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Ischemic stroke (IS) is a major cause of mortality and disability among adults.
Recanalization of blood vessels to facilitate timely reperfusion is the primary
clinical approach; however, reperfusion itself may trigger cerebral ischemia-
reperfusion injury. Emerging evidence strongly implicates the
NLRP3 inflammasome as a potential therapeutic target, playing a key role in
cerebral ischemia and reperfusion injury. The aberrant expression and function of
NLRP3 inflammasome-mediated inflammation in cerebral ischemia have garnered
considerable attention as a recent research focus. Accordingly, this review provides a
comprehensive summary of the signaling pathways, pathological mechanisms, and
intricate interactions involving NLRP3 inflammasomes in cerebral ischemia-
reperfusion injury. Moreover, notable progress has been made in investigating the
impact of natural plant products (e.g., Proanthocyanidins, methylliensinine,
salidroside, α-asarone, acacia, curcumin, morin, ginsenoside Rd, paeoniflorin,
breviscapine, sulforaphane, etc.) on regulating cerebral ischemia and reperfusion
bymodulating the NLRP3 inflammasome andmitigating the release of inflammatory
cytokines. These findings aim to present novel insights that could contribute to the
prevention and treatment of cerebral ischemia and reperfusion injury.
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1 Introduction

Stroke, the second most lethal disease globally, is a highly disabling condition causing
approximately 6 million deaths annually (Feske, 2021). In China, the number of stroke
patients exceeds 13 million, a figure projected to surpass 30 million by 2030, imposing a
substantial burden on patients and their families (Hussain et al., 2021; Saini et al., 2021).
Stroke manifests as either ischemic stroke (IS), resulting from embolic blockage of cerebral
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artery blood flow, or hemorrhagic stroke caused by blood vessel
rupture within the brain. Pathophysiological processes underlying
stroke encompass disorders in bioenergy metabolism, cellular ion
homeostasis imbalances, acidosis, elevation of intracellular calcium
concentration, excitotoxicity, superoxide dismutase-mediated
neurotoxicity, increased arachidonic acid expression, cytokine-
mediated cytotoxicity, complement system activation, glial cell
activation, leukocyte infiltration, and disruption of the blood-
brain barrier. Inflammation constitutes a critical pathogenic
mechanism in IS, as the inflammatory response can trigger both
ischemic brain injury and facilitate tissue repair following damage
(Qiu et al., 2021). Activated neurons, astrocytes, microglia, and
endothelial cells in IS release pro-inflammatory factors such as
tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), IL-6,
and IL-18, ultimately leading to neuronal and glial cell death
(Ajoolabady et al., 2021; Zhu et al., 2022a). Recent studies have
highlighted the potential importance of NOD-like receptors Pyrin
Containing 1 (NLRP1) and NLRP3 inflammasome in neurons and
glial cells for detecting IS-induced cell damage and immune
response regulation (Xu et al., 2021; Wang et al., 2022; Zhang
et al., 2022). The human NLRP1 inflammasome is composed of
four cytoplasmic components, including NLRP1, an apoptosis-
associated speck-like protein (ASC) harboring N-terminal pyrin
domain (PYD) and caspase recruitment domain (CARD), a caspase-
1 precursor, and either a caspase-4 precursor or a caspase-5
precursor (Piancone et al., 2021). The composition of the
NLRP1 inflammasome in mice slightly differs and consists of
NLRP1, ASC, caspase-1 precursor, caspase-11 precursor
(homologous to caspase-4 precursor and caspase-5 precursor),
and X-linked inhibitor of apoptosis (XIAP) (Huang et al., 2021a).
On the other hand, the NLRP3 inflammasome comprises three
cytoplasmic components, namely, NLRP3, ASC, and caspase-1
precursor (Sharma and Kanneganti, 2021). Although the
mechanisms underlying NLRP1 and NLRP3 inflammasome
activation in IS remain incompletely understood, several
pathways potentially implicated in their stimulation have been
identified, including ATP-mediated activation, acidosis-
mediated activation, cathepsin-mediated activation,
potassium-mediated activation, ROS-mediated activation,
calcium ion-mediated activation, and cell edema-mediated
activation (Pandey et al., 2021; Zhang et al., 2021a; Liu
et al., 2021).

Following ischemic stroke (IS), the NLRP3 or NLRP1 protein
forms a multi-protein complex known as the NLRP3 or
NLRP1 inflammasome by binding with Caspase-1 precursor
and ASC (Lin et al., 2021). Once formed, the inflammasome
activates the caspase-1 precursor through inter-neighbor
autocatalysis. Activated caspase-1 then cleaves the precursors of
IL-1β and IL-18, generating active mature forms that are
subsequently released into the extracellular environment to bind
to corresponding cell membrane receptors. This triggers
downstream MAPK and nuclear factor kappa B (NF-κB)
pathways, leading to the re-transcription of IL-1β and IL-18
precursors, NLRP1, and NLRP3 (Li et al., 2022a). In IS,
excessive production of IL-18 by neurons and glial cells induces
an increase in IFN-γ levels and the release andmaturation of IL-1β,
promoting a state of brain tissue inflammation and causing severe
damage (Mi et al., 2022). Additionally, activated caspase-1 can

cleave and activate caspase-3 and caspase-7, leading to apoptosis
through the internal and external pathways of cells, respectively
(Wang et al., 2022). Recent studies have highlighted the
regulatory role of natural plant products in modulating the
cerebral ischemic inflammasome (Tao et al., 2022). This
discovery opens up new avenues for exploring lead
compounds as inflammasome inhibitors. This review aims to
summarize the mechanisms of the inflammasome in IS and the
regulatory effects of natural plant products. These findings serve
as a theoretical reference for future drug development and
clinical treatment.

2 Inflammation as the core pathological
process of IS

Inflammation serves as the innate immune response of the body,
playing a crucial role in eliminating harmful stimuli and promoting
tissue repair initiation (Lee et al., 2018). The inflammatory response
elicited by ischemic stroke (IS) extends throughout the entire IS
process, starting from the activation of endothelial cells shortly after
IS onset to the post-injury repair phase occurring several days to
months later. It represents one of the key factors influencing
neuronal death. However, an exaggerated inflammatory response
can lead to significant harm. In the presence of cerebral ischemia,
activated cells (including neurons, astrocytes, and endothelial cells)
release pro-inflammatory cytokines such as IL-1β, IL-6, and IL-18,
which induce the death of neurons and glial cells. Microglia in the
central nervous system (CNS) are the first to be activated, secreting
numerous inflammatory mediators and exacerbating the
inflammatory response in the ischemic region, damaging the
blood-brain barrier, and releasing various danger-associated
molecular patterns (DAMPs) (Tang et al., 2023). These factors
collectively induce the recruitment of peripheral immune cells to
the lesion and its surroundings, extensively contributing to the
inflammation and immune response in IS. Recent work by Dai
et al. (2020) demonstrated that D-carvone attenuated the cerebral
ischemia-reperfusion-induced inflammatory response in rats,
reducing damage to the hippocampus and cortex. Additionally,
released pro-inflammatory cytokines can induce the expression of
adhesion molecules such as intercellular adhesion molecule-1
(ICAM-1), vascular cell adhesion molecule (VCAM), selectins
(e.g., P-selectin, E-selectin), and integrins. These adhesion
molecules are crucial for the infiltration of immune cells,
especially neutrophils and monocytes/macrophages, into the
ischemic area during reperfusion. Unfortunately, this often
leads to secondary injuries in ischemia-reperfusion injury.
Moreover, activated neurons and glial cells release monocyte
chemotactic protein-1 (MCP-1/CCL2), promoting leukocyte
migration to damaged tissues. However, a recent study revealed
that the accumulation of leukocytes in nerves and blood vessels did
not spatially correlate with increased vascular permeability or
enhanced expression of endothelial cell adhesion molecules
(Enzmann et al., 2013). Although the mechanism underlying
ischemia-reperfusion injury remains unclear, it has been
observed that leukocyte infiltration can lead to the release of
various cytotoxic agents, including additional pro-inflammatory
cytokines (e.g., IL-1β, IL-6), reactive oxygen species (ROS)
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produced by reduced nicotinamide adenine dinucleotide
phosphate oxidase, as well as nitric oxide, induced by inducible
nitric oxide synthase (iNOS) and matrix metalloproteinases
(MMP). These MMPs can contribute to extracellular matrix
damage and blood-brain barrier disruption, ultimately
exacerbating cerebral edema and hemorrhage, leading to
neuronal and glial cell death (Shen et al., 2023).

3 Inflammasome participates in the
pathological process of IS

The inflammasome is characterized by three components: a
receptor protein, ASC, and Pro-caspase-1. Among the pattern
recognition receptors investigated, the most extensively studied
ones are nucleotide-binding and oligomerization domain-like
receptors (NLRs) and absent in melanoma 2-like receptors
(ALRs) (Huang et al., 2021a; Pandey et al., 2021). The NLR
family comprises five subtypes: NLRA with an acidic
transactivation domain, NLRB with baculovirus inhibitor
repeat, NLRC with CARD (NOD1, NOD2, NLRC3-5), NLRPs
containing protein domains (NLRP1-14), and NLRXs with
unknown domains (Li et al., 2021a; Zhang et al., 2021b). The
ALR family consists of AIM2 protein and IFN-γ inducible
protein 16 (IFI16) protein (Zheng et al., 2021). Extensively
studied inflammasomes include NLRP1, NLRP3, NLRC4, and
AIM2 (Zheng et al., 2021). Several studies have reported the
significant involvement of NLR containing pyrin domain (NLRP)

in the inflammatory response among ischemic stroke patients
(Seoane et al., 2020). The mechanism of the inflammasome was
summarized in Figure 1.

3.1 NLRP1

The NLRP1 inflammasome consists of the NLRP1 receptor, ASC
and Pro-caspase-1, is a member of the NLRs family, and is highly
expressed in brain tissue. The NLRP1 receptor is characterized by
5 domains: PYD, nucleotide-binding oligomerization (NACHT),
C-terminus is leucine repeat domains (LRRs), function-to-find
domain (FIIND) and CARD. When the NLRP1 receptor is activated,
the FIND domain is automatically cleaved (Ciążyńska et al., 2021; de
Brito Toscano et al., 2021). Cao et al. showed that NLRP1 is a target gene
of miR-9a-5p and is involved in the NLRP1 inflammasome-mediated
inflammatory response induced by ischemic injury (Cao et al., 2020).
Overexpression of miR-9a-5p downregulates NLRP1. Overexpression of
miR-9a5p not only reduced the levels of NLRP1, Asc and Pro-caspase-1,
but also decreased the levels of IL-1β and IL-18, suggesting that
overexpression of miR-9a5p can improve brain injury after IS (Cao
et al., 2020).

3.2 NLRP3

The NLRP3 inflammasome consists of the NLRP3 receptor,
ASC, and Pro-caspase-1. The NLRP3 receptor, a member of the NLR

FIGURE 1
Mechanisms of the inflammasome.
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family, exhibits three structural features: N-terminal PYD, central
NACHT, and C-terminal LRR domains (Zhang et al., 2021a; Zhao
et al., 2021). The N-terminal PYD domain enables interaction with
the downstream adaptor protein ASC via dual ligand binding. The
NACHT domain regulates the activation of NLRP1 and
NLRP3 receptors, initiating oligomerization and formation of the
central core of the inflammasome, an ATP-dependent process
(Levinsohn et al., 2012). The LRR domain is believed to
participate in ligand sensing and autoregulation (Levinsohn et al.,
2012). Recent studies have explored potential interventions targeting
the NLRP3 inflammasome for neuroprotection in ischemic stroke.
For instance, Ma et al. discovered that salvianolic acid for injection
can inhibit the activation of microglial NLRP3 inflammasome,
facilitate the transition of microglial phenotype from M1 to M2,
and reduce neuronal apoptosis, thereby exerting neuroprotective
effects (Ma et al., 2021). Yin et al. also revealed the involvement of
TET2 in the inflammatory response induced by cerebral ischemia-
reperfusion through the demethylation of TUG1 and regulation of
the TUG1/miR-200A-3p/NLRP3 pathway (Yin et al., 2021). Sun
et al. identified the role of the low-density lipoprotein receptor
(LDLR) in mediating NLRP3-dependent neuronal pyroptosis and
neuroinflammation after ischemic stroke, suggesting LDLR as a
potential therapeutic target for neuroinflammatory responses in
acute cerebral ischemic injury (Sun et al., 2020). Assembly and
activation of the NLRP3 inflammasome rely on two complementary
signals associated with cellular damage. One initiation signal
involves the NF-κB and mitogen-activated protein kinase
(MAPK) signaling pathways. These pathways upregulate the
expression of NLRP3 inflammasome complex proteins, precursor
IL-1β, and precursor IL-18 (Paerewijck and Lamkanfi, 2022). The
other complementary signal mediates NLRP3 activation and ASC
phosphorylation, initiating NLRP3 inflammasome assembly,
caspase-1 activation, and processing of Pro-IL-1β and Pro-IL-18,
ultimately resulting in the secretion of IL-1β and IL-18
(Takahashi, 2022).

3.2.1 Initiation regulation of NLRP3 inflammasome
activation

In the resting state, the expression levels of NLRP3, Pro-IL-1β
and Pro-IL-18 in cells are low, and they cannot directly assemble or
activate the NLRP3 inflammasome. Therefore, upregulation of
priming signals, especially NLRP3-related proteins, is required for
activation of the NLRP3 inflammasome (Coll et al., 2022). Fann et al.
found that intravenous injection of immunoglobulin preparations
could reduce the activation of NF-κB and MAPK signaling
pathways, resulting in decreased expression and activation of
NLRP3 inflammasomes (Fann et al., 2018). This suggests that
NF-κB and MAPK signaling pathways play critical roles in
regulating the expression and activation of the
NLRP3 inflammasome in primary cortical neurons and brain
tissue under ischemic conditions (Huang et al., 2021a).

3.2.2 Activation regulation of
NLRP3 inflammasome activation

After activation of the priming signal, the adaptor protein ASC
recruits the NLRP3 protein to form the NLRP3 inflammasome
complex (Chen et al., 2021a). Currently, the
NLRP3 inflammasome has multiple activation mechanisms,

including K+ efflux, ROS overproduction, mitochondrial
dysfunction, Ca overload, and lysosomal rupture (Milner et al.,
2021). Among the extracellular and intracellular factors, K+ efflux
plays an important role in activating the NLRP3 inflammasome
(Muñoz-Planillo et al., 2013). This non-selective K+ cation channel
located on the cell surface can change intracellular ion content
depending on the binding of adenosine triphosphate, activate
downstream signals, and induce the maturation and secretion of
IL-1β. Studies have shown that downregulation of intracellular K+
levels is essential for activation of the NLRP3 inflammasome
pathway compared to other known stimuli, highlighting the
important role of K+ efflux in this process. Purinergic ion
channel receptor 7 (P2X7R) is one of the receptors associated
with K+ efflux, and its activation may induce the release of
proinflammatory cytokines and amplify ischemic injury via ATP
(Kelley et al., 2019). Ye et al. found that the expressions of P2X7R,
NLRP3 inflammatory components and cleaved caspase-3 were
significantly enhanced in ischemic brain tissue after stroke (Ye
et al., 2017). However, the expression of cleaved caspase-3 was
significantly attenuated after stroke treatment with a P2X7R
antagonist (BBG) or an NLRP3 inhibitor (MCC950), which
significantly reduced brain infarct volume, neuronal apoptosis,
and nerve damage. Mitochondrial damage is another important
activation mechanism of the NLRP3 inflammasome. Mitochondria
are double-membrane-bound organelles that are the main site for
energy and ROS production in cells (Peng and Jou, 2010). Previous
studies have shown that under various cellular stresses, especially
high levels of ROS produced by mitochondria activate the
NLRP3 inflammasome signaling pathway (Heid et al., 2013). A
large amount of ROS-induced ROS scavenger thioredoxin is cleaved
from thioredoxin-interacting protein (TXNIP), which then directly
binds to NLRP3 protein and regulates its assembly through
oligomerization (Yin et al., 2017). Ishrat et al.showed that the
expression of TXNIP in brain tissue increased after IS, and ROS
can lead to the dissociation of TXNIP and thioredoxin 1 (TRX1),
which can quickly bind to NLRP3, induce the activation of
NLRP3 inflammasome, inhibit the activation of
NLRP3 inflammasome by inhibiting TXNIP, and reduce ischemic
brain injury (Ishrat et al., 2015). Dysfunctional mitochondria also
release mitochondrial DNA into the cytoplasm, which directly
induces the assembly of the NLRP3 inflammasome complex
through molecular self-association (Ip and Medzhitov, 2015).

3.3 AIM2

The AIM2 inflammasome is a cytoplasmic sensor that
recognizes double-stranded DNA (dsDNA) from viruses, bacteria,
or the host itself. AIM2 consists of PYD and HIN-200 domains, and
AIM2 protein is the activating component of the
AIM2 inflammasome. Li et al. found that cytosolic DNA
participates in a variety of independent but complementary DNA
sensing signals through cyclic adenosine monophosphate synthase
and AIM2, and synergistically exerts the greatest inflammatory
response during ischemia (Li Q. et al., 2020a). The inhibitor of
cytoplasmic double-stranded DNA, A151, significantly reduced
cerebral infarct volume, alleviated neurological deficits, and
reduced cell death, inhibited the overall neuroinflammatory
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response, and may provide a new therapeutic concept for IS. Liang
et al. found that MEG3 knockout could inhibit oxygen-glucose
deprivation/reoxygenation-induced pyroptosis and inflammatory
responses (Liang et al., 2020). Lack of MEG3 inhibits caspase-1
signaling and reduces the expression of AIM2, ASC, cleaved caspase-
1 and GSDMD-N. This suggests that theMEG3/miR-485/AIM2 axis
is involved in pyroptosis by activating the caspase-1 signaling
pathway during cerebral ischemia-reperfusion, and may be an
effective therapeutic target for IS (Liang et al., 2020).

3.4 NLRC4

NLRC4, also known as IL-1β converting enzyme protease
activating factor (IPAF), is a member of the NLR family
(Sundaram and Kanneganti, 2021). The NLRC4 receptor is
characterized by three domains: its N-terminus is the caspase
recruitment domain (CARD), which is an effector domain that
recruits and activates Pro-caspase-1 and is responsible for
downstream signal transduction. In the middle is the NACHT
domain, which is a characteristic domain shared by members of
the NLR family, NBD-HD1-WHD-HD2 from the N-terminal to the
C-terminal, which can mediate the oligomerization of NLR
molecules and change its configuration. The LRRs, which are
responsible for the recognition and binding of ligands such as
PAMP (Andrade and Zamboni, 2020; Bauer and Rauch, 2020).
Recent studies have shown that inflammasome activation can lead to
the death of neurons and glial cells, which in turn leads to brain
damage and nervous system damage after ischemic stroke (Wen

et al., 2021a). Wang et al. found that in microglia induced by high
glucose hypoxia/reoxygenation (H/R), knockout of the long non-
coding RNA-Fendrr (LncRNA-Fendrr) gene reduced NLRC4 and
inflammatory cytokines (Wang et al., 2021a). LncRNA-Fendrr can
protect the ubiquitination and degradation of NLRC4 protein
through the E3 ubiquitin ligase HERC2, thereby accelerating the
pyroptosis of microglia.

The mechanisms of inflammasome involvement in IS were
summarized in Figure 2.

4 Inflammasomes involves in cerebral
ischemia-induced cell damage

4.1 Inflammasome and apoptosis

Apoptosis is an active process involving activation, expression
and regulation of a series of genes. Activation of classical apoptosis
occurs mainly through two pathways (Christgen et al., 2022). One is
the extrinsic pathway, which is activated by activating apoptosis
receptors on the cell surface, ultimately activating caspase-8 or
caspase-10 (Gudipaty et al., 2018). The other is the endogenous
pathway, also known as themitochondrial apoptosis pathway, which
starts with mitochondrial cytochrome C and activates caspase-9
(Tang et al., 2019a). Both pathways lead to a signal transduction
cascade that ultimately leads to apoptosis through activation of
caspase-3 (Wu et al., 2020a). Previous studies have shown that free
radicals generated by cerebral ischemia-reperfusion are mainly
released by mitochondria, leading to oxidative stress in neurons.

FIGURE 2
The mechanisms of inflammasome involvement in IS.
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Excessive production of reactive oxygen species in mitochondria can
damage mitochondria and lipids, thereby impairing mitochondrial
function and leading to increased permeability. Increased
permeability of mitochondria releases cytochrome C, which
activates caspases and leads to cell death after cerebral ischemia-
reperfusion (DArcy, 2019). Kang et al. found that TRIM22 gene
silencing inhibited the activation of NF-κB/NLRP3, thereby
inhibiting neuroinflammation and apoptosis, indicating that
TRIM22 may be a potential target for the treatment of brain I/R
injury (Kang et al., 2021).

4.2 Inflammasome and autophagy

In the process of autophagy, autophagic vesicles are formed in
cells, which wrap their own proteins or organelles, and then fuse
with lysosomes and degrade them. There is a close relationship
between the NLRP3 inflammasome and autophagy (Nakatogawa,
2020). On the one hand, the activation of NLRP3 inflammasome can
regulate the induction of autophagy (Zhao and Zhang, 2019); on the
other hand, autophagy can control the activation of inflammasome
and its activity (Deretic et al., 2013). Together, they regulate the
balance between host defense, inflammatory responses, and
prevention of excessive inflammation, and form the necessary
positive and negative feedback loops. Activation of caspase-1
inhibits autophagy induction and activates the inflammatory
response, which is required for pathogen clearance (Kimmey and
Stallings, 2016). However, excessive inflammatory responses can
lead to organ and tissue damage and induce inflammatory diseases.
Autophagy suppresses inflammatory responses by removing
NLRP3 inflammasome activators and inflammatory components
(Chang et al., 2021). Wang et al. found that inhibition of GSK-3β
could downregulate NLRP3 expression by enhancing autophagy
activity in cerebral ischemia-reperfusion injury, suggesting that
GSK-3β may be its specific target (Wang et al., 2019). He et al.
found that cerebral ischemia-reperfusion injury activates the
NLRP3 inflammasome, increases the levels of caspase-1, IL-1β
and IL-18, and enhances autophagy activity. Resveratrol is a
specific NAD-dependent deacetylase sirtuin-1 (Sirt1) agonist.
Cerebral infarct volume and cerebral water content decreased
and neurological scores improved after resveratrol treatment.
Intraventricular injection of 3-MA to inhibit autophagy blocked
the inhibitory effect of resveratrol on NLRP3 inflammasome
activation. Knockdown of Sirt1 significantly blocked
resveratrol-induced autophagy activity and inhibition of
NLRP3 inflammasome activation, and upregulated autophagy.
This suggests that resveratrol has a protective effect on cerebral
ischemia-reperfusion injury by inhibiting the activation of
NLRP3 inflammasome by inhibiting Sirt1-dependent
autophagy activity (He et al., 2017).

4.3 Inflammasome and pyroptosis

Pyroptosis is a programmed cell death that occurs in two main
ways. The classical pyroptotic pathway of caspase-1 is that the pyrin
domain of the NLR family binds to ASC by recognizing cognate
ligands, and then binds and activates the precursor of caspase-1 to

form active caspase-1 (Rao et al., 2022). Activated caspase-1 cleaves
GSDMD into a 22 kDa C-terminal fragment and a 31 kDa N-
terminal fragment. The production of GSDMD-N directly
induces cell membrane perforation and rupture, and the release
of cellular contents triggers an inflammatory response (Feng et al.,
2022). Meanwhile, activated IL-1β and IL-18 proteins are released to
the outside of the cell through stomata on the cell membrane (Xu
et al., 2017). Under the stimulation of various infectious factors
represented by Gram-negative surface endotoxin (LPS), the non-
classical pathway of pyroptosis will be activated. Caspase-11 has
been shown to bind to LPS as a natural receptor, and LPS can enter
the cell in the form of endocytosis and bind to and activate the
caspase-11 precursor. Active IL-1β and IL-18 are released along with
the rupture and perforation of the cell membrane, triggering an
inflammatory response. Meanwhile, the N-terminal fragment of
GSDMD activates NLRP3 through the canonical pathway,
thereby inducing pyroptosis (Chen et al., 2018). Li et al. found
that indobufen or aspirin pretreatment combined with clopidogrel
or ticagrelor can reduce rat cerebral ischemia-reperfusion and
PC12 cell oxygen glucose deprivation/reoxygenation
inflammatory corpuscle mediated pyroptosis by inhibiting the
NF-κB/NLRP3 signaling pathway (Li F. et al., 2021b). Fann et al.
(2018) showed that when cerebral ischemia-reperfusion injury
occurs, peripheral inflammatory cells can release pro-
inflammatory cytokines such as IL-18 and IL-1β through the
blood-brain barrier and activated microglia in the central system.
This resulted in high expression of pyroptosis-related proteins,
resulting in extensive glial and neuronal cell death, suggesting
that pyroptosis plays an important role in the process of cerebral
ischemia-reperfusion injury. Inhibition of NLRP3 inflammasome
expression can simultaneously inhibit the expression of downstream
pyroptosis pathway-related proteins, limit the inflammatory
response and alleviate cerebral ischemia-reperfusion injury.
Therefore, therapeutic interventions targeting neuronal
inflammasome activation may provide new opportunities for the
treatment of IS.

5 Modulation of inflammasome in IS by
natural plant products

5.1 Natural compounds

5.1.1 Toona polyphenols
The fruit of Toona sinensis is a member of the Meliaceae and

is commonly used to prepare tea to prevent various diseases. Its
main active ingredients are polyphenolic compounds. In recent
years, numerous studies have confirmed the beneficial effects of
Toona sinensis in treating various diseases, including central
nervous system diseases, cardiovascular diseases, and diabetes
(Zhao et al., 2023a; Wu et al., 2023). Zhao et al. found that Toona
polyphenols can reduce the infarct volume and improve neural
function in mice with chronic intermittent hypoxia (CIR). The
optimal protection dosage is 100 mg/kg. The mechanism of
protection may involve regulation of the prefrontal cortex and
hippocampal MAPK pathways, NLRP3 inflammasome pathways,
and inhibition of neural inflammation and cell apoptosis
(Zhao, 2022).
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5.1.2 Proantho cyanidins (PC)
PC are a class of large flavonoid polyphenols widely found in the

plant kingdom (Gupta et al., 2022). Their molecular structure
contains multiple hydroxyl structures that can effectively
combine with oxygen radical anions to exhibit antioxidant and
reduce inflammation properties. Since the 1980s, multiple studies
have shown that PC extracts from various plants have
pharmaceutical and biological activities, including reducing
inflammatory responses, treating antioxidant therapy,
antineoplastic therapy, and protecting the cardiovascular system
(Pinent et al., 2006; Holt et al., 2012; Lee, 2017; Osakabe et al., 2022).
Yang et al. found that PC can inhibit the activation of the TLR4-
NLRP3 signaling pathway and the upregulation of caspase-1 and IL-
1β in BV2 cells induced by OGD/R. The results of the in vitro
experiment were consistent with those obtained using Cli-095
pretreatment. The study concluded that PC can protect neurons
in vitro by downregulating the TLR4-NLRP3 inflammatory
signaling pathway induced by OGD/R, and the protection is
related to time and concentration (Yang, 2022).

5.1.3 Panax notoginseng saponins (PNS)
PNS is the main active ingredient in Sanqi, with the functions

of dilating arteries, inhibiting platelet aggregation, reducing
blood lipid levels, relieving inflammation, and antioxidant
activity (Xie et al., 2018; Liu et al., 2020). Pharmacological
studies have shown that PNS can reduce the release of
chemotactic cytokines such as tumor necrosis factor-α (TNF-
α) and interleukin-1 (IL-1), inhibit the activation of nuclear
factor-κB (NF-κB), and the formation of
NLRP3 inflammasomes, thereby suppressing inflammation
responses (Song et al., 2017; Xu et al., 2018; Qu et al., 2020).
PNS also protects myocardial mitochondria and reduces the
leakage of lactate dehydrogenase (LDH) to improve
myocardial energy metabolism. PNS can also inhibit the
abnormal activation of platelets and the abnormal activation
of the coagulation system to improve microcirculatory flow.
PNS increases the activity of endogenous antioxidant enzymes
and reduces the production of active oxygen to alleviate oxidative
stress responses. PNS also regulates the concentration of
intracellular calcium ions and reduces the abnormal
expression of cancer genes to inhibit cell apoptosis. Zhou
et al. found that the mechanism by which PNS improves I/RI
may be related to the downregulation of NF-κB protein
activation, the reduction in NLRP3 inflammasome formation,
and the downregulation of chemotactic cytokines such as IL-1β
secretion (Zhou et al., 2021).

5.1.4 Neferine
Neferine is a dimeric quinolinone alkaloid extracted from the

embryo of the mature seeds of the water chestnut plant Nelumbo
nucifera (MarthandamAsokan et al., 2018), a member of the
Nelumbonaceae family. Neferine has various effects such as anti-
atherosclerosis, anti-hypertension, anti-thrombosis, anti-
diabetic vascular complications, and vascular protection, as
well as anti-arrhythmia (Tang et al., 2019b; Bharathi Priya
et al., 2021; Qi et al., 2021). Studies have shown that Neferine
has good therapeutic effects and low side effects in the treatment
and prevention of cardiovascular and cerebrovascular diseases.

Huang et al. found that methylnelumbellate can alleviate brain
ischemic reperfusion injury and immune dysregulation in mice
by inhibiting the activation of NLRP3 inflammasome (Huang
et al., 2021).

5.1.5 Salvianolic acid
Salvianolic acid has the function of blood purification and is

used for cerebral infarction (Xiao et al., 2020). The main chemical
components of salvianolic acid include D-(−)-pinoresinol-β-D-
glucoside, rosmarinic acid, p-coumaric acid, ferulic acid,
pinoresinol, and salvianolic acid B water-soluble phenolic acids
(Guo and Wang, 2022). Modern pharmacological studies have
shown that salvianolic acid has analgesic, anti-inflammatory,
antioxidant, neurotrophic, and neuroprotective effects (Wu
et al., 2020b; Xin et al., 2020), which can significantly improve
the nerve function damage in patients with ischemic stroke,
restore their daily life behavior, and improve the prognosis
and quality of life (Lyu et al., 2019). Ma et al. found that
salvianolic acid may inhibit the activation and cell apoptosis
of small glial cells through the P2X7/NLRP3/GSDMD pathway,
thus reducing the downstream inflammatory cascade reaction
and exerting a nerve protection effect on experimental brain
ischemic reperfusion injury (Ma, 2021).

5.1.6 Salidroside
Salidroside, the main active ingredient in Rhodiola rosea, has

been shown to possess broad biological activities, including anti-
inflammatory, antioxidant, antitumor, immune regulatory, and
protective effects on the lungs, kidneys, liver, cardiovascular
system, and nervous system (Xu et al., 2019; Qu et al., 2022). In
terms of cerebral ischemia, Salidroside can improve energy
metabolism disorders, metabolic acidosis, Ca2+ overload, and
inhibit oxidative stress, inflammatory response, cell apoptosis,
and autophagy (Fan et al., 2020; Magani et al., 2020; Zhang
et al., 2021d). Liu et al. found that Salidroside may inhibit the
activation of NLRP3 inflammasome and cell apoptosis in microglia
by suppressing the TLR4/NF-κB signaling pathway, thereby
reducing neuronal damage. Salidroside may also inhibit the
activation of NLRP3 inflammasome and TLR4/NF-κB signaling
pathway in rat cerebral ischemia-reperfusion injury by increasing
the expression of miR-370-3p (Liu, 2022).

5.1.7 α-Asarone
α-Asarone is the main active component of Acorus tatarinowii, a

perennial herb of the Araceae family. Studies have found that besides
having antitumor, insecticidal, antibacterial, antitussive,
bronchodilatory, neuroprotective, antiepileptic, and antidepressant
effects, α-Asarone and beta-asarone also exhibit good
pharmacological activities in cardiovascular and cerebrovascular
diseases, such as protecting myocardial and vascular cells
(including endothelial cells and vascular smooth muscle cells),
preventing thrombosis, lowering blood lipids, and improving
vascular function (Chellian et al., 2017; Uebel et al., 2021; Uebel
et al., 2021). In the context of cerebral ischemia, α-Asarone exerts its
effects by alleviating energy metabolism and ion metabolism
disorders, reducing excitotoxicity, oxidative stress, inflammatory
factor expression, protecting the blood-brain barrier, and other
mechanisms (Liu et al., 2019; Balakrishnan et al., 2022). Xu et al.
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found that α-Asarone has a significant protective effect against
cerebral ischemia/reperfusion injury, mainly by regulating ROS
activity, inhibiting NF-κB phosphorylation, reducing the excessive
activation of NLRP3 inflammasomes, and exerting anti-inflammatory
effects to protect against cerebral ischemia/reperfusion injury (Fei-Fei
et al., 2022).

5.1.8 Acacia
Acacetin is a natural flavonoid drug that can be extracted from

various plants and has attracted the attention of many
researchers due to its wide range of pharmacological effects
(Wu et al., 2022). Increasing evidence indicates that acacetin has
potential in the treatment of various diseases such as anti-tumor,
cardioprotective, anti-inflammatory, and neuroprotective
effects (Singh et al., 2020; Cui et al., 2022). In the case of
cerebral ischemia, acacetin may reduce the permeability of
the blood-brain barrier by increasing the expression of
Occludin, Claudin-5, and ZO-1 proteins, thereby exerting a
neuroprotective effect in cerebral ischemia-reperfusion injury
(Niu and Yang, 2020). Bu et al. found that acacetin can increase
the survival rate of astrocytes after OGD/R injury, reduce the
release of LDH, decrease ROS generation, increase the
expression of LC3-II and beclin-1 proteins, and further
downregulate the expression of NLRP3, caspase-1, and IL-1β.
In summary, Acacetin can alleviate OGD/R-induced damage to
astrocytes, thereby exerting a protective effect on cerebral
ischemia-reperfusion injury. Its mechanism of action may be
related to the inhibition of ROS production, activation of
autophagy, and inhibition of NLRP3 inflammasome (Juan
et al., 2023).

5.1.9 Curcumin
Curcumin is a polyphenolic substance extracted from the

rhizomes of turmeric, which is commonly used as a food
coloring agent. Curcumin has been found to possess a wide
range of pharmacological activities, such as antibacterial,
antioxidant, anti-apoptotic, anti-tumor, anti-oxidative stress, anti-
inflammatory, anti-viral, lipid-lowering, liver-protective, bile-
stimulating, and neuroprotective effects (Termini et al., 2020;
Jabczyk et al., 2021). Curcumin has also been shown to improve
age-related diseases such as atherosclerosis, diabetes, cardiovascular
disease, and chronic kidney disease (Peng et al., 2021). Curcumin
can exert neuroprotective effects in cerebral ischemia, intracerebral
hemorrhage (ICH), and subarachnoid hemorrhage (SAH) through
various pathways such as anti-inflammatory reactions, anti-
oxidative stress, anti-apoptosis, and autophagy (Li et al., 2020b;
Fan and Lei, 2022; Marques et al., 2022). Zhang et al. (2023) found
that curcumin can reduce the volume of cerebral infarction and
improve neurological function in rats, possibly by reducing the
inflammatory response in the brain after cerebral infarction; the
anti-inflammatory mechanism of curcumin may be related to its
blockade of the NLRP3/Caspase-1 signaling axis, inhibition of
NLRP3 inflammasome function, and reduction of the synthesis
and release of inflammatory cytokines. Zhao et al., 2023b found
that curcumin can alleviate cortical neuronal inflammation and
synaptic injury caused by cerebral ischemia-reperfusion in rats
by inhibiting inflammatory cytokine levels and reducing
brain damage.

5.1.10 Morin
Morin, a natural active substance extracted from various plants,

belongs to the flavonoid class of compounds and is a secondary
metabolite of phenols in plants, widely distributed in nature (Caselli
et al., 2016). Morin displays its pharmacological activity by
modulating various cell signaling pathways, such as nuclear
factor-kappa B (NF-κB), mitogen-activated protein kinase
(MAPK), Janus kinase/signal transducer and activator of
transcription (JAKs/STATs), Kelch-like ECH-associated protein1/
Nuclear erythroid-2-related factor (Keap1/Nrf2), endoplasmic
reticulum (ER), mitochondria-mediated apoptosis, Wnt/β-
catenin, and Rapamycin (mTOR) signaling pathways (Sinha
et al., 2016; Rajput et al., 2021). Extensive evidence has shown
that morin plays a beneficial role in various chronic and life-
threatening degenerative diseases (Kataria et al., 2018; Solairaja
et al., 2021). Xue et al. found that morin can alleviate cerebral
ischemia-reperfusion injury in rats, inhibit neuronal apoptosis, and
its mechanism may be related to the inhibition of TXNIP/NLRP3/
Caspase-1 signaling pathway activation (Xue et al., 2023).

5.1.11 Ginsenoside Rd
Ginsenoside Rd is one of the major active monomers of

ginsenosides and belongs to the dammarane-type ginsenosides
with a diol structure (Chen et al., 2022a). Although ginsenoside
Rd is present in low concentrations in Panax species, it has attracted
wide attention from scholars due to its strong biological activity.
Studies have shown that ginsenoside Rd exhibits various
pharmacological effects, such as protecting cardiovascular and
renal functions, exerting anti-tumor and immunomodulatory
activities, and showing good neuroprotective effects on the
central nervous system (Li et al., 2022b; Tang et al., 2022). In
terms of cerebral ischemia, ginsenoside Rd can improve ischemic
stroke-induced damage by inhibiting oxidative stress and
inflammation. Its mechanism mainly involves upregulating the
endogenous antioxidant system, the phosphatidylinositol 3-
kinase/protein kinase B and extracellular signal-regulated kinase
1/2 pathways, protecting mitochondrial membrane potential to
prolong the survival of neuronal cells, inhibiting the activation of
nuclear factor kappa B, transient receptor potential melastatin, acid-
sensing ion channel 1a, poly(ADP-ribose) polymerase-1, and
protein tyrosine kinase, as well as reducing the release of
cytochrome c and apoptosis-inducing factor (Ye et al., 2013;
Nabavi et al., 2015; Song et al., 2022). Yao et al. found that
ginsenoside Rd can inhibit the expression levels of cell death-
associated proteins, IL-18 and IL-1β secretion, intracellular ROS
content, cell death ratio, and the interaction between TXNIP and
NLRP3. Furthermore, ginsenoside Rd exerts a protective effect on
neurons after cerebral ischemia/reperfusion injury, which is
associated with upregulating the expression level of miR-139-5p,
decreasing the expression levels of FoxO1 and Keap1, and activating
the Nrf2 antioxidant signaling pathway, thereby inhibiting cell death
induced by the ROS-TXNIP-NLRP3 inflammasome axis
(Yao, 2022).

5.1.12 Paeoniflorin
Paeoniflorin is the main active monomer component of Paeonia.

Previous studies have shown that paeoniflorin exhibits various
activities, such as anti-free radical damage, inhibition of
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intracellular calcium overload, and neuroprotection. In vivo
experiments have demonstrated that paeoniflorin has effects on
reducing blood viscosity, anti-platelet aggregation, vasodilation,
improving microcirculation, and exerting antioxidative and
anticonvulsant effects (Zhang and Wei, 2020; Zhou et al., 2020;
Wang et al., 2021b). In cerebral ischemia research, paeoniflorin has
been found to protect PC12 cells against calcium overload-induced
injury. Additionally, paeoniflorin has been shown to protect against
neurotoxicity induced by calcium overload in PC12 cells (Hu et al.,
2019; Long et al., 2020; Tang et al., 2021). In terms of inhibiting the
inflammasome, He et al. found that paeoniflorin has a protective
effect on nerve damage in OGD-induced rat hippocampal slices,
which may be related to the downregulation of the expression of
NLRP3 and NLRP1 inflammasome components, thereby affecting
the release of downstream inflammatory factors and cell apoptosis
(He, 2016). A recent study also detected paeoniflorin in the colon
and found that it improved UC symptoms in mice, inhibited the
infiltration of macrophages in the mesentery and colon tissue,
suppressed NLRP3 protein in colon macrophages, and inhibited
the release of cytokine IL-1β (Liu et al., 2018). Moreover, a recent
study showed that paeoniflorin can improve neuronal functional
impairment mediated by ACI by inhibiting the activation of
NLRP3 and Caspase-1, reducing microglial cell activation, and
inhibiting neuronal necrosis (Aikmu et al., 2021).

5.1.13 Astragaloside IV
Astragalus membranaceus (AM) is a commonly used Chinese

herbal medicine for the treatment of cardiovascular and
cerebrovascular diseases. It has the effects of promoting diuresis,
reducing edema, tonifying qi, and enhancing the immune system
(Zhang et al., 2020). Modern medicine has also shown that AM has
the ability to reduce oxidative stress, inhibit apoptosis, and decrease
edema (Zang et al., 2020; Chen et al., 2021b). Astragaloside IV (AST-
IV) is the main active component of AM responsible for its
cardiovascular effects and is used as an important indicator for
the evaluation of AM content. Experimental studies have
demonstrated that AST-IV can improve neurological function,
reduce cerebral infarct volume, and decrease blood-brain barrier
permeability, thus exerting a protective effect in cerebral ischemia.
The mechanism is mainly related to its anti-oxidant, anti-
inflammatory, and anti-apoptotic properties, which are achieved
by inhibiting the expression of MPO, TNF- α, IL-1?, iNOS,
intracellular adhesion molecules, and NF-κB (Tang et al., 2019c;
Tang, 2019). These findings suggest that PNS and AST-IV can play a
protective role in ischemic brain injury through multiple targets and
pathways. Tang et al. used an improved thread embolization method
to prepare a rat model of middle cerebral artery occlusion/
reperfusion to evaluate the effect of AST-IV on cerebral
ischemia-reperfusion injury. Compared with the model group,
AST-IV significantly reduced the neurological function deficit
score, cerebral infarct volume, and the protein levels of NLRP3,
Caspase-1, pro-IL-1β, IL-1β, pro-IL-18, and IL-18 in brain tissue,
and inhibited the expression of phosphorylated NF-κB protein.
These results suggest that AST-IV has a protective effect against
cerebral ischemia-reperfusion injury, and its mechanism may be
related to the inhibition of NF-κB protein phosphorylation and the
inhibition of NLRP3 inflammasome activation (Tang et al., 2019c;
Tang, 2019).

5.1.14 Breviscapine
The first record of Erigeron breviscapus (Vant) Hand-Mazz,

commonly known as “Dengzhanhua,” can be traced back to the
book “Dian Nan Ben Cao.” Breviscapine, extracted from
Dengzhanhua, is one of its major active monomers (Gao et al.,
2017; Wen et al., 2021b; Zhu et al., 2022b). Currently, evidence-
based studies have shown that Breviscapine has significant clinical
efficacy and good safety for treating stroke (Zhi et al., 2018; Lyu et al.,
2020). Breviscapine has various functions, such as reducing
autophagy of neurons and astrocytes in the ischemic penumbra,
promoting nitric oxide synthesis in endothelial cells, reducing the
synthesis of vascular wall and thromboxane A2, inhibiting platelet
activation and aggregation, and reducing the risk of thrombosis (Li
et al., 2020c; Chen et al., 2022b). In both in vivo and in vitro models
of cerebral ischemia, the neuroprotective mechanism of
Dengzhanhua may be related to reducing inflammatory
responses, decreasing cell apoptosis, alleviating brain edema,
promoting angiogenesis, and increasing brain-derived
neurotrophic factor (Pengyue et al., 2017; Long et al., 2020; Chen
et al., 2022b). A recent study indicated that Breviscapine could
significantly improve the cognitive function of rats with CCI and
alleviate the pathological damage of ischemic neurons. The
mechanism of this effect may be related to the inhibition of
NLRP3 inflammasome activation and cell pyroptosis pathways in
brain tissue (Wang et al., 2020).

5.1.15 Sulforaphane
Sulforaphane (SFN), mainly derived from cruciferous vegetables

such as broccoli and mustard greens (Vanduchova et al., 2019), is an
isothiocyanate with strong bioactivities such as anticancer,
antioxidative, immunomodulatory, antibacterial, and anti-
inflammatory effects (Huang et al., 2019; Yagishita et al., 2019;
Wu et al., 2020c; Nandini et al., 2020; Schepici et al., 2020; Kaiser
et al., 2021; Xie et al., 2021). In improving brain ischemia, SFN was
found to reduce cortical neuron damage caused by oxygen-glucose
deprivation (OGD)/reoxygenation after primary culture of cortical
neurons from Sprague Dawley (SD) rats aged 0–1 day (Li et al.,
2022c). SFN also significantly inhibited oxidative stress damage and
peripheral neuronal degeneration in traumatic brain injury (TBI)
models (Calabrese and Kozumbo, 2021). SFN increased the
expression of Bcl-2 and decreased the expression of cleaved
caspase-3 to inhibit apoptosis of neurons after OGD (Alfieri
et al., 2013). Additionally, SFN produced neuroprotective effects
through the activation of phosphatidylinositol 3-kinase (PI3K)/Akt
signaling pathway. As an effective antioxidant, SFN can activate the
Nrf2-ARE signaling pathway to improve oxidative stress and exert
neuroprotective effects in epilepsy-induced brain damage (Sun et al.,
2017). David Vauzour et al. found that SFN protected neurons from
Parkinson’s disease by activating the Nrf2 pathway to upregulate the
expression of antioxidant genes (Wei et al., 2022). Soane et al. found
that SFN protected hippocampal neurons of mice from death caused
by OGD or hemoglobin (Soane et al., 2010). Zhang et al. confirmed
that SFN exerted neuroprotective effects by increasing the
expression of Nrf2 and HO-1 (Ping et al., 2010). Deng et al.
(2012) showed that SFN induced the nuclear translocation of
Nrf2 and increased the expression of HO-1 to protect neurons
from dopamine neurotoxicity damage via the PI3K/Akt pathway. In
animal models of Parkinson’s disease, SFN was found to counteract
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the toxic effects of 6-hydroxydopamine-1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine-mediated damage and reduce degeneration and
death of striatal dopaminergic neurons (Siebert et al., 2009; Jazwa
et al., 2011). Vauzour et al. (2010) found that SFN could resist the
toxic effects of 5-S-cysteinyl-dopamine on cortical neurons by
activating extracellular signal-regulated kinase 1/2, Nrf2, and
detoxifying enzymes. In terms of inhibiting inflammasomes, the
latest study found that SFN can improve neurological function
deficits, reduce cerebral infarct volume, and alleviate the
inflammatory response after cerebral ischemia-reperfusion, thus
achieving a neuroprotective effect on rat cerebral ischemia-
reperfusion injury. This may be achieved by activating the JAK2-
STAT3 signaling pathway, inhibiting the activation of
NLRP3 inflammasomes, and reducing the inflammatory response
during ischemia-reperfusion (Chang, 2017).

5.1.16 Metformin
Recently, it has been found that metformin, a traditional

antidiabetic drug, originally derived from a guanidine compound
found in plants and modified, has the potential to reduce brain
damage caused by ischemia/reperfusion injury and protect
neurological function without affecting blood glucose levels (Lee
et al., 2021; Sharma et al., 2021). This may be due to its ability to
activate AMPK-induced autophagy, reduce brain tissue damage,
promote vascular and neural regeneration, inhibit inflammatory
responses, and promote central nervous system recovery (Jia et al.,
2015; Arbeláez-Quintero and Palacios, 2017). Recent studies have

shown that metformin can protect against ischemia/reperfusion
injury by inhibiting TLR4 and NF-κB protein expression,
reducing inflammatory reactions, and providing neuroprotective
effects (Liu et al., 2022). Deng et al. found that metformin
preconditioning is necessary for its neuroprotective effects during
the acute phase of cerebral ischemic injury. Pre-treatment with
10 mg/kg/d of metformin for 7 days significantly reduced ischemic
brain damage, and the protective effect of metformin may be related
to the downregulation of AMPK (Deng, 2016). In terms of inhibiting
inflammasomes, Yuan et al. (2021) found that metformin has a
protective effect on brain damage caused by ischemia/reperfusion,
and its mechanism of action includes activating the AMPK pathway,
promoting autophagy, removing damaged mitochondria through
autophagy, reducing cell necrosis caused by NLRP3 inflammasome
activation by damaged mitochondria, and thereby protecting against
ischemia/reperfusion brain damag.

It is noteworthy that metformin, as a member of the guanidine
family, was originally derived from a molecular modification of
guanidine, which in turn is derived from an extract of Galega
officinalis, a plant commonly known as goat’s rue. This is a
classic case of using natural compounds as lead compounds for
drug development. In the future, we hope to discover more natural
compounds as lead compounds and develop specific
inflammasome-targeting drugs, providing safe and effective new
drug formulations for future clinical applications.

The mechanisms of natural plant products were summarized
in Table 1.

TABLE 1 Summary of the mechanisms of natural plant products.

Natural plant products Functions Reference

Toona polyphenols Regulate the prefrontal cortex and hippocampal MAPK pathways and
NLRP3 inflammasome pathways

Zhao (2022)

Proantho Cyanidins Downregulate the TLR4-NLRP3 inflammatory signaling pathway Yang (2022)

Panax notoginseng saponins Downregulate the NF-κB protein activation and NLRP3 inflammasome formation Zhou et al. (2021)

Neferine Inhibite the activation of NLRP3 inflammasome Huang et al. (2021b)

Salvianolic acid Inhibit the activation and cell apoptosis of small glial cells through the P2X7/NLRP3/
GSDMD pathway

Ma (2021)

Salidroside Inhibit the activation of NLRP3 inflammasome and TLR4/NF-κB signaling pathway Liu (2022)

α-Asarone Reduce the excessive activation of NLRP3 inflammasomes Fei-Fei et al. (2022)

Acacia Inhibite of NLRP3 inflammasome Juan et al. (2023)

Curcumin Inhibite the NLRP3/Caspase-1 signaling axis and NLRP3 inflammasome function Zhang et al. (2023)

Morin Inhibite the TXNIP/NLRP3/Caspase-1 signaling pathway Xue et al. (2023)

Ginsenoside Rd Decrease the expression levels of FoxO1 and Keap1, and activating the
Nrf2 antioxidant signaling pathway

Yao (2022)

Paeoniflorin Inhibite the activation of NLRP3 and Caspase-1, reduce microglial cell activation, and
inhibite neuronal necrosis

Aikmu et al. (2021)

Astragaloside IV Inhibite NF-κB protein phosphorylation and NLRP3 inflammasome activation Tang et al., 2019c; Tang (2019)

Breviscapine Inhibite NLRP3 inflammasome activation and cell pyroptosis pathways Wang et al. (2020)

Sulforaphane Activate the JAK2-STAT3 signaling pathway and inhibite the activation of
NLRP3 inflammasomes

Chang (2017)

Metformin Reduce cell necrosis caused by NLRP3 inflammasome activation Yuan et al. (2021)
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6 Prospects

This review provides a summary of the neuroinflammatory
mechanism mediated by the NLRP3 inflammasome in the context
of cerebral ischemia-reperfusion injury. Accumulating evidence from
both in vitro and in vivo studies supports the involvement of the
inflammasome signaling pathway in the pathogenesis of cerebral
ischemia-reperfusion injury, demonstrated by direct activation of
inflammasomes in animal models and patients. Importantly, the
inflammasome-mediated inflammatory mechanism persists from the
early to late stages of cerebral ischemia-reperfusion injury, indicating its
potential as a therapeutic target. Modulating the activity of the
inflammasome may help mitigate its impact on pathogenic cells,
such as microglia and neurons, and the associated structural damage
observed in the progression of cerebral ischemic disease. Currently,
clinically approved therapeutic drugs like Anakinra, Canakinumab, and
Ilorinase effectively target IL-1β. Recent clinical studies have shown that
Canakinumab can improve cardiovascular conditions, including
atherosclerosis, an independent risk factor for stroke. Additionally,
clinical trials are underway for drugs that neutralize IL-18, such as
Tadekinig alfa and GSK1070806. Nevertheless, it is crucial to consider
potential side effects when targeting the NLRP3 inflammasome and to
ensure patient protection against pathogenic microbial infections while
reducing inflammatory activity. Finding therapeutic interventions that
selectively target specific types of inflammasome complexes may offer
enhanced safety and long-term efficacy, particularly for
neurodegenerative diseases like cerebral ischemia-reperfusion injury.

Currently, there is growing interest in exploring natural plant
products for the treatment of NLRP3 inflammasome-mediated
neuroinflammation in cerebral ischemia/reperfusion injury. These
natural products mainly consist of flavonoids, alkaloids,
polysaccharides, quinones, terpenes, lignans, coumarins, phenolic
acids, and saponins. Most studies conducted thus far have relied on
in vitro and in vivo experiments. While certain natural compounds,
such as total glucosides of paeony, have been utilized in cerebral
ischemia treatment, there is a lack of large-scale, long-term clinical
studies to validate their efficacy. This calls for further investigation.
The aim of reviewing natural compounds is to identify potential lead
compounds capable of inhibiting the NLRP3 inflammasome in
cerebral ischemia. These findings can subsequently contribute to
the development of specific inflammasome inhibitors. A
comprehensive management strategy for patients with cerebral
ischemia represents a promising direction for future research.
The key focus for both basic researchers and clinical physicians
is to devise rational treatment plans that can alleviate complications
by targeting inflammatory processes. Ultimately, understanding the
mechanisms underlying inflammatory processes in cerebral
ischemia/reperfusion injury will open up new avenues for the
comprehensive treatment of cerebral ischemia and its associated
complications.

This review reveals a structural commonality among several
compounds - the presence of a phenol unit. Examples of such
compounds include chimonanthus polyphenols, anthocyanins,
ellagic acid, curcumin, and luteolin. Based on this finding, it is
speculated that the inhibition of NLRP3 inflammasome activity by
polyphenolic compounds and their metabolites mainly depends on
the type, number, and arrangement of functional groups on the
core structure. This, in turn, affects their anti-inflammatory

activity. It suggests that future design of NLRP3 inflammasome
inhibitors can be based on this class of phenolic structures,
necessitating further research and structural modifications by
future investigators.

Furthermore, another class of compounds based on
sapogenin glycosides, such as total saponins of Panax
notoginseng, salidroside, ginsenoside Rd, paeoniflorin, and
astragaloside IV, is identified. These compounds exhibit
structural characteristics that involve spirosolane, related
steroidal compounds, or triterpenes. From a structure-activity
standpoint, the complex nature of these structures requires
further clarification of their structure-activity relationship in
inhibiting NLRP3 inflammasome activity. This could provide
new perspectives for structural modifications from different
angles in future studies.

Author contributions

KY and LZ are responsible for the study concept and design. KY,
LZ, QH, SW, HX, and JG are responsible for the data collection, data
analysis, and interpretation; KY and LZ drafted the paper; JG
supervised the study. All authors contributed to the article and
approved the submitted version.

Funding

The research is supported by National Key Research and
Development Project of China (No. 2018YFC1704904), the
National Natural Science Foundation of China (81774174), the
Provincial Discipline Construction Project of Hunan University
of Chinese Medicine (Integrated Traditional Chinese and
Western Medicine) and the Postgraduate Scientific Research
Innovation Project of Hunan Province (CX20230800).

Acknowledgments

Thanks to Xing Li for assisting with the English translation
and writing.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Frontiers in Pharmacology frontiersin.org11

Yang et al. 10.3389/fphar.2024.1250918

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1250918


References

Aikmu, Z., Uppur, M., Xing, H., Fan, M., and Zhang, J. (2021). Effects of paeoniflorin
on neuronal scorch death regulated by microglia activation in rats with acute cerebral
infarction. J. Brain Neurological Disord. 29 (08), 469–474.

Ajoolabady, A., Wang, S., Kroemer, G., Penninger, J. M., Uversky, V. N., Pratico, D., et al.
(2021). Targeting autophagy in ischemic stroke: from molecular mechanisms to clinical
therapeutics. Pharmacol. Ther. 225, 107848. doi:10.1016/j.pharmthera.2021.107848

Alfieri, A., Srivastava, S., Siow, R. C. M., Cash, D., Modo, M., Duchen, M. R., et al.
(2013). Sulforaphane preconditioning of the Nrf2/HO-1 defense pathway protects the
cerebral vasculature against blood-brain barrier disruption and neurological deficits in
stroke. Free Radic. Biol. Med. 65, 1012–1022. doi:10.1016/j.freeradbiomed.2013.08.190

Andrade, W. A., and Zamboni, D. S. (2020). NLRC4 biology in immunity and
inflammation. J. Leukoc. Biol. 108 (4), 1117–1127. doi:10.1002/JLB.3MR0420-573R

Arbeláez-Quintero, I., and Palacios, M. (2017). To use or not to use metformin in
cerebral ischemia: a review of the application of metformin in stroke rodents. Stroke Res.
Treat. 2017, 9756429. doi:10.1155/2017/9756429

Balakrishnan, R., Cho, D. Y., Kim, I. S., Seol, S. H., and Choi, D. K. (2022). Molecular
mechanisms and therapeutic potential of α- and β-asarone in the treatment of
neurological disorders. Antioxidants (Basel) 11 (2), 281. doi:10.3390/antiox11020281

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

Bharathi Priya, L., Huang, C. Y., Hu, R. M., Balasubramanian, B., and Baskaran, R.
(2021). An updated review on pharmacological properties of neferine-A
bisbenzylisoquinoline alkaloid from Nelumbo nucifera. J. Food Biochem. 45 (12),
e13986. doi:10.1111/jfbc.13986

Calabrese, E. J., and Kozumbo, W. J. (2021). The phytoprotective agent sulforaphane
prevents inflammatory degenerative diseases and age-related pathologies via Nrf2-
mediated hormesis. Pharmacol. Res. 163, 105283. doi:10.1016/j.phrs.2020.105283

Cao, Y., Zhang, H., Lu, X., Wang, J., Zhang, X., Sun, S., et al. (2020). Overexpression of
MicroRNA-9a-5p ameliorates NLRP1 inflammasome-mediated ischemic injury in rats
following ischemic stroke.Neuroscience 444, 106–117. doi:10.1016/j.neuroscience.2020.01.008

Caselli, A., Cirri, P., Santi, A., and PaoliMorin, P. (2016). Morin: a promising natural
drug. Curr. Med. Chem. 23 (8), 774–791. doi:10.2174/0929867323666160106150821

Chang, P., Li, H., Hu, H., Li, Y., and Wang, T. (2021). The role of HDAC6 in
autophagy and NLRP3 inflammasome. Front. Immunol. 12, 763831. doi:10.3389/
fimmu.2021.763831

Chang, Yu (2017). Preliminary study on the protective effect of lycopene on focal
cerebral ischemia-reperfusion injury in rats and its anti-inflammatory mechanism[D].
China: Chongqing Medical University.

Chellian, R., Pandy, V., and Mohamed, Z. (2017). Pharmacology and toxicology of α-
and β-Asarone: a review of preclinical evidence. Phytomedicine 32, 41–58. doi:10.1016/j.
phymed.2017.04.003

Chen, H. D., Jiang, M. Z., Zhao, Y. Y., Li, X., Lan, H., Yang, W. Q., et al. (2022b).
Effects of breviscapine on cerebral ischemia-reperfusion injury and intestinal flora
imbalance by regulating the TLR4/MyD88/NF-κB signaling pathway in rats.
J. Ethnopharmacol. 300, 115691. doi:10.1016/j.jep.2022.115691

Chen, R., Yin, C., Fang, J., and Liu, B. (2021a). The NLRP3 inflammasome: an
emerging therapeutic target for chronic pain. J. Neuroinflammation 18 (1), 84. doi:10.
1186/s12974-021-02131-0

Chen, T., Yang, P., and Jia, Y. (2021b). Molecular mechanisms of astragaloside-IV in
cancer therapy (Review). Int. J. Mol. Med. 47 (3), 13. doi:10.3892/ijmm.2021.4846

Chen, Y., Qin, X., An, Q., Yi, J., Feng, F., Yin, D., et al. (2018). Mesenchymal stromal
cells directly promote inflammation by canonical NLRP3 and non-canonical caspase-11
inflammasomes. EBioMedicine 32, 31–42. doi:10.1016/j.ebiom.2018.05.023

Chen, Y. Y., Liu, Q. P., An, P., Jia, M., Luan, X., Tang, J. Y., et al. (2022a). Ginsenoside
Rd: a promising natural neuroprotective agent. Phytomedicine 95, 153883. doi:10.1016/
j.phymed.2021.153883

Christgen, S., Tweedell, R. E., and Kanneganti, T. D. (2022). Programming
inflammatory cell death for therapy. Pharmacol. Ther. 232, 108010. doi:10.1016/j.
pharmthera.2021.108010

Ciążyńska, M., Olejniczak-Staruch, I., Sobolewska-Sztychny, D., Narbutt, J., Skibińska, M.,
and Lesiak, A. (2021). The role of NLRP1, NLRP3, and AIM2 inflammasomes in psoriasis:
review. Int. J. Mol. Sci. 22 (11), 5898. doi:10.3390/ijms22115898

Coll, R. C., Schroder, K., and Pelegrín, P. (2022). NLRP3 and pyroptosis blockers for
treating inflammatory diseases. Trends Pharmacol. Sci. 43 (8), 653–668. doi:10.1016/j.
tips.2022.04.003

Cui, Y. K., Hong, Y. X., Wu,W. Y., Han,W. M., Wu, Y., Wu, C., et al. (2022). Acacetin
ameliorates cardiac hypertrophy by activating Sirt1/AMPK/PGC-1α pathway. Eur.
J. Pharmacol. 920, 174858. doi:10.1016/j.ejphar.2022.174858

Dai, M., Wu, L., Yu, K., Xu, R., Wei, Y., Chinnathambi, A., et al. (2020). D-Carvone
inhibit cerebral ischemia/reperfusion induced inflammatory response TLR4/
NLRP3 signaling pathway. Biomed. Pharmacother. 132, 110870. doi:10.1016/j.
biopha.2020.110870

DArcy, M. S. (2019). Cell death: a review of the major forms of apoptosis, necrosis and
autophagy. Cell Biol. Int. 43 (6), 582–592. doi:10.1002/cbin.11137

de Brito Toscano, E. C., Rocha, N. P., Lopes, B. N. A., Suemoto, C. K., and Teixeira, A.
L. (2021). Neuroinflammation in alzheimer’s disease: focus on NLRP1 and
NLRP3 inflammasomes. Curr. Protein Pept. Sci. 22 (8), 584–598. doi:10.2174/
1389203722666210916141436

Deng, C., Tao, R., Yu, S. Z., and Jin, H. (2012). Sulforaphane protects against 6-
hydroxydopamine-induced cytotoxicity by increasing expression of heme oxygenase-1 in
a PI3K/Akt-dependent manner. Mol. Med. Rep. 5 (3), 847–851. doi:10.3892/mmr.2011.731

Deng, T. (2016). Study on the effect of metformin pretreatment against acute ischemic
brain injury in mice[D]. China: Zhejiang University.

Deretic, V., Saitoh, T., and Akira, S. (2013). Autophagy in infection, inflammation and
immunity. Nat. Rev. Immunol. 13, 722–737. doi:10.1038/nri3532

Enzmann, G., Mysiorek, C., Gorina, R., Cheng, Y. J., Ghavampour, S., Hannocks, M.
J., et al. (2013). The neurovascular unit as a selective barrier to polymorphonuclear
granulocyte (PMN) infiltration into the brain after ischemic injury. Acta Neuropathol.
125 (3), 395–412. doi:10.1007/s00401-012-1076-3

Fan, F., and Lei, M. (2022). Mechanisms underlying curcumin-induced
neuroprotection in cerebral ischemia. Front. Pharmacol. 13, 893118. doi:10.3389/
fphar.2022.893118

Fan, F., Yang, L., Li, R., Zou, X., Li, N., Meng, X., et al. (2020). Salidroside as a potential
neuroprotective agent for ischemic stroke: a review of sources, pharmacokinetics,
mechanism and safety. Biomed. Pharmacother. 129, 110458. doi:10.1016/j.biopha.
2020.110458

Fann, D. Y., Lim, Y. A., Cheng, Y. L., Lok, K. Z., Chunduri, P., Baik, S. H., et al. (2018).
Evidence that NF-κB andMAPK signaling promotes NLRP inflammasome activation in
neurons following ischemic stroke. Mol. Neurobiol. 55 (2), 1082–1096. doi:10.1007/
s12035-017-0394-9

Fei-Fei, Xu, Cui, K., and Wang, L.-Y. (2022). α-Fine octyl ether protects oxygen
glucose deprivation/reperfusion injured BV2 cells by regulating NLRP3 pathway. Chin.
J. Pharmacol. 38 (08), 1209–1218.

Feng, Y., Li, M., Yangzhong, X., Zhang, X., Zu, A., Hou, Y., et al. (2022). Pyroptosis in
inflammation-related respiratory disease. J. PhysiolBiochem 78, 721–737. doi:10.1007/
s13105-022-00909-1

Feske, S. K. (2021). Ischemic stroke. Am. J. Med. 134 (12), 1457–1464. doi:10.1016/j.
amjmed.2021.07.027

Gao, J., Chen, G., He, H., Liu, C., Xiong, X., Li, J., et al. (2017). Therapeutic effects of
breviscapine in cardiovascular diseases: a review. Front. Pharmacol. 8, 289. doi:10.3389/
fphar.2017.00289

Gudipaty, S. A., Conner, C. M., Rosenblatt, J., and Montell, D. J. (2018).
Unconventional ways to live and die: cell death and survival in development,
homeostasis, and disease. Annu. Rev. Cell Dev. Biol. 34, 311–332. doi:10.1146/
annurev-cellbio-100616-060748

Guo, S. S., and Wang, Z. G. (2022). Salvianolic acid B from Salvia miltiorrhizabunge: a
potential antitumor agent. Front. Pharmacol. 13, 1042745. doi:10.3389/fphar.2022.1042745

Gupta, A. K., Talukder, M., and Bamimore, M. A. (2022). Natural products for male
androgenetic alopecia. Dermatol Ther. 35 (4), e15323. doi:10.1111/dth.15323

He, Q., Li, Z., Wang, Y., Hou, Y., Li, L., and Zhao, J. (2017). Resveratrol alleviates
cerebral ischemia/reperfusion injury in rats by inhibiting NLRP3 inflammasome
activation through Sirt1-dependent autophagy induction. Int. Immunopharmacol.
50, 208–215. doi:10.1016/j.intimp.2017.06.029

He, Y.-B. (2016). Exploring the effects of paeoniflorin on NLRP3 and
NLRP1 inflammatory vesicles based on rat OGD hippocampal brain slices[D]. China:
Fujian University of Traditional Chinese Medicine.

Heid, M. E., Keyel, P. A., Kamga, C., Shiva, S., Watkins, S. C., and Salter, R. D. (2013).
Mitochondrial reactive oxygen species induces NLRP3-dependent lysosomal damage and
inflammasome activation. J. Immunol. 191 (10), 5230–5238. doi:10.4049/jimmunol.1301490

Holt, R. R., Heiss, C., Kelm, M., and Keen, C. L. (2012). The potential of flavanol and
procyanidin intake to influence age-related vascular disease. J. NutrGerontolGeriatr 31
(3), 290–323. doi:10.1080/21551197.2012.702541

Hu, M. Z., Wang, A. R., Zhao, Z. Y., Chen, X. Y., Li, Y. B., and Liu, B. (2019).
Antidepressant-like effects of paeoniflorin on post-stroke depression in a rat model.
Neurol. Res. 41 (5), 446–455. doi:10.1080/01616412.2019.1576361

Huang, C., Wu, J., Chen, D., Jin, J., Wu, Y., and Chen, Z. (2019). Effects of
sulforaphane in the central nervous system. Eur. J. Pharmacol. 853, 153–168. doi:10.
1016/j.ejphar.2019.03.010

Huang, H., Qi, S., and Zhang, K. (2021b). Inhibition of NLRP3 inflammatory vesicle
activation by methyllysine alleviates brain tissue injury and immune disorders in rats
with cerebral ischemia-reperfusion. J. Immunol. 37 (08), 704–709. doi:10.13431/j.cnki.
immunol.j.20210098

Huang, Y., Xu, W., and Zhou, R. (2021a). NLRP3 inflammasome activation and cell
death. Cell Mol. Immunol. 18 (9), 2114–2127. doi:10.1038/s41423-021-00740-6

Frontiers in Pharmacology frontiersin.org12

Yang et al. 10.3389/fphar.2024.1250918

https://doi.org/10.1016/j.pharmthera.2021.107848
https://doi.org/10.1016/j.freeradbiomed.2013.08.190
https://doi.org/10.1002/JLB.3MR0420-573R
https://doi.org/10.1155/2017/9756429
https://doi.org/10.3390/antiox11020281
https://doi.org/10.1016/j.mam.2020.100863
https://doi.org/10.1111/jfbc.13986
https://doi.org/10.1016/j.phrs.2020.105283
https://doi.org/10.1016/j.neuroscience.2020.01.008
https://doi.org/10.2174/0929867323666160106150821
https://doi.org/10.3389/fimmu.2021.763831
https://doi.org/10.3389/fimmu.2021.763831
https://doi.org/10.1016/j.phymed.2017.04.003
https://doi.org/10.1016/j.phymed.2017.04.003
https://doi.org/10.1016/j.jep.2022.115691
https://doi.org/10.1186/s12974-021-02131-0
https://doi.org/10.1186/s12974-021-02131-0
https://doi.org/10.3892/ijmm.2021.4846
https://doi.org/10.1016/j.ebiom.2018.05.023
https://doi.org/10.1016/j.phymed.2021.153883
https://doi.org/10.1016/j.phymed.2021.153883
https://doi.org/10.1016/j.pharmthera.2021.108010
https://doi.org/10.1016/j.pharmthera.2021.108010
https://doi.org/10.3390/ijms22115898
https://doi.org/10.1016/j.tips.2022.04.003
https://doi.org/10.1016/j.tips.2022.04.003
https://doi.org/10.1016/j.ejphar.2022.174858
https://doi.org/10.1016/j.biopha.2020.110870
https://doi.org/10.1016/j.biopha.2020.110870
https://doi.org/10.1002/cbin.11137
https://doi.org/10.2174/1389203722666210916141436
https://doi.org/10.2174/1389203722666210916141436
https://doi.org/10.3892/mmr.2011.731
https://doi.org/10.1038/nri3532
https://doi.org/10.1007/s00401-012-1076-3
https://doi.org/10.3389/fphar.2022.893118
https://doi.org/10.3389/fphar.2022.893118
https://doi.org/10.1016/j.biopha.2020.110458
https://doi.org/10.1016/j.biopha.2020.110458
https://doi.org/10.1007/s12035-017-0394-9
https://doi.org/10.1007/s12035-017-0394-9
https://doi.org/10.1007/s13105-022-00909-1
https://doi.org/10.1007/s13105-022-00909-1
https://doi.org/10.1016/j.amjmed.2021.07.027
https://doi.org/10.1016/j.amjmed.2021.07.027
https://doi.org/10.3389/fphar.2017.00289
https://doi.org/10.3389/fphar.2017.00289
https://doi.org/10.1146/annurev-cellbio-100616-060748
https://doi.org/10.1146/annurev-cellbio-100616-060748
https://doi.org/10.3389/fphar.2022.1042745
https://doi.org/10.1111/dth.15323
https://doi.org/10.1016/j.intimp.2017.06.029
https://doi.org/10.4049/jimmunol.1301490
https://doi.org/10.1080/21551197.2012.702541
https://doi.org/10.1080/01616412.2019.1576361
https://doi.org/10.1016/j.ejphar.2019.03.010
https://doi.org/10.1016/j.ejphar.2019.03.010
https://doi.org/10.13431/j.cnki.immunol.j.20210098
https://doi.org/10.13431/j.cnki.immunol.j.20210098
https://doi.org/10.1038/s41423-021-00740-6
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1250918


Hussain, A., Lee, M., Rana, J., and Virani, S. S. (2021). Epidemiology and risk factors
for stroke in young individuals: implications for prevention. CurrOpinCardiol 36 (5),
565–571. doi:10.1097/HCO.0000000000000894

Ip, W. K., and Medzhitov, R. (2015). Macrophages monitor tissue osmolarity and
induce inflammatory response through NLRP3 and NLRC4 inflammasome activation.
Nat. Commun. 6, 6931. doi:10.1038/ncomms7931

Ishrat, T., Mohamed, I. N., Pillai, B., Soliman, S., Fouda, A. Y., Ergul, A., et al. (2015).
Thioredoxin-interacting protein: a novel target for neuroprotection in experimental
thromboembolic stroke in mice. Mol. Neurobiol. 51 (2), 766–778. doi:10.1007/s12035-
014-8766-x

Jabczyk, M., Nowak, J., Hudzik, B., and Zubelewicz-Szkodzińska, B. (2021). Curcumin
in metabolic health and disease. Nutrients 13 (12), 4440. doi:10.3390/nu13124440

Jazwa, A., Rojo, A. I., Innamorato, N. G., Hesse, M., Fernández-Ruiz, J., and
Cuadrado, A. (2011). Pharmacological targeting of the transcription factor Nrf2 at
the basal ganglia provides disease modifying therapy for experimental parkinsonism.
Antioxid. Redox Signal 14 (12), 2347–2360. doi:10.1089/ars.2010.3731

Jia, J., Cheng, J., Ni, J., and Zhen, X. (2015). Neuropharmacological actions of metformin in
stroke. CurrNeuropharmacol 13 (3), 389–394. doi:10.2174/1570159x13666150205143555

Juan, T., Guoqing, Ji, and Mahan, Y. (2023). Acanthocyanin plays a protective role
against cerebral ischemia-reperfusion injury through autophagy-regulated ROS/
NLRP3 signaling pathway. J. Stroke Neurological Disord. 40 (02), 99–102. doi:10.
19845/j.cnki.zfysjjbzz.2023.0025

Kaiser, A. E., Baniasadi, M., Giansiracusa, D., Giansiracusa, M., Garcia, M., Fryda, Z.,
et al. (2021). Sulforaphane: a broccoli bioactive phytocompound with cancer preventive
potential. Cancers (Basel) 13 (19), 4796. doi:10.3390/cancers13194796

Kang, C., Lu, Z., Zhu, G., Chen, Y., and Wu, Y. (2021). Knockdown of
TRIM22 relieves oxygen-glucose deprivation/reoxygenation-induced apoptosis and
inflammation through inhibition of NF-κB/NLRP3 Axis. Cell Mol. Neurobiol. 41 (2),
341–351. doi:10.1007/s10571-020-00855-w

Kataria, R., Sobarzo-Sanchez, E., and Khatkar, A. (2018). Role of morin in
neurodegenerative diseases: a review. Curr. Top. Med. Chem. 18 (11), 901–907.
doi:10.2174/1568026618666180711153416

Kelley, N., Jeltema, D., Duan, Y., and He, Y. (2019). The NLRP3 inflammasome: an
overview of mechanisms of activation and regulation. Int. J. Mol. Sci. 20 (13), 3328.
doi:10.3390/ijms20133328

Kimmey, J. M., and Stallings, C. L. (2016). Bacterial pathogens versus autophagy:
implications for therapeutic interventions. TrendsMol. Med. 22 (12), 1060–1076. doi:10.
1016/j.molmed.2016.10.008

Lee, J., Noh, S., Lim, S., and Kim, B. (2021). Plant extracts for type 2 diabetes: from
traditional medicine to modern drug discovery. Antioxidants (Basel) 10 (1), 81. doi:10.
3390/antiox10010081

Lee, R. H. C., Lee, M. H. H., Wu, C. Y. C., Couto E Silva, A., Possoit, H. E., Hsieh, T. H.,
et al. (2018). Cerebral ischemia and neuroregeneration. Neural Regen. Res. 13 (3),
373–385. doi:10.4103/1673-5374.228711

Lee, Y. (2017). Cancer chemopreventive potential of procyanidin. Toxicol. Res. 33 (4),
273–282. doi:10.5487/TR.2017.33.4.273

Levinsohn, J. L., Newman, Z. L., Hellmich, K. A., Fattah, R., Getz, M. A., Liu, S., et al.
(2012). Anthrax lethal factor cleavage of Nlrp1 is required for activation of the
inflammasome. PLoS Pathog. 8 (3), e1002638. doi:10.1371/journal.ppat.1002638

Li, Q., Cao, Y., Dang, C., Han, B., Han, R., Ma, H., et al. (2020a). Inhibition of double-
strand DNA-sensing cGAS ameliorates brain injury after ischemic stroke. EMBO Mol.
Med. 12 (4), e11002. doi:10.15252/emmm.201911002

Li, H., Sureda, A., Devkota, H. P., Pittalà, V., Barreca, D., Silva, A. S., et al. (2020b).
Curcumin, the golden spice in treating cardiovascular diseases. Biotechnol. Adv. 38,
107343. doi:10.1016/j.biotechadv.2019.01.010

Li, Y., Li, S., and Li, D. (2020c). Breviscapine alleviates cognitive impairments induced
by transient cerebral ischemia/reperfusion through its anti-inflammatory and anti-
oxidant properties in a rat model. ACS Chem. Neurosci. 11 (24), 4489–4498. doi:10.
1021/acschemneuro.0c00697

Li, Y., Ling, J., and Jiang, Q. (2021a). Inflammasomes in alveolar bone loss. Front.
Immunol. 12, 691013. doi:10.3389/fimmu.2021.691013

Li, F., Xu, D., Hou, K., Gou, X., Lv, N., Fang, W., et al. (2021b). Pretreatment of
indobufen and aspirin and their combinations with clopidogrel or ticagrelor alleviates
inflammasome mediated pyroptosis via inhibiting NF-κB/NLRP3 pathway in ischemic
stroke. J. Neuroimmune Pharmacol. 16 (4), 835–853. doi:10.1007/s11481-020-09978-9

Li, Z., Ji, S., Jiang, M. L., Xu, Y., and Zhang, C. J. (2022a). The regulation and
modification of GSDMD signaling in diseases. Front. Immunol. 13, 893912. doi:10.3389/
fimmu.2022.893912

Li, J., Huang, Q., Yao, Y., Ji, P., Mingyao, E., Chen, J., et al. (2022b). Biotransformation,
pharmacokinetics, and pharmacological activities of ginsenoside Rd against multiple diseases.
Front. Pharmacol. 13, 909363. doi:10.3389/fphar.2022.909363

Li, Q., Fadoul, G., Ikonomovic, M., Yang, T., and Zhang, F. (2022c). Sulforaphane
promotes white matter plasticity and improves long-term neurological outcomes after
ischemic stroke via the Nrf2 pathway. Free Radic. Biol. Med. 193 (Pt 1), 292–303. doi:10.
1016/j.freeradbiomed.2022.10.001

Liang, J., Wang, Q., Li, J. Q., Guo, T., and Yu, D. (2020). Long non-coding RNA
MEG3 promotes cerebral ischemia-reperfusion injury through increasing pyroptosis by
targetingmiR-485/AIM2 axis.Exp. Neurol. 325, 113139. doi:10.1016/j.expneurol.2019.113139

Lin, H. B., Li, F. X., Zhang, J. Y., You, Z. J., Xu, S. Y., Liang, W. B., et al. (2021).
Cerebral-Cardiac syndrome and diabetes: cardiac damage after ischemic stroke in
diabetic state. Front. Immunol. 12, 737170. doi:10.3389/fimmu.2021.737170

Liu, H., Lu, X., Hu, Y., and Fan, X. (2020). Chemical constituents of Panax ginseng
and Panax notoginseng explain why they differ in therapeutic efficacy. Pharmacol. Res.
161, 105263. doi:10.1016/j.phrs.2020.105263

Liu, H., Zhang, M., Liu, T., Shi, L., andWang, C. (2022). Effects of intermittent fasting
and metformin on Toll-like receptor 4/nuclear transcription factor-κB pathway after
cerebral ischemia-reperfusion injury. Chin. J. Geriatric Cardiovasc. Dis. 24 (07),
760–764.

Liu, J. (2022). Study on the anti-inflammatory effect and mechanism of rhodiogenin in
cerebral ischemia-reperfusion injury in rats[D]. China: Kunming Medical University.
doi:10.27202/d.cnki.gkmyc.2022.000819

Liu, J. X., Wang, D., and Liu, S. (2019). Advances in the role and mechanism of α- and
β-fosetyl ether in cardiovascular and cerebrovascular diseases. Adv. Mod. Biomed. 19
(09), 1797–1800. doi:10.13241/j.cnki.pmb.2019.09.044

Liu, P., Zhang, Z., and Li, Y. (2021). Relevance of the pyroptosis-related
inflammasome pathway in the pathogenesis of diabetic kidney disease. Front.
Immunol. 12, 603416. doi:10.3389/fimmu.2021.603416

Liu, Q., Luo, X., Luo, X., Luo, X., He, J. R., Deng, X. L., et al. (2018). Study on the
treatment of ulcerative colitis mice by peonidin through inhibition of
NLRP3 inflammatory vesicles. New Drugs Chin. Med. Clin. Pharmacol. 29 (04),
409–414. doi:10.19378/j.issn.1003-9783.2018.04.006

Long, Y., Yang, Q., Xiang, Y., Zhang, Y., Wan, J., Liu, S., et al. (2020). Nose to brain
drug delivery - a promising strategy for active components from herbal medicine for
treating cerebral ischemia reperfusion. Pharmacol. Res. 159, 104795. doi:10.1016/j.phrs.
2020.104795

Lyu, J., Xie, Y., Sun, M., and Zhang, L. (2020). Clinical evidence and GRADE
assessment for breviscapine injection (DengZhanHuaSu) in patients with acute
cerebral infarction. J. Ethnopharmacol. 262, 113137. doi:10.1016/j.jep.2020.113137

Lyu, J., Xie, Y., Wang, Z., and Wang, L. (2019). Salvianolic acids for injection
combined with conventional treatment for patients with acute cerebral infarction: a
systematic review and meta-analysis of randomized controlled trials. Med. Sci. Monit.
25, 7914–7927. doi:10.12659/MSM.917421

Ma, D. C. (2021). Effects of salvianolic acid on cerebral ischemia reperfusion injury via
microglia P2X7/NLRP3/GSDMD pathway [D]. China: Liaoning university of traditional
Chinese medicine. doi:10.27213/d.cnki.glnzc.2021.000034

Ma, D. C., Zhang, N. N., Zhang, Y. N., and Chen, H. S. (2021). Salvianolic Acids
for Injection alleviates cerebral ischemia/reperfusion injury by switching M1/
M2 phenotypes and inhibiting NLRP3 inflammasome/pyroptosis axis in
microglia in vivo and in vitro. J. Ethnopharmacol. 270, 113776. doi:10.1016/j.
jep.2021.113776

Magani, S. K. J., Mupparthi, S. D., Gollapalli, B. P., Shukla, D., Tiwari, A. K.,
Gorantala, J., et al. (2020). Salidroside - can it be a multifunctional drug? Curr.
Drug Metab. 21 (7), 512–524. doi:10.2174/1389200221666200610172105

Marques, M. S., Marinho, M. A. G., Vian, C. O., and Horn, A. P. (2022). The action of
curcumin against damage resulting from cerebral stroke: a systematic review.
Pharmacol. Res. 183, 106369. doi:10.1016/j.phrs.2022.106369

MarthandamAsokan, S., Mariappan, R., Muthusamy, S., and Velmurugan, B. K.
(2018). Pharmacological benefits of neferine - a comprehensive review. Life Sci. 199,
60–70. doi:10.1016/j.lfs.2018.02.032

Mi, L., Min, X., Chai, Y., Zhang, J., and Chen, X. (2022). NLRP1 inflammasomes: a
potential target for the treatment of several types of brain injury. Front. Immunol. 13,
863774. doi:10.3389/fimmu.2022.863774

Milner, M. T., Maddugoda, M., Götz, J., Burgener, S. S., and Schroder, K. (2021). The
NLRP3 inflammasome triggers sterile neuroinflammation and Alzheimer’s disease.
Curr. Opin. Immunol. 68, 116–124. doi:10.1016/j.coi.2020.10.011

Muñoz-Planillo, R., Kuffa, P., Martínez-Colón, G., Smith, B. L., Rajendiran, T. M., and
Núñez, G. (2013). K⁺ efflux is the common trigger of NLRP3 inflammasome activation
by bacterial toxins and particulate matter. Immunity 38 (6), 1142–1153. doi:10.1016/j.
immuni.2013.05.016

Nabavi, S. F., Sureda, A., Habtemariam, S., and Nabavi, S. M. (2015). Ginsenoside Rd
and ischemic stroke; a short review of literatures. J. Ginseng Res. 39 (4), 299–303. doi:10.
1016/j.jgr.2015.02.002

Nakatogawa, H. (2020). Mechanisms governing autophagosome biogenesis. Nat. Rev.
Mol. Cell. Biol. 21, 439–458. doi:10.1038/s41580-020-0241-0

Nandini, D. B., Rao, R. S., Deepak, B. S., and Reddy, P. B. (2020). Sulforaphane in
broccoli: the green chemoprevention!! Role in cancer prevention and therapy. J. Oral
MaxillofacPathol 24 (2), 405. doi:10.4103/jomfp.JOMFP_126_19

Niu, X. S., and Yang, L. J. (2020). Effect of acanthin on blood-brain barrier after
ischemia-reperfusion injury in mouse brain. Stroke Neurological Dis. 27 (05),
572–575+603.

Frontiers in Pharmacology frontiersin.org13

Yang et al. 10.3389/fphar.2024.1250918

https://doi.org/10.1097/HCO.0000000000000894
https://doi.org/10.1038/ncomms7931
https://doi.org/10.1007/s12035-014-8766-x
https://doi.org/10.1007/s12035-014-8766-x
https://doi.org/10.3390/nu13124440
https://doi.org/10.1089/ars.2010.3731
https://doi.org/10.2174/1570159x13666150205143555
https://doi.org/10.19845/j.cnki.zfysjjbzz.2023.0025
https://doi.org/10.19845/j.cnki.zfysjjbzz.2023.0025
https://doi.org/10.3390/cancers13194796
https://doi.org/10.1007/s10571-020-00855-w
https://doi.org/10.2174/1568026618666180711153416
https://doi.org/10.3390/ijms20133328
https://doi.org/10.1016/j.molmed.2016.10.008
https://doi.org/10.1016/j.molmed.2016.10.008
https://doi.org/10.3390/antiox10010081
https://doi.org/10.3390/antiox10010081
https://doi.org/10.4103/1673-5374.228711
https://doi.org/10.5487/TR.2017.33.4.273
https://doi.org/10.1371/journal.ppat.1002638
https://doi.org/10.15252/emmm.201911002
https://doi.org/10.1016/j.biotechadv.2019.01.010
https://doi.org/10.1021/acschemneuro.0c00697
https://doi.org/10.1021/acschemneuro.0c00697
https://doi.org/10.3389/fimmu.2021.691013
https://doi.org/10.1007/s11481-020-09978-9
https://doi.org/10.3389/fimmu.2022.893912
https://doi.org/10.3389/fimmu.2022.893912
https://doi.org/10.3389/fphar.2022.909363
https://doi.org/10.1016/j.freeradbiomed.2022.10.001
https://doi.org/10.1016/j.freeradbiomed.2022.10.001
https://doi.org/10.1016/j.expneurol.2019.113139
https://doi.org/10.3389/fimmu.2021.737170
https://doi.org/10.1016/j.phrs.2020.105263
https://doi.org/10.27202/d.cnki.gkmyc.2022.000819
https://doi.org/10.13241/j.cnki.pmb.2019.09.044
https://doi.org/10.3389/fimmu.2021.603416
https://doi.org/10.19378/j.issn.1003-9783.2018.04.006
https://doi.org/10.1016/j.phrs.2020.104795
https://doi.org/10.1016/j.phrs.2020.104795
https://doi.org/10.1016/j.jep.2020.113137
https://doi.org/10.12659/MSM.917421
https://doi.org/10.27213/d.cnki.glnzc.2021.000034
https://doi.org/10.1016/j.jep.2021.113776
https://doi.org/10.1016/j.jep.2021.113776
https://doi.org/10.2174/1389200221666200610172105
https://doi.org/10.1016/j.phrs.2022.106369
https://doi.org/10.1016/j.lfs.2018.02.032
https://doi.org/10.3389/fimmu.2022.863774
https://doi.org/10.1016/j.coi.2020.10.011
https://doi.org/10.1016/j.immuni.2013.05.016
https://doi.org/10.1016/j.immuni.2013.05.016
https://doi.org/10.1016/j.jgr.2015.02.002
https://doi.org/10.1016/j.jgr.2015.02.002
https://doi.org/10.1038/s41580-020-0241-0
https://doi.org/10.4103/jomfp.JOMFP_126_19
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1250918


Osakabe, N., Fushimi, T., and Fujii, Y. (2022). Hormetic response to B-type
procyanidin ingestion involves stress-related neuromodulation via the gut-brain
axis: preclinical and clinical observations. Front. Nutr. 9, 969823. doi:10.3389/fnut.
2022.969823

Paerewijck, O., and Lamkanfi, M. (2022). The human inflammasomes.Mol. Asp. Med.
88, 101100. doi:10.1016/j.mam.2022.101100

Pandey, A., Shen, C., Feng, S., and Man, S. M. (2021). Cell biology of inflammasome
activation. Trends Cell Biol. 31 (11), 924–939. doi:10.1016/j.tcb.2021.06.010

Peng, T. I., and Jou, M. J. (2010). Oxidative stress caused by mitochondrial calcium
overload. Ann. N. Y. Acad. Sci. 1201, 183–188. doi:10.1111/j.1749-6632.2010.05634.x

Peng, Y., Ao, M., Dong, B., Jiang, Y., Yu, L., Chen, Z., et al. (2021). Anti-inflammatory
effects of curcumin in the inflammatory diseases: status, limitations and
countermeasures. Drug Des. DevelTher 15, 4503–4525. doi:10.2147/DDDT.S327378

Pengyue, Z., Tao, G., Hongyun, H., Liqiang, Y., and Yihao, D. (2017). Breviscapine
confers a neuroprotective efficacy against transient focal cerebral ischemia by
attenuating neuronal and astrocytic autophagy in the penumbra. Biomed.
Pharmacother. 90, 69–76. doi:10.1016/j.biopha.2017.03.039

Piancone, F., La Rosa, F., Marventano, I., Saresella, M., and Clerici, M. (2021). The
role of the inflammasome in neurodegenerative diseases. Molecules 26 (4), 953. doi:10.
3390/molecules26040953

Pinent, M., Bladé, C., Salvadó, M. J., Blay, M., Pujadas, G., Fernández-Larrea, J., et al.
(2006). Procyanidin effects on adipocyte-related pathologies. Crit. Rev. Food Sci. Nutr.
46 (7), 543–550. doi:10.1080/10408390500354537

Ping, Z., Liu, W., Kang, Z., Cai, J., Wang, Q., Cheng, N., et al. (2010). Sulforaphane
protects brains against hypoxic-ischemic injury through induction of Nrf2-dependent
phase 2 enzyme. Brain Res. 1343, 178–185. doi:10.1016/j.brainres.2010.04.036

Qi, Z., Wang, R., Liao, R., Xue, S., and Wang, Y. (2021). Neferine ameliorates sepsis-
induced myocardial dysfunction through anti-apoptotic and antioxidative effects by
regulating the PI3K/AKT/mTOR signaling pathway. Front. Pharmacol. 12, 706251.
doi:10.3389/fphar.2021.706251

Qiu, Y. M., Zhang, C. L., Chen, A. Q., Wang, H. L., Zhou, Y. F., Li, Y. N., et al. (2021).
Immune cells in the BBB disruption after acute ischemic stroke: targets for immune
therapy? Front. Immunol. 12, 678744. doi:10.3389/fimmu.2021.678744

Qu, B., Liu, X., Liang, Y., Zheng, K., Zhang, C., and Lu, L. (2022). Salidroside in the
treatment of NAFLD/NASH. Chem. Biodivers. 19 (12), e202200401. doi:10.1002/cbdv.
202200401

Qu, J., Xu, N., Zhang, J., Geng, X., and Zhang, R. (2020). Panax notoginseng saponins
and their applications in nervous system disorders: a narrative review. Ann. Transl.
Med. 8 (22), 1525. doi:10.21037/atm-20-6909

Rajput, S. A., Wang, X. Q., and Yan, H. C. (2021). Morin hydrate: a comprehensive review
on novel natural dietary bioactive compound with versatile biological and pharmacological
potential. Biomed. Pharmacother. 138, 111511. doi:10.1016/j.biopha.2021.111511

Rao, Z., Zhu, Y., Yang, P., Chen, Z., Xia, Y., Qiao, C., et al. (2022). Pyroptosis in
inflammatory diseases and cancer. Theranostics 12 (9), 4310–4329. doi:10.7150/thno.71086

Saini, V., Guada, L., and Yavagal, D. R. (2021). Global epidemiology of stroke and
access to acute ischemic stroke interventions. Neurology 97 (20), S6–S16. doi:10.1212/
WNL.0000000000012781

Schepici, G., Bramanti, P., and Mazzon, E. (2020). Efficacy of sulforaphane in
neurodegenerative diseases. Int. J. Mol. Sci. 21 (22), 8637. doi:10.3390/ijms21228637

Seoane, P. I., Lee, B., Hoyle, C., Yu, S., Lopez-Castejon, G., Lowe, M., et al. (2020). The
NLRP3-inflammasome as a sensor of organelle dysfunction. J. Cell Biol. 219 (12),
e202006194. doi:10.1083/jcb.202006194

Sharma, B. R., and Kanneganti, T. D. (2021). NLRP3 inflammasome in cancer and
metabolic diseases. Nat. Immunol. 22 (5), 550–559. doi:10.1038/s41590-021-00886-5

Sharma, S., Nozohouri, S., Vaidya, B., and Abbruscato, T. (2021). Repurposing
metformin to treat age-related neurodegenerative disorders and ischemic stroke. Life
Sci. 274, 119343. doi:10.1016/j.lfs.2021.119343

Shen, X., Li, M., Shao, K., Li, Y., and Ge, Z. (2023). Post-ischemic inflammatory
response in the brain: targeting immune cell in ischemic stroke therapy. Front. Mol.
Neurosci. 16, 1076016. doi:10.3389/fnmol.2023.1076016

Siebert, A., Desai, V., Chandrasekaran, K., Fiskum, G., and Jafri, M. S. (2009).
Nrf2 activators provide neuroprotection against 6-hydroxydopamine toxicity in rat
organotypic nigrostriatal cocultures. J. Neurosci. Res. 87 (7), 1659–1669. doi:10.1002/jnr.21975

Singh, S., Gupta, P., Meena, A., and Luqman, S. (2020). Acacetin, a flavone with
diverse therapeutic potential in cancer, inflammation, infections and other metabolic
disorders. Food Chem. Toxicol. 145, 111708. doi:10.1016/j.fct.2020.111708

Sinha, K., Ghosh, J., and Sil, P. C. (2016). Morin and its role in chronic diseases. Adv.
Exp. Med. Biol. 928, 453–471. doi:10.1007/978-3-319-41334-1_19

Soane, L., Li Dai, W., Fiskum, G., and Bambrick, L. L. (2010). Sulforaphane protects
immature hippocampal neurons against death caused by exposure to hemin or to oxygen and
glucose deprivation. J. Neurosci. Res. 88 (6), 1355–1363. doi:10.1002/jnr.22307

Solairaja, S., Andrabi, M. Q., Dunna, N. R., and Venkatabalasubramanian, S. (2021).
Overview of morin and its complementary role as an adjuvant for anticancer agents.
Nutr. Cancer 73 (6), 927–942. doi:10.1080/01635581.2020.1778747

Song, H., Wang, P., Liu, J., and Wang, C. (2017). Panax notoginseng preparations for
unstable angina pectoris: a systematic review and meta-analysis. Phytother. Res. 31 (8),
1162–1172. doi:10.1002/ptr.5848

Song, X., Wang, L., and Fan, D. (2022). Insights into recent studies on
biotransformation and pharmacological activities of ginsenoside Rd. Biomolecules 12
(4), 512. doi:10.3390/biom12040512

Sun, R., Peng, M., Xu, P., Huang, F., Xie, Y., Li, J., et al. (2020). Low-density
lipoprotein receptor (LDLR) regulates NLRP3-mediated neuronal pyroptosis
following cerebral ischemia/reperfusion injury. J. Neuroinflammation 17 (1), 330.
doi:10.1186/s12974-020-01988-x

Sun, Y., Yang, T., Mao, L., and Zhang, F. (2017). Sulforaphane protects against brain
diseases: roles of cytoprotective enzymes. Austin J. Cerebrovasc. Dis. Stroke 4 (1), 1054.
doi:10.26420/austinjcerebrovascdisstroke.2017.1054

Sundaram, B., and Kanneganti, T. D. (2021). Advances in understanding activation
and function of the NLRC4 inflammasome. Int. J. Mol. Sci. 22 (3), 1048. doi:10.3390/
ijms22031048

Takahashi, M. (2022). NLRP3 inflammasome as a key driver of vascular disease.
Cardiovasc Res. 118 (2), 372–385. doi:10.1093/cvr/cvab010

Tang, B. (2019). The role of mitochondrial autophagy -NLRP3 inflammatory body
pathway in cerebral ischemia-reperfusion injury and the intervention of total saponins of
Pantoginseng and Astragaloside IV [D]. China: Hunan university of Chinese medicine.

Tang, B., Tang, W., Tang, Y., and Deng, C. (2019c). Astragaloside IV attenuates cerebral
ischemia and reperfusion injury and reduces activation of NLRP3 inflammasome andNF-κB
phosphorylation in rats following a transientmiddle cerebral artery occlusion. J. physiology 71
(03), 424–430. doi:10.13294/j.aps.2019.0007

Tang, D., Kang, R., Berghe, T. V., Vandenabeele, P., and Kroemer, G. (2019a). The
molecular machinery of regulated cell death. Cell Res. 29 (5), 347–364. doi:10.1038/
s41422-019-0164-5

Tang, H., Wu, L., Chen, X., Li, H., Huang, B., Huang, Z., et al. (2021). Paeoniflorin
improves functional recovery through repressing neuroinflammation and facilitating
neurogenesis in rat stroke model. PeerJ 9, e10921. doi:10.7717/peerj.10921

Tang, K., Qin, W., Wei, R., Jiang, Y., Fan, L., Wang, Z., et al. (2022). Ginsenoside Rd
ameliorates high glucose-induced retinal endothelial injury through AMPK-STRT1
interdependence. Pharmacol. Res. 179, 106123. doi:10.1016/j.phrs.2022.106123

Tang, Y. L., Tao, Y., Zhu, L., Shen, J. L., and Cheng, H. (2023). Role of
NLRP3 inflammasome in hepatocellular carcinoma: a double-edged sword. Int.
Immunopharmacol. 118, 110107. doi:10.1016/j.intimp.2023.110107

Tang, Y. S., Zhao, Y. H., Zhong, Y., Li, X. Z., Pu, J. X., Luo, Y. C., et al. (2019b).
Neferine inhibits LPS-ATP-induced endothelial cell pyroptosis via regulation of ROS/
NLRP3/Caspase-1 signaling pathway. Inflamm. Res. 68 (9), 727–738. doi:10.1007/
s00011-019-01256-6

Tao, Y. W., Yang, L., Chen, S. Y., Zhang, Y., Zeng, Y., Wu, J. S., et al. (2022).
Pivotal regulatory roles of traditional Chinese medicine in ischemic stroke via
inhibition of NLRP3 inflammasome. J. Ethnopharmacol. 294, 115316. doi:10.1016/
j.jep.2022.115316

Termini, D., Den Hartogh, D. J., Jaglanian, A., and Tsiani, E. (2020). Curcumin
against prostate cancer: current evidence. Biomolecules 10 (11), 1536. doi:10.3390/
biom10111536

Uebel, T., Hermes, L., Haupenthal, S., Müller, L., and Esselen, M. (2021). α-Asarone,
β-asarone, and γ-asarone: current status of toxicological evaluation. J. Appl. Toxicol. 41
(8), 1166–1179. doi:10.1002/jat.4112

Vanduchova, A., Anzenbacher, P., and Anzenbacherova, E. (2019). Isothiocyanate
from broccoli, sulforaphane, and its properties. J. Med. Food 22 (2), 121–126. doi:10.
1089/jmf.2018.0024

Vauzour, D., Buonfiglio, M., Corona, G., Chirafisi, J., Vafeiadou, K., Angeloni, C., et al.
(2010). Sulforaphane protects cortical neurons against 5-S-cysteinyl-dopamine-induced
toxicity through the activation of ERK1/2, Nrf-2 and the upregulation of detoxification
enzymes. Mol. Nutr. Food Res. 54 (4), 532–542. doi:10.1002/mnfr.200900197

Wang, L. Q., Zheng, Y. Y., Zhou, H. J., Zhang, X. X., Wu, P., and Zhu, S. M. (2021a).
LncRNA-Fendrr protects against the ubiquitination and degradation of NLRC4 protein
through HERC2 to regulate the pyroptosis of microglia. Mol. Med. 27 (1), 39. doi:10.
1186/s10020-021-00299-y

Wang, M., Pan, W., Xu, Y., Zhang, J., Wan, J., and Jiang, H. (2022). Microglia-
mediated neuroinflammation: a potential target for the treatment of cardiovascular
diseases. J. Inflamm. Res. 15, 3083–3094. doi:10.2147/JIR.S350109

Wang, S., Sun, F., Xue, W., Jiang, Q., and Dong, L. (2020). Breviscapine regulates the
activation of NLRP3 inflammatory bodies and inhibits pyrodeath and apoptosis of
neuronal cells in rats with chronic cerebral ischemia. J. anhui Med. Univ. (9), 1321–1326.

Wang, X. L., Feng, S. T., Wang, Y. T., Chen, N. H., Wang, Z. Z., and Zhang, Y. (2021b).
Paeoniflorin: a neuroprotective monoterpenoid glycoside with promising anti-depressive
properties. Phytomedicine 90, 153669. doi:10.1016/j.phymed.2021.153669

Wang, Y.,Meng, C., Zhang, J., Wu, J., and Zhao, J. (2019). Inhibition of GSK-3β alleviates
cerebral ischemia/reperfusion injury in rats by suppressing NLRP3 inflammasome
activation through autophagy. Int. Immunopharmacol. 68, 234–241. doi:10.1016/j.
intimp.2018.12.042

Frontiers in Pharmacology frontiersin.org14

Yang et al. 10.3389/fphar.2024.1250918

https://doi.org/10.3389/fnut.2022.969823
https://doi.org/10.3389/fnut.2022.969823
https://doi.org/10.1016/j.mam.2022.101100
https://doi.org/10.1016/j.tcb.2021.06.010
https://doi.org/10.1111/j.1749-6632.2010.05634.x
https://doi.org/10.2147/DDDT.S327378
https://doi.org/10.1016/j.biopha.2017.03.039
https://doi.org/10.3390/molecules26040953
https://doi.org/10.3390/molecules26040953
https://doi.org/10.1080/10408390500354537
https://doi.org/10.1016/j.brainres.2010.04.036
https://doi.org/10.3389/fphar.2021.706251
https://doi.org/10.3389/fimmu.2021.678744
https://doi.org/10.1002/cbdv.202200401
https://doi.org/10.1002/cbdv.202200401
https://doi.org/10.21037/atm-20-6909
https://doi.org/10.1016/j.biopha.2021.111511
https://doi.org/10.7150/thno.71086
https://doi.org/10.1212/WNL.0000000000012781
https://doi.org/10.1212/WNL.0000000000012781
https://doi.org/10.3390/ijms21228637
https://doi.org/10.1083/jcb.202006194
https://doi.org/10.1038/s41590-021-00886-5
https://doi.org/10.1016/j.lfs.2021.119343
https://doi.org/10.3389/fnmol.2023.1076016
https://doi.org/10.1002/jnr.21975
https://doi.org/10.1016/j.fct.2020.111708
https://doi.org/10.1007/978-3-319-41334-1_19
https://doi.org/10.1002/jnr.22307
https://doi.org/10.1080/01635581.2020.1778747
https://doi.org/10.1002/ptr.5848
https://doi.org/10.3390/biom12040512
https://doi.org/10.1186/s12974-020-01988-x
https://doi.org/10.26420/austinjcerebrovascdisstroke.2017.1054
https://doi.org/10.3390/ijms22031048
https://doi.org/10.3390/ijms22031048
https://doi.org/10.1093/cvr/cvab010
https://doi.org/10.13294/j.aps.2019.0007
https://doi.org/10.1038/s41422-019-0164-5
https://doi.org/10.1038/s41422-019-0164-5
https://doi.org/10.7717/peerj.10921
https://doi.org/10.1016/j.phrs.2022.106123
https://doi.org/10.1016/j.intimp.2023.110107
https://doi.org/10.1007/s00011-019-01256-6
https://doi.org/10.1007/s00011-019-01256-6
https://doi.org/10.1016/j.jep.2022.115316
https://doi.org/10.1016/j.jep.2022.115316
https://doi.org/10.3390/biom10111536
https://doi.org/10.3390/biom10111536
https://doi.org/10.1002/jat.4112
https://doi.org/10.1089/jmf.2018.0024
https://doi.org/10.1089/jmf.2018.0024
https://doi.org/10.1002/mnfr.200900197
https://doi.org/10.1186/s10020-021-00299-y
https://doi.org/10.1186/s10020-021-00299-y
https://doi.org/10.2147/JIR.S350109
https://doi.org/10.1016/j.phymed.2021.153669
https://doi.org/10.1016/j.intimp.2018.12.042
https://doi.org/10.1016/j.intimp.2018.12.042
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1250918


Wei, L. Y., Zhang, J. K., Zheng, L., and Chen, Y. (2022). The functional role of
sulforaphane in intestinal inflammation: a review. Food Funct. 13 (2), 514–529. doi:10.
1039/d1fo03398k

Wen, J., Xuan, B., Liu, Y., Wang, L., He, L., Meng, X., et al. (2021a). Updating the
NLRC4 inflammasome: from bacterial infections to autoimmunity and cancer. Front.
Immunol. 12, 702527. doi:10.3389/fimmu.2021.702527

Wen, L., He, T., Yu, A., Sun, S., Li, X., Wei, J., et al. (2021b). Breviscapine: a review on
its phytochemistry, pharmacokinetics and therapeutic effects. Am. J. Chin. Med. 49 (6),
1369–1397. doi:10.1142/S0192415X21500646

Wu, C., Yan, J., and Li, W. (2022). Acacetin as a potential protective compound
against cardiovascular diseases. Evid. Based Complement. Altern. Med. 2022, 6265198.
doi:10.1155/2022/6265198

Wu, G., Yan, Y., Zhou, Y., Duan, Y., Zeng, S., Wang, X., et al. (2020c). Sulforaphane:
expected to become a novel antitumor compound. Oncol. Res. 28 (4), 439–446. doi:10.
3727/096504020X15828892654385

Wu, G. X., Li, S. X., and Li, R. Y. (2023). Effects of total polyphenols of Toona
sinensis seeds on apoptosis in rats with myocardial ischemia/reperfusion injury.
Chin. J. Hosp. Pharm. 43 (02), 145–149. doi:10.13286/j.1001-5213.2023.02.04

Wu, Y., Dong, G., and Sheng, C. (2020a). Targeting necroptosis in anticancer therapy:
mechanisms and modulators. Acta Pharm. Sin. B 10 (9), 1601–1618. doi:10.1016/j.apsb.
2020.01.007

Wu, Y., Xu, S., and Tian, X. Y. (2020b). The effect of salvianolic acid on vascular
protection and possible mechanisms. Oxid. Med. Cell Longev. 2020, 5472096. doi:10.
1155/2020/5472096

Xiao, Z., Liu, W., Mu, Y. P., Zhang, H., Wang, X. N., Zhao, C. Q., et al. (2020).
Pharmacological effects of salvianolic acid B against oxidative damage. Front.
Pharmacol. 11, 572373. doi:10.3389/fphar.2020.572373

Xie, H., Chun, F. K., Rutz, J., and Blaheta, R. A. (2021). Sulforaphane impact on
reactive oxygen species (ROS) in bladder carcinoma. Int. J. Mol. Sci. 22 (11), 5938.
doi:10.3390/ijms22115938

Xie, W., Meng, X., Zhai, Y., Zhou, P., Ye, T., Wang, Z., et al. (2018). Panax
notoginseng saponins: a review of its mechanisms of antidepressant or anxiolytic
effects and network analysis on phytochemistry and Pharmacology. Molecules 23 (4),
940. doi:10.3390/molecules23040940

Xin, M., Hao, Y., Huang, G., Wang, X., Liang, Z., Miao, J., et al. (2020). The efficacy
and safety of salvianolic acids on acute cerebral infarction treatment: a protocol for
systematic review and meta analysis. Med. Baltim. 99 (23), e20059. doi:10.1097/MD.
0000000000020059

Xu, F., Xu, J., Xiong, X., and Deng, Y. (2019). Salidroside inhibits MAPK, NF-κB, and
STAT3 pathways in psoriasis-associated oxidative stress via SIRT1 activation. Redox
Rep. 24 (1), 70–74. doi:10.1080/13510002.2019.1658377

Xu, Q., Zhao, B., Ye, Y., Li, Y., Zhang, Y., Xiong, X., et al. (2021). Relevant mediators
involved in and therapies targeting the inflammatory response induced by activation of
the NLRP3 inflammasome in ischemic stroke. J. Neuroinflammation 18 (1), 123. doi:10.
1186/s12974-021-02137-8

Xu, Y., Tan, H. Y., Li, S., Wang, N., and Feng, Y. (2018). Panax notoginseng for
inflammation-related chronic diseases: a review on the modulations of multiple
pathways. Am. J. Chin. Med. 46 (5), 971–996. doi:10.1142/S0192415X18500519

Xu, Y., Yao, J., Zou, C., Zhang, H., Zhang, S., Liu, J., et al. (2017). Asiatic acid protects
against hepatic ischemia/reperfusion injury by inactivation of Kupffer cells via PPARγ/
NLRP3 inflammasome signaling pathway. Oncotarget 8 (49), 86339–86355. doi:10.
18632/oncotarget.21151

Xue, Li, Han, H., and Zhang, Li (2023). Effect of sanlutein on neuronal apoptosis in
cerebral ischemia reperfusion rats by inhibiting TXNIP/NLRP3/Caspase-1 signaling
pathway. Tianjin Pharm. 51 (05), 487–491.

Yagishita, Y., Fahey, J. W., Dinkova-Kostova, A. T., and Kensler, T. W. (2019).
Broccoli or sulforaphane: is it the source or dose that matters? Molecules 24 (19), 3593.
doi:10.3390/molecules24193593

Yang, Bo (2022). Study on the protective effect of proanthocyanidins on cerebral
ischemia-reperfusion injury through inhibition of TLR4-NLRP3 pathway[D]. China:
Southern Medical University. doi:10.27003/d.cnki.gojyu.2022.000267

Yao, Y. Q. (2022). Effect of ginsenoside Rd on pyrodeath after cerebral ischemia
reperfusion injury and its mechanism based on miR-139-5p/FoxO1/Keap1/Nrf2 pathway
[D]. China: Xinjiang medical university.

Ye, R., Zhao, G., and Liu, X. (2013). Ginsenoside Rd for acute ischemic stroke:
translating from bench to bedside. Expert Rev. Neurother. 13 (6), 603–613. doi:10.1586/
ern.13.51

Ye, X., Shen, T., Hu, J., Zhang, L., Zhang, Y., Bao, L., et al. (2017). Purinergic
2X7 receptor/NLRP3 pathway triggers neuronal apoptosis after ischemic stroke in the
mouse. Exp. Neurol. 292, 46–55. doi:10.1016/j.expneurol.2017.03.002

Yin, M., Chen, W. P., Yin, X. P., Tu, J. L., Hu, N., and Li, Z. Y. (2021). LncRNA
TUG1 demethylated by TET2 promotes NLRP3 expression, contributes to cerebral
ischemia/reperfusion inflammatory injury. ASN Neuro 13, 17590914211003247. doi:10.
1177/17590914211003247

Yin, Y., Zhou, Z., Liu, W., Chang, Q., Sun, G., and Dai, Y. (2017). Vascular endothelial
cells senescence is associated with NOD-like receptor family pyrin domain-containing 3
(NLRP3) inflammasome activation via reactive oxygen species (ROS)/thioredoxin-
interacting protein (TXNIP) pathway. Int. J. Biochem. Cell Biol. 84, 22–34. doi:10.1016/j.
biocel.2017.01.001

Yuan, Y., Jiang, X., Lu, L., Chen, S., Chen, X., and Deng, Z. (2021). Mechanisms of
protective effect of metformin on cerebral ischemia-reperfusion injury by regulating
cellular autophagy and scorch death. Chin. J. Pharmacol. 56 (05), 359–367.

Zang, Y., Wan, J., Zhang, Z., Huang, S., Liu, X., and Zhang, W. (2020). An updated
role of astragaloside IV in heart failure. Biomed. Pharmacother. 126, 110012. doi:10.
1016/j.biopha.2020.110012

Zhang, J., Wu, C., Gao, L., Du, G., and Qin, X. (2020). Astragaloside IV derived from
Astragalus membranaceus: a research review on the pharmacological effects. Adv.
Pharmacol. 87, 89–112. doi:10.1016/bs.apha.2019.08.002

Zhang, L., and Wei, W. (2020). Anti-inflammatory and immunoregulatory effects of
paeoniflorin and total glucosides of paeony. PharmacolTher 207, 107452. doi:10.1016/j.
pharmthera.2019.107452

Zhang, W. J., Chen, S. J., Zhou, S. C., Wu, S. Z., and Wang, H. (2021b). Inflammasomes
and fibrosis. Front. Immunol. 12, 643149. doi:10.3389/fimmu.2021.643149

Zhang, X., Xie, L., Long, J., Xie, Q., Zheng, Y., Liu, K., et al. (2021d). Salidroside: a
review of its recent advances in synthetic pathways and pharmacological properties.
Chem. Biol. Interact. 339, 109268. doi:10.1016/j.cbi.2020.109268

Zhang, X., Zeng, W., Zhang, Y., Yu, Q., Zeng, M., Gan, J., et al. (2022). Focus on the
role of mitochondria in NLRP3 inflammasome activation: a prospective target for the
treatment of ischemic stroke (Review). Int. J. Mol. Med. 49 (6), 74. doi:10.3892/ijmm.
2022.5130

Zhang, Y., Yang, W., Li, W., and Zhao, Y. (2021a). NLRP3 inflammasome: checkpoint
connecting innate and adaptive immunity in autoimmune diseases. Front. Immunol. 12,
732933. doi:10.3389/fimmu.2021.732933

Zhang, Z., Huang, X., and Deng, X. (2023). Curcumin ameliorates neurological
dysfunction in cerebral ischemic rats by modulating NLRP3/Caspase-1 signaling
pathway. Clin. J. Traditional Chin. Med. 35 (01), 104–109. doi:10.16448/j.cjtcm.
2023.0124

Zhao, H. (2022). Exploring the neuroprotective effects of Toon seed polyphenols on focal
cerebral ischemia from MAPK and NLRP3 inflammatory vesicle pathways[D]. China:
Three Gorges University. doi:10.27270/d.cnki.gsxau.2022.000257

Zhao, H., Wang, Q., and Shu, Y. X. (2023a). Research progress on the chemical
composition and pharmacological activity of Aconite seeds. Chin. Wild Plant Resour. 42
(01), 63–69.

Zhao, M. H., Shang, H. H., and Li, F. Q. (2023b). The role of curcumin in inhibiting
inflammation in alleviating brain ischemia-reperfusion synaptic injury[J/OL]. Public
Health Prev. Med. 1-5.

Zhao, N., Di, B., and Xu, L. L. (2021). The NLRP3 inflammasome and COVID-19:
activation, pathogenesis and therapeutic strategies. Cytokine Growth Factor Rev. 61,
2–15. doi:10.1016/j.cytogfr.2021.06.002

Zhao, Y. G., and Zhang, H. (2019). Autophagosome maturation: an epic journey from
the ER to lysosomes. J. Cell Biol. 218, 757–770. doi:10.1083/jcb.201810099

Zheng, D., Kern, L., and Elinav, E. (2021). The NLRP6 inflammasome. Immunology
162 (3), 281–289. doi:10.1111/imm.13293

Zhi, Y., Zhao, J., Zhao, H., and Yu, D. (2018). Efficacy and safety of breviscapine
injection in treatment of unstable angina pectoris: systematic review and Meta-analysis.
Chin. J. traditional Chin. Med. 43 (19), 3940–3955. doi:10.19540/j.cnki.cjcmm.
20180611.009

Zhou, Y., Zhang, Z.-C., and Zhou, J. (2021). Effects of early intervention of Panax
ginseng total saponin on the expression of NLRP3/IL-1β signaling pathway-related
factors in rats with cerebral ischemia-reperfusion injury. Chin. J. Traditional Chin. Med.
36 (12), 7275–7278.

Zhou, Y. X., Gong, X. H., Zhang, H., and Peng, C. (2020). A review on the
pharmacokinetics of paeoniflorin and its anti-inflammatory and immunomodulatory
effects. Biomed. Pharmacother. 130, 110505. doi:10.1016/j.biopha.2020.110505

Zhu, H., Hu, S., Li, Y., Sun, Y., Xiong, X., Hu, X., et al. (2022a). Interleukins and
ischemic stroke. Front. Immunol. 13, 828447. doi:10.3389/fimmu.2022.828447

Zhu, T., Wang, L., Wang, L. P., and Wan, Q. (2022b). Therapeutic targets of
neuroprotection and neurorestoration in ischemic stroke: applications for natural
compounds from medicinal herbs. Biomed. Pharmacother. 148, 112719. doi:10.1016/
j.biopha.2022.112719

Frontiers in Pharmacology frontiersin.org15

Yang et al. 10.3389/fphar.2024.1250918

https://doi.org/10.1039/d1fo03398k
https://doi.org/10.1039/d1fo03398k
https://doi.org/10.3389/fimmu.2021.702527
https://doi.org/10.1142/S0192415X21500646
https://doi.org/10.1155/2022/6265198
https://doi.org/10.3727/096504020X15828892654385
https://doi.org/10.3727/096504020X15828892654385
https://doi.org/10.13286/j.1001-5213.2023.02.04
https://doi.org/10.1016/j.apsb.2020.01.007
https://doi.org/10.1016/j.apsb.2020.01.007
https://doi.org/10.1155/2020/5472096
https://doi.org/10.1155/2020/5472096
https://doi.org/10.3389/fphar.2020.572373
https://doi.org/10.3390/ijms22115938
https://doi.org/10.3390/molecules23040940
https://doi.org/10.1097/MD.0000000000020059
https://doi.org/10.1097/MD.0000000000020059
https://doi.org/10.1080/13510002.2019.1658377
https://doi.org/10.1186/s12974-021-02137-8
https://doi.org/10.1186/s12974-021-02137-8
https://doi.org/10.1142/S0192415X18500519
https://doi.org/10.18632/oncotarget.21151
https://doi.org/10.18632/oncotarget.21151
https://doi.org/10.3390/molecules24193593
https://doi.org/10.27003/d.cnki.gojyu.2022.000267
https://doi.org/10.1586/ern.13.51
https://doi.org/10.1586/ern.13.51
https://doi.org/10.1016/j.expneurol.2017.03.002
https://doi.org/10.1177/17590914211003247
https://doi.org/10.1177/17590914211003247
https://doi.org/10.1016/j.biocel.2017.01.001
https://doi.org/10.1016/j.biocel.2017.01.001
https://doi.org/10.1016/j.biopha.2020.110012
https://doi.org/10.1016/j.biopha.2020.110012
https://doi.org/10.1016/bs.apha.2019.08.002
https://doi.org/10.1016/j.pharmthera.2019.107452
https://doi.org/10.1016/j.pharmthera.2019.107452
https://doi.org/10.3389/fimmu.2021.643149
https://doi.org/10.1016/j.cbi.2020.109268
https://doi.org/10.3892/ijmm.2022.5130
https://doi.org/10.3892/ijmm.2022.5130
https://doi.org/10.3389/fimmu.2021.732933
https://doi.org/10.16448/j.cjtcm.2023.0124
https://doi.org/10.16448/j.cjtcm.2023.0124
https://doi.org/10.27270/d.cnki.gsxau.2022.000257
https://doi.org/10.1016/j.cytogfr.2021.06.002
https://doi.org/10.1083/jcb.201810099
https://doi.org/10.1111/imm.13293
https://doi.org/10.19540/j.cnki.cjcmm.20180611.009
https://doi.org/10.19540/j.cnki.cjcmm.20180611.009
https://doi.org/10.1016/j.biopha.2020.110505
https://doi.org/10.3389/fimmu.2022.828447
https://doi.org/10.1016/j.biopha.2022.112719
https://doi.org/10.1016/j.biopha.2022.112719
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1250918

	Advancements in research on the immune-inflammatory mechanisms mediated by NLRP3 inflammasome in ischemic stroke and the re ...
	1 Introduction
	2 Inflammation as the core pathological process of IS
	3 Inflammasome participates in the pathological process of IS
	3.1 NLRP1
	3.2 NLRP3
	3.2.1 Initiation regulation of NLRP3 inflammasome activation
	3.2.2 Activation regulation of NLRP3 inflammasome activation

	3.3 AIM2
	3.4 NLRC4

	4 Inflammasomes involves in cerebral ischemia-induced cell damage
	4.1 Inflammasome and apoptosis
	4.2 Inflammasome and autophagy
	4.3 Inflammasome and pyroptosis

	5 Modulation of inflammasome in IS by natural plant products
	5.1 Natural compounds
	5.1.1 Toona polyphenols
	5.1.2 Proantho cyanidins (PC)
	5.1.3 Panax notoginseng saponins (PNS)
	5.1.4 Neferine
	5.1.5 Salvianolic acid
	5.1.6 Salidroside
	5.1.7 α-Asarone
	5.1.8 Acacia
	5.1.9 Curcumin
	5.1.10 Morin
	5.1.11 Ginsenoside Rd
	5.1.12 Paeoniflorin
	5.1.13 Astragaloside IV
	5.1.14 Breviscapine
	5.1.15 Sulforaphane
	5.1.16 Metformin


	6 Prospects
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


