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Diabetic retinopathy (DR) is among the most common complications of diabetes mellitus and is characterized by microangiopathy
and neurodegeneration. Microglia constitute a resident immune population in the central nervous system (CNS) and play crucial
roles in regulating retinal angiogenesis under both physiological and pathological conditions. Microglia become widely activated
in DR and induce pathogenic angiogenesis by regulating the status of endothelial cells. Modulating the state of microglial acti-
vation to ameliorate neovascularization thus appears to be a promising therapeutic approach for managing DR. The NOD-like
receptor protein 3 (NLRP3) inflammasome is a cytosolic multimeric complex that plays a significant role in innate immunity.
After sensing injury, the NLRP3 inflammasome induces the secretion of inflammatory cytokines (including interleukin (IL)-1p
and IL-18) and triggers a form of inflammatory cell death known as pyroptosis. Recently, the NLRP3 inflammasome has been
found to be abundantly expressed in microglia and has been shown to play critical roles in diabetes-associated neuroinflamma-
tion. Here, we summarize the effects of diabetes on NLRP3 inflammasome activity and microglial activation. The regulatory
mechanisms of NLRP3, as well as NLRP3-targeted therapeutic strategies in microglia, will be reviewed. Targeting the NLRP3
inflammasome axis might serve as a promising therapeutic approach for ameliorating microglia-mediated inflammation and

pathological progression in DR.
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Introduction

Diabetic retinopathy (DR) is a retinal microvascular
damage-induced fundus lesion caused by diabetes and is a
common microvascular complication of diabetes. Typical
symptoms include decreased vision, visual distortion, and
irreversible blindness [1]. The global prevalence of DR is
22.27%, with 103.12 million cases reported by 2022, and it
is expected to increase [2]. Studies indicate that the preva-
lence of DR is greater in women with type 2 diabetes than in
men, whereas male patients experience more severe symp-
toms and have a greater risk of blindness [3,4]. The molecu-
lar mechanisms of DR include oxidative stress [5], inflam-
matory responses [6], neurodegenerative changes [7], and
vascular dysfunction triggered by hyperglycemia [8]. Clin-
ically, DR is divided into two stages: (1) nonproliferative
DR (NPDR), characterized by vascular abnormalities, and
(2) proliferative DR (PDR), involving pathological neovas-
cularization. PDR typically occurs after NPDR and is more
severe. Research has shown that regular screening and early
diagnosis can reduce the risk of vision loss by 57.0% and
lower treatment costs [9]. However, owing to its highly in-

sidious visual manifestations, DR is often diagnosed years
after the onset of diabetes. Current primary treatments for
DR include intravitreal injections of anti-vascular endothe-
lial growth factor (anti-VEGF) drugs [10], pars plana vit-
rectomy (PPV) [11], and laser therapy [12]. However, with
repeated anti-VEGF injections, drug resistance develops,
and drug efficacy diminishes over time [13]. Given these
challenges, alternative methods to inhibit pathological neo-
vascular proliferation are urgently needed.

Anatomically and developmentally, the retina is an ex-
tension of the central nervous system (CNS) and is char-
acterized by a highly ordered structure composed of in-
tricate networks of neurons and glial cells [14]. These
cells communicate through pathways mediated by signaling
molecules such as cytokines, growth factors, and metabolic
intermediates. Among these, microglia, as resident im-
mune cells in the CNS, play a crucial role in maintaining
CNS homeostasis under physiological conditions by moni-
toring the microenvironment, clearing metabolic waste and
abnormal proteins, and participating in synaptic pruning
and remodeling. Studies have shown that under diabetic
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pathological conditions, microglial function is impaired,
the expression of tight junction proteins is suppressed, and
the blood-brain barrier (BBB) is compromised [15]. In
models of diabetic encephalopathy, abnormally activated
microglia interact with neurons through the release of in-
flammatory factors, contributing to pathological processes
[16,17]. Similarly, in models of diabetes combined with
stroke, the aberrant response of microglia is a key factor
exacerbating neural damage [18]. Similarly, under diabetic
conditions, microglia in the retina become abnormally acti-
vated. These activated microglia release proinflammatory
factors and toxic substances, thereby driving the breakdown
of the blood—retinal barrier (BRB) and leading to vascular
leakage [6].

The NOD-like receptor protein 3 (NLRP3) inflam-
masome is a protein complex that plays a significant role
in innate immunity and inflammation-related diseases by
mediating Caspase-1 activity, thereby promoting the re-
lease of proinflammatory factors such as interleukin (IL)-
1B and IL-18 [19]. In the context of diabetes, the NLRP3
inflammasome in microglia is abnormally activated, con-
tributing to the drive of neuroinflammation [20]. Studies
have shown that the upregulated expression of NLRP3 un-
der high-glucose conditions accelerates disease progression
through pathways such as neuroinflammation, microglial
polarization, mitochondrial dysfunction, oxidative stress,
and endoplasmic reticulum stress [21]. Additionally, in-
creased expression of NLRP3 can promote neuronal py-
roptosis, directly inducing cognitive impairment in diabetic
patients [22]. Owing to the critical role of NLRP3 in me-
diating neuroinflammation, it has been recognized as a key
pathogenic factor and a potential therapeutic target for DR
[23].

This review will systematically elaborate on new
perspectives on inflammation regulation mediated by mi-
croglia in DR, with a focus on the activation mechanisms of
the NLRP3 inflammasome in microglia and targeted thera-
peutic strategies.

Microglia in the DR

Dynamic Activation of Microglia in DR

Microglia are important immune cells in the retina that
are typically located in the inner retina, assisting in moni-
toring and clearing retinal metabolites, and are crucial for
maintaining retinal homeostasis [24]. Activated microglia
can generally be classified into two phenotypes: MI in-
flammatory microglia and M2 anti-inflammatory microglia
[25]. During the onset and progression of DR, the activa-
tion of microglia is not a simple switch but involves com-
plex dynamic changes across disease stages. Using a db/db
mouse model, Arroba et al. [26] reported that in the retinas
of 5-week-old mice, activated microglia (Iba-17) colocal-
ized with the M2 marker arginase-1, indicating that the M2
phenotype predominates at this stage and is accompanied

by a systemic increase in the anti-inflammatory cytokines
IL-4 and IL-13. In contrast, in the retinas of 8-week-old
db/db mice, Iba-17* cells colocalized with active caspase-
1, suggesting a switch toward a proinflammatory pheno-
type [26]. These activated M2-type microglia are primar-
ily localized in the inner nuclear layer (INL) and ganglion
cell layer (GCL) of the retina, whereas M1-type microglia
are expressed in the outer segment (OS), outer plexiform
layer (OPL), INL, and GCL, with their activation levels
significantly increasing as the disease progresses [26]. Re-
search has shown that in the late stages of DR, microglia
shift to the secretory M1 phenotype and continuously re-
lease proinflammatory mediators, including cytokines and
chemokines (such as IL-1p, IL-6, matrix metalloproteinase-
9 (MMP9), and C-C motif chemokine ligand 2 (CCL2))
[27]. Thus, during the pathological process of DR, it is not
a simple binary switch between M1 and M2 microglia but
a complex dynamic evolution that progresses with disease
stage.

Promoting the transition of microglia from the M1
to M2 phenotype and restoring immune homeostasis are
promising therapeutic strategies. This process is regulated
by multiple molecular pathways. For example, a study by
Wang et al. [28] revealed that M2 microglial exosomes
(M2-exos) reduce pericyte apoptosis and promote endothe-
lial cell proliferation. In turn, M2-exos promote M2 polar-
ization of retinal microglia. In summary, M2-exos reverse
DR-induced microvascular damage by promoting retinal
microvascular remodeling [28]. Under glucose stimulation,
the expression of the circular RNA mm9 circ 014683 sig-
nificantly increased, and its levels markedly increased in
the retinal microglia of diabetic mice compared with those
of normoglycemic mice. Although mm9 circ_014683 does
not significantly affect the proliferation or apoptosis of mi-
croglia, the upregulation of mm9 circ_014683 can activate
the classical nuclear factor kappa B (NF-«kB) inflamma-
tory signaling pathway. Inhibiting mm9 circ 014683 ex-
pression significantly attenuated M1 polarization and en-
hanced M2 polarization of retinal microglia [29]. A20,
also known as tumor necrosis factor-a-induced protein 3
(TNFAIP3), is a ubiquitin-associated enzyme with notable
anti-inflammatory functions. Under glucose stimulation,
the level of A20 is significantly reduced. A20 can reverse
glucose-mediated M1 polarization of retinal microglia [30].
Utilizing mesenchymal stem cell-derived small extracellu-
lar vesicles to deliver miR-29a-3p, which targets and in-
hibits high-mobility group box 1 (HMGB1), can effectively
suppress M1 microglial polarization and alleviate retinal
damage in diabetic rats [31]. Additionally, some strate-
gies have been developed to directly promote M2 microglial
polarization. For instance, the delivery of IL-4 via engi-
neered extracellular vesicles [32] or the use of apoptotic
cell membrane-biomimetic nanoparticles to scavenge reac-
tive oxygen species (ROS) and regulate the mechanistic tar-
get of rapamycin kinase (mTOR) pathway [33] both effec-
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tively promote the transition of microglia to the M2 phe-
notype, thereby reducing retinal inflammation and vascular
damage. These studies indicate that regulating microglial
polarization is a potentially effective strategy for DR treat-
ment.

With further research, the simple classification of M1
and M2 phenotypes cannot truly depict the complex dy-
namic changes in microglia in DR. Wang et al. [34] re-
ported genes that were differentially expressed between
normal rats and diabetic rats in microglia, further dividing
microglia into three new subtypes, namely, two M1 types
(Egr2® M1 and Egr2- M1) and one M2 type, with corre-
sponding gradually diminishing inflammatory effects. One
study proposed that during the progression of DR, M2-type
microglia gradually transition to the Egr2* M1 phenotype,
whereas Egr2- M1 microglia represent an intermediate tran-
sitional form [34]. A study by Zou et al. [35] revealed
a new subtype called MKI67+ microglia, characterized by
high expression of genes related to lactate metabolism and
proliferation, such as MKI67, PARK7, and LDHA [35].
MKI67+ microglia are significantly enriched in the glycol-
ysis pathway and, through the secretion of phosphoprotein 1
(SPP1), interact with Integrin alpha 4 (ITGA4) on endothe-
lial cells, directly driving pathological neovascularization
in PDR [35]. The discovery of these disease-specific sub-
populations provides new cellular targets for precise tar-
geted therapies.

Mechanisms of Microglia in DR
Immune Response

In the occurrence and development of DR, microglia,
which are the resident immune cells of the retina, are abnor-
mally activated. The chronic inflammatory response me-
diated by the cytokines they release has been confirmed
to be one of the core pathogenic mechanisms [6]. A hy-
perglycemic environment initiates and maintains the proin-
flammatory phenotype of microglia through multiple sig-
naling pathways. Persistent hyperglycemia directly affects
the mitochondrial respiratory chain of cells, leading to ex-
cessive ROS production. The generation of large amounts
of ROS increases the production of cellular oxygen-free
radicals, thereby activating downstream intracellular sig-
naling pathways to activate microglia [36]. ROS and accu-
mulated advanced glycation end products (AGEs) are core
damage signals in DR. The binding of AGEs to their re-
ceptor (RAGE) can directly activate pathways such as ERK
and NF-«B, inducing the transformation of microglia to the
M1 proinflammatory phenotype and upregulating the ex-
pression of proinflammatory factors such as TNF-a [37].
Clinical evidence has indicated that in the aqueous humor
or vitreous body of NPDR patients, the levels of multiple
inflammatory cytokines, such as IL-1f, IL-6, IL-8, TNF-
a, and monocyte chemoattractant protein-1 (MCP-1), are
elevated [38]. Moreover, the levels of cytokines such as
IL-1P and IL-33, which serve as potential biomarkers for
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advanced PDR, are significantly increased in the vitreous
and serum of PDR patients [39]. Using single-cell sequenc-
ing, Lv et al. [40] analyzed the retinas of diabetic mice at
4 months and reported that IL-1p and TNF expression was
markedly upregulated and highly enriched in activated mi-
croglia; these activated microglia also exhibited metabolic
reprogramming characterized by enrichment of glycolysis,
purine metabolism, and triacylglycerol synthesis pathways.
In addition to releasing classical proinflammatory factors,
M1 microglia also release chemokines (e.g., MMP9 and
CCL2), promoting their own migration and the continu-
ous recruitment of immune cells, thereby amplifying the
inflammatory response [27]. Thus, the inflammatory re-
sponse mediated by microglia plays a central role in the
pathological progression of DR. Simultaneously, the in-
flammatory factors, toxic substances, and growth factors
released by microglia directly drive core pathological pro-
cesses such as BRB disruption, neuronal degeneration, and
pathological angiogenesis, which will be discussed below.

Neuronal Damage

DR was initially defined as a microvascular disease.
Later, because of the reduction in retinal ganglion cells
(RGCs), DR was referred to as a neurodegenerative disease.
During the pathological progression of DR, neuropatholog-
ical changes in retinal neural tissue even precede obvious
microvascular abnormalities [41]. Activated microglia play
a crucial role in the neurodegenerative lesions of DR. Acti-
vated M 1-type microglia exhibit enhanced proliferation and
migration capabilities, releasing large amounts of proin-
flammatory cytokines (such as TNF-a and IL-1f), the exci-
tatory neurotransmitter glutamate, and inducible nitric ox-
ide synthase (iNOS), collectively creating a neurotoxic mi-
croenvironment [42,43]. These mediators ultimately acti-
vate the caspase-dependent apoptotic pathway, leading to
retinal ganglion cell (RGC) loss and the death of other
neurons, thereby driving the progression of neurodegenera-
tion in DR [44]. Both the diabetic environment itself and
activated microglia generate excessive amounts of ROS,
causing oxidative stress and damaging neurons and pho-
toreceptor cells42. A study has shown that in DR, RIP1-
RIP3-MLKL in microglia is significantly activated, ini-
tiating necroptosis and triggering programmed cell death
[45]. These necrotic microglia rupture and release large
amounts of proinflammatory factors (IL-6, TNF-a, and IL-
1B), further amplifying retinal neuroinflammation, exacer-
bating neurodegeneration, and leading to significant reduc-
tions in neuronal density and neuroretinal thickness [45].
In summary, in DR, microglia actively participate in early
neurodegeneration. Diabetic metabolic disturbances trigger
the sustained activation and M1 polarization of microglia,
which then, through mechanisms such as the release of in-
flammatory factors, the induction of oxidative stress, and
the initiation of necroptosis, result in the progressive loss
of retinal neurons and functional impairment.
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Promotion of Angiogenesis

In advanced stages, DR can progress to PDR, char-
acterized by pathological neovascular proliferation, which
can lead to severe complications such as vitreous hemor-
rhage and tractional retinal detachment and is the main
cause of irreversible vision loss [46]. In the retinas of an
oxygen-induced retinopathy (OIR) mouse model, Ibal im-
munofluorescence staining confirmed the presence of pro-
liferative and activated microglia adjacent to neovascular
bundles [35,47]. These persistently activated retinal mi-
croglia play a critical role in the pathological progression
of DR, directly or indirectly driving pathogenic angiogene-
sis through the secretion of cytokines.

The direct secretion of proangiogenic factors is a
core mechanism through which microglia drive neovascu-
larization. Vascular endothelial growth factor-A (VEGF-
A), fibroblast growth factor 2 (FGF2), and platelet-derived
growth factor-BB (PDGF-BB) are growth factors that play
central roles in both physiological and pathological angio-
genesis [48,49]. A study by Chen et al. [50] revealed in in
vivo and in vitro models that microglia promote angiogen-
esis in retinal vascular endothelial cells through the secre-
tion of cytokines such as IL-6, IL-8, VEGF-A, and FGF2.
Another study has also investigated the upstream mecha-
nisms, revealing that in DR, damaged ganglion cells re-
lease lysophosphatidylserine (LysoPS), which directly acts
on the GPR34 receptor on microglial cell membranes, acti-
vating the GPR34-PI3K-AKT-NINJ1 signaling axis to pro-
mote cytokine secretion [50]. These results highlight the
importance of neuron—microglia signaling in driving an-
giogenesis. SPP1, a protein expressed in microglia and
macrophages, is involved in retinal neovascularization [51].
The findings of Zou et al. [35] demonstrated that high glu-
cose levels induce significant upregulation of SPP1 mRNA
in human microglia (HMCs) and that their conditioned
medium markedly enhances the proliferation and migration
of human umbilical vein endothelial cells (HUVECs). Fur-
thermore, under pathological conditions such as hypoxia,
the expression of IGF1 in microglia is upregulated, which
can independently promote endothelial cell proliferation
and migration, thereby driving pathological neovascular-
ization, independent of the VEGF pathway [52].

In addition to directly secreting proangiogenic factors,
other cytokines secreted by microglia indirectly regulate
retinal vascular endothelial factors. A study by Ding et
al. [53] demonstrated that in a lipopolysaccharide (LPS)-
stimulated in vitro microglial cell model, TNF-a and IL-1B
produced by activated microglia induce retinal microvas-
cular endothelial cells to generate VEGF-A and PDGF-BB,
promoting their proliferation and migration. Under hypoxic
conditions, the expression of hypoxia-inducible factor-1a
(HIF-1o) in microglia is upregulated, which can directly
transcriptionally activate the VEGF gene [54,55]. More-
over, under hypoxic conditions, MMP-9 and MMP-2 se-
creted by microglia can degrade the extracellular matrix

(ECM), release sequestered VEGF, and provide space for
endothelial cell migration [54,56]. In summary, during the
progression of DR to PDR, microglia drive pathological
neovascularization by being recruited to ischemic and hy-
poxic regions, directly and indirectly secreting proangio-
genic factors, and remodeling the extracellular matrix.

BRB Destruction

Like in the blood-brain barrier, in the normal retina,
vascular endothelial cells and surrounding cells are respon-
sible for nutrient supply and the formation of the BRB,
maintaining retinal homeostasis. However, during the
pathological process of DR, structural and functional dis-
ruption of the BRB is the core pathological link leading to
vascular leakage, retinal edema, and amplified inflamma-
tion. In addition to damage to endothelial cells and peri-
cytes themselves, abnormally activated microglia become
key effector cells driving BRB collapse. Their destructive
effects are primarily achieved through the direct secretion
of inflammatory mediators, the induction of oxidative stress
damage, and complex interaction networks with other reti-
nal cells. First, activated M1 microglia can secrete inflam-
matory factors such as TNF-a and IL-1B, which directly
act on retinal endothelial cells and the retinal pigment ep-
ithelium (RPE), leading to the downregulation of key tight
junction proteins such as Occludin, Claudin-5, and Zonula
occludens-1 (ZO-1), thereby increasing vascular and ep-
ithelial permeability [57,58,59]. Furthermore, activated mi-
croglia are induced to produce large amounts of ROS, which
subsequently cause apoptosis of cocultured pericytes, po-
tentially disrupting the integrity of the BRB in vivo [60]. As
key supportive cells that envelop capillaries and maintain
vascular stability and barrier function, the massive loss of
pericytes leads to fragile vascular wall structures and accel-
erates the functional collapse of the BRB. Microglia form a
complex interaction network with other retinal cells, collec-
tively amplifying damage to the BRB. For example, RPE
cells release MCP-1, recruiting microglial infiltration and
promoting BRB degradation [61]. Miiller glial cells and
astrocytes form a scaffold structure in the retina and play
crucial roles in maintaining the BRB. The interactions be-
tween microglia and Miiller glial cells, astrocytes, and other
cells amplify the local inflammatory microenvironment and
extracellular matrix remodeling, collectively exacerbating
BRB destruction [62].

Alteration of Microglial Phagocytosis in DR

In addition to their secretory functions, another major
role of microglia as immune cells is phagocytosis. As innate
immune cells in the retina, under physiological conditions,
resting microglia maintain tissue homeostasis by promptly
clearing apoptotic cells and metabolic waste through basal
phagocytosis. However, under pathological conditions,
their phagocytic function becomes dysregulated. Studies
have shown that in response to systemic inflammation,
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early-stage microglia maintain blood—brain barrier integrity
by expressing the tight junction protein Claudin-5 and es-
tablishing physical contact with endothelial cells. How-
ever, during chronic inflammation, microglia phagocytose
astrocytic endfeet, impairing blood—brain barrier function
and demonstrating a dual role [63]. In DR, the phago-
cytic function of microglia is similarly dysregulated and
dynamic. In the retinas of OIR mice, the phagocytic rate
of microglia decreases during the early hypoxic phase but
increases during the late phase with pathological vascular
changes [64]. An in vitro study revealed that under high-
glucose conditions, the ability of microglia to phagocy-
tose fluorescent microspheres was significantly lower than
that in the normal group, while their migratory ability was
enhanced [65]. The downregulation of early phagocyto-
sis leads to the accumulation of toxic retinal substances
and microglial infiltration. These accumulated cellular de-
bris, which acts as endogenous damage-associated molec-
ular patterns (DAMPs), can provide a “priming signal” for
NLRP3 via the TLR/NF-kB pathway, promoting M1 mi-
croglial polarization [66]. On the other hand, activated mi-
croglia exhibit erroneous phagocytic targeting. Microglia
can penetrate the BRB to directly phagocytose endothelial
cells in retinal blood vessels, further exacerbating BRB dis-
ruption and causing plasma protein leakage [64,67]. Con-
currently, they directly phagocytose neurons, leading to
neurodegenerative changes in DR [68]. Among these,
the dysregulation of CD200-CD200R signaling between
Miiller cells and microglia during DR is among the critical
molecular mechanisms contributing to microglial overacti-
vation and increased neuronal phagocytosis [68]. Further-
more, a study has confirmed that in neurodegenerative dis-
eases such as Alzheimer’s disease, NLRP3 inflammasome
activation, through the release of IL-1$ and Apoptosis-
associated speck-like protein containing a CARD (ASC)
specks, can further suppress microglial phagocytic func-
tion, resulting in a self-amplifying inflammatory cycle [69].
Whether NLRP3 inflammasome activation in microglia is
involved in DR-associated neurodegeneration requires di-
rect validation in appropriate models.

Alterations in the phagocytic functions of microglia
are intricately regulated by multiple intracellular signaling
pathways, which also serve as potential therapeutic targets.
Fang et al. [65] reported that in a diabetic environment, IL-
12 administration increased the number and activation of
microglia, enhanced their phagocytic function, efficiently
cleared dead RGCs in the retina, and prevented damage to
surrounding healthy RGCs, thereby protecting retinal func-
tion and alleviating early DR. Further studies revealed that
IL-12 activated the expression of STAT4 in microglia and
upregulated the expression of phagocytosis-related genes,
including TREM2, thereby increasing their phagocytic ac-
tivity [65]. Xie et al. [67] demonstrated that under dia-
betic or hypoxic conditions, the phosphorylation levels of
key proteins in the Src/Akt/cofilin signaling pathway in mi-
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croglia were reduced, promoting their activation and patho-
logical phagocytosis of endothelial cells. Erythropoietin
(EPO) inhibits microglial activation and phagocytosis by
activating this pathway, thereby protecting the BRB. Yil-
maz et al. [64] revealed that in an OIR mouse model, en-
hancing microglial phagocytosis of apoptotic endothelial
cells through the GAS6-MERTK pathway effectively lim-
ited pathological neovascularization. On the basis of this
mechanism, Fan et al. [32] developed engineered extracel-
lular vesicles targeting M1-type microglia to deliver IL-4.
This strategy not only successfully induced the transforma-
tion of microglia to the M2 phenotype but also directly and
specifically activated GAS6-MERTK signaling, enhancing
the capacity of microglia to phagocytose abnormal blood
vessels, effectively engulfing and clearing pathological ves-
sels, and repairing the damaged BRB.

The phagocytic function of microglia in DR is char-
acterized by complex dynamic changes. On the one hand,
during the early stages of disease, the weakening or dys-
regulation of their ability to clear apoptotic cells leads to the
accumulation of dead cell debris and chronic inflammation.
On the other hand, their pathological phagocytic function
toward normal endothelial cells and neurons is significantly
enhanced, directly resulting in disruption of the BRB and
neurodegeneration. Precise regulation of microglial phago-
cytic function through specific signaling pathways holds
promise as a novel strategy to improve DR.

In summary, during DR progression, activated mi-
croglia, through their abnormal secretory function and dis-
ordered phagocytosis, constitute the core mechanism driv-
ing disease (Fig. 1). On the one hand, the release of var-
ious cytokines and mediators directly mediates inflamma-
tion, induces neuronal damage, and promotes pathological
angiogenesis and BRB disruption. On the other hand, the
dysregulation of their phagocytic function further exacer-
bates tissue damage and the inflammatory cycle.

Molecular Mechanisms of NLRP3
Inflammasome Activation in Microglia

As primary innate immune cells in the CNS, microglia
abnormally activate the NLRP3 inflammasome, which is
a central driver of neuroinflammation and the pathologi-
cal progression of various diseases. The NLRP3 inflam-
masome is a multiprotein complex primarily composed of
NLRP3, the adaptor protein ASC, and the effector protein
Caspase-1. Its activation is a precisely regulated two-step
process: priming and assembly activation (Fig. 2).

NLRP3 Inflammasome Targeting

The inflammasome is part of the innate immune sys-
tem and can trigger an inflammatory cascade to eliminate
harmful pathogens and dead cells from the system. The
priming signal of NLRP3, also known as signal 1, is me-
diated by Toll-like receptor (TLR) ligands and cytokine
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(TNF-a) receptors. When danger signals such as DAMPs
or pathogen-associated molecular patterns (PAMPs) are de-
tected, they lead to the nuclear translocation of NF-kB, in-
creasing the expression of proteins in the inflammasome
pathway, including NLRP3, pro-caspase-1, and the precur-
sors of IL-1P and IL-18 in the cytoplasm, thereby providing
the material basis for subsequent activation [66].

In addition to the classical NF-xB pathway, Con-
nexin43 (Cx43)-mediated abnormal cell communication
has emerged as a recently highlighted upstream mecha-
nism. Cx43 is the most abundant connexin in the CNS
and is primarily distributed in astrocytes, where it partic-
ipates in information exchange between cells and the ex-
ternal environment in the form of hemichannels (composed
of six Cx43 molecules) [70]. Studies have demonstrated
that in DR, CX43 forms hemichannels that release danger
signals such as IL-6, IL-8, and ATP into the extracellular
space, persistently amplifying inflammation [71]. Recent
research has shown that under high glucose and inflamma-
tory conditions, the expression of Cx43 in retinal and renal
cells is upregulated, and the opening of its hemichannels
is significantly increased, thereby accelerating and directly
participating in the priming and activation processes of the
NLRP3 inflammasome [72,73]. In addition, transcription
factors such as signal transducer and activator of transcrip-

tion 3 (STAT3) can also be activated by inflammatory fac-
tors (such as IL-6 and IFN-y). Activated STAT3 enters the
nucleus and cooperates with the NF-kB pathway, signifi-
cantly upregulating the expression of TNF-a in microglia
and further promoting amplification of the initiation signal
[74,75].

The activation process of NLRP3 has been clearly
confirmed in the clinical course of DR. Analysis of patient
samples revealed that compared with individuals without
diabetes or those with diabetes but no retinopathy, DR pa-
tients exhibited significantly elevated levels of IL-1p and
IL-18 in the vitreous, which positively correlated with dis-
ease severity [76,77]. A study by Kuo et al. [76] confirmed
that in the retinas of DR patients, microglia infiltrated the
ONL, accompanied by a significant upregulation of Cx43
expression, along with elevated levels of NLRP3 and the
activated form of caspase-1. These findings collectively in-
dicate that during the development and progression of DR,
the NLRP3 inflammasome is successfully primed in retinal
cells such as microglia to prepare for subsequent inflamma-
some assembly and inflammatory responses.

Activation of the Nlrp3 Inflammasome

Activation of the NLRP3 inflammasome is a critical
step in its functional execution and is regulated by signal


https://www.discovmed.com/

2761

Signal 1: Priming
HG Hypoxia

1
1
1
‘
L6 IL6 1
! -~ cGAMP I
® \® !
1
1
! P2RX7

Il [ e
EERRRERRRERY | AR AR R Y S 8

hemichannel Microglial cell membrane

wm
O / cGAMP wpace | S100A12 T
@ 1

® 9 CcGAS
-SﬂNG [0)
AsCc  caspase1 1 NLRP3 I— miR-30a
(] —/ L.
e {o s

NLRP3 1

@ ProlL-1p 1

TXNIP/NLRP3 .
proximity negative

7
i
! feedback
i

iNOS ———
t NLRP3 8o I

inflammasome ]‘

Pyroptosis Q'Y‘ P Inflammation

<
Active \

. caspase 1
| @@ — @80 e !
— —_—
SIEIE)

Fig. 2. Molecular mechanisms of NLRP3 inflammasome activation in microglia in diabetic retinopathy. Initial priming and acti-
vation of the NLRP3 inflammasome. Signal 1 (priming, left) is induced by TLRs, TNFR, and other receptors that can recognize danger
signals such as PAMPs, DAMPs, and TNF, leading to the upregulation of NLRP3, IL-1f, and IL-18 transcription through the NF-xB
pathway. In diabetic retinopathy, signal 2 (activation, right) is mediated by multiple signaling pathways, including the ROS-TXNIP
axis, cGAS-STING pathway (with cGAMP entering microglia via P2RX7), SI00A12/miR-30a axis, and HDAC6-mediated mitochon-
drial ROS production. Negative feedback: Nitric oxide (NO) suppresses TXNIP/NLRP3 signaling (dashed inhibitory arrow). Activated
NLRP3 recruits ASC and pro-caspase-1 to form the inflammasome, leading to caspase-1 cleavage. Active caspase-1 processes pro-
IL-1B/pro-IL-18 into mature IL-1B/IL-18 and cleaves GSDMD to induce pyroptosis. PAMPs, Pathogen-Associated Molecular Patterns;
DAMPs, Damage-Associated Molecular Patterns; TLRs, Toll-like Receptors; TNF, Tumor Necrosis Factor; IL-1p, Interleukin-1 beta; IL-
6, Interleukin-6; TNFR, Tumor Necrosis Factor Receptor; [kB, Inhibitor of kB; STING, Stimulator of Interferon Genes; P2RX7, Puriner-
gic Receptor P2X 7; Cx43, Connexin 43; NLRP3, NOD-, LRR- and pyrin domain-containing protein 3; S100A12, S100 Calcium binding
protein A12; ASC, Apoptosis-associated speck-like protein containing a CARD; Trx, Thioredoxin; TXNIP, Thioredoxin-interacting pro-
tein; HDAC6, Histone Deacetylase 6; GSDMD, Gasdermin D; IL-18, Interleukin-18; iNOS, Inducible Nitric Oxide Synthase; NO, Nitric
Oxide; ROS, Reactive Oxygen Species. The upward arrows refer to promotion, and the downward arrows refer to inhibition. Fig. 2 was
created using Microsoft PowerPoint (Microsoft Corporation, Redmond, WA, USA).

2. The core step involves the assembly of protein com- ROS-TXNIP Axis
ponents synthesized during the priming phase to form an
active inflammasome (Fig. 2). In DR, the activation of
the NLRP3 inflammasome in microglia involves regulation
through multiple pathways, ultimately leading to inflamma-
some activation via different molecular signaling mecha-
nisms.

Oxidative stress is among the core mechanisms in-
volved in the pathological progression of DR. A hyper-
glycemic environment leads to the excessive production
of ROS in retinal cells. Thioredoxin-interacting protein
(TXNIP) is a ROS-responsive factor. Under normal con-
ditions, TXNIP binds to the antioxidant protein thioredoxin
(TRX). Studies by Iwasa et al. [78] and Kato et al. [79]
revealed that in high glucose-stimulated mouse microglia,
excess ROS cause the dissociation of TRX from TXNIP,
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resulting in the release of activated TXNIP, which binds to
NLRP3, triggering the assembly and activation of the in-
flammasome and thereby promoting the production of IL-
1B. These two studies differ in the specific downstream ef-
fector molecules of this pathway. Iwasa et al. [78] reported
that no activation of cleaved caspase-1 was detected in high
glucose-stimulated BV2 cells, which may suggest a non-
canonical activation mechanism of this pathway under spe-
cific conditions, and the detailed mechanisms remain to be
further elucidated. In fact, the TXNIP/NLRP3/IL-1f path-
way has been validated in various diabetic complications,
such as diabetic nephropathy [80] and diabetic cataract [81],
indicating that it is a common pathway for diabetes-related
inflammation.

In DR, this activation pathway is subject to precise
negative feedback regulation. Yang et al. [82] revealed that
in DR, nitric oxide (NO), a downstream signaling molecule
of this pathway, can inhibit upstream TXNIP/NLRP3 sig-
naling. In early DR rat models, supplementation with
NO donors effectively downregulated the expression of
TXNIP/NLRP3 in microglia, reduced IL-1B release, and
exerted neuroprotective and vasoprotective effects by in-
creasing the expression of the neurotrophic factor GDNF
and the tight junction protein Occludin [82]. These findings
indicate that in DR, the ROS-TXNIP-NLRP3 axis is ac-
tivated in microglia and mediates inflammatory responses
and that a NO-mediated self-inhibitory loop is present.

cGAS-STING Axis

The cGAS-STING pathway is a crucial intracellu-
lar immune signaling pathway responsible for recognizing
viral and bacterial double-stranded DNA (dsDNA) [83].
Upon binding to dsDNA, cGAS generates cyclic GMP-
AMP (cGAMP), which subsequently activates the adaptor
protein STING on the endoplasmic reticulum. Activated
STING further recruits and phosphorylates TANK-binding
kinase 1 (TBK1), ultimately activating the transcription fac-
tors IRF3 and NF-kB, thereby promoting the expression
of type I interferons and inflammatory cytokines to en-
hance immune responses. In addition to defending against
pathogens, chronic activation of cGAS-STING plays a piv-
otal role in inflammatory diseases, autoimmune disorders,
and neurodegenerative diseases [84]. In the context of DR,
persistent hyperglycemia and oxidative stress-induced mi-
tochondrial damage may lead to DNA leakage in retinal
cells, abnormally activating the cGAS-STING pathway and
exacerbating inflammatory responses [85]. Analysis of pa-
tient datasets revealed significant upregulation of cGAS and
STING expression in the retinal tissues of PDR patients,
with pathway-related genes enriched in retinal myeloid
cells [86]. Immunofluorescence experiments in an OIR
mouse model revealed colocalization of cGAS with Iba-1+
cells near neovascular clusters, indicating that activation of
the cGAS-STING pathway in microglia accelerates BRB
disruption and is associated with pathological angiogene-

sis [86]. A study by Ge et al. [87] revealed that cGAMP
levels in the aqueous humor of DR patients and the vitre-
ous of model mice were significantly elevated. cGAMP can
actively enter microglia via the P2RX7 transporter, activat-
ing STING signaling and directly causing breakdown of the
BRB and neuronal degeneration. These findings demon-
strate that in DR, the cGAS—STING pathway in microglia
can be activated by both endogenous DNA leakage and ex-
ogenous cGAMP.

However, whether the cGAS-STING pathway directly
triggers NLRP3 inflammasome activation has not yet been
directly validated in DR models. Nevertheless, the up-
stream mechanism of NLRP3 activation has been verified
in other neuroinflammatory and diabetic complications. A
study by Ding et al. [88] demonstrated that in a mouse
model of cerebral venous sinus thrombosis (CVST), cGAS
and STING were primarily expressed in Iba-1-positive cells
and mediated the activation of the NLRP3 inflammasome,
leading to the production of cleaved caspase-1, which sub-
sequently promoted the expression of IL-1p and GSDMD
proteins, thereby triggering neuroinflammation and pyrop-
tosis. The findings from Yan et al. [89] revealed that in
the cardiomyocytes of diabetic cardiomyopathy mice, the
cGAS-STING signaling pathway was activated, resulting
in NLRP3 inflammasome activation in the hearts of dia-
betic mice, the release of proinflammatory cytokines (TNF-
a, [FN-B, and IL-1B), and the induction of systemic inflam-
mation. Collectively, these lines of evidence support the
reasonable hypothesis that activated cGAS-STING signal-
ing in microglia likely promotes NLRP3 inflammasome ac-
tivation in DR through a similar mechanism, thereby driv-
ing neuroinflammation and pyroptosis. This hypothesis
awaits direct validation in DR-specific models (e.g., using
NLRP3 reporter mice or gene knockout mice) by simulta-
neously detecting the activation status of the cGAS-STING
and NLRP3 pathways.

HDAC6

Histone deacetylase 6 (HDACO) is a class IIb HDAC
that is primarily localized in the cytoplasm and participates
in histone modification. It also targets various nonhistone
substrates, such as o-tubulin and heat shock protein 90,
mediating acetylation and playing regulatory roles in var-
ious diseases, including cancer, neurodegenerative disor-
ders, inflammation, and metabolic disorders [90]. In dia-
betic complications, inhibition of HDAC6 has been demon-
strated to have protective effects against diabetic nephropa-
thy [91] and diabetic cardiomyopathy [92]. Recent studies
have indicated that in DR, HDAC6 can serve as an inde-
pendent predictive biomarker and is significantly enriched
in autophagy-related pathways [93]. The expression and ac-
tivity of HDAC6 are upregulated in the diabetic retinas of
streptozotocin (STZ)-induced rats. Inhibiting HDAC6 can
alleviate diabetes-induced redox-imbalanced retinal mi-
crovasculopathy by increasing the expression of the redox
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homeostasis histone deacetylase SIRT1 and reducing the
expression of the senescence marker yYH2AX [94]. Addi-
tionally, HDACG6 directly regulates NLRP3 inflammasome-
driven neuroinflammation in microglia. Kim et al. [95] re-
ported that inhibiting HDACG6 in both in vivo and in vitro
DR models suppressed NLRP3 inflammasome activation
and mitigated retinal damage. In DR, HDACG6 is not only
a disease marker but also a regulatory factor for oxidative
stress and inflammation. Therefore, targeting HDAC6 is
expected to provide a novel multitarget intervention strat-
egy for DR by simultaneously improving cellular metabolic
homeostasis and inhibiting inflammasome activation.

S100A12

S100 calcium-binding protein A12 (S100A12), also
known as calgranulin C, is an important DAMP that plays
a key role in various inflammatory diseases, such as pri-
mary knee osteoarthritis [96]. Under diabetic conditions,
the level of SI00A12 in the retina is significantly elevated.
Studies have shown that the expression of SI00A12 in the
retinas of diabetic rats can be approximately five times
greater than that in nondiabetic retinas [97]. In patients
with type 2 diabetes and those with type 2 diabetes com-
bined with DR, plasma S100A12 levels are significantly
higher than those in healthy individuals and are indepen-
dently associated with retinopathy in patients with type 2
diabetes [98]. These findings establish SI00A12 as a crit-
ical inflammatory trigger in DR. S100A12 activates the
NLRP3 inflammasome pathway by directly acting on reti-
nal microglia. A study by Dong and Wang [97] demon-
strated that in a DR rat model, SI00A12 promotes the re-
lease of inflammatory factors such as IL-1p and IL-18 by
activating NLRP3 in retinal microglia. The underlying
molecular mechanism involves the regulation of microR-
NAs (miRNAs). Under physiological conditions, miR-30a
negatively regulates NLRP3 protein expression by directly
binding to the 3’ untranslated region (3'-UTR) of NLRP3
mRNA. However, in the DR environment, SI00A12 sig-
nificantly inhibits the expression of miR-30a in microglia,
thereby alleviating its posttranscriptional suppression of
NLRP3 activity, leading to upregulated NLRP3 protein lev-
els and excessive inflammasome activation [97]. These
results indicate that in DR, S100A12 not only serves as
a biomarker reflecting disease severity but also acts as a
key effector molecule driving microglial inflammatory re-
sponses through the S100A 12/miR-30a/NLRP3 axis.

HIF-1a

HIF-1a is a crucial transcription factor that can bind to
the  subunit to form a transcriptionally active dimeric com-
plex. It regulates the expression of numerous downstream
target genes and participates in various responses, such as
hypoxia adaptation, angiogenesis, immune response, and
apoptosis, and plays a significant role in multiple diseases,
including diabetes [99]. Studies have shown that in high
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glucose-stimulated retinal microvascular endothelial cells
and BV-2 microglia, a high glucose environment activates
HIF-1oo and promotes its nuclear translocation through
mechanisms such as ROS induction, directly upregulating
VEGF expression and driving angiogenesis [100,101]. In-
hibiting the ERK1/2 signaling pathway can block HIF-1a
activation, thereby downregulating VEGF expression and
indirectly affecting the inflammatory environment [101].
Research has shown that NLRP3 expression is elevated at
sites of angiogenesis, indicating that NLRP3 contributes
to pathological neovascularization in late stages [102]. In
CNS diseases, HIF-1a can directly regulate NLRP3 ac-
tivation. In traumatic brain injury, upregulated HIF-1la
promotes NLRP3 inflammasome activation and pyropto-
sis [103]. Conversely, in cellular models of acute ischemic
stroke, HIF-1a overexpression suppressed the increase in
ROS in microglia, thereby inhibiting the NLRP3 inflamma-
some and ultimately reducing microglial pyroptosis [104].
The regulation of NLRP3 by HIF-1a may be context- and
dose dependent. In DR, although there is no direct evidence
that HIF-1a independently activates NLRP3, the two ex-
hibit strong synergistic effects on the pathological process.

Conversely, the expression of HIF-1a is regulated by
NLRP3. Studies have shown that in the retinas of rats with
STZ-induced diabetes, knocking down NLRP3 expression
can inhibit the expression of proinflammatory factors such
as IL-1pB and IL-18 and downregulate the expression of HIF-
la and VEGEF, thereby reducing the generation of patho-
logical cardiovascular disease [105]. These findings indi-
cate that the activation of NLRP3 can form a positive feed-
back loop through its effector molecules (e.g., IL-1pB), fur-
ther consolidating the activity of HIF-1a and downstream
proangiogenic responses. In the progression of DR, HIF-
la and the NLRP3 inflammasome constitute a mutually re-
inforcing signaling network. The hypoxia adaptation and
angiogenic responses driven by HIF-1a, together with the
inflammatory responses mediated by NLRP3, collectively
promote disease progression toward proliferative lesions.
Intervening at key nodes of this cross-talk may provide new
therapeutic strategies to simultaneously inhibit neovascu-
larization and neuroinflammation.

Potential Therapeutic Strategies Targeting the
NLRP3 Inflammasome in Diabetic Retinopathy

Direct Targeting of NLRP3

In DR, NLRP3-mediated inflammatory responses
play pivotal roles in the onset and progression of the
disease. Currently, targeting NLRP3 is a promising avenue
for DR treatment. First, certain small molecules can
directly target the NLRP3 protein to modulate its activity
or bind to its mRNA to inhibit translation (Table 1, Ref.
[106,107,108,109,110,111,112,113,114,115,116,117,118,
119)).
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Table 1. Summary of therapeutic agents targeting the NLRP3 inflammasome in diabetic retinopathy.

Agents Model type Effects Mechanism Ref.
MCC950 STZ-induced diabetic mouse Reduces retinal vascular damage; decreases IL-1B pro- Direct NLRP3 inflammasome inhibition [106]
duction; attenuates vascular leakage; protects against
hyperglycemia-induced histological changes
OLT1177 PDR patient proliferative membranes; Inhibits retinal neovascularization; attenuates microglial Selective NLRP3 inflammasome inhibition [107]
OIR mouse model inflammation; protects retinal neurons; preserves astrocytic
template; improves retinal function
Methylene Blue  STZ-induced diabetic rat model Attenuates retinal layer thinning and BRB permeability; re- Inhibits NLRP3 inflammasome activation [108]
duces NLRP3, ASC, caspase-1, IL-1B, IL-18.
Vitamin D3 STZ-induced diabetic rat model; High Reduces retinal vascular permeability and apoptosis; de- Downregulates ROS/TXNIP/NLRP3 axis [109]
glucose-exposed HRMECs creases VEGF expression
Minocycline STZ-induced diabetic rat model; High Decreases retinal vascular permeability and apoptosis; re- Downregulates ROS/TXNIP/NLRP3 axis [110]
glucose-exposed HRMECs duces inflammatory cytokines (IL-1f, IL-18)
Hydrogen Sul- High glucose-induced human RPE cells  Protects RPE cells from high glucose-induced damage; re- Inhibits ROS formation and subsequent NLRP3 inflamma- [111]
fide (H,S) duces expression of IL-1f and IL-18 some activation.
Tilianin STZ-induced diabetic rat model Lowers blood glucose; improves insulin sensitivity; exerts Activation of the Nrf2-HO-1 axis, and inhibition of [113]
antioxidant and anti-inflammatory effects; ameliorates reti- ROS/TXNIP/NLRP3 axis.
nal morphology.
Spermidine High-glucose treated human RPE (ARPE-  Attenuates cytotoxicity and apoptosis in RPE cells; reduces Inhibits ROS production and NF-kB signaling, [112]
19) cells release of IL-1f and IL-18 TXNIP/NLRP3 inflammasome
Tonabersat A spontaneously hyperglycemic strain of Reduces gliosis (GFAP, Iba-1) and improves retinal func- Inhibits CX43 [114]
SD rats tion
Salidroside STZ-induced diabetic rat model Protects retinal ganglion cells from pyroptosis; improves Modulation of Nrf2/NFE2L2, NF-kB/NFKB1, and NLRP3 [115]
retinal pathological structure pathways
Oridonin STZ-induced diabetic mouse; HG- Alleviates visual impairment & retinal lesions; protects Inhibits NF-«B signaling; blocks NEK7-NLRP3 inflamma- [116]
stimulated hRECs neuroretinal structure; reduces systemic & retinal inflam- some
mation; inhibits pyroptosis.
miR-22-3p STZ-induced rat; AGEs induced BV2 cell Inhibits NLRP3 inflammasome activation, suppresses mi- Binds to NLRP3 mRNA 3'-UTR to inhibit its expression [117]
croglial activation, decreases inflammatory cytokines lev-
els
miR-192 High glucose-induced human RPE cells  Inhibits pyroptosis of RPE cells by suppressing NLRP3 in- Targets FTO to reduce NLRP3 expression [118]
flammasome activation
miR-128-3p High glucose-induced human retinal en- Reduces inflammatory injury (TNF-o, IL-1p) in retinal en- Targets KDM3A to repress NLRP3 transcription [119]

dothelial cells

dothelial cells

YILT

Notes: STZ, streptozotocin; PDR, proliferative diabetic retinopathy; OIR, oxygen-induced retinopathy; HG, high glucose; HRMECs, human retinal microvascular endothelial cells; RPE, retinal pigment
epithelium; BRB, blood-retinal barrier; IL-1p, interleukin-1 beta; VEGF, vascular endothelial growth factor; ROS, reactive oxygen species; TXNIP, thioredoxin-interacting protein; NLRP3, NOD-like
receptor protein 3; NF-kB, nuclear factor kappa B; Nrf2, nuclear factor erythroid 2-related factor 2; FTO, fat mass and obesity-associated protein; KDM3A, lysine-specific demethylase 3A; AGEs,
advanced glycation end products; NEK7, NIMA-related kinase 7.
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MCC950 directly and specifically binds to the
NACHT domain of the NLRP3 protein. Research by Ge
et al. [106] revealed that intravitreal injection of MCC950
can alleviate retinal vascular damage, reduce IL-1f levels,
and improve vascular leakage in DR mice, further support-
ing the feasibility of using NLRP3 as a therapeutic target.
OLT1177 is a novel, highly selective inhibitor targeting the
NLRP3 inflammasome but does not act on AIM2 or NLRC4
inflammasomes. Its mechanism of action involves directly
binding to the NLRP3 protein and inhibiting its ATPase ac-
tivity, thereby blocking the assembly of the inflammasome
upstream [120]. Wu et al. [107] demonstrated that in the
proliferative membranes of PDR patients and in an OIR
mouse model, NLRP3 is primarily activated in microglia.
The inhibitor OLT1177 not only significantly suppressed
retinal neovascularization but also reduced microglial in-
flammatory responses and exhibited notable neuroprotec-
tive effects. These small-molecule inhibitors work by di-
rectly binding to the NLRP3 protein, hindering the activa-
tion of the NLRP3 inflammasome and thereby alleviating
DR.

In addition to small molecule-specific inhibitors, some
drugs that have been used clinically for many years have
been shown to inhibit the NLRP3 inflammasome and alle-
viate DR. For example, methylene blue has been demon-
strated to alleviate retinal layer thinning and BRB disrup-
tion in a streptozotocin (STZ)-induced diabetic rat model.
Its protective effects are closely associated with the down-
regulation of NLRP3, ASC, caspase-1, and the downstream
inflammatory factors IL-1P and IL-18 [108]. These find-
ings indicated that the protective effects of methylene blue
were not achieved by reducing oxidative stress, suggest-
ing that methylene blue may interfere with NLRP3 inflam-
masome activation through other unknown pathways, and
the specific mechanisms require further elucidation. These
findings suggest that systematic screening of existing drug
libraries based on the NLRP3 pathway may be an effective
strategy for rapidly identifying potential therapeutic agents.

Regulation of Upstream Signaling Pathways

In addition to directly targeting the NLRP3 protein
or mRNA to inhibit inflammasome activation, targeting
the pathways upstream of NLRP3 activation also plays a
role in improving DR (Table 1). The activation of NLRP3
is precisely regulated by various upstream signals, among
which the ROS-driven TXNIP/NLRP3 axis has been iden-
tified as one of the key pathways in DR. Directly allevi-
ating oxidative stress is the most straightforward strategy
to inhibit the TXNIP/NLRP3 axis in DR. For example,
minocycline, vitamin D3, and hydrogen sulfide (H2S) sig-
nificantly reduce ROS generation in cells and retinal tissues
under high-glucose conditions, thereby inhibiting TXNIP
expression and NLRP3 inflammasome activation and re-
ducing the release of inflammatory factors such as IL-1j3
and IL-18 [109,110,111]. Vitamin D3 also has additional

2765

antiangiogenic effects by reducing VEGF expression and
the apoptosis rate, ultimately alleviating diabetes-induced
retinal vascular damage and increasing vascular permeabil-
ity [109]. In high glucose-induced retinal pigment epithelial
cells, Bang et al. [112] reported that the natural polyamine
spermidine effectively inhibits mitochondrial ROS gener-
ation induced by high glucose and blocks the activation of
NF-«B signaling, thereby downregulating the expression of
TXNIP, NLRP3, ASC, and caspase-1; suppressing inflam-
masome assembly; and reducing the release of IL-1p and
IL-18, ultimately protecting retinal pigment epithelial cells
from high glucose damage [112]. These findings suggest
that simultaneously targeting both ROS and NF-«B, two
critical upstream nodes, may be a more effective strategy
for inhibiting NLRP3-driven inflammatory responses.

In addition to directly inhibiting ROS, regulating the
body’s antioxidant function is another strategy for suppress-
ing the TXNIP/NLRP3 axis. A study has shown that the
plant extract tilinaryin can significantly activate Nrf2 and
its downstream antioxidant enzyme-encoding genes, such
as HO-1, effectively inhibiting the expression of TXNIP,
NLRP3, ASC, caspase-1, and IL-1pB; blocking the as-
sembly and activation of the NLRP3 inflammasome; and
slowing changes in the retina of diabetic rats [113]. Re-
search by ElSayed et al. [121] revealed that memantine,
which is used to treat Alzheimer’s disease, exhibited sig-
nificant neuroprotective and vascular protective effects in
a DR mouse model. The mechanism involves the role
of memantine as an NMDA receptor antagonist, which
inhibits glutamate signaling, thereby downregulating the
ROS/TXNIP/NLRP3 pathway, ultimately reducing the re-
lease of inflammatory mediators such as IL-1p and im-
proving retinal histopathological and ultrastructural dam-
age [121].

Blocking abnormally opened intercellular communi-
cation channels is another emerging upstream intervention
pathway. Tonabersat is a CX43 hemichannel blocker. Oral
administration of Tonabersat can effectively inhibit the ex-
pression of CX43, GFAP, and Iba-1 in the retinas of diabetic
SD model rats, improving retinal dysfunction by suppress-
ing inflammatory responses [114]. These findings indicate
that targeting CX43 hemichannels to prevent the release of
danger signals is an effective strategy for intervening in up-
stream activation events of NLRP3.

These findings demonstrate that upstream strategies
for NLRP3 activation involve inhibition of the ROS/TXNIP
axis and CX43 hemichannels through two distinct path-
ways: metabolic stress and cellular communication. These
studies provide clear directions and experimental evidence
for the development of drugs aimed at blocking the early
activation stages of the NLRP3 inflammasome.

Multitarget Regulation Strategies

DR is a complex disease characterized by the interplay
of metabolic disorders, oxidative stress, and chronic inflam-
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mation. Strategies targeting a single pathway often fail to
fully reverse the pathological network. Therefore, the use
of a single compound to synergistically regulate multiple
key nodes to systematically restore retinal homeostasis has
emerged as a highly promising strategy. Such strategies are
typically discovered and validated through methods such as
network pharmacology. A study by Zhang et al. [115] re-
vealed through bioinformatics analysis that the protective
effect of the natural product salidroside on DR involves
a complex molecular network. The mechanism was vali-
dated in vivo, demonstrating enhanced endogenous antiox-
idant defenses (activation of Nrf2), inhibition of classical
proinflammatory signaling (suppression of NF-xB), and di-
rect intervention in NLRP3 inflammasome activation [115].
Another study revealed that oridonin not only inhibits the
upstream NF-kB signaling pathway but also directly blocks
the protein interaction between NIMA-related kinase 7 and
NLRP3, thereby suppressing NLRP3 inflammasome func-
tion at both the transcriptional activation and complex as-
sembly levels [116]. This multitarget, multipathway syn-
ergistic mechanism may provide fundamental advantages
in inhibiting neuroinflammation and protecting the retinal
neurovascular unit, suggesting a way to develop DR thera-
peutics.

Epigenetic Regulation

In addition to interventions targeting NLRP3 protein
function and its upstream activation signals, novel strate-
gies for regulating NLRP3 gene expression at the epige-
netic level have been proposed. miRNAs are a class of
single-stranded RNA fragments that are 21-25 nucleotides
in length and serve as post-transcriptional regulators that
are widely present in eukaryotes. Their primary function is
to bind to mRNA and regulate its translation. A study by
Chen et al. [117] demonstrated that mesenchymal stem cell
(MSC)-derived small extracellular vesicles (sEVs) can be
used to deliver miR-22-3p to diabetic rats. miRNAs directly
bind to the 3'-UTR of NLRP3 mRNA, inhibiting NLRP3
inflammasome activation, thereby suppressing microglial
activation, reducing retinal inflammatory factor levels, and
ameliorating DR. This highlights the potential of miRNA-
based therapies utilizing emerging delivery systems to di-
rectly target NLRP3.

More complex regulatory networks involve the reg-
ulation of epigenetic modification enzymes by miRNAs,
thereby indirectly affecting NLRP3 transcription. A study
by Gu et al. [118] demonstrated that in high glucose-
induced retinal pigment epithelial cells, the expression of
miR-192 was significantly downregulated. The overex-
pression of miR-192 directly targeted and inhibited the
demethylase FTO, thereby reducing the degree of NLRP3
mRNA demethylation, ultimately downregulating NLRP3
expression at the posttranscriptional level and inhibiting
inflammasome assembly and pyroptosis [118]. Wen et
al. [119] revealed another pathway of NLRP3 transcrip-

tional regulation by miRNA in retinal endothelial cells: the
miR-128-3p/KDM3A/NLRP3 pathway. In high glucose-
induced retinal endothelial cells, the downregulation of
miR-128-3p led to the upregulation of its target gene
KDM3A. KDM3A, a histone demethylase, removes the in-
hibitory histone marker H3K9me?2 in the promoter region
of the NLRP3 gene, thereby alleviating the suppression
of NLRP3 transcription and promoting its expression and
inflammasome activation. Conversely, overexpression of
miR-128-3p reverses this process by inhibiting KDM3A to
maintain H3K9me?2 levels, ultimately suppressing NLRP3
expression at the transcriptional level and alleviating cellu-
lar inflammatory damage [119].

In summary, intervening in the expression of NLRP3
through miRNAs (such as miR-22-3p, miR-192, and miR-
128-3p) and their regulatory epigenetic networks (such as
m6A modification and histone methylation) is a potential
strategy for the precise regulation of NLRP3 inflammasome
expression.

Clinical Translation Challenges

Although preclinical studies of the above therapeutic
strategies have shown potential for inhibiting the NLRP3
inflammasome and alleviating retinal damage, the transla-
tion of these findings into clinical applications still faces
multiple challenges.

Blood-Retinal Barrier Penetration Limitations

The retina is located in the posterior segment of the
eye, and the BRB is the primary anatomical barrier re-
stricting drug entry into the retina. Consequently, sys-
temically administered NLRP3 inhibitors cannot achieve
effective therapeutic concentrations in the retina, which
directly limits the routes of administration for DR treat-
ment. Most of the effective preclinical studies mentioned
above employed intravitreal injection (e.g., MCC950 or
OLT1177) [106,107], and current clinical standard thera-
pies (e.g., anti-VEGF agents) also rely on intravitreal ad-
ministration. However, intravitreal injection is an inva-
sive procedure that has risks of serious adverse events, in-
cluding intraocular infection, non-infectious immune reac-
tions, lens injury, retinal tear/detachment, and fundal hem-
orrhage, and it demands high technical skills and a well-
controlled environment [122]. The development of tar-
geted drug delivery systems that utilize nanoparticles, lipo-
somes, or extracellular vesicles to overcome ocular phys-
iological barriers and improve drug bioavailability repre-
sents a promising strategy. For example, the aforemen-
tioned use of engineered extracellular vesicles to deliver
miR-22-3p or [L-4 [32,119] has demonstrated the feasibility
of targeted therapy via novel delivery systems. Currently,
clinical studies using stem cell-derived EV-containing eye
drops for dry eye disease are ongoing (NCT04213248: http
s://clinicaltrials.gov/study/NCT04213248, NCT05738629:
https://clinicaltrials.gov/study/NCT05738629) [123]. Fur-
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thermore, structural modification of existing inhibitors to
enhance BRB penetration is another promising approach.
For instance, the existing HDAC6 inhibitor tubastatin A
has low oral bioavailability and cannot cross the BRB. Kim
et al. [95] performed structural optimization of tubastatin
A, retaining its hydroxamate zinc-binding group, and ob-
tained a new derivative with improved oral bioavailabil-
ity and HDAC6 selectivity that can cross the BRB and
significantly suppress NLRP3 expression. In a diabetic
mouse model, oral administration of this new derivative (50
mg/kg) significantly ameliorated retinopathy, pathological
neovascularization, and vascular leakage and restored cell
numbers in the inner and outer nuclear layers. Mechanis-
tically, compared with the parent compound tubastatin A,
the new derivative markedly inhibited NLRP3 inflamma-
some activation in the retina, downregulated NLRP3 and
GSDMD-NT protein expression, and reduced the levels of
IL-1B, IL-6, and TNF-a, with superior efficacy across all
measured parameters [95].

Long-Term Safety and Toxicity Risks

NLRP3 is an essential component of innate immunity,
and long-term systemic inhibition may increase the risk of
infection. Although intravitreal administration can achieve
local effects and reduce systemic exposure, the safety of
systemic or long-term local use of NLRP3 inhibitors re-
mains unclear for DR, a disease closely associated with
systemic metabolic status. Current DR animal models can-
not fully recapitulate the long disease course and complex
pathological features of human DR. In humans, the long-
term safety, optimal dosage, and potential synergy with
other standard DR therapies (e.g., anti-VEGF agents and
lasers) need to be confirmed through rigorous clinical tri-
als. Taking MCC950 as an example, its pharmacokinetic
and toxicokinetic properties have limited its clinical devel-
opment [124]. In an interventional study on diabetic kidney
disease, MCC950 not only failed to confer renal protec-
tion but also exacerbated renal inflammation and fibrosis,
accompanied by elevated liver enzymes (e.g., ALT/AST),
suggesting hepatotoxicity [125]. Although MCC950 has
shown significant efficacy in various DR animal models,
its potential hepatotoxicity limits its clinical translation.
These findings underscore the importance of assessing the
safety of NLRP3 inhibitors and the need to develop next-
generation molecules. In addition, the long-term safety
of biologics targeting downstream products of NLRP3 de-
serves attention. Canakinumab, an anti-IL-1p monoclonal
antibody, has completed an exploratory clinical trial in pa-
tients with PDR. Eight PDR patients who received 150 mg
of canakinumab subcutaneously every 8 weeks for three
doses were included in this study. The results showed ac-
ceptable tolerability, with no progression of neovascular-
ization observed over 24 weeks and some regression of di-
abetic macular edema (NCT01589029: https://clinicaltria
Is.gov/study/NCT01589029). However, this trial was an
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open-label exploratory study with a small sample size and
no control group; the efficacy conclusions need to be val-
idated by large-scale randomized controlled trials. More-
over, the risk of infections associated with the long-term
use of such biologics requires systematic evaluation in fu-
ture studies.

Summary and Future Perspectives

The NLRP3 inflammasome, as a key molecular plat-
form that integrates various danger signals, such as oxida-
tive stress and hypoxia, plays a direct role in driving the ab-
normal activation of inflammatory mediators such as IL-1
and IL-18, as well as pyroptosis in DR. We have summa-
rized the activation mechanisms of the NLRP3 inflamma-
some in microglia in DR. Based on these mechanisms, in-
tervention strategies have expanded from directly inhibiting
NLRP3 to targeting its upstream activation pathways, reg-
ulating its expression through epigenetic means, and em-
ploying multitarget drugs for systemic modulation.

Currently, most research remains in the preclinical
stage. Future efforts should focus on enhancing clinical
translation by utilizing retinal organoids, humanized ani-
mal models, and other approaches to more accurately sim-
ulate the pathological environment of human DR and vali-
date drug efficacy. Concurrently, exploring the applicabil-
ity of existing NLRP3 inhibitors (such as OLT1177, which
is in the clinical stage) in DR patients is essential. Utilizing
biomarkers (e.g., IL-1p, HDAC6, and S100A 12) for patient
stratification will enable personalized treatment. Given that
DR is a progressive disease involving multiple pathological
pathways, such as metabolism, inflammation, and angio-
genesis, single-target intervention may not be sufficient to
completely halt disease progression. Combination therapy,
such as oral metformin combined with intravitreal injection
of MCC950, represents a potential direction [126].

Future research could integrate traditional Chinese
medicine concepts to systematically screen active ingredi-
ents from natural medicinal plants. For instance, the nat-
ural plant Plumbago zeylanica L. has demonstrated hypo-
glycemic and antioxidant effects in diabetic models [127].
Whether it exerts retinal protective effects by modulat-
ing the NLRP3 pathway warrants further investigation. In
addition to chemical drugs and biologics, nonpharmaco-
logical interventions are also noteworthy. For example,
studies have indicated that electroacupuncture stimulation
can downregulate NLRP3 inflammasome components and
downstream cytokines in pain models, suggesting the po-
tential of electroacupuncture as a physical therapy for reg-
ulating neuroinflammation [128].

Conclusion

This review systematically elaborates on the new per-
spective of microglia-mediated neuroinflammation in DR
and focuses on the central role of the NLRP3 inflamma-
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some in this process. The pathological mechanism of
DR involves not only simple microvascular lesions but
also a complex network encompassing metabolic disorders,
chronic inflammation, pathological angiogenesis, and neu-
rodegeneration. Activated microglia are key effector cells
that mediate disease progression, and their functional dys-
regulation is manifested primarily through two processes.
On the one hand, the release of various cytokines and me-
diators directly mediates inflammation, induces neuronal
damage, and promotes pathological angiogenesis and BRB
disruption. On the other hand, the dysregulation of their
phagocytic function further exacerbates tissue injury and
inflammatory cycles.
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