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Abstract. Recurrent spontaneous abortions (RSA) are 
defined as aborting three or more times within 20 gestational 
weeks with the same sexual partner. The occurrence of RSA 
exhibits an upward trend in modern society. The NACHT, 
LRR and PYD domains‑containing protein 3 (NLRP3) 
inflammasome, which is an important component of innate 
immunity, serves a role in the immune response and in 
disease occurrence. In the present study, it was demonstrated 
that the disordered regulation of the NLRP3 inflammasome 
may induce the occurrence of RSA. The results of the present 
study demonstrated that caspase‑1 activity, interleukin 
(IL)‑1β and IL‑18 were upregulated in patients with RSA 
compared with healthy controls. Further investigation was 
performed to elucidate the mechanism of activation of the 
NLRP3 inflammasome in patients with RSA. The inhibition 
of the NLRP3 inflammasome in a RSA mouse model was 
able to decrease the rate of abortions. Finally, the present 
study demonstrated that the activated NLRP3 inflammasome 
was involved in the pathogenesis of RSA through regulation 
of the Th17 and regulatory T cell imbalance. The present 
study provides a potential future therapeutic target for RSA 
via the NLRP3 inflammasome.

Introduction

Recurrent spontaneous abortions (RSA) are defined as 
aborting three or more times within 20 gestational weeks 
with the same sexual partner. Epidemiological studies have 
suggested that the occurrence rate of RSA is 1‑5%. Multiple 
factors, including anatomy, genetics, infection, environ-
ment, endocrine factors, thrombus and immune factors are 

involved in the occurrence and development of RSA and 
some of the possible precipitating factors of RSA remain 
unknown (1‑3). RSA has become a challenge to women of 
childbearing age and reproductive medicine workers alike. 
RSA affects the physical and mental health of patients and 
their families. Therefore, it is important to further investigate 
the pathogenesis of RSA and seek effective methods to treat 
RSA, which may provide a novel strategy for the clinical 
treatment of RSA and be of significance in the field of the 
RSA research (4,5).

The normal activation of the inflammasome serves an 
important role in maintaining the stability of the immune 
system. The inflammasome is gaining increasing amounts of 
attention in the pathological process of metabolic disorders, 
autoimmune diseases and types of cancer. The NACHT, 
LRR and PYD domains‑containing protein  3 (NLRP3) 
inflammasome, which is an important component of innate 
immunity, serves a role in the immune response and disease 
occurrence. The abnormal activation and regulation of 
the NLRP3 inflammasome is associated with a number of 
autoimmune diseases  (6,7). The NLRP3 inflammasome 
is composed of a variety of protein compounds, which 
are considered to be innate immune system sensors. The 
NLRP3 inflammasome recognizes all types of danger 
signals, induces cell activation and releases inflammatory 
cytokines causing inflammation  (8). The NLRP3 inflam-
masome hydrolyses the adjacent two pro‑caspase‑1, then 
the enzyme initiates the production of the active caspase‑1. 
Active caspase‑1 mediates the activation of interleukin 
(IL)‑1β and IL‑18 from the precursors of IL‑1β and IL‑18. 
The activation of the NLRP3 inflammasome also regulates 
the adaptive immune response. The NLRP3 inflammasome 
affects the differentiation and function of active helper 
T cells (9). The NLRP3 inflammasome is closely associated 
with autoimmune diseases, which indicates that the NLRP3 
inflammasome may be associated with the occurrence of 
recurrent miscarriage (10). In the present study, our aim is 
to investigate the role and mechanism of NLRP3 inflamma-
some in RSA. The significance of activation of the NLRP3 
inflammasome, caspase‑1 and IL‑1β, IL‑18 inflammatory 
cytokines was studied, which may explain the occurrence 
of recurrent miscarriage and provide novel ideas for the 
diagnosis and treatment of inflammation and autoimmune 
diseases, including RSA.
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Patients and methods

Patients and controls. The case‑control study was approved by 
the Ethics Committee of Nanjing Medical University (Nanjing, 
China). A total of 30  patients with RSA and 30  controls 
from Wuxi Hospital for Maternal and Child Health Care, 
The Affiliated Hospital of Nanjing Medical University were 
recruited between July 2014 and June 2017, and all peripheral 
blood samples were collected from these people subsequent to 
obtaining written informed consent. The age (mean ± standard 
deviation) of women with RSA (31.2±3.2  years) was not 
significantly different from that of the controls (30.5±3.7 years). 
Excluding any definite causes, including abnormalities of 
the uterus or cervix, chromosomal abnormality, infection, 
endocrine and metabolic diseases, congenital thrombophilia 
and autoimmune disease, RSA was diagnosed. Peripheral 
blood (20 ml) was collected from two different groups at the 
late follicular phase (days 9‑12) of the menstrual cycle. A total 
of 30 fertile women who had at least one successful pregnancy 
and no previous abortions, with regular menstrual cycles, were 
used as the control group. None of the women in the present 
study were taking oral contraceptives.

Experimental animals of RSA. A total of 30 10‑week‑old mice 
[female CBA/J (h‑2k) mice, male DBA/2J (h‑2d) and male 
Balb/c (h‑2d); 10 mice in each group] weighing 20‑30 g were 
obtained from the Beijing Institute of Laboratory Animals of 
the Chinese Academy of Medical Sciences (Beijing, China). 
The mice were housed at 24˚C with 12‑h light/dark cycle 
and free access to food and water with breeding conditions 
complying with special pathogen free standards. The experi-
mental protocols for animals were approved by the Ethics 
Committee of Nanjing Medical University. Male Balb/c or 
DBA/2J mice were bred with female CBA/J mice and the 
vaginal plugs in individual mated female mice were examined 
daily to determine potential pregnancy. CBA/J mice mated 
with Balb/c mice were used as the normal pregnancy group. 
CBA/J mice mated with DBA/2J were considered as the 
spontaneous abortion group. Each group had 10 mice.

ELISA. To assess the levels of caspase‑1 activity, and IL‑1β 
and IL‑18 expression in the peripheral blood monocytes 
(PBMC) of patients with RSA and spleen tissues of model 
mice, ELISA analysis was performed using respective ELISA 
kits (eBioscience; Thermo Fisher Scientific, Inc., Waltham, 
MA, USA) for IL‑1β (KHC0019) and IL‑18, (MAN0014360) 
and Beyotime Institute of Biotechnology, Haimen, China for 
caspase‑1 activity (P70380) according to the manufacturer's 
protocols.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR) analysis. Total RNA was isolated from the PBMCs 
of patients or the spleen tissue of mice with TRIzol reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.) and was reverse 
transcribed at 50˚C for 60 min using a PrimeScript RT reagent 
kit (Takara Bio, Inc., Otsu, Japan), according to the manufac-
turer's protocol. Subsequently, cDNA was subjected to qPCR 
using a Lightcycler480 and SYBR-Green system (Roche 
Diagnostics, Basel, Switzerland) following the manufacturer's 
protocol. The primer sequences used in the present study were 

as follows: i) forward, NLRP3: 5'‑CGA​GAC​CTC​TGG​GAA​
AAA​GCT‑3' and reverse, 5'‑GCA​TAC​CAT​AGA​GGA​ATG​
TGA​TGT​AC‑3'; ii) GAPDH forward, 5'‑CTC​TGG​AAA​GCT​
GTG​GCG​TGA​TG‑3' and reverse, 5'‑ATG​CCA​GTG​AGC​TTC​
CCG​TTC​AG‑3'. GAPDH was used as a housekeeping gene 
for normalization. The cycling parameters were as follows: 
Denaturation at 95˚C for 10 min, amplification at 95˚C for 
15 sec, 58˚C for 1 min and 72˚C for 1 min for 40 cycles. NLRP3 
expression was calculated following normalization to GAPDH 
expression levels by the comparative 2‑∆∆Cq quantification cycle 
method (11).

Inhibition of caspase‑1. In the present study, a highly specific, 
cell‑permeable and competitive inhibitor of caspase‑1 was 
used as previously described (12,13). Briefly, the mated model 
mice received the first intraperitoneal injection of 0.5 mg 
Ac‑Tyr‑Val‑Ala‑Asp‑2,6‑dimethylbenzoyloxymethyl ketone 
(Ac‑YVAD‑CHO; Bachem AG, Bubendorf, Switzerland) 
dissolved in 0.1 ml sterile phosphate‑buffered saline (pH 7.4) 
on day 0. This was repeated every three days. Mice receiving 
treatment with PBS were used as a control.

Detection of Th17 [cluster of differentiation (CD)4+ IL‑17A+] 
and regulatory T cells [Treg; CD4+ CD25+ forkhead box 
protein P3 (FOXP3+)] in RSA and controls by flow cytometry. 
For analysis of Th17 cells, PBMCs (2x106 cells/ml) were 
suspended in culture medium including RPMI‑1640 
(Invitrogen; Thermo Fisher Scientific, Inc.) with L‑glutamine, 
penicillin (100 U/ml), streptomycin (10 mg/ml) and 10% fetal 
bovine serum (Invitrogen; Thermo Fisher Scientific, Inc.). 
Cells were stained for the surface marker CD4 by incubation 
with f luorescein isothiocyanate‑conjugated anti‑human 
CD4 (1:30; cat. no. 11‑0041‑82; eBioscience; Thermo Fisher 
Scientific, Inc.) at 4˚C for 30 min. Subsequently, the cells 
were fixed in 4% paraformaldehyde at 4˚C for 30 min and 
then stained with phycoerythrin (PE)‑conjugated anti‑human 
IL‑17A (1:50; cat. no. 25‑7177‑82; eBioscience; Thermo Fisher 
Scientific, Inc.) for Th17 cell detection, following fixation and 
permeabilization according to the manufacturer's protocol, 
by flow cytometric analysis as in a previous study  (14). 
Similarly, for Treg cell staining, cells were incubated 
with PerCP anti‑human CD4 (1:40; cat. no.  46‑0047‑42; 
eBioscience; Thermo Fisher Scientific, Inc.) and CD25 (1:40; 
cat. no. 11‑0257‑42; eBioscience; Thermo Fisher Scientific, 
Inc.) at 4˚C for 30 min. Following surface staining, the cells 
were fixed in 4% paraformaldehyde for 30 min at 4˚C and 
intracellularly stained with PE‑anti‑human FOXP3 (1:60; cat. 
no. 12‑4777‑42; eBioscience; Thermo Fisher Scientific, Inc.). 
All data were analyzed by flow cytometry and analyzed by 
FlowJo software version 10 (FlowJo LLC, Ashland, OR, USA), 
as described in a previous study (14,15).

Statistical analysis. Data are presented as the mean ± standard 
deviation from three independent experiments. Comparisons 
between patients with RSA and controls were analyzed via 
the Student's t test. Correlation analysis was performed via 
the Pearson correlation test. All analyses were performed 
using GraphPad Prism 5 (GraphPad Software, Inc., La Jolla, 
CA, USA). P<0.05 was considered to indicate a statistically 
significant difference.
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Results

Expression of the NLRP3 inflammasome in RSA patients. 
Embryos carry one‑half of the tissue antigens derived from 
the parents, therefore the embryo is half allogeneic grafts to 
the mother. However, throughout the pregnancy, the embryo 
survives attacks from the immune system of the mother, which 
is attributed to tolerance towards the embryo by the mother's 
immune system (16‑18). Once the immune tolerance is over-
come, however, it will lead to abortion (19,20). Therefore, how 
the embryo escapes from attack by the immune system in 
pregnant women is complex.

Inf lammasomes have been widely implicated in 
the development and progression of various chronic 
diseases (21‑23). The NOD‑like receptor (NLR) family was 
the first researched inflammasome. Once the NLR family 
is activated, NLRP3 recruits the adapter apoptosis‑related 
speck‑like protein containing a caspase recruitment domain, 
which in turn recruits procaspase‑1. Procaspase‑1 autocatalyzes 
its own cleavage and activation, resulting in maturation of the 
precursor forms of IL‑1β and IL‑18 into active proinflammatory 
cytokines and the initiation of pyroptotic cell death (24).

Abortion is closely associated with the immune response in 
pregnant women. To investigate whether the NLRP3 inflam-
masome is involved in RSA, the expression of NLRP3 mRNA 
expression levels in PBMCs of patients with RSA and controls 
was analyzed. It was demonstrated that the NLRP3 mRNA 
expression levels were significantly increased in RSA patients 
compared with the healthy controls (P<0.05; Fig. 1A). The same 

results were obtained in the decidual tissue (data not shown). It 
was then demonstrated that caspase‑1 activity was significantly 
upregulated in patients with RSA compared with the healthy 
controls (P<0.05; Fig. 1B). Furthermore, expression levels of 
IL‑1β (Fig. 1C) and IL‑18 (Fig. 1D) were significantly increased 
in the patients with RSA (P<0.05). These results suggested that 
the NLRP3 inflammasome was activated in patients with RSA. 
Further studies were performed to investigate the mechanism 
of activation of the NLRP3 inflammasome in RSA patients.

Expression of the NLRP3 inflammasome in the RSA mouse 
model. CBA/J mice mated with Balb/c mice were used as the 
control group with normal pregnancy. CBA/J mice mated 
with DBA/2J served as the spontaneous abortion group. 
The NLRP3 mRNA expression levels in the splenic tissue 
in the RSA and control mouse models were analyzed. The 
results demonstrated that the NLRP3 mRNA level was also 
significantly upregulated in the RSA model (P<0.05; Fig. 2A). 
Following this, the caspase‑1 activity and expression levels 
of IL‑1β and IL‑18 in the RSA and control mice model were 
examined. The results demonstrated that the caspase‑1 activity 
was significantly increased (P<0.05; Fig. 2B) as was IL‑1β 
(P<0.05; Fig. 2C) and IL‑18 expression (P<0.05; Fig. 2D). 
These results suggested that the NLRP3 inflammasome was 
activated in the RSA mouse model.

Inhibition of NLRP3 inflammasome in the RSA mouse model 
could rescue the abortion‑prone mice. The above results 
suggested that the NLRP3 inflammasome was activated in 

Figure 1. Expression of the NLRP3 inflammasome in patients with RSA and controls. (A) The NLRP3 mRNA expression levels analyzed by reverse 
transcription‑quantitative polymerase chain reaction analysis in patients with RSA and controls. (B) The caspase‑1 activity analyzed by ELISA in patients with 
RSA and controls. (C) The IL‑1β expression levels analyzed by ELISA in patients with RSA and controls. (D) The IL‑18 expression levels analyzed by ELISA in 
patients with RSA and controls. *P<0.05. RSA, recurrent spontaneous abortions; IL, interleukin; NLRP3, NACHT, LRR and PYD domains‑containing protein 3.
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the patients with RSA and the mouse model. The caspase‑1 
inhibitor YVAD was used to pretreat the abortion‑prone mice. 
On day 14 of pregnancy, the abortion‑prone mice treated with 
YVAD had a low embryo resorption rate compared with the 
untreated abortion‑prone mice. These results proved that the 
inhibition of the NLRP3 inflammasome in the RSA mouse 
model was able to protect the abortion‑prone mice (Table I).

Activated NLRP3 inflammasome is involved in the pathogenesis 
of RSA through regulation of the Th17 and Treg imbalance. 
Th17 cells serve an important role in the inflammatory reaction 
through the release of the pro‑inflammatory cytokine IL‑17. 
Therefore, Th17 cells may be proinflammatory factors in 

embryonic immune rejection. However, Treg cells (primarily 
CD4+ CD25+ Treg) induce immune tolerance, which is a unique 
immune regulatory function in the T cell subgroup (25). Treg 
and Th17 cells are important in immune rejection; a number 
of studies have demonstrated that an imbalance of Th17 and 
Tregs may lead to the occurrence of RSA (23,25). Whether the 
NLRP3 inflammasome is associated with Treg and Th17 cells 
was investigated in the present study. The correlation between 
NLRP3 and IL‑17, and NLRP3 and CD4+ CD25+ Treg cells was 
analyzed. The results demonstrated that the NLRP3 expression 
was positively correlated with the CD4+ IL‑17A+ levels (r=0.76; 
Fig. 3A), while NLRP3 expression was negatively correlated 
with CD4+ CD25+ Treg cells (r=‑0.81; Fig. 3B). Similar results 

Figure 3. Investigation of the involvement of Th17 and Tregs in the inflammasome in patients with RSA. (A) The correlation of NLRP3 expression levels and Treg 
T cells in patients with RSA. (B) The correlation of NLRP3 expression levels and Th17 T cells in patients with RSA. Treg, regulatory T cells; RSA, recurrent spon-
taneous abortions; IL, interleukin; CD, cluster of differentiation; FOXP3, forkhead box protein P3; NLRP3, NACHT, LRR and PDY domains‑containing protein 3.

Figure 2. Expression of the NLRP3 inflammasome in the RSA mouse model. (A) The NLRP3 mRNA expression levels analyzed by reverse transcription‑quantitative 
polymerase chain reaction analysis in the RSA mouse model and controls. (B) The caspase‑1 activity analyzed by ELISA in the RSA mouse model and controls. 
(C) The IL‑1β expression levels analyzed by ELISA in the RSA mouse model and controls. (D) The IL‑18 expression levels analyzed by ELISA in the RSA mouse 
model and controls. *P<0.05. RSA, recurrent spontaneous abortions; IL, interleukin; NLRP3, NACHT, LRR and PYD domains‑containing protein 3.
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were observed the RSA mouse model (Fig. 4). The CD4+ IL‑17A+ 
and CD4+ CD25+ Treg levels in the RSA mice were investigated 
with the caspase‑1 inhibitor YVAD. The results demonstrated 
that treatment with YVAD increased the CD4+ CD25+ Treg 
levels while the CD4+ IL‑17A+ levels were downregulated 
(Fig. 5). These results suggested that the activated NLRP3 
inflammasome was involved in the pathogenesis of RSA by 
regulating the Th17 and Treg imbalance.

Discussion

RSA occurs in 1‑5% of women during their reproductive 
years (26). The exact mechanism of RSA is remains unclear. 
Certain studies have suggested that the onset of RSA has 
been associated with maternal immune system attack on the 
fetus by allo‑rejection  (27‑29). A previous study observed 
that Th2‑anti‑inflammatory predominance facilitated the 
survival of the fetus in the maternal uterus (30). However, a 
previous study demonstrated that the lack of Th2 cytokine 
secretion of genetically deficient mice did not always cause 
abortion, suggesting that multiple factors were involved in the 
pathogenesis of RSA (31). Previous studies have demonstrated 
that Treg (31) and Th17 (32) are involved in abortion. The 
imbalance of Treg and Th17 leads to abortion through the 
secretion of inflammatory cytokines. The focus of the present 
study was the mechanism underlying the imbalance of Treg 
and Th17 cells. A previous study demonstrated that the NLRP3 
inflammasome serves an important role in inflammatory 
and autoimmune diseases (33). In the present study, it was 
demonstrated that the NLRP3 inflammasome was activated in 
patients with RSA and the mouse model. Further experiments 
demonstrated that the inhibition of the NLRP3 inflammasome 
in the RSA mouse model was able to rescue abortion‑prone 
mice. Finally, the results demonstrated that the activated 
NLRP3 inflammasome is involved in the pathogenesis of RSA 
by regulating the Th17 and Treg balance disturbance.

Once danger signals meet the immune system, the NLRP3 
inflammasome is activated. Following this, the NLRP3 

Figure 4. Investigation of the association of Th17 and Tregs with the inflammasome in the RSA mouse model. (A) The correlation of NLRP3 expression 
levels and Treg T cells in the RSA mouse model. (B) The correlation of NLRP3 expression levels and Th17 cells in the RSA mouse model. RSA, recurrent 
spontaneous abortions; Treg, regulatory T cells; IL, interleukin; CD, cluster of differentiation; FOXP3, forkhead box protein P3; NLRP3, NACHT, LRR and 
PDY domains‑containing protein 3.

Table I. Treatment with YVAD was able to protect the abortion‑prone mice in the RSA mouse model.

	 No. of mice	 Surviving fetuses	 Resorbed fetuses	 Resorption rate, %

Control	 10	 69	 12	 17.39
RSA	 10	 51	 22	 43.14
Vehicle	 10	 47	 20	 42.55
YVAD	 10	 45	 12	 26.67

RSA, recurrent spontaneous abortions.

Figure 5. Detection of CD4+ IL‑17A+ and CD4+ CD25+ Treg levels in RSA 
mice treated with the YVAD inhibitor. *P<0.05. CD, cluster of differen-
tiation; RSA, recurrent spontaneous abortions; Treg, regulatory T cells IL, 
interleukin; CD, cluster of differentiation; FOXP3, forkhead box protein P3; 
NLRP3, NACHT, LRR and PDY domains‑containing protein 3.
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inflammasome increases the secretion of active caspase‑1, and 
IL‑1β and IL‑18, which are inflammatory cytokines (34). In 
the present study it was demonstrated that the mRNA expres-
sion levels of NLRP3 were increased in addition to the active 
caspase‑1, IL‑1β and IL‑18 in the women with RSA compared 
with the controls. These results suggested that the NLRP3 
inflammasome may be involved in abortion.

The cytokines induced by the NLRP3 inflammasome have 
individual characteristics. IL‑1, which is considered to be a 
powerful inflammatory mediator, may induce acute systemic 
or local inflammation and contributes to a number of chronic 
diseases. IL‑1 is associated with a number of autoimmune 
diseases, including atherosclerosis, osteoarthritis, metabolic 
syndrome and type 2 diabetes  (35). The secretion of IL‑1β 
consists of a number of stages. First, an activated antigen trig-
gers IL‑1β expression in inflammatory cells. Second, the IL‑1β 
precursor protein, which has no biological activity in the cytosol, 
is translated from the IL‑1β mRNA. Finally, the cell secretes 
activated IL‑1β. The inflammasome, including activated 
caspase‑1 and pro‑IL‑18, was discovered by Cerretti et al (36), 
Thornberry et al (37), Miura et al (38) and Martinon et al (39).

Although inflammasomes exist in different forms, the 
constituent parts of the inflammasomes are similar, including 
the NLR gene family, adaptor proteins and procaspase‑1 mole-
cules (40). The NLRP3 inflammasome is the most important 
inflammasome in sterile inflammation. Diverse stimulation, 
including pore‑forming toxins, bacteria, viruses and endogenous 
molecules, may activate the NLRP3 inflammasome (41,42).

Pathogen‑associated and damage‑associated molecular 
patterns may activate the NLRP3 inflammasome. Following 
this, the NLRP3 inflammasome induces the secretion of 
important pro‑inflammatory cytokines, including IL‑1β and 
IL‑18 (43,44). The NLRP3 inflammasome is involved in a 
variety of biological activities, including inflammation and 
tissue repair. Recent studies demonstrated that numerous 
sensor proteins of endogenous and exogenous origins have 
been involved in NLRP3 inflammasome activation. In meta-
bolic syndrome and inflammatory bowel disease (45), NLRP3 
inflammasome activation exerts important roles. Furthermore, 
mutations in components of inflammasome complexes have 
been associated with a propensity for the development of a 
number of immune‑mediated diseases in humans (46).

A number of studies have suggested that Treg and Th17 cells 
serve important roles in the pathogenesis of RSA (6,7,25,47‑49). 
Treg cells may induce tolerance and maintain tolerance to 
alloantigens. Th17 cells produce the signature cytokine IL‑17 
to mediate inflammation, autoimmunity and immunological 
rejection of foreign tissue (50,51). The results of the present 
study demonstrated that the activated NLRP3 inflammasome 
is involved in the pathogenesis of RSA by regulating Th17 and 
Treg balance disturbance.

In conclusion, the authors of the present study suggested 
that the NLRP3 inflammasome was activated in patients with 
RSA by regulating Th17 and Treg balance disturbance. The 
NLRP3 inflammasome may be used as a therapeutic target for 
RSA in the future.
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