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Introduction: Silica nanoparticles (SiNPs) are one of the most widely used inorganic nanomaterials, and exposure to SiNP has been 
demonstrated to induce pulmonary inflammation, primarily promoted by the NLRP3-mediated macrophage pyroptosis. However, 
mechanisms underlying the activation of NLRP3 signaling are complex, and whether cathepsin B (CTSB), an enzyme released by the 
ruptured lysosome, could trigger NLRP3 assembly is controversial.
Methods: To further characterize the role of CTSB in silica-induced pyroptosis, we conducted this study by establishing SiNP 
exposure models in vitro. The morphological features of SiNPs were exhibited by the SEM and TEM, and the effects of SiNPs’ 
internalization on macrophages were examined by the TEM and immunofluorescent staining. Moreover, Western blot was performed 
to detect the expression of proteins related to pyroptosis and CTSB after blocking the expression of NLRP3 and CTSB.
Results: We found that SiNPs internalization caused the rupture of macrophage membrane and promoted the aging of cells with 
increased intracellular vacuoles. Also, the expression of NLRP3, ASC, Caspase-1, GSDMD, Pro-IL-1β, IL-1β, and CTSB increased 
under the stimulation of SiNP, which could be suppressed by additional treatment with MCC950, an NLRP3-specific inhibitor. 
Besides, we found SiNP joint treatment with leupeptin, a CTSB inhibitor, could inhibit the expression of CTSB, but it had no effect on 
the expression of NLRP3, ASC, and Caspase-1, and the process of macrophage pyroptosis was also not affected.
Conclusion: SiNP exposure induces rupture of macrophages and the release of lysosomal CTSB, but CTSB fails to specifically act on 
the NLRP3 inflammasome to induce pyroptosis which is causally linked to lung inflammation and fibrosis.
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Introduction
Over the past decades, nanotechnology has achieved rapid development in a broad range of fields like medicine, 
cosmetics, drug delivery, and imaging.1,2 It has dramatically increased the opportunities for nanoparticle exposure, and 
the health effects of nanoparticle exposure have also drawn considerable attention. Silica nanoparticle (SiNP), one of the 
most widely used nanomaterials, is commonly exposed in occupational conditions such as coal mining, metallurgy, and 
constructions, while long-term inhalation of SiNP can lead to pulmonary inflammation and fibrosis. Unfortunately, the 
pulmonary damages caused by SiNP exposure are irreversible and have no effective treatments at the current stage.3,4 

Recent studies reveal that macrophage pyroptosis, a pro-inflammatory and pro-autolytic programmed cell death, plays 
a crucial role in the pathogenesis of silica-induced pulmonary inflammation,5 indicating that in-depth investigation of the 
mechanism of pyroptosis may contribute to the identification of potential therapeutic targets of related diseases.
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Macrophages are primary cells in the innate immune system and play essential roles in inflammatory response by 
releasing cytokines.6 Studies have shown that macrophage pyroptosis is an indispensable segment of silicosis, an 
occupational disease induced by long-term silica exposure to large populations worldwide.7 For the pathogenesis of 
silicosis, available evidence suggests that the inhaled SiNPs are first recognized by the pattern recognition receptors 
(PRRs) on the macrophage, then trigger nucleotide-binding oligomerization domain-like receptors (NOD-like receptors, 
NLRs), mainly NLRP3, and initiate the assembly of the NLRP3 inflammasome, composed of NLRP3, ASC, and Pro- 
Caspase-1. The activated NLRP3 inflammasome further proteolyzes the precursor of Caspase-1, while the cleaved 
Caspase-1 promotes the maturation and secretion of interleukin-18 (IL-18) and IL-1β and induces pyroptosis of 
macrophages.8 Many studies have shown that pyroptosis is essential for the formulation of lesions and fibrosis of the 
kidney, liver, and bone, but less research has been done on the lungs.9,10 Although the previous study has confirmed 
macrophage pyroptosis initiation upon silica internalization11, how the internalized SiNP triggers NLRP3 inflammasome 
assembly and macrophage pyroptosis is still uncertain.

It is currently believed that lysosomal destruction dominates the assembly of NLRP3 inflammasome. Generally, crystals or 
particulate matters enter cells through endocytosis, resulting in swelling and dissolution of lysosomes. However, the dissolved 
and ruptured lysosomes are found to release Cathepsin B (CTSB), which may activate the assembly of the NLRP3 
inflammasome. CTSB is a ubiquitous cysteine cathepsin mainly located in lysosomes and plays crucial roles in various 
physiological processes, such as inflammation, immune response, apoptosis, and extracellular matrix transformation.11 Also, 
CTSB has been demonstrated to promote liver fibrosis, atherosclerosis, rheumatoid arthritis, and other diseases.12,13 For 
example, Tang finds that CTSB plays a pro-inflammatory role via activating the NLRP3 inflammasome, where CTSB 
aggravates inflammatory response in coxsackievirus B3-induced myocarditis.14,15 However, several studies have also 
shown that lysosomal disruption and CTSB are not always required for particle-induced assembly of the NLRP3 inflamma-
some. Hari et al report that the assembly of NLRP3 inflammasome can occur in the absence of CTSB.16

To further investigate the role of CTSB in silica-induced macrophage pyroptosis, we established a SiNP exposure 
model using macrophages in vitro and examined the regulation of CTSB on SiNP-induced macrophage pyroptosis, and 
we showed data on the mechanism of silica-induced macrophage pyroptosis and clarified the potential role of CTSB in 
mediating silica-induced pulmonary inflammation and fibrosis.

Materials and Methods
Materials
ASC expressing mouse macrophage RAW264.7 (RAW-ASC) was purchased from InvivoGen (CA, USA). Glyceraldehyde 
3-phosphate dehydrogenase (GAPDH) antibody, goat anti-rabbit IgG HRP-binding secondary antibody, and Dulbecco’s 
modified eagle’s high glucose medium (DMEM) were purchased from Servicebio (Wuhan, China). Silica nanoparticles (~30 
nm, 99% of purity), adenosine triphosphate (ATP), penicillin and streptomycin, and lipopolysaccharide (LPS) were purchased 
from Solarbio (Beijing, China). Fetal bovine serum (FBS) was obtained from BI (Israel). MCC950 was obtained from Sigma- 
Aldrich (538120, MO, USA). Leupeptin and Lyso-Tracker-Red kits were purchased from Beyotime (103476-89-7, C1046, 
Beijing, China). Primary antibodies of ASC, Caspase-1, GSDMD, IL-1β, CTSB were purchased from ABclonal (A16672, 
A16792, A18281, A16288, A0697, Wuhan, China), and the NLRP3 antibody was obtained from Affinity Biosciences (DF7438, 
Cincinnati, OH, USA).

Transmission Electron Microscopy and Scanning Electron Microscopy
The morphology of the SiNP was characterized by transmission electron microscopy (TEM) and scanning electron 
microscope (SEM). After pretreatment with LPS for 6 h, RAW-ASC cells were exposed to SiNP (100 μg/mL) for 4 
h. Then, the cells were fixed at 4°C in phosphate-buffered saline (PBS) containing 2.5% paraformaldehyde. The samples 
were gradually dehydrated as follows: 30% ethanol for 15 minutes, 50% ethanol for 15 minutes, 70% ethanol for 15 
minutes, 90% ethanol for 15 minutes, 90% acetone for 15 minutes, and four times as much as 100% acetone for 15 
minutes. Subsequently, the samples were embedded in the resin and Polymerization at 37°C for 12 hours. Ultrathin slices 
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were cut on ultrathin slicers and fixed on copper grids. The grid was stained with uranyl acetate and lead citrate, air dried, 
and the cells were observed and photographed by a transmission electron microscope.

Cell Culture and Intervention
RAW-ASC cells were grown in DMEM containing 10% fetal bovine serum and 1% penicillin-streptomycin and incubated in 
a 37°C cell culture chamber containing 5% CO2. A total of 2 × 104 cells/well were seeded in a 96-well plate, the SiNP group 
was pretreated with LPS (1 μg/mL) for 6 h and then exposed to 100 μg/mL SiNP, the control group received sham 
interventions. To explore the role of CTSB in SiNP-induced pyroptosis, we treated the cells with MCC950 (10 μM) and 
leupeptin (1 μg/mL), specific inhibitors NLRP3 and CTSB. These inhibitors were added 1 h before LPS intervention.

Western Blotting
Corresponding interventions were performed by seeding 2 × 106 RAW-ASC cells/well in a 6-well plate, and macro-
phages were lysed using RIPA lysis buffer containing a protease inhibitor cocktail on the completion of the intervention. 
To remove insoluble proteins, we centrifuged the mixture at 12,000 g, 4°C for 30 min. Then, the supernatant was 
collected, and the protein was quantified, among which 10 μg of protein was separated and transferred onto the PVDF 
membrane and sealed with 5% skim milk. The target proteins were incubated overnight at 4°C with specific primary 
antibodies. After rinsing with TBST, the membrane was incubated with the secondary antibody for 1 h. An 
Electrochemiluminescence working solution was employed to react with the membrane, and the membranes were 
visualized using a Fluor Chem HD2Gel imaging system (ProteinSimple, San Jose, CA, USA). The expression of the 
proteins was standardized with GAPDH, and each sample was repeated 3 times.

Lyso-Tracker Red Staining
According to the manufacturer’s instructions, lysosome staining was performed using a Lyso-Tracker Red kit. In brief, 2 
× 104 RAW-ASC cells/well were seeded in a 96-well plate, to which 50 nM of Lyso-Tracker Red were added, followed 
by incubation at 37 °C for 30 min. After rinsing with PBS 3 times, the cells were imaged under an ImageXpress®Micro 
Confocal system (Molecular Devices, CA, USA).

Immunofluorescence Staining
A total of 2 × 104 RAW-ASC cells were seeded in a 96-well plate. Upon the completion of the intervention, the cells 
were washed with PBS 3 times and fixed with 4% paraformaldehyde. Then, the cells were saturated with 0.3% Triton 
X-100 for 10 min and blocked with goat serum for 30 min at room temperature. After the serum was discarded, the cells 
were incubated with specific primary antibodies (GSDMD, NLRP3, Caspase-1, IL-1β, 1:200) overnight at 4 °C, and the 
fluorescence-conjugated secondary antibodies were added, followed by incubation in the dark at room temperature for 
1 h. Then, 10 μL of Hoechst was added to cells to label the nuclei in blue for 10 min. Finally, the cells were subjected to 
the ImageXpress®Micro Confocal system to visualize the expression of the proteins.

Statistical Analysis
All data in this study were collected in Excel 2019 and summarized, visualized, and analyzed using R v3.6.3 for 
windows. Differences between groups were compared using the two-tailed t-test, and the quantitative results with normal 
distribution were displayed in a bar chart with a star when the difference was statistically significant at the 0.05 level.

Results
Characterization and Macrophage Endocytosis of SiNP
As shown in Figure 1A and B, the morphological features and structure of SiNP were visualized using SEM and TEM, 
where we found the average diameter of SiNP was approximately 30 nm, ranging from 20 nm to 45 nm, and the particles 
were of high dispersion and were seldom aggregated. Figure 1C shows the ultrastructure of macrophages and the 
intracellular distribution of SiNP. Those macrophages without SiNP exposure were spherical, and many cells extended 
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pseudopodia; the regular organelles such as nuclei, mitochondria and Golgi apparatus were determined. In contrast, many 
SiNPs along with the ruptured cell membrane, fuzzy mitochondria, vacuoles, and unevenly stained nuclei were 
determined in the silica-exposed macrophages.

Phagocytosis of SiNP Leads to Macrophage Pyroptosis
The internalization of xenobiotics triggers the inflammatory response of macrophages,17 thereby we detected the effect of 
SiNP exposure on the initiation of macrophage pyroptosis, a pro-inflammatory and autolytic programmed cell death. As 
shown in Figure 2, the expression of pyroptotic biomarkers such as NLRP3, GSDMD, Caspase-1, and IL-1β was detected 
by immunofluorescence. Compared with the control group, the immunofluorescence intensity increased after silica 
exposure, suggesting that macrophages exposed to SiNP undergone pyroptosis.

Macrophage Pyroptosis Induced by SiNP Exposure Depends on NLRP3
Accordingly, either NLRP3, AIM2, or NLRC4 inflammasome activation led to pyroptosis.18 Here, we explored in which 
manner SiNP-induced pyroptosis is dependent and showed the results in Figure 3 (supported by the raw data deposited in 
Figures S1–S11). Utilizing MCC950, we blocked the activity of NLRP3. Compared with macrophages merely exposed to 
SiNPs, those cells that received joint treatment of SiNP and MCC950 showed attenuated NLRP3, ASC, cleaved Caspase- 
1 subunit P20, Pro-IL-1β, and IL-1β, while MCC950 had no effect on Pro-Caspase-1. Additionally, the alteration of 
AIM2 and NLRP1 was not statistically significant as compared to macrophages without SiNP exposure. These data 
suggest that NLRP3 plays a crucial role in mediating SiNP-induced macrophage pyroptosis.

SiNP-Induced Macrophage Pyroptosis Accompanies by Lysosome Rupture and Release 
of CTSB
Given the essential role of the lysosome in digesting most phagocyted xenobiotics, we checked the effects of SiNP exposure 
on CTSB, an enzyme that primarily exists in the lysosome. Compared with the control group, Figure 4A and B showed 

Figure 1 Characterization of silica nanoparticles (SiNPs) in vitro. (A and B) Images of scanning electron microscopy (SEM) and transmission electron microscopy (TEM) 
showing SiNP in the forms of powder and solution. (C) TEM images showing the phagocytosis of SiNPs by RAW-ASC cells. RAW-ASC cells were pretreated with LPS for 6 
h and then exposed to SiNP for 4 h. The control group received sham interventions. Black Arrow: SiNP; Red arrow: Golgi apparatus; Blue Arrow: Mitochondria.
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Figure 2 SiNP induces pyroptosis in RAW-ASC cells. RAW-ASC cells were pretreated with LPS for 6 h and then exposed to SiNP for 4 h. (A–D) Immunofluorescence 
images showing the expression of GSDMD, Caspase-1, NLRP3, IL-1β in RAW-ASC cells. Quantitative analysis and comparison of fluorescence intensity of images between 
groups. N=3. *P < 0.05. 
Abbreviation: SiNP, silica nanoparticle.

Figure 3 SiNP exposure induces NLRP3-dependent pyroptosis in RAW-ASC cells. RAW-ASC cells were pretreated with MCC950 for 1 h, then LPS for 6 h and SiNP for 
4 h. (A) Expression of NLRP3, ASC, Pro-Caspase-1 (Pro-Casp1), P20, Pro-IL-1β, IL-1β in RAW-ASC cells. (B) Quantitative analysis and comparison of proteins related to 
pyroptosis in A. The expression of these proteins was quantified by normalizing to GAPDH. (C) Expression of NLRP1 and AIM2 in RAW-ASC cells. (D) Quantitative analysis 
and comparison of proteins related to pyroptosis in C. The expression of NLRP1 and AIM2 was quantified by normalizing to α-tubulin and GAPDH. N=3. *P < 0.05. 
Abbreviations: SiNP, silica nanoparticle; ns, not significant.
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a significant reduction in the number of lysosomes after SiNP exposure. Consistently, the expression of CTSB as shown in 
Figure 4C and D was upregulated after SiNP exposure. Figure 4 was supported by the raw data deposited in Figures S12 and 
S13. These data suggest that SiNP exposure can cause lysosomal rupture and promote the release of CTSB.

CTSB Has No Effect on NLRP3-Dependent Macrophage Pyroptosis
To explore the mediation of CTSB between SiNP recognition and NLRP3 inflammasome assembly, we treated the SiNP- 
exposed macrophages with leupeptin, a CTSB-specific inhibitor, and detected the expression of CTSB and proteins 
related to NLRP3-dependent macrophage pyroptosis. As shown in Figure 5 (supported by the raw data deposited in 
Figures S14–S18), the expression of CTSB was effectively suppressed after leupeptin intervention, but the changes of 
NLRP3, ASC, and Caspase-1 had no statistical significance as compared to macrophages merely treated with SiNP. 
These results demonstrate that CTSB is not a must for SiNP-induced macrophage pyroptosis.

Discussion
As an emerging risk factor for various diseases, SiNP is increasingly demonstrated to play crucial roles in immune 
response, oxidative stress, and a series of programmed cell death.19,20 To clarify the mechanism underlying silica-induced 
pulmonary inflammation, we establish silica exposure models in vitro from the perspective of macrophages and show the 

Figure 4 SiNP induces lysosome rupture and release of CTSB. RAW-ASC cells were pretreated with LPS for 6 h and then exposed to SiNP for 4 h. (A) Lysosomes were 
visualized by the Lyso-Tracker Red method. (B) Quantitative analysis and comparison of fluorescence intensity of lysosomes between groups. (C) Expression of CTSB in 
RAW-ASC cells. (D) Quantitative analysis and comparison of CTSB, which was quantified by normalizing to GAPDH. N=3. *P < 0.05. 
Abbreviation: SiNP, silica nanoparticle.
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crucial role of cell pyroptosis in the pathogenesis of silica-induced physical disorders. Notably, we exhibit further 
evidence for the role of CTSB, a lysosomal enzyme still in controversy to induce NLRP3 inflammasome assembly. We 
demonstrate that silica exposure causes inflammation in a macrophage, while the inhibition of NLRP3 can suppress the 
activation of Caspase-1 and the release of inflammatory cytokines during SiNP-induced pyroptosis. Moreover, we found 
increased expression of CTSB, but suppressing CTSB using leupeptin had no effect on pyroptosis. These findings show 
further evidence of CTSB in mediating SiNP-induced macrophage pyroptosis, which may contribute to a better under-
standing of the pathogenesis of silica-induced pulmonary inflammation and fibrosis.

With the extensive application of SiNP, the threat of SiNP exposure to human health is also increasing, among which 
the pulmonary physical and functional damage has become an urgent issue concerned by current studies.21 Macrophage 
is one of the primary components of the innate immune system and is extremely sensitive to SiNP stimulation.22 Studies 
have demonstrated that SiNP can act as an irritant to stimulate the assembly of NLRP3 inflammasome in macrophages 
and promote the secretion of IL-1β under the mediation of Caspase-1, thereby participating in the occurrence of related 
inflammatory diseases.23 Also, NLRP3 inflammasome is involved and accounts for a large proportion of the whole 
development of inflammatory responses.24 Therefore, studying the upstream mechanism of NLRP3 inflammasome 
assembly may provide a new target for the treatment of pulmonary inflammation.

SiNP-induced pyroptosis is a newly defined pro-inflammatory and autolytic programmed cell death mediated by NLRP3 
inflammasome.25 However, other inflammasomes have also been reported to trigger pyroptosis.26 Therefore, we use 
MCC950, a potent and selective inhibitor of NLRP3, to explore the role of NLRP3 in mediating SiNP-induced macrophage 
pyroptosis. We find that the lysosomes are swollen, deformed, and ruptured under the stimulation of SiNP, causing the release 
of CTSB and promoting the assembly of the NLRP3 inflammasome, and finally resulting in the secretion of inflammatory 
cytokines, which are consistent with the findings of Bai and Wang.27,28 Although lysosomal destruction has been reported to 
activate NLRP3 signaling, literature remains elusive concerning the importance of CTSB in mediating NLRP3 inflamma-
some assembly in macrophages.29 Halle et al and other two scholars find that CTSB is not essential for NLRP3 inflamma-
some assembly following ATP or nigericin stimulation of macrophages.16,30,31 Our results show that, although SiNP 
exposure can upregulate NLRP3, the upregulation of NLRP3 is unchanged after the cells being treated with leupeptin, 
suggesting that the release of CTSB is not specific to NLRP3 inflammasome assembly. Broadly, CA-074Me is commonly 

Figure 5 Effect of CTSB on SiNP-induced macrophage pyroptosis. RAW-ASC cells were pretreated with leupeptin for 1 h, then LPS for 6 h and SiNP for 4 h. (A) The 
expression of CTSB, NLRP3, ASC, Caspase-1 in RAW-ASC cells. (B) Quantitative analysis and comparison of proteins in A. The expression of these proteins was quantified 
by normalizing to GAPDH. N=3. *P < 0.05. 
Abbreviations: SiNP, silica nanoparticle; ns, not significant.
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used as a pan-cathepsin inhibitor, and it could inhibit not only CTSB but also other cathepsins.32 Direct evidence has not been 
reached on the dependency of CTSB upon CA-074Me-medicated NLRP3 inflammasome assembly.

To sum up, we have successfully defined the biological toxicity of SiNP in vitro, whose exposure leads to the rupture 
of the macrophage membrane and the release of lysosomal CTSB, but CTSB cannot specifically act on the NLRP3 
inflammasome to induce pyroptosis that is causally associated with pulmonary inflammation and fibrosis.
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