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Background: The NLRP3 inflammasome plays a critical role in inflammatory responses in 
various diseases. Our previous study showed that NLRP3 expression was significantly 
increased in human pregnancy tissue during term labour. Therefore, we explored whether 
NLRP3 participated in inflammatory responses of preterm and term labour and whether this 
process could be relieved by H2S, one anti-inflammatory gasotransmitter.
Methods: Human myometrium was obtained from non-labouring and labouring women. 
Mouse myometrium was obtained from LPS-induced infectious preterm labour. Uterine 
smooth muscle cells were isolated from non-labouring women’s myometrial tissues, trans
fected with siRNA, and treated cells with IL-1β, H2S donor NaHS, NF-κB inhibitor BAY 
11–7082 and TLR4 inhibitorTAK-242. The NLRP3 inflammasome, CSE, CBS, TLR4, 
uterine contraction-associated proteins (CAPs), NF-κB activation and inflammatory cytokine 
expression were assessed by Western blotting and RT-PCR.
Results: The NLRP3 inflammasome, TLR4 and activated NF-κB expression were upregulated in 
human term labour, mouse preterm labour and human uterine smooth muscle cells treated with IL- 
1β. NLRP3 levels were negatively correlated with CSE and CBS expression. Treatment with the 
H2S donor NaHS delayed LPS-induced preterm birth in mice and inhibited NLRP3 inflammasome 
activation. In siNLRP3-transfected cells, there was a significant decrease in the expression of CAPs 
and inflammatory cytokines compared with IL-1β stimulation. In addition, treatment with the H2 

S donor NaHS inhibited NLRP3 inflammasome activation, reduced the expression of uterine 
contraction-associated proteins and inflammatory cytokines and reduced the activation of TLR4 
and NF-κB compared with stimulation with IL-1β in human uterine smooth muscle cells. 
Furthermore, treatment of uterine smooth muscle cells with BAY 11–7082 and TAK-242 found 
that NLRP3 activation was regulated by the TLR4 and NF-κB pathways.
Conclusion: H2S suppresses CAP expression and the inflammatory response and contributes to 
uterine quiescence by inhibiting the TLR4/NF-κB signalling pathway and downstream NLRP3 
inflammasome activation. Thus, H2S contributes to uterine quiescence through inhibition of 
NLRP3 inflammasome activation by suppressing the TLR4/NF-κB signalling pathway.
Keywords: hydrogen sulfide, uterine quiescence, NLRP3 inflammasome, inflammation, 
TLR4/NF-κB

Introduction
Recent studies have found that NLRP3 expression is associated with spontaneous 
term labour of the chorionic amniotic membrane. Specifically, NLRP3 protein 
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expression was higher in the chorionic amniotic tissue of 
women who delivered at term than in those who did not 
give birth at term.1 Significantly, NLRP3 expression in 
chorionic tissue was higher in women with chorionic 
amniotic disease who delivered naturally to term than in 
women without chorionic amniotic disease.2 However, it is 
unknown if NLRP3 is also increased in the labouring 
myometrium, and furthermore, whether the TLR4-NF 
-κB-NLRP3 pathway is involved in the labouring myome
trium remains unknown.

Preterm labor (PTL) is a major cause of morbidity and 
mortality in newborns worldwide.3,4 Compared with those 
born at term, survivors of PTL have an increased risk for 
cerebral palsy, neurodevelopmental delays and respiratory 
problems that can spread to adult life.5 Moreover, high 
medical costs place a huge burden on families and 
society.6 However, there is still no effective way to prevent 
or predict preterm birth in the world.

Spontaneous preterm labors account for 70% of pre
term labors,7 and premature rupture of membranes 
accounts for 30% of spontaneous preterm births, in addi
tion, the causes of up to 45% of preterm labors are 
unclear.8 According to previous studies, 40% of all pre
term labors are associated with infection and/or 
inflammation.9 Specifically, the number of leukocytes 
and the contents of chemokines or inflammatory factors 
in uterine muscle tissue increased significantly. In addi
tion, the chemotaxis of maternal peripheral blood leuko
cytes to uterine tissue was enhanced. Infection and/or 
inflammation activate the maternal immune system and 
promote myometrial contraction, cervical maturation, and 
rupture of the membranes, leading to spontaneous preterm 
labor. The transformation of the human uterus from 
a quiescent state to a contractile state results from the 
coordinated expression of proinflammatory cytokines and 
chemokines and the expression of contraction-associated 
proteins such as gap junctions, prostaglandins, and oxyto
cin receptors;10 however, the mechanisms underlying the 
modulation of the inflammatory response in the uterus 
remain unknown.

Toll-like receptors (TLRs) and nucleotide-binding oli
gomerization domain-like receptors (NLRs) are pattern 
recognition receptors, both of which play an important 
role in the activation of innate and adaptive immune 
responses.11 Activation of TLRs triggers a signalling cas
cade that releases several inflammatory cytokines.12 Our 
previous study showed that there is a significant increase 
in TLR4 expression in human pregnancy tissue during 

preterm and term labour. Knockdown of TLR4 can attenu
ate NF-κB activity and the expression of the inflammatory 
cytokines IL-1β, IL-6, TNF-α and CAPs.13

NLR pyrin domain containing 3 (NLRP3), which is 
a key component of the NLRP3 inflammasome, is activated 
by connecting to cytokine or TLRs.14,15 NF-κB regulates the 
transcription of the NLRP3 gene, and when the NLRP3 
inflammasome is stimulated, it triggers caspase-1 activation, 
thereby promoting the secretion of the proinflammatory 
cytokines IL-1β and IL-18.16,17 Studies have shown that 
knockdown of NLRP3 can prevent inflammation in various 
animal disease models, such as age-related inflammation 
animal model, acute kidney injury (AKI) animal model, 
etc.18–20 Furthermore, abnormal activation of NLRP3 was 
found to be related to the pathogenesis of a variety of 
inflammatory diseases, such as intestinal inflammation dis
ease and Behcet’s disease (BD).21,22

Hydrogen sulfide (H2S), the third living system gas 
signal molecule in addition to NO and CO, is synthe
sized from cysteine by cystathionine-γ-lyase (CSE) and 
cystathionine-β-synthase (CBS).23 H2S is involved in 
many pathological and physiological processes, includ
ing oxidative stress, angiogenesis, inflammation, vasodi
lation and carcinogenesis.24 Studies have confirmed that 
both CBS and CSE are expressed in human pregnant 
tissues, such as the placenta, foetal membrane and 
myometrium.25,26 Our previous study found that the 
expression levels of the H2S-generating enzymes CBS 
and CSE and the production of H2S are decreased with 
the onset of labour and preterm labour in human chor
ionic tissues and the myometrium.27,28 Furthermore, our 
studies have demonstrated that H2S produced by CSE 
and CBS contributes to uterine quiescence during 
pregnancy,28 which suggests that H2S is involved in the 
initiation of labour. However, the mechanism by which 
H2S contributes to uterine quiescence and the regulation 
of labour remains largely unknown.

Therefore, based on the above background, in this 
study, we investigated whether H2S contributes to uterine 
quiescence by inhibiting NLRP3 inflammasome activation 
and suppressing the TLR4/NF-κB signalling pathway.

Materials and Methods
Human Myometrium Collection
This study was successfully approved by the Ethics 
Administration Office of Pu Tuo Hospital Affiliated with 
Shanghai University of Traditional Chinese Medicine (No. 
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PTEC-R-2021-28-1). All patients included in this study 
provided informed consent, in accordance with the 
Declaration of Helsinki. Human myometrium was col
lected from pregnant women with singleton pregnancy 
during caesarean section: term in labour (TL, n=12) and 
term no labour (TNL, n=12). TL and TNL group myome
tritis data were collected from pregnant women with nor
mal pregnancies. Women who had evidence of 
hypertension, preeclampsia, diabetes, or other diseases 
were not included in this study. The myometritis tissues 
were washed with cold saline, snap-frozen in liquid nitro
gen overnight, and then stored at −80°C for the following 
Western blot and RT-PCR detection analyses.

Animal Experiment and Tissue Collection
Six- to eight-week-old female and male C57BL/6 mice 
were purchased from Shanghai SLAC Laboratory Animal 
Co., Ltd., housed in the Laboratory Animal Centre of 
Putuo Hospital, Shanghai University of Traditional 
Chinese Medicine, and maintained in a specific pathogen- 
free environment with the following conditions: 22–25°C, 
12 h light/dark cycle and humidity of 50–60%. All animal 
treatments were considered humanely, and procedures 
were approved by the Ethics Committee for animal experi
ments at Pu Tuo Hospital Affiliated with Shanghai 
University of Traditional Chinese Medicine (No.0018) in 
compliance with the recommendation of the principles of 
laboratory animal care (NIH publication 85–23, revised 
1985).

Female mice were mated with males, and a vaginal 
plug was observed on gestation day (GD) 0.5. Previous 
research has reported that intrauterine lipopolysaccharide 
(LPS) administration dose-dependently induces PTL in 
a mouse model.29 As reported, in our study, pregnant 
females at GD15.5 were subcutaneously injected with 
LPS at a concentration of 0.5 mg/kg twice to construct 
a preterm labour model. In addition, H2S donor NaHS 
(10 mg/kg) and LPS were injected subcutaneously on 
GD15.5 twice with an interval of 12 hours. The delivery 
time and foetal weight were recorded, and myometrium 
tissue was collected on preterm labour. All myometrium 
samples were washed with cold saline, snap-frozen in 
liquid nitrogen overnight, and then stored at −80°C for 
Western blot and RT-PCR analysis.

USMC Cultures
Uterine smooth muscle cells (USMCs) were isolated and 
cultured as described previously.13,28 Approximately 50 

g of fresh myometrium tissues obtained from TNL patients 
were cut into pieces with sterile scissors and then dis
persed with 0.125% trypsin (Invitrogen, Carlsbad, CA, 
USA) and DMEM containing collagenase type II and 
deoxyribonuclease I (1 mg/mL) at 37°C with shaking for 
45 min. A purified fraction of USMCs was obtained fol
lowing gradient centrifugation at 600 g for 10 min and 
then suspended in DMEM (Invitrogen, Carlsbad, CA, 
USA) containing 10% (vol/vol) foetal bovine serum 
(Invitrogen-Gibco, Thermo Fisher Scientific, Waltham, 
MA, USA), 100 µ/mL penicillin, and 100 mg/mL strepto
mycin. Cells were then seeded into 25 cm2 culture bottles 
and kept at 37°C in a 5% CO2-95% air incubator for one 
week and the medium was changed every 48 hours. Cell 
purity was assessed by immunocytochemistry using an α- 
actin monoclonal antibody (Sigma-Aldrich) as described 
previously.28 Cells were seeded into six-well plates at 
a density of 30×104/well and grown in DMEM containing 
10% foetal serum at 37°C in 5% CO2-95% air overnight. 
Then, the cells were treated with the following drugs for 
24 h: NaHS (1×10−4 M), interleukin (IL)-1β (1 ng/mL), 
NF-κB inhibitor BAY-117082 (1×10−5 M) and TLR4 inhi
bitor TAK-242 (5×10−6 mol/L). Vehicle control was set 
without additive. The concentrations of the drugs were 
determined based on our previous studies, and all drugs 
were purchased from Sigma Aldrich (St. Louis, 
MO, USA).

RNA Interferences and Transfection
To explore whether the activation of NLRP3 is involved in 
IL-1β-induced pro-inflammatory and pro-labour media
tors, we knocked down NLRP3 by NLRP3-siRNA and 
vehicle with a nontargeting siRNA. For shRNA plasmids 
used in lentivirus-mediated interference, complementary 
sense and antisense oligonucleotides (sense:5ʹ- 
gatccGCTTCATCCACATGACTTTCCTTCAAGAGAGG
AAAGTCATGTGGATGAAGCTTTTTTg-3ʹ, antisense: 5ʹ- 
aattcAAAAAAGCTTCATCCACATGACTTTCCTCTCTT
GAAGGAAAGTCATGTGGATGAAGCg-3ʹ) encoding 
shRNAs targeting NLRP3 were synthesized, annealed and 
cloned into RNAi pLenti hU6-MCS-CMV-ZsGreen1-PGK- 
Puro vector (LncBio Co. Shanghai, China), Negative control 
shRNA was scrambled sequence without any specific known 
target. The above plasmids along with the related scrambled 
controls were obtained from Lncbio (Shanghai) Technologies, 
China. Transfection of USMCs with siRNA was performed by 
using Lipofectamine TM 3000 as previously described.28 

Briefly, NLRP3 siRNA (siNLRP3) and negative control 
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siRNA (siCONT) were transfected into USMCs at 50% con
fluence with Lipofectamine 3000 transfection reagent (Life 
Technologies; Mulgrave, Victoria, Australia) according to the 
manufacturer’s guidelines. After being cultured for twenty- 
four hours, cells were collected for analyses.

ELISA for Detection of IL-1β and IL-18
The concentrations of IL-1β (Mouse IL-1 beta Quantikine 
ELISA Kit, SMLB00C, Human IL-1 beta Quantikine 
ELISA Kit, SLB50) and IL-18 (Human Total IL-18 
DuoSet ELISA, DY318-05, Mouse IL-18 DuoSet 
ELISA, DY7625-05) in the human and mouse myome
trium were determined by specific ELISA (R&D 
Systems, Inc., Minneapolis, MN) according to the manu
facturer’s instructions.

Measurement of Caspase-1 Activity
The caspase-1 enzyme level was measured with 
a Caspase-1 Activity Assay Kit (Beyotime, Shanghai, 
China) following the manufacturer’s recommendations. 
Briefly, the uterine tissues and cells were lysed at 4°C. 
The supernatants were incubated with a substrate of cas
pase-1 (Ac-YVAD-pNA) to produce the yellow formazan 
product p-nitroaniline (pNA) at 37°C for 2 h. The pNA 
levels were detected at 405 nm by an Epoch 2 microplate 
spectrophotometer (Biotek, VT, USA).

Western Blot Analysis
Western blotting was performed as described previously.13 

Briefly, 50 µg of total protein extracted from human and 
mouse myometrial tissues and USMCs was separated by 
10% SDS-PAGE and subsequently transferred to nitrocellu
lose membranes (EMD Millipore, Billerica, MA, USA). After 
incubation for 2 h with blocking buffer, the membranes were 
incubated with the following specific primary antibodies: 
NLRP3 (#15101, 1:1000), ASC (#151700, 1:1000), TLR4 
(#14358, 1:1000), phospho-p65 (#3033, 1:1000), total p65 
(#8242, 1:1000), CBS (#14782, 1:1000), GAPDH (#2118, 
1:10000) (purchased from Cell Signalling Technology, 
Beverly, MA, USA), Connexin 43 (Cx43, ab235585, 1:1000, 
Abcam), oxytocin receptor (OTR, ab181077, 1:1000, 
Abcam), CSE (sc-365381, 1:100, purchased from Santa 
Cruz Biotechnology, Dallas, TX, USA), overnight at 4°C. 
Then, the membranes were incubated with horseradish perox
idase (HRP)-conjugated secondary antibody for 1 h at room 
temperature. Then, imaging software was used to analyse 
band densitometry.

RT-PCR Analysis
Total RNA was extracted with TRIzol reagent (Invitrogen; 
Thermo Fisher Scientific, Inc.) according to the manufac
turer’s instructions. The PrimeScript® RT Reagent Kit 
(Takara Biotechnology Co., Ltd., Dalian, China) was 
used to transcribe RNA into cDNA according to the man
ufacturer’s protocol. Then, quantitative real-time PCR was 
carried out on a Real-Time PCR Detection System (Bio- 
Rad Laboratories, Inc., Hercules, CA, USA) with a mix 
including cDNA and SYBR (Takara Biotechnology Co., 
Ltd.), specific forward/reverse primers and sterile water. 
The amplification conditions were as follows: denaturation 
at 95°C for 30 sec, then denaturation and annealing/exten
sion at 60°C for 1 min with 40 cycles. The mRNA levels 
were analysed by 2−∆∆Cq method. The primers for IL-1β, 
IL-6, TNF-α and β-actin are listed in Table 1.

Statistical Analysis
All statistical analyses were undertaken using SPSS 21.0 
software (Chicago, IL, USA). The results are presented as 
the mean ± SEM. One-way ANOVA and the Student- 
Newman-Keuls test were performed to assess individual 
comparisons. Pearson’s correlation was used to investigate 
the relationships between NLRP3 and the levels of CSE, 
CBS or CAPs. Significance was set at P value <0.05.

Results
NLRP3 Expression Levels Correlate with 
the Levels of CBS and CSE in Human 
Myometritis
First, we wanted to characterize the expression of 
NLRP3 in the human myometrium from the TNL and 
TL groups. The protein expression of NLRP3 was 
assessed by Western blotting, and the results are 

Table 1 Primer Sequence for Each Gene

Primer Sequence (5ʹ~3ʹ)

β-actin Forward TGTTACCAACTGGGACGACA
Reverse CTGGGTCATCTTTTCACGGT

IL-1β Forward GTGGCAATGAGGATGACTT
Reverse TGGGCTTATCATCTTTCAA

IL-6 Forward CCTTCCAAAGATGGCTGAAA
Reverse AGCTCTGGCTTGTTCCTCAC

TNF-α Forward GCCCCCAGAGGGAAGAGTTCCCCA
Reverse GCTTGAGGGTTTGCTACAACATGGGC

https://doi.org/10.2147/JIR.S308558                                                                                                                                                                                                                                    

DovePress                                                                                                                                                 

Journal of Inflammation Research 2021:14 2756

Chen et al                                                                                                                                                            Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


presented in Figure 1. NLRP3 protein expression was 
significantly higher in the human TL myometrium than 
in the TNL myometrium (**P < 0.0001, Figure 1A and 
C). In this study, we characterize the protein expression 
of CSE, CBS and CAPs, this results presented that CSE 
and CBS protein expression were significantly downre
gulated in human TL myometrium when compared to 
TNL (**P < 0.0001, P = 0.002, Figure 1B and D–E), the 
protein levels of CAPs were upregulated in TL myome
trial tissues compared with TNL tissues (**P < 0.0001, 
Figure F-H), and the correlation analysis showed that the 
NLRP3 expression levels correlate to the levels of CAPs 
(**P < 0.0001), and negative correlated with that of 
CBS, CSE. (*P = 0.018, **P = 0.006, Figure J–M). 
We also examined the p-p65 levels in TNL or TL myo
metrial tissues. As shown in Figure 1, the p-p65 level 
was significantly increased in TL myometrial tissues 
compared with TNL tissues (**P = 0.0016, Figure 1I).

Administration of LPS Induces Preterm 
Labour and Neonatal Mortality
In our study, we administered LPS at a concentration of 
0.5 mg/kg twice to pregnant mice at GD15.5 to induce 
a preterm labour model. The control group was treated with 
1× PBS (200 µL), and mice were monitored until delivery. 
Compared to PBS-injected controls all delivered at term (8/ 
8), all LPS-treated mice were delivered preterm (8/8); con
sequently, the gestational length of mice injected with LPS 
was lower than that of PBS-injected controls. (12.76±0.28h, 
89.19±0.70h **P < 0.0001, Figure 2A). The neonatal weight 
preterm in the LPS-induced models was significantly lower 
than that of controls injected with PBS delivered at term 
(0.44±0.01g, 1.47±0.01g **P < 0.0001, Figure 2C). In addi
tion, the survival rate preterm in the LPS-induced models 
was decreased compared to that of the PBS-injected controls 
(59±3.6%, 95±2.5% **P < 0.0001, Figure 2D). There was no 
significant difference in the number of pups per litter between 
the two groups (12.75±0.77, 13.38±0.7 P= 0.56, Figure 2B).

LPS-Induced Preterm Labour Induces 
NLRP3 Inflammasome and TLR4/NF-κB 
Activation
In this study, we determined the protein expression of 
NLRP3 and ASC, the activity of caspase-1, and the mature 
forms of IL-1β and IL-18. The results showed that the 
protein levels of NLRP3, ASC, mature IL-1β, and IL-18 
were higher in the LPS-induced preterm labour than in the 

PBS-injected controls (**P < 0.01, Figure 2E–G and 2I– 
J). The activity of caspase-1 was greater in LPS-induced 
preterm labour than in PBS-injected controls (**P < 0.01, 
Figure 2H). TLR4 and NF-κB were both activated by LPS- 
induced preterm labour (**P < 0.01, Figure 2K–L).

H2S Donor NaSH Delayed LPS-Induced 
Preterm Labour and Inhibited the 
Activation of the NLRP3 Inflammasome 
in Mouse Myometritis
In this study, we characterized the effect of H2S in LPS- 
induced preterm labour. The results showed that the H2 

S donor NaHS delayed LPS-induced preterm birth in mice 
(**P < 0.01, Figure 3A), and NLRP3 and ASC levels, 
caspase-1 activity and IL-1β and IL-18 concentrations 
were significantly decreased in the mice treated with 
NaHS+LPS compared with those treated with LPS 
(**P < 0.01, Figure 3B–F).

Increased Expression of the NLRP3 
Inflammasome, CAPs, TLR4 and NF-κB 
and Proinflammatory Cytokines in 
Human Myometrial Cells
As shown in Figure 4, IL-1β treatment led to a remarkable 
increase in the expression of NLRP3 and ASC and the 
activity of caspase-1 (**P < 0.01, Figure 4A–C). Our prior 
studies have shown that the expression of CAPs, such as 
Cx43 and OTR, and the activation of NF-κB/TLR4 are 
increased with human labour.13 We therefore examined the 
protein levels of these proteins and found that the levels of 
OTR, PGFR, NF-κB and TLR4 were significantly increased 
by IL-1β in human myometrial cells. (**P < 0.01, 
Figure 4D–G), and the expression of the proinflammatory 
cytokines IL-1β, IL-6 and TNF-α was significantly increased 
in the IL-1β group (*P < 0.05, **P < 0.01, Figure 4H–J).

H2S Protected Against IL-1β-Induced 
Inflammation and Inhibited Activation of 
the NLRP3 Inflammasome, Contraction- 
Associated Proteins, TLR4, NF-κB and 
Proinflammatory Cytokines
Then, we investigated the effect of H2S on IL-1β-induced 
activation of the NLRP3 inflammasome, TLR4 and NF-κB 
and CAP expression. After pretreatment with NaHS for 30 
min, the expression of NLRP3, ASC and caspase-1 
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Figure 1 NLRP3 expression levels correlate with the levels of CBS and CSE in human myometritis. (A, B, F) NLRP3, CSE, CBS, OTR, Cx43 and P-p65 protein levels were 
evaluated by Western blot analysis. GAPDH was used as a loading control. Densitometric analysis was conducted to determine the protein expression of NLRP3 (C), CBS 
(D), CSE (E), Cx43 (G), OTR (H) and P-p65 (I) in TNL and TL myometrial biopsies. Correlations were analysed between NLRP3 and the expression levels of Cx43, OTR, 
CBS, and CSE in the pregnant human myometrium at term. Relationships are shown between NLRP3 and Cx43 (J), OTR (K), CBS (L) or CSE (M) in tissues at term. 
Myometrial tissues were obtained from pregnant women at term before (TNL) or after the onset of labour (TL). Individual comparisons were conducted with one-way 
ANOVA, and all data are presented as the mean ± SD (n=12, **P <0.01 indicates a significant difference from the TNL group).
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Figure 2 Administration of LPS induces preterm labour and neonatal mortality in vitro. (A) The average gestational length for control C57BL/10 mice and LPS-induced 
preterm mice. (B) The number of pups per litter in the two groups. (C) The neonatal weight at labour or preterm labour in the pregnant control or LPS-induced mice. (D) 
Survival rate at labour or preterm birth in the two groups. (E) Protein levels of NLRP3, ASC, TLR4 and P-p65 were evaluated by Western blot analysis. GAPDH was used as 
a loading control. Densitometric analysis was conducted for the protein expression of NLRP3 (F), ASC (G), TLR4 (K), and P-p65 (L) at term labour or LPS-induced preterm 
birth in mouse myometrial biopsies. (H) The caspase-1 enzyme level was measured with a Caspase-1 Activity Assay Kit. The concentrations of IL-1β (I) and IL-18 (J) in the 
uterus of mice were determined with specific enzyme-linked immunoassays. Myometrial tissues were obtained from pregnant C57BL/10 mice at on-time labour (control) or 
LPS-induced preterm labour (LPS). Individual comparisons were conducted with one-way ANOVA, and all data are presented as the mean ± SD (n=8, **P <0.01 indicate 
a significant difference from the control group).
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Figure 3 The effects of NaSH on the activation of the NLRP3 inflammasome in mouse myometritis. (A) The average gestational length for LPS-induced preterm mice and 
LPS plus NaSH treatment groups. (B) Protein levels of NLRP3 and ASC were evaluated by Western blot analysis. GAPDH was used as a loading control. Densitometric 
analysis was conducted to determine the protein expression of NLRP3 (B) and ASC (C) in the LPS-induced preterm or LPS plus NaSH treatment groups in mouse 
myometrial biopsies. (D) The caspase-1 enzyme level was measured with a Caspase-1 Activity Assay Kit. The concentrations of IL-1β (E) and IL-18 (F) in the uterus of mice 
were determined with specific enzyme-linked immunoassays. Myometrial tissues were obtained from pregnant C57BL/10 mice in the LPS-induced preterm labour (LPS) or 
LPS plus NaSH treatment groups (LPS+NaSH). Individual comparisons were conducted with one-way ANOVA, and all data are presented as the mean ± SD (n=8, **P <0.01 
indicate a significant difference from the LPS group).
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Figure 4 The protein levels of NLRP3, TLR4, P-p65, OTR and PGFR in USMCs. We treated cells with IL-1β (1 ng/mL) to induce inflammation in smooth muscle cells. (A) 
Protein levels of NLRP3, TLR4, P-p65, OTR and PGFR were evaluated by Western blot analysis. GAPDH was used as a loading control. Densitometric analysis was 
conducted to determine the protein expression of NLRP3 (B), TLR4 (D), P-p65 (E), OTR (F) and PGFR (G) in USMCs treated with IL-1β. (C) The caspase-1 enzyme level 
was measured with a Caspase-1 Activity Assay Kit. The mRNA levels of IL-1β (H), IL-6 (I) and TNF-α (J) in the IL-1β-treated cells were detected by quantitative real-time 
RT-PCR. USMCs were isolated from TNL myometrial tissues. Individual comparisons were conducted with one-way ANOVA, and all data are presented as the mean ± SD 
(n=6, *P <0.05, **P <0.01 indicate a significant difference from the control group).
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activity were markedly reduced in the IL-1β+NaHS group 
compared with the IL-1β group (**P < 0.01, Figure 5A– 
D). The increase in TLR4 and NF-κB induced by IL-1β 
was also attenuated by NaHS (**P < 0.01, Figure 5E and 
F). The expression of the contraction-associated protein 
OTR was decreased in the presence of NaHS (**P < 0.01, 
Figure 5G). Furthermore, we examined the effect of H2 

S on the IL-1β-induced inflammatory response in the IL- 
1β+NaHS group. In the IL-1β+NaHS group, the expres
sion of the proinflammatory cytokines IL-1β, IL-6 and 
TNF-α was significantly decreased. (**P < 0.01, 
Figure 5H–J).

NLRP3 Inflammasome Activation in IL- 
1β-Treated Human Myometrial Cells Was 
Suppressed by Gene Silencing
Western blotting was utilized to assess the efficacy of 
siNLRP3 transfection. The results showed that there was 
a significant decrease in NLRP3 protein expression in IL- 
1β+siNLRP3-transfected cells compared to IL-1β 
+siCONT-transfected human myometrial cells (**P < 
0.01, Figure 6A and B). After inhibiting the expression 
of NLRP3, the high level of ASC and the activity of 
caspase-1 in human myometrial cells induced by IL-1β 
were lower after transfection with IL-1β+NLRP3-siRNA 
than after transfection with vehicle (**P < 0.01, Figure 6C 
and D).

The NLRP3 Inflammasome is Involved in 
Inflammation and Myometrial Cell 
Contractility Induced by IL-1β
The transition of the myometrium from the resting state to the 
contractility state is the key to the initiation of labour. This 
transition is associated with an increase in the expression of 
contraction-associated proteins such as Cx43 and OTR. Thus, 
to assess whether NLRP3 regulates myometrial contractility 
and facilitates labour initiation, we first assessed the effect of 
siNLRP3 on Cx43 and OTR expression. As shown in 
Figure 6E and F, in IL-1β+siNLRP3 cells, there was 
a significant attenuation of Cx43 and OTR expression com
pared with the IL-1β-treated group (**P < 0.01, Figure 6E 
and F).

Proinflammatory cytokines are involved in leukocyte 
activation and recruitment into the uterus to promote 
labour or preterm labour.29–31 Thus, we investigated the 
effect of siNLRP3 on the expression and secretion of 
proinflammatory cytokines and chemokines. The results 

showed that silencing NLRP3 resulted in a significant 
decrease in the mRNA levels of IL-1β, IL-6 and TNF-α 
in the IL-1β-treated cells (**P < 0.01, Figure 6G–I).

TLR4 and NF-κB Mediated IL-1β-Induced 
NLRP3 Inflammasome Activation
We determined the association among the NLRP3 inflam
masome and TLR4 and NF-κB. As shown in Figure 7A 
and B, pretreatment of cells with the TLR4 inhibitor TAK- 
242 inhibited, the protein level of phosphorylated NF-κB 
was decreased in the IL-1β+TAK-242 group compared to 
the IL-1β-induced group (**P < 0.01, Figure 7A and B). 
Moreover, we inhibited the expression of NF-κB by BAY 
11–7082, our results showed that inhibition of NF-κB 
activation by BAY 11–7082 decreased NLRP3 protein 
expression ((**P < 0.01, Figure 7C and D).

Discussion
The present study has demonstrated for the first time that 
the H2S-generating enzymes CBS and CSE have 
a significant negative correlation with the expression of 
NLRP3 in term labour myometritis obtained from humans 
and the H2S donor NaHS, can delay LPS-induced mouse 
preterm birth and decrease the expression of the NLRP3 
inflammasome. The NLRP3 inflammasome plays a crucial 
role in regulating the inflammatory response and uterine 
activation by upregulating the expression of proinflamma
tory cytokines and CAPs in cultured USMCs obtained for 
pregnant myometritis, and spontaneous term labour and 
LPS-induced preterm labour are also associated with 
increased NLRP3 inflammasome activation in the human 
and mouse myometrium. The H2S donor NaHS exhibited 
suppressive effects on the NLRP3 inflammasome and NF- 
κB/TLR4 activation in cultured USMCs. Our present study 
has demonstrated that H2S suppresses the expression of 
CAPs via inhibition of inflammation and that H2S is one of 
the key factors in the maintenance of uterine quiescence 
during pregnancy.28 Collectively, our data show that 
hydrogen sulfide contributes to uterine quiescence through 
inhibition of NLRP3 inflammasome activation by suppres
sing TLR4/NF-κB signalling pathways.

Many studies have found that NLRP3 inflammasome 
activation in the chorioamniotic membranes is associated 
with spontaneous preterm labour, either in intra-amniotic 
infection32 or sterile intra-amniotic inflammation.32 The 
expression of NLRP3 inflammasome-related genes 
(NLRP3, ASC, Caspase-1, and IL-1β) is upregulated in 
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Figure 5 The effects of NaSH on IL-1β-induced inflammation and activation of the NLRP3 inflammasome in USMCs. The protein levels of NLRP3, ASC, TLR4, P-p65, and 
OTR in USMCs. We treated cells with IL-1β or NaSH plus IL-1β to induce inflammation in smooth muscle cells. (A) Protein levels of NLRP3, ASC, TLR4, P-p65, and OTR 
were evaluated by Western blot analysis. GAPDH was used as a loading control. Densitometric analysis was conducted to determine the protein expression of NLRP3 (B), 
ASC (C), TLR4 (E), P-p65 (F), and OTR (G) in USMCs treated with IL-1β or NaSH plus IL-1β. (D) The caspase-1 enzyme level was measured with a Caspase-1 Activity 
Assay Kit. The mRNA levels of IL-1β (H), IL-6 (I) and TNF-α (J) in IL-1β-treated or NaSH plus IL-1β cells were detected by quantitative real-time RT-PCR. USMCs were 
isolated from TNL myometrial tissues. Individual comparisons were conducted with one-way ANOVA, and all data are presented as the mean ± SD (n=6, *P<0.05, **P <0.01 
indicate a significant difference from the IL-1β-treated group).
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the chorioamniotic membranes of women who underwent 
spontaneous preterm labour with acute 
chorioamnionitis.29,30 In addition to studies in foetal mem
branes, in our study, spontaneous term labour and LPS- 

induced preterm labour were also associated with 
increased NLRP3 inflammasome activation in the myome
trium, and the protein expression of NLRP3 inflamma
some-related genes (NLRP3, ASC, Caspase-1, IL-1β, and 

Figure 6 The effects of NLRP3 on IL-1β-induced inflammation and myometrial cell contractility in USMCs. The protein levels of NLRP3, ASC, OTR and CX-43 in USMCs. 
We knocked down NLRP3 by NLRP3-siRNA and vehicle with a nontargeting siRNA and pretreated cells with IL-1β. (A) Protein levels of NLRP3, ASC, OTR and CX-43 
were evaluated by Western blot analysis. GAPDH was used as a loading control. Densitometric analysis was conducted to determine the protein expression of NLRP3 (B), 
ASC (C), OTR (E), and CX-43 (F) in USMCs transfected with IL-1β+siRNA-NLRP3 or IL-1β+scrambled siRNA. (D) The caspase-1 enzyme level was measured with 
a Caspase-1 Activity Assay Kit. The mRNA levels of IL-1β (G), IL-6 (H) and TNF-α (I) in cells transfected with IL-1β+siRNA-NLRP3 or IL-1β+scrambled siRNA were 
detected by quantitative real-time RT-PCR. USMCs were isolated from TNL myometrial tissues. Individual comparisons were conducted with one-way ANOVA, and all data 
are presented as the mean ± SD (n=6, *P <0.05, **P <0.01 indicate a significant difference from the IL-1β+scrambled siRNA group).
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IL-18) was upregulated in the human and mouse myome
trium. In addition, the NLRP3 inflammasome was acti
vated after IL-1β stimulation in uterine myometrial cells 
cultured in vitro.

IL-1β, IL-6, TNF-α, and acute phase proinflammatory 
cytokines produced by leukocytes that invade the uterus 
during labour,31,33 play an important role in the process of 
human labour and pregnancy. Our previous study indicated 
that the proinflammatory cytokines IL-1β, IL-6, and TNF- 
α and the chemokine CCL-2 are significantly higher dur
ing labour in the myometrium.28 There are research reports 
that the proinflammatory cytokines IL-1β and TNF-α are 
important for the induction of uterine contractions by 

upregulating the expression of contraction-associated pro
teins (CAPs).34,35 Studies have shown that NLRP3 can 
induce proinflammatory mediator assembly in non- 
gestational tissues.36,37 Therefore, in our current study, 
we used siRNA-NLRP3 to determine the effect of 
NLRP3 on the genesis of preterm labour induced by IL- 
1β. We found that the response to IL-1β induction was 
reduced in siNLRP3-transfected cells. Cells transfected 
with siNLRP3 showed decreased expression of proinflam
matory cytokines (IL-1β, IL-6, and TNF-α) and contrac
tion-associated proteins (CX-43, OTR) when treated with 
IL-1β compared to siCONT-transfected cells. Collectively, 
using siRNA to suppress the expression of NLRP3 can 

Figure 7 TLR4 and NF-κB induced the activation of the NLRP3 inflammasome in IL-1β-induced USMCs. USMCs were treated with IL-1β or IL-1βplus the TLR4 inhibitor 
TAK-242 or IL-1β plus the NF-κB inhibitor BAY-117082. The protein levels of NLRP3 and P-p65 were evaluated by Western blot analysis (A-D). GAPDH was used as 
a loading control. USMCs were isolated from TNL myometrial tissues. Individual comparisons were conducted with one-way ANOVA, and all data are presented as the 
mean ± SD (n=6, **P <0.01 indicates a significant difference from the control group, &P <0.05 indicates a significant difference from the IL-1β-treated group, #P <0.01 
indicates a significant difference from the IL-1β-treated group).
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significantly reduce inflammation and uterine contractions 
when human myometrial cells are treated with IL-1β. 
Overall, our data suggest that NLRP3 inflammasome acti
vation positively regulates the inflammatory response and 
uterine contractions.

H2S, the third living system gas signal molecule 
besides NO and CO, has been shown to elicit anti- 
inflammatory effects in various tissues, such as inhibition 
of the release of proinflammatory cytokines and the adhe
sion of leukocytes.38–40 Our previous study showed that 
exogenous H2S produced by CSE and CBS suppressed the 
activation of NF-κB and inhibited the production of the 
proinflammatory cytokines IL-1β, IL-6 and TNF-α in 
human uterine myometrial cells cultured in vitro.28 

Collectively, these findings indicate that H2S is 
a potential therapeutic agent to suppress the inflammatory 
response.

Recently, some studies have shown that H2S inhibits 
the expression of proinflammatory cytokines and prevents 
the inflammatory response by modulating TLR4/NF-κB 
activity.41,42 Consistent with these results, we also indi
cated that H2S inhibited the activity of TLR4 and NF-κB 
in human myometrial cells cultured in vitro. Our previous 
results provide evidence that TLR4/NF-κB plays a crucial 
role in regulating uterine activation and parturition initia
tion by upregulating the expression of proinflammatory 
cytokines and CAPs. Furthermore, H2S suppresses spon
taneous contraction of the human uterus by inhibiting the 
expression of contraction-associated proteins (CX-43, FP, 
OTR).28 Collectively, our data reveal that H2S suppresses 
the expression of contraction-associated proteins via inhi
bition of inflammation by regulating the activity of TLR4/ 
NF-κB signalling.

Our current study indicates that the NLRP3 inflamma
some plays a crucial role in regulating the inflammatory 
response and uterine activation by upregulating the expres
sion of proinflammatory cytokines and CAPs in cultured 
USMCs obtained for pregnant myometritis; thus, it was of 
interest to determine whether NLRP3 inflammasome acti
vation is involved in the action of hydrogen sulfide. First, 
we performed statistical analysis of the expression 
between NLRP3 and hydrogen sulfide, and the results 
showed that the H2S-generating enzymes CBS and CSE 
have a significant negative correlation with the expression 
of NLRP3 in term labour myometritis obtained from 
humans. Then, the H2S donor NaHS can delay LPS- 
induced preterm birth in mice and decrease the expression 
of the NLRP3 inflammasome. Then, we pretreated 

USMCs with NaHS and found remarkably alleviated acti
vation of the NLRP3 inflammasome compared to that in 
the IL-1β-induced group. Based on the above results, we 
show that Scan exert anti-inflammatory effects and con
tribute to uterine quiescence by suppressing NLRP3 
inflammasome activation.

Given the critical role of the NLRP3 inflammasome in 
the inflammatory response and uterine activation, we tried 
to identify potential signalling pathways involved in 
NLRP3 inflammasome activation. Studies have found 
that NF-κB could increase the expression of NLRP3 and 
the proinflammatory cytokine IL-1β; moreover, NF-κB 
binding sites are present in the NLRP3 promoter,43,44 and 
knockdown of TLR4 with siRNA led to decreased NF-κB 
activity and IL-1β release.45 Consistent with these reports, 
in our study, knockout of the TLR4 gene in TLR4 gene 
knockout mice suppressed the activation of NF-κB.13 In 
the present study, after pretreatment of cells with the TLR4 
inhibitor TAK-242 and NF-κB inhibitor BAY-117082, we 
found that in IL-1β-treated USMCs, inhibiting TLR4 sig
nalling reduced the expression of NF-κB, while blocking 
NF-κB activation downregulated NLRP3 expression in IL- 
1β-treated cells. The data indicated that the TLR4/NF-κB 
signalling pathway may induce the activation of NLRP3 in 
IL-1β-treated myometrial cells.

Conclusions
In conclusion, in our current work, the results show that 
hydrogen sulfide produced by the enzymes CSE and CBS 
contributes to uterine quiescence by suppressing NLRP3 
inflammasome activation by inhibiting the TLR4/NF-κB 
signalling pathway. H2S can thus be a potential therapeutic 
agent to predict or prevent preterm birth.
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