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NLRP3 inflammasome is engaged in the inflammatory response during acute lung injury (ALI). Purinergic receptor
P2X7 has been reported to be upstream of NLRP3 activation. However, the therapeutic implication of P2X7 in ALI
remains to be explored. The present study used lipopolysaccharide (LPS)-induced mouse model to investigate
the therapeutic potential of P2X7 blockage in ALI. Our results showed that P2X7/NLRP3 inflammasome pathway
was significantly upregulated in the lungs of ALI mice as compared with control mice. P2X7 antagonist A438079
suppressed NLRP3/ASC/caspase 1 activation, production of IL-1β, IL-17A and IFN-γ and neutrophil infiltration but
not the production of IL-10, resulting in a significant amelioration of lung injury.Moreover, blockage of P2X7 signif-
icantly inhibited NLRP3 inflammasome activation and IL-1β production in bone marrow derived macrophages.
Similar results were obtained using another P2X7 inhibitor brilliant blue G (BBG) in vivo. Thus, pharmacological
blockage of P2X7/NLRP3 pathway can be considered as a potential therapeutic strategy in patients with ALI.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Acute lung injury (ALI) or a more severe ALI defined as acute respira-
tory distress syndrome (ARDS) is the major cause of hypoxemic respira-
tory failure in adults during hospitalization with high morbidity and
mortality [1]. Many conditions, such as trauma, infection and sepsis
could lead to ALI [2]. Despite the diversity in etiology, inflammation
takes an indispensable part in the process of ALI. Althoughmanymedical
therapies are used to treat ALI/ARDS, there is still an in-hospital mortality
rate over 30% [1]. Thus, development of novel therapeutic strategies espe-
cially targeting the overwhelming inflammation in ALI remains urgent.

NLRP3 is the best characterized family member of NOD-like recep-
tors (NLRs) that are involved in innate and adaptive immune responses
by composing inflammasomes with other intracellular molecules such
as inflammatory caspases and apoptosis-associated speck-like protein
containing a CARD (ASC) [3,4]. Briefly, upon activation, NLRP3 interacts
with ASCwhich bridges NRLP3 to procaspase 1 and allows for activation
of caspase 1. Once activated, caspase 1 can cleave the proforms of IL-1β
and IL-18 into their mature and active forms [5]. In the lungs, NLRP3
inflammasome activation and IL-1β production are augmented with
LPS challenge in the ALI mice [6].
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P2X7 is a membrane protein which can be activated by extracellular
ATP and act as upstreamof NLRP3 inflammasome tomediate the produc-
tion of IL-1β [7,8]. LPS administration increased P2X7 expression in the
lung parenchyma and P2X7−/− mice showed decreased polymorphonu-
clear cell infiltration, less inflammatory cytokine production and reduced
collagen deposition [8]. However, it is still unknown how P2X7 contrib-
utes to the pathogenesis of ALI. In this study, we demonstrated that phar-
macological blockade of P2X7 by using selective antagonists effectively
ameliorated ALI in mice via inhibiting NLRP3 inflammasome pathway.

2. Materials and methods

2.1. Mice

Male C57BL/6 mice were purchased and housed under specific
pathogen-free conditions in the Experimental Animal Center at Sun
Yat-sen University, Guangzhou, China. Experiments were approved by
the Ethics Committee of Sun Yat-sen University. Mice were kept in
these pathogen-free facilities and the experiments were performed in
accordance with the National Institutes of Health Guide for Care and
Use of Animals.

2.2. LPS-induced acute lung injury (ALI) model

LPS-induced ALI model was created as described previously [9]. Male
C57BL/6mice (8–9weeks of age)were anesthetizedwith intraperitoneal
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ketamine (80 mg/kg) and xylazine (15 mg/kg). 6 mg/kg of LPS (Sigma-
Aldrich, St. Louis, MO, USA) was delivered in 50 μl of phosphate-
buffered saline (PBS) to the lungs via a 20-gauge angiocath catheter
used as an endotracheal tube. The animals were rolled from side to
side after administration to ensure even distribution. The normal control
mice were given intratracheal instillation of PBS only.
2.3. Mouse bone marrow-derived macrophages (BMDMs)

BMDMs were generated from C57BL/6 mice as previously described
[10]. Briefly, femora and tibiae were flushed with cold RPMI 1640 and
cells were suspended in RPMI 1640 medium containing 10% fetal calf
serum (Hyclone, Logan, Utah, USA). Cells were then cultured in a humid-
ified atmosphere containing 5% CO2 at 37 °C with 20 ng/ml macrophage
colony stimulating factor (M-CSF, Life Technologies, Grand Island, NY,
USA) at 5 × 105/ml in culture medium for 6 days. The medium was
changed every 2 days. PE-conjugated mouse anti-CD11b and FITC-
conjugated mouse anti-F4/80 (both from eBioscience, San Diego, CA,
USA) were used to confirm N95% purity of BMDMs by flow cytometric
analysis.

BMDMswere primedwith 1 μg/ml LPS in the presence or absence of
A438079 (5 mM) for 4 h followed by stimulation with ATP (5 mM) for
1 h. Following different interventions, cell supernatants were collected
for detection of IL-1β by ELISA (R&D Systems, Minneapolis, USA) ac-
cording to the manufacturer's instructions. Cells were subjected to
Western blot analysis of NLRP3 inflammasome activation.
2.4. Pharmacological blockage of P2X7

A438079 (Abcam, Cambridge, UK) was diluted at 5 mg/ml in saline.
As previously described [11], mice were treated intraperitoneally with
A438079 (80mg/kg) every 24 hwhile thefirst injection began at 1 h be-
fore LPS administration. Groups of 6 mice were sacrificed 48 h after LPS
administration. The bronchoalveolar lavage (BAL) fluid was collected
for cell counts, protein quantification and Enzyme-linked immunosor-
bent assay (ELISA). Lung tissues were collected for histology, immuno-
histochemistry, ELISA and western blot analysis.

Another P2X7 antagosist Brilliant blue G (BBG, Sigma-Aldrich,
St. Louis, MO, USA) was also used in this study. BBG was diluted at
3mg/ml in vehicle (saline) solution. Mice were treated intraperitoneally
with BBG (45.5 mg/kg) every 48 h while the first injection began at 1 h
before LPS administration, as previously described [12]. Mice were
sacrificed 48 h after LPS administration.
2.5. Bronchoalveolar lavage

Bronchoalveolar lavage (BAL) was performed as previously de-
scribed [13]. Briefly, mice were anesthetized and sacrificed by heart
puncture after opening the thoracic cavity. The trachea was exposed
and an 18G sterile needle with blunt end was inserted into the trachea
through a small semi-excision. 0.8 ml PBS was injected and withdrawn
for the first lavage. The lavage procedure was repeated twice. A total
volume of 2.4 ml BAL fluid per mouse was collected. The BAL fluid was
centrifuged at 300 g for 10min to pellet cells. Supernatantswere collect-
ed for ELISA and total protein analysis. The pelleted cells were resus-
pended in a small volume of serum-free DMEM culture medium (Life
Technologies, Grand Island,NY, USA). Total cell countswere determined
on a grid hemocytometer. Differential cell counts were enumerated on
cytospin-prepared slides that were stained with Wright–Giemsa stain.
A total of 500 cells were counted in cross-section per sample, and the
number of neutrophil was calculated as the total cell count times the
percentage of neutrophil in the BALF sample. Total protein levelwas de-
termined by using BCA Protein Assay Kit (Thermo Fisher Scientific,
Rockford, IL, USA) according to the manufacturers' instructions.
2.6. Enzyme-linked immunosorbent assay (ELISA)

IL-1β, IL-10, IL-17A and IFN-γ in lung tissues and BAL fluid were
measured using ELISA kits for mouse IL-1β and IL-10 (R&D Systems,
Minneapolis, USA) and ELISA Ready-Set-Go kit for mouse IL-17A and
IFN-γ (eBioscience, San Diego, CA, USA), respectively, following the
manufacturers' instructions.

2.7. Histology and immunohistochemistry

Paraformaldehyde-fixed, paraffin-embedded lung tissues were sec-
tioned for hematoxylin and eosin staining and immunohistochemical
staining of F4/80 (Abcam, Cambridge, UK) and IL-1β (Santa Cruz Bio-
technology, Dallas, Texas, USA). Sections were counterstained with he-
matoxylin. The number of F4/80+ cells in the lung was counted in 20
consecutive fields under high power fields (hpf) (×40) and expressed
as cells/hpf.

2.8. Western blotting

Proteins from lung tissues were extracted with cell lysis buffer
(Cell Signaling Technology, Beverly, MA, USA) and analyzed by western
blotting as described previously [14]. The primary antibodies used in
this study included: mouse anti-NLRP3 (Adipogen, San Diego, CA,
USA), rabbit anti-P2X7 antibodies (Abcam, Cambridge, UK), mouse
anti-caspase1-p20 (Adipogen), rabbit anti-ASC (Adipogen) and anti-
GAPDH antibodies (Santa Cruz Biotechnology). HRP conjugated anti-
mouse and anti-Rabbit IgG (both from Cell Signaling Technology) were
used as secondary antibodies. Signals were detected with enhanced
chemiluminescence (Cell Signaling Technology).

2.9. Statistical analysis

Data were presented as mean ± SEM. Statistical analyses were per-
formed using one-way ANOVA. All data were analyzed using SPSS soft-
ware (version 16.0). P values less than 0.05 were considered significant.

3. Results

3.1. A438079 inhibited the activation of NLRP3 inflammasome in mice
with ALI

Expression of the P2X7/NLRP3 inflammasome pathway was exam-
ined in the mouse model of LPS-induced lung injury. Enhanced protein
expression of P2X7, NLRP3, and ASC was observed in the lungs from
LPS-induced lung injury mice compared with control mice treated by
PBS (Fig. 1). The active caspase 1-p20 subunit represents the highly ac-
tive p20/p10 tetrameric forms of processed caspase 1. Expression of the
p20 subunit of caspase 1 was significantly elevated in the lungs from
LPS-induced lung injury mice compared with normal control mice
(Fig. 1).

The effects of the selective P2X7 inhibitor A438079 on activation of
the NLRP3 inflammasome were tested. Expression of P2X7, NLRP3,
ASC and caspase 1-p20 in lung tissue was significantly downregulated
by A438079 treatment as demonstrated by western blot analysis
(Fig. 1). However, expression of pro-caspase1 which is the precursor
form of active caspase1p20 was not influenced by A438079.

3.2. A438079 ameliorated histopathologic injury in mice with ALI

The effects of A438079 on lung injury induced by LPS were investi-
gated by histological examinationwith H&E staining and immunohisto-
chemical staining of F4/80. As shown in Fig. 2a, inflammatory cell
infiltration was observed in the pulmonary interstitium of LPS-
induced lung injury mice and was significantly reduced by A438079
treatment. In addition, large number of F4/80+ macrophages was also



Fig. 1. A438079 suppresses activation of P2X7/NLRP3 pathway in LPS-induced lung injury
mice. a, representativeWestern blot bands showed the protein expression of P2X7, NLRP3,
ASC, pro-caspase 1, caspase 1p20 and GAPDH in the lung tissue at day 2 after LPS induc-
tion. b, Quantitative data showed respective protein expressions normalized to the values
for GAPDH. Each bar represents mean ± SEM (n = 6). **P b 0.01 versus normal control
(PBS) mice; #P b 0.05, ##P b 0.01 versus LPS-induced lung injury mice. NS = not
significant.

Fig. 2. A438079 ameliorates lung injury and inflammatory cell infiltration in LPS-induced
lung injurymice. a, HE staining of lung sections. Original magnification×200. b, Immuno-
histochemistry staining of F4/80+ macrophages in lung tissues. c, Semiquantification of
F4/80+macrophages infiltration in the lungs. Results show that A438079 treatment atten-
uates pulmonary injury at day 2 after LPS induction. Each bar represents mean ± SEM
(n = 6). **P b 0.01 versus normal control (PBS) mice; ##P b 0.01 versus LPS-induced
lung injury mice.
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detected in the LPS-induced injured lungs andwas significantly reduced
by A438079 treatment (Fig. 2b and c).

3.3. A438079 decreased cell counts and total protein level in BAL fluid

To further investigate the effect of A438079 on lung inflammation,
BAL fluids were collected for cell counts (Fig. 3b and c), Wright–Giemsa
staining (Fig. 3a) and total protein analysis (Fig. 3d). In normal control
mice, there were very few cells observed in the BAL fluid and almost
100%were alveolarmacrophages. However, over 90% cells were neutro-
phils observed in the BLA fluids from the LPS-induced lung injury mice.
In contrast, A438079 significantly reduces neutrophil and total cell
number. Coincident with the cell counts, the total protein level was
also elevated in the LPS-induced lung injury group, which was signifi-
cantly reduced by A438079 treatment (Fig. 3d).

3.4. A438079 reduced IL-1β level in both lung tissue and BAL fluid

IL-1β is an important downstream molecular modulated by P2X7/
NLRP3 inflammasome pathway and acts as pivotal inflammatory factor
in the LPS-induced lung injury. IL-1β expression in lung tissue and BAL
fluid was apparently enhanced in the LPS-induced lung injury mice
compared with normal control. The selective P2X7 inhibitor A438079
significantly inhibited IL-1β production as measured by ELISA (Fig. 4b
and c). Similar results were confirmed by immunohistochemistry stain-
ing of IL-1β in lung sections as shown in Fig. 4a.

3.5. A438079 reduced IFN-γ and IL-17A level but not IL-10 level in both
lung tissue and BAL fluid

IFN-γ and IL-17Awere also examined by ELISA in this study. The con-
centrations of IFN-γ and IL-17A were remarkably enhanced in the lung
tissue andBALfluids of LPS-induced lung injurymice comparedwith nor-
mal control mice. Furthermore, A438079 treatment significantly sup-
pressed IFN-γ (Fig. 5a and d) and IL-17A (Fig. 5b and e) expression.

IL-10 considered as an anti-inflammatory cytokinewas also remark-
ably upregulated in the lung tissue and BAL fluids of ALImice. However,
IL-10 level was not altered by A438079 treatment (Fig. 5c and f).

3.6. Inhibitory effect of A438079 on NLRP3 inflammasome activation and
IL-1β production in mouse macrophages

In vitro, bone marrow derived macrophage was used to test the in-
hibitory effects of A438079 (Fig. 6). Expression of NLRP3 and ASC and
activation of caspase 1 as evidenced by the increase of caspase1p20 as
well as IL-1β production were enhanced with treatment of LPS and
ATP. Enhanced expression of NLRP3 and ASC and activation of caspase
1 as well as IL-1β production were significantly inhibited by A438079.
In contrast, expression of pro-caspase1 which is the precursor form of
active caspase1p20 was not influenced by A438079.

3.7. BBG inhibited NLRP3 inflammasome activation in ALI mice

To further confirm that the in vivo effect of P2X7 blockage is mediat-
ed through inhibition of NLRP3 pathway, we treated ALI mice with an-
other selective P2X7 inhibitor, BBG. Similar inhibitory effects on NLRP3



Fig. 3. A438079 decreases cell counts and protein level in BAL fluid. a, Wright–Giemsa staining of cytospun cells from BAL fluids. b, Total cell counts of BAL fluids in PBS (normal control),
LPS (LPS-induced lung injury) and LPS + A438079 (treatment) groups. c, Neutrophil counts in BAL fluid. d, Total protein level in BAL fluids. Each bar represents mean ± SEM (n = 6).
**P b 0.01 versus normal control (PBS) mice; ##P b 0.01 versus LPS-induced lung injury mice.
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inflammasome activation and IL-1β productionwere observed as shown
in Fig. 7. Inhibition of NLRP3 pathway resulted in reductions of inflam-
mation (Fig. 8a) and macrophage infiltration (Fig. 8b) in the lungs of
ALI mice. The total cell count (Fig. 8c) and protein level (Fig. 8d) in BAL
fluids were also significantly reduced by BBG treatment.
Fig. 4.A438079 inhibits IL-1β production in lung tissues and BAL fluids. IL-1β in tissue homogen
tissues. b, IL-1β levels in lung tissues. c, IL-1β levels in BAL fluid. Each bar represents mean ±
induced lung injury mice.
4. Discussion

Inflammation is the hallmark in the development of ALI. However,
the initiation and modification of this critical process are still beyond
clear interpretation. LPS-induced lung injury mouse model was used
ate or BAL fluidwasmeasured by ELISA. a, Immunohistochemistry staining of IL-1β in lung
SEM (n = 6). **P b 0.01 versus normal control (PBS) mice; ##P b 0.01 versus control LPS-



Fig. 5. A438079 inhibits IFN-γ and IL-17A but not IL-10 production in lung tissues and BAL fluids. Cytokine level in tissue homogenate or BAL fluidwasmeasured by ELISA. a and d, IFN-γ levels
in lung tissues (a) andBALfluid (d). b and e, IL-17A levels in lung tissues (b) andBALfluid (e). c and f, IL-10 levels in lung tissues (c) andBALfluid (f). Each bar representsmean±SEM(n=6).
**P b 0.01 versus normal control (PBS) mice; #P b 0.05, ##P b 0.01 versus LPS-induced lung injury mice. NS = not significant.
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in the present study which is manifested as damage of alveolar walls,
neutrophil accumulation and release of inflammatory cytokines [9].
This study showed that blockade of P2X7 effectively ameliorated ALI
via inhibiting NLRP3 inflammasome pathway.
Fig. 6. A438079 inhibits NLRP3 inflammasome activation in mouse bone marrow derived mac
A438079 (5 mM) for 4 h followed by stimulation with ATP (5 mM) for 1 h. The NLRP3 infl
caspase1p20. a, representativeWestern blot bands showed the protein expression of NLRP3, AS
expressionsnormalized to the values for GAPDH. c, IL-1β levels in cell supernatants fromBMDM
group; #P b 0.05, ##P b 0.01 versus LPS + ATP group. NS = not significant.
P2X7 is expressed by many types of cells such as monocyte/
macrophage [15], dendritic cells [16], lymphocytes [15], endotheli-
al cells [17], mast cells [18], eosinophils [19] and alveolar type I ep-
ithelial cells [20]. Increasing data show P2X7 is correlated with
rophages (BMDMs). BMDMs were primed with 1 μg/ml LPS in the presence or absence of
ammasome activation was evaluated by expression of NLRP3, ASC, pro-caspase 1 and
C, pro-caspase 1, caspase1p20 andGAPDH. b, Quantitative data showing respective protein
s determined byELISA. Eachbar representsmean±SEM (n=3). **P b 0.01 versus LPS only



Fig. 7. BBG suppresses activation of P2X7/NLRP3 pathway in LPS-induced lung injurymice. a, representativeWestern blot bands showed the protein expression of P2X7, NLRP3, ASC, pro-
caspase 1, caspase 1p20 and GAPDH in the lung tissue at day 2 after LPS induction. b, Quantitative data showing respective protein expressions normalized to the values for GAPDH. Each
bar represents mean ± SEM (n = 6). **P b 0.01 versus normal control (PBS) mice; #P b 0.05, ##P b 0.01 versus LPS-induced lung injury mice. NS = not significant.
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inflammation. Activation of P2X7 in human macrophages triggers
the release of IL-1β and IL-18 [21]. P2X7 null mice are protected
from ALI induced by LPS [8]. In this study, P2X7 expression was
significantly enhanced at the protein level in the lung tissues
from ALI mice, paralleled with alveolar damage and inflammatory
cytokine production. To dissect the functional role of P2X7 in ALI,
a selective P2X7 antagonist A438079 was used to treat the ALI
mice. We found that blockage of P2X7 inhibited the activation of
NLRP3 inflammasome pathway, neutrophil accumulation and pro-
duction of proinflammatory cytokines, resulting in reduction of
lung damage.

IL-1β is an importantmediator of the inflammatory response, which
is proteolytically processed to its active from by caspase 1. The critical
link between P2X7, IL-1β and NLRP3 has been brought to light recently.
P2X7 has been reported as a trigger for NLRP3 activation [22]. Activation
Fig. 8. BBG ameliorates lung injury and inflammatory cell infiltration in LPS-induced lung injury
F4/80+macrophage infiltration in the lung tissues. c, Total cell counts of BAL fluids. d, Total pro
control (PBS) mice; #P b 0.05, ##P b 0.01 versus LPS-induced lung injury mice.
of NLRP3 results in assembly of the NLRP3/ASC/caspase 1 complex
which facilitates caspase 1-mediated processing and release of the pro-
inflammatory cytokine IL-1β [23]. Previous studies have shown that
NLRP3 and caspase 1 regulate the inflammatory process in many lung
diseases such as ALI [24,25], Chlamydia pneumoniae infection [26],
acute allergic airway inflammation [27], rituximab-induced interstitial
lung disease (R-ILD) [28] and late lung fibrosis [29]. In our study,
NLRP3 was activated in the lungs of ALI mice accompanied with en-
hanced expression of P2X7. Blockade of P2X7 resulted in inhibition of
NLRP3/ASC/caspase 1 activation, suppression of IL-1β production and
attenuation of lung injury, all of which indicates that the P2X7/NLRP3
pathway is involved in the pathogenesis of ALI.

IL-17 is another indispensable proinflammatory cytokine produced
by T-helper cells (Th17) and is upregulated by IL-1β, IL-18, IL-6 and
IL-23 [30]. IL-17 acts as a potent mediator in autoimmunity and
mice. a, HE staining of lung sections. Originalmagnification ×200. b, Semiquantification of
tein level in BAL fluids. Each bar represents mean± SEM (n=6). **P b 0.01 versus normal
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neutrophil inflammation by increasing chemokine production in
various tissues to recruit monocytes and neutrophils to the site of
inflammation. IL-17A could regulate CXC chemokine and G-CSF produc-
tionwhich is necessary for neutrophil differentiation, activation and re-
cruitment [31,32]. IL-17 producing γδ T and Th17 lymphocytes are
reported to mediate lung inflammation in experimental silicosis while
IL-17R-deficient animals or IL-17A antibody neutralization reduced
neutrophil influx and lung injury [33]. IL-17 is also found to mediate
ALI induced by influenza A (H1N1) virus [34]. In our study, IL-17A was
markedly elevated in the lung tissues and BAL fluids of ALImice as dem-
onstrated by ELISA analysis. Blockade of P2X7with A438079 significant-
ly reduced IL-17 production as well as neutrophil accumulation in
conjunction with inhibition of NLRP3 pathway. In addition, IFN-γ is a
key contributor to human pulmonary injury and to the viral-storm dur-
ing SARS coronavirus infection and in acute respiratory distress syn-
drome (ARDS) [35–37]. Our data showed that blockade of P2X7 also
suppressed the production of IFN-γ.

In this study, the expression of the NLRP3 inflammasome compo-
nents is upregulated in ALI mice. Such an increase in inflammasome
components might be simply due to the increased population of innate
immune cells in the lung tissues during ALI. Therefore, the suppressed
expression of NLRP3 inflammmasome components by P2X7 treatment
might reflect the reduced infiltration of innate immune cells. However,
the activation of NLRP3 inflammasome was also significantly inhibited
by P2X7 treatment, as evidenced by reduced cleavage of caspase 1, sug-
gesting that therapeutic effects of P2X7 blockage is mediated through
inhibition of NLRP3 activation rather than non-specific reduction of in-
flammatory infiltration. This was confirmed by our in vitro study using
BMDMs, which showed over 50% decline in caspase 1 activation with
the treatment of P2X7 antagonist.

Activation of the NLRP3 pathway is proposed to require two signals.
Signal 1 for priming is a cytokine or Toll-like receptor ligand such as LPS,
which trigger the synthesis of NLRP3. Signal 2 is the activation signal
such as ATP, nigericin or monosodium urate, which acts through the
P2X7 receptor [38,39]. In our study, BMDMs were primed with LPS in
the presence or absence of A438079 for 4 h followed by stimulation
with ATP for 1 h. It is surprising to note that A438079 not only inhibited
NLRP3 activation but also decreased the expression of NLRP3 and ASC.
This finding suggests that A438079 also has other unspecified effects
during the priming. Indeed, a recent study has shown that treatment
with A438079 inhibits ERK1/2 phosphorylation [40]. Since NF-κB is re-
quired for the synthesis of NLRP3 induced by LPS [38], inhibition of
ERK (upstream of NF-κB [41]) may reduce the expression of NLRP3.

In conclusion, the results of this study identify a new target for ALI
therapy. Our data have shown that blockage of P2X7 signaling effective-
ly ameliorated ALI by inhibiting NLRP3 inflammasome activation.
Therefore, targeting the P2X7/NLRP3 signaling pathwaywould be a po-
tential therapeutic strategy for human ALI.
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