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Abstract
Background: ACT001 is a potent anti-inflammatory small-molecule drug. However, the single 
cell and spatial molecular basis of pyroptosis and whether ACT001 exerts a therapeutic effect 
by preventing pyroptosis on acute lung injury (ALI) remains unclear. 
Methods: The bioinformatics approach was employed to identify single cell and spatial land-
scape of nucleotide-binding domains and leucine-rich repeat protein 3 (NLRP3)-dependent 
pyroptosis in lipopolysaccharide (LPS) and influenza virus-induced ALI. Molecular docking was 
performed to elucidate the relationship between ACT001 and NLRP3. LPS-induced ALI mice 
model was established. Histopathological analysis and bronchoalveolar lavage fluid collection 
were conducted to investigate the anti-inflammatory and protective effects. In vitro exper-
iments were also performed on bone marrow–derived macrophages to explore the effect of 
ACT001 on the balance of mitochondrial fusion and fission protein. 
Results: Single cell transcriptomic and spatial transcriptomic analysis predicted that NLRP3-
dependent pyroptosis significantly correlated with the development of ALI both in single cell and 
spatial distribution. Molecular docking provided a stable and reliable docking between ACT001 
and NLRP3. ACT001 improved the 7-day survival of mice by approximately 50% over the loading 
dose of LPS-induced ALI. ACT001 (5 uM) attenuated the disruption of mitochondrial integrity 
and reactive oxygen species. Further, ACT001 reduced the overexpression of the mitochon-
drial fission protein DRP1 without affecting fusion protein Mitofusin2 levels. Moreover, ACT001 
exerted a similar protective effect of suppressing pyroptosis as the DRP1-inhibitor Mdivi-1. 
Conclusions: Our study revealed that pyroptosis genes were highly expressed in single-cell and 
spatial mapping along the first week of ALI occurrence. ACT001 attenuates ALI by reducing the 
NLRP3-dependent pyroptosis and balancing mitochondrial fission and fusion. 
© 2024 Codon Publications. Published by Codon Publications.
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ACT001 benefits the host by modulating NLRP3 inflam-
masome remains unclear. 

This work sought to investigate the protective effects 
of ACT001 in LPS-related ALI and its possible mechanisms. 
We performed bioinformatics analysis, molecular dock-
ing, and in vivo and in vitro experiments to provide novel 
insights on pyroptosis and ACT001 in LPS-related ALI. The 
mice model was constructed by endotracheal dripping LPS 
(10 mg/kg) to induce ALI.

Methods

Figure 1 shows the procedure for the whole study.

Mice and treatment

Six- to eight-weeks-old specific pathogen-free (SPF) 
C57BL/6J male mice were purchased from The Laboratory 
Animal Center of the Chinese Academy of Medical Sciences 
in Beijing, China. All animal experiments were performed 
under the Institutional Research Ethics Committee of the 
Animal Ethics Committee of the Tianjin Medical University 
General Hospital with approval number [IRB2022-
DWFL-587]. Mice were housed under a regular 12-h light/
dark cycle and acclimated to laboratory conditions for 
1 week before testing at a constant temperature. Mice 
were anesthetized with 2.5% 2,2,2-tribromoethanol 
(MedChemExpress, USA) via intraperitoneal injection to 
eliminate pain for any incisive operations. The mice were 
randomly divided into four groups (5 mice per group) as 
follows: (a) PBS + PBS, (b) LPS + PBS, (c) LPS + ACT001 (100 
mg/kg), and (d) LPS + ACT001 (200 mg/kg). Under anesthe-
sia, the tongue was pulled outward using curved forceps, 
and 200 μL gel loading tips were introduced into the tra-
chea. Note that the angiocatheter should be parallel to the 
tracheal plane. ACT001 (100 mg/kg or 200 mg/kg in 50 μL 
PBS) was carefully loaded into the tips or a similar volume 
of PBS was injected into the trachea 2 h before the LPS 
challenge (10 mg/kg, Sigma, USA). Bronchoalveolar lavage 
fluid (BALF) and lung tissues were collected for analysis 24 
h after the LPS challenge. Survival and body weights were 
recorded daily before and during the experiment for 7 
days.

Hub genes among nucleotide-binding oligomeriza-
tion domain (NOD) pathway and pyroptosis

Nucleotide-binding oligomerization domain (NOD)-like 
receptor pathway-related genes were downloaded from the 
GSEA (Gene Set Enrichment Analysis) database (https://
www.gsea-msigdb.org/). According to Gadepalli et al.,22 
we obtained a pyroptosis gene set from the XDeathDB 
online website using a cell death-related search engine. 
Then, an online Venn diagram website tool, Evenn,23 was 
used to search common genes between NOD-like receptors 
and pyroptosis. Further, a protein–protein interaction (PPI) 
network was constructed by importing common genes into 
a string database.24 Genes of the highest degree, which 
played the most important role in the entire network, were 

Introduction

Acute lung injury (ALI) is the first cause of sepsis-related 
death.1 Lipopolysaccharides (LPS) from bacteria are the 
primary cause of induction of infective ALI in live and 
clinical environments. Conventional drugs often have 
side effects, thereby limiting their clinical use.2 However, 
herbs extracted from traditional Chinese medicine plants 
are speculated to address these disadvantages. Besides, 
advances in precise medicine have provided more possibili-
ties for Chinese medicine.3 

Pyroptosis is a critical natural immune response in 
the body, which mediates protection against infection. 
However, over-activation of pyroptosis might result in 
inflammation-related diseases, including septic shock,4 
systemic inflammatory response syndrome (SIRS),5 or 
increased risk of secondary infection. Therefore, identify-
ing small molecule inhibitors targeting the inflammasome 
is an important research focus for developing effective 
treatment against inflammation in the future. Nucleotide-
binding domains and leucine-rich repeat protein 3 (NLRP3) 
inflammasome are activated in response to tissue injury 
and regulate the processing of inflammation-associated 
proteins, including gasdermin D (GSDMD) and interleukin 
(IL)-1β.6 Recent studies have shown that inactivated NLRP3 
is bound together by leucine-rich repeat sequence interac-
tions to form a bicyclic cage that protects PYD and prevents 
premature activation.7 Moreover, mitochondrial reactive 
oxygen species and oxidized DNA fragments activate NLRP3 
inflammasome.8 However, the precise pathways causing 
NLRP3 inflammasome assembly and activation after cell 
injury remain elusive. Importantly, persistent NLRP3 sig-
naling is strongly linked to inflammation-related disorders, 
including septic shock, SIRS, atherosclerosis, and inflamma-
tory bowel diseases.9 Therefore, there is an urgent need to 
clarify the mechanism of NLRP3 inflammasome activation 
to provide therapeutic tools for treating diseases including 
ALI.

Recent advances in bioinformatics have made possible 
the investigation of gene expression changes in multiple 
levels, including single-cell and spatial tissues.10,11 Previous 
analysis of single-cell transcriptomics primarily focuses on 
the immune cells or endothelial cell subtypes changes of 
lungs with sepsis.12,13 Spatial studies based on transcriptom-
ics expand the understanding of the relationship between 
mRNA and disease status or entire pathogenically physical 
function.14

ACT001 is a natural product parthenolide (PTL) 
extracted from Magnolia officinalis with antitumor, 
anti-inflammatory, and antioxidant activities.15,16 ACT001 
is believed to have pharmacological activities, with bet-
ter aqueous solubility and stability, compared to PTL, 
and has a wide range of potential clinical applications.17–19 
It has been shown that ACT001 is a potential drug desig-
nated by the FDA as an orphan drug for glioblastoma treat-
ment. The drug is being evaluated in several clinical trials 
(ACTRN12616000228482, Australia New Zealand Clinical 
Trials Registry; China Clinical Trials Registration (ChiCTR-
OIC-17013604).20 Additionally, a recent study concluded 
that parthenolide is one of the promising herbal candidates 
for the clinical treatment of COVID-19.21 However, whether 
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days after LPS exposure, respectively, concluded Samples 3 
and 4.26 The lung endothelial dataset was primarily used to 
explore the role of genes and changes in lung tissue. Rstudio 
software based on the R language was primarily used to 
analyze the transcriptome mixture. The Dplyr R package 
was used to handle complex data frames. Exclusion criteria 
for cells included less than 50 genes and too many mito-
chondrial genes (>7%). Subsequently, the Seruat package 
was used to normalize “LogNormalize.” Seruat R package 
was also used to delete cells with low-quality sequencing. 
Preliminary downscaling for data mixture was also used to 

screened and specially analyzed in subsequent single-cell 
transcriptome analysis.

Data acquisition and preprocessing

Single-cell transcriptome matrixes were downloaded from 
the GEO database. Lung endothelial cell datasets including 
wild type and LPS treating type, GSE148499,25 comprised 
five timepoint groups (6 h; and 1, 2, 3, and 7 days) after LPS 
exposure. We also downloaded GSE218884, a lung resident 
macrophage dataset. Two phenotypes, homeostasis and 3 

Figure 1  Schematic of ACT001 inhibition of NLRP3 inflammasome activation to attenuate acute lung injury (ALI). Integrative 
transcriptomic analysis revealed a strong correlation between NLRP3-associated pyroptosis and ALI. Molecular docking showed 
that ACT001 and NLRP3 could be stably docked. In vivo and in vitro experiments confirmed that ACT001 attenuated ALI caused 
by NLRP3-associated pyroptosis. Mechanistically, ACT001 directly inhibits NLRP3 proteins and the expression of the mitochondrial 
fission protein DRP1 to attenuate NLRP3-dependent pyroptosis.
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lungs were embedded in paraffin, sectioned at 5 µm, and 
stained with hematoxylin–eosin (H&E). These sections were 
imaged (at least 6 randomly selected areas) and scored for 
lung injury scores by two independent investigators.27

Bronchoalveolar lavage fluid collection and cell 
counting

Mice were anesthetized and tracheally intubated in a sepa-
rate experiment. Alveolar lavage was collected by injecting 
0.8 mL of precooled PBS into the lungs and repeated thrice. 
The collected BALF was centrifuged at 300 g in 4°C for 
10 min. The supernatant was stored at −80°C for cyto-
kine analysis. Cell aliquots were stained with Trypan Blue 
(Solarbio, Beijing, China). Total cells were determined 
using a hemacytometer. 

Cell culture and the activation of NLRP3 
inflammasome

Bone marrow cells were isolated from femurs of 9–10-weeks-
old C57BL/6 mice. The resulting cells were cultured in 
Iscove’s Modified Dulbecco’s medium (IMDM) containing 20% 
L929 cell supernatant, and 10% fetal bovine serum (Gibco, 
Grand Island, NY, USA), 1% penicillin, and streptomycin. On 
Day 3, 10 mL of fresh IMDM complete  medium was added. 
On Day 7, BMDMs were harvested and seeded into a 24- 
or 12-well culture dishes for further experiments. All cells 
were cultured at 37°C in a constant temperature incubator 
(Thermo, Waltham, MA, USA) with 5% CO2 humidity.

NLRP3 inflammasome activation was induced for 4 h 
priming with LPS (100 ng/mL, Sigma, USA) before challeng-
ing with NLRP3 activator ATP (5 mM, Sigma, USA) for 30 
min. ACT001 (2.5 µM, 5 µM, or 10 µM) was added simulta-
neously with LPS. Before LPS treatment, Mdivi-1 (20 µM, 
Shanghai, China) was preincubated for 30 min.

Protein immunoblotting

Whole lung tissue and cell lysates with a protease and a 
phosphatase inhibitor cocktail in RIPA buffer were pre-
pared. Equal amounts of protein were separated by 
8–12% SDS-PAGE. The separated protein bands were then 
transferred to a PVDF membrane. The membrane was 
blocked for 1 h with 5% BSA and then incubated with pri-
mary antibodies against DRP1 (ab184248, Abcam, USA), 
Mitofusin2 (ab56889, Abcam, USA), NLRP3 (ab263899, 
Abcam, USA), cleaved caspase-1 (89332s, CST, MA, USA), 
GSDMD (ab219800, Abcam, USA), β-actin (4970S, CST, MA, 
USA) overnight at 4°C. The next day, PVDF membranes 
were incubated with secondary antibodies for 1 h, and the 
target bands were detected using an enhanced chemilumi-
nescence (ECL) kit (Millipore, Billerica, MA, USA). ImageJ 
software was used for quantitative protein analysis.

ELISA

IL-1β and THF-α levels in BALF supernatants and cell cul-
ture media were measured using ELISA kits (R&D Systems, 

discriminate and cluster cells based on characters, particu-
larly gene expression situations.

Cell cluster identification and key pathway 
enrichment analysis

First, “RunPCA” was used to identify the principal com-
ponents of mixtures. Resolution was set to 0.9, and 20 
integrating groups were obtained. Thereafter, irGSEA and 
Ucell packages were used to compute related pathway 
scores of every cell before drawing the heatmap based on 
the tSNE algorithm. Cell proportions developing pyroptosis 
based on gene expression levels were compared at differ-
ent time points. We also described the trend for pyroptosis. 

Transcriptomic analysis and weighted gene 
coexpression network analysis

The GSE104214 dataset was downloaded to screen dif-
ferentially expressed genes (DEGs). After preprocessing, 
the ssGSEA algorithm was performed to calculate the 
Pyroptosis and NOD scores for transcriptomic data. The 
DEGs between 24 h LPS and normal, and 24 h and 8 h LPS 
were analyzed using the limma package. A heatmap pack-
age was used to exhibit gene expression differences. The 
PN scores, LPS intervention time, and disease status were 
imported into the weighted correlation network analy-
sis (WGCNA) to extract significant correlation genes with 
these features.

Spatial transcriptomics analysis and enrichment 
analysis

The spatial transcriptomics dataset, GSE202322, was 
obtained from the GEO database. This dataset was about 
lungs from mice infected with the influenza A virus. R 
package Hksc was used to preprocess transcriptomics 
data and construct gene spatial distribution. The enrich-
ment states of different spatial locations in the lungs were 
assessed by GSVA packages. Changes in the Nlrp3 gene and 
pyroptosis were tracked along the timeline of the inflam-
mation process. 

Molecule docking analysis for targeting protein 
and ACT001

The chemical structure file for ACT001 was downloaded 
from the PubChem database. Autodock 4.2 helped analyze 
the potential docking modes between protein and small 
drugs. Pymol software based on Python language was used 
to observe docking locations and generate chemical bonds 
or molecular forces.

Histopathological analysis

Twenty-four hours after model establishment, mice were 
anesthetized and lung tissue was perfused via the right 
ventricle with 5 mL precooled PBS. Lung lobes were iso-
lated and fixed in 4% paraformaldehyde for 48 h. Fixed 
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perimeter) and mitochondrial elongation (the inverse cir-
cularity). A total of 20 cells were measured in each group.

Results

Pyroptosis and NOD pathway-related gene 
identification

As shown in Figure 2A, seven genes representing pyropto-
sis and the NOD pathway were selected from two gene 
datasets with their biological functions. The PPI network 
(Figure 2B) was constructed using six proteins expressed 
by selected genes. In mRNA transcriptomics, pyroptosis 
enrichment was typically high after the effect of LPS and 
became highest during the first 24 h (Figure 2C). This was 
in line with the following single-cell analysis, indicating 
that pyroptosis rapidly occurs during pathogen invasion. 

Single-cell PN degree evaluation

In Figure 2D, the PN score was lower at the beginning of 
LPS influencing lung endothelial cells, at 6-h timepoint. 

USA). Specific procedures were strictly followed according 
to the manufacturer’s instructions.

Propidium Iodide (PI)

After the intervention, PI (Beyotime, Shanghai, China) 
was added to 24-well plates and placed in an incubator 
(Thermo, USA) at 37°C with 5% CO2 for 15 min for staining. 
Cells (at least five fields per well) were then imaged under 
a fluorescence microscope (Olympus, Japan) at magnifica-
tion 400X. 

Mitochondrial quantity and morphology analysis

After NLRP3 inflammasome activation, BMDMs were stained 
with Mito Tracker Red (50 nM, Thermo Fisher Scientific, 
Waltham, MA, USA) for 30 min. The cells were washed 
thrice with PBS and fixed with 4% formaldehyde for 30 min. 
Cells were rewashed with PBS thrice before analysis of 
cell images under fluorescence and confocal microscopes 
(FV1200, OLYMPUS). The ImageJ macro was used to quan-
tify mitochondrial morphology, including mitochondrial 
interconnectivity (ratio of the mean area and the mean 

Figure 2  NLRP3-dependent pyroptosis significantly correlated with acute lung injury (ALI). (A) Venn diagram of NOD pathway and 
pyroptosis-related gene markers; (B) PPI network of NOD and pyroptosis-related genes; (C) Scores of pyroptosis and NOD in RNA-
seq dataset. Different colors represent scores, X-axis represents LPS interfering times; (D) Trend and changes of PN in endothelial 
cell single cell level after LPS; (E) Trend and changes of PN in resident macrophage at single cell level after LPS.

(A)

(D) (E)

(B) (C)
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Spatial time distribution of Nlrp3 and  
pyroptosis

In Figure 3C, three timepoints were recorded, that is, 0, 3, 
and 9 days. For the Nlrp3 gene, we observed an increasing 
number of high-expression dots, representing cell clusters. 
This indicates that a significant portion of lung tissue had 
high spatial Nlrp3 expression. Pyroptosis enrichment was 
also tracked (Figure 3D). The trend was positive, a larger 
region exhibited pyroptosis phenomena with the inflamma-
tion increasing by virus invasion.

Molecular docking

In the most reliable mode, the free binding energy was 
−5.74 kcal/mol, less than −5, suggesting a reliable conjunc-
tion between small molecular drugs and NLRP3 protein. 
Figure 3E shows several polar and nonpolar interaction 
constructions.

However, the PN score became higher than the basal sit-
uation after 24 h, suggesting the gradual occurrence of 
pyroptosis. At 7 days, the score was the highest, suggest-
ing the occurrence of cell death. These results indicate 
that pyroptosis influenced the whole process during LPS 
intervention.

For macrophages, assembled results were found. 
Influenced by LPS, ALI arose, accompanied by an increase 
in PN high-expressing cells (Figure 2E).  

Identification of differentially expressed genes 
and pyrotposis-related genes 

In Figure 3A, we screened 2156 and 2398 mRNAs as DEGs. 
Following WGCNA analysis was surrounding these genes. In 
WGCNA analysis (Figure 3B), the turquoise module highly cor-
related with pyroptosis and inflammation development times 
was identified. In this module gene set, Nlrp3 overlapped 
with NOD pathway and pyroptosis genes. Therefore, Nlrp3 
was specifically identified as a hub biomarker for our study.

Figure 3  NLRP3 is strongly associated with ALI severity and molecular docking of ACT001 and NLRP3. (A) Heatmap of top 50 DEGs 
after LPS. Three groups, 8 h, 24 h, and control were compared; (B) WGCNA module correlation heatmap in RNA-seq. Different 
colors represent the degree of correlation; (C) The landscape of NLRP3 spatial distribution in 3 time points; (D) The landscape 
of pyroptosis gene enrichment spatial distribution in 3 time points; (E) Molecular docking diagram of NLRP3 and ACT001. Lines 
marked with yellow represent intermolecular force.

(A)

(D)

(E)

(B)

(C)



ACT001 in lipopolysaccharide-induced lung injury� 167

downregulated Nlrp3 mRNA transcript more significantly 
with increasing concentration  (Figure 4F–I). Consistently, 
ACT001 limited NLRP3 inflammasome activation and 
reduced mortality of mice challenged with LPS.

ACT001 inhibits NLRP3 inflammasome activity in 
a dose-dependent manner in vitro

To probe the sensitivity of BMDMs to ACT001, BMDMs were 
exposed to various concentrations of ACT001 (0, 7.81, 
15.63, 31.25, 62.5, 125, 250, 500, and 1000 µM) for 24 h. 
Figure 5A shows that the IC50 value of the BMDMs for 
ACT001 was 17.43 µM. This value provides a safe range and 
guides the treatment concentration for subsequent exper-
iments. The molecular docking results in Figure 3E showed 
that ACT001 binds to NLRP3. Therefore, LPS plus ATP 
stimulation was administered to stimulate NLRP3 inflam-
masome activation in BMDMs. ACT001 downregulated 
NLRP3 expression, cleaved-caspase-1, and GSDMD-cleaved 
in a dose-dependent manner, which indicated a reduction 

ACT001 inhibits LPS-induced acute lung injury

The NLRP3 inflammasome also instigates ALI in which the 
lung parenchyma and resident immune cells generate 
IL-1β and IL-18 to drive pulmonary inflammation.28,29 The 
in vivo therapeutic efficacy of ACT001 was evaluated in 
a well-established mouse model of LPS-induced ALI. As 
shown in Figure 4A–C, histological assessment of lung sec-
tions revealed that ACT001 prevented alveolar neutrophils, 
interstitial neutrophils, hyaline membranes, proteinaceous 
debris, and alveolar septal thickening in a dose-depen-
dent manner. Although significant body weight loss was 
observed in the LPS-injected group, the mice treated with 
the ACT001 recovered (Figure 4D). In Figure 4E, only 10% 
of mice receiving LPS via intratracheal (i.t.) administration 
(20 mg/kg) survived beyond 7 days. In contrast, a single 
injection of either ACT001 (100 mg/kg) or ACT001 (200 mg/
kg) 2 h before LPS administration rescued 50 or 60% of the 
mice. Besides, therapeutic ACT001 inhibited protein con-
centration and total number of cells, and decreased IL-1β 
in BALF in a dose-dependent manner. Meanwhile, ACT001 

Figure 4  ACT001 inhibits LPS-induced acute lung injury. (A) The histopathological changes of mouse lung sections (n = 5 per 
group; scale bar = 100 μm); (B) Weighted total lung injury score based on 5 pathological features score; (C) Alveolar neutrophils 
score, interstitial neutrophils score, hyaline membranes score, proteinaceous debris score, and alveolar septal thickening score of 
5 pathological features score; (D) Changes in body weight of mice; (E) Survival analysis of the mice (n = 10 per group); The protein 
concentration (F) and total number of cells (G) in BALF; H) The Nlrp3 mRNA level of the lung tissue; I) The IL-1β level in the BALF. 
Data were presented as mean ± SD (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).

(A)

(D)

(E) (F) (G) (H) (I)

(B)

(C)
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(Figure  6A,B). Notably, the ACT001 treatment showed a 
protective effect on the reticular integrity of mitochondria 
(Figure 6A,B). Meanwhile, ACT001 showed an inhibitory 
effect on the mitochondrial fission protein DRP1, whereas 
no significant effect was observed on the mitochondrial 
fusion protein Mitofusin2 (Figure 6C). The Mdivi-1, an inhib-
itor of DRP1, was used to dissect the roles of DRP1 for 
NLRP3 inflammasome activation. As shown in Figure 6D,E, 
Mdivi-1 treatment reduced NLRP3-dependent pyroptosis, 
induced by LPS plus ATP stimulation. ACT001 treatment 
showed pyroptosis inhibition similar to that of Mdivi-1. 
Furthermore, both ACT001 and Mdivi-1 suppressed IL-1β 
secretion following NLRP3 inflammasome activation. 

Discussion

This study integrated the analyzed transcriptomics on 
single cell and spatial for the role of pyroptosis mech-
anisms involved in acute lung injury. Considering the 

in the NLRP3 inflammasome activation (Figure 5B). 
Although the level of IL-1β in the supernatants decreased 
with increasing doses of ACT001, no significant change was 
observed in the TNF-α levels (Figure 5C). Moreover, ACT001 
repressed Nlrp3, caspase-1, IL-1β, and IL-18 at the tran-
scriptional level (Figure 5D). Taken together, these data 
indicate that ACT001 inhibits NLRP3 inflammasome activa-
tion in a dose-dependent manner in vitro.

ACT001 inhibits the activity of NLRP3 inflammas-
ome by DRP1

The exposure of macrophages to NLRP3 activators 
causes mitochondrial damage.30 We wondered whether 
the anti-inflammatory effects of ACT001 are mito-
chondrially exerted and blunted NLRP3 inflammasome 
activation. Consequently, we observed significant dam-
age in the mitochondrial network, including mitochondrial 
interconnectivity and elongation in the LPS plus ATP group 

Figure 5  ACT001 inhibits the activity of NLRP3 inflammasome in a dose-dependent manner in vitro. (A) The IC50 of BMDM was 
treated with various concentrations of ACT001; (B–D) BMDMs were exposed to LPS (100 ng/mL) with or without ACT001 (2.5 uM, 
5 uM, or 10 uM) for 4 h before adding ATP (5 mM) for 30 min. Immunoblotting results (B) of the NLRP3, cleaved caspase-1, GSDMD 
(FL and N); (C) The TNF-α and IL-1β levels in the supernatants; (D) The mRNA expression levels of Nlrp3, caspase-1, IL-1β, and IL-18 
were assayed from the BMDMs (n = 3). Data were presented as mean ± SD (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).

(A)

(D)

(B)

(C)
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cell death. Gene expression was consistent with that 
reported in previous studies. Endothelial cells, immune 
cells, and resident macrophages in the lungs were also 
found to be of assembled trends of pyroptosis enrichment. 
mRNAs also explained the roles of pyroptosis mechanisms. 
mRNA transcriptomics was used to identify potential dis-
ease biomarkers possessing time and pyroptosis depen-
dency. Interestingly, the Nlrp3 gene was screened and as 
a pyroptosis marker gene, it was a diagnostic biomarker 
with close relationships with whole pyroptosis and sepsis 
development.

We first measured certain markers in vivo for vali-
dation. Previous studies on pyroptosis in lung injury 
focused on alveolar macrophages.35 Our study first con-
firmed that lung injury can be treated by ACT001. Gene 
expression change of Nlrp3 was blocked, which was con-
sistent with our bioinformatics analysis. Evidence for the 
protective effects of ACT001 in mRNA and tissue level 
was validated.

Some investigations have reported in vivo biological 
safety and metabolisms of ACT001; its lack of accumulation 
and rapid distribution in vivo ensures its potential appli-
cation as medication.18 In this regard, our study examined 

theoretical basis, we further explored the effects of 
ACT001. Consequently, ACT001 protected the lungs against 
pyroptosis both in vivo and in vitro.

In mRNA transcriptomics and single analysis, pyropto-
sis represented a strong relationship with inflammation 
phases in the entire lung microenvironment. As a unique 
form of cell death, activation of NLRP3 inflammasome 
could result in significant pathogen invasion.31 The effects 
of pyroptosis were also distinguished at different stages. 
Pyroptosis during its early stages primarily aided in clear-
ing abnormal or damaged cells, activating replicating 
pathogens, and protecting vulnerable organs. Pyroptosis 
would interfere with normal cell status and physical func-
tions accompanied by secretion of inflammation factors.4 
Many studies have reported the phenomena and molecu-
lar correlation between NOD-receptor-like pathways and 
pyroptosis.32 Sepsis or inflammation, and NLRP3 have also 
been found to mediate pyroptosis.33,34 For lung endothelial 
cells, the enrichment of pyroptosis genes in this study rap-
idly increased at the first 6 h after CLP operation, repre-
senting positive effects during this period. After the acute 
phase, however, the enrichment increased after decreas-
ing in the early inflammation stage, indicating remarkable 

Figure 6  ACT001 inhibits the activity of NLRP3 inflammasome by DRP1. (A) Confocal microscopic images of BMDMs were exposed 
to LPS (100 ng/mL) with or without ACT001 (5 uM) for 4 h before adding ATP (5 mM) for 30 min. The mitochondrial network was 
stained by Mito Tracker; the scale bar represents 10 μm; (B) Mitochondrial interconnectivity (ratio of the mean area and the mean 
perimeter) and elongation (the inverse circularity) were quantified by ImageJ macro (n = 20 cells); (C) Immunoblot results of DRP1 
and Mitofusin2 when treated ACT001 with or without LPS plus ATP (n = 3); (D and E) PI images and quantification; (F) The IL-1β 
levels in the supernatants (n = 3).  Data were presented as mean ± SD (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).

(A)

(D) (E) (F)

(B) (C)
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the IC50 of BMDMs, one of the most important immune 
cell species in the lungs to establish a broad safe range. 
The measured IC50 (17.43 μM) indicated mild cytotoxicity. 
Macrophages were thought to aggravate other types of lung 
injury, such as lung ischemic reperfusion; IL-1R/NF-κB/
NLRP3 pathway was also involved.36 Thus, the proposed 
hypothesis indicates that ideal drugs ought to decrease 
caspase-1 and IL-1β secretion, promoting inflammation 
and cell deaths surrounding the macrophages. Herein, 
we observed downregulation of caspase-1, GSDMD, and 
Nlrp3 under different ACT001 concentrations. In contrast 
to ACT001, double-stimulating operations (LPS + ATP) 
increased the protein levels of these markers. The inver-
sion phenomena demonstrated that ACT001 can decrease 
the generation of pyroptosis inducers and abnormal 
monocytes.

We observed abnormal changes in mitochondrial inter-
connectivity and elongation in cell environments imitat-
ing sepsis. Meanwhile, cell death markers were also highly 
expressed. These indicate that mitochondrial changes are 
accompanied by pyroptosis occurrence. ALI is often caused 
by NLRP3 inflammasome activation and mitochondrial 
abnormal changes simultaneously.37 Our findings revealed 
that ACT001 depressed the two cell death engines. The 
observed protection effects included mitochondrial indi-
cators, interconnectivity and elongation, mitochondrial 
quality marker protein, DRP1, and Mitofusion2. The role of 
mitochondria was also preserved.

This study has some limitations. First, the dynamic 
intracellular progress of ACT001 was not observed, and 
the subcellular location was inadequate. Additionally, we 
did not investigate more precise regulation mechanisms 
between ACT001 and pyroptosis, a subject of further 
research. Third, these limitations hinder the clear obser-
vation of these relationships, and require an exploration of 
the noncoding RNAs involved. 

In conclusion, depending on integrative transcriptomics 
analysis, we demonstrated that Nlrp3 gene activation and 
pyroptosis are closely associated with ALI development. 
In vivo experiments validated these bioinformatic analysis 
and protection effects of ACT001 on the lungs. NLRP3 acti-
vation and pyroptosis were suppressed in vitro after treat-
ment with ACT001. Furthermore, mitochondrial fusion and 
fission disorders induced by excess ROS production were 
prevented due to ACT001 in macrophages.

Conclusions

Our study revealed that pyroptosis-related genes were 
highly expressed in single-cell and spatial mapping along 
the first week of ALI occurrence. Meanwhile, ACT001 sig-
nificantly reduced pyroptosis in ALI through the DRP1/
NLRP3 pathway.
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