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Pyroptosis is a pro-inflammatory cell death executed by gasdermin family proteins that
involve the formation of pores on cells, recognition of danger signals, and release of pro-
inflammatory cytokines IL-1β and IL-18. Pyroptosis modulates mucosal innate immunity
and enteropathogenic bacterial infection. Similarly, the gasdermin family has been reported
to be involved in the defense of the intestinal epithelium against bacterial infection and in the
regulation of intestinal inflammation. Pyroptosis initiates damage signals that activate
multiple pathways to cause inflammation, which may be a potential cause of chronic
intestinal inflammation. In this review, we discuss the impact of pyroptosis on inflammatory
bowel disease (IBD), with a focus on the executive proteins of pyroptosis (GSDMB,
GADMD, and GSDME) and IBD-related endogenous damage-associated molecular
patterns (DAMPs) produced by pyroptosis.
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INTRODUCTION

Intestinal inflammatory disease (IBD) is a chronic bowel disease that has become a global health
problem (Kaplan, 2015). IBD primarily consists of Crohn’s disease (CD) and ulcerative colitis (UC),
which are chronic, relapsing gastrointestinal conditions characterized by intestinal inflammation and
epithelial injury (Neurath, 2014). CD is a chronic systemic inflammatory disease that affects
primarily the gastrointestinal tract, as well as displaying extraintestinal manifestations and
immune-related disorders (Baumgart and Sandborn, 2012). UC, the most common form of
inflammatory bowel disease worldwide, is a mucosal disease that is less prone to complications
(Danese and Fiocchi, 2011). IBD is a chronic inflammatory disease with no cure and significant
morbidity (Abraham and Cho, 2009). Current treatment methods are typically targeted biological
therapies and non-targeted therapies. Biological therapies are effective for many patients; however,
up to 30% of patients fail to respond after initial treatment (Chang, 2020). Patients with IBD are at
increased risk for gastrointestinal and extra-intestinal malignancies, particularly colorectal cancer
(CRC) and lymphoma (Nadeem et al., 2020).

The pathogenesis of IBD is complex, related to epithelial barrier function, innate immunity, and
adaptive immunity (Xavier and Podolsky, 2007). In past years, extraordinary progress has beenmade
explicating the pathogenesis of inflammatory bowel disease. Factors responsible for IBD include
genetic components, environmental elements, microbial flora, and immune responses (Abraham and
Cho, 2009). Population-based studies have found an increased incidence of IBD in newly
industrialized countries in Africa, Asia, and South America, while the highest incidence is
observed in developed countries in North America, Oceania, and Europe, potentially reflecting
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the impact of the environment on IBD (Ng et al., 2017). Genome-
wide association studies (GWAS) and subsequent meta-analyses
have identified at least 163 IBD-associated loci. Reports have also
suggested that host-microbe interactions affect IBD (Jostins et al.,
2012). Intestinal flora dysfunction is a current hot topic in IBD
research. Many studies have found that fecal microbiota in IBD
patients is unstable and shows reduced biodiversity compared to
healthy controls (Andoh et al., 2011; Joossens et al., 2011).

While significant progress has been made in studying the
pathogenesis of IBD, mucosal inflammation remains
unaddressed. The intestinal epithelium, an important
component of the intestinal barrier, is susceptible to infection
by pathogenic bacteria that disrupt intestinal barrier function and
cause inflammation. Infected intestinal epithelial cells (IECs)
fight pathogenic bacteria through a pro-inflammatory cell
death pattern called cell pyroptosis. Pyroptosis is a lytic
process characterized by swollen cells, large bubbles blowing
from the plasma membrane, and the release of two pro-
inflammatory cytokines [interleukin-1β (IL-1β) and
interleukin-18(IL-18)] as a defense against intracellular
pathogens (Jorgensen and Miao, 2015). Pyroptosis promotes
cell death via inflammation, and many studies have identified
a role for pyroptosis in IBD (Zhou and Fang, 2019; Patankar and
Becker, 2020). However, many claims about the role of pyroptosis
in intestinal pathology have been extrapolated from studies of the
inflammasome (Rathinam and Chan, 2018; Zheng et al., 2021).
Gasdermins (GSDMs) family is abundantly expressed in skin and
gastrointestinal epithelium (Shi et al., 2017). The gasdermin
family is composed of Gasdermin A (GSDMA), Gasdermin B
(GSDMB), Gasdermin C (GSDMC), Gasdermin D (GSDMD),
Gasdermin E (GSDME, DFNA5) and Pejvakin (PJVK) (Tamura
et al., 2007; Feng et al., 2018), which have N-terminal structural
domains capable of inducing cell death in mammalian cells (Shi
et al., 2017). For these proteins, particular attention has been paid
to mechanisms of pyroptosis promoted by GSDMB, GSDMD,
and GSDME. Many studies on the role of pyroptosis in IBD have
been focused on the inflammasome and caspase. However, less
attention was paid to the role of gasdermin protein as an executive
protein of pyroptosis on IBD. Therefore, in this review, we
highlight the effects on IBD of the pyroptosis executive
gasdermin proteins and associated released substances.

MECHANISMS OF PYROPTOSIS

Pyroptosis is an inflammatory form of cell death (Kayagaki et al.,
2015). In the 1980s and 1990s, pyroptosis was thought to be a
toxin-stimulated or pathogen-infected cystatin 1-dependent form
of macrophage death. Due to the involvement of caspase-1
(involved in apoptosis), pyroptosis was historically referred to
as caspase-1-mediated monocyte death (Zychlinsky et al., 1992).
However, scientists later discovered that, although both processes
involve caspases, cell death via apoptosis is not inflammatory, but
the newly discovered form of cell death is. This new form of cell
death was named ‘pyroptosis’ by Brad Cookson and his
coworkers to distinguish proinflammatory apoptosis from the
classical process (Cookson and Brennan, 2001). Since then, there

were no breakthroughs in pyroptosis research until 2015, when
three independent laboratories used different approaches to
confirm that GSDMD acts as an effector protein of pyroptosis
by caspases-1/4/5/11 (caspase 11 in mice, caspase 4/5 in humans)
to trigger cell death (He et al., 2015; Kayagaki et al., 2015; Shi et al.,
2015).

Inflammasome response sensors recognize pathogen-
associated molecular patterns (PAMPs) and damage-associated
molecular patterns (DAMPs), they stimulate the assembly of
inflammasome complexes. Inflammasome-activated caspase-1
cleaves GSDMD into two fragments: N-terminal proteolytic
fragment of GSDMD (GSDMDNT) and C-terminal proteolytic
fragment of GSDMD (GSDMDCT). GSDMDNT is a key point for
pore formation. GSDMD is a key factor in pore formation. The
N-terminal and C-terminal of the full-length GSDMD are self-
repressed and activated when the GSDMD is cleaved to release
GSDMDNT (Shi et al., 2015). GSDMDNT efficiently solubilizes
phosphatidylinositol/cardiolipid-containing liposomes and
forms pores in membranes made of artificial or natural
phospholipid mixtures. The formation of GSDMD membrane
pores disrupts the osmotic potential, leading to cell swelling and
eventual disintegration (Ding et al., 2016). Besides GSDMD, the
n-terminal domains of the gasdermin family (human) members
GSDMA, GSDMB, GSDMC, and GSDME all can form pores
(Feng et al., 2018).

Cytokines pro-IL-1β and pro-IL-18 are also cleaved to
produce mature IL-1β and IL-18. GSDMDNT is cytotoxic and
plays a role in the formation of pores in the cell membrane (Shi
et al., 2017). IL-1β and IL-18 are released from the pyroptosis
pore (Figure 1). In the absence of GSDMD, the expression of IL-
1β and IL-18 was not blocked, but the amount secreted
extracellularly was reduced, indicating the dependence of IL-
1β and IL-18 release on focal death (Shi et al., 2015).

As more and more pores are formed, the cell eventually
ruptures (Broz et al., 2020). Similar to immune reactions,
pyroptosis leads to harmful effects. Pyroptosis plays a role in
preventing host infection from pathogenic bacteria and is an
important innate immune defense mechanism (Jorgensen and
Miao, 2015). However, excessive and uncontrolled pyroptosis
may lead to organismal damage, by causing a severe
inflammatory response. For example, chimeric antigen
receptor (CAR) T cell therapy has become a very effective
cancer treatment, but it remains hindered by cytokine release
syndrome (CRS). It has been shown that CAR T cells release
Granzyme B (GZMB), which triggers GSDME-mediated target
cell pyroptosis to cause CRS (Liu et al., 2020).

PYROPTOSIS AND INTESTINAL
PATHOGENS

As a protective host defense, pyroptosis plays a crucial role in
controlling several types of viral and bacterial infections
(Figure 2) (Jorgensen et al., 2017; Banerjee et al., 2018;
Cerqueira et al., 2018; Wang et al., 2019). PAMPs and
DAMPs, including lipopolysaccharides (LPS), flagellins, and
lipoproteins, are detected by the inflammasome when they
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infect cells. Different bacterial proteins are recognized by
different receptors, which trigger pyroptosis and promote
pathogen clearance (Bergsbaken et al., 2009; Cunha and
Zamboni, 2013). In different mouse models (DSS, Oxazolone,
and TNBS models) NLRP3 has been shown to protect epithelial
integrity, regulate intestinal homeostasis, and attenuate

experimental colitis (Allen et al., 2010; Zaki et al., 2010; Hirota
et al., 2011). Excessive NLRP3 activation, which can be caused by
knockdown of V-set and immunoglobulin domain-containing 4
(VSIG4), protects mice from DSS-induced colitis (Huang et al.,
2019). However, in other studies, the opposite outcome was
reported (Bauer et al., 2010; Bauer et al., 2012). In a DSS-

FIGURE 1 | The mechanism of pyroptosis. Typical inflammasomes act as sensors for various types of cell damage signals. The activation of caspases-1/4/5/11
initiatesmany pathways that promote cell death signaling, causing the pro-inflammatory cytokines IL-1β and IL-18 to be cleaved and released through large holes formed
by N-terminal proteolytic fragment of GSDMD (GSDMDNT) in the plasma membrane and eventually leading to cell death.

FIGURE2 | Pyroptosis against intestinal pathogens. Pyroptosis plays a role in interactions between pathogens and intestinal epithelial cells or resident immune cells
maintain intestinal homeostasis and inflammation. When pathogens invade epithelial cells, inflammasomes in the epithelial cells, including NLRP3, NLRP6, and NLRP9,
are activated to secrete cytokine IL-18. The activation of the inflammasome in epithelial cells can also cause pyroptosis, ultimately leading to the release of bacteria that
have invaded epithelial cells, stimulation of the immune response, and enhanced mucosal immune defense.
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induced colitis model, NLRP3 (−/−) mice were shown to release
less IL-1β, a central factor in the pathogenesis of IBD, and NLRP3
(−/−) mice were less likely to exhibit colitis than wild-type
controls (Bauer et al., 2010). This contradictory result may be
explained by differences in intestinal microflora composition
(Bauer et al., 2012). In intestinal epithelial cells, NLRP9b is
involved in GSDMD-induced pyroptosis to restrict rotavirus
infection (Zhu et al., 2017). NLRP6 inhibits enterovirus
infection, maintains intestinal flora homeostasis, and regulates
antimicrobial immunity (Wang et al., 2015).

Pyroptosis promotes host defense against intracellular bacteria
by trapping pathogens in pore-induced intracellular traps (PITs)
in pyroptotic macrophages (Jorgensen et al., 2016). Pyroptosis
damages the outer membrane of bacteria, but not fatally so. And
such living bacteria remain trapped in the cellular debris of the
pyroptotic cell. The pyroptotic cell corpse has a plasma
membrane that remains largely intact, retaining both
organelles and bacteria. This pore-induced cellular debris, or
PIT, can capture intracellular bacteria. In addition to capturing
bacteria, PIT orchestrates innate immune responses, driving
neutrophil recruitment and phagocytosis, with this secondary
phagocytosis ultimately killing captured bacteria (Jorgensen et al.,
2016).

Pyroptosis plays a role in preventing host infection by
pathogenic bacteria (Jorgensen and Miao, 2015). However,
invading microorganisms also resist or prohibit the pyroptosis
response through complex mechanisms. Shigella flexneri (S.
flexneri) uses multiple strategies to counteract the innate
immune system, including escaping immune surveillance by
delivering a subset of T3SS effectors during epithelial cell
replication (Ashida et al., 2011). Recent studies have identified
IpaH7.8, a T3SS effector protein secreted by the intestinal
invasive S. flexneri, which acts on GSDMB for ubiquitin-
mediated proteolysis. Therefore, S. flexneri is protected from
the bactericidal activity of NK cells by inhibiting GSDMB-
mediated pyroptosis induced by Granzyme A (GMZA)
(Hansen et al., 2021).

Taken together, these findings define pyroptosis as a pro-
inflammatory form of cell death that plays a role in the
maintenance of intestinal homeostasis, as well as in intestinal
inflammation. The interactions between host and pathogen are
complex, with host defense mechanisms preventing pathogens
from invading and pathogens enacting corresponding
countermeasures to evade the innate immune system.

GASDERMINS IN IBD

The gasdermin family is composed of Gasdermin A (GSDMA),
Gasdermin B (GSDMB), Gasdermin C (GSDMC), Gasdermin D
(GSDMD), Gasdermin E (GSDME, DFNA5), and Pejvakin
(PJVK) (Tamura et al., 2007; Feng et al., 2018), Gasdermins
(GSDMs) family is abundantly expressed in skin and
gastrointestinal epithelium (Shi et al., 2017), which have
N-terminal structural domains capable of inducing cell death
in mammalian cells (Shi et al., 2017). Of these proteins, particular
attention has been paid to mechanisms of pyroptosis promoted

by GSDMB, GSDMD, and GSDME. In the mouse gastrointestinal
tract, gasdermin genes exhibit tissue-specific linear expression
(Tamura et al., 2007). Based on studies of the expression pattern
of this family of genes in upper gastrointestinal epithelial cells and
cancer, GSDMB demonstrated no inhibition of cell growth in
gastric cancer cells and may be an oncogene. GSDMD has been
expressed in differentiated cells and may be a potential tumor
suppressor (Saeki et al., 2009). Analysis of promoter methylation
patterns in colorectal cancer (CRC) cell lines identified GSDME
as a tumor suppressor for colon cancer (Yokomizo et al., 2012).

GSDMB
Katoh discovered GSDMB (GSDML, PP4052, and PRO2521) in
2004 (Katoh and Katoh, 2004). GSDMB, unlike other members of
the gasdermin family, is not found in mice, although it is present
in humans and other mammals (Tamura et al., 2007). GSDMB is
highly expressed in the skin epithelium, gastrointestinal tract, and
immune cells (17q12-q21 locus) (Saeki et al., 2009). GSDMB, a
member of the gasdermin family of executive pyroptosis proteins,
has been found to play a role in pyroptosis. Studies have
demonstrated that the Gasdermin-N domain of GSDMB,
although not the full-length GSDMB protein, can induce
extensive pyroptosis in 293T cells (Ding et al., 2016).

GSDMB is cleaved by caspase-1 at the aspartate 236 position
relative to the GSDMB N-terminus and released to induce potent
pyroptosis. In contrast, by mutating the aspartate of residue 236
to alanine (when D236A), pyroptosis does not occur (Panganiban
et al., 2018). Apoptotic caspase-3/6/7 also cleaves GSDMB,
producing p36 and p10 fragments (Chao et al., 2017). Recent
studies have found that gasdermin cleavage is not caspase-
specific. GSDMB also promotes caspase-4 activity, which is
required for the cleavage of GSDMD in non-canonical
pyroptosis (Chen et al., 2019a). Shaofeng et al. found that
GSDMB expressed in human embryonic kidney (HEK)
239T cells could be specifically cleaved into GSDMBNT and
GSDMBCT by GZMA, which is secreted by NK cells and
cytotoxic T cells. Similarly, GSDMBNT acts on the cell
membrane to promote pore formation, after which some
molecules are expelled from the pore, and the cell swells,
causing pyroptosis (Zhou et al., 2020).

GWAS has identified several autoimmune diseases associated
with GSDMB, including asthma (Wu et al., 2009; Li et al., 2020),
type 1 diabetes (Saleh et al., 2011), IBD (Söderman et al., 2015;
Chao et al., 2017), and rheumatoid arthritis. GWAS has also
shown correlations between IBD susceptibility and single
nucleotide polymorphisms (SNPs) in the protein-coding and
transcriptional regulatory regions of GSDMB (Das et al.,
2017). Based on the study of gene expression levels in samples
from IBD patients (inflammatory and non-inflammatory
mucosa) and non-IBD patients (non-inflammatory mucosa),
GSDMB was suggested to contribute to IBD susceptibility
(Söderman et al., 2015). To further support this GWAS data, a
structural analysis of GSDMB was performed to explore potential
disease mechanisms (Chao et al., 2017). Immunohistochemical
analysis of colon tissues showed that GSDMB expression levels
were higher in Crohn’s disease samples than in normal colon
tissues. It suggests that there may be a relationship between
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GSDMB and IBD and that this relationship may be that GSDMB
regulates intestinal inflammation by promoting GSDMD-
mediated pyrosis (Chen et al., 2019a). Many studies have
confirmed that the GSDMB gene is associated with IBD
susceptibility. However, insufficient research has explored the
mechanisms by which GSDMB affects IBD, and it remains
uncertain whether GSDMB-induced pyroptosis can contribute
to the development of intestinal inflammation.

GSDMD
GSDMD is predominantly expressed in the small intestine, but
weak expression has also been reported in the colon and stomach
(Tamura et al., 2007). GSDMD was one of the first members of
the gasdermin family to be identified as a pyroptosis-executing
protein (Shi et al., 2015), and it remains the most studied
pyroptosis execution protein. Molecular structures of mouse
and human GSDMD were reported in 2019 (Liu et al., 2019a).

In bone-marrow-derived macrophages (iBMDMs), GSDMD
is cleaved by inflammatory caspase-1 after the 272FLTD275 (or
273LLSD276) sequence in response to LPS stimulation and
activation of the canonical inflammasome pathway (Shi et al.,
2015). Full-GSDMD is cleaved into cytotoxic GSDMDNT and
GSDMDCT. GSDMDNT binds to phosphatidylinositol
phosphates and phosphatidylserine (restricted to the inner
leaflet of the cell membrane), as well as to cardiolipin (present
in both inner and outer leaflets of bacterial membranes) (Broz
et al., 2020). GSDMDNT binds with lipid leading to pyroptosis,
but it does not damage neighboring cells (Liu et al., 2016).
Noncanonical inflammasome signaling through caspase-11 in
mice and caspase-4/5 in humans activates pyroptosis (Hagar
et al., 2013; Kayagaki et al., 2013). GSDMD can also be
cleaved by the apoptotic caspase (caspase-8) (Orning et al.,
2018). In addition to cleavage by caspase (caspase-1/4/5/8/11),
GSDMD can also be cleaved by neutrophil elastase and cathepsin
G (Sollberger et al., 2018; Burgener et al., 2019; Bulek et al., 2020).
Although the cleavage site is different from that utilized by
caspases, the GSDMDNT product can still promote pore
formation. For these reasons, pyroptosis is considered to be a
gasdermin-mediated necrotic form of programmed cell death
(Shi et al., 2017; Galluzzi et al., 2018).

Pyroptosis protects the host from pathogenic infection
through cell lysis and is critical to innate immunity. For
example, GSDMD-deficient mice are more susceptible to
rotavirus infection than wild-type mice (Zhu et al., 2017). A
similar phenomenon has been found again. Mice with GSDMD-
deficient BMDMs are more vulnerable to Francisella novicida (F.
novicida, intracellular bacteria) infection thanWTmice (Banerjee
et al., 2018). Indeed, GSDMD is required for host defense against
F. novicida infection (Zhu et al., 2018). In the DSS-induced colitis
mouse model, overgrowth of commensal E. coli, which mediated
the activation of GSDMD in IEC (GSDMD was strongly cleaved
to activated GSDMDNT) promoted pyroptosis. In contrast, the
severity of colitis was attenuated in mice deficient in GSDMD
(Gao et al., 2021). In response to challenges by DAMPs and
PAMPs, GSDMD-mediated pyroptosis promotes inflammation.
However, it has been reported that GSDMD also exerts anti-
inflammatory functions by controlling neutrophil death. Elastase-

induced neutrophil death negatively regulates neutrophil-
mediated innate immunity and exerts anti-inflammatory
effects. Following infection by Escherichia coli (E. coli),
GSDMD deficiency enhances antimicrobial activity by
increasing neutrophil survival (Kambara et al., 2018). NLRP9b
recognizes rotavirus RNA pathogen-associated molecular
patterns in intestinal epithelial cells and promotes GSDMD-
induced pyroptosis in IECs (Zhu et al., 2017). Thus, the
interaction between pyroptosis and inflammation depends on
the responding host cell as well as, potentially, on the type of
pathogen.

Patients with IBD and experimental colitis exhibit increased
expression of epithelial-derived GSDMD, suggesting a potential
role for GSDMD in IBD (Bulek et al., 2020). Evidence also
suggests that GSDMD plays a protective role in DSS-induced
colitis (Gao et al., 2021). GSDMD deficiency-induced
inflammation in macrophages that aggravated experimental
colitis by boosting cyclic GMP-AMP synthase (cGAS)-
dependent inflammation (Ma et al., 2020). GSDMD-induced
pyroptosis leads to the formation of pores in the cell
membrane, giving rise to ionic fluxes (Rühl and Broz, 2015).
Efflux of potassium (K+) has been identified as particularly
critical, as K+ loss from the cell inhibits cytosolic DNA
(DAMP)-induced cGAS signaling (Banerjee et al., 2018). In
DSS-induced colitis models, DSS disrupts the intestinal
epithelial monolayer lining, allowing intestinal pathogens to
invade the mucosa and provoking an acute inflammatory
response in the lamina propria (Eichele and Kharbanda, 2017).
Furthermore, extracellular bacteria and dying cells can both
release CDNs (cyclic dinucleotides), which activate cGAS-
STING signaling (Liu et al., 2019b). cGAS-STING signaling
activates transcription factors IRF3 and nuclear factor κB,
thereby inducing the production of type I IFNs and other
cytokines capable of triggering inflammatory responses (Cai
et al., 2014). Activation of cGAS-STING signaling is
responsible for the exacerbation of intestinal inflammation
(Banerjee et al., 2018). NIMA-associated kinase 7 (NEK7) is
an NLRP3-binding protein that interacts with the leucine-rich
repeat domain of NLRP3. When NEK7 is knocked down, the
activation of caspase-1 and release of IL-1β are restricted (He
et al., 2016). The mRNA expression of NEK7, Caspase-1, NLRP3
and GSDMD was significantly higher in UC tissues than in the
control group. In the DSS-induced mouse model, knockdown of
NEK7 was associated with reduced protein expression levels of
Caspase-1, NLRP3, and GSDMD. This suggests that NEK7-
NLRP3 interaction regulation GSDMD-mediates pyroptosis
may be a novel mechanism for IBD (Chen et al., 2019b). In a
DSS-induced mouse colitis model, the use of VX765 (a caspase-1
inhibitor), which inhibits caspase-1/GSDMD pathway-regulated
pyroptosis, attenuates colitis in mice (Wang et al., 2022). The 18-
kDa translocator protein (TSPO) is one of the outer
mitochondrial membrane proteins (Wang et al., 2016). Gly-
Pro-Ala (GPA), a GPA peptide isolated from fish skin gelatin
hydrolysate (Zheng et al., 2018), ameliorate DSS-induced colitis
by inhibiting GSDMD-mediates pyroptosis (Deng et al., 2020).
These examples above illustrate that GSDMD mediated
pyroptosis and IBD are closely related and can be regulated by
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modulating GSDMD-mediated pyroptosis in a DSS-induced
colitis model.

Although GSDMD is more highly expressed in epithelial cells
than in lamina propria hematopoietic cells, GSDMD in IECs did
not protect against damage caused by DSS treatment in mice
(Maik-Rachline et al., 2020; Gao et al., 2021). The protective effect
of GSDMD in macrophages against DSS-induced colitis has been
demonstrated (Ma et al., 2020). So, what is the role of high
GSDMD expression in IEC? Previous studies have reported that
GSDMD is more highly expressed in the IECs of IBD patients
compared to healthy individuals. Full-length GSDMD plays a
non-pyroptotic role in promoting the release of IL-1β-containing
small extracellular vesicles (sEVs) from IECs (Bulek et al., 2020).
Interestingly, studies have also reported that GSDMDNT released
from pyroptotic cells kills pathogens (Liu et al., 2016). Direct
killing of intracellular bacteria by GSDMDNT limits the release of
viable bacteria from pyroptotic cells and reduces infection. Taken
together, the literature suggests that GSDMD in IECs may protect
against intestinal inflammation through non-pyroptotic means.

Recently, it has also been shown that Caspase-8-GSDMD
triggers pyroptosis-like cell death of IECs in FADD-deficient
mice, contributing to the development of intestinal inflammation
(Schwarzer et al., 2020). This mechanism may be related to the
pathogenesis of intestinal inflammation during intestinal
pathogenic bacterial infections. Enteropathogenic bacteria
express effectors that target FADD, including arginine
glycosyltransferase NleB1 (Scott et al., 2017), and inhibit its
function. Caspase-8 promotes intestinal inflammation in
FADD-dysfunctional mice by inducing the death of GSDMD-
mediated IECs (Schwarzer et al., 2020).

The relationship between GSDMD and intestinal
inflammation is complex, dependent on both the type of
infecting pathogen and the host cells. Current studies in
macrophages found that GSDMD causes cellular K loss by
triggering pyroptosis, which in turn inhibits cGAS-STING
signaling to protect the host and alleviate inflammation. In
IECs, GSDMD guides the extracellular release of IL-1β
through non-pyroptosis to exacerbate inflammation. It has
also been shown that GSDMD induces the release of IL-18,
but not IL-1β, to stimulate inflammation. In FADD knockout
mice, GSDMD caused intestinal inflammation due to lytic death
of IECs (Schwarzer et al., 2020), a phenomenon that may explain
the inflammation caused by some intestinal pathogenic bacteria.

GSDME
GSDME, also known as DFNA5 (deafness, autosomal dominant
5), was initially discovered to play a role in hearing impairment
(Van Laer et al., 1998; Delmaghani et al., 2006). As a member of
the gasdermin family, GSDME, like GSDMB and GSDMD, is
highly expressed in the intestinal epithelium and functions as a
pyroptosis-executing protein. However, GSDME is distinct from
the other two proteins in that GSDME is not cleaved by caspase-1,
-4, -6, -7, -8, or -9. Although caspase-3 has been used as a sign of
apoptosis, a role in pyroptosis has also been identified.
Stimulation by pro-apoptotic factors [such as tumor necrosis
factor (TNF)] activates effector caspase-3 in the apoptotic
pathway. Caspase-3 not only cleaves GSDMD to promote

pyroptosis; but also activates GSDME, converting apoptosis
into pyroptosis in cells with high expression levels of GSDME
(Rogers et al., 2017).

GSDME-mediated pyroptosis is associated with GSDME
expression levels. It has been shown that in cells with high
GSDME levels, GSDME stimulation by chemotherapeutic
drugs (apoptosis-inducing) can directly induce pyroptosis
(Wang et al., 2017). In macrophages with low levels of
GSDME expression, GSDME-dependent pyroptosis does not
occur upon induction of apoptosis, even though GSDME is
cleaved (Rogers et al., 2017; Lee et al., 2018; Broz et al., 2020).
Like GSDMB (Zhou et al., 2020), GSDME is involved in Gzm-
mediated cell death, a caspase-independent process. Killer-cell
GZMB can also activate pyroptosis by direct cleavage of GSDME
at the same site as caspase-3 (D270) (Zhang et al., 2020).

GSDME, a candidate tumor suppressor, affects cancers such as
breast cancer, gastric cancer, melanoma, and colorectal cancer
(Akino et al., 2007). Promoter DNA methylation inactivates
GSDME in many cancer cells resulting in low levels of
GSDME expression (Wang et al., 2013). The GSDME
promotes tumor cell phagocytosis by macrophages and
increases tumor-infiltrating natural killer and CD8+ T
lymphocytes numbers and function (Wang et al., 2017).

GSDME-regulated pyroptosis promotes intestinal
inflammation, which plays a role in the development of
colitis-associated colorectal cancer (Tan et al., 2020).
Significantly increased levels of GSDME protein were detected
in the colonic mucosa of patients with IBD compared to healthy
controls (Tan et al., 2020; Tan et al., 2021). In a mouse model of
DSS-induced colitis, Gsdme-knockout mice exhibited reduced
inflammation, and Gsdme−/− mice release higher levels of high
mobility group box 1 (HMGB1) from IECs. Extracellular
HMGB1 induces an inflammatory response (Boyapati et al.,
2016), suggesting that GSDME-mediated pyroptosis promotes
mucosal inflammation through the release of HMGB1 from IECs.
GSDME deficiency effectively reduces HMGB1 release from
colonic tissues, alleviating inflammation in a mouse model of
DSS-induced colitis (Tan et al., 2020). Beyond HGMB1, recent
studies have also suggested that GSDME-mediated pyroptosis
releases pro-inflammatory cytokines (IL-1β, TNF-α, and IL-6)
that contribute to CD pathogenesis (Tan et al., 2021).

While GSDME is important for antitumor immunity, not
much research has been done on its role in chronic inflammation.
GSDME has been shown to promote inflammation through the
release of HGMB1 and other pro-inflammatory cytokines.
GSDME-mediated pyroptosis is an important innate immunity
process that protects the host against pathogenic infections, but
whether it also plays a role in protecting the intestine from
pathogenic bacteria remains unclear.

DAMPS RELEASED BY PYROPTOSIS
ON IBD

Damaged cells released DAMPs that trigger an immune response.
The release of DAMPs mainly includes passive release after
rupture of the cytoplasmic membrane caused by cell death
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and active release from living cells represented by extracellular
action (Murao et al., 2021). For positive release from living cells,
because many types of DAMPs cannot be released via the typical
protein secretion pathway consisting of the endoplasmic
reticulum (ER) and the Golgi apparatus, DAMPs require the
use of a carrier release, such as secretory lysosomes and exosomes,
which are secreted by exocytosis (Gardella et al., 2002; Kim et al.,
2021). Such danger signals can initiate an immune response by
activating pattern recognition receptors (PRRs). Common PRRs
include NOD-like receptors (NLRs), retinoic acid-inducible gene
I (RIG-I)-like receptors (RLRs), C-type lectin receptors (CLRs),
and multiple intracellular DNA sensors (Gong et al., 2020). In
addition to PRRs, DAMPs can also be sensed by non-PRR DAMP
receptors) and others (Ford and McVicar, 2009). DAMP-sensing
receptors sense various DAMPs to exert inflammatory responses
(Chen and Nuñez, 2010). Such inflammatory response benefits
tissue repairing. However, excessive chronic inflammation is
harmful to the host and leads to inflammatory diseases,
including autoimmune diseases, IBD, and cancer (Gong et al.,
2020; Roh and Sohn, 2018). Not surprisingly, a large number of
DAMPs, including S100A calcium, High-mobility group box 1
(HMGB1), interleukin (IL)-1α, and IL-33, were found in patients
with IBD (Boyapati et al., 2016). Fecal calprotectin testing has
revolutionized IBD clinical practice with roles in differentiating
IBD from functional gut disorders (Henderson et al., 2014). One
consequence of this pore-forming activity is cytoplasmic swelling,
which leads to the release of contents into the cytoplasm. The
release of DAMPs by pyroptosis is key to its downstream
consequences, allowing the propagation of inflammatory
responses through multiple mechanisms. The non-selective
pore-releasing DAMPs formed by pyroptosis contain HMGB1
(Broz et al., 2020), ASC specks (Baroja-Mazo et al., 2014),
galectins (Russo et al., 2021), and mitochondria DNA
(mtDNA) (de Vasconcelos et al., 2019), among other compounds.

HGMB1
HMGB1 is a non-histone nuclear protein that translocates to the
cytoplasm and is secreted into the extracellular space (Harris
et al., 2012). The binding of HMGB1 to its receptors (including
late glycosylation product receptors, TLR 4, and other receptors)
stimulates cytokine secretion by macrophages and affects cell
proliferation and migration (Fiuza et al., 2003). HMGB1 and
inflammation occurrence are related (Andersson and Tracey,
2011). HGMB1 can be released through cellular scorch death,
and this release is different from IL-1β release through the pore,
where HGMB1 is dependent on cell lysis. When pyroptosis is
blocked, HMGB1 is not released despite inflammasome
activation and IL-1β secretion (Volchuk et al., 2020).
Pyroptosis promotes acetylation of HGMB1 and facilitates the
linkage of Cys23 and Cys45 by a disulfide bond, allowing released
HGMB1 to elicit a robust inflammatory response (Nyström et al.,
2013). Interestingly, HMGB1 is also thought to trigger
inflammatory responses through macrophage endocytosis,
causing lysosome rupture and Caspase-1 activation (Xu et al.,
2014). Previous studies have indicated that HMGB1 is correlated
with IBD, as well as with other inflammatory and autoimmune
diseases (Harris et al., 2012). It can also be used as a biomarker to

detect subclinical intestinal inflammation and mucosal healing in
patients with IBD (Palone et al., 2014). GSDME-mediated
pyroptosis promotes mucosal inflammation through the
release of HMGB1 from IECs. Furthermore, deletion of
GSDME effectively reduces HMGB1 expression and release in
colonic tissue models and alleviates inflammation in mouse
models of DSS-induced colitis (Tan et al., 2020).

Galectin-1
Galectin-1 belongs to a family of proteins that bind β-
galactosidase and which are involved in inflammation, allergy,
and host-pathogen interaction (Camby et al., 2006). Previously
studies have demonstrated that it plays pro-inflammatory roles in
many diseases, including sepsis and osteoarthritis (Toegel et al.,
2016; Lei et al., 2018). Galactin-1 is a common component of
inflammatory cell death. Cytosolic LPS triggers pyroptosis
regulated by GSDMD, releasing galectin-1 extracellularly.
Galectin-1 plays several immunoregulatory roles and binds to
CD45 on T cells to attenuate phosphatase activity (Earl et al.,
2010; Sundblad et al., 2017). Detection of intracellular LPS drives
the release of galectin-1 from immune and non-immune cells,
after which galectin-1 binds to the receptor CD45, likely limiting
phosphatase activity and reducing the inhibitory effect of this
receptor on inflammatory responses (Russo et al., 2021).

In addition to HGMB1 and galectin-1 (Russo et al., 2021),
DAMPs such as mtDNA are also released by pyroptosis.
However, it is unknown whether these molecules contribute to
intestinal inflammation.

IL-1β
Cellular receptors recognize PAMPs and DAMPs, which activate
pro-inflammatory caspases like caspase-1. Activated caspase-1
cleaves GSDMD, causing cell membrane pores to form. As the
inflammatory response proceeds, more and more GSDMD is
cleaved, and additional pores are formed, ultimately leading to
membrane rupture. GSDMD pores have an inner diameter of
10–20 nm (Shi et al., 2017; Mulvihill et al., 2018; Ruan et al.,
2018), allowing the release of mature pro-inflammatory cytokine
into the extracellular space (Liu et al., 2016). pro- IL-1β and IL-18 are
cleaved by activated caspase-1 to form mature IL-1β and IL-18,
which are then released into the extracellular region via pores
(Evavold et al., 2018; Heilig et al., 2018).

Unlike caspase-1, which is activated by classical inflammasomes,
caspase-4/5/11 are activated by non-classical inflammasome
pathways and bind directly to LPS from Gram-negative bacteria
(Shi et al., 2014).While caspase-4/5/11 does not directly process pro-
IL-1β and pro-IL-18, non-selective membrane channels formed by
caspase-4/5/11-induced pyroptosis lead to potassium efflux, which
induces NLRP3 inflammasome assembly (canonical inflammasome
pathway) and IL-1β/IL-18 maturation (Kayagaki et al., 2011; Rühl
and Broz, 2015; Cunha et al., 2017). GSDMD pores are large enough
to allow passage of mature IL-1β and appear to be necessary for the
release of activated IL-1β (Mitra and Sarkar, 2019). IL-1β does not
carry a signal peptide sequence and is activated by caspase-1
(Cerretti et al., 1992), then released outside of the cell through
pores formed by pyroptosis. IL-1β is induced by NLRP3
inflammasomes in myeloid cells, where it acts to enhance
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intestinal inflammation by accumulating innate lymphoid cells
(ILCs) and T-helper 17 (TH17) cells (Seo et al., 2015). The IL-1β
release is thought to be cell lysis dependent and a by-product of the
non-selective release of cell contents (Shi et al., 2017). However, an
increasing number of studies have reported that IL-1β release in a
variety of cell types (e.g., neutrophils) is not dependent on cell lysis
(Dinarello, 2010; Bakele et al., 2014;Monteleone et al., 2018).Mature
IL-1β is secreted in the absence of lysis of cells. Several reports have
confirmed that IL-1β can be secreted by vesicles (Chen et al., 2014).

IL-1β is a typical pro-inflammatory cytokine involved in the
inflammatory process, activating immune cells to perform anti-
microbial and pro-inflammatory functions (Dinarello, 2010).
Increased levels of IL-1β can be detected in intestinal lesions and
mucosal cells of patients with IBD (Ligumsky et al., 1990). This
seems to suggest that IL-1β has a pro-inflammatory effect. However,
no clinical trials have shown definitive efficacy of IL-1β inhibition in
patients with IBD. Its role in colitis remains controversial. The
following are a few examples of this confusing phenomenon. Mice
deficient in IL-1β exhibited more aggressive intestinal inflammation
compared to controls, suggesting a potential protective effect of IL-
1β (Bersudsky et al., 2014); Exogenous IL-1β is protective against
acute colitis in Gsdmd−/− mice (Gao et al., 2021). These indicate
another function of IL-1β --- as a protector. Increased GSDMD
transcripts were observed in locally inflamed intestinal mucosal
tissue of IBD patients, and GSDMD is involved in non-soluble
IL-1β release, whether this is responsible for the persistence of
intestinal inflammation also needs to be further investigated.
More in-depth studies are needed on the role of IL-1β in IBD,
and the factors that determine its function may involve the mode of
stimulation and release.

IL-18
Like IL-1β, IL-18 plays a key role in intestinal homeostasis and
inflammation as a member of the IL-1 family (Lopetuso et al., 2013;
Neurath, 2014). IL-18 binds to the IL-18 receptor and, upon binding,
triggers receptor heterodimerization and assembly of an intracellular

Myd88 signaling platform (Adachi et al., 1998). In addition, IL-18
induces the production of IFN-γ, an important mediator of antiviral
and antibacterial immunity (Man et al., 2017). As a pro-inflammatory
cytokine, IL-18 has emerged as an important player in host-microbe
interactions, and it has been proposed to be a key factor in IBD
(Elinav et al., 2011). Caspase-4/11 mediates the secretion of IL-18
intestinal epithelial defenses against Salmonella Typhimurium (S.
Typhimurium infection) (Knodler et al., 2014). IECs resistant to
colitis produces antimicrobial peptides (AMPs) when they are
stimulated by IL-18 processed by the NLRP6 inflammasome (Levy
et al., 2015). Nevertheless, a recent study showed that IL-18 is directly
responsible for promoting goblet cell dysfunction during colitis,
leading to mucosal barrier breakdown by inhibiting goblet cell
maturation (Nowarski et al., 2015). As with IL-1β, its role in
colitis remains controversial. Administration of exogenous
recombinant IL-18 attenuates colitis in mice with inflammasome
defects, further supporting the protective role of IL-18 in colitis
(Oficjalska et al., 2015). However, on the other hand, IL-18 is
thought to promote the ability of colitis by inducing inflammatory
mediators such as TNFα and chemokines (Sivakumar et al., 2002),
inhibition of IL-18 has also been shown to trigger protection in
experimental colitis, supporting the role of IL-18 in exacerbating
colitis (Siegmund et al., 2001). Increased epithelial and hematopoietic
IL-18 expression and cytokines in patients with IBD (Monteleone
et al., 1999). Deletion of IL-18 receptor from intestinal epithelial cells
IL-18R protects mice from DSS-induced colitis (Nowarski et al.,
2015). Taken together, IL-1β and IL-18 defend against bacterial
infection and help maintain intestinal homeostasis, but aggravate
chronic intestinal inflammation.

CONCLUSION AND FUTURE
PERSPECTIVES

IBD is a common intestinal disease with complex pathogenesis
that involves genetic, environmental, epithelial, microbial, and

FIGURE 3 |DAMPs from pyroptosis drive intestinal inflammation. The pro-inflammatory cytokines IL-1β and IL-18 are cleaved and secreted. HMGB1, mtDNA, and
numerous damage-associated molecular patterns are also released by pyroptosis. The release of endogenous damage-associated molecular patterns (DAMPs) can
further trigger an inflammatory response in IBD.
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immune factors. Both inflammasomes and caspases are involved
in pyroptosis. Moreover, their effects on IBD have been more
extensively studied, piquing our curiosity about the role of
pyroptosis in IBD. Pyroptosis is a form of pro-inflammatory
cell death in which gasdermin proteins are cleaved, after which
cytotoxic domains bind to cell membrane to form pores that
release cytokines and other DAMPs. IL-1β and IL-18 function to
defend against bacterial infection and maintain intestinal
homeostasis, but also aggravate chronic intestinal
inflammation. It is generally assumed that DAMPs released by
pyrogenesis drive intestinal inflammation (Figure 3). However,
the DAMPs released by pyroptosis are very complex. It is not
clear whether other DAMPs also contribute to intestinal
inflammation, and the exact roles of these DAMPs require
further clarification.

To investigate the relationship between pyroptosis and IBD,
we focused on GSDMB, GSDMD, and GSDME (which have been
identified as being involved in the mechanism of pyroptosis),
members of the well-studied gasdermin protein family. GSDMB
is a gene associated with susceptibility to IBD, but the mechanism
by which it regulates intestinal inflammation is not well
understood. In contrast, GSDMD is the most studied
gasdermin protein, but it has been reported to exert opposite
effects in IECs andmacrophages. Finally, GSDME has been found
to promote intestinal inflammation through the release of

HGMB1 and cytokines. Given that gasdermin proteins and
DAMPs are closely associated with pyroptosis and play
important roles in inflammation, many unanswered questions
remain, and these unexplored areas may be promising areas for
future research.

AUTHOR CONTRIBUTIONS

L-sW contributed to the conception of the study; SZ, YL, and JY
contributed significantly to analysis and manuscript preparation;
D-fL, L-sW, and SZ helped perform the analysis with constructive
discussions and manuscript revision.

FUNDING

This work was supported by Natural Science Foundation of
Guangdong Province (No. 2018A0303100024) (D-fL), Three
Engineering Training Funds in Shenzhen (Nos SYLY201718,
SYJY201714, and SYLY201801) (L-sW), Technical Research
and Development Project of Shenzhen (Nos
JCYJ20150403101028164, JCYC20170307100911479, and
JCYJ20190807145617113) (D-fL), National Natural Science
Foundation of China (No. 81800489) (JY).

REFERENCES

Abraham, C., and Cho, J. H. (2009). Inflammatory Bowel Disease. N. Engl. J. Med.
361 (21), 2066–2078. doi:10.1056/NEJMra0804647

Adachi, O., Kawai, T., Takeda, K., Matsumoto, M., Tsutsui, H., Sakagami, M., et al.
(1998). Targeted Disruption of theMyD88 Gene Results in Loss of IL-1- and IL-
18-mediated Function. Immunity 9 (1), 143–150. doi:10.1016/s1074-7613(00)
80596-8

Akino, K., Toyota, M., Suzuki, H., Imai, T., Maruyama, R., Kusano, M., et al. (2007).
Identification of DFNA5 as a Target of Epigenetic Inactivation in Gastric
Cancer. Cancer Sci. 98 (1), 88–95. doi:10.1111/j.1349-7006.2006.00351.x

Allen, I. C., TeKippe, E. M., Woodford, R. M., Uronis, J. M., Holl, E. K., Rogers, A.
B., et al. (2010). The NLRP3 Inflammasome Functions as a Negative Regulator
of Tumorigenesis during Colitis-Associated Cancer. J. Exp. Med. 207 (5),
1045–1056. doi:10.1084/jem.20100050

Andersson, U., and Tracey, K. J. (2011). HMGB1 Is a Therapeutic Target for Sterile
Inflammation and Infection. Annu. Rev. Immunol. 29, 139–162. doi:10.1146/
annurev-immunol-030409-101323

Andoh, A., Imaeda, H., Aomatsu, T., Inatomi, O., Bamba, S., Sasaki, M., et al.
(2011). Comparison of the Fecal Microbiota Profiles between Ulcerative Colitis
and Crohn’s Disease Using Terminal Restriction Fragment Length
Polymorphism Analysis. J. Gastroenterol. 46 (4), 479–486. doi:10.1007/
s00535-010-0368-4

Ashida, H., Ogawa, M., Mimuro, H., Kobayashi, T., Sanada, T., and Sasakawa, C.
(2011). Shigella Are Versatile Mucosal Pathogens that Circumvent the Host
Innate Immune System. Curr. Opin. Immunol. 23 (4), 448–455. doi:10.1016/j.
coi.2011.06.001

Bakele, M., Joos, M., Burdi, S., Allgaier, N., Pöschel, S., Fehrenbacher, B., et al.
(2014). Localization and Functionality of the Inflammasome in Neutrophils.
J. Biol. Chem. 289 (8), 5320–5329. doi:10.1074/jbc.M113.505636

Banerjee, I., Behl, B., Mendonca, M., Shrivastava, G., Russo, A. J., Menoret, A., et al.
(2018). Gasdermin D Restrains Type I Interferon Response to Cytosolic DNA
by Disrupting Ionic Homeostasis. Immunity 49 (3), 413–e5. doi:10.1016/j.
immuni.2018.07.006

Baroja-Mazo, A., Martín-Sánchez, F., Gomez, A. I., Martínez, C. M., Amores-
Iniesta, J., Compan, V., et al. (2014). The NLRP3 Inflammasome Is Released as a
Particulate Danger Signal that Amplifies the Inflammatory Response. Nat.
Immunol. 15 (8), 738–748. doi:10.1038/ni.2919

Bauer, C., Duewell, P., Lehr, H. A., Endres, S., and Schnurr, M. (2012). Protective
and Aggravating Effects of Nlrp3 Inflammasome Activation in IBD Models:
Influence of Genetic and Environmental Factors. Dig. Dis. 30 (Suppl. 1), 82–90.
doi:10.1159/000341681

Bauer, C., Duewell, P., Mayer, C., Lehr, H. A., Fitzgerald, K. A., Dauer, M., et al.
(2010). Colitis Induced inMice with Dextran Sulfate Sodium (DSS) Is Mediated
by the NLRP3 Inflammasome. Gut 59 (9), 1192–1199. doi:10.1136/gut.2009.
197822

Baumgart, D. C., and Sandborn, W. J. (2012). Crohn’s Disease. Lancet 380 (9853),
1590–1605. doi:10.1016/S0140-6736(12)60026-9

Bergsbaken, T., Fink, S. L., and Cookson, B. T. (2009). Pyroptosis: Host Cell Death
and Inflammation.Nat. Rev. Microbiol. 7 (2), 99–109. doi:10.1038/nrmicro2070

Bersudsky, M., Luski, L., Fishman, D., White, R. M., Ziv-Sokolovskaya, N., Dotan,
S., et al. (2014). Non-redundant Properties of IL-1α and IL-1β during Acute
Colon Inflammation in Mice. Gut 63 (4), 598–609. doi:10.1136/gutjnl-2012-
303329

Boyapati, R. K., Rossi, A. G., Satsangi, J., and Ho, G. T. (2016). Gut Mucosal
DAMPs in IBD: from Mechanisms to Therapeutic Implications. Mucosal
Immunol. 9 (3), 567–582. doi:10.1038/mi.2016.14

Broz, P., Pelegrín, P., and Shao, F. (2020). The Gasdermins, a Protein Family
Executing Cell Death and Inflammation. Nat. Rev. Immunol. 20 (3), 143–157.
doi:10.1038/s41577-019-0228-2

Bulek, K., Zhao, J., Liao, Y., Rana, N., Corridoni, D., Antanaviciute, A., et al.
(2020). Epithelial-derived Gasdermin D Mediates Nonlytic IL-1β Release
during Experimental Colitis. J. Clin. Invest. 130 (8), 4218–4234. doi:10.
1172/JCI138103

Burgener, S. S., Leborgne, N. G. F., Snipas, S. J., Salvesen, G. S., Bird, P. I., and
Benarafa, C. (2019). Cathepsin G Inhibition by Serpinb1 and Serpinb6 Prevents
Programmed Necrosis in Neutrophils and Monocytes and Reduces GSDMD-
Driven Inflammation. Cell Rep. 27 (12), 3646–e5. doi:10.1016/j.celrep.2019.
05.065

Frontiers in Pharmacology | www.frontiersin.org May 2022 | Volume 13 | Article 8335889

Zhang et al. Gasdermins in IBD

https://doi.org/10.1056/NEJMra0804647
https://doi.org/10.1016/s1074-7613(00)80596-8
https://doi.org/10.1016/s1074-7613(00)80596-8
https://doi.org/10.1111/j.1349-7006.2006.00351.x
https://doi.org/10.1084/jem.20100050
https://doi.org/10.1146/annurev-immunol-030409-101323
https://doi.org/10.1146/annurev-immunol-030409-101323
https://doi.org/10.1007/s00535-010-0368-4
https://doi.org/10.1007/s00535-010-0368-4
https://doi.org/10.1016/j.coi.2011.06.001
https://doi.org/10.1016/j.coi.2011.06.001
https://doi.org/10.1074/jbc.M113.505636
https://doi.org/10.1016/j.immuni.2018.07.006
https://doi.org/10.1016/j.immuni.2018.07.006
https://doi.org/10.1038/ni.2919
https://doi.org/10.1159/000341681
https://doi.org/10.1136/gut.2009.197822
https://doi.org/10.1136/gut.2009.197822
https://doi.org/10.1016/S0140-6736(12)60026-9
https://doi.org/10.1038/nrmicro2070
https://doi.org/10.1136/gutjnl-2012-303329
https://doi.org/10.1136/gutjnl-2012-303329
https://doi.org/10.1038/mi.2016.14
https://doi.org/10.1038/s41577-019-0228-2
https://doi.org/10.1172/JCI138103
https://doi.org/10.1172/JCI138103
https://doi.org/10.1016/j.celrep.2019.05.065
https://doi.org/10.1016/j.celrep.2019.05.065
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Cai, X., Chiu, Y. H., and Chen, Z. J. (2014). The cGAS-cGAMP-STING Pathway of
Cytosolic DNA Sensing and Signaling.Mol. Cell 54 (2), 289–296. doi:10.1016/j.
molcel.2014.03.040

Camby, I., Le Mercier, M., Lefranc, F., and Kiss, R. (2006). Galectin-1: a Small
Protein with Major Functions. Glycobiology 16 (11), 137r–157r. doi:10.1093/
glycob/cwl025

Cerqueira, D. M., Gomes, M. T. R., Silva, A. L. N., Rungue, M., Assis, N. R. G.,
Guimarães, E. S., et al. (2018). Guanylate-binding Protein 5 Licenses Caspase-
11 for Gasdermin-D Mediated Host Resistance to Brucella Abortus Infection.
PLoS Pathog. 14 (12), e1007519. doi:10.1371/journal.ppat.1007519

Cerretti, D. P., Kozlosky, C. J., Mosley, B., Nelson, N., Van Ness, K., Greenstreet, T.
A., et al. (1992). Molecular Cloning of the Interleukin-1 Beta Converting
Enzyme. Science 256 (5053), 97–100. doi:10.1126/science.1373520

Chang, J. T. (2020). Pathophysiology of Inflammatory Bowel Diseases. N. Engl.
J. Med. 383 (27), 2652–2664. doi:10.1056/nejmra2002697

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 (7),
E1128–e1137. doi:10.1073/pnas.1616783114

Chen, G. Y., and Nuñez, G. (2010). Sterile Inflammation: Sensing and Reacting to
Damage. Nat. Rev. Immunol. 10 (12), 826–837. doi:10.1038/nri2873

Chen, K. W., Groß, C. J., Sotomayor, F. V., Stacey, K. J., Tschopp, J., Sweet, M. J.,
et al. (2014). The Neutrophil NLRC4 Inflammasome Selectively Promotes IL-1β
Maturation without Pyroptosis during Acute Salmonella Challenge. Cell Rep. 8
(2), 570–582. doi:10.1016/j.celrep.2014.06.028

Chen, Q., Shi, P., Wang, Y., Zou, D., Wu, X., Wang, D., et al. (2019). GSDMB
Promotes Non-canonical Pyroptosis by Enhancing Caspase-4 Activity. J. Mol.
Cell Biol. 11 (6), 496–508. doi:10.1093/jmcb/mjy056

Chen, X., Liu, G., Yuan, Y., Wu, G., Wang, S., and Yuan, L. (2019). NEK7 Interacts
with NLRP3 to Modulate the Pyroptosis in Inflammatory Bowel Disease via
NF-Κb Signaling. Cell Death Dis. 10 (12), 906. doi:10.1038/s41419-019-2157-1

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

Cunha, L. D., Silva, A. L. N., Ribeiro, J. M., Mascarenhas, D. P. A., Quirino, G. F. S.,
Santos, L. L., et al. (2017). AIM2 Engages Active but Unprocessed Caspase-1 to
Induce Noncanonical Activation of the NLRP3 Inflammasome. Cell Rep. 20 (4),
794–805. doi:10.1016/j.celrep.2017.06.086

Cunha, L. D., and Zamboni, D. S. (2013). Subversion of Inflammasome Activation
and Pyroptosis by Pathogenic Bacteria. Front. Cell Infect. Microbiol. 3, 76.
doi:10.3389/fcimb.2013.00076

Danese, S., and Fiocchi, C. (2011). Ulcerative Colitis. N. Engl. J. Med. 365 (18),
1713–1725. doi:10.1056/NEJMra1102942

Das, S., Miller, M., and Broide, D. H. (2017). “Chromosome 17q21 Genes
ORMDL3 and GSDMB in Asthma and Immune Diseases,” in Advances in
Immunology. Editor F. W. Alt (Academic Press), 1–52. doi:10.1016/bs.ai.2017.
06.001

de Vasconcelos, N. M., Van Opdenbosch, N., Van Gorp, H., Parthoens, E., and
Lamkanfi, M. (2019). Single-cell Analysis of Pyroptosis Dynamics Reveals
Conserved GSDMD-Mediated Subcellular Events that Precede Plasma
Membrane Rupture. Cell Death Differ. 26 (1), 146–161. doi:10.1038/s41418-
018-0106-7

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 (7), 770–778. doi:10.1038/ng1829

Deng, Z., Ni, J., Wu, X., Wei, H., and Peng, J. (2020). GPA Peptide Inhibits NLRP3
Inflammasome Activation to Ameliorate Colitis through AMPK Pathway.
Aging (Albany NY) 12 (18), 18522–18544. doi:10.18632/aging.103825

Dinarello, C. A. (2010). IL-1: Discoveries, Controversies and Future Directions.
Eur. J. Immunol. 40 (3), 599–606. doi:10.1002/eji.201040319

Ding, J., Wang, K., Liu, W., She, Y., Sun, Q., Shi, J., et al. (2016). Pore-forming
Activity and Structural Autoinhibition of the Gasdermin Family. Nature 535
(7610), 111–116. doi:10.1038/nature18590

Earl, L. A., Bi, S., and Baum, L. G. (2010). N- and O-Glycans Modulate Galectin-1
Binding, CD45 Signaling, and T Cell Death. J. Biol. Chem. 285 (4), 2232–2244.
doi:10.1074/jbc.M109.066191

Eichele, D. D., and Kharbanda, K. K. (2017). Dextran Sodium Sulfate Colitis
Murine Model: An Indispensable Tool for Advancing Our Understanding of

Inflammatory Bowel Diseases Pathogenesis. World J. Gastroenterol. 23 (33),
6016–6029. doi:10.3748/wjg.v23.i33.6016

Elinav, E., Strowig, T., Kau, A. L., Henao-Mejia, J., Thaiss, C. A., Booth, C. J., et al.
(2011). NLRP6 Inflammasome Regulates Colonic Microbial Ecology and Risk
for Colitis. Cell 145 (5), 745–757. doi:10.1016/j.cell.2011.04.022

Evavold, C. L., Ruan, J., Tan, Y., Xia, S., Wu, H., and Kagan, J. C. (2018). The Pore-
Forming Protein Gasdermin D Regulates Interleukin-1 Secretion from Living
Macrophages. Immunity 48 (1), 35–e6. doi:10.1016/j.immuni.2017.11.013

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

Fiuza, C., Bustin, M., Talwar, S., Tropea, M., Gerstenberger, E., Shelhamer, J. H.,
et al. (2003). Inflammation-promoting Activity of HMGB1 on Human
Microvascular Endothelial Cells. Blood 101 (7), 2652–2660. doi:10.1182/
blood-2002-05-1300

Ford, J. W., and McVicar, D. W. (2009). TREM and TREM-like Receptors in
Inflammation and Disease. Curr. Opin. Immunol. 21 (1), 38–46. doi:10.1016/j.
coi.2009.01.009

Galluzzi, L., Vitale, I., Aaronson, S. A., Abrams, J. M., Adam, D., Agostinis, P., et al.
(2018). Molecular Mechanisms of Cell Death: Recommendations of the
Nomenclature Committee on Cell Death 2018. Cell Death Differ. 25 (3),
486–541. doi:10.1038/s41418-017-0012-4

Gao, H., Cao, M., Yao, Y., Hu, W., Sun, H., Zhang, Y., et al. (2021). Dysregulated
Microbiota-Driven Gasdermin D Activation Promotes Colitis Development by
Mediating IL-18 Release. Front. Immunol. 12. 750841. doi:10.3389/fimmu.2021.
750841

Gardella, S., Andrei, C., Ferrera, D., Lotti, L. V., Torrisi, M. R., Bianchi, M. E., et al.
(2002). The Nuclear Protein HMGB1 Is Secreted by Monocytes via a Non-
classical, Vesicle-Mediated Secretory Pathway. EMBO Rep. 3 (10), 995–1001.
doi:10.1093/embo-reports/kvf198

Gong, T., Liu, L., Jiang, W., and Zhou, R. (2020). DAMP-sensing Receptors in
Sterile Inflammation and Inflammatory Diseases. Nat. Rev. Immunol. 20 (2),
95–112. doi:10.1038/s41577-019-0215-7

Hagar, J. A., Powell, D. A., Aachoui, Y., Ernst, R. K., and Miao, E. A. (2013).
Cytoplasmic LPS Activates Caspase-11: Implications in TLR4-independent
Endotoxic Shock. Science 341 (6151), 1250–1253. doi:10.1126/science.1240988

Hansen, J. M., de Jong, M. F., Wu, Q., Zhang, L. S., Heisler, D. B., Alto, L. T., et al.
(2021). Pathogenic Ubiquitination of GSDMB Inhibits NK Cell Bactericidal
Functions. Cell. 184 (12), 3178–3191.e18. doi:10.1016/j.cell.2021.04.036

Harris, H. E., Andersson, U., and Pisetsky, D. S. (2012). HMGB1: a Multifunctional
Alarmin Driving Autoimmune and Inflammatory Disease. Nat. Rev.
Rheumatol. 8 (4), 195–202. doi:10.1038/nrrheum.2011.222

He, W. T., Wan, H., Hu, L., Chen, P., Wang, X., Huang, Z., et al. (2015). Gasdermin
D Is an Executor of Pyroptosis and Required for Interleukin-1β Secretion. Cell
Res. 25 (12), 1285–1298. doi:10.1038/cr.2015.139

He, Y., Zeng, M. Y., Yang, D., Motro, B., and Núñez, G. (2016). NEK7 Is an
Essential Mediator of NLRP3 Activation Downstream of Potassium Efflux.
Nature 530 (7590), 354–357. doi:10.1038/nature16959

Heilig, R., Dick, M. S., Sborgi, L., Meunier, E., Hiller, S., and Broz, P. (2018). The
Gasdermin-D Pore Acts as a Conduit for IL-1β Secretion in Mice. Eur.
J. Immunol. 48 (4), 584–592. doi:10.1002/eji.201747404

Henderson, P., Anderson, N. H., and Wilson, D. C. (2014). The Diagnostic
Accuracy of Fecal Calprotectin during the Investigation of Suspected
Pediatric Inflammatory Bowel Disease: a Systematic Review and Meta-
Analysis. Am. J. Gastroenterol. 109 (5), 637–645. doi:10.1038/ajg.
2013.131

Hirota, S. A., Ng, J., Lueng, A., Khajah, M., Parhar, K., Li, Y., et al. (2011). NLRP3
Inflammasome Plays a Key Role in the Regulation of Intestinal Homeostasis.
Inflamm. Bowel Dis. 17 (6), 1359–1372. doi:10.1002/ibd.21478

Huang, X., Feng, Z., Jiang, Y., Li, J., Xiang, Q., Guo, S., et al. (2019). VSIG4Mediates
Transcriptional Inhibition of Nlrp3 and Il-1β in Macrophages. Sci. Adv. 5 (1),
eaau7426. doi:10.1126/sciadv.aau7426

Joossens, M., Huys, G., Cnockaert, M., De Preter, V., Verbeke, K., Rutgeerts, P., et al.
(2011). Dysbiosis of the Faecal Microbiota in Patients with Crohn’s Disease and
Their Unaffected Relatives. Gut 60 (5), 631–637. doi:10.1136/gut.2010.223263

Jorgensen, I., and Miao, E. A. (2015). Pyroptotic Cell Death Defends against
Intracellular Pathogens. Immunol. Rev. 265 (1), 130–142. doi:10.1111/imr.
12287

Frontiers in Pharmacology | www.frontiersin.org May 2022 | Volume 13 | Article 83358810

Zhang et al. Gasdermins in IBD

https://doi.org/10.1016/j.molcel.2014.03.040
https://doi.org/10.1016/j.molcel.2014.03.040
https://doi.org/10.1093/glycob/cwl025
https://doi.org/10.1093/glycob/cwl025
https://doi.org/10.1371/journal.ppat.1007519
https://doi.org/10.1126/science.1373520
https://doi.org/10.1056/nejmra2002697
https://doi.org/10.1073/pnas.1616783114
https://doi.org/10.1038/nri2873
https://doi.org/10.1016/j.celrep.2014.06.028
https://doi.org/10.1093/jmcb/mjy056
https://doi.org/10.1038/s41419-019-2157-1
https://doi.org/10.1016/s0966-842x(00)01936-3
https://doi.org/10.1016/j.celrep.2017.06.086
https://doi.org/10.3389/fcimb.2013.00076
https://doi.org/10.1056/NEJMra1102942
https://doi.org/10.1016/bs.ai.2017.06.001
https://doi.org/10.1016/bs.ai.2017.06.001
https://doi.org/10.1038/s41418-018-0106-7
https://doi.org/10.1038/s41418-018-0106-7
https://doi.org/10.1038/ng1829
https://doi.org/10.18632/aging.103825
https://doi.org/10.1002/eji.201040319
https://doi.org/10.1038/nature18590
https://doi.org/10.1074/jbc.M109.066191
https://doi.org/10.3748/wjg.v23.i33.6016
https://doi.org/10.1016/j.cell.2011.04.022
https://doi.org/10.1016/j.immuni.2017.11.013
https://doi.org/10.1016/j.jmb.2018.07.002
https://doi.org/10.1182/blood-2002-05-1300
https://doi.org/10.1182/blood-2002-05-1300
https://doi.org/10.1016/j.coi.2009.01.009
https://doi.org/10.1016/j.coi.2009.01.009
https://doi.org/10.1038/s41418-017-0012-4
https://doi.org/10.3389/fimmu.2021.750841
https://doi.org/10.3389/fimmu.2021.750841
https://doi.org/10.1093/embo-reports/kvf198
https://doi.org/10.1038/s41577-019-0215-7
https://doi.org/10.1126/science.1240988
https://doi.org/10.1016/j.cell.2021.04.036
https://doi.org/10.1038/nrrheum.2011.222
https://doi.org/10.1038/cr.2015.139
https://doi.org/10.1038/nature16959
https://doi.org/10.1002/eji.201747404
https://doi.org/10.1038/ajg.2013.131
https://doi.org/10.1038/ajg.2013.131
https://doi.org/10.1002/ibd.21478
https://doi.org/10.1126/sciadv.aau7426
https://doi.org/10.1136/gut.2010.223263
https://doi.org/10.1111/imr.12287
https://doi.org/10.1111/imr.12287
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Jorgensen, I., Rayamajhi, M., and Miao, E. A. (2017). Programmed Cell Death as a
Defence against Infection. Nat. Rev. Immunol. 17 (3), 151–164. doi:10.1038/nri.
2016.147

Jorgensen, I., Zhang, Y., Krantz, B. A., and Miao, E. A. (2016). Pyroptosis Triggers
Pore-Induced Intracellular Traps (PITs) that Capture Bacteria and Lead to
Their Clearance by Efferocytosis. J. Exp. Med. 213 (10), 2113–2128. doi:10.
1084/jem.20151613

Jostins, L., Ripke, S., Weersma, R. K., Duerr, R. H., McGovern, D. P., Hui, K. Y.,
et al. (2012). Host-microbe Interactions Have Shaped the Genetic Architecture
of Inflammatory Bowel Disease. Nature 491 (7422), 119–124. doi:10.1038/
nature11582

Kambara, H., Liu, F., Zhang, X., Liu, P., Bajrami, B., Teng, Y., et al. (2018).
Gasdermin D Exerts Anti-inflammatory Effects by Promoting Neutrophil
Death. Cell Rep. 22 (11), 2924–2936. doi:10.1016/j.celrep.2018.02.067

Kaplan, G. G. (2015). The Global Burden of IBD: from 2015 to 2025. Nat. Rev.
Gastroenterol. Hepatol. 12 (12), 720–727. doi:10.1038/nrgastro.2015.150

Katoh, M., and Katoh, M. (2004). Evolutionary Recombination Hotspot Around
GSDML-GSDM Locus Is Closely Linked to the Oncogenomic Recombination
Hotspot Around the PPP1R1B-ERBB2-GRB7 Amplicon. Int. J. Oncol. 24 (4),
757–763. doi:10.3892/ijo.24.4.757

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 (7575), 666–671. doi:10.1038/nature15541

Kayagaki, N., Warming, S., Lamkanfi, M., VandeWalle, L., Louie, S., Dong, J., et al.
(2011). Non-canonical Inflammasome Activation Targets Caspase-11. Nature
479 (7371), 117–121. doi:10.1038/nature10558

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 (6151), 1246–1249.
doi:10.1126/science.1240248

Kim, Y. H., Kwak, M. S., Lee, B., Shin, J. M., Aum, S., Park, I. H., et al. (2021).
Secretory Autophagy Machinery and Vesicular Trafficking Are Involved in
HMGB1 Secretion. Autophagy 17 (9), 2345–2362. doi:10.1080/15548627.2020.
1826690

Knodler, L. A., Crowley, S. M., Sham, H. P., Yang, H., Wrande, M., Ma, C., et al.
(2014). Noncanonical Inflammasome Activation of Caspase-4/caspase-11
Mediates Epithelial Defenses against Enteric Bacterial Pathogens. Cell Host
Microbe 16 (2), 249–256. doi:10.1016/j.chom.2014.07.002

Lee, B. L., Mirrashidi, K. M., Stowe, I. B., Kummerfeld, S. K., Watanabe, C., Haley,
B., et al. (2018). ASC- and Caspase-8-dependent Apoptotic Pathway Diverges
from the NLRC4 Inflammasome in Macrophages. Sci. Rep. 8 (1), 3788. doi:10.
1038/s41598-018-21998-3

Lei, T., Moos, S., Klug, J., Aslani, F., Bhushan, S., Wahle, E., et al. (2018). Galectin-1
Enhances TNFα-Induced Inflammatory Responses in Sertoli Cells through
Activation of MAPK Signalling. Sci. Rep. 8 (1), 3741. doi:10.1038/s41598-018-
22135-w

Levy, M., Thaiss, C. A., Zeevi, D., Dohnalová, L., Zilberman-Schapira, G., Mahdi,
J. A., et al. (2015). Microbiota-Modulated Metabolites Shape the Intestinal
Microenvironment by Regulating NLRP6 Inflammasome Signaling. Cell 163
(6), 1428–1443. doi:10.1016/j.cell.2015.10.048

Li, X., Christenson, S. A., Modena, B., Li, H., Busse, W.W., Castro, M., et al. (2020).
Genetic Analyses Identify GSDMB Associated with Asthma Severity,
Exacerbations, and Antiviral Pathways. J. Allergy Clin. Immunol. 147 (3),
894–909. doi:10.1016/j.jaci.2020.07.030

Ligumsky, M., Simon, P. L., Karmeli, F., and Rachmilewitz, D. (1990). Role of
Interleukin 1 in Inflammatory Bowel Disease-Eenhanced Production during
Active Disease. Gut 31 (6), 686–689. doi:10.1136/gut.31.6.686

Liu, H., Moura-Alves, P., Pei, G., Mollenkopf, H. J., Hurwitz, R., Wu, X., et al.
(2019). cGAS Facilitates Sensing of Extracellular Cyclic Dinucleotides to
Activate Innate Immunity. EMBO Rep. 20 (4). e46293. doi:10.15252/embr.
201846293

Liu, X., Zhang, Z., Ruan, J., Pan, Y., Magupalli, V. G., Wu, H., et al. (2016).
Inflammasome-activated Gasdermin D Causes Pyroptosis by Forming
Membrane Pores. Nature 535 (7610), 153–158. doi:10.1038/nature18629

Liu, Y., Fang, Y., Chen, X., Wang, Z., Liang, X., Zhang, T., et al. (2020). Gasdermin
E-Mediated Target Cell Pyroptosis by CAR T Cells Triggers Cytokine Release
Syndrome. Sci. Immunol. 5 (43). doi:10.1126/sciimmunol.aax7969

Liu, Z., Wang, C., Yang, J., Zhou, B., Yang, R., Ramachandran, R., et al. (2019).
Crystal Structures of the Full-Length Murine and Human Gasdermin D Reveal
Mechanisms of Autoinhibition, Lipid Binding, and Oligomerization. Immunity
51 (1), 43–e4. doi:10.1016/j.immuni.2019.04.017

Lopetuso, L. R., Chowdhry, S., and Pizarro, T. T. (2013). Opposing Functions of
Classic and Novel IL-1 Family Members in Gut Health and Disease. Front.
Immunol. 4, 181. doi:10.3389/fimmu.2013.00181

Ma, C., Yang, D., Wang, B., Wu, C., Wu, Y., Li, S., et al. (2020). Gasdermin D in
Macrophages Restrains Colitis by Controlling cGAS-Mediated Inflammation.
Sci. Adv. 6 (21), eaaz6717. doi:10.1126/sciadv.aaz6717

Maik-Rachline, G., Lifshits, L., and Seger, R. (2020). Nuclear P38: Roles in
Physiological and Pathological Processes and Regulation of Nuclear
Translocation. Int. J. Mol. Sci. 21 (17). doi:10.3390/ijms21176102

Man, S. M., Karki, R., and Kanneganti, T. D. (2017). Molecular Mechanisms and
Functions of Pyroptosis, Inflammatory Caspases and Inflammasomes in
Infectious Diseases. Immunol. Rev. 277 (1), 61–75. doi:10.1111/imr.12534

Mitra, S., and Sarkar, A. (2019). Microparticulate P2X7 and GSDM-D Mediated
Regulation of Functional IL-1β Release. Purinergic Signal 15 (1), 119–123.
doi:10.1007/s11302-018-9640-5

Monteleone, G., Trapasso, F., Parrello, T., Biancone, L., Stella, A., Iuliano, R., et al.
(1999). Bioactive IL-18 Expression Is Up-Regulated in Crohn’s Disease.
J. Immunol. 163 (1), 143–147.

Monteleone, M., Stanley, A. C., Chen, K. W., Brown, D. L., Bezbradica, J. S., von
Pein, J. B., et al. (2018). Interleukin-1βMaturation Triggers its Relocation to the
Plasma Membrane for Gasdermin-D-dependent and -Independent Secretion.
Cell Rep. 24 (6), 1425–1433. doi:10.1016/j.celrep.2018.07.027

Mulvihill, E., Sborgi, L., Mari, S. A., Pfreundschuh, M., Hiller, S., and Müller, D. J.
(2018). Mechanism of Membrane Pore Formation by Human Gasdermin-D.
Embo J. 37 (14). e98321. doi:10.15252/embj.201798321

Murao, A., Aziz, M., Wang, H., Brenner, M., and Wang, P. (2021). Release
Mechanisms of Major DAMPs. Apoptosis Int. J. Program. Cell death 26 (3-
4), 152–162. doi:10.1007/s10495-021-01663-3

Nadeem, M. S., Kumar, V., Al-Abbasi, F. A., Kamal, M. A., and Anwar, F. (2020).
Risk of Colorectal Cancer in Inflammatory Bowel Diseases. Semin. Cancer Biol.
64, 51–60. doi:10.1016/j.semcancer.2019.05.001

Neurath, M. F. (2014). Cytokines in Inflammatory Bowel Disease. Nat. Rev.
Immunol. 14 (5), 329–342. doi:10.1038/nri3661

Ng, S. C., Shi, H. Y., Hamidi, N., Underwood, F. E., Tang, W., Benchimol, E. I., et al.
(2017). Worldwide Incidence and Prevalence of Inflammatory Bowel Disease in
the 21st Century: a Systematic Review of Population-Based Studies. Lancet 390
(10114), 2769–2778. doi:10.1016/S0140-6736(17)32448-0

Nowarski, R., Jackson, R., Gagliani, N., de Zoete, M. R., Palm, N. W., Bailis, W.,
et al. (2015). Epithelial IL-18 Equilibrium Controls Barrier Function in Colitis.
Cell 163 (6), 1444–1456. doi:10.1016/j.cell.2015.10.072

Nyström, S., Antoine, D. J., Lundbäck, P., Lock, J. G., Nita, A. F., Högstrand, K.,
et al. (2013). TLR Activation Regulates Damage-Associated Molecular Pattern
Isoforms Released during Pyroptosis. Embo J. 32 (1), 86–99. doi:10.1038/emboj.
2012.328

Oficjalska, K., Raverdeau, M., Aviello, G., Wade, S. C., Hickey, A., Sheehan, K. M.,
et al. (2015). Protective Role for Caspase-11 during Acute Experimental Murine
Colitis. J. Immunol. 194 (3), 1252–1260. doi:10.4049/jimmunol.1400501

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 (6418), 1064–1069. doi:10.1126/
science.aau2818

Palone, F., Vitali, R., Cucchiara, S., Pierdomenico, M., Negroni, A., Aloi, M., et al.
(2014). Role of HMGB1 as a Suitable Biomarker of Subclinical Intestinal
Inflammation and Mucosal Healing in Patients with Inflammatory Bowel
Disease. Inflamm. Bowel Dis. 20 (8), 1448–1457. doi:10.1097/MIB.
0000000000000113

Panganiban, R. A., Sun, M., Dahlin, A., Park, H. R., Kan, M., Himes, B. E., et al.
(2018). A Functional Splice Variant Associated with Decreased Asthma Risk
Abolishes the Ability of Gasdermin B to Induce Epithelial Cell Pyroptosis.
J. Allergy Clin. Immunol. 142 (5), 1469–e2. doi:10.1016/j.jaci.2017.11.040

Patankar, J. V., and Becker, C. (2020). Cell Death in the Gut Epithelium and
Implications for Chronic Inflammation. Nat. Rev. Gastroenterol. Hepatol. 17
(9), 543–556. doi:10.1038/s41575-020-0326-4

Frontiers in Pharmacology | www.frontiersin.org May 2022 | Volume 13 | Article 83358811

Zhang et al. Gasdermins in IBD

https://doi.org/10.1038/nri.2016.147
https://doi.org/10.1038/nri.2016.147
https://doi.org/10.1084/jem.20151613
https://doi.org/10.1084/jem.20151613
https://doi.org/10.1038/nature11582
https://doi.org/10.1038/nature11582
https://doi.org/10.1016/j.celrep.2018.02.067
https://doi.org/10.1038/nrgastro.2015.150
https://doi.org/10.3892/ijo.24.4.757
https://doi.org/10.1038/nature15541
https://doi.org/10.1038/nature10558
https://doi.org/10.1126/science.1240248
https://doi.org/10.1080/15548627.2020.1826690
https://doi.org/10.1080/15548627.2020.1826690
https://doi.org/10.1016/j.chom.2014.07.002
https://doi.org/10.1038/s41598-018-21998-3
https://doi.org/10.1038/s41598-018-21998-3
https://doi.org/10.1038/s41598-018-22135-w
https://doi.org/10.1038/s41598-018-22135-w
https://doi.org/10.1016/j.cell.2015.10.048
https://doi.org/10.1016/j.jaci.2020.07.030
https://doi.org/10.1136/gut.31.6.686
https://doi.org/10.15252/embr.201846293
https://doi.org/10.15252/embr.201846293
https://doi.org/10.1038/nature18629
https://doi.org/10.1126/sciimmunol.aax7969
https://doi.org/10.1016/j.immuni.2019.04.017
https://doi.org/10.3389/fimmu.2013.00181
https://doi.org/10.1126/sciadv.aaz6717
https://doi.org/10.3390/ijms21176102
https://doi.org/10.1111/imr.12534
https://doi.org/10.1007/s11302-018-9640-5
https://doi.org/10.1016/j.celrep.2018.07.027
https://doi.org/10.15252/embj.201798321
https://doi.org/10.1007/s10495-021-01663-3
https://doi.org/10.1016/j.semcancer.2019.05.001
https://doi.org/10.1038/nri3661
https://doi.org/10.1016/S0140-6736(17)32448-0
https://doi.org/10.1016/j.cell.2015.10.072
https://doi.org/10.1038/emboj.2012.328
https://doi.org/10.1038/emboj.2012.328
https://doi.org/10.4049/jimmunol.1400501
https://doi.org/10.1126/science.aau2818
https://doi.org/10.1126/science.aau2818
https://doi.org/10.1097/MIB.0000000000000113
https://doi.org/10.1097/MIB.0000000000000113
https://doi.org/10.1016/j.jaci.2017.11.040
https://doi.org/10.1038/s41575-020-0326-4
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Rathinam, V. A. K., and Chan, F. K. (2018). Inflammasome, Inflammation, and
Tissue Homeostasis. Trends Mol. Med. 24 (3), 304–318. doi:10.1016/j.molmed.
2018.01.004

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

Roh, J. S., and Sohn, D. H. (2018). Damage-Associated Molecular Patterns in
Inflammatory Diseases. Immune Netw. 18 (4), e27. doi:10.4110/in.2018.18.e27

Ruan, J., Xia, S., Liu, X., Lieberman, J., and Wu, H. (2018). Cryo-EM Structure of
the Gasdermin A3 Membrane Pore. Nature 557 (7703), 62–67. doi:10.1038/
s41586-018-0058-6

Rühl, S., and Broz, P. (2015). Caspase-11 Activates a Canonical NLRP3
Inflammasome by Promoting K(+) Efflux. Eur. J. Immunol. 45 (10), 2927–2936.

Russo, A. J., Vasudevan, S. O., Méndez-Huergo, S. P., Kumari, P., Menoret, A.,
Duduskar, S., et al. (2021). Intracellular Immune Sensing Promotes
Inflammation via Gasdermin D-Driven Release of a Lectin Alarmin. Nat.
Immunol. 22 (2), 154–165. doi:10.1038/s41590-020-00844-7

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
Chromosom. Cancer 48 (3), 261–271. doi:10.1002/gcc.20636

Saleh, N. M., Raj, S. M., Smyth, D. J., Wallace, C., Howson, J. M., Bell, L., et al.
(2011). Genetic Association Analyses of Atopic Illness and Proinflammatory
Cytokine Genes with Type 1 Diabetes. Diabetes Metab. Res. Rev. 27 (8),
838–843. doi:10.1002/dmrr.1259

Schwarzer, R., Jiao, H., Wachsmuth, L., Tresch, A., and Pasparakis, M. (2020).
FADD and Caspase-8 Regulate Gut Homeostasis and Inflammation by
Controlling MLKL- and GSDMD-Mediated Death of Intestinal Epithelial
Cells. Immunity 52 (6), 978–e6. doi:10.1016/j.immuni.2020.04.002

Scott, N. E., Giogha, C., Pollock, G. L., Kennedy, C. L., Webb, A. I., Williamson, N.
A., et al. (2017). The Bacterial Arginine Glycosyltransferase Effector NleB
Preferentially Modifies Fas-Associated Death Domain Protein (FADD). J. Biol.
Chem. 292 (42), 17337–17350. doi:10.1074/jbc.M117.805036

Seo, S. U., Kamada, N., Muñoz-Planillo, R., Kim, Y. G., Kim, D., Koizumi, Y., et al.
(2015). Distinct Commensals Induce Interleukin-1β via NLRP3 Inflammasome
in InflammatoryMonocytes to Promote Intestinal Inflammation in Response to
Injury. Immunity 42 (4), 744–755. doi:10.1016/j.immuni.2015.03.004

Shi, J., Gao, W., and Shao, F. (2017). Pyroptosis: Gasdermin-Mediated
Programmed Necrotic Cell Death. Trends Biochem. Sci. 42 (4), 245–254.
doi:10.1016/j.tibs.2016.10.004

Shi, J., Zhao, Y., Wang, K., Shi, X., Wang, Y., Huang, H., et al. (2015). Cleavage of
GSDMD by Inflammatory Caspases Determines Pyroptotic Cell Death. Nature
526 (7575), 660–665. doi:10.1038/nature15514

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
(7521), 187–192. doi:10.1038/nature13683

Siegmund, B., Fantuzzi, G., Rieder, F., Gamboni-Robertson, F., Lehr, H. A.,
Hartmann, G., et al. (2001). Neutralization of Interleukin-18 Reduces
Severity in Murine Colitis and Intestinal IFN-Gamma and TNF-Alpha
Production. Am. J. Physiol. Regul. Integr. Comp. Physiol. 281 (4),
R1264–R1273. doi:10.1152/ajpregu.2001.281.4.R1264

Sivakumar, P. V., Westrich, G. M., Kanaly, S., Garka, K., Born, T. L., Derry, J. M.,
et al. (2002). Interleukin 18 Is a Primary Mediator of the Inflammation
Associated with Dextran Sulphate Sodium Induced Colitis: Blocking
Interleukin 18 Attenuates Intestinal Damage. Gut 50 (6), 812–820. doi:10.
1136/gut.50.6.812

Söderman, J., Berglind, L., and Almer, S. (2015). Gene Expression-Genotype
Analysis Implicates GSDMA, GSDMB, and LRRC3C as Contributors to
Inflammatory Bowel Disease Susceptibility. BioMed Res. Int. 2015,
834805.

Sollberger, G., Choidas, A., Burn, G. L., Habenberger, P., Di Lucrezia, R., Kordes, S.,
et al. (2018). Gasdermin D Plays a Vital Role in the Generation of Neutrophil
Extracellular Traps. Sci. Immunol. 3 (26). eaar6689. doi:10.1126/sciimmunol.
aar6689

Sundblad, V., Morosi, L. G., Geffner, J. R., and Rabinovich, G. A. (2017). Galectin-
1: A Jack-of-All-Trades in the Resolution of Acute and Chronic Inflammation.
J. Immunol. 199 (11), 3721–3730. doi:10.4049/jimmunol.1701172

Tamura, M., Tanaka, S., Fujii, T., Aoki, A., Komiyama, H., Ezawa, K., et al. (2007).
Members of a Novel Gene Family, Gsdm, Are Expressed Exclusively in the
Epithelium of the Skin and Gastrointestinal Tract in a Highly Tissue-specific
Manner. Genomics 89 (5), 618–629. doi:10.1016/j.ygeno.2007.01.003

Tan, G., Huang, C., Chen, J., Chen, B., and Zhi, F. (2021). Gasdermin-E-mediated
Pyroptosis Participates in the Pathogenesis of Crohn’s Disease by Promoting
Intestinal Inflammation. Cell Rep. 35 (11), 109265. doi:10.1016/j.celrep.2021.109265

Tan, G., Huang, C., Chen, J., and Zhi, F. (2020). HMGB1 Released from GSDME-
Mediated Pyroptotic Epithelial Cells Participates in the Tumorigenesis of
Colitis-Associated Colorectal Cancer through the ERK1/2 Pathway.
J. Hematol. Oncol. 13 (1), 149. doi:10.1186/s13045-020-00985-0

Toegel, S., Weinmann, D., André, S., Walzer, S. M., Bilban, M., Schmidt, S., et al.
(2016). Galectin-1 Couples Glycobiology to Inflammation in Osteoarthritis
through the Activation of an NF-Κb-Regulated Gene Network. J. Immunol. 196
(4), 1910–1921. doi:10.4049/jimmunol.1501165

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 (2), 194–197. doi:10.1038/2503

Volchuk, A., Ye, A., Chi, L., Steinberg, B. E., and Goldenberg, N.M. (2020). Indirect
Regulation of HMGB1 Release by Gasdermin D. Nat. Commun. 11 (1), 4561.
doi:10.1038/s41467-020-18443-3

Wang, C. J., Tang, L., Shen, D. W., Wang, C., Yuan, Q. Y., Gao, W., et al. (2013).
The Expression and Regulation of DFNA5 in Human Hepatocellular
Carcinoma DFNA5 in Hepatocellular Carcinoma. Mol. Biol. Rep. 40 (12),
6525–6531. doi:10.1007/s11033-013-2581-8

Wang, H., Zhai, K., Xue, Y., Yang, J., Yang, Q., Fu, Y., et al. (2016). Global Deletion
of TSPO Does Not Affect the Viability and Gene Expression Profile. PLoS One
11 (12), e0167307. doi:10.1371/journal.pone.0167307

Wang, J., Deobald, K., and Re, F. (2019). Gasdermin D Protects from Melioidosis
through Pyroptosis and Direct Killing of Bacteria. J. Immunol. 202 (12),
3468–3473. doi:10.4049/jimmunol.1900045

Wang, L., Dong, X., Feng, S., Pan, H., Jang, X., Chen, L., et al. (2022). VX765
Alleviates Dextran Sulfate Sodium-Induced Colitis in Mice by Suppressing
Caspase-1-Mediated Pyroptosis. Int. Immunopharmacol. 102, 108405. doi:10.
1016/j.intimp.2021.108405

Wang, P., Zhu, S., Yang, L., Cui, S., Pan, W., Jackson, R., et al. (2015). Nlrp6
Regulates Intestinal Antiviral Innate Immunity. Science 350 (6262), 826–830.
doi:10.1126/science.aab3145

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 (7661), 99–103. doi:10.1038/nature22393

Wu, H., Romieu, I., Sienra-Monge, J. J., Li, H., del Rio-Navarro, B. E., and London,
S. J. (2009). Genetic Variation in ORM1-like 3 (ORMDL3) and Gasdermin-like
(GSDML) and Childhood Asthma. Allergy 64 (4), 629–635. doi:10.1111/j.1398-
9995.2008.01912.x

Xavier, R. J., and Podolsky, D. K. (2007). Unravelling the Pathogenesis of
Inflammatory Bowel Disease. Nature 448 (7152), 427–434. doi:10.1038/
nature06005

Xu, J., Jiang, Y., Wang, J., Shi, X., Liu, Q., Liu, Z., et al. (2014). Macrophage
Endocytosis of High-Mobility Group Box 1 Triggers Pyroptosis. Cell Death
Differ. 21 (8), 1229–1239. doi:10.1038/cdd.2014.40

Yokomizo, K., Harada, Y., Kijima, K., Shinmura, K., Sakata, M., Sakuraba, K., et al.
(2012). Methylation of the DFNA5 Gene Is Frequently Detected in Colorectal
Cancer. Anticancer Res. 32 (4), 1319–1322.

Zaki, M. H., Boyd, K. L., Vogel, P., Kastan, M. B., Lamkanfi, M., and Kanneganti, T.
D. (2010). The NLRP3 Inflammasome Protects against Loss of Epithelial
Integrity and Mortality during Experimental Colitis. Immunity 32 (3),
379–391. doi:10.1016/j.immuni.2010.03.003

Zhang, Z., Zhang, Y., Xia, S., Kong, Q., Li, S., Liu, X., et al. (2020). Gasdermin E
Suppresses Tumour Growth by Activating Anti-tumour Immunity. Nature 579
(7799), 415–420. doi:10.1038/s41586-020-2071-9

Zheng, D., Kern, L., and Elinav, E. (2021). The NLRP6 Inflammasome.
Immunology 162 (3), 281–289. doi:10.1111/imm.13293

Zheng, L., Wei, H., Yu, H., Xing, Q., Zou, Y., Zhou, Y., et al. (2018). Fish Skin
Gelatin Hydrolysate Production by Ginger Powder Induces Glutathione
Synthesis to Prevent Hydrogen Peroxide Induced Intestinal Oxidative Stress
via the Pept1-P62-Nrf2 Cascade. J. Agric. Food Chem. 66 (44), 11601–11611.
doi:10.1021/acs.jafc.8b02840

Frontiers in Pharmacology | www.frontiersin.org May 2022 | Volume 13 | Article 83358812

Zhang et al. Gasdermins in IBD

https://doi.org/10.1016/j.molmed.2018.01.004
https://doi.org/10.1016/j.molmed.2018.01.004
https://doi.org/10.1038/ncomms14128
https://doi.org/10.4110/in.2018.18.e27
https://doi.org/10.1038/s41586-018-0058-6
https://doi.org/10.1038/s41586-018-0058-6
https://doi.org/10.1038/s41590-020-00844-7
https://doi.org/10.1002/gcc.20636
https://doi.org/10.1002/dmrr.1259
https://doi.org/10.1016/j.immuni.2020.04.002
https://doi.org/10.1074/jbc.M117.805036
https://doi.org/10.1016/j.immuni.2015.03.004
https://doi.org/10.1016/j.tibs.2016.10.004
https://doi.org/10.1038/nature15514
https://doi.org/10.1038/nature13683
https://doi.org/10.1152/ajpregu.2001.281.4.R1264
https://doi.org/10.1136/gut.50.6.812
https://doi.org/10.1136/gut.50.6.812
https://doi.org/10.1126/sciimmunol.aar6689
https://doi.org/10.1126/sciimmunol.aar6689
https://doi.org/10.4049/jimmunol.1701172
https://doi.org/10.1016/j.ygeno.2007.01.003
https://doi.org/10.1016/j.celrep.2021.109265
https://doi.org/10.1186/s13045-020-00985-0
https://doi.org/10.4049/jimmunol.1501165
https://doi.org/10.1038/2503
https://doi.org/10.1038/s41467-020-18443-3
https://doi.org/10.1007/s11033-013-2581-8
https://doi.org/10.1371/journal.pone.0167307
https://doi.org/10.4049/jimmunol.1900045
https://doi.org/10.1016/j.intimp.2021.108405
https://doi.org/10.1016/j.intimp.2021.108405
https://doi.org/10.1126/science.aab3145
https://doi.org/10.1038/nature22393
https://doi.org/10.1111/j.1398-9995.2008.01912.x
https://doi.org/10.1111/j.1398-9995.2008.01912.x
https://doi.org/10.1038/nature06005
https://doi.org/10.1038/nature06005
https://doi.org/10.1038/cdd.2014.40
https://doi.org/10.1016/j.immuni.2010.03.003
https://doi.org/10.1038/s41586-020-2071-9
https://doi.org/10.1111/imm.13293
https://doi.org/10.1021/acs.jafc.8b02840
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Zhou, C. B., and Fang, J. Y. (2019). The Role of Pyroptosis in Gastrointestinal
Cancer and Immune Responses to Intestinal Microbial Infection.
Biochim. Biophys. Acta Rev. Cancer 1872 (1), 1–10. doi:10.1016/j.
bbcan.2019.05.001

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 (6494), eaaz7548. doi:10.1126/science.aaz7548

Zhu, Q., Zheng, M., Balakrishnan, A., Karki, R., and Kanneganti, T. D. (2018).
Gasdermin D Promotes AIM2 Inflammasome Activation and Is Required for
Host Protection against Francisella Novicida. J. Immunol. 201 (12), 3662–3668.
doi:10.4049/jimmunol.1800788

Zhu, S., Ding, S., Wang, P., Wei, Z., Pan, W., Palm, N. W., et al. (2017). Nlrp9b
Inflammasome Restricts Rotavirus Infection in Intestinal Epithelial Cells.
Nature 546 (7660), 667–670. doi:10.1038/nature22967

Zychlinsky, A., Prevost, M. C., and Sansonetti, P. J. (1992). Shigella Flexneri
Induces Apoptosis in Infected Macrophages. Nature 358 (6382), 167–169.
doi:10.1038/358167a0

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.

Copyright © 2022 Zhang, Liang, Yao, Li and Wang. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Pharmacology | www.frontiersin.org May 2022 | Volume 13 | Article 83358813

Zhang et al. Gasdermins in IBD

https://doi.org/10.1016/j.bbcan.2019.05.001
https://doi.org/10.1016/j.bbcan.2019.05.001
https://doi.org/10.1126/science.aaz7548
https://doi.org/10.4049/jimmunol.1800788
https://doi.org/10.1038/nature22967
https://doi.org/10.1038/358167a0
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Role of Pyroptosis in Inflammatory Bowel Disease (IBD): From Gasdermins to DAMPs
	Introduction
	Mechanisms of Pyroptosis
	Pyroptosis and Intestinal Pathogens
	Gasdermins in IBD
	GSDMB
	GSDMD
	GSDME

	DAMPs Released by Pyroptosis on IBD
	HGMB1
	Galectin-1
	IL-1β
	IL-18

	Conclusion and Future Perspectives
	Author Contributions
	Funding
	References


