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Pyroptosis is an active and ordered form of programmed cell death. The signaling pathways of pyroptosis are mainly

divided into canonical pathways mediated by caspase-1 and noncanonical pathways mediated by caspase-11. Cell

pyroptosis is characterized by the activation of inflammatory caspases (mainly caspase-1, 4, 5, 11) and cleavage of

various members of the Gasdermin family to form membrane perforation components, leading to cell membrane rupture,

inflammatory mediators release, and cell death. Moderate pyroptosis is an innate immune response that fights against

infection and plays an important role in the occurrence and development of the normal function of the immune system.
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1. Introduction

The modes of cell death include programmed and non-programmed cell death. Programmed cell death refers to the

programmed process of cell death in order to maintain the stability of the internal environment after cells receive a certain

signal or are stimulated by certain factors. Apoptosis, autophagy, programmed necrosis, and pyroptosis are the

manifestations of programmed death. Thereinto, pyroptosis is a newly discovered form of programmed cell death, which

was firstly discovered by Zychlinsky et al. in macrophages infected with Shigella flexneri, because its morphological

characteristics were significantly different from apoptosis . Later, Cookson et al. found that it is dependent on the activity

of caspase-1 and different from caspase-3-activity-dependent apoptosis, defined this form of cell death as caspase-1-

dependent cell death for the first time, and proposed the concept of pyroptosis for the first time . Due to the dependency

on inflammatory caspase-1, pyroptosis primarily refers to inflammatory cell death, which is obviously different from

apoptosis and necrosis. Meanwhile, with the deepening of research on pyroptosis, it is found that pyroptosis plays an

important role in the occurrence and development of many diseases.

Pyroptosis is an important innate immune response that is critical in fighting infection. It is characterized by the expansion

of cells until the cell membrane ruptures, resulting in the release of intracellular contents and activating the body’s strong

inflammatory response. IL-1β and IL-18 released by pyroptosis cells are endogenous immune factors that cause fever,

stimulate the activation of immune cells, and promote lymphocyte proliferation and the secretion of antibodies, while

excessive pyroptosis leads to the uncontrolled release of IL-1β and IL-18, which will lead to a wide range of inflammatory

reactions and immune diseases .

Pyroptosis is a double-edged sword; moderate pyroptosis contributes to the stability of the intracellular environment and

plays an important role in fighting infection through eliminating bacteria to protect the host, but excessive pyroptosis not

only leads to immune desensitization, but also causes life-threatening diseases such as sepsis, cytokine release

syndrome (CRS), severe inflammation, and tissue damage . Thus, excessive pyroptosis warrants serious attention

during disease treatment. In order to decrease the adverse effects of excessive pyroptosis, the potential pyroptotic

blockers have been extensively explored recently, which can keep pyroptosis within a reasonable range through inhibiting

or regulating the pathway of pyroptosis. Understanding the occurrence and regulatory mechanism of pyroptosis and

identifying potential inhibitory drugs may provide a new direction for further research on pyroptosis.

2. Characteristics of Pyroptosis

2.1. Morphological Characteristics of Pyroptosis

Pyroptosis has some characteristics of necrosis and apoptosis in morphology, but it is different from apoptosis and

necrosis. When cells undergo pyroptosis, cytoplasm membrane is ruptured and forms between 1–2 nm in diameter holes,

resulting in the release of intracellular substances, the outflow of potassium ions, and cell swelling . The substances

stimulate the body’s immune response, recruits more inflammatory cells, and expands the inflammatory response. In this
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process, the nuclei gradually becomes round and nuclear condensation occurs, and the chromatin DNA breaks and

degrades randomly .

2.2. Molecular Characteristics of Pyroptosis

2.2.1. Inflammatory Caspases

Caspases were first discovered from nematodes in 1993 and are mainly involved in cell apoptosis and inflammatory

reaction . At present, 15 caspase family members have been found in mammals, including 13 caspases in humans and

11 caspases in mice . Caspases are evolutionally conserved intracellular proteases with homology and similar

structural features. Their active sites contain cysteine residues that can specifically cleave the peptide bond behind the

aspartic acid residues of target proteins and are known as aspartic acid-specific cysteine proteolytic enzymes .

Caspase has been proved to be an essential protease for the developmental death of biological somatic cells. In normal

cells, caspase usually exists in an inactive proenzyme state (pro-caspase) that can become active caspases after

hydrolysis of amino acid sequences, thereby cutting relevant substrates, leading to the activation, inactivation,

repositioning, or remodeling of substrates to play its role .

According to the differences in structure and function, caspases can be divided into apoptotic and inflammatory classes.

Apoptotic caspases were related to apoptosis including caspase-2/3/6/7/8/9/10 and represented by caspase-3, while

inflammatory caspases mediate inflammatory reaction and pyroptosis including caspase-1/4/5/11/12/13/14 . Among

inflammatory caspases, mouse caspase-1/11 or human caspase-1/4/5 are key proteins mediating pyroptosis pathway.

Caspase-1, the first identified member of the caspase family, is responsible for cleaving pro-interleukin-1beta (pro-IL-1β).

In addition, caspase-1 can cleave pro-interleukin-18 (pro-IL-18) into the mature form of IL-18 to play an

immunomodulatory function . Caspase-11 exists only in rodents, and mouse caspase-11 and human

caspase-4/-5 are evolutionarily homologous genes . Functionally, both human caspase-4/-5 and mouse caspase-11 can

recognize LPS in cells ·.

In addition to executioner caspases, activation of almost all caspases requires removal of the interdomain linker (IDL) and

the prodomain . The prodomain has multiple functions: first, the removal of the prodomain is an important

step in caspase activation; second, the prodomain plays an important role in promoting caspase; third, the predomain has

a stabilizing effect, and removal of the predomain would inactivate the caspase . As shown

in Figure 1, pro-caspase-1 also shares these common sequence features, with its N-terminal prodomain consisting of

CARD (residues 1–95), a CARD domain adaptor (CDL) to the caspase domain, and an IDL between the p20 and p10

subunits. The catalytic C285 cysteine residue is located within the P20 region; for instance, self-proteolytic cleavage

occurs at three aspartate residues (D103, D119, D297, and D316), releasing the prodomain (CARD, CDL, IDL), which is a

key step in human caspase-1 activation . There are two models for caspase-1 activation. The first model proposes

that pro-caspase-1 dimerization is followed by self-proteolytic cleavage, while the second model has self-proteolytic

cleavage before dimerization . Recent results are more consistent with the previous dimerization–autoproteolytic model

. Recruitment of pro-caspase-1 to the inflammasome platform contributes to its activation. Various reports have

indicated that caspases are activated by substrate-induced or adjacent-induced oligomerization followed by

autoproteolytic cleavage .

Figure 1. Domain structure of mouse (caspases-1, -11) and human (caspases-1, -4, -5) inflammatory caspases. A CDL

connects N-terminal CARD to the protease domain that is composed of a large subunit (p20) and a small subunit (p10)

separated by an IDL. Each caspase contains some autocleavage sites (black site) within the linker sequences. The

catalytic cysteine (red site) is located within the large protease subunit, while the dimerization interface is within the small

subunit.
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Caspase-11 is essentially an endogenous receptor of LPS. For caspase-11 activation, LPS directly binds to the CARD

domain of caspase-11 via its lipid A tail . In the case of Gram-negative bacterial infections, the hexacylated lipid A

moieties of LPS bind directly to the caspase-11 CARD domain, resulting in oligomerization and adjacent induced

activation of caspase-11, which may be facilitated due to the polymeric tendencies of LPS. Cytoplasmic pentacylated and

hexacylated LPS could induce caspase-11 activation. However, this was not observed for tetracylated LPS . The main

effects of caspase-11 are associated with non-canonical pyroptosis . During non-canonical pyroptosis, caspase-11

directly cleaves GSDMD as non-canonical inflammasome .

2.2.2. Gasdermin Family

Gasdermin (GSDM) is a family of pore-forming effector proteins discovered in recent years, and the GSDM family consists

of Gasdermin A (GSDMA), Gasdermin B (GSDMB), Gasdermin C (GSDMC), Gasdermin D (GSDMD), Gasdermin E

(GSDME, also called DFNA5), and pejvakin (PJVK, also called DFNB59) . GSDM family members are expressed

differently in different tissues and cells, and except for PJVK, all Gasdermins have conserved double domain

arrangement: C-terminal domain and N-terminal domain, and the N-terminal domain has pore-forming activity .

The N-terminal domain of GSDMD is lipophilic and can bind with phosphatidylinositol phosphate, phosphatidylinoseroic

acid, and cardiolipin, which makes the cell membrane form pores with the size of 10–14 nm, resulting in cell pyroptosis via

the release of cell contents .

While GSDM family members are expressed differently in different tissues and cells, GSDMD is widely expressed in the

cytosol of various cells and tissues . It is the most important protein in the whole GSDM family as the common

substrate protein of mouse caspase-1/11 or human caspase-4/5 and -1 . GSDMD has 487 amino acids with 53 kDa

weight and consists of 30 kDa N-terminal domain and 22 kDa C-terminal domain. Normally, C-terminal of GSDMD is

connected to the N-terminal domain by a long loop, leaving GSDMD in an inactive autosuppressive state ,

while full-length GSDMD can be cleaved into two separate domains by caspase-1/11 in pyroptosis ; thereinto, N-

terminal directly executes forming of membrane pore to induce pyroptosis . However, neither C-terminal domain nor the

full length GSDMD causes pyroptosis . Consequently, GSDMD is the only substrate of inflammatory caspases, and

the cleavage of GSDMD is a reliable marker of pyroptosis mediated by inflammatory caspases and inflammasome

activation . Therefore, GSDMD has become an important target for the intervention of pyroptosis.

2.2.3. Canonical and Noncanonical Inflammasome

The canonical inflammasome is a kind of multiprotein complex that mediates innate immune response in mammals. Its

most prominent function is to recruit and activate caspase-1, promote the maturation of IL-1β and IL-18, and then

generate inflammatory response. The inflammasome consists of NOD-like receptors (NLRs), apoptosis-associated Speck-

like protein containing a CARD (ASC), and caspase-1 . There are four intracellular receptor proteins to

assemble the inflammasome, including NOD-like receptor protein 1 (NLRP1), NOD-like receptor protein 3 (NLRP3), NOD-

like receptor C4 (NLRC4), and absent in melanoma 2 (AIM2) inflammasome . The receptor is composed of three

homologous domains: the N-terminal pyrin domain (PYD), the central nucleotide-binding oligomerization domain, and the

C-terminal leucine repeat (LRR) . In the process of canonical inflammasome assembly, NLRP3 recruits ASC through

interaction with homotypic PYD domain and induces ASC to aggregate into macromolecular spots . Subsequently, the

assembled ASC recruits pro-caspase-1 through homotypic card domain interaction to form NLRP3-ASC-caspase-1

protein complex  that is known as NLRP3 inflammasome consisted of “sensor”, “adaptor”, and “effector” (Figure 2),

respectively .

Figure 2. Structure and assembly of NLRP3 inflammasome. NLRP3 inflammasome consists of NLRP3, ASC, and

caspase-1, which are known as sensor, adaptor, and effector, respectively.
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In the canonical pathway of pyroptosis, when cytosolic pathogen recognition receptors (PRRs), NLRP1b, NLRP3, NLRC4,

AIM2, or Pyrin are stimulated by the corresponding PAMPs and DAMPs, these proteins recruit ASC and pro-caspase-1 to

assemble into inflammasomes. The NLRP3 inflammasome is described in detail, and its assembly and activation process

is divided into two steps. Firstly, pathogen-associated molecular patterns (PAMPs) or damage-associated molecular

patterns (DAMPs) are recognized by Toll-like receptor 4 (TLR4) and activate the nuclear factor kappa-B (NF-κB) pathway,

leading to increased transcription of NLRP3, pro-caspase-1, pro-IL-1β, and pro-IL-18 . Secondly, under the further

stimulation of immune and inflammatory molecules, the NLRP3 protein is oligomerized and assembled with ASC and pro-

caspase-1 to form the NLRP3 inflammasome . Formation of NLRP3 inflammasome results in cleavage of pro-caspase-

1 to form the active form of caspase-1 and promotes cleavage of pro-IL-1β and pro-IL-18 to form IL-1β and IL-18 mature

bodies, leading to a cascade of immune or inflammatory responses .

In the noncanonical pathway of pyroptosis, the complex of LPS-pro-caspase-11 was recognized as a noncanonical

inflammasome, and LPS directly activates caspase-11, which is independent to TLR4 signaling pathway . When

caspase-11 mediates noncanonical pyroptosis, it leads to cleavage of GSDMD, and GSDMD-N executes pyroptosis to

induce the release of cell contents. However, noncanonical pyroptosis still requires the help of the NLRP3 inflammasome

that activates caspase-1 to induce maturation of pro-IL-1β and pro-IL-18 .

2.3. Mechanism of Pyroptosis

2.3.1. Canonical Pyroptosis Pathway

Canonical pyroptosis is mediated by caspase-1, mainly in macrophages, and its key steps are the recruitment and

activation of caspase-1 (Figure 3). Taking NLRP3 inflammasome as an example, when NLRP3 protein is stimulated by

specific PAMPs and DAMPs, NLRP3 protein recruits ASC and pro-caspase-1 and assembles into NLRP3 inflammasome

with the assistance of NIMA-related kinase 7 (NEK7) . NLRP3 inflammasome assembly activates pro-caspase-1, and

the activated caspase-1 can not only mediate the maturation and secretion of IL-1β and IL-18, but also directly cleave

GSDMD to produce GSDMD-N . Subsequently, GSDMD-N binds to phosphatidylinositol, phosphatidic acid, and

phosphatidylserine on the inner surface of the membrane through membrane lipid interaction and forms oligomeric pores

(GSDMS pore) with an inner diameter of 10~20 nm in the lipid bilayer. Then, LDH, IL-1β, and IL-18 are leaked out through

the pores as well as other small cytosolic proteins and eventually cause pyroptosis . Meanwhile, a large number of

holes in the plasma membrane lead to the connection between the inner and outer membrane, forming a non-selective

membrane channel, resulting in the efflux of K  ions, which imbalance the ion concentration on both sides of the plasma

membrane and cause a large amount of water to enter the cell, causing cell swelling and the eventual death of cells .

Under normal conditions, K  efflux is generally considered to be both sufficient and necessary for NLRP3 inflammasome

activation . In addition, NLRC4, which is recognized by DAMPs or PAMPs, can directly activate caspase-1 to promote

canonical pyroptosis .

Figure 3. Mechanism of canonical pyroptosis pathway.

2.3.2. Noncanonical Pyroptosis Pathway

Numerous studies have found that caspase-1-independent pyroptosis pathway also exists in cells, which is named

noncanonical pyroptosis and mediated by direct activation of caspase-4/5/11 under the action of LPS . When Gram-

negative bacteria infects mice, LPS is transferred by vesicles and enters the infected cells . Mouse caspase-11 has

CARD that can directly recognize the lipid A of LPS in the cytoplasm. After specific binding, caspase-11 oligomerized and

activated, thereby mediating pyroptosis . The functions of human caspase-4/5 and mouse caspase-11 are the same in

mediating noncanonical pyroptosis . Thus, caspase-4/5 also directly binds to LPS and promotes its own oligomerization

and activation . The activated caspase-4/5/11 can act on GSDMD and generate GSDMD-N fragments, thereby leading

to cell membrane perforation and inducing pyroptosis . In the pathway of canonical pyroptosis, caspase-1

cleaves IL-1β and IL-18 precursors to form active IL-1β and IL-18 and also cleaves GSDMD to produce N terminal;
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meanwhile, in the pathway of noncanonical pyroptosis, GSDMD cleavage is completed by the activated caspase-11

(Figure 4), but the cleavage of IL-1β and IL-18 precursor remains to depend on caspase-1 . Thus, the noncanonical

pyroptosis pathway depends on the activation of caspase-4/5/11 that lacks ASC participation, which is different from the

canonical pathway. For human infection, activated caspase-4/5/11 can open Pannexin-1 channels to induce K  efflux,

which leads to NLRP3 inflammasome activation, promotes IL-1β and IL-18 maturation, and produces GSDMD-N to

execute pyroptosis . Meanwhile, ATP released from Pannexin-1 channels can activate P2X7R and

promote K  efflux, which in turn further promotes inflammasome assembly and triggers pyroptosis . In addition,

GSDMD-N can indirectly activate caspase-1 through the NLRP3-ASC-csapase-1 pathway, thereby promoting the

maturation of IL-1β and IL-18 . Therefore, new studies increasingly discover that caspase-4/5/11 is both a receptor and

an effector molecule in the pathway of noncanonical pyroptosis .

Figure 4. Mechanism of noncanonical pyroptosis pathway.
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