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Abstract

Pyroptosis, an inflammatory regulated cell death (RCD) mechanism, is characterized by cellular swelling,
membrane rupture, and subsequent discharge of cellular contents, exerting robust proinflammatory effects.
Recent studies have significantly advanced our understanding of pyroptosis, revealing that it can be triggered
through inflammasome- and caspase-independent pathways, and interacts intricately with other RCD pathways
(e.g., pyroptosis, necroptosis, ferroptosis, and cuproptosis). The pathogenesis of pulmonary fibrosis (PF), including
idiopathic pulmonary fibrosis (IPF) and other interstitial lung diseases, involves a multifaceted interplay of factors
such as pathogen infections, environmental pollutants, genetic variations, and immune dysfunction. This chronic
and progressive interstitial lung disease is characterized by persistent inflammation, extracellular matrix (ECM)
accumulation, and fibrotic alveolar wall thickening, which potentially contribute to deteriorated lung function.
Despite recent advances in understanding pyroptosis, the mechanisms by which it regulates PF are not entirely
elucidated, and effective strategies to improve clinical outcomes remain unclear. This review strives to deliver a
comprehensive overview of the biological functions and molecular mechanisms of pyroptosis, exploring its roles
in the pathogenesis of PF. Furthermore, it examines potential biomarkers and therapeutic agents for anti-fibrotic
treatments.
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carries a poor prognosis with a median survival time of
3.8 years post-diagnosis [5]. Currently, the U.S. FDA has
approved nintedanib and pirfenidone as potential treat-
ments for IPF. Although these drugs can delay the decline
in lung function and improve progression-free survival in
IPF patients, they do not significantly reduce the overall
mortality rate or acute exacerbations [6, 7]. Aside from
lung transplantation, there are no existing interventions
that can significantly modify the progressive course of PF
[8]. Therefore, further research is imperative to elucidate
the pathogenesis of PF and to discover novel therapeutic
targets and pharmacological agents.

It is recognized that PF can be triggered by multiple
factors, including aging, chronic inflammation, tobacco
smoke exposure, silica dust inhalation, gastroesophageal
reflux, viral and bacterial infections, immune disorders,
and genetic variation, which culminate in an uncontrolled
reparative injury to the lungs [9-12]. Notably, the persis-
tent pulmonary inflammatory response and the release
of pro-fibrotic cytokines are recognized as precursors to
fibrosis [13]. Pyroptosis is a novel inflammasome-driven
lytic form of regulated cell death (RCD), characterized by
the liberation of pro-inflammatory mediators upon cellu-
lar demise, thereby eliciting a robust inflammatory reac-
tion [14]. This inflammatory RCD mechanism also plays
a critical role in the innate immune response by facilitat-
ing the elimination of pathogens and impeding the rep-
lication of intracellular pathogenic microorganisms [15].
The principal characteristics of pyroptosis include cyto-
plasmic swelling, plasma membrane perforation, and
the secretion of inflammatory mediators [16]. Current
research indicates that pyroptosis can occur through sev-
eral distinct pathways: the canonical pathway, the non-
canonical pathways, the caspase-3/8-mediated pathway,
and the granzyme-mediated pathway [17-20]. Notably,
emerging evidence has demonstrated the pivotal role of
gasdermin (GSDM) family proteins as essential effec-
tors in mediating pyroptosis. In 2015, Shi and colleagues
identified and elucidated the protein GSDMD as the tar-
get of inflammatory caspase-1, 4, 5, and 11, acting as the
terminal pyroptotic executioner due to its pore-forming
activities [21]. This discovery has greatly expanded our
understanding of pyroptosis, which is now acknowledged
as an inflammatory RCD form driven by gasdermins. Fur-
ther mechanistic studies have unveiled that other gasder-
min proteins, including GSDMA, GSDMB, GSDMC, and
GSDME/DENAS5, exhibit membrane-disrupting capabili-
ties similar to those of GSDMD [22-24]. Caspase-1, in its
active form, cleaves the Asp275 site on GSDMD, generat-
ing an N-terminal fragment (GSDMD-NT) that initiates
pyroptotic pore assembly in cellular membranes [25].
Subsequently, this process results in the efflux of cellu-
lar contents, interleukin (IL)-1B/18 release, and induces
a proinflammatory response [26]. It is noteworthy that
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GSDMD can also trigger lysis of the mitochondrial
membranes. According to a recent study, GSDMD-NT
rapidly disrupted both inner and outer mitochondrial
membranes, resulting in a decrease in mitochondrial
numbers, dissipation of the transmembrane potential,
and liberation of mitochondrial DNA (mtDNA) from the
matrix and intermembrane space [27]. This indicates that
GSDMD can punch holes not only in the cell membrane
but also in the organelle membranes, thereby intensifying
the pyroptotic response through the release of intracel-
lular contents.

Mounting evidence suggests that pyroptosis plays a
crucial role in driving inflammation during the onset
and progression of PF [28, 29]. Nevertheless, the pre-
cise mechanism of pyroptosis in this devastating disease
remains incompletely understood. This review offers a
comprehensive overview of the molecular mechanisms of
pyroptosis and its involvement in the pathogenesis of PF.
Finally, building upon existing advancements in the field,
prospective pyroptosis-targeting interventions for the
treatment of PF and future research directions will also
be discussed.

Overview of pyroptosis and its signal transduction

The recognition of pyroptosis traces back to 1992, when
Zychlinsky et al. first observed macrophages exhibit-
ing self-destructive behavior after being infected with
Shigella flexneri [30]. Nonetheless, during that period,
it was inaccurately classified as morphological altera-
tions in caspase-1-mediated apoptosis. Nine years later,
in 2001, following the observation of a similar Salmonella
typhimurium-induced macrophage death, this novel
caspase-1-dependent RCD was designated as pyroptosis
[31]. In recent years, with the progress of several ground-
breaking studies, we have gained a deeper understand-
ing of the specific mechanisms of pyroptosis. Pyroptosis
has been identified in diverse cell types, such as mac-
rophages, stromal cells, endothelial cells, and alveolar
epithelial cells (AECs) [32-34]. Evidence suggests that
pyroptosis is initiated by pathogenic microorganisms or
other threat signals and accompanied by a robust inflam-
matory reaction [35]. Molecularly, damage-associated
molecular patterns (DAMPs) and pathogen-associated
molecular patterns (PAMPs) are initially detected intra-
cellularly by cytoplasmic pattern recognition receptors
(PRRs), leading to the activation of the inflammasome
complex and the maturation of inflammatory caspases
[36]. Then active caspase-1 cleaves the gasdermin, and
the cell membrane progressively ruptures to generate
10-14 nm holes [16, 37]. Subsequently, lactate dehydro-
genase (LDH), inflammatory factors, high-mobility group
box protein 1 (HMGBL1), and other intracellular contents
are released extracellularly [37].
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Gasdermin: the executioner of pyroptosis

Gasdermins constitute a family of evolutionarily con-
served proteins present in various cells and tissues [38].
Accumulating evidence suggests that gasdermin pro-
teins, the key mediators of pyroptosis, act as the ultimate
executors of diverse and interconnected biological events
[39]. Noteworthy, gasdermin proteins also play a role in
regulating the inflammatory response and the patho-
physiology of various chronic disorders, such as chronic
respiratory diseases, rheumatic diseases, cardiovascular
diseases, and PF [28, 32, 40, 41]. Nowadays, the com-
prehension of pyroptosis has progressed from its initial
designation as caspase-1-mediated RCD to gasdermin-
mediated RCD. In humans, the gasdermin family com-
prises six homologous genes: GSDMA/B/C/D/E and
pejvakin.

GSDMA is the first characterized gene in the gasder-
min family. The human genome encodes one form of
GSDMA, whereas there are three GSDMA homologs
(GSDMA1, GSDMA2, and GSDMA3) in mice [22]. Con-
sistent with its expression in the skin, mutations of mouse
GSDMA3 are implicated in diseases characterized by
aberrant hair follicle development and alopecia, whereas
polymorphisms in human GSDMA are associated with
various disorders such as tumors and asthma [42, 43].
Additionally, a recent study has unveiled GSDMA as
one of the susceptibility genes associated with systemic
sclerosis [44]. In 2022, Deng and colleagues discovered
that GSDMA undergoes specific cleavage by the group A
streptococcus cysteine protease SpeB at GIn246, which
triggers keratinocyte pyroptosis and enhances skin anti-
microbial defence [24]. However, further research is war-
ranted to ascertain the potential of other proteases for
activating GSDMA.

GSDMB is the sole member of the gasdermin proteins
uniquely expressed in humans [45]. Similar to GSDMA,
GSDMB is also implicated in autoimmune disorders such
as irritable bowel disease (IBD) and early-onset asthma
[46, 47]. In several cancer cell lines, the upregulation of
GSDMB by interferon-y sensitized the cells to cytotoxic
lymphocyte-mediated pyroptosis. Furthermore, the
specific cleavage of GSDMB by cytotoxic lymphocytes
(CTLs) or natural killer (NK) cells-derived granzyme A
(GzmA) to generate GSDMB-NT induces pyroptosis and
enhances the efficiency of immune checkpoint blockade
in mouse tumor models [48]. These findings indicate that
GSDMB overexpression may induce tumor clearance by
triggering pyroptosis.

GSDMC was initially identified as a tumor-associated
gene with elevated expression levels observed in various
tissues, including the esophagus, spleen, stomach, and
colon [49, 50]. Nevertheless, the biological function of
GSDMC remains a subject of controversy. Its expression
is downregulated in colorectal cancer, esophageal cancer,
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and breast cancer cells, yet it is upregulated in metastatic
melanoma cells. Of note, GSDMC has been identified as
a substrate of apoptotic caspase-8. Under hypoxic condi-
tions, programmed death-ligand 1 (PD-L1) interacts with
phosphorylated STAT3 to modulate GSDMC transcrip-
tion [51]. Subsequently, metabolite alpha-ketoglutarate
(a-KG) or tumor necrosis factor alpha (TNF-a) activating
caspase-8 selectively splits GSDMC at Asp365 to gener-
ate GSDMC-NT and induces a transition from apoptosis
to pyroptosis in cancer cells [19].

GSDMD is recognized as a pivotal gasdermin involved
in inflammasome biology and the execution of pyropto-
sis [21]. Notably, GSDMD plays a critical role in defense
against intracellular pathogens, cellular disturbances, and
tumors [52, 53]. After being cleaved by inflammatory
caspases (caspase-1, 4, 5, and 11), GSDMD-NT is liber-
ated [21]. Subsequently, this domain binds to the inner
leaflet of the plasma membrane and undergoes confor-
mational changes, resulting in the formation of a trans-
membrane [-barrel that anchors firmly to the membrane
[21]. Increasing evidence implicates that GSDMD is
indispensable in the pathogenesis of pulmonary inflam-
mation and fibrosis [54, 55]. Song et al. discovered that
a specific upregulation of GSDMD in macrophages from
murine and human silicosis lungs [56]. Moreover, inhi-
bition of GSDMD-mediated pyroptosis in macrophages
mitigates the advancement of pulmonary inflammation
and fibrosis induced by silica [56]. Consistent with the
aforementioned findings, another study demonstrates
that knockdown of GSDMD inhibits silica-induced mac-
rophage pyroptosis and attenuates the upregulation of
fibrosis markers in fibroblasts, highlighting the crucial
role of GSDMD-mediated pyroptosis in myofibroblast
activation during the progression of silica-induced PF
[57]. Consequently, studies aimed at inhibiting pyropto-
sis through targeting GSDMD signaling hold significant
implications for the therapeutic management of fibrotic
diseases.

Recent genetic association studies have unveiled the
implication of GSDME in multiple diseases such as
hereditary hearing loss, kidney diseases, acute lung
injury, peritoneal fibrosis, and malignancies [58, 59].
Notably, GSDME plays a vital role in mediating the
interplay between caspase-3-dependent apoptosis and
pyroptosis. As the substrate of caspase-3, GSDME acts
as a pivotal ‘transducer’ by redirecting cellular fate from
apoptosis to pyroptosis, leading to a proinflammatory
outcome [20]. The serine protease granzyme B, secreted
by CTLs and NK cells, splits GSDME at an identical site
to caspase-3. Owing to its unique expression and meth-
ylation characteristics across various tumors, GSDME
shows promise as a biomarker for early detection [60].
Nevertheless, GSDME-mediated pyroptosis is also
responsible for the toxicity and adverse effects associated
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Fig. 1 (See legend on next page.)
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Fig. 1 Schematic of pyroptosis signaling pathways. The canonical pathway initiates when PRRs detect PAMPs or DAMPs, triggering inflammasome as-
sembly and caspase-1 activation, which cleaves GSDMD to release its N-terminal domain. Simultaneously, caspase-1 cleaves pro-IL-13 and pro-IL-18 into
their mature forms, IL-13 and IL-18, respectively. GSDMD-NT then binds to the plasma membrane, forming pores that facilitate the secretion of IL-13 and
IL-18, leading to cell swelling and membrane rupture. In the non-canonical pathway, LPS from Gram-negative bacteria activates caspase-4/5/11, trigger-
ing pyroptosis by cleaving GSDMD. GSDMD-NT also disrupts both inner and outer mitochondrial membranes, releasing mtDNA, mtROS, and proteins
from the matrix and intermembrane space. Through alternative pathways, chemotherapy drugs or ROS can induce pyroptosis via the caspase-3/GSDME
axis, independent of inflammasome assembly. Granzyme B from natural killer and CD8* T cells can directly cleave GSDME or activate caspase-3 to gener-
ate GSDME-NT, thus promoting pyroptosis. Additionally, caspase-1 or granzyme A cleaves GSDMB, while caspase-8 mediates GSDMC cleavage under

hypoxia. In a separate pathway, Streptococcal pyrogenic exotoxin B induces pyroptosis through GSDMA cleavage

with certain chemotherapeutic drugs [20]. Additionally,
GSDME plays a crucial regulatory role in pulmonary
disorders and fibrosis diseases [61]. Wei et al. found that
baicalin could effectively suppress influenza A (H1IN1)-
induced pyroptosis of lung AECs via the caspase-3/
GSDME pathway [62]. According to a recent study, the
NLRP1 inflammasome functions as a sensor of SARS-
CoV-2 infection in lung epithelial cells, which ignites cell
death via the GSDME-mediated pyroptotic pathway [63].
However, the role of GSDME-mediated pyroptosis in the
development of PF remains elusive.

Pejvakin, a non-canonical gasdermin, is characterized
by a divergent shorter C-terminal domain and the lack of
an identifiable cleavable linker domain [64]. It is predom-
inantly expressed in the inner ear, brain, liver, and testis,
with a primary role in auditory maintenance [65, 66].
Recessive mutations in pejvakin result in impaired per-
oxisome homeostasis, rendering cochlear cells suscep-
tible to noise-induced oxidative stress [65]. Furthermore,
another study demonstrated that the R183W variant of
pejvakin induces nonsyndromic deafness and is associ-
ated with neuronal dysfunction [64]. However, prior to
this review, the specific role of pejvakin in pyroptosis and
PF remained unclear.

Molecular mechanisms of pyroptosis

The regulatory mechanisms of pyroptosis are intricate,
involving multiple interrelated and overlapping signaling
pathways [16]. In molecular terms, dying cells that elicit
pyroptosis can be classified into several distinct path-
ways: the canonical pathway, the non-canonical pathway,
and the alternative pathway (Fig. 1).

Canonical pathway

The canonical pyroptotic death, which revolves around
caspase-1 and inflammasome activation, is orchestrated
through a sequential cascade of two distinct steps [67].
Firstly, PAMPs and DAMPs are recognized by Toll-like
receptors (TLRs) in response to both intracellular and
extracellular stimuli. These molecular events trigger the
activation of the MyD88/NF-«kB pathway, initiating the
synthesis of pro-IL-1B/18 and transcriptionally promot-
ing the expression of inflammasome genes [36]. The sec-
ond step revolves around inflammasome assembly and
caspase-1 activation [68]. The canonical inflammasome

complex comprises an adaptor protein known as the
apoptosis-associated speck-like protein (ASC), an inac-
tive pro-caspase-1, and PRRs [37]. Noteworthy, only five
specific PRRs have been identified as direct co-inflamma-
somes that activate caspase-1 via the canonical pathway,
including NLR family pyrin domain-containing (NLRP)1,
NLRP3, NLRC4, Pyrin, and absent in melanoma 2
(AIM2) [23]. The assembly of inflammasomes, particu-
larly the NLRP3 inflammasome, triggers the hydrolysis
of inactive pro-caspase-1 into mature cleaved caspase-1
[69]. Significantly, activated caspase-1 cleaves GSDMD to
produce GSDMD-NT and processes pro-IL-13/18 into
IL-1p/18 [70]. Subsequently, GSDMD-NT recognizes
and binds to the membrane lipids on the cytoplasmic side
of the cell membrane where it oligomerizes to generate
cell membrane pores [71]. Transmembrane holes induce
potassium (K*) and water influx, leading to cell swelling,
rupture, and subsequent release of IL-13/18, LDH, and
HMGBI along with other cellular contents, leading to an
exacerbated inflammatory response in the host [72].

In particular, the assembly of NLRP3 inflammasome
involves three distinct mechanisms. First, mtDNA and
the thioredoxin-interacting protein (TXNIP) promote
ROS production, which subsequently activates the
NLRP3 inflammasome [73]. Second, extracellular tri-
phosphate (ATP) binds to the purinergic P2X7 receptor
(P2X7R), triggering NLRP3 activation through potas-
sium efflux [74]. Finally, crystalline or particulate agents
induce lysosomal rupture, causing the release of lyso-
somal cathepsins B and L, which facilitate the assembly
of the NLRP3 inflammasome [23].

Non-canonical pathway

The non-canonical pyroptotic death pathway operates
primarily depends on the activation of caspase-4/5/11
[17]. These caspases directly interact with lipopolysac-
charide (LPS) from gram-negative bacteria via their
N-terminal CARD, bypassing the requirement for inflam-
masome sensors [75]. Subsequently, LPS triggers the acti-
vation of caspase-4/5/11, removing the intramolecular
inhibition of GSDMD-NT [14]. The liberated GSDMD-
NT then binds to cell membrane phospholipids, initiating
a series of cascaded events similar to canonical pyrop-
totic cell death, ultimately facilitating the secretion of cel-
lular content. Significantly, caspase-4/5/11 are unable to
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catalyze the conversion of pro-IL-1p/18 into their bioac-
tive forms [76]. Instead, they activate the NLRP3 inflam-
masome and caspase-1, resulting in the maturation and
secretion of IL-1(/IL-18 via the GSDMD holes [77]. Fur-
thermore, activated caspase-11 also splits pannexin-1,
promoting the discharge of cellular ATP and inducing
pyroptosis through activation of P2X7R, thus amplifying
the inflammatory response [78].

Alternative pathway

Caspase-3 and caspase-8 have traditionally been regarded
as key markers of apoptosis. However, as our understand-
ing of pyroptosis mechanisms grows, a growing body of
research has documented the involvement of apoptosis-
associated caspases in the molecular pathways underly-
ing pyroptosis [79]. It is noteworthy that caspase-8 and
caspase-9, two apoptosis initiators, can activate cas-
pase-3 [80, 81]. Additionally, in contrast to canonical and
non-canonical pathways, caspase-3-mediated pyroptosis
does not necessitate the assembly of the inflammasome.
Unlike caspase-1/4/5/11, which cleave GSDMD, cas-
pase-3 specifically cleaves GSDME to generate GSDME-
NT and form membrane pores that induce cell swelling
and lysis [20, 82]. Interestingly, the expression level of
GSDME is recognized as a critical determinant in cas-
pase-3-mediated RCD mechanisms. In the presence of
adequate levels of GSDME, cells tend to undergo pyrop-
tosis instead of apoptosis in response to intrinsic or
extrinsic stimuli [20]. Recently, two independent research
groups reported a novel pyroptosis mechanism mediated
by caspase-8. In response to Yersinia infection, the effec-
tor protein Yop] inhibits the activity of TGF-B-activated
kinase-1 (TAK1) or IkappaB kinase (IKK), leading to
caspase-8-regulated cleavage of GSDMD [83]. Addition-
ally, Sarhan and colleagues demonstrated that caspase-8
is activated by the concurrent stimulation of LPS and
(5Z)-7-Oxozeaenol, a small-molecule inhibitor targeting
TAK1 [84]. Subsequently, the activated caspase-8 splits
GSDMD to trigger pyroptosis in murine macrophages
[84]. Moreover, as previously mentioned, antibiotic che-
motherapy agents can also induce caspase-8/GSDMC-
modulated pyroptotic cell death in tumor cells [19]. In
the granzyme-mediated pathway, CTLs secrete GzmaA,
which cleaves GSDMB directly at the Lys229/Lys244
site, thereby triggering pyroptosis independently of cas-
pases [48]. Additionally, GzmB derived from CTLs and
NK cells directly cleaves GSDME, eliciting pyroptosis
and enhancing the antitumor immune response [82]. In
a separate pathway involving Streptococcus, pyroptosis is
initiated by Streptococcal pyrogenic exotoxin B through
the cleavage of GSDMA [24]. These discoveries under-
score the significant involvement of granzymes in initiat-
ing pyroptosis.
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The distinct characteristics of pyroptosis differentiate it
from other RCD modalities

Cell death is generally categorized into two types: acci-
dental cell death (ACD) and RCD, differentiated by their
occurrence rate and susceptibility to modulation by drugs
or genetic factors [85]. The major types of RCD, includ-
ing apoptosis and non-apoptotic modes (e.g., pyropto-
sis, necroptosis, ferroptosis, and cuproptosis), each with
distinct initiators, effectors, and executors [86] (Table 1).
These RCD subroutines exhibit unique characteristics yet
share similar features, with significant overlap and inter-
communication, as depicted in Fig. 2.

Necroptosis is an inflammatory form of RCD character-
ized by cytoplasmic vacuolization, organelle swelling, and
cytoplasmic membrane rupture [87]. Mechanistically,
necroptosis is initiated by death receptors and involves
the activation of mixed lineage kinase domain-like pro-
tein (MLKL)/pMLKL through the receptor-interacting
protein kinase 1 (RIPK1) and RIPK3-regulated phosphor-
ylation signaling pathway [88]. This signaling cascade
leads to the formation of MLKL pores, which facilitate
the release of cellular contents [89]. In 2012, research-
ers identified a ferrous ion (Fe?*)-dependent RCD form
termed ferroptosis, which involves lipid peroxidation,
glutathione (GSH) depletion, and mitochondrial dys-
function [90]. Key morphological features of ferroptosis
include the loss or reduction of mitochondrial cristae,
condensation of the mitochondrial membrane, and dis-
ruption of cell membrane integrity, ultimately leading to
cell lysis [91]. Cuproptosis is initiated by excessive mito-
chondrial Cu** accumulation, which induces the aggrega-
tion of lipoylated dihydrolipoamide S-acetyltransferase
(DLAT), a protein associated with the mitochondrial
tricarboxylic acid (TCA) cycle. These molecular events
destabilize Fe-S cluster proteins, culminating in proteo-
toxic stress and cell death [92].

Like necroptosis, pyroptosis is a pro-inflammatory
RCD mechanism. Of note, pyroptosis exhibits distinct
characteristics in comparison to other RCD mechanisms.
Firstly, in the initial phase of pyroptosis, the intact nuclei
of pyroptotic cells undergo chromatin condensation and
DNA fragmentation, distinguishing it from apoptosis
[93]. Additionally, apoptotic cells exhibit preserved mem-
brane integrity compared to pyroptotic cells [94]. Cellular
uptake of membrane-penetrating dyes, such as ethidium
bromide, serves as a reliable approach for assessing the
occurrence of pyroptosis [95]. Secondly, in necroptosis,
ferroptosis, and cuproptosis, abnormal plasma mem-
brane permeability leads to cell swelling and osmotic
lysis [96]. Unlike pyroptosis, these processes do not rely
on inflammasome activation or the generation of gasder-
min-dependent cell membrane pores [97]. Instead, they
are regulated by different effectors, such as MLKL in
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Fig. 2 Pathways controlling necroptosis, ferroptosis, cuproptosis, and pyroptosis. (a) Necroptosis is triggered by death receptors, such as FAS and tumor
necrosis factor receptor 1, and is mediated by RIP1, RIP3, and MLKL, resulting in MLKL pore formation. This process typically occurs when the caspase-
8-dependent extrinsic apoptosis pathway is inactive. (b) Ferroptosis is an iron-dependent form of RCD that is primarily driven by lipid peroxidation. It is
characterized by intracellular iron overload and the generation of ROS. The ACSL4/LPCAT3/ALOXs pathway drives ferroptosis through lipid peroxidation
and PLOOH formation, aided by RAB7A-dependent lipophagy. Specifically, GPX4 catalyzes the reduction of glutathione, inhibiting lipid peroxidation and
ferroptosis. (c) The accumulation of free copper ions can induce cuproptosis. Copper ionophores like elesclomol transport extracellular copper into cells,
where it binds to lipoylated mitochondrial enzymes in the TCA cycle, such as DLAT, causing aggregation. The FDX1/LIAS axis reduces Cu?* to Cu*, pro-
moting protein aggregation and Fe-S cluster loss, leading to proteotoxic stress and cell death. (d) The primary pyroptosis model includes both GSDMD-
dependent and independent pathways. Cytoplasmic sensor proteins, such as NLRP1, NLRP3, NLRP4, AIM2, and Pyrin, are activated by PAMPs or DAMPs
and recruit the adaptor ASC, leading to caspase activation. Activated caspases, including caspase-1/4/5/11, cleave GSDMD to generate GSDMD-NT, while
caspase-3 cleaves GSDME to produce GSDME-NT. These events culminate in pore formation, cell lysis, and the release of cellular contents

necroptosis, polyunsaturated fatty acids (PUFAs) in fer-
roptosis, and Fe-S cluster proteins in cuproptosis [86].

Molecular insights into PF pathophysiology

The pathogenesis of PF, including IPF, cystic fibrosis lung
disease, smoking and silicosis-induced PF, is driven by
three primary factors: persistent chronic inflammatory
response, senescence, and genetic susceptibility [10]. The
initial stages of PF are characterized by the presence of
numerous inflammatory factors associated with innate
and adaptive immune responses [98]. Typically, this
pathological process consists of three stages: inflamma-
tion, proliferation, and remodeling. The initial event is

believed to involve injury to the AECs, leading to a robust
inflammatory reaction that recruits various inflammatory
cells, including lymphocytes, macrophages, basophils,
eosinophils, and mast cells [99]. Of note, in response to
cellular stress, the aberrant activation and over-prolif-
eration of type II alveolar epithelial cells (AEC-II) can
result in prolonged inflammatory responses and the
onset of fibrotic pathologies. Consequently, a cascade of
pro-fibrotic factors triggers the transition of AECs into a
mesenchymal phenotype through the process of epithe-
lial-mesenchymal transition (EMT), ultimately culmi-
nating in destruction of the basement membrane [100].
Alveolar macrophages, as the predominant immune
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cells in pulmonary tissues, initiate pyroptosis-associated
inflammatory signaling cascades and significantly con-
tribute to the airway remodeling process [101]. Further-
more, the intricate interplay between macrophages and
the microenvironment regulates tissue regeneration,
characterized by unique surface markers that promote
either pro-regenerative or profibrotic outcomes [57].
Importantly, both M1 and M2 macrophages play crucial
roles in the early inflammatory stage of PF [102]. Initially,
an excessive polarization of macrophages towards the
M1 phenotype leads to AECs demise and the release of
pro-inflammatory factors, triggering the early inflamma-
tory phase [103]. Subsequently, pulmonary-infiltrating
M2 macrophages secrete a multitude of chemokines,
matrix metalloproteases, and pro-fibrotic soluble media-
tors, which exacerbate the progression of PF during the
remodeling phase [100]. These molecular events trigger
the proliferation and differentiation of fibroblasts into
myofibroblasts, a distinct subtype characterized by high
matrix remodeling activity and capability to produce
ECM components (e.g., I, III, and IV collagen proteins,
a-SMA, laminin (LN) type, and MMPs), leading to the
thickening and sclerosis of lung tissue, ultimately con-
tributing to PF [104]. Collectively, addressing excessive
inflammation is of the utmost importance in the preven-
tion of PE.

Functional role of pyroptosis in pulmonary inflammation
and fibrosis

Pyroptosis is regarded as a crucial immune defense
mechanism of the host. Recent studies have shed light on
the pivotal role of pyroptosis in the progression of pul-
monary inflammation and fibrosis (Fig. 3). Notably, the
association between pyroptosis and PF varies depending
on histology, genetic background, and the complexity of
the inflammatory microenvironment under different con-
ditions [105]. Evidence suggests that levels of caspase-1
and IL-1 are significantly elevated in the bronchoalveo-
lar lavage fluid (BALF) of PF mice [106]. Additionally, the
upregulation of AIM2 expression has been identified in
the alveolar macrophages of PF patients and in a mouse
model of PF induced by bleomycin [107]. Furthermore, it
has been reported that dysregulated expression of NLRP3
in alveolar macrophages is associated with the develop-
ment of PF [108]. In models of bleomycin-induced PF,
mice deficient in NLRP3, ASC, and caspase-1 exhibited
reduced IL-1P secretion, leading to mitigation of pul-
monary inflammation and fibrosis [28, 108]. Therefore,
pharmacological agents that inhibit inflammasome acti-
vation hold the potential to improve the treatment of PF
by preventing pyroptosis. According to recent research
by Song et al., it was found that inhibition of GSDMD-
mediated pyroptosis significantly mitigates the advance-
ment of pulmonary inflammation and fibrosis induced by
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silica exposure [56]. Intriguingly, GSDMD-deficient mice
exhibited dramatically alleviated silicosis phenotypes
[56]. Consistent with the aforementioned findings, addi-
tional research has demonstrated that GSDMD knock-
down inhibits silica-induced macrophage pyroptosis and
mitigates the upregulation of fibrotic markers in fibro-
blasts, highlighting the crucial role of GSDMD in the
pathogenesis of PF [57]. In recent years, multiple studies
have implicated that GSDME-mediated pyroptosis in the
progression of fibrotic diseases such as renal fibrosis and
peritoneal fibrosis; however, the specific role of GSDME
in PF has yet to be determined [58, 109]. Moreover, it
remains unclear whether other gasdermin family pro-
teins such as GSDMA, GSDMB, GSDMC, GSDME and
DENB59 are also involved in this devastating disease.

Potential anti-fibrotic therapeutic drugs that target
pyroptosis

In our previous discussion, we detailed the molecular
mechanisms of pyroptosis and the signaling pathways
involved in its role in pulmonary inflammation and fibro-
sis, emphasizing potential therapeutic strategies that
target the pyroptotic cascade. Specifically, therapies can
be designed to inhibit the assembly of inflammasomes,
the activation of caspase-1, the cleavage of GSDMD, the
secretion of IL-1pB/18, and the upstream signaling path-
ways (Table 2).

Inflammasome-related therapy

Under normal physiological conditions, the NLRP3
inflammasome plays a critical role in maintaining
homeostasis and metabolic equilibrium [110]. Neverthe-
less, overexpression of NLRP3 can trigger pyroptotic cell
death. Therefore, inhibition of NLRP3 activation pres-
ents a promising therapeutic strategy for the treatment
of pulmonary inflammation and fibrosis. Lycorine, an
alkaloid isolated from the Amaryllidaceae family, effec-
tively mitigates bleomycin-induced pulmonary inflam-
mation and fibrosis by suppressing the activation of the
NLRP3 inflammasome and pyroptosis in macrophages
through targeting the PYD domain of ASC [29]. These
findings indicate that Lycorine could be a promising
therapeutic agent for pulmonary inflammation and fibro-
sis [29]. Iguratimod is a novel therapeutic agent for the
management of connective tissue disease (CTD). Clini-
cal studies have established its efficacy in enhancing
pulmonary function and its promising role in the treat-
ment of PF [111]. Nonetheless, the precise mechanisms
underlying its action remain to be elucidated. Recent
research has demonstrated that iguratimod markedly
mitigates bleomycin-induced PF through the suppres-
sion of NLRP3 inflammasome activation, reduction of
ROS production, and inhibition of the EMT process
[112]. Elamipretide, also known as SS-31, is an innovative



Liu et al. Cell Communication and Signaling (2024) 22:586

Pollutant particles
¢’ Genetic susceptibility
= H Senescence
i : TN
Healthy :

: \ and fibrosis

& Inflammation

/ \
ra Palmonary inflammation
ML ] (@v ry

Page 10 of 17

Alveolar space

Fibrotic
tissue

a. Macrophage b. ACEs
DAMPs
PAMPs
TLR4 PAMPs
¥~ @GSDMD._ GSDMD-NT b5
— TN - )
oD O & -
el 7 \E :“ \/ DAMPs
<%
‘/ f IL-18 SN\ o
po : | g = >
VAl o te. =38 Caspase-}/I, GSDMD
A [ R e IL-18 }
=/ || caspase-1 / TC:,L,:;'; > GSDMD-NT
Activate Y
Macrophage ACEs Monocyte Collagen infiarr
i A
Fibroblast Myfibroblast Endothelial cell ECM
IL-1R TGF-BR Transfaitionv ]
c. Fibroblast ) / d. Myfibroblast
Y - ECM (Collagen, LN, a-
IL-18 IL-18 TNF-B DAMPs PAMPs / S . - SMA and MMPs)

Fig. 3 Schematic illustration of the regulatory role of pyroptosis in pulmonary inflammation and fibrosis. Excessive epithelial damage induced by inhaled
pollutants, genetic factors, senescence, and other exogenous or endogenous danger signals triggers pulmonary inflammation and fibrosis. The initial
injury to AECs prompts a robust inflammatory response, recruiting inflammatory cells such as macrophages, monocytes, and lymphocytes. Stimulation
of macrophages by DAMPs or PAMPs activates PRRs, triggering inflammasome assembly and the cleavage of pro-caspase-1. Activated caspase-1 then
cleaves GSDMD to release GSDMD-NT and processes pro-IL-13/18 into their mature forms, which are released through GSDMD pores. These molecular
events promote the excessive polarization of M1 macrophages to M2 macrophages, leading to AECs pyroptosis and the release of proinflammatory fac-
tors and TGF-{3. Simultaneously, fibroblasts upregulate the expression of TGF- receptor. In response to proinflammatory factors and TGF-{3 stimulation,
fibroblasts undergo trans-differentiation into myofibroblasts, a specialized subtype characterized by high matrix remodeling activity and the ability to
generate ECM components such as collagen proteins, a-SMA, LN, and MMPs. This pathological process leads to thickening and sclerosis of lung tissue,

ultimately resulting in PF

mitochondria-targeted peptide that scavenges mtROS
and removes damaged mtDNA [113]. Nie et al. demon-
strated that SS-31 provides protection against PF and
inflammation by suppressing Nrf2-mediated NLRP3
inflammasome activation in macrophages, leading to
reduced expression of IL-1p and IL-18 [113]. Betanin
exhibits various pharmacological properties, such as
anti-diabetic, antioxidant, and anti-inflammatory actions
[114]. Abd Elrazik and colleagues reported that betanin
plays a protective role against bleomycin-induced PF by
modulating the NLRP3/IL-1B/TGE-B1 pathway, which
governs the EMT process [114]. It has been revealed
that pemafibrate, a selective peroxisome proliferator-
activated receptor alpha (PPARalpha) agonist, can inhibit
the activation of the NLRP3/caspase-1 axis and TGEF-
B1-induced myofibroblast differentiation, which further

decreases ECM deposition [115]. Mirtazapine, an atypi-
cal antidepressant drug, is classified as a tetracyclic anti-
depressant [116]. Intriguingly, a recent study in 2023
demonstrated the anti-inflammatory properties of mir-
tazapine, indicating its ability to exert an anti-fibrotic
effect against PF by inhibiting NLPR3 inflammasome
and fibrosis-related mediators [117]. MCC950, a highly
selective small-molecule inhibitor of the NLRP3 inflam-
masome, has restricted clinical use due to its pharmaco-
kinetic and toxicokinetic profile [118]. Mechanistically,
MCC950 interacts specifically with the NACHT domain
of NLRP3, thwarting ATP hydrolysis and inflammasome
assembly [119]. A recent study has demonstrated that
MCC950 alleviates pulmonary inflammation and fibro-
sis induced by silica nanoparticles [105]. This therapeu-
tic effect is achieved by inhibiting NLRP3 expression and
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Table 2 The summary of potential therapeutic drugs regulating pyroptosis for PF

Drug name Models Targeting Potential mechanism Ref
marker
Lycorine BLM-induced PF mice, LPS/ NLRP3 Disturbs the interaction of NLRP3 with ASC by targeting the PYD [29]
Nigericin stimulated BMDMs domain on Leu9, Leu50, and Thr53
Iguratimod BLM-induced PF mice, TGF- NLRP3 Suppresses NLRP3 inflammasome activation, reduces ROS produc-  [112]
induced A549 EMT cell model tion, and inhibits the EMT process
Elamipretide BLM-induced PF mice, Nrf27/~ NLRP3, Nrf2  Blocks the Nrf2-mediated NLRP3 inflammasome activation in [113]
mice and macrophages macrophages
Betanin BLM-induced PF rats NLRP3 Modulating the NLRP3/IL-13/TGF-B1 pathway and governs the EMT ~ [114]
process
Pemafibrate BLM-induced PF rats, TGF-31 PPARa A selective PPARa agonist, partly inhibits the activation of [115]
stimulated lung fibroblasts the NLRP3/caspase-1 axis and TGF-B1-induced myofibroblast
differentiation
Mirtazapine BLM-induced PF rats NLRP3 Inhibiting NLRP3 inflammasome activation can reduce the expres-  [117]
sion of fibrosis-related mediators
MCC950 Silica nanoparticle-induced PF NLRP3 inhibiting NLRP3 expression and simultaneously activating relaxin [105]
mice, silica-induced pyroptotic and osteoclast differentiation signaling pathways to reprogram
macrophages and fibroblasts fibroblasts
VX-765 Silica-induced PF mice, silica- Caspase-1 Covalently modifies catalytic cysteine residues in the active site [123]
induced pyroptotic alveolar of caspase-1, downregulates pro-inflammatory and pro-fibrotic
macrophages cytokines
Ac-YVAD-CMK BLM-induced PF mice, BLM Caspase-1 Alleviates BLM-induced pulmonary fibrosis by directly targeting [124]
stimulated HPMECs caspase-1
Disulfiram Crystalline silica particles- GSDMD Directly targets Cys191/Cys192 in GSDMD-NT, inhibits silica-induced  [28]
induced PF mice, silica- alveolar macrophage pyroptosis, alleviates fibrotic pathological
induced pyroptotic alveolar damage in the lungs of silicotic mice
macrophages
Necrosulfonamide Pulmonary IRl rat model GSDMD, Blocking the oligomerization of p30-GSDMD and preventing the [130]
MLKL pyroptotic pores formation
Canakinumab CVB3 myocarditis mouse model IL-13 IgGk monoclonal antibody targeting IL-13, downregulates pro- [136]
inflammatory and pro-fibrotic cytokines
Anakinra Cystic fibrosis mouse models, IL-13 Selective recombinant antagonist of the IL-13 receptor, obstructing  [141-
Scnnib-transgenic mice with the IL-1B-mediated pathway 143]
cystic fibrosis and lung injury
Liproxstatin-1 BLM-induced PF mice, BLM ROS Targeting ROS and modulating the ROS/p53/a-SMA pathway [146]
stimulated A549
Thalidomide BLM-induced PF mice, TGF-31 ROS Inhibits the progression of PF by exerting anti-inflammatory effects ~ [149,
stimulated lung fibroblasts through the inhibition of ROS-related oxidative stress 150]
A438079 a-sarcoglycan knockout mice, P2X7R P2X7R antagonist that inhibits potassium (K*) efflux, blocking the [153,
LPS-stimulated macrophages P2X7/NLRP3 inflammasome axis and inhibiting fibrogenesis 154]
and LX-2 cells
Trikafta Cystic fibrosis patients P2X7R Inhibits ATP/P2X7R-induced inflammasome activation and exhibits ~ [155]

anti- inflammatory effects

simultaneously activating relaxin and osteoclast differen-
tiation signaling pathways, which reprogram fibroblasts
[105]. Consequently, given their remarkable efficacy in
animal models, it is essential to pursue clinical trials of
inflammasome-targeted therapies to evaluate their effec-
tiveness in treating PF in humans.

Caspase-1-related therapy

Caspase-1, a significant proteolytic enzyme, plays a cru-
cial role in the pathogenesis of PF in animal models, driv-
ing the exploration of caspase-1 inhibitors as promising
therapeutic agents. To date, several caspase-1 inhibitors
have been identified, including Belnacasan (VX-765)
and Ac-YVAD-CMK, which have garnered significant

attention [120, 121]. VX-765, a selective small mol-
ecule, inhibits caspase-1 activation by covalently modi-
fying the catalytic site of caspase-1, thereby hindering
caspase-1-dependent pyroptosis [122]. A recent study
demonstrated that VX-765 mitigates silica-induced lung
inflammation and fibrosis by modulating the pyroptosis
of alveolar macrophages in mice [123]. Mechanistically,
VX-765 targets caspase-1 specifically and downregulates
pro-inflammatory and pro-fibrotic cytokines, thereby
alleviating systemic and local inflammatory responses
caused by silica [123]. Similarly, as a specific caspase-1
inhibitor, intraperitoneally administered Ac-YVAD-CMK
significantly alleviates bleomycin-induced PF by directly
targeting caspase-1 [124]. Moreover, Ac-YVAD-CMK
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inhibits the NLRP3 inflammasome activation and EMT
process by suppressing the focal adhesion kinase (FAK)
pathway [124]. Overall, the therapeutic targeting of cas-
pase-1 in PF is under-researched, necessitating further
exploration.

Gasdermin-related therapy

As the primary executor of pyroptosis, GSDMD tar-
geted interventions have garnered significant interest for
the treatment of diverse diseases. Disulfiram (DSF), an
FDA-approved medication for treating alcohol depen-
dency, has recently been demonstrated to inhibit pyrop-
tosis and the inflammatory cascade within cells [125].
Mechanistically, DSF directly targets Cys191/Cys192 in
GSDMD-NT, binding to acidic phospholipids within the
inner leaflet of the cellular plasma membrane, thereby
blocking GSDMD pores formation [125]. Silva and col-
leagues reported that DSF alleviate excessive neutro-
phil extracellular traps (NETs)-based injury associated
with sepsis, indicating that disulfiram have potential
anti-inflammatory effects and improve sepsis therapeu-
tic outcomes [126]. Another study demonstrated that
DSEF effectively inhibited LPS-induced lung inflamma-
tion in an acute lung injury (ALI) mouse model [127].
However, the absence of Bhlhe40 suppressed GSDMD-
mediated pyroptosis and subsequent ALI by suppress-
ing both canonical and non-canonical inflammatory
signaling pathways [127]. DSF also exhibits anti-fibrosis
effects. Recent research indicates that DSF could inhibit
silica-induced alveolar macrophage pyroptosis, alleviate
fibrotic pathological damage in the lungs of silicotic mice
by targeting GSDMD [28]. Necrosulfonamide was origi-
nally identified as an inhibitor of necroptosis through its
direct binding to MLKL [128]. However, a more recent
study revealed that necrosulfonamide can also directly
interact with GSDMD, thereby blocking the oligomer-
ization of p30-GSDMD and preventing the pyroptotic
pores formation [129]. In a rat model of pulmonary
ischemia/reperfusion injury (IRI), the administration of
necrosulfonamide markedly enhanced lung physiological
functions [130]. However, further research is needed to
determine the efficacy of this inhibitor in treating PF.

IL-1B-related therapy

As previously mentioned, IL-1p is a critical effector mol-
ecule in the pyroptotic pathway and contributes to lung
damage, suggesting its potential as a therapeutic target
for PF [131]. Canakinumab, a human monoclonal anti-
body, exhibits high affinity and specificity for human
IL-1P by inhibiting its interaction with the IL-1 receptor
(IL-1R) [132]. Canakinumab has been used in treating
autoinflammatory disorders, atherosclerosis, and chronic
obstructive pulmonary disease [133-135]. Studies also
suggest that canakinumab may inhibit the IL-1p signaling

Page 12 of 17

pathway to prevent the progression of chronic viral myo-
carditis by reducing inflammation, interstitial fibrosis,
and adverse cardiac remodeling, indicating potential
anti-fibrotic effects [136]. However, its therapeutic effects
on PF remain unknown, and further research in this area
is eagerly awaited. Anakinra, a selective IL-1B recep-
tor antagonist, has shown clinically significant benefits
along with an outstanding safety profile [137]. Anakinra
has proved effective for various IL-1B-driven inflamma-
tory pathologies such as rheumatoid arthritis, pericardi-
tis, and hemodialysis-induced inflammation [138-140].
Notably, anakinra also exhibits anti-fibrotic properties.
Fritzsching et al. recently demonstrated that anakinra
treatment could attenuate hypoxia-induced epithelial
necrosis, thereby diminishing neutrophilic inflammation
through IL-1 receptor signaling pathways in Scnnlb-
transgenic mice with cystic fibrosis and lung disease
[141]. Interestingly, Puccetti et al. discovered that pul-
monary delivery of an inhalable form of anakinra nota-
bly improved and prolonged therapeutic efficacy in cystic
fibrosis mouse models by obstructing the IL-13-mediated
pathway [142]. Additionally, a case series reports that
anakinra shows promising efficacy and safety in treating
COVID-19-associated PF [143]. However, further high-
quality research is needed to clarify its potential clinical
efficacy in treating PE.

Suppression of upstream signals

Current evidence indicates that heightened bronchoal-
veolar sensitivity to ROS and ROS-induced DNA damage
contribute to pulmonary inflammation and fibrosis in an
ataxia-telangiectasia-deficient mouse model [144]. Con-
sidering the critical biological role of ROS in pyroptosis,
targeting ROS-associated redox equilibrium could be a
promising therapeutic approach [144]. Liproxstatin-1,
a potent inhibitor of lipid autoxidation, exerts a strong
inhibitory effect on ROS activity [145]. It plays a protec-
tive role in mice with bleomycin-induced PF by target-
ing the ROS/p53/a-SMA pathway [146]. Thalidomide
was previously clinically banned due to its teratogenic
effects on the fetus [147]. However, subsequent studies
have revealed that this compound exhibits potent anti-
inflammatory properties [148]. Recent research has sug-
gested that thalidomide inhibits the progression of PF by
exerting anti-inflammatory effects through the inhibi-
tion of ROS-related oxidative stress [149, 150]. P2X7R is
a membrane protein that can be stimulated by extracel-
lular ATP and functions as an upstream molecule of the
NLRP3 inflammasome [74]. P2X7R activation is associ-
ated with various physiological processes, notably inflam-
matory responses and the development of fibrosis [151].
The blockade of P2X7R potentially mitigates fibrosis via
multiple mechanisms, such as reducing inflammatory
or fibrotic markers and modulating the recruitment of
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immune cells to regulate inflammation [152]. A438079,
a potent and selective P2X7 antagonist, has been dem-
onstrated to regulate collagen expression and improve
muscle force by reducing the extent of muscle fibro-
sis and local inflammation in «-sarcoglycan null mice
[153]. A separate study demonstrated that the adminis-
tration of A438079 can block the P2X7/NLRP3 inflam-
masome axis, thereby inhibiting stellate cell activation
and subsequent liver fibrogenesis [154]. The triple-drug
combination therapy, Trikafta (elexacaftor/tezacaftor/
ivacaftor), has received approval for the treatment of
cystic fibrosis. Notably, it has been revealed that Trikafta
also inhibits ATP/P2X7R-induced inflammasome activa-
tion and exhibits anti-inflammatory effects [155]. Despite
P2X7R inhibitors have shown promise in treating fibrotic
diseases, the research regarding their effectiveness in
addressing pulmonary inflammation and fibrosis remains
inadequate.

Conclusion and perspective

PF is a chronic inflammatory lung disease, and recent
studies have shed light on the involvement of pyroptosis
in its pathogenesis. Growing evidence underscoring the
involvement of inflammasome pathways in PF indicates
that gasdermins and pyroptosis are also implicated to
some extent. Mechanistically, the excessive and persis-
tent activation of the inflammasome and pyroptosis in
ACEs and alveolar macrophages lead to a pronounced
inflammatory response. This, in turn, accelerates the
transformation of fibroblasts into myofibroblasts, even-
tually culminating in PE. In this review, we systematically
summarize current discoveries regarding the intricate
molecular mechanisms of pyroptosis and examine its
crosstalk interactions with relevant signaling pathways.
Furthermore, we highlighted potential drugs to impede
the pyroptotic pathway for anti-PF treatment. Indeed,
an in-depth comprehension of the role of pyroptosis in
PF provides significant insights for potential therapeutic
strategies.

Despite notable advancements, pyroptosis-mediated
therapy still encounters several challenges. Firstly, com-
pared to cancer and other diseases, research on pyrop-
tosis in PF is in its early stages. Therapies targeting
gasdermins are limited and warrant further exploration
in the future. Secondly, it is imperative to identify the
upstream regulators of pyroptosis owing to the intri-
cate interplay among other cell death pathways and the
diverse gasdermin activation mechanisms that go beyond
the workings of canonical or non-canonical pyroptotic
pathways. Given that GzmA, GzmB, and streptococ-
cus cysteine protease SpeB could cleave gasdermins, it
is no longer appropriate to simply assume that inflam-
masome activation equates with pyroptosis. Moreover,
the regulatory roles of mitochondria and endoplasmic
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reticulum in pyroptosis warrant further investigation.
Furthermore, the precise roles of the mitochondria and
endoplasmic reticulum in the regulation of pyroptosis
remain inadequately characterized in the current litera-
ture. Thirdly, utilizing inhibition of pyroptosis as a thera-
peutic response could potentially lead to adverse effects
considering the crucial role of this cell death mechanism
involved in normal physiological functions. Inappropri-
ately orchestrated induction of pyroptosis may lead to
detrimental effects on normal tissue adjacent to fibrotic
tissue. Future research should prioritize the develop-
ment of strategies to overcome these limitations and
devise inhibitors specifically targeted at fibrotic tissues
to mitigate potential side effects. Finally, observations
gathered from cellular and animal studies need validation
in clinical trials to confirm the effectiveness of target-
ing pyroptosis or its upstream regulators in PF patients.
Additionally, the long-term effects, safety profiles, drug
interactions, and patient-specific applications of pyrop-
tosis inhibitors remain unknown, warranting further
investigation.

In summary, it is evident that the underlying mecha-
nisms of pyroptosis implicated in the pathological pro-
cess of pulmonary inflammation and fibrosis are yet to
be completely unraveled. Further research employing
cell-specific transgenic and conditional knockout ani-
mal models exhibiting pyroptosis deficiencies, such as
NLRP3~/~ and GSDMD™'~ mice, is of significant inter-
est to precisely address this question. Additionally,
more high-quality clinical trials are needed to establish
the pharmacokinetics and clinical efficacy of pyropto-
sis inhibitors in treating pulmonary fibrosis. In the near
future, it is recommended that medical organizations
conduct clinical trials in which patients receive approved
pyroptosis-regulating drugs in combination with anti-
fibrotic agents such as pirfenidone and nintedanib.
Future research could also explore the use of nanomateri-
als, photodynamic therapy, and antibody-drug conjugates
(ADC:s) to enhance the targeting of pyroptosis inhibitors,
thereby reducing potential side effects. We believe that
studies focusing on pyroptosis are poised to inaugurate
new vistas for the management of PE.
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