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Abstract—The innate immune response is important in paraquat-induced acute lung injury, but the exact
pathways involved are not elucidated. The objectives of this study were to determine the specific role of
the NLRP3 inflammasome in the process. Acute lung injury was induced by administering paraquat
(PQ) intraperitoneally. NLRP3 inflammasome including NLRP3, ASC, and caspase-1 mRNA and
protein expression in lung tissue and IL-1β and IL-18 levels in BALF were detected at 4, 8, 24, and
72 h after PQ administration in rats. Moreover, rats were pretreated with 10, 30, and 50 mg/kg NLRP3
inflammasome blocker glybenclamide, respectively, 1 h before PQ exposure. At 72 h after PQ
administration, lung histopathology changes, NLRP3, ASC, and caspase-1 protein expression, as well
as secretion of cytokines including IL-1β and IL-18 in BALF were investigated. The NLRP3
inflammasome including NLRP3, ASC, caspase-1 expression, and cytokines IL-1β and IL-18 levels
in PQ poisoning rats were significantly higher than that in the control group. NLRP3 inflammasome
blocker glybenclamide pretreatment attenuated lung edema, inhibited the NLRP3, ASC, and caspase-1
activation, and reduced IL-1β and IL-18 levels in BALF. In the in vitro experiments, IL-1β and IL-18
secreted from RAW264.7 mouse macrophages treated with paraquat were attenuated by glybenclamide.
In conclusion, paraquat can induce IL-1β/IL-18 secretion via NLRP3-ASC-caspase-1 pathway, and the
NLRP3 inflammasome is essential for paraquat-induced acute lung injury.
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INTRODUCTION

Paraquat (1, 1’-dimethyl-4, 4’-bipyridinium
dichloride (PQ)), as a highly effective, fast-acting, and
nonselective herbicide, is widely used in the world, espe-
cially in agricultural countries. It is highly toxic to humans
and animals, accumulating in the lungs, liver, and kidneys.

An estimated of 250,000 to 370,000 people die globally
from pesticide poisoning each year, and more than 90 % of
the patients with acute poisoning have attempted suicide by
ingesting PQ [1]. The very high case fatality of PQ is due
both to its inherent toxicity and the lack of any effective
treatment. The most common cause of death from PQ
poisoning is ARDS, the most severe form of ALI, due to
an oxidative redox cycling and subsequently inflammation.
It is pathologically observed that pulmonary edema, bron-
chial and alveolar destruction, and ultimately fibrosis in the
lungs after PQ poisoning.

It is well known that the oxidative damage is one of
the initial factors to the toxic effects of PQ. PQ undergoes
the redox cycling process and generates a great amount of
reactive oxygen species (ROS) [2]. Production of ROS is
crucial to the regulation of innate immune responses. ROS
regulates activation of redox-regulated transcription factors
(nuclear factor–κB (NF–κB) and AP-1) and cytokines
production [3, 4], finally causes inflammation and destruc-
tion of lung tissue structure. Therefore, inflammation is one
of the core contributors to acute lung injury induced by PQ.
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“Inflammasomes” are intracellular macromolecular
complexes that serve as platforms for the activation of the
proinflammatory caspase-1, which in turn cleaves IL-1β
and IL-18 from their respective proforms [5]. These
inflammasome-activated cytokines belong to the IL-1 cy-
tokine family [6] and play central roles in the propagation
of the acute inflammatory response. The NLRP3
inflammasome, one of the inflammasome complexes, has
a basic structure consisting of nucleotide-binding-domain,
leucine-rich repeat domain containing protein (NLRP), and
the adaptor protein ASC (apoptosis-associated speck-like
protein containing caspase-1 activator domain), which re-
cruit and activate procaspase-1 [7]. The NLRP3
inflammasome is expressed in many inflammatory cells,
including macrophages and neutrophils, and also activated
by many factors including environmental irritants, endog-
enous danger signals, pathogens, and distinct pathogen-
associated molecular patterns (PAMPs) [8, 9]. Moreover,
it is proposed that a lot of the cellular signals are respon-
sible for NLRP3 activation, including potassium (K+)
efflux, pore formation in cell membranes, lyposomes
damage, the elevation of ROS, and damage in the
mitochondria [9–11].

In previous studies [2, 12, 13], ROS and cytokines
including interleukin-1β (IL-1β) were involved in the
pathogenesis of PQ-induced lung damage. However,
there are no reports that whether the NLRP3
inflammasome is involved in the development of PQ
poisoning-induced acute lung injury. In this current
study, our objective was to test the hypothesis that
NLRP3 inflammasome signaling was required for acute
lung injury induced by PQ.

MATERIALS AND METHODS

Animals

Adult male Sprague–Dawley rats weighing 200–
250 g were purchased from the Experimental Animal
Center of China Medical University. Rats were housed in
cages in a temperature- (20–25 °C) and humidity-
controlled (40 %–70 %) environment with a daily light–
dark cycle. The rats had access to food and water ad
libitum. All experimental procedures were conducted in
accordancewith the Institutional Animal Ethics Committee
and Animal Care Guidelines of China Medical University
governing the use of experimental animals.

Experimental Design

Two sets of experiments were performed in vivo. In
the first set of experiments, 48 rats were randomly distrib-
uted to two groups: control (1 mL normal saline solution,
i.p. n=24) and PQ poisoning group (n=24). PQ (Sigma-
Aldrich,MO, USA) was intraperitoneally administered at a
dose of 20 mg/kg according to our previous research [13].
At 4, 8, 24, and 72 h after PQ administration, six rats were
taken from each group at each endpoint for testing IL-1β
and IL-18 levels in rats BALF, lung pathology, and NLRP3
inflammasome mRNA and protein expression.
Glybenclamide has previously been used to block the
NLRP3 inflammasome [14]. Therefore, in the second set
of experiments, to study the NLRP3 inflammasome effect,
the NLRP3 inflammasome blocker glybenclamide (Sigma-
Aldrich, MO, USA) (i.p) at the dose of 10 mg/kg (Glyben-
L, n=6/group), 30 mg/kg (Glyben-M, n=6/group) and
50 mg/kg (Glyben-H, n=6/group) were pretreated respec-
tively 1 h before PQ administration in rats. At 72 h after PQ
administration, rats were anesthetized, then BALF was
collected from the left lung for cytokines detection, and
the right lung was excised for oxidase detection, histopa-
thology, and Western blot analysis.

BALF Collection

After rats were euthanized, BALFwas harvested from
the left lung with 4 mL phosphate-balanced saline solution
in 2.5 mL aliquots after cannulation of the left trachea. The
collected BALF was centrifuged at 1,000 g for 10 min; the
supernatant was collected and stored at −80 °C, for later
cytokine measurements.

IL-1β and IL-18 Elisa Assays

The levels of IL-1β and IL-18 in the rats BALF were
measured via Elisa assays using commercially available
kits (R&D Systems, USA) according to the manufacturer’s
recommended instructions. The levels of IL-1β and IL-18
in the samples were calculated based on a standard curve.
The detection ranges of the IL-1β and IL-18 Elisa assays
were 7.8–500 and 5–160 pg/ml, respectively. Samples that
had a concentration that exceeded the limit of the standard
curve were measured after dilution.

MDA Levels and MPO Activity Assays

MDA levels and Myeloperoxidase (MPO) activity in
the lung tissue were spectrophotometrically assayed using
assay kits (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China). At 4, 8, 24, and 72 h after PQ treatment,
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rats were killed, and the left lungs were excised. One
hundred milligrams of lung tissue was homogenized and
fluidized in extraction buffer to obtain 5 % of the homog-
enate. The sample including 0.9 ml homogenate and 0.1 ml
of reaction buffer was heated to 37 °C in a water bath for
15 min, and then the enzymatic activity was determined by
measuring the changes in absorbance at 460 nm using a 96-
well plate reader and expressed as units per gram weight.
Both detective procedures were performed according to the
manufacturer’s recommended instructions.

NLRP3, ASC, and Caspase-1 mRNA Expression
Analysis

Complementary DNA synthesis from rats lungs RNA
was performed by a reverse transcription reaction using
oligo dT (Invitrogen, Grand Island, NY) and Moloney rat
leukemia virus reverse transcriptase (Invitrogen). Quanti-
tative polymerase chain reactions were performed using
light Cycler SYBR green I master mix (Roche, Mijdrecht,
The Netherlands) and measured in a Light Cycler 480
(Roche) apparatus using the following conditions—5 min
95 °C hot-start, followed by 40 cycles of amplification
(95 °C for 10 s, 60 °C for 5 s, 72 °C for 15 s). For
quantification, standard curves were constructed by poly-
merase chain reactions on serial dilutions of a concentrated
complementary DNA sample, and data were analyzed
using Light Cycler software. Gene expression was present-
ed as a ratio of the expression to the housekeeping gene
GAPDH for rat analysis. The following rat primer se-
quences were used: NLRP3 forward primer 5′-GCTAAG
AAGGACCAGCCAGA-3′ and reverse primer 5′-CCAG
CAAACCTATCCACTCC-3′; ASC forward primer 5′-
TTGCTGGATGCTCTGTATGG-3′ and reverse primer
5′-CCAAGTAGGGCTGTGTTTGC-3′; Caspase-1 for-
ward primer 5′-AGATGCCAACCACTGAAAGG-3′ and
reverse primer 5′-GCATGATTCCCAACACAGGT-3′;
GAPDH forward primer 5′-GAACATCATCCCTGCATC
CA-3′ and reverse primer 5′-CCAGTGAGCTTCCCGT
TCA-3′.

HE and Immunohistochemistry

Rat lung tissue samples were fixed in 4 % parafor-
maldehyde for 48 h at 4 °C and processed for paraffin
embedding. Paraffin-embedded blocks were cut into
4 μm thick sections and mounted onto slides. Some sec-
tions were stained with hematoxylin and eosin and ana-
lyzed by a pathologist who was blinded for group identity.
The lung injury was scored according to a histology scor-
ing system [15]. Four pathologic parameters were scored

on a scale of 0–4: (1) alveolar congestion, (2) hemorrhage,
(3) leukocyte infiltration, and (4) thickness of alveolar
wall/hyaline membranes. A score of 0 represents normal
lungs; 1, mild, <25 % lung involvement; 2, moderate, 25–
50 % lung involvement; 3, severe, 50–75 % lung involve-
ment and 4, very severe, >75 % lung involvement. The
total histology score was expressed as the sum of the score
for all parameters.

The rest sections preparing for immunohistochemis-
try were pretreated at 60 °C for 1 h, then dewaxed in
xylene, hydrated, and washed in 0.01 mol/L of citrate
buffer. After inhibiting endogenous peroxidase using 3 %
H2O2 in methanol, the sections were incubated with anti-
caspase-1 polyclonal antibody (Santa Cruz, CA, USA)
overnight at 4 °C. The sections were then thoroughly
washed with a phosphate-buffered saline solution, after
which point the corresponding secondary antibodies were
applied and incubated at room temperature for 30 min.
Reaction products were visualized following incubation
with diaminobenzidine and then counterstained with he-
matoxylin. Negative controls were generated by omitting
the primary antibodies.

Western Blot Analysis

Rat lung tissue samples were harvested and frozen in
liquid nitrogen immediately until homogenization. Pro-
teins were extracted from the lungs using a Nuclear and
Cytoplasmic Protein Extraction Kit (Beyotime Biotechnol-
ogy, China) according to the manufacturer’s protocol. To
extract the total protein from lung tissue, protein concen-
trations were determined by BCA protein assay kit and
equal amounts of protein were loaded per well on a 10 %
sodium dodecyl sulfate polyacrylamide gel. Subsequently,
proteins were transferred onto polyvinylidene difluoride
membrane. The membranes were washed in Tris-buffered
saline with Tween 20 and incubated in 5 % skim milk
(Sigma) at room temperature for 2 h on a rotary shaker
and followed by TBS-T washing. Incubations with rabbit
polyclonal antibodies specific for NLRP3, ASC, and
caspase-1 in diluent buffer (5 % skimmilk in TBS-T) were
performed overnight at 4 °C. Then the membrane was
washed with TBS-T followed by incubation with the
peroxidase-conjugated secondary antibody at room tem-
perature for 1 h. Immunoreactive bands were visualized
with an enhanced chemiluminescence Western blot kit in
accordance with the manufacturer’s instructions. The β-
actin Western blot was performed as the internal control of
protein loading. The signals were detected with an en-
hanced chemiluminescence kit (Pierce) and exposed on
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X-ray film. After the film was scanned with a GS-700
imaging densitometer (Bio-Rad, Hercules, CA), a quanti-
tative analysis was performed using Multi-Analyst soft-
ware (Bio-Rad).

Cell Culture

RAW264.7 mouse macrophage was obtained from
Cell bank, Shanghai Institute for Biological Sciences, Chi-
nese Academy of Sciences, Shanghai, China. Cells were
cultured in 10 cm plates and maintained in high-glucose
Dulbecco’s modified Eagle’s medium (Gibco, Grand Is-
land, NY, USA) supplemented with 10 % fetal bovine
serum (Gibco), 2 mM glutamine, and 1 % streptomycin/
penicillin in a 37 °C humidified incubator with 5 % CO2.
The medium was changed every 2 days.

MTTAssay for Cell Viability

The cytotoxic effects of paraquat to RAW264.7
mouse macrophages were assessed using the 3-(4, 5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bro-
mide (MTT) assay. The RAW264.7 mouse macrophages
were seeded into 96-well plates (5×104 cells per well in
100 μL of medium). The cells were exposed to different
concentrations (0, 10, 50, 100, 500, and 1,000 μM) of
paraquat and incubated for 24 and 48 h after the cells
were adhered. At the end of the incubation period, 10 μL
of 0.5 mg/mL MTT was added to each well. After
incubation for an additional 4 h in a 37 °C humidified
incubator, the supernatant was discarded, and 150 μL of
DMSO was added. After the formazan product was
dissolved, the absorbance was measured at 570 nm, using
a Bio-TekMQX 680 (Bio-Tek Instruments Inc., Winooski,
VT, USA).

Quantitative Analysis of IL-1β and IL-18 Production
in Macrophage Supernatants after NLRP3
Inflammasome Inhibition

RAW264.7 mouse macrophages (1×105 cells/ml) in
96-well plates were treated with 100 μM PQ, and NLRP3
inflammasome blocker glybenclamide was individually
preincubated with macrophages at different concentrations
(0, 10, 50, and 200 μM) 30 min before PQ treatment to
verify the inhibition. At 24 h later, the levels of IL-1β and
IL-18 in macrophage supernatants were measured via Elisa
assays prescribed above in vivo.

Statistical Analyses

The data were expressed as the mean±SD. Statistical
analyses were carried out using SPSS 16.0. Independent
sample ttest was used to compare means between the PQ
poisoning group and control group. One-way ANOVA
followed by the Student–Newman–Keuls test was used to
compare the results that were obtained in glybenclamide
pretreatment groups with different doses. P<0.05 was
considered to be statistically significant.

RESULTS

PQ Increased the Levels of IL-1β and IL-18 in Rats
BALF

ELISA was used to analyze the production of IL-1β
and IL-18 in the rats BALF at 4, 8, 24, and 72 h after PQ
administration. As shown in Fig. 1a and b, the levels of IL-
1β and IL-18 in the PQ poisoning rats BALF increased
obviously compared with the control (*P<0.05).

PQ Increased MDA Levels and MPO Activity in Rats
Lungs

MDA levels and MPO activity in rats lungs were
significantly higher in the PQ group than those in the
control group (*P<0.05), as shown in Fig. 2a and b. Both
of them were obviously elevated time-dependently.

PQResulted in Relative mRNAExpression and Protein
Levels of NLRP3, ASC, and Caspase-1 in Rats Lungs

As shown in Fig. 3a, b, and c, the relative ASC,
NLRP3, and caspase-1 mRNA expression levels were
increased time-dependently and were 2.7-, 3.8-, and 2.7-
fold, respectively, compared with the control at 72 h. As
shown in Fig. 3d and e, NLRP3 protein levels increased
time-dependently in PQ poisoning rats lungs compared
with the control (*P<0.05). Protein levels of ASC and
caspase-1 did not significantly change at 4 h, but, after
8 h, both of them increased compared with the control
(*P<0.05).

ALI Induced by PQ Is Partly Attenuated by NLRP3
Inflammasome Blocker Glybenclamide in Rats

As shown in Fig. 4a and b, the lungs of rats that were
exposed to PQ for 72 h displayed significant inflammatory
alterations that were characterized by lung edema, alveolar
hemorrhage, inflammatory cell infiltration, and destruction
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of epithelial and endothelial cell structure. Pretreatment
with glybenclamide relieved markedly many histopatho-
logical changes of PQ-induced acute lung injury that were
outlined above.

MPO, But Not MDA in Rats Lungs Was Attenuated
by Glybenclamide

As shown in Fig. 5a and b, the MPO in rats lungs was
decreased when pretreated with middle and high dose of
glybenclamide (#P<0.05). Although there was a down-
ward trend in MDA levels, it was not statistically signifi-
cant compared with the PQ group (P>0.05).

Caspase-1 Activation Was Inhibited by Glybenclamide
in ALI, Including NLRP3 and ASC

Caspase-1 localization in the lung tissues was illus-
trated in Fig. 6a. In the control group, caspase-1-positive
signals were weakly detected in the lung tissues. At 72 h
after PQ administration, caspase-1 positive signals were
observed to be obviously increased in the lung tissues.
Notably, caspase-1-positive signals in the lung tissues were
significantly reduced by pretreatment with glybenclamide.
The results of the Western blot analyses were illustrated in
Fig. 6b. The PQ-poisoning group displayed increased
caspase-1 expression compared with the control group.

Glybenclamide pretreatment reduced caspase-1 protein ex-
pression in the lung tissues significantly (#P<0.05). Mean-
while, the expression of NLRP3 and ASC protein was
reduced when pretreated with glybenclamide at the dose
of 30 and 50 mg/kg (#P<0.05).

Secretion of IL-1β and IL-18 Was Inhibited
by Glybenclamide in ALI

The increased IL-1β and IL-18 protein levels were
attenuated significantly by glybenclamide at 72 h, espe-
cially at the dose of 30 and 50 mg/kg, as shown in Fig. 7a
and b (#P<0.05).

Paraquat Decreased RAW264.7 Mouse Macrophages
Viability

To analyze the effect of paraquat on the viability of
RAW264.7 mouse macrophages, the cells were exposed to
different concentrations of paraquat for 24 and 48 h. The
results from the MTT assay showed that paraquat signifi-
cantly decreased the viability of RAW264.7 mouse macro-
phages in a dose-dependent manner (Fig. 8). After a 24 h
incubation with 100 μM paraquat, the viability of the cells
was reduced by about 14 %. The optimum concentration
(100 μM) of paraquat was chosen for next experiments.

Fig. 1. Levels of IL-1β and IL-18 in the rats BALF at 4, 8, 24, and 72 h after PQ administration. Both of them in the PQ poisoning rats BALF increased
obviously compared with the control. The values presented are the mean±SD (n=6/group). *P<0.05 versus control group.

Fig. 2. MDA levels and MPO activity in rat lungs at 4, 8, 24, and 72 h after PQ administration. Both of them in the PQ poisoning rats lungs increased
significantly compared with the control. The values presented are the mean±SD (n=6/group). *P<0.05 versus control group.
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IL-1β and IL-18 Secreted from RAW264.7 Mouse
Macrophages Treated with Paraquat Were Attenuated
by Glybenclamide

To confirm that that glybenclamide was acting direct-
ly on macrophages secretion of IL-1β and IL-18, macro-
phages exposed with PQ were pretreated with varying
concentrations of glybenclamide. As depicted in Fig. 9,
glybenclamide with high concentrations (50 and 200 μM)
significantly decreased cytokine levels in the supernatant
of macrophages. In correspondence with our in vivo data,

we found that glybenclamide reduced IL-1β and IL-18
secretion from macrophage in a dose-dependent fashion.

DISCUSSION

Paraquat is a very toxic substance for humans and
animals. Intoxication with PQ causes severe clinical situa-
tions including multiple organ damage. PQ is also a strong
pneumotoxicant, especially due to its accumulation in the

Fig. 3. The mRNA expression (a, b, and c) and protein (d and e) levels of NLRP3, ASC, and caspase-1 in rats lungs at 4, 8, 24, and 72 h after PQ
administration. The values presented are the mean±SD (n=6/group). *P<0.05 versus control group.

438 Liu, Zhao, Liu, Li, Wang, and Zhao



lung through a polyamine uptake system and to its capacity
to induce redox cycling, leading to oxidative stress-related
damage. Although the mechanism underlying the develop-
ment of lung injury by PQ is not clear, previous studies
showed that oxidative and inflammatory mediators in-
duced by PQ could result in tissue injury. PQ undergoes
cyclic single electron reduction/oxidation through its qua-
ternary ammonium nitrogen atoms and bipyridyl ring,
producing ROS and elevating oxidase levels. As an oxida-
tive stress marker, MDA levels in rats lungs induced by PQ
were significantly increased in our study. Another marker

for neutrophil infiltration, MPO, was also increased in the
PQ-induced lungs. On other hand, oxidative stress stimu-
lates inflammation by promoting production and secretion
of inflammatory mediators from immune cells. Several
cytokines have been identified to be involved in the mo-
lecular pathogenesis of PQ poisoning, including IL-1β,
TNF-α, IL-6, etc. [16, 17]. PQ-induced ROS can activate
intracellular transcription factors such as NF–κB [13],
thereby enhancing IL-1β expression. IL-1β can upregulate
the expression of endothelial intercellular adhesion mole-
cules essential for the recruit of inflammatory cells to an

Fig. 4. Histopathological changes (a and b) in lung tissues of paraquat-induced acute lung injury rats after glybenclamide pretreatment. Glybenclamide was
intraperitoneally administered 1 h before intraperitoneal administration of PQ. Lung tissue was collected and lung histological evaluation was determined
after PQ administration for 72 h.Glyben-L: glybenclamide at the low dose of 10 mg/kg,Glyben-M: glybenclamide at the middle dose of 30mg/kg,Glyben-H:
glybenclamide at the high dose of 50 mg/kg. The values presented are the mean±SD (n=6/group). #P<0.05 versus PQ group.

Fig. 5. MPO activity and MDA levels (a and b) in lung tissues of paraquat-induced acute lung injury rats after glybenclamide pretreatment. Glybenclamide
was intraperitoneally administered 1 h before intraperitoneal administration of PQ. Lung tissue was collected and lung histological evaluationwas determined
after PQ administration for 72 h.Glyben-L: glybenclamide at the low dose of 10 mg/kg,Glyben-M: glybenclamide at the middle dose of 30mg/kg,Glyben-H:
glybenclamide at the high dose of 50 mg/kg. The values presented are the mean±SD (n=6/group). #P<0.05 versus PQ group.
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area of inflammation [18]. In an in vivo experiment, we
found that the production of IL-1β and IL-18 in the PQ-
poisoning group of rats, BALF increased obviously in a
time-dependent manner compared with the control. Mean-
while, these cytokines were mainly secreted bymonocytes/

macrophages [19], implying that macrophage recruitment
may be indispensable for the development of PQ-induced
lung damage. It was reported that BALF cells consisted of
more than 99 % of macrophages [20]. Therefore,
RAW264.7 mouse macrophages were selected for the

Fig. 6. Effects of glybenclamide on NLRP3, ASC, and caspase-1 protein expression in rats lung induced by PQ. Glybenclamide was intraperitoneally
administered 1 h before intraperitoneal administration of PQ. At 72 h after PQ administration, lung tissue was collected to determine the caspase-1 positive
signal by immunohistochemistry (a) and NLRP3, ASC, caspase-1 protein expression of Western blotting (b). Glyben-L: glybenclamide at the low dose of
10 mg/kg, Glyben-M: glybenclamide at the middle dose of 30 mg/kg, Glyben-H: glybenclamide at the high dose of 50 mg/kg. The values presented are the
mean±SD (n=6/group). #P<0.05 versus PQ group.
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target in vitro study. PQ decreased RAW264.7 mouse
macrophages viability in a dose-dependent fashion and
resulted in a significantly increase of IL-1β and IL-18 in
supernatant of macrophages.

The NLRP3 inflammasome was described to be in-
volved in host responses to a wide variety of pathogens.
Many factors including the efflux of intracellular potassi-
um ions [21], nickel (Ni2+) [22], the lysosomal rupture
[23], and bacterial RNA [24] could result in NLRP3
activation. NLRP3 was also activated upon mitochondrial
damage and release of ROS [25]. This activity was
dependent on the mitochondrial voltage-dependent ion
channels which facilitate the exchange of ions between
the intermembrane space and the cell cytosol. Complex I
inhibition with rotenone led to increased mitochondrial
ROS production [26]. Similarly, inhibitors of ROS produc-
tion or scavengers of ROS, including NAD (P) H oxidase
inhibitors can suppress NLRP3 activation. In addition,
ROS may activate NF–κB signaling pathway, then NF–κB
may induce NLRP3 expre s s ion and NLRP3
inflammasome activity [19]. NF–κB was transferred from
cytoplasm to nucleus, combined with the promoter regions
of target gene transcription and induced the release of

inflammatory cytokines including TNF-α, pro-IL-lβ, and
pro-IL-l8 [27]. These potent pro-inflammatory cytokines
were controlled by two checkpoints: transcription as well
as maturation and release [28]. Caspase-1-mediated acti-
vation and mature of members of the IL-1β cytokine
family led to the recruitment and the activation of other
immune cells, such as neutrophils, at the site of infection
and/or tissue damage [29]. Interestingly, the increased pro-
duction of IL-1β and IL-18 was specific to and dependent
on NLRP3 inflammasome activation. As previously de-
scribed [30], PQ-induced redox cycling could generate a
great amount of ROS including superoxide anions, NO,
and other free radicals, leading to oxidative damage.Mean-
while, PQ can cause intense macrophage activation and
leukocyte infiltration in lung, and increase inflammatory
cytokines and chemokines. Interestingly, granulocytes,
monocytes, and lymphocytes all express NLRP3, suggest-
ing an important role for NLRP3 in primary defense mech-
anisms of the body [31]. In our study, NLRP3
inflammasome including NLRP3, ASC, and caspase-1
expression was significantly increased in rats lungs in-
duced by PQ poisoning compared with the control. Mean-
while, IL-1β and IL-18 cytokines production in PQ group

Fig. 7. Effects of glybenclamide on cytokines secretion in BALF induced by PQ. Glybenclamide was intraperitoneally administered 1 h before intraper-
itoneal administration of PQ. At 72 h after PQ administration, BALF was collected to determine the expression of IL-1β and IL-18 by ELISA (a and b).
Glyben-L: glybenclamide at the low dose of 10 mg/kg,Glyben-M: glybenclamide at the middle dose of 30 mg/kg,Glyben-H: glybenclamide at the high dose
of 50 mg/kg. The values presented are the mean±SD (n=6/group). #P<0.05 versus PQ group.

Fig. 8. Effects of paraquat (PQ) on RAW264.7 mouse macrophage viability. RAW264.7 mouse macrophages were exposed with or without PQ (0, 10, 50,
100, 500, and 1,000 μM) for 24 and 48 h. The cell viability was assessed by MTT assay. The values presented are the mean±SD (n=3).
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were also raised significantly. We considered that PQ gen-
erated a great amount of ROS, induced inflammatory cells
infiltration, and resulted in NLRP3 inflammasome activa-
tion and cytokines including IL-1β and IL-18 secretion.

According to the recent reports, the NLRP3
inflammasome played an important role in many disorders
such as atherosclerosis, cancer, diabetes, acute gout, and
several chronic pulmonary diseases [32], except host pro-
tection against microbial infection. The NLRP3
inflammasome was required for the development of acute
lung injury caused by LPS/mechanical ventilation [33],
hyperoxia [34], hemorrhagic shock [35], etc. NLRP3 de-
letion decreased lung epithelial cell death and caspase-3
levels; attenuated the recruitment of inflammatory cells and
elevation of IL-1β, TNF-α, macrophage inflammatory
protein-2, and monocyte chemoattractant protein-1; sup-
pressed NF–κB levels; and exerted a protective effect
against acute lung injury [34]. To verify the role of NLRP3
inflammasome in ALI induced by PQ, its blocker
glybenclamide was used in our study. Glybenclamide, a
type 2 diabetes drug, is an ATP-sensitive potassium chan-
nel inhibitor and can exert anti-inflammatory effects by
inhibiting the activation of NLRP3 inflammasome induced
by PAMP and DAMP, as well as crystalline substances [14,
36]. Although the mechanism remains to be fully elucidat-
ed, evidence suggests that this inhibitor acts downstream of
the P2X7 receptor but upstream of NLRP3. It also blocks
maturation of caspase-1 and pro-IL-1β. Glybenclamide
has been shown to prevent neutrophil extravasation and
accumulation in animal models [37]. Glybenclamide treat-
ment was associated with a survival benefit during lipo-
polysaccharide induced lethality in mice [14] and also in
patients with gram-negative sepsis [38]. In ventilator-
induced lung injury model, glybenclamide reduced lung
edema, neutrophil influx, and IL-6 levels in BALF. Our
results suggested that glybenclamide pretreatment also

attenuated lung edema and inflammatory cell infiltration,
decreased IL-1β and IL-18 levels in BALF, reduced the
MPO levels in lungs, and inhibited the NLRP3
inflammasome activation. In addition, although there was
a downward trend in MDA levels, it was not statistically
significant compared with the PQ group (P>0.05). We
considered that the NLRP3 inflammasome blocker
glybenclamide only inhibited inflammation by reducing
the secretion of IL-1β and IL-18 but did not exert anti-
oxidant effects. We also found that the secretion of IL-1β
and IL-18 from RAW264.7 mouse macrophages treated
with paraquat was reduced in vitro after the NLRP3
inflammasome was blocked by glybenclamide. NLRP3/
IL-1β and IL-18 pathways may play important roles in
ALI, but the potential mechanism needs to be investigated
further.

CONCLUSIONS

In previous studies, it was found that mature IL-1β
and IL-18 secretion was largely dependent on the NLRP3
inflammasome activation. NLRP3 inflammasome activa-
tion contributed to accelerating caspase-1 maturation and
finally resulting in IL-1β and IL-18 over-production. In
this study, the NLRP3 inflammasome activation and cyto-
kines (IL-1β and IL-18) secretion were induced by PQ in
acute lung injury, and both of them were investigated to be
involved in the inflammation process. Additionally, the
NLRP3 inflammasome inhibition by using glybenclamide
can ameliorate the proinflammatory activity and protect the
lung against inflammatory injury induced by PQ in rats. To
reconfirm the effect, IL-1β and IL-18 secreted from
RAW264.7 mouse macrophages treated with PQ were also
attenuated by glybenclamide in vitro experiments. In con-
clusion, PQ can generate ROS and induce IL-1β/IL-18

Fig. 9. Glybenclamide inhibited PQ-induced IL-1β and IL-18 secretion from mouse macrophages. RAW264.7 mouse macrophages were exposed with
100 μM PQ for 24 h. Glybenclamide (10, 50, 200 μM) was individually preincubated with macrophages 30 min before PQ exposure. Supernatants were
analysed by ELISA for IL -1β and IL-18.Glyben-L: glybenclamide at the concentration of 10 μM,Glyben-M: glybenclamide at the concentration of 50 μM,
Glyben-H: glybenclamide at the concentration of 200 μM. The values presented are the mean±SD (n=3). #P<0.05 versus PQ group.
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secretion via NLRP3-ASC-caspase-1 pathway. So, the in-
tracellular danger sensor NLRP3 inflammasome is essen-
tial for PQ-induced acute lung injury.
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