neutrophils were pretreated with medium, 1 μg/mL
P. gingivalis LPS, or 1 μg/mL E. coli LPS for 12 h, washed and then incubated with medium, 1 μg/mL P. gingivalis LPS, or 1 μg/mL E. coli LPS for
additional 3 h. Levels of active caspase 3 were measured by flow cytometry. Data are expressed asmean ± SD (n = 5 per group). *p < 0.05. One representative
result of five independent experiments is shown in a.
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neutrophils retreated with P. gingivalis LPS or
E. coli LPS compared with that in the cells with
only one stimulation (p < 0.05, Fig. 3b).



Fig. 2. a, b Effects of endotoxin tolerance on ROS production in neutrophils. Neutrophils were stimulated as described in Fig. 1. ROS production was
measured by flow cytometry. Data are expressed as mean ± SD (n = 3 per group). *p < 0.05. One representative result of three independent experiments is
shown in a.
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increased production of TNF-α, IL-8, and IL-10 in co-
culture system compared with that without any stimula-
tions (p < 0.05, Fig. 4). After restimulation with the same
LPS for additional 24 h, reduction of TNF-α levels and
increase of IL-10 levels could also be observed in
P. gingivalis LPS and E. coli LPS–tolerized co-culture
system (p < 0.05, Fig. 4a, b). However, significant de-
creases in IL-8 levels were only observed in E. coli LPS–
tolerized co-culture system (p < 0.05), but not in
P. gingivalis LPS–tolerized group (p > 0.05, Fig. 4c).

Decreased Phagocytosis in LPS-Tolerized Neutrophils

The kinetics of phagocytosis in neutrophils
throughout a 90-min infection is shown in Fig. 5.
Without pretreatment with P. gingivalis LPS or
E. co l i LPS, phagocy tos i s o f FITC- labe led
P. gingivalis or E. coli was enhanced in neutrophils
at 60 min and 90 min compared with that at 0 min
(p < 0.05). After pre-stimulation with P. gingivalis LPS
or E. coli LPS, phagocytosis of the same bacteria in



Fig. 3. Cytokine production in neutrophils stimulated with LPS. Neutrophils were stimulated as described in Fig. 1. After 20 h, levels of TNF-α (a), IL-10
(b), and IL-8 (c) in the cultured supernatants were measured by ELISA. Data are expressed as mean ± SD (n = 3 per group). *p < 0.05.
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tolerized neutrophils were significantly decreased at
60 min and 90 min (p < 0.05, Fig. 5).

Increased NET Formation in LPS-Tolerized
Neutrophils

Next, NET formation was explored by immunofluo-
rescence and quantificated by fluorescence microplate
reader. Under fluorescence microscope, lobular nuclei of
neutrophils were stained with DAPI and visualized in blue
color, while MPO was presented as green (Fig. 6a).
Unstimulated neutrophils were round-like cells without
extracellular web-like structure; only a very small amount
of extracellular DNA was detected and NET formations
were occasionally observed. After stimulation with
P. gingivalis LPS or E. coli LPS, neutrophils were charac-
terized by nuclear expansion, chromosome depolymeriza-
tion, extracellular web-like DNA strands, and positive
staining of MPO, which indicated the formation of NETs
(Fig. 6a). Furthermore, after repeated stimulation with
P. gingivalis LPS or E. coli LPS, the percentage of NET-
positive cells to the total cells counted was increased

significantly compared with that following single chal-
lenge (p < 0.05, Fig. 6b).

The quantity of extracellular DNA determined by a
fluorescence microplate reader was consistent with NET
visualization using immunofluorescent microscopy. After
stimulation with P. gingivalis LPS or E. coli LPS, there
were higher DNA levels than those in supernatants from
unstimulated cells (p < 0.05). Moreover, compared with
extracellular DNA from neutrophils treated with
P. gingivalis LPS or E. coli LPS only once, the quantity
of DNA released from the cells with repeated LPS stimu-
lations was increased (p < 0.05, Fig. 6c).

Depressed ERK1/2 Activity in P. gingivalis LPS–
Tolerized Neutrophils

Compared with blank controls, both P. gingivalis
LPS and E. coli LPS increased the phosphorylation of
ERK1/2 in neutrophils (p < 0.05). In P. gingivalis LPS
and E. coli LPS–tolerized neutrophils, ERK1/2 phosphor-
ylation was obviously suppressed compared with those in
the cells with only one challenge (p < 0.05, Fig. 7b). The



Fig. 4. Influences of endotoxin tolerance on cytokine production in neutrophils co-cultured with PBMCs. Freshly isolated neutrophils and monocytes from
peripheral venous blood of healthy volunteers were co-cultured at ratio of 4:1. Then, the co-culture system was stimulated as described in Fig. 3. Levels of
TNF-α (a), IL-10 (b), and IL-8 (c) in conditioned medium from co-culture system were measured by ELISA. Data are expressed as mean ± SD (n = 3 per
group). *p < 0.05.

Fig. 5. Kinetics of phagocytosis of in neutrophils. Neutrophils were pretreated with medium, 1 μg/mL P. gingivalis LPS, or 1 μg/mL E. coli LPS for 12 h,
washed, and then challenged with opsonized FITC-labeled P. gingivalis or E. coli (MOI 20:1) at various time point (0 min, 30 min, 60 min, and 90 min).
Fluorescence intensity was measured by flow cytometry. Data are expressed as mean ± SD (n = 3 per group). *p < 0.05.
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roughly similar trends were also found in JNK and p38
MAPK, but only statistically significant decrease of JNK
phosphorylation between P. gingivalis LPS–tolerized and

non-tolerized neutrophils was confirmed (p < 0.05, Fig.
7c). A representative result of three independent detections
is shown in Fig. 7 a.



Fig. 6. NET formation in P. gingivalis LPS–tolerized neutrophils. Freshly isolated neutrophils were treated with medium, 1 μg/mL P. gingivalis LPS, or
1 μg/mL E. coli LPS for 12 h, washed, seeded onto cover slides precoated with 0.001% poly-L-lysine, and then restimulated with medium, 1 μg/mL
P. gingivalis LPS, or 1 μg/mL E. coli LPS for additional 1 h. Neutrophils were stained for DNA (blue) andMPO (green), and then visualized by fluorescence
microscopy. One representative result of five independent experiments is shown in a. Scale bar was 50 μm. The percentage of NET-positive cells to total cells
counted was calculated (b). Quantity of extracellular DNAwas determined by Sytox Green assays (c). Data are expressed as mean ± SD (n = 5 per group).
*p < 0.05.
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DISCUSSION

Immune responses of the host to invasive periodontal
pathogens are the major contributors to periodontal de-
structions. As the most abundant innate immune cells,
neutrophils play a crucial role in the development of peri-
odontal inflammation and destruction. In the present study,
we found the complex effects of endotoxin tolerance in-
duced by P. gingivalis LPS on apoptosis, ROS production,
and cytokine production in neutrophils. More importantly,
enhanced NET formation and suppressed phagocytosis in
P. gingivalis LPS–tolerized neutrophils, and the changes in
cytokine production in tolerized neutrophils co-cultured

with PBMCs, were disclosed for the first time. Moreover,
phosphorylation of ERK1/2 might participate in the
abovementioned changes in tolerized neutrophils.

LPS, one of the most important virulence factors of
gram-negative bacteria P. gingivalis, is a potent activator
of immune responses. Lipid A of P. gingivalis LPS con-
tains an unusual amount of heterogeneity, including tetra-
and penta-acylated structures, and is quite different from
that of E. coli LPS, the classic gram-negative bacterial
LPS. It is not surprising that differences in biological
potencies and pathogenicities do exist between these two
kinds LPSs. E. coli LPS is a Toll-like receptor 4 (TLR4)
agonist, while P. gingivalis LPS may function as a TLR2



Fig. 7. Depressed ERK1/2 activity in P. gingivalis LPS–tolerized neutrophils. Neutrophils were stimulated as described in Fig. 1. After 30 min, the
expressions of ERK1/2, p-ERK1/2, JNK, p-JNK, p38 MAPK, and p-p38 MAPK were detected by western blots. One representative result of three
independent experiments is shown in a. Relative levels of p-ERK1/2/ERK1/2, p-JNK/JNK, and p-p38MAPK/p38MAPK in neutrophils were determined by
density analysis. Statistical significance was shown as mean ± SD (n = 3 per group). *p < 0.05.
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agonist. Furthermore, it is controversial whether
P. gingivalis LPS is an agonist or an antagonist of TLR4
[9, 13]. Therefore, E. coli LPS was chosen as a positive
control in this study.

As a tightly regulated process which leads to pro-
grammed cell death, apoptosis can help the host to escape
from the uncontrolled inflammation and tissue destruction.
A case-control study reported that a larger number of
apoptotic neutrophils were found in periodontitis patients
[14]. Caspase 3, a marker of apoptosis, can be activated in
execution pathway downstream to both extrinsic and in-
trinsic apoptosis pathways, then clave hundreds of cellular

substrates to trigger apoptosis [15]. In François’ report, it
was disclosed that the longer stimulations, the more ex-
pressions of myeloid cell leukemia-1 (Mcl-1), an
antiapoptotic B cell leukemia/lymphoma 2 (Bcl-2) family
member, alongside with the suppressed apoptosis [16].
Murray found that P. gingivalis LPS could inhibit HL60-
derived neutrophil apoptosis through TLR2. Moreover,
apoptosis in P. gingivalis LPS–stimulated group could be
suppressed for a longer time and remained at a sustained
lower level compared with that in E. coli LPS–stimulated
group [17]. Our previous work found that 5 h after incu-
bation with the supernatants from P. gingivalis LPS–
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tolerized THP-1, the levels of caspase 3 in neutrophils were
downregulated. It was assumed that cytokines in the su-
pernatants from P. gingivalis–tolerized THP-1 might have
some effects on neutrophils to induce the abovementioned
changes [18]. Therefore, tolerance induced by P. gingivalis
LPS might prevent apoptosis and prolong neutrophil life
span, which might contribute to resisting invading bacteria,
but lead to prolonged inflammation and exacerbation of
immune damages.

As the first line of defense in innate immunity, neu-
trophils engulf bacteria and then kill them by non-oxidative
and oxidativemechanisms. The generation of ROS, includ-
ing H2O2, hypochlorite, hydroxyl radicals, and singlet
oxygen, was an oxygen-dependent way to eliminate bac-
teria. Unfortunately, bactericidal activity of ROS is non-
specificity and ROS released into extracellular matrix
might damage surrounding tissues [19, 20]. Our experi-
ment found that there was an increase of detectable ROS
production in neutrophils challenged with E. coli LPS, but
not P. gingivalis LPS, which were consistent with Gölz’s
study [21] and might be related with the biological differ-
ences between these two kinds of LPSs. Moreover, accom-
panied by a suppressed apoptosis, a decreased ROS pro-
duction was detectable in both P. gingivalis LPS– and
E. coli LPS–tolerized neutrophils in this study, which
implied the restrained inflammatory responses and im-
mune damages.

Production of various kinds of cytokines, including
inflammatory cytokine TNF-α, anti-inflammatory cyto-
kine IL-10, and chemokine IL-8, is one of the most critical
strategies employed by the host to resist invading peri-
odontal pathogens. It is well known that neutrophils repre-
sent a first line of defense against invading periodontal
pathogens [3]. Neutrophils in periodontal tissues produce
chemoattractant to attract additional neutrophils and mac-
rophages, and then regulate their activities. Cytokines se-
creted by macrophages also contribute to further migra-
tions of neutrophils [3, 5]. A cytokine cascade is then
formed to amplify inflammatory signals. Thus, in this
study, neutrophil isolations and neutrophils co-cultured
with PBMCs were employed to investigate the cross-talk
between neutrophils and macrophages in endotoxin
tolerance.

Our present results indicated the decreased production
of TNF-α and increased secretion of IL-10 in both neutro-
phil isolations and co-culture system after repeated LPS
stimulations, which was consisted with our previous ex-
periment concerning THP-1 cells and Fadok’s research [9,
22]. Our previous experiment also disclosed the altered
cytokine profiles in P. gingivalis LPS–tolerized THP-1

cells, including downregulated cytokines IL-12 p40 and
IL-12 p70 and upregulated cytokines death receptor 6
(DR6) and type 2 IL-1 receptor (IL-1 R2) [18]. Inconsistent
changes in different cytokines implied that endotoxin tol-
erance was not the global decline of all cytokines, but a
selective reprogramming aimed at limiting inflammatory
damage [23]. In general, quantities and categories of cyto-
kines secreted by monocytes/macrophages are much more
than those from neutrophils. Therefore, higher levels of
TNF-α and IL-10 were observed in co-culture system.
Moreover, suppressed IL-8 production was only confirmed
inP. gingivalisLPS–tolerized neutrophil isolations, but not
in co-culture system. As a distinctive endotoxin, tolerance
induced by P. gingivalis LPS might be impaired in
monocytes/macrophages [9, 13, 24]. Similar to our re-
search, Zaric found sustained levels of IL-8 and decreased
secretion of TNF-α in THP-1 cells after repeated
P. gingivalis LPS challenge [25].

Previous researches indicated that pro-inflammatory
cytokine TNF-α and chemokine IL-8 were involved in the
development of periodontitis [26, 27]. Importantly, TNF-α
is capable to promote the differentiation and activation of
osteoclasts and plays a pivotal role in inflammatory bone
resorption [28]. It is well accepted that TNF-α is a hallmark
of endotoxin tolerance [29]. Therefore, decreased levels of
TNF-α in both neutrophil isolations and co-culture system
implied the establishment of endotoxin tolerance. IL-10 is
a potent anti-inflammatory cytokine, which inhibits the
activation of Th1 cells and monocytes/macrophages. Al-
though the categories and quantities of cytokines secreted
by neutrophils are much less than those frommacrophages,
neutrophils can produce a large amount of IL-10
responding to Gram-negative bacteria, thus playing a reg-
ulatory role in immune responses [30]. Endotoxin toler-
ance does not simply inhibit immune responses. Changes
in cytokine pattern due to endotoxin tolerance favor limit
excessive inflammatory responses and immune damages.
On the other hand, it might also weaken the ability to resist
invading periodontal pathogens.

Neutrophils express Fc receptors, phagocytose opson-
ized P. gingivalis and E. coli, and then form mature
phagosomes to kill these bacteria [31]. Given that neutro-
phils are suspended in cultured medium, it is impossible to
thoroughly separate neutrophils from P. gingivalis/E. coli
during the progress of washing. Therefore, in this study,
P. gingivalis LPS/E. coli LPS was used as the first stimu-
lation instead of P. gingivalis/E. coli, while opsonized
FITC-labeled P. gingivalis/E. coli was employed for the
second time. In our study, P. gingivalis/E. coli stimulation
induced active phagocytosis by non-tolerized neutrophils,
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which was in consistent with the abovementioned reports.
Interestingly, phagocytosis of P. gingivalis and E. coli was
severely inhibited in tolerized neutrophils. McLeish report-
ed that phosphorylation of ERK1/2 and p38 MAPK was
involved in the phagocytosis of opsonized Staphylococcus
aureus by neutrophils [32]. Furthermore, Rossi found
adiponectin inhibited phagocytosis of E.coli by neutrophil
via blocking phosphoinositide 3-kinase (PI3K)/protein ki-
nase B (PKB) and ERK1/2 activation [33]. Therefore, in
this study, the depressed expressions of p-ERK1/2 in
tolerized neutrophils might be the reason for the downreg-
ulated phagocytosis.

The aforementioned results disclosed the de-
creased phagocytosis, ROS production, and pro-
inflammatory cytokine secretion in P. gingivalis
LPS–tolerized neutrophils, all of which inhibited
eradication of P. gingivalis. Then, how do tolerized
neutrophils resist invading pathogens? In 2004,
Brinkmann reported a novel anti-microbial mecha-
nism of neutrophils, which could kill bacteria effi-
ciently after the cells die [34]. This mechanism called
NET is distinctly different from apoptosis and necro-
sis. They are mainly composed of uncondensed ex-
tracellular chromatin decorated with multiple anti-
microbial granules with high local concentration, in-
cluding elastase, MPO, cathepsin G, DNA, and his-
tone. Then, bacteria, fungi, viruses, and parasites can
be trapped, neutralized, and killed efficiently [35].
Phorbol myristate acetate (PMA), LPS, and Gram-
positive and Gram-negative bacteria can induce the
formation of NETs [34]. It has been realized that
NETosis includes suicidal NETosis and vital
NETosis. The former is a classic NET involving
MPO-dependent nuclear envelope disintegration and
the death of neutrophils [36], while the latter is a
non-lytic form of NETosis involving the secretion of
nuclear chromatin accompanied by granule proteins
independently of cell death [37]. Recently, a study
about gout, a kind of acute inflammatory reaction,
proved that aggregated NETs limited the severity of
inflammation and promoted inflammation resolution
by degrade inflammatory mediators [38]. On the sur-
face of oral mucosa, neutrophils from saliva rapidly
released NETs to bind and kill bacteria, which was
pivotal for host defenses [39]. However, excessive
NET formation or reduced NET removal in periodon-
tal tissues might play an important role in the path-
ogenesis of periodontitis [40].

Our results indicated that in P. gingivalis LPS–
tolerized neutrophils, NET formation was augmented sig-
nificantly accompanied with increased levels of extracel-
lular MPO. Although phagocytosis, ROS production, and
pro-inflammatory cytokine secretion were weakened, a
new balance in immune responses would be set up to
maintain homeostasis in periodontal tissues.

It has been demonstrated that nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase, ROS, MPO,
Drosophila Eph kinase (DEK), peptidylarginine deiminase
4 (PAD4), and autophagy were involved in the formation
of NETs [36, 41, 42]. Originally, ROS was considered
indispensable in NETosis [41]. Later, Remijsen found
ROS was insufficient to induce NETs in PMA-stimulated
neutrophils, while both autophagy and NADPH oxidase
were involved in NETosis [36]. Moreover, Mor-Vaknin
found that NETs were completely failed to be formed in
neutrophils from Dek-deficient mice, which proved that
DEKwas crucial to the formation of NETs in inflammatory
arthritis [42]. In our present study, ROS production was
increased in non-tolerized neutrophils, which was in line
with the change of NETs in these cells. However, in
P. gingivalis LPS–tolerized neutrophils, ROS production
was decreased, while the formation of NETs was in-
creased, which was contradictory with the commonly re-
ferred ROS-dependent NET formations. The specific un-
derlying mechanisms concerning tolerized neutrophils still
need to be further illustrated.

P. gingivalis and E. coli LPS activate neutrophils via
TLR4 and/or TLR2 [33]. Subsequently, myeloid differ-
entiation protein 88 (MyD88), tumor necrosis factor
receptor–assoc ia ted fac tor 6 (TRAF6) , and
transforming growth factor-activated kinase-1 (TAK-
1) were recruited to activate IL-1 receptor–associated
kinases (IRAKs) and trigger p38 MAPK/JNK path-
ways through MAP kinase kinase (MKK) family [5].
It was found that release of resistin in neutrophils
stimulated with P. gingivalis LPS and E. coli LPS
depended on PI3K, JNK, and p38 MAPK [43].
Nguyen disclosed that TNF-α and GM-CSF induced
ROS production in neutrophils via p38 MAPK and
ERK1/2, respectively [44]. In addition, it was also
reported that E. coli LPS could activate neutrophils
via p38 MAPK and JNK, and then induced macro-
phage chemoattractant protein-1 (MCP-1) expression,
actin assembly, and respiratory burst [45, 46]. Fur-
thermore, E. coli LPS could induce ROS production
and NETosis in neutrophils via JNK-dependent path-



way [47]. Given the important roles of MAPKs in
the activation of innate immune cells, their roles in
endotoxin tolerance were explored in this experiment.
Decreased phosphorylation of ERK1/2 and JNK was
observed in P. gingivalis LPS–tolerized neutrophils,
which suggested the possible involvement of ERK1/2
and JNK in P. gingivalis LPS–induced tolerance.
TLR-PI3K cross-talk independent of MyD88 was
disclosed to activate ERK1/2, JNK, and p38 and be
involved the inhibition of phagocytosis in neutrophils
[48]. Therefore, the activation of PI3K may be relat-
ed to the downregulation of ERK1/2 and JNK phos-
phorylation in P. gingivalis LPS–tolerized neutrophils
and need to be explored in the future.

CONCLUSION

These results suggest that P. gingivalis LPS–induced
tolerance reprograms the immune responses in neutrophils,
including the decreased secretion of pro-inflammatory cy-
tokines, the increased production of anti-inflammatory cy-
tokines, the suppressions of phagocytosis, ROS generation
and apoptosis, and the augmentation of NET formation.
These changes might contribute to restrict immune dam-
age, but have some negative effects on the resistance of
invading bacteria. ERK1/2 might be involved in the devel-
opment of endotoxin tolerance induced by P. gingivalis
LPS in neutrophils. Regulations and mechanisms of NETs
in the development of periodontitis still need to be further
explored. In addition, an animal model also needs to be
developed to confirm the roles of endotoxin tolerance
induced by P. gingivalis LPS in vivo in the future.
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