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Microglial pyroptosis: Therapeutic target in secondary brain injury following intracerebral hemorrhage
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Intracerebral hemorrhage (ICH) is a major cerebrovascular illness that causes substantial neurological sequelae and dysfunction caused by secondary brain injury (SBI), and there are no effective therapies to mitigate the disability. Microglia, the brain-resident macrophage, participates in the primary inflammatory response, and activation of microglia to an M1-like phenotype largely takes place in the acute phase following ICH. A growing body of research suggests that the pathophysiology of SBI after ICH is mediated by an inflammatory response mediated by microglial-pyroptotic inflammasomes, while inhibiting the activation of microglial pyroptosis could suppress the inflammatory cascade reaction, thus attenuating the brain injury after ICH. Pyroptosis is characterized by rapid plasma membrane disruption, followed by the release of cellular contents and pro-inflammatory mediators. In this review, we outline the molecular mechanism of microglial pyroptosis and summarize the up-to-date evidence of its involvement in the pathological process of ICH, and highlight microglial pyroptosis-targeted strategies that have the potential to cure intracerebral hemorrhage. This review contributes to a better understanding of the function of microglial pyroptosis in ICH and assesses it as a possible therapeutic target.
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Introduction

Intracerebral hemorrhage (ICH) is an atraumatic-spontaneous hemorrhage of the brain parenchyma, which has the highest mortality rate among cerebrovascular diseases (CVD) (An et al., 2017). The main factor contributing to the poor prognosis of ICH is secondary brain injury (SBI), which is characterized by a complex array of pathologies, such as extensive neuroinflammation caused by enlargement of hematoma and changes of metabolite, oxidative stress, and neurotoxicity induced by the release of blood components, programmed cell death, rupture of blood-brain-barrier (BBB), increase of brain edema around hematoma (Weimar and Kleine-Borgmann, 2017; Garg and Biller, 2019; Nobleza, 2021). Microglia are essential innate immune cells that serve as the brain’s guardians and are considered as the first non-neuronal cells to react to several types of acute brain injuries, including ICH (Wang, 2010; Lan et al., 2011). As the primary phagocytes of the brain, microglia generate either classically activated (M1, proinflammatory) or activated (M2, anti-inflammatory) phenotypes, a process known as polarization (Taylor and Sansing, 2013; Xiong et al., 2016). Despite an increase in global M1 and M2 marker levels during the acute phase, flow cytometry revealed that macrophages and microglia mostly formed an M1 phenotype (Lan et al., 2017). The applicability of these putative activation states to macrophage activity in vivo is debatable, despite markers of M1 and M2 microglia and macrophage polarization may be easily identified. The signaling mechanisms that result in subsequent damage following ICH are very intricate. Investigating transcription factor activity in response to brain damage is thus critical to our knowledge of the microglial M1 to M2 transition following ICH. However, relatively few researchers have looked into transcription factors other than NF-kB following ICH (Hume, 2015). Proinflammatory cytokines are often produced when microglia are activated. Currently, it is believed that only classically active M1 microglia generate proinflammatory cytokines and that changes in proinflammatory cytokine levels and profiles account for the changes in microglial function following ICH (Zhang et al., 2014; Greter et al., 2015). In the meantime, inflammasome activation-induced pyroptosis occurred in microglia.

Pyroptosis is a novel type of programmed cell death that relies on the cysteine-dependent aspartate-specific protease (caspase) family. The assembly and activation of the inflammasome resulted in the activation of numerous caspases, which then encouraged the cleavage of Gasdermin family members (GSDMs), generated active amino-terminal, migrated to the cell membrane to perforate, causing cellular infiltration and swelling, and ruptured the cell membrane, releasing a significant amount of inflammatory factors and other cytoplasmic contents (Cookson and Brennan, 2001; Chen et al., 2018). Pyroptosis is thought to be a significant inflammatory-effector mechanism induced by aseptic inflammation after ICH, promoting the synthesis and release of interleukins and pro-inflammatory factors, which in turn triggers and amplifies inflammatory responses, and results in additional harm to brain tissues and cells (Zhaolin et al., 2019; Fang et al., 2020). Numerous studies in recent years have shown microglial caspase-mediated pyroptosis could wreak havoc on neurological performance and neurology function after ICH, and inhibition of microglial pyroptosis could alleviate brain injury and neurological function, which indicated that regulation of microglial pyroptosis might be a vital therapeutic target after ICH (Chen et al., 2019c; Xu et al., 2021a; Gu et al., 2022).



Pyroptosis and pyroptotic-associated protein


Inflammasome

The inflammasome is an intracellular multiprotein complex, assembled by specific germline coding Pattern Recognition Receptors (PRRs). These receptors could detect abnormal cellular environments via recognizing Danger Associated Molecular Patterns (DAMPs) and Pathogen-Associated Molecular Patterns (PAMPs). PRRs are divided into two categories based on subcellular localization: Transmembrane Toll-like receptors (TLR) and C-type Lectin receptors (CLRs) are located in the plasma membrane and endosomes, and cytoplasmic proteins are located in the intracellular compartments, such as Retinoic acid-inducible gene (RIG) -I like receptors (RLRs), Absent in Melanoma-like receptors (AIM2) and Nod-like receptor Pyrin domain-containing (NLR) (Vande Walle and Lamkanfi, 2016; Barrington et al., 2017; Liang et al., 2020).

Generally, PRRs (NLRs or ALRs), which act as sensors, interact with pyrin domains after DAMP or PAMP is recognized, and recruit apoptosis-associated speck-like protein containing (ASC) which included caspase recruitment domains, CARD, and then ASC oligomerized to form large spots polymer, which recruits effector molecules – caspase precursors through C-terminal CARD, and then assemble into inflammasome complexes. The interaction of CARD-CARD activates the caspase precursor, which then cleaves GSDMs and the pro-interleukin-1β (pro-IL-1β) and pro-IL-18, triggering pyroptosis (Bergsbaken et al., 2009; Schroder and Tschopp, 2010). In general, NLRs and ALRs are common sensor molecules in inflammatory activation, especially NLRs (Martinon et al., 2002; Lamkanfi and Dixit, 2014). NLR belongs to PRR that can be activated by not only exogenous but endogenous activators (Howrylak and Nakahira, 2017). Currently, four NLRs (NLRP1, NLRP3, NLRP6, and NLRC4) have been reported to involve in the assembly and formation of inflammasomes (Man and Kanneganti, 2015; Howrylak and Nakahira, 2017). Except for NLRP1, NLR typically contains three domains: the N-terminal junction domain [e.g., CARD or Pyrin domain (PYD)], the central nucleotide domain (NBD), and the C-terminal leucine-rich repeat sequence (LRR) domain. N-terminal domain is responsible for the recruitment of CARD and interaction of CARD-CARD, which activate caspase precursors. NBD is critical for ASC oligomerization, and LRR is mainly used for sensing bacterial components (Shaw et al., 2008; Franchi et al., 2009).

Although NLRP3 in the NLRs family is the most characteristic inflammatory body sensor, numerous additional sensors, shown in Figure 1, including NLRP1, NLRC4, NLRP6, and AIM2 in ALRs, can also generate inflammasomes and engage in the control of host immunological and inflammatory responses (Broz and Dixit, 2016; Kay et al., 2020). In ICH, NLRP1, NLRP3, NLRP6, NLRC4, etc., are mostly studied, as shown in Supplementary Table 1 (Yao et al., 2017; Chen et al., 2019c; Xiao et al., 2020; Gan et al., 2021; Yan et al., 2021). Then, we’ll go through various inflammasome subtypes that were present in ICH.
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FIGURE 1
Composition of inflammasome complexes. A subset of NOD-like receptors (NLRs), Nlrp1,Nlrp3, Nlrp6 and Nlrc4, as well as the cytosolic DNA sensor absent in melanoma 2, AIM2 and the protein product of Mediterranean fever (MEFV), Pyrin is known to engage well-defined inflammasomes to which caspase-1 is recruited directly or through the adaptor protein apoptosis-associated speck-like protein containing a CARD (ASC).




Caspase family

The highly conserved cysteine protease family, which includes caspase, is important for both inflammation and programmed cell death (Galluzzi et al., 2016; Man and Kanneganti, 2016). The caspase family has similar protein structures: an amino end that connects CARD and a carboxyl end. According to the structure and function of the caspase domain, mammalian caspases can be divided into three subclasses: inflammatory caspase-1, 4, 5, 12, 13, 14, initiator caspase-2, 8, 9, 10, and executioner caspase-3, 6, 7 (Chowdhury et al., 2008; Man and Kanneganti, 2016; Kesavardhana and Kanneganti, 2017). In multicellular organisms, caspases are activated by macromolecular complexes that bring inactive pro-caspases together and promote their adjacent-induced self-activation and proteolytic processing. Specific caspase activation ultimately leads to particular types of programmed cell death (Alnemri et al., 1996). In previous studies, Nagata’s team has found that apoptosis-related caspase resulting in apoptosis is a non-inflammatory process (Nagata, 2018), but recent studies have found that apoptotic caspases and inflammatory caspases can crosstalk and regulate each other. Inflammatory caspase-1 initiates apoptosis in GSDMD deficient cells via the Bid-caspase-9-caspase-3 axis, and caspase-8 cleaves GSDMD during Yersinia infection to induce pyroptosis. Chemotherapy drugs or apoptotic inducers can activate caspase-3 to cleave GSDME (DFNA5) and induce pyroptosis (Rogers et al., 2017; Wang et al., 2017; Sarhan et al., 2018; Tsuchiya et al., 2019).


Inflammatory-related caspases

The control of pro-inflammatory variables depends heavily on caspase-1, the most extensively researched and representative inflammatory caspase (Martinon and Tschopp, 2007). Its main function is to activate pro-IL-1β and pro-IL-18 to increase the inflammatory. Additionally, It also cleaves GSDMD to cause pyroptosis through the classical-pyroptotic pathway (Shi et al., 2017). Caspase-1 expression increased following ICH (D’Osualdo et al., 2011; Liang et al., 2019). Caspase-1 inhibition reduced the protein level of GSDMD-NT, relieved brain damage, and improved neurological function (Liang et al., 2019; Gu et al., 2022). These findings indicate that caspase-1 plays a role in the causes of brain damage caused by ICH-mediated pyroptosis.

Caspase-4,5,11, which mediates non-classical pyroptosis, is mainly expressed in human macrophages, monocytes, epithelial cells, and keratinocytes, while caspase-11 is mainly expressed in mice. Unlike caspase-1, which requires the assembly of inflammasomes, caspase-11 could directly detect cytoplasmic lipopolysaccharide (LPS) and mediate inflammatory cell death after intracellular bacterial infection (Kayagaki et al., 2013; Shi et al., 2014; Matikainen et al., 2020). LPS is a key factor in the activation of caspase-4/5/11 and activated caspase-4/5/11 can form non-selective channels, leading to cell pyrosis through cleavage of GSDMD to perforate cell membranes (Kayagaki et al., 2015). In recent studies, Seo et al’s team and Lei et al’s team have found that caspase-4/5/11 also activates the channel of Pannexin-1 to regulate the secretion of inflammatory mediators into the extracellular domain (Lei et al., 2021; Seo et al., 2021). In the I/R model of rats, caspase-11 was mainly expressed in microglia and astrocytes, and pro-cleaved caspase-11, GSDMD-FL/NT, NLRP3, IL-6, and IL-1β were significantly increased (Lyu et al., 2021). Caspase-11 can directly induce pyroptosis by detecting LPS and indirectly activate non-canonical NLRP3 inflammasome, IL-18, and IL-1β, whereas Il-1 β reversely stimulates the caspase-11 expression during aseptic inflammation (Shi et al., 2014; Caution et al., 2019).



Apoptosis-related caspase

Caspase-2, 3, 6, 7, 8, 9, and 10 are apoptosis-related caspases, which were further divided into initiator caspase (caspase-8, -9, and -10) and executioner caspase (caspase-3, -6, and -7) (Man and Kanneganti, 2016). Caspase-3 has long been considered a key marker of cell apoptosis, but recent studies have shown that caspase-3 can cleave GSDME to form N-terminal domains that recognize and punch holes in the cell membrane, causing cell swelling and rupture, releasing inflammatory factors and damage-associated molecular patterns (Wang et al., 2017). Caspase-8 is an apoptotic caspase, yet it can promote the maturation of IL-1β and participate in inflammatory cell death (Maelfait et al., 2008; Rickard et al., 2014). Pathogenic Yersinia can inhibit TAK1 function by effector YopJ, inactivating TAKI, and activating RIPK1 and dependent cleavage of caspase-8 to cleave GSDMD (GSDME in mouse macrophages) (Orning et al., 2018; Sarhan et al., 2018). In addition to Caspase-1 or Caspase-4/-5/-11, Caspase-8 also directly regulates the cleavage and activation of gasdermin protein to induce pyroptosis (Sarhan et al., 2018), but the efficiency of caspase-8 in cleaving GSDMD is much lower than that of caspase-1 (Chen et al., 2019a). The effect and mechanism of apoptosis-related caspase on ICH-induced pyroptosis remains unclear.



Others

Both caspase-2-dependent apoptosis and autophagy are considered to be alternative cell death pathways in casp1–/– macrophages, but the relationship with ICH-induced pyroptosis has not been explored (Jesenberger et al., 2000; Hernandez et al., 2003). Caspase-6 has been shown to cleave Lamin A to promote chromosomal cohesion during the execution of apoptosis, and its dysregulation has been observed in inflammatory neurodegenerative diseases such as Huntington’s disease and Alzheimer’s disease. However, its role in infection-induced cell death and the specific upstream signaling pathways remain unclear (Guo et al., 2004; Wang et al., 2015). Although caspase-12 is also an inflammatory caspase, which seems to mediate endoplasmic reticulum (ER) stress-induced apoptosis, and negatively regulates inflammation by promoting degradation of NF-κB-induced kinase (NIK) (Kalai et al., 2003; Di Sano et al., 2006). Caspase-12 is highly expressed in intestinal tissues and plays an important role in maintaining intestinal inflammation and tumorigenesis, but there is still no research on ICH-induced pyroptosis. Caspase-14 is known to be involved in epidermal differentiation, but its role in pyroptosis is still unclear (Eckhart et al., 2000; Lippens et al., 2000).




Gasdermin family

The gasdermin protein family consists of GSDMA, GSDMB, GSDMC, GSDMD, GSDME (DFNA5), and autosomal-recessive non-syndromic hearing impairment type 59 (DFNB59). These proteins have similar N-terminal and C-terminal domain structures, with the N-terminal containing an effector domain punching membrane holes and performing pyroptosis through its pore-forming activity, while the C-terminal domain acts as an inhibitory domain to balance N-terminal function (Van Laer et al., 1998; Delmaghani et al., 2006; Saeki et al., 2009; Miguchi et al., 2016; Chen et al., 2019b). However, the residues of caspase cleavage sites in the junction region are different among members of the gasdermin family, and not all gasdermin proteins can be cleaved by caspase, only the GSDMD junction region is cleaved by inflammatory caspase. Further study showed that caspase-3 cleaved GSDME in the junction region to release the N-terminal fragment, which activated pyroptosis by a similar mechanism as GSDMD-N. Caspase-3 also cleaves GSDMD, however, this cleavage occurs in the N-terminal domain rather than in the junction region, which inhibits its function (Wang et al., 2017). In addition to DFNB59, the gasdermin protein family plays different roles in cell pyroptosis (Feng et al., 2018).

Gasdermin D is the primary executor of pyroptosis and acts as a downstream effector in both canonical and non-canonical pyroptotic pathways in a variety of neurological disease models, including ICH. In recent studies, Fann and his team reported that GSDME-NT can also punch holes in the membrane to mediate pyroptosis. In the I/R model of the CNS, caspase-3 cleaved GSDME into GSDME-NT, and the GSDME-NT oligomerized to form holes in the plasma membrane, releasing IL-1β and IL-18 to induce secondary cell pyroptosis and brain injury (Fann et al., 2020). GSDME is mainly expressed in the brain, female genital tract (especially placenta), kidney, and muscle, but its specific mechanism in the brain remains unclear and needs further exploration (Van Laer et al., 1998). GSDMA is mainly associated with autoimmune diseases and cancer (Saeki et al., 2009), and GSDMB is lysed by lymphocyte-derived Granzymes A (GZMA), activating its pore-forming activity and inducing pyroptosis (Zhou et al., 2020). GSDMB is associated with autoimmunities such as asthma and inflammatory bowel disease (Chao et al., 2017). Meanwhile, it has been reported that GSDMB overexpression is associated with breast cancer (Hergueta-Redondo et al., 2016), gastric cancer (Komiyama et al., 2010), and cervical cancer (Sun et al., 2008). GSDMC is highly expressed in the gastrointestinal tract (Miguchi et al., 2016). DFNB59 is associated with non-comprehensive deafness (Delmaghani et al., 2006).




Pyroptosis-related mechanism pathways

The pyroptosis-related pathways were shown in Figure 2.
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FIGURE 2
Overview of signaling pathways that mediate pyroptosis. Recognition of pathogen-associated molecular patterns (PAMPs) or danger-associated molecular patterns (DAMPs) or double-stranded DNA (dsDNA) by their respective inflammasome-sensors NLRP1/3/6, NLRC4, AIM2, and Pyrin leads to the assembly of a multi-protein complex termed the inflammasome. Consequently, caspase-1 undergoes autoproteolytic processing to lock the protease in its active form. Caspase-1 directly cleaves its substrates gasdermin D and the pro-inflammatory cytokines pro-IL-1β and pro-IL-18. The N-terminal cleavage fragment of Gsdmd forms pores in the host cell membrane thereby mediating the release of cytoplasmic content, the mature IL-1β and IL-18 and the other DAMPs IL-1α, HMGB1 and ATP. Cytosolic LPS activates caspase-4/5 and caspase-11, triggering pyroptosis by cleaving GSDMD. The activated caspase-11 also cleaves Pannexin-1, inducing ATP release and P2 × 7R-related pyroptotic cell death. Pathogenic Yersinia can inhibit TAK1 function by effector YopJ, and then induces the activation of caspase-8, which cleaves GSDMD, resulting in pyroptosis. In addition, under hypoxia conditions, PD-L1 is transferred to the nucleus and regulates the transcription of GSDMC together with p-Stat3, resulting in the conversion of apoptosis to pyroptosis after TNFα-activated caspase-8. Chemotherapy drugs can activate caspase-3 to cleave GSDME and induce pyroptosis. In the granzyme-mediated pathway, CAR T cells rapidly activate caspase-3 in target cells by releasing GzmB, and then GSDME was activated, causing extensive pyroptosis. In addition, GzmA and GzmB in cytotoxic lymphocytes enter target cells through perforin and induce pyroptosis. GzmA hydrolyzes GSDMB, and GzmB directly activates GSDME. The administration of NP-GSDMA3 and Phe-BF3 induces GSMDA3-mediated pyroptosis. GSDMA acts as both a sensor and substrate of GAS SpeB and as an effector to trigger pyroptosis.



Canonical pyroptotic pathway dependent on caspase-1

The canonical pyroptotic pathway is typically due to PAMP and DAMP and cytoplasmic disturbances (recently called dynamic balance altering molecular properties, HAMP) were recognized by PRR, which interacts with each other and recruits ASC, and then ASC oligomerized to recruit pro-caspase-1 to assemble into inflammasomes. activation of pro-caspase-1 triggers to cleave GSDMD, pro-IL-1β and IL-18 into their active form, and GSDMD-NT terminal domain acts on phospholipid molecules of the cellular membrane to form non-selective pores, resulting in cell infiltration, swelling and rupture, causing the release of inflammatory content and cell pyroptosis. In models of ICH, activation of inflammatory bodies (NLRP1, NLRP3, NLRC4) and activation of the pathway of caspase-1/GSDMD-mediated pyroptosis is considered the most common cause of neurological deficits. (Yao et al., 2017; Gan et al., 2021; Yan et al., 2021).



Non-canonical pyroptotic pathways dependent on caspase-4,5,11

The non-canonical pyroptotic pathway does not require PRR of inflammasome to recognize DAMP or PAMP, but caspase is directly activated by sensing LPS to cut GSDMD and induce pyroptosis. Human caspase-4/5 and mouse caspase-11 can detect LPS directly and act as both the sensor and effector molecules of LPS. It is unknown whether the mechanism of brain injury caused by ICH is through the non-canonical pyroptotic pathway, but studies have shown that caspase-4/5/11 can regulate the secretion of inflammatory mediators into the extracellular by activating the Pannexin-1 pathway (Seo et al., 2021). Pannexin-1 could bind with P2 × 7R and contribute to cell membrane integrity, and this interaction has been determined by co-immunoprecipitation and adjacent junctions (Pelegrin and Surprenant, 2006; Poornima et al., 2012; Boyce and Swayne, 2017). P2 × 7R, acting as an ATP-gated transmembrane cation channel, could activate the NLRP3 inflammasome, and then induce caspase-1/GSDMD-mediated pyroptosis (Feng et al., 2015; Boyce and Swayne, 2017). Therefore, in ICH, brain injury may be caused by crosstalk and combined action between canonical pyroptotic pathway and non-canonical pyroptotic pathway, which is worthy of further study to find more targets for the treatment of ICH.



Pyroptotic pathways dependent on apoptosis-related caspase

Apoptosis-related caspases, such as caspase-3, 8, can produce GSDME-NT by cutting GSDME, thus punching holes in the cell membrane and causing cell pyroptosis (Wang et al., 2017; Sarhan et al., 2018). Shao’s team found that when treated with chemotherapy drugs, cells with high GSDME expression could transform TNF-α-induced apoptosis into caspase-3 cleaved-pyroptosis (Wang et al., 2017). In the environment of acidic or TNF-α stimulation in vivo, caspase-8 cleaved GSDMC specifically to generate N-terminal domain forming holes in the cell membrane and inducing cell pyroptosis (Hou et al., 2020; Zhang et al., 2021).



Granzymes mediated pathway

Granzymes are a serine protease secreted by natural killer cells (NK) and cytotoxic T lymphocytes (CTL). It enters targeted cells through perforin (PFN) in toxic particles, activates specific intracellular signals, and induces cell death. When granzymes were delivered directly to tumor cells during a cytotoxic T cell attack, GSDMB and GSDME were cleaved into N- and C- terminal fragments by GZmA and GZmB, respectively. Once cleaved, GSDMB and GSDME induce pyroptosis in tumor cells (Zhang et al., 2020b; Zhou et al., 2020). Granzymes (GZms) mediated pyroptosis has been seen as a way to tackle tumors. However, it is still necessary to further study whether and how granzymes-mediated pyroptosis leads to ICH-induced brain injury.



Others

Wang and colleagues established a biorthogonal system using NP-GSDMA3, which results from the conjugation of gasdermin A3 protein to golden nanoparticles, and the cancer-imaging probe phenylalanine trifluoroborate (Phe-BF3) to investigate the correlation between pyroptosis and immunity. The published evidence indicates that the murine mammary carcinoma cell line 4T1 undergoes pyroptosis after treatment with NP-GSDMA3 and Phe-BF3 (inducing the release of GSDMA3 after NP-GSDMA3 enters cancer cells), and this effect is accompanied by elevated levels of gasdermin N-termini (Pulaski and Ostrand-Rosenberg, 2001; Wang Q. et al., 2020; Hsu et al., 2021). Besides, streptococcus pyogenes is a kind of skin pathogen, known as group A Streptococcus (GAS). Deng et al. found that the GAS cysteine protease streptococcal pyrogenic exotoxin B (SpeB) virulence factor induces pyroptosis in keratinocytes by cleaving GSDMA after Gln246, unleashing an active N-terminal fragment that triggers pyroptosis. GSDMA acts as both a sensor and substrate of GAS SpeB and as an effector to trigger pyroptosis, adding a simple one-molecule mechanism for host recognition and control of virulence of a dangerous microbial pathogen (Deng et al., 2022).




Microglial pyroptosis inhibitor targets for treating secondary brain injury following intracerebral hemorrhage

Excessive activation of inflammasome and subsequent release of proinflammatory cytokines play a crucial role in microglial pyroptosis-mediated brain injury in ICH, and there are many attempts to inhibit the microglial pyroptosis pathway to alleviate neurological deficits after ICH, shown as in Figure 3.
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FIGURE 3
Therapeutic targets in the pyroptotic pathways after ICH. To date, several inhibitors have been described for the NLRP1/NLRP3/NLRC4 inflammasome and caspase-1 after ICH. RO27-3225 suppressed NLRP1-dependent pyroptosis via inhibiting MC4R-mediated ASK/JNK/P38 MAPK signaling pathway. Maraviroc (MVC) suppressed PKA/CREB/NLRP1 signaling pathway via inhibiting CCR5. Hydrogen sulfide (H2S) attenuated NLRP3 inflammasome by inhibiting P2 × 7 receptor. Hypoxia-pretreated olfactory mucosal mesenchymal stem cells (OM-MSCs) are known to decrease the expression of NLRP3 inflammasome. Additionally, specific inhibition of NLRP3 has been reported by studies using its derivative MCC950. RGS2 suppressed the interaction of LRRK2 and NLRC4 and NLRC4 inflammasome activation by regulating pLRRK2. Belnacasan (VX-765) and Ac-YYAD-cmk are bioavailable prodrugs of a potent inhibitor for caspase-1.



Inhibition of NLRP3/caspase-1/gasdermin D

In recent research of ICH model of rats, Liang and his team adopted Ac-Tyr-Val-Ala-Asp-chloromethyl ketone (Ac-YVAD-cmk), an inhibitor of Caspase-1, to inhibit activation of caspase-1 and production and maturation of IL-1β, reduce brain injury and improve neurological deficits, but does not affect the expression of upstream inflammatory complex NLRP3 (Liang et al., 2019). Zhao et al’s team and Zhang et al’s team used endogenous hydrogen sulfide to attenuate NLRP3 inflammasome by inhibiting P2 × 7 receptor after ICH in rats, thereby reducing caspase-1/IL-1β-mediated pyroptosis (Zhao et al., 2017; Zhang et al., 2020a). Li et al’s team found that androgynolide reduces the level of IL-1β and LDH by inhibiting the assembly of the NLRP3 inflammasome, alleviating ICH-induced microglial pyroptosis, thus alleviating neurobehavioral disorders and brain edema in vivo (Li et al., 2018). Hypoxia-pretreated olfactory mucosal mesenchymal stem cells (OM-MSCs) decreased the expressions of NLRP3, caspase-1, GSDMD, and IL-1β in microglia, reduced the microglial membrane pores, and inhibited microglial pyroptosis (Liu et al., 2021). Our team found that Didymin could suppress microglia pyroptosis and neuroinflammation by interrupting the assembly of NLRP3 inflammasome, and subsequently inhibiting Caspase-1/GSDMD mediated canonical pyroptotic signaling pathway after ICH (Gu et al., 2022).



Inhibition of NLRP1/caspase-1/gasdermin D

Tang’s team used maraviroc (MVC), a selective antagonist of CCR5, to improve the short- and long-term neurobehavioral deficits and decreased neuronal pyroptosis in ipsilateral brain tissues at 24 h after ICH, which was accompanied by increased PKA-Cα and p-CREB expression, and decreased expression of NLRP1, ASC, C-caspase-1, GSDMD, and IL-1β/IL-18. Such effects of MVC were abolished by 666-15. They found that CCR5 activation promoted neuronal pyroptosis and neurological deficits after ICH in mice, partially through the CCR5/PKA/CREB/NLRP1 signaling pathway. CCR5 inhibition with MVC may provide a promising therapeutic approach to alleviate neuronal pyroptosis and neurological deficits in managing patients with ICH (Yan et al., 2021). Besides, they reported that RO27-3225 treatment, a selective agonist of MC4 receptor, could decrease neuronal pyroptosis and neurobehavioral deficits at 24 and 72 hr after ICH, with reduced expression of p-ASK1, p-JNK, p-p38 MAPK, NLRP1 inflammasome, cleaved caspase-1, and IL-1β after ICH. On the contrary, the specific MC4 receptor antagonist HS024 pretreatment prevented the effects of RO27-3225. Similar to RO27-3225, NQDI-1 alone improved neurological functions and down-regulated ASK1/JNK/p38MAPK expression after ICH. They provided a treatment that activation of MC4R by inhibiting the signaling pathway of ASK1/JNK/p38MAPK dependent on NLRP1 to improve neurologic impairment after ICH-induced pyroptosis (Chen et al., 2019c).



Inhibition of NLRC4/caspase-1/gasdermin D

Gan et al’s team found that the expression of phosphorylated NLRC4 was increased after ICH, peaking approximately at 72 h after ICH, accompanied by the increased MPO, TNF-α, IL-6, caspase-1, IL-1β, and IL-18, while knockdown of NLRC4 reversed the expression of inflammatory cytokines, and in the meantime, neutrophil infiltration, neuronal cell death and blood-brain barrier disruption were alleviated. Besides, an LRRK2 inhibitor (GNE7915) was injected into the abdominal cavity. Short hairpin (sh) RNA lentiviruses and lentiviruses containing RGS2 were designed and applied to knock down and promote RGS2 expression. RGS2 suppressed the interaction of LRRK2 and NLRC4 and NLRC4 inflammasome activation by regulating pLRRK2. They demonstrated that RGS2/LRRK2 may relieve pyroptosis-mediated brain injury following ICH by restraining the NLRC4 inflammasome activation-dependent pyroptotic pathway (Gan et al., 2021).



Others

The endoplasmic reticulum (ER) is the main organelle responsible for protein folding and assembly and the accumulation of wrongly folded proteins leads to ER stress while persisting or excessive ER stress can induce cell damage (Tabas and Ron, 2011). Previous studies have reported that ER stress can activate the NLRP3 inflammasome, which is thought to be a novel mechanism of atherosclerosis (Chen et al., 2019d). ER stress has also been found to induce pyroptosis in chronic liver disease and ischemia-reperfusion insult (Yang et al., 2014; Lebeaupin et al., 2015). Chen et al’s team investigated the role of ER stress in evoking neuronal pyroptosis and related mechanisms in a mouse ICH model. They used tauroursodeoxycholic acid (TUDCA) to inhibit ER stress and observed that TUDCA reduces neuronal pyroptosis and has a neuroprotective role. Besides, they found that ER stress inhibition alleviates neuronal pyroptosis by decreasing the expression of IL-13 after ICH, pointing to IL-13 as a novel therapeutic target in ER stress-induced neuronal pyroptosis after ICH (Wang Z. Z. et al., 2020).

Except for interrupting the information of inflammasome, there are some trails to inhibit the caspase protein, the key factor of pyroptosis. Liang’s team injected Ac-YVAD-cmk into the ICH model to inhibit the activation of pro-caspase-1 and found that the behavioral performance was improved, brain edema was alleviated, in association with decreasing activated microglia, and the expression of pyroptosis-related factors at 24 h post-ICH (Liang et al., 2019). Our team adopted VX-765 to inhibit caspase-1 and found that the neurological deficits and pyroptosis were attenuated following ICH.

Gasdermin D act as an indispensable executor in the process of pyroptosis, most of all, GSDMD, as a common final effector of pyroptotic death execution downstream of caspase-1 (canonical inflammasome) and caspase-11 (non-canonical inflammasome), is involved in the regulation of pyroptosis in multiple CNS disease (Xu et al., 2021b). Inhibiting GSDMD, therefore, represents a promising approach to treating inflammatory disorders. A recent study has reported that both endogenous fumarate and exogenously delivered dimethyl fumarate (DMF) convert the cysteines in GSDMD to S-(2-succinyl)-cysteines (a process called succinate) to prevent its interaction with caspases and subsequent processing and activation. Administration of DMF to mice alleviated inflammation in models of multiple sclerosis and familial Mediterranean fever, which indicated that GSDMD succinate prevents its interaction with caspases, limiting its processing, oligomerization, and capacity to induce cell death. These findings explained the efficacy of DMF as a treatment by directly interrupting the activation of GSDMD for multiple sclerosis and other inflammatory diseases and offer insights into future anti-inflammatory drug design (Humphries et al., 2020). Besides, Hu et al. identified disulfiram as a potent inhibitor of GSDMD pore formation. In cells, disulfiram inhibited cytokine release and prevented pyroptosis. In mice, the drug is protected from lethal lipopolysaccharide-induced septic shock (Crunkhorn, 2020; Hu et al., 2020). These discoveries above focused on GSDMD’s potential as a druggable target, then recent efforts in the development of inhibitors to interfere with the pore-forming function of GSDMD and thus alleviate the detrimental effects due to pyroptotic cell death. There aren’t any studies, though, testing GSDMs inhibitor as a post-ICH therapy in an animal model.




Discussion

Over decades, increasing preclinical trials targeting SBI after ICH have been tried, and several potentially promising targets have been explored in animal ICH models with varying degrees of success. However, no prospective candidate target has been examined successfully in the clinical trial. Therefore, it is very necessary to further explore the molecular mechanism of SBI following ICH. Recent research has elucidated the role of microglial pyroptosis versus microglial neuroinflammation in ICH-induced brain injury and neurological deficits (McKenzie et al., 2020). Many preclinical studies in animal model experiments reported that inhibition of microglial pyroptosis could reduce perihematomal edema, attenuate neurologic deficits, and promote recovery of neurofunction. This review contributes to a better understanding of the function of microglial pyroptosis in ICH and its potential as a therapeutic target.

This study has certain limitations, including the fact that we concentrated only on the mechanism and signaling route of microglial pyroptosis rather than on actual intercellular communication centered on CNS cells, a current research hotspot. In general, microglia, the most important immune sentinels, gather in the peri-hematoma, where they are the first inflammatory response cells. From there, they engage in cell-cell interactions with other elements of the neurovascular unit (NVU) (Tschoe et al., 2020). To be specific, microglia could toward the polarization of the pro-inflammatory M1-phenotype or anti-inflammatory M2-phenotype (Taylor and Sansing, 2013). Emerging evidence suggests that microglia are vital to neuronal homeostasis and may influence neuron destiny and that injured neurons control microglia activity via several signals (Suzumura, 2013; Peng et al., 2021). Astrocytes, like microglia, could polarize toward A1 phenotype or A2 phenotype under the influence of microglia after brain injury and disease (Linnerbauer et al., 2020), and meanwhile, it could influence the behavior of microglia (Vainchtein and Molofsky, 2020). Oligodendrocytes differentiation and enhancing myelination are essential after stroke, and microglia-derived cytokines can regulate oligodendrocyte differentiation and myelination (Zhang et al., 2013; Xie et al., 2021). Conversations among these CNS cells form feedback loops to participate in the secondary progression of neuroinflammation and pyroptosis after intracerebral hemorrhage (Figure 4). Therefore, to provide an experimental foundation and more effective therapeutic methods for the treatment of SBI, we must continue to investigate both the regulation mechanism of microglial pyroptosis and the interplay among CNS residents and invading cells after ICH.


[image: image]

FIGURE 4
Pyroptosis versus neuroinflammation among multiple CNS cells. Activation of inflammasome following ICH promotes communication between CNS cells, that different signals crosstalk affect neuroinflammation and produce inflammatory cytokines (IL-1β and IL-18). Meanwhile, inflammasome activation results in caspase-1-mediated cleavage of GSDMD. N-GSDMD transformed into the cellular membrane to form non-selective pores, leading to the subsequent release of the mature inflammatory cytokines, causing magnify neuroinflammation and generating inflammatory cascade reactions.




Conclusion

In conclusion, microglial pyroptosis is a major contributor to ICH-induced brain damage. Because there are no viable treatments for SBI, we decided to look into the translational potential of our results. Several significant papers have established that therapeutic drugs targeting key proteins in the pyroptotic pathway can improve neurological defects after ICH to a certain extent, but many studies focused on the pathway on the inflammasome assembly and caspase activation, and there are few studies on therapeutic drugs targeted at the gasdermin family, the ultimate executor of pyroptosis. Inhibiting pyroptosis by aiming at GSDMs protein could effectively block the release of pyroptotic molecules and excessive inflammatory factors.



Author contributions

LG and ZX led the conceptualized study. ZX, YT, and XL revised it critically for important intellectual content. RL, XZ, and YY searched for documents about this topic. LG and MS wrote the first draft. ZX reviewed and edited the final draft. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by grants from the Kuanren Talents Program of the Second Affiliated Hospital of Chongqing Medical University (No. 201959), the Venture and Innovation Support Program for Chongqing Overseas Returnees (No. CX2019156), the Chongqing Science and Health Joint Medical Research Project (No. 2020GDRC006), and the Chongqing Postgraduate Scientific Research Innovation Project (No. CYS20198).



Acknowledgments

We appreciate all the participants in our study.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fncel.2022.971469/full#supplementary-material


Abbreviations

BBB, blood-brain barrier; ECs, endothelial cells; CNS, central nervous system; ASC, apoptosis-associated speck-like protein containing a caspase recruitment domain; CARD, caspase recruitment domains; NLR, nucleotide-binding domain leucine-rich repeat-containing gene family; AIM2, absent in melanoma 2; PAMPs, pathogen-associated molecular patterns; DAMPs, damage-associated molecular patterns; TIRs, toll-like receptors; IL, interleukin; NF- κ B, nuclear factor kappa B; GSDMD, gasdermin D; GSDMD-NT, N-terminal fragment of GSDMD; IL-1 β, interleukin-1 β; IL-18, interleukin-18; ICH, intracerebral hemorrhage; SBI, secondary brain injury.


References

Alnemri, E. S., Livingston, D. J., Nicholson, D. W., Salvesen, G., Thornberry, N. A., Wong, W. W., et al. (1996). Human ICE/CED-3 protease nomenclature. Cell 87:171. doi: 10.1016/s0092-8674(00)81334-3

An, S. J., Kim, T. J., and Yoon, B. W. (2017). Epidemiology, risk factors, and clinical features of intracerebral hemorrhage: An update. J. Stroke 19, 3–10. doi: 10.5853/jos.2016.00864

Barrington, J., Lemarchand, E., and Allan, S. M. (2017). A brain in flame; do inflammasomes and pyroptosis influence stroke pathology? Brain Pathol. 27, 205–212. doi: 10.1111/bpa.12476

Bergsbaken, T., Fink, S. L., and Cookson, B. T. (2009). Pyroptosis: Host cell death and inflammation. Nat. Rev. Microbiol. 7, 99–109. doi: 10.1038/nrmicro2070

Boyce, A. K. J., and Swayne, L. A. (2017). P2X7 receptor cross-talk regulates ATP-induced pannexin 1 internalization. Biochem. J. 474, 2133–2144. doi: 10.1042/BCJ20170257

Broz, P., and Dixit, V. M. (2016). Inflammasomes: Mechanism of assembly, regulation and signalling. Nat. Rev. Immunol. 16, 407–420. doi: 10.1038/nri.2016.58

Caution, K., Young, N., Robledo-Avila, F., Krause, K., Abu Khweek, A., Hamilton, K., et al. (2019). Caspase-11 mediates neutrophil chemotaxis and extracellular trap formation during acute gouty arthritis through alteration of cofilin phosphorylation. Front. Immunol. 10:2519. doi: 10.3389/fimmu.2019.02519

Chao, K. L., Kulakova, L., and Herzberg, O. (2017). Gene polymorphism linked to increased asthma and IBD risk alters gasdermin-B structure, a sulfatide and phosphoinositide binding protein. Proc. Natl. Acad. Sci. U.S.A. 114, E1128–E1137. doi: 10.1073/pnas.1616783114

Chen, S., Zuo, Y., Huang, L., Sherchan, P., Zhang, J., Yu, Z., et al. (2019c). The MC4 receptor agonist RO27-3225 inhibits NLRP1-dependent neuronal pyroptosis via the ASK1/JNK/p38 MAPK pathway in a mouse model of intracerebral haemorrhage. Br. J. Pharmacol. 176, 1341–1356. doi: 10.1111/bph.14639

Chen, K. W., Demarco, B., Heilig, R., Shkarina, K., Boettcher, A., Farady, C. J., et al. (2019a). Extrinsic and intrinsic apoptosis activate pannexin-1 to drive NLRP3 inflammasome assembly. EMBO J. 38, e101638. doi: 10.15252/embj.2019101638

Chen, L., Deng, H., Cui, H., Fang, J., Zuo, Z., Deng, J., et al. (2018). Inflammatory responses and inflammation-associated diseases in organs. Oncotarget 9, 7204–7218. doi: 10.18632/oncotarget.23208

Chen, Q., Shi, P., Wang, Y., Zou, D., Wu, X., Wang, D., et al. (2019b). GSDMB promotes non-canonical pyroptosis by enhancing caspase-4 activity. J. Mol. Cell Biol. 11, 496–508. doi: 10.1093/jmcb/mjy056

Chen, X., Guo, X., Ge, Q., Zhao, Y., Mu, H., and Zhang, J. (2019d). ER Stress Activates the NLRP3 Inflammasome: A Novel Mechanism of Atherosclerosis. Oxid. Med. Cell Longev. 2019:3462530. doi: 10.1155/2019/3462530

Chowdhury, I., Tharakan, B., and Bhat, G. K. (2008). Caspases - an update. Comp. Biochem. Physiol. B Biochem. Mol. Biol. 151, 10–27. doi: 10.1016/j.cbpb.2008.05.010

Cookson, B. T., and Brennan, M. A. (2001). Pro-inflammatory programmed cell death. Trends Microbiol. 9, 113–114. doi: 10.1016/s0966-842x(00)01936-3

Crunkhorn, S. (2020). Gasdermin D inhibitor protects against sepsis. Nat. Rev. Drug Discov. 19:388. doi: 10.1038/d41573-020-00084-2

Delmaghani, S., del Castillo, F. J., Michel, V., Leibovici, M., Aghaie, A., Ron, U., et al. (2006). Mutations in the gene encoding pejvakin, a newly identified protein of the afferent auditory pathway, cause DFNB59 auditory neuropathy. Nat. Genet. 38, 770–778. doi: 10.1038/ng1829

Deng, W., Bai, Y., Deng, F., Pan, Y., Mei, S., Zheng, Z., et al. (2022). Streptococcal pyrogenic exotoxin B cleaves GSDMA and triggers pyroptosis. Nature 602, 496–502. doi: 10.1038/s41586-021-04384-4

Di Sano, F., Ferraro, E., Tufi, R., Achsel, T., Piacentini, M., and Cecconi, F. (2006). Endoplasmic reticulum stress induces apoptosis by an apoptosome-dependent but caspase 12-independent mechanism. J. Biol. Chem. 281, 2693–2700. doi: 10.1074/jbc.M509110200

D’Osualdo, A., Weichenberger, C. X., Wagner, R. N., Godzik, A., Wooley, J., and Reed, J. C. (2011). CARD8 and NLRP1 undergo autoproteolytic processing through a ZU5-like domain. PLoS One 6:e27396. doi: 10.1371/journal.pone.0027396

Eckhart, L., Declercq, W., Ban, J., Rendl, M., Lengauer, B., Mayer, C., et al. (2000). Terminal differentiation of human keratinocytes and stratum corneum formation is associated with caspase-14 activation. J. Invest. Dermatol. 115, 1148–1151. doi: 10.1046/j.1523-1747.2000.00205.x

Fang, Y., Gao, S., Wang, X., Cao, Y., Lu, J., Chen, S., et al. (2020). Programmed cell deaths and potential crosstalk with blood-brain barrier dysfunction after hemorrhagic stroke. Front. Cell Neurosci. 14:68. doi: 10.3389/fncel.2020.00068

Fann, D. Y., Nickles, E. P., Poh, L., Rajeev, V., Selvaraji, S., Schwarz, H., et al. (2020). CD137 Ligand-CD137 interaction is required for inflammasome-associated brain injury following ischemic stroke. Neuromolecular. Med. 22, 474–483. doi: 10.1007/s12017-020-08623-1

Feng, L., Chen, Y., Ding, R., Fu, Z., Yang, S., Deng, X., et al. (2015). P2X7R blockade prevents NLRP3 inflammasome activation and brain injury in a rat model of intracerebral hemorrhage: Involvement of peroxynitrite. J. Neuroinflammation 12:190. doi: 10.1186/s12974-015-0409-2

Feng, S., Fox, D., and Man, S. M. (2018). Mechanisms of Gasdermin Family Members in Inflammasome Signaling and Cell Death. J. Mol. Biol. 430(18 Pt B), 3068–3080. doi: 10.1016/j.jmb.2018.07.002

Franchi, L., Warner, N., Viani, K., and Nunez, G. (2009). Function of Nod-like receptors in microbial recognition and host defense. Immunol. Rev. 227, 106–128. doi: 10.1111/j.1600-065X.2008.00734.x

Galluzzi, L., Lopez-Soto, A., Kumar, S., and Kroemer, G. (2016). Caspases connect cell-death signaling to organismal homeostasis. Immunity 44, 221–231. doi: 10.1016/j.immuni.2016.01.020

Gan, H., Zhang, L., Chen, H., Xiao, H., Wang, L., Zhai, X., et al. (2021). The pivotal role of the NLRC4 inflammasome in neuroinflammation after intracerebral hemorrhage in rats. Exp. Mol. Med. 53, 1807–1818. doi: 10.1038/s12276-021-00702-y

Garg, R., and Biller, J. (2019). Recent advances in spontaneous intracerebral hemorrhage. F1000Res 8:F1000. doi: 10.12688/f1000research.16357.1

Greter, M., Lelios, I., and Croxford, A. L. (2015). Microglia versus myeloid cell nomenclature during brain inflammation. Front. Immunol. 6:249. doi: 10.3389/fimmu.2015.00249

Gu, L., Sun, M., Li, R., Zhang, X., Tao, Y., Yuan, Y., et al. (2022). Didymin suppresses microglia pyroptosis and neuroinflammation through the Asc/Caspase-1/GSDMD pathway following experimental intracerebral hemorrhage. Front. Immunol. 13:810582. doi: 10.3389/fimmu.2022.810582

Guo, H., Albrecht, S., Bourdeau, M., Petzke, T., Bergeron, C., and LeBlanc, A. C. (2004). Active caspase-6 and caspase-6-cleaved tau in neuropil threads, neuritic plaques, and neurofibrillary tangles of Alzheimer’s disease. Am. J. Pathol. 165, 523–531. doi: 10.1016/S0002-9440(10)63317-2

Hergueta-Redondo, M., Sarrio, D., Molina-Crespo, A., Vicario, R., Bernado-Morales, C., Martinez, L., et al. (2016). Gasdermin B expression predicts poor clinical outcome in HER2-positive breast cancer. Oncotarget 7, 56295–56308. doi: 10.18632/oncotarget.10787

Hernandez, L. D., Pypaert, M., Flavell, R. A., and Galan, J. E. (2003). A Salmonella protein causes macrophage cell death by inducing autophagy. J. Cell Biol. 163, 1123–1131. doi: 10.1083/jcb.200309161

Hou, J., Zhao, R., Xia, W., Chang, C. W., You, Y., Hsu, J. M., et al. (2020). Author Correction: PD-L1-mediated gasdermin C expression switches apoptosis to pyroptosis in cancer cells and facilitates tumour necrosis. Nat. Cell Biol. 22:1396. doi: 10.1038/s41556-020-00599-1

Howrylak, J. A., and Nakahira, K. (2017). Inflammasomes: Key mediators of lung immunity. Annu. Rev. Physiol. 79, 471–494. doi: 10.1146/annurev-physiol-021115-105229

Hsu, S. K., Li, C. Y., Lin, I. L., Syue, W. J., Chen, Y. F., Cheng, K. C., et al. (2021). Inflammation-related pyroptosis, a novel programmed cell death pathway, and its crosstalk with immune therapy in cancer treatment. Theranostics 11, 8813–8835. doi: 10.7150/thno.62521

Hu, J. J., Liu, X., Xia, S., Zhang, Z., Zhang, Y., Zhao, J., et al. (2020). FDA-approved disulfiram inhibits pyroptosis by blocking gasdermin D pore formation. Nat. Immunol. 21, 736–745. doi: 10.1038/s41590-020-0669-6

Hume, D. A. (2015). The many alternative faces of macrophage activation. Front. Immunol. 6:370. doi: 10.3389/fimmu.2015.00370

Humphries, F., Shmuel-Galia, L., Ketelut-Carneiro, N., Li, S., Wang, B., Nemmara, V. V., et al. (2020). Succination inactivates gasdermin D and blocks pyroptosis. Science 369, 1633–1637. doi: 10.1126/science.abb9818

Jesenberger, V., Procyk, K. J., Yuan, J., Reipert, S., and Baccarini, M. (2000). Salmonella-induced caspase-2 activation in macrophages: A novel mechanism in pathogen-mediated apoptosis. J. Exp. Med. 192, 1035–1046. doi: 10.1084/jem.192.7.1035

Kalai, M., Lamkanfi, M., Denecker, G., Boogmans, M., Lippens, S., Meeus, A., et al. (2003). Regulation of the expression and processing of caspase-12. J. Cell Biol. 162, 457–467. doi: 10.1083/jcb.200303157

Kay, C., Wang, R., Kirkby, M., and Man, S. M. (2020). Molecular mechanisms activating the NAIP-NLRC4 inflammasome: Implications in infectious disease, autoinflammation, and cancer. Immunol. Rev. 297, 67–82. doi: 10.1111/imr.12906

Kayagaki, N., Stowe, I. B., Lee, B. L., O’Rourke, K., Anderson, K., Warming, S., et al. (2015). Caspase-11 cleaves gasdermin D for non-canonical inflammasome signalling. Nature 526, 666–671. doi: 10.1038/nature15541

Kayagaki, N., Wong, M. T., Stowe, I. B., Ramani, S. R., Gonzalez, L. C., Akashi-Takamura, S., et al. (2013). Noncanonical inflammasome activation by intracellular LPS independent of TLR4. Science 341, 1246–1249. doi: 10.1126/science.1240248

Kesavardhana, S., and Kanneganti, T. D. (2017). Mechanisms governing inflammasome activation, assembly and pyroptosis induction. Int. Immunol. 29, 201–210. doi: 10.1093/intimm/dxx018

Komiyama, H., Aoki, A., Tanaka, S., Maekawa, H., Kato, Y., Wada, R., et al. (2010). Alu-derived cis-element regulates tumorigenesis-dependent gastric expression of GASDERMIN B (GSDMB). Genes Genet. Syst. 85, 75–83. doi: 10.1266/ggs.85.75

Lamkanfi, M., and Dixit, V. M. (2014). Mechanisms and functions of inflammasomes. Cell 157, 1013–1022. doi: 10.1016/j.cell.2014.04.007

Lan, X., Han, X., Li, Q., Yang, Q. W., and Wang, J. (2017). Modulators of microglial activation and polarization after intracerebral haemorrhage. Nat. Rev. Neurol. 13, 420–433. doi: 10.1038/nrneurol.2017.69

Lan, X., Liu, R., Sun, L., Zhang, T., and Du, G. (2011). Methyl salicylate 2-O-beta-D-lactoside, a novel salicylic acid analogue, acts as an anti-inflammatory agent on microglia and astrocytes. J. Neuroinflammation 8:98. doi: 10.1186/1742-2094-8-98

Lebeaupin, C., Proics, E., de Bieville, C. H., Rousseau, D., Bonnafous, S., Patouraux, S., et al. (2015). ER stress induces NLRP3 inflammasome activation and hepatocyte death. Cell Death Dis. 6:e1879. doi: 10.1038/cddis.2015.248

Lei, Y., Zhou, R., Sun, X., Tang, F., Gao, H., Chen, L., et al. (2021). The pannexin-1 channel regulates pyroptosis through autophagy in a mouse model of sepsis-associated encephalopathy. Ann. Transl. Med. 9:1802. doi: 10.21037/atm-21-6579

Li, X., Wang, T., Zhang, D., Li, H., Shen, H., Ding, X., et al. (2018). Andrographolide ameliorates intracerebral hemorrhage induced secondary brain injury by inhibiting neuroinflammation induction. Neuropharmacology 141, 305–315. doi: 10.1016/j.neuropharm.2018.09.015

Liang, F., Zhang, F., Zhang, L., and Wei, W. (2020). The advances in pyroptosis initiated by inflammasome in inflammatory and immune diseases. Inflamm. Res. 69, 159–166. doi: 10.1007/s00011-020-01315-3

Liang, H., Sun, Y., Gao, A., Zhang, N., Jia, Y., Yang, S., et al. (2019). Ac-YVAD-cmk improves neurological function by inhibiting caspase-1-mediated inflammatory response in the intracerebral hemorrhage of rats. Int. Immunopharmacol. 75:105771. doi: 10.1016/j.intimp.2019.105771

Linnerbauer, M., Wheeler, M. A., and Quintana, F. J. (2020). Astrocyte Crosstalk in CNS Inflammation. Neuron 108, 608–622. doi: 10.1016/j.neuron.2020.08.012

Lippens, S., Kockx, M., Knaapen, M., Mortier, L., Polakowska, R., Verheyen, A., et al. (2000). Epidermal differentiation does not involve the pro-apoptotic executioner caspases, but is associated with caspase-14 induction and processing. Cell Death Differ. 7, 1218–1224. doi: 10.1038/sj.cdd.4400785

Liu, J., He, J., Huang, Y., Ge, L., Xiao, H., Zeng, L., et al. (2021). Hypoxia-preconditioned mesenchymal stem cells attenuate microglial pyroptosis after intracerebral hemorrhage. Ann. Transl. Med. 9:1362. doi: 10.21037/atm-21-2590

Lyu, Z., Chan, Y., Li, Q., Zhang, Q., Liu, K., Xiang, J., et al. (2021). Destructive effects of pyroptosis on homeostasis of neuron survival associated with the dysfunctional BBB-glymphatic system and amyloid-beta accumulation after cerebral ischemia/reperfusion in rats. Neural. Plast. 2021:4504363. doi: 10.1155/2021/4504363

Maelfait, J., Vercammen, E., Janssens, S., Schotte, P., Haegman, M., Magez, S., et al. (2008). Stimulation of Toll-like receptor 3 and 4 induces interleukin-1beta maturation by caspase-8. J. Exp. Med. 205, 1967–1973. doi: 10.1084/jem.20071632

Man, S. M., and Kanneganti, T. D. (2015). Regulation of inflammasome activation. Immunol. Rev. 265, 6–21. doi: 10.1111/imr.12296

Man, S. M., and Kanneganti, T. D. (2016). Converging roles of caspases in inflammasome activation, cell death and innate immunity. Nat. Rev. Immunol. 16, 7–21. doi: 10.1038/nri.2015.7

Martinon, F., and Tschopp, J. (2007). Inflammatory caspases and inflammasomes: Master switches of inflammation. Cell Death Differ. 14, 10–22. doi: 10.1038/sj.cdd.4402038

Martinon, F., Burns, K., and Tschopp, J. (2002). The inflammasome: A molecular platform triggering activation of inflammatory caspases and processing of proIL-beta. Mol. Cell 10, 417–426. doi: 10.1016/s1097-2765(02)00599-3

Matikainen, S., Nyman, T. A., and Cypryk, W. (2020). Function and Regulation of Noncanonical Caspase-4/5/11 Inflammasome. J. Immunol. 204, 3063–3069. doi: 10.4049/jimmunol.2000373

McKenzie, B. A., Dixit, V. M., and Power, C. (2020). Fiery cell death: Pyroptosis in the central nervous system. Trends Neurosci. 43, 55–73. doi: 10.1016/j.tins.2019.11.005

Miguchi, M., Hinoi, T., Shimomura, M., Adachi, T., Saito, Y., Niitsu, H., et al. (2016). Gasdermin C is upregulated by inactivation of transforming growth factor beta receptor type II in the presence of mutated apc, promoting colorectal cancer proliferation. PLoS One 11:e0166422. doi: 10.1371/journal.pone.0166422

Nagata, S. (2018). Apoptosis and clearance of apoptotic cells. Annu. Rev. Immunol. 36, 489–517. doi: 10.1146/annurev-immunol-042617-053010

Nobleza, C. O. S. (2021). Intracerebral hemorrhage. Continuum (Minneap Minn) 27, 1246–1277. doi: 10.1212/CON.0000000000001018

Orning, P., Weng, D., Starheim, K., Ratner, D., Best, Z., Lee, B., et al. (2018). Pathogen blockade of TAK1 triggers caspase-8-dependent cleavage of gasdermin D and cell death. Science 362, 1064–1069. doi: 10.1126/science.aau2818

Pelegrin, P., and Surprenant, A. (2006). Pannexin-1 mediates large pore formation and interleukin-1beta release by the ATP-gated P2X7 receptor. EMBO J. 25, 5071–5082. doi: 10.1038/sj.emboj.7601378

Peng, H., Harvey, B. T., Richards, C. I., and Nixon, K. (2021). Neuron-derived extracellular vesicles modulate microglia activation and function. Biology (Basel) 10:948. doi: 10.3390/biology10100948

Poornima, V., Madhupriya, M., Kootar, S., Sujatha, G., Kumar, A., and Bera, A. K. (2012). P2X7 receptor-pannexin 1 hemichannel association: Effect of extracellular calcium on membrane permeabilization. J. Mol. Neurosci. 46, 585–594. doi: 10.1007/s12031-011-9646-8

Pulaski, B. A., and Ostrand-Rosenberg, S. (2001). Mouse 4T1 breast tumor model. Curr. Protoc. Immunol. Chapter 20, Unit 20, 22. doi: 10.1002/0471142735.im2002s39

Rickard, J. A., Anderton, H., Etemadi, N., Nachbur, U., Darding, M., Peltzer, N., et al. (2014). TNFR1-dependent cell death drives inflammation in sharpin-deficient mice. Elife 3:e03464. doi: 10.7554/eLife.03464

Rogers, C., Fernandes-Alnemri, T., Mayes, L., Alnemri, D., Cingolani, G., and Alnemri, E. S. (2017). Cleavage of DFNA5 by caspase-3 during apoptosis mediates progression to secondary necrotic/pyroptotic cell death. Nat. Commun. 8:14128. doi: 10.1038/ncomms14128

Saeki, N., Usui, T., Aoyagi, K., Kim, D. H., Sato, M., Mabuchi, T., et al. (2009). Distinctive expression and function of four GSDM family genes (GSDMA-D) in normal and malignant upper gastrointestinal epithelium. Genes Chromosomes. Cancer 48, 261–271. doi: 10.1002/gcc.20636

Sarhan, J., Liu, B. C., Muendlein, H. I., Li, P., Nilson, R., Tang, A. Y., et al. (2018). Caspase-8 induces cleavage of gasdermin D to elicit pyroptosis during yersinia infection. Proc. Natl. Acad. Sci. U.SA. 115, E10888–E10897. doi: 10.1073/pnas.1809548115

Schroder, K., and Tschopp, J. (2010). The inflammasomes. Cell 140, 821–832. doi: 10.1016/j.cell.2010.01.040

Seo, J. H., Dalal, M. S., and Contreras, J. E. (2021). Pannexin-1 channels as mediators of neuroinflammation. Int. J. Mol. Sci. 22:5189. doi: 10.3390/ijms22105189

Shaw, M. H., Reimer, T., Kim, Y. G., and Nunez, G. (2008). NOD-like receptors (NLRs): Bona fide intracellular microbial sensors. Curr. Opin. Immunol. 20, 377–382. doi: 10.1016/j.coi.2008.06.001

Shi, J., Gao, W., and Shao, F. (2017). Pyroptosis: Gasdermin-mediated programmed necrotic cell death. Trends Biochem. Sci. 42, 245–254. doi: 10.1016/j.tibs.2016.10.004

Shi, J., Zhao, Y., Wang, Y., Gao, W., Ding, J., Li, P., et al. (2014). Inflammatory caspases are innate immune receptors for intracellular LPS. Nature 514, 187–192. doi: 10.1038/nature13683

Sun, Q., Yang, J., Xing, G., Sun, Q., Zhang, L., and He, F. (2008). Expression of GSDML associates with tumor progression in uterine cervix cancer. Transl. Oncol. 1, 73–83. doi: 10.1593/tlo.08112

Suzumura, A. (2013). Neuron-microglia interaction in neuroinflammation. Curr. Protein. Pept. Sci. 14, 16–20. doi: 10.2174/1389203711314010004

Tabas, I., and Ron, D. (2011). Integrating the mechanisms of apoptosis induced by endoplasmic reticulum stress. Nat. Cell Biol. 13, 184–190. doi: 10.1038/ncb0311-184

Taylor, R. A., and Sansing, L. H. (2013). Microglial responses after ischemic stroke and intracerebral hemorrhage. Clin. Dev. Immunol. 2013:746068. doi: 10.1155/2013/746068

Tschoe, C., Bushnell, C. D., Duncan, P. W., Alexander-Miller, M. A., and Wolfe, S. Q. (2020). Neuroinflammation after intracerebral hemorrhage and potential therapeutic targets. J. Stroke 22, 29–46. doi: 10.5853/jos.2019.02236

Tsuchiya, K., Nakajima, S., Hosojima, S., Thi Nguyen, D., Hattori, T., Manh Le, T., et al. (2019). Caspase-1 initiates apoptosis in the absence of gasdermin D. Nat. Commun. 10:2091. doi: 10.1038/s41467-019-09753-2

Vainchtein, I. D., and Molofsky, A. V. (2020). Astrocytes and microglia: In sickness and in health. Trends Neurosci. 43, 144–154. doi: 10.1016/j.tins.2020.01.003

Van Laer, L., Huizing, E. H., Verstreken, M., van Zuijlen, D., Wauters, J. G., Bossuyt, P. J., et al. (1998). Nonsyndromic hearing impairment is associated with a mutation in DFNA5. Nat. Genet. 20, 194–197. doi: 10.1038/2503

Vande Walle, L., and Lamkanfi, M. (2016). Pyroptosis. Curr. Biol. 26, R568–R572. doi: 10.1016/j.cub.2016.02.019

Wang, J. (2010). Preclinical and clinical research on inflammation after intracerebral hemorrhage. Prog. Neurobiol. 92, 463–477. doi: 10.1016/j.pneurobio.2010.08.001

Wang, Q., Wang, Y., Ding, J., Wang, C., Zhou, X., Gao, W., et al. (2020). A bioorthogonal system reveals antitumour immune function of pyroptosis. Nature 579, 421–426. doi: 10.1038/s41586-020-2079-1

Wang, X. J., Cao, Q., Zhang, Y., and Su, X. D. (2015). Activation and regulation of caspase-6 and its role in neurodegenerative diseases. Annu. Rev. Pharmacol. Toxicol. 55, 553–572. doi: 10.1146/annurev-pharmtox-010814-124414

Wang, Y., Gao, W., Shi, X., Ding, J., Liu, W., He, H., et al. (2017). Chemotherapy drugs induce pyroptosis through caspase-3 cleavage of a gasdermin. Nature 547, 99–103. doi: 10.1038/nature22393

Wang, Z. Z., Chen, S. C., Zou, X. B., Tian, L. L., Sui, S. H., and Liu, N. Z. (2020). Nesfatin-1 alleviates acute lung injury through reducing inflammation and oxidative stress via the regulation of HMGB1. Eur. Rev. Med. Pharmacol. Sci. 24, 5071–5081. doi: 10.26355/eurrev_202005_21200

Weimar, C., and Kleine-Borgmann, J. (2017). Epidemiology, prognosis and prevention of non-traumatic intracerebral hemorrhage. Curr. Pharm. Des. 23, 2193–2196. doi: 10.2174/1381612822666161027152234

Xiao, H., Chen, H., Jiang, R., Zhang, L., Wang, L., Gan, H., et al. (2020). NLRP6 contributes to inflammation and brain injury following intracerebral haemorrhage by activating autophagy. J. Mol. Med (Berl) 98, 1319–1331. doi: 10.1007/s00109-020-01962-3

Xie, D., Liu, H., Xu, F., Su, W., Ye, Q., Yu, F., et al. (2021). IL33 (Interleukin 33)/ST2 (Interleukin 1 Receptor-Like 1) axis drives protective microglial responses and promotes white matter integrity after stroke. Stroke 52, 2150–2161. doi: 10.1161/STROKEAHA.120.032444

Xiong, X. Y., Liu, L., and Yang, Q. W. (2016). Functions and mechanisms of microglia/macrophages in neuroinflammation and neurogenesis after stroke. Prog. Neurobiol. 142, 23–44. doi: 10.1016/j.pneurobio.2016.05.001

Xu, P., Hong, Y., Xie, Y., Yuan, K., Li, J., Sun, R., et al. (2021a). TREM-1 exacerbates neuroinflammatory injury via nlrp3 inflammasome-mediated pyroptosis in experimental subarachnoid hemorrhage. Transl. Stroke Res. 12, 643–659. doi: 10.1007/s12975-020-00840-x

Xu, S., Wang, J., Zhong, J., Shao, M., Jiang, J., Song, J., et al. (2021b). CD73 alleviates GSDMD-mediated microglia pyroptosis in spinal cord injury through PI3K/AKT/Foxo1 signaling. Clin. Transl. Med. 11:e269. doi: 10.1002/ctm2.269

Yan, J., Xu, W., Lenahan, C., Huang, L., Wen, J., Li, G., et al. (2021). CCR5 Activation Promotes NLRP1-dependent neuronal pyroptosis via CCR5/PKA/CREB pathway after intracerebral hemorrhage. Stroke 52, 4021–4032. doi: 10.1161/STROKEAHA.120.033285

Yang, J. R., Yao, F. H., Zhang, J. G., Ji, Z. Y., Li, K. L., Zhan, J., et al. (2014). Ischemia-reperfusion induces renal tubule pyroptosis via the CHOP-caspase-11 pathway. Am. J. Physiol. Renal. Physiol. 306, F75–F84. doi: 10.1152/ajprenal.00117.2013

Yao, S. T., Cao, F., Chen, J. L., Chen, W., Fan, R. M., Li, G., et al. (2017). NLRP3 is required for complement-mediated caspase-1 and IL-1beta activation in ICH. J. Mol. Neurosci. 61, 385–395. doi: 10.1007/s12031-016-0874-9

Zhang, J. Y., Zhou, B., Sun, R. Y., Ai, Y. L., Cheng, K., Li, F. N., et al. (2021). The metabolite alpha-KG induces GSDMC-dependent pyroptosis through death receptor 6-activated caspase-8. Cell Res. 31, 980–997. doi: 10.1038/s41422-021-00506-9

Zhang, Z., Zhang, Y., Xia, S., Kong, Q., Li, S., Liu, X., et al. (2020b). Gasdermin E suppresses tumour growth by activating anti-tumour immunity. Nature 579, 415–420. doi: 10.1038/s41586-020-2071-9

Zhang, J., Shan, H., Tao, L., and Zhang, M. (2020a). Biological effects of hydrogen sulfide and its protective role in intracerebral hemorrhage. J. Mol. Neurosci. 70, 2020–2030. doi: 10.1007/s12031-020-01608-6

Zhang, R., Chopp, M., and Zhang, Z. G. (2013). Oligodendrogenesis after cerebral ischemia. Front. Cell Neurosci. 7:201. doi: 10.3389/fncel.2013.00201

Zhang, Z., Liu, Y., Huang, Q., Su, Y., Zhang, Y., Wang, G., et al. (2014). NF-kappaB activation and cell death after intracerebral hemorrhage in patients. Neurol. Sci. 35, 1097–1102. doi: 10.1007/s10072-014-1657-0

Zhao, H., Pan, P., Yang, Y., Ge, H., Chen, W., Qu, J., et al. (2017). Endogenous hydrogen sulphide attenuates NLRP3 inflammasome-mediated neuroinflammation by suppressing the P2X7 receptor after intracerebral haemorrhage in rats. J. Neuroinflammation 14:163. doi: 10.1186/s12974-017-0940-4

Zhaolin, Z., Guohua, L., Shiyuan, W., and Zuo, W. (2019). Role of pyroptosis in cardiovascular disease. Cell Prolif 52, e12563. doi: 10.1111/cpr.12563

Zhou, Z., He, H., Wang, K., Shi, X., Wang, Y., Su, Y., et al. (2020). Granzyme A from cytotoxic lymphocytes cleaves GSDMB to trigger pyroptosis in target cells. Science 368:eaaz7548. doi: 10.1126/science.aaz7548



OPS/images/fncel-16-971469-g001.jpg
. Toxins;
B. Anthracis

Pathogens; Flagellin; Micropial dsDNA; Rho-inactivating
anthrax lethal toxin; . T3SS; metabolites; toxins;
ii DEctbolites; Lipoteichoic acid;
Toxoplasma gondii; Crystalline Substances; P 2
Val-boroPro; Nucleic Acids; .
| | | | I
l Nim 7 m A ¥
Flagellin;

- Needle; Needle Inner rod Flagellin Flagellin .:... ... ﬁ i:?
Qo /g:::g( rk: .@ Inner rod *

0 /u. | | ! ' {

£ 0000

[ ] ..

NAIP NAIP1 NAIP2 NAIP5 NAIP6

[ | [ |

| | | |

- o 3 . o1 1 .
29 g O &) =g 2Igl
% 21 < Z : ; = & 2 Mol E‘ Y
: fi _ z
- n
- é% - é‘é . s 2
'é h'. ég ot !-un‘ n‘%
ég ‘Eé‘ l: ng HIA’:% H hg lH °'§ = .J S
o s L4 5]
]
()

caspase-1

<l —

-\

CARD PYD

P10 Vi \l//~‘ [ L J cc 6
H \/ b B BR
\ E
INACHT I FIND P20 jl \ /4 NBD l HIN-200 I B30.2
-

Inflamnl'lasome

s GEDO Y, @ wceowd @ </~ G ceovo

Pro-IL-18 o( @ L1 %o






OPS/images/fncel-16-971469-g002.jpg
DAMPs & PAMPs

..:...%...

dsDNA

Pathogenic
Yersinia

Z
z
£%
D =
R 3
S
=~

e

b
|

Inflammasome

Pro-IL-1[3 e
Pro-IL-18 e

%

) D,
% ®eecccccees

®e
CSocoavcevo s

Chemotherapy drugs %’7
ATP Q o
e K y - ) Pl
Toxins/Rho B e o®e Hypoxia OJ’ N
e O ) b
Pase Yop] Death C\ )
inactivation reporters . \ =9 " e ° =
| 0% Grme NP-GSDMA3
; TR /o) h 1 g
Ei ¥ i o ooo. ' 4 J _ ......‘.:0.
Pannexin-1 Doxorubicin,Cisplatin, peforin
@ Mitoxantion, Topotecan Phe-BF3
CPT-11,Etoposide
@
l L >4 J p
D I R
m ee® e® e® Gzma
GZmB oy
i i Q_ E\; /
cidic Environment .- PD-L1 ! /O
TNF-a sitmulation ./ IN P
{ GSDMC | = ) v
(K, | pSTAT3 ] é
e - o
GaDD GSDMC l
l =
IL-Tots
HGMB - @ N-GSDMB M-EE0MAS
N-GSDMC :
' Ceopl ..F N-GSDME
N-GSDMD v _u° o28g
- ek s
» | &
Bububuin it d ® “D..O.oo..Onooo.oooo.-".:“
b s S o0 ®
o000 0® GSDME poeoSsees GSDMB fOSNeee GSDMAS3 e
8 ,0,0
— .;‘ :@
- / Lo e
Y L5 s IL-1at HGMB





OPS/images/cross.jpg
@ Check for updates.





OPS/xhtml/nav.xhtml




Contents





		Cover



		Microglial pyroptosis: Therapeutic target in secondary brain injury following intracerebral hemorrhage



		Introduction



		Pyroptosis and pyroptotic-associated protein



		Inflammasome



		Caspase family



		Inflammatory-related caspases



		Apoptosis-related caspase



		Others







		Gasdermin family







		Pyroptosis-related mechanism pathways



		Canonical pyroptotic pathway dependent on caspase-1



		Non-canonical pyroptotic pathways dependent on caspase-4,5,11



		Pyroptotic pathways dependent on apoptosis-related caspase



		Granzymes mediated pathway



		Others







		Microglial pyroptosis inhibitor targets for treating secondary brain injury following intracerebral hemorrhage



		Inhibition of NLRP3/caspase-1/gasdermin D



		Inhibition of NLRP1/caspase-1/gasdermin D



		Inhibition of NLRC4/caspase-1/gasdermin D



		Others







		Discussion



		Conclusion



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary Material



		Abbreviations



		References

















OPS/images/fncel-16-971469-g003.jpg
: NAIP1/2 NAIP5/6

S

__________________

\

pro-caspasel

\

,

\

o
w2
<
z
~
=

NLRP1
/ pro-caspasel

» translation e

pro-caspasel

Intracerebral hemorrhage

caspasel l_

o5 @ s X
< > |






OPS/images/fncel-16-971469-g004.jpg
Pyroptosis

Inflammasome activation

|

Caspase activation

s inflammatory cascade reactions

Cell-cell Crosstalk in neuroinflammation

Neurons

IL-18 ¢ IL-1p @

Microgl a

Oligodendrocytes

Astrocyte

e





OPS/images/cover.jpg
’ frontiers ‘ Frontiers in Cellular Neuroscience

Microglial pyroptosis:
Therapeutic target in secondary
brain injury following
intracerebral hemorrhage












OPS/images/logo.jpg
’ frontiers | Frontiers in Cellular Neuroscience







