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Abstract

perspective of pyroptosis.

Pyroptosis is a programmed cell death characterized by swift plasma membrane disruption and subsequent release
of cellular contents and pro-inflammatory mediators (cytokines), including IL-13 and IL-18. It differs from other types
of programmed cell death such as apoptosis, autophagy, necroptosis, ferroptosis, and NETosis in terms of its morphol-
ogy and mechanism. As a recently discovered form of cell death, pyroptosis has been demonstrated to be involved
in the progression of multiple diseases. Recent studies have also suggested that pyroptosis is linked to various ocular
diseases. In this review, we systematically summarized and discussed recent scientific discoveries of the involvement
of pyroptosis in common ocular diseases, including diabetic retinopathy, age-related macular degeneration, AIDS-
related human cytomegalovirus retinitis, glaucoma, dry eye disease, keratitis, uveitis, and cataract. We also organized
new and emerging evidence suggesting that pyroptosis signaling pathways may be potential therapeutic targets

in ocular diseases, hoping to provide a summary of overall intervention strategies and relevant multi-dimensional
evaluations for various ocular diseases, as well as offer valuable ideas for further research and development from the
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Background

Programmed cell death (PCD) plays an important role
in regulating stress response, homeostasis, and diseases.
PCD was first identified in 1972 when the ultrastructural
features of cells undergoing apoptosis were revealed [1].
With extensive research, new observations of PCD are
rapidly emerging, both refining and redefining known
patterns of cell death, such as apoptosis, and unmask-
ing previously undescribed forms of cell death, such as
necroptosis, autophagy, ferroptosis, and pyroptosis [2].
Recently, pyroptosis has received increased attention
in the pathogenesis of various diseases [3—5]. Pyrop-
tosis is an inflammatory form of cell death executed by
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gasdermins, a family of transmembrane pore-forming
proteins activated via inflammasome-dependent or
inflammasome-independent pathways [3]. It was first
identified in macrophages infected with Shigella flexneri
in 1992 and was named in 2001 [6, 7]. Pyroptosis also
participates in the innate immune response by inhibiting
intracellular pathogen replication and inducing patho-
gen elimination by the immune cells. When pyroptosis
is uncontrolled, inflammatory responses in neighboring
cells and tissues are activated, further exacerbating the
inflammatory damage [8].

Importantly, the innate immune system maintains and
controls eye homeostasis and visual function by acting
as an early responder to environmental perturbations
with the assistance of the blood-retinal barrier, which
is composed of and regulated by highly specialized cell
types [9]. The balance between cell growth and death in
eye tissues and the optic nerve contributes to homeosta-
sis. Previous studies have agreed that the progression and
prognosis of ocular diseases are attributed to apoptosis
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and necrosis. However, with the development of biotech-
nology and intensive studies on cell death, researchers
have discovered that ocular cells engaged in the pro-
gression of ocular diseases not only typically undergo
apoptosis and necrosis, but also show characteristics of
other forms of cell death, including pyroptosis. Emerg-
ing evidence shows that pyroptosis is tightly linked to the
initiation and progression of ocular diseases, including
age-related macular degeneration (AMD), glaucoma, dia-
betic retinopathy (DR), AIDS-related human cytomegal-
ovirus (HCMV) retinitis, dry eye disease (DED), keratitis,
uveitis, and cataract [10—15]. At the cellular level, retinal
ganglion cells (RGCs), retinal pigment epithelial (RPE)
cells, retinal pericytes, trabecular meshwork cells, cor-
neal epithelial cells (CECs), lens epithelial cells (LECs),
retinal microvascular endothelial cells (RMECs), Miiller
cells, astrocytes, and microglia are involved in pyroptosis
in various ocular diseases [16—23]. This review provides
a systematic overview of the evidence for pyroptosis and
its functional role in ocular diseases, emphasizing the
molecular signaling pathways involved in the vision sys-
tem. In addition, we briefly summarize the connectivity
and differences between pyroptosis and other forms of
PCD that contribute to ocular diseases, as well as discuss
the therapeutic potential of pyroptosis in ocular diseases.

Morphological and biological characteristics

of pyroptosis

Pyroptosis is a type of lytic cell death characterized by
swift plasma membrane disruption and subsequent
release of cellular contents and pro-inflammatory media-
tors, including IL-1p and IL-18 [5]. It occurs primarily in
phagocytes of the myeloid lineage, such as macrophages,
dendritic cells, and neutrophils, as well as in CD4+ T
cells, keratinocytes, epithelial cells, endothelial cells, and
neurons [24]. Focusing on eye structure, RGCs, Miiller
cells, astrocytes, microglia, endothelial cells, pericytes,
retinal epithelial cells, and CECs are the main ocular
linked to pyroptosis [16, 19, 25]. Inflammatory caspases
that cleave pro-IL-1p and pro-IL-18 into their mature
form and drive pyroptosis (i.e., caspases 1 and 11 in mice,
and caspases 1, 4, and 5 [the latter two are human homo-
logues of caspase 11] in humans) are highly expressed in
these cells [24, 26].

Pyroptosis has some distinct characteristics compared
to other forms of PCD (Table 1). First, the nuclei of
pyroptotic cells undergoing chromatin condensation and
DNA fragmentation remain intact, whereas their plasma
membranes are disrupted [27]. Ultrastructural studies of
ARPE-19 cells and retinal stem cells showed cytoplas-
mic swelling, mitochondrial damage, and autophago-
some-like structures [28, 29]. In other forms of PCD
such as apoptosis, when they undergo DNA damage, in
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contrast to pyroptotic cells, the nucleus is damaged and
the plasma membrane remains intact [27]. In cells under-
going necroptosis and ferroptosis, high-mobility group
box 1 (HMGB1) can pass through ruptured nuclear and
cytoplasmic membranes. Furthermore, nuclear mem-
brane damage is observed prior to cytoplasmic mem-
brane rupture during ferroptosis [30]. Notably, although
cells undergoing NETosis do not suffer from chromatin
condensation, their nuclear and plasma membranes both
rupture, leading to neutrophil cell lysis [31]. Moreo-
ver, pore formation induced by inflammation leads to
osmotic swelling and cell lysis in pyroptotic cells [27].
Activation of caspase-1/4/5/11 and cleavage of gasder-
min D (GSDMD) contribute to the transmembrane pore
formation of these cells, and the open GSDMD pore
breaches the normal permeability barrier of the plasma
membrane [27, 32]. The abnormal separation of sodium
and potassium on both sides of the cell membrane results
in a massive sodium influx, which brings with hydrat-
ing water. Subsequently, cell volume begins to increase,
resulting in cell swelling and osmotic lysis [27, 32].
Compared to pyroptotic cells, apoptotic cells maintain
intact membranes [33]. In necroptosis and ferroptosis,
although cell swelling and osmotic lysis are caused by an
abnormal permeability barrier of the plasma membrane,
unlike pyroptosis, the process does not depend on cas-
pase-1/4/5/11 and GSDMD but on other effectors, such
as RIPK1-RIPK3-MLKL and PUFAs, respectively. Addi-
tionally, two recent reports demonstrated that GSDMD
regulates cell death via NETosis [34]. Previous research
also claimed that the caspase family mediates both apop-
tosis and pyroptosis, although caspases 3, 6, 7, and 8 were
once thought to be distinct markers of apoptosis [27].
However, a new mechanism of caspase-3/8-mediated
pyroptosis has recently been reported [8, 35-39].

Inflammasomes

Inflammasomes are cytosolic immune signaling com-
plexes that cause inflammation and pyroptosis [40]. They
assemble in response to pathogen- or damage -associated
molecular patterns (PAMPs or DAMPs). An inflamma-
some typically comprises a sensor, an adaptor, and zymo-
gen procaspase-1 [41]. Inflammasome-initiating sensors
are pattern recognition receptors (PRRs), including
nucleotide-binding oligomerization domain (NOD)- and
leucine-rich repeat (LRR)-containing receptors (NLRs),
absent in melanoma-2 (AIM2)-like receptors (ALRs), and
proteins with a tripartite motif (TRIM) such as pyrin [41,
42]. Upon detection of specific stimuli, sensors recruit
the inflammasome adaptor apoptosis-associated speck-
like protein containing a caspase activation and recruit-
ment domain (CARD) (ASC) to form a multimeric
complex called ‘speck’ [41]. The CARD of ASC allows
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ASC to couple the upstream sensor PRRs to the effector
cysteine protease caspase-1 and then convert the effec-
tor into its bioactive form [40, 41]. Notably, the CARD of
NLRC4 and murine NLRP1b, members of the NLR fam-
ily, can interact directly with caspase-1 without the help
of ASC [40]. Active caspase-1 triggers pyroptosis via the
canonical pathway, whereas activated caspase-4/5/11
causes pyroptosis via the noncanonical pathway [27].
These inflammasomes have been shown to participate in
the pathogenesis of various ocular diseases.

NLRP3 inflammasome

The NOD-like receptor protein 3 (NLRP3) of the NLR
family is the most well-investigated inflammasome sen-
sor. NLRP3 consists of three parts: an amino-terminal
PYRIN domain (PYD), a nucleotide-binding domain
(NACHT), and a carboxyterminal LRR domain [43].
Because of its ability to respond to various stimuli,
NLRP3 is a critical integrator of cellular stress. These
stimuli, including, but not limited to, pathogens, micro-
bial toxins, viral RNA, extracellular ATP, lysosomal
damage, and permeabilization of the cell membrane to
potassium ions, might lead to the loss of autoinhibition of
NLRP3 [40, 43]. NLRP3 is expressed in most ocular tis-
sues and cells and is upregulated in multiple ocular dis-
eases.[44, 45].

NIMA-related kinase 7 (Nek?) is an important compo-
nent of the murine NLRP3 inflammasome that binds to
the LRR and NACHT of NLRP3 [40]. Nek7 is necessary
for NLRP3 inflammasome activation, but dispensable
for NLRC4 and AIM2 inflammasome activation. In addi-
tion, Nek7 could control NLRP3 oligomerization, ASC
speck formation, and caspase-1 activation [46]. However,
the presence of Nek?7 is insufficient to drive NLRP3 acti-
vation; priming and activation are the two main steps
required for complete activation of NLRP3 [40]. The
priming step licenses the cell, whereas the activation step
induces full activation and inflammasome formation [46].

The priming step has two major functions [47]. First,
it upregulates NLRP3 by promoting transcription [40,
43]. After recognizing PAMPs or DAMPs by PRRs, the
transcription factor nuclear factor-kB (NF-kB) is acti-
vated and induces the transcription of NLRP3, as well as
pro-1L-1p and pro-IL-18 [43]. With the help of several
mediators that promote signal transduction of PRRs,
such as myeloid differentiation primary response 88
(MyD88) and Fas-associated protein with death domain
(FADD), the cell is ‘primed’ and ready for the next step
[40]. Aside from upregulating NLRP3, priming induces
post-translational modifications of NLRP3, including
ubiquitination, phosphorylation, and SUMOylation.
Modified NLRP3 is maintained in an auto-inhibited inac-
tive but signal-competent state [40, 43, 47].

Page 4 of 31

The second step occurs after recognizing the NLRP3
activator [47]. Several NLRP3 activation models, which
may act in tandem or independently, are now widely
accepted, including pore formation and ion redistribu-
tion, lysosomal disturbance, metabolic dysfunction,
mitochondrial dysfunction, Golgi apparatus disassem-
bly, and noncanonical NLRP3 activation models [43, 48].
When a primed cell is subjected to an activating stimulus
under appropriate conditions, NLRP3 starts to activate
and assemble [43, 49]. In AMD, complement compo-
nents, amyloid-beta (Ap), and by-products of oxidation,
which are rich in drusen composition as well as lysoso-
mal destabilization, release of cathepsins, and Alu RNA,
are considered as relevant NLRP3 activators [50]. In DR,
multiple diabetes mellitus-related metabolic factors such
as ATD, cholesterol levels, and cellular structure destabi-
lization, including mitochondrial dysfunction, lysosomal
rupture, as well as molecular or ion perturbation such as
ROS, K" efflux, and Ca*" signaling, are a second signal
for NLRP3 activation and assembly [51].

Interestingly, there are some exceptions to this two-
step activation mode of the NLRP3 inflammasome. First,
TLR4 stimulation alone can solely induce IL-1p secretion
in human and porcine monocytes [47]. Second, in mouse
bone marrow-derived and splenic dendritic cells, a single
lipopolysaccharide (LPS) stimulus is sufficient to activate
the NLRP3 inflammasome [47, 52]. Another exception
is that the stimulation of TLRs, together with extracellu-
lar ATP, rapidly activates NLRP3 in mouse bone marrow-
derived macrophages [47].

AIM2 inflammasome

The AIM2 inflammasome has received the most atten-
tion in terms of infections. Its activation by sensing dou-
ble-stranded DNA (dsDNA) from viruses, bacteria, and
parasites, as well as host-self DNA, causes cytokine pro-
duction and GSDMD-mediated pyroptosis [53]. AIM2
is a cytosolic receptor with two major domains: a PYD
domain and HIN-200 domain [5, 40]. Under homeo-
static conditions, the HIN domain functions as a sup-
pressor of the PYD domain, causing the latter to fail to
recruit ASC. Once dsDNA from the pathogen is sensed
by the HIN domain, the PYD domain is displaced from
the HIN domain and can accept the PYD domain of ASC
[54, 55]. The activated AIM2 inflammasome then gener-
ates bioactive caspase-1 in an autocatalytic manner [55].
Although AIM2 has been reported in various diseases,
little is known about its role in the development of ocular
diseases. In fact, a study showed that AIM2—/— mice did
not show improved retinal function or survival as retinal
degenerative disorders progressed, while NLRP3—/—
mice showed a protective effect [56]. Therefore, the
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contribution of AIM2-mediated pyroptosis to the patho-
genesis of ocular diseases remains unclear.

Pyrin inflammasome

Pyrin (also known as marenostrin, TRIM 20) is a protein
encoded by the MEFV (human) or Mefv (mouse) gene
that is expressed mainly in neutrophils, monocytes, and
dendritic cells [57, 58]. Under homeostasis, pyrin senses
the modifications of the small GTPase RhoA activity.
RhoA activation leads to pyrin inhibition [57]. When
the inactivation of Rho GTPases by effector proteins or
pathogenic toxins is recognized by pyrin, pyrin-depend-
ent pyroptosis is induced [40, 58]. Unfortunately, to the
best of our knowledge, the pyrin signaling pathway has
not been explored in ocular diseases.

NLRC4

NLRC4 inflammasome activation is triggered by flagellin
and type III secretion systems (T3SS) apparatus, both of
which are bacterial components [58]. Neuronal apoptosis
inhibitory proteins (NAIPs) are required for NLRC4 acti-
vation to recognize the presence of these two bacterial
components in the cytosol [58]. NAIP alters conforma-
tion upon ligand engagement, allowing oligomerization
with NLRC4 [59]. NLRC4 can directly activate CASP1,
which cleaves GSDMD and IL-1B/18 and initiate pyrop-
tosis [59]. NLRC4 is also expressed in the cornea and
retina of the eye [44]. Furthermore, NLRC4 has been
demonstrated to promote pyroptosis in DED and acute
glaucoma [11, 12].

NLRP1

Human NLRP1 was the first identified inflammasome
sensor shown to play a role in pyroptosis initiation. Both
human and mouse NLRP1 lack a PYD, with the latter
carrying three NLRP1 paralogs (NLRPla—c) [40]. Sev-
eral activators of NLRP1 have been identified, includ-
ing anthrax lethal toxin deployed by Bacillus anthracis,
bacterial muramyl dipeptide, Toxoplasma gondii, and
the DPP8/9 inhibitor Val-boroPro [60, 61]. In addition,
NLRP1 can detect metabolic disturbances [60]. Reduced
cellular ATP levels are thought to be correlated with
NLRP1 inflammasome activation [61]. NLRP1 appears
in the cornea and retina of the eye [44]. Previous studies
have shown that targeting NLRP1 can attenuate pyropto-
sis and the progression of acute glaucoma and DR [22, 62,
63]. Moreover, the NLRP1 inflammasome is activated by
CASPS8 in acute glaucoma [64].

Other forms of inflammasomes

Apart from these inflammasomes, other inflammasomes
have been reported to be related to pyroptosis in ocular
diseases. In mice, NLRP6 is a negative regulator of NF-«xB
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and MAPK signaling in response to Gram-positive and
Gram-negative bacteria [40]. It is found mostly in corneal
epithelial and conjunctival epithelial cells [44]. Further-
more, the NLRP3/6 inflammasome balance is regulated
by IncRNA-H19, which functions with miR-21 and
PDCD4. Changes in this balance stimulate pyroptosis of
microglia and neuronal death in the retina [65]. Moreo-
ver, the collaboration between NLRP12 and NLRC4 has
been reported to initiate GSDMD-dependent pyropto-
sis in the mucosal corneal epithelium [12]. The regula-
tory function of NLRC5 in microglial pyroptosis also
relies on its cooperation with NLRP3 and NLRC4 in high
intraocular pressure (IOP)-induced ischemic retinopa-
thy. Neurotoxic factors secreted by microglia in response
to pyroptosis further harm RGCs and cause irreversible
damage [66].

Gasdermin family

The GSDM family is an executor of pyroptosis and
includes GSDMA, GSDMB, GSDMC, GSDMD, GSDME
(DNFAS5), and PVJK (also known as GSDMF/DFNB59),
with GSDMB being regarded as a unique gene in the
human genome. Every GSDM member is expressed dis-
tinctly and restrictedly in different tissues, leading to
various diseases [67]. Except for DFNB59, all members of
the GSDM family have been reported to be involved in
pyroptosis [68]. Nevertheless, only GSDMD and GSDME
have been investigated for the pathogenesis of ocular dis-
eases. GSDMD is the best-known member of the GSDM
family and plays a central role in pore formation and sub-
sequent pyroptosis. GSDMD has also been implicated
in several ocular diseases. As for GSDME, Liao et al
showed that abnormal accumulation of all-trans retinal
(atRAL) was associated with caspase-3/GSDME-medi-
ated pyroptosis of RPE cells and photoreceptors [69, 70].
However, we could not find any other evidence regarding
ocular diseases related to GSDME-mediated pyroptosis.
Recent studies on GSDME were mainly reported in can-
cer cells, showing that GSDME could induce pyroptosis
and cause cancer cell death [36].

GSDM consists of an N-terminal pore-forming domain
(PED), a linker, and a C-terminal repressor domain [3].
Generally, PFD activity can be inhibited by the repres-
sor domain. When stimulated by intrinsic or extrinsic
factors, gasdermins are cleaved by caspases, granzymes
(GZMs), neutrophil elastase, or some cathepsins within
the linker region, and free the PFD to oligomerize and
form pores in the cell membrane. As a result, inflamma-
tory cytokines release and pyroptosis occurs [71]. More
specifically, GSDMD is cleaved by caspase-1/4/5/11 [72]
as well as neutrophil elastase, cathepsin G, and CASP8
[39, 73, 74]. Meanwhile, GSDME is cleaved by GZMB
and CASP3 [37, 68], GSDMB is cleaved by GZMA, and
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GSDMC is cleaved by CASP8 [75, 76]. The exact execu-
tion of GSDMA cleavage remains unknown for a long
time. Recently, a 2022 novel study revealed that strep-
tococcal pyrogenic exotoxin B (SpeB), a Streptococcus
cysteine protease, cleaves GSDMA and triggers pyropto-
sis [77]. We believe that more studies will be conducted
to determine additional GSDM cleavage executors. To
understand the underlying mechanism, the exact cleav-
age sites of each GSDM and their changes in different
species, tissues, or cells require further investigation.

Notably, it has been proven that GSDME-N mech-
anistically links the activation of inflammasome-
mediated pyroptosis to apoptosis. First, GSDME-N
enhances the activation of the apoptotic protease acti-
vating factor 1 (Apaf-1) apoptosome by permeabilizing
mitochondria and releasing cytochrome c (cyt c), pro-
viding a positive feedback on caspase-3 activation and
GSDME cleavage. The GSDME-N pores on the plasma
membrane cause pyroptosis, allowing the release of
DAMPs such as HMGB1. GSDMA and GSDMD also
have this mitochondrial pore-forming function; how-
ever, the feedback loop remains unknown [78].

Molecular mechanisms of pyroptosis in ocular
diseases

GSDM-induced pyroptosis involves both inflamma-
some-dependent and inflammasome-independent
pathways. Generally, inflammasome-dependent pyrop-
tosis (Fig. 1) includes the CASP1-dependent path-
way (canonical pathway) and CASP4/5/11-dependent
pathway (noncanonical pathway). Recent studies have
revealed new inflammasome-independent pathways
(Fig. 2), including the caspase-3/8-mediated pathway,
and other GSDM-mediated pathways.

Inflammasome-dependent pathway

Canonical pathway

In the canonical pyroptosis pathway, the formation of
a functional inflammasome starts with PRRs, including
NLRs, AIM2, or pyrin, by sensing PAMPs and DAMPs
under the stimulation of hyperlipidemia, hyperglyce-
mia, and inflammation [5, 40]. PRRs that recognize the
pathogenic stimuli then bind to pro-CASP1 with the
assistance of ASC speck and eventually form inflam-
masomes [8]. Upon inflammasome formation, CASP1
is activated. Active CASP1 then cleaves the pyropto-
sis executor GSDMD and unmasks the pore-forming
domain from GSDMD-C inhibition [72, 79]. Active
CASP1 also proteolytically matures pro-IL-1f and
pro-IL-18 into their active forms [24]. The liberating
GSDMD-N, which is recruited to the inner side of the
cell membrane, oligomerizes to form a transmembrane
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pore. Transmembrane pores result in K™ efflux and
water influx, causing cell swelling, cell rupture, and
release of cellular contents including bioactive IL-1p
and IL-18, resulting in a further magnified inflamma-
tory response in the host [40, 72, 79].

Noncanonical pathway

In the noncanonical pathway, LPS, a component of
the Gram-negative bacterial cell wall, is recognized
by CASP4/5/11 in the host. Subsequently, activated
CASP4/5/11 initiates GSDMD cleavage and pyroptosis
[5, 27, 80, 81]. Although CASP11 can cleave GSDMD,
it is unable to transform pro-IL-1p and pro-IL-18 into
their bioactive forms [26]. Therefore, the noncanonical
pathway still requires caspase-1 for its indispensable
role in producing mature IL-1p and IL-18 [5, 80]. Addi-
tionally, activated CASP11 also cleaves Pannexin-1,
through which ATP outflows to the extracellular space,
binds to P2X7R, and triggers NLRP3-related pyroptosis
[71].

Inflammasome-independent pathway
Caspase-3/8-mediated pathway

CASP3/8 is traditionally considered a distinct marker
and molecule of apoptosis; however, recent studies have
shown that they are also important executors in pyrop-
tosis. Instead of GSDMD, CASP3 cleaves GSDME in
response to activators such as chemotherapeutic agents,
TNE, viral infection, apoptin, and atRAL in the RPE [32,
36, 69, 82—84]. CASP3 is often activated after CASP8 or
CASP9 activation; thus, CASP8 is an upstream activator
of CASP3 and is known to control apoptotic cell death.
Previous studies have also shown that CASP8 plays differ-
ent roles in pyroptosis. First, it directly cleaves GSDMD
to induce pyroptosis [85]. Researchers found that the
Yersinia effector protein Yop] inhibits TGF-B-activated
kinase-1 (TAK1) or IKK kinases and results in CASP8-
dependent cleavage of GSDMD [86]. Second, CASP8 can
affect the priming, activation, and post-assembly steps
of the NLRP3 inflaimmasome [87]. Third, CASP8 acts
upstream of CASP3 to regulate pyroptosis [85]. Apart
from directly cleaving pro-CASP3, CASP8 also cleaves
Bid, which belongs to the B-cell lymphoma 2 (Bcl-2) fam-
ily, into its shortened form ‘tBid! tBid migrates to the
mitochondria, where it generates Bax/Bak pores on the
surface (mitochondrial outer membrane pore [MOMP]),
releases cyt ¢, and activates CASP3 and CASP9 (82, 88,
89]. The assembly of the Apaf-1/CASP9 apoptosome pro-
moted by the release of cyt ¢ contributes to the CASP3/
GSDME pathway [89]. Nevertheless, to the best of our
knowledge, there is very little research on the CASP3/
GSDME pathway conducted in the ophthalmology field,
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suggesting that extensive research on this pathway can
be conducted in ocular diseases in the future. Fourth,
CASP8 matures pro-IL-1p into its bioactive form in a
noncanonical manner. Currently, we know that IL-1p,
the key cytokine involved in pyroptosis, is processed and
secreted with the help of CASP1. However, in the inflam-
masome-independent pathway, we noticed that there was
little involvement of CASP1 in the whole process, unless
CASPS8 could activate the NLRP3 inflammasome and link
it to CASP1-dependent cytokine release. In fact, IL-1p
still engages in inflammasome-independent pyroptosis
without the assistance of CASP1. Scientists have shown
that, in the absence of CASP1, noncanonical maturation
of IL-1P is conducted by CASP8 under various stimula-
tions [90, 91]. However, this noncanonical processing is
not as efficient as canonical processing. Therefore, in the
future, a comparison of the efficiency of each pyroptotic
pathway might be a potential issue. Furthermore, the
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underlying mechanism of the noncanonical maturation
of IL-1B in inflammasome-independent pyroptosis or
even in the entire immune system is worth further inves-
tigation. Finally, CASP8 cleaves GSDMC into GSDMC-
N, generating pores on the cancer cell membrane to
prompt pyroptosis under the stimulation of TNF-« treat-
ment or the metabolite a-ketoglutarate treatment [76,
92]. Currently, there has been no research on the CASP8/
GSDMC pathway in the ophthalmology field.

Other GSDM-mediated pathways

More recently, researchers have reported that GZMA
from cytotoxic lymphocytes cleaves GSDMB and GZMB
from natural killer cells, and cytotoxic T lymphocytes
cleave GSDME to trigger pyroptosis in tumor cells [37,
75]. Moreover, neutrophil elastase, porcine epidemic
diarrhea virus and Cathepsin G directly cleave GSDMD
to induce pyroptosis [73, 74, 93]. SpeB also cleaves
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GSDMA and triggers pyroptosis [77]. However, these
pathways have not been explored in ocular diseases. Mat-
subara et al. verified that GZMB is present in RPE and
choroidal mast cells, and these pathways might become
new research targets in ocular diseases [94].

Pyroptosis in ocular diseases

Retinal disease

In recent years, with the increasing incidence of major
chronic diseases such as diabetes and aging, the inci-
dence of chronic blinding eye diseases such as DR and
AMD is also gradually increasing, posing a new threat
to human eye health. Therefore, the development of
new diagnostic and therapeutic targets has become an
important part of the research on ocular diseases. As the
dynamic mechanism of disease can be elucidated at the
cellular and molecular levels, it is possible to fundamen-
tally solve the problem of cascaded pathological changes
caused by changes at the molecular level and subsequent

cell death. Pyroptosis, an important mode of cell death,
is closely associated with the incidence and progression
of retinal diseases. Retinal diseases, especially DR (Fig. 3)
and AMD (Fig. 4), are the most well-studied pyroptosis-
related ocular diseases. In addition, pyroptosis is also
involved in retinal diseases of infectious pathogen origin,
such as AIDS-related HCMYV retinitis.

Diabetic retinopathy

DR is a common complication of diabetes mellitus and
a major cause of vision loss and blindness in the work-
ing-age population worldwide [95]. Vascular abnormali-
ties, blood-retinal barrier impairment, and neuronal
dysfunction, which are caused by aberrant interactions
among retinal, neuronal, glial, and vascular cells, are
typical pathological changes in DR induced by long-term
hyperglycemia [96]. Accumulating evidence shows that
inflammasome activation facilitates DR [97]. As a more
widely termed cell death form, inflammasome-related
pyroptosis has been found to play a critical role in DR
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progression [17, 97]. Gan et al. showed that the hallmarks
of pyroptosis, NLRP3-CASP1-GSDMD activation, mem-
brane pore formation, and IL-1p and IL-18 are present
in high glucose (HG)-induced human retinal pericytes
[17]. Under HG conditions, pyroptosis is also triggered in
microglia, human RMECs, and RPE cells [95, 98, 99].

Central in the process of pyroptosis, inflammasome
activation induced by different stimuli is essential in DR
pathogenesis and vision loss. A previous study demon-
strated that DR progression was decelerated by inhibit-
ing the NLRP3 inflammasome [100]. Hyperglycemia
triggers increased expression and opening of connexin43
hemichannels on the cell membrane, which results
in increased extracellular ATP [101]. Subsequently,
increased extracellular ATP binds to P2X7R, a recep-
tor that senses oxidative stress and metabolic stimula-
tion that serves as an NLRP3 inflammasome activator,
forming a nonselective cationic channel and causing the
subsequent K efflux and Ca*" influx, which directly
activates the NLRP3 inflammasome, thereby trigger-
ing pyroptosis in human RMECs [101, 102]. Another
study showed that glucose can pass through the plasma
membrane and generate mitochondrial ROS. Conse-
quently, the NLRP3 inflammasome is activated, causing
CASP1 cleavage and IL-1p and IL-18 release, and result-
ing in pyroptosis in RPE cells [99]. There is also evidence
showing that HG inhibits the expression of the voltage-
dependent anion channel, a regulator of mitophagy
anchored to the outer mitochondrial membrane, causing
PINK1/Parkin-mediated mitophagy inhibition. Damaged
mitochondria and mtROS accumulation resulting from
impaired mitophagy activate the NLRP3 inflammasome
in retinal capillary endothelial cells [103].

MicroRNAs have also been shown to be highly
involved in the regulation of NLRP3. It has been dem-
onstrated that miR-130a is remarkably downregulated
under HG conditions in ARPE-19 cells and activates
the TNF-a/SOD1/ROS signaling pathway to activate
NLRP3-mediated pyroptosis [104]. In human RMECs
incubated with the HG model, downregulation of miR-
590-3p promoted pyroptosis through the NOX4/ROS/
TXNIP/NLRP3 axis, as well as targeting NLRP1 [22]. In
DR rats, researchers have shown that miR-20b-3p upreg-
ulation could confine the NLRP3-mediated inflammatory
response by suppressing the thioredoxin-interacting pro-
tein (TXNIP), thereby retarding DR progression [105].
miR-30a downregulates NLRP3 expression by directly
targeting its 3’-UTR [106]. In addition, miRNA modifica-
tions may play a role in pyroptosis. Research showed that
overexpression of methyltransferase-like 3 (METTL3),
which serves as a m®A modification “writer’, regulated
miR-25-3p/PTEN/Akt/NLRP3 signaling in a DGCR8-
dependent manner to alleviate HG-induced pyroptosis in
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RPE cell [13]. Furthermore, miRNAs can regulate pyrop-
tosis by interacting with long non-coding RNA (IncRNA).
In AGE-BSA-treated human retinal pericytes, the
expression of IncRNA MIAT and CASP1 was strikingly
increased, while miR-342-3p expression was decreased.
Increased IncRNA MIAT may also compete with CASP1
mRNA for binding to miR-342-3p, resulting in the block-
age of CASP1 translation as well as CASP1-dependent
pyroptosis [107].

TXNIP is a widely overexpressed protein involved in
cellular redox control in a high-glucose environment
[105]. TXNIP also plays a prominent role in innate
immunity via the TXNIP/NLRP3 inflammasome pathway
and IL-1p secretion during DR development [97]. TXNIP
acts as a bridge linking oxidative stress and the NLRP3
inflammasome in Miiller cells during chronic hyperglyce-
mia [108]. The dissociation of TXNIP from thioredoxin
triggered by ROS transforms TXNIP from a thioredoxin
repressor to an NLRP3 inflammasome activator [109].
Additionally, it was reported that HG induced TXNIP
expression via increased intracellular Ca*>" levels or acti-
vation of carbohydrate response element-binding protein
[110]. When activated, TXNIP shuttles to the mitochon-
dria, where it competes for the binding site on thiore-
doxin-2 with apoptosis signal-regulating kinase 1 (ASK1).
Thus, ASK1 is isolated from thioredoxin-2, thereby acti-
vating the following signaling pathway that contributes to
NLRP3-related pyroptosis [95, 110].

Transcription factor nuclear receptor subfamily 4
group A member 2 (Nurrl) is a member of the super-
family of ligand-regulated transcription factors, the
physiological ligands of which are unknown. It protects
neurons from inflammation-induced cell death [111].
Nurrl shows decreased expression and nuclear translo-
cation in HG-treated Miiller cells and exerts anti-inflam-
matory effects in astrocytes by binding to NF-kB p65 to
prevent RGC loss [112]. It has been reported that protein
kinase R regulates the NLRP3 inflammasome via NF-xB
in RECs, which can be suppressed by Epac1 [113].

Multiple retinal cells are involved in DR due to the
high-glucose environment, and evidence have demon-
strated the crucial role of pyroptosis in pathogenesis. The
chronic HG environment damages not only the retinal
vascular units, but also other types of cells in the retina,
such as RPE cells, microglia, and Miiller cells, which are
essential components of the blood-retinal barrier and
key elements in maintaining the normal function of the
visual system [114]. Extensive retinal cell death leads to
the destruction of the blood—retinal barrier, which results
in the leakage of liquid components from the blood ves-
sels into the retina, causing bleeding, edema, exudation,
and ischemia in the retina [115]. However, a previous
study claimed that pyroptosis occurs prior to apoptosis
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[36], although this has not been proven in an ocular cell
model. Although various ocular cell types suffer from
pyroptosis in the pathogenesis of DR, the cell that is
the initial victim remains unclear, which might become
an important issue in the early diagnosis of DR, and the
interaction among these cells within or after the pyrop-
tosis process also requires further exploration. Moreo-
ver, the mode of cell death with the greatest effect on DR
progression remains to be determined. In addition, stud-
ies on human samples are limited, and potential targets
in mouse or cell models cannot be translated into clinical
use in a short period of time.

Age-related macular degeneration

AMD is an aging problem and a leading cause of central
vision loss and blindness [116]. Because of RPE dam-
age, AMD is characterized by the degeneration of pho-
toreceptors in the macula, which is a specialized area of
the central retina that guarantees fine visual acuity [50].
Changes in RPE pigmentation, accumulation of lysoso-
mal lipofuscin, and appearance of extracellular yellowish
drusen deposits are the main characteristics of early-
stage AMD [117]. Geographic atrophy (dry AMD) and
choroidal neovascularization (wet AMD) are the two
forms of late-stage AMD. The former is characterized by
progressive and irreversible atrophy of the RPE, photo-
receptors, and underlying choriocapillaris, whereas the
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latter is characterized by abnormal growth of choroidal
vessels infiltrating the macula [50]. RPE cells, the mon-
ostromatic cells located between the Bruch’s membrane
and the photoreceptors, are the main aggrieved cells
in AMD [118]. In healthy retinas, RPE cells function as
photoreceptor supporters by providing nutrients from
the choroid and by removing waste products. They also
maintain the integrity of the blood-retinal barrier and
the stability of retinal pH, as well as play a part in the
immune defense of the central retina. RPE cell degen-
eration is a consequence of complicated interactions

between incremental inflammation and oxidative stress,
mitochondrial dysfunction, and insufficient protein
clearance [119]. Generally, when cells are attacked by an
infection, pyroptosis induces pathological inflammation
to accomplish its defensive role. Thus, it is worth noting
that pyroptosis may take an important part in the pro-
gression of AMD. Moreover, it has been reported that
pyroptosis could augment the susceptibility of RPE cells
to photo-oxidative damage, leading to cell death and sub-
sequent RPE degeneration [120].
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Early research in this field mainly focused on inflam-
masomes, the central component of inflammation, of
which the most widely studied one is NLRP3 [56]. NLRP3
is thought to contribute to AMD progression and has
been extensively studied in AMD models. Drusen, one
of the hallmarks of AMD, is located between the basal
lamina of the RPE and the inner collagenous layer of the
Bruch’s membrane and is believed to advance chronic
inflammation in early stage AMD progression owing
to its lipid and protein components [121]. It is thought
to be involved in the pathogenesis of AMD by activat-
ing NLRP3 [122]. Drusen comprises various substances,
such as AP, advanced glycation end products, comple-
ment components, oxidized lipids, and vitronectin [123].
Drusen is also enriched in low-density lipoproteins
(LDL). Owing to its susceptibility to oxidation, LDL is
easily transformed into ox-LDL, which induces a mass of
ROS and oxidative stress [124]. In addition, ox-LDL can
also be taken up by RPE by targeting the CD36 receptor
and lysosomes, thereby causing their disruption. Lysoso-
mal disruption, together with the release of cathepsins
into the cytoplasm, results in NLRP3 activation and sub-
sequent cascades of pyroptosis [124—126]. Studies have
also shown that ox-LDL promotes ATP release, thereby
activating P2X7R and resulting in Ca?" influx and NLRP3
inflammasome activation [124].

Ap, another important component of drusen, can also
trigger NLRP3 inflammasome activation and stimulate
NLRP3/GSDMD-dependent pyroptosis [10, 127]. AP
exists in two forms: the 1-42 form in plaques of Alzhei-
mer’s disease (AD) and the 1-40 form in AMD drusen
[121]. Previous studies have confirmed that AP increases
intracellular ROS via NADPH oxidase (NOX, especially
NOX4) and the mitochondrial electron transport chain,
which are the two main ROS sources in cells [121, 128].
Although the exact mechanism of ROS-induced NLRP3
inflammasome activation remains poorly understood,
several studies have been conducted in this regard. Wang
et al. revealed that the MAPK cascade activated by ROS
initiated the translocation of NF-«xB from the cytosol to
the nucleus in LPS-primed ARPE-19 cells [121]. AP gives
a priming signal to the NF-«xB, which upregulates the
transcription of NLRP3, pro-IL-18, and pro-IL-1f [129,
130]. The membrane attack complex on the RPE cell
membrane provides a second signal for NLRP3 inflam-
masome assembly and activation [130]. Another study
claimed that AP directly acts as a secondary activation
signal after the priming step via the NF-kB pathway [129,
131].

Recently, miRNAs have been shown to be related to
NLRP3 activation. For instance, after AB1-40 stimulation,
miR-191-5p is downregulated in RPE cells, subsequently
leading to an increase in C/EBPp levels and resulting in
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increased transcription of NLRP3 [132]. Two other miR-
NAs, miR-223 and miR-22-3p, suppress NLRP3 expres-
sion [127, 133]. Complement components such as C1Q,
C3a, and Cb5a are also involved in NLRP3 activation.
Doyle et al. proposed that drusen component lysosomal
rupture resulting from C1Q leads to the release of cath-
epsin B, a lysosomal exopeptidase, into the cytosol, which
then activates NLRP3 assembly and activation [122].
Complement C5a also sends a priming signal for NLRP3
inflammasome activation and causes pyroptosis [134].
Notably, RPE cells can produce intracellular complement
components (C3) under oxidative stress stimuli [135].
After treatment with properdin, scientists observed that
the levels of C3 and NLRP3 were both downregulated.
However, the underlying mechanism between C3 and
NLRP3 activation remains unclear, and further investiga-
tion is required [135].

In addition to drusen on the Bruch’s membrane, the
amount of insoluble lipofuscin, composed of nonde-
gradable products of photoreceptor outer segment
metabolism, accumulates with age within RPE cells [123].
A2E, a major fluorophore in lipofuscin, activates NLRP3
by disrupting lysosomes, thereby releasing cathepsins
[123]. Other studies have shown that light-induced lipo-
fuscin oxidation leads to the formation of lipofuscin oxi-
dation products, causing excessive oxidative stress and
ROS production, which directly activates the NLRP3
inflammasome and promotes the release of cytokines,
causing further damage to RPE cells [134, 136, 137]. Risk
factors that contribute to increased ROS (including mito-
chondrial ROS) generation and promote oxidative stress,
such as aging, smoking, high-fat diet, light-induced
photo-oxidative reactions, potassium efflux, and ATP,
are also related to the activation of the NLRP3 inflamma-
some [56, 138—140]. Previous studies have reported that
DICER1 deficiency results in an overload of Alu RNA,
which also adds to excessive oxidative stress and ROS.
ROS then primes the formation of the NLRP3 inflam-
masome and IL-18. Notably, the mature form of IL-18
is thought to mediate the activation of IL-1 receptor-
associated kinases 1 and 4 (IRAK1/4), which is linked
to NLRP3 activation and RPE pyroptosis [117, 141]. It
has also been demonstrated that Alu RNA induces the
NEF-kB pathway and signaling via P2X7R to control the
NLRP3 inflammasome priming and activation steps in
the pathogenesis of geographic atrophy [142]. The release
of ATP into the extracellular space via connexin43, which
is overexpressed and opens channels prematurely in the
RPE membrane, acts as a second signal of NLRP3 inflam-
masome activation [143, 144].

Although there is plenty of research in the field of
AMD proving that NLRP3 inflammasome activation will
lead to GSDMD-mediated pyroptosis in recent years [10,
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124, 126, 127, 134, 145], most of the current research
mainly focuses on the process of NLRP3 activation and
lacks evidence revealing whether the RPE cell death
form is indeed pyroptosis. Therefore, the mechanism
between each stimulus and NLRP3/GSDMD pyroptosis
remains to be elucidated. Furthermore, little is known
about the role of other inflammasomes such as NLRC4
and AIM2 in the progression of AMD. It is worth not-
ing that apart from NLRP3, noncanonical inflammasome
activation (caspase-4/GSDMD-dependent pyroptosis)
and caspase-3/GSDME-dependent pyroptosis have been
shown to play an important role in the pathogenesis of
AMD [69, 146]. Moreover, activated microglia, along
with lysosomal destabilization, can act as a priming step
to activate the NLRP3 inflammasome in RPE cells [147].
Therefore, the relationship between microglia and RPE
pyroptosis is noteworthy.

According to the signaling pathways introduced above,
the components of drusen are important triggers of RPE
cell pyroptosis, which might accelerate the progression
of AMD. Therefore, monitoring the early onset of drusen
might be an effective diagnostic method for AMD, and
blocking drusen-related molecules might be beneficial
for slowing AMD progression. Notably, Aj3, one of the
main components of drusen, also plays an important role
in AD [148]. Hence, research targeting Ap in AD might
provide a clue on AMD therapy in the future.

AIDS-related HCMV retinitis

AIDS-related HCMYV retinitis is a sight-threatening reti-
nal disease caused by beta-herpesvirus that affects AIDS
patients who do not have access to antiretroviral therapy
or who fail to respond to it, as well as non-AIDS patients
who are immunosuppressed for solid-organ or bone mar-
row transplantation [149, 150]. In order to investigate the
pathogenesis of AIDS-related HCMYV retinitis, scientists
have conducted works with a well-characterized model
of experimental murine cytomegalovirus (MCMYV) reti-
nitis in mice with retrovirus-induced immunosuppres-
sion (MAIDS) [149]. Apoptosis was previously thought
to be the major contributor to the retinal pathology that
develops after the onset of AIDS-related HCMYV retinitis
[151]. However, Chien et al. challenged this assumption
by showing that only 4% of retinal cells were undergoing
apoptosis in MCMV-infected eyes of MAIDS-10 mice
(mice with MAIDS of 10-week duration) while mole-
cules related to pyroptosis and necroptosis significantly
increased [150]. For further investigation, this team
analyzed and compared the intraocular expressions of
immune response genes within MCMV-infected eyes of
groups of healthy mice and MCMV-infected mice with
MAIDS via transcriptional analysis [152]. The significant
intraocular stimulation of pyroptosis-associated genes,
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such as CASP1, IL-1f, IL-18, and AIM2 inflammasome,
served to confirm their previous determination [152]. Xu
et al. also provided evidence that the expression of pyrop-
tosis-related inflammasomes, including NLRP3, NLRP4,
NLRP6, and AIM2 were upregulated in the eyecups of
the MCMV-infected mice [153]. Of greater significance,
Carter et al. recently demonstrated that although both
pyroptosis and apoptosis occur in the ocular compart-
ment of MCMV-infected mice with MAIDS, pyroptosis
contributes far more than apoptosis toward the develop-
ment of full-thickness retinal necrosis during the patho-
genesis of MAIDS-related MCMV retinitis [14]. An
atypical phenomenon was also observed in this research
that the MCMV-infected eyes of MAIDS mice with cas-
pase-1, GSDMD, or IL-18 deficiency did not develop
full-thickness retinal necrosis but instead presented
thickening and proliferation of the retinal pigmented
epithelium layer with relative preservation of the neuro-
sensory retina in contrast to wildtype MAIDS mice [14].
Above all indicate that pyroptosis might be an operative
target for MAIDS-related MCMYV retinitis. More inves-
tigation of this model and its future application in AIDS
patients is worth expecting.

Glaucoma Glaucoma is a neurodegenerative disease
that can eventually lead to irreversible blindness [154].
Glaucoma causes damage to the optic nerve and progres-
sive degeneration of RGCs [62]. IOP, older age, family his-
tory, and non-White race are essential risk factors for this
complex multifactorial disease [155]. IOP increases as a
result of blocked aqueous humor outflow from the eye.
This reduces the amount of blood flow to the eye, caus-
ing hypoxia or ischemia. Furthermore, mechanical dam-
age, oxidative stress, and hypoxia induce mitochondrial
dysfunction in RGCs, glial activation, and neuroinflam-
mation, magnifying the pathogenesis of glaucoma [156].
Chronic neuroinflammation not only directly damages
RGCs, but also establishes a pro-inflammatory environ-
ment and impairs the immune privilege of the retina
[156]. Specifically, the NLRP3 inflammasome, a key driver
of pyroptosis and inflammation, has been demonstrated
to engage in glaucoma pathogenesis (Fig. 5).

NLRP3 inflammasome activation has been reported
in pre-clinical studies of glaucoma. Pro-inflammatory
cytokines resulting from NLRP3 inflammasome activa-
tion are increased in the blood of patients with glaucoma,
resulting in the death of RGCs due to neurotoxic inflam-
mation [157]. IOP elevation activates NLRP3 in the glial
cells of the retina, leading to neurotoxic inflammation,
axon degeneration, and subsequent death of RGCs in
glaucoma [157]. In a physiological state, hypoxia caused
by elevated IOP induces mitophagy to reduce the num-
ber of dysfunctional mitochondria. However, this process
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may be inhibited in patients with glaucoma. Accumula-
tion of damaged mitochondria promotes oxidative stress
and metabolic vulnerability. Oxidative stress then acti-
vates NLRP3, resulting in further inflammatory response
[154]. Concomitantly, elevated IOP triggers pannexin
and connexin hemichannels, inducing ATP efflux from
the intracellular space [23, 156]. External ATP binds to
and opens P2X7R, resulting in the uptake of extracellu-
lar Ca?* [23]. The Ca?" influx then signals the assembly
of the NLRP1/NLRP3/AIM2 inflammasome, mediat-
ing GSDMD pore formation to execute pyroptosis [23].
Nevertheless, each type of inflammasome is activated in
a different cellular pattern. In particular, NLRP1 is active
in RGCs, NLRP3 is poorly active in astrocytes and vascu-
lature but is inducible in ganglion cell layer neurons, and
AIM2 is active in Miiller glia [23]. Moreover, Ca*" influx
can induce inflammation, microglial activation, and
cytokine release by stimulating mitochondrial destabili-
zation [154]. Retinal ischemic reperfusion injury triggers
the release of HMGBI in the retina, which is an endog-
enous ligand of TLR4, and activates caspase-8 and the
downstream NF-kB pathway to initiate NLRP3 activation
[64, 158].

Additionally, activated caspase-8/NF-«kB can trigger
hypoxia-inducible factor-la (HIF-1a) signaling [11, 159].
CASP8-HIF-1a signaling regulates NLRP3/NLRP12/
NLRCH4 in retinal ischemic injury induced by high IOP,
and this axis may initiate CASP1/GSDMD-mediated
pyroptosis. Furthermore, scientists found that IL-1p
magnifies pyroptosis by promoting the aforementioned
axis, revealing that IL-1p exacerbates neuroinflammation
and pyroptosis [11]. Metabolic vulnerability also contrib-
utes to inflammation in glaucoma. The limited energy
supply in the optic nerve and retina triggers the primary
cellular energy sensor, AMP-activated protein kinase,
which activates NF-kB/NLRP3 signaling [159]. Further-
more, glutamate excitotoxicity is assumed to be a major
factor in the onset and progression of glaucoma [160]. In
glaucoma, there is a relatively high level of glutamate in
the extracellular fluid [161]. Excessive glutamate inter-
acts with the glutamate receptors on RGCs, resulting in
a large Ca®" influx and mitochondrial dysfunction, thus
triggering NLRP3 inflammasome activation that leads to
RGC death [162]. Apart from the NLRP3 inflammasome,
studies have shown that NLRC4 is also involved in RGC
pyroptosis in an acute glaucoma mouse model, but the
precise mechanism requires further investigation [163].

The retina has a self-defense system that consists of
three types of resident glial cells (astrocytes, Miiller cells,
and microglia) that mediate the inflammatory response
[157, 164]. Glial cells play a key role in determining the
life-or-death decisions of neurons in glaucoma by exert-
ing both supportive and detrimental effects. Various
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stress stimuli create an imbalanced environment in the
glaucoma tissue, which initiates and propagates second-
ary damage (neuroinflammation). Chronic activation of
glial cells is generally regarded as a sign of ongoing neu-
roinflammation in the glaucomatous retina and optic
nerve [165]. Evidence has shown that ocular hyperten-
sion drives astrocytes or Miiller cells to release ATP, and
microglia induced by the ATP/P2X7R/NLRP3 pathway
contribute to RGC death [166]. However, the role of
pyroptosis in this process remains to be elucidated. Nota-
bly, pyroptosis appears to link environmental factors,
such as fine particulate matter (PM2.5), to the onset of
glaucoma. PM2.5 triggers oxidative stress, which acti-
vates NLRP3-mediated pyroptosis in human trabecular
meshwork cells. Thus, IOP is elevated due to blocked
aqueous humor outflow, which initiates the progression
of ocular hypertension and glaucoma [18].

In conclusion, IOP elevation initiates multiple signal-
ing pathways of pyroptosis and leads to RGC death. As a
result, targeting these related molecules may slow down
or even reverse RGC degeneration. Additionally, the
exact role of resident glial cells associated with pyroptosis
of RGCs is a potential issue that needs to be determined.
Furthermore, previous studies have mainly focused on
signaling after the onset of IOP elevation; however, only a
few studies have focused on the causes of increased IOP.
For example, environmental factors might elevate IOP by
triggering pyroptosis of trabecular meshwork cells and
blocking the outflow of aqueous humor. Therefore, more
questions regarding the etiology of glaucoma need to be
answered.

Ocular surface disease 'The ocular surface is directly and
constantly exposed to environmental irritants, allergens,
and pathogens. Therefore, it loads a first-line self-defense
system, a rapid immune response, to maintain its integrity
[167]. Corneal and conjunctival epithelial cells are now
classified as innate immunity cells, which are traditionally
leukocytes and serve as not only a bridge between innate
and adaptive immunity, but also as a first-line defense
against pathogens [168]. Ocular surface diseases have
one thing in common as they involve direct changes in
the chemistry of the ocular surface as well as the proper-
ties of the tear film and the topographical properties of
cellular components or the microbial distribution of the
ocular surface. These diverse diseases should find a way
to identify the underlying etiological factors and develop
effective treatment strategies through interdisciplinary
research [169]. In recent years, emerging studies have
found that pyroptosis is a newly discovered mode of ocu-
lar surface cell death and engages in the pathogenesis of
ocular surface disorders such as DED and keratitis.
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Dry eye disease

DED is a common ocular disease that is characterized
by tear film insufficiency. Without proper intervention,
the main symptom of ‘eye irritation’ may aggravate and
progress to visual disturbances [170]. Tear hyperosmo-
sis, corneal inflammation and injury, corneal neuropar-
esthesia, and dysfunction of the lacrimal and meibomian
glands all contribute to DED pathogenesis [171]. Of
these, inflammation is considered a key factor in DED
and is regarded as both the cause and outcome of DED
[172]. Serving as the outermost layer of the eye, corneal
and conjunctival epithelium frequently confront large
amounts of environmental factors, such as low humidity,

air pollution, air conditioning, and longer viewing digital
screen hours, which increase tear evaporation, decrease
tear volume, lead to tear hyperosmosis, cause aridity
stress, and induce ROS production, thus triggering the
death of corneal and conjunctival epithelium [168, 173].
Excessive generation of ROS and oxidative stress in
DED contribute to inflammation [172]. Zheng et al. first
showed that increased ROS leads to NLRP3 inflamma-
some activation and CASP1-mediated IL-1( secretion
in a murine DE model [174]. By analyzing tear samples
and conjunctival specimens from patients with DED,
researchers found upregulated expression of NLRP3
inflammasome and downstream CASP1, IL-1B, and
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IL-18, especially in patients with Sjogren’s syndrome (SS)
dry eye [175]. Subsequently, another study reported that
NLRP3 mediated innate inflammation after ROS genera-
tion in hyperosmotically stressed human CECs. These
studies suggest that the ROS/NLRP3/IL-1p signaling
pathway may function as a priming step in DED devel-
opment [176]. Chi et al. demonstrated that ROS over-
production under hyperosmolarity causes mitochondrial
DNA-oxidized damage, which may stimulate BRCC36, a
DNA damage-associated deubiquitinase, to activate the
NLRP3 inflammasome while suppressing the NLRP6
inflammasome [168]. This study also proved that tear
hyperosmosis activated NLRP3 and noncanonical IL-1p
processing via CASP8 activation [168]. A study also
showed that inhibiting hyperosmolarity-induced inflam-
mation through mitigation of the translocation of NF-xB
to the nucleus decreases NLRP3-mediated inflammatory
response, suggesting that ROS activates NLRP3 protein
expression via NF-«kB signaling [173]. A more recent
study showed that excessive ROS can promote the forma-
tion of NLPR3 by dissociating TXNIP from thioredoxin
[172]. Furthermore, Zhang et al. showed that NLRP3/
CASP1/GSDMD-driven pyroptosis is involved in hyper-
osmosis-induced CEC damage [177].

In addition to NLRP3, scientists have shown that TLR4-
induced CASP8 activation facilitates the collaboration
between NLRP12 and NLRC4 inflammasomes, triggering
GSDMD-dependent pyroptosis in the mucosal corneal
epithelium in response to aridity stress [12]. Moreover,
this signaling can be magnified by IL-33, thereby forming
a cascade of inflammation in DED [12].

Overall, the studies mentioned above have shown that
NLRP3 is now the most well-studied inflammasome
in DED, and ROS and excessive oxidative stress are the
major triggers of NLRP3 activation. Future research
should focus on other inflammasome types. A recent
study on SS revealed a marked elevation of the AIM2
inflammasome and increased spontaneous IL-1f produc-
tion. However, the team used only salivary biopsy tissues
and ductal salivary gland epithelial cell lines in patients
with SS [178]. However, it provides a new prospect for
the study of pyroptosis in SS dry eye such that the AIM2
inflammasome may also participate in the pathogenesis
of DED. Analysis of the lacrimal gland and tear samples
from patients with SS may be the next step for future
research on SS.

Keratitis

Fungal keratitis is a corneal disease caused by fun-
gal infection that may lead to blindness [19]. CECs are
responsible for the first-line immune response against
fungi. After recognizing PAMPs through PRRs, a series
of signal transduction pathways, such as NF-kB, is
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activated in CECs, which elevates the expression of IL-1
[179]. Aspergillus fumigatus keratitis is one of the most
well-studied fungal keratitis, and emerging studies have
shown that pyroptosis plays a role in its pathogenesis.
Zhao et al. concluded that interferon (IFN) stimulated by
A. fumigatus in the cornea binds to homologous IFNR,
causing JAK/STAT signaling transduction and triggering
caspase-1/GSDMD-mediated pyroptosis [19]. Another
study showed that A. fumigatus-stimulated CECs induce
pyroptosis of THP-1 macrophages by secreting thymic
stromal lymphopoietin, a type of inflammatory fac-
tor produced by epithelial cells [34]. Yang et al. demon-
strated that A. fumigatus infection leads to the opening
of pannexin 1 channels, which then activates NLRP3/
CASP1/IL-p pathway [180]. In addition to A. fumiga-
tus, Pseudomonas aeruginosa is also an essential patho-
gen for keratitis. In corneal samples from patients with
P aeruginosa keratitis and rat models, CASP4/5/11
expression was upregulated. LPS-induced noncanonical
pyroptosis occurs in this model [181]. Qu et al. showed
that triggering receptors expressed on myeloid cells 2, a
PRR expressed on myeloid cells, promotes host defense
against P aeruginosa keratitis by inhibiting CASP1-
dependent pyroptosis [182]. Previous studies have shown
that P aeruginosa infection promotes the assembly of
NLRC4 and NLRC3 inflammasomes [183, 184].

Apart from fungi, herpes simplex virus type 1 (HSV-1)
is also an infectious pathogen that leads to cornea inflam-
matory disease. Early during viral infections, NLRP3,
NLRP12, and IFI16 inflammasomes are activated, lead-
ing to elevated production of biologically active CASP1,
IL-1p and IL-18 along with an increased recruitment of
monocytes and neutrophils into the inflamed cornes,
which then results in clinical inflammation that exacer-
bates corneal manifestation [185]. Another study also
reported that NLRP3 activation was induced by HSV-1
infection in the cornea of both murine and human CECs
[186]. The initial purpose of inflammasome activation
might serve as a protective strategy for host to fight
against viral immunopathological lesion [187]. Never-
theless, dysregulation or hyper-activation of different
inflammasomes by virulent strains of HSV-1 can make
the ‘protective’ inflammatory responses pass the point of
no return, and finally lead to an exacerbation of inflam-
mation that is harmful to the well-being of the cornea
[185]. Therefore, controlling the type and the level of
activation of the host’s inflammasomes might become
a potential target for preventing further progression of
HSV-1-related keratitis caused by aberrant inflammation.

In other keratopathies such as diabetic corneal
endothelial keratopathy, IncRNA KCNQ1OT1 sponges
miR-214, which targets CASP1 as a competing endog-
enous RNA (ceRNA) and regulates the expression of
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IL-1B during pyroptosis [188]. Niu et al. demonstrated
that PM2.5, the chief culprit of air pollution, induces
the ROS/NLRP3/GSDMD-mediated pyroptosis axis in
human CECs [189]. In corneal alkali burn, the TLR4—
MyD88-CASP8 axis causes imbalance in NLRP3/NLRP6
(upregulation of NLRP3 and downregulation of NLRP6)
and subsequent corneal epithelial damage [190].

Uveitis  Uveitis is a complex inflammatory ocular disease
that involves uvea, the middle layer of the eye between
the retina and the sclera. Uveitis can be classified across
several dimensions. According to the anatomic location
of inflammation, uveitis is classified into anterior uveitis
(anterior chamber), intermediate uveitis (vitreous cavity),
posterior uveitis (retina, choroid, retinal blood vessels),
and panuveitis (anterior chamber, vitreous, and retina or
choroid with no one site predominant) [191]. Etiologically,
uveitis can be classified into infectious (antigen mediated),
non-infectious (immune mediated), or masquerade (can-
cer associated) [15, 191]. Non-infectious uveitis is often
shown as a manifestation of autoimmune or inflammatory
systemic diseases, including juvenile arthritis, Vogt—Koy-
anagi—Harada disease, sarcoidosis, Blau syndrome, and
Behcet’s disease, etc. [15, 192]. Both innate and adaptive
immune system are engaged in the inflammatory path-
ways underlying uveitis. The innate immune system plays
a major role in infectious uveitis, while the non-infectious
uveitis largely depends on the adaptive immune system
[193]. The innate immune system is the first-line host
defense against microbial invasion and relies on PRRs,
such as NLRs and TLRs. When PRRs recognize dan-
ger signals (PAMPs or DAMPs), innate immune cells or
inflammasomes are activated, resulting in the recruitment
of leukocytes at the site of infection or extracellular release
of cytokines, which then promotes a cascade of inflamma-
tory response to eliminate the invading pathogen [15, 194,
195]. The adaptive immune system includes cell-mediated
(T cell) and humoral-mediated (B cell) immunities, both of
which are key to drive tissue inflammation or repair [195].
CD4+ and CD8+ T cells, as well as antibodies, are adap-
tive immune components that can express effector func-
tion in the eye [196]. Naive CD4+ T cells are able to be
differentiated into diverse subsets of effector T cells, such
as T-helper (Th) 1, Th2, and Th17, when they are triggered
by antigen peptide stimulation and specific cytokines [15,
195]. From data in different animal models of uveitis, both
Thl and Th17 cells specific to retina are induced [197].
Cytokines released by Th1 (e.g., IL-1, IL-18, IL-6, etc.) and
Th17 (e.g., IL-17,1L-21, IL-22, etc.) will aggravate lympho-
cyte infiltration and ocular inflammation, leading to an
inflammatory microenvironment in the eye by facilitating
recruitment of neutrophils, macrophages, and monocytes
into the eye, as well as promoting Th cell differentiation,
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clonal expansion, and cytokine production [15, 198, 199].
IL-1B, a cytokine that is secreted by Th1 and plays a criti-
cal in both pyroptosis and Th17 cell differentiation, must
be processed into its mature form under the strict regu-
lation of inflammasomes [198]. IL-18, another important
cytokine in pyroptosis, has great effect on modulating
both innate and adaptive immune system [199]. There-
fore, understanding the interaction underlying Th1, Th17,
cytokines and inflammasomes will be necessary to figure
out the role of innate and adaptive immune system in the
pathogenesis of uveitis and will add to our further investi-
gation on pyroptosis in the pathogenesis of uveitis.

As an essential part of immune system, although there
is very little direct morphological evidence, pyroptosis is
thought to be related to the pathogenesis of uveitis for
its key players showing great activities in the pathogen-
esis of uveitis. Up to now, a number of inflammasomes
have been demonstrated to be involved in the pathogen-
esis of uveitis. Li et al. demonstrated that NLR signaling
pathway is one of the most prominent pathways in the
iris tissues in experimental autoimmune uveitis [200]. A
study identified that NLRP1, NLRP3, and NLRC4 inflam-
masomes might be associated with posterior segment
uveitis susceptibility using whole-exome sequencing
[201]. NLRP12 has recently been implicated in regula-
tion of inflammation and protection against experimen-
tal autoimmune uveitis (EAU) [202]. NLRP12—/— mice
developed exacerbated uveitis, which was not attributed
to inherent T cell dysfunction but depended on enhanced
neutrophil and macrophage accumulation, indicating
that NLRP12 exerts an anti-inflammatory role to sup-
press uveitis [202]. In peripheral blood mononuclear
cell samples of patients with Behcet’s disease, which is
one of the uveitis-related chronic inflammatory diseases,
NLRP3 expression level is upregulated during the onset
of disease [203]. Genetic variants of NLRP3 and NLRP1
gene were found in patients suffering Behget’s disease.
And the autoinflammatory syndromes of these patients
were thought to be caused by a misregulation of the
inflammasome proteins that leads to an increased release
of IL-1P [204—207]. Apart from Behget’s disease, cryopy-
rin-associated periodic syndrome, a group of inherited
autoinflammatory disorders caused by NLRP3 mutations,
shows ocular symptoms, including anterior uveitis [208].
Rosenzweig et al. verified that although NLRP3 and
CASP1 were activated and responsible for controlling the
production of IL-1f in endotoxin-induced uveitis model,
deficiency in NLRP3 or CASP1 did not significantly alter
the severity of uveitis [209]. Another study in EAU model
also confirmed this point. NLRP3 inflammasome and the
following production of IL-1f are elevated in EAU mice.
In contrast, NLRP3 inflammasome were not elevated in
complement-deficiency mice. However, EAU-associated
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retinal pathophysiology were not improved in comple-
ment-deficiency mice [210]. These surprising findings
cast doubt on the role of NLRP3 inflammasome in the
pathogenesis of uveitis, raising the question of whether it
is necessary or dispensable for the development of uvei-
tis. Hence, more investigations on a more specific role
of inflammasomes in uveitis and their involvement with
other immune response elements, such as T cells, are
required in the future.

Functional CASP1 formed by inflammasome complex
cleaves pro-IL-1B and pro-IL-18 into bioactive IL-1f
and IL-18. IL-1 signaling is pivotal for the pathogenesis
of uveitis. Early in 1994, Yoshida et al. observed elevated
expression level of IL-1p in the iris—ciliary body of endo-
toxin-induced uveitis model [211]. Mice that lack IL-1
receptor show decreased inflammation in the model of
uveitis [212]. Moreover, the eye of mice that is deficient
in IL-1 receptor antagonist (Ra), which is an endoge-
nous inhibitor of IL-1 activity, shows extreme sensitivity
to LPS and marked exacerbation of the resulting uveitis
[213]. A study also found that lentivirus gene delivery of
IL-1Ra significantly reduced the severity of experimental
uveitis, implying that lentivirus-mediated expression of
immunomodulatory genes in the anterior chamber could
be used to treat uveitis [214]. Zhao et al. presented that
the severity of inflammation was correlated with expres-
sion level of IL-1B, IL-1Ra, and IL-18 in the aqueous
humor of patients with HLA-B27-associated acute ante-
rior uveitis [215]. In addition, Fabiani et al. observed that
the symptoms of uveitis in patients with Behget’s disease
were suppressed after receiving anti-IL-1 agents, indicat-
ing the vital significance of IL-1 signaling in the develop-
ment of uveitis. However, a research showed that mice
with deficiency in IL-1Ra shows low susceptibility to
NOD-2-mediated uveitis, which belongs to the manifes-
tation of Blau syndrome [216]. Therefore, the difference
of susceptibility to uveitis across patients with differ-
ent inflammatory disorders and the involvement of IL-1
signaling in the severity of uveitis are pending further
research. Although there has been research showing an
elevation of IL-18 in aqueous humor of patients with uve-
itis [215, 217], and an increased susceptibility to uveitis in
patients with Behcet’s disease along with IL-18 promoter
polymorphisms [218], it is a pity that strategies targeting
IL-18 signaling have not drawn much attention from sci-
entists focusing on uveitis.

To the best of our knowledge, there is only very lim-
ited direct evidence of pyroptosis in research on uveitis.
Despite this, there are reasons to believe that pyropto-
sis may play a role in the pathogenesis of uveitis and be
related to the exacerbating ocular inflammation during
uveitis, based on the vibrant activities of key players of
pyroptosis, such as inflammasomes and cytokines, in
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the pathogenesis of uveitis, as well as recent evidence
showing induced pyroptosis in intestinal epithelial cells
derived from patients with Behcet’s disease [219].

Cataracts Cataracts, characterized by lens opacity, are
the most common ocular disease and the leading cause
of blindness worldwide [20]. Drugs, malnutrition, aging,
ultraviolet (UV) light, and diabetes mellitus are widely
accepted risk factors for cataract [220]. LECs can stabilize
the intracellular environment and maintain a clear crys-
talline lens [221]. Oxidative damage occurs when LECs
are exposed to both endogenous and exogenous oxidative
stress, including light radiation and inflammatory fac-
tors, producing high levels of ROS. ROS overproduction
has been reported to induce NLRP3/CASP1 activation,
which subsequently triggers IL-1B/IL-18 production and
cell death by pyroptosis [221]. The present study demon-
strated that pyroptosis may participate in cataract forma-
tion in a model of H,O,-treated LECs via CASP1/IL-1p
pathway [221]. Sun et al. showed that CRTAC1-mediated
UVB-induced pyroptosis in human LECs occurs via
ROS/NLRP3/CASP1 signaling [20]. Other studies have
shown that short-wavelength blue light induces pyropto-
sis by activating the canonical or noncanonical CASP1/
GSDMD signaling axis in LECs [220, 222]. In addition, the
expression levels of CASP1 and GSDMD in LECs changed
with blue light exposure times [222].

Potential therapies targeting pyroptosis for ocular
diseases

The role of pyroptosis in the initiation and progression
of ocular diseases has drawn the attention of scientists
seeking inhibitors or agents that specifically target pyrop-
tosis pathway-related proteins, such as NLRP3, CASP1,
GSDMD, and other molecules (Table 2).

Several studies have provided explicit evidence that
agents such as MCC950, H3 relaxin, melatonin, INF39
and calcitriol can alleviate ocular cell pyroptosis by
directly suppressing NLRP3 [98, 102, 126, 177, 223].
Among which, MCC950 and INF39 are well-accepted
NLRP3 inhibitor for the function of blocking NLRP3
ATP hydrolysis motif and inhibiting the interaction of
Nek7-NLRP3, respectively [224—226]. Tranilast, another
direct NLRP3 inhibitor which suppresses NLRP3
assembly by blocking NLRP3 oligomerization, shows
an inhibitory effect on RPE cell death by a combination
of mitochondrial antioxidant and other anti-inflam-
matory drugs [227]. Notably, it has been reported that
B-carotene, a plant-derived pro-vitamin A that prevents
the progression of multiple eye diseases, is capable of
blocking NLRP3 by directly binding to the NLRP3 PYD
[228]. However, whether it can prevent pyroptosis effec-
tively in ocular models remains unclear. Hence, it has the
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potential to be an effective agent for pyroptotic ocular cell
death. Other NLRP3 inflammasome inhibitors have also
been identified to be involved in slowing down the pro-
gression of ocular diseases, such as B-hydroxybutyrate,
methylene blue, sulforaphane, A740003, and kaemp-
ferol [62, 124, 229-231]. Although these studies only
focused on inhibiting the activation of NLRP3 and lack
evidence on pyroptopic cell death in ocular tissues, sci-
entists in other fields support the potential therapeutic
effect of these agents on pyroptosis in other diseases,
such as B-hydroxybutyrate on renal ischemia/reperfu-
sion injury, methylene blue on myelodysplasia, A740003
on osteoarthritis, and kaempferol on spinal cord injury
and Parkinson’s disease [232—-236]. These agents can sup-
press ATPase activity, block the P2X7 channel, inhibit
the NF-«B signaling pathway, prevent NLRP3 oligomeri-
zation, or disturb ATP binding to the NACHT domain.
Apart from the aforementioned agents, there are other
agents or molecules that indirectly obstruct NLRP3 acti-
vation. Vitamin D3 decreases ROS levels and further sup-
presses the ROS/TXNIP/NLRP3 inflammasome pathway
in HG-induced RMECs [108]. Ghrelin and hydrogen
sulfide have been reported to reduce the inflammatory
response and pyroptosis by blocking the ROS/NLRP3/
CASP1 signaling pathway in HG-induced RPE [114,
115]. Baicalin increases the expression of miR-223, thus
suppressing NLRP3-triggered pyroptosis and alleviat-
ing AMD progression [127]. Unfortunately, these agents
are only used in cells or animal models and cannot be
used in clinical applications. For instance, although the
well-known NLRP3 inhibitor MCC950 exhibits great
potency and high target selectivity, its pharmacokinetic
and toxicokinetic properties restrict its therapeutic use
in the clinic [237]. Therefore, their clinical application in
patients with ocular diseases remains a long way to go.
CASP1 inhibitors are also agents that can inhibit
pyroptosis in ocular tissues, such as VX-765 and
Z-YVAD-FMK [18, 19, 98]. VX-765 acts by covalent
modification of the catalytic cysteine residue in the
active site of caspase-1 [238]. In addition to the canoni-
cal pathway, wedelolactone has therapeutic potential
for targeting CASP4/5/11 in P aeruginosa Kkeratitis
[181]. The interaction between IncRNAs and miRNAs
may also become a new therapeutic target for pyrop-
tosis in ocular diseases. Overexpression of the IncRNA
MIAT alleviated CASP1 repression by sponging miR-
342-3p, thereby promoting CASP1l-mediated retinal
pericyte pyroptosis. The MIAT/miR-342-3p/CASP1
axis may offer new insights for the development of
therapies for DR [107]. In addition, IncRNA KCN-
QI1O0T1 acts as a ceRNA that competitively binds miR-
214 to regulate caspase-1 and promote diabetic corneal
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endothelium dysfunction, which might offer new bio-
markers or new targets for treatment [188].

Blocking the executor GSDMD might also be useful
in interfering with pyroptosis in ocular diseases. Cellu-
lar FLICE inhibitory protein (c-FLIP), an anti-apoptotic
regulator similar to CASPS8, can cleave GSDMD and
cause neuronal pyroptosis in the retina [239]. Therefore,
inhibition of c-FLIP may provide a new approach to miti-
gate retinal neuron pyroptosis. In the DED model, the
GSDMD blocker disulfiram decreased the number of
cells undergoing pyroptosis and helped cells fight HS-
induced cytotoxicity by covalently modifying human/
mouse Cys191/Cys192 in GSDMD thereby blocking pore
formation [177, 240]. More recently, a study revealed that
disulfiram, together with antifungal agents, may become
a new treatment for reducing corneal opacity in fungal
keratitis [241].

In addition, targeting IL-1 or IL-18 signaling is an effec-
tive and possible strategy to control ocular inflammation
in autoinflammatory diseases, such as uveitis [15, 199].
Anakinra, canakinumab and minocycline are reported
to reduce ocular inflammation in uveitis model via inter-
vening IL-1 signaling [242]. Moreover, gene therapy for
pyroptosis-related gene variants might contribute to
advanced treatment for non-infectious uveitis in the
future [243, 244].

The aforementioned agents showed only a small frac-
tion of potential agents. Although there were more
potential agents that were related to pyroptotic proteins
in other studies, we only selected the agents (Table 2)
that were also proven to be involved in pyroptosis in
non-ocular diseases, such as renal diseases, neuronal
diseases, cardiovascular diseases, and hepatic diseases.
Therefore, multidisciplinary studies might provide new
insights into potential therapies for ocular diseases, and
scientists should look for common ground in the patho-
genesis of different diseases and seek effective agents
to mitigate pyroptosis. In addition, many studies have
shown that ocular diseases may involve different modes
of cell death. Apart from determining the exact relation-
ship between all kinds of cell death modes and how much
they are individually involved in the pathogenesis of each
disease, we also need to look at agents that could target
different cell death modes at the same time or find agents
that target the intersection points of the intricate signal-
ing pathway (e.g., wedelolactone [245]). Nevertheless, we
must be aware that some of the known agents have lim-
ited potential in clinical use because of their pharmacoki-
netic and toxicokinetic properties, for example, MCC950
[237]. Therefore, searching for their isoforms with lower
toxicity to humans and subsequent pharmaceutical syn-
thesis is definitely another mountain that needs to be
conquered.
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Conclusion and prospect

With increasing research, pyroptosis, an essential mode
of PCD, has been gradually uncovered. In this review, we
compared the characteristics of pyroptosis with other
types of cell death and summarized the mechanisms
and pathways of pyroptosis, as well as the key players
of pyroptosis such as inflammasomes and gasdermins.
Pyroptosis is a type of lytic cell death characterized by
swift plasma membrane disruption, followed by leakage
of cellular contents and cytokines (IL-1f and IL-18). It is
executed by gasdermins, which function as pore-forming
proteins on the cell membrane and can be activated in an
inflammasome-dependent (CASP1-dependent pathway
and CASP4/5/11-dependent pathway) or-independent
(caspase-3/8-mediated, other GSDM-mediated) manner.
The studies highlighted in this review present exciting
new evidence that pyroptosis plays a prominent role in
various ocular diseases such as DR, AMD, AIDS-related
HCMV retinitis, glaucoma, DED, uveitis, cataract, and
keratitis.

Previously, the inflammasome-dependent pathway of
pyroptosis was generally accepted by researchers. How-
ever, emerging evidence has shown that inflammasome-
independent pathways also play a crucial role in cell
death and disease progression. However, few studies have
been conducted on the latter pathway in ocular disease.
During the exploration of different types of cell death,
we found that the relationship between cell death forms
is complicated, and myriad ties between pyroptosis and
other cell death in ocular diseases remain to be discov-
ered. At the same time, this is also a common problem
in current research on pyroptosis or other types of cell
death. In disease models, one death approach is often
studied separately, whereas in general, the death method
of cells is a dynamic change under the pathological
conditions of the body. Most likely, the coexistence of
multiple modes of death, and even until now, the links
between the modes of cell death in many disease progres-
sions have not been clearly elucidated. In follow-up sci-
entific research, it is worth noting that the process of cell
injury and death should be focused on and studied as a
whole. In addition to proving the existence of pyroptosis
or other specific death modes in diseases, more attention
should be paid to the dynamic link between modalities,
such as pyroptosis and other deaths. The dynamic rela-
tionship between the modalities will be more meaning-
ful for translation and application in clinical treatment.
Furthermore, there are still many unresolved issues at the
molecular level of pyroptosis. For example, the activation
of inflammasomes, caspases, and other proteins does not
necessarily cause pyroptosis. The role of each member
of the GSDM family in different diseases, which is the
ultimate executor of pyroptosis, as well as the difference
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between the GSDM family’s pore punching and MLKL-
induced pore-breaking in necroptosis, all require the
development of new identification methods and a more
comprehensive understanding to accurately distinguish
between the different types of cell death.

Targeting NLRP3/CASP1/GSDM, which are the cen-
tral molecules in pyroptosis, may become a novel strat-
egy to interfere with the occurrence or progression of
ocular diseases. Currently, the quantities of inhibitors
and agents targeting pyroptosis-related proteins have
shown therapeutic potential in pre-clinical studies of
ocular diseases, including NLRP3 inhibitors (MCC950,
H3 relaxin, melatonin, and calcitriol), caspase inhibitors
(VX-765 and Z-YVAD-FMK), and the GSDMD inhibitor
disulfiram. In addition, IL-1 signaling intervention and
gene therapy targeting pyroptosis-associated gene vari-
ants also draw much attention from scientists in order
to control ocular inflammation effectively. Although we
summarize some of the inhibitory agents or potential
molecular targets of pyroptosis in ocular diseases, most
of the evidence regarding inflammasome and pyropto-
sis activation in ocular disorders comes from in vitro
and experimental models in cells or animals, and effec-
tive clinical trials of pyroptosis-targeted agents have not
been conducted in ocular fields. We cannot accurately
determine whether the aforementioned NLRP3/CASP1/
GSDMD agonists or inhibitors can be used to treat ocu-
lar diseases in the human body. When it comes to the
authentic clinical effectiveness of a drug, the combination
of other drugs and pyroptosis inhibitors can also be con-
sidered to achieve better therapeutic effects. In addition,
gene therapy and nanodrugs (i.e., drugs encapsulated
with nanoparticles) targeting the pyroptosis pathway will
also have satisfactory application prospects and are some
of the research directions that are expected to achieve
clinical breakthroughs in the future. We hope that basic
research on pyroptosis and ocular diseases will continu-
ously improve and translate into clinical practice quickly,
safely, and successfully.
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