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Programmed cell death has crucial roles in the physiological maturation of an organism, the maintenance of metabolism, and disease progression. Pyroptosis, a form of programmed cell death which has recently received much attention, is closely related to inflammation and occurs via canonical, non-canonical, caspase-3-dependent, and unclassified pathways. The pore-forming gasdermin proteins mediate pyroptosis by promoting cell lysis, contributing to the outflow of large amounts of inflammatory cytokines and cellular contents. Although the inflammatory response is critical for the body’s defense against pathogens, uncontrolled inflammation can cause tissue damage and is a vital factor in the occurrence and progression of various diseases. In this review, we briefly summarize the major signaling pathways of pyroptosis and discuss current research on the pathological function of pyroptosis in autoinflammatory diseases and sterile inflammatory diseases.
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1 INTRODUCTION
Apoptosis was once considered the only form of programmed cell death. However, with the deepening of research, more types of molecularly controlled cell death have been identified; pyroptosis is one of them. In 1992, a study observed that Shigella flexneri induces the lytic death of host macrophages, which was then identified as apoptosis (Zychlinsky et al., 1992). It was not until the 21st century that an important work demonstrated that this form of death was caspase-1 dependent, and identified this phenomenon as a new form of cell death for the first time (Cookson and Brennan, 2001). The morphology of pyroptosis is characterized by cell membrane lysis and massive production of inflammatory factors (Zhang et al., 2018a). During pyroptosis, interleukin-1β (IL-1β) precursor and interleukin-18 (IL-18) precursor are cleaved into IL-1β and IL-18, which are then released in large quantities. The secreted IL-1β then recruits and activates other cells in surrounding tissues, thereby causing the production of chemokines, inflammatory factors and adhesion molecules. The resulting cascade effect amplifies the inflammatory response, which may lead to tissue damage and other detrimental effects (Dutta et al., 2012). Inflammation is a protective response of the immune system to pathogens, damaged cells and other harmful stimuli that is driven by innate phagocytes such as macrophages and neutrophils, which produce inflammatory factors, clear out the pathogens and necrotic cells, and initiate tissue repair. However, an uncontrolled inflammatory response can cause extensive tissue damage and cell death through various pathways. In this review, we summarize the latest research on the role of pyroptosis in various inflammatory diseases and the underlying mechanisms of pyroptosis (Figure 1). Pyroptosis is still a nascent field but will undoubtedly gain considerable attention in the next few years. Further advances in understanding the relationship between pyroptosis and inflammation and associated signals will be important for selective intervention in pyroptosis for therapeutic purposes.
[image: Figure 1]FIGURE 1 | Pyroptosis in inflammatory diseases.
2 MECHANISMS OF PYROPTOSIS
For many years, the consensus was that pyroptosis is mediated by the canonical and non-canonical pathways. However, recent studies have unearthed apoptotic caspases-mediated pathway, granzymes-based pathway and several other pyroptotic pathways that have not been categorized until now (Figures 2, 3). Gasdermin proteins are the most important executioners of pyroptosis, which can be cleaved by upstream caspases or granzymes or directly by the pathogen, then triggering pyroptosis. There are six GSDM protein family members, and five of them are closely related to pyroptosis, namely, GSDMA-GSDME (Wang et al., 2017). Earlier studies suggested that GSDMD and GSDME were the final executors of pyroptosis, but with the deepening of research, the role of GSDMA, GSDMB and GSDMC in pyroptosis was gradually mentioned. Caspases can be categorized into inflammatory and apoptotic caspases by their function. Inflammatory caspases include caspases-1/4/5/11, which are mainly involved in the canonical pathway and non-canonical pathway, and promotes protective immunity. Apoptosis caspases contains caspases-2/3/6/7/8/9/10, which can not only initiate apoptosis, but also initiate pyroptosis (Thornberry et al., 1997; Shi et al., 2015). In the following, we will discuss the various signaling pathways of pyroptosis in more detail.
[image: Figure 2]FIGURE 2 | Multiple assembly mechanisms of canonical, non-canonical, and apoptotic caspases-mediated pathways. In the canonical pyroptotic pathway, inflammasome sensors (such as NLRP1, AIM2, NLRP3, NAIP and pyrin) detect diverse pathogenic signals and activate caspase-1 through the ASC or NLRC4 adaptor. Activated caspase-1 promotes the cleavage of pro-IL-1β and pro-IL-18, as well as GSDMD. Large amounts of cleaved IL-1β and IL-18 are released to the extracellular space through the membrane pores formed by the N-terminus of GSDMD. Furthermore, bacterial LPS can promote the cleavage of GSDMD by activating caspase-4/5/11 in a non-classical pyroptotic pathway. In the apoptotic caspases-mediated pathway, caspase-9/GSDMD, caspase-3/GSDME, caspase-8/GSDMC, caspase-8/caspase-3/GSDME, caspase-8/GSDMD, caspase-3/6/7/caspase-1/GSDMD and caspase-3/6/7/GSDMB signaling pathways mediate pyroptosis.
[image: Figure 3]FIGURE 3 | The granzymes-mediated and alternative pathways. GZMA/GSDMB, GZMB/GSDME and GZMB/caspase-3/GSDME signaling pathways trigger granzymes-mediated pyroptosis. Furthermore, GSDMA can be directly cleaved by SpB to trigger pyroptosis, a pathway that has not yet been classified.
2.1 The canonical pathway
The canonical pathway is the most important way of pyroptosis. When the body is stimulated or infected by pathogenic bacterias, it rapidly responds by assembling the inflammasome complex, activates caspase-1, and triggers pyroptosis. The inflammasome is a protein complex composed of pattern recognition receptors (PRRs), inflammatory cysteine proteases and apoptosis-associated speck-like protein containing a CARD (ASC) (Platnich and Muruve, 2019). There are four main types of PRRS, nucleotide-binding oligomerization domainlike receptor (NLR), C-type lectin receptors (CLR), absent in melaroma 2 like receptor (ALR) and toll-like receptor (TLR) assemble together with procaspase-1 precursor to form inflammasome. There are five main types of inflammasomes in the canonical pathway:NLRP3 inflammasome, AIM2 inflammasome, NLRP1 inflammasome, PYRIN inflammasome, and NLRC4 inflammasome (Martinon et al., 2002; Rathinam et al., 2012). These inflammsomes recruit and activate pro-caspase-1 in response to viral and bacterial motifs or other pathogenic activities (Wang et al., 2019a; Mitchell et al., 2019; Xia et al., 2019). Activated caspase-1 then cleaves pro-IL-1β and pro-IL-18 into the active IL-1β and IL-18 (Fang et al., 2020). In addition, activated caspase-1 can also disassemble GSDMD protein into a hydrophobic N-terminal domain and a hydrophilic C-terminal domain. The hydrophobic N-terminal domain binds to and accumulates on the inner side of the cell membrane, and forms numerous pores that allow the outflow of IL-18 and IL-1β, which trigger the inflammation (Ding et al., 2016; Evavold et al., 2018; Zhang et al., 2021a). Recent studies have shown that not only GSDMD but also GSDMB can be cleaved by caspase-1 to trigger pyroptosis (Panganiban et al., 2018). However, Sara S Oltra et al. hold a different view, and their study proves that the N-terminal fragments of GSDMB isoforms which can be activated and cleaved by caspases does not have the ability to form pores in the cell membrane and thus fail to trigger pyroptosis (Oltra et al., 2023).
2.2 The non-canonical pathway
The non-canonical pyroptosis pathway is initiated by caspase-4/5/11 that can directly recognize bacterial LPS and undergo oligomerization, thereby cleaving GSDMD and triggering pyroptosis (Wandel et al., 2020). Like the canonical pathway, activated caspase-11 also cleaves GSDMD to generate pores in the cell membrane. Different from the canonical pathway, activated caspase4/5/11 can not only complete the assembly of the inflammasome complex in the presence of ASC, activate caspase1, and induce the classical pathway, thereby further expanding the inflammatory response, but also activate Pannexin-1 (Panx-1) and cause ATP release and potassium efflux (Yang et al., 2015; Aglietti and Dueber, 2017). In addition, recent works have suggested that the binding of GSDMB to the CARD domain of caspase-4 results in the oligomerization of caspase-4 protein, which promotes GSDMD cleavage and then triggers non-canonical pyroptosis (Chen et al., 2019).
2.3 The apoptotic caspases-mediated pathway
Recent studies have shown that apoptosis caspases can also activate pyroptosis. Caspase-3 generates pores in the cell membrane by cleaving the GSDME protein (Wang et al., 2017). The expression level of GSDME determines whether the cell changes from apoptosis to pyroptosis. In the cells with high expression of GSDME, the use of chemotherapy drugs that can activate caspase-3 to induce pyroptosis, while in the cells with low expression of GSDME, secondary necrosis occurs after apoptosis (Rogers et al., 2017; Wang et al., 2017). With the increasing focus on apoptotic caspases, caspase-8, another apoptotic caspases, was shown to initiate pyroptosis by activating GSDMD cleavage during Yersinia or Aspergillus fumigatus infection (Orning et al., 2018; Sarhan et al., 2018; Wang et al., 2022a). Moreover, caspase-8 can also activate and cleave GSDMC at different sites depending on different stimuli, thereby transforming TNF-α-induced apoptosis into pyroptosis (Hou et al., 2020; Zhang et al., 2021b). In addition, caspase-8 can also be activated by TNF-α, which in turn initiates caspase-3/GSDME-mediated pyroptosis (Wu et al., 2023). A recent study demonstrated that caspas-6 and -7 could induce pyroptosis by cleaving GSDMB(Chao et al., 2017). During influenza A virus infection, caspase-6 ccould trigger pyroptosis through the ZBP-1-NLRP3-caspase-1-GSDMD signaling pathway (Zheng et al., 2020). In addition, caspase-9 could not only be activated by cytoplasm cyt-c to cleave GSDMD to trigger pyroptosis, but also through the CAPN1/CAPN2-BAK/BAX/caspase-3 signaling pathway to cleave GSDME to trigger pyroptosis (Dai et al., 2022; Li et al., 2022).
2.4 The granzymes-mediated pathway
Several granzymes-mediated pathways of pyroptosis have also been reported in recent years. lymphocyte-derived granzyme A (GZMA) can activate pyroptosis by cleavage of GSDMB and further kill GSDMB-positive cells (Zhou et al., 2020). Sara S Oltra et al. demonstrated that immune cell-derived GZMA can cleave all isoforms of GSDMB, but only the isoforms containing exon 6, namely, GSDMB3-4, can trigger pyroptosis (Oltra et al., 2023). Granzyme B could not only directly cleave GSDME to trigger pyroptosis, but also activate caspase-3-independent pyroptosis through the caspase-3-GSDME signaling pathway (Zhang et al., 2020).
2.5 Alternative pathways
GSDMA also triggers pyroptosis but has not been assigned to any of above four categories. GSDMA protein is expressed in epithelial cells of skin, tongue, esophagus, stomach, breast and umbilical cord (Wu et al., 2009; Tanaka et al., 2013). SpB virulence factor secreted by group A streptococcus (GAS) can directly cleave GSDMA after GIn246 to trigger pyroptosis in keratinocytes (Deng et al., 2022; LaRock et al., 2022). Dead keratinocytes could prevent the invasion of GAS into the deep tissues of the body (Nakagawa et al., 2004).
3 THE ROLE OF PYROPTOSIS IN AUTOINFLAMMATORY DISEASES
Systemic autoinflammatory disorders (SAIDs) are mediated by a dysfunctional innate immune system, and they share certain core phenotypic manifestations, including recurrent fever, cutaneous perturbations, chest or abdominal pain, lymphadenopathy, vasculopathy and musculoskeletal symptoms (McDermott et al., 1999). The mechanistic basis of SAIDs is the recognition of pathogen-associated molecular patterns (PAMPs) by innate immune cells via PRRs, and the activation of downstream signaling pathways in conjunction with damage-associated molecular patterns (DAMPs) (Ben-Chetrit et al., 2018). Pyroptosis is a vital component of the immune system, and inflammasomes, such as NLRP3, pyrin and NLRC4, take a leading role in the activation of the canonical pyroptosis pathway. In addition, aberrant activation of inflammasomes is also a key driver of SAIDs. Pyroptosis may also have a causative role in SAIDs. Data supports the idea that a lack of GSDMD does not affect pro-IL-1β activation into IL-1β but rather prevents the outflow of mature IL-1β, which indicates that the systemic inflammatory response in SAID patients is caused by excessive cytokine release from the pores during pyroptosis (Kayagaki et al., 2015; Shi et al., 2015). However, since inflammatory factors can also be produced by pathways other than pyroptosis (Mitchell et al., 2019), it cannot be ascertained whether the reduced inflammatory response following GSDMD knockout is due to the inhibition of pyroptosis or merely to reduced IL-1β release (Bulek et al., 2020). Consequently, the mechanistic function of pyroptosis in SAIDs should be further explored.
3.1 The NLRP3-related SAIDs
SAIDs related to the NLRP3 inflammasome include cryopyrin-associated periodic syndrome (CAPS), gout and Crohn’s disease. CAPS is a series of autosomal dominant systemic autoinflammatory diseases resulting from mutations in the NLRP3 gene. The three clinical subtypes of CAPS are NOMID (also known as chronic infantile neurocutaneous and joint syndrome), Muckle–Wells syndrome (MWS), and familial cold autoinflammatory syndrome (FCAS). These subtypes share common indications such as fever, skin and joint-related symptoms. Brydges et al. discovered a caspase-1-related form of cell death in a mouse model of FCAS, most likely pyroptosis, which induced inflammation (Brydges et al., 2013). Furthermore, Claudia et al. reported that LPS can induce pyroptosis in the monocytes of patients with CAPS, thereby aggravating the inflammatory response (Semino et al., 2018). In addition, wedelolactone promotes phosphorylation at the Ser/Thr site of NLRP3 and inhibits inflammasome activation and pyroptosis by activating protein kinase A (PKA) signaling (Baroja-Mazo et al., 2014). Mutations affecting this NLRP3 site can lead to its constitutive activation, thereby triggering pyroptosis and subsequently the inflammatory symptoms of NOMID. Knocking out GSDMD in a mouse model of NOMID obviously reduced the symptoms of leukocytosis and anemia, indicating that GSDMD is a novel therapeutic target for NOMID (Xiao et al., 2018).
3.2 The pyrin-related SAIDs
The pyrin-associated SAIDs include familial mediterranean fever (FMF), pyrin-associated auto-inflammation with neutrophilic dermatosis (PAAND) and livedoid ulcerative dermatitis (Papin et al., 2000; Moghaddas et al., 2017; Demircan et al., 2020), which are mainly caused by MEFV gene mutations that result in excessive activation of pyrin. Furthermore, the pathogenesis of FMF and PAAND is bound up with pyroptosis. FMF is a group of recessive genetic diseases that manifest as chronic fever, rash, serositis, arthritis, etc. In 2015, two independent groups demonstrated that caspase-1 p10/p20 tetramers recruited and activated by pyrin can process pro-IL-1β and pro-IL-18 into their activated forms (IL-1β and IL-18). The massive increase in the amount of IL-1β and IL-18 due to caspase-1-induced pyroptosis drives the inflammatory symptoms in FMF (Kayagaki et al., 2015; Shi et al., 2015). Apart from the systemic inflammatory response triggered by extracellular cytokines, ASC speckles generated by pyroptosis exhibit “prion-like” characteristics and further promote inflammation (Baroja-Mazo et al., 2014; Franklin et al., 2014). The microtubule polymerization inhibitor colchicine depolymerizes microtubules and then phosphorylates pyrin through the guanine nucleotide exchange factor (GEF)-H1-RhoA-PKN1/2 signaling pathway (Magnotti et al., 2019). Therefore, colchicine has long been considered an effective treatment for FMF and gout (Goldfinger, 1972). The main clinical manifestations of PAAND are lower age of onset, recurrent neutrophilic dermatitis, periodic fever, arthralgia, myalgia or myositis, etc. Unlike FMF, the pathogenic basis of PAAND is a gain-of-function mutation at specific sites of the MEFV gene, S242R and E244K, which produces constitutively activated pyroproteins, resulting in excess IL-1β and IL-18 release and GSDMD-mediated pyroptosis. Increased levels of pyroptosis have been detected in the peripheral blood mononuclear cells of patients with PAAND (Gao et al., 2016; Masters et al., 2016; Moghaddas et al., 2017; Hong et al., 2019). Pyroptosis increases the load of inflammatory factors in the skin of PAAND patients, eventually leading to neutrophilic dermatosis and inflammation (Moghaddas et al., 2017).
3.3 The NLRC4-related SAIDs
The representative NLRC4-related SAID is autoinflammation with infantile enterocolitis (AIFEC), which is primarily manifested as severe and chronic autoinflammation, macrophage activation syndrome, infantile enterocolitis, and organ-specific symptoms secondary to lympho-histiocytic inflammation. Patients who survive this autoimmune disease in infancy have a short stature and exhibit anemia in adulthood (Canna et al., 2014; Romberg et al., 2014). AIFEC is caused by heterozygous gain-of-function mutations in NLRC4. There are now been demonstrated AIFEC-associated mutations: V341A, T337S, T337N and S171F (Canna et al., 2014; Romberg et al., 2014; Canna et al., 2017; Liang et al., 2017). Studies show that physical and emotional stress are the triggers for AIFEC (Lin et al., 2020a). Salmonella or Pseudomonas cells induced pyroptosis in the macrophages of AIFEC patients in vitro by stimulating NLRC4 (Romberg et al., 2014). In addition, there is another NLRC4-related SAID, which is familial cold autoinflammatory syndrome 4 (FCAS4). The symptoms of FCAS4 are relatively mild, mainly characterized by recurrent episodes of fever, arthralgia, and cold-induced urticarial rashes in childhood. A recent study demonstrated that FCAS4 is caused by a heterozygous p. Ser445pro NLRC4 mutation (Gil-Lianes et al., 2023). This variant was able to recruit ASC and assemble constitutively active oligomeric inflammasomes and resulted in increased IL-18 expression. Further studies are needed to reveal the relationship and mechanism between FCAS and pyroptosis.
3.4 The polygenic and multifactorial SAIDs
Polygenic and multifactorial SAIDs are caused by immunological, genetic and environmental factors. Common diseases include Behcet’s disease (BD), Crohn’s disease (CD), gout, chronic aseptic osteomyelitis, chronic relapsing multifocal osteomyelitis, juvenile idiopathic systemic arthritis, etc. Gout is caused by the deposition of monosodium urate (MSU) crystals or dehydrated calcium pyrophosphate (CPPD) crystals in the joints, which clinically manifests as fever and severe joint pain and swelling. One study showed that NLRP3 activation by MSU crystals resulted in marked neutrophil infiltration and the onset of pyroptosis in a rat model of gout. Bromodomain-containing protein 4 (BRD4) knockdown significantly reduced p65 NF-κB signaling and NLRP3 inflammasome activation, which reduced joint swelling and synovial inflammation. The authors therefore concluded that BRD4 is closely related to the pyroptosis cascade in MSU-induced acute gouty arthritis, and JQ-1 or siRNA-mediated knockdown can mitigate inflammation by inhibiting the BRD4/NF-κB/NLRP3/GSDMD axis (Lin et al., 2020b; Hao et al., 2020). In addition, Tian et al. detected an increase in the levels of inflammatory factors and pyroptosis markers in a mouse model of oxygenated potassium (PO) and MSU-induced gout, which were downregulated by treating the mice with disulfiram (Tian et al., 2022). Another work demonstrated that gallic acid limited the activation of NLRP3 inflammasome and Nrf2 signaling-dependent pyroptosis, and alleviated NLRP3-mediated gouty arthritis by inhibiting ROS production (Lin et al., 2020a). In addition, Baeckein E (BF-2) also suppressed the inflammatory response in a mouse model of gout by inhibiting the pyroptosis of macrophages (Lin et al., 2021). Zhao et al. hypothesized that the onset of gout is bound up with pyroptosis, and that NLRP3, in particular, acts as a key character in the progression from hyperuricemia to gout. Therefore, screening for novel pyroptosis inhibitors for treating gout should pay attention to upstream factors such as NLRP3 (Zhao et al., 2022).
The clinical manifestations of CD are abdominal pain, diarrhea and other gastrointestinal symptoms, and the pathological manifestations are abnormal intestinal mucosa and excessive inflammatory response. The morbidity of CD has expanded in recent decades (Clough et al., 2020). The GSDME N-terminus has been observed in the inflamed intestinal mucosal epithelium of CD patients but not in the normal colonic mucosa of healthy controls. In addition, Gsdme−/− mice and wild-type (WT) littermate controls were treated with 2,4,6-trinitrobenzenesulfonic acid (TNBS) to induce colitis, and the results showed that Gsdme−/− mice exhibit less severe intestinal inflammation than WT controls do (Tan and Chen, 2021b). Similarly, Bulek et al. also suggested that mice lacking the GSDMD gene were protected from dextran sulfate sodium (DSS)-induced colitis (Bulek et al., 2020). In addition, one study demonstrated that C-type lectin (Mincle)-induced macrophage pyroptosis is the basis of intestinal inflammation in CD patients, and the Mincle/Syk axis is a probable target for CD therapy (Gong et al., 2020). Another recent study showed that miR-200c can reduce inflammation levels and NLRP3-induced MODE-K cell pyroptosis in vitro, by targeting NIMA-related kinase 7 (NEK7), and so improve DSS-induced intestinal injury in mice (Wu et al., 2022). Taken together, the inflammasome can activate GSDMD-mediated pyroptosis through different signaling pathways, thereby promoting and amplifying intestinal inflammation. Interestingly, a recent study showed that GSDMD-mediated formation of pores in the cell membrane resulted in massive outflow of potassium ions, which further inhibited the cGAS-STING signaling pathway and mitigated intestinal inflammation (Ma et al., 2020). In conclusion, while GSDMD-dependent macrophage pyroptosis promotes and amplifies intestinal mucosal inflammation, there is evidence of an anti-inflammatory role as well.
4 THE ROLE OF PYROPTOSIS IN STERILE INFLAMMATORY DISEASES
4.1 Pyroptosis in cardiovascular diseases
Recent studies have demonstrated that pyroptosis-related factors, such as NLRP3 and caspase-1, are involved in angiogenesis, myocardial hypertrophy, plaque formation in arterial walls, endothelial damage, myocardial fibrosis and other pathophysiological processes that form the basis of multiple cardiovascular diseases, including myocardial infarction (MI)/reperfusion, atherosclerosis (AS) and Kawasaki disease (KD).
AS is a common cardiovascular disease characterized by thickening and hardening of blood vessel walls. Vascular endothelial cells, smooth muscle cells and macrophages undergo pyroptosis during different stages of AS (Cypryk et al., 2018). In addition, caspase-1 and NLRP3 have been identified as markers of AS-related inflammation (Xu et al., 2018a). Atorvastatin, a lipid-lowering drug that is prescribed for AS patients, can inhibit pyroptosis by downregulating the mRNA and protein levels of NLRP3 and GSDMD, which is likely the basis of its anti-atherosclerotic effect (Wu et al., 2020). Furthermore, dihydromyricetin, pyrogallol, β-hydroxybutyrate, antimicrobial peptide LL-37, ROS scavengers, MCC950 and other drugs can also exert an anti-atherosclerotic effect by inhibiting pyroptosis. Several non-coding RNAs that regulate pyroptosis during AS have been identified (Hu et al., 2014; Coll et al., 2015; Youm et al., 2015; Hu et al., 2018; Oh et al., 2020), including miR-22, miR-103, miR-125a-5p and miR-30c-5p (Li et al., 2018a; Wang et al., 2019b; Wang et al., 2020), of which miR-125a-5p exerts a pro-pyroptotic effect in vascular endothelial cells (Zhaolin et al., 2019). Although their regulatory role in pyroptosis is well-established, the detailed roles of these non-coding RNAs and the underlying mechanisms need further research.
MI is a lethal coronary artery disease that is responsible for more than one-third of deaths worldwide each year. During myocardial ischemia–reperfusion, vascular endothelial cells, myocardial fibroblasts and macrophages undergo pyroptosis, which releases massive amounts of inflammatory factors and metabolites that aggravate myocardial injury. Vascular endothelial injury is widely recognized as an initiating factor in cardiovascular pathologies. Inhibiting caspase-1 activation in a mouse model of hindlimb ischemia attenuated endothelial cell pyroptosis and increased their survival via VEGFR-2 signaling, which in turn improved angiogenesis and ischemic outcomes (Lopez-Pastrana et al., 2015). Likewise, another study confirmed that decreasing the level of NLRP3 activation attenuated oxidative stress and pyroptosis, thereby reducing epithelial cell dysfunction (Yang et al., 2020). Cardiac macrophages also have a crucial role in the inflammation induced by ischemia–reperfusion injury. DAMPs are produced in large quantities during reperfusion activate caspase-1 to generate pyroptosis in macrophages, and the subsequent outflow of IL-1β and IL-18 attracts large numbers of inflammatory cells to aggregate and amplify the inflammation (Xi et al., 2016). Furthermore, above-normal amounts of NLRP3 and caspase-1 have been detected in the coronary plaques of patients with acute coronary syndrome (ACS) (Lee et al., 2017). These results suggest that inhibiting macrophage pyroptosis can mitigate the inflammation, and thus alleviate the symptoms of ischemia-reperfusion injury.
The pathogenesis of Kawasaki disease, cardiac hypertrophy and diabetic cardiomyopathy is also closely related to pyroptosis. Jia et al. found that the ASC, caspase-1, IL-1β, IL-18, GSDMD and lactate dehydrogenase (LDH) were significantly elevated in the serum of KD patients in contrast to healthy controls, suggesting that pyroptosis is a key driver of coronary endothelial cell injury in KD. Furthermore, human umbilical vein endothelial cells (HUVECs) co-cultured with THP1 cells that were pre-treated with the serum of KD patients underwent pyroptosis following NLRP3 inflammasome activation (Jia et al., 2019). Cardiac hypertrophy is a clinically refractory disease with a complex molecular mechanism (Hou and Kang, 2012; Tham et al., 2015). A mouse model of cardiac hypertrophy has been established using transverse aortic constriction (TAC) that exerts pressure on the heart. In addition, cardiomyocyte hypertrophy can be simulated in vitro using cardiomyocyte angiotensin II (Ang II) (Heger et al., 2016). Murine cardiomyocytes treated with Ang II expressed significantly higher levels of caspase-1 and IL-1β compared to control cells (Rayamajhi et al., 2013). Co-administration of a caspase-1 inhibitor along with Ang II attenuated the thickening effect of the latter, which indicates that caspase-1-induced pyroptosis is closely related to cardiac hypertrophy and therefore a promising therapeutic target (Franchi et al., 2006). In summary, the pyroptosis of vascular endothelial cells and macrophages is an important pathological mechanism in various cardiovascular diseases.
4.2 Pyroptosis in diabetes and its complications
Type 2 diabetes (T2DM) is a chronic metabolic disease that clinically manifests as hyperglycemia and insufficient insulin secretion. Recent works indicate that islet inflammation is the underlying cause of progressive β-cell dysfunction and insulin resistance (IR). In addition, there is evidence that NLRP3 inflammasome-induced pyroptosis has a key role in the pathological mechanism of T2DM(Chang et al., 2021). One study showed that hyperglycemia increased mitochondrial metabolism through the advanced glycation end products (AGE) pathway, protein kinase C (PKC) and other pathways, and the high level of ROS generated during this process induced pyroptosis in the insulin-secreting β cells (Babel & Dandekar, 2021). Furthermore, mitochondrial ROS levels are significantly increased in chronic hyperglycemia patients with poor glycemic control, which results in more severe pyroptosis and inflammatory responses (Iannantuoni et al., 2019). Morikawa et al. detected massive pyroptosis-related signaling pathway proteins and macrophage aggregates in the pancreatic β cells and capillaries of diabetics (Morikawa et al., 2018). On the other hand, Lin et al. found that inhibiting the pyroptosis pathway significantly increased the expression levels of insulin sensitivity-related genes and the secretion of insulin-sensitizing hormones (Lin et al., 2020b). In addition, miR-23a-3p alleviated the symptoms of T2DM in a rat model by inhibiting pyroptosis through its target gene NEK7 (NIMA-related kinase 7), which is a crucial regulator of the NLRP3 inflammasome (Chang et al., 2021).
Diabetic nephropathy (DN) is one of the crucial causes of chronic kidney disease in China and the most common diabetic complication. Shahzad et al. observed that knocking out caspase-1 in a mouse model of diabetes inhibited inflammasome activation and attenuated symptoms of DN, thus indicating a pathological role of pyroptosis (Shahzad et al., 2016). The same group observed a significant upregulation of IL-1β in diabetic mice and found that knocking down NLRP3/caspase-1 genes in bone marrow-derived cells inhibited DN progression (Shahzad et al., 2015). Likewise, Wu et al. reported that NLRP3 gene silencing in an STZ-induced diabetic mouse model inhibited renal inflammation and fibrosis by alleviating oxidative stress (Wu et al., 2018). Furthermore, Liu et al. showed that silencing the TLR4 gene in podocytes inhibited caspase-3 activation and attenuated oxidative stress by reducing intracellular ROS levels, which in turn reduced the production of IL-1β, IL-18, TGF-β1 and TNF-α (Liu et al., 2018). Oxidative stress in the kidney acts as a key character in the progression of DN, and studies increasingly show that ROS production can further activate the NLRP3 inflammasome in renal tissues (Jha et al., 2016; Wei and Szeto, 2019). Thioredoxin-interacting protein (TXNIP) promotes oxidative stress and pyroptosis by inhibiting the antioxidant enzyme thioredoxin reductase (TRX). A previous study demonstrated that the TXNIP signaling pathway has a key role in promoting DN progression (An et al., 2020). Furthermore, Han et al. found that excessive activation of TXNIP in inflamed renal tissues initiated the NLRP3 inflammasome pathway to promote pyroptotic renal injury (Han et al., 2018). In conclusion, pyroptosis activated by the NLRP3 inflammasome is bound up with the occurrence of DN and is, therefore, a potential therapeutic target.
Diabetic retinopathy (DR) is another common complication of diabetes. Prolonged hyperglycemia induces GSDMD-induced pyroptosis, which has a crucial role in the occurrence and progression of DR. Gan et al. demonstrated that the hyperglycemic state promoted pyroptosis of human retinal progenitor (HRP) cells through the NLRP3-caspase-1-GSDMD signaling axis, which led to the deprivation of retinal pericytes (Gan et al., 2020). Yu et al. further suggested that caspase-1-mediated pyroptosis occurs in HRP cells subjected to the serum albumin-induced DR state (Yu et al., 2021).
4.3 Pyroptosis in lung diseases
Asthma is a chronic inflammatory disease of the respiratory system with complex etiology. Genome-wide association studies (GWAS) in recent years have shown that polymorphisms of the GSDMA and GSDMB genes are closely related to the occurrence of asthma (Moffatt et al., 2007; Yu et al., 2011; Kang et al., 2012). In fact, GSDMB is highly expressed in the airway epithelial cells of asthmatic individuals, indicating that activated GSDMB may induce caspase-mediated pyroptosis in these cells and trigger asthma. Furthermore, a splice variant of GSDMB (rs11078928) is related to a lower risk of asthma since the deletion of a key exon in the GSDMB transcript neutralizes its ability to induce pyroptosis (Panganiban et al., 2018). Another study demonstrated that caspase-4/11-induced non-canonical pyroptosis is a major cause of asthma, and that prostaglandin E2 (PGE2) exerts its anti-inflammatory effects and promotes tissue repair by targeting this pathway (Zaslona et al., 2020).
Silicosis is an interstitial lung disease caused by chronic exposure to crystalline silica dust and is characterized by accumulation of silicon nodules and diffuse pulmonary fibrosis. The inhaled silica particles are phagocytosed by alveolar macrophages (AMs), which then die and release the intracellular silica. The surrounding AMs absorb the released silica, thus forming a vicious cycle (Joshi and Knecht, 2013; Tan and Chen, 2021a). Furthermore, the dying AMs also release a large amount of inflammatory factors that trigger lung inflammation (McGrath et al., 2015). Finally, accumulation of dead AMs in the damaged lung tissue leads to extensive fibrosis (Kehlet et al., 2018; Quan et al., 2019). Song et al. showed that NLRP3 and its downstream cytokines, including caspase-1, IL-1β and IL-18, are highly expressed in the lung tissues of silicosis rats (Song et al., 2018). In a more recent study, this group suggested that inhibiting NLRP3 protein can reduce epithelial–mesenchymal transition of lung macrophages and reduce tissue inflammation (Song et al., 2020). These studies are in line with the hypothesis put forth several years ago that silica induces cell death by stimulating pyroptosis (Reisetter et al., 2011). Interestingly, transplantation of bone marrow mesenchymal stem/stromal cells (BMSCs) attenuated pulmonary fibrosis in a rat model (Li et al., 2018b; Zhang et al., 2018b; Zhao et al., 2021). Furthermore, Zhao et al. were able to demonstrate that the anti-fibrotic effect of transplanted BMSCs in a rat model of silicosis was due to the inhibition of pyroptosis rather than autophagy (Zhao et al., 2021). However, Zhu et al. showed that BMSC transplantation alleviated lung tissue damage in rats by inhibiting autophagy (Zhu et al., 2016). According to Tan et al., these discrepancies can be attributed to differences in the dose and time of administration of BMSCs (Tan and Chen, 2021b). The specific mechanism underlying pyroptosis-dependent progression of silicosis needs to be further explored.
4.4 Pyroptosis in liver diseases
Non-alcoholic steatohepatitis (NASH) is a chronic liver disease characterized by immune cell infiltration, intracellular lipid accumulation and hepatocyte ballooning; it is more likely to cause liver fibrosis than simple steatosis, and can lead to liver failure and eventually liver transplantation (Brunt, 2010). The pathogenesis of NASH is complex, and there is no unified conclusion. Steatosis caused by overnutrition, and the resulting insulin resistance, hyperinsulinemia, hyperglycemia, and metabolic syndrome are risk factors for NASH (Cohen et al., 2011; Cusi, 2012; Musso et al., 2012; Farrell et al., 2013; Machado and Diehl, 2016). The interaction of cellular stress factors (oxidation, endoplasmic reticulum and membrane fluidity), signaling pathways [c-Jun N-terminal kinase (JNK) and nuclear factor-κb (NF-κB)] (Farrell et al., 2012), autophagy, cell senescence and mitochondrial damage are the possible mechanisms of NASH (Farrell et al., 2018). With the deepening of academic research on pyroptosis, the role of pyroptosis in the pathogenesis of NASH cannot also be ignored. The receptors of pyroptosis, inflammasomes, are highly expressed in macrophages (Dixon et al., 2012), stellate cells (Watanabe et al., 2009) and hepatocytes (Yan et al., 2012). Rare Earth oxides can activate NLRP3 inflammasome and caspase-1, eventually resulting in pyroptosis of resident macrophages (kc), bone marrow-derived macrophages and other macrophage cell lines such as RAW 264.7 cells (Mirshafiee et al., 2018). The activation of inflammasomes in hepatic stellate cells promotes hepatic fibrosis (Kisseleva & Brenner, 2007). In addition, caspase-1 can also cause hepatic fibrosis and aggravate NASH symptoms in humans (Gaul et al., 2021). Liver cell damage progresses from simple steatosis to NASH to fibrosis, and each process is related to the NLRP3 inflammasome signaling pathway (Mridha et al., 2017). The NLRP3 protein particles emitted by hepatocytes undergoing pyroptosis in vitro promoted extracellular matrix production and fibrosis following internalization by the hepatic stellate cells (Gaul et al., 2021). Xu et al. created NASH in WT and Gsdmd-knockout mice by feeding the animals with a methionine- and choline-deficient (MCD) diet, and found that the Gsdmd-knockout mice had significantly attenuated liver inflammatory response and fibrosis in contrast with their WT littermates (Xu et al., 2018b). In addition, the components of the non-canonical inflammatory pathway have also been detected in NASH patients. For instance, Zhu et al. detected a significant increase in caspase-11 levels in the liver tissues of MCD-diet-fed mice. Furthermore, primary hepatocytes isolated from caspase-11 knockout mice were resistant to LPS-induced pyroptosis in vitro. The study concluded that caspase-11 deletion can significantly reduce hepatic inflammation and fibrosis by attenuating the pyroptotic response (Zhu et al., 2021).
Alcoholic liver disease (ALD) is induced by perennial alcohol consumption, and it includes alcoholic steatohepatitis (ASH), liver fibrosis, liver cirrhosis and even severe alcoholic hepatitis (AH) that often culminates in liver failure. Liver tissue inflammation in ASH is triggered by the exposure of immune cells to exogenous and endogenous stimuli. The exogenous factors include intestinal microorganisms, whereas the mechanism of aseptic inflammation caused by endogenous factors is still unclear. The inflammasome is a major activator of sterile inflammation and often triggers mitochondrial dysfunction and aberrant purine nucleotide metabolism (Hoek et al., 2002). Furthermore, alcoholic individuals show aberrant mitochondrial function and nucleotide metabolism in the liver tissues, which lead to altered ATP/ADP ratios and uric acid accumulation (Nakamura et al., 2012). Iracheta et al. demonstrated that uric acid and ATP can activate the inflammasome in ASH, prompt IL-1β maturity, and further exacerbate liver inflammation (Iracheta-Vellve et al., 2015). Similarly, Petrasek et al. observed that hepatocytes damaged by alcohol release ATP and uric acid, which result in the release of IL-1β from immune cells (Petrasek et al., 2015). The same group also demonstrated that the NLRP3/caspase-1/IL-1β signaling axis acts as a key character in the progression of steatosis, the inflammatory response and cellular injury in ALD, and that inhibiting the IL-1 signaling pathway alleviated these symptoms (Petrasek et al., 2012). However, a recent study by Khanova et al. showed that pyroptosis in liver inflammation is induced by the non-canonical caspase-11 pathway, rather than caspase-1, and is a key mechanism driving the progression of ASH to AH (Khanova et al., 2018). Pyroptosis is also a vital feature of aseptic liver diseases, such as high fat diet-induced liver damage, polystyrene microplastics-induced liver injury, acetaminophen-induced liver damage, hepatic ischemia–reperfusion damage and cholestatic liver diseases (Zhang et al., 2021c; Lu et al., 2021; Wang et al., 2022b; Han et al., 2022; Mu et al., 2022). Taken together, identification of novel pyroptosis-related targets can provide new insights for the treatment of the above diseases.
4.5 Pyroptosis in ocular diseases
Glaucoma is a common degenerative eye disease with an underlying inflammatory basis (Baudouin et al., 2021). Inflammation occurs primarily in the optic nerve head tissue and retina tissue, which show an accumulation of activated astrocytes and microglia, along with high levels of IL-1β (Bordone et al., 2017; Williams et al., 2017). These inflammatory factors further promote oxidative stress, which creates a vicious cycle and eventually results in chronic inflammation (Adornetto et al., 2019; Fernandez-Albarral et al., 2021). Markiewicz et al. believed that the NLRP3 protein is activated in glaucoma patients (Markiewicz et al., 2015). Furthermore, Chen et al. demonstrated that NLRP12 induced pyroptosis in retinal ganglion cells (RGCs) in vitro and in vivo via caspase-1-mediated GSDMD cleavage in conjunction with NLRP3 and NLRC4. The secreted IL-1β amplified the pyroptotic response by accelerating CASP8-HIF-1α-mediated NLRP12/NLRP3/NLRC4 activation, which exacerbated tissue inflammation. In addition, knocking out the NLRP12 gene significantly reduced RGC loss and the severity of retinal damage, thus confirming that the activation of NLRP12 results in retinal ischemic damage in acute glaucoma. In conclusion, this study offers new insights into the treatment of glaucoma (Chen et al., 2020a).
Dry eye is a common eye disease caused by insufficient secretion or excessive evaporation of tears. A recent study demonstrated that the NLRP3 interacted with ASC proteins to initiate the activation of caspase-1 and the maturation of IL-1β and IL-18 in a mouse model of dry eye, resulting in GSDMD-driven pyroptosis (Swanson et al., 2019). Similarly, Chen et al. demonstrated that GSDMD-dependent pyroptosis induced by NLRP12 and NLRC4 inflammasomes has a crucial role in the development of dry eye, and the accompanying outflow of IL-33 exacerbates the inflammation of corneal epithelial cells. NLRP12/NLRC4 knockdown, GSDMD knockout, or the neutralization of mature IL-33 can obviously attenuate the damage to corneal epithelial cells, indicating that these molecules could be key targets for dry eye treatment in the future (Chen et al., 2020b).
4.6 Pyroptosis in renal diseases
Crystal-induced nephropathy has a complex mechanism and ranges from mild/transient to severe/irreparable. Recent research has demonstrated that the NLRP3/caspase-1/IL-1β axis is involved in the occurrence of oxalate nephropathy and calcium oxalate nephropathy (Knauf et al., 2013; Mulay et al., 2013). The crystals deposited in renal tissues can not only activate the NLRP3 inflammasome, but also induce the release of inflammatory factors. Liu et al. recently demonstrated GSDMD-induced pyroptosis in the renal tubular epithelial cells of a calcium oxalate crystal-induced model of nephropathy (Liu et al., 2020). Similarly, Ding et al. detected a simultaneous increase in IL-1β and GSDMD protein in the renal tubular epithelial cells of glyoxylate-treated mice, which confirms the pathological role of GSDMD-dependent pyroptosis in crystal-induced nephropathy (Ding et al., 2021). Consistent with this, Knauf et al. demonstrated that NLRP3 knockout mice fed with a high-soluble-oxalate diet did not exhibit symptoms of progressive renal failure (Knauf et al., 2013).
4.7 Pyroptosis in stroke
Inflammation is a crucial pathological mechanism of cerebral ischemic damage and stroke, a common disease with high mortality worldwide. Recent research has demonstrated that pyroptosis is ubiquitous in ischemic brain tissue. Furthermore, inhibiting the activity of inflammasomes closely related to pyroptosis, such as NLRP1, NLRP3, AIM2 and NLRC4, or caspase-1, can effectively alleviate ischemic injury (Barrington et al., 2017). Fann et al. demonstrated that caspase-11 is activated in mouse ischemic cortical neurons (Fann et al., 2013). However, there is ample evidence suggesting that NLRP3 mainly exists in microglia and endothelial cells, but not in the neurons (Yang et al., 2014; Ismael et al., 2018). In fact, activation of PPRs on microglia results in inflammasome-mediated release of IL-1β and production of TNF. Yang et al. found that cerebral infarction and edema were significantly reduced in NLRP3-knockout mice following middle cerebral artery occlusion (MCAO), and the permeability of the blood–brain barrier was acceptable (Yang et al., 2014). Cao et al. further confirmed that the NLRP1 was elevated in a rat model of MCAO, which resulted in an increase in IL-1β and IL-18 levels (Cao et al., 2020). In conclusion, pyroptosis has a vital role in the pathogenesis of stroke, and pyroptosis inhibitors are a promising therapeutic option.
5 CONCLUSION AND OUTLOOK
Inflammation is a vital factor in immune responses and can be triggered by pathogenic and non-pathogenic factors. On one hand, inflammation promotes clearance of pathogens, which is conducive to tissue repair. On the other hand, an uncontrolled inflammatory response can lead to the accumulation of neutrophils and macrophages that release large amounts of inflammatory factors, resulting in extensive tissue damage. Inflammation is also the basis of the pathogenesis of many diseases. Although we have largely concentrated on the pathological function of pyroptosis in some sterile inflammatory diseases in this review, there is evidence of its involvement in bacterial inflammation such as sepsis and periodontitis. In the initial stages of sepsis, the innate immune cells engulf and kill pathogens via pyroptosis (Miao et al., 2010; Aachoui et al., 2013). However, uncontrolled pyroptosis in the later stages triggers a systemic inflammatory response that eventually results in organ failure or septic shock (Aglietti and Dueber, 2017; Esquerdo et al., 2017; Pfalzgraff et al., 2017; Pu et al., 2017). Similarly, virulence factors in periodontal tissues induce caspase activation, the cleavage of GSDMD, and the release of IL-1β and IL-18, thereby amplifying tissue inflammation through pyroptosis (Sordi et al., 2021).
Furthermore, there is significant crosstalk between pyroptosis and other forms of cell death. One study demonstrated that caspase-1 can activate the pyroptotic pathway in GSDMD-deficient or low-expressing cells by inducing cleavage of the key apoptosis factor, caspase-3 (Taabazuing et al., 2017; Tsuchiya et al., 2019). Another study demonstrated that the apoptosis initiator, capase-8, can also cleave GSDMD, resulting in pyroptosis (Orning et al., 2018; Sarhan et al., 2018; Demarco et al., 2020). Futhermore, apoptotic caspase activity has been demonstrated in wild-type cells in response to various pyroptotic stimuli (Sagulenko et al., 2013), and caspase-3 can cause tissue damage during chemotherapy by inducing pyroptosis via GSDME cleavage (Rogers et al., 2017; Wang et al., 2017). Xu et al. further demonstrated that APAF1 apoptotic bodies can not only activate apoptosis, but also interact with caspase-11 to activate cleavage of caspase-3 and induce GSDME-mediated pyroptosis (Xu et al., 2021). In conclusion, pyroptosis and apoptosis are closely related and mutually regulated at different levels of their respective pathways.
In clinical work, it has been observed that the pulp tissue will die through a chronic silent state or an acute state after exposure to cariogenic bacteria infection, traumatic injury or filling material stimulation. The acute state lasts only a few days, while the chronic state lasts for years or even decades before the pulp cells die completely. Previous reports have proved that odontoblasts or dental pulp cells may undergo apoptosis during the progression of dental pulp lesions (Nilsson et al., 2010). Apoptosis has been considered as a highly coordinated, immunologically inert (silent), and non-dramatic process of programmed cell death (Bertheloot et al., 2021). We hypothesized that dental pulp tissue could survive for decades until complete death due to a state of apoptosis. Furthermore, in our studies on the mechanism of pulpitis, we demonstrated that AIM2 and NLRP3 inflammasomes are highly expressed in inflamed pulp tissues (Wang et al., 2013; Jiang et al., 2015). Both AIM2 and NLRP3 can activate caspase-1 and promote the release of IL-1β in dental pulp fibroblasts (DPFs) (Wang et al., 2013; Zhang et al., 2015). Since caspase-1 activation is a key event in the classical pyroptosis signaling pathway, it is reasonable to speculate that pyroptosis may play an important role in the process of acute inflammation in dental pulp. In an inflammatory environment, the pyroptosis of DPFs causes the pulp tissue to die rapidly through an acute state, while the apoptosis of DPFs causes the pulp tissue to survive for years or even decades until death through a chronic state. Studies increasingly demonstrate the complex crosstalk between pyroptosis and apoptosis, and there may be some “switching molecules”. For example, inhibitor of apoptosis proteins (CIAPs), which directly bind to Casp3/7/8/9 and inhibit apoptosis, can also trigger pyroptosis by promoting caspase-1 activation (Feoktistova et al., 2020) (Figure 4). Currently, our research is focusing on this area, and the identification of such molecules will probably offer new insights into endodontic treatment.
[image: Figure 4]FIGURE 4 | Pulp inflammation may cause pyroptosis and/or apoptosis of DPFs. However, different forms of cell death will affect the survival of the pulp tissue. Our research group will attempt to explore the mechanisms about the crosstalk between pyroptosis and apoptosis in future studies.
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