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Abstract
Our previous study showed that high levels of HMGB1 existed in rats following cardiopulmonary bypass (CPB)-induced
acute lung injury (ALI) and neutralization of high-mobility group box 1(HMGB1) reduced CPB-induced ALI. However, the
mechanism by which CPB increases HMGB1 secretion is unclear. Recent studies have shown that inflammasome-mediated
cell pyroptosis promotes HMGB1 secretion. This study aimed to investigate the relationship between inflammasome-
mediated pyroptosis and HMGB1 in CPB-related ALI. We employed oxygen-glucose deprivation (OGD)-induced alveolar
macrophage (AM) NR8383 pyroptosis to measure HMGB1 secretion. We found that OGD significantly increased the levels
of caspase-1 cleaved p10, IL-1β and ASC expression, caspase-1 activity and the frequency of pyroptotic AM, and promoted
the cytoplasm transportation and secretion of HMGB1, which were significantly mitigated by ASC silencing or pre-
treatment with glyburide (a Nlrp3 inhibitor) in AM. CPB also increased the expression levels of Nlrp3, ASC, caspase-1 P10,
and IL-1β, and the percentages of AM pyroptosis in the lungs of experimental rats accompanied by increased levels of serum
and bronchoalveolar lavage fluid (BALF) HMGB1. Treatment with glyburide significantly mitigated the CPB-increased
ASC, caspase-1 p10 and IL-1β expression, and the percentages of AM pyroptosis in the lungs, as well as the levels of
HMGB1 in serum and BALF in rats. Therefore, our data indicated that the Nlrp3/ASC-mediated AM pyroptosis increased
HMGB1 secretion in ALI induced by CPB. These findings may provide a therapeutic strategy to reduce lung injury and
inflammatory responses during CPB.

Introduction

Cardiopulmonary bypass (CPB) can cause acute lung injury
(ALI), which remains a serious complication [1]. During the
process of CPB, pulmonary ischemia/perfusion (I/R) can
induce oxidative stress and inflammation, leading to lung
damages [2]. Hence, control of inflammation will be of
significance in management of patients with CPB.

High-mobility group box 1 (HMGB1) is a ubiquitous
nuclear protein that can be released by activated alveolar
macrophage (AM) during the process of pulmonary I/R [3].
The secreted HMGB1 can induce acute injury and inflam-
mation [4]. Our previous study has found that HMGB1 is
crucial for the development of ALI following hepatic I/R
and CPB [5, 6]. HMGB1 can feedback enhance the activity
of AM through toll-like receptor 4 (TLR4) to produce high
levels of pro-inflammatory cytokines, contributing to the
progression of ALI [7].
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Our preliminary study indicated that during the process
of CPB, pulmonary I/R promoted abnormal high levels of
HMGB1 secretion from AM, and neutralization of HMGB1
by specific antibodies alleviated lung injury during CPB.
Accordingly, inhibition of HMGB1 secretion during CPB
may be valuable in reducing lung inflammation and alle-
viating lung injury. However, the mechanisms underlying
abnormal HMGB1 secretion from AM during CPB remain
unclear.

Pyroptosis is a novel form of programmed cell death,
with unique morphological and biochemical features that
are different from necrosis and apoptosis [8]. Pyroptosis is
commonly observed in infected macrophages and dendritic
cells, depending on the caspase-1 activation [9]. It is well
known that during the process of pyroptosis, inflamma-
somes can activate and cleave caspase-1 into casapse-1 p10
and caspase-1 p20 to form membrane pores (1.1–2.4 nm),
swelling, DNA fragmentation, and eventually osmotic lysis
of macrophages, leading to effusion of inflammatory cyto-
kines such as IL-1β and IL-18 [10]. Nlrp3 inflammasome is
one of the four inflammasomes (Nlrp1, Nlrp3, Ipaf, and
AIM2) [10, 11], which can directly interact with the adaptor
ASC to activate caspase-1, leading to cell pyroptosis [10,
12]. Furthermore, Nlrp3 can also interact with caspase-8 or
caspase-11 through a non-canonical inflammasome pathway
to promote IL-1β and IL-18 maturation particularly during
bacterial infection [13, 14]. In addition, intracellular lipo-
polysaccharides (LPS) from bacterial infection can activate
caspase-11 and cleave gasdermin D, leading to NLRP3-
dependent caspase-1 activation and pyroptosis [15]. More-
over, Nlrp3 regulates the development of dendritic cells
during chronic bacterial infection in a non-canonical
inflammasome and ASC-independent manner [16], and
nuclear Nlrp3 can interact with the transcription factors to
promote cytokine production in Th2 cells [17]. Previous
studies have shown that Nlrp3 is crucial for I/R-induced
brain injury [18], and Nlrp3 silencing ameliorates the I/R-
induced myocardial infarct [19]. Nlrp3 can stimulate high
levels of IL-1β and IL-18 production during the process of
I/R-induced renal injury [20]. A recent study has shown that
the ASC-mediated caspase-1 activation can promote
abnormal secretion of HMGB1 during the process of
hepatic I/R injury [21]. Subsequently, HMGB1 can feed-
back enhance macrophage cell pyroptosis through ASC-
induced caspase-1 activation [22]. Accordingly, we hypo-
thesize that Nlrp3/ASC-induced AM pyroptosis may med-
iate HMGB1 abnormal secretion during the process of ALI
induced by CPB.

In this study, we employed a rat model of CPB and
in vitro cell model of oxygen and glucose deprivation to
examine whether the Nlrp3/ASC-induced AM pyroptosis
and HMGB1 secretion leads to ALI.

Materials and methods

Experimental animals

The experimental protocols were approved by the Animal
Care and Use Committee of School of Medicine, Shanghai
Jiaotong University (Shanghai, China). All animals received
human care, according to the guidelines for animal care
published by the National Institutes of Health of United
States. Male Sprague-Dawley (SD) rats at 12 weeks of age
and weighing 400–450 g were purchased from Shanghai
Laboratory Animal Company (SLAC, Shanghai, China).
The rats were housed in a specific pathogen-free facility
with a cycle of 12-h light/dark and free access to food and
water.

Surgical procedures

A rat model of CPB was established, as described pre-
viously with some modifications [23]. Briefly, individual
rats were injected intraperitoneally with 40 mg/kg
pentobarbital and inserted with a 14-G cannula into the
trachea, followed by mechanically ventilated with 8 ml/kg
tidal volume, the Peak End Expiratory Pressure (PEEP)
of 5 cm H2O, respiration rate of 60 cycles per minute, and
30% oxygen (TOPO ventilator, USA). The rat was admi-
nistrated systemically with heparin (250 IU/Kg) and its right
femoral artery was cannulated with a 22-G catheter
(Sinorgmed, Shandong, China) to monitor the mean
arterial pressure (MAP) with a blood pressure instrument
(HEWLETT PACKARD, HP, Germany) and to examine
the arterial blood gas using the instrument (GEM3000,
GE Health, USA). The tail artery was cannulated with a 22-
G catheter for arterial infusion during the CPB circuit.
The right external jugular vein was inserted with a 14-G
catheter to drain blood by gravity to the venous reservoir.
The venous reservoir was connected with a tubing roller
pump (Masterflex L/S, USA) and rat membrane oxygenator
through special pipe (Xijing Medical Instrument, China).
The circuit was connected with the infusion line. The
roller pump was used to infuse the oxygenated venous
blood to the rat body at a rate of 120–140 ml/kg/min for 1 h.
After 1 h, the cannulas were removed and the remaining
blood in the pipe was gradually transferred to the rat. The
incisions were sutured. The sham control rats were anes-
thetized, ventilated, and cannulated, but did not receive
CPB.

In addition, some control and experimental rats were
injected intraperitoneally 1 h before the sham or CPB with
50 mg/kg glyburide (Sigma-Aldrich), which is an anti-
diabetic drug and inhibitor of the NLRP3 inflammasome
[24].
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After the CPB surgery, the rats were observed for
their recovery in the observation box. Blood samples were
collected from the right atrium of individual rats at 6 h
post CPB, and the serum samples were prepared by cen-
trifugation. Individual rats were anesthetized and subjected
to bronchoalveloar lavage. Briefly, the rat was inserted
with one 14-G catheter into the trachea and lavaged the
both lungs with 10 ml of PBS. The collected BALF was
filtered through a 70-µm BD falcon cell strainers and cen-
trifuged at 700×g for 10 min. After lysis of red blood cells,
the remaining cells were characterized by anti-CD68
staining and immunofluorescence. The cells contained
99% of AM [25]. The rats were sacrificed and their
partial lung tissues were fixed in 4% paraformaldehyde
for 24 h, gradient dehydrated in 20–30% sucrose, and
embedded in OCT. Some lung tissues from individual
rats were frozen in liquid nitrogen and homogenized. The
tissue lysates were used for measurement of caspase-1
activity, total RNA extraction, and Western blot assays.
The remaining lung tissues from the individual rats were
fixed in 10% neutralized formalin overnight and paraffin-
embedded.

AM and establishment of a cellular model of
oxygen-glucose deprivation

Rat AM NR8383 cells were purchased from the Cell Bank
of the Chinese Academy of Sciences (Shanghai, China).
The cells were regularly cultured in Ham’s F-12k medium
(1.2 g/L glucose, Invitrogen, USA), containing 15% fetal
bovine serum (FBS, Hyclone, USA), at 37 °C in 95% air
and 5% CO2. To expose to OGD, the cells were cultured in
glucose-free Ham’s F-12k culture medium in an oxygen-
free N2/CO2 (95/5%) atmosphere for 6 h, and changed to the
regular condition for 6 h.

In some experiments, the control and experimental
groups of cells were pre-treated with 200 µM glyburide [26]
in glucose-free Ham’s F-12k medium for 30 min and sub-
jected to oxygen deprivation or regular culture. In addition,
NR8383 cells were cultured at 50% confluency and trans-
fected with 50 nM ASC-specific siRNA (5-GACAGCG-
GAUGAGUUUAAA-3) or scramble siRNA (scrbl siRNA),
designed and synthesized by Genemeditech (Shanghai),
using lipofectamine 2000 (Invitrogen) for 48 h. The efficacy
of ASC silencing was determined by qRT-PCR and Wes-
tern blot. The cells were subjected to regular culture or
OGD.

Western blot

Fresh lung tissues from individual rats were homogenized
and lyzed in RIPA lysis buffer (Beyotime Biotechology,
China). Different groups of AM cells were lyzed in

RIPA lysis buffer. Their cytoplasmic proteins were extrac-
ted using the NE-PER kit (Thermoscientific, USA). After
quantification of protein concentrations, individual lysate
samples (30 µg/lane) were separated by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
on 10–15% gels (Beyotime Biotechology) and transferred
onto polyvinylidene difluoride (PVDF) membranes. The
membranes were treated with 5% fat-free dry milk in
TBST for 1 h and incubated with primary antibodies,
including anti-Nlrp3 (1:1000 abcam), anti-ASC (1:200),
anti-pro-caspase-1 (1:200), anti-capase-1 p10 (1:200
Santa Cruz Biotech, USA), and anti-β-actin (1:10,000,
CST) at 4 °C for 14 h. After being washed, the bound
antibodies were detected with horseradish peroxidase
(HRP)-conjugated secondary anti-rabbit IgG (1:2000,
Beyotime Biotechology) for 1 h at room temperature
and visualized using the enhanced chemiluminescent
reagent, followed by imaging using the Bio-Rad imaging
system. The relative levels of the target protein to the
control β-actin were quantified using the Image Pro Plus
5.1 software.

Analysis of AM pyroptosis

The collected AM cells from the BALF of individual rats
were stained with Alexa Fluor 488-labeled anti-caspase-1 at
37 °C for 1 h using the FAM-FLICA Caspase Assay Kit
(ImmunoChemistry Technology, Bloomington, MN, USA),
according to the manufacturer’s instruction. After being
washed, the cells were stained with propidium iodide (PI)
for 5 min at room temperature, and the percentages of
Caspase-1+ PI pyroptotic AM were analyzed by flow
cytometry in Beckman Coulter CytoFlex instrument.

Immunofluorescence staining

The different groups of NR8383 cells were fixed
with 4% paraformaldehyde, then were treated with 0.1%
Triton x-100, blocked with 10% BSA in PBS, and
incubated with rabbit anti-HMGB1 (1:350) or rabbit anti-
ASC (1:50) at 4 °C overnight. After being washed, the
sections were incubated with Cy3-conjugated goat anti-
rabbit IgG (1:500 Beyotime Biotechology) for 1 h at room
temperature, followed by counterstaining with DAPI. The
cells were imaged under a confocal microscope (Zeiss
LSM710).

Similarly, the collected AM cells from the BALF of rats
were fixed with 4% paraformaldehyde and treated with
0.1% Triton x-100. After being washed, the cells were
blocked with 10% BSA in PBS, and incubated with mouse
anti-CD68 (1:100 Abcam) at 4 °C overnight. After being
washed, the cells were incubated with Cy3-conjugated goat
anti-mouse IgG (1:1000 Abcam) for 1 h at room
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temperature and counterstained with DAPI. The cells were
imaged under a Fluorescence microscope (Leica).

Real-time PCR

Total RNA was extracted from individual lung tissues and
cell samples using the Trizol (Invitrogen), and each sample (1
µg) of RNA was transcribed reversely into cDNA using the
High Capacity cDNA Reverse Transcription Kit (Thermo-
fisher). The relative levels of target gene mRNA transcripts to
the control GAPDH were determined by quantitative RT-
PCR using the SYBR® Green Real-Time PCR Master Mixes
(Thermofisher) and specific primers. The sequences of

primers were sense 5′-CCCTCATGTTGCCTGTTCTT-3′
and antisense 5′-ACCTCGGCAGAAGCTAGAG-3′ for rat
Nlrp3; and sense 5′-AGACCTCTATGCCAACACAGTGC-
3′ and antisense 5′-GAGCCACCAATCCACACAGAGT-3′
(antisense) for rat GAPDH. Amplification reactions were
performed in duplicate at 95 °C for 30 s, and subjected to 40
cycles of 95 °C for 3 s and 62 °C for 30 s. The data were
analyzed by the 2−ΔΔCT method and expressed as fold change.

ELISA

The levels of HMGB1 and IL-1β in sera, BALF, and
cell supernatants were assessed by ELISA using the specific

Fig. 1 Both OGD and CPB induce AM pyroptosis. Rat AM NR8383
cells were exposed to OGD or cultured in regular medium (control) for
6 h and cultured in regular medium for another 6 h. In addition, rats
were subjected to CPB or sham surgery and sacrificed at 6 h post-
surgery. The relative levels of caspase-1 p45, p10, pro-IL-1β, mature
IL-1β, ASC to the control β-actin expression in the different groups of
AM and the lung tissues were determined by Western blot. The levels
of caspase-1 activity in AM and the lung were determined by the
production of pNA, and the frequency of caspase-1+ PI pyroptotic

AM were characterized by flow cytometry. a, d Western blot analysis
of the pyroptosis-related protein expression in AM and the lung,
respectively. b, e The levels of caspase-1 activity in AM and the lung,
respectively. c, f The frequency of pyroptotic AM and BALF AM,
respectively. Data are representative images or expressed as the mean
± SEM of each group (n= 3 per group for in vitro assay; n= 6 per
group of rats) from three separate experiments. **p < 0.01 vs. the
control group
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kits (SHINO-TEST CORP, Kanagawa, Japan and R&D
Systems, Minneapolis, USA), according to the manu-
facturer’s instructions. The experimental and control
samples were tested in triplicate simultaneously. The
detection limitation is 12 pg/ml for HMGB1 and 9 pg/ml for
IL-1β.

Caspase-1 activity

The caspase-1 activity in individual samples was deter-
mined for the production of pNA using a colorimetric assay
kit (Beyotime BIotechology). Briefly, individual cellular
and lung tissue protein samples (50 µg/each) were incubated

Fig. 2 Knockdown of ASC by specific siRNA mitigates the OGD-
induced AM pyroptosis. NR8383 AM were transfected with ASC-
specific or scramble (scrbl) siRNA for 48 h, and the cells were exposed
to OGD. The relative levels of pyroptosis-related protein expression,
caspase-1 activity, the levels of IL-1β in the supernatants of cultured
cells, and the frequency of pyroptotic AM were determined. In addi-
tion, the cells were stained with Cy3-anti-ASC (red), and counter-
stained with DAPI. The frequency of pyroptotic AM was observed by

a fluorescent microscope. Data are representative images or expressed
as the mean ± SEM of each group (n= 3 per group) from three
separate experiments. **p < 0.01 vs. the control group. ##p < 0.01 vs.
the ASC silenced cells. a The relative levels of pyroptosis-related
protein expression. b The caspase-1 activity. c The levels of IL-1β in
the cell supernatants. d The frequency of pyroptotic AM. e The ASC
foci formation was analyzed by immunofluorescence (magnification
×760)
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in triplicate with 10 nmol Ac-YVAD-pNA in 96-well
microplate at 37 °C overnight. The caspase-1 activity in
the individual wells was measured for absorbance at 405 nm
using a microplate reader.

Histopathological analysis

The paraffin-embedded lung tissue sections (5 μm) were
stained with hematoxylin and eosin (HE). The degrees of
lung injury in individual rats were assessed by two
pathologists in a blinded manner using a 0–3 score system
(0, normal; 1, mild; 2, moderate; 3, strong) for interstitial/
alveolar edema, hemorrhage, alveolar septal thickening, and
infiltration of the inflammatory cells [27].

Statistical analysis

Data are expressed as means ± SEM. The difference
between the two groups was analyzed by Student T test and
the difference among multiple groups was analyzed by
ANOVA and post hoc Tukey’s multiple comparison test
using the Graphpad software. A p-value of <0.05 was
considered statistically significant.

Results

Both OGD and CPB induce AM pyroptosis

Caspase-1 can be activated and cleaved into two fragments
(caspase-1 p10 and p20), via ASC adaptor, inducing cell
pyroptosis [28, 29]. Pro-IL-1β (p35) can be cleaved by
activated capase-1 to produce mature IL-1β (p17) during
cell pyroptosis [12]. To evaluate whether OGD induced AM
pyroptosis, AM cells were exposed to OGD or cultured in
complete medium (control) for 6 h and the relative levels of
caspase-1, cleaved caspase-1 p10, pro-IL-1β, mature IL-1β,
and ASC expression in individual groups of cells were
determined by Western blot. As shown in Fig. 1a, OGD
exposure significantly increased the relative levels of
cleaved caspase-1 p10, pro-IL-1β, mature IL-1β, and ASC
(p < 0.01 for all), but not caspase-1 p45 expression in AM.
Furthermore, OGD exposure significantly increased the
levels of caspase-1 activity in AM and the percentages of
pyroptotic AM in vitro (p < 0.01 for all, Fig. 1b, c). Simi-
larly, in comparison with that in the lungs of the sham
group, the CPB procedure also significantly increased the
relative levels of pro-IL-1β, mature IL-1β, caspase-1 p10,

Fig. 3 Inhibiting AM pyroptosis by ASC silencing reduces the OGD-
enhanced HMGB1 secretion in AM. Following transfection with ASC-
specific siRNA or scramble (scrbl) siRNA, the cells were stained with
Cy3-anti-HMGB1 and DAPI. The distribution of HMGB1 in the dif-
ferent groups of AM was characterized by confocal microscopy. In
addition, the cytosolic and total proteins were extracted, and the
relative levels of cytoplasmic and total HMGB1 in AM were deter-
mined by Western blot. The levels of HMGB1 in the cell supernatants

were determined by ELISA. Data are representative images or
expressed as the mean ± SEM of each group (n= 3 per group) from
three separate experiments. a Immunofluorescent characterization of
HMGB1 distribution in AM (magnification ×740). b Western blot
analysis of the levels of cytoplasmic and total HMGB1 expression in
AM. c The levels of HMGB1 in the supernatants. **p < 0.01 vs. the
control group; ##p < 0.01 or #p < 0.05 vs. the OGD+ASC siRNA
group
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Fig. 4 Inhibition of Nlrp3-related inflammation by glyburide attenu-
ates the OGD-induced and CPB-induced pyroptosis in AM. NR8383
AM were pre-treated with, or without, glyburide for 30 min and
exposed to OGD. In addition, rats were randomized and treated
intraperitoneally with a single dose of 50 mg/kg glyburide 1 h before
the CPB or sham surgery. After 6 h, the levels of Nlrp3 expression and
AM pyroptosis were determined. Data are representative images or
expressed as the mean ± SEM of each group (n= 3 per group for cell
assays; n= 6 per group of rats) from three separate experiments. a, b

Quantitative RT-PCR and Western blot analysis of the levels of Nlrp3
expression in AM and in the lungs. c, h Western blot analysis of the
relative levels of pyroptosis-related protein expression in AM and in
the lungs, respectively. d, i The levels of caspase-1 activity in AM and
the lungs, respectively. e The levels of IL-1β in the cell supernatants. f,
j The frequency of pyroptotic AM and BALF AM. g The ASC foci
formation in AM was analyzed by immunofluorescence (magnification
×760). **p < 0.01 or *p < 0.05 vs. the control group; ##p < 0.01 vs. the
OGD+ glyburide (gly) group or the CPB+ glyburide (gly) group
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and ASC, but not caspase-1 p45 expression in the lungs of
rats (p < 0.01 for all, Fig. 1d). The CPB procedure sig-
nificantly increased the caspase-1 activity in the lungs of
rats and the percentages of pyroptotic AM in the BALF of
rats (p < 0.01 for all, Fig. 1d, f). Together, such data indi-
cated that OGD exposure and CPB procedure induced AM
pyroptosis in vitro and in vivo.

Knockdown of ASC by specific siRNA mitigates the
OGD-induced AM pyroptosis

ASC is crucial for inflammasome-induced caspase-1 acti-
vation and pyroptosis. To investigate the potential role of
ASC in OGD-induced AM pyroptosis, AM cells were
transfected with, or without, control or ASC-specific siRNA
for 48 h and exposed to OGD. The levels of AM pyroptosis
were determined. Transfection with ASC-specific siRNA,
but not control siRNA, significantly reduced the levels of
ASC expression in AM. Knockdown of ASC significantly
mitigated the OGD-upregulated pro-IL-1β, mature IL-1β,
and cleaved caspase-1 p10 expression, but did not affect the
caspase-1 p45 expression in AM (Fig. 2a). Similarly, ASC
silencing decreased the OGD-enhanced caspase-1 activity
and IL-1β secretion in AM (p < 0.01 for all, Fig. 2b, c). ASC
silencing significantly reduced the OGD-stimulated

pyroptosis in AM (p < 0.01 for all, Fig. 2d, e). The ASC foci
formation is crucial for caspase-1 activation and consequent
cell pyroptosis [30]. While the ASC foci formation was
observed in the OGD-exposed cells, it was absent in the
OGD-exposed ASC-silencing AM (Fig. 2e). Hence,
knockdown of ASC mitigated the OGD-triggered pyr-
optosis in AM, indicating that ASC/caspase-1 activation
mediated AM pyroptosis.

Inhibiting AM pyroptosis by ASC silencing reduces
the OGD-enhanced HMGB1 secretion in AM

To analyze how AM pyroptosis affected HMGB1 secretion,
we studied whether knockdown of ASC affected the
OGD-enhanced HMGB1 expression, cytoplasmic translo-
cation, and extracellular release in AM, given that the
translocation of HMGB1 from the nucleus to cytoplasm is
the first step for its extracellular secretion [31]. We found
that HMGB1 was mainly located in the nucleus of the
control macrophage, consistent with other studies [32, 33].
OGD exposure induced HMGB1 translocation to the
cytoplasm, which was significantly abrogated in the
ASC-silencing AM (Fig. 3a). In addition, we measured
the cytoplasmic and total HMGB1 protein levels in the
different groups of AM, and we found that in comparison

Fig. 5 Inhibition of Nlrp3-mediated pyroptosis by glyburide reduces
HMGB1 release from AM. NR8383 AM were pre-treated with, or
without, glyburide for 30 min and exposed to OGD. In addition, rats
were randomized and treated intraperitoneally with a single dose of 50
mg/kg 1 h before CPB or sham surgery. After 6 h, the different groups
of AM NR8383 were stained with Cy3-550-anti-HMGB1 and DAPI,
and characterized by confocal microscopy. The levels of cytoplasmic
and total HMGB1 expression, and HMGB1 in the cell supernatants
were determined. a Immunoflurescent analysis of HMGB1 distribution

in the cultured AM (magnification ×740). b, dWestern blot analysis of
the levels of cytoplasmic and total HMGB1 in the cultured AM and
BALF AM, respectively. c HMGB1 levels in the cell supernatants.
Data are representative images or expressed as the mean ± SEM of
each group (n= 3 per group for cell assays; n= 6 per group of rats)
from three separate experiments. **p < 0.01 vs. the control group; ##p
< 0.01 or #p < 0.05 vs. the OGD+ glyburide (gly) group or the CPB+
glyburide (gly) group
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with that in the control AM, OGD alone or together with
ASC silencing did not affect the total HMGB1 protein
levels (Fig. 3b). However, OGD exposure in AM and the
control siRNA-transfected AM significantly increased the
cytoplasmic HMGB1 levels, which were significantly
reduced in the ASC-silencing AM. A similar pattern of
HMGB1 was detected in the supernatants of the different
groups of AM cultured (Fig. 3c). Thus, inhibiting AM
pyroptosis by ASC silencing mitigated the OGD-enhanced
HMGB1 release in AM.

Inhibition of Nlrp3-related inflammation by
glyburide attenuates the OGD and CPB-induced
pyroptosis in AM

Nlrp3 inflammasome can activate caspase-1 via its adaptor
of ASC, leading to cell pyroptosis [34]. Next, we deter-
mined the impact of Nlrp3 on the OGD-induced and
CPB-induced pyroptosis in AM. We found that both
OGD and CPB significantly upregulated the relative levels

of Nlrp3 mRNA transcripts and protein expression in AM
and the lung tissues of rats, respectively (p < 0.01 for all,
Fig. 4a, b). Pretreatment with glyburide (200 µm) [35] did
not significantly change the levels of pro-IL-1β, IL-1β,
caspase-1 p10 and ASC expression, caspase-1 activity,
IL-1β secretion, and the frequency of pyroptotic control
AM. In contrast, the same treatment significantly mitigated
the OGD-upregulated expression of these molecules,
caspase-1 activity, IL-1β secretion, and the percentages
of pyroptotic AM, but not caspase-1 p45 expression in AM
(p < 0.05 for all, Fig. 4c–f). In addition, inhibition of
Nlrp3-related inflammasomes by glyburide also inhibited
the OGD-induced ASC foci formation in AM (Fig. 4g).
Further determining the importance of Nlrp3 in the
CPB-induced pyroptosis of AM indicated that pre-treatment
with glyburide (50 mg/kg) significantly attenuated the CPB-
increased ASC, caspase-1 p10, mature IL-1β expression,
caspase-1 activity, and the frequency of BALF pyroptotic
AM, but not pro-IL-1β, and caspase-1 p45 expression
in the lung tissue of rats (p < 0.01 for all, Fig. 4h–j).

Fig. 6 Inhibition of Nlrp3-related inflammation by glyburide reduces
the CPB-induced ALI in rats. Rats were randomized and treated
intraperitoneally with a single dose of 50 mg/kg 1 h before CPB or
sham surgery. After 6 h, the lung tissue sections were stained with HE,
and the severity of lung injury was scored. The levels of serum and
BALF IL-1β and HMGB1 were determined by ELISA. Data are

representative images (magnification ×200) or expressed as the mean
± SEM of each group (n= 6 per group) from three separate experi-
ments. a Histological examination. b The lung injury scores. c The
levels of total proteins in BALF. d–g The levels of serum and BALF
IL-1β and HMGB1. **p < 0.01 vs. the control group; ##p < 0.01 or #p
< 0.05 vs. the CPB+ glyburide (gly) group
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These data indicated that Nlrp3/ASC/caspase-1 activation
was crucial for OGD-induced and CPB-induced AM
pyroptosis.

Inhibition of Nlrp3-mediated pyroptosis by
glyburide reduces HMGB1 release from AM

To determine whether inhibition of Nlrp3-mediated AM
pyroptosis could reduce HMGB1 release, we assessed the
HMGB1 protein levels, intracellular translocation, and
extracellular release in AM. Confocal microscopy showed
that after AM was exposed to OGD, most HMGB1 were
translocated from the nucleus to the cytoplasm of the AM.
Inhibition of Nlrp3 by glyburide attenuated the cytoplasmic
translocation of HMGB1 and significantly reduced the
levels of cytoplasmic HMGB1 in AM (Fig. 5a). Although
the total HMGB1 protein levels were not changed in these
four groups of AM, the cytoplasmic HMGB1 levels
increased significantly in the OGD group, which were sig-
nificantly reduced in the cells treated with glyburide
(Fig. 5b). In addition, HMGB1 levels in the supernatants
of cultured OGD-exposed AM were also reduced by gly-
buride treatment (Fig. 5c). Furthermore, we examined
whether glyburide treatment could also decrease HMGB1
release in different rat groups by western blotting. Although
there was no significant difference in the levels of total
HMGB1 expression among the four groups. The levels of
cytoplasmic HMGB1 protein in the CPB group were
significantly decreased by glyburide treatment (Fig. 5d).
Such data indicated that inhibition of Nlrp3-mediated AM
pyroptosis by glyburide reduced HMGB1 release from
the AM.

Inhibition of Nlrp3-related inflammation by
glyburide reduces the CPB-induced ALI in rats

Finally, we evaluated the impact of glyburide treatment on
the CPB-induced ALI in rats. Pre-treatment with glyburide
did not significantly alter the lung morphology, the levels of
BALF total proteins, IL-1β and HMGB1, as well as the
levels of serum IL-1β and HMGB1 in the control rats
(Fig. 6). While the CPB rats displayed alveolar septal
thickening, interstitial edema, neutrophil infiltration, and
erythrocyte effusion, as well as high lung injury scores, pre-
treatment with glyburide significantly reduced the lung
morphological changes and lung injury scores in the CPB
rats. In comparison with that in the CPB rats, pre-treatment
with glyburide significantly decreased the levels of BALF
total proteins, IL-1β and HMGB1, as well as serum IL-1β
and HMGB1 the CPB rats (p < 0.01 for all, Fig. 6c–g).
Collectively, these results demonstrated that inhibition of
Nlrp3 inflammasomes by glyburide reduced the CPB-
induced ALI in rats.

Discussion

ALI and its more severe form, acute respiratory distress
syndrome (ARDS) have a mortality of more than 40% [36,
37]. The abnormal secretion of HMGB1 during CPB
enhances the ALI [38]. However, the mechanisms by which
CPB promotes HMGB1 secretion during the process of ALI
has not been clarified. Recent studies have showed that AM
pyroptosis exaggerates lung inflammation and inhibiting
LPS-mediated AM pyroptosis reduces lung injury in a
model of LPS-induced ALI [39]. In addition, unlike apop-
tosis, which depends on the release of no inflammatory
factors, pyroptosis depends on caspase-1 activation, leading
to concomitant release of inflammatory factors, such as IL-
1β and IL-18, which are known to be closely associated
with ALI [40, 41]. Different from the LPS-induced ALI, the
CPB-induced ALI is attributed to lung I/R [2]. Despite
tremendous advances in organ preservation during the
perioperative period, ALI remains a serious clinical com-
plication of CPB, causing a mortality rate of 15–50% [42,
43]. In this study, we isolated AM from BLAF of CPB rats
and found that OGD or CPB induced AM pyroptosis.
However, it is unclear about the role of AM pyroptosis in
CPB-induced ALI. Firstly, we investigated the mechanism
by which OGD induced AM pyroptosis in vitro. As an
adapter protein, ASC is indispensable for inducing pyr-
optosis [44]. The pyroptosome of ASC oligomer is required
for caspase-1 activation and pyroptosis induction [9].
Indeed, we found that transfection with the ASC-specific
siRNA not only dramatically reduced the levels of ASC
expression, but also mitigated the OGD-induced capase-1
activation, IL-1β secretion and the percentages of AM
pyroptosis in AM. Our findings support the notion that ASC
is crucial for the Nlrp3 inflammasome-mediated caspase-1
activation and AM pyroptosis [28, 45, 46].

Nlrp3 can, through the toll-like receptor (TLR), recog-
nize damage-associated molecular patterns (DAMPs)
released from necrotic cells during the process of I/R injury
[47, 48]. Nlrp3 can be activated by engagement of TLR and
other sensing danger signals to activate the NF-kB signal-
ing, leading to upregulated Nlrp3 and IL-1β expression in
AM [41, 49, 50]. In this study, we found that OGD expo-
sure and CPB significantly upregulated Nlrp3 expression in
AM, suggesting that upregulated Nlrp3 expression may
mediate AM pyroptosis following the CPB. Furthermore,
we found that pre-treatment with glyburide to inhibit the
Nlrp3 activation significantly mitigated the OGD and CPB-
induced AM pyroptosis, consistent with previous findings
[24, 51]. Similarly, ASC silencing also significantly reduced
the OGD exposure-induced AM pyroptosis, indicating that
ASC was indispensable in mediating AM pyroptosis. We
recognized that while ASC silencing, but not pre-treatment
with glyburide to inhibit the Nlrp3, significantly reduced the
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levels of pro-IL-1β in AM although both effectively
decreased IL-1 secretion in AM. The different effects
between ASC silencing and glyburide pre-treatment may
stem from that ASC silencing decreased the NF-kB sig-
naling, leading to lower levels of pro-IL-1β expression [21,
52]. In contrast, Nlrp3 inhibition by Glyburide mainly
affected the caspase-1 mediated cleavage of pro-IL-1β, but
did not affect pro-IL-1β expression in AM in a hypoxic and
malnutrition condition [24]. However, the precise mechan-
isms underlying the difference remain to be determined.
CPB can induce inflammation and inflammatory IL-1β
production [53]. We found that inhibition of AM pyroptosis
also significantly reduced the OGD exposure or CPB-
induced IL-1β production in AM, which may alleviate
inflammatory responses following the CPB.

Collectively, our findings indicate that Nlrp3/ASC trig-
gers AM pyroptosis. We are interested in further investi-
gating the importance of ASC in the Nlrp3-medaited AM
pyroptosis in vivo if suitable ASC inhibitor and ASC
knockout rats are available.

HMGB1, one of the DAMPs, is an important inflam-
matory factor and involved in the pathogenesis of inflam-
matory disorders, such as I/R-induced injury [54–57].
Extracellular HMGB1 can engage the TLR2, TLR4 and
RAGE to trigger I/R inflammatory responses [58, 59]. In
this study, we found that inhibition of AM pyroptosis by
ASC silencing or glyburide treatment significantly reduced
the OGD-promoted HMGB1 release from AM. Similarly,
treatment with glyburide also significantly inhibited the
CPB-induced cytoplasmic transportation of HMGB1 in
AM. Such data demonstrated that Nlrp3/ASC-mediated AM
pyroptosis induced HMGB1 secretion from AM. However,
OGD exposure or CPB increased pyroptosis and
HMGB1 secretion may be independent of ASC given that
ASC is dispensable for NLRC4 or NLRP1b inflammasome-
mediated pyroptosis [60]. Recent studies have shown that
Salmonella typhimurium-infected macrophages secrete high
levels of HMGB1 in vitro, which was dependent on
caspase-1 and NLRC4, but independent of ASC [61].
Similarly, ASC-deficient mice produced high levels of
serum HMGB1 after challenged with LeTx [62]. Hence, it
is possible that CPB may lead to inflammasome activation
and high levels of HMGB1 secretion, independent of ASC.
We are interested further investigating whether OGD
exposure or CPB can also induce pyroptosis and
HMGB1 secretion in ASC-/- AM or rats. Given that the
secreted HMGB1 can enhance the Nlrp3 activation and
further promote caspase-1 activation and pyroptosis [63,
64], the increased levels of HMGB1 may feedback-
positively enhance AM pyroptosis, exacerbating the
inflammatory response and ALI. Actually, we have found
that inhibition of Nlrp3/ASC-mediated pyroptosis sig-
nificantly reduced the CPB-related ALI in rats.

Interestingly, Nlrp3 inflammation contributes to the patho-
genesis of ventilator-induced lung injury and is essential for
paraquat-induced ALI [35, 65]. The significant reduction of
HMGB1 secretion and ALI by inhibition of AM pyroptosis
suggests that inhibition of AM pyroptosis may be a new
therapeutic strategy for prevention and intervention of ALI.
Therefore, our findings may provide new insights into the
pathogenesis of CPB-related ALI and aid in design of new
therapies for CPB-related and other types of ALI.

In conclusion, our study in vivo and in vitro demon-
strated that Nlrp3/ASC-mediated AM pyroptosis enhanced
HMGB1 release, which induced I/R-related ALI following
the CPB. Inhibition of AM pyroptosis may be a potential
therapy for the I/R-related ALI.
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