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The inflammasome is a protein complex composed of a variety of proteins in
cells and which participates in the innate immune response of the body. It can be
activated by upstream signal regulation and plays an important role in pyroptosis,
apoptosis, inflammation, tumor regulation, etc. In recent years, the number of
metabolic syndrome patients with insulin resistance (IR) has increased year by
year, and the inflammasome is closely related to the occurrence and
development of metabolic diseases. The inflammasome can directly or
indirectly affect conduction of the insulin signaling pathway, involvement the
occurrence of IR and type 2 diabetes mellitus (T2DM). Moreover, various
therapeutic agents also work through the inflammasome to treat with
diabetes. This review focuses on the role of inflammasome on IR and T2DM,
pointing out the association and utility value. Briefly, we have discussed the main
inflammasomes, including NLRP1, NLRP3, NLRC4, NLRP6 and AIM2, as well as
their structure, activation and regulation in IR were described in detail. Finally, we
discussed the current therapeutic options-associated with inflammasome for
the treatment of T2DM. Specially, the NLRP3-related therapeutic agents and
options are widely developed. In summary, this article reviews the role of and
research progress on the inflammasome in IR and T2DM.
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1 Introduction

According to the latest global diabetes map (10th edition) released by the International
Diabetes Federation (IFD), the number of adult diabetics worldwide is increasing at an
alarming rate, 74 million more than in 2019, an increase of 16%. By 2021, about 537 million
adults (aged 20-79) worldwide had diabetes, accounting for 10.5% of the global adult
population. It is estimated that the total number of diabetic patients in the world will
increase to 643 million (11.3%) and 783 million (12.2%) by 2030 and 2045, respectively. At
present, the number of diabetic patients in China ranks first in the world, about 140
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million, and half of these patients are unaware that they have
diabetes (1). In the diabetic population, T2DM accounts for more
than 90% of all diabetic cases. IR is one of the main
pathophysiological characteristics of T2DM, and widely exists in
obesity, nonalcoholic fatty liver disease (NAFLD), hypertension,
hyperlipidemia, polycystic ovary syndrome, cardiac metabolic
syndrome and other metabolic diseases (2).

IR, known as “decreased insulin sensitivity”, refers to the lower
biological effects of normal doses of insulin on target tissues in
healthy people. Insulin mainly acts on peripheral tissues (muscle,
liver and adipose tissue), promoting the uptake and utilization of
glucose and glycogen synthesis and inhibiting hepatic
gluconeogenesis. IR is mainly caused by abnormal insulin
signaling pathways, referring to a series of abnormalities in
signaling transmission to cells after insulin binds to insulin
receptor (INSR). Insulin works mainly through two pathways, the
phosphatidylinositol 3-kinase (PI3K) and mitogen-activated
protein kinase (MAPK) (3) (Figure 1). As for PI3K signaling
pathway, insulin binds to the o-subunit of the INSR on the cell
membrane of target tissues, leading to phosphorylation of the 8
subunit tyrosine (Tyr) site in the cytoplasm. Then activated insulin
receptor substrates (IRS-1 and IRS-2) binds to the regulatory P85
subunit of downstream PI3K, thereby leading to the
phosphorylation of Akt, which in turn phosphorylates Akt
substrate 160 (AS160) and promotes the transport of glucose
transporter 4 (GLUT4) from intracellular vesicles to the plasma
membrane, increasing transport of glucose into the cell and
promoting synthesis of hepatic glycogen, inhibiting glycogen
decomposition, and reducing blood glucose concentrations (4).
Akt also can phosphorylate and inhibits the activity of nuclear

10.3389/fimmu.2023.1052756

transcription factor Forkhead box transcription factor O (FoxO),
thereby inhibiting gluconeogenesis (5). Regarding another MAPK
signaling pathway, after insulin binding with INSR, the activated
IRS-2 can bind to the SH2 segment of growth factor receptor
binding protein 2 (Grb2), and then acts on the signaling protein
guanosine diphosphate (GDP)/guanosine triphosphate (GTP)
exchange factor to convert the inactive Ras-GDP into active Ras-
GTP. Activated Ras recruits Raf serine kinase, which can
phosphorylates MAPKK serine, a MAPK kinase that activates
MAPK. Activated MAPK can induce phosphorylation of various
target proteins that participate in the phosphorylation of
extracellular regulated protein kinase 1/2 (ERK1/2) to regulate
cell proliferation, cell variation, angiogenesis, DNA repair, etc.
Any abnormality in the insulin signaling pathway leads to
obstruction of the insulin signaling pathway and induces IR.
Epidemiological studies have shown that IR is present in more
than 80% of patients with T2DM. Therefore, it is of great
significance to explore the pathogenesis and related mechanisms
of IR.

There is a clear relationship between the chronic activation of
pro-inflammatory signaling pathways and IR, such as c-Jun N-
terminal kinase (JNK) and Nuclear Factor Kappa-B (NF-kB) (4, 6).
In addition, inflammatory cytokines are also closely related to
abnormal insulin signaling pathways. Tumor necrosis factor-o
(TNF-o), interleukin-1 (IL-1), monocyte chemoattractant
protein-1 (MCP-1), and C-reactive protein can lead to an
intracellular inflammatory response and activate the signaling of
inflammatory cytokines, blocking intracellular insulin signaling in
target tissues and triggering IR (7, 8). Recently, increased studies
have shown that inflammasomes are multi-protein complexes
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FIGURE 1

Schematic representation of insulin signaling pathway Insulin works mainly through two pathways, the PI3K and MAPKs. As for PI3K signaling
pathway, insulin binds to the a-subunit of the INSR on the cell membrane of target tissues, leading to phosphorylation of the B subunit tyrosine site
in the cytoplasm. Then activated IRS-1 binds to the regulatory p85 subunit of downstream PI3K, thereby leading to the phosphorylation of Akt,
which in turn phosphorylates AS160 and promotes the transport of GLUT4 from intracellular vesicles to the plasma membrane, increasing transport
of glucose into the cell and promoting synthesis of hepatic glycogen, inhibiting glycogen decomposition, and reducing blood glucose concentrations. Akt
also can inhibit the activity of nuclear transcription factor FoxO, thereby inhibiting gluconeogenesis. Regarding another MAPK signaling pathway, after
insulin binding with INSR, the activated IRS-2 can bind to the SH2 segment of Grb2, and then acts on the signaling protein GDP/GTP exchange factor to
convert the inactive Ras-GDP into active Ras-GTP. Activated Ras recruits Raf serine kinase, which can phosphorylates MAPKK serine, a MAPK kinase that
activates MAPK. Activated MAPK can induce phosphorylation of various target proteins that participate in the phosphorylation of ERK1/2 to regulate cell

proliferation, cell variation, angiogenesis, DNA repair, etc.
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assembled by NOD-like receptors (NLRs) and AIM2-like receptors
(ALRs) in the cytoplasm, playing the core role in regulating
inflammatory response. The activation and signal transduction of
the inflammasome are closely related to the occurrence and
development of various metabolic diseases. Moreover,
inflammasomes can directly or indirectly affect conduction of the
insulin signaling pathway, involvement the occurrence of IR and
T2DM. Until now, there is no comprehensive description of the
relationship between a variety of common inflammasomes and IR.
Thus, this review will discuss the roles of common inflammasomes
in IR and T2DM. Particularly, the different kinds of therapeutic
agents through regulation of inflammasomes for T2DM treatment
were summarized.

2 Inflammasomes

In 2002, Martinon et al. (9) first proposed the concept of the
inflammasome. The inflammasome is a complex composed of a
variety of proteins with a relative molecular mass of 700 kDa that
plays an important role in resisting external pathogen infection and
abnormal self-generated hazard signals. The basic structure of the
inflammasome includes the receptor proteins, such as NLRPI,
NLRP3, NLRC4, NLRP6, NLRP7, and NLRP12 in the NLRs
family or AIM2 and IFI16 in the ALRs family. The apoptosis-
associated speck-like protein containing a CARD (ASC) are used as
linker proteins and Caspase-1, Caspase-4, Caspase-5, Caspase-11,
within the Caspase family, are used as effector proteins. Some
inflammasomes formed by NLRP1, NLRP3, NLRC4, NLRP6, and
AIM2 receptor proteins are called canonical inflammasomes and
can promote the activation of Caspase-1 and produce inflammatory
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reactions. Other noncanonical inflammasomes can trigger a series
of immune responses by promoting the activation of Caspase-4,
Caspase-5, and Caspase-11 (10). Different types of inflammasomes
have different compositions and functions (Figure 2).

The inflammasome activation pathway is generally divided into
two steps. The first step is activation of inflammasome-related
precursors. For example, the NF-xB signaling pathway is
activated when stimuli are upregulated. NF-xB translocated to the
nucleus, leading to activation of receptor molecules, pro-IL-1f3 and
pro-IL-18. The second step in inflammasome activation includes a
variety of exogenous and endogenous stimuli. The pyrin domain
(PYD) and Caspase activation and recruitment domain (CARD) of
the inflammasome can oligomerize activated sensor proteins and
recruit an ASC adapter. Aggregation of ASCs into micron-sized
ASC spots through CARD-CARD interaction, and then pro-
Caspase-1/11 is recruited (10). Activated Caspase-1/11 can cleave
pro-IL-1B and pro-IL-18 in the medial aspect of the cytoplasm, and
finally the mature IL-1B and IL-18 are released from the cell,
promoting the inflammatory reaction.

3 Role of the Inflammasome in
insulin resistance

3.1 NLRP1 inflammasome

3.1.1 Structure and activation of
NLRP1 inflammasome

The NLRP1 inflammasome was the first discovered protein
complex known to activate Caspase-1 and IL-1B. NLRP1 is located
in the human coding gene 17p13 and widely exists in a variety of
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The structure of inflammasomes. The human NLRP1 receptor protein consists mainly of a PYD domain, a NACHT domain, a C- terminal LRR
domain, a FIIND domain, and a CARD domain, however, the mouse NLRP1b receptor protein does not have PYD domain and FIIND domain. The
NLRP3 receptor protein is the same as NLRP6, and consists of an N-terminal effector domain PYD, an intermediate-terminal NACHT domain, and a
C-terminal LRR. The NLRC4 receptor protein consists of an N-terminal effector domain CARD, an intermediate-terminal NACHT domain, and a
C-terminal LRR. The AIM2 receptor protein consists of two parts, the N-terminal PYD and a HIN domain at the C-terminus. The ASC consists of PYD
and CARD. pro-Caspase-1 is composed of P20 and P10. The inflammasome consists of a receptor protein, ASC, and pro-Caspase-1.
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immune cells, the glandular epithelium of the gastrointestinal tract
and respiratory tract, neurons, and non-hematopoietic cells (11).
There is only one gene encoding the human NLRP1 protein,
whereas three different gene encode NLRPla, NLRP1b, and
NLRPIlc in mice (12). NLRP1 is mainly composed of PYD, a
nucleotide-binding and oligomerization (NACHT) domain, a C-
terminal leucine-rich repeat (LRR), a function-to-find domain
(FIIND) and a CARD domain (13) (Figure 2). PYD and LRR play
vital roles in maintaining the functions of the active monomers of
the NLRP1 inflammasome. The CARD domain at the C-terminus
of NLRP1 can directly bind to pro-Caspase-1 without the need of
the linker protein ASC. However, ASC participation can
significantly increase the activity of NLRP1 inflammasome (14).

Three kinds of NLRP1 ligands have been identified, namely,
bacillus anthracis lethal toxin (BALT) (15), muramyl dipeptide
(MDP) (16), and Toxoplasma gondii (17). Additionally, the
ligands of NLRP1 are species-specific. For example, BALT can
only activate NLRP1 in mice, whereas MDP can only activate
NLRP1 in humans. The specific mechanism of NLRP1 activation
is not completely clear. It has been reported that under the
stimulation of BALT, MAPKK in the cytoplasm is cleaved and
activated, which leads to K efflux from the cytoplasm, instability of
cells, and hydrolysis-induced activation of NLRP1 inflammasome
in the host cell (18). Ca®* efflux and proteasome activation also play
important roles in the activation of NLRP1 inflammasome (19, 20).
In addition, the latest study found two physiological stimulators of
human NLRPI1. One is that Robinson et al. (21) reported that
NLRP1 could be cleaved by 3C protease at its N-terminus. After
cleavage, the N-terminal fragment was degraded, and UPA-CARD
at the C-terminus was activated to form inflammasomes. Another is
that Bauernfred et al. (22) found that double-stranded RNA can also
activate NLRP1 when infection with Semliki Forest Virus.

3.1.2 NLRP1 inflammasome and IR

Inflammation is an important factor in the development of IR
and obesity-induced T2DM (23). NLRP1 is an innate immune
receptor that plays an important role in metabolic stress. Murphy
et al. (24) found that IL-18 produced by NLRP1 inflammasome
prevents obesity and metabolic syndrome. Compared with wild-
type (WT) mice in the control group, the blood glucose and insulin
levels of IPGTT were significantly increased at various time points
in NLRP1”" mice after high-fat diet feeding, indicating that the
absence of NLRP1 does not damage the secretion function of
pancreatic B cells in mice. NLRP1 mainly affected the blood
glucose by reducing IL-18 production, inducing obesity and
glucose consumption in mice and leading to significant IR. These
data indicate that NLRP1 played a protective role in high-fat-
induced metabolic syndrome (Figure 3). In addition, NLRP1 has
a protective effect in type 1 diabetes (25). After 10 days of
streptozotocin injection, blood glucose levels in NLRP1”" mice
were higher than that of WT mice, and inflammatory infiltration
in pancreatic islets was increased. This might be related to the fact
that NLRP1 expressed by T cells suppresses the negative regulation
of retinoic acid-related nuclear orphan receptor-yT' (RORYT) in a
signal transducers and activators of transcription 3 (STAT3)-
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FIGURE 3

NLRP1 inflammasome and IR. The NLRP1 receptor protein has three
active ligands, BALT, MDP, and Toxoplasma gondii. After receiving
ligand stimulation, NLRP1 receptor proteins can undergo a series of
intracellular changes, such as K* efflux, Ca* efflux, proteasome
activation, P38 and Akt inactivation, 3C protease cleavage, and
dsDNA stimulation, thereby activating NLRP1 inflammasome. The
NLRP1 inflammasome can lead to self-cleavage of pro-Caspase-1 to
generate the active form, Caspase-1, which subsequently cleaves
pro-IL-18 and pro-IL-1B to generate their mature forms, IL-18 and
IL-1B, for secretion. In hyperlipidemia-induced metabolic syndrome,
IL-18 inhibits lipid formation and reduces IR. In addition, the NLRP1
inflammasome negatively regulated Th17 cell differentiation and
ultimately reduced IR by inhibiting RORYT in the STAT3 pathway

dependent pathway, negatively regulating the differentiation of T
helper 17 (Th17) cells. In a retrospective and prospective cohort
study, NLRP1 also has shown a significant protective effect on
diabetic nephropathy (DN) (26). However, Li et al. (27) indicated
NLRP1-mediated pro-inflammatory cytokines are significantly
increased in the retina of a WT diabetic retinopathy mouse
model, whereas the expressions of NF-xB, vascular endothelial
growth factor (VEGF), IL-1B, and IL-18 in the serum and retina
of NLRP1™" diabetic retinopathy mice were significantly decreased.
Thus, NLRP1 knockdown may reduce levels of inflammatory
factors. Additionally, a clinical study revealed that thrombin, the
thrombin receptor protease-activated receptor 1, and NLRP1
inflammasome are activated in patients with gestational diabetes
mellitus, and their activation aggravates vascular endothelium
damage (28). However, the specific mechanism for this damage
remains unclear. Therefore, NLRP1 inflammasome may play a
different role on diabetes under different status and tissues, and
the cause of inflammatory cytokines may be affected by other
inflammasomes interfering factor.

3.2 NLRP3 inflammasome

3.2.1 Structure and activation of the
NLRP3 inflammasome

The NLRP3 inflammasome is the most widely studied
inflammasome to date (29). NLRP3 consists of 1016 amino acids
and is located at the human coding gene 1q44 (11). It widely exists
in immune cells, including macrophages, monocytes, dendritic cells,
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and neutrophils, as well as central microglia (30). The classical
NLRP3 inflammasome consists of the NLRP3 receptor protein, ASC
and pro-Caspase-1 (31). The NLRP3 receptor protein also consists
of a PYD, NACHT domain, and a LRR domain (Figure 2). ASC
consists of PYD and CARD, which bind to pro-Caspase-1 through
CARD-CARD interaction. The PYD promotes homotypic
interaction between NLRP3 and ASC. The NACHT domain self-
oligomerizes and forms the core of the NLRP3 inflammasome
during assembly (29). NLRP3 inflammasome recognizes a variety
of risk signals in vivo and in vitro and is involved in inflammatory
reactions contributing to pathological processes in various diseases.

Formation of the NLRP3 inflammasome includes such steps as
activation, assembly, regulation and mediates the release of
inflammatory factors and pyroptosis. During the whole process,
NLRP3 acted as “receptor”, and pro-Caspase-1 acted as “effector”.
In the resting state, cellular expression of the NLRP3 protein is
below the level required to activate the NLRP3 inflammasome.
Exogenous stimuli (such as intense ultraviolet light, cholesterol
crystals, uric acid crystals, aluminum salts, silicon dioxide crystals,
asbestos, etc.), endogenous stimuli (high ATP concentration
released after cell injury, high mobility group protein Bl
(HMGBI), purine metabolites, perforin, the saturated fatty acid
palmitate (PA), serum amyloid A etc.), pathogen-related irritants
(lipopolysaccharide (LPS), bacteria, viruses, etc.) increase NLRP3
protein expression (29, 32).

NLRP3 inflammasome can be activated through both classical
and non-classical pathways. The classical activation pathway of the
NLRP3 inflammasome mainly includes two stages. The first stage is
the initiation stage. NLRP3 promotes downstream NF-xB
transcription and increases NLRP3, pro-IL-1B and pro-IL-18 by
recognizing PAMPs or DAMPs that activate the Toll-like receptors
(TLR) signaling pathway. The second stage is the activation stage.
During activation oligomerization of NLRP3, ASC, and pro-
Caspase-1 are stimulated, triggering formation of the
inflammasome. Currently, K* efflux, Na* influx, Cl" reduction,
intracellular Ca** overload, lysosomal damage, reactive oxygen
species (ROS), acidosis, mitochondrial DNA (mtDNA) damage,
cytotoxic swelling, and protein kinase activation are recognized
activation stimuli of NLRP3 (32, 33). Assembly of inflammasome
activates hydrolysis of pro-Caspase-1 protein, forming Caspase-1.
Active Caspase-1 processes pro-IL-1B and pro-IL-18 into mature
and active IL-1f and IL-18, which is released to further expand the
inflammatory response.

Activation of the NLRP3 inflammasome releases large amounts
of IL-1f3 and IL-18 to activate inflammatory programmed cell death,
termed pyroptosis (10). Recent studies have shown that gasdermin
D (GSDMD) in the digestive tract is an important medium for
pyroptosis. GSDMD has an N-terminal cell death domain
(GSDMDN™*™), a central short-chain linking region, and a C-
terminal self-inhibition domain. Caspase-1 cleaves GSDMD to
remove its C-terminus and release it from intramolecular
inhibition. GSDMDN™*™ combines with phosphatidylinositol
phosphate and phosphatidylserine in the cell membrane to form a
1-14 nm pore, leading to intrinsic cellular death. GSDMD-
dependent pyroptosis also promotes IL-1f and IL-18 release via
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non-classical NLRP3 inflammasome activation (34). In addition,
Caspase-1 is cleaved into several proteins involved in the
tricarboxylic acid cycle, which can dramatically reduce the
production of cellular energy and cause cell edema (35).

The non-classical activation pathway of NLRP3 does not
depend on activation of the TLR signaling pathway. It is
mediated by mouse Caspase-11 or human Caspase-4 and
Caspase-5. Unlike the classical NLRP3 inflammasome, Caspase-4/
5/11 cannot cleave pro-IL-1P and pro-IL-18 to make them mature
and active but can lead to pyroptosis (36).

3.2.2 NLRP3 inflammasome and IR

IR and chronic low-grade inflammation are typical features of
T2DM. The NLRP3 inflammasome play an important role in the
pathogenesis of T2DM and IR (37). Glycolipid metabolites and
their derivatives are involved in activation of the NLRP3
inflammasome. Traditionally, researchers have considered glucose
metabolism disorders, especially hyperglycemia, as key factors in
the initiation of chronic inflammation (38, 39). Further studies
revealed that chronic inflammation may be closely related to
activation and regulation of NLRP3 inflammasome by aberrant
glucose metabolism. Glucose can activate NLRP3 inflammasome by
recognizing the pathway of ATP/P2X purinergic receptor 4. In
addition, glucose can also induce and promote the expression of
thioredoxin interaction protein (TXNIP). TXNIP is an important
cofactor of NLRP3 inflammasome, thereby enhancing its activation
(38). Islet cells derived from mice with chronic hyperglycemia are
stimulated by high extracellular concentrations of blood glucose,
which activate NLRP3 inflammasome and induce IL-1f production
and secretion to promote IR (40, 41). Wen et al. (42) found that the
saturated fatty acid palmitate produced IL-1B and IL-18 by
activating the NLRP3 inflammasome and interfered with the
insulin signaling pathway in NLRP3, Caspase-1, and ASC gene
knockout mice. Meanwhile, Stienstra et al. (43) found that Caspase-
1 inhibitors significantly enhance insulin sensitivity in obese mice.
These results indicate that the NLRP3 inflammasome plays an
important role in regulating adipocyte function and IR. In
addition, T2DM is often accompanied by excessive secretion of
islet amyloid polypeptide (IAPP), and a large number of IAPP
aggregate into IAPP amyloid precipitates that are deposited in islet
Langerhans cells. Masters et al. (44) found that mouse macrophages
destroy lysosomes by engulfing IAPP, and this process activates the
NLRP3 inflammasome to produce a series of inflammatory
reactions. Similar to type 2 diabetes, studies have shown that
fructose can induce insulin resistance in gestational diabetes mice
through the NF-kB-NLRP3 pathway (45).

The NLRP3 inflammasome mainly induces IR via IL-1B, a
downstream signal (Figure 4). Absence of IL-1 protects mice from
IR induced by a high-fat diet. Youm et al. (46) have shown that IL-
1B damages pancreatic islet function, leading to IR. Moreover, after
NLRP3 gene knockout, pancreatic 3 cells are protected due to the
decreased secretion of IL-1P. In the obese population, glucose, free
fatty acids and ROS-induced endoplasmic reticulum stress led to
the activation of JNK signaling pathway, whereas inflammation
induced by obesity activates JNK and IKKP signaling pathways,
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NLRP3 inflammasome and IR. Activation of the NLRP3
inflammasome. Priming and activation of the NLRP3 inflammasome
involve two steps. First, infammasome activation is triggered by
priming signals, including various DAMPs and PAMPs, which can
lead to NF-kB-mediated upregulation and expression of NLRP3,
pro-1L-18, and pro-IL-1B. The second step is inflammasome
formation, which is triggered by specific stimuli, the stimuli involved
are diverse, including K* efflux, Na* influx, Cl” reduction, intracellular
Ca?* overload, lysosomal damage, ROS, acidosis, mtDNA damage,
cytotoxic swelling, and protein kinase activation, etc. Complement
and its receptors also play a key role in the activation of NLRP3
infammasome. CD46, C3aR and C5aR can enhance NF-kB to
promote the up-regulation and expression of NLRP3, pro-IL-18 and
pro-IL-1B. In addition, the C3a-driven ATP efflux leads to increased
activation of the ATP receptor P2X7, a potent Signal 2 for NLRP3
inflammasome activation. The C5a can activate the NLRP3
inflammasome by increasing the production of ROS. Activated
NLRP3 inflammasome can lead to self-cleavage of pro-Caspase-1 to
generate the active form, Caspase-1, which subsequently cleaves
pro-IL-1B to generate its mature form, IL-1B, which is secreted out
of cells to promote inflammation, leading to IR. Activated Caspase-1
can also induce GSDMD-mediated pyroptosis. In addition, in the
non-classical pathway of NLRP3 inflammasome, the NLRP3
inflammasome can also mediate GSDMD-mediated apoptosis
through Caspase-4/5/11

leading to IR (47). In fact, the activation of NLRP3 inflammasome
in adipose tissues, whether in adipocytes or macrophages, is similar
to the development of obesity and leads to production of IL-1f,
which participates in the formation and development of IR.
Therefore, obesity or T2DM models, effective inhibition of
NLRP3 inflammasome activation reduces the inflammatory
response of B cells, thereby improving insulin sensitivity by
inhibiting the production of IL-1B. This outcome may also be
achieved through activation of the activating adenosine
monophosphate kinase (AMPK)-dependent AMPK/NLRP3/
HMGBI signaling pathway (48).

Moreover, NLRP3 inflammasome and its downstream
cytokines, particularly IL-1pB, are involved in the development of
T1DM. IL-1f induces the migration of proinflammatory cells into
pancreatic islets, mediates cytokine-induced beta-cell apoptosis,
exerts direct cytotoxic effects on beta-cells, and may be an
inflammatory signal in the early stage of TIDM (49, 50).
However, the role of NLRP3 in T1DM pathogenesis is not
completely understood and further research is required before its
clinical application.
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3.3 NLRC4 inflammasome

3.3.1 Structure and activation of the
NLRC4 inflammasome

The NLRC4 inflammasome, also known as the IPAF or
CARDI12 inflammasome, was first discovered by Poite et al. (51)
while studying pre-apoptotic proteins. NLRC4 is located at 2p22.3
in human coding genes and mainly expressed in hematopoietic
tissues and cells (11). Like all NLR family members, the NLRC4
receptor protein consists of an N-terminal effector domain CARD,
an intermediate-terminal NACHT domain, and a C-terminal LRR
(Figure 2). The NLRC4 inflammasome is composed of the NLRC4
receptor protein, ASC, and pro-Caspase-1. ASC, an adaptor protein,
links NLRs at one end and recruits pro-Caspase-1 through the
CARD domain at the other end to activate pro-Caspase-1 (52).
However, the specific role of ASC in the formation of the NLRC4
inflammasome is still unclear. Some studies believe that formation
of the NLRC4 inflammasome requires participation of the adaptor
protein ASC, which activates pro-Caspase-1 and eventually causes
release of mature IL-1f and IL-18 which participate in the
inflammatory response. Some scholars also believe that the
NLRC4 receptor protein can directly or indirectly recruit and
activate Caspase-1, without participation of ASC (14). However,
subsequent studies have revealed that the absence of ASC decreases
activation of Caspase-1 and secretion of IL-1f, indicating that ASC
plays an important role in the activation of the NLRC4
inflammasome (53).

It is generally believed that activation of the NLRC4
inflammasome is mainly regulated by ligand-binding mechanism,
which mainly refers to the bacterial ligand of NLRC4. The NLRC4
inflammasome plays an important role in resisting external
bacterial infection. After infected by gram-negative bacteria, such
as Salmonella typhimurium, Legionella pneumophila, Pseudomonas
aeruginosa, and Shigella, assembly of the NLRC4 inflammasome in
macrophages plays a key role in activation of Caspase-1 (14).
Subsequent studies have found that activation the NLRC4
inflammasome via flagellin, the main component in the flagella in
all gram-negative bacteria. The flagellin monomer can inject
effector proteins into the cytoplasm of host cells through the
functional bacteria type III secretion system or type IV secretion
system with molecular needle structures that activate the NLRC4
inflammasome (54). To recognize flagellin from different bacteria,
the NLRC4 receptor protein must bind to different members of the
neuronal apoptosis inhibitory protein (NAIP) family.

When the organism is stimulated by NLRC4-specific ligands,
the NLRC4 receptor protein interacts with pro-Caspase-1 and ASC
to form the NLRC4 inflammasome (55). Pro-Caspase-1 undergoes
dimerization and hydrolysis to active Caspase-1, which in turn
cleaves pro-IL-1P and pro-IL-18 into active IL-1P and IL-18 which
in turn produce a series of immune responses. In addition,
activation of the NLRC4 inflammasome causes lysis of GSDMD,
undermining cell membrane integrity and leading to cellular
osmotic lysis and cell scorch death. NLRC4 can also interact with
other intracellular NLR family members. A study by Wu et al. (56)
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revealed that when Listeria monocytogenes infects macrophages, the
NLRC4 inflammasome activates NLRP3 and AIM2 inflammasomes
and enhances activation of Caspase-1. Thus, it has been speculated
that NLRC4 may be upstream activators of NLRP3 and AIM2
inflammasome and that each inflammatory signal is interrelated.

3.3.2 NLRC4 inflammasome and IR

Studies have shown that activation of NLRC4 inflammasome
leads to an increase in galectin-3 secretion from myeloid cells via
GSDMD mediation and interferes with insulin signal transduction,
leading to IR (57). Diabetic complications are caused by many
factors, such as long-term glucolipid metabolism disorders in
diabetic patients. IR plays an important role in diabetic
complications. Yuan et al. (58) found the expression of NLRC4 is
increased in kidney specimens of patients with DN. NLRC4
knockout reduces the inflammatory activity of kidney tissues in
mice with T2DM, decreasing excretion of glucose and albumin in
the urine and aggregation of macrophages in kidney tissues. These
data suggest that the NLRC4 inflammasome aggravates kidney
injury by increasing production of IL-1f and aggregation and
activation of macrophages (Figure 5). In addition, NLRC4,
Caspase-1, IL-1f, and IL-18 were significantly increased in the
DN mouse model (59). Sequencing results showed that
circ_0000181 promoted activation of the NLRC4 inflammasome
and release of IL-1f3 and IL-18, leading to pyroptosis in DN through
miR-667-5p/NLRC4 axis regulation. An animal study showed that
hyperglycemia upregulated expression of NLRC4 in the gingival
tissue of diabetic mice, inducing NLRC4 phosphorylation at Ser533
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FIGURE 5

NLRC4 inflammasome and IR The NLRC4 receptor protein can be
activated by specific ligands, and the activated NLRC4 receptor
protein interacts with pro-Caspase-1 and ASC to form NLRC4
inflammasome. Activated NLRC4 inflammasome can lead to self-
cleavage of pro-Caspase-1 to generate the active form, Caspase-1,
which subsequently cleaves pro-IL-1B to generate its mature form
IL-1B for secretion. Activated NLRC4 inflammasome can indirectly
interfere with the conduction of insulin signals and promote the
production of IR by promoting the secretion of Galectin-3. IL-1f,
which is active in diabetic nephropathy, can mediate kidney tissue
damage and IR. In addition, activated Caspase-1 can also mediate
the generation of pyroptosis through GSDMD
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and activated Caspase-1 (60). Similarly, in macrophages, a high
glucose microenvironment induces expression and phosphorylation
of NLRC4 and activates Caspase-1, promoting IL-1p production.
These results indicate that the NLRC4 inflammasome has a negative
regulatory effect in T2DM complications. It is also possible that the
NLRC4 inflammasome regulates insulin sensitivity to affect the
occurrence and development of T2DM complications.

However, there are few studies on NLRC4 and T1DM or other
types of diabetes. A study by Xu et al. (61) in the Han population in
China showed that NLRC4 had no significant correlation with
T1DM susceptibility. Perhaps NLRC4 does not have a correlation
with other types of diabetes, and perhaps more experiments are still
needed to explore.

3.4 NLRP6 inflammasome

3.4.1 Structure and activation of the
NLRP6 inflammasome

The NLRP6 inflammasome, also known as PYPAF5, was first
proposed by Grenier et al. (62) in 2002 and is located at 11p15 in the
human coding gene (11). NLRP6 is expressed in epithelial cells of
various organs, and is also abundant in human peripheral blood
mononuclear cells (63). Similar to other NLRP family members,
NLRP6 consists of an N-terminal effector domain, PYD, an
intermediate-terminal NACHT domain, and a C-terminal LRR
(Figure 2). The amino acid sequence similarities between NLRP6
and NLRP3 are 32% in humans and 33% in mice. The main
sequence variation is derived from the LRR domain at the C-
terminus, indicating that NLRP6 and NLRP3 have different ligand
recognitions (64). A recent cryo-electron microscopic study
revealed the structural mechanism of assembly of the NLRP6
inflammasome, where the PYD formed a filamentous structure
via self-assembly and then underwent a conformational change that
enabled NLRP6 to recruit ASC through PYD-PYD homologue
protein interaction (65). ASC can form a complete NLRP6
inflammasome by binding to Caspase-1 or Caspase-11 via CARD
(9, 66, 67). The NLRP6 inflammasome not only mediates secretion
and maturation of the pro-inflammatory cytokines IL-1f and IL-18,
but also cleaves GSDMD and induces pyroptosis. Additionally,
NLRP6 can also function independently of the inflammasome
(66, 68).

An increasing number of studies have shown that the assembly
and regulation of NLRP6 inflammasome are affected by a variety of
microbial components and metabolites. The bile acid derivative
taurine induces activation of the NLRP6 inflammasome and
promotes secretion and maturation of IL-18, which in turn
regulates production of antimicrobial peptides to form a chemical
barrier in the intestinal tract that protects it from inflammation
(38). In contrast, spermine and histamine may have an inhibitory
effect on the NLRP6 inflammasome (69). In addition to microbial
metabolites, lipoteichoic acid (70) and LPS (71) bind to and activate
NLRP6 inflammasome. Mukherjee et al. (72) found that the
deubiquitinating enzyme Cyld inhibits the binding of NLRP6 to
ASC, reducing secretion and maturation of IL-18 and preventing
excessive inflammatory reactions. NLRP6 expression is also
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regulated by hormones. In irritable bowel syndrome, increased
levels of corticotrophin releasing hormone down-regulate
expression of NLRP6 (73, 74).

3.4.2 NLRP6 inflammasome and IR

The NLRP6 inflammasome has different effects in different
tissues or diseases, and which has both positive and negative
regulatory effects (75, 76). Due to the high expression of NLRP6
in the intestine, current research on NLRP6 function is mainly
focused on the intestine (77). Studies have also been conducted in
the liver and the lungs, but the relationship between NLRP6 and IR
in these tissues is currently unclear. One study has shown a clue
between NLRP6 and insulin sensitivity. Rosiglitazone, a drug used
to treat with T2DM, can regulate the expression of NLRP6. In this
transcriptional expression study, NLRP6 gene is regulated by a
variety of transcription factors, including peroxisome proliferator-
activated receptor (PPAR) 7, retinoid X receptor (RXR)-ot, and
chicken ovalbumin upstream promoter transcription factor 1
binding sequences (78). As a member of the nuclear hormone
receptor superfamily, PPAR-y forms a heterodimer with RXR-o
and plays a key role in glucose homeostasis (79, 80). Rosiglitazone,
as a PPAR-y agonist, is also a commonly used insulin sensitizer in
clinical practice. Studies have shown that stimulation of the human
intestinal epithelial cell line Caco-2 with a moderate dose of
rosiglitazone for 6 hours significantly increases expression of
NLRP6, and there is a dose-dependent relationship between
increases in NLRP6 mRNA levels (78).

Moreover, NLRP6 differs from other NLRs family proteins as it
is related to inhibition of the innate immune response. It not only
participates in the inflammatory response by producing IL-1f and
IL-18 but also inhibits NF-kB and MAPK signaling pathways,
thereby inhibiting inflammation and preventing pathological
damage (81). Studies have shown that expressions of cytokines,
such as TNF-o. and IL-6, in NLRP6 gene knockout mice increase
after macrophages are infected with Listeria monocytogenes or are
exposed to TLR2/4 ligands, indicating that NLRP6 specifically
inhibits activation of TLR2/4-dependent NF-kB and MAPK
pathways (82). In alcoholic hepatitis and non-alcoholic
steatohepatitis models, NLRP6 inhibits activation of the NF-xB
signaling pathway and plays a role in protecting the liver (75, 83). It
is predicted that NLRP6 may regulate the insulin sensitivity through
the modulatory of inflammatory signals.

Furthermore, some studies have shown that the NLRP6
inflammasome alters intestinal barrier function by affecting the
intestinal mucus layer, intestinal antimicrobial peptides, and
colonic mucosal repair. Impaired barrier function may result in
bacterial LPS entering the blood, causing metabolic endotoxemia,
low-grade inflammation, and metabolic syndromes, such as obesity
and IR (84, 85). These results indicate that the NLRP6
inflammasome indirectly affects IR. In addition, studies have
shown that the NLRP6 inflammasome activates Caspase-11 and
induces loss of gut-associated neurons. After the microbiota is
depleted, specific intestinal neurons involved in glucose regulation
are absent, resulting in elevated blood glucose and IR (86, 87).
Additionally, activation of the NLRP6 inflammasome-induced the
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secretion of IL-1P and IL-18 probably involved in the regulation of
IR (Figure 6). In conclusion, there is little research on the
correlation between NLRP6 and IR, and the relationship between
NLRP6 and IR is not clear. Further study is needed to clarify this
relationship and is expected to provide new ideas for the treatment
of patients with IR-related metabolic syndrome.

3.5 AIM2 inflammasome

3.5.1 Structure and activation of the
AIM2 inflammasome

AIM2 was found in melanoma in 1997 (88). Due to its lack of
expression in melanoma, it is designated as absent in melanoma 2
(AIM2), belonging to a family of HIN-200 proteins. The AIM2
protein is located at 1q22 in human coding genes. The RNA is
1,485bp in length and consists of 344 amino acid molecules. The
molecular weight of the protein is about 39,487 Da, and it is mainly
expressed in the cytoplasm (89). The AIM2 protein is highly
conserved in the HIN-200 family and usually consists of two
parts, the N-terminal PYD and a HIN domain at the C-terminus
(Figure 2). AIM2 inflammasome is composed of AIM2, ASC, and
pro-Caspase-1. Under normal physiological conditions, binding of
the HIN domain of the AIM2 protein to PYD is in a self-inhibitory
state (90). When stimulated by double-stranded DNA (dsDNA),
AIM2 recruits pro-Caspase-1 via the adaptor protein ASC, forming
a complete AIM2 inflammasome and activating Caspase-1. The
AIM2 inflammasome then cleaves pro-IL-1f and pro-IL-18 and

-
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FIGURE 6

NLRP6 inflammasome and IR. The NLRP6 inflammasome can be
activated by the specific ligands, Taurine, LAT, and LPS. The
activated NLRP6 inflammasome can lead to self-cleavage of pro-
Caspase-1 to generate the active form, Caspase-1, which
subsequently cleaves pro-IL-18 and pro-IL-1f to generate their
mature forms, IL-18 and IL-1B, for secretion. Activated Caspase-1
can also induce GSDMD-mediated pyroptosis. Activated NLRP6
inflammasome inhibits the NF-xB and MAPK signaling pathways. In
addition, activated NLRP6 inflammasome could also activate
Caspase-11, indirectly leading to the occurrence of IR. However, the
relationship between NLRP6 infammasome-mediated cytokines (IL-
1B and IL-18) and IR is still not clear.
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promotes maturation and release of IL-1 and IL-18. In addition,
active Caspase-1 cleaves GSDMD and mediates pyroptosis.

The main function of AIM2 is to identify abnormal cytoplasmic
dsDNA in bacteria, viruses, and host cells (91). Since AIM2 does not
distinguish between the dsDNA of hosts and microorganisms, it is
generally believed that activation of the AIM2 inflammasome is
involved in the pathogenesis of many autoimmune inflammatory
diseases (92). Activation of the AIM2 inflammasome is not related
to the dsDNA sequence but depends on the dsDNA length. Studies
have shown that at least 70bp of dsDNA is required to activate the
AIM2 inflammasome (93). In addition, people have also found that
the longer the dsDNA AIM2, the faster the assembly of the AIM2
inflammasome and that the polymerization rate of the AIM2
inflammasome with dsDNA of 300bp is significantly faster than
that with dsDNA of 72bp (94).

Activation of the AIM2 inflammasome is protective during
bacterial infection, which requires two basic requirements, bacterial
entry into the cytoplasm and release of bacterial DNA by lytic
action. AIM2 provides the host with immune monitoring of some
pathogenic bacteria, such as Francisella tularensis, Listeria
monocytogenes, Streptococcus pneumoniae, Mycobacterium,
Porphyromonas gingivalis, Staphylococcus aureus, Brucella abortus,
chlamydia murine, and Legionella pneumophila (95). In addition, a
variety of DNA viruses can also activate the AIM2 inflammasome,
including the vaccinia virus, mouse cytomegalovirus, and herpes
simplex virus.

3.5.2 AIM2 inflammasome and IR

Although AIM2 inflammasome has a protective effect in
infectious diseases, they are harmful in some aseptic
inflammatory diseases, including atherosclerosis (96), chronic
kidney disease (CKD) (97), skin disease (98), liver disease (99),
neuroinflammation (100), and others. The initial progress has been
made between the AIM2 inflammasome and IR. AIM2 expression is
increased in the monocytes of T2DM patients compared to healthy
controls. Similarly, serum cellular mtDNA levels in patients with
T2DM are higher than those in the healthy control group and are
positively correlated with pathology. Increased mtDNA content in
peripheral blood or leukocytes is associated with T2DM
nephropathy or hyperglycemia, respectively (101). The expression
and activation of AIM2 and the increase in circulating mtDNA
levels may be involved in the inflammatory process in patients with
T2DM (102). Mitochondrial dysfunction is closely related to IR and
the pathogenesis of T2DM (103). Damaged mitochondria release a
large amount of mtDNA which participates in activation of the
AIM2 inflammasome, increase the expression of IL-1B, and
promotes IR and T2DM development (Figure 7).

In addition, some studies have shown that AIM2 plays an
important role in myocardial cell death and fibrosis through the
GSDMD pathway in high glucose-induced ROS-mediated diabetic
cardiomyopathy, and inhibition of AIM2 expression reduces
progression of diabetic cardiomyopathy (DCM) (104). The high
glucose environment generated by diabetes can also induce
dysfgunction of macrophages through cytoplasmic dsSDNA/AIM2-
related apoptosis, accelerating the aging process and inducing a
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FIGURE 7

AIM2 inflammasome and IR. The AIM2 inflammasome is activated by
dsDNA in the cytoplasm, which then leads to self-cleavage of pro-
Caspase-1 to generate the active form, Caspase-1, which
subsequently cleaves pro-IL-1B to generate its mature form, IL-1B,
for secretion. IL-1B can promote the development of IR and T2DM.
Activated Caspase-1 can induce GSDMD-mediated pyroptosis.
However, the AIM2 inflammasome can inhibit p202 protein, thereby
blocking p202 protein-induced monocyte infiltration and
lipogenesis, and indirectly improving obesity and IR. Therefore, the
relationship between AIM2 inflammasome and IR depends on the
interact protein and downstream signaling.

systemic pro-inflammatory state (105). By contrast, in an animal
experiment, AIM2”" mice were more prone to obesity, impaired
brown fat function, increased fasting blood glucose and insulin
levels, and impaired metabolic functions such as IR when compared
to WT mice (106). These observations may be due to AIM2
inhibition of the encoded protein 202 (p202), which in turn
blocks p202-induced monocyte infiltration and lipogenesis and
improves obesity and IR (Figure 7). This indicates that AIM2 has
a protective effect in metabolic syndromes, which is independent on
the formation of the inflammasome.

At present, there are few studies on AIM2 and T1DM or other
types of diabetes, and AIM2 has been found to play a protective role
in the STZ-induced T1DM model in an animal experiment (107).
However, more studies are needed to confirm the association of
AIM?2 with IR and other types of diabetes.

3.6 Inflammasome regulation by
complement activation

The complement system is a potent component of the innate
immune response, promoting inflammation and orchestrating
defense against pathogens. Complement activation culminates in
a massive amplification of the immune response leading to
increased cell lysis, phagocytosis, and inflammation (108). The
activation of complement mainly includes three pathways three
pathways: 1) the classical pathway with Clq as its main pattern
recognition sensor, 2) the lectin pathway with mannose binding
lectin and ficolins as the recognition molecules, and finally 3) the
alternative pathway with a thioester moiety of C3b as well as
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properdin as the recognition molecules. Once activated all three
pathways converge at C3 (109). Recently, the activation of
complement receptors, such as the anaphylatoxin C3a and Cb5a
receptors and the complement regulator CD46, in conjunction with
the sensing of cell metabolic changes, for instance increased amino
acid influx and glycolysis, have emerged as additional critical
activators of the inflammasome. Given that the complement
system is evolutionarily among the oldest PRR systems, and that
extensive crosstalk between complement and particularly the TLRs
exists (110, 111), the involvement of complement in inflammasome
activation is not unexpected.

Indeed, studies in the 1980s by Haeffner-Cavallion et al. showed
that the anaphylatoxin C3a induces IL-1f production in human
monocytes (112), indicating a functional connection between these
two systems at a time before the inflammasome was actually
discovered. A more recent study defined the C3aR-driven signals
in human monocytes and demonstrated that locally produced C3a
increases ATP efflux from the monocyte cytosol in the presence of
TLR4 activation by LPS (113). This C3a-driven ATP efflux leads to
subsequent increased activation of the ATP receptor purinergic
ligand-gated ion channel 7 (P2X7), a potent Signal 2 for NLRP3
inflammasome activation (114), and substantially increased IL-1
secretion (113). Furthermore, the anaphylatoxin C5a has been
confirmed as an important driver of Signal 1 for NLRP3
inflammasome activation in human monocytes. Samstad et al.
(115) showed that cholesterol crystals activate both the classical
(via Clq) and alternative complement pathways and that C5a
generated during this process, together with TNF-o, functions as
priming Signal 1 for NLRP3 activation by increasing IL-1f3 gene
transcription. There is also indication that CD46 partakes in NLRP3
inflammasome priming, as CD46 engagement during T cell
receptor stimulation on human CD4'T cells potentiates NF-kB
activation and increases transcription of IL-1f3 (116). Studies have
shown that C5a (and possibly C3a) can also activate the NLRP3
inflammasome by increasing the production of ROS (117).
Conversely, reduced NLRP3 inflammasome activity was also
demonstrated in some mouse models with complement and
complement receptor-related gene knockout. For instance,
Fatemeh Fattah et al. (118) found that the complement protein
C6™" significantly reduced NLRP3 inflammasome levels and pro-
inflammatory products (cytokines, chemokines, and histones) in
mouse models of polymicrobial sepsis and acute lung injury. Yu
et al. (119) found that C5aR2 promotes NLRP3 activation by
amplifying dsRNA-dependent protein kinase R expression, which
is an important NLRP3-activating factor. In C5aR2”" mice, the
activation of NLRP3 inflammasome and the release of HMGBL1 in
vivo and in vitro were obviously restricted. V-set and
immunoglobulin domain-containing 4 (VSIG4) is a complement
receptor of the immunoglobulin superfamily that specifically
expresses in resting tissue-resident macrophages (120, 121).
Studies show that VSIG4 inhibits NLRP3 and II-1B transcription
via A20-mediated NF-xB inactivation (122).

Complement system plays an important role in the activation of
NLRP3 inflammasome. Studies have shown that complement
receptor also plays an important role in regulating metabolic
syndrome such as T2DM and IR (Figure 4). Mamane et al. (123)
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found that C3a receptor (C3aR) was highly expressed in adipocytes
and macrophages in white adipose tissue of mice. In C3aR”" mice,
both ND and HFD showed increased insulin sensitivity, decreased
macrophage infiltration and decreased pro-inflammatory factor
production. Lim et al. (124) found that in a rat model, obesity,
excessive visceral fat, fat inflammation, and insulin resistance
caused by the high-fat diet were all related to the increase of
plasma C3a, adipose C3aR and C5aR. C3aR and C5aR
antagonists can significantly improve the obesity and metabolic
disorder in rat model. We can speculate that the deficiency of C3aR
and C5aR may be due to limiting the activation of NLRP3
inflammasome, which improves metabolic syndromes such as IR.

3.7 Correlation between
different inflammasomes

The inflammasomes are innate immune system receptors and
sensors that regulate the activation of Caspase-1 and induce
inflammation in response to infectious microbes and molecules
derived from host proteins. They have been implicated in a host of
inflammatory disorders (125). Different inflammasomes play
different roles in different stage of that disease and in different
tissues or organs. However, there is also a complex correlation
between different inflammasomes.

Studies have shown that NLRP1 and NLRP3 inflammasomes
exert a synergistic effect and have a protective function on the body
in the early stage of type 1 diabetes. However, as the disease
progressed, NLRP1 and NLRP3 inflammasomes failed to exert
their protective effects during diabetic ketoacidosis and showed
significant decline (126). ROS-induced NLRP1 and NLRP3 in
monocytes of chronic insomnia disorder also work synergistically
to control microglia IL-1p production and the subsequent IL-1(3-
mediated inflammatory cascade in the brain (127). In addition,
Chen et al. found that NLRP12 coordinates with NLRP3 and
NLRCH4 to induce IL-1B processing and pyroptotic cell death in a
manner dependent on the Caspase-8-mediated hypoxia-inducible
factor-lo. (HIF-1at) pathway during retinal ischemic injury.
Furthermore, mature IL-1P initiates the neuroinflammation
cascades and pyroptotic reaction by promoting the Caspase-8
mediated HIF-10.-NLRP12/NLRP3/NLRC4 pathway and GSDMD
cleavage (128). There was also a synergistic effect of NLRP3 and
AIM2 inflammasomes in monocytes from patients with COVID-19,
which recognized cell membrane damage and cytosolic DNA,
respectively, that activate Caspase-1 and GSDMD, leading to
pyroptosis and release of potent inflammatory mediators (129).
Studies have shown that NLRP6 and NLRP9b also have synergistic
effects in the regulation of enterovirus defense. NLRP6 tends to bind
to long dsRNA, and NLRP9b binds more strongly to short dsRNA
(130, 131). Recent data indicate that NLRP6 is highly expressed in
the duodenum (the proximal small intestine), whereas NLRP9b is
expressed mainly in the ileum (the distal small intestine), which
matches exactly the infection patterns of each virus sensed by these
two receptors (64). Thus, NLRP6 and NLRP9b might cooperate in
defense against different enteric viruses with different tropisms. The
complementary expression pattern, ligand-binding pattern, and
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downstream signaling they activate make them the perfect pair of
NLRs in the intestine.

In addition to synergistic effect, there is also an inhibitory effect
among various inflammasomes. Li et al. found that NLRP6 could
inhibit p38-MAPK and NF-xB signaling pathways in liver after
allogeneic hematopoietic stem cell transplantation and NLRP6”"
could increase the expression of NF-kB, which then activated
NLRP3 expression and aggravated liver injury (132). In addition,
studies have shown a negative correlation between the expression of
NLRP3 and NLRP6 in normal conjunctiva and pterygium. Activation
of NLRP3 inhibits the activation of NLRP6 in normal conjunctival
and pterygium tissues (133). Studies have shown that during P.
brasiliensis infection, NLRC4 inhibits Prostaglandin E2 production,
which is required for NLRP3-inflammasome-triggered IL-1f at the
early phase of infection, while in the later phase of infection reduces
IL-18 levels, abrogates CD8'TFN-Y'T cell responses, and promotes
uncontrolled fungal growth (134). It indicated that NLRC4 indirectly
inhibited the expression of NLRP3. An animal experiment showed
that NLRC4 negatively regulates immunological memory by
preventing delayed activation of the cytosolic NLRP3 that would
otherwise amplify the production of cytokines important for the
generation of Thl immunity such as IL-18 (135).

The decrease of intracellular K™ is a common minimal cellular
step for most of the NLRP3 stimuli (136, 137). The linker between the
N-terminal PYD, the central NACHT domain and the FISNA
domain (a NLRP3-specific domain) are important for activation of
NLRP3 when intracellular K* is reduced and K" independent
activators are used. However, the NLRP6 is not activated by K"
efflux (70, 81). Studies have found that the introduction of the NLRP3
PYD-linker-FISNA sequence into NLRP6 resulted in a chimeric
receptor able to be activated by K" efflux-specific NLRP3 activators
and promoted an in vivo inflammatory response to uric acid crystals.
It has been shown that the amino-terminal sequence between PYD
and NACHT domain of NLRP3 is a key for inflammasome
activation (138).

TABLE 1 Clinical drugs.

10.3389/fimmu.2023.1052756

4 Potential treatment options related
to the inflammasome

It is crucial to understand immune regulation mechanisms
under homeostasis, which may be the key in preventing metabolic
syndrome disease, such as IR and T2DM. It has been shown that
targeted on inflammasome-related pathways or molecules
effectively treats IR and decreases the occurrence and
development of T2DM. So far, the NLRP3 inflammasome is the
most widely studied inflammasome and the associated medicines
are more developed. Studies have shown that a variety of commonly
used clinical drugs (Table 1), herbal drugs (Table 2), protein and
peptide drugs (Table 3), and NLRP3 inhibitors (Table 4) can
effectively act on the NLRP3 inflammasome and related
downstream molecules to improve IR, T2DM, non-alcoholic fatty
liver disease, and other metabolic diseases (174).

4.1 Clinical drugs

4.1.1 Metformin

Metformin is a first-line drug for the clinical treatment of
T2DM. It causes AMPK activation by inhibiting liver glycogen
production, gluconeogenesis and IR, and plays a role in a variety of
metabolic diseases (175). Lee et al. (139) found that metformin
could inhibit Caspase-1 and IL-1f by activating the AMPK
pathway, thus improving insulin sensitivity. In addition, another
study showed that metformin improves IR and liver fibrosis by
reducing ASC and Caspase-1 transcription levels in a T2DM rat
model (140). At present, metformin is widely used in clinical
practice. Because of its good hypoglycemic effect, especially on
fasting blood glucose, and no hypoglycemia when used alone, it can
reduce body weight and has cardiovascular benefits. It is the
preferred drug for patients with type 2 diabetes recommended by

Clinical Drugs Type Inhibition mechanism Refs.
Metformin Biguanides Activation the AMPK pathway inhibits Caspase-1 and IL-1 B (139, 140)
Dapagliflozin SGLT-2 inhibitors Activate the AMPK and mTORC?2 signaling pathways (141)
Empagliflozin SGLT-2 inhibitors Activate the AMPK and mTORC?2 signaling pathways (142)
Pioglitazone Thiazolidinediones Inhibit AGE/RAG signaling pathway and local ROS release (143)
Acarbose o- Glycosidase inhibitors Inhibit Nox4 oxidase (144)
Liraglutide GLP-1 receptor agonists Inhibition of NLRP3 inflammasome activation (145)
Saxagliptin DPP-4 inhibitors Inhibition of NLRP3 inflammasome activation (146)
Glibenclamide Sulfonylureas Inhibits ATP-sensitive K™ channels (147, 148)
Verapamil Ca®* channel blockers Enhance Trx-R activity and inhibit TLR4 (149, 150)
Fenofibrate PPARo. agonists Regulation of Nrf2 signaling (151)
Vitamin D Vitamin Inhibition of ROS/TXNIP pathway and activation of AMPK pathway (152, 153)
Vitamin E Vitamin Inhibit TRAF6/NF-kB pathway and activate AMPK/autophagy axis (154)
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TABLE 2 Botanical drugs.

10.3389/fimmu.2023.1052756

Botanical Drugs Inhibition mechanism Refs.
TSF Inhibition of ROS production and TXNIP expression (155)
PN NACHT ATPase inhibitor and Caspase-1 inhibitor (156)
Tilianin Regulation of the Nrf2/TXNIP/NLRP3 inflammasome pathway (157)
Resveratrol By regulating the combined effects of Sirtl and Sirt6 (158)
BBR Inhibition of NLRP3 inflammasome activation (159)
Swertiamarin Inhibition of NOXs/ROS/NLRP3 signaling pathway (160)
Salidroside Inhibition of P2X7 receptor expression and regulation of AMPK/NLRP3 axis (161, 162)
Ginsenoside Inhibition of oxidative stress (163)

domestic and foreign guidelines. However, gastrointestinal
reactions are more common, and taking it during or after meals
can reduce gastrointestinal adverse reactions. Patients who use it for
a long time should be appropriately supplemented with vitamin
B12. Maximum dose for adults is 2550 mg, which is not
recommended for children under 10 years of age.

4.1.2 Dapagliflozin and Empagliflozin

Both Dapagliflozin and Empagliflozin belong to the class of
sodium-glucose transporter 2 (SGLT-2) inhibitors, which can be
used for the treatment of T2DM (176). SGLT-2 inhibitors inhibit
SGLT-2 activity, reduce renal reabsorption of glucose, and increase
the excretion of urine glucose to lower blood glucose. Chen et al.
(141) found that dapagliflozin reduces progression of diabetic
cardiomyopathy and the degree of myocardial fibrosis by AMPK
and inhibiting activation of the NLRP3 inflammasome.
Empagliflozin inhibits activation of the NLRP3 inflammasome by
increasing serum BHB levels and reducing serum insulin, thereby
significantly reducing secretion of IL-1B and the incidence and

TABLE 3 Protein and peptide drugs.

Biological inhibitor

Inhibition mechanism

mortality of cardiac adverse events in patients with diabetes and
cardiovascular disease (142). SGLT-2 inhibitors, as a new type of
medicine for the treatment of T2DM, have the effects of reducing
body weight, blood pressure and uric acid due to the low risk of
hypoglycemia. At the same time, it has kidney and cardiovascular
protection, which has been generally recognized by patients.
However, it is still noteworthy that some patients are prone to
genitourinary infections after taking these drugs.

4.1.3 Pioglitazone

Pioglitazone is an orally active and selective PPARYy agonist with
high affinity for the PPARy ligand-binding domain. Clinically, it is a
thiazolidinedione anti-diabetic drug, which can increase the
sensitivity of target tissues to insulin and reduce blood glucose,
improve blood lipid profile, improve the activity of fibrinolytic
system, improve the function of vascular endothelial cells, and
reduce C-reactive protein, and has a protective effect on the
cardiovascular system. Studies have shown that a specific dose of
pioglitazone inhibits secretion of inflammatory cells by inhibiting

DsbA-L Interaction with Erol-L; Promote AMPK phosphorylation (164, 165)
SIRT2 Deacetylation of NLRP3 (166)
HIF2o Promotion of H3K27me3 modification and inhibition of CPT1A expression (167)
CWA Regulate the expression of TXNIP and the activation of p65 (168)

TABLE 4 NLRP3 inhibitors.

NLRP3 inhibitors

Inhibition mechanism

MCC950 Binds Walker B motif; NACHT ATPase inhibitor (169)
CY-09 Binds Walker A motif; NACHT ATPase inhibitor (170)
Tranilast Directly binding to the NACHT domain of NLRP3 (171, 172)
Compound C ATP-competitive AMPK inhibitor (173)
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the advanced glycation end products (AGEs)/receptor for advanced
glycation end products (RAGE) signaling pathway and reducing
levels of NF-kB and local ROS release (143). These two
mechanisms, decreased ROS and down-regulation of NF-xB
weaken activation of NLRP3 inflammasome in vivo, thereby
improving kidney damage in patients with T2DM and DN.
Thiazolidinedione anti-diabetic drugs had good effects on patients
with abdominal obesity, NAFLD, and obvious IR, and their use
alone did not cause hypoglycemia. Because of its slower effect,
patients with cardiac insufficiency may increase the risk of heart
failure (cardiac function above Class 3 is prohibited), and older
women may increase the risk of fractures, which may cause water
and sodium retention, leading to slightly increased body weight
(more obvious when used in combination with insulin), etc.
Therefore, the drug was not used as the first-line medication, and
it was recommended to use when the effects of other drugs
were unsatisfactory.

4.1.4 Acarbose

Acarbose is an o-glucosidase inhibitor that not only reduces
postprandial hyperglycemia, but also inhibits y-interferon inducible
protein 10, MCP-1, macrophage-derived chemokine (MDC), and
TNF-o in LPS-stimulated human mononuclear leukemia cells and
downregulates phosphorylation of NF-kB-p65 (177). Recent studies
have shown that acarbose can improve the vascular permeability of
diabetic patients by inhibiting nicotinamide adenine dinucleotide
phosphate oxidase 4 (NOX4) and the NLRP3 inflammasome
pathway, which may be a potential mechanism whereby acarbose
protects individuals from the cardiovascular complications of
diabetes (144). o-glucosidase inhibitors are commonly used drugs
in clinic, which do not cause hypoglycemia and have the effect of
reducing body weight. They are especially suitable for the
population which mainly takes carbohydrate intake in China. It is
the first-line drug recommended in the current diagnosis and
treatment guidelines for metabolic diseases, and the only drug in
China that has obtained the indication of impaired glucose
tolerance. However, it has gastrointestinal adverse reactions such
as abdominal distension and increased exhaust when being used for
the first time, so it is prohibited for patients with chronic
gastrointestinal dysfunction, diseases possibly worsened by
intestinal distension and severe renal impairment, and should not
be used for patients under 18 years old and pregnant women.

4.1.5 Liraglutide

Liraglutide, a human glucagon-like peptide -1 (GLP-1) analog,
has become a first-line therapy for T2DM (178, 179). GLP-1
receptor agonists promote islet B cell growth, improve IR, reduce
lipid deposition, and reduce appetite and body weight (180). Zhu
et al. (145) found that liraglutide improves IR and hepatic steatosis
by reducing NLRP3 inflammasome expression and IL-1B in the
liver. Liraglutide can well control blood glucose and reduce body
weight, and is used for treating patients with ineffective blood
glucose control caused by metformin and sulfonylurea. There is
evidence-based medical evidence that liraglutide has a protective
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effect on cardiovascular diseases. The common adverse reactions are
gastrointestinal discomfort, mainly including nausea, vomiting and
diarrhea. However, most patients can gradually adapt to the
treatment with the prolongation of the use period.

4.1.6 Saxagliptin

Dipeptidyl peptidase-4 (DPP-4) inhibitor is a commonly used
hypoglycemic drug in the clinic and improves levels of endogenous
GLP-1 and glucose-dependent insulin-promoting polypeptide. It
promotes the release of insulin by pancreatic B cells and inhibits
glucagon secretion by pancreatic o cells, thereby improving the
insulin level and reducing blood glucose. Saxagliptin is a type of
DPP-4 that prevents the occurrence and development of kidney
damage in mice with T2DM by reducing activation of the NLRP3
inflammasome and proinflammatory cytokines TNF-c, IL-1, IL-6,
and IL-18 (146). Saxagliptin is generally not hypoglycemic, does not
increase body weight, no gastrointestinal reactions, high safety and
tolerance. But its general price is high. There are adverse reactions
such as headache, dizziness, nasopharyngitis and cough, but the
incidence is very low.

4.1.7 Glibenclamide

Glibenclamide is an insulin secretagogue and belongs to
sulfonylurea drugs. Its main function is to stimulate B cells to
secrete insulin, which acts on ATP-sensitive potassium channel
(Katp) on B cell membrane, promoting calcium ion internal flow
and increased concentration of intracellular calcium ion,
stimulating the emigration of insulin-containing particles and
insulin release, and lowering blood glucose. Glibenclamide
reduces LPS-induced damage by streptozotocin in diabetic mice
by inhibiting activation of NLRP3 inflammasome (147). Dwivedi
et al. (148) also demonstrated that glibenclamide inhibits NLRP3 to
reduce the levels of glucose, triglycerides, cholesterol, DNA damage,
apoptosis, and inflammatory markers in T2DM mice by improving
antioxidant status and upregulating the insulin signaling pathway.
Sulfonylurea drugs are common hypoglycemic drugs in clinic and
have good hypoglycemic effect. It mainly used for patients with
T2DM with certain B cell function and patients without
sulfonylurea drug taboo. Moreover, it is preferred as a treatment
for T2DM patients who are not suitable for metformin or as a
combination regimen for other oral hypoglycemic drugs in T2DM
patients with poor glycemic control. Sulfonylurea drugs can be
combined with any other type of hypoglycemic drugs with different
hypoglycemic mechanisms; however, it should be careful not to use
two insulin secretagogues at the same time. Its disadvantages are the
risk of hypoglycemia and weight gain. In principle, sulfonylureas
are prohibited for patients with liver and kidney insufficiency.

4.1.8 Verapamil

Verapamil is a calcium channel blocker that improves IR and
hyperglycemia in patients with metabolic syndrome. In fact, many
clinical observations in human and animal models provide evidence
for the beneficial effects of calcium channel blockers on obesity-
related metabolic pathology (181). Verapamil has been widely used
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for the treatment of hypertension and the control of angina pectoris.
Verapamil enhances thioredoxin reductase activity and significantly
inhibits TLR4-mediated NLRP3 inflammasome assembly in
diabetic retinopathy mice, reducing the release of inflammatory
markers (TNF-o and IL-1B) into the vitreous humor and inhibiting
pathological angiogenesis to prevent the development of diabetic
retinopathy (149). In addition, verapamil improves pre-diabetic
neuropathy in high fat diet-induced obese mice by inhibiting
upregulation of TXNIP. These results indicate that verapamil not
only has good therapeutic effects on hypertension and
cardiovascular diseases but may also have wide application in the
field of T2DM and its complications (150).

4.1.9 Fenofibrate

Fenofibrate, a PPAR« agonist and a triglyceride-lowering drug,
has been widely used in clinical practice for more than 30 years.
Fenofibrate has extensive and beneficial effects on multiple signaling
pathways of oxidative stress, inflammation, angiogenesis, and cell
survival, as well as on the development of diabetic complications
(182). In an animal experiment, it was found that fenofibrate
reduced diabetes-induced retinal leukostasis and vascular leakage
in mice and improved diabetic retinopathy by regulating nuclear
factor E2-related factor 2 (Nrf2) signaling and inhibiting NLRP3
inflammasome activation (151). However, fenofibrate is not used as
a routine treatment for diabetic retinopathy, which may be related
to its side effects, leading to elevated transaminases and impaired

liver function.

4.1.10 Vitamin D

Vitamin D is a multifunctional hormone because it as an active
metabolite, 1,25-dihydroxyvitamin D3, play a classical role in
calcium and bone homeostasis. It has many biological functions,
including blood pressure control, immune regulation, apoptosis
inhibition, and anti-vascular production. In addition, vitamin D3
plays an important role in endothelial function and has antioxidant
and anti-inflammatory effects. Vitamin D3 can protect from retinal
vascular injury and apoptosis in mice with diabetic retinopathy by
inhibiting the ROS/TXNIP/NLRP3 inflammasome pathway (152).
Other studies have shown that vitamin D3 can activate AMPK and
inhibit the mTOR pathway, thereby inhibiting activation of the
NLRP3 inflammasome and reducing damage of pancreatic 3 cells
(153). Vitamin D3 can promote the reabsorption of calcium and
phosphate by renal tubular cells, increase the concentration of blood
calcium and phosphorus, and facilitate the generation of new bones
and calcification. It is currently used for the prevention of rickets
and has not been routinely used for the treatment of diabetes.
However, vitamin D3 may have potential value in the treatment of
diabetes and its complications.

4.1.11 Vitamin E

Gamma-tocotrienol (yI3), an isomer of unsaturated vitamin E,
is known to exert potent anti-inflammatory effects in a variety of
cells, including macrophages, adipocytes, and several cancer cells
(183). Kim et al. (154) found that yT3 regulates NLRP3
inflammasome through a dual mechanism. The induction of A20/
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TNF-0. induced protein 3 inhibits the TNF receptor associated
factor 6 (TRAF6)/NF-xB pathway and activation of the AMPK/
autophagy axis results in weakening of Caspase-1 cleavage.
Therefore, the infiltration of immune cells into adipose tissue is
decreased, circulating IL-18 levels are reduced, pancreatic beta cells
are protected, insulin sensitivity is improved, and the progression of
T2DM is delayed. However, more favorable evidence is needed to
prove that YTI'3 can be used for T2DM treatment.

4.2 Botanical Drugs

4.2.1 Tangshen formula

TSF is a prescription composed of 7 Chinese herbal medicines
including 35.3% astragalus root (Astragaliradix), 17.6% burning
bush twig (Euonymi ramulus), 14.4% rehmannia root (Rehmanniae
radix), 11.5% bitter orange (Aurantii fructus), 10.6% cornus fruit
(Corni fructus), 7.1% rhubarb root and rhizome (Rhei radix et
rhizoma), and 3.5% notoginseng root (Notoginseng radix). It is used
to treat diabetic nephropathy and provide renal protection. Studies
have shown that TSF reduces production of ROS and the expression
of TXNIP, playing an anti-pyroptosis role via the TXNIP-NLRP3-
GSDMD axis and reducing the degree of renal damage in DN (155).

4.2.2 Parthenolide

PN is a sesquiterpene lactone, which shows anti-inflammatory
activity by inhibiting the activation of NF-xB. It can also inhibit
histone deacetylase 1 (HDAC-1) protein without affecting other
class I/IT HDACs (184). As a key component of plant drugs, PN has
been widely used to treat a variety of inflammation-related diseases.
PN inhibits activation of Caspase-1 by catalyzing alkylation of
Caspase-1 cysteine residues or directly targeting the ATP enzyme
activity of NLRP3 via cysteine modification. Kumar et al. (156) also
found that PN reduces obesity-induced inflammation and IR by
directly inhibiting NLRP3 inflammasome. PN can be used as a
potential therapeutic agent for reducing obesity-induced IR caused.

4.2.3 Tilianin

Tilianin is an active flavonoid glycoside, which is widely
distributed in a variety of medicinal plants. It lowers blood
pressure, protects the myocardium, reduces blood lipids, and has
anti-diabetic, anti-inflammatory, and anti-oxidative effects. Tilianin
partially lowers blood glucose, oxidative damage, and inflammation
by regulating the Nrf2/TXNIP/NLRP3 inflammasome pathway in
mice with diabetic retinopathy and reduces the occurrence and
development of diabetic retinopathy (157).

4.2.4 Resveratrol

Resveratrol, a polyphenol found in grapes, mulberries, and red
wine, has antioxidant, anti-inflammatory, heart-protecting, and
anticancer properties. It has a wide range of targets, such as mTOR
and JAK. Resveratrol is not only a specific silent information regulator
factor 2-related enzyme 1 (Sirtl) activator, but also an Nrf2 activator,
which can improve the aging-related progressive kidney injury in the
mouse model, but also act on the endothelial cells to promote NO
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production. Human clinical trials in diabetic subjects have shown that
resveratrol prevents and improves IR and diabetes (185). It has been
suggested that these beneficial effects of resveratrol are partially
mediated by its antioxidant and anti-inflammatory properties (186).
However, its specific mechanism of action remains unclear. Studies
have shown that resveratrol may inhibit the activation of NLRP3
inflammasome via the combination of Sirt1 and Sirt6, thus exerting a
series of protective effects on the body (158).

4.2.5 Berberine

BBR, an isoquinoline alkaloid extracted from Chinese herbal
medicine, is one of the main components of Coptis chinensis and is
used in treating diabetes and dyslipidemia. Studies have shown that
berberine can induce ROS production and inhibit DNA
topoisomerase, with anti-inflammatory and anti-tumor properties
(187). Zhuo et al. (188) found that berberine improves obesity-
induced inflammation and IR by triggering macrophage autophagy
in order to inhibit PA-induced activation of NLRP3 inflammasome.
A recent study revealed that BBR improves high glucose-induced
tubular epithelial-mesenchymal transition and renal interstitial
fibrosis in DN by inhibiting NLRP3 inflammasome (159). These
results indicate that BBR might be a new drug for the treatment of
obesity and diabetic complications.

4.2.6 Swertiamarin

Swertiamarin is the active ingredient in many traditional
Chinese medicines. Studies have shown that swertiamarin and its
derivatives have anti-diabetes and anti-hyperlipidemia effects and
can alleviate pathological neuropathic pain (189). However, its anti-
diabetic mechanism is still unclear. Swertiamarin corrects the
imbalance of diabetic peripheral neuropathic pain (DPN)
inflammatory factors and improves DPN by inhibiting the NOXs/
ROS/NLRP3 signaling pathway in a rat model of DPN (160).

4.2.7 Salidroside

Salidroside, a phenylpropanoid glycoside compound, is the
active ingredient of Radix Rhodiolae. It exerts a beneficial effect in
alloxan-induced diabetic mice through antioxidation. In an animal
experiment, salidroside inhibited activation of the NLRP3
inflammasome by inhibiting the expression of P2X7 receptor,
thus improving pathological pain in diabetic rats (190). Zheng
et al. found that salidroside improves IR and diabetic neuropathic
pain in diabetic mice by regulating the AMPK-NLRP3
inflammasome axis (161, 162).

4.2.8 Ginsenoside

Ginsenoside is one of the main active components of the
precious Chinese medicinal Radix Ginseng and has anti-oxidative
stress, anti-inflammatory, anti-aging, neuroprotective effects. It has
been found that ginsenoside Rgl significantly reduces expression of
NLRP3, Caspase-1, [L-1B, and VEGF in a T2DM mouse model,
reducing pathological retinal damage (191). In addition,
ginsenoside Rg5 plays an important role in diabetes. Ginsenoside
Rg5, the main component of Red ginseng, inhibits the mRNA
expression of cyclooxygenase-2 (COX2) via suppression of the
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DNA binding activities of NF-kB p65 (192). In a DN mouse
model, Rg5 reduced the inflammatory response by inhibiting
oxidative stress, activating NLRP3 inflammasome, and reducing
fasting blood glucose, IR, serum creatinine, etc. in DN mice. It also
improved kidney damage in diabetic mice (163).

4.3 Protein and peptide drugs

4.3.1 Disulfide bond A oxidoreductase-like
protein

DsbA-L is an antioxidant enzyme that inhibits endoplasmic
reticulum stress and improves adiponectin secretion by
interacting with endoplasmic reticulum chaperone Erol-Lo
(164). Yang et al. found that DsbA-L inhibits activation of the
NLRP3 inflammasome by promoting AMPK phosphorylation in
a DN mouse model, thereby reducing renal fibrosis and renal
tubular damage (165). DsbA-L is expected to provide a new
avenue for treating DN.

4.3.2 Silent information regulator 2

Nicotinamide adenine dinucleotide (NAD+)/SIRT2 plays an
important role in energy homeostasis and cellular metabolism. He
et al. (166) showed that SIRT2 deacetylates NLRP3 and inactivates
NLRP3 inflammasome. This interaction prevents and reverses
inflammation and IR related to aging. In general, increasing the
concentration of NAD+/SIRT2 can treat diseases related to IR.

4.3.3 Hypoxia-inducible factor 20

HIF2a is activated in a hypoxic microenvironment, such as in
the adipose tissue of T2DM patients. Li et al. (167) found that
HIF20 in macrophages inhibits expression of carnitine palmitoyl
transferase 1A (CPT1A) by promoting modification of lysine 27-
trimethylated histone H3 (H3K27me3) and preventing NLRP3
inflammasome activation, thereby reducing IR induced by a high
fat diet. These results indicate that inhibiting macrophage HIF-20.
activation of NLRP3 inflammasome may be a potential therapeutic
target for high fat diet-induced IR and other chronic metabolic
inflammatory diseases.

4.3.4 Cathelicidin-WA

CWA is an antimicrobial peptide derived from the genus
Mushroom, which has a variety of anti-inflammatory effects.
CWA inhibits formation of the NRLP3 inflammasome by
regulating expression of TXNIP and activation of p65 in a mouse
model of DCM. It reduces myocardial fibrosis, inflammation and
oxidative stress, and myocardial cell apoptosis in DCM mice and
improves heart dysfunction caused by diabetes (168).

4.4 Inhibitor
441 MCC9O50

The small molecule MCC950, a diarylsulfonylurea-containing
compound, was the first small molecule to be identified as an
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NLRP3 inhibitor. MCC950 blocks activation of NLRP3
inflammasome and the production of IL-1f by inhibiting
oligomerization of ASC. MCC950 can directly interact with the
Walker B motif in the NACHT domain of NLRP3 and prevent
ATP hydrolysis, inhibiting NLRP3 activation and inflammatory
soma formation (169). In the diabetic mouse model, 4 months of
continuous treatment with MCC950 decreased plasma insulin levels
and increased insulin sensitivity (193). In addition, MCC950
treatment regulates expression of peripheral and central stress
signals and inflammation in mice. Animal experiments have shown
that treatment with MCC950 improves anxiety and depressive
behaviors and cognitive dysfunction in diabetic encephalopathy
mice and reduces the expression of NLRP3-related inflammatory
components in the hippocampus in a mouse model of DEP.
MCC950 also improves insulin sensitivity in mice (194). Diabetic
retinopathy is an inflammation-mediated microvascular disease
characterized by dysfunction of human retinal endothelial cells
(HRECs). Significant upregulation of NLRP3, Caspase-1, and IL-1f
occur in CD31+ HRECs obtained from patients with diabetic
retinopathy. MCC950 treatment of HRECs stimulated by high
glucose reduces apoptosis, inhibits interaction of NEK7 with
NLRP3, and enhances the function of HRECs (195). DN is another
chronic inflammatory microvascular complication of diabetes.
Previous studies have reported the role of NLRP3 inflammasome in
the pathogenesis of DN. MCC950 reduces levels of tumor growth
factor-B, Caspase-1 and IL-1B in high glucose-treated rat glomerular
mesangial cells. In addition, animal models of DN treated with
MCC950 show improvement in glomerular basement membrane
thickening, renal function, renal fibrosis, and podocyte injury (196).
Although not yet clinically applied, MCC950 represents a potential
therapeutic agent for the treatment of diabetes and its complications.

4.42 CY-09

CY-09 significantly inhibits formation of the NLRP3
inflammasome in vivo and in vitro in human cells in mouse
model and is a direct and effective NLRP3 inhibitor (170). CY-09
directly interacts with the NLRP3 Walker A motif and inhibits ATP
binding to NLRP3. CY-09 dose-dependently inhibits Caspase-1
activation and IL-1P release by sodium urate, ATP, and
Nigericin-induced NLRP3 stimulation in bone marrow-derived
macrophages. In a high fat diet-induced mouse model, CY-09
increased insulin sensitivity (197). In another mouse model,
sleeve gastroplasty combined with CY-09 reduced body weight,
improved IR and reduced hepatic steatosis (198). These data
indicate that CY-09 has very considerable prospects in that
treatment of metabolic syndrome.

4.4.3 Tranilast

Tranilast is a tryptophan metabolite analogue. It can inhibit the
production of prostaglandin D2 and angiotensin II, has anti-
inflammatory and immunomodulatory effects, and is used as an anti-
inflammatory agent for the treatment of inflammation-related diseases.
Studies have shown that tranilast can directly bind to the NACHT
domain of NLRP3 and block NLRP3 oligomerization to inhibit NLRP3
inflammasome assembly (171). Cao et al. (172) revealed that tranilast
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improves hyperglycemia, insulin deficiency, glucose intolerance, IR, and
other symptoms of gestational diabetes by reducing the high expression
of NLRP3 inflammasome and pro-inflammatory factors. At present,
tranilast is not used routinely in the treatment of diabetes, and more
studies are needed to prove its safety and stability.

4.4.4 Compound C

Compound C is a pyrazolopyrimidine that is widely used as a
competitive inhibitor of cell permeability to ATP of AMPK.
Compound C significantly reduces IR in high fat-induced obese
mice by downregulating expression of the NLRP3 inflammatory
body components and pro-inflammatory markers (173).
Compound C can be used as a therapeutic agent for the
treatment of metabolic diseases, such as T2DM and NAFLD, but
the current research is insufficient and further research is needed.

4.5 Gene editing

As a third-generation gene editing tool, CRISPR/Cas9 can
specifically and effectively destroy or repair pathogenic genes with
a single guide RNA (gRNA)-directed Cas9 nuclease. Xu et al. (199)
utilized CRISPR/Cas9 to directly destroy NLRP3 at the genomic
level, not only completely inhibiting the activation of NLRP3
inflammasome but also avoiding the potential risk of inhibiting
anti-inflammatory biological agents and the oft-target pathways of
inhibitors. Subsequently, screening an optimized cationic lipid-
assisted nanoparticle (CLAN) to deliver Cas9mRNA (mCas9) and
gRNA into macrophages is developed. By using CLAN
encapsulating mCas9 and gRNA-targeting NLRP3 (gNLRP3)
(CLANmMCa59/gnLRP3)> disrupting NLRP3 of macrophages,
inhibiting the activation of the NLRP3 inflammasome in response
to diverse stimuli. CLANM,g0/gnLrp3 treatment improves insulin
sensitivity and reduces adipose inflammation of high-fat-diet
(HFD)-induced T2DM. CLANcaso/gnLrps Provides a new
treatment strategy for NLRP3-dependent inflammatory diseases.

5 Concluding remarks

T2DM, as the most common metabolic disease in the world, is
pathologically characterized by IR, which subsequently leads to
glucolipid metabolism disorder. T2DM is affected by lifestyle factors
such as age, pregnancy and obesity, and has a strong genetic
component (200). In recent years, the number of patients with
metabolic syndrome accompanied by IR is increasing. With the
deepening of research on T2DM, the concept of T2DM as a chronic
inflammatory disease has gradually been widely accepted (41, 201,
202). Although there are many influencing factors for IR, such as
abnormal glucolipid metabolism, hypoxia, and endoplasmic reticulum
stress, a common pathway is ultimately mediated by the inflammatory
response (203, 204).

The enhanced inflammatory trait of the adipose tissue during
obesity instigates the production of cytokines that contribute to the
development of IR (43). As an important part of the innate immune
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system, inflammasomes play an important role in IR-induced metabolic
diseases. With the serious imbalance of metabolic disorder, increase of
ROS and damage of mitochondria caused by chronic inflammation, the
activation of NLRP3 inflammasome is activated. A large number of
studies have shown that the activation of NRLP3 inflammasome affects
the interaction of glucose tolerance, insulin sensitivity and intestinal
microorganisms, leading to the occurrence and development of T2DM
(205-207). On the contrary, with the development of T2DM, multiple
organ dysfunctions occurs, leading to inflammation, further activating
the activation of NLRP3 inflammasome. In short, T2DM leads to
inflammasome activation or vice versa and there is a vicious circle. With
extensive research on the structure, assembly, activation, regulation, and
the mechanisms of action of inflammasomes, an in-depth and scientific
understanding of the relationship between inflammasomes and IR has
been obtained. NLRP3 inflammasome is an excellent target for IR and
T2DM treatment. Current strategies against NLRP3 inflammasome
mainly include anti-inflammatory biological agents against IL-1
signaling or blocking partial upstream and downstream signals of
NLRP3 inflammasome.

In addition, the treatment and intervention for T2DM mainly
rely on the maintenance of drugs to control blood glucose, which
cannot fundamentally reverse the process of T2DM. In fact, whether
it is based on insulin sensitization and the use of first-line treatment
drugs for T2DM, such as glitazones and metformin, or GLP-1
analogues and dipeptidyl peptidase inhibitors, which have been
approved and marketed by the FDA in recent years, there are
different degrees of toxic and side effects and blood sugar control
failure in clinical practice. Therefore, it is urgent to explore the
pathogenesis and intervention strategies of T2DM from a new
perspective. Although NLRP3 inflammasomes are closely related to
IR and T2DM, research on the treatment of T2DM targeting NLRP3
inflammasomes is still in its infancy. There are three promising
therapeutic agents for T2DM that target IL-1f and Caspase-1: (1) IL-
1 receptor antagonist Anakinra (208), (2) human anti-IL-18
monoclonal antibody Canakinumab (209), (3) Caspase-1 inhibitor
Pralnacasan. Anakinra and Canakinumab are currently in the Phase
II clinical trials and have not been officially widely used in clinical
practice. Clinical trials of Pralnacasan have been discontinued due to
its safety and tolerability (210). In addition, inhibitors of NLRP3, such
as MCC950 and CY09, have achieved good results in animal models,
but have not been applied to clinical trials.

Although the more detailed molecular mechanism of activation
of NLRP3 inflammasomes remains to be clarified until now, and the
research on the treatment of T2DM targeting NLRP3
inflammasomes is filled with a large number of unknown
challenges, we still believe that challenges are often accompanied

References

1. International Diabetes Federation. IDF diabetes atlas, 10th edn. Brussels,
Belgium: International Diabetes Federation, IDF (2021). Available at: https://
diabetesatlas.org.

2. Hill MA, Yang Y, Zhang L, Sun Z, Jia G, Parrish AR, et al. Insulin resistance,
cardiovascular stiffening and cardiovascular disease. Metabolism: Clin experimental
(2021) 119:154766. doi: 10.1016/j.metabol.2021.154766

Frontiers in Immunology

17

10.3389/fimmu.2023.1052756

by opportunities. Moreover, there are still many questions that
require further exploration, for example, in addition to the NLRP3
inflammasome, other inflammasomes have shown the specific
relations with IR and T2DM. Furthermore, different
inflammasomes exert different effects on IR in different tissues or
cells. Meanwhile, they can also become a therapeutic target.
Therefore, in the future, deeper and more comprehensive studies
on inflammasomes are needed to provide new methods for the
diagnosis and treatment of various IR-related metabolic diseases
and new ideas for the targeted design of new drugs or regimens.

Author contributions

SL was responsible for preparing the original draft; YL, ZQ, TZ
and ZF were responsible for providing the material and conducting
the investigation; LY and XW were responsible for
conceptualization and funding support. All authors contributed to
the article and approved the submitted version.

Funding

This work was supported by grants from the National Natural
Science Foundation (81500675, 82070895, and 81671226) of China,
Research and Innovation Support Program for Graduate Students
of Xinxiang Medical University (YJSCX202105Y), Open Project
Program of the Third Affiliated Hospital of Xinxiang Medical
University (No. KFKTYB202115) and Natural Science
Foundation of Henan Province.

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.

3. Guo S. Insulin signaling, resistance, and the metabolic syndrome: insights from
mouse models into disease mechanisms. | Endocrinol (2014) 220(2):T1-t23. doi:
10.1530/JOE-13-0327

4. Khalid M, Alkaabi J, Khan MAB, Adem A. Insulin signal transduction
perturbations in insulin resistance. Int J Mol Sci (2021) 22(16):8590. doi: 10.3390/
ijms22168590

frontiersin.org


https://diabetesatlas.org
https://diabetesatlas.org
https://doi.org/10.1016/j.metabol.2021.154766
https://doi.org/10.1530/JOE-13-0327
https://doi.org/10.3390/ijms22168590
https://doi.org/10.3390/ijms22168590
https://doi.org/10.3389/fimmu.2023.1052756
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lu et al.

5. Goedeke L, Perry RJ, Shulman GI. Emerging pharmacological targets for the
treatment of nonalcoholic fatty liver disease, insulin resistance, and type 2 diabetes.
Annu Rev Pharmacol toxicology (2019) 59:65-87. doi: 10.1146/annurev-pharmtox-
010716-104727

6. Ozbayer C, Kebapci MN, Kurt H, Colak E, Gunes HV, Degirmenci I. Potential
associations between variants of genes encoding regulators of inflammation, and
mediators of inflammation in type 2 diabetes and insulin resistance. J Clin Pharm
Ther (2021) 46(5):1395-403. doi: 10.1111/jcpt.13471

7. Olefsky JM, Glass CK. Macrophages, inflammation, and insulin resistance. Annu
Rev Physiol (2010) 72:219-46. doi: 10.1146/annurev-physiol-021909-135846

8. Mauer J, Chaurasia B, Goldau J, Vogt MC, Ruud J, Nguyen KD, et al. Signaling by
IL-6 promotes alternative activation of macrophages to limit endotoxemia and obesity-
associated resistance to insulin. Nat Immunol (2014) 15(5):423-30. doi: 10.1038/
ni.2865

9. Martinon F, Burns K, Tschopp J. The inflammasome: a molecular platform
triggering activation of inflammatory caspases and processing of prolL-beta. Mol Cell
(2002) 10(2):417-26. doi: 10.1016/S1097-2765(02)00599-3

10. Broz P. Recognition of intracellular bacteria by inflammasomes. Microbiol Spectr
(2019) 7(2):1-11. doi: 10.1128/microbiolspec.BAI-0003-2019

11. Ting JP, Lovering RC, Alnemri ES, Bertin J, Boss JM, Davis BK, et al. The NLR
gene family: a standard nomenclature. Immunity. (2008) 28(3):285-7. doi: 10.1016/
jimmuni.2008.02.005

12. Lamkanfi M, Dixit VM. Mechanisms and functions of inflammasomes. Cell.
(2014) 157(5):1013-22. doi: 10.1016/j.cell.2014.04.007

13. Burian M, Yazdi AS. NLRP1 is the key inflammasome in primary human
keratinocytes. J Invest Dermatol (2018) 138(12):2507-10. doi: 10.1016/j.jid.2018.08.004

14. Schroder K, Tschopp J. The inflammasomes. Cell. (2010) 140(6):821-32. doi:
10.1016/j.cell.2010.01.040

15. Boyden ED, Dietrich WF. Nalp1b controls mouse macrophage susceptibility to
anthrax lethal toxin. Nat Genet (2006) 38(2):240-4. doi: 10.1038/ng1724

16. Faustin B, Reed JC. Reconstituting the NLRP1 inflammasome in vitro. Methods
Mol Biol (Clifton NJ) (2013) 1040:137-52. doi: 10.1007/978-1-62703-523-1_11

17. Gorfu G, Cirelli KM, Melo MB, Mayer-Barber K, Crown D, Koller BH, et al.
Dual role for inflammasome sensors NLRP1 and NLRP3 in murine resistance to
toxoplasma gondii. mBio (2014) 5(1):e01117-13. doi: 10.1128/mBi0.01117-13

18. Lamkanfi M, Dixit VM. Inflammasomes and their roles in health and disease.
Annu Rev Cell Dev Biol (2012) 28:137-61. doi: 10.1146/annurev-cellbio-101011-155745

19. Fink SL, Bergsbaken T, Cookson BT. Anthrax lethal toxin and salmonella elicit
the common cell death pathway of caspase-1-dependent pyroptosis via distinct
mechanisms. Proc Natl Acad Sci United States America (2008) 105(11):4312-7.
doi: 10.1073/pnas.0707370105

20. Muehlbauer SM, Lima HJr., Goldman DL, Jacobson LS, Rivera J, Goldberg MF,
et al. Proteasome inhibitors prevent caspase-1-mediated disease in rodents challenged
with anthrax lethal toxin. Am ] pathology (2010) 177(2):735-43. doi: 10.2353/
ajpath.2010.090828

21. Robinson KS, Teo DET, Tan KS, Toh GA, Ong HH, Lim CK, et al. Enteroviral
3C protease activates the human NLRP1 inflammasome in airway epithelia. Sci (New
York NY) (2020) 370(6521):eaay2002. doi: 10.1126/science.aay2002

22. Bauernfried S, Scherr MJ, Pichlmair A, Duderstadt KE, Hornung V. Human
NLRP1 is a sensor for double-stranded RNA. Sci (New York NY) (2021) 371(6528):
eabd0811. doi: 10.1126/science.abd0811

23. Netea MG, Joosten LA. The NLRP1-IL18 connection: A stab in the back of
obesity-induced inflammation. Cell Metab (2016) 23(1):6-7. doi: 10.1016/
j.cmet.2015.12.014

24. Murphy AJ, Kraakman MJ, Kammoun HL, Dragoljevic D, Lee MK, Lawlor KE,
et al. IL-18 production from the NLRP1 inflammasome prevents obesity and metabolic
syndrome. Cell Metab (2016) 23(1):155-64. doi: 10.1016/j.cmet.2015.09.024

25. Costa FRC, Leite JA, Rassi DM, da Silva JF, Elias-Oliveira ], Guimaraes JB, et al.
NLRP1 acts as a negative regulator of Th17 cell programming in mice and humans with
autoimmune diabetes. Cell Rep (2021) 35(8):109176. doi: 10.1016/j.celrep.2021.109176

26. Soares JLS, Fernandes FP, Patente TA, Monteiro MB, Parisi MC, Giannella-Neto
D, et al. Gain-of-function variants in NLRP1 protect against the development of
diabetic kidney disease: NLRP1 inflammasome role in metabolic stress sensing? Clin
Immunol (Orlando Fla) (2018) 187:46-9. doi: 10.1016/j.clim.2017.10.003

27. Li Y, Liu C, Wan XS, Li SW. NLRP1 deficiency attenuates diabetic retinopathy
(DR) in mice through suppressing inflammation response. Biochem Biophys Res
Commun (2018) 501(2):351-7. doi: 10.1016/j.bbrc.2018.03.148

28. Liu Y, Tang ZZ, Zhang YM, Kong L, Xiao WF, Ma TF, et al. Thrombin/PAR-1
activation induces endothelial damages via NLRP1 inflammasome in gestational
diabetes. Biochem Pharmacol (2020) 175:113849. doi: 10.1016/j.bcp.2020.113849

29. Chen MY, Ye XJ, He XH, Ouyang DY. The signaling pathways regulating
NLRP3 inflammasome activation. Inflammation. (2021) 44(4):1229-45. doi: 10.1007/
510753-021-01439-6

30. Guarda G, Zenger M, Yazdi AS, Schroder K, Ferrero I, Menu P, et al. Differential
expression of NLRP3 among hematopoietic cells. J Immunol (2011) 186(4):2529-34.
doi: 10.4049/jimmunol.1002720

Frontiers in Immunology

10.3389/fimmu.2023.1052756

31. SongH, Zhao C,Yu Z,Li Q, Yan R, Qin Y, et al. UAF1 deubiquitinase complexes
facilitate NLRP3 inflammasome activation by promoting NLRP3 expression. Nat
Commun (2020) 11(1):6042. doi: 10.1038/s41467-020-19939-8

32. Swanson KV, Deng M, Ting JP. The NLRP3 inflammasome: molecular
activation and regulation to therapeutics. Nat Rev Immunol (2019) 19(8):477-89.
doi: 10.1038/s41577-019-0165-0

33. He Y, Hara H, Nufiez G. Mechanism and regulation of NLRP3 inflammasome
activation. Trends Biochem Sci (2016) 41(12):1012-21. doi: 10.1016/j.tibs.2016.09.002

34. Evavold CL, Ruan J, Tan Y, Xia S, Wu H, Kagan JC. The pore-forming protein
gasdermin d regulates interleukin-1 secretion from living macrophages. Immunity.
(2018) 48(1):35-44.¢6. doi: 10.1016/j.immuni.2017.11.013

35. Hooftman A, Angiari S, Hester S, Corcoran SE, Runtsch MC, Ling C, et al. The
immunomodulatory metabolite itaconate modifies NLRP3 and inhibits inflammasome
activation. Cell Metab (2020) 32(3):468-78.¢7. doi: 10.1016/j.cmet.2020.07.016

36. Baker PJ, Boucher D, Bierschenk D, Tebartz C, Whitney PG, D'Silva DB, et al.
NLRP3 inflammasome activation downstream of cytoplasmic LPS recognition by both
caspase-4 and caspase-5. Eur ] Immunol (2015) 45(10):2918-26. doi: 10.1002/
€ji.201545655

37. Rheinheimer J, de Souza BM, Cardoso NS, Bauer AC, Crispim D. Current role of
the NLRP3 inflammasome on obesity and insulin resistance: A systematic review.
Metabolism: Clin experimental (2017) 74:1-9. doi: 10.1016/j.metabol.2017.06.002

38. Wang X, Wang Y, Antony V, Sun H, Liang G. Metabolism-associated molecular
patterns (MAMPs). Trends Endocrinol metabolism: TEM (2020) 31(10):712-24. doi:
10.1016/j.tem.2020.07.001

39. Poznyak A, Grechko AV, Poggio P, Myasoedova VA, Alfieri V, Orekhov AN.
The diabetes mellitus-atherosclerosis connection: The role of lipid and glucose
metabolism and chronic inflammation. Int ] Mol Sci (2020) 21(5):1835. doi: 10.3390/
ijms21051835

40. Zhou R, Tardivel A, Thorens B, Choi I, Tschopp J. Thioredoxin-interacting
protein links oxidative stress to inflammasome activation. Nat Immunol (2010) 11
(2):136-40. doi: 10.1038/ni.1831

41. Vandanmagsar B, Youm YH, Ravussin A, Galgani JE, Stadler K, Mynatt RL,
et al. The NLRP3 inflammasome instigates obesity-induced inflammation and insulin
resistance. Nat Med (2011) 17(2):179-88. doi: 10.1038/nm.2279

42. Wen H, Gris D, Lei Y, Jha S, Zhang L, Huang MT, et al. Fatty acid-induced
NLRP3-ASC inflammasome activation interferes with insulin signaling. Nat Immunol
(2011) 12(5):408-15. doi: 10.1038/ni.2022

43. Stienstra R, van Diepen JA, Tack CJ, Zaki MH, van de Veerdonk FL, Perera D,
et al. Inflammasome is a central player in the induction of obesity and insulin
resistance. Proc Natl Acad Sci United States America (2011) 108(37):15324-9. doi:
10.1073/pnas.1100255108

44. Masters SL, Dunne A, Subramanian SL, Hull RL, Tannahill GM, Sharp FA, et al.
Activation of the NLRP3 inflaimmasome by islet amyloid polypeptide provides a
mechanism for enhanced IL-1P in type 2 diabetes. Nat Immunol (2010) 11(10):897-
904. doi: 10.1038/ni.1935

45. Liu Y, Wei Y, Wu L, Lin X, Sun R, Chen H, et al. Fructose induces insulin
resistance of gestational diabetes mellitus in mice via the NLRP3 inflammasome
pathway. Front Nutr (2022) 9:839174. doi: 10.3389/fnut.2022.839174

46. Youm YH, Adijiang A, Vandanmagsar B, Burk D, Ravussin A, Dixit VD.
Elimination of the NLRP3-ASC inflammasome protects against chronic obesity-
induced pancreatic damage. Endocrinology. (2011) 152(11):4039-45. doi: 10.1210/
en.2011-1326

47. Odegaard JI, Chawla A. Alternative macrophage activation and metabolism.
Annu Rev pathology (2011) 6:275-97. doi: 10.1146/annurev-pathol-011110-130138

48. Qi Y, Du X, Yao X, Zhao Y. Vildagliptin inhibits high free fatty acid (FFA)-
induced NLRP3 inflammasome activation in endothelial cells. Artif cells nanomed
Biotechnol (2019) 47(1):1067-74. doi: 10.1080/21691401.2019.1578783

49. Ding S, Xu S, Ma Y, Liu G, Jang H, Fang J. Modulatory mechanisms of the
NLRP3 inflammasomes in diabetes. Biomolecules. (2019) 9(12):850. doi: 10.3390/
biom9120850

50. Sun X, Pang H, LiJ, Luo S, Huang G , Li X, et al. The NLRP3 inflammasome
and its role in TIDM. Front Immunol (2020) 11:1595>. doi: 10.3389/fimmu.2020.01595

51. Poyet JL, Srinivasula SM, Tnani M, Razmara M, Fernandes-Alnemri T, Alnemri
ES. Identification of ipaf, a human caspase-1-activating protein related to apaf-1. J Biol
Chem (2001) 276(30):28309-13. doi: 10.1074/jbc.C100250200

52. Duncan JA, Canna SW. The NLRC4 inflammasome. Immunol Rev (2018) 281
(1):115-23. doi: 10.1111/imr.12607

53. Akhter A, Gavrilin MA, Frantz L, Washington S, Ditty C, Limoli D, et al.
Caspase-7 activation by the Nlrc4/Ipaf inflammasome restricts legionella pneumophila
infection. PloS Pathog (2009) 5(4):¢1000361. doi: 10.1371/journal.ppat.1000361

54. Sun YH, Rolan HG, Tsolis RM. Injection of flagellin into the host cell cytosol by
salmonella enterica serotype typhimurium. J Biol Chem (2007) 282(47):33897-901. doi:
10.1074/jbc.C700181200

55. Abderrazak A, Syrovets T, Couchie D, El Hadri K, Friguet B, Simmet T, et al. NLRP3
inflammasome: from a danger signal sensor to a regulatory node of oxidative stress and
inflammatory diseases. Redox Biol (2015) 4:296-307. doi: 10.1016/j.redox.2015.01.008

frontiersin.org


https://doi.org/10.1146/annurev-pharmtox-010716-104727
https://doi.org/10.1146/annurev-pharmtox-010716-104727
https://doi.org/10.1111/jcpt.13471
https://doi.org/10.1146/annurev-physiol-021909-135846
https://doi.org/10.1038/ni.2865
https://doi.org/10.1038/ni.2865
https://doi.org/10.1016/S1097-2765(02)00599-3
https://doi.org/10.1128/microbiolspec.BAI-0003-2019
https://doi.org/10.1016/j.immuni.2008.02.005
https://doi.org/10.1016/j.immuni.2008.02.005
https://doi.org/10.1016/j.cell.2014.04.007
https://doi.org/10.1016/j.jid.2018.08.004
https://doi.org/10.1016/j.cell.2010.01.040
https://doi.org/10.1038/ng1724
https://doi.org/10.1007/978-1-62703-523-1_11
https://doi.org/10.1128/mBio.01117-13
https://doi.org/10.1146/annurev-cellbio-101011-155745
https://doi.org/10.1073/pnas.0707370105
https://doi.org/10.2353/ajpath.2010.090828
https://doi.org/10.2353/ajpath.2010.090828
https://doi.org/10.1126/science.aay2002
https://doi.org/10.1126/science.abd0811
https://doi.org/10.1016/j.cmet.2015.12.014
https://doi.org/10.1016/j.cmet.2015.12.014
https://doi.org/10.1016/j.cmet.2015.09.024
https://doi.org/10.1016/j.celrep.2021.109176
https://doi.org/10.1016/j.clim.2017.10.003
https://doi.org/10.1016/j.bbrc.2018.03.148
https://doi.org/10.1016/j.bcp.2020.113849
https://doi.org/10.1007/s10753-021-01439-6
https://doi.org/10.1007/s10753-021-01439-6
https://doi.org/10.4049/jimmunol.1002720
https://doi.org/10.1038/s41467-020-19939-8
https://doi.org/10.1038/s41577-019-0165-0
https://doi.org/10.1016/j.tibs.2016.09.002
https://doi.org/10.1016/j.immuni.2017.11.013
https://doi.org/10.1016/j.cmet.2020.07.016
https://doi.org/10.1002/eji.201545655
https://doi.org/10.1002/eji.201545655
https://doi.org/10.1016/j.metabol.2017.06.002
https://doi.org/10.1016/j.tem.2020.07.001
https://doi.org/10.3390/ijms21051835
https://doi.org/10.3390/ijms21051835
https://doi.org/10.1038/ni.1831
https://doi.org/10.1038/nm.2279
https://doi.org/10.1038/ni.2022
https://doi.org/10.1073/pnas.1100255108
https://doi.org/10.1038/ni.1935
https://doi.org/10.3389/fnut.2022.839174
https://doi.org/10.1210/en.2011-1326
https://doi.org/10.1210/en.2011-1326
https://doi.org/10.1146/annurev-pathol-011110-130138
https://doi.org/10.1080/21691401.2019.1578783
https://doi.org/10.3390/biom9120850
https://doi.org/10.3390/biom9120850
https://doi.org/10.3389/fimmu.2020.01595
https://doi.org/10.1074/jbc.C100250200
https://doi.org/10.1111/imr.12607
https://doi.org/10.1371/journal.ppat.1000361
https://doi.org/10.1074/jbc.C700181200
https://doi.org/10.1016/j.redox.2015.01.008
https://doi.org/10.3389/fimmu.2023.1052756
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lu et al.

56. Wu J, Fernandes-Alnemri T, Alnemri ES. Involvement of the AIM2, NLRC4,
and NLRP3 inflammasomes in caspase-1 activation by listeria monocytogenes. J Clin
Immunol (2010) 30(5):693-702. doi: 10.1007/s10875-010-9425-2

57. Chen Y, Wang H, Shen J, Deng R, Yao X, Guo Q, et al. Gasdermin d drives the
nonexosomal secretion of galectin-3, an insulin signal antagonist. J Immunol (2019)
203(10):2712-23. doi: 10.4049/jimmunol.1900212

58. Yuan F, Kolb R, Pandey G, Li W, Sun L, Liu F, et al. Involvement of the NLRC4-
inflammasome in diabetic nephropathy. PloS One (2016) 11(10):e0164135. doi:
10.1371/journal.pone.0164135

59. LiY, Yu W, Xiong H, Yuan F. Circ_0000181 regulates miR-667-5p/NLRC4 axis
to promote pyroptosis progression in diabetic nephropathy. Sci Rep (2022) 12(1):11994.
doi: 10.1038/s41598-022-15607-7

60. Zhang P, Wang Q, Nie L, Zhu R, Zhou X, Zhao P, et al. Hyperglycemia-induced
inflamm-aging accelerates gingival senescence via NLRC4 phosphorylation. J Biol
Chem (2019) 294(49):18807-19. doi: 10.1074/jbc. RA119.010648

61. Xu L, Sun X, Xia Y, Luo S, Lin J, Xiao Y, et al. Polymorphisms of the NLRC4
gene are associated with the onset age, positive rate of GADA and 2-h postprandial c-
peptide in patients with type 1 diabetes. Diabetes Metab syndrome Obes Targets Ther
(2020) 13:811-8. doi: 10.2147/DMSO.S244882

62. Grenier JM, Wang L, Manji GA, Huang W], Al-Garawi A, Kelly R, et al.
Functional screening of five PYPAF family members identifies PYPAF5 as a novel
regulator of NF-kappaB and caspase-1. FEBS Lett (2002) 530(1-3):73-8. doi: 10.1016/
S0014-5793(02)03416-6

63. Meixenberger K, Pache F, Eitel J, Schmeck B, Hippenstiel S, Slevogt H, et al.
Listeria monocytogenes-infected human peripheral blood mononuclear cells produce
IL-1beta, depending on listeriolysin O and NLRP3. J Immunol (Baltimore Md 1950)
(2010) 184(2):922-30. doi: 10.4049/jimmunol.0901346

64. Li R, Zhu S. NLRP6 inflammasome. Mol aspects Med (2020) 76:100859. doi:
10.1016/j.mam.2020.100859

65. Shen C, Lu A, Xie WJ, Ruan J, Negro R, Egelman EH, et al. Molecular
mechanism for NLRP6 inflammasome assembly and activation. Proc Natl Acad Sci
United States America (2019) 116(6):2052-7. doi: 10.1073/pnas.1817221116

66. Zheng D, Kern L, Elinav E. The NLRP6 inflammasome. Immunology. (2021) 162
(3):281-9. doi: 10.1111/imm.13293

67. Ding J, Wang K, Liu W, She Y, Sun Q, Shi J, et al. Pore-forming activity and
structural autoinhibition of the gasdermin family. Nature. (2016) 535(7610):111-6. doi:
10.1038/nature18590

68. Ydens E, Demon D, Lornet G, De Winter V, Timmerman V, Lamkanfi M, et al.
Nlrp6 promotes recovery after peripheral nerve injury independently of
inflammasomes. ] Neuroinflamm (2015) 12:143. doi: 10.1186/s12974-015-0367-8

69. Levy M, Thaiss CA, Zeevi D, Dohnalova L, Zilberman-Schapira G, Mahdi JA,
et al. Microbiota-modulated metabolites shape the intestinal microenvironment by
regulating NLRP6 inflammasome signaling. Cell. (2015) 163(6):1428-43. doi: 10.1016/
j.cell.2015.10.048

70. Hara H, Seregin SS, Yang D, Fukase K, Chamaillard M, Alnemri ES, et al. The
NLRP6 inflammasome recognizes lipoteichoic acid and regulates gram-positive
pathogen infection. Cell. (2018) 175(6):1651-64.e14. doi: 10.1016/j.cell.2018.09.047

71. Lu WL, Zhang L, Song DZ, Yi XW, Xu WZ, Ye L, et al. NLRP6 suppresses the
inflammatory response of human periodontal ligament cells by inhibiting NF-xB and
ERK signal pathways. Int endodontic J (2019) 52(7):999-1009. doi: 10.1111/iej.13091

72. Mukherjee S, Kumar R, Tsakem Lenou E, Basrur V, Kontoyiannis DL,
Toakeimidis F, et al. Deubiquitination of NLRP6 inflammasome by cyld critically
regulates intestinal inflammation. Nat Immunol (2020) 21(6):626-35. doi: 10.1038/
$41590-020-0681-x

73. Sun Y, Zhang M, Chen CC, Gillilland M3rd, Sun X, El-Zaatari M, et al. Stress-
induced corticotropin-releasing hormone-mediated NLRP6 inflammasome inhibition
and transmissible enteritis in mice. Gastroenterology. (2013) 144(7):1478-87, 87.e1-8.
doi: 10.1053/j.gastro.2013.02.038

74. Yu LM, Zhao KJ, Wang SS, Wang X, Lu B. Corticotropin-releasing factor
induces inflammatory cytokines via the NLRP6-inflammatory cytokine axis in a
murine model of irritable bowel syndrome. J digestive diseases (2019) 20(3):143-51.
doi: 10.1111/1751-2980.12704

75. JiX, Li L, Lu P, Li X, Tian D, Liu M. NLRP6 exerts a protective role via NF-kB
with involvement of CCL20 in a mouse model of alcoholic hepatitis. Biochem Biophys
Res Commun (2020) 528(3):485-92. doi: 10.1016/j.bbrc.2020.05.171

76. Xu D, Wu X, Peng L, Chen T, Huang Q, Wang Y, et al. The critical role of
NLRP6 inflammasome in streptococcus pneumoniae infection in vitro and In vivo. Int |
Mol Sci (2021) 22(8):3876. doi: 10.3390/ijms22083876

77. Levy M, Shapiro H, Thaiss CA, Elinav E. NLRP6: A multifaceted innate immune
sensor. Trends Immunol (2017) 38(4):248-60. doi: 10.1016/j.it.2017.01.001

78. Kempster SL, Belteki G, Forhead AJ, Fowden AL, Catalano RD, Lam BY, et al.
Developmental control of the Nlrp6 inflammasome and a substrate, IL-18, in
mammalian intestine. Am ] Physiol Gastrointestinal liver Physiol (2011) 300(2):
G253-63. doi: 10.1152/ajpgi.00397.2010

79. Su CG, Wen X, Bailey ST, Jiang W, Rangwala SM, Keilbaugh SA, et al. A novel
therapy for colitis utilizing PPAR-gamma ligands to inhibit the epithelial inflammatory
response. J Clin Invest (1999) 104(4):383-9. doi: 10.1172/JCI7145

Frontiers in Immunology

10.3389/fimmu.2023.1052756

80. Kaul D, Anand PK, Khanna A. Functional genomics of PPAR-gamma in human
immunomodulatory cells. Mol Cell Biochem (2006) 290(1-2):211-5. doi: 10.1007/
s11010-006-9169-8

81. Anand PK, Malireddi RK, Lukens JR, Vogel P, Bertin ], Lamkanfi M, et al.
NLRP6 negatively regulates innate immunity and host defence against bacterial
pathogens. Nature. (2012) 488(7411):389-93. doi: 10.1038/nature11250

82. Anand PK, Kanneganti TD. NLRP6 in infection and inflammation. Microbes
infection (2013) 15(10-11):661-8. doi: 10.1016/j.micinf.2013.06.009

83. Huang C, Liu Q, Tang Q, Jing X, Wu T, Zhang J, et al. Hepatocyte-specific
deletion of Nlrp6 in mice exacerbates the development of non-alcoholic steatohepatitis.
Free Radical Biol Med (2021) 169:110-21. doi: 10.1016/j.freeradbiomed.2021.04.008

84. Festi D, Schiumerini R, Eusebi LH, Marasco G, Taddia M, Colecchia A. Gut
microbiota and metabolic syndrome. World ] gastroenterology (2014) 20(43):16079-94.
doi: 10.3748/wjg,v20.i43.16079

85. Neves AL, Coelho ], Couto L, Leite-Moreira A, Roncon-Albuquerque RJr.
Metabolic endotoxemia: a molecular link between obesity and cardiovascular risk. J
Mol endocrinol (2013) 51(2):R51-64. doi: 10.1530/JME-13-0079

86. Muller PA, Matheis F, Schneeberger M, Kerner Z, Jové V, Mucida D.
Microbiota-modulated CART(+) enteric neurons autonomously regulate blood
glucose. Sci (New York NY) (2020) 370(6514):314-21. doi: 10.1126/science.abd6176

87. Matheis F, Muller PA, Graves CL, Gabanyi I, Kerner ZJ, Costa-Borges D, et al.
Adrenergic signaling in muscularis macrophages limits infection-induced neuronal
loss. Cell. (2020) 180(1):64-78.16. doi: 10.1016/j.cell.2019.12.002

88. DeYoung KL, Ray ME, Su YA, Anzick SL, Johnstone RW, Trapani JA, et al.
Cloning a novel member of the human interferon-inducible gene family associated with
control of tumorigenicity in a model of human melanoma. Oncogene. (1997) 15
(4):453-7. doi: 10.1038/sj.0nc.1201206

89. Cridland JA, Curley EZ, Wykes MN, Schroder K, Sweet MJ, Roberts TL, et al.
The mammalian PYHIN gene family: phylogeny, evolution and expression. BMC
evolutionary Biol (2012) 12:140. doi: 10.1186/1471-2148-12-140

90. Liu T. Regulation of inflammasome by autophagy. Adv Exp Med Biol (2019)
1209:109-23. doi: 10.1007/978-981-15-0606-2_7

91. Man SM, Karki R, Kanneganti TD. AIM2 inflammasome in infection, cancer,
and autoimmunity: Role in DNA sensing, inflammation, and innate immunity. Eur |
Immunol (2016) 46(2):269-80. doi: 10.1002/¢ji.201545839

92. Kumari P, Russo AJ, Shivcharan S, Rathinam VA. AIM2 in health and disease:
Inflammasome and beyond. Immunol Rev (2020) 297(1):83-95. doi: 10.1111/imr.12903

93. Morrone SR, Matyszewski M, Yu X, Delannoy M, Egelman EH, Sohn J.
Assembly-driven activation of the AIM2 foreign-dsDNA sensor provides a
polymerization template for downstream ASC. Nat Commun (2015) 6:7827. doi:
10.1038/ncomms8827

94. Matyszewski M, Morrone SR, Sohn J. Digital signaling network drives the
assembly of the AIM2-ASC inflammasome. Proc Natl Acad Sci United States America
(2018) 115(9):E1963-€72. doi: 10.1073/pnas.1712860115

95. Sharma BR, Karki R, Kanneganti TD. Role of AIM2 inflammasome in
inflammatory diseases, cancer and infection. Eur J Immunol (2019) 49(11):1998-
2011. doi: 10.1002/¢ji.201848070

96. Paulin N, Viola JR, Maas SL, de Jong R, Fernandes-Alnemri T, Weber C, et al.
Double-strand DNA sensing Aim2 inflammasome regulates atherosclerotic plaque
vulnerability. Circulation. (2018) 138(3):321-3. doi: 10.1161/
CIRCULATIONAHA.117.033098

97. Komada T, Chung H, Lau A, Platnich JM, Beck PL, Benediktsson H, et al.
Macrophage uptake of necrotic cell DNA activates the AIM2 inflammasome to regulate
a proinflammatory phenotype in CKD. ] Am Soc Nephrol JASN (2018) 29(4):1165-81.
doi: 10.1681/ASN.2017080863

98. de Koning HD, Bergboer JG, van den Bogaard EH, van Vlijmen-Willems IM,
Rodijk-Olthuis D, Simon A, et al. Strong induction of AIM2 expression in human
epidermis in acute and chronic inflammatory skin conditions. Exp Dermatol (2012) 21
(12):961-4. doi: 10.1111/exd.12037

99. Lozano-Ruiz B, Bachiller V, Garcia-Martinez I, Zapater P, Gomez-Hurtado I,
Moratalla A, et al. Absent in melanoma 2 triggers a heightened inflammasome response
in ascitic fluid macrophages of patients with cirrhosis. J hepatol (2015) 62(1):64-71. doi:
10.1016/j.jhep.2014.08.027

100. Denes A, Coutts G, Lénart N, Cruickshank SM, Pelegrin P, Skinner J, et al.
AIM2 and NLRC4 inflammasomes contribute with ASC to acute brain injury
independently of NLRP3. Proc Natl Acad Sci United States America (2015) 112
(13):4050-5. doi: 10.1073/pnas.1419090112

101. Al-Kafaji G, Aljadaan A, Kamal A, Bakhiet M. Peripheral blood mitochondrial
DNA copy number as a novel potential biomarker for diabetic nephropathy in type 2
diabetes patients. Exp Ther Med (2018) 16(2):1483-92. doi: 10.3892/etm.2018.6319

102. Catafio Caiizales YG, Uresti Rivera EE, Garcia Jacobo RE, Portales Perez DP,
Yadira B, Rodriguez Rivera JG, et al. Increased levels of AIM2 and circulating
mitochondrial DNA in type 2 diabetes. Iranian | Immunol IJI (2018) 15(2):142-55.
doi: 10.22034/1j1.2018.39378

103. Bae JH, Jo SI, Kim SJ, Lee JM, Jeong JH, Kang JS, et al. Circulating cell-free
mtDNA contributes to AIM2 inflammasome-mediated chronic inflammation in
patients with type 2 diabetes. Cells (2019) 8(4):328. doi: 10.3390/cells8040328

frontiersin.org


https://doi.org/10.1007/s10875-010-9425-2
https://doi.org/10.4049/jimmunol.1900212
https://doi.org/10.1371/journal.pone.0164135
https://doi.org/10.1038/s41598-022-15607-7
https://doi.org/10.1074/jbc.RA119.010648
https://doi.org/10.2147/DMSO.S244882
https://doi.org/10.1016/S0014-5793(02)03416-6
https://doi.org/10.1016/S0014-5793(02)03416-6
https://doi.org/10.4049/jimmunol.0901346
https://doi.org/10.1016/j.mam.2020.100859
https://doi.org/10.1073/pnas.1817221116
https://doi.org/10.1111/imm.13293
https://doi.org/10.1038/nature18590
https://doi.org/10.1186/s12974-015-0367-8
https://doi.org/10.1016/j.cell.2015.10.048
https://doi.org/10.1016/j.cell.2015.10.048
https://doi.org/10.1016/j.cell.2018.09.047
https://doi.org/10.1111/iej.13091
https://doi.org/10.1038/s41590-020-0681-x
https://doi.org/10.1038/s41590-020-0681-x
https://doi.org/10.1053/j.gastro.2013.02.038
https://doi.org/10.1111/1751-2980.12704
https://doi.org/10.1016/j.bbrc.2020.05.171
https://doi.org/10.3390/ijms22083876
https://doi.org/10.1016/j.it.2017.01.001
https://doi.org/10.1152/ajpgi.00397.2010
https://doi.org/10.1172/JCI7145
https://doi.org/10.1007/s11010-006-9169-8
https://doi.org/10.1007/s11010-006-9169-8
https://doi.org/10.1038/nature11250
https://doi.org/10.1016/j.micinf.2013.06.009
https://doi.org/10.1016/j.freeradbiomed.2021.04.008
https://doi.org/10.3748/wjg.v20.i43.16079
https://doi.org/10.1530/JME-13-0079
https://doi.org/10.1126/science.abd6176
https://doi.org/10.1016/j.cell.2019.12.002
https://doi.org/10.1038/sj.onc.1201206
https://doi.org/10.1186/1471-2148-12-140
https://doi.org/10.1007/978-981-15-0606-2_7
https://doi.org/10.1002/eji.201545839
https://doi.org/10.1111/imr.12903
https://doi.org/10.1038/ncomms8827
https://doi.org/10.1073/pnas.1712860115
https://doi.org/10.1002/eji.201848070
https://doi.org/10.1161/CIRCULATIONAHA.117.033098
https://doi.org/10.1161/CIRCULATIONAHA.117.033098
https://doi.org/10.1681/ASN.2017080863
https://doi.org/10.1111/exd.12037
https://doi.org/10.1016/j.jhep.2014.08.027
https://doi.org/10.1073/pnas.1419090112
https://doi.org/10.3892/etm.2018.6319
https://doi.org/10.22034/iji.2018.39378
https://doi.org/10.3390/cells8040328
https://doi.org/10.3389/fimmu.2023.1052756
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lu et al.

104. Wang X, Pan J, Liu H, Zhang M, Liu D, Lu L, et al. AIM2 gene silencing
attenuates diabetic cardiomyopathy in type 2 diabetic rat model. Life Sci (2019)
221:249-58. doi: 10.1016/j.1fs.2019.02.035

105. Nie L, Zhao P, Yue Z, Zhang P, Ji N, Chen Q, et al. Diabetes induces
macrophage dysfunction through cytoplasmic dsDNA/AIM?2 associated pyroptosis. ]
Leukoc Biol (2021) 110(3):497-510. doi: 10.1002/JLB.3MA0321-745R

106. Gong Z, Zhang X, Su K, Jiang R, Sun Z, Chen W, et al. Deficiency in AIM2
induces inflammation and adipogenesis in white adipose tissue leading to obesity and
insulin resistance. Diabetologia. (2019) 62(12):2325-39. doi: 10.1007/s00125-019-
04983-x

107. Leite JA, Pessenda G, Guerra-Gomes IC, de Santana AKM, Andre Pereira C,
Ribeiro Campos Costa F, et al. The DNA sensor AIM2 protects against streptozotocin-
induced type 1 diabetes by regulating intestinal homeostasis via the IL-18 pathway.
Cells (2020) 9(4):959. doi: 10.3390/cells9040959

108. Laudisi F, Spreafico R, Evrard M, Hughes TR, Mandriani B, Kandasamy M,
et al. Cutting edge: the NLRP3 inflammasome links complement-mediated
inflammation and IL-1pB release. J Immunol (2013) 191(3):1006-10. doi: 10.4049/
jimmunol.1300489

109. Triantafilou M, Hughes TR, Morgan BP, Triantafilou K. Complementing the
inflammasome. Immunology. (2016) 147(2):152-64. doi: 10.1111/imm.12556

110. Kohl J. The role of complement in danger sensing and transmission.
Immunologic Res (2006) 34(2):157-76. doi: 10.1385/IR:34:2:157

111. Zhang X, Kimura Y, Fang C, Zhou L, Sfyroera G, Lambris JD, et al. Regulation
of toll-like receptor-mediated inflammatory response by complement in vivo. Blood
(2007) 110(1):228-36. doi: 10.1182/blood-2006-12-063636

112. Haeffner-Cavaillon N, Cavaillon JM, Laude M, Kazatchkine MD. C3a
(C3adesArg) induces production and release of interleukin 1 by cultured human
monocytes. ] Immunol (1987) 139(3):794-9. doi: 10.4049/jimmunol.139.3.794

113. Asgari E, Le Friec G, Yamamoto H, Perucha E, Sacks SS, Kohl J, et al. C3a
modulates IL-1B secretion in human monocytes by regulating ATP efflux and
subsequent NLRP3 inflammasome activation. Blood. (2013) 122(20):3473-81. doi:
10.1182/blood-2013-05-502229

114. Mariathasan S, Weiss DS, Newton K, McBride ], O'Rourke K, Roose-Girma M,
et al. Cryopyrin activates the inflammasome in response to toxins and ATP. Nature.
(2006) 440(7081):228-32. doi: 10.1038/nature04515

115. Samstad EO, Niyonzima N, Nymo S, Aune MH, Ryan L, Bakke SS, et al.
Cholesterol crystals induce complement-dependent inflammasome activation and
cytokine release. ] Immunol (2014) 192(6):2837-45. doi: 10.4049/jimmunol.1302484

116. Kolev M, Dimeloe S, Le Friec G, Navarini A, Arbore G, Povoleri GA, et al.
Complement regulates nutrient influx and metabolic reprogramming during Th1 cell
responses. Immunity. (2015) 42(6):1033-47. doi: 10.1016/j.immuni.2015.05.024

117. Arbore G, West EE, Spolski R, Robertson AAB, Klos A, Rheinheimer C, et al. T
Helper 1 immunity requires complement-driven NLRP3 inflammasome activity in
CD4" T cells. Sci (New York NY) (2016) 352(6292):aad1210. doi: 10.1126/
science.aad1210

118. Fattahi F, Grailer JJ, Parlett M, Lu H, Malan EA, Abe E, et al. Requirement of
complement C6 for intact innate immune responses in mice. J Immunol (2020) 205
(1):251-60. doi: 10.4049/jimmunol.1900801

119. Yu S, Wang D, Huang L, Zhang Y, Luo R, Adah D, et al. The complement
receptor C5aR2 promotes protein kinase r expression and contributes to NLRP3
inflammasome activation and HMGBI release from macrophages. J Biol Chem (2019)
294(21):8384-94. doi: 10.1074/jbc. RA118.006508

120. Helmy KY, Katschke KJJr., Gorgani NN, Kljavin NM, Elliott JM, Diehl L, et al.
CRIg: a macrophage complement receptor required for phagocytosis of circulating
pathogens. Cell. (2006) 124(5):915-27. doi: 10.1016/j.cell.2005.12.039

121. Vogt L, Schmitz N, Kurrer MO, Bauer M, Hinton HI, Behnke S, et al. VSIG4, a
B7 family-related protein, is a negative regulator of T cell activation. J Clin Invest (2006)
116(10):2817-26. doi: 10.1172/JCI25673

122. Huang X, Feng Z, Jiang Y, Li J, Xiang Q, Guo S, et al. VSIG4 mediates
transcriptional inhibition of Nlrp3 and il-1B in macrophages. Sci Adv (2019) 5(1):
eaau7426. doi: 10.1126/sciadv.aau7426

123. Jiao ZY, Wu ], Liu C, Wen B, Zhao WZ, Du XL. Nicotinic 0.7 receptor inhibits
the acylation stimulating protein—induced production of monocyte chemoattractant
protein—1 and keratinocyte—derived chemokine in adipocytes by modulating the p38
kinase and nuclear factor—«B signaling pathways. Mol Med Rep (2016) 14(4):2959-66.
doi: 10.3892/mmr.2016.5630

124. Lim J, Iyer A, Suen JY, Seow V, Reid RC, Brown L, et al. C5aR and C3aR
antagonists each inhibit diet-induced obesity, metabolic dysfunction, and adipocyte
and macrophage signaling. FASEB ] Off Publ Fed Am Societies Exp Biol (2013) 27
(2):822-31. doi: 10.1096/1j.12-220582

125. Guo H, Callaway JB, Ting JP. Inflammasomes: mechanism of action, role in
disease, and therapeutics. Nat Med (2015) 21(7):677-87. doi: 10.1038/nm.3893

126. Liu H, Xu R, Kong Q, Liu J, Yu Z, Zhao C. Downregulated NLRP3 and NLRP1
inflammasomes signaling pathways in the development and progression of type 1
diabetes mellitus. BioMed Pharmacother (2017) 94:619-26. doi: 10.1016/
j-biopha.2017.07.102

Frontiers in Immunology

10.3389/fimmu.2023.1052756

127. Aghelan Z, Karima S, Khazaie H, Abtahi SH, Farokhi AR, Rostampour M, et al.
Interleukin-1ot and tumor necrosis factor o as an inducer for reactive-oxygen-species-
mediated NOD-like receptor protein 1/NOD-like receptor protein 3 inflammasome
activation in mononuclear blood cells from individuals with chronic insomnia disorder.
Eur J neurology (2022) 29(12):3647-57. doi: 10.1111/ene.15540

128. Chen H, Deng Y, Gan X, Li Y, Huang W, Lu L, et al. NLRP12 collaborates with
NLRP3 and NLRC4 to promote pyroptosis inducing ganglion cell death of acute
glaucoma. Mol neurodegeneration (2020) 15(1):26. doi: 10.1186/s13024-019-0354-0

129. Junqueira C, Crespo A, Ranjbar S, de Lacerda LB, Lewandrowski M, Ingber J,
et al. FcyR-mediated SARS-CoV-2 infection of monocytes activates inflammation.
Nature. (2022) 606(7914):576-84. doi: 10.1038/s41586-022-04702-4

130. Wang P, Zhu S, Yang L, Cui S, Pan W, Jackson R, et al. Nlrp6 regulates
intestinal antiviral innate immunity. Sci (New York NY) (2015) 350(6262):826-30. doi:
10.1126/science.aab3145

131. Zhu S, Ding S, Wang P, Wei Z, Pan W, Palm NW, et al. Nlrp9b inflammasome
restricts rotavirus infection in intestinal epithelial cells. Nature. (2017) 546(7660):667—
70. doi: 10.1038/nature22967

132. LiM, Chen Y, Shi ], Ju W, Qi K, Fu C, et al. NLRP6 deficiency aggravates liver
injury after allogeneic hematopoietic stem cell transplantation. Int Immunopharmacol
(2019) 74:105740. doi: 10.1016/j.intimp.2019.105740

133. Guo Z, Wang Y, Wang L, Li Q, Yuan X, Hua X. NLRP3 and NLRP6 expression
in pterygium and normal conjunctiva and their relationship with pterygium formation
and recurrence. Eur J Ophthalmol (2022) 32(5):3058-63. doi: 10.1177/
11206721221074200

134. Souza COS, Ketelut-Carneiro N, Milanezi CM, Faccioli LH, Gardinassi LG,
Silva JS. NLRC4 inhibits NLRP3 inflammasome and abrogates effective antifungal CD8
(+) T cell responses. iScience. (2021) 24(6):102548. doi: 10.1016/j.is¢i.2021.102548

135. Tourlomousis P, Wright JA, Bittante AS, Hopkins L], Webster SJ, Bryant OJ,
et al. Modifying bacterial flagellin to evade nod-like receptor CARD 4 recognition
enhances protective immunity against salmonella. Nat Microbiol (2020) 5(12):1588-97.
doi: 10.1038/541564-020-00801-y

136. Prochnicki T, Mangan MS, Latz E. Recent insights into the molecular
mechanisms of the NLRP3 inflammasome activation. F1000Research. (2016) 5:F1000
Faculty Rev-1469. doi: 10.12688/f1000research.8614.1

137. Hafner-Bratkovic I, Pelegrin P. Ion homeostasis and ion channels in NLRP3
inflammasome activation and regulation. Curr Opin Immunol (2018) 52:8-17. doi:
10.1016/.c0i.2018.03.010

138. Tapia-Abellan A, Angosto-Bazarra D, Alarcon-Vila C, Bafios MC, Hafner-
Bratkovic I, Oliva B, et al. Sensing low intracellular potassium by NLRP3 results in a
stable open structure that promotes inflammasome activation. Sci Adv (2021) 7(38):
eabf4468. doi: 10.1126/sciadv.abf4468

139. Lee HM, Kim JJ, Kim HJ, Shong M, Ku BJ, Jo EK. Upregulated NLRP3
inflammasome activation in patients with type 2 diabetes. Diabetes. (2013) 62(1):194—
204. doi: 10.2337/db12-0420

140. Rai RC, Bagul PK, Banerjee SK. NLRP3 inflammasome drives inflammation in
high fructose fed diabetic rat liver: Effect of resveratrol and metformin. Life Sci (2020)
253:117727. doi: 10.1016/j.1£5.2020.117727

141. Chen H, Tran D, Yang HC, Nylander S, Birnbaum Y, Ye Y. Dapagliflozin and
ticagrelor have additive effects on the attenuation of the activation of the NLRP3
inflammasome and the progression of diabetic cardiomyopathy: an AMPK-mTOR
interplay. Cardiovasc Drugs Ther (2020) 34(4):443-61. doi: 10.1007/s10557-020-06978-y

142. Kim SR, Lee SG, Kim SH, Kim JH, Choi E, Cho W, et al. SGLT2 inhibition
modulates NLRP3 inflammasome activity via ketones and insulin in diabetes with
cardiovascular disease. Nat Commun (2020) 11(1):2127. doi: 10.1038/s41467-020-
15983-6

143. Wang Y, Yu B, Wang L, Yang M, Xia Z, Wei W, et al. Pioglitazone ameliorates
glomerular NLRP3 inflammasome activation in apolipoprotein e knockout mice with
diabetes mellitus. PloS One (2017) 12(7):e0181248. doi: 10.1371/journal.pone.0181248

144. Li XX, Ling SK, Hu MY, Ma Y, Li Y, Huang PL. Protective effects of acarbose
against vascular endothelial dysfunction through inhibiting Nox4/NLRP3
inflammasome pathway in diabetic rats. Free Radical Biol Med (2019) 145:175-86.
doi: 10.1016/j.freeradbiomed.2019.09.015

145. Zhu W, Feng PP, He K, Li SW, Gong JP. Liraglutide protects non-alcoholic
fatty liver disease via inhibiting NLRP3 inflammasome activation in a mouse model
induced by high-fat diet. Biochem Biophys Res Commun (2018) 505(2):523-9. doi:
10.1016/j.bbrc.2018.09.134

146. Birnbaum Y, Bajaj M, Qian ], Ye Y. Dipeptidyl peptidase-4 inhibition by
saxagliptin prevents inflammation and renal injury by targeting the Nlrp3/ASC

inflammasome. BMJ] Open Diabetes Res Care (2016) 4(1):e000227. doi: 10.1136/
bmjdrc-2016-000227

147. CaiJ, Lu S, Yao Z, Deng YP, Zhang LD, Yu JW, et al. Glibenclamide attenuates
myocardial injury by lipopolysaccharides in streptozotocin-induced diabetic mice.
Cardiovasc diabetology. (2014) 13:106. doi: 10.1186/512933-014-0106-y

148. Dwivedi DK, Jena GB. NLRP3 inhibitor glibenclamide attenuates high-fat diet
and streptozotocin-induced non-alcoholic fatty liver disease in rat: studies on oxidative
stress, inflammation, DNA damage and insulin signalling pathway. Naunyn-

frontiersin.org


https://doi.org/10.1016/j.lfs.2019.02.035
https://doi.org/10.1002/JLB.3MA0321-745R
https://doi.org/10.1007/s00125-019-04983-x
https://doi.org/10.1007/s00125-019-04983-x
https://doi.org/10.3390/cells9040959
https://doi.org/10.4049/jimmunol.1300489
https://doi.org/10.4049/jimmunol.1300489
https://doi.org/10.1111/imm.12556
https://doi.org/10.1385/IR:34:2:157
https://doi.org/10.1182/blood-2006-12-063636
https://doi.org/10.4049/jimmunol.139.3.794
https://doi.org/10.1182/blood-2013-05-502229
https://doi.org/10.1038/nature04515
https://doi.org/10.4049/jimmunol.1302484
https://doi.org/10.1016/j.immuni.2015.05.024
https://doi.org/10.1126/science.aad1210
https://doi.org/10.1126/science.aad1210
https://doi.org/10.4049/jimmunol.1900801
https://doi.org/10.1074/jbc.RA118.006508
https://doi.org/10.1016/j.cell.2005.12.039
https://doi.org/10.1172/JCI25673
https://doi.org/10.1126/sciadv.aau7426
https://doi.org/10.3892/mmr.2016.5630
https://doi.org/10.1096/fj.12-220582
https://doi.org/10.1038/nm.3893
https://doi.org/10.1016/j.biopha.2017.07.102
https://doi.org/10.1016/j.biopha.2017.07.102
https://doi.org/10.1111/ene.15540
https://doi.org/10.1186/s13024-019-0354-0
https://doi.org/10.1038/s41586-022-04702-4
https://doi.org/10.1126/science.aab3145
https://doi.org/10.1038/nature22967
https://doi.org/10.1016/j.intimp.2019.105740
https://doi.org/10.1177/11206721221074200
https://doi.org/10.1177/11206721221074200
https://doi.org/10.1016/j.isci.2021.102548
https://doi.org/10.1038/s41564-020-00801-y
https://doi.org/10.12688/f1000research.8614.1
https://doi.org/10.1016/j.coi.2018.03.010
https://doi.org/10.1126/sciadv.abf4468
https://doi.org/10.2337/db12-0420
https://doi.org/10.1016/j.lfs.2020.117727
https://doi.org/10.1007/s10557-020-06978-y
https://doi.org/10.1038/s41467-020-15983-6
https://doi.org/10.1038/s41467-020-15983-6
https://doi.org/10.1371/journal.pone.0181248
https://doi.org/10.1016/j.freeradbiomed.2019.09.015
https://doi.org/10.1016/j.bbrc.2018.09.134
https://doi.org/10.1136/bmjdrc-2016-000227
https://doi.org/10.1136/bmjdrc-2016-000227
https://doi.org/10.1186/s12933-014-0106-y
https://doi.org/10.3389/fimmu.2023.1052756
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lu et al.

Schmiedeberg's Arch Pharmacol (2020) 393(4):705-16. doi: 10.1007/s00210-019-01773-
5

149. Eissa LD, Ghobashy WA, El-Azab MF. Inhibition of thioredoxin-interacting
protein and inflammasome assembly using verapamil mitigates diabetic retinopathy
and pancreatic injury. Eur J Pharmacol (2021) 901:174061. doi: 10.1016/
j.ejphar.2021.174061

150. Xu L, Lin X, Guan M, Zeng Y, Liu Y. Verapamil attenuated prediabetic
neuropathy in high-fat diet-fed mice through inhibiting TXNIP-mediated apoptosis
and inflammation. Oxid Med Cell longevity (2019) 2019:1896041. doi: 10.1155/2019/
1896041

151. Liu Q, Zhang F, Zhang X, Cheng R, Ma JX, Yi J, et al. Fenofibrate ameliorates
diabetic retinopathy by modulating Nrf2 signaling and NLRP3 inflammasome
activation. Mol Cell Biochem (2018) 445(1-2):105-15. doi: 10.1007/s11010-017-3256-x

152. LuL, Lu Q, Chen W, Li]J, Li C, Zheng Z. Vitamin D(3) protects against diabetic
retinopathy by inhibiting high-Glucose-Induced activation of the ROS/TXNIP/NLRP3
inflammasome pathway. J Diabetes Res (2018) 2018:8193523. doi: 10.1155/2018/
8193523

153. Wu M, Lu L, Guo K, Lu J, Chen H. Vitamin d protects against high glucose-
induced pancreatic B-cell dysfunction via AMPK-NLRP3 inflammasome pathway. Mol
Cell Endocrinol (2022) 547:111596. doi: 10.1016/j.mce.2022.111596

154. Kim Y, Wang W, Okla M, Kang I, Moreau R, Chung S. Suppression of NLRP3
inflammasome by ?-tocotrienol ameliorates type 2 diabetes. J Lipid Res (2016) 57
(1):66-76. doi: 10.1194/j1r.M062828

155. Li N, Zhao T, Cao Y, Zhang H, Peng L, Wang Y, et al. Tangshen formula
attenuates diabetic kidney injury by imparting anti-pyroptotic effects via the TXNIP-
NLRP3-GSDMD axis. Front Pharmacol (2020) 11:623489. doi: 10.3389/
fphar.2020.623489

156. Chinta PK, Tambe S, Umrani D, Pal AK, Nandave M. Effect of parthenolide, an
NLRP3 inflammasome inhibitor, on insulin resistance in high-fat diet-obese mice. Can
] Physiol Pharmacol (2022) 100(3):272-81. doi: 10.1139/cjpp-2021-0116

157. Zhang Y, Gao Z, Gao X, Yuan Z, Ma T, Li G, et al. Tilianin protects diabetic
retina through the modulation of Nrf2/TXNIP/NLRP3 inflaimmasome pathways. ]
Environ pathology Toxicol Oncol Off Organ Int Soc Environ Toxicol Canc (2020) 39
(1):89-99. doi: 10.1615/JEnvironPathol ToxicolOncol.2020032544

158. Yang SJ, Lim Y. Resveratrol ameliorates hepatic metaflammation and inhibits
NLRP3 inflammasome activation. Metabolism: Clin experimental (2014) 63(5):693—
701. doi: 10.1016/j.metabol.2014.02.003

159. Ma Z, Zhu L, Wang S, Guo X, Sun B, Wang Q, et al. Berberine protects diabetic
nephropathy by suppressing epithelial-to-mesenchymal transition involving the
inactivation of the NLRP3 inflammasome. Renal failure (2022) 44(1):923-32. doi:
10.1080/0886022X.2022.2079525

160. Wang B, Yao J, Yao X, Lao J, Liu D, Chen C, et al. [Swertiamarin alleviates
diabetic peripheral neuropathy in rats by suppressing NOXS/ ROS/NLRP3 signal
pathway]. Nan Fang Yi Ke Da Xue Xue Bao (2021) 41(6):937-41. doi: 10.12122/
j.issn.1673-4254.2021.06.18

161. Zheng T, Wang Q, Bian F, Zhao Y, Ma W, Zhang Y, et al. Salidroside
alleviates diabetic neuropathic pain through regulation of the AMPK-NLRP3
inflammasome axis. Toxicol Appl Pharmacol (2021) 416:115468. doi: 10.1016/
j.taap.2021.115468

162. Zheng T, Yang X, Li W, Wang Q, Chen L, Wu D, et al. Salidroside attenuates
high-fat diet-induced nonalcoholic fatty liver disease via AMPK-dependent TXNIP/
NLRP3 pathway. Oxid Med Cell longevity (2018) 2018:8597897. doi: 10.1155/2018/
8597897

163. Zhu Y, Zhu C, Yang H, Deng J, Fan D. Protective effect of ginsenoside Rg5
against kidney injury via inhibition of NLRP3 inflammasome activation and the MAPK
signaling pathway in high-fat diet/streptozotocin-induced diabetic mice. Pharmacol Res
(2020) 155:104746. doi: 10.1016/j.phrs.2020.104746

164. Liu M, Chen H, Wei L, Hu D, Dong K, Jia W, et al. Endoplasmic reticulum
(ER) localization is critical for DsbA-1 protein to suppress ER stress and adiponectin
down-regulation in adipocytes. J Biol Chem (2015) 290(16):10143-8. doi: 10.1074/
jbc.M115.645416

165. Yang M, Luo S, Jiang N, Wang X, Han Y , Zhao H, et al. DsbA-] ameliorates
renal injury through the AMPK/NLRP3 inflammasome signaling pathway in diabetic
nephropathy. Front Physiol (2021) 12:659751. doi: 10.3389/fphys.2021.659751

166. He M, Chiang HH, Luo H, Zheng Z, Qiao Q, Wang L, et al. An acetylation
switch of the NLRP3 inflammasome regulates aging-associated chronic inflammation
and insulin resistance. Cell Metab (2020) 31(3):580-91.e5. doi: 10.1016/
j.cmet.2020.01.009

167. Li X, Zhang X, Xia ], Zhang L, Chen B, Lian G, et al. Macrophage HIF-20u
suppresses NLRP3 inflammasome activation and alleviates insulin resistance. Cell Rep
(2021) 36(8):109607. doi: 10.1016/j.celrep.2021.109607

168. Peng M, Liu Y, Xu Y, Li L, Li Y, Yang H. Cathelicidin-WA ameliorates diabetic
cardiomyopathy by inhibiting the NLRP3 inflammasome. Cell Cycle (Georgetown Tex)
(2021) 20(21):2278-90. doi: 10.1080/15384101.2021.1981631

169. Coll RC, Hill JR, Day CJ, Zamoshnikova A, Boucher D, Massey NL, et al.
MCC950 directly targets the NLRP3 ATP-hydrolysis motif for inflammasome
inhibition. Nat Chem Biol (2019) 15(6):556-9. doi: 10.1038/s41589-019-0277-7

Frontiers in Immunology

21

10.3389/fimmu.2023.1052756

170. Jiang H, He H, Chen Y, Huang W, Cheng J, Ye J, et al. Identification of a
selective and direct NLRP3 inhibitor to treat inflammatory disorders. ] Exp Med (2017)
214(11):3219-38. doi: 10.1084/jem.20171419

171. Huang Y, Jiang H, Chen Y, Wang X, Yang Y, Tao J, et al. Tranilast directly
targets NLRP3 to treat inflammasome-driven diseases. EMBO Mol Med (2018) 10(4):
€8689. doi: 10.15252/emmm.201708689

172. Cao J, Peng Q. NLRP3 inhibitor tranilast attenuates gestational diabetes
mellitus in a genetic mouse model. Drugs Re+D (2022) 22(1):105-12. doi: 10.1007/
540268-022-00382-7

173. Wang F, Liu Y, Yuan J, Yang W, Mo Z. Compound ¢ protects mice from HFD-
induced obesity and nonalcoholic fatty liver disease. Int ] endocrinol (2019)
2019:3206587. doi: 10.1155/2019/3206587

174. YuL,Hong W, LuS,LiY,GuanY , WengX, et al. The NLRP3 inflammasome
in non-alcoholic fatty liver disease and steatohepatitis: Therapeutic targets and
treatment. Front Pharmacol (2022) 13:780496. doi: 10.3389/fphar.2022.780496

175. Polasek TM, Doogue MP, Thynne TR]. Metformin treatment of type 2 diabetes
mellitus in pregnancy: update on safety and efficacy. Ther Adv Drug safety (2018) 9
(6):287-95. doi: 10.1177/2042098618769831

176. Cosentino F, Grant PJ, Aboyans V, Bailey CJ, Ceriello A, Delgado V, et al. 2019
ESC Guidelines on diabetes, pre-diabetes, and cardiovascular diseases developed in
collaboration with the EASD. Eur Heart ] (2020) 41(2):255-323. doi: 10.1093/eurheartj/
ehz486

177. Lin YC, Chen YC, Hsiao HP, Kuo CH, Chen BH, Chen YT, et al. The effects of
acarbose on chemokine and cytokine production in human monocytic THP-1 cells.
Hormones (Athens Greece) (2019) 18(2):179-87. doi: 10.1007/s42000-019-00101-z

178. Yang Y, Fang H, Xu G, Zhen Y, Zhang Y, Tian J, et al. Liraglutide improves
cognitive impairment via the AMPK and PI3K/Akt signaling pathways in type 2
diabetic rats. Mol Med Rep (2018) 18(2):2449-57. doi: 10.3892/mmr.2018.9180

179. Abbas NAT, El Salem A. Metformin, sitagliptin, and liraglutide modulate
serum retinol-binding protein-4 level and adipocytokine production in type 2 diabetes
mellitus rat model. Can J Physiol Pharmacol (2018) 96(12):1226-31. doi: 10.1139/cjpp-
2017-0650

180. Patel V, Joharapurkar A, Kshirsagar S, Patel M, Sutariya B, Patel H, et al.
Coagonist of glucagon-like peptide-1 and glucagon receptors ameliorates nonalcoholic
fatty liver disease. Can ] Physiol Pharmacol (2018) 96(6):587-96. doi: 10.1139/cjpp-
2017-0683

181. Park HW, Lee JH. Calcium channel blockers as potential therapeutics for
obesity-associated autophagy defects and fatty liver pathologies. Autophagy. (2014) 10
(12):2385-6. doi: 10.4161/15548627.2014.984268

182. Noonan JE, Jenkins AJ, Ma JX, Keech AC, Wang JJ, Lamoureux EL. An update
on the molecular actions of fenofibrate and its clinical effects on diabetic retinopathy
and other microvascular end points in patients with diabetes. Diabetes. (2013) 62
(12):3968-75. doi: 10.2337/db13-0800

183. Jiang Q. Natural forms of vitamin e: metabolism, antioxidant, and anti-
inflammatory activities and their role in disease prevention and therapy. Free Radical
Biol Med (2014) 72:76-90. doi: 10.1016/j.freeradbiomed.2014.03.035

184. Nakshatri H, Appaiah HN, Anjanappa M, Gilley D, Tanaka H, Badve S, et al.
NF-kB-dependent and -independent epigenetic modulation using the novel anti-
cancer agent DMAPT. Cell Death disease (2015) 6(1):e1608. doi: 10.1038/
cddis.2014.569

185. Brasnyo P, Molnar GA, Mohas M, Marko L, Laczy B, Cseh J, et al. Resveratrol
improves insulin sensitivity, reduces oxidative stress and activates the akt pathway in
type 2 diabetic patients. Br J Nutr (2011) 106(3):383-9. doi: 10.1017/
S0007114511000316

186. Szkudelski T, Szkudelska K. Anti-diabetic effects of resveratrol. Ann New York
Acad Sci (2011) 1215:34-9. doi: 10.1111/j.1749-6632.2010.05844.x

187. Cai Y, Xia Q, Luo R, Huang P, Sun Y, Shi Y, et al. Berberine inhibits the growth
of human colorectal adenocarcinoma in vitro and in vivo. J Natural Medicines (2014)
68(1):53-62. doi: 10.1007/s11418-013-0766-z

188. Zhou H, Feng L, Xu F, Sun Y, Ma Y, Zhang X, et al. Berberine inhibits
palmitate-induced NLRP3 inflammasome activation by triggering autophagy in
macrophages: A new mechanism linking berberine to insulin resistance
improvement. BioMed Pharmacother (2017) 89:864-74. doi: 10.1016/
j-biopha.2017.03.003

189. Chen J, Liu J, Lei Y, Liu M. The anti-inflammation, anti-oxidative and anti-
fibrosis properties of swertiamarin in cigarette smoke exposure-induced prostate
dysfunction in rats. Aging (Albany NY) (2019) 11(22):10409-21. doi: 10.18632/
aging.102467

190. Ni GL, Cui R, Shao AM, Wu ZM. Salidroside ameliorates diabetic neuropathic

pain in rats by inhibiting neuroinflammation. J Mol Neurosci MN (2017) 63(1):9-16.
doi: 10.1007/s12031-017-0951-8

191. Li B, Zhang DC, Li XW, Dong XN, Li WP, Li WZ. [Protective effect of
ginsenoside Rg_1 aganist diabetic retinopathy by inhibiting NLRP3 inflammasome in
type 2 diabetic mice]. Zhongguo Zhong yao za zhi = Zhongguo zhongyao zazhi = China |
Chin materia medica (2022) 47(2):476-83. doi: 10.19540/j.cnki.cjemm.20210926.401

192. Li W, Yan MH, Liu Y, Liu Z, Wang Z, Chen C, et al. Ginsenoside Rg5
ameliorates cisplatin-induced nephrotoxicity in mice through inhibition of

frontiersin.org


https://doi.org/10.1007/s00210-019-01773-5
https://doi.org/10.1007/s00210-019-01773-5
https://doi.org/10.1016/j.ejphar.2021.174061
https://doi.org/10.1016/j.ejphar.2021.174061
https://doi.org/10.1155/2019/1896041
https://doi.org/10.1155/2019/1896041
https://doi.org/10.1007/s11010-017-3256-x
https://doi.org/10.1155/2018/8193523
https://doi.org/10.1155/2018/8193523
https://doi.org/10.1016/j.mce.2022.111596
https://doi.org/10.1194/jlr.M062828
https://doi.org/10.3389/fphar.2020.623489
https://doi.org/10.3389/fphar.2020.623489
https://doi.org/10.1139/cjpp-2021-0116
https://doi.org/10.1615/JEnvironPatholToxicolOncol.2020032544
https://doi.org/10.1016/j.metabol.2014.02.003
https://doi.org/10.1080/0886022X.2022.2079525
https://doi.org/10.12122/j.issn.1673-4254.2021.06.18
https://doi.org/10.12122/j.issn.1673-4254.2021.06.18
https://doi.org/10.1016/j.taap.2021.115468
https://doi.org/10.1016/j.taap.2021.115468
https://doi.org/10.1155/2018/8597897
https://doi.org/10.1155/2018/8597897
https://doi.org/10.1016/j.phrs.2020.104746
https://doi.org/10.1074/jbc.M115.645416
https://doi.org/10.1074/jbc.M115.645416
https://doi.org/10.3389/fphys.2021.659751
https://doi.org/10.1016/j.cmet.2020.01.009
https://doi.org/10.1016/j.cmet.2020.01.009
https://doi.org/10.1016/j.celrep.2021.109607
https://doi.org/10.1080/15384101.2021.1981631
https://doi.org/10.1038/s41589-019-0277-7
https://doi.org/10.1084/jem.20171419
https://doi.org/10.15252/emmm.201708689
https://doi.org/10.1007/s40268-022-00382-7
https://doi.org/10.1007/s40268-022-00382-7
https://doi.org/10.1155/2019/3206587
https://doi.org/10.3389/fphar.2022.780496
https://doi.org/10.1177/2042098618769831
https://doi.org/10.1093/eurheartj/ehz486
https://doi.org/10.1093/eurheartj/ehz486
https://doi.org/10.1007/s42000-019-00101-z
https://doi.org/10.3892/mmr.2018.9180
https://doi.org/10.1139/cjpp-2017-0650
https://doi.org/10.1139/cjpp-2017-0650
https://doi.org/10.1139/cjpp-2017-0683
https://doi.org/10.1139/cjpp-2017-0683
https://doi.org/10.4161/15548627.2014.984268
https://doi.org/10.2337/db13-0800
https://doi.org/10.1016/j.freeradbiomed.2014.03.035
https://doi.org/10.1038/cddis.2014.569
https://doi.org/10.1038/cddis.2014.569
https://doi.org/10.1017/S0007114511000316
https://doi.org/10.1017/S0007114511000316
https://doi.org/10.1111/j.1749-6632.2010.05844.x
https://doi.org/10.1007/s11418-013-0766-z
https://doi.org/10.1016/j.biopha.2017.03.003
https://doi.org/10.1016/j.biopha.2017.03.003
https://doi.org/10.18632/aging.102467
https://doi.org/10.18632/aging.102467
https://doi.org/10.1007/s12031-017-0951-8
https://doi.org/10.19540/j.cnki.cjcmm.20210926.401
https://doi.org/10.3389/fimmu.2023.1052756
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lu et al.

inflammation, oxidative stress, and apoptosis. Nutrients (2016) 8(9):566. doi: 10.3390/
nu8090566

193. Hull C, Dekeryte R, Buchanan H, Kamli-Salino S, Robertson A, Delibegovic M,
et al. NLRP3 inflammasome inhibition with MCC950 improves insulin sensitivity and
inflammation in a mouse model of frontotemporal dementia. Neuropharmacology.
(2020) 180:108305. doi: 10.1016/j.neuropharm.2020.108305

194. Zhai Y, Meng X, Ye T, Xie W, Sun G, Sun X. Inhibiting the NLRP3
inflammasome activation with MCC950 ameliorates diabetic encephalopathy in db/
db mice. Molecules (Basel Switzerland) (2018) 23(3):522. doi: 10.3390/
molecules23030522

195. Zhang Y, Lv X, Hu Z, Ye X, Zheng X, Ding Y, et al. Protection of Mcc950
against high-glucose-induced human retinal endothelial cell dysfunction. Cell Death
disease (2017) 8(7):¢2941. doi: 10.1038/cddis.2017.308

196. Zhang C, Zhu X, Li L, Ma T, Shi M, Yang Y, et al. A small molecule inhibitor
MCC950 ameliorates kidney injury in diabetic nephropathy by inhibiting NLRP3
inflammasome activation. Diabetes Metab syndrome Obes Targets Ther (2019)
12:1297-309. doi: 10.2147/DMS0.5199802

197. Wang X, Sun K, Zhou Y, Wang H, Zhou Y, Liu S, et al. NLRP3 inflammasome
inhibitor CY-09 reduces hepatic steatosis in experimental NAFLD mice. Biochem
Biophys Res Commun (2021) 534:734-9. doi: 10.1016/j.bbrc.2020.11.009

198. Sun K, Wang ], Lan Z, Li L, Wang Y, Li A, et al. Sleeve gastroplasty combined
with the NLRP3 inflammasome inhibitor CY-09 reduces body weight, improves insulin
resistance and alleviates hepatic steatosis in mouse model. Obes surg (2020) 30(9):3435-
43. doi: 10.1007/s11695-020-04571-8

199. Xu C, Lu Z, Luo Y, Liu Y, Cao Z, Shen S, et al. Targeting of NLRP3
inflammasome with gene editing for the amelioration of inflammatory diseases. Nat
Commun (2018) 9(1):4092. doi: 10.1038/s41467-018-06522-5

200. Ashcroft FM, Rorsman P. Diabetes mellitus and the B cell: the last ten years.
Cell. (2012) 148(6):1160-71. doi: 10.1016/j.cell.2012.02.010

Frontiers in Immunology

22

10.3389/fimmu.2023.1052756

201. Donath MY, Shoelson SE. Type 2 diabetes as an inflammatory disease. Nat Rev
Immunol (2011) 11(2):98-107. doi: 10.1038/nri2925

202. Williams JW, Huang LH, Randolph GJ. Cytokine circuits in cardiovascular
disease. Immunity. (2019) 50(4):941-54. doi: 10.1016/j.immuni.2019.03.007

203. Chen Z, Yu H, Shi X, Warren CR, Lotta LA, Friesen M, et al. Functional
screening of candidate causal genes for insulin resistance in human preadipocytes and
adipocytes. Circ Res (2020) 126(3):330-46. doi: 10.1161/CIRCRESAHA.119.315246

204. Hotamisligil GS. Inflammation and metabolic disorders. Nature. (2006) 444
(7121):860-7. doi: 10.1038/nature05485

205. Esser N, Legrand-Poels S, Piette ], Scheen AJ, Paquot N. Inflammation as a link
between obesity, metabolic syndrome and type 2 diabetes. Diabetes Res Clin practice
(2014) 105(2):141-50. doi: 10.1016/j.diabres.2014.04.006

206. Dror E, Dalmas E, Meier DT, Wueest S, Thévenet J, Thienel C, et al.
Postprandial macrophage-derived IL-1B stimulates insulin, and both synergistically
promote glucose disposal and inflammation. Nat Immunol (2017) 18(3):283-92. doi:
10.1038/ni.3659

207. Sanna S, van Zuydam NR, Mahajan A, Kurilshikov A, Vich Vila A, Vésa U,
et al. Causal relationships among the gut microbiome, short-chain fatty acids and
metabolic diseases. Nat Genet (2019) 51(4):600-5. doi: 10.1038/s41588-019-0350-x

208. Larsen CM, Faulenbach M, Vaag A, Velund A, Ehses JA, Seifert B, et al.
Interleukin-1-receptor antagonist in type 2 diabetes mellitus. New Engl ] Med (2007)
356(15):1517-26. doi: 10.1056/NEJM0a065213

209. Rissanen A, Howard CP, Botha ], Thuren T. Effect of anti-IL-1B antibody
(canakinumab) on insulin secretion rates in impaired glucose tolerance or type 2
diabetes: results of a randomized, placebo-controlled trial. Diabetes Obes Metab (2012)
14(12):1088-96. doi: 10.1111/j.1463-1326.2012.01637.x

210. Mitroulis I, Skendros P, Ritis K. Targeting IL-1beta in disease; the expanding
role of NLRP3 inflammasome. Eur ] Internal Med (2010) 21(3):157-63. doi: 10.1016/
j.€jim.2010.03.005

frontiersin.org


https://doi.org/10.3390/nu8090566
https://doi.org/10.3390/nu8090566
https://doi.org/10.1016/j.neuropharm.2020.108305
https://doi.org/10.3390/molecules23030522
https://doi.org/10.3390/molecules23030522
https://doi.org/10.1038/cddis.2017.308
https://doi.org/10.2147/DMSO.S199802
https://doi.org/10.1016/j.bbrc.2020.11.009
https://doi.org/10.1007/s11695-020-04571-8
https://doi.org/10.1038/s41467-018-06522-5
https://doi.org/10.1016/j.cell.2012.02.010
https://doi.org/10.1038/nri2925
https://doi.org/10.1016/j.immuni.2019.03.007
https://doi.org/10.1161/CIRCRESAHA.119.315246
https://doi.org/10.1038/nature05485
https://doi.org/10.1016/j.diabres.2014.04.006
https://doi.org/10.1038/ni.3659
https://doi.org/10.1038/s41588-019-0350-x
https://doi.org/10.1056/NEJMoa065213
https://doi.org/10.1111/j.1463-1326.2012.01637.x
https://doi.org/10.1016/j.ejim.2010.03.005
https://doi.org/10.1016/j.ejim.2010.03.005
https://doi.org/10.3389/fimmu.2023.1052756
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Role of the inflammasome in insulin resistance and type 2 diabetes mellitus
	1 Introduction
	2 Inflammasomes
	3 Role of the Inflammasome in insulin resistance
	3.1 NLRP1 inflammasome
	3.1.1 Structure and activation of NLRP1 inflammasome
	3.1.2 NLRP1 inflammasome and IR

	3.2 NLRP3 inflammasome
	3.2.1 Structure and activation of the NLRP3 inflammasome
	3.2.2 NLRP3 inflammasome and IR

	3.3 NLRC4 inflammasome
	3.3.1 Structure and activation of the NLRC4 inflammasome
	3.3.2 NLRC4 inflammasome and IR

	3.4 NLRP6 inflammasome
	3.4.1 Structure and activation of the NLRP6 inflammasome
	3.4.2 NLRP6 inflammasome and IR

	3.5 AIM2 inflammasome
	3.5.1 Structure and activation of the AIM2 inflammasome
	3.5.2 AIM2 inflammasome and IR

	3.6 Inflammasome regulation by complement activation
	3.7 Correlation between different inflammasomes

	4 Potential treatment options related to the inflammasome
	4.1 Clinical drugs
	4.1.1 Metformin
	4.1.2 Dapagliflozin and Empagliflozin
	4.1.3 Pioglitazone
	4.1.4 Acarbose
	4.1.5 Liraglutide
	4.1.6 Saxagliptin
	4.1.7 Glibenclamide
	4.1.8 Verapamil
	4.1.9 Fenofibrate
	4.1.10 Vitamin D
	4.1.11 Vitamin E

	4.2 Botanical Drugs
	4.2.1 Tangshen formula
	4.2.2 Parthenolide
	4.2.3 Tilianin
	4.2.4 Resveratrol
	4.2.5 Berberine
	4.2.6 Swertiamarin
	4.2.7 Salidroside
	4.2.8 Ginsenoside

	4.3 Protein and peptide drugs
	4.3.1 Disulfide bond A oxidoreductase-like protein
	4.3.2 Silent information regulator 2
	4.3.3 Hypoxia-inducible factor 2α
	4.3.4 Cathelicidin-WA

	4.4 Inhibitor
	4.4.1 MCC950
	4.4.2 CY-09
	4.4.3 Tranilast
	4.4.4 Compound C

	4.5 Gene editing

	5 Concluding remarks
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


