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Abstract 

Background:  Macrophage proinflammatory activation contributes to the pathol-
ogy of severe acute pancreatitis (SAP) and, simultaneously, macrophage functional 
changes, and increased pyroptosis/necrosis can further exacerbate the cellular immune 
suppression during the process of SAP, where cyclic GMP–AMP synthase (cGAS)–
stimulator of interferon genes (STING) plays an important role. However, the function 
and mechanism of cGAS–STING in SAP-induced lung injury (LI) remains unknown.

Methods:  Lipopolysaccharide (LPS) was combined with caerulein-induced SAP in wild 
type, cGAS −/− and sting −/− mice. Primary macrophages were extracted via bronchoal-
veolar lavage and peritoneal lavage. Ana-1 cells were pretreated with LPS and stimu-
lated with nigericin sodium salt to induce pyroptosis in vitro.

Results:  SAP triggered NOD-, LRR-, and pyrin domain-containing protein 3 (NLRP3) 
inflammasome activation-mediated pyroptosis of alveolar and peritoneal macrophages 
in mouse model. Knockout of cGAS/STING could ameliorate NLRP3 activation and mac-
rophage pyroptosis. In addition, mitochondrial (mt)DNA released from damaged mito-
chondria further induced macrophage STING activation in a cGAS- and dose-depend-
ent manner. Upregulated STING signal can promote NLRP3 inflammasome-mediated 
macrophage pyroptosis and increase serum interleukin (IL)-6, IL-1β, and tumor necro-
sis factor (TNF)-α levels and, thus, exacerbate SAP-associated LI (SAP-ALI). Down-
stream molecules of STING, IRF7, and IRF3 connect the mtDNA–cGAS–STING axis 
and the NLRP3–pyroptosis axis.

Conclusions:  Negative regulation of any molecule in the mtDNA–cGAS–STING–IRF7/
IRF3 pathway can affect the activation of NLRP3 inflammasomes, thereby reducing 
macrophage pyroptosis and improving SAP-ALI in mouse model.
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Introduction
Acute pancreatitis (AP) is one of the most common acute abdominal diseases of the 
digestive system, with a complex etiology and prone to relapse [1]. Patients with severe 
disease are susceptible to multiple organ insufficiency and even sepsis, which is asso-
ciated with poor prognosis. Currently, there is no specific drug for clinical treatment, 
which is mainly based on fluid resuscitation, nutritional support, organ function protec-
tion, anti-infection, and other symptomatic treatment [2]. Therefore, exploring the path-
ological mechanisms with potential therapeutic value is crucial for developing scientific 
disease management strategies and reducing the disease burden.

Macrophages are critical in systemic inflammation and organ injury in severe acute 
pancreatitis (SAP), differentiating into various phenotypes for diverse functions [3, 4]. 
These cells, the predominant immune responders in AP, migrate towards the pancreas, 
with their infiltration more significantly correlating with pancreatic injury and necro-
sis than neutrophil infiltration [5]. In AP, macrophages are activated in different tissues, 
contributing to the immune response by secreting cytokines and extracellular vesicles. 
The dynamic changes in surface and functional markers of the pancreatic CD206+ mac-
rophage populations are associated with disease severity and recovery. These monocyte/
macrophage subsets, exhibiting distinct phenotypic and functional characteristics, are 
potential biomarkers for disease monitoring [6]. Modulating macrophage polarization 
may protect against pancreatic injury in SAP [7, 8]. Emodin has been shown to reduce 
alveolar macrophage activation, thereby ameliorating SAP-associated lung injury (SAP-
ALI) [9]. Consequently, managing macrophage behavior could be an effective therapeu-
tic strategy for SAP.

Pyroptosis, a form of inflammation-related programmed cell death, was initially iden-
tified as a macrophage death pathway involving the caspase family and has since been 
observed in various cell types, playing a significant role in inflammation, tumors, and 
other diseases [10]. Studies have shown that pyroptosis contributes to the development 
of AP [11], and some drugs have protective effects against AP by inhibiting pyroptosis-
related signaling pathways [12, 13]. The NOD-, LRR, and pyrin domain-containing pro-
tein 3 (NLRP3) is an important cytoplasmic pattern recognition receptor that responds 
to multiple stimuli from the pathogen-associated molecular patterns (PAMPs) and 
the damage-associated molecular patterns (DAMPs). Inflammasomes, composed of 
apoptosis-associated speck-like protein containing a CARD (ASC) and procaspase-1, 
are formed, with NLRP3 inflammasome activation leading to gasdermin D cleavage by 
caspases [14], triggering cell death and subsequent pathophysiological responses. DNA 
damage, a crucial inflammation and cell damage inducer, activates the cGAS–STING 
signaling pathway, contributing to AP’s inflammatory damage [15]. In AP’s early stages, 
damaged acinar cells release DNA, activating macrophages’ cGAS–STING signaling 
pathway, thus initiating local inflammation. As AP progresses, peritoneal macrophage 
activation exacerbates the spread of local inflammation [16], with inflammatory medi-
ators activating resident macrophages in various organs, leading to organ damage 
in SAP [17, 18]. NLRP3 inflammasome-mediated pyroptosis can occur through the 
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cGAS–STING signaling pathway, associated with mtDNA leakage [19–21]. The STING 
signal plays a critical role in SAP progression, although the exact relationship between 
STING and NLRP3 remains unclear. This study aims to investigate the cGAS–STING 
signaling pathway’s role in regulating macrophage pyroptosis and mitigating tissue dam-
age in SAP and to clarify the interaction between the mtDNA–cGAS–STING axis and 
the NLRP3–pyroptosis axis.

Methods and materials
Animal model of SAP

cGAS-KO (cGAS−/−) mice and Sting1-KO (sting−/−) mice were purchased from Gem-
Pharmatech (Nanjing, China). Wild type C57BL/6J mice were obtained from SPF 
(Beijing) BIOTECHNOLOGY Co., Ltd. All mice were acclimatized for 7  days before 
induction initiation in the models. SAP was induced by intraperitoneal injection of caer-
ulein (CAE, 100 µg/kg, once an hour, seven times in total; AbMole, M9316) and lipopol-
ysaccharide (LPS, 10 mg/kg following the last injection of CAE; Sigma-Aldrich, L2630) 
(Fig. 1A). Serum, primary macrophages, and pancreatic and lung tissues were collected 
24 h after modeling.

Cell culture

Primary alveolar macrophages were extracted via bronchoalveolar lavage, as previously 
described [22]. Primary peritoneal macrophages were extracted via peritoneal lavage 
24  h after modeling, which was performed with Dulbecco’s modified Eagle’s medium 
containing 10% fetal bovine serum, 1 × penicillin, and 1 × streptomycin. Murine mac-
rophage cells Ana-1 were purchased from MeisenCTCC. For in  vitro experiments, 
Ana-1 cells were pretreated with LPS (1 mg/mL) for 4 h and then stimulated with 10 µM 
nigericin sodium salt (MCE, HY-100381) for 1 h to induce pyroptosis. Ana-1 cells were 
treated with 100 ng/mL ethidium bromide (EthBr) (MCE, HY-D0021) for 72 h to cause 
mtDNA depletion. The grouping was performed as follows: for the normal control 
(CON), only solvent was added; for L+N, pyroptosis was induced by the LPS + nigericin 
sodium salt as described above; for EthBr, EthBr was applied to induce mitochondrial 
depletion in cells using the protocol described above; and for EthBr + L+N, mitochon-
dria were depleted by EthBr followed by L+N induction of pyroptosis.

RNA‑sequencing and bioinformatics analysis

Blood was collected from control (CON) mice and SAP mice, and high-throughput 
sequencing was performed by Novogene Co., Ltd. (Beijing, China). TRIzol reagent (Inv-
itrogen) was used for total RNA extraction. The mRNA library was established using 
NEBNext® Ultra™ RNA Library Prep Kit for Illumina® (NEB, USA, E7530L), followed 
by sequencing using the Illumina NovaSeq 6000. The data measured using the high-
throughput sequencer were converted into sequence data (reads) with CASAVA base 
recognition. Fragments per kilobase per million was used to standardize the read counts 
for each gene calculated with featureCounts (v1.5.0-p3). Differential expression analysis 
between the two groups was conducted using the DESeq2 R package (v1.20.0), setting an 
adjusted p-value < 0.05 and |logFC|> 1.0 as criteria for significant differential expression. 
The clusterProfiler R package (v3.8.1) was utilized to assess the statistical enrichment of 
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Fig. 1  cGAS–STING signaling activation accompanied by increased alveolar macrophage pyroptosis. A Flow 
chart for constructing the animal model of SAP (n = 6 per group). B Hematoxylin and eosin staining was used 
to observe the pancreatic and lung injury. C Injury score of pancreas and lungs. D The wet/dry weight ratio of 
the lungs. E Serum amylase level. F Serum IL-6 level. G WB of NLRP3, ASC, cGAS, and STING. H Flow cytometry 
was used to detect the pyroptosis of alveolar macrophages. I Pyroptosis rate of alveolar macrophages. 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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differentially expressed genes (DEGs) in the Kyoto Encyclopedia of Genes and Genomes 
(KEGG) analysis. The protein–protein interaction (PPI) network was created using the 
Search Tool for the Retrieval of Interacting Genes official website (https://​cn.​string-​db.​
org/). All raw data have been stored in the NCBI Gene Expression Omnibus (GEO) data-
base (GSE244335).

Cell transfection

Ana-1 cells were plated in six-well plates until 50–60% confluence was achieved. They 
were transfected with siRNAs using jetPRIME® (Polyplus, 101000046) according to the 
manufacturer’s protocol; si-NC (RiboBio, China) was used as a negative control in vitro. 
Pyroptosis was induced via sequential administration of LPS and nigericin 48  h after 
transfection. C57BL/6 mice were administered tail vein injection of 10 nmol/20 g siRNA 
to knockdown the expression levels of IRF3 and IRF7 on day 3 and day 1; si-NC (Ribo-
Bio, China) was used as a negative control in vivo. The mouse model of SAP was induced 
via an intraperitoneal injection of LPS combined with CAE on day 0. The sequences of 
siRNA are listed in Additional file 1: Table S1.

We plated Ana-1 cells in six-well plates until 90% confluence was achieved. They were 
transfected with 10 µg/mL 2′,3′-cGAMP (MCE, HY-100564) or 5 µg/mL poly(dA:dT) 
(Invivogen, tlrl-patn) for 6 h using jetPRIME® (Polyplus, 101000046) to activate the STING 
signal.

Histopathological analysis

Pancreatic and lung tissues were fixed in 4% paraformaldehyde for 48  h, followed by 
dehydration and embedding. Sections of paraffin-embedded tissues, 5-µm thick, were 
deparaffinized and stained with hematoxylin and eosin. Pancreatic edema, inflamma-
tion, hemorrhage, and necrosis were examined under an optical microscope, with scores 
from 0 to 4 points for each criterion. Pulmonary edema, alveolar congestion, infiltration 
of inflammatory cells, and atelectasis were similarly evaluated, assigning 0 to 4 points for 
each parameter. The specific scoring criteria for pancreatic and lung injury were defined 
as 0 for normal, 1 for mild, 2 for moderate, 3 for severe, and 4 for extremely severe. The 
cumulative total score for all items was subsequently calculated. A standard immunohis-
tochemistry (IHC) protocol was used for the lung tissue. Briefly, the sample was blocked 
and incubated overnight with primary antibodies against IRF3 (Abcam, ab68481, 1:500) 
and IRF7 (Affinity, #DF7503, 1:100) at 4 °C. Then, the sections were washed thrice with 
phosphate-buffered saline (PBS) and incubated with a horseradish peroxidase (HRP)-
conjugated secondary antibody for 60 min. Finally, immunohistochemical staining was 
performed with hematoxylin counterstained with diaminobenzidine. According to the 
staining intensity: 0 was negative, 1 was weakly positive, 2 was positive, and 3 was strongly 
positive. The extent of staining was scored as follows: 1 point for ≤ 25%, 2 points for 
26–50%, 3 points for 51–75%, and 4 points for > 75%. The final IHC score was obtained 
by multiplying the intensity with the extent of staining scores.

Flow cytometry

The FAM-FLICA® Caspase assays (Immunochemistry, ICT-98) were employed to iden-
tify cell pyroptosis. Cells positive for both caspase-1 and propidium iodide (PI) were 

https://cn.string-db.org/
https://cn.string-db.org/
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classified as typical pyrolytic cells. To detect primary mouse alveolar macrophages in 
bronchoalveolar lavage fluid, CD170 (Siglec F) monoclonal antibody (1RNM44N), con-
jugated with Alexa Fluor™ 700, eBioscience™ (Invitrogen, 56–1702–82) was used. For 
the identification of frame-selected mouse primary peritoneal macrophages in perito-
neal lavage fluid, V450 rat anti-CD11b (BD Horizon™, cat. no. 560455) and PE/Cy7® 
anti-F4/80 (abcam, ab218761) were utilized.

Measurement of cytokines and amylase

Whole blood samples were centrifuged at 3000 rpm for 15 min after resting overnight at 
4 °C to obtain the serum, which was frozen at −80 °C. We seeded 2 × 105 Ana-1 cells in 
each well of a 24-well plate and collected the cell supernatant after exposure to different 
stimuli. Mouse IL-1β ELISA Kit (Hangzhou Lianke Biotechnology Co., Ltd. EK201B), 
Mouse IL-6 ELISA Kit (Hangzhou Lianke Biotechnology Co., Ltd. EK206), Mouse 
TNF-α ELISA Kit (Hangzhou Lianke Biotechnology Co., Ltd. EK282), and α-Amylase 
Assay Kit (Nanjing Jiancheng Biological Engineering Research Institute, C016-1-1) 
were used to measured cytokines and serum amylase according to the manufacturer’s 
protocol.

Real‑time quantitative polymerase chain reaction (PCR) analysis

Total RNA was extracted from Ana-1 cells using HiPure Total RNA Mini Kit (Magen, 
R4111–02). We used the PrimeScript ™ RT reagent Kit (TaKaRa, cat. no. RR037A) to 
reverse transcribe RNA samples (1 µg) into cDNA. Hieff® QPCR SYBR Green Master 
Mix (Yeasen, 11201ES03) was used for real-time quantitative PCR. The relative gene 
expression level was normalized with the internal parameter (β-actin) using the com-
parative cycle threshold (Ct) method (2−ΔΔCt).

For the analysis of mtDNA copy number in the cytoplasm, we divided the cells into 
two equal parts; one part was used to isolate the cytoplasm [23] and the other was used 
to extract the total cellular DNA using the animal DNA column extraction kit (Beijing 
BioRab Technology Co. Ltd, BTN71206). The whole mtDNA copy number was used as a 
standard reference to compare the mitochondrial (Dloop1–3, 16S, Nd1, Nd4, COX1, and 
Cytb) and nuclear DNA (Tert, HK2, Ptger2, and Nduf1) copy number in the cytoplasm 
of the CON and L+N groups. In the mitochondrial depletion assay, the copy number of 
each primer for mtDNA and nuclear DNA in the total cell DNA was compared, and the 
entire nuclear gene was used as an internal reference. All primer sequences are listed in 
Additional file 1: Table S2.

Western blotting

The total protein was obtained by lysing tissues or cells in ice-cold RIPA buffer contain-
ing phenylmethylsulfonyl fluoride and phosphatase inhibitors for 20 min. Nuclear and 
Cytoplasmic Protein Extraction Kits (Beyotime, P0027) were used to prepare the nuclear 
and cytoplasmic proteins, respectively. BCA Protein Assay Kit (Beyotime, P0012) was 
used to determine the protein concentration. An equal amount of protein was loaded 
and separated using 10–12% sodium dodecyl-sulfate–polyacrylamide gel electropho-
resis (SDS–PAGE) gels (Solarbio, P1200), followed by transfer onto polyvinylidene dif-
luoride membranes. The membranes were washed thrice with Tris-buffered saline with 
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Tween 20 (TBST) following overnight incubation with primary antibody at 4 °C. Then, 
the membranes were incubated with HRP-conjugated goat anti-rabbit IgG or HRP-con-
jugated goat anti-mouse IgG (H+L) for 1 h at room temperature. The list of antibodies is 
as follows: anti-NLRP3 (Abcam, ab270449, 1:1000), anti-ASC (CST, no. 67824, 1:1000), 
anti-cGAS (CST, no. 31659, 1:1000), anti-STING (Abcam, ab189430, 1:1000), anti-P-
STING (CST, no. 72971S, 1:1000), anti-P-IRF3 (CST, no. 29047, 1:1000), anti-IRF3 (CST, 
no. 4302S, 1:1000), anti-IRF7 (Abcam, ab288440, 1:1000), anti-β-actin (ZSGB-BIO, 
TA-09, 1:2000), and anti-Lamin B1 (Proteintech, 12987-1-AP, 1:10,000). All experiments 
were repeated three times independently, and the relative intensities of the protein bands 
were analyzed using the Image Lab (version 6.1) software.

Measurement of mitochondrial membrane potential

Mito-Tracker Red CMXRos (Beyotime, C1049B) was used for fluorescent staining of 
biologically active mitochondria in living cells and to detect mitochondrial membrane 
potential. Hoechst 33342 staining solution (Beyotime, C1027) was used to stain the 
nuclei blue, and the nuclei were visualized using fluorescence microscopy after staining 
for 10 min.

Cell fluorescence

Following different stimulations, we collected Ana-1 cells and adjusted the concentra-
tion to 105–2 × 105/mL. Then, we added 100 µL of cell suspension to a smear and slide 
centrifuge and centrifuged at 400g for 3  min to obtain cell smears. Consequently, we 
fixed the cells with 4% formaldehyde for 10  min and gently washed them thrice with 
PBS. Next, the smear was covered with 0.3% Triton X-100 drops for 10 min and blocked 
with Immunol Staining Blocking Buffer (Beyotime, P0102) for 15 min, followed by over-
night incubation with primary antibody at 4 °C. The following day, the cells were washed 
thrice with PBS and incubated with fluorescent secondary antibody for 1 h in the dark 
at room temperature. The cells were washed thrice with PBS, and the nuclei were visual-
ized by adding an Antifade Mounting Medium with DAPI (Beyotime, P0131).

Statistical analysis

Statistical analyses were performed using the GraphPad Prism 9.0 software. Quantitative 
data are presented as the mean ± standard error of the mean (SEM). One-way analysis of 
variance (ANOVA) was applied to compare values among the three groups, and a Stu-
dent’s t-test was used for comparison between two groups. A p-value < 0.05 was consid-
ered statistically significant.

Results
cGAS–STING signaling activation in SAP accompanied with increased alveolar macrophage 

pyroptosis

The disease model was established via the intraperitoneal injection of LPS and CAE in 
wild-type mice (Fig. 1A). Pathological examination showed pancreatic interlobular sep-
tum edema, inflammatory cell infiltration, and apparent structural disorder 24  h after 
modeling (Fig. 1B). Meanwhile, it showed alveolar edema with congestion and destruc-
tion of alveolar structure in the lung tissue (Fig. 1B). Compared with the CON group, 
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the SAP group had increased serum amylase levels and pancreatic tissue injury score, 
and the rising tissue wet/dry ratio and lung tissue injury score also provided favorable 
evidence of tissue damage (Fig.  1C–E). The above indicators were consistent with the 
manifestations of SAP-LI, suggesting that the animal model was successfully established. 
IL-6 is a reliable indicator of the severity of LI [24]. The elevated serum IL-6 levels in the 
SAP group were consistent with the pathological manifestations of lung tissue (Fig. 1F).

The NLRP3–ASC–caspase-1 protein complex is one of the most classic inflammas-
omes that mediate cell pyroptosis. When NLRP3 inflammasomes are activated, cas-
pase-1 cleaves gasdermin D to facilitate its N-terminal domain insertion into the cell 
membrane and the formation of membrane pores, which eventually induces cell rupture 
and releases inflammatory mediators [14]. In the lung tissue of SAP mice, the activation 
of the cGAS–STING signaling pathway was accompanied by an increase in the NLRP3 
protein expression levels without significant changes in ASC expression levels. (Fig. 1G 
and Additional file 2: Fig. S1). These key proteins (cGAS, STING, and NLRP3) had the 
same expression trend in alveolar macrophages (Additional file  2: Fig. S2). To further 
explore the pyroptosis of alveolar macrophages, we analyzed the primary macrophages 
in bronchoalveolar lavage fluid. Flow cytometry analysis revealed a higher proportion of 
primary alveolar macrophages expressing caspase-1 and PI in the SAP group (Fig. 1H), 
signifying a notably increased pyroptosis rate of alveolar macrophages compared with 
the CON group (Fig. 1I). Peritoneal macrophages are crucial in the progression of AP [3, 
25]. Similar to alveolar macrophages, peritoneal macrophages in the SAP group exhib-
ited a significantly elevated pyroptosis rate compared with those in the CON group 
(Additional file 2: Fig. S3). This elevation in the pyroptosis rate may contribute to the 
promotion of local inflammation and its subsequent systemic spread.

Downregulation of the cGAS–STING signaling pathway reduces NLRP3 inflammasome 

activation and macrophage pyroptosis in vivo and in vitro

To investigate the role of the cGAS–STING signaling pathway in NLRP3 inflammasome-
induced pyroptosis, we introduced cGAS−/− and sting−/− mice. Pathological examina-
tion showed that compared with the SAP group, pancreatic injury and lung injury were 
significantly reduced after knocking out cGAS or sting (Additional file 2: Fig. S4). Com-
pared with the CON group, the protein expression levels of NLRP3 in the SAP group 
were significantly increased. The expression levels of NLRP3 were observed to be down-
regulated when either cGAS or sting was knocked out (Fig. 2A, B). It was revealed that 
the knockout (KO) of cGAS or sting could improve macrophage pyroptosis, and both 

(See figure on next page.)
Fig. 2  Down-regulation of cGAS–STING signaling pathway reduces the activation of NLRP3 inflammasome 
and pyroptosis. A–C Wild type, cGAS −/− and sting −/− mice were injected with CAE and LPS (n = 6 per group). 
Western blot of NLRP3, ASC, cGAS, and STING in lung tissue (A ). Protein expression level of A (B). Flow 
cytometry was used to detect the pyroptosis of alveolar macrophages ( C). D–G Ana-1 cells were transfected 
with siRNA (si-cGAS/si-sting) for 48 h. WB and protein expression level of cGAS )D, E). WB and protein 
expression level of STING (F, G). H–K A total of 48 h after siRNA transfection, Ana-1 cells were stimulated with 
LPS and nigericin sodium salt. WB of cGAS, STING, P-STING and NLRP3 (H). Pyroptosis was detected by flow 
cytometry (I). WB of STING, P-STING and NLRP3 (J). Pyroptosis was detected by flow cytometry (K). ns, no 
significance, *p < 0.05, **p < 0.01, ***p < 0.001
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alveolar and peritoneal macrophages showed a decrease in the cells double stained with 
caspase-1 and PI (Fig. 2C and Additional file 2: Figs. S5 and S6).

For the in vitro experiments, we introduced small interfering RNA (siRNA) to knock-
down the target genes, and the protein expression levels of cGAS and STING were 
related to the transfection concentration of siRNA. We found that the best knockdown 
efficiency was achieved when cells were transfected with 50 nM si-cGAS and 100 nM 
si-sting (Fig.  2D–G), respectively, and thus, the drug concentration was determined 
for the subsequent experiments. LPS combined with nigericin was used to induce 
pyroptosis 48 h after transfection of si-cGAS into Ana-1 cells. In comparison with the 
si-NC + L+N group, there was a decrease in the expression levels of cGAS, STING, and 
NLRP3 (Fig.  2H and Additional file  2: Fig. S7), alongside a reduction in macrophage 
pyroptosis (Fig. 2I and Additional file 2: Fig. S8). A similar pattern was observed fol-
lowing the knockdown of the downstream gene sting (Fig. 2J, K and Additional file 2: 
Figs. S9 and S10). These findings, in conjunction with in vivo experiments, suggest that 
knockdown of the cGAS–STING signaling pathway can attenuate macrophage pyrop-
tosis by inhibiting the NLRP3 inflammasome and provide a protective effect for SAP. 
Notably, in vitro induction of pyroptosis in Ana-1 cells did not raise STING expression 
levels but did increase STING phosphorylation (Fig. 2J). This phosphorylation could be 
suppressed by transfection with si-cGAS or si-sting, leading to a subsequent ameliora-
tion of pyroptosis.

Mitochondrial DNA induces pyroptosis by activating cGAS signaling

cGAS recognizes intracellular double-stranded DNA, and several studies have revealed 
that mtDNA can activate cGAS to induce immune responses and participate in the pro-
gression of various diseases [26, 27]. We identified mtDNA as an upstream signal that 
induces macrophage pyroptosis by activating the cGAS–STING signaling pathway using 
the mtDNA release and depletion experiment. The copy number of mtDNA in the cyto-
plasm of Ana-1 cells was significantly higher in the SAP group than that in the CON 
group following pyroptosis induction. In contrast, the copy number of nuclear DNA in 
the SAP group was comparable with that in the CON group (Fig. 3A). Meanwhile, we 
observed that the red fluorescence intensity of the Mito-Tracker in the CON group was 
significantly higher than that in the L+N group (Fig. 3B), which indicates that the mito-
chondrial membrane potential significantly decreased after pyroptosis. These results 
suggested that macrophages were damaged by mitochondrial disruption during pyrop-
tosis, accompanied by a decrease in the membrane potential and leakage of mtDNA.

Fig.3  Mitochondrial DNA induces pyroptosis by activating cGAS signaling. A Copy number of mitochondrial 
DNA and nuclear DNA in cytoplasm. B Cell fluorescence showing mitochondrial potential, red fluorescence 
for Mito-Tracker, and blue fluorescence for Hoechst. C, D Ana-1 cells treated with 100 ng/ml Ethbr for 72 h. 
Quantification of mitochondrial DNA and nuclear DNA (C). DNA and mitochondria were visualized by 
confocal microscopy, white arrows suggest mitochondrial DNA free from the nucleus (D). E–H A total of 72 h 
after application of EthBr, LPS, and nigericin sodium salt were administered to induce pyroptosis in Ana-1 
cells. Mitochondrial morphology under electron microscope (E). The white arrows refer to mitochondria. 
WB of cGAS and NLRP3 (F). G mRNA expression levels of cGAS, STING, NLRP3, caspase-1, IL-18, and IL-1β. H 
Pyroptosis of Ana-1 cells was detected by flow cytometry. ns, no significance, *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001

(See figure on next page.)
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Then, we cultured Ana-1 cells in a complete medium containing 100 ng/mL EthBr 
for 72  h. This prolonged exposure to low concentrations of EthBr established a 
mtDNA-deficient cell line. Compared with the CON group, EthBr-treated Ana-1 
cells had a significant reduction in mtDNA copy number, whereas the replication 
of nuclear DNA was unaffected (Fig.  3C). Confocal microscopy showed that the 
green fluorescence of DNA free from the nucleus of macrophages induced by EthBr 
was significantly reduced (Fig. 3D). This reduction in extranuclear double-stranded 
DNA also supported the inhibitory effect of EthBr on mtDNA. Following the deple-
tion of mtDNA, the standard protocol to induce cell pyroptosis was employed. 
Transmission electron microscopy images showed that the mitochondria of the L+N 
group increased in volume and swelled into a round shape. However, the mitochon-
dria of the EthBr + L+N group became dumb-bell or rod shaped, and the mitochon-
drial swelling was alleviated compared with that of the L+N group (Fig. 3E). EthBr 
pretreatment notably attenuated the upregulation of cGAS and NLRP3 induced by 
L+N (Fig.  3F and Additional file  2: Fig. S11), suppressed the transcription of the 
downstream cGAS gene sting and the pyroptosis-related genes caspase-1, il-18, and 
il-1β (Fig. 3G). Furthermore, this treatment reduced the macrophage pyroptosis rate 
from 17.5% to 6.27% (Fig. 3H and Additional file 2: Fig. S12). In conclusion, mtDNA 
release from damaged mitochondria into the cytosol activates the DNA sensor 
cGAS, initiating the downstream STING signaling pathway and inducing cell pyrop-
tosis. Pyroptotic cells can further release mtDNA into the cytosol. EthBr’s deple-
tion of mtDNA decreases the upstream signal, thus diminishing the activation of the 
cGAS–STING pathway. This interruption halts the detrimental cycle of mtDNA–
cGAS–STING–pyroptosis–mtDNA, effectively preventing cell death.

KEGG pathway enrichment analysis of DEGs and identification of hub genes

Although activation of the cGAS–STING signaling pathway promotes NLRP3 inflamma-
some-induced macrophage pyroptosis, the regulatory mechanism of STING on NLRP3 
is still unclear. Thus, we decided to analyze the DEGs in the CON and SAP groups to 
explore the valuable hub genes. KEGG analysis revealed that DEGs were enriched in 
multiple pathways related to immune function, among which the herpes simplex virus 1 
infection pathway had the most DEGs with significant enrichment effects (Fig. 4A). We 
drew the PPI network for 121 DEGs in this pathway (Fig. 4B). The results showed that 
multiple genes were interconnected with cGAS and STING, among which IRF7 had the 
most junctions (up to 14) and was included as a candidate hub gene (Fig. 4C). Following 
the exclusion of 63 genes with a junction number of zero, the expression levels of the 58 
remaining differentially expressed genes (DEGs) were visualized. The heatmap indicated 
significant upregulation of IRF7 in SAP, aligning with the cGAS–STING pathway trend 
(Fig. 4D). Additionally, the transcription levels of multiple interferon receptors, specifi-
cally IFNAR2 and IFNGR2, were notably higher in the SAP group compared with the 
CON group (Fig. 4D). IRF7 and IRF3, closely related members of the interferon regu-
latory factor family, share similar roles in interferon production. Existing studies have 
demonstrated that STING can enhance IRF3’s regulatory effect on NLRP3, promoting 
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Fig. 4  KEGG pathway enrichment analysis of DEGs and identification of hub genes. A KEGG pathway for 
DEGs. B The PPI network of genes in herpes simplex virus 1 infection. C Top 10 genes with the most junctions. 
D Heat map of DEGs in herpes simplex virus 1 infection pathway

Fig. 5  Downregulation of STING reduced IRF7 and P-IRF3 to improve pyroptosis. A Wild type mice and 
sting −/− knockout mice were used to establish SAP animal models in the SAP group and the sting −/− 
group, respectively. The CON group was injected with normal saline. WB of IRF7, IRF3 and P-IRF3 in alveolar 
macrophages. B–D WB of IRF7, IRF3, P-IRF3, cytoplasmic P-IRF3, nuclear P-IRF3. E The expression and 
distribution of P-IRF3 were observed under fluorescence microscope. F–H Ana-1 cells were transfected with 
siRNA (si-IRF3/si-IRF7) for 48 h. F, G WB and protein expression level of IRF3. H, I WB and protein expression 
level of IRF7. J, K A total of 48 h after siRNA transfection, LPS and nigericin sodium salt were used to induce 
pyroptosis in Ana-1 cells. Pyroptosis was detected by flow cytometry. **p < 0.01, ***p < 0.001, ****p < 0.0001

(See figure on next page.)
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pyroptosis [28, 29]. Given their structural and functional similarities, the involvement of 
IRF3 and IRF7 in the STING–NLRP3 axis within macrophages was further investigated.

Downregulation of STING reduced IRF7 and phosphorylated‑IRF3 to improve pyroptosis

We induced SAP in wild type and sting –/– mice and extracted alveolar macrophages for 
western blot analysis. The results showed that the expression of IRF7 in the SAP group 
was significantly higher than that in the CON group, which was consistent with the 
high-throughput sequencing results. Meanwhile, IRF7 was considerably reduced after 
sting knockout (Fig. 5A and Additional file 2: Fig. S13). Although no difference existed in 
the overall expression of IRF3 among CON, SAP, and sting–/– groups, the phosphoryla-
tion level of IRF3 in the SAP group exceeded that in the CON group (Fig. 5A and Addi-
tional file 2: Fig. S13). This elevation ceased following the knockdown of sting (Fig. 5A 
and Additional file 2: Fig. S13). In animal experiments, IRF7 and phosphorylated IRF3 
exhibited consistent trends with STING and NLRP3, positively correlating with the level 
of macrophage pyroptosis.

Comparable outcomes were attained in cell experiments. Following L+N-induced 
pyroptosis in Ana-1 cells, increased expression of IRF7 and phosphorylated IRF3 (Fig. 5B 
and Additional file 2: Fig. S14) was accompanied by nuclear translocation of phospho-
rylated IRF3 (Fig. 5C, D and Additional file 2: Figs S15 and S16). The red fluorescence 
intensity of the L+N group appeared more pronounced and clustered in the nuclear 
region under the fluorescence microscope (Fig. 5E). These results were consistent with 
Li et al. [30] and further confirmed that nuclear translocation of phosphorylated IRF3 
was an intermediate link in the STING–NLRP3 axis promoting macrophage pyroptosis.

Subsequently, we transfected si-IRF3 and si-IRF7 into Ana-1 cells and found that 
100  nM si-IRF3 and 50  nM si-IRF7 effectively reduced the expression of the target 
protein (Fig.  5F–I), and thus, both were determined as the experimental concentra-
tions. Pyroptosis was stimulated with L+N 48 h after siRNA transfection. Flow cytom-
etry analysis suggested that knockdown of IRF3 or IRF7 could effectively improve cell 
pyroptosis induced by L+N, and the pyroptosis rate of macrophages decreased from 
28.1% and 28.2% to 24.7% and 20.3% (Fig. 5J, K and Additional file 2: Figs. S17 and S18), 
respectively.

Activation of STING upregulates IRF7 and P‑IRF3 to mediate NLRP3‑induced pyroptosis

When cGAS detects exogenous or endogenous aberrant double-stranded DNA, it cat-
alyzes the synthesis of 2′,3′-cyclic GMP-AMP (2′,3′-cGAMP) from ATP and GTP, 
thereby activating STING to initiate the innate immune response [31]. Poly(dA:dT) 
serves as a double-stranded DNA model with repetitive synthetic sequences of poly(dA-
dT):poly(dT-dA). We employed these two inducers from distinct sources to activate 
STING, followed by the administration of L+N to induce cell pyroptosis. Immunoblot-
ting revealed that early STING stimulation could further enhance STING phosphoryla-
tion in response to L+N, simultaneously elevating the expression of IRF7 and P-IRF3, 
thereby promoting NLRP3 activation (Fig. 6A, B and Additional file 2: Fig. S19 and S20). 
In comparison to the standard induction regimen (L+N), pretreatment with 2′,3′-
cGAMP or poly(dA:dT) notably augmented the pyroptosis of Ana-1 cells, resulting in a 
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greater number of cells stained with caspase-1 and PI (Fig. 6C, D and Additional file 2: 
Figs. S21 and S22). These findings revealed that STING activation increased the expres-
sion of IRF7 and P-IRF3, promoting NLRP3-induced pyroptosis in macrophages.
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Fig. 6  Activation of STING can aggravate pyroptosis by up-regulating IRF7 and P-IRF3. A–D Ana-1 cells were 
transfected with 10 ug/ml 2′,3′-cGAMP or 5 ug/mL poly(dA:dT) for 6 h before stimulation with LPS and 
nigericin sodium salt. Western blot of STING, P-STING, IRF7, IRF3, P-IRF3, and NLRP3 (A, B). Pyroptosis of Ana-1 
cells was measured by flow cytometry (C, D)
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Fig. 7  Inhibition of IRF7 or IRF3 can alleviate lung injury and macrophage pyroptosis. A–C We induced SAP 
in wild-type mice after tail vein injection of si-IRF7 (n = 6 per group). HE staining and IHC of IRF7 in lung tissue 
(A). Score of lung injury and IHC (B). The levels of IL-1β, IL-6 and TNF-α in serum (C). D–F We induced SAP in 
wild-type mice after tail vein injection of si-IRF3 (n = 6 per group). HE staining and IHC of IRF3 in lung tissue 
(D). Score of lung injury and IHC (E). The levels of IL-1β, IL-6 and TNF-α in serum (F). G Flow cytometry was 
used to visualize pyroptosis of alveolar macrophages
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Inhibition of IRF7 or IRF3 can alleviate lung injury and macrophage pyroptosis in SAP

We have verified the knockdown efficiency of si-IRF7 and si-IRF3 in cell experiments. 
According to the manufacturer’s recommendations, we administered tail vein injections 
of siRNAs for knockdown of IRF7 and IRF3 in mice on day 3 and day 1, respectively, 
and the mice received intraperitoneal injections of LPS in combination with CAE on day 
0 to induce SAP. Immunohistochemistry of lung tissues indicated a diminished stain-
ing intensity and reduced extent in the si-IRF7 + SAP and si-IRF3 + SAP groups when 
compared with the SAP group (Fig. 7A, D), aligning with the protein expression levels 
(Additional file 2: Fig. S23). In addition, knockdown of IRF7 or IRF3 significantly alle-
viated pancreatic injury in SAP mice (Additional file 2: Figs. S24). Compared with the 
SAP group, the atelectasis, pulmonary edema, inflammation, and congestion of the si-
IRF7 + SAP and si-IRF3 + SAP groups were improved. The overall pathological scores of 
LI were decreased (Fig. 7A, B, D, E). Serum cytokine levels were significantly elevated in 
the SAP group compared with the CON group. Following IRF7 or IRF3 inhibition, the 
serum levels of IL-6 and TNF-α reduced (Fig. 7C, F), and the systemic inflammation was 
controlled. The pyroptosis rate of alveolar macrophages decreased from 11.8% to 7.79% 
and 5.04% after inhibiting IRF7 and IRF3, respectively (Fig. 7G and Additional file 2: Fig. 
S25), accompanied by a decrease in serum IL-1β levels (Fig. 7C, F). Similarly, pretreat-
ment with si-IRF7 and si-IRF3 can also improve SAP-induced pyroptosis of peritoneal 
macrophages (Additional file 2: Fig S26). Thus, inhibition of IRF7 or IRF3 can limit the 
inflammation of SAP and attenuate macrophage pyroptosis and LI, providing a promis-
ing therapeutic option with future research prospects.

Discussion
Acute lung injury (ALI) is one of the most common systemic complications of SAP [32]. 
About one-third of SAP patients will develop into ALI or even acute respiratory distress 
syndrome (ARDS) [33], and the mortality of SAP-associated lung injury (SAP-ALI) is 
as high as 30–40% [33–35]. In AP, macrophages residing in the pancreas are activated 
first, which is the key to disease initiation [4]. At the same time, macrophages are the 
most important immune cells migrating to the pancreas, contributing to the amplifica-
tion of the inflammatory cascade [36]. In the process of local inflammation of pancrea-
titis progressing to the whole body, peritoneal macrophages are activated by pancreatic 
enzymes, necrotic substances, inflammatory substances, and even metabolites of pan-
creatic enzymes digesting fat released into the abdominal cavity by the pancreas [25, 
37–39]. Together with Kupffer cells, they release many damaging-related molecular pat-
terns (DAMPS) represented by DNA, HMGB1, and heat shock protein into circulation 
to mediate the systemic inflammatory response [40–43]. Several studies have found that 
alveolar macrophages can accept the stimulation of circulating inflammatory mediators 
to participate in the inflammatory response of ALI [44–46]. Therefore, ALI is the con-
sequence of SAP spreading to the whole body and is closely related to the sequential 
activation of macrophages.

In this study, we demonstrate the protein expression levels of cGAS, STING, and 
NLRP3 in SAP and detected the pyroptosis of alveolar and peritoneal macrophages. In 
addition, we used gene knockout mice to knockdown cGAS and sting and observed that 
downregulation of cGAS–STING signaling can reduce NLRP3 inflammasome-induced 
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macrophage pyroptosis and ameliorate LI in SAP. Meanwhile, in vitro experiments using 
siRNA knockdown of target genes verified the regulatory effect of the cGAS–STING 
signaling pathway on the NLRP3–pyroptosis axis. The above experimental results were 
consistent with previous studies on NLRP3 inflammasome activation induced by cGAS–
STING [20, 47, 48].

The cGAS–STING signaling is prominently activated in macrophages in the context 
of SAP. Zhao Q et al. have found that macrophages in the pancreas were the predomi-
nant source of leukocyte STING expression [15]. STING can induce NLRP3-dependent 
pyroptosis of macrophages to secrete IL-1β and IL-18, and the abnormal activation of 
zymogens granules in macrophages can promote the production of TNF-α, IL-6, IL-1β, 
and other inflammatory cytokines by upregulating the NF-κB signaling pathway [5]. 
In addition, NF-κB, as a broad transcription factor, can promote the transcription of 
NLRP3 and is regulated by STING signaling [49–52]. Therefore, STING in macrophages 
may be a vital signaling molecule mediating pancreatic injury in AP.

The cGAS–STING signaling pathway can recognize exogenous DNA released from 
viruses, bacteria, or damaged cells and self-damaged genomic or mtDNA, thus per-
forming various innate immune defense functions [53, 54]. Mitochondrial damage 
is an important pathogenic factor of acute LI [55, 56]. Mitochondrial dysfunction and 
mtDNA release, accompanied with a large number of reactive oxygen species (ROS) 
generation, can be observed in various types of LI [57]. Studies have revealed that main-
taining the dynamic balance of mitochondrial fusion/fission is conducive to improving 
LI caused by endotoxins in vivo or in vitro [58]. Histone deacetylase 3 deficiency alle-
viates sepsis-induced acute LI by maintaining mitochondrial quality control through 
the FOXO1–ROCK1 axis [59]. mtDNA and mtROS are necessary for activating NLRP3 
inflammasomes [60, 61], and it has been found that newly synthesized mtDNA binds 
to NLRP3 and is associated with its activation during mitochondrial damage [62]. Oxi-
dized mitochondrial DNA leaks into the cytoplasm through mitochondrial permeabil-
ity transition pore- and voltage-dependent anion channel (VDAC)-dependent channels, 
initiating NLRP3 inflammasome activation [63]. Meanwhile, the inhibition of VDAC 
can inhibit NLRP3 inflammasome activation and ROS production by reducing mito-
chondrial activity [64]. In our experiments, we found that cell pyroptosis significantly 
increased mtDNA leakage from the mitochondria into the cytoplasm. When mtDNA 
is depleted, the cytoplasm’s free double-stranded DNA decreases, and cGAS signaling 
is significantly weakened, accompanied by downregulation of cell pyroptosis. Therefore, 
as an upstream molecule of cGAS, mtDNA is involved in NLRP3-induced macrophage 
pyroptosis by activating the cGAS–STING signaling pathway.

However, the molecular regulatory mechanism connecting the mtDNA–cGAS–
STING axis to the NLRP3–pyroptosis axis necessitates further investigation. To delve 
deeper, we conducted high-throughput sequencing and bioinformatics analysis on blood 
samples obtained from normal and SAP mice. The results pointed towards IRF7 exhibit-
ing the highest number of junctions among the DEGs, with its transcript level signif-
icantly higher in the SAP group compared with the CON group. Animal experiments 
corroborated these sequencing findings, as STING knockdown notably attenuated the 
increased expression of IRF7 induced by SAP. As downstream signaling molecules of 
STING, IRF3 and IRF7 frequently share overlapping immune functions, particularly in 
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regulating the production of type I interferon [65]. These molecules exhibit transcrip-
tional activity within a phase-separated state, and their intracellular localization holds 
significance in innate immunity [66]. Therefore, we aim to investigate the role of the two 
proteins in macrophage pyroptosis activated by SAP.

IRF3 can be phosphorylated by TANK-binding kinase-1 (TBK1) to participate in 
STING-mediated inflammatory and immune responses and facilitate the progression of 
inflammatory and infectious diseases by regulating the transcription of interferons and 
inflammatory factors [67–69]. Positive regulation of IRF3-mediated type I interferon can 
limit pancreatic injury caused by coxsackievirus B3 replication [70]. Wip1 aggravates 
CAE-induced autophagy and inflammatory injury in acinar cells by targeting STING/
TBK1/IRF3 in experimental pancreatitis [71]. Knockout of IRF3 in animal experiments 
alleviated multiple cell death modes, including apoptosis, necrosis, and pyroptosis [72]. 
In the current study, it was observed that STING knockout significantly decreased 
the expression of IRF7 and the nuclear translocation of phosphorylated IRF3 in mac-
rophages from SAP mice. Downregulating IRF7 or IRF3 produced similar experimental 
outcomes as STING knockout, both of which contributed to ameliorating drug-induced 
macrophage pyroptosis. We administered 2′,3′-cGAMP and poly (dA:dT) to simulate 
the biological process of STING activating IRF3 and IRF7 in vivo and in vitro, and found 
that premature activation of IRF3 or IRF7 exacerbated macrophage pyroptosis. Previ-
ous studies have indicated that reducing the STING-IRF3 signaling pathway can help 
mitigate NLRP3-induced pyroptosis [29]. The STING signal can influence the tran-
scriptional level of NLRP3 by modulating the binding strength between IRF3 and the 
NLRP3 promoter region [28]. These findings align with our results, demonstrating that 
STING signaling activation promotes IRF3 phosphorylation and translocation into the 
nucleus, thereby accelerating NLRP3-induced cell pyroptosis. Unfortunately, we did not 
perform further experiments to verify the mechanism by which P-IRF3 regulates NLRP3 
transcription.

Activation of IRF7 strengthens innate immunity and facilitates the control of bacte-
rial and viral infections, which is prevalent in inflammatory and infectious diseases. 
IRF7 activation has been found to aggravate autoimmune pancreatitis, inflammatory 
progression, and fibrosis in systemic sclerosis [73–75]. A recent study found that IRF7 
is involved in the progression of sepsis associated LI by regulating Srg3 and ferroptosis 
[76], but there are no reports on the mechanism of IRF7 in SAP. Our experiment found 
that the knockdown of IRF7 could reduce pyroptosis and LI induced by SAP, revealing, 
for the first time, the link between IRF7 and macrophage pyroptosis in SAP. Unfortu-
nately, there is no significant change in the phosphorylation level or nucleoplasmic dis-
tribution of IRF7 before and after macrophage pyroptosis, and the specific mechanism of 
IRF7 regulating NLRP3 activation still needs to be clarified. A study found that IRF7 may 
promote pyroptosis by regulating the promoter of NLRP3 in the nerve cells [77]. MiR-
30b-5p, originating from M2 macrophage exosomes, has the ability to inhibit pyroptosis 
in airway epithelial cells, thereby improving the progression of asthma through its tar-
geting of IRF7 [78]. In a study by Bin Gong et al., it was observed that silencing IRF7 led 
to the amelioration of chondrocyte pyroptosis and inflammation in osteoarthritis, possi-
bly through its interaction with FGF21. In oncological contexts, IRF7 acts as an inhibitor 
of pyruvate kinase M2 (PKM2) transcription, consequently downregulating the Warburg 
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effect and influencing the malignancy of osteosarcoma [79]. The reduction of PKM2 can 
induce pyroptosis in esophageal squamous carcinoma cells, providing further evidence 
of IRF7’s involvement in the regulation of cell pyroptosis [80].

Fig. 8  The mechanism diagram shows that IRF7 and IRF3 can serve as intermediate signals for STING and 
NLRP3, linking the mtDNA–cGAS–STING axis and NLRP3–pyrotosis axis to further explain the molecular 
mechanism by which STING regulates the activation of NLRP3 inflammasomes. Inhibiting multiple molecules 
from mtDNA to NLRP3 can reduce macrophage pyroptosis and improve SAP-ALI
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Many previous experiments have demonstrated that cell pyroptosis promotes the 
development of acute pancreatitis [81], and multiple drugs exert protective effects in 
acute pancreatitis by inhibiting pyroptosis-related signaling pathways [12, 13]. So, can 
inhibiting STING or NLRP3 ameliorate pancreatic and lung damage caused by pan-
creatitis? Our study found that either knocking out STING or silencing its expression 
by siRNA can downregulate NLRP3 and improve pancreatic injury and lung injury. 
STING inhibitor C-176 can also provide protection against AP [15, 22]. Studies have 
found that emodin can reduce the increased expression of NLRP3, ASC, caspase-1 
p10, and GSDMD proteins in alveolar macrophages induced by acute pancreatitis and 
improve pancreatitis-associated lung injury by inhibiting macrophage pyroptosis path-
way [82, 83]. Exosomes derived from plasma of AP mice can trigger NLRP3 inflamma-
some-dependent pyroptosis in alveolar macrophages. Inhibiting the release or uptake 
of exosomes with inhibitors can significantly inhibit alveolar macrophage pyroptosis, 
thereby alleviating pancreatitis-induced lung injury [84]. Pyroptosis is a double-edged 
sword [85]. Inhibition of pyroptosis can down-regulate inflammatory response, hinder 
immune cell infiltration, and adversely affect antitumor and anti-infection immunity. 
Therefore, when formulating anti-pyroptosis strategies for pancreatitis, we need to con-
sider multiple tissues and organs throughout the body, consider the long-term effects 
of intervention measures, and develop treatment and research methods suitable for 
patients with AP with a cautious attitude.

This study demonstrates that macrophages become activated in SAP, leading to 
the release of mtDNA from damaged mitochondria into the cytosol (Fig.  8 left). The 
mtDNA–cGAS–STING axis mediates NLRP3 inflammasome-induced pyroptosis by 
upregulating phosphorylated IRF3 entry into the nucleus and increasing IRF7 expres-
sion levels. Various interventions, such as mitochondrial depletion, knockout of cGAS 
or sting, and inhibition of IRF3 or IRF7 expression, can interfere with the activation 
of NLRP3 inflammasome (Fig. 8 right), thereby improving the severity of macrophage 
pyroptosis and SAP-LI. These results provide strong evidence and potential targets for 
antipyroptosis therapy with clinical application prospects in AP.

Abbreviations
mtDNA	� Mitochondrial DNA
cGAS	� Cyclic GMP–AMP synthase
STING	� Stimulator of interferon genes
IRF7	� Interferon regulatory factor 7
IRF3	� Interferon regulatory factor 3
SAP	� Severe acute pancreatitis
LI	� Lung injury
NLRP3	� NOD-, LRR-, and pyrin domain-containing protein 3
IL-6	� Interleukin 6
IL-1β	� Interleukin 1β
TNF-α	� Tumor necrosis factor α
SAP-ALI	� Severe acute pancreatitis-associated lung injury
AP	� Acute pancreatitis
PAMPs	� Pathogen-associated molecular patterns
DAMPs	� Damage-associated molecular patterns
ASC	� Apoptosis-associated speck-like protein containing a CARD
CAE	� Caerulein
LPS	� Lipopolysaccharide
EthBr	� Ethidium bromide
DEGs	� Differentially expressed genes
KEGG	� Kyoto Encyclopedia of Genes and Genomes
PPI	� Protein–protein interaction



Page 23 of 26Peng et al. Cellular & Molecular Biology Letters           (2024) 29:61 	

GEO	� Gene expression omnibus
IHC	� Immunohistochemistry
HRP	� Horseradish peroxidase
KO	� Knockout
2ʹ,3ʹ-cGAMP	� 2ʹ,3ʹ-Cyclic GMP-AMP
VODC	� Voltage-dependent anion channel
TBK1	� TANK-binding kinase-1
PKM2	� Pyruvate kinase M2

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s11658-​024-​00575-9.

Additional file 1: Table S1. The sequences of siRNAs. Table S2. The sequences of the primers

Additional file 2: Fig. S1. The protein expression levels of Fig. 1G. Fig. S2. The protein expression levels in alveolar 
macrophages. Fig. S3. The pyroptosis of peritoneal macrophages. Fig. S4. Pathological manifestations and scores of 
pancreatic and lung tissues. Fig. S5. The pyroptosis rate of alveolar macrophages in Fig. 2C. Fig. S6. The pyroptosis 
of peritoneal macrophages. Fig. S7. The protein expression levels of Fig. 2H. Fig. S8. The pyroptosis rate of Fig. 2J. 
Fig. S9. The protein expression levels of Fig. 2J. Fig. S10. The pyroptosis rate of Fig. 2K. Fig. S11. The protein expres-
sion levels of Fig. 3F. Fig. S12. The pyroptosis rate of Fig. 3H. Fig. S13. The protein expression levels of Fig. 5A. Fig. 
S14. The protein expression levels of Fig. 5B. Fig. S15. The protein expression levels of Fig. 5C. Fig. S16. The protein 
expression levels of Fig. 5D. Fig. S17. The pyroptosis rate of Fig. 5J. Fig. S18. The pyroptosis rate of Fig. 5K. Fig. S19. 
The protein expression levels of Fig. 6A. Fig. S20. The protein expression levels of Fig. 6B. Fig. S21. The pyroptosis 
rate of Fig. 6C. Fig. S22. The pyroptosis rate of Fig. 6D. Fig. S23. The protein expression levels of IRF7, IRF3, and 
NLRP3. Fig. S24. Pathological manifestations and scores in pancreas. Fig. S25. The pyroptosis rate of alveolar mac-
rophages in Fig. 7G. Fig. S26. The pyroptosis of peritoneal macrophages.

Acknowledgements
We thank Liangyun Jin from Capital Medical University for her technical support in the electron microscopy. We 
thank Shengtao Zhu from Beijing Friendship Hospital, Capital Medical University for his technical support in the flow 
cytometry.

Author contributions
Y.P. conceived the study and designed the experiments. Y.P., Y.Y., Y.L., T.S., N.X., and R.L. performed the experiments and 
analyzed the data. Y.P. and Y.L. contributed to the original draft and prepared the figures. C.Y., Y.Y., and Y.L. edited and 
revised the manuscript and also monitored the entire experiment. All authors critically read and commented on the 
manuscript and approved the final version for submission.

Funding
This study was supported by Leading Talents in the Construction Project of High Level Public Health Technical Talents in 
Beijing (Np.2022-1-003). The funder source (Beijing Municipal Health Commission) of the study had no role in the study 
design, data collection, data analysis, data interpretation, and decision to submit the paper for publication.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from the corresponding author on reasonable 
request.

Declarations

Ethics approval and consent to participate
The management and use of experimental animals strictly followed the guidelines of the Care and Use of Laboratory 
Animals of Beijing Obstetrics and Gynecology Hospital, Capital Medical University (approval no. BOGH21-2305-6, 26 April 
2023). All animal experiments were performed in accordance with the rules of Basel Declaration.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 10 January 2024   Accepted: 8 April 2024

References
	1.	 Szatmary P, Grammatikopoulos T, Cai W, Huang W, Mukherjee R, Halloran C, et al. Acute pancreatitis: diagnosis and 

treatment. Drugs. 2022;82(12):1251–76.
	2.	 Hines OJ, Pandol SJ. Management of severe acute pancreatitis. BMJ. 2019;367: l6227.

https://doi.org/10.1186/s11658-024-00575-9


Page 24 of 26Peng et al. Cellular & Molecular Biology Letters           (2024) 29:61 

	3.	 Hu F, Lou N, Jiao J, Guo F, Xiang H, Shang D. Macrophages in pancreatitis: mechanisms and therapeutic potential. 
Biomed Pharmacother. 2020;131: 110693.

	4.	 Wu J, Zhang L, Shi J, He R, Yang W, Habtezion A, et al. Macrophage phenotypic switch orchestrates the inflammation 
and repair/regeneration following acute pancreatitis injury. EBioMedicine. 2020;58: 102920.

	5.	 Sendler M, Weiss FU, Golchert J, Homuth G, van den Brandt C, Mahajan UM, et al. Cathepsin B-mediated activa-
tion of trypsinogen in endocytosing macrophages increases severity of pancreatitis in mice. Gastroenterology. 
2018;154(3):704-18 e10.

	6.	 Manohar M, Jones EK, Rubin SJS, Subrahmanyam PB, Swaminathan G, Mikhail D, et al. Novel circulating and tissue 
monocytes as well as macrophages in pancreatitis and recovery. Gastroenterology. 2021;161(6):2014-29 e14.

	7.	 Duan F, Wang X, Wang H, Wang Y, Zhang Y, Chen J, et al. GDF11 ameliorates severe acute pancreatitis through 
modulating macrophage M1 and M2 polarization by targeting the TGFbetaR1/SMAD-2 pathway. Int Immunophar-
macol. 2022;108: 108777.

	8.	 Tang DS, Cao F, Yan CS, Cui JT, Guo XY, Cheng L, et al. Acinar cell-derived extracellular vesicle MiRNA-183-5p 
aggravates acute pancreatitis by promoting M1 macrophage polarization through downregulation of FoxO1. Front 
Immunol. 2022;13: 869207.

	9.	 Hu Q, Yao J, Wu X, Li J, Li G, Tang W, et al. Emodin attenuates severe acute pancreatitis-associated acute lung 
injury by suppressing pancreatic exosome-mediated alveolar macrophage activation. Acta Pharm Sin B. 
2022;12(10):3986–4003.

	10.	 Yu P, Zhang X, Liu N, Tang L, Peng C, Chen X. Pyroptosis: mechanisms and diseases. Signal Transduct Target Ther. 
2021;6(1):128.

	11.	 Gao L, Dong X, Gong W, Huang W, Xue J, Zhu Q, et al. Acinar cell NLRP3 inflammasome and gasdermin D 
(GSDMD) activation mediates pyroptosis and systemic inflammation in acute pancreatitis. Br J Pharmacol. 
2021;178(17):3533–52.

	12.	 Al Mamun A, Suchi SA, Aziz MA, Zaeem M, Munir F, Wu Y, et al. Pyroptosis in acute pancreatitis and its therapeutic 
regulation. Apoptosis. 2022;27(7–8):465–81.

	13.	 Wang X, Cai H, Chen Z, Zhang Y, Wu M, Xu X, et al. Baicalein alleviates pyroptosis and inflammation in hyperlipi-
demic pancreatitis by inhibiting NLRP3/Caspase-1 pathway through the miR-192-5p/TXNIP axis. Int Immunophar-
macol. 2021;101(Pt B): 108315.

	14.	 Huang Y, Xu W, Zhou R. NLRP3 inflammasome activation and cell death. Cell Mol Immunol. 2021;18(9):2114–27.
	15.	 Zhao Q, Wei Y, Pandol SJ, Li L, Habtezion A. STING signaling promotes inflammation in experimental acute pancreati-

tis. Gastroenterology. 2018;154(6):1822-35 e2.
	16.	 Habtezion A, Gukovskaya AS, Pandol SJ. Acute pancreatitis: a multifaceted set of organelle and cellular interactions. 

Gastroenterology. 2019;156(7):1941–50.
	17.	 Wynn TA, Vannella KM. Macrophages in tissue repair, regeneration, and fibrosis. Immunity. 2016;44(3):450–62.
	18.	 Gukovskaya AS, Gukovsky I, Algul H, Habtezion A. Autophagy, inflammation, and immune dysfunction in the patho-

genesis of pancreatitis. Gastroenterology. 2017;153(5):1212–26.
	19.	 Zhang W, Li G, Luo R, Lei J, Song Y, Wang B, et al. Cytosolic escape of mitochondrial DNA triggers cGAS-STING-NLRP3 

axis-dependent nucleus pulposus cell pyroptosis. Exp Mol Med. 2022;54(2):129–42.
	20.	 Liu Z, Wang M, Wang X, Bu Q, Wang Q, Su W, et al. XBP1 deficiency promotes hepatocyte pyroptosis by impairing 

mitophagy to activate mtDNA-cGAS-STING signaling in macrophages during acute liver injury. Redox Biol. 2022;52: 
102305.

	21.	 Yan M, Li Y, Luo Q, Zeng W, Shao X, Li L, et al. Mitochondrial damage and activation of the cytosolic DNA sensor 
cGAS-STING pathway lead to cardiac pyroptosis and hypertrophy in diabetic cardiomyopathy mice. Cell Death 
Discov. 2022;8(1):258.

	22.	 Peng Y, Li Y, Yang Y, Shi T, Liu R, Luan Y, et al. The role and potential regulatory mechanism of STING modulated 
macrophage apoptosis and differentiation in severe acute pancreatitis-associated lung injury. J Interferon Cytokine 
Res. 2023;43(10):455–68.

	23.	 Hu M, Zhou M, Bao X, Pan D, Jiao M, Liu X, et al. ATM inhibition enhances cancer immunotherapy by promoting 
mtDNA leakage and cGAS/STING activation. J Clin Invest. 2021;131(3):e139333.

	24.	 Zhang H, Neuhofer P, Song L, Rabe B, Lesina M, Kurkowski MU, et al. IL-6 trans-signaling promotes pancreatitis-
associated lung injury and lethality. J Clin Invest. 2013;123(3):1019–31.

	25.	 Wang J, Tian J, He YH, Yang ZW, Wang L, Lai YX, et al. Role of CARD9 in inflammatory signal pathway of peritoneal 
macrophages in severe acute pancreatitis. J Cell Mol Med. 2020;24(17):9774–85.

	26.	 Skopelja-Gardner S, An J, Elkon KB. Role of the cGAS-STING pathway in systemic and organ-specific diseases. Nat 
Rev Nephrol. 2022;18(9):558–72.

	27.	 Yu CH, Davidson S, Harapas CR, Hilton JB, Mlodzianoski MJ, Laohamonthonkul P, et al. TDP-43 triggers mitochondrial 
DNA release via mPTP to activate cGAS/STING in ALS. Cell. 2020;183(3):636-49 e18.

	28.	 Xiao Y, Zhao C, Tai Y, Li B, Lan T, Lai E, et al. STING mediates hepatocyte pyroptosis in liver fibrosis by epigenetically 
activating the NLRP3 inflammasome. Redox Biol. 2023;62: 102691.

	29.	 Wu YT, Xu WT, Zheng L, Wang S, Wei J, Liu MY, et al. 4-octyl itaconate ameliorates alveolar macrophage pyroptosis 
against ARDS via rescuing mitochondrial dysfunction and suppressing the cGAS/STING pathway. Int Immunophar-
macol. 2023;118: 110104.

	30.	 Li N, Zhou H, Wu H, Wu Q, Duan M, Deng W, et al. STING-IRF3 contributes to lipopolysaccharide-induced cardiac 
dysfunction, inflammation, apoptosis and pyroptosis by activating NLRP3. Redox Biol. 2019;24: 101215.

	31.	 Chen C, Xu P. Cellular functions of cGAS-STING signaling. Trends Cell Biol. 2023;33(8):630–48.
	32.	 Wang Z, Liu J, Li F, Luo Y, Ge P, Zhang Y, et al. The gut-lung axis in severe acute pancreatitis-associated lung injury: 

the protection by the gut microbiota through short-chain fatty acids. Pharmacol Res. 2022;182: 106321.
	33.	 Zhao J, Chen J, Tang W, Wan L, Xiong W, Zhou L. Effect of Da-Cheng-Qi decoction on pancreatitis-associated lung 

injury in patients and anti-inflammatory responses in rat models. Pharm Biol. 2011;49(10):1058–64.
	34.	 Zhou MT, Chen CS, Chen BC, Zhang QY, Andersson R. Acute lung injury and ARDS in acute pancreatitis: mechanisms 

and potential intervention. World J Gastroenterol. 2010;16(17):2094–9.



Page 25 of 26Peng et al. Cellular & Molecular Biology Letters           (2024) 29:61 	

	35.	 Akbarshahi H, Rosendahl AH, Westergren-Thorsson G, Andersson R. Acute lung injury in acute pancreatitis–awaiting 
the big leap. Respir Med. 2012;106(9):1199–210.

	36.	 Allawadhi P, Beyer G, Mahajan UM, Mayerle J. Novel insights into macrophage diversity during the course of pan-
creatitis. Gastroenterology. 2021;161(6):1802–5.

	37.	 Wang J, Tian J, Wang L, Yang ZW, Xu P. Mesenchymal stem cells regulate M1 polarization of peritoneal macrophages 
through the CARD9-NF-kappaB signaling pathway in severe acute pancreatitis. J Hepatobiliary Pancreat Sci. 
2023;30(3):338–50.

	38.	 Vega-Perez A, Villarrubia LH, Godio C, Gutierrez-Gonzalez A, Feo-Lucas L, Ferriz M, et al. Resident macrophage-
dependent immune cell scaffolds drive anti-bacterial defense in the peritoneal cavity. Immunity. 2021;54(11):2578-
94 e5.

	39.	 Ardavin C, Alvarez-Ladron N, Ferriz M, Gutierrez-Gonzalez A, Vega-Perez A. Mouse Tissue-Resident Peritoneal Mac-
rophages in Homeostasis, Repair, Infection, and Tumor Metastasis. Adv Sci (Weinh). 2023;10(11): e2206617.

	40.	 Tsukamoto H. Redox regulation of cytokine expression in Kupffer cells. Antioxid Redox Signal. 2002;4(5):741–8.
	41.	 Shrivastava P, Bhatia M. Essential role of monocytes and macrophages in the progression of acute pancreatitis. 

World J Gastroenterol. 2010;16(32):3995–4002.
	42.	 Fernandez-Cruz L, Sabater L, Gilabert R, Ricart MJ, Saenz A, Astudillo E. Native and graft pancreatitis following com-

bined pancreas-renal transplantation. Br J Surg. 1993;80(11):1429–32.
	43.	 Closa D, Bardaji M, Hotter G, Prats N, Gelpi E, Fernandez-Cruz L, et al. Hepatic involvement in pancreatitis-induced 

lung damage. Am J Physiol. 1996;270(1 Pt 1):G6-13.
	44.	 Hu Q, Lyon CJ, Fletcher JK, Tang W, Wan M, Hu TY. Extracellular vesicle activities regulating macrophage- and tissue-

mediated injury and repair responses. Acta Pharm Sin B. 2021;11(6):1493–512.
	45.	 Jia YC, Ding YX, Mei WT, Wang YT, Zheng Z, Qu YX, et al. Extracellular vesicles and pancreatitis: mechanisms, status 

and perspectives. Int J Biol Sci. 2021;17(2):549–61.
	46.	 Gea-Sorli S, Guillamat R, Serrano-Mollar A, Closa D. Activation of lung macrophage subpopulations in experimental 

acute pancreatitis. J Pathol. 2011;223(3):417–24.
	47.	 Ning L, Wei W, Wenyang J, Rui X, Qing G. Cytosolic DNA-STING-NLRP3 axis is involved in murine acute lung injury 

induced by lipopolysaccharide. Clin Transl Med. 2020;10(7): e228.
	48.	 Liu J, Zhang X, Wang H. The cGAS-STING-mediated NLRP3 inflammasome is involved in the neurotoxicity induced 

by manganese exposure. Biomed Pharmacother. 2022;154: 113680.
	49.	 Chen S, Tang C, Ding H, Wang Z, Liu X, Chai Y, et al. Maf1 ameliorates sepsis-associated encephalopathy by suppress-

ing the NF-kB/NLRP3 inflammasome signaling pathway. Front Immunol. 2020;11: 594071.
	50.	 Peng L, Wen L, Shi QF, Gao F, Huang B, Meng J, et al. Scutellarin ameliorates pulmonary fibrosis through inhibiting 

NF-kappaB/NLRP3-mediated epithelial-mesenchymal transition and inflammation. Cell Death Dis. 2020;11(11):978.
	51.	 Dunphy G, Flannery SM, Almine JF, Connolly DJ, Paulus C, Jonsson KL, et al. Non-canonical activation of the DNA 

sensing adaptor STING by ATM and IFI16 mediates NF-kappaB signaling after nuclear DNA damage. Mol Cell. 
2018;71(5):745–60.

	52.	 Yum S, Li M, Fang Y, Chen ZJ. TBK1 recruitment to STING activates both IRF3 and NF-kappaB that mediate immune 
defense against tumors and viral infections. Proc Natl Acad Sci U S A. 2021;118(14):e2100225118.

	53.	 Zhang X, Bai XC, Chen ZJ. Structures and mechanisms in the cGAS-STING innate immunity pathway. Immunity. 
2020;53(1):43–53.

	54.	 Benmerzoug S, Rose S, Bounab B, Gosset D, Duneau L, Chenuet P, et al. STING-dependent sensing of self-DNA drives 
silica-induced lung inflammation. Nat Commun. 2018;9(1):5226.

	55.	 Li W, Li M, Chen K, Tang Y, Yin R, Lan L, et al. Oxaloacetate acid ameliorates paraquat-induced acute lung injury by 
alleviating oxidative stress and mitochondrial dysfunction. Front Pharmacol. 2022;13:1029775.

	56.	 An X, Sun X, Yang X, Liu D, Hou Y, Chen H, et al. Oxidative stress promotes ventilator-induced lung injury through 
activating NLRP3 inflammasome and TRPM2 channel. Artif Cells Nanomed Biotechnol. 2019;47(1):3448–55.

	57.	 Long G, Gong R, Wang Q, Zhang D, Huang C. Role of released mitochondrial DNA in acute lung injury. Front Immu-
nol. 2022;13: 973089.

	58.	 Shi J, Yu T, Song K, Du S, He S, Hu X, et al. Dexmedetomidine ameliorates endotoxin-induced acute lung injury 
in vivo and in vitro by preserving mitochondrial dynamic equilibrium through the HIF-1a/HO-1 signaling pathway. 
Redox Biol. 2021;41: 101954.

	59.	 Li N, Liu B, Xiong R, Li G, Wang B, Geng Q. HDAC3 deficiency protects against acute lung injury by maintaining 
epithelial barrier integrity through preserving mitochondrial quality control. Redox Biol. 2023;63: 102746.

	60.	 Wang Y, Shi P, Chen Q, Huang Z, Zou D, Zhang J, et al. Mitochondrial ROS promote macrophage pyroptosis by 
inducing GSDMD oxidation. J Mol Cell Biol. 2019;11(12):1069–82.

	61.	 Han Y, Xu X, Tang C, Gao P, Chen X, Xiong X, et al. Reactive oxygen species promote tubular injury in diabetic 
nephropathy: The role of the mitochondrial ros-txnip-nlrp3 biological axis. Redox Biol. 2018;16:32–46.

	62.	 Zhong Z, Liang S, Sanchez-Lopez E, He F, Shalapour S, Lin XJ, et al. New mitochondrial DNA synthesis enables NLRP3 
inflammasome activation. Nature. 2018;560(7717):198–203.

	63.	 Xian H, Watari K, Sanchez-Lopez E, Offenberger J, Onyuru J, Sampath H, et al. Oxidized DNA fragments exit mito-
chondria via mPTP- and VDAC-dependent channels to activate NLRP3 inflammasome and interferon signaling. 
Immunity. 2022;55(8):1370-85 e8.

	64.	 Zhou R, Yazdi AS, Menu P, Tschopp J. A role for mitochondria in NLRP3 inflammasome activation. Nature. 
2011;469(7329):221–5.

	65.	 Sin WX, Yeong JP, Lim TJF, Su IH, Connolly JE, Chin KC. IRF-7 Mediates Type I IFN Responses in endotoxin-challenged 
mice. Front Immunol. 2020;11:640.

	66.	 Qin Z, Fang X, Sun W, Ma Z, Dai T, Wang S, et al. Deactylation by SIRT1 enables liquid-liquid phase separation of IRF3/
IRF7 in innate antiviral immunity. Nat Immunol. 2022;23(8):1193–207.

	67.	 Mao Y, Luo W, Zhang L, Wu W, Yuan L, Xu H, et al. STING-IRF3 triggers endothelial inflammation in response to free 
fatty acid-induced mitochondrial damage in diet-induced obesity. Arterioscler Thromb Vasc Biol. 2017;37(5):920–9.



Page 26 of 26Peng et al. Cellular & Molecular Biology Letters           (2024) 29:61 

	68.	 Yu H, Liao K, Hu Y, Lv D, Luo M, Liu Q, et al. Role of the cGAS-STING pathway in aging-related endothelial dysfunc-
tion. Aging Dis. 2022;13(6):1901–18.

	69.	 King KR, Aguirre AD, Ye YX, Sun Y, Roh JD, Ng RP Jr, et al. IRF3 and type I interferons fuel a fatal response to myocar-
dial infarction. Nat Med. 2017;23(12):1481–7.

	70.	 Liu H, Li M, Song Y, Xu W. TRIM21 restricts coxsackievirus B3 replication, cardiac and pancreatic injury via interacting 
with MAVS and positively regulating IRF3-mediated type-I interferon production. Front Immunol. 2018;9:2479.

	71.	 Song Y, Zhang Z, Yu Z, Xia G, Wang Y, Wang L, et al. Wip1 aggravates the cerulein-induced cell autophagy and 
inflammatory injury by targeting STING/TBK1/IRF3 in acute pancreatitis. Inflammation. 2021;44(3):1175–83.

	72.	 Zhuang Y, Ortega-Ribera M, Thevkar Nagesh P, Joshi R, Huang H, Wang Y, et al. Bile acid-induced IRF3 phosphoryla-
tion mediates cell death, inflammatory responses and fibrosis in cholestasis-induced liver and kidney injury via 
regulation of ZBP1. Hepatology. 2023;79:752–67.

	73.	 Wu M, Skaug B, Bi X, Mills T, Salazar G, Zhou X, et al. Interferon regulatory factor 7 (IRF7) represents a link between 
inflammation and fibrosis in the pathogenesis of systemic sclerosis. Ann Rheum Dis. 2019;78(11):1583–91.

	74.	 Minaga K, Watanabe T, Arai Y, Shiokawa M, Hara A, Yoshikawa T, et al. Activation of interferon regulatory factor 7 in 
plasmacytoid dendritic cells promotes experimental autoimmune pancreatitis. J Gastroenterol. 2020;55(5):565–76.

	75.	 Ma W, Huang G, Wang Z, Wang L, Gao Q. IRF7: role and regulation in immunity and autoimmunity. Front Immunol. 
2023;14:1236923.

	76.	 Ling X, Wei S, Ling D, Cao S, Chang R, Wang Q, et al. Irf7 regulates the expression of Srg3 and ferroptosis axis aggra-
vated sepsis-induced acute lung injury. Cell Mol Biol Lett. 2023;28(1):91.

	77.	 Quan W, Liu Y, Li J, Chen D, Xu J, Song J, et al. Investigating the TLR4/TAK1/IRF7 axis in NLRP3-mediated pyroptosis in 
Parkinson’s disease. Inflammation. 2023;47:404–20.

	78.	 Tang B, Wu Y, Zhang Y, Cheng Y, Wu Y, Fang H. Scorpion and centipede alleviates severe asthma through M2 
macrophage-derived exosomal miR-30b-5p. Aging (Albany NY). 2022;14(9):3921–40.

	79.	 Li Z, Geng M, Ye X, Ji Y, Li Y, Zhang X, et al. IRF7 inhibits the Warburg effect via transcriptional suppression of PKM2 in 
osteosarcoma. Int J Biol Sci. 2022;18(1):30–42.

	80.	 Li L, Song D, Qi L, Jiang M, Wu Y, Gan J, et al. Photodynamic therapy induces human esophageal carcinoma cell 
pyroptosis by targeting the PKM2/caspase-8/caspase-3/GSDME axis. Cancer Lett. 2021;520:143–59.

	81.	 Huang ZW, Tan P, Yi XK, Chen H, Sun B, Shi H, et al. Sinapic acid alleviates acute pancreatitis in association with 
attenuation of inflammation, pyroptosis, and the AMPK/NF-[Formula: see text]B signaling pathway. Am J Chin Med. 
2022;50(8):2185–97.

	82.	 Wu X, Yao J, Hu Q, Kang H, Miao Y, Zhu L, et al. Emodin ameliorates acute pancreatitis-associated lung injury through 
inhibiting the alveolar macrophages pyroptosis. Front Pharmacol. 2022;13: 873053.

	83.	 Xu Q, Wang M, Guo H, Liu H, Zhang G, Xu C, et al. Emodin alleviates severe acute pancreatitis-associated acute lung 
injury by inhibiting the cold-inducible RNA-binding protein (CIRP)-mediated activation of the NLRP3/IL-1beta/
CXCL1 signaling. Front Pharmacol. 2021;12: 655372.

	84.	 Wu XB, Sun HY, Luo ZL, Cheng L, Duan XM, Ren JD. Plasma-derived exosomes contribute to pancreatitis-associated 
lung injury by triggering NLRP3-dependent pyroptosis in alveolar macrophages. Biochim Biophys Acta Mol Basis 
Dis. 2020;1866(5): 165685.

	85.	 Du T, Gao J, Li P, Wang Y, Qi Q, Liu X, et al. Pyroptosis, metabolism, and tumor immune microenvironment. Clin Transl 
Med. 2021;11(8): e492.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


	Mitochondrial (mt)DNA–cyclic GMP–AMP synthase (cGAS)–stimulator of interferon genes (STING) signaling promotes pyroptosis of macrophages via interferon regulatory factor (IRF)7IRF3 activation to aggravate lung injury during severe acute pancreatitis
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Methods and materials
	Animal model of SAP
	Cell culture
	RNA-sequencing and bioinformatics analysis
	Cell transfection
	Histopathological analysis
	Flow cytometry
	Measurement of cytokines and amylase
	Real-time quantitative polymerase chain reaction (PCR) analysis
	Western blotting
	Measurement of mitochondrial membrane potential
	Cell fluorescence
	Statistical analysis

	Results
	cGAS–STING signaling activation in SAP accompanied with increased alveolar macrophage pyroptosis
	Downregulation of the cGAS–STING signaling pathway reduces NLRP3 inflammasome activation and macrophage pyroptosis in vivo and in vitro
	Mitochondrial DNA induces pyroptosis by activating cGAS signaling
	KEGG pathway enrichment analysis of DEGs and identification of hub genes
	Downregulation of STING reduced IRF7 and phosphorylated-IRF3 to improve pyroptosis
	Activation of STING upregulates IRF7 and P-IRF3 to mediate NLRP3-induced pyroptosis
	Inhibition of IRF7 or IRF3 can alleviate lung injury and macrophage pyroptosis in SAP

	Discussion
	Acknowledgements
	References


