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Abstract. Anti‑β2‑glycoprotein I (anti‑β2GPI) is an anti‑phos‑
pholipid antibody that specifically binds to β2GPI. There is 
growing evidence that this autoantibody is closely linked to 
specific thrombotic conditions. Cerebral infarction (CI) is a 
form of thrombosis associated with high rates of morbidity 
and mortality. In the present study, it was determined that 
patients with CI exhibited significantly increased serum 
anti‑β2GPI levels as well as increased NLR family pyrin 
domain containing 3 (NLRP3) expression within neutrophils, 
suggesting a potential role for inflammatory cell death in 
this pathological context. Specifically, it was determined that 
anti‑β2GPI/β2GPI is able to induce neutrophil pyroptosis, 
thereby driving these cells to release IL‑1β via a pathway 
regulated by cell surface Toll‑like receptor 4 expression. At 
the mechanistic level, the double‑stranded RNA‑dependent 
protein kinase/p38MAPK/NLRP3 pathway was indicated 
to govern anti‑β2GPI/β2GPI‑induced neutrophil pyroptosis. 
These pyroptotic neutrophils were also observed to release 
large amounts of high mobility group box protein 1, which, 
together with IL‑1β, promoted IL‑8 and intercellular cell adhe‑
sion molecule‑1 upregulation in endothelial cells. In summary, 
these data suggest that inhibiting neutrophil pyroptosis may 
represent a viable approach to treating anti‑β2GPI anti‑
body‑associated CI.

Introduction

Thrombotic diseases and events such as cerebral infarction (CI) 
are among the most common causes of global morbidity and 

mortality. Endothelial cell activation, particularly in response to 
inflammation‑associated damage, is thought to be a key driver 
of these thrombotic processes. Antiphospholipid syndrome 
(APS) is a rare form of autoimmunity that may increase the 
risk of thrombotic events and eclampsia in affected indi‑
viduals (1). Patients with APS exhibit persistent upregulation 
of autoantibodies including anti‑phospholipid antibody, lupus 
anticoagulant, anti‑cardiolipin and anti‑β2‑glycoprotein  I 
(anti‑β2GPI). Anti‑β2GPI is thought to have a particularly 
critical role in the context of thrombus formation (2,3), yet its 
precise mechanistic pro‑thrombotic function remains to be 
fully elucidated.

β2GPI is a five‑domain phospholipid‑bound protein 
and the primary target antigen for anti‑β2GPI. Circulating 
anti‑β2GPI/β2GPI immune complexes (ICs) in patients with 
APS are associated with thrombotic events (4,5). A previous 
study by our group indicated that these anti‑β2GPI/β2GPI 
ICs may activate platelets and thereby induce thrombosis (6), 
while also contributing to the neutrophil‑mediated release 
of pro‑thrombotic neutrophil extracellular traps (NETs) (7). 
Neutrophils are the most common leukocytes in the circula‑
tion and function as key mediators of innate immune and 
inflammatory responses  (8). In the present study, it was 
hypothesized that neutrophil‑related inflammation may be 
involved in endothelial cell activation and thrombosis in 
patients with APS.

Pyroptosis is a form of programmed cell death that was 
first detected in Shigella flexneri‑infected macrophages in 
1992  (9), before ultimately being named by Cookson and 
Brennan  (10) in 2001. Pyroptotic cell death is character‑
ized by nucleotide‑binding oligomerization domain‑like 
receptor pyrin domain containing 3 (NLRP3) inflamma‑
some activation, cell membrane pore formation and the 
release of mature interleukin‑1β (IL‑1β) through these pores. 
Caspase‑1 is an integral mediator of this process, functioning 
to directly cleave the pro‑form of IL‑1β in order to facilitate 
cytokine maturation while also promoting the activation of 
gasdermin D (GSDMD) (11,12). GSDMD, in turn, forms pores 
in the cell membrane that are 10‑15 nm in diameter, thereby 
triggering pyroptosis. The activation of the NLRP3 inflam‑
masome is closely associated with CI and other thrombotic 
diseases  (13,14). Double‑stranded RNA‑dependent protein 
kinase (PKR) is a serine/threonine protein kinase that 
regulates inflammatory responses in mammalian cells. Upon 
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activation, PKR is able to bind the NLRP3 inflammasome, 
thus triggering caspase‑1 activation and IL‑1β release (15). 
Yim et al  (16) also reported that PKR‑induced eukaryotic 
initiation factor 2α (eIF2α) is able to suppress inflamma‑
some activation and associated inflammatory responses. 
PKR may regulate inflammatory immune responses through 
the p38MAPK pathway (17). In addition, PKR may induce 
apoptotic cell death via p38MAPK (18). Anti‑β2GPI/β2GPI is 
able to activate p38MAPK signaling via Toll‑like receptor 4 
(TLR4), thus inducing neutrophil‑derived NET release (7). 
The present study thus posits that anti‑β2GPI/β2GPI ICs may 
promote neutrophil pyroptosis and associated IL‑1β release in 
a TLR4‑dependent manner.

High mobility group box 1 protein (HMGB1) is a eukary‑
otic non‑histone chromosome‑binding protein that is primarily 
present within the nucleus. However, in response to certain 
stimuli or stressors, HMGB1 may be released into the extracel‑
lular matrix, wherein it may promote inflammatory immune 
responses (19). The hepatitis B virus X protein promotes hepa‑
tocyte NLRP3 inflammasome activation, resulting in IL‑1β, 
IL‑18 and HMGB1 release from these cells (20). Of note, both 
IL‑1β and HMGB1 may alter inflammation and cell growth, 
and stimulate leukocyte activation by binding to specific cell 
surface receptors, thus shaping immune responses (21,22).

In the present study, it was determined that serum 
anti‑β2GPI levels and neutrophil NLRP3 expression were 
significantly increased in patients with CI compared to 
healthy controls. Through a series of in vitro analyses, it was 
further determined that anti‑β2GPI/β2GPI‑induced neutrophil 
pyroptosis may activate the NLRP3 inflammasome via the 
TLR4/PKR/p38MAPK signaling axis, leading to the release 
of HMGB1 and IL‑1β from these neutrophils. These inflam‑
matory factors, in turn, enhance intercellular cell adhesion 
molecule‑1 (ICAM‑1) and IL‑8 expression in endothelial cells.

Materials and methods

Patients. A total of 52 patients with acute CI (ACI; 33 males, 
19 females) treated at The Second Affiliated Hospital of Harbin 
Medical University (Harbin, China) between August 2017 and 
December 2020 were selected for the present study. Patients 
were excluded if they had a history of autoimmunity, diabetes, 
malignant tumors, prior CI, coronary heart disease, acute infec‑
tions, severe renal insufficiency (serum creatinine >3 mg/dl), 
nervous system diseases and/or were undergoing immunosup‑
pressive therapy. In addition, 29 healthy individuals (18 males, 
11 females) undergoing physical examinations at The Second 
Affiliated Hospital of Harbin Medical University (Harbin, 
China) during this same time period were recruited as healthy 
controls. Control patients were free of CI, acute or chronic 
infections and major comorbidities other than autoimmune 
diseases. The patients' characteristics are detailed in Table I. 
Samples were collected from patients with the approval of the 
Institutional Ethics Committee of Harbin Medical University 
(Harbin, China) and informed consent was obtained from the 
patients in accordance with the Declaration of Helsinki.

Cell isolation and culture. Neutrophils were isolated from 
healthy donor peripheral blood at The Second Affiliated 
Hospital of Harbin Medical University (Harbin, China) from 

individuals who had provided informed consent. Blood was 
collected using EDTA as an anticoagulant and was treated for 
45 min at 4˚C via Dextran T‑500 (Beijing Solarbio Science & 
Technology Co., Ltd.) sedimentation to remove erythrocytes. 
Neutrophil‑containing supernatants were then transferred to a 
lymphocyte separation solution (Tianjin Hao Yang Biological 
Manufacture Co., Ltd.) and centrifuged for 15 min at 500 x g at 
room temperature. Neutrophils were isolated from the precipi‑
tate and treated with Red Blood Cell Lysis buffer (Beijing 
Solarbio Science & Technology Co., Ltd.). After isolation, 
these neutrophils were rinsed with PBS and resuspended in 
RPMI‑1640 medium (Cellgro; Corning, Inc.) with or without 
10% fetal bovine serum (FBS; Biological Industries) (7).

Human umbilical vein endothelial cells (HUVECs) were 
obtained from the Shanghai Institute of Biochemistry and Cell 
Biology and cultured in RPMI‑1640 containing 10% FBS in an 
incubator containing a humidified atmosphere with 5% CO2 at 
37˚C. These cells were passaged using trypsin and replated at a 
dilution of 1:2, with culture media being replaced every 1‑2 days.

Reverse  t ra nscr ip t ion ‑ qu a n t i ta t i ve  (RT‑ q)PCR. 
Neutrophils or HUVECs were plated in 12‑well plates 
(1x106 cells/ml). Neutrophils were treated with PBS, M‑IgG 
(cat. no.  sc‑8432; 10  mg/ml; Santa Cruz Biotechnology, 
Inc.)/BSA (100  mg/ml; MilliporeSigma), anti‑β2GPI 
(cat. no.  11221‑MM06; 10  µg/ml; SinoBiological)/β2GPI 
(100 µg/ml; MilliporeSigma) or lipopolysaccharide (LPS; 
100 ng/ml; MilliporeSigma) as experimentally appropriate, 
while HUVECs were treated for 24  h with recombinant 
HMGB1 (4 ng/ml; Prospec‑Tany TechnoGene, Ltd.) or recom‑
binant IL‑1β (2 ng/ml; SinoBiological). In certain experiments, 
neutrophils were pretreated for 30 min with 1 µM of the 
TLR4 inhibitor TAK‑242 [MedChemExpress (MCE)]. TRIzol 
(Invitrogen; Thermo Fisher Scientific, Inc.) was used to extract 
RNA from these cells after treatment and cDNA was prepared 
with a Transcriptor First Strand cDNA Synthesis Kit (Roche 
Diagnostics). RT of RNA to cDNA required a 60‑min incubation 
at 50˚C, followed by 5 min of incubation at 85˚C. Subsequently 
qPCR analyses for NLRP3, caspase‑1, pro‑IL‑1β, TLR4, 
HMGB1, IL‑8 and ICAM‑1 mRNA levels were performed 
with SYBR Green  I dye (Roche Diagnostics) with double 
distilled water, cDNA template and upstream/downstream 
primer using the following primers: NLRP3 forward, 5'‑CTA​
CAC​ACG​ACT​GCG​TCT​CAT​CAA‑3'; and reverse, 5'‑CGG​
GGT​CAA​ACA​GCA​ACT​CCA​T‑3'; caspase‑1 forward, 5'‑TGG​
AAG​AGC​AGA​AAG​CGA​TAA‑3' and reverse, 5'‑TTT​GAA​
GGA​CAA​ACC​GAA​GGT‑3'; pro‑IL‑1β forward, 5'‑TCC​AGG​
GAC​AGG​ATA​TGG​AG‑3' and reverse, 5'‑TCT​TTC​AAC​ACG​
CAG​GAC​AG‑3'; TLR4 forward, 5'‑GCC​CCT​ACT​CAA​TCT​
CTC​TT‑3' and reverse, 5'‑GGA​CTT​CTA​AAC​CAG​CCA‑3'; 
HMGB1 forward, 5'‑GAT​CCC​AAT​GCA​CCC​AAG​AG‑3' and 
reverse, 5'‑TCG​CAA​CAT​CAC​CAA​TGG​AC‑3'; IL‑8 forward, 
5'‑CAG​CCT​TCC​TGA​TTT​CTG​C‑3' and reverse, 5'‑GGG​
TGG​AAA​GGT​TTG​GAG​TA‑3'; ICAM‑1 forward, 5'‑AGC​
TTC​GTG​TCC​TGT​ATG​GC‑3' and reverse, 5'‑TTT​TCT​GGC​
CAC​GTC​CAG​TT‑3'; β‑actin forward, 5'‑CTA​CCT​CAT​GAA​
GAT​CCT​CAC​CGA‑3' and reverse, 5'‑TTC​TCC​TTA​ATG​TCA​
CGC​ACG​ATT‑3'. Shanghai Generay Biotech Corporation 
synthesized all primers for the present study. Amplifications 
were performed on a CFX96 real‑time PCR detection system 
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(Bio‑Rad Laboratories, Inc.) for 40  cycles with a melting 
temperature of 30  sec, an annealing temperature of 58˚C 
for 30 sec and an extension temperature of 72˚C for 30 sec. 
Quantification cycle (Cq) counts were determined for each 
sample and relative mRNA expression was calculated using 
the 2‑∆∆Cq method (23).

Western blot analysis. Neutrophils (5x106  cells/ml) were 
treated for 1 h with PBS, M‑IgG (10 mg/ml)/BSA (100 mg/ml), 
anti‑β2GPI (10 µg/ml)/β2GPI (100 µg/ml) or LPS (100 ng/ml), 
while HUVECs were treated for 24  h with recombinant 
HMGB1 (4 ng/ml; Prospec‑Tany TechnoGene, Ltd.) or recom‑
binant IL‑1β (2 ng/ml; SinoBiological). In certain experiments, 
neutrophils were pretreated for 30 min with 1 µM of the TLR4 
inhibitor TAK‑242, 10 µM of the PKR inhibitor GC17925 
(GLPBIO), 10  µM of the p38MAPK inhibitor SB203580 
(MCE) or 1 µM of the NLRP3 inhibitor MCC950 (MCE). Cells 
were then lysed on ice for 30 min with RIPA buffer (Beyotime 
Institute of Biotechnology) containing PMSF (1 mM) and a 
phosphatase inhibitor cocktail (1 mM; Roche Diagnostics). 
Protein levels in these lysates were measured with a BCA 
Protein Assay kit (Beyotime Institute of Biotechnology), after 
which equal amounts (30 µg) of protein per sample were 
separated via 10% SDS‑PAGE and transferred onto PVDF 
membranes (Cytiva). Blots were then blocked [5% w/v nonfat 
dry milk in Tris‑buffered saline containing Tween‑20) for 
30 min at room temperature and stained at 4˚C overnight with 
primary antibodies specific for NLRP3 (cat. no. WL02635; 
1:1,000 dilution), caspase‑1 (cat. no. WL02996a; 1:500 dilu‑
tion), pro‑IL‑1β (cat. no. WL02257; 1:1,000 dilution), IL‑8 (cat. 
no. WL03074; 1:500 dilution), ICAM‑1 (cat. no. WL02268; 
1:500 dilution; all from Wanleibio Co., Ltd.), phosphorylated 
(p)‑p38MAPK (cat. no.  4511), p38MAPK (cat. no.  8690; 
both 1:1,000 dilution; both from Cell Signaling Technology, 
Inc.), p‑PKR (cat. no. bs‑3335R; 1:500 dilution), PKR (cat. 
no. bs‑1493R; 1:1,000 dilution), HMGB1 (cat. no. bs‑55098R; 
1:1,000 dilution; all from Bioss) or β‑actin (cat. no. TA‑09; 
1:1,000 dilution; OriGene Technologies, Inc.). After probing 
for 1  h at room temperature with an HRP‑conjugated 

secondary antibody (cat. no. ZB‑2301/ZB‑2305; 1:5,000 dilu‑
tion; OriGene Technologies, Inc.), protein bands were detected 
using a Fluorescence/Chemiluminescence Imaging System 
(CLINX Science Instruments).

Immunofluorescence staining. GSDMD and HMGB1 expres‑
sion in neutrophils and ICAM‑1 and IL‑8 expression in 
HUVECs was assessed via immunofluorescent staining. In 
brief, cells were fixed for 20 min with 4% paraformaldehyde 
and permeabilized for 30 min with 0.2% Triton X‑100 at room 
temperature, then blocked with 50% goat serum (Beyotime 
Institute of Biotechnology) in PBS for 30 min at 37˚C and 
incubated overnight with anti‑GSDMD (cat. no. 20770‑1‑AP; 
1:100 dilution; Proteintech Group, Inc.), anti‑HMGB1 (cat. 
no.  bs‑55098R; 1:50 dilution; Bioss) or anti‑ICAM‑1 (cat. 
no. WL02268) or anti‑IL‑8 (cat. no.  WL03074; both 1:50 
dilution; both from Wanleibio Co., Ltd.) at 4˚C. Cells were 
then stained with an AF488‑conjugated secondary antibody 
(cat. no. R37118; 1:1,000 dilution; Invitrogen; Thermo Fisher 
Scientific, Inc.) for 2 h and DAPI (1 µg/ml; Invitrogen; Thermo 
Fisher Scientific, Inc.) was applied for nuclear staining for 
10 min at room temperature. Cells were rinsed with PBS and 
imaged via a fluorescence microscope (ECLIPSE Ti; Nikon 
Corporation).

ELISA. Serum anti‑β2GPI was detected using an Anti‑β2GPI 
antibody ELISA kit (cat. no. EA1632‑9601P; K‑BIOanalytica 
Rayan Company). Neutrophils (5x106 cells/ml) were treated 
with PBS, anti‑β2GPI (10 µg/ml)/β2GPI (100 µg/ml) or LPS 
(100 ng/ml) for 3 h following pretreatment for 30 min with 
different inhibitors (1 µM TAK‑242, 10 µM GC1725 or 10 µM 
SB203580). Supernatants were then collected and IL‑1β 
concentrations therein were assessed via a Human IL‑1β 
ELISA Kit (cat. no. JL13662; J&L Biological) according to the 
manufacturer's instructions.

Statistical analysis. Count data (sex distribution) were 
assessed via χ2 test and expressed as n (%). For continuous 
variables, normally distributed data were tested via 

Table I. Patient characteristics.

Variable	 Acute cerebral infarction group (n=52)	 Control group (n=29)	 Normal ranges	 P‑value

Sex				    0.901
  Male	 33 (63.5)	 18 (62.1)		
  Female	 19 (36.5)	 11 (37.9)		
Mean age, years	 52.69±8.78	 51.44±6.93		  0.513
Glu, mmol/l	 5.15±0.61	 5.29±0.62	 3.90‑6.10	 0.348
UA, mmol/l	 311.68±83.30	 324.76±54.84	 150.0‑440.0	 0.453
TC, mmol/l	 4.85±1.00	 4.67±0.89	 1.8‑5.17	 0.424
TG, mmol/l	 1.59 (1.17‑2.47)	 1.41 (1.14‑1.71)	 0.56‑1.70	 0.319
HDL, mmol/l	 1.30 (1.14‑1.57)	 1.42 (1.17‑1.60)	 1.04‑1.70	 0.267
LDL, mmol/l	 2.77 (2.31‑3.36)	 2.43 (2.01‑3.02)	 0.45‑3.15	 0.084

Count data are expressed as n (%). For continuous variables, normally distributed data are expressed as the mean ± standard error of the mean, 
while non‑normally distributed data are represented as the median (interquartile range). L/HDL, low/high‑density lipoprotein; TG, triglyceride; 
TC, total cholesterol; UA, uric acid; Glu, glucose.
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Student's t‑test and expressed as the mean ± standard error of 
the mean, while non‑normally distributed data were assessed 
via Mann‑Whitney U  tests and represented as the median 
(interquartile range). Three or more groups of data were tested 
via one‑way ANOVA with Dunnet's post‑hoc test. These data 
were analyzed using GraphPad Prism 7 (GraphPad Software, 
Inc.). P<0.05 was considered to indicate a statistically 
significant difference.

Results

Patients with CI exhibit elevated serum anti‑β2GPI levels and 
increased neutrophil NLRP3 expression. The patients with 
ACI (age, 31‑69 years) included in the present study exhibited 
no significant differences in age or sex compared with the 
healthy controls (age, 35‑68 years) (P>0.05; Table I), nor were 
there any differences in serum glucose, uric acid, triglyceride, 
total cholesterol or low/high‑density lipoprotein levels between 
these groups (P>0.05). Of note, increased neutrophil NLRP3 
mRNA expression was observed in patients with ACI relative 
to healthy controls (P<0.001; Fig.  1A). Serum anti‑β2GPI 
levels in these patients were detected via ELISA, revealing 
significantly higher levels of this autoantibody in samples 
from patients with ACI than in the healthy controls (P<0.01; 
Fig. 1B). Specifically, 9 patients in the ACI group (17.3%) were 
positive for anti‑β2GPI autoantibodies.

Anti‑β2GPI/β2GPI treatment triggers neutrophil pyroptosis. In 
previous studies, it was demonstrated that β2GPI or anti‑β2GPI 
alone cannot effectively activate neutrophils (7). In light of 
the above clinical findings, the potential mechanistic role of 
β2GPI in the context of CI was then examined in vitro. First, 
neutrophils were extracted from healthy subjects and their 
purity and viability were confirmed (Fig. 2A). To evaluate 
neutrophil pyroptosis, neutrophils were treated with PBS, 
anti‑β2GPI (10 µg/ml)/β2GPI (100 µg/ml) or LPS (100 ng/ml; 
positive control) for up to 3 h. The NLRP3 inflammasome is 
an important mediator of pyroptosis (24). Anti‑β2GPI/β2GPI 
IC but not IgG/BSA treatment enhanced NLRP3 mRNA 

expression at 1 h of treatment relative to control treatment 
or other incubation times (P<0.05; Fig.  2B‑D). Caspase‑1 
and pro‑IL‑1β mRNA expression was also enhanced by 
anti‑β2GPI/β2GPI treatment, with comparable increases in 
NLRP3/caspase‑1/pro‑IL‑1β protein levels (Fig. 2E and F). 
During pyroptosis, more cell fragmentation was associated with 
the release of more inflammatory factors into the cell superna‑
tant. Expression of IL‑1β was present in the cell supernatant at 
3 h. Supernatant IL‑1β levels also rose significantly following 
exposure to anti‑β2GPI/β2GPI (P<0.01; Fig.  2G). GSDMD 
mediates membrane pore formation during pyroptosis (25). 
To more fully characterize neutrophil pyroptosis, these cells 
were immunostained for GSDMD, revealing significant 
increases in GSDMD‑positive cell frequencies among 
anti‑β2GPI/β2GPI‑treated neutrophils (Fig. 2H). Together, these 
data indicated that anti‑β2GPI/β2GPI treatment was sufficient 
to stimulate neutrophil pyroptosis and IL‑1β release.

Anti‑β2GPI/β2GPI IC treatment induces neutrophil pyroptosis 
in a TLR4‑dependent manner. A previous study by our group 
suggested that TLR4 has a role in anti‑β2GPI/β2GPI‑induced 
NETs formation  (7). In the present study, TLR4 activa‑
tion was therefore assessed and its functional importance 
in the context of anti‑β2GPI/β2GPI IC‑induced neutrophil 
pyroptosis was explored. Anti‑β2GPI/β2GPI treatment was 
associated with an increase in TLR4 mRNA expression in 
treated neutrophils (Fig. 3A). When these cells were pretreated 
with the TLR4 inhibitor TAK‑242, significant reductions 
in anti‑β2GPI/β2GPI‑induced NLRP3/caspase‑1/pro‑IL‑1β 
protein expression we observed (Fig.  3B). Similarly, 
TAK‑242 treatment markedly suppressed neutrophil IL‑1β 
secretion (P<0.01; Fig. 3C) and decreased the frequency of 
GSDMD‑positive cells, as determined via immunofluorescent 
staining, relative to the control treatment (Fig. 3D).

Anti‑β2GPI/β2GPI‑induced neutrophil pyroptosis is 
associated with the PKR/p38MAPK axis. PKR has previously 
been identified as a key regulator of inflammasome activation, 
while PKR‑induced eIF2α is able to inhibit such inflammasome 

Figure 1. Serum anti‑β2GPI and neutrophil NLRP3 expression are increased in patients with CI. (A) NLRP3 levels in neutrophils were elevated in the acute 
CI group (n=52) relative to the healthy controls (n=29). (B) Serum anti‑β2GPI levels were elevated in the acute CI group (n=52) relative to the healthy controls 
(n=29). Values are expressed as the mean ± standard error of the mean. **P<0.01, ***P<0.001. NLRP3, NLR family pyrin domain containing 3; anti‑β2GPI, an
ti‑β2‑glycoprotein I; ACI, acute cerebral infarction; Ctrl, control.
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activity  (16). A recent study suggested that p38MAPK is 
involved in PKR activation and consequent human chondro‑
cyte apoptosis (18). Thus, the role of PKR/p38MAPK in the 
context of anti‑β2GPI/β2GPI‑induced neutrophil pyroptosis 
was explored in the present study. After pretreatment for 
30 min with 1 µM TAK‑242, 10 µM GC17925 (a PKR inhib‑
itor) or 10 µM SB203580 (a p38MAPK inhibitor), neutrophils 
were stimulated for 1 h with anti‑β2GPI (10 µg/ml)/β2GPI 
(100 µg/ml). It was indicated that anti‑β2GPI/β2GPI treatment 
was able to stimulate PKR (Fig. 4A) and p38MAPK (Fig. 4B) 

phosphorylation, whereas TAK‑242 and GC17925 suppressed 
the activation of these proteins. GC17925 and SB203580 also 
suppressed NLRP3/caspase‑1/pro‑IL‑1β expression (Fig. 4C) 
and inhibited IL‑1β release (P<0.01; Fig. 4D) and GSDMD 
activation (Fig. 4E) in neutrophils. These results suggested that 
the PKR/p38MAPK signaling pathway has an important role 
in anti‑β2GPI/β2GPI IC‑induced neutrophil pyroptosis.

Anti‑β2GPI/β2GPI ICs induce neutrophil pyroptosis‑mediated 
HMGB1 release. HMGB1 is an inflammatory protein that is 

Figure 2. Anti‑β2GPI/β2GPI treatment triggers neutrophil pyroptosis. (A) Representative images of neutrophil viability (upper) and purity (lower) as assessed 
via trypan blue dye exclusion assays and Giemsa staining, respectively (scale bar, 25 µm). (B) Following treatment with anti‑β2GPI (10 µg/ml)/β2GPI 
(100 µg/ml), neutrophils exhibited significantly increased NLRP3 mRNA upregulation at 1 vs. 0 h. (C and D) Anti‑β2GPI/β2GPI treatment enhanced the 
expression of NLRP3 more efficiently than IgG/BSA treatment as measured via (C) reverse transcription‑quantitative PCR and (D) western blot analysis. 
(E) Relative NLRP3, caspase‑1 and pro‑IL‑1β mRNA levels rose in neutrophils following 1 h of treatment with anti‑β2GPI/β2GPI. (F) NLRP3, caspase‑1 and 
pro‑IL‑1β protein levels were increased in neutrophils following 1 h of treatment with anti‑β2GPI/β2GPI, as measured via western blot analysis. (G) IL‑1β levels 
increased significantly in neutrophils treated for 3 h with anti‑β2GPI/β2GPI as measured by ELISA. (H) GSDMD‑positive cells (green) following treatment 
with anti‑β2GPI/β2GPI (IC). DAPI (blue) was used for nuclear staining (scale bar, 50 µm). Values are expressed as the mean ± standard error of the mean 
(n=3 or n=4 in G). *P<0.05, **P<0.01, ***P<0.001 as indicated or vs. 0 h. NLRP3, NLR family pyrin domain containing 3; anti‑β2GPI, anti‑β2‑glycoprotein I; 
LPS, lipopolysaccharide; Ctrl, control; ns, no significance; IC, anti‑β2GPI/β2GPI immune complex; GSDMD, gasdermin D.
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present in most cell types and that is released extracellularly 
in response to specific stimuli or stress conditions. To explore 
its relevance in the experimental system of the present study, 
neutrophils were treated with PBS, anti‑β2GPI (10 µg/ml)/β2GPI 
(100 µg/ml) or LPS (100 ng/ml), and HMGB1 expression was 
then monitored. Anti‑β2GPI/β2GP treatment was sufficient 
to significantly enhance HMGB1 mRNA levels relative to 
the control treatment (P<0.05; Fig. 5A), with similar changes 
being observed at the protein level (Fig. 5B). To assess whether 
anti‑β2GPI/β2GP‑stimulated HMGB1 release was dependent 
on pyroptosis, immunofluorescent staining was performed, 
which revealed that HMGB1 release was significantly reduced 
in the anti‑β2GPI/β2GP‑MCC950‑treated group relative to the 
anti‑β2GPI/β2GP‑treated group (Fig. 5C).

HMGB1 and IL‑1β promote the activation of endothelial 
cells. To determine the optimal stimulation time, microscopy 
was used to confirm that the endothelial cells were in good 
condition (Fig. 6A). The cells were then treated with recombi‑
nant human HMGB1 (4 ng/ml) for 0‑24 h. Maximal ICAM‑1 

upregulation relative to the baseline was observed at 24 h via 
RT‑qPCR (P<0.05; Fig. 6B). HUVECs were then cultured for 
24 h with recombinant human HMGB1 (4 ng/ml) or recombi‑
nant human IL‑1β (2 ng/ml) and when using this incubation 
time, both IL‑8 and ICAM‑1 were upregulated at the mRNA 
level relative to control cells (Fig. 6C and D), with consistent 
increases in IL‑8 and ICAM‑1 protein levels following 
stimulation (Fig. 6E and F). Fluorescence microscopy further 
confirmed these results (Fig. 6G and H).

Discussion

Anti‑β2GPI antibodies are closely linked to increased rates of 
coagulation and thrombosis in patients with APS (3). β2GPI is 
a single‑stranded 50‑kDa glycoprotein produced by liver cells 
that forms a complex with phospholipids and thereby adopts 
an open conformation that facilitates anti‑β2GPI binding, 
such that a single antibody is able to bind to two β2GPI 
molecules (26). The resultant anti‑β2GPI/β2GPI complexes 
are associated with an increased risk of thrombotic events (5). 

Figure 3. Anti‑β2GPI/β2GPI treatment induces neutrophil pyroptosis in a TLR4‑dependent manner. (A) Relative TLR4 mRNA levels rose significantly in 
neutrophils following 1 h of treatment with anti‑β2GPI/β2GPI (n=5). (B) Following pretreatment for 30 min with TAK‑242 (1 µM), NLRP3, caspase‑1 and 
pro‑IL‑1β protein levels in neutrophils were reduced (n=3). (C) IL‑1β production was suppressed by TAK‑242, as measured via ELISA (n=6). (D) TAK‑242 
suppressed the number of GSDMD‑positive cells (scale bar, 50 µm). Values are expressed as the mean ± standard error of the mean. *P<0.05, **P<0.01, 
***P<0.001. TLR4, Toll‑like receptor 4; NLRP3, NLR family pyrin domain containing 3; anti‑β2GPI, anti‑β2‑glycoprotein I; LPS, lipopolysaccharide; 
Ctrl, control; IC, anti‑β2GPI/β2GPI immune complex; GSDMD, gasdermin D.
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Zhou et al (27) determined that anti‑β2GPI/β2GPI ICs, rather 
than IgG/β2GPI or anti‑β2GPI/BSA complexes, were respon‑
sible for in vitro THP‑1 cell activation. A previous study by 
our group also indicated that an anti‑β2GPI to β2GPI ratio of 
1:10 is able to facilitate efficient IC formation in vitro (6). The 
resultant complexes may promote neutrophil‑mediated NETs 
release, thereby driving thrombosis (7). In the present study, 
increased anti‑β2GPI levels and neutrophil NLRP3 expression 
were observed in patients with CI.

Neutrophils function as critical mediators of innate immune 
responses against a wide array of pathogens, releasing IL‑1β 
in an NLRP3‑dependent manner in the context of bacterial 
infection or inflammation (28). Anti‑β2GPI may induce tropho‑
blast‑derived IL‑1β release via promoting NLRP3 activation, 
thereby contributing to the incidence of morbid pregnancy (29). 

There is robust evidence that NLRP3 participates in throm‑
bosis via the regulation of inflammatory responses (30). In the 
present study, it was determined that anti‑β2GPI/β2GPI treat‑
ment resulted in increased NLRP3 and caspase‑1 expression 
in neutrophils. During pyroptosis, activated NLRP3 recruits 
apoptosis‑associated speck‑like protein containing CARD 
and subsequently activates caspase‑1, thereby forming the 
multi‑protein NLRP3 inflammasome complex (24). Activated 
caspase‑1 additionally cleaves pro‑IL‑1β to yield activated 
IL‑1β, which may be secreted from cells (31). However, data 
reported by Karmakar et al (32) suggest that, while neutro‑
phils release IL‑1β in an NLRP3‑dependent manner in certain 
inflammatory contexts with concomitant caspase‑1 activation, 
this is not indicative of ongoing neutrophil pyroptosis. Indeed, 
pyroptosis is characterized by the presence of small pores in 

Figure 4. Association between the PKR/p38MAPK signaling and anti‑β2GPI/β2GPI complex‑induced neutrophil pyroptosis. (A and B) Anti‑β2GPI/β2GPI 
induced (A) PKR and (B) p38MAPK phosphorylation, which was respectively inhibited by TAK‑242 and GC17925 treatment. (C) NLRP3, caspase‑1 
and pro‑IL‑1β protein levels were reduced by GC17925 or SB203580 treatment. (D) IL‑1β secretion was decreased by GC17925 or SB203580 treatment. 
(E) GSDMD fluorescent staining demonstrated inhibition of anti‑β2GPI/β2GPI‑induced neutrophil pyroptosis mediated by GC17925 or SB203580 (scale bar, 
50 µm). Values are expressed as the mean ± standard error of the mean (n=3 and n=4 in D). *P<0.05, **P<0.01, ***P<0.001. NLRP3, NLR family pyrin domain 
containing 3; anti‑β2GPI, anti‑β2‑glycoprotein I; LPS, lipopolysaccharide; Ctrl, control; IC, anti‑β2GPI/β2GPI immune complex; GSDMD, gasdermin D; 
p‑/t‑PKR, phosphorylated/total double‑stranded RNA‑dependent protein kinase.
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the cell membrane that are detectable via electron microscopy, 
ultimately leading to cellular swelling, rupture and the release 
of the contents therein. GSDMD has been indicated to bind to 
and form pores in the cell membrane following caspase‑1 acti‑
vation in the context of pyroptosis. While the loss of GSDMD 
has no impact on caspase‑1‑mediated IL‑1β processing, it does 
nonetheless suppress the secretion of this cytokine (33). In 
the present study, it was determined that anti‑β2GPI/β2GPI 
ICss are able to trigger neutrophil pyroptosis and consequent 
IL‑1β via an NLRP3‑caspase‑1 pathway with concomitantly 
increased GSDMD expression, and in addition, control for the 
potential interference of IgG/BSA was provided. The above 
results confirmed that non‑pathogenic immune complexes 
did not have any effect on neutrophil pyroptosis. MCC950 is 
a selective NLRP3 inhibitor that also inhibits inflammatory 
responses (34). MCC950 or related inhibitors may thus be 
effective tools for preventing APS‑related thrombosis.

Anti‑β2GPI/β2GPI ICs have previously been indicated 
to bind to TLR4 on the surface of neutrophils, thereby trig‑
gering NET release (7). TLR4 is an important inducer of both 
innate and adaptive immunity (35). Tumor‑derived autopha‑
gosomes may activate TLRs, thereby promoting NLRP3 

inflammasome‑dependent innate immune responses (36). The 
present study suggested that anti‑β2GPI/β2GPI IC‑induced 
neutrophil pyroptosis was dependent upon TLR4 activation, 
as such activity was blunted by treatment with the TLR4 
inhibitor TAK‑242. Consistently, TAK‑242 was recently 
reported to inhibit GSDMD‑mediated pyroptosis in tubular 
cells in the context of diabetic kidney disease  (37). PKR 
controls translation and inflammatory signaling in the context 
of antiviral immune responses. Bat‑Erdene et al (38) posited 
that breast cancer cell glycosaminoglycans may induce a 
proliferation‑inducing ligand secretion through a mechanism 
dependent on neutrophil TLR4 and PKR. In the present study, 
the ability of anti‑β2GPI/β2GPI IC treatment to induce PKR 
phosphorylation in neutrophils was established, and TAK‑242 
treatment inhibited this process. Previous studies have indi‑
cated that PKR is able to regulate inflammatory responses 
through the JNK, p38MAPK, interferon regulatory factor 
3 and NF‑κB pathways (17,39,40). Consistently, the present 
study suggested that anti‑β2GPI/β2GPI ICs were able to induce 
p38MAPK phosphorylation, while treatment with the PKR 
inhibitor GC17925 prevented this process. Yim  et al  (16) 
determined that PKR is able to suppress inflammasome 

Figure 5. Anti‑β2GPI/β2GPI‑induced neutrophil pyroptosis promotes HMGB1 upregulation and release. (A) HMGB1 mRNA levels in neutrophils were assessed 
following 1 h of treatment with anti‑β2GPI/β2GPI (n=5). (B) HMBG1 protein levels in neutrophils were measured, with β‑actin used for normalization (n=3). 
(C) HMGB1 release (red arrow) was visualized via fluorescence microscopy following treatment for 3 h with anti‑β2GPI/β2GPI (scale bar, 50 µm). Values 
are expressed as the mean ± standard error of the mean. *P<0.05, ***P<0.001. Anti‑β2GPI, anti‑β2‑glycoprotein I; Ctrl, control; LPS, lipopolysaccharide; 
IC, anti‑β2GPI/β2GPI immune complex; HMGB1, high mobility group box protein 1.
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activity. Ma et al (18) further indicated that PKR promotes 
apoptosis via p38MAPK signaling. However, Lu et al  (15) 
proposed that PKR promotes inflammasome activation. The 
present study confirmed that inhibitors of PKR (GC17925) or 
p38MAPK (SB203580) were able to suppress NLRP3 inflam‑
masome activation and associated IL‑1β secretion, while 
also inhibiting GSDMD expression in treated neutrophils. 
It was thus demonstrated that the PKR/p38MAPK signaling 

pathway has an essential role in anti‑β2GPI/β2GPI‑induced 
neutrophil pyroptosis.

In addition to IL‑1β, pyroptosis also induces the release of 
the nuclear protein HMGB1 (15). Barlan et al (41) confirmed 
that macrophages are able to recognize adenovirus 5 upon 
infection via a TLR9‑dependent mechanism that induces 
NLRP3 and caspase‑1 expression and consequent reactive 
oxygen species production, leading to NLRP3 inflammasome 

Figure 6. HMGB1 and IL‑1β promote in vitro endothelial cell activation. (A) Representative microscopic image of endothelial cell morphology (scale bar, 
50 µm). (B) Changes in endothelial cell ICAM‑1 expression over time (0‑24 h) (n=3). (C) IL‑8 and ICAM‑1 expression levels in endothelial cells following 
treatment for 24 h with HMGB1 (4 ng/ml), with β‑actin being used for normalization (n=4). (D) IL‑8 and ICAM‑1 expression levels in endothelial cells 
stimulated for 24 h with IL‑1β (2 ng/ml), with β‑actin being used for normalization (n=4). (E and F) IL‑8 and ICAM‑1 protein levels following (E) HMGB1 
or (F) IL‑1β stimulation (n=3). (G) IL‑8 expression as assessed via fluorescence microscopy following a 24 h stimulation with HMGB1 (4 ng/ml) or IL‑1β 
(2 ng/ml). (H) ICAM‑1 expression was assessed via fluorescence microscopy following a 24 h stimulation with HMGB1 (4 ng/ml) or IL‑1β (2 ng/ml) (scale bar, 
50 µm). Values are expressed as the mean ± standard error of the mean. *P<0.05, **P<0.01, ***P<0.001 as indicated or vs. Ctrl. Ctrl, control; ns, no significance; 
HMGB1, high mobility group box protein 1; ICAM‑1, intercellular adhesion molecule‑1.
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activation and the release of IL‑1β and HMGB1. MCC950 
is able to selectively suppress NLRP3 and thereby inhibit 
inflammatory responses (35). Adamiak et al (42) determined 
that murine hematopoietic stem/progenitor cells exhibited 
reductions in peripheral blood ATP stimulation‑induced 
IL‑1β expression when MCC950 was applied to inhibit the 
NLRP3 inflammasome. In the present study, it was determined 
that neutrophils were able to release IL‑1β via pyroptosis 
following anti‑β2GPI/β2GPI stimulation. Such IC exposure 
also induced neutrophil‑mediated HMGB1 release, whereas 
MCC950 inhibited this process. MCC950 or related inhibi‑
tors may thus be effective tools for preventing APS‑related 
thrombosis. In addition, PKR controls the release of IL‑1β 
and the HMGB1, and may thus be a relevant target in this 
pathological context (15).

Circulating IL‑1β and HMGB1 have previously 
been indicated to participate in a range of pathological 
processes, including inflammation, thrombosis and tumor 
metastasis  (43,44). For instance, Schulze  et  al  (45) found 
plasma HMGB1 levels to be correlated with stroke severity, 
while Yoshida et al  (46) identified IL‑1β as a mediator of 
extra‑intestinal thrombosis in a model of experimental colitis. 
Endothelial‑cell activation has a central role in thrombosis, 
with endothelial cell upregulation of the inflammatory 
marker proteins ICAM‑1 and IL‑8 being closely linked to 
the induction of thrombotic diseases (47,48). The present data 
revealed that HUVECs stimulated with recombinant IL‑1β 
and HMGB1 upregulated both IL‑8 and ICAM‑1 in vitro. 
However, a limitation of the present study is the lack of in vivo 
experiments to verify neutrophil pyroptosis and rule out other 
cellular interference. TLR4 is also expressed on vascular 
endothelial cells and the anti‑β2GPI/β2GPI IC may also directly 
activate endothelial cells (49). Xia et al (50) indicated that 
anti‑β2GPI/β2GPI ICs induced thrombosis by TLR4‑induced 
monocyte activation.

In conclusion, the results of the present study indicated 
that anti‑β2GPI/β2GPI is able to induce pyroptotic neutro‑
phil‑mediated IL‑1β and HMGB1 release, in turn activating 
endothelial cells and promoting their upregulation of IL‑8 and 
ICAM‑1 expression in vitro. It was further established that 
these effects were mediated via TLR4 through an intracellular 
PKR/p38MAPK/NLRP3 signaling pathway (Fig. 7). Together, 
these data suggest that neutrophil pyroptosis may represent 
a key mechanism driving thrombosis, thereby offering new 
insight into the potential pathogenic etiology underlying CI 
and related thrombotic diseases in patients with APS.
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