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The role of pyroptosis in the
occurrence and development
of pregnancy-related diseases
Jiahui Li , Min Wang, Haiyan Zhou, Zhong Jin, Haonan Yin
and Shuli Yang*

Department of Gynecology and Obstetrics, The Second Hospital of Jilin University, Changchun,
Jilin, China
Pyroptosis is a form of programmed cell death that is crucial in the development

of various diseases, including autoimmune diseases, atherosclerotic diseases,

cancer, and pregnancy complications. In recent years, it has gained significant

attention in national and international research due to its association with

inflammatory immune overactivation and its involvement in pregnancy

complications such as miscarriage and preeclampsia (PE). The mechanisms

discussed include the canonical pyroptosis pathway of gasdermin activation

and pore formation (caspase-1-dependent pyroptosis) and the non-canonical

pyroptosis pathway (cysteoaspartic enzymes other than caspase-1). These

pathways work on various cellular and factorial levels to influence normal

pregnancy. This review aims to summarize and analyze the pyroptosis

pathways associated with abnormal pregnancies and pregnancy complications.

The objective is to enhance pregnancy outcomes by identifying various targets to

prevent the onset of pyroptosis.
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1 Introduction

Cell death is typically classified as either non-programmed or programmed. Pyroptosis is

a lytic form of programmed cell death (1). Pyroptotic cells undergo membrane blistering,

swelling, and flattening before lysis, as opposed to the explosive rupture observed in

necroptotic apoptotic cells or the shrinking and wilting of apoptotic cells (2). This process

results in the formation of cellular pores, membrane ruptures, cellular swelling, and the

release of cellular contents. It also leads to DNA fragmentation, cellular vesiculation, and the

formation of pyknotic vesicles (3, 4). Pyroptosis can expose microorganisms, eliminate

pathogens, or retain pathogens within the burnt carcass to promote a local inflammatory

response (5, 6). Pyroptosis can have both beneficial and detrimental effects on the host,

depending on the degree and context of activation (1). In normal physiology, pyroptosis plays

a crucial role in defending the host against pathogen infections. However, excessive
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pyroptosis can lead to maladaptive and prolonged inflammatory

responses that are implicated in the development of diseases (3).

Emerging evidence suggests that pyroptosis contributes to the

pathogenesis of a wide range of non-infectious diseases, including

aseptic inflammatory diseases, autoimmune disorders, neurological

disorders, cancer, atherosclerosis, acute injury, and adverse

pregnancy complications (7–10) (see Figure 1).
2 The model of pyroptosis

In 2015, the discovery and characterization of GSDMD proteins

(14) led to the identification of a fundamental mechanism

underlying cellular pyroptosis (11). GSDMD is encoded by a gene

on chromosome 8q24.3 and is the primary execution gene for

inflammatory vesicle-driven pyroptosis (12). It is widely expressed

in various tissues (colon, liver, brain and so on) and immune cells

(13–15). Pyroptosis is carried out by pore-forming proteins called

gasdermins (1), which are triggered by pyroptotic caspases

(caspase-1/4/5/11) (4, 11). The initiating event of pyroptosis is the

activation of the inflammasome, a multi-protein complex that

activates caspase-1 (16). Due to the involvement of various

cysteoaspartic enzymes, pyroptosis has recently been defined as

“gasdermin-mediated programmed necrotic cell death”, as

gasdermin activation and pore formation in cell membranes are

common features of both canonical (caspase-1-dependent

pyroptosis) and non-canonical (cysteoaspartic enzymes other
Frontiers in Immunology 02
than caspase-1) pyroptosis (17). In the non-canonical pathway,

caspase-4/5 (in human) and caspase-11 (in mouse) are directly

activated by their lipopolysaccharide (LPS) ligands (11), and upon

oligomerization of the LPS-cysteaspase complex, cysteaspase-4/5/11

act as effector proteins, cleaving full-length GSDMD and triggering

pyroptosis (18). Other proteins have also been proposed to cleave

GSDMD, including cysteinyl asparagine-8, neutrophil elastase (NE)

and histone G (19–23). Activated caspase-4/5/11 cleaves the

junctional region of GSDMD to release its N-terminal pore-

forming structural domain (GSDMD-NT), which oligomerizes in

the plasma membrane to form a pore that allows the release of

DAMPs, such as the mature form of interleukin-1b (IL-1b), which
recruits immune cells and induces inflammation (24), alters the

intracellular environment and ultimately leads to cell death (11, 25–

27) (see Figure 2). Since then, the GSDMD has been considered to

be a central factor in the execution of cellular cell death (11).

GSDMs are expressed in a wide range of cell types and tissues

(17, 28–30), and GSDMD is only one member of the GSDM family,

which is evolutionarily and structurally conserved (16). Human

GSDMs include GSDMA (31, 32), GSDMB (32), GSDMC (32, 33),

GSDMD (34), GSDME and pejvakin(PJVK), also known as

DFNB59 or GSDMF (35), a GSDM-related gene common to both

humans and mice (16, 36). Mice lack GSDMB but have three

homologs encoding GSDMA (GSDMA 1-3), four homologs of

GSMDC (GSDMC 1-4) and GSDMD, GSDME (37) and PJVK.

Except PJVK, the gasdermin family of proteins consists of two

conserved structural domains, the N-terminal pore-forming
FIGURE 1

Inflammatory and pathological consequences of pyroptosis (1). Pyroptosis, induced by Gasdermin D (GSDMD) pore formation, results in the release
of proinflammatory cytokines, alarmins, and damage-associated molecular patterns (DAMPs). These inflammatory molecules act on bystander cells
(e.g., endothelial cells, lymphocytes) to promote an inflammatory response. The resulting cell death and inflammation can disrupt the endothelial
barrier in blood vessels and vital organs, such as the lungs, leading to leucocyte infiltration. GSDMD pore formation activates the coagulation
cascade and can contribute to lethality from disseminated intravascular coagulation. Pyroptosis in neutrophils and other cells triggers NETosis.
Improper neutrophil extracellular trap (NET) and aberrant NETosis and DAMP removal can further induce pyroptosis and tissue damage. Reproduced
with permission from [Vasudevan SO, Behl B, Rathinam VA], [Pyroptosis-induced inflammation and tissue damage.]; published by [Semin
Immunol], [2023].
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structural domain, and the C-terminal deterrent protein structural

domain (38, 39), which are linked by a variable linkage region (36).

The C-terminal structural domain has an autoinhibitory function

and is removed by proteolytic cleavage of the linker region,

mediated by enzymes such as cysteinyl asparaginase (36). PJVK is

a structurally unique exception to this rule, lacking a cleavable

linker and containing only a truncated C-terminal structural

domain (40, 41).

Gasdermin D cleavage has both positive and negative

regulators of pore formation (42). These pores act as conduits

for inward and outward flow across the cell membrane. Living

cells employ active transport to uphold an ion gradient across the

plasma membrane. This gradient collapses upon pore formation

(42). Gasdermins exhibit structural similarity, and it has been

hypothesized that pores formed by other members of the

Gasdermin family may result in comparable intracellular

consequences. However, there is currently insufficient data to

directly support this hypothesis (42).
Frontiers in Immunology 03
Pathogen-associated molecular patterns (PAMPs), present on

the surface of toxins, viruses, and bacteria, or DAMPs produced

following tissue or cellular injury, can be recognized by intracellular

pattern recognition receptors (PRRs) (43, 44). Nucleotide-binding

oligomerization domain-like receptors (NLRs), leucine-rich repeat

(LRR) receptors, and NOD-like receptor pyrin-containing 3

(NLRP3) inflammasomes are key mediators of steri le

inflammation induced by various types of DAMPs (45). Unlike

other modes of cell death, pyroptosis is characterized by caspase-1-

dependent plasma membrane rupture, as well as the facilitation of

NLRP3 inflammatory vesicles, and the release of DAMPs and

cytokines. It is important to note that all evaluations presented

are objective and supported by evidence. The cytokines such as IL-

1b and interleukin-18(IL-18) are released into the extracellular

environment, leading to sterile inflammation (46–49). This can

induce a range of diseases. Pyroptosis mediated by the NLRP3

inflammasome can also be stimulated by pathogen-associated

molecules such as LPS, flagellin, or DNA fragments, as well as by
FIGURE 2

Molecular mechanisms of pyroptotic cell death (16). (A) The sensing of cytosolic disturbances by NLRP3 (NLR family pyrin domain-containing 3)
receptor recruits the adaptor protein apoptosis-associated speck-like protein containing (ASC) to a large aggregate platform (called the
inflammasome) that serves as a site of caspase-1 activation. Active caspase-1 cleaves the 53-kDa GSDMD and generates a 31-kDa N-terminal pore-
forming fragment that controls pyroptosis(Canonical model). GSDMD can also be processed via inflammasome-independent activation of caspase-
11(Non-canonical model). In this pathway, caspase-11 in mice and caspase-4 and 5 in humans bind to and are activated by LPS released into the
cytoplasm after gram-negative bacterial infection. Unlike cleaved caspase-1, cleaved caspase-11 does not convert pro-IL-1b and pro-IL-18 to their
mature forms. Instead, the process of pyroptosis promotes K+ efflux to activate caspase-1-dependent maturation of the pro-inflammatory cytokines
IL-1b and IL-18 after NLRP3 inflammasome activation, leading to cellular pyroptosis. (B) Besides GSDMD, there is also a gasdermin E (GSDME)-
dependent pyroptosis. GSDME is cleaved by caspase-3 upon mitochondrial dysfunction or death receptor activation. The GSDME N-fragments
promote cell swelling and lysis by forming pores in the plasma membrane. ASC, apoptosis-associated speck-like protein containing; LPS:
lipopolysaccharide. Reproduced with permission from [Ketelut-Carneiro N, Fitzgerald KA. Apoptosis], [Pyroptosis, and Necroptosis-Oh My! The Many
Ways a Cell Can Die.]; published by [J Mol Biol], [2022].
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hazard-associated molecules such as reactive oxygen species (ROS)

(50). These are elements of the atypical pathway.

Disruption of immune function can lead to infertility, placental

inflammation, and pregnancy complications such as PE, maternal

obesity, gestational diabetes mellitus (GDM), spontaneous abortion,

and recurrent miscarriage (RM) (51). Excessive inflammation has

been shown to be a potential cause of pregnancy complications such

as PE and miscarriage (52). In this paper, we review the

mechanisms and pathophysiology of pyroptosis leading to various

pregnancy complications.

Furthermore, cellular death occurs via sensor proteins that

detect pathogens and serve as a platform for the recruitment and

activation of Caspase-1. Caspase-1 then cleaves the cytokines IL-1b
and -18, as well as the pore-forming protein GSDMD. In

comparison, apoptosis inhibitory protein (NAIP) and NLR

family, CARD domain-containing protein 4 (NLRC4) function as

a sensor (NAIP) and junctional protein (NLRC4), respectively, to

form individual inflammasomes in a synergistic manner. It seems

that NAIP/NLRC4 inflammasomes serve to safeguard mucosal

barriers, including the lungs, stomach, and intestines, from

bacterial pathogen invasion. Upon systemic activation, NAIP/

NLRC4 results in a robust autoinflammatory response that is

deleterious to the host (53). For example, in response to

Salmonella, human intestinal epithelial cells undergo caspase-4-

dependent pyroptosis, IL-18 cytokine release, restriction of bacterial

replication, and extrusion of infected cells (54). The intrinsic

expression of NAIP or NLRC4 in intestinal epithelial cells is both

necessary and sufficient for limiting the intraepithelial Salmonella

load, indicating an intestinal epithelial-intrinsic role for the NAIP/

NLRC4 inflammasome in Salmonella limitation (55). Furthermore,

immortalized human intestinal epithelial cells (IECs) and primary

small intestinal enteroids express minimal levels of NAIP and

NLRC4 in comparison to human peripheral blood mononuclear

cells (56). This may explain the absence of functional NAIP/NLRC4

inflammasomes in human IECs in these in vitromodels. The role of

NAIP/NLRC4 inflammasomes in the human intestinal epithelium

in vivo remains unknown. In vivo, host or microbial signaling may

lead to the upregulation of NAIP/NLRC4 expression in human

IECs. Alternatively, NAIP/NLRC4 may be expressed in rare IEC

subpopulations not represented in in vitro models (57). The

question of whether this interesting tissue specificity occurs in the

specific group of pregnant women will be the focus of

subsequent studies.
3 Effects of maternal obesity on
inflammation and pyroptosis

Maternal obesity is associated with adverse perinatal outcomes and

increased maternal morbidity and mortality. It is a major risk factor for

a wide range of antenatal, intrapartum, postpartum, and neonatal

complications (58). The release of pro-inflammatory cytokines in the

placenta has been linked to maternal obesity and adverse pregnancy

complications (59). Both human and animal studies have

demonstrated that offspring born to obese mothers are at a higher
Frontiers in Immunology 04
risk of developing chronic diseases. However, the mechanisms that lead

to developmental abnormalities and how different pathways are

activated in the offspring of obese mothers remain unclear. Recent

evidence suggests that early changes in inflammatory markers may

predict the onset of various diseases later in life (60). A study in China

was carried out on rats. It found that a high-fat maternal (MHF) diet

led to a decrease in the number of peroxisomes in the fetal kidneys.

This decrease subsequently activated oxidative stress and

inflammasomes, leading to pyroptosis and apoptosis .

Downregulation of the peroxisome markers peroxisomes (PEX) 3

and 14 was observed in fetal kidneys, along with a decrease in the

antioxidant enzymes Superoxide Dismutase (SOD) 2 and catalase and

an increase in the oxidative stress marker Ephx2 (61).Several studies

have reported increased levels of free fatty acids (FFA) in the plasma of

obese individuals, including palmitic acid (PA), a major saturated fatty

acid. PA has been shown to promote inflammatory responses (62).

Shirasuna et al. found that PA activates the NLRP3 inflammasome,

leading to significant caspase-1 activation and IL-1b secretion. The

authors also demonstrated that pyroptosis is involved in this process, as

disruption of caspase-1 activity reduced PA-induced IL-1b release (62).
4 Pyroptosis and pregnancy-
related diseases

4.1 Inflammation, toxicity, virus,
and miscarriage

Miscarriage represents one of the most prevalent and severe

complications of pregnancy. Miscarriage occurs in approximately

15% of recognized pregnancies, and it is associated with substantial

costs in terms of physical, psychological, and economic consequences

(63). Its occurrence is attributed to a multitude of identified

multifactorial etiologies, encompassing fetal chromosomal

abnormalities, infections, immunization, thrombosis, endocrine

dysfunction, and structural anomalies of the reproductive system

(64). Approximately 50% of miscarriages are of unknown etiology

(65), and the clinical diagnosis is referred to as recurrent unexplained

spontaneous abortion (URSA) (66).

HMGB1 is a non-histone DNA-binding protein that is highly

conserved. It is a typical DAMP molecule (67). During pregnancy,

high levels of HMGB1 may cause excessive or persistent

inflammation, which can lead to unfavorable pregnancy outcomes

at critical stages (68). A study conducted in China explored the

mechanism by which HMGB1 enters cells through its receptor and

activates the necrosis factor kappa B (NF-kB) signaling pathway.

This, in turn, activates pyroptosis and NLRP-3 inflammatory

vesicles assemble, activating caspase-1 proteins and releasing

inflammatory factors, such as HMGB1, inducing aseptic

inflammation. Ultimately, this leads to the disruption of the

maternal-fetal interface and the development of URSA (68).

Furthermore, the activation of NLRP-3 inflammatory vesicles and

increased expression of caspase-1 proteins have also been observed

in moult and chorionic villus tissues of induced abortion (69).
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Environmental toxins can also play a role in causing

miscarriage. According to recent studies, exposure to Benzo(a)

pyrene (BaP) and its ultimate metabolite benzo(a)pyrene-7,8-

dihydrodiol-9,10-epoxide (BPDE) can lead to trophoblast cell

pyroptosis and ultimately result in miscarriage. Lnc-HZ14 is

highly expressed in human trophoblast cells and RM vs healthy

control (HC) chorionic tissues exposed to BPDE, which induces

trophoblast cell pyroptosis leading to miscarriage (70).

Maternal viral infections have been a challenging issue for

obstetricians for a long time. The Zika virus (ZIKV) is a flavivirus

that is transmitted by mosquitoes and infects the female

reproductive system (71). Unfortunately, placental infections and

vertical transmission of the virus can lead to adverse effects on the

fetus, such as congenital Zika virus syndrome (CZS). CZS is a

serious condition that can cause microcephaly, intrauterine growth

restriction, spontaneous abortions, and developmental

abnormalities (72). It has been established that apoptosis may

occur in the placenta during ZIKV infection (72). The

involvement of pyroptosis, another form of programmed cell

death, in this process is still being explored. Researchers have

found that ZIKV infection induces pyroptosis of placental

trophoblasts through caspase-8-mediated activation of caspase-3

via the exogenous apoptotic pathway. This, in turn, activates

GSDME (but not GSDMD), by adding different caspase

inhibitors. A study showed that when pregnant mice were

infected with ZIKV, those without GSDME had less placental

damage and better fetal outcomes (73). In summary, this study

has identified a new mechanism of placental damage and congenital

CZS caused by ZIKV infection. The virus triggers placental cell

pyroptosis through RIG-I recognition of the viral genome, leading

to the release of TNF-a. This cytokine activates the cleavage of

caspase-8 and caspase-3, which in turn activates the pyroptosis

execution factor, GSDME, in placental cells.

In their experiments studying the pathogenesis of silicosis, Kang

et al. found that GSDME cutting via Caspases-3/8 was required in

addition to Caspase-1/GSDMD. This revealed another important

pathway, alongside GSDMD, as a central factor triggering

pyroptosis (see Figure 2). This mechanism is similar to the one

by which ZIKV induces placental damage and CZS (74).
4.2 Preterm and full-term labor

Inflammation is a crucial factor in embryo implantation,

development, and endometrial metamorphosis (75). Any

abnormalities during these stages may result in miscarriage or

preterm labor. Preterm labor, which is caused mainly by

inflammation leading to premature rupture of membranes

(PROM), is a common cause of early birth due to various factors.

IL-1 was the first cytokine associated with the mechanism of

preterm birth (PTB) linked to infection or acute inflammation in

humans, as well as with full-term spontaneous labor (76).

In particular, IL-1b induces the expression of cyclooxygenase-2

(COX-2), an enzyme that catalyzes the synthesis of prostaglandins

derived from arachidonic acid. These prostaglandins are known to

be induced in human pregnancy tissues to promote cervical
Frontiers in Immunology 05
ripening and myometrial contractions (77), thereby initiating

labor. Animal studies have supported the human data, and recent

evidence has highlighted the significance of IL-1 in labor for both

humans and animals. Inflammatory vesicles are cytoplasmic protein

complexes that, once assembled, activate caspase-1 (78). This leads

to the release of mature forms of the inflammatory cytokines IL-1b
and/or IL-18 (79) and ultimately results in pyroptosis (80). A cross-

sectional study conducted in the United States discovered that

gasdermin D, the effector molecule of pyroptosis, was detectable

in amniotic fluid from patients with spontaneous preterm labor and

intra-amniotic infections or aseptic amniotic inflammation (80).

However, further experiments are required to investigate the origin

of gasdermin D in amniotic fluid. A cross-sectional study found that

amniotic fluid and chorionic amnion levels were higher in women

who had full-term spontaneous deliveries compared to those who

had not delivered. The up-regulation of gasdermin D expression

was associated with a corresponding increase in caspase-1 and IL-

1b. These findings suggest that pyroptosis is the mechanism

responsible for the aseptic inflammatory process in full-term

labor (81).
4.3 GDM

GDM is a common pregnancy complication (82). It is

associated with various adverse pregnancy outcomes, such as an

increased risk of gestational infections, amniotic fluid overload,

preterm labor, birth injuries, and post-partum infections.

Additionally, it can lead to fetal hypoxia, higher-than-normal fetal

weights, neonatal hypoglycemia, and macrosomia (83, 84). In

GDM, certain alterations result in reduced insulin sensitivity,

impaired insulin secretion, and the development of carbohydrate

intolerance (85). The molecular mechanisms responsible for these

changes remain unclear. Prior research has demonstrated that type

2 diabetes is typified by sustained low-grade inflammation.

Furthermore, it has been demonstrated that NLRP3 inflammatory

vesicles can contribute to insulin resistance (IR) through the

downstream signaling of IL-1b (86). As reported by Ning and

colleagues (87), pregnant women with GDM exhibited elevated

serum levels of NLRP3, caspase-1, IL-1, and IL-18 in comparison to

those with uncomplicated pregnancies. This finding suggests that

pyroptosis factors may play roles in the pathogenesis of GDM by

promoting chronic inflammation. Hu et al. (88) verified the changes

of NLRP3 inflammatory vesicles in GDM placentas. The expression

of NLRP3 and Caspase-1 was significantly elevated in GDM

placentas relative to healthy placentas. Furthermore, there was a

positive correlation between the expression of these proteins and

maternal IR, indicating that placental NLRP3 activation is

associated with the pathogenesis of GDM. The analysis of

potential mechanisms indicates that the activation of NLRP3

inflammatory vesicles may increase the release of IL-1b and IL-

18, thereby activating the maternal inflammatory response, IR, and

glucose metabolism. Conversely, the irregularities in maternal

glucose metabolism may incite the activation of NLRP3

inflammatory vesicles in the placenta, the discharge of IL-1b and

IL-18, and exacerbate maternal IR. It can thus be surmised that
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there is a close relationship between pyroptosis and GDM, which

may well represent one of the pathogenic mechanisms of GDM.

It has been demonstrated that there is a direct correlation

between GDM and dysfunction of glucose and lipid metabolism

involving multiple genes. ROS are harmful mediators of

inflammation. There are two primary sources of cellular ROS:

phagocytic triphosphopyridine nucleotide (NADPH) oxidase,

which produces superoxide anion, and mitochondria, which

produce reactive oxidants (62). ROS have a dual role in disease

development, acting as both signaling molecules in the cell and

unavoidable toxic by-products of aerobic metabolism (89, 90).

Recent studies have shown that ROS significantly inhibits NLRP3

inflammasome activation and inflammatory responses both in vivo

and in vitro (91). TP53-induced glycolysis regulatory phosphatase

Gene (TIGAR), a novel p53-inducible protein first identified in

2006 (92, 93), limits ROS and has been demonstrated to contribute

to the resolution of ischemia/reperfusion and prevent pathologies

such as ischemic diseases (94). The study investigated the impact of

TIGAR on placental injury in GDM. The results showed that ATP-

induced pyroptosis increased the expression of GSDMD at both the

RNA and protein levels. However, cleaved GSDMD proteins were

increased after TIGAR knockdown. Based on this evidence, it can be

concluded that TIGAR has a mild regulatory effect on the

pyroptosis construct compared to ATP (95). Inflammation and

oxidative stress in the placenta are crucial factors in GDM. During

pyroptosis, oxidative damage and inflammatory cytokines are

elevated. The GSDMD pore releases IL-18, IL-1b, and IL-6 upon

TIGAR loss, which is often considered the terminal event of

pyroptosis (95).

Hyperglycemia induces apoptosis and pyroptosis in vascular

endothelial cells, leading to endothelial damage or dysfunction and

inflammation (96). The Wnt/b-catenin pathway is considered an

important local cell-regulatory signal that determines cell fate and

plays a key role in endothelial cell injury (97). b-catenin inhibits

macrophage pyroptosis induced by NLRP3 inflammatory vesicles

(98). A study conducted in China found that overexpression of spen

paralog and direct homolog C-terminal domain containing 1

(SPOCD1) induced by chorionic mesenchymal stem cells

(VMSCs) activated the b-catenin pathway, ultimately inhibiting

high levels of glucose-induced apoptosis, pyroptosis, and senescence

in human umbilical vein endothelial cells (HUVECs) (99).
4.4 PE

In healthy pregnancies, regulatory mechanisms at the maternal-

fetal interface prevent excessive local and systemic inflammation.

However, in cases of PE, these regulatory mechanisms are disrupted

due to local hypoxia/ischemia, innate immune activation, hormonal

imbalances, and regulatory T-cell abnormalities. This leads to a

cytotoxic microenvironment that causes placental inflammation

and insufficiency (100). The normal function of trophoblast cells

is essential for placental development. Extravillous trophoblasts

(EVT) migrate from the trophoblast column and invade the spiral

arteries directly through the metaplastic stroma, partially replacing

endothelial cells. This process remodels the uterine spiral arteries to
Frontiers in Immunology 06
increase maternal blood flow to the placenta (101). The

pathophysiology of PE is not yet fully understood, but it is

believed to involve placental dysplasia, oxidative stress, and

altered local and systemic immunomodulation (100). Studies have

shown that the trophoblast is a convergence of various pathways

(102). The death of trophoblasts and the release of inflammatory

factors induced by various stimuli may contribute to the

development of PE (102, 103).

A recent study identified a novel protein associated with PE,

transmembrane BAX inhibitor motif containing 4 (TMBIM4),

which was significantly downregulated in the placentas of women

with PE. TMBIM4 is mainly expressed in the human placental

trophoblast. Lack of TMBIM4 in the trophoblast cell line

significantly enhances NLRP3 inflammatory vesicle activity,

promotes subsequent pyroptosis, and ultimately disrupts

trophoblast viability, migration, and invasion. This may

contribute to the PE pathological process (104). Exposure of

trophoblasts to pregnancy-incompatible factors, such as LPS,

suppresses TMBIM4 expression. This exacerbates NLRP3

inflammasome-mediated inflammation, leading to trophoblast

dysfunction and maternal system syndrome (see Figure 3) (104).

MicroRNAs (miRNAs) are small, non-coding, single-stranded

RNA molecules that regulate mRNA expression by complementary

base pairing with the 3-untranslated region (3-UTR) (105). Certain

miRNAs play a crucial role in biological pathways associated with

PE, such as the MAPK and TGF-b pathways, and are regulated in

PE patients (106). A recent study has observed that miR-124-3p

induces apoptosis and reduces cell migration and invasion in

trophoblast cells when transfected with HTR8-S/Vneo cells.

Additionally, miR-124-3p mimics increased the expression of

NLRP3, caspase1 and IL-1b. These results suggest that miR-124-

3p plays an important role in preeclampsia by mediating

trophoblast cell viability, migration, invasion, and pyroptosis (107).

The clinical manifestations of PE are indicative of systemic

inflammation and endothelial dysfunction, resulting in

vasoconstriction, end-organ ischemia, and increased vascular

permeability (108). According to a study conducted in Pittsburgh,

placental cell pyroptosis is the primary sterile inflammatory

pathway in e-PE. This may result in the production of virulence

factors, such as IL-1b and IL-18, which cause inflammation and

enhance the syndrome’s systemic manifestations (100). Therefore,

placental cell pyroptosis has been identified as a significant event

leading to sterile inflammation in preeclampsia. Upon activation,

NLRP3 inflammatory vesicles induce a significant release of mature

IL-1b, initiating a positive feedback loop that results in the

accumulation of other immune cells such as neutrophils and

macrophages, as well as an increase in cytokines and chemokines

that pose a risk (45).

Mitochondrial autophagy has been a significant signaling hub

for regulating inflammatory cytokine secretion (109). The classical

ubiquitin-dependent mitochondrial autophagy pathway in

mammals, which is mediated by PTEN-induced putative kinase

1 (PINK1), plays a crucial role in various immune and

inflammatory diseases (109). PINK1-mediated mitochondrial

autophagy may have a protective role in PE by reducing ROS and

trophectodermal pyroptosis (109). A Chinese controlled trial of 20
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pregnant women with pre-eclampsia versus 20 healthy pregnant

women found that PINK1-mediated mitochondrial autophagy was

down-regulated in PE placentas (109), which is consistent with the

findings of Chen et al. in a mouse model of PE (110). However,

these findings contradict those of Ausman et al. (111), who reported

elevated levels of full-length PINK1 relative to inactive PINK1 levels

in cleaved PE placentas.

IL11 is a pleiotropic cytokine (112, 113) and is elevated in maternal

serum, placenta, and meconium in early preeclamptic pregnancies

(114, 115). A large animal study fromAustralia demonstrated that IL11

drives activation of ASC/NLRP3 inflammatory vesicles, leading to

chorioamnionitis, placental and renal fibrosis, and maternal pre-

eclampsia syndromes, including chronic postnatal hypertension, in

mice. It has also been shown that IL11 has inflammatory vesicle-

independent effects leading to dysregulation of trophoblastic

differentiation, placental injury, and possibly impaired placental

function, resulting in fetal growth restriction and perinatal death

(116). It is well established that IL-11 activates many pathways

known to be altered in pre-eclampsia, but the exact mechanism by

which IL-11 causes placental injury and induces pre-eclampsia is

unknown (114), and this finding fills this gap.
4.5 Intrauterine growth restriction

Intrauterine growth restriction (IUGR) is defined as the failure

of the fetus to reach its genetically determined growth potential in

utero due to a complex interaction of maternal, placental, fetal, and

genetic factors (117).Excessive ROS have been identified as a
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detrimental factor, with evidence indicating that ROS play a

critical role in the onset of cellular death (118, 119). Nuclear

factor erythroid-derived 2-related factor 2 (Nrf2) is a

transcription factor that plays a pivotal role in the activation of

downstream anti-oxidative stress genes (120). and is a crucial

mediator of antioxidant pathways (121). An increase in

expression has been observed in the cytoplasm of invasive

extravillous trophoblast cells, which have been linked to severe

early-onset IUGR and preeclampsia (122). Despite evidence

indicating a correlation between focal death and IUGR, the

underlying molecular mechanisms remain unclear. It was

demonstrated that Nrf2 inhibits GSDMD transcription, whereas

Nrf2 deficiency upregulates GSDMD expression, thereby

exacerbating maternal hypoxia-induced pyroptosis in IUGR

offspring. Furthermore, Nrf2 deficiency exacerbates maternal

hypoxia-induced Lung dysplasia has been observed in IUGR

progeny (123). Additionally, a cross-sectional study by Berna

et al. found that GSDMD-mediated cellular pyroptosis was

increased in placental tissues in IUGR cases (124). In the rat

study, IUGR rats exhibited increased quantification of GSDMD

immunofluorescence staining of the hippocampus, increased

mRNA and protein expression of NLRP1, caspase-1, and

GSDMD, as well as increased quantification of IL-1b and IL-18 in

the hippocampus (117). Further clarification is required to

determine whether this breakthrough in animal modeling is

applicable to humans. The aforementioned studies substantiated

the involvement of cellular pyroptosis in the pathogenesis of IUGR,

and offered insights into potential avenues for the prevention and

management of IUGR.
FIGURE 3

Schematic diagram illustrating the potential mechanism of action of TMBIM4 on PE pathogenesis (104). LPS induced the downregulation of TMBIM4
in the trophoblasts. TMBIM4 deficiency in the trophoblasts markedly enhanced the NLRP3 inflammasome activity and promoted subsequent
pyroptosis, thereby disrupting trophoblast viability, migration, and invasion, and might be involved in the pathogenesis of PE. TMBIM4,
transmembrane BAX inhibitor motif containing 4. Reproduced with permission from [Liu C], [TMBIM4 Deficiency Facilitates NLRP3 Inflammasome
Activation-Induced Pyroptosis of Trophoblasts: A Potential Pathogenesis of Preeclampsia.)]; published by [Biology (Basel], [2023].
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5 Conclusion

Cellular pyroptosis has been extensively documented in the

pathogenesis of numerous pathological conditions, including

autoimmune disorders, neoplastic growths, and atherosclerosis.

Our findings indicate that pregnancy-associated disorders are also

associated with pyroptosis to varying aspects (see Figure 4). In

recent years, the discovery of various pathways has contributed

significantly to the development of the field of obstetrics and

gynecology. Although the role of pyroptosis in the pathogenesis

of abnormal pregnancies has not been fully elucidated, studies have

shown that the release of interleukins triggers a series of cascading

and causal effects that may lead to an increased prevalence of certain

diseases in the offspring, inflammatory effects, labor initiation, and

GDM. An integrated analysis of inflammation, immunity and

genetics is also essential to gain insight into the role of cellular

pyroptosis in the development of pregnancy-related diseases. It is

our contention that inflammasome, which play a pivotal role in

pyroptosis, represent a promising avenue for the development of
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novel therapeutic strategies for pregnancy-related disorders. Target

exploration has the potential to impede disease progression and

enhance human health and well-being.
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Auty J, Pelegrıń P. Evolutionary analyses of the gasdermin family suggest conserved
roles in infection response despite loss of pore-forming functionality. BMC Biol. (2022)
20:9. doi: 10.1186/s12915-021-01220-z

15. Schmiedel BJ, Singh D, Madrigal A, Valdovino-Gonzalez AG, White BM,
Zapardiel-Gonzalo J, et al. Impact of genetic polymorphisms on human immune cell
gene expression. Cell. (2018) 175:1701–15.e16. doi: 10.1016/j.cell.2018.10.022

16. Ketelut-Carneiro N, Fitzgerald KA. Apoptosis, pyroptosis, and necroptosis—Oh
my! The many ways a cell can die. J Mol Biol. (2022) 434:167378. doi: 10.1016/
j.jmb.2021.167378

17. Shi J, GaoW, Shao F. Pyroptosis: gasdermin-mediated programmed necrotic cell
death. Trends Biochem Sci. (2017) 42:245–54. doi: 10.1016/j.tibs.2016.10.004

18. Downs KP, Nguyen H, Dorfleutner A, Stehlik C. An overview of the non-
canonical inflammasome. Mol Aspects Med. (2020) 76:100924. doi: 10.1016/
j.mam.2020.100924

19. Orning P, Weng D, Starheim K, Ratner D, Best Z, Lee B, et al. Pathogen blockade
of TAK1 triggers caspase-8-dependent cleavage of gasdermin D and cell death. Science.
(2018) 362:1064–9. doi: 10.1126/science.aau2818

20. Sarhan J, Liu BC, Muendlein HI, Li P, Nilson R, Tang AY, et al. Caspase-8
induces cleavage of gasdermin D to elicit pyroptosis during Yersinia infection.
Proc Natl Acad Sci U.S.A. (2018) 115:E10888–97. doi: 10.1073/pnas.1809548115

21. Chen KW, Demarco B, Heilig R, Shkarina K, Boettcher A, Farady CJ, et al.
Extrinsic and intrinsic apoptosis activate pannexin-1 to drive NLRP3 inflammasome
assembly. EMBO J. (2019) 38:e101638. doi: 10.15252/embj.2019101638
22. Kambara H, Liu F, Zhang X, Liu P, Bajrami B, Teng Y, et al. Gasdermin D exerts
anti-inflammatory effects by promoting neutrophil death. Cell Rep. (2018) 22:2924–36.
doi: 10.1016/j.celrep.2018.02.067

23. Burgener SS, Leborgne NGF, Snipas SJ, Salvesen GS, Bird PI, Benarafa C.
Cathepsin G inhibition by serpinb1 and serpinb6 prevents programmed necrosis in
neutrophils and monocytes and reduces GSDMD-driven inflammation. Cell Rep.
(2019) 27:3646–3656.e5. doi: 10.1016/j.celrep.2019.05.065

24. Van Opdenbosch N, Lamkanfi M. Caspases in cell death, inflammation, and
disease. Immunity. (2019) 50:1352–64. doi: 10.1016/j.immuni.2019.05.020

25. Kayagaki N, Stowe IB, Lee BL, O'Rourke K, Anderson K, Warming S, et al.
Caspase-11 cleaves gasdermin D for non-canonical inflammasome signalling. Nature.
(2015) 526:666–71. doi: 10.1038/nature15541

26. Ding J, Wang K, Liu W, She Y, Sun Q, Shi J, et al. Pore-forming activity and
structural autoinhibition of the gasdermin family. Nature. (2016) 535:111–6.
doi: 10.1038/nature18590

27. Liu X, Zhang Z, Ruan J, Pan Y, Magupalli VG, Wu H, et al. Inflammasome-
activated gasdermin D causes pyroptosis by forming membrane pores. Nature. (2016)
535:153–8. doi: 10.1038/nature18629

28. Qiu S, Liu J, Xing F. [amp]]lsquo;Hints’ in the killer protein gasdermin D:
unveiling the secrets of gasdermins driving cell death. Cell Death Differ. (2017) 24:588–
96. doi: 10.1038/cdd.2017.24

29. Aglietti RA, Dueber EC. Recent insights into the molecular mechanisms
underlying pyroptosis and gasdermin family functions. Trends Immunol. (2017)
38:261–71. doi: 10.1016/j.it.2017.01.003

30. Kovacs SB, Miao EA. Gasdermins: effectors of pyroptosis. Trends Cell Biol.
(2017) 27:673–84. doi: 10.1016/j.tcb.2017.05.005

31. Saeki N, Kuwahara Y, Sasaki H, Satoh H, Shiroishi T. Gasdermin (Gsdm)
localizing to mouse Chromosome 11 is predominantly expressed in upper
gastrointestinal tract but significantly suppressed in human gastric cancer cells.
Mamm Genome. (2000) 11:718–24. doi: 10.1007/s003350010138

32. Tamura M, Tanaka S, Fujii T, Aoki A, Komiyama H, Ezawa K, et al. 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. (2007) 89:618–29.
doi: 10.1016/j.ygeno.2007.01.003

33. Watabe K, Ito A, Asada H, Endo Y, Kobayashi T, Nakamoto K, et al. Structure,
expression and chromosome mapping of MLZE, a novel gene which is preferentially
expressed in metastatic melanoma cells. Jpn J Cancer Res. (2001) 92:140–51.
doi: 10.1111/j.1349-7006.2001.tb01076.x

34. Katoh M, Katoh M. Identification and characterization of human DFNA5L, mouse
Dfna5l, and rat Dfna5l genes in silico. Int J Oncol. (2004) 25:765–70. doi: 10.3892/ijo

35. Delmaghani S, del Castillo FJ, Michel V, Leibovici M, Aghaie A, Ron U, et al.
Mutations in the gene encoding pejvakin, a newly identified protein of the afferent
auditory pathway, cause DFNB59 auditory neuropathy. Nat Genet. (2006) 38:770–8.
doi: 10.1038/ng1829

36. Zou J, Zheng Y, Huang Y, Tang D, Kang R, Chen R. The versatile gasdermin
family: their function and roles in diseases. Front Immunol. (2021) 12:751533.
doi: 10.3389/fimmu.2021.751533

37. Van Laer L, Huizing EH, Verstreken M, van Zuijlen D, Wauters JG, Bossuyt PJ,
et al. Nonsyndromic hearing impairment is associated with a mutation in DFNA5. Nat
Genet. (1998) 20:194–7. doi: 10.1038/2503

38. Rogers C, Erkes DA, Nardone A, Aplin AE, Fernandes-Alnemri T, Alnemri ES.
Gasdermin pores permeabilize mitochondria to augment caspase-3 activation during
apoptosis and inflammasome activation. Nat Commun. (2019) 10:1689. doi: 10.1038/
s41467-019-09397-2

39. Liu Z, Wang C, Yang J, Zhou B, Yang R, Ramachandran R, et al. Crystal
structures of the full-length murine and human gasdermin D reveal mechanisms of
autoinhibition, lipid binding, and oligomerization. Immunity. (2019) 51:43–49.e4.
doi: 10.1016/j.immuni.2019.04.017
frontiersin.org

https://doi.org/10.1016/j.smim.2023.101781
https://doi.org/10.1038/cr.2016.100
https://doi.org/10.7150/thno.71086
https://doi.org/10.1016/j.smim.2023.101805
https://doi.org/10.1073/pnas.1818598116
https://doi.org/10.1016/j.mib.2020.07.012
https://doi.org/10.1016/j.cca.2017.11.005
https://doi.org/10.14336/AD.2019.0116
https://doi.org/10.1016/j.tins.2019.11.005
https://doi.org/10.1038/s41419-019-1883-8
https://doi.org/10.1038/s41419-019-1883-8
https://doi.org/10.1038/nature15514
https://doi.org/10.1038/cr.2015.139
https://doi.org/10.1038/s41577-019-0228-2
https://doi.org/10.1038/s41577-019-0228-2
https://doi.org/10.1186/s12915-021-01220-z
https://doi.org/10.1016/j.cell.2018.10.022
https://doi.org/10.1016/j.jmb.2021.167378
https://doi.org/10.1016/j.jmb.2021.167378
https://doi.org/10.1016/j.tibs.2016.10.004
https://doi.org/10.1016/j.mam.2020.100924
https://doi.org/10.1016/j.mam.2020.100924
https://doi.org/10.1126/science.aau2818
https://doi.org/10.1073/pnas.1809548115
https://doi.org/10.15252/embj.2019101638
https://doi.org/10.1016/j.celrep.2018.02.067
https://doi.org/10.1016/j.celrep.2019.05.065
https://doi.org/10.1016/j.immuni.2019.05.020
https://doi.org/10.1038/nature15541
https://doi.org/10.1038/nature18590
https://doi.org/10.1038/nature18629
https://doi.org/10.1038/cdd.2017.24
https://doi.org/10.1016/j.it.2017.01.003
https://doi.org/10.1016/j.tcb.2017.05.005
https://doi.org/10.1007/s003350010138
https://doi.org/10.1016/j.ygeno.2007.01.003
https://doi.org/10.1111/j.1349-7006.2001.tb01076.x
https://doi.org/10.3892/ijo
https://doi.org/10.1038/ng1829
https://doi.org/10.3389/fimmu.2021.751533
https://doi.org/10.1038/2503
https://doi.org/10.1038/s41467-019-09397-2
https://doi.org/10.1038/s41467-019-09397-2
https://doi.org/10.1016/j.immuni.2019.04.017
https://doi.org/10.3389/fimmu.2024.1400977
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Li et al. 10.3389/fimmu.2024.1400977
40. Schwander M, Sczaniecka A, Grillet N, Bailey JS, Avenarius M, Najmabadi H,
et al. A forward genetics screen in mice identifies recessive deafness traits and reveals
that pejvakin is essential for outer hair cell function. J Neurosci. (2007) 27:2163–75.
doi: 10.1523/JNEUROSCI.4975-06.2007

41. Op de Beeck K, Van Camp G, Thys S, Cools N, Callebaut I, Vrijens K, et al. The
DFNA5 gene, responsible for hearing loss and involved in cancer, encodes a novel
apoptosis-inducing protein. Eur J Hum Genet. (2011) 19:965–73. doi: 10.1038/
ejhg.2011.63

42. Huston HC, Anderson MJ, Fink SL. Pyroptosis and the cellular consequences of
gasdermin pores. Semin Immunol. (2023) 69:101803. doi: 10.1016/j.smim.2023.101803

43. Zhao Y, Yang J, Shi J, Gong YN, Lu Q, Xu H, et al. The NLRC4 inflammasome
receptors for bacterial flagellin and type III secretion apparatus. Nature. (2011)
477:596–600. doi: 10.1038/nature10510

44. Kim RY, Rae B, Neal R, Donovan C, Pinkerton J, Balachandran L, et al.
Elucidating novel disease mechanisms in severe asthma. Clin Transl Immunol.
(2016) 5:e91. doi: 10.1038/cti.2016.37

45. Shirasuna K, Karasawa T, Takahashi M. Role of the NLRP3 inflammasome
in preeclampsia. Front Endocrinol (Lausanne). (2020) 11:80. doi: 10.3389/
fendo.2020.00080

46. Chen A, Chen Z, Xia Y, Lu D, Yang X, Sun A, et al. Liraglutide attenuates NLRP3
inflammasome-dependent pyroptosis via regulating SIRT1/NOX4/ROS pathway in
H9c2 cells. Biochem Biophys Res Commun. (2018) 499:267–72. doi: 10.1016/
j.bbrc.2018.03.142

47. Sun N, Zhang H. Pyroptosis in pterygium pathogenesis. Biosci Rep. (2018) 38:
BSR20180282. doi: 10.1042/BSR20180282

48. Vakrakou AG, Boiu S, Ziakas PD, Xingi E, Boleti H, Manoussakis MN. Systemic
activation of NLRP3 inflammasome in patients with severe primary Sjögren’s
syndrome fueled by inflammagenic DNA accumulations. J Autoimmun. (2018)
91:23–33. doi: 10.1016/j.jaut.2018.02.010

49. Heo MJ, Kim TH, You JS, Blaya D, Sancho-Bru P, Kim SG. Alcohol dysregulates
miR-148a in hepatocytes through FoxO1, facilitating pyroptosis via TXNIP
overexpression. Gut. (2019) 68:708–20. doi: 10.1136/gutjnl-2017-315123

50. Yu P, Zhang X, Liu N, Tang L, Peng C, Chen X. Pyroptosis: mechanisms and
diseases. Signal Transduct Target Ther. (2021) 6:128. doi: 10.1038/s41392-021-00507-5

51. Kalagiri RR, Carder T, Choudhury S, Vora N, Ballard AR, Govande V, et al.
Inflammation in complicated pregnancy and its outcome. Am J Perinatol. (2016)
33:1337–56. doi: 10.1055/s-0036-1582397

52. Christiansen OB, Nielsen HS, Kolte AM. Inflammation and miscarriage. Semin
Fetal Neonatal Med. (2006) 11:302–8. doi: 10.1016/j.siny.2006.03.001

53. Bauer R, Rauch I. The NAIP/NLRC4 inflammasome in infection and pathology.
Mol Aspects Med. (2020) 76:100863. doi: 10.1016/j.mam.2020.100863

54. Holly MK, Han X, Zhao EJ, Crowley SM, Allaire JM, Knodler LA, et al.
Salmonella enterica infection of murine and human enteroid-derived monolayers
elicits differential activation of epithelium-intrinsic inflammasomes. Infect Immun.
(2020) 88:e00017-20. doi: 10.1128/IAI.00017-20

55. Rauch I, Deets KA, Ji DX, von Moltke J, Tenthorey JL, Lee AY, et al. NAIP-
NLRC4 inflammasomes coordinate intestinal epithelial cell expulsion with eicosanoid
and IL-18 release via activation of caspase-1 and -8. Immunity. (2017) 46:649–59.
doi: 10.1016/j.immuni.2017.03.016

56. Naseer N, Zhang J, Bauer R, Constant DA, Nice TJ, Brodsky IE, et al. Salmonella
enterica serovar typhimurium induces NAIP/NLRC4- and NLRP3/ASC-independent,
caspase-4-dependent inflammasome activation in human intestinal epithelial cells.
Infect Immun. (2022) 90:e0066321. doi: 10.1128/iai.00663-21

57. Egan MS, Zhang J, Shin S. Human and mouse NAIP/NLRC4 inflammasome
responses to bacterial infection. Curr Opin Microbiol. (2023) 73:102298. doi: 10.1016/
j.mib.2023.102298

58. Zehravi M, Maqbool M, Ara I. Correlation between obesity, gestational diabetes
mellitus, and pregnancy outcomes: an overview. Int J Adolesc Med Health. (2021)
33:339–45. doi: 10.1515/ijamh-2021-0058

59. Marchi J, Berg M, Dencker A, Olander EK, Begley C. Risks associated with
obesity in pregnancy, for the mother and baby: a systematic review of reviews.Obes Rev.
(2015) 16:621–38. doi: 10.1111/obr.12288

60. Denizli M, Capitano ML, Kua KL. Maternal obesity and the impact of associated
early-life inflammation on long-term health of offspring. Front Cell Infect Microbiol.
(2022) 12:940937. doi: 10.3389/fcimb.2022.940937

61. Zhou P, Guan H, Guo Y, Zhu L, Liu X. Maternal high-fat diet programs renal
peroxisomes and activates NLRP3 inflammasome-mediated pyroptosis in the rat fetus.
J Inflammation Res. (2021) 14:5095–110. doi: 10.2147/JIR.S329972

62. Shirasuna K, Takano H, Seno K, Ohtsu A, Karasawa T, Takahashi M, et al.
Palmitic acid induces interleukin-1b secretion via NLRP3 inflammasomes and
inflammatory responses through ROS production in human placental cells. J Reprod
Immunol. (2016) 116:104–12. doi: 10.1016/j.jri.2016.06.001

63. Quenby S, Gallos ID, Dhillon-Smith RK, Podesek M, Stephenson MD, Fisher J, et al.
Miscarriagematters: the epidemiological, physical, psychological, and economic costs of early
pregnancy loss. Lancet. (2021) 397:1658–67. doi: 10.1016/S0140-6736(21)00682-6

64. La X, Wang W, Zhang M, Liang L. Definition and multiple factors of recurrent
spontaneous abortion. Adv Exp Med Biol. (2021) 1300:231–57. doi: 10.1007/978-981-
33-4187-6_11
Frontiers in Immunology 10
65. Rull K, Nagirnaja L, Laan M. Genetics of recurrent miscarriage: challenges,
current knowledge, future directions. Front Genet. (2012) 3:34. doi: 10.3389/
fgene.2012.00034

66. Gao Y, Wang PL. Increased CD56(+) NK cells and enhanced Th1 responses in
human unexplained recurrent spontaneous abortion. Genet Mol Res. (2015) 14:18103–
9. doi: 10.4238/2015.December.22.36

67. Yuan S, Liu Z, Xu Z, Liu J, Zhang J. High mobility group box 1 (HMGB1): a
pivotal regulator of hematopoietic Malignancies. J Hematol Oncol. (2020) 13:91.
doi: 10.1186/s13045-020-00920-3

68. Zhu D, Zou H, Liu J, Wang J, Ma C, Yin J, et al. Inhibition of HMGB1
ameliorates the maternal-fetal interface destruction in unexplained recurrent
spontaneous abortion by suppressing pyroptosis activation. Front Immunol. (2021)
12:782792. doi: 10.3389/fimmu.2021.782792

69. Zhang X, Zhang K, Zhang Y. Pigment epithelium−derived factor facilitates
NLRP3 inflammasome activation through downregulating cytidine monophosphate
kinase 2: A potential treatment strategy for missed abortion. Int J Mol Med. (2020)
45:1436–46. doi: 10.3892/ijmm

70. Wang R, Xu X, Yang J, Chen W, Zhao J, Wang M, et al. BPDE exposure
promotes trophoblast cell pyroptosis and induces miscarriage by up-regulating lnc-
HZ14/ZBP1/NLRP3 axis. J Hazardous Materials. (2023) 455:131543. doi: 10.1016/
j.jhazmat.2023.131543

71. Zimmerman MG, Wrammert J, Suthar MS. Cross-reactive antibodies during
zika virus infection: protection, pathogenesis, and placental seeding. Cell Host Microbe.
(2020) 27:14–24. doi: 10.1016/j.chom.2019.12.003

72. Miner JJ, Cao B, Govero J, Smith AM, Fernandez E, Cabrera OH, et al. Zika virus
infection during pregnancy in mice causes placental damage and fetal demise. Cell.
(2016) 165:1081–91. doi: 10.1016/j.cell.2016.05.008

73. Zhao Z, Li Q, Ashraf U, Yang M, Zhu W, Gu J, et al. Zika virus causes placental
pyroptosis and associated adverse fetal outcomes by activating GSDME. Elife. (2022)
11:e73792. doi: 10.7554/eLife.73792.sa2

74. Kang L, Dai J, Wang Y, Shi P, Zou Y, Pei J, et al. Blocking Caspase-1/Gsdmd and
Caspase-3/-8/Gsdme pyroptotic pathways rescues silicosis in mice. PloS Genet. (2022)
18:e1010515. doi: 10.1371/journal.pgen.1010515

75. Saito Reis CA, Padron JG, Norman Ing ND, Kendal-Wright CE. High-mobility
group box 1 is a driver of inflammation throughout pregnancy. Am J Reprod Immunol.
(2021) 85:e13328. doi: 10.1111/aji.13328

76. Romero R, Parvizi ST, Oyarzun E, Mazor M, Wu YK, Avila C, et al. Amniotic
fluid interleukin-1 in spontaneous labor at term. J Reprod Med. (1990) 35:235–8.

77. Nadeau-Vallée M, Obari D, Quiniou C, Lubell WD, Olson DM, Girard S, et al. A
critical role of interleukin-1 in preterm labor. Cytokine Growth Factor Rev. (2016)
28:37–51. doi: 10.1016/j.cytogfr.2015.11.001

78. Guo H, Callaway JB, Ting JP. Inflammasomes: mechanism of action, role in
disease, and therapeutics. Nat Med. (2015) 21:677–87. doi: 10.1038/nm.3893

79. Black RA, Kronheim SR, Merriam JE, March CJ, Hopp TP. A pre-aspartate-
specific protease from human leukocytes that cleaves pro-interleukin-1 beta. J Biol
Chem. (1989) 264:5323–6. doi: 10.1016/S0021-9258(18)83546-3

80. Gomez-Lopez N, Romero R, Tarca AL, Miller D, Panaitescu B, Schwenkel G,
et al. Gasdermin D: Evidence of pyroptosis in spontaneous preterm labor with sterile
intra-amniotic inflammation or intra-amniotic infection. Am J Reprod Immunol.
(2019) 82:e13184. doi: 10.1111/aji.13184

81. Gomez-Lopez N, Romero R, Panaitescu B, Miller D, Zou C, Gudicha DW, et al.
Gasdermin D: in vivo evidence of pyroptosis in spontaneous labor at term. J Matern
Fetal Neonatal Med. (2021) 34:569–79. doi: 10.1080/14767058.2019.1610740

82. Pervjakova N, Moen GH, Borges MC, Ferreira T, Cook JP, Allard C, et al. Multi-
ancestry genome-wide association study of gestational diabetes mellitus highlights
genetic links with type 2 diabetes. Hum Mol Genet. (2022) 31:3377–91. doi: 10.1093/
hmg/ddac050

83. Giannakou K, Evangelou E, Yiallouros P, Christophi CA, Middleton N,
Papatheodorou E, et al. Risk factors for gestational diabetes: An umbrella review of
meta-analyses of observational studies. PloS One. (2019) 14:e0215372. doi: 10.1371/
journal.pone.0215372

84. Sweeting A, Wong J, Murphy HR, Ross GP. A clinical update on gestational
diabetes mellitus. Endocr Rev. (2022) 43:763–93. doi: 10.1210/endrev/bnac003

85. Fakhrul-Alam M, Sharmin-Jahan, Mashfiqul-Hasan, Nusrat-Sultana, Mohona-
Zaman, Rakibul-Hasan M, et al. Insulin secretory defect may be the major determinant
of GDM in lean mothers. J Clin Transl Endocrinol. (2020) 20:100226. doi: 10.1016/
j.jcte.2020.100226

86. Lu S, Li Y, Qian Z, Zhao T, Feng Z, Weng X, et al. Role of the inflammasome in
insulin resistance and type 2 diabetes mellitus. Front IN Immunol. (2023) 14:1052756.
doi: 10.3389/fimmu.2023.1052756

87. Han N, Chang XY, Yuan ZL, Wang YZ. Expression and correlation analysis of
silent information regulator 1 (SIRT1), sterol regulatory element-binding protein-1
(SREBP1), and pyroptosis factor in gestational diabetes mellitus. J Matern Fetal
Neonatal Med. (2024) 37:2311809. doi: 10.1080/14767058.2024.2311809

88. Hu T, Wang X, Ruan Y, Yao J, Wang F, Xu Y, et al. High glucose promotes the
release of IL-1b and IL-18 from placental trophoblast by activating NLRP3
inflammasome. Chin J Endocrinol Metab. (2022) 38:36–41. doi: 10.3760/
cma.j.cn311282-20210312-00158
frontiersin.org

https://doi.org/10.1523/JNEUROSCI.4975-06.2007
https://doi.org/10.1038/ejhg.2011.63
https://doi.org/10.1038/ejhg.2011.63
https://doi.org/10.1016/j.smim.2023.101803
https://doi.org/10.1038/nature10510
https://doi.org/10.1038/cti.2016.37
https://doi.org/10.3389/fendo.2020.00080
https://doi.org/10.3389/fendo.2020.00080
https://doi.org/10.1016/j.bbrc.2018.03.142
https://doi.org/10.1016/j.bbrc.2018.03.142
https://doi.org/10.1042/BSR20180282
https://doi.org/10.1016/j.jaut.2018.02.010
https://doi.org/10.1136/gutjnl-2017-315123
https://doi.org/10.1038/s41392-021-00507-5
https://doi.org/10.1055/s-0036-1582397
https://doi.org/10.1016/j.siny.2006.03.001
https://doi.org/10.1016/j.mam.2020.100863
https://doi.org/10.1128/IAI.00017-20
https://doi.org/10.1016/j.immuni.2017.03.016
https://doi.org/10.1128/iai.00663-21
https://doi.org/10.1016/j.mib.2023.102298
https://doi.org/10.1016/j.mib.2023.102298
https://doi.org/10.1515/ijamh-2021-0058
https://doi.org/10.1111/obr.12288
https://doi.org/10.3389/fcimb.2022.940937
https://doi.org/10.2147/JIR.S329972
https://doi.org/10.1016/j.jri.2016.06.001
https://doi.org/10.1016/S0140-6736(21)00682-6
https://doi.org/10.1007/978-981-33-4187-6_11
https://doi.org/10.1007/978-981-33-4187-6_11
https://doi.org/10.3389/fgene.2012.00034
https://doi.org/10.3389/fgene.2012.00034
https://doi.org/10.4238/2015.December.22.36
https://doi.org/10.1186/s13045-020-00920-3
https://doi.org/10.3389/fimmu.2021.782792
https://doi.org/10.3892/ijmm
https://doi.org/10.1016/j.jhazmat.2023.131543
https://doi.org/10.1016/j.jhazmat.2023.131543
https://doi.org/10.1016/j.chom.2019.12.003
https://doi.org/10.1016/j.cell.2016.05.008
https://doi.org/10.7554/eLife.73792.sa2
https://doi.org/10.1371/journal.pgen.1010515
https://doi.org/10.1111/aji.13328
https://doi.org/10.1016/j.cytogfr.2015.11.001
https://doi.org/10.1038/nm.3893
https://doi.org/10.1016/S0021-9258(18)83546-3
https://doi.org/10.1111/aji.13184
https://doi.org/10.1080/14767058.2019.1610740
https://doi.org/10.1093/hmg/ddac050
https://doi.org/10.1093/hmg/ddac050
https://doi.org/10.1371/journal.pone.0215372
https://doi.org/10.1371/journal.pone.0215372
https://doi.org/10.1210/endrev/bnac003
https://doi.org/10.1016/j.jcte.2020.100226
https://doi.org/10.1016/j.jcte.2020.100226
https://doi.org/10.3389/fimmu.2023.1052756
https://doi.org/10.1080/14767058.2024.2311809
https://doi.org/10.3760/cma.j.cn311282-20210312-00158
https://doi.org/10.3760/cma.j.cn311282-20210312-00158
https://doi.org/10.3389/fimmu.2024.1400977
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Li et al. 10.3389/fimmu.2024.1400977
89. Mittler R. ROS are good. Trends Plant Sci. (2017) 22:11–9. doi: 10.1016/
j.tplants.2016.08.002

90. Srinivas US, Tan BWQ, Vellayappan BA, Jeyasekharan AD. ROS and the DNA
damage response in cancer. Redox Biol. (2019) 25:101084. doi: 10.1016/
j.redox.2018.101084

91. Shirasuna K, Usui F, Karasawa T, Kimura H, Kawashima A, Mizukami H, et al.
Nanosilica-induced placental inflammation and pregnancy complications: Different
roles of the inflammasome components NLRP3 and ASC. Nanotoxicology. (2015)
9:554–67. doi: 10.3109/17435390.2014.956156

92. Bensaad K, Tsuruta A, Selak MA, Vidal MN, Nakano K, Bartrons R, et al.
TIGAR, a p53-inducible regulator of glycolysis and apoptosis. Cell. (2006) 126:107–20.
doi: 10.1016/j.cell.2006.05.036

93. Green DR, Chipuk JE. p53 and metabolism: inside the TIGAR. Cell. (2006)
126:30–2. doi: 10.1016/j.cell.2006.06.032

94. Zhang D-M, Zhang T, Wang MM, Wang XX, Qin YY, Wu J, et al. TIGAR
alleviates ischemia/reperfusion-induced autophagy and ischemic brain injury. Free
Radical Biol Med. (2019) 137:13–23. doi: 10.1016/j.freeradbiomed.2019.04.002

95. Guo J, Zhou M, Zhao M, Li S, Fang Z, Li A, et al. TIGAR deficiency induces
caspase-1-dependent trophoblasts pyroptosis through NLRP3-ASC inflammasome.
Front Immunol. (2023) 14:1114620. doi: 10.3389/fimmu.2023.1114620

96. Meng X, Li Z, Li Y. CircSHOC2 Knockdown Alleviates High Glucose-Induced
Vascular Endothelial Cell Pyroptosis via Targeting miR-145/FOXO1 Axis In Vitro
Condition. Mol Biotechnol. (2023) 65:384–93. doi: 10.1007/s12033-022-00544-7
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Glossary

PE preeclampsia
Frontiers in Immunol
GSDMD Gasdermin D
DAMPs damage-associated molecular patterns
NET neutrophil extracellular trap
LPS lipopolysaccharide
NE neutrophil elastase
IL-1b interleukin-1b
PJVK pejvakin
PAMPs Pathogen-associated molecular patterns
PRRs pattern recognition receptors
NLRs Nucleotide-binding oligomerization domain-like receptors
LRR leucine-rich repeat
NLRP3 NOD-like receptor pyrin-containing 3
IL-18 interleukin-18
ROS reactive oxygen species
ASC apoptosis-associated speck-like protein containing
GSDME gasdermin E
TF tissue factor
NINJ-1 ninjurin-1
HMGB1 high mobility group box-1
LDH lactate dehydrogenase 1
SQSTM1 sequestosome
GDM gestational diabetes mellitus
RM recurrent miscarriage
NAIP apoptosis inhibitory protein
NLRC4 CARD domain-containingprotein 4
IECs intestinal epithelial cells
MHF high-fat maternal
ogy 12
PEX peroxisomes
SOD Superoxide Dismutase
FFA free fatty acids
PA palmitic acid
URSA unexplained spontaneous abortion
NF-kB necrosis factor kappa B
BaP Benzo(a)pyrene
BPDE benzo(a)pyrene-7,8-dihydrodiol-9,10-epoxide
RM recurrent miscarriage
HC healthy control
ZIKV Zika virus
CZS Zika virus syndrome
PROM premature rupture of membranes
PTB preterm birth
COX-2 cyclooxygenase-2
IR insulin resistance
NADPH triphosphopyridine nucleotide
SPOCD1 spen paralog and direct homolog C-terminal domain

containing 1
HUVECs human umbilical vein endothelial cells
EVT Extravillous trophoblasts
TMBIM4 transmembrane BAX inhibitor motif containing 4
miRNAs MicroRNAs
3-UTR 3-untranslated region
PINK1 PTEN-induced putative kinase 1
IUGR Intrauterine growth restriction
Nrf2 Nuclear factor erythroid-derived 2-related factor 2
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