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A B S T R A C T   

Postmenopausal osteoporosis caused by estrogen deficiency affects millions of women worldwide. By influencing 
both osteoblast and osteoclast development, NOD-like receptor thermoprotein structural domain-associated 
protein 3 (NLRP3) is a key player in the etiology of osteoporosis (OP). The purpose of this research was to 
look into the mechanism of action of NLRP3 in osteoporosis caused by a lack of estrogen, highlighting that 
NLRP3 induces osteoblast pyroptosis and thus inflammatory responses in de-ovulated mice, thereby inhibiting 
osteogenic differentiation and participating in the development of osteoporosis. In de-ovulated mice, we found 
an enhanced inflammatory response and suppression of osteogenic activity. In vitro experiments, we found a 
significant increase in markers of cell pyroptosis and inflammatory responses and a significant decrease in 
markers of osteogenic differentiation in osteoblasts from de-ovulated mice. However, knockdown of the NLRP3 
gene inhibited this cell pyroptosis and improved osteogenic differentiation of osteoblasts. Our findings indicate a 
potential therapeutic potential for the treatment of estrogen deficiency-induced osteoporosis by demonstrating 
the critical role that NLRP3 inflammatory vesicles and their downstream-mediated cellular pyroptosis play in 
bone differentiation.   

1. Introduction 

Osteoporosis is a metabolic illness characterized by decreased bone 
density and microarchitecture degradation, which can lead to increased 
bone fragility [1]. The risk of osteoporosis depends on the amount of 
bone gained during skeletal growth and development, with peak bone 
mass in adulthood, followed by gradual loss of bone mass with age [2]. 
Osteoporosis is usually seen in the elderly and occurs especially in 
postmenopausal women [3]. By promoting osteoblast differentiation 
and reducing osteoclast activity, estrogen has been shown to be 
important in the control of bone remodeling. Lack of estrogen in post-
menopausal women can result in excessively resorbing bone without 
sufficient fresh bone growth, leading to bone loss and accelerating the 
onset of osteoporosis [4]. Despite the introduction of postmenopausal 
hormone treatment into the clinical care of osteoporosis, it only lowers a 
tiny proportion of osteoporosis and related fractures [5,6]. Because to 
the aging population across the world, osteoporosis is more common and 
has a significant negative impact on both individuals and society. 
Although osteoporosis may be prevented, it is challenging to identify 
those who are at risk for developing it. Osteoporosis is simple to 

diagnose but challenging to cure. Given the huge health and economic 
burden of osteoporosis [7], osteoporosis prevention and treatment are 
critical. 

NLRP3 inflammatory vesicles are one of the best characterized 
multiprotein complexes due to its key role in immunity [8]. Innate im-
munity and inflammation are mediated by NLRP3 inflammatory vesi-
cles. Caspase-1 is triggered when pre-Caspase-1 and 
apoptosis-associated speckle-like protein (ASC) are pulled together to 
create NLRP3 inflammatory vesicles [9–11], causing IL-1β and IL-18 to 
mature and generate an inflammatory response. NLRP3 is important in a 
number of chronic illnesses. It has been shown that overexpression of 
NLRP3 inflammatory vesicles can lead to skeletal abnormalities [12,13], 
but the mechanisms of how NLRP3 affects the skeleton are not well 
established. 

Cell pyroptosis is a sort of programmed death mediated by gasdermin 
that induces cell expansion until the cell membrane ruptures and the cell 
contents are expelled, resulting in a substantial inflammatory response 
[14]. Cell pyroptosis can be triggered by caspase-1 or caspase-11, which 
is activated by NLRP3 inflammatory vesicles, and activated caspase-1 is 
able to cleave gasdermin-d (GSDMD), a key actuator, to induce cell 
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pyroptosis [15]. It has been shown that NLRP3 inflammatory 
vesicle-induced pyroptosis is associated with infectious bone damage 
[16,17]. Thus, we can know that NLRP3-induced osteoblast pyroptosis 
affects bone formation. 

Osteoblasts originate from multipotent bone marrow stromal stem 
cells (MSCs). MSCs are a class of stem cells with the potential for self- 
proliferation and multidirectional differentiation and can differentiate 
into bone, cartilage, muscle, ligament, tendon and adipose tissues in 
response to different environments and triggers. In response to 
osteogenesis-related hormones, cytokines and various other inducers, 
MSCs can differentiate in a directed manner to form a spectrum of os-
teoblasts, including osteogenic cells, osteoblast precursor cells, mature 
osteoblasts and end-stage osteocytes. There are no clear boundaries 
between the different stages of the cell population and they are a 
continuous process of development. Osteoblasts are the material basis 
for osteogenesis and bone formation and are the most important func-
tional cells in the continuous renewal of bone. The dynamic balance 
between bone formation by osteoblasts and bone resorption by osteo-
clasts is the basis for the maintenance of a normal state of bone recon-
struction. The pathogenesis of osteoclast-mediated bone loss disease has 
been more comprehensively studied, whereas the pathogenesis of 
osteoblast-mediated bone formation disease is still not clearly under-
stood. The study of osteoblast proliferation, differentiation characteris-
tics, changes in activity and the regulation of osteoblast differentiation is 
important for exploring the mechanisms of bone diseases and finding 
targets for the treatment of related diseases. 

In summary, we hypothesize that in the absence of estrogen, NLRP3 
induces osteoblast pyroptosis and thus mediates an intense inflamma-
tory response that inhibits osteogenic differentiation, which in turn is 
involved in the development of osteoporosis. We first determined the 
role of NLRP3 in de-ovulated mice and then investigated the effect of 
NLRP3 on osteoblasts. We found that NLRP3 leads to increased levels of 
inflammation in de-ovulated mice, which leads to inhibition of osteo-
genic differentiation; NLRP3 can be observed in cellular experiments to 
promote osteoblast pyroptosis in de-ovulated mice, leading to increased 
levels of inflammation in osteoblasts, which leads to inhibition of oste-
ogenic differentiation of osteoblasts. 

2. Materials and methods 

2.1. Animal experiments 

All experiments were approved by the ethics committee. Female 
C57BL/6J mice aged eight weeks were kept in regular animal room 
settings (temperature 22 ± 1◦C, humidity 55 ± 5%). The de-ovulatory 
group (OVX), NLRP3 knockout group (NK), the de-ovulatory group 
with NLRP3 knockout group (OVX + NK), and the control group (NC) 
were each randomly assigned 15 mice. The control group underwent 
sham surgery, and the de-ovulatory and de-ovulatory + NLRP3 
knockout groups underwent bilateral oophorectomy under pentobar-
bital sodium (60 mg/kg) anesthesia. After 8 weeks, the neck was broken 
and executed with sodium pentobarbital anesthesia, and then the tibia 
or femur stem was quickly removed on ice, the periosteum and cartilage 
parts at both ends were removed, and the marrow cavity was repeatedly 
rinsed with distilled water to rinse the blood remaining on the bone 
surface, after which the femur or tibia was placed in a 1.5 ml EP tube, 
marked and placed in a freezing box, pre-frozen in a -20◦C refrigerator 
for 30 min and followed by backup storage in a -80◦C refrigerator. 

2.2. Immunohistochemical analyses 

To create paraffin slices, mouse femur samples were first fixed in 4% 
paraformaldehyde and then decalcified in 10% ethylenediaminetetra-
acetic acid (EDTA, pH 7.0).The sections were subsequently dewaxed, 
graded rehydrated, rinsed, and repaired with high pressure antigen. 
After then, the slices underwent a 15-min dropwise incubation with 3% 

hydrogen peroxide to deactivate endogenous peroxidase. Primary anti-
body (1:100) was incubated overnight at 4◦C, rewarmed the next day, 
rinsed, incubated with secondary antibody, and rinsed again. Color 
development was performed using the DAB color development kit 
(Abcam, Eugene, USA) and the reaction was terminated with tap water, 
followed by re-staining with hematoxylin, dehydration, transparency, 
neutral gum sealing, and observation under a light microscope. 

2.3. Western blot analysis 

Using a mortar and pestle, mouse femurs were crushed in liquid ni-
trogen. The powdered bone tissue was then put to centrifuge tubes along 
with 200 μl of protein extraction reagent (Wanleibio, Beijing, China), 
mixed thoroughly, and then placed for 30 min in an ice bath. This was 
followed by shaking on a vortex mixer for 20 s every 5 min. Centrifu-
gation was then performed for 15 min at 4 ◦C at 12000 rpm. The BCA 
Protein Assay Kit (Beyotime Biotechnology, Shanghai, China) was used 
to measure the concentration of bone tissue proteins in the supernatant 
after it had been transferred to a fresh centrifuge tube. The samples were 
evaluated by Western blotting, as described in Ref. [18]. 

In 6-well plates, mouse osteoblasts were washed with PBS, 120 μl of 
cell lysate (Biosharp, Beijing, China) was added, treated with ultra-
sound, and centrifuged at 12000 rpm/min for 15 min at 4◦C. The su-
pernatant was retained in order to get total osteoblast protein. The BCA 
protein assay kit (Beyotime Biotechnology, Shanghai, China) was used 
to measure the protein concentration. According to Ref. [19], Western 
blotting was employed to assess the samples (Table 1). 

2.4. H&E staining 

Paraformaldehyde was used to fix mouse femurs, followed by a 
decalcification step in 10% EDTA (pH 7.0) and paraffin wax embedding. 
For morphological analysis of the tissues, paraffin sections of femoral 
tissues were immersed in xylene I, xylene II respectively in order to 
remove paraffin, then subjected to hydration reaction, 10 min of he-
matoxylin staining, washed for 10 min with tap water in order to remove 
floating colors, rinsed with distilled water for 2 min, then split with 0.5% 
ethanol hydrochloride for 3s, 10 min of tap water rinsing, washed for 2 
min with distilled water, low magnification microscopy, followed by 
eosin staining for 30s, then dehydrated, transparent, sealed with treacle, 
and finally observed under light microscopy. 

2.5. Mouse bone marrow mesenchymal stem cells(BMSC)Isolation and 
culture 

Bone marrow cells (1 × 107) from the femur and tibia of four groups 
of mice were taken and inoculated in 100 mm cell culture dishes and 
incubated at 37◦C with 5% CO2 for 3 h to allow adherent cells to adhere. 
The non-adherent cells were subsequently removed by giving the BMSCs 
two PBS rinses. In α-MEM medium containing 15% fetal bovine serum, 
100 U/mL penicillin, and 100 g/mL streptomycin, BMSCs were culti-
vated. (Procell Life Science&Technology Co.,Ltd, Wuhan, China). Every 

Table 1 
Antibodies for Western blotting.  

Empty Cell Dilution ratio Company Catalog number 

RUNX2 1:1000 Cell Signaling Technology 12556 
OPN 1:1000 Cell Signaling Technology 27927 
OCN 1:500 BIOSS ANTIBODIES Bs-4917R 
Caspase-1 1:1000 Cell Signaling Technology 24232 
IL-1β 1:1000 Cell Signaling Technology 31202 
IL-18 1:500 BIOSS ANTIBODIES Bs-0529R 
GSDMD 1:1000 Cell Signaling Technology 69469 
TNF-α 1:1000 Cell Signaling Technology 11948 
GAPDH 1:1000 Cell Signaling Technology 5174 
NLRP3 1:1000 Abcam ab263899  
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three days, the fluid was replaced. After cell fusion reached 80%–90%, 
trypsinization was performed on the cells before plating them onto new 
culture dishes as the first passage. The BMSCs at passage three were 
employed in the investigation that followed. 

2.6. Osteoblast differentiation induction 

On 24-well plates, 1 × 104 mouse BMSCs were put, and they were 
cultured in α-MEM medium that had 10% fetal bovine serum, 10 nM 
dexamethasone, 50 g/mL ascorbic acid, and 10 mM glycerophosphate 
added (All from Sigma-Aldrich, Louis, USA). 

2.7. ALP alkaline phosphatase staining 

The BMSCs were differentiated into osteoblasts on day 7, and the 
osteoblasts were stained using the ALP staining kit (Beijing leagene 
biotech.co.,ltd, Beijing, China). The sterile slides were placed in culture 
dishes, and the appropriate amount of cell suspension was added for cell 
crawling when the cells were passaged, and then removed after the cells 
grew all over the slides. Cell crawls were rinsed with PBS and fixed with 
cold propanol for 10 min, then rinsed several times with distilled water. 
After that, they were incubated in incubation solution (3% sodium 
β-glycerophosphate 5 ml, 2% sodium barbiturate 5 ml, distilled water 
10 ml, 2% CaCl2 10 ml, 2% MgSO4 1 ml) for 5h at 37◦C. After incuba-
tion, they were rinsed 3 times with tap water, immersed in 2% cobalt 
nitrate for 5min, washed 3 times with distilled water, after which they 
were immersed in 1% ammonium sulfide for 2 min, and finally rinsed 
with tap water and sealed by natural drying. 

2.8. Total RNA isolation and quantitative real-time RT–PCR 

Mouse osteoblasts were subjected to total RNA extraction using the 
TRIzol kit (Invitrogen, Waltham, USA). We used the PrimeScript RT kit 
(Takara, Otsu, Japan) to reverse-transcribe the RNA into single-stranded 
cDNA. The steps were carried out exactly as instructed. Real-time qPCR 
was performed in samples with a total system of 20 μL. mRNA expression 
was compared with the CT method (2-ΔΔCT). Every experiment was 
carried out three times (Table 2). 

2.9. Cell pyroptosis assay 

The pyroptosis of mouse osteoblasts was evaluated using the lactate 
dehydrogenase (LDH) release kit (Nanjing Jiancheng Bioengineering 
Institute, Nanjing, China). Cell culture supernatants were collected in 
order to assay the cells for lactate dehydrogenase activity to assess the 
integrity of the cell membrane. An enzyme marker used in spectropho-
tometry had its absorbance measured at 450 nm. LDH activity was 
calculated by the formula = (OD of assay group - OD of control group)/ 
(OD of standard group - OD of blank group) × concentration of standard 

× N × 1000. 
Staining of mouse osteoblasts with Hoechst 33342/PI double stain-

ing kit (KeyGEN BioTECH, Jiangsu, China). Following walling, mouse 
osteoblasts were transplanted onto 24-well plates at a density of 1 × 104 

cells per well. The cells were then double stained with Hoechst 33342/ 
PI. 3 μL of Hoechst 33342 was used to stain the cells for 10 min at 37 ◦C, 
then with 3 μL PI at room temperature for 10 min before being examined 
under a fluorescence microscope. 

2.10. Statistical analysis 

Every value is shown as the mean ± SEM. Multiple comparisons were 
statistically analyzed using one-way ANOVA. P<0.05 was used to 
determine significant differences. Data analysis was carried out using 
GraphPad Prism 8.0 software. 

3. Results 

3.1. NLRP3 causes elevated levels of inflammation in de-ovulated mice 

First, we analyzed the role of NLRP3 in devitalized mice. We used 
immunohistochemistry and Western bloting to detect TNF-α, IL-1β and 
IL-18, and found that TNF-α, IL-1β and IL-18 levels in femoral tissues of 
de-ovulated mice were higher than those in the control group (Fig. 2A- 
B), indicating an inflammatory response in de-ovulated mice. Mean-
while, the expression levels of TNF-α, IL-1β and IL-18 were lower in 
femoral tissues of de-ovulated + NLRP3 knockout mice compared with 
de-ovulated mice (Fig. 2A-B), indicating that NLRP3 mediates this in-
flammatory response. These results suggest that NLRP3 can lead to 
elevated levels of inflammation in devitalized mice. 

3.2. NLRP3 is involved in the inhibition of osteogenic differentiation in de- 
ovalized mice 

Next, we investigated the role of NLRP3 in de-ovulated mice’s 
osteogenic development. To observe the morphology of bone tissue in 
mice, we performed H&E staining of bone tissue, and the results showed 
(Fig. 3A) that bone trabeculae were unevenly distributed and sparsely 
arranged with a low number of trabeculae in de-ovulated mice, while 
bone trabeculae were more evenly distributed and closely arranged with 
a higher number of trabeculae in de-ovulated + NLRP3 knockout mice. 
We employed immunohistochemistry and Western Blotting to find the 
osteogenic markers OCN, OPN, and Runx2 in de-ovulated mice to 
further confirm the impact of NLRP3 on osteogenic differentiation. The 
findings demonstrated that OCN, OPN, and Runx2 protein expression 
levels were substantially reduced in femoral tissues of de-ovulated mice, 
whereas they were significantly higher in femoral tissues of NLRP3 
knockout mice compared to de-ovulated mice, and slightly higher in 
femoral tissues of de-ovulated + NLRP3 knockout mice compared to de- 
ovulated mice. All of these findings imply that NLRP3 is a factor in the 
suppression of osteogenic development in de-ovalized mice. 

3.3. NLRP3 induces osteoblast pyroptosis 

As NLRP3 is implicated in the prevention of osteogenic differentia-
tion in de-ovulated mice, we isolated bone marrow mesenchymal stem 
cells from four groups of mice, stimulated osteogenic differentiation, 
and examined whether ALP labeling caused osteogenic differentiation 
(Fig. 1B). ALP is a marker that responds to the level of catabolism in 
bone tissue and plays a key role in calcification. Calcium ions are 
deposited on collagen under the action of ALP, completing the process of 
matrix mineralisation. Bone tissue is formed by calcification of the bone 
matrix, which is synthesised and secreted by osteoblasts; ALP activity 
reflects, to a certain extent, the degree of differentiation and functional 
status of osteoblasts. ALP staining is a qualitative assay for revealing the 
pattern of changes in osteogenic activity during the induction process. 

Table 2 
Primer sequences for real-time RT–PCR.  

Gene Forward primer Reverse primer 

GSDMD- 
N 

5′- CAGTGCTCCAGAACCAGGC 
-3′

5′- CCCTTGCCTTCACCCTTCAA 
-3′

Caspase- 
1 

5′- CTATGGACAAGGCACGGGAC 
-3′

5′- 
TCAGCTGATGGAGCTGATTGA 
-3′

IL-1β 5′- 
ATGCCACCTTTTGACAGTGATG 
-3′

5′- TGATGTGCTGCTGCGAGATT 
-3′

IL-18 5′- ACTTTGGCCGACTTCACTGT 
-3′

5′- GGGGTTCACTGGCACTTTGA 
-3′

OCN 5′- TCACAGATGCCAAGCCCAG 
-3′; 

5′- GGGACTGAGGCTCCAAGGTA 
-3′

RUNX2 5′- GGGAACCAAGAAGGCACAGA 
-3′

5′- ACTTGGTGCAGAGTTCAGGG 
-3′
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Aberrant activation of the NLRP3 inflammasome can lead to osteoblast 
pyroptosis by upregulating the expression of caspase-1 and gasdermin D 
(GSDMD), which in turn release inflammatory factors. Seven days after 
the induction of osteogenic differentiation in mouse BMSCs cells, we 

detected caspase-1 and GSDMD proteins using Western blotting and 
qRT-PCR (Fig. 4A-B), and the findings revealed that the OVX group’s 
expression of Caspase-1 and GSDMD-N was considerably greater than 
the Control group’s (P<0.05), whereas Caspase-1 and GSDMD-N 

Fig. 1. (A) Western blot analysis images and associ-
ated histograms of NLRP3 proteins in mouse femoral 
tissues,in order to confirm that the NLRP3 gene has 
been knocked out. (B) BMSCs were extracted from 
mice femurs and cultivated for 7 days in osteogenic 
differentiation induction media. Cells were stained 
with ALP for pictures. A large number of brownish- 
black particles are seen microscopically and appear 
strongly positive, Scale bar = 200 μm. All experi-
ments were performed independently at least three 
times. (***P<0.001 vs Control group; ###P<0.001 
vs OVX group).   

Fig. 2. (A) Immunohistochemical staining analysis of protein expression levels of TNF-α, IL-1β and IL-18 in mouse femoral tissues, scale bar = 200 μm. (B) Western 
blot analysis images and associated histograms of TNF-α, IL-1β and IL-18 proteins in mouse femoral tissues. All experiments were performed independently at least 
three times. (***P<0.001, ****P<0.0001 vs Control group; #P<0.05, ###P<0.001, ####P<0.0001 vs OVX group). 
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expression was lower in the OVX + NK group than in the OVX group 
(P<0.05), it was considerably lower in the NK group as compared to the 
OVX group in the NK group(P<0.05). And these results suggest that 
depletion of ovaries led to abnormal activation of NLRP3 in mouse os-
teoblasts, which induced cellular pyroptosis. We also employed the LDH 
release assay kit to identify cellular LDH activity to further assess the 
amount of cell pyroptosis (Fig. 4C), and the results showed that the OVX 
group had higher LDH activity than the OVX + NK group (P<0.05). 
Hoechst 33342/PI double staining revealed (Fig. 4D) that the PI fluo-
rescence intensity was considerably greater in the OVX group compared 
to the Control group, and that the PI fluorescence intensity was lower in 
the OVX + NK group compared to the OVX group. These results 
reconfirmed that NLRP3 inflammatory vesicles can induce osteoblast 
pyroptosis in the absence of estrogen. 

3.4. NLRP3-induced osteoblast pyroptosis leads to high levels of 
inflammation 

To investigate how osteoblast pyroptosis affects osteogenic differ-
entiation, we further examined inflammation-related proteins in osteo-
blasts using Western Blotting and qRT-PCR for IL-1β and IL-18 (Fig. 5A- 
B), and the findings demonstrated that IL-1β and IL-18 expression was 
considerably higher in de-ovulated mice’s osteoblasts, whereas it was 
substantially lower in NLRP3 knockout mice’s osteoblasts than in de- 
ovulated mice’s osteoblasts. Conversely, IL-1β and IL-18 expression 
levels were lower in de-ovulated + NLRP3 knockout mice’s osteoblasts 
than in de-ovulated mice alone. These outcomes indicate that in the 
absence of estrogen, abnormal activation of NLRP3-induced cellular 
pyroptosis promotes cellular inflammatory responses. 

3.5. High inflammatory levels due to NLRP3 inhibit osteoblast 
differentiation 

The effect of NLRP3-induced hyperinflammation levels on osteo-
genic differentiation was then observed using the genes OCN and Runx2, 

which are connected to osteogenesis. Our analysis of them using West-
ern Blotting and qRT-PCR revealed (Fig. 6A-B) that osteogenic differ-
entiation was inhibited in osteoblasts of de-ovulated mice, and the 
expression levels of OCN and Runx2 were significantly decreased, 
whereas the expression levels of OCN and Runx2 were substantially 
increased in osteoblasts of NLRP3 knockout mice. Osteoblasts from de- 
ovulated + NLRP3 knockout mice had greater amounts of OCN and 
Runx2 expression than osteoblasts from de-ovulated animals. In 
conclusion, in the absence of estrogen, the high level of inflammation 
caused by NLRP3-induced cell pyroptosis inhibited the osteogenic dif-
ferentiation of osteoblasts. 

4. Discussion 

Estrogen is a key hormone that controls bone metabolism. Estrogen 
deficiency can promote osteoclast differentiation both directly and 
indirectly by stimulating nuclear factor - ligands (RANKL) on osteo-
blasts, T cells, and B cells, which in turn promotes bone resorption and 
aids in the development of OP [20]. Estrogen insufficiency throws off the 
delicate balance between osteoblasts and osteoclasts, increasing osteo-
blast death and impeding osteoblast development via elevated reactive 
oxygen species (ROS) and nuclear factor kappa-B (NF–B) pathways. 
Because of this, there is a relative deficiency in bone synthesis, which 
causes bone loss [21,22]. In addition to the effects of estrogen on bone 
metabolism, chronic inflammation promotes bone loss and contributes 
to the development of OP [23]. NLRP3 inflammatory vesicles are su-
pramolecular complexes that are concentrated in the cytoplasm that 
affect the innate immune response and inflammatory response. These 
complexes can sense a variety of pathogens as well as signals related to 
injury, which activates Caspase-1 and IL-1β maturation [24], mediates 
the onset of inflammatory responses, and contributes to the develop-
ment of OP. It has been shown that aging and chronic 
inflammation-related metabolic disorders of various types, including 
gout, are directly connected to aberrant activation of NLRP3 inflam-
matory vesicles [25–28]. Moreover, low estrogen levels can induce a 

Fig. 3. (A) H&E staining analysis of femur structure, scale bar = 250 μm. (B) Immunohistochemical staining analysis of OCN, OPN and RUNX2 expression content in 
mouse femur tissue, scale bar = 200 μm. (C) Western blot analysis images and correlation histograms of OCN, OPN and RUNX2 proteins in mouse femur tissue. Every 
experiment was carried out at least three times independently. (*P<0.05, ***P<0.001, ****P<0.0001 vs Control group; #P<0.05, ##P<0.01, ###P<0.001, 
####P<0.0001 vs OVX group). 
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low-grade inflammatory response in living organisms, resulting in 
pro-inflammatory molecules that activate OP by altering the production 
and transcription of osteogenic and osteoclastic factors [29,30]. In the 
pathophysiology of OP, levels of several inflammatory factors, such as 
IL-1β, IL-6, and TNF-α, are markedly elevated [31]. One of the main 
members of the IL-1 family, IL-1β [32], is crucial in bone loss that occurs 
after estrogen insufficiency [33,34]. Currently, the treatment of post-
menopausal osteoporosis is mainly focused on two aspects, increasing 
bone formation or reducing bone resorption [35]. The pathogenesis of 
postmenopausal osteoporosis explored in this study provides new ideas 
for future treatment. 

In animal experiments, we found that NLRP3 caused elevated levels 
of inflammation in de-ovulated mice. H&E results showed that bone 
trabeculae were unevenly distributed and sparsely arranged with a low 
number of bone trabeculae in de-ovulated mice, whereas bone trabec-
ulae were more evenly distributed and closely arranged with a higher 
number of bone trabeculae in ovariectomized + NLRP3 knockout mice, 
indicating that the morphology of bone tissue was impaired in de- 
ovulated mice, and the knockout of NLRP3 gene improved the extent 
of this impairment. Since Runx2 is often referred to as the master switch 
for osteogenic differentiation and OCN and OPN are important osteo-
genic markers [36], we examined these osteogenic markers. Osteogenic 
marker expression levels were significantly lower in de-ovulated mice, 
while higher levels were observed in de-ovulated + NLRP3 knockout 

mice. Our findings imply that NLRP3 enhances the inflammatory 
response in de-ovulated mice, inhibits osteogenic differentiation, and 
hence plays a role in osteoporosis development. 

In our research, we discovered that induced osteoblasts made from 
OVX-BMSCs and the femurs of OVX mice both have activated NLRP3. 
Our study also found that the OVX-BMSCs group activated Caspase-1, 
GSDMD-N, IL-1β, and IL-18 compared to the Control-BMSCs group, 
indicating that NLRP3 induces osteoblast pyroptosis in de-ovalized 
mice, thereby promoting the inflammatory response. In contrast, 
GSDMD, Caspase-1, IL-1β, IL-18 expression was slightly lower in the 
OVX + NK-BMSCs group compared with the OVX-BMSCs group, indi-
cating that NLRP3 knockdown reversed this cell pyroptosis and thus 
suppressed the inflammatory response. These results suggest that 
depletion of ovaries activates NLRP3 induces cell pyroptosis and pro-
motes the inflammatory response. 

In our study, de-ovulation also resulted in impaired osteogenic po-
tential of bone marrow mesenchymal stem cells, and the expression of 
osteoblast markers Runx2 and OCN was lower in the OVX-BMSCs group 
compared to the Control-BMSCs group, implying that osteoblastic dif-
ferentiation of osteoblasts was lower in de-ovulated mice, which was 
consistent with previous studies [37–39].The OVX + NK-BMSCs group 
was more capable of osteogenic differentiation than the OVX-BMSCs 
group, and the expression of osteoblast markers Runx2 and OCN was 
higher, indicating that NLRP3 was involved in the osteogenic 

Fig. 4. (A) Western blot analysis images and correlation histograms of Caspase-1, GSDMD-N proteins in osteoblasts of mouse BMSCs cells after 7 days of osteogenic 
differentiation induction. (B) BMSCs cells after induction of osteogenic differentiation were subjected to qRT-PCR to compare the relative expression levels of 
Caspase-1, GSDMD-N mRNA in each group. (C) LDH activity was measured in the supernatant of osteoblasts. (D) Fluorescence microscopy images of osteoblasts 
subjected to Hoechst 33342/PI double staining, scale bar = 200 μm. All experiments were performed independently at least three times. (****P<0.0001 vs Control 
group; ###P<0.001, ####P<0.0001 vs OVX group). 
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Fig. 5. (A) Western blot analysis images and correlation histograms of IL-1β and IL-18 proteins in osteoblasts from mouse BMSCs cells 7 days after osteogenic 
differentiation induction. (B) BMSCs cells after induction of osteogenic differentiation were subjected to qRT-PCR to compare the relative expression levels of IL-1β 
and IL-18 mRNA in each group. All experiments were carried out at least three times independently. (***P<0.001, ****P<0.0001 vs Control group; ##P<0.01, 
####P<0.0001 vs OVX group). 

Fig. 6. (A) Western blot analysis images and correlation histograms of OCN and RUNX2 proteins in mouse BMSCs cells after 7 days of osteogenic differentiation 
induction in osteoblasts. (B) BMSCs cells after induction of osteogenic differentiation were subjected to qRT-PCR to compare the relative expression levels of OCN and 
RUNX2 mRNA in each group. All experiments were performed independently at least three times. (***P<0.001, ****P<0.0001 vs Control group; #P<0.05, 
##P<0.01, ####P<0.0001 vs OVX group). 
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differentiation of mouse BMSCs, and this result remained consistent 
with the study [40]. Taken together we can conclude that the osteogenic 
differentiation ability of bone marrow BMSCs in ovariectomized mice is 
inhibited and its inhibition is regulated by NLRP3, which is similar with 
the findings of a recent study [41]. At the same time, our findings further 
imply that cell pyroptosis decreases osteoblasts’ ability to differentiate 
by inducing an inflammatory response. Taking the whole cellular ex-
periments together we can conclude that NLRP3 induces the pyroptosis 
of osteoblasts in ovariectomized mice, promoting the inflammatory 
response and thus inhibiting the osteogenic differentiation of 
osteoblasts. 

In the current study, NLRP3 inflammatory vesicles, an important 
component of intrinsic immunity, have an important role in the immune 
response of the body and in the process of disease development. The 
capacity of NLRP3 inflammatory vesicles to be triggered by a range of 
pathogens and danger signals makes them essential in a number of 
disease processes. Being the focal point of the inflammatory response, 
NLRP3 inflammatory vesicles may thus provide a novel target for the 
therapy of a variety of inflammatory illnesses. And our study found the 
role of NLRP3 in postmenopausal osteoporosis. The mechanism was 
explored by in vitro experiments, which revealed that NLRP3-induced 
osteoblast pyroptosis in the absence of estrogen promoted the inflam-
matory response and thus inhibited osteoblast differentiation. Intrigu-
ingly, suppression of NLRP3 inflammatory vesicles prevented significant 
bone loss in de-ovulatory mice in vivo, suggesting that regulating NLRP3 
could be a new approach for treating postmenopausal osteoporosis. 
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