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Abstract: Pyroptosis is a form of programmed cell death, which is executed by gasdermin family proteins. Under the stimulation of
pathogen- and/or damage-associated molecular patterns, pattern recognition receptors (PRRs) such as Nod like receptors could recruit
apoptosis-associated speck-like protein containing a CARD (ASC) and pro-caspases to form inflammasomes and then activate caspases
through various pathways. The activated caspases then cleave gasdermin family proteins, and N-terminal (NT) domains of gasdermins
were released to form oligomeric pores, resulting in the increased membrane permeability, cell swelling, and final pyroptosis. During this
process, caspases also promote the maturation and release of inflammatory cytokines such as IL-1β and IL-18, thus pyroptosis is also
named inflammatory cell death. Unlike numerous gasdermin family proteins in mammals, only gasdermin E (GSDME) has been
identified in fish. GSDME in fish can be cleaved by caspase-a/-b to release its NT domain and induce pyroptosis. Studies indicated
that pyroptosis in fish mainly depends on NLR family pyrin domain-containing 3 (NLRP3) inflammasome. ASC and different caspase
proteins also were identified in different fish species. The influences of pathogenic microorganism infection and environmental pollutants
on fish pyroptosis were studied in recent years. Considering that fish living environment is affected by multiple factors such as water
salinity, temperature, oxygen supply, and highly fluctuating food supply, the in-depth research about fish pyroptosis will contribute to
revealing the mechanism of pyroptosis during evolution.
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Introduction
Pyroptosis was first discovered by Zychlinsky et al in 1992, when macrophages exhibited suicidal behavior after Shigella
flexneri infection.1 Due to its features similar to apoptosis, such as caspase-dependence, DNA damage, and nuclear
pyknosis, pyroptosis was considered to be apoptosis in early stage.2 Subsequent studies indicated that apoptosis and
pyroptosis are different, and pro-inflammatory programmed cell death represented by the latter was officially named
pyroptosis in 2001.3 Like apoptosis, necroptosis, and autophagy, pyroptosis is also a form of programmed cell death, and
plays an important role in the innate immune system of vertebrates.4 Recent studies confirmed its role in neurological
diseases, infectious diseases, cardiovascular diseases, and tumors.5,6 Pyroptosis is executed by the cleaved N-terminal (NT)
domain of the gasdermin family member proteins via oligomerization in the cell membrane, resulting in cell perforation
formation, ion homeostasis destruction, and inflammatory mediator release.7 Under toxin challenge or pathogen infection,
multiple inflammasome complexes are assembled to activate diverse caspases including caspase-1, −4, −5, −11, and −12.
The activated caspases cleave gasdermin family proteins, resulting in the release of their NT domains which cause the
perforation of cell membrane, and these caspases also promote the maturation of IL-1β and IL-18.8 Therefore, the process of
pyroptosis is accompanied by the release of a large number of pro-inflammatory factors, which distinguishes pyroptosis
from other forms of programmed cell death.4,8 Pyroptosis cells lose their ability to regulate the ingress and egress of
substances due to the formation of micropores in cell membrane, thus osmotic balance on both sides of cell membrane is
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destructed, resulting in the efflux of K+ and the release of intracellular enzymes.8 In addition, a large number of liquid enters
the cell, and the plasma membrane is separated from cytoskeleton, thereby causing cell swelling and rupture, finally ending
up with cell lysis. The release of inflammatory mediators can further transduce these signals to their neighboring cells and
more inflammatory cells are recruited to cause obvious inflammatory response.7 Therefore, the typical morphological
changes of pyroptosis can be detected using scanning electron microscope (SEM). Moreover, the level of pyroptosis is
comprehensively evaluated by detecting the enzyme activities of lactate dehydrogenase (LDH) and succinate dehydrogen-
ase, mRNA level and protein levels of related factors, and enzyme activities of caspases and gasdermin members, as well as
via calcein AM/propidium iodide (PI) double staining.9

As the early bony vertebrates, teleosts have extremely diverse species, live in diverse water environments (ocean and
freshwater), and possess various life history strategies, morphological characteristics, and migration behaviors.10 Unlike
the land where mammals live, the water environment in which fish live is more conducive to the survival of bacteria and
other microorganisms and the exposure to diverse environmental pollutants.11,12 Therefore, pyroptosis induced by
pathogenic infection is more common in fish. Under environmental selection pressure, fish evolved some characteristics
to adapt to various, even extreme conditions, including pyroptosis characteristics that are not easy to study in mammals.13

Currently, in addition to zebrafish (Danio rerio),14 the studies on pyroptosis in fish are performed on tongue sole
(Cynoglossus semilaevis),15 carp (Cyprinus carpio),16 Japanese flounder (Paralichthys olivaceus),17 and turbot
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(Scophthalmus maximus).18 Several key regulatory proteins of pyroptosis were identified in these fish species. In this
article, we summarized current research progress of pyroptosis in fish by analogizing that in mammals.

Pyroptosis in Mammals
Gasdermin family proteins are the main executors of pyroptosis. Gasdermin A (GSDMA) was firstly named for its
specific expression in the gastrointestinal tract and skin epithelium of mice,19 and the N-terminal domain of gasdermin
proteins shares a high similarity with that of DFNA5, an earlier identified human hearing loss-related protein.20

According to gene structure similarity, 6 gasdermin family members have been identified in humans, namely, gasdermin
A (GSDMA), gasdermin B (GSDMB), gasdermin C (GSDMC), gasdermin D (GSDMD), gasdermin E (GSDME,
DFNA5), and PJVK (DFNB59).21 GSDMB is not expressed in mice, but mice have 3 GSDMA homologs
(GSDMA1–3) and 4 GSDMC homologs (GSDMC1–4).22 Excepting DFNB59, all gasdermins contain a highly conserved
N-terminal (NT) domain and a C-terminal (CT) domain,8 which are also known as pore-forming domain (PFD) and
solubilizing inhibitory domain (SID), respectively.23 GSDMD and GSDME are the two most important proteins in the
gasdermin family related to pyroptosis, and the PFD produced by cleaved GSDMD is responsible for pyroptosis, while
SID inhibits the cytotoxicity of PFD under the binding state. In mammals, the activation of pyroptosis pyroptosis can
occur in four manners, including classical pathway, non-classical pathway, caspase-3/8-mediated pathway, and gran-
zyme-mediated pathway (Figure 1A).

Classical Pathway
In the classical pathway, pyroptosis is executed by the cleavage of GSDMD, regulated by caspase-1 and multiple
inflammasomes. Pathogen-/damage-related molecular patterns can be recognized by pattern recognition receptors (PRRs)
on the cell surface,24 which are then assembled with pro-caspase-1 and ASC into different inflammasomes such as nod-
like receptor family pyrin domain-containing 3 (NLRP3) inflammasome, nod-like receptor family containing a caspase
activation and recruitment domain 4 (NLRC4) inflammasome, absent in melanoma 2 (AIM2) inflammasome, and pyrin

Figure 1 The pyroptosis pathway in mammals (A) and teleost (B). (A) Pyroptosis in mammals can generally be divided into four pathways.21,32,36 In the classical pathway,
PAMPs and DAMPs can be recognized by the PRRs in the cell membrane to induce NLRP3 which further activate ASC and pro-caspase-1 through PYD-PYD and CARD-
CARD interaction. Activated caspase-1 can cleave GSDMD to release its NT-domain which can oligomerize to induce perforation in the cell membrane and also activate IL-
1β and IL-18 which can release via the cell pore. In the non-classical pathway, caspase-4/5 (human) and −11 (mouse) can be activated after directly binding to cytoplasmic LPS.
The activated caspase-4/5 and −11 can cleave GSDMD to release its NT-domain and form the micropores in cell membrane. Caspase-4/5 do not have the same ability to
activate IL-1β and IL-18 as caspase-1, but caspase-11 can promote the mature of pro-IL-1β and IL-18 by NLRP3. In the caspase-3/8-mediated pathway, caspase-8 can be
activated by TNF-α and other apoptotic signals to activate caspase-3, which can cleave GSDMD to release its NT-domain to form pores in cell membrane and induce
pyroptosis. In the Granzyme-mediated pathway, GzmA derived from lymphocytes can cleave the Lys229/Lys244 site of GSDMB to induce cell perforation, meanwhile, GzmB
released by CART cells can activate the caspase-3/GSDME pathway to induce pyroptosis.(B) Pyroptosis in teleost are executed by GSDME and can be divided into two ways
according to the ASC-dependence or not.15,37 In the ASC-dependent pathway, the activated NLRP3 inflammasome by DAMPs or PAMPs can recruit ASC through the PYD-
PYD interaction, which can further recruit caspy and then caspy2 through the CARD-CARD interaction. The activated caspy/caspy2 is responsible for the cleavage of
GSDMEa/b and the mature of IL-1β. In the ASC-independent pathway, the activated NLRP3 can directly bind with caspy2 through PYD-PYD interaction, and the activated
caspy2 can cleave GSDMEa/b to release its NT-domain and form pores in the cell membrane.
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inflammasome.25 NLRCs contain the leucine-rich repeat (LRR), NACHT, and caspase activating and recruitment domain
(CARD), whereas the LRR, NACHT and pyrin domain (PYD) domain exist in NLRPs.26 ASC also contains PYD and
CARD domain, and thus it can be recruited by NLRPs via PYD-PYD domain interaction, and ASC can further recruit
and activate pro-caspase-1 through CARD domain.27 NLRCs contain CARD domain, and thus they can directly recruit
and activate pro-caspase-1 independent of ASC. After being activated, caspase-1 is hydrolyzed into two fragments to
form a dimer, namely, the mature cleaved caspase-1. Mature caspase-1 can cleave GSDMD at Asp275 site to form a CT
domain (22kDa) and a NT domain (31kDa).28 The GSDMD-NT domain can oligomerize to form micropores with an
inner diameter of ~10–14 nm in the cell membrane, causing cell swelling and final pyroptosis. The activated caspase-1
can also cleave the precursors of IL-1β and IL-18 into active forms, which are released to the outside of cells through the
micropores to recruit more inflammatory cells, thus expanding inflammatory response.8

Non-Classical Pathway
Caspase-4/5 in humans and caspase-11 in mice are responsible for the non-classical pyroptosis pathway, which directly bind to
cytoplasmic LPS through the CARD domain,24 thus triggering their oligomerization and activation. Like caspase-1, the
activated caspase-4/5 and −11 also have the activity to cleave GSDMD, and GSDMD-NT domain can oligomerize to induce
perforation in the cell membrane.22 Caspase-4/5 and −11 cannot cleave pro-IL-1β or pro-IL-18, but one previous study has
revealed that the activated caspase-11 can induce low-level secretion of IL-1β in a NLRP3/caspase-1-dependent manner.29 In
addition, the micropores formed by GSDMD-NT domain after the cleveage of caspase-4/5 and −11 lead to the efflux of K+,
thus inducing the assembly of NLRP3 inflammasomes, finally resulting in pyroptosis.30 Therefore, the inflammatory response
in the non-classical pyroptosis pathway is NLRP3-dependent. Taken together, the non-canonical pyroptosis is the main
response of caspase-4/5/11 after recognizing cytoplasmic LPS, and such recognition can induce NLRP3-mediated IL-1β/18
secretion in some cell subpopulations expressing NLRP3.

Caspase-3/8-Mediated Pathway
Early studies suggested that apoptosis initiator caspases such as caspase-8 and apoptosis executor caspases such as
caspase-3 cannot cleave gasdermin members or induce pyroptosis. However, recent studies have found that some
chemo-therapeutics can cleave GSDME via caspase-3 to induce the pyroptosis of tumor cells.31 Caspase-3 can cleave
GSDME and release its complete NT domain which can oligomerize to form cell pores. One study reported that
apoptosis caused by the activated caspase-3 during TNF-α induction could be converted into pyroptosis when the
inflammatory caspase cleavage site of GSDMD was mutated to a special site of GSDME.31 This indicates that GSDME
can be specifically cleaved by caspase-3, causing pyroptosis which is faster than apoptosis. In mouse macrophage
infected by Yersinia pestis, YopJ protein has been found to inhibit TAK1 and induce caspase-8-mediated GSDMD
cleavage.32 In addition, antibiotic chemotherapy drugs can trigger caspase-8/GSDMC-mediated pyroptosis in breast
cancer cells.33

Granzyme-Mediated Pathway
In 2020, Liu et al firstly reported that chimeric antigen receptor (CAR) T cells could rapidly activate caspase-3 in target
cells through release of granzyme B. The latter cleaves gasdermin E (GSDME), a pore-forming protein highly expressed
in B leukemic and other target cells, which results in extensive pyroptosis.34 GzmB is also reported to directly cleave
GSDME and induce cell death, thereby activating the anti-tumor immune responses to inhibit tumor growth.35 GSDMB
is highly expressed in certain tissues, especially in the epithelium of the digestive tract, including epithelium-derived
tumors. Natural killer cells and cytotoxic T lymphocytes (CTL) can kill virus-infected or transformed cells or grafted
tissues through pyroptosis pathway, in which GzmA derived from lymphocytes mediates the cleavage of GSDMB at
Lys229/Lys244 site. Therefore, GzmA can hydrolyze GSDMB protein at non-aspartic acid sites and induce cell
perforations, indicating that pyroptosis can not only be activated by caspases.36
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Pyroptosis in Fish
Pyroptosis research in fish has gradually increased in recent years. Similar to that in mammals, pyroptosis in fish is
initiated with the activation of inflammasomes, which can further recruit and activate caspases. The activated inflam-
matory caspases will cleave gasdermin E (GSDME), which is the sole gasdermin family protein in fish, to induce
pyroptosis (Figure 1B).

Inflammasomes in Fish
Several inflammasomes have been identified in different fish species, including the NLRP3 inflammasomes in zebrafish,37

tongue sole,15 carp,16 turbot,18 and Japanese flounder (Figure 2A),17 and different NLRCs inflammasomes in zebrafish,38,39

goldfish,40 rainbow trout,41 Japanese flounder,42,43 and channel catfish (Ictalurus punctatus).44,45 The existing studies on fish
pyroptosis mostly focused on the NLRP3-dependent pathway. The analogs of mammalian AIM2 and pyrin inflammasomes
have not been identified in fish yet, and genomic studies have reported that genes encoding these two proteins appear after the
differentiation of tetrapod from fish, thus these two inflammasomes may not exist in fish.46 Importantly, ASC, one important
component of inflammasomes, has also been identified in several fish species (Figure 2B). ASC spot complexes can be
detected in zebrafish keratinocytes and macrophages during the occurrence of pyroptosis.47,48 In addition to zebrafish, the
gene encoding ASC has also been reported in other fish species, such as mandarin fish (Siniperca chuatsi),49 Japanese
flounder,17 and turbot.18 According to the ASC-dependence or not, fish pyroptosis can be divided into ASC-dependent
NLRP3-activated pyroptosis and ASC-independent one. The ASC-dependent NLRP3-activated fish pyroptosis is similar to
that in mammals, since both recruit caspases through PYD-PYD interaction between NLRP3 and ASC. NLRP3 and ASC
could firstly recruit and activate caspase-a (89.92% structural similarity to ASC), and then recruit and activate caspase-b
(55.46% structural similarity to ASC) in zebrafish, to execute GSDME cleavage.37 Meanwhile, caspases can promote the

Figure 2 Phylogenetic trees of genes involved in pyroptosis including GSDMD and GSDME (A), caspases (B), NLRP3 (C), ASC (D) in representative teleost and mammals.
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maturation of IL-1β in an ASC-dependent manner, and mature IL-1β are released via the cell micropores to induce
inflammatory response. The ASC-independent NLRP3-activated fish pyroptosis relies on the direct binding of NLRP3
with caspase-b through the PYD-PYD interaction, thus cleaving GSDMEa/b to induce pyroptosis.37

Caspases in Fish
The activated inflammasomes can further recruit and activate caspases in fish, and gene sequences of multiple caspases
(caspase-1, −2, −3, −8, −9, −10, −20, and others) were identified in various teleost species, such as zebrafish,50,51 Atlantic
salmon (Salmo salar),52 sea bass (Dicentrarchus labrax),53,54 medaka (Oryzias latipes),55 large yellow croaker
(Pseudosciaena crocea),56 rock bream (Oplegnathus fasciatus),57 tongue sole,58 murrel (Channa striatus),59 and rainbow
trout (Oncorhynchus mykiss) (Figure 2C).60 Moreover, duplicated isoforms are identified in several fish caspases such as
caspase-3a/3b, caspase-8a/8b, and caspase-6a/6b/6c in zebrafish,61 caspase-2a/2b, caspase-3/3a1/3a2/3b, caspase-9a/9b,
caspase-10a/10b, and caspase-20a/20b in rainbow trout.60 Caspases in fish can generally be divided into three subgroups:
apoptosis initiator caspases (caspase-2, −8, −9, −10, and −20), apoptosis executor caspases (caspase-3, −6 and −7), and
inflammatory caspases (caspase-a (caspase-1, caspy) and caspase-b (caspase-19a, caspy2)). Caspase-a/caspase-b in
zebrafish are reported to be homologous analogues of caspase-1 and caspase-4/5/11 in mammals,14,62 which could be
activated by NLRP3/ASC inflammasome to cleave GSDME.37 The constructed turbot caspase plasmid exhibits proteo-
lytic enzyme activity similar to mammalian caspase-5, and this plasmid can cleave turbot GSDME-b.18 Caspase-a can
also promote pyroptosis of Japanese flounder after activation.17 Recently, new inflammatory caspases have been
identified, including caspase-19b and caspase-23 in zebrafish,61 and caspase-1a and caspase-1b in rainbow trout.60

With the discovery of more functions of caspases, the previous subdivision of caspases has become obsolete. For
example, the caspase-3 cleavage site is found in zebrafish GSDMEa rather than in GSDMEb.63 In tongue sole, GSDME
is mainly cleaved by caspase-a, but lowly cleaved by caspase-3 and caspase-7, which is different from the complete
cleavage of human GSDME by caspase-3.15

Gasdermin E in Fish
Pyroptosis in fish is also executed by gasdermin family protein, which can be cleaved by the above-mentioned
inflammatory caspases. Till now, only one gasdermin family protein, GSDME, has been identified in teleosts including
zebrafish, tongue sole, turbot, and Japanese flounder (Figure 2D); however, there could be subtypes of GSDME in
teleosts, for example, two homologous genes (GSDME-a and GSDME-b) exist in zebrafish.31 Similar to gasdermins in
mammals, GSDME in fish also contains a highly conserved NT domain and a CT domain and its cleaved GSDME-NT
domain also has pore-forming function to induce pyroptosis.15 In humans, GSDME has been identified to be associated
with non-syndromic deafness,20 which defect has been further related to the pyroptosis.31 In zebrafish, GSDMEb deletion
also causes semicircular canal malformations in its inner ear,64 suggesting that fish GSDME shares functions similar to
mammalian GSDME. Evolutionarily, the origin of GSDME can be traced back to coelenterata phylum such as corals, sea
anemones, and jellyfish.65 Interestingly, coelenterata GSDME shares similar gene structure to vertebrate GSDME and
DFNB59, and even exhibits more intimate relationship with vertebrate DFNB59.66 Therefore, GSDME is highly
conserved during evolution and has similar functions in executing pyroptosis in both invertebrates (such as coelenterates)
and vertebrates (such as fish and mammals).

Currently, fish pyroptosis is investigated mainly under pathogenic microorganism infection and environmental pollutants
exposure. A typical NLRP3/ASC inflammasome complex has been detected in zebrafish embryos, and this inflammasome
triggers caspase-a and caspase-b activation under bacterial infection and promotes the maturation of IL-1β, finally leading to
pyroptosis.37 The NLRP3 inflammasome in the head kidney macrophages of turbot was activated after Edwardsiella piscicida
infection to recruit a large amount of caspases, thus promoting the release of IL-1β into the blood.18 The NLRP3 inflamma-
some was also detected in the head kidney phagocytic cells of Japanese flounder after Edwardsiella piscicida infection, and
a model of NLRP3-mediated caspase-a activation and IL-1β maturation was successfully established.17 In addition to
pathogenic microorganism infection, diverse environmental pollutants have been also reported to induce fish
pyroptosis.16,67 The studies on the lymphocytes in head kidneys and spleens of carp under cadmium treatment showed that
cadmium could activate NLRP3 inflammasome to induce pyroptosis of these lymphocytes, but the inhibition of NLRP3
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activity reduced the cadmium-induced lymphocyte pyroptosis.16 Moreover, in vitro study confirmed the role of chlorpyrifos in
triggering epithelioma papulosum cyprini cell pyroptosis via miR-124-3p/CAPN1 axis.67

Conclusion
Similar to that in mammals, pyroptosis in fish is also activated by caspases through NLRP3 inflammasome to cleave
GSDME and release its NT domain, and GSDME-NT domain can oligomerize to cause perforation in the cell membrane,
in accompany with a large number of pro-inflammatory mediator release. Current research on the mechanism of fish
pyroptosis is far from enough, and most studies only focus on the induction by pathogenic microorganism infection.
However, the water environment where fish lives is affected by multiple factors, and few studies about the regulation of
fish pyroptosis under these different environmental conditions have been reported. Additionally, the identified pyroptosis
pathways in fish are mainly all dependent on NLRP3 inflammasomes. Future studies are suggested to reveal the role of
other identified inflammasomes such as NLRCs in fish pyroptosis. The effects of caspases on GSDMEa and GSDMEb
proteins are reported to differentiate in different fish species, but the specific activation mechanism remains to be further
investigated. Finally, granzyme was recently found to hydrolyze GSDMD and induce pyroptosis in mammals. Whether
granzyme can induce pyroptosis by activating GSDME in fish and if yes, whether such pyroptosis induction is caspase-
dependent or caspase-independent will be interesting topics. The exploration of these questions is of great significance
for revealing the characteristics of pyroptosis from evolutionary perspective.
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