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Abstract

Cerebral ischemia-reperfusion injury (CIRI) is a severe neurological disorder characterized by
exacerbated brain tissue damage and deteriorated neurological function following the restoration
of blood flow after ischemia. The NLRP3 inflammasome, a multi-protein assembly triggered by
diverse danger-associated signals, is critically involved in the inflammatory processes underlying
CIRI. Its triggering prompts the secretion of IL-1B and IL-18, which in turn amplifies inflammatory
reactions, promote neuronal apoptosis and necrosis, disrupt the blood-brain barrier, and impair
neurological recovery. This review systematically examines the NLRP3 inflammasome’s structural
architecture, activation mechanisms, and regulatory pathways, and discusses its close association with
CIRI. Additionally, current intervention strategies targeting the NLRP3 inflammasome, including
pharmacological inhibitors and traditional Chinese medicine, are summarized, along with future
research directions for developing novel treatments and personalized therapies. Elucidating the detailed
molecular mechanisms of the NLRP3 inflammasome in CIRI is critical for enhancing therapeutic
efficacy and patient prognosis.

NLRP3 Inflammation;

Keywords:  Cerebral ischemia-reperfusion injury; inflammasome;

Neuroinflammation; Pyroptosis; Blood-brain barrier

INTRODUCTION

Cerebral ischemia is a severe neurological
disorder that poses a significant threat to human
health, and is associated with alarmingly high
rates of disability and death, making it a critical
public health concern. As shown in Figure 1,
according to the World Health Organization'
between 1990 and 2021, there was a significant
increase in the burden of stroke, with a 70.0%

increase in the number of new stroke cases,
a 44.0% increase in stroke-related deaths, an
86.0% increase in the prevalence of stroke,
and a 32% increase in disability-adjusted life
years (DALYs) lost due to stroke. After cerebral
ischemia occurs, timely restoration of blood
perfusion is the key therapeutic strategy to
salvage the ischemic brain tissue. However,
following restoration of blood flow, some
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patients may experience cerebral ischemia-
reperfusion injury (CIRI), which manifests as
exacerbated brain tissue damage and deteriorated
neurological dysfunction, severely affecting
patient prognosis.>* The figure intuitively reflects
the growing public health threat posed by stroke,
and notably, CIRI as a major complication of
ischemic stroke contributes substantially to these
adverse outcomes (Figure 1).
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Inflammation plays an important role in
the development of CIRI. Nucleotide-binding
domain, Leucine-rich repeat, and Pyrin domain
containing 3 (NLRP3) inflammasome is a master
regulator of inflammation, as per recent evidence.
Previous studies have focused on the role of the
NLRP3 inflammasome in CIRL* The structure
of the NLRP3 inflammasome consists of three
important components: NLRP3, apoptosis-

Annual Trends in Stroke Data (1990-2021)

Year New Stroke Cases Stroke-related | Stroke Prevalence | Stroke-related DALYs
(10,000) Deaths (10,000) (10,000) (million years)
1990 717.65 486.11 504..30 53.30
1991 735.98 489.35 517.31 53.93
1992 749.88 498.34 530.43 54.55
1993 764.76 499.65 542.61 55.22
1994 775.40 505.10 555.62 55.91
1995 789.11 510.08 566.11 56.64
1996 797.33 515.89 573.60 57.14
1997 808.48 525.56 587.73 58.04
1998 824.20 531.90 606.42 58.41
1999 837.81 535.32 620.33 58.95
2000 852.80 539.14 632.32 59.24
2001 868.47 546.01 644.60 59.33
2002 888.58 556.19 657.35 60.17
2003 901.34 561.71 675.09 60.63
2004 913.89 568.44 690.66 61.16
2005 936.12 579.76 701.16 61.99
2006 944.13 586.47 704.94 62.63
2007 949.43 595.84 720.44 63.39
2008 962.33 600.54 734.00 64.13
2009 979.86 604.73 750.33 64.96
2010 998.43 613.84 774.52 65.79
2011 1018.29 622.26 794.86 66.63
2012 1024.02 628.58 816.83 67.35
2013 1040.93 632.64 837.48 68.07
2014 1060.46 640.83 856.80 68.45
2015 1079.84 647.19 874.21 69.12
2016 1091.79 657.05 891.98 69.85
2017 1108.31 668.20 914.08 70.70
2018 1120.60 676.50 932.67 71.81
2019 1141.50 684.50 953.12 72.64
2020 1155.73 693.98 964.11 72.98
2021 1169.46 706.43 980.07 73.71
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Figure 1. Global burden of stroke (1990-2021). This figure shows the increase in new stroke cases, stroke-related
deaths, prevalence, and disability-adjusted life years (DALYs) over the past three decades, based on data

from the World Health Organization (2021).

associated speck-like protein containing a
caspase recruitment domain (ASC), and pro-
caspase-1.° Its activation is induced by a range of
damage-associated molecular patterns (DAMPs)
and pathogen-associated molecular patterns
(PAMPs).® The cleavage of pro-caspase-1 by
the activated NLRP3 inflammasome leads to
the release of active caspase-1, which further
aids in the cleavage and release of the important
pro-inflammatory  cytokines interleukin-1
(IL-1B) and interleukin-18 (IL-18), causing
inflammation.” Numerous studies have shown
that NLRP3 inflammasome is aberrantly
activated in CIRI. When activated in excess,
brain tissue damage is aggravated, inflammatory
reactions cause neuronal apoptotic and necrotic
death, blood-brain barrier deviation occurs,
and recovery of neurological function is
impaired.*® Consequently, it will be very useful
to outline the mechanistic involvement of the
NLRP3 inflammasome in CIRI. This can help
to understand the disease and lead to clinical
intervention, identification of effective targets,
and prognosis of patients.

METHODS

This review was conducted following the

Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA)
guidelines.

Literatures search

A comprehensive literature search was performed
across PubMed, Web of Science, Embase,
CNKI, and Wanfang Data from January 2000
to June 2025. The core search terms included
“NLRP3 inflammasome”, “cerebral ischemia-
reperfusion injury (CIRI)”, “neuroinflammation”,
“pyroptosis”, and their corresponding Chinese

equivalents.
Eligibility criteria

Studies were included if they focused on the
NLRP3 inflammasome in CIRI, including
original experimental research (in vitro/in vivo)
and peer-reviewed reviews. Exclusion criteria
were conference abstracts, non-English/non-
Chinese articles, studies lacking NLRP3-specific
analysis, and research unrelated to CIRI.

Screening and quality assessment

Two independent investigators screened titles/
abstracts and full texts. Discrepancies were
resolved by a third investigator. Included in
vivo studies were assessed using the ARRIVE
guidelines, and in vitro studies were evaluated
based on experimental controls and result
reproducibility.
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OVERVIEW OF CEREBRAL ISCHEMIA-
REPERFUSION INJURY

Definition and clinical status

CIRI describes the pathological process by
which brain tissue damage is exacerbated and
neurological function deteriorates after blood
flow is restored following cerebral ischemia.’
In clinical practice, acute ischemic stroke is the
primary cause of CIRI, with its global incidence
on the rise.!”!"" China has a high incidence
of stroke, with approximately 2 million new
cases each year, of which approximately 80%
are ischemic strokes. During the treatment of
patients with ischemic stroke with thrombolysis,
thrombectomy, or other vascular recanalization
therapies, cerebral ischemia-reperfusion injury
is a common complication that severely affects
patient prognosis and quality of life.!? Statistics
indicate that approximately 12% to 16.9%
of patients receiving recanalization therapy
experience varying degrees of CIRI", which
increases mortality and disability rates' and
imposing a heavy burden on families and society
(Figure 2). This figure illustrates the progressive
pathological process of ischemic stroke, from
initial vascular occlusion to CIRI development,
highlighting key cascades including oxidative
stress, calcium overload, and leukocyte
infiltration.
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Analysis of pathogenesis
No-reflow phenomenon

After blood flow is restored following cerebral
ischemia, some ischemic tissues do not
receive effective reperfusion but remain in
a state of ischemia with further aggravated
damage."® This is mainly due to swelling of
the nerve and endothelial cells, which narrows
or even occludes the microvascular lumen.
Simultaneously, the aggregation of white blood
cells, platelet adhesion, and activation within the
microvasculature form microthrombi, further
obstructing microcirculation and preventing
normal blood supply to ischemic tissues, thereby
exacerbating ischemic-hypoxic injury.'®

Calcium overload

Ischemic conditions induce neuronal membrane
destabilization, resulting in altered permeability.
Calcium channels open, allowing a large
influx of extracellular Ca®" into cells along
a concentration gradient, resulting in an
intracellular calcium overload.!” Intracellular
calcium overload can activate various calcium-
dependent enzymes such as phospholipases,
proteases, and endonucleases. Overactivation
of these enzymes results in breakdown of cell
membrane phospholipids, disruption of the
cytoskeleton, and decomposition of nucleic

Figure 2. Illustration of ischemic stroke progression and ischemia-reperfusion injury.
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acids, ultimately leading to necrosis.'® Moreover,
calcium overload can cause mitochondria to
take up excessive Ca?", causing mitochondrial
malfunction, diminished ATP synthesis, and
further aggravating problems in cellular energy
metabolism."

Oxidative stress

During cerebral ischemia-reperfusion, a sudden
increasein oxygensupply triggers aseries of redox
reactions, generating excessive reactive oxygen
species (ROS) including superoxide anions (O2")
and hydroxyl radicals (OH*).?° These highly
reactive species mediate oxidative damage to
critical biomolecules, including membrane lipids,
structural proteins, and genetic materials. ROS
initiates lipid peroxidation cascades in membrane
phospholipids, compromising structural integrity
and barrier function, which subsequently
elevates permeability and facilitates cytoplasmic
content leakage.”’*> They can also cause protein
molecules to cross-link and denature, losing their
normal physiological functions.”® Additionally,
free radicals can damage DNA, leading to gene
mutations and cell apoptosis. The capacity of
ischemic brain tissue to synthesize antioxidant
enzymes, such as superoxide dismutase (SOD)
and catalase (CAT), is diminished, further
exacerbating the damage caused by free radicals
to the tissue.**

Energy metabolism disorder

During cerebral ischemia, owing to the
insufficient supply of oxygen and glucose, cells
primarily rely on anaerobic glycolysis to produce
energy, with a significant reduction in ATP
synthesis. Meanwhile, high-energy phosphate
compounds such as creatine phosphate are
gradually depleted. During reperfusion, although
the supply of oxygen and glucose is restored,
mitochondrial dysfunction limits the ability
of cells to utilize oxygen, resulting in the slow
recovery of aerobic metabolism and insufficient
ATP synthesis. Additionally, during reperfusion,
precursor substances for ATP synthesis, such as
adenosine, inosine, and hypoxanthine, are washed
out of the cells, depriving them of the material
basis for resynthesizing high-energy phosphate
compounds. This leads to the persistence of
cellular energy metabolism disorders, which
affect the normal functional recovery of cells.?

Leukocyte involvement

Experimental studies have shown a significant
increase in leukocyte infiltration in the brain
tissue during cerebral ischemia-reperfusion.”’
When tissues are damaged by ischemia, the
degradation of cell membrane phospholipids
and the increased metabolism of arachidonic
acid produce substances with strong chemotactic
effects, attracting a large number of leukocytes
to enter the ischemic tissue and adhere to
the endothelium. Leukocytes release various
inflammatory mediators and chemokines,
including leukotrienes, tumor necrosis factor-o
(TNF-a), and interleukin-1 (IL-1), further
promoting the aggregation and activation of
leukocytes. Aggregated leukocytes can become
lodged and block capillaries, thereby obstructing
the blood flow. Leukocytes can also release
lysosomal enzymes that directly damage the
surrounding tissue cells. Furthermore, neutrophil-
derived ROS generated during respiratory
bursts significantly potentiates oxidative stress-
mediated tissue injury.?®

of the

Comprehensive NLRP3

inflammasome

analysis

Structural composition

NLRP3 inflammasome is a multiprotein complex
composed of three central proteins: NLRP3
scaffold protein, caspase-1, and apoptosis-
associated speck-like protein containing a
caspase recruitment domain (ASC). NLRP3
protein is part of the NOD-like receptor (NLR)
family and is the main component of the
NLRP3 inflammasome. The amino-terminal
pyrin domain (PYD), central nucleotide-
binding oligomerization domain (NACHT), and
carboxyl-terminal leucine-rich repeat (LRR)
domains.” The PYD domain primarily mediates
the interaction between NLRP3 and ASC through
PYD-PYD homotypic interactions. The NACHT
domain, which hydrolyzes ATP, is crucial for
NLRP3 activity. ATP binding and hydrolysis
result in conformational changes in the NACHT
domain, activating NLRP3. The LRR domain
plays a major role in the recognition of different
PAMPs and DAMPs, and is responsible for
initiating the activation signal transduction of the
NLRP3 inflammasome through binding.”

ASC is an adaptor protein that contains two
domains: the amino-terminal PYD domain and
carboxyl-terminal caspase recruitment domain
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(CARD). ASC acts as a bridge in the NLRP3
inflammasome. NLRP3 forms a homotypic
interaction through its PYD domain and a
heterotypic interaction with pro-caspase-1
through CARD-CARD binding, thereby linking
NLRP3 to pro-caspase-1 and enabling assembly
and activation of the inflammasome.*

Caspase-1 serves as an effector protein
in the NLRP3 inflammasome, and initially
exists in an inactive pro-enzyme form (pro-
caspase-1).>' Pro-caspase-1 is recruited to the
NLRP3 inflammasome complex via CARD-
CARD interactions with ASC, after which
it undergoes self-cleavage and activation
influenced by the NLRP3 inflammasome.
Mature caspase-1 exhibits potent substrate
specificity and proteolytically processes pro-IL-
1B and pro-IL-18 into their bioactive forms to
initiate the inflammatory cascades. Additionally,
caspase-1 cleaves gasdermin D (GSDMD),
thereby releasing its N-terminal domain. The
pore-forming activity of this domain induces
pyroptotic cell death, a lytic programmed cell
death pathway that amplifies inflammatory
signaling.

Function and activation mechanism

Basic activation process of the NLRP3

inflammasome

The NLRP3 inflammasome serves as a pivotal
innate immune sensor that maintains metabolic
homeostasis and coordinates host defense
against pathogens by recognizing PAMPs, such
as bacterial lipopolysaccharides (LPS), viral
nucleic acids, and DAMPs, including ATP and
uric acid crystals.* In bacterial infections, LPS
binds to Toll-like receptor 4 (TLR4) on immune
cells, activating NF-kB signaling to upregulate
NLRP3 and pro-IL-1p transcription and prime
the cells for inflammasome activation. NLRP3
oligomerizes with ASC and pro-caspase-1 to
form a functional inflammasome complex.
Activated caspase-1 cleaves pro-IL-1f and
pro-IL-18 into mature cytokines, and recruits
macrophages and neutrophils to clear pathogens.
Additionally, caspase-1 processes gasdermin D
(GSDMD), inducing pyroptosis, a lytic cell death
mechanism that limits the spread of pathogens
by eliminating the infected cells.>

In CIRI, aberrant NLRP3 activation
exacerbates the pathology of neurons and glial
cells (e.g. as microglia and astrocytes). DAMPs,
such as ATP and high mobility group box 1
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(HMGBI), released during ischemia, trigger
NLRP3 activation.’> In microglia, extracellular
ATP activates P2X7 receptors, driving potassium
efflux, which lowers intracellular K*, a critical
signal for NLRP3 assembly.’® In neurons and
astrocytes, mitochondrial dysfunction during
reperfusion generates excessive reactive oxygen
species (ROS), oxidizing mitochondrial DNA,
which acts as a DAMP to amplify NLRP3
signaling.’” This results in IL-1p and IL-
18 release, intensifying neuroinflammation,
neuronal apoptosis, and blood-brain barrier
(BBB) disruption, which are core features of
CIRL*3®*IL-1p upregulates endothelial adhesion
molecules, promoting leukocyte infiltration,
which exacerbates oxidative stress and
endothelial damage, impairing microcirculation
and worsening ischemic injury.* These processes
link NLRP3 activation to CIRI pathologies such
as lipid peroxidation and BBB breakdown.*

NLRP3 activation requires two signaling
pathways. First, the priming signal involves
TLR-mediated NF-«kB  activation, which
enhances the expression of NLRP3 and pro-IL-
1B.#" The second signal triggers inflammasome
assembly via pathways, such as potassium efflux,
mitochondrial ROS production, and lysosomal
damage. In CIRI, potassium efflux in neurons
and microglia, driven by ionic imbalances, is a
key activator.*® Mitochondrial ROS, which are
prevalent in ischemic neurons, connect oxidative
stress to NLRP3 activation, whereas lysosomal
damage in microglia releases cathepsin B,
which further promotes NLRP3 assembly.*
These mechanisms amplify CIRI’s oxidative and
endothelial damage caused by CIRI, contributing
to neuronal loss and BBB dysfunction.*

In addition to CIRI, dysregulated NLRP3
activation drives pathology in Alzheimer’s
disease, Parkinson’s disease, and type 2 diabetes,
in which IL-1B release in adipose tissue
macrophages impairs insulin sensitivity.* In
atherosclerosis and autoimmune disorders, such
as rheumatoid arthritis, NLRP3 exacerbates
inflammation.** Elucidating NLRP3 activation
in specific neural and glial cells and its role in
oxidative and endothelial pathology of CIRI
is essential for developing targeted therapies
to mitigate neuroinflammation and improve
neurological outcomes.*

It is worth noting that most of the current
evidence for NLRP3 activation mechanisms
in CIRI comes from middle cerebral artery
occlusion (MCAO) mouse models, which
have inherent limitations. For instance, the



pathological process of CIRI in humans involves
more complex vascular and neurological
characteristics compared to rodent models,
and the short follow-up time of most animal
experiments (usually within 7-14 days) fails to
reflect the long-term effects of NLRP3 activation
on neurological recovery.**” Additionally, the
reproducibility of some studies is limited by
differences in animal strains, surgical procedures,
and intervention timings*, which should be
considered when interpreting the results.

Key regulators of NLRP3 activation in CIRI

Several conserved signaling pathways and
cellular processes critically regulate NLRP3
inflammasome activation in CIRI. Potassium
efflux, induced by extracellular ATP binding
to P2X7 receptors on microglia and neurons,
reduces intracellular K* concentration to promote
NLRP3 oligomerization and ASC interaction,
a prerequisite for inflammasome assembly.*
Mitochondrial ROS (mtROS) generated by
reperfusion-induced mitochondrial dysfunction
oxidizes mtDNA into DAMPs, which bind to
NLRP3 to amplify its activation.’” Additionally,
NF-kB signaling, activated by TLRs upon
DAMP recognition, upregulates NLRP3 and
pro-IL-1p transcription to complete the priming
step**, while the ERK, JNK, and p38 MAPK
pathways further enhance NLRP3 activation at
transcriptional and post-translational levels.*
Autophagy acts as a negative regulator of
NLRP3 inflammasome in CIRI by mediating
the lysosomal degradation of NLRP3, ASC,
and caspase-1." These regulators interact
dynamically: NF-«xB and MAPK pathways
promote NLRP3 activation, while mtROS and
potassium efflux serve as direct activation signals,
and autophagy balances this process to prevent
excessive inflammation. Their dysregulation in
CIRI leads to exaggerated NLRP3 activation and
subsequent neuroinflammatory damage.

Regulatory mechanisms

NLRP3 inflammasome is tightly regulated
through  transcriptional,  post-translational,
and intracellular  signaling  mechanisms
and has significant implications in cerebral
ischemia-reperfusion injury (CIRI). These
regulatory  pathways, particularly NF-kB,
MAPK, and autophagy, interact dynamically to
modulate NLRP3 activity, thereby influencing
neuroinflammation and CIRI pathology.

Transcriptional regulation

NLRP3 transcription is orchestrated by key
transcription factors, notably NF-«kB, which
is a master regulator of inflammation.* In
CIRI, DAMPs, such as ATP, activate toll-like
receptors (TLRs) in microglia and astrocytes,
triggering NF-«kB translocation to the nucleus.
NF-kB binds to the NLRP3 gene promoter and
upregulates NLRP3 and pro-IL-1p expression,
thereby priming cells for inflammasome
activation. In macrophages, lipopolysaccharide
(LPS) enhances NLRP3 transcription via NF-
kB, a process amplified in CIRI due to ischemic
stress.* Interferon regulatory factors (IRF3/
IRF7) also regulate NLRP3 transcription. In viral
infections or CIRI, IRF3 activation upregulates
NLRP3, thereby promoting inflammatory
cascades in the neurons and glial cells. In CIRI,
NF-kB-driven NLRP3 upregulation exacerbates
neuroinflammation by increasing IL-1f levels,
which disrupts the BBB and amplifies oxidative
stress.”

Post-translational modification

Inflammasome activity is significantly controlled
by post-translational modifications such as
phosphorylation and ubiquitination. E3 ligases,
such as ITCH and TRIM2S5, facilitate ubiquitin-
mediated activation of NLRP3.%> During CIRI,
microglial ITCH polyubiquitinates NLRP3 viathe
K63-link, leading to downstream assembly of the
NLRP3 inflammasome, resulting in augmented
release of IL-1p and neuroinflammation.*
On the other hand, DUBs such as USP5 and
USP14 target NLRP3 and function to trim the
chains of ubiquitin, decreasing the level of
NLRP3 and shutting down the activity of the
inflammasome. USP5 deubiquitinates CIRI
to reduce neuronal inflammation, oxidative
stress, and apoptosis. NLRP3 function is also
affected by its phosphorylation. NLRP3 is
directly phosphorylated by protein kinase C
(PKC) to facilitate its assembly in microglial
inflammasomes, whereas NLRP3 activity is
inhibited by phosphorylation through TBKI,
which may limit inflammation in CIRL*
By controlling the release of cytokines and
pyroptosis, the modifications integrate NLRP3
regulation into CIRI pathologies, such as
oxidative stress and endothelial damage.
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Intracellular signal transduction

The NLRP3 inflammasome is regulated by
the mitogen-activated protein kinase (MAPK)
signaling pathway, which has three branches.
ERK, JNK, and p38 are activated during
inflammation and independently regulate
NLRP3 inflammasome gene expression and
signal activation through the phosphorylation of
relevant transcription factors and downstream
signaling mechanisms. It has been shown that
NLRP3 transcription, along with pro-IL-1§
transcription and assembly of the complex, are
enhanced during the stimulation of macrophages
with LPS via the activation of the three branches
of the ERK, JNK, and p38 MAPK pathways.*
Autophagy, the process through which cellular
homeostasis is regulated by the conserved
pathway of lysosomal degradation, also helps in
the modulation of NLRP3 inflammasome activity
and in the regulation of NLRP3 inflammasome
activation by degrading components of NLRP3
inflammasome proteins.” During inflammatory
stimulation, autophagy-related proteins are
activated to form autophagosomes, which
engulf and degrade NLRP3, ASC, and other
inflammasome components, thereby reducing
the inflammasome assembly and activation.
Experimental evidence indicates that the
pharmacological induction of autophagy in
inflammatory models effectively suppresses
NLRP3 inflammasome activation and attenuates
the associated inflammatory pathology.”!

CLOSE ASSOCIATION BETWEEN
THE NLRP3 INFLAMMASOME AND
CEREBRAL ISCHEMIA-REPERFUSION
INJURY

Inducing neuroinflammatory responses

In CIRI, damaged neurons, microglia, and
astrocytes release DAMPs, such as ATP and
high-mobility group box 1 (HMGB1), initiating
NLRP3 inflammasome activation.” HMGBI1
binds to Toll-like receptor 4 (TLR4) on
microglia, triggering MyD88-dependent NF-xB
signaling, which upregulates NLRP3 and pro-
IL-1p transcription, and primes inflammasome
assembly.® In neurons and astrocytes,
reperfusion-induced mitochondrial dysfunction
elevates ROS, oxidizing mitochondrial DNA,
which acts as a DAMP to amplify NLRP3
activation.’” Activated caspase-1 cleaves pro-
IL-1pB and pro-IL-18 to release mature cytokines,
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which polarize microglia and astrocytes toward a
proinflammatory phenotype and thereby enhance
TNF-0 and IL-6 secretions.** These cytokines
create an inflammatory network, recruiting
neutrophils and macrophages to the ischemic
brain tissue, exacerbating neuronal apoptosis and
BBB disruption.* IL-1B upregulates endothelial
adhesion molecules (e.g., intercellular adhesion
molecule-1 and vascular cell adhesion
molecule-1), enhancing neutrophil-endothelial
interactions, transendothelial migration, and
oxidative stress, which damages endothelial cells
and worsens CIRI pathology.** However, the
translational value of these findings is constrained
by model-specific limitations. The microglial
activation pattern and cytokine secretion profile
in middle cerebral artery occlusion (MCAO)
mouse models may not fully recapitulate those
in human CIRI, as human ischemic stroke often
involves comorbidities (e.g., hypertension,
diabetes) that are rarely replicated in young,
healthy laboratory animals.***¢ Pharmacological
NLRP3 inhibition suppresses IL-1B and IL-18,
and attenuates neuroinflammation, neuronal
damage, and BBB disruption, thereby improving
CIRI outcomes.*

Inducing pyroptosis

Pyroptosis, a form of regulated necrosis, is
critically driven by NLRP3 inflammasome
activation in CIRI. Activation of caspase-1
cleaves pro-IL-1B, pro-IL-18, and gasdermin
D (GSDMD), promoting cytokine maturation
and initiating pyroptotic cell death.” GSDMD’s
N-terminal domain of GSDMD, which isnormally
inhibited by its C-terminal fragment, is liberated
through caspase-1 cleavage and oligomerizes to
form 10—14 nm pores on the plasma membrane.’
Pore formation increases membrane permeability,
allowing ion efflux and water influx, resulting in
cell swelling, membrane rupture, and ultimately,
pyroptosis.” Neurons, microglia, and astrocytes
are particularly vulnerable to NLRP3-mediated
pyroptosis in CIRI. Astrocytes, stimulated by
inflammatory mediators such as HMGBI1 also
undergo pyroptosis, releasing IL-1B and IL-
18, which amplify neuroinflammation through
paracrine effects.®*> Experimental inhibition
of caspase-1 or GSDMD in CIRI models has
been shown to reduce pyroptosis, protect the
brain tissue, mitigate inflammation, preserve
endothelial integrity, and improve neurological
outcomes.*® These findings highlight the central
role of NLRP3-mediated pyroptosis in CIRI



pathogenesis and suggest a need for multiple
therapeutic interventions.

Despite these promising results, most in vivo
studies use young adult mice, and the efficacy of
targeting NLRP3-mediated pyroptosis in aged
animals (which are more clinically relevant
to human stroke patients) remains unclear.
Moreover, the lack of standardized methods
for detecting pyroptosis (e.g., inconsistent use
of GSDMD cleavage products as biomarkers)
makes it difficult to compare results across
different studies, affecting the reliability of
conclusions.

Disruption of the blood-brain barrier

The BBB serves as a critical neuroprotective
barrier that maintains the homeostasis of the
central nervous system (CNS) and consists
of cerebrovascular endothelial cells, the
basal lamina, pericytes, and astrocytic end-
feet.”® TNF-a can induce endothelial cells to
produce nitric oxide (NO) and prostaglandins,
which cause vasodilation and endothelial cell
damage, collectively exacerbating blood-brain
barrier dysfunction. IL-6 can activate related
signaling pathways, affecting the expression and
distribution of key tight junction components,
including occludin and zona occludens-1 (ZO-
1), resulting in structural disintegration of tight
junctions and compromised blood-brain barrier
integrity.* Moreover, NLRP3 inflammasome-
mediated pyroptotic cell death contributes to
blood-brain barrier disruption. Pyroptosis in
brain microvascular endothelial cells disrupts
membrane integrity, leading to the leakage
of intracellular components and subsequent
impairment of blood-brain barrier function.
Disruption of the blood-brain barrier allows
harmful substances from the bloodstream, such as
bacteria, viruses, toxins, and inflammatory cells,
to enter the brain tissue, triggering more severe
inflammatory responses and neuronal damage.
Studies have shown that the pharmacological
inhibition of NLRP3 inflammasome activity
in cerebral ischemia-reperfusion models
attenuates neuroinflammation by suppressing
pro-inflammatory cytokine release, preserving
blood-brain barrier function, and mitigating
cerebral edema along with inflammatory cell
infiltration.®

Impact on angiogenesis and neurogenesis

Angiogenesis and neurogenesis are crucial

for functional recovery following cerebral
ischemia. However, abnormal activation of the
NLRP3 inflammasome significantly inhibits
these processes, thereby hindering the recovery
of brain function. In terms of angiogenesis,
inflammatory factors released after NLRP3
inflammasome activation interfere with the
signaling pathways of vascular endothelial
growth factor (VEGF), a key factor for
angiogenesis. VEGF mediates its pro-angiogenic
effects through receptor binding to endothelial
cells, triggering downstream signaling cascades
that stimulate cellular proliferation, directional
migration, and tubular structure formation.
However, pro-inflammatory cytokines, including
IL-1B and TNF-0, downregulate VEGF
expression and bioactivity, while simultaneously
impairing endothelial cell responsiveness to
VEGF.®" In terms of neurogenesis, after cerebral
ischemia, endogenous neural stem cells undergo
activation, followed by proliferation and
subsequent differentiation into both neuronal and
glial lineages, facilitating neural tissue repair.
However, the inflammatory response triggered
by NLRP3 inflammasome activation inhibits the
proliferative capacity and differentiation potential
of neural stem cells. Pro-inflammatory mediators
disrupt cytokine-growth factor equilibrium in
the neural stem cell niche, impairing neuronal
differentiation and enhancing gliogenesis. IL-6
can inhibit the proliferation of neural stem cells
and the differentiation of neurons by activating the
STATS3 signaling pathway.®* The inflammatory
response also increases oxidative stress levels
in the neural stem cell microenvironment,
damaging the DNA and mitochondria of neural
stem cells and affecting their normal function.
Studies have shown that, in cerebral ischemia-
reperfusion injury models, inhibiting the
activation of the NLRP3 inflammasome can
improve angiogenesis and neurogenesis and
promote brain function recovery.*

INTERVENTION  STRATEGIES AND
FUTURE PROSPECTS FOR TREATMENT

Summary of current interventions
NLRP3 inflammasome inhibitors

Glibenclamide, a sulfonylurea drug initially
used for diabetes management, has recently been
shown to inhibit the NLRP3 inflammasome.
Studies have shown that glibenclamide can
interact with specific binding sites on the
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NLRP3 protein, preventing its activation and
thereby inhibiting the assembly and activation
of the NLRP3 inflammasome.>® In animal
experiments, administration of glibenclamide to
models of cerebral ischemia-reperfusion injury
resulted in a significant reduction in cerebral
infarct size and improvement in neurological
deficits. This effect is attributed to the inhibition
of NLRP3 inflammasome activation, which
reduces the release of the inflammatory cytokines
IL-1B and IL-18, alleviates neuroinflammation,
and decreases neuronal apoptosis and necrosis
(Figure 3). The schematic diagram systematically
outlines the multi-target protective mechanism
of glibenclamide in CIRI. However, the clinical
translation of glibenclamide for CIRI faces
notable challenges. Species differences exist in
the structural domain of NLRP3 between rodents
and humans, leading to variations in binding
affinity and inhibitory efficacy of glibenclamide.
Pharmacokinetically, glibenclamide has a
short half-life (approximately 2-4 hours) in
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the central nervous system due to poor blood-
brain barrier penetration and rapid efflux
by ATP-binding cassette transporters®’®
distribution, metabolism, and excretion of drugs.
Understanding these contributions early in drug
discovery allows for more accurate projection
of the clinical pharmacokinetics. One method to
assess the impact of transporters in vivo involves
co-dosing specific inhibitors. The objective of
the present study was to optimize the dose and
route of administration of a P-glycoprotein
(P-gp. Safety concerns are also prominent:
glibenclamide’s primary hypoglycemic effect
may cause life-threatening hypoglycemia in
stroke patients, especially those with impaired
glucose metabolism or concurrent antidiabetic
medications.®

MCC950 is a specific NLRP3 inhibitor
that directly targets NLRP3 protein, blocking
its interaction with ASC and pro-caspase-1,
thus inhibiting the formation of the NLRP3
inflammasome. Research has indicated that
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Figure 3. Schematic diagram of the protective effects of glibenclamide on cerebral ischemia—reperfusion injury: In
animal models, administration of glibenclamide inhibits NLRP3 inflammasome activation by reducing
mitochondrial dysfunction and ion flux disturbances (K* efflux, Ca*" overload), thereby decreasing the
expression of NLRP3, ASC, and caspase-1. This leads to reduced secretion of inflammatory cytokines
IL-1pB and IL-18, alleviating neuroinflammation, and decreasing neuronal apoptosis and necrosis, ulti-
mately reducing cerebral infarct size and improving neurological outcomes.
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MCC950 can significantly reduce NLRP3
inflammasome activation and IL-1f secretion
induced by stimuli such as ATP and nigericin
in cell experiments.”” In animal models of
cerebral ischemia-reperfusion injury, MCC950
markedly reduced inflammatory responses in
the brain tissue, maintained the integrity of the
blood-brain barrier, and improved neurological
recovery compared with controls.®”" Notably,
contradictory findings have emerged regarding
the efficacy of MCC950 in CIRI. Several studies
reported that MCC950 failed to exert significant
neuroprotective effects in aged mouse CIRI
models (>18 months old), possibly due to age-
related changes in NLRP3 protein structure
or enhanced compensatory inflammatory
pathways.”>”* Additionally, some in vitro studies
found that high concentrations of MCC950 may
induce off-target effects (e.g., inhibition of other
NLR family members)’®, which limits its clinical
application potential. These inconsistent results
highlight the need for further validation in more
clinically relevant models.

Beyond inconsistent efficacy in aged models,
MCC950 also encounters translational hurdles.
Species-specific differences in NLRP3 protein
stability and downstream signaling cascades
result in reduced inhibitory activity in human
cell lines compared to mouse models. Its poor
aqueous solubility and low Dbioavailability
(oral bioavailability <10%) limit clinical
administration routes, while rapid hepatic
metabolism further shortens its systemic
exposure time. Although MCC950 shows higher
specificity than glibenclamide, preclinical
studies have reported mild hepatotoxicity at
high doses, which requires rigorous safety
assessment in clinical trials. Notably, no phase
II1 clinical trials have been initiated for MCC950
in CIRI or other neurological disorders; current
clinical data are limited to phase I/II trials for
inflammatory diseases such as rheumatoid
arthritis (ClinicalTrials.gov: NCT03878095),
providing little direct evidence for its
neurological application.

Traditional Chinese Medicine monomers

In addition to chemical synthetic inhibitors,
natural products represented by traditional
Chinese medicine (TCM) monomers have
attracted increasing attention for their NLRP3
inflammasome inhibitory activity, due to
their advantages of broad pharmacological
effects and low toxic side effects. Several

TCM monomers have been confirmed to
alleviate CIRI by targeting the NLRP3
inflammasome. Baicalin, a flavonoid isolated
from Scutellaria baicalensis, exhibits broad-
spectrum pharmacological properties, including
anti-inflammatory and antioxidant effects. In
cerebral ischemia-reperfusion injury, baicalin
has been shown to reduce neuroinflammatory
responses by inhibiting the activation of the
NLRP3 inflammasome.”” Experimental evidence
has demonstrated that baicalin can lower the
expression levels of NLRP3, ASC, and caspase-1
in the brain tissue of animal models and reduce
the release of IL-1B and IL-18. The therapeutic
mechanism potentially involves suppression
of the NF-kB pathway to attenuate NLRP3
transcription and expression, coupled with
mitigation of mitochondrial impairment and ROS
generation, consequently disrupting NLRP3
inflammasome activation signals. Additionally,
baicalin can regulate autophagy, promote
degradation of NLRP3 inflammasome-related
proteins, and inhibit inflammasome activity.”
However, current evidence has limitations: most
studies lack positive controls and blind design,
with inconsistent baicalin extraction methods
affecting reproducibility. Dose-toxicity data are
scarce, and its effects combine direct NLRP3
inhibition. All evidence is “in vivo/in vitro
combined” without clinical validation.

Polygonum cuspidatum glycoside, one of
the main active components of Polygonum
cuspidatum, has recently been found to
significantly inhibit the NLRP3 inflammasome.
Inmodels of cerebral ischemia-reperfusion injury,
Polygonum cuspidatum glycoside can reduce
brain tissue damage and improve neurological
function. The underlying mechanism mainly
involves blocking the formation of the NLRP3
inflammasome complex, thereby attenuating
caspase-1 activation and subsequent IL-1j
release.” Specifically, Polygonum cuspidatum
glycoside can bind to specific domains of the
NLRP3 protein, preventing the interaction
between NLRP3 and ASC, thereby inhibiting
inflammasome formation.’® Moreover, it has
antioxidant properties that can reduce oxidative
stress-induced neuronal damage and indirectly
alleviate neuroinflammation.’! However, the
main issues with these studies include a small
sample size, non-standardization of the extracts
(differences in plant sources/extract methods),
and a narrow range of dose-response data.
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Traditional Chinese Medicine formulas

On the basis of TCM monomers, classic TCM
formulas with multi-component and multi-target
characteristics show unique advantages in the
treatment of CIRI, as they canregulate the NLRP3
inflammasome through multiple pathways and
synergistically alleviate neuroinflammation and

tissue damage.

Huangqi Guizhi Wuwu Tang BREH
BHEH7%, a classic traditional Chinese
medicine formula composed of Astragalus
membranaceus, Cinnamomum cassia, Paeonia
lactiflora, Zingiber officinale, and Jujuba dates,
is known for its effects on invigorating qi,
warming meridians, harmonizing blood, and
alleviating arthralgia.*warming the meridians,
and promoting blood circulation to alleviate
obstruction. It is primarily used to treat conditions
characterized by Qi stagnation, Yang deficiency,
and obstruction, and it exhibits pharmacological
effects such as immune regulation, anti-
inflammation, analgesia, protection of the
cardiovascular and cerebrovascular systems,
itch relief, reduction of frostbite symptoms,
antioxidative stress, promotion of cell apoptosis,
and kidney protection. In modern clinical
practice, it is commonly used to treat acute
myocardial infarction, sequelae of cerebral
infarction, cervical spondylosis, frozen shoulder,
lower limb arteriosclerosis, lower limb vascular
disorders, peripheral neuropathy in diabetes, and
lupus nephritis. Recent research has focused
on the chemical components, pharmacological
effects, and clinical applications of Huangqi
Guizhi Wuwu Decoction. Based on the &quot;
five principles&quot; of quality markers(Q-
markers This herbal formulation demonstrated

cerebroprotective  efficacy against cerebral
ischemia-reperfusion  injury through the
suppression ~ of NLRP3  inflammasome

activation. Studies have demonstrated that
Huangqi Guizhi Wuwu Tang treatment in
cerebral ischemia-reperfusion injury models
markedly downregulates NLRP3, caspase-1,
and IL-1f expression in brain tissues, mitigates
neuroinflammation, and reduces apoptotic
neuronal cell death.®

Its mechanisms may involve the regulation
of inflammatory signaling pathways, reduction
of oxidative stress, and improvement of
microcirculation.® Astragalus membranaceus in
the formula can enhance the immune function
of the body, regulate immune cell activity,
and inhibit both inflammatory cell activation
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and cytokine secretion.** Cinnamomum cassia
has the effect of warming and unblocking the
meridians, improving cerebral blood circulation,
and increasing the blood supply to ischemic brain
tissue.®® Paconia lactiflora, Zingiber officinale,
and Jujuba dates have harmonizing and
antioxidant effects, collectively contributing to
the alleviation of cerebral ischemia-reperfusion
injury.57s8

The Yiqgi Shengqing Formula , ZSHES
another traditional Chinese medicine formula
based on the principles of TCM, is composed of
Astragalus membranaceus, Codonopsis pilosula,
Atractylodes macrocephala, Poria cocos, and
Pueraria lobata, and has the ability to invigorate
qi, clear the senses, and strengthen the spleen to
resolve phlegm. Studies on cerebral ischemia-
reperfusion injury have found that this formulacan
inhibit activation of the NLRP3 inflammasome,
reduce neuroinflammatory responses, and
improve neurological function. The experimental
data revealed that the Yiqi Shengqing Formula
downregulated the expression of NLRP3, ASC,
and caspase-1 proteins in the cerebral tissues of
animal models, while suppressing the release
of the pro-inflammatory cytokines IL-1f and
IL-18. Therapeutic mechanisms may include
immunomodulatory effects, suppression of
inflammatory cell recruitment and activation,
and enhancement of cerebral energy metabolism
to alleviate oxidative damage, consequently
preventing NLRP3 inflammasome activation
(Figure 4). This figure vividly demonstrates the
multi-target regulatory effect of Yiqi Shengqing
Formula on NLRP3 inflammasome activation in
CIRI. The formula not only directly inhibits the
assembly of NLRP3-ASC-caspase-1 complex
but also indirectly suppresses NLRP3 activation
by reducing mitochondrial ROS production,
regulating ion efflux (K*, CI), and alleviating
Ca?* overload. The schematic also highlights the
synergistic effects of its components: Astragalus
membranaceus and Codonopsis pilosula enhance
cerebral energy metabolism to reduce oxidative
damage, while Pueraria lobata directly targets
NLRP3.

Future research directions
Development of novel drugs
Although current NLRP3 inflammasome-
targeted interventions have shown promising

neuroprotective effects in preclinical CIRI
models, there are still many translational
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Figure 4. Schematic diagram of the mechanism of action: Yiqi Shengqing Formula, composed of Astragalus
membranaceus, Codonopsis pilosula, Atractylodes macrocephala, Poria cocos, and Pueraria lobata,
inhibits mtROS production, regulates ion efflux (K*, CI") and Ca** overload, blocks the assembly and
activation of the NLRP3 inflammasome, reduces the protein expression of NLRP3, ASC, and caspase-1,
and decreases the secretion of IL-1p and IL-18, thereby alleviating neuroinflammatory responses and
improving neurological function after cerebral ischemia—reperfusion injury.

challenges limiting their clinical application,
such as species differences, poor blood-brain
barrier penetration and lack of standardization of
TCM preparations. Addressing the translational
gaps of current NLRP3 inhibitors is critical for
advancing CIRI therapy. The primary obstacles
include species differences in NLRP3 biology,
inadequate blood-brain barrier penetration,
safety risks, and lack of clinical validation. To
overcome these, future drug development should
prioritize: in-depth research on the structure
and function of the NLRP3 inflammasome,
using techniques such as structural biology
and computer-aided drug design, can lead to
the development of more specific, efficient,
and less toxic NLRP3 inhibitors. For instance,
by elucidating the three-dimensional structure
of NLRP3 protein and identifying the key
binding sites for ligands, small-molecule

compounds that can precisely target these sites
can be designed to enhance drug efficacy and
safety.’ Exploration of natural products with
potential NLRP3 inhibitory activity from a wide
range of plant, animal, and microbial sources
can help identify novel active substances.
Numerous phytochemicals have demonstrated
polypharmacological effects with minimal
toxicity and are capable of modulating NLRP3
inflammasome  signaling through multiple
pathways, thereby providing a rich resource
for innovative drug development. Research on
drugs targeting other key nodes in the NLRP3
inflammasome activation signaling pathway,
in addition to directly inhibiting the NLRP3
protein, can also focus on upstream signaling
molecules, transcription factors, or enzymes
related to post-translational modifications in the
inflammasome activation process.”’ Developing
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multi-target combination therapies can improve
treatment outcomes.

Exploration of combination therapy schemes

Combining NLRP3 inflammasome inhibitors
with existing treatments for cerebral ischemia-
reperfusion injury, such as thrombolytic therapy,
neuroprotective drug therapy, and rehabilitation
therapy, can help investigate the efficacy and
safety of combination treatment regimens.
For example, early administration of NLRP3
inhibitors in conjunction with thrombolytic
therapy can be used to determine whether it can
reduce reperfusion injury following thrombolysis
and enhance neurological recovery. Exploring
the combined use of NLRP3 inflammasome
inhibitors with different mechanisms of action,
as well as their combination with other anti-
inflammatory drugs and antioxidants, can
enhance the inhibitory effects on NLRP3
inflammasome through synergistic actions,
thereby reducing inflammatory and oxidative
stress damage. Clinical studies to validate the
effectiveness and feasibility of combination
therapy in patients with cerebral ischemia-
reperfusion injury may provide additional options
and evidence for clinical treatment. Large-scale
multicenter clinical trials can assess the impact
of combination therapy on patients’ neurological
recovery, quality of life improvement, and long-
term prognosis, thereby promoting the clinical
application of combination therapy.

Personalized treatment strategy research

Personalized treatment strategies for the
NLRP3 inflammasome in each patient would
require consideration of the patient’s age, sex,
comorbidities, and even their family tree. What
remains to be seen is the extent to which these
elements determine individual responses to
NLRP3 inhibitors, and consequently, how these
elements can be best utilized for fine-tuning
therapy. Specific genetic polymorphisms may
determine the rate of drug metabolism and the
response to different classes of NLRP3 inhibitors,
potentially leading to the need for changes in the
drug dose or the drug itself. The more precisely
the patient is characterized in terms of drug
effectiveness and toxicity, the more optimally the
patient can be treated.

Another  important method involves
integration of biomarkers into specific treatment
strategies. These biomarkers can be used to
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predict individual responses to specific NLRP3-
targeted therapies and to identify patients who
would benefit the most from such treatments.
Biomarkers can also help assess the degree
of cerebral ischemia/reperfusion injury and
monitor peripheral NLRP3 inflammasome
activation, thereby providing data that can be
used for real-time adaptive clinical decision
making. Moreover, clinicians can accurately
correlate  therapeutic plans with specific
treatment outcomes to optimize the management
of cerebral ischemia-reperfusion injury. Finally,
NLRP3 inflammasome strategies guided by
personalized genetic and biomarker data stand
to gain the most from the integration of these
elements, minimizing the negative consequences
of the prevalent generic approaches to therapy
and enhancing the precision of care provided to
patients.

CONCLUSION

This study systematically reviewed the
inflammatory pathways in cerebral ischemia-
reperfusion injury. As the core pathogenic hub
of CIRI, the NLRP3 inflammasome integrates
dual activation signals (NF-kB-mediated
transcriptional initiation and potassium efflux/
mtroS-driven  post-translational  activation)
to exacerbate neuroinflammation, pyroptosis,
blood-brain barrier destruction, and impaired
neurogenesis/angiogenesis. Cell-specific
activation of NLRP3 (microglia, neurons,
astrocytes) leads to different CIRI pathologies,
while its regulatory network (including the pre-
activated NF-kB/MAPK pathway and inhibited
autophagy) maintains a dynamic balance.
Preclinical evidence consistently confirms
NLRP3 as a viable therapeutic target, with
inhibitors, TCM monomers, and formulations
reducing IL-1B/IL-18 secretion and improving
neurological outcome.

Notwithstanding these advances, critical
knowledge gaps persist. The temporal-spatial
dynamics of NLRP3 activation in CIRI, cell-
specific regulatory mechanisms, and long-
term effects of NLRP3 inhibition remain
undefined. Contradictory efficacy in aged
animal models and unclear crosstalk with other
inflammatory pathways further hinder clinical
translation. Additionally, TCM preparations lack
standardization, and current NLRP3 inhibitors
face species differences, pharmacokinetic
challenges, and insufficient clinical validation.

Future research should prioritize cell-



specific NLRP3 inhibitors and standardized
TCM formulations to enhance specificity and
translatability. =~ Combining NLRP3-targeted
therapies with thrombolytics or antioxidants may
synergistically mitigate CIRI, while validating
NLRP3-related  biomarkers  will  enable
personalized treatment. Long-term preclinical
studies and large-scale multicenter trials are
essential to address age-related efficacy variations
and safety concerns, ultimately bridging the gap
between bench research and clinical application
to reduce stroke-related disability and death.
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