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A B S T R A C T   

Exposure to particulate matter (PM)2.5 in air pollution is a serious health issue worldwide. At present, effective 
prevention measures and modalities of treatment for PM2.5-caused lung toxicity are lacking. This study eluci
dated the protective effect of astragaloside IV (Ast), a natural product from Astragalus membranaceous Bunge, 
against PM2.5-caused lung toxicity and its possible molecular mechanisms. The mice model of lung toxicity was 
performed by intratracheal instillation of PM2.5 dust suspension. The investigation was performed with Ast or in 
combination with nigericin, which is a NOD-like receptor protein 3 (NLRP3) activator. The results revealed that 
PM2.5 lead significant lung inflammation and promoted the pyroptosis pattern of cell death by upregulating pro- 
inflammatory cytokines and causing oxidative stress related to the NLRP3 inflammasome-mediated pyroptosis 
pathway. Ast protected against PM2.5 resulted lung toxicity via suppressing NLRP3 inflammasome-mediated 
pyroptosis via NLRP3/caspase-1 axis inhibition, thereby protecting the lung against PM2.5-induced lung 
inflammation and oxidative damage, eventually resulting in prolonged survival in mice. Nigericin partially 
reversed the protective effects of Ast. The present research provides new insights into the therapeutic potential of 
Ast, demonstrating that it might be a possible candidate for the prevention of PM2.5-caused respiratory diseases. 
Targeting the NLRP3 inflammasome might be a novel therapeutic tactic for PM2.5-caused respiratory diseases.   

1. Introduction 

Particulate matter (PM) is a mix ingredient of pollutants suspended 
in the air, and numerous researchers have shown that exposure to air 
pollution is a major contributor to the global burden of disease [1,2]. 
PM2.5, the diameter less or equal than 2.5 µm, may be the most harmful 
environmental risk factor to human health [3,4]. PM2.5 can adsorb a 
large number of chemical constituents, including polycyclic aromatic 
hydrocarbons, heavy metals, and elemental carbon, which have a vari
ety of negative effects on human health, such as respiratory diseases, 
cardiovascular diseases, cancer, and non-communicable diseases [5,6]. 
The main health effect of exposure to fine PM is on the respiratory 
system, so inhalation of PM2.5 is of great concern [7]. The major toxic 
mechanism of PM2.5 in the pulmonary system is the inflammatory 

response, which can lead to a variety of acute and chronic respiratory 
system diseases [8]. Nevertheless, the clarification of mechanism of 
PM2.5-induced lung toxicity is yet to be made. 

Pyroptosis is a newly recognized type of inflammatory programmed 
cell death, and characterized by swollen cells, forming holes on plasma 
membranes, and pro-inflammatory cytokine release [9,10]. The 
NOD-like receptor protein 3 (NLRP3) inflammasome is to be pivotal in 
pyroptosis. The NLRP3 inflammasome consists of NLRP3, the adapter 
protein ASC, and inflammatory caspase-1 [11]. Activation of inflam
masomes, such as the NLRP3 inflammasome, promotes the 
pro-caspase-1 to converts to active cleaved form caspase-1 and subse
quently controls the pro-interleukin (IL)− 1β and pro-IL-18 precursors to 
cleaves into their mature forms and causes pyroptosis [12]. Cell mem
brane recognition receptors can recognize inflammatory signals, such as 
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the NLRP3 inflammasome, and bind to caspase-1 through the adapter 
protein ASC, forming a multiprotein complex and initiating to assembly 
to activate caspase-1 [13]. The activated caspase-1 cleaves GasderminD 
(GSDMD) and forms a peptide that contains the N-terminal GSDMD 
domain, triggering perforation and rupture of cell membrane [14]. 
Then, inflammatory factors are released, causing the inflammatory 
response. Recently, a few studies have indicated that NLRP3-associated 
pyroptosis may regulate lung inflammation, and release of various in
flammatory factors has been implicated in acute lung injury [15,16], 
airway inflammation [17,18], pulmonary fibrosis [19,20], lung cancer 
[21,22], and other respiratory disorders. Moreover, PM2.5 activates the 
NLRP3 inflammasome and nuclear factor (NF)-κB signaling to regulate 
the secretion of pro-inflammatory cytokines in vivo [23–26]. In addi
tion, NLRP3 inflammasome inhibitors can inhibit the pulmonary in
flammatory immune response induced by PM2.5 [23]. Given its 
paramount importance in disease pathogenesis, the NLRP3-associated 
pyroptosis pathway may be a possible therapeutic target in a variety 
of inflammatory disorders induced by PM2.5 exposure. 

As a commonly medicine-food homology specie, Astragalus mem
branaceous Bunge has been used both in daily cuisine and in clinical 
practice to prevent exogenous pathogenic factors in China [27,28]. 
Astragaloside IV (Ast), as the main component of Astragalus mem
branaceous Bunge, has pleiotropic effects, such as antioxidant, 
anti-inflammation, and anti-apoptotic effects [29]. Previous research 
has indicated that Ast provides protection by downregulating the NLRP3 
inflammasome pathway in animal models [30]. However, Ast has rarely 
been reported to prevent PM2.5-induced pulmonary diseases by regu
lating NLRP3/caspase-1 signaling pathway-mediated pyroptosis. 
Although pyroptosis might be a vital mechanism of PM2.5 attacked lung 
toxicity, no in-vivo evidence is available to support this [26,31]. Thus, 
the purpose of this research is to explore the potential role of pyroptosis 
in PM2.5 caused lung toxicity, as well as the pharmacological mecha
nisms of Ast pre-administration in mice. 

2. Materials and methods 

2.1. Reagents 

Ast (purity more than 98.8%) was provided by Munster Technology 
(Chengdu, China). PM2.5 standards (SRM 2786) were respectively 
offered by the National Institute of Standards and Technology (MD, 
USA). Nigericin sodium salt was provided by Selleck Chemicals (Hous
ton, Texas, USA). Primary antibodies against NLRP3 (ab263899), ASC2/ 
ASC1 (ab47092), pro-caspase-1 (ab179515), GSDMD (ab219800), NF- 
κB p65 (ab32536), p-p65 (ab86299), IκBα (ab32518), and GAPDH 
(ab181602), as well as a secondary antibody against horseradish 
peroxidase (ab205718), were provided by Abcam (Cambridge, UK). 
Antibodies against cleaved caspase-1 (AF-4022) and cleaved IL-1β (AF- 
4006) were purchased from Affinity Biosciences (Beijing, China). Other 
antibodies against cleaved GSDMD (#10137) and p-IκBα (#2859 S) 
were provided by Cell Signaling Technology (CST, CT, USA). Lactate 
dehydrogenase (LDH) myeloperoxidase (MPO), Malondialdehyde 
(MDA), as well as superoxide dismutase (SOD) kits were bought from 
Nanjing Jiancheng Biological Co. Ltd. (Nanjing, China). Multisciences 
(Hangzhou, China) provided the IL-18, IL-1β, IL-6, and tumor necrosis 
factor-alpha (TNF-α) enzyme-linked immunosorbent assay (ELISA) kits. 
The terminal deoxynucleotidyl transferase dUTP nick-end labeling 
(TUNEL) kit was obtained from Hoffmann-La Roche (Basel, 
Switzerland). 

2.2. Animals 

Healthy male C57BL/6 mice, 6–8-week-old, weighing 20–22 g, were 
supplied by Chendu Dossy Experimental Animals Co. Ltd. (Chengdu, 
China) and used as research objects in this study. All mice, with free 
access to water and standard diet, were kept in laboratory with 12 h 

dark/light cycle, a relative humidity of 55% ± 5%, a temperature of 
25 ◦C ± 1 ℃ for 1 week to adapt to the environment before the exper
iment. The animal research was conducted in line with the regulations of 
the Animal Ethics Committee of Chengdu University of Traditional 
Chinese Medicine. The animal welfare was in line with the relevant in
ternational standards for experimental animals. 

2.3. Experimental design 

Mice were randomly assigned into six groups (n = 7), namely: (1) 
Sham group, (2) Ast 100 mg/kg (Ast-H) group, (3) PM2.5 group, (4) Ast 
50 mg/kg + PM2.5 (Ast-L + PM2.5) group, (5) Ast 100 mg/kg + PM2.5 
(Ast-H + PM2.5) group, and (6) Ast 100 mg/kg + nigericin 4 mg/kg +
PM2.5 (Ast-H+ Nig + PM2.5) group. Concretely, before the adminis
tration of PM2.5, except for the sham and PM2.5 groups, all other ani
mals were injected intraperitoneally once daily for three days with Ast, 
which was dissolved in physiological saline containing 1‰ DMSO. Mice 
in the sham group and PM2.5 group were given with an equal volume of 
solvent by intraperitoneal injection. To evaluate the effect of Ast on 
NLRP3-mediated pyroptosis in PM2.5 caused lung toxicity, we admin
istered nigericin to activate NLRP3. In the Ast-H + Nig + PM2.5 group, 
the mice were intraperitoneally injected with 100 mg/kg Ast 30 min 
after the intraperitoneal injection of nigericin. The dosage and mode of 
delivery of Ast and nigericin were based on previous researches [32,33]. 
Next, the PM2.5-induced model of lung toxicity was constructed through 
intratracheal instillation in accordance with the method previously re
ported [34,35]. All groups except the sham and Ast-H groups were 
intratracheally administered 7.5 mg/kg PM2.5 suspension (drip volume 
calculated at 1.5 ml/kg), which was repeated after 24 h. Mice were 
administrated the same volume of saline in the sham and Ast-H groups. 
The mice were sacrificed with sodium pentobarbital 12 h after the last 
intratracheal instillation [33]. Bronchoalveolar lavage fluid (BALF), as 
well as lung tissues were harvested and frozen in a − 80 ◦C freezer for 
subsequent testing. 

2.4. Survival analysis 

To evaluate the therapeutic potential of Ast in mice exposed to 
PM2.5, we conducted a survival experiment as described previously, 
with minor modifications [36,37]. A further 42 mice were grouped and 
treated as above (n = 7). The day of PM2.5 exposure was defined as day 
0. Then, the mortality rate of all mice was monitored and calculated for 
10 days after PM2.5 exposure. 

2.5. Wet weight to dry weight (W/D) ratio of lung tissue 

The right middle lobe was isolated from mice, and the wet weight 
was measured. Subsequently, the removed right lung was baked in the 
oven for two days at 60 ◦C before measuring the dry weight. Lung edema 
was assessed by counting the W/D ratio of the lung. 

2.6. Histopathological analysis 

The right upper lung lobes were isolated and subsequently fixed with 
4% paraformaldehyde for 24 h at room temperature, and next embedded 
in paraffin. Then, cutting the specimens into 4-μm-thick slices and 
staining it with hematoxylin and eosin (H&E). Histological observation 
was performed with microscope. To quantify the severity of lung toxicity 
by histology, the lung injury score was assessed as described previously 
[38,39]. 

2.7. Cytokines in BALF 

BALF was obtained by intratracheal instillation of 1 ml saline twice 
in the left lung lobe and was centrifuged at 4 ◦C for 10 min at 1000g. The 
supernatants were harvested and reserved at − 80 ◦C for later 
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measurement of cytokine concentrations, including TNF-α, IL-1β, IL-6, 
and IL-18 using ELISA kits in line with the manufacturer’s 
recommendations. 

2.8. Oxidative stress in the lung tissue 

The concentrations of lung tissue MPO, MDA, and SOD of mice were 
determined using ELISA kits based on the manufacturer’s instructions. 

2.9. LDH release 

The expressions level of LDH was measured in serum using an LDH 
release assay kit according with the manufacturer’s recommendations. 

2.10. Immunofluorescence staining 

Cleaved caspase-1 immunofluorescence and co-localization of 
TUNEL double staining were used to detect cell pyroptosis. The fixation, 
embedding and cutting of lung samples agreed with the above the 2.6 
histopathological analysis. After being dewaxed with xylene, the slices 
were processed with the TUNEL kit according to the manufacturer’s 
instructions, followed by incubation overnight at 4 ◦C with anti-cleaved 
caspase-1 antibody (1:500). The next morning, at room temperature, the 
specimen was incubated with anti-rabbit immunoglobulin G (IgG)- 
labeled fluorescent secondary antibody (1:100) for 2 h. The nuclei were 
stained with 4’,6-diamino-2-phenylindole (DAPI) for cellular localiza
tion. The slices were visualized with fluorescent microscope. The blue 
fluorescence (DAPI) reflects the nuclei, while the green and red fluo
rescence represent TUNEL-positive cells and caspase-1, respectively. 
The pyroptosis rate was calculated as the ratio of TUNEL-positive and 
cleaved caspase-1-positive co-localization to DAPI staining [40,41]. 

2.11. Western blot 

After the extraction and quantification of total protein from the lung 
tissue, the equal number of protein samples were separated by 10% 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and trans
ferred onto polyvinylidene fluoride (PVDF) membrane. Blocking buffer 
(5% skimmed milk or 5% bovine serum albumin) was employed to block 
the PVDF membrane at room temperature for 1 h, before applying the 
primary antibodies against the following targets: NLRP3 (1:1000), 
cleaved caspase-1 (1:1000), ASC2/ASC1 (1:5000), pro-caspase-1 
(1:1000), cleaved IL-1β (1:1000), GSDMD (1:1000), cleaved GSDMD 
(1:1000), p65 (1:5000), p-p65 (1:5000), IκBα (1:5000), p-IκBα (1:5000), 
and GAPDH (1:10000). Membranes were separately incubated at 4 ℃ 
overnight. After washing three times with PBST, the secondary anti
bodies were used to incubate with membranes at room temperature for 
2 h. Subsequently, protein bands were digitized and analyzed using a gel 
imaging system (BioRad, California, USA), and protein intensities were 
measured with Image J software (NIH, Bethesda, MD, USA). 

2.12. Transmission electron microscopy (TEM) 

The right lower lung lobe was fixed in glutaric dialdehyde solution 
for 24 h, washed with phosphate-buffered saline (PBS) 3 times, and then 
fixed with 1% osmium solution for 2 h. After the fixed solution was 
cleared, the samples were dehydrated with ethanol, soaked with 
acetone, embedded with acetone and 812, sliced with the uniform 
random sampling method, and stained with 2% dioxane acetate and lead 
citrate. Finally, the lung tissue ultrastructural structures were visualized 
by TEM (Hitachi, Japan). 

2.13. Statistical analysis 

Numerical values are given as mean ± standard error of the mean. 
All data analyses were processed using GraphPad Prism 8 (San Diego, 

CA, USA) via one-way analysis of variance followed by Tukey’s post-hoc 
test. Survival curves are shown as Kaplan–Meier plots, and homogeneity 
was estimated by the log-rank test. Statistical significance was accepted 
when P value of < 0.05. 

3. Results 

3.1. Effect of Ast on the survival rate of mice exposed to PM2.5 

As shown in Fig. 1A, the highest death rate of mice was recorded on 
the first day after modeling, and the survival rate was 70%. The first day 
survival rate both in the Ast-L + PM2.5 group and the Ast-H + PM2.5 
group was about 83%. And it is in the Sham group and Ast-H group was 
100%. However, on the 10th day, the survival rate of mice in the PM2.5 
group decreased to 25% and was maintained until the animals were 
sacrificed. The survival rate in the Ast-L + PM2.5 group and the Ast-H +
PM2.5 group was strikingly better than in the PM2.5 group. In parallel, 
nigericin counteracted the protective effect of Ast (P < 0.05). These 
results confirm that Ast might improve the survival rate of mice after 
PM2.5-caused lung toxicity via the NLRP3 inflammasome-related 
pathway. 

3.2. Effect of Ast on PM2.5-caused lung toxicity in mice 

As illustrated in Fig. 2A, the alveolar structures in the sham and Ast- 
H + PM2.5 groups were normal. In the PM2.5 group, alveolar hemor
rhage, alveolar edema, septal thickening, and inflammatory cell infil
tration were observed. Ast treatment remarkably ameliorated these 
pathological changes and reduced the pulmonary toxicity induced by 
PM2.5. Consistent with the trend in the histopathology results, lung 
injury score and W/D ratio substantially deteriorated after PM2.5 
exposure, but they dramatically improved dose-dependently with Ast 
administration (Fig. 2B–C). However, nigericin counteracted the pro
tective effect of Ast. These data indicate that Ast pre-treatment effec
tively attenuates PM2.5-induced lung toxicity in mice, and this 
protective role may be a result of NLRP3 inflammasome pathway 
inhibition. 

Fig. 1. Effect of Ast on survival rate of PM2.5-induced mice. The survival rates 
of mice were observed within 12d after PM2.5 challenge. Sham: control mice 
underwent a sham operation; Ast-H: Astragaloside IV (100 mg/kg) adminis
tered mice; PM2.5: PM2.5-induced lung toxicity mice; Ast-L+PM2.5: Astraga
loside IV (50 mg/kg) pretreatment before PM2.5 intoxication; Ast-H+PM2.5: 
Astragaloside IV (100 mg/kg) pretreatment before PM2.5 intoxication; Ast- 
H+Nig+PM2.5: Astragaloside IV (100 mg/kg) in combination with Nigericin 
(the activator of NLRP3) before PM2.5 intoxication. Results are expressed as 
percent survival (n = 7). ###P < 0.001 compared with Sham group; 
*P < 0.05, and **P < 0.01, compared with PM2.5 group; &P < 0.05 compared 
with Ast-H+PM2.5 group. Survival curves are shown by Kaplan- Meier plots 
and the log-rank statistical test estimated their homogeneity. 
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3.3. Effect of Ast on PM2.5-caused oxidative stress and lung toxicity in 
mice 

PM2.5 caused an upregulation in MPO and MDA but a down
regulation in SOD. Ast restored the levels of MPO, MDA, and SOD in the 
lung tissue of PM2.5 exposure mice. Both doses of Ast significantly 
suppressed oxidative stress in mice exposed to PM2.5. While treatment 
with nigericin reversed the effects of Ast (Fig. 3), showing that Ast might 
act by blocking the NLRP3 inflammasome pathway. 

3.4. Effect of Ast on inflammatory cytokine levels in mice with PM2.5- 
caused lung toxicity 

Compared with the sham and Ast-H groups, elevated concentrations 

of TNF-α, IL-18, IL-1β, and IL-6 in BALF were observed in the PM2.5 
group. Ast treatment markedly inhibited PM2.5-induced pro-inflam
matory factor release in a dose- dependent manner, whereas nigericin 
reversed the Ast-induced changes in TNF-α, IL-18, IL-1β, and IL-6. These 
results suggest that Ast suppressed pro-inflammatory cytokine concen
trations via inhibition of NLRP3 inflammasome activation (Fig. 4). 

3.5. Effect of Ast on pyroptosis-related protein expression in mice with 
PM2.5-caused lung toxicity 

To explore the effect of Ast on pyroptosis-related protein expression 
in mice with PM2.5-induced lung toxicity, we detected the concentra
tions of pyroptosis-related proteins by Western blotting. In Fig. 5, the 
levels of NLRP3, ASC, cleaved caspase-1/pro-caspase-1, GSGMD-N/ 

Fig. 2. Effect of Ast on PM2.5-induced lung toxicity in mice. (A) Ast protects lung histology during PM2.5-induced lung toxicity. Paraffin sections of lung tissues from 
Sham, Ast-H, PM2.5, Ast-L+PM2.5, Ast-H+PM2.5, and Ast-H+Nig+PM2.5 were stained with H&E staining (Magnification 100 ×, Scale bar = 100 µm). Black arrows: 
alveolar hemorrhage; Blue arrows: inflammatory cell infiltration; Red arrows: alveolar edema. (B) A semiquantitative histopathological score of lung injury. (C) Effect 
of Ast on lung wet/dry weight ratio of PM2.5-induced lung toxicity. Sham: control mice underwent a sham operation; Ast-H: Astragaloside IV (100 mg/kg) 
administered mice; PM2.5: PM2.5-induced lung toxicity mice; Ast-L+PM2.5: Astragaloside IV (50 mg/kg) pretreatment before PM2.5 intoxication; Ast-H+PM2.5: 
Astragaloside IV (100 mg/kg) pretreatment before PM2.5 intoxication; Ast-H+Nig+PM2.5: Astragaloside IV (100 mg/kg) in combination with Nigericin (the acti
vator of NLRP3) before PM2.5 intoxication. Values are expressed as mean ± SEM (n = 7). All data were analyzed by one-way analysis of variance (ANOVA), followed 
by Tukey’s post hoc test. ####P < 0.0001 compared with Sham group; *P < 0.05, and * *P < 0.01, compared with PM2.5 group; &P < 0.05 compared with Ast- 
H+PM2.5 group. 
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Fig. 3. Effect of Ast on oxidative stress of PM2.5-induced lung toxicity in mice. Effect of Ast on (A) MPO, (B) MDA, and (C) SOD in the lung tissue of PM2.5-induced 
mice. Sham: control mice underwent a sham operation; Ast-H: Astragaloside IV (100 mg/kg) administered mice; PM2.5: PM2.5-induced lung toxicity mice; Ast- 
L+PM2.5: Astragaloside IV (50 mg/kg) pretreatment before PM2.5 intoxication; Ast-H+PM2.5: Astragaloside IV (100 mg/kg) pretreatment before PM2.5 intoxi
cation; Ast-H+Nig+PM2.5: Astragaloside IV (100 mg/kg) in combination with Nigericin (the activator of NLRP3) before PM2.5 intoxication. Values are expressed as 
mean ± SEM (n = 7). All data were analyzed by one-way analysis of variance (ANOVA), followed by Tukey’s post hoc test. ####P < 0.0001 compared with Sham 
group; *P < 0.05, **P < 0.01, and *** *P < 0.0001 compared with PM2.5 group; &P < 0.05, &&P < 0.01, and &&&&P < 0.0001 compared with Ast- 
H+PM2.5 group. 

Fig. 4. Effects of Ast on inflammatory cytokine levels of 
PM2.5-induced lung toxicity in mice. Levels of (A) IL-1β, 
(B) IL-6, (C) IL-18, and (D) TNF-α in the BALF. Sham: 
control mice underwent a sham operation; Ast-H: Astra
galoside IV (100 mg/kg) administered mice; PM2.5: 
PM2.5-induced lung toxicity mice; Ast-L+PM2.5: Astraga
loside IV (50 mg/kg) pretreatment before PM2.5 intoxica
tion; Ast-H+PM2.5: Astragaloside IV (100 mg/kg) 
pretreatment before PM2.5 intoxication; Ast- 
H+Nig+PM2.5: Astragaloside IV (100 mg/kg) in combi
nation with Nigericin (the activator of NLRP3) before 
PM2.5 intoxication. Values are expressed as mean ± SEM 
(n = 7). ##P < 0.01, ###< 0.001, and ####P < 0.0001 
compared with Sham group, *P < 0.05, and **P < 0.01 
compared with PM2.5 group; &P < 0.05 compared with 
Ast-H+PM2.5 group.   
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GSGMD, and cleaved IL-1β/IL-1β in the Ast-L+ PM2.5 and Ast-H 
+ PM2.5 groups was markedly decreased compared with the PM2.5 
group (P < 0.05). The relative expression of pyroptosis-related proteins 
was lower in the Ast-H + PM2.5 group than in the Ast-L+ PM2.5 group. 
Notably, these events were reversed by nigericin. Together, these results 
show that NLRP3 inflammasome-related pyroptosis is activated after 
PM2.5 exposure, and that Ast suppresses the expression of pyroptosis- 
related proteins via inhibition of NLRP3 inflammasome activation. 

3.6. Ast alleviates NLRP3 inflammasome-mediated pyroptosis in mice 
with PM2.5-caused lung toxicity 

To elucidate the impact of Ast on pyroptosis in mice with PM2.5- 
caused lung toxicity, we identified pyroptosis by immunofluorescence, 
LDH release, and TEM. The pyroptosis rates were calculated to identify 
pyroapoptotic cells in mice with PM2.5-caused lung toxicity. As shown 
in Fig. 6A–B, in the sham and Ast-H groups, pyroptotic cells were only 
rarely detected in lung tissues. Compared with the model group, Ast 
treatment reduced the percentage of pyroptotic cells. In agreement with 
these results, PM2.5 acutely increased LDH release, which is a hallmark 
of inflammasome-associated pyroptosis [42]. LDH release was 
dose-dependently inhibited by Ast. Moreover, in the PM2.5 group, 
alveolar macrophages with a typical pyroptotic morphology were also 
identified under TEM through the formation of holes on the cell mem
brane, which result in membrane integrity loss. Consistently, Ast 

restored the PM2.5-induced ultrastructural alterations of alveolar mac
rophages. Interestingly, nigericin reversed the changes induced by Ast. 
These results suggest that Ast might protect against PM2.5-resulted lung 
toxicity via suppressing NLRP3 inflammasome-mediated pyroptosis. 

3.7. Effect of Ast on NF-κB signaling with PM2.5-caused lung toxicity in 
mice 

As shown in Fig. 7, PM2.5 exposure caused a decrease in IκBα and 
p65 expression and a significant increase in phosphorylated IκBα and 
p65 expression, as detected by Western blotting. Ast strikingly decreased 
the expression of p-IκBα and p-p65 in a concentration-dependent 
manner. Importantly, the suppression of NF-κB signaling by Ast was 
blocked by nigericin. Taken together, the above findings indicate that 
Ast might inhibit NF-κB signaling via inhibition of NLRP3 inflamma
some activation. 

4. Discussion 

Although multiple organs are affected, the lung is the main target 
organ of PM2.5 [43,44]. PM2.5-induced multiple cell death is strongly 
related to the pathogenesis of respiratory diseases. Previous research has 
convincingly illustrated that PM2.5-caused pulmonary toxicity is related 
to the activation of numerous cell death pathways, including autophagy 
[45], apoptosis [46], ferroptosis [47], and necrosis [48]. The regulation 

Fig. 5. Effects of Ast on the pyroptosis related proteins of PM2.5-induced lung toxicity in mice by Western blot. (A) Western blot analysis of the expression of 
pyroptosis related proteins in bladder. (B-F) Quantitative results of relative expressions of pyroptosis related proteins. Sham: control mice underwent a sham 
operation; Ast-H: Astragaloside IV (100 mg/kg) administered mice; PM2.5: PM2.5-induced lung toxicity mice; Ast-L+PM2.5: Astragaloside IV (50 mg/kg) pre
treatment before PM2.5 intoxication; Ast-H+PM2.5: Astragaloside IV (100 mg/kg) pretreatment before PM2.5 intoxication; Ast-H+Nig+PM2.5: Astragaloside IV 
(100 mg/kg) in combination with Nigericin (the activator of NLRP3) before PM2.5 intoxication. All values were expressed as mean±SEM (n = 7). ####P < 0.0001 
compared with Sham group; *P < 0.05, **P < 0.01, ***P < 0.001, and *** *P < 0.0001 compared with PM2.5 group; &P < 0.05, &&P < 0.01, and 
&&&&P < 0.0001 compared with Ast-H+PM2.5 group. 
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of these cell-fate decisions is likely the main control tactic against 
PM2.5-caused lung injury [49]. However, to date, no clinical agents are 
available for both prevention and treatment of PM2.5-caused toxicity in 
the lung. In this research, we demonstrated that PM2.5 led to hemor
rhage in lung tissues, obvious alveolar congestion, alveolar wall thick
ening, an increase in erythrocytes in the alveolar cavity and pulmonary 
interstitium, and neutrophil infiltration in the alveolar cavity and blood 
vessel walls. Ast protected against PM2.5- caused lung toxicity via 
downregulating inflammasome-mediated pyroptosis through inhibition 
of NLRP3/caspase-1 signaling, resulting in prolonged survival in mice. 
Pre-administration of Ast may protect mice from PM2.5-induced pul
monary toxicity through this mechanism. 

Mounting evidence shows that PM2.5-induced pulmonary toxicity is 
manifested by increased oxidative stress injury and a variety of pro- 
inflammatory cytokines [50,51]. Furthermore, reactive oxygen species 
may further induce the production of pro-inflammatory cytokines, 
increasing cellular oxidative stress [52]. Previous researches have 
illustrated that PM2.5-caused lung injury can be alleviated by 

suppressing pro-inflammatory cytokines and oxidative stress [25,53]. 
Similarly, in our study, Ast markedly inhibited the concentrations of 
TNF-α, IL-1β, IL-18, and IL-6 in BALF. Consistently, Ast can also inhibit 
oxidative stress. NF-κB is a major regulator of oxidative stress and 
inflammation [54,55]. In this study, the increased levels of oxidative 
stress and inflammation further contributed to activation of NF-κB. 
Multiple studies have established that the suppression of NF-κB atten
uated the levels of inflammation and oxidative stress [56,57]. Further
more, Ast also significantly inhibited the NF-κB pathway, which is 
agreement with conclusion of our earlier study [25,33]. The potential 
anti-inflammatory property of Ast might partly explain the beneficial 
mechanism of its protection against PM2.5-caused lung tissue injury. 
Thus, the present results are in accordance with previous findings that 
Ast exerts anti-inflammatory effects via various pathways, including 
Adenosine Monophosphate Activated Protein Kinase [35], c-Jun N-ter
minal kinase, Nuclear factor E2-related factor 2 [58], and Extracellular 
signal-regulated kinase [59]. Notably, recent researches have indicated 
that the reactive oxygen species generation and NF-κB activation are 

Fig. 6. Effect of Ast on the NLRP3 inflammasome-mediated pyroptosis of PM2.5-induced lung toxicity in mice. (A) Representative images of TUNEL and cleaved 
caspase-1 fluorescence double co-localization of lung sections from mice in all groups. (Magnification 200 ×, Scale bar = 40 µm). (B) Quantitation of pyroptosis rate. 
(C) LDH expression levels in the serum. (D) Representative images of TEM. Ultrastructure of alveolar macrophages undergoing pyroptosis was observed under the 
TEM. Red arrows indicate the pyroptotic cells with membrane pores, cytoplasmic swelling and nucleus pyknosis. (Magnification 2000 × for the left column and 
5000 × for the right column, Scale bar = 10 µm). Sham: control mice underwent a sham operation; Ast-H: Astragaloside IV (100 mg/kg) administered mice; PM2.5: 
PM2.5-induced lung toxicity mice; Ast-L+PM2.5: Astragaloside IV (50 mg/kg) pretreatment before PM2.5 intoxication; Ast-H+PM2.5: Astragaloside IV (100 mg/kg) 
pretreatment before PM2.5 intoxication; Ast-H+Nig+PM2.5: Astragaloside IV (100 mg/kg) in combination with Nigericin (the activator of NLRP3) before PM2.5 
intoxication. Data are expressed as mean ± SEM. ####P < 0.0001 compared with sham group; *P < 0.05 and ****P < 0.0001 compared with PM2.5 group; 
&&&&P < 0.0001 compared with Ast-H+PM2.5 group. 

Fig. 7. Effect of Ast on NF-κB signaling of PM2.5-induced lung toxicity in mice by Western blot. (A) Western blot analysis of the expression of NF-κB proteins in the 
lung tissues. (B) Quantitative results of relative phosphorylation expressions of NF-κB proteins. Sham: control mice underwent a sham operation; Ast-H: Astragaloside 
IV (100 mg/kg) administered mice; PM2.5: PM2.5-induced lung toxicity mice; Ast-L+PM2.5: Astragaloside IV (50 mg/kg) pretreatment before PM2.5 intoxication; 
Ast-H+PM2.5: Astragaloside IV (100 mg/kg) pretreatment before PM2.5 intoxication; Ast-H+Nig+PM2.5: Astragaloside IV (100 mg/kg) in combination with 
Nigericin (the activator of NLRP3) before PM2.5 intoxication. All values are expressed as mean ± SEM (n = 7). ####P < 0.0001 compared with Sham group; 
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 compared with PM2.5 group; &P < 0.05, &&P < 0.01, and &&&&P < 0.0001 compared with Ast- 
H+PM2.5 group. 
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known to trigger NLRP3-mediated pyroptosis in inflammatory diseases 
[60–62]. Therefore, we deduce that Ast may protect against 
PM2.5-caused lung toxicity via regulating the NLRP3-mediated pyrop
tosis pathway. 

In the classic pathway of NLRP3 inflammation, activation of the NF- 
κB pathway initiates NLRP3 activation [63,64]. After further assembly, 
cleaved caspase-1 and IL-1β promotes the maturation of IL-1β, thereby 
amplifying the inflammatory response [65,66]. Previous studies have 
confirmed that the NLRP3 inflammasome serves an important contrib
utor in various inflammatory diseases attacked by PM2.5 exposure [23, 
67]. Thus, we addressed the impact of Ast on the NF-κB/NLRP3 axis in 
PM2.5-caused lung toxicity. In our results, PM2.5 resulted the phos
phorylation of NF-κB p65, which is considered necessary for the NLRP3 
inflammasome activation. Ast dramatically downregulated the concen
tration of NF-κB, NLRP3, and IL-1β in lung tissues from mice. Mean
while, these events were reversed by nigericin (an NLRP3 activator), 
indicating that Ast might attenuate PM2.5-induced lung toxicity through 
inhibition of NLRP3 signaling. Several literatures have reported that Ast 
may exert a protective role in multiple inflammatory models by regu
lating the NLRP3 inflammasome [22,68]. However, the mechanism of 
Ast on NLPR3 requires further study. 

In recent years, the NLRP3 inflammasome has been confirmed to 
exert a major role in the pathogenesis of respiratory disorders [69]. The 
NLRP3 inflammasome is typically comprised of an NLRP3 inflamma
some sensor, ASC, and pro-caspase-1 [70]. NLRP3 inflammasome acti
vation is closely associated with inflammation and pyroptosis [71]. In 
the classical process of pyroptosis, NLRP3 inflammasome activation 
account for the caspase-1 activation, which initiates the cleavage of 
pro-IL-1β, pro-IL-18, and GSDMD [72]. Thereafter, caspase-1 cleaves 
GSDMD, resulting in pore formation on the cell membrane and causing 
the release and secretion of IL-1β, IL-18, and LDH [73,74]. As a lytic type 
of cell death, pyroptosis has not been extensively studied in 
PM2.5-induced respiratory diseases [31]. Several recent studies also 
suggested that PM2.5 increases pyroptosis in the damage of lung, but no 
pyroptotic cells have been directly observed in vivo [23,26]. Here, 
PM2.5 observably risen pyroptosis-associated protein expression and 
LDH release, leading to activation of the inflammatory cascade. 
Importantly, TEM showed that alveolar macrophages are the main 
pyroptotic cells in PM2.5-caused lung toxicity. In agreement to this 
result, other study suggested that NLRP3-mediated macrophage pyrop
tosis induces inflammation, as well as oxidative stress in PM2.5-caused 
damage of lung [26]. Moreover, there are currently no clinical inhibitors 
that target NLRP3 to prevent PM2.5-induced lung toxicity, although 
several studies have indicated that NLRP3 inhibition may attenuate 
PM2.5 resulted respiratory injury [26,67]. In our study, we not only 
found that Ast reduces pyroptosis and inflammation by inhibiting the 
NLRP3/caspase-1/GSDMD axis, but it also protects the ultrastructure of 
alveolar macrophages. Nevertheless, nigericin reverses the changes 
induced by Ast, which illustrates that Ast protects against PM2.5-caused 
lung toxicity through suppressing NLRP3 inflammasome-mediated 
pyroptosis. Similar to the present results, previous research found that 
pre-treatment with MCC950, which is a specific NLRP3 inhibitor, pro
tects from PM2.5-caused pulmonary inflammation in mice [23]. As 
shown in the Fig. 8, these findings indicate that Ast protects against 
PM2.5 caused lung toxicity by suppressing inflammasome-mediated 
pyroptosis via NLRP3/caspase-1 axis inhibition. Thus, targeting the 
NLRP3 inflammasome might be a very promising control strategy 
against PM2.5-induced respiratory injury. The specific mechanisms, 
however, require to be further inquired. 

5. Conclusion 

In conclusion, our findings illustrate that Ast protects against PM2.5- 
induced lung toxicity by suppressing inflammasome-mediated pyrop
tosis via NLRP3/caspase-1 axis inhibition in mice, thereby protecting 
the lung against PM2.5-caused pulmonary inflammation and oxidative 

damage. The present study provides new insights into the therapeutic 
potential of Ast, suggesting that it may be a promising candidate for the 
prevention of PM2.5-caused respiratory disorders. Targeting the NLRP3 
inflammasome might be a novel promising strategy for PM2.5 caused 
respiratory injury. 
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Fig. 8. Underlying mechanisms of the protective effect of Ast against PM2.5- 
induced lung toxicity in mice. On the one hand, PM2.5 induced oxidative 
stress and caused to the activation of both NF-κB and NLRP3, resulting the 
initiation of NLRP3 inflammasome. Subsequently, the phosphorylation and 
activation of NF-κB increased the amounts of NLRP3 as well as initiated syn
thesis of pro-IL-1β. In addition, caspase-1-dependent pro-IL-1β, pro-IL-18 and 
GSDMD cleavage and secretion of their bioactive forms: IL-1β and IL-18, 
cleaved-GSDMD, resulting the dramatic inflammatory response. Ast, on other 
hand, has a protective effect on the PM2.5-induced pulmonary toxicity by 
suppressing inflammasome-mediated pyroptosis via inhibiting the NLRP3/ 
caspase-1 axis, thereby protecting the lung against PM2.5-induced lung 
inflammation and oxidative damage. 
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