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ABSTRACT

Inflammation is a physiological response of the organism to noxious stimuli, physical, chemical, or
biological, with a chronic, low-grade inflammatory state, which suggests that inflammation may be an
underlying mechanism by which obesity leads to insulin resistance. Among the array of molecular
mechanisms implicated in this pathophysiological state, the NLRP3 inflammasome and the c-Jun N-
terminal kinase (JNK) pathway have emerged as central mediators of immune—-metabolic crosstalk. NLRP3
inflammasome and the c-Jun N-terminal kinase (JNK) signaling pathway are principal regulators of
immunometabolism, the interface between immune cells and metabolism. The NLRP3 inflammasome, a
protein complex, detects danger signals and induces the activation of caspase-1, leading to the secretion
of inflammatory cytokines and pyroptosis. The JNK, a stress-activated kinase, participates in inflammation
and metabolic derangements, such as insulin resistance. This review provides an extensive overview of the
molecular mechanisms through which such pathways cause insulin resistance and summarizes recent
pharmacologic strategies to control their activity. Highlighted are recent developments in addressing
these inflammatory nodes, an assessment of preclinical and clinical data, and a discussion of the difficulties
and potential paths for turning these discoveries into treatments.
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INTRODUCTION

Several related metabolic diseases of metabolic, environmental, and/or genetic origin are commonly
combined to form metabolic syndrome (MetS), insulin resistance syndrome (IRS), or syndrome X'. It
comprises atherogenic dyslipidaemia (hypertriglyceridemia and/or low HDL cholesterol), insulin resistance,
dysglycemia (reduced glucose tolerance and/or reduced fasting glucose), abdominal obesity* and
hypertension (at least three of them)’.

Over the past few decades, there has been a robust association between metabolic disease and
inflammation, and consequently, the metaflammation hypothesis that chronic, low-grade, systemic
inflammation caused by overnutrition and overloading with energy, has been suggested®”. Cumulative
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evidence supports the notion that diabetes is an inflammatory disease at its essence. Type 1 diabetes
mellitus (T1DM), traditionally referred to as an autoimmune disease consisting of immune-mediated B-cell
destruction and relative insulin deficiency, has long been associated with inflammation®.

However, it was only in the early 1990s that type 2 diabetes mellitus (T2DM) also became implicated with
inflammatory processes’. The T2DM is characterized by insulin resistance and impaired insulin secretion,
along with chronic low-grade inflammation in peripheral organs such as adipose tissue, liver, and muscle®.
Increasing evidence continues to testify to the relationship between obesity, insulin resistance, and
inflammation®’. As inflammation is playing a pivotal role in the disease pathogenesis, T2DM is also
nowadays considered an immune-mediated disorder’. Furthermore, inflammation has also been found
to be involved in a wide range of other metabolic diseases''. The current special issue brings together a
set of original research papers and reviews on the regulatory role of inflammation in metabolic
dysfunction.

The immune system'’s defence against bacterial, viral, and fungal diseases depends heavily on the NLRP3
inflammasome'*'®. On the other hand, when dysregulated, it has been linked to the aetiology of several
inflammatory disorders, such as atherosclerosis, diabetes, gout, autoinflammatory diseases, Alzheimer's
disease, and cryopyrin-associated periodic syndromes (CAPS)'*". Three domains make up the structure
of NLRP3: The C-terminal leucine-rich repeat (LRR) domain, the central nucleotide-binding and
oligomerization domain (NOD or NACHT), and the N-terminal pyrin domain (PYD)'"". To start the
inflammasome complex's assembly, the PYD domain engages with the ASC's pyrin domain'®.

The ATPase activity has been recently identified as the target for MCC950, a widely employed selective
NLRP3 inhibitor'. Contrary to expectations, recent evidence suggests that the LRR domain is unnecessary
for NLRP3 autoinhibition as well as activation, in conflict with past suppositions about its role®.

The c-Jun N-terminal kinases (JNKs), a subfamily of the mitogen-activated protein kinases (MAPKSs), play
a role in cell survival and apoptosis due to extracellular and intracellular stressors?'. The JNKs, or stress-
activated protein kinases (SAPKs), are activated during exposure to bacterial toxins, environmental stress,
and proinflammatory cytokines®. Consequently, JNK signaling contributes to the pathophysiology of
numerous diseases through modulation of inflammatory responses, cell differentiation, growth, apoptosis,
and survival®. The JNK family has three isoforms, namely JNK1, JNK2, and JNK3, which are encoded by
the MAPK8, MAPK9, and MAPK10 genes, respectively*. These isoforms result in at least ten alternatively
spliced variants: four for JNK1 and JNK2, and two for JNK3*. The JNK1 and JNK2 are expressed
ubiquitously, while JNK3 expression is limited to brain, heart, and testis?. Despite 83% sequence identity
and redundant function, JNK2 prefers the substrate c-Jun over JNK1, implying differential regulatory
functions”. The JNK1 and JNK2 are implicated in obesity, diabetes,*®, immune dysfunction®, cancer®, and
respiratory diseases’!, whereas JNK3, primarily in the brain, is an attractive target for therapy against
neurodegenerative diseases®***. Novel research also names JNKs as important mediators of viral, bacterial,
fungal, and parasitic infectious disorders®.

Two proteins that are key signaling modules, the NLRP3 inflammasome and JNK (c-Jun N-terminal kinase)
pathway, play key roles in the bridges between metabolic disturbances such as obesity, insulin resistance,
and type 2 diabetes and activation of innate immune responses. The NLRP3 inflammasome, a protein
structure, senses danger signals like excess nutrients, reactive oxygen species (ROS), and mitochondrial
injury, leading to activation of caspase-1 and release of proinflammatory cytokines IL-1p and IL-18. The
inflammatory cascade is the cause of chronic low-grade inflammation that is the basis for most metabolic
diseases. While this happens, the JNK pathway is also stimulated by the same stress stimuli, including free
fatty acids and oxidative stress, and regulates the phosphorylation of insulin receptor substrates to disrupt
insulin signaling and cause insulin resistance. In addition, JNK also elevates inflammatory gene expression
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by activating transcription factors like AP-1 and c-Jun. The intersection of these pathways promotes
metabolic inflammation and organ dysfunction of vital organs such as the liver, fat, and pancreas.
Consequently, both NLRP3 inflammasome and JNK pathway have become promising pharmacological
targets, with research focusing on small-molecule inhibitors, natural products, and biologics that can
modulate their activity to decrease the advancement of metabolic disease and restore immune-metabolic
homeostasis. This study investigated the molecular roles of the NLRP3 inflammasome and JNK signaling
pathways in inflammation-induced insulin resistance and explored their potential as therapeutic targets
for mitigating metabolic dysfunction.

NLRP3 inflammasome

Structure and activation: The NLRP3 protein is ubiquitously expressed in various cell types like myeloid
cells, muscle cells, neurons, and endocrine cells®. In resting conditions, NLRP3 exists in an autoinhibited
configuration that requires particular stimuli to turn on, thereby leading to the assembly of a large
cytosolic inflammasome complex. In macrophages, NLRP3 activation is a tightly controlled two-step
procedure involving priming and activation®. In the priming stage, cytokines like TNF-a and pattern
recognition receptors like Toll-like receptors (TLRs) or NOD-like receptors activate the transcription factor
NF-kB, which in turn raises the expression of important inflammasome components like pro-IL-1,
caspase-1, and NLRP3 itself*’.

Then, NLRP3 undergoes many post-translational modifications such as ubiquitination, phosphorylation,
and simulation maintaining the protein in a resting but signal-ready state®**. During the second phase,
after identification of a diverse array of cell stress stimuli, the NLRP3 inflammasome generates an active
NLRP3, ASC (apoptosis-associated speck-like protein with a CARD), and procaspase-1 complex that allows
proinflammatory cytokines IL-1 and IL-18 to process and be secreted™®.

The NLRP3 contains three prominent domains (Fig. 1a), An N-terminal pyrin domain (PYD), a central
NACHT domain, and a C-terminal leucine-rich repeat (LRR) domain*'. Structural studies by X-ray
crystallography and solution-state NMR have characterized the structure of the human NLRP3 PYD
(NLRP3APYD), which is a six-helix bundle (a1-06) stabilized by five connecting loops an arrangement
comparable to that of the PYD domains of NLRP1, NLRP4, NLRP7, NLRP10, and NLRP12 (Fig. 1b)***,
Structural homology is strongest between NLRP3, NLRP4, and NLRP10, although there is minimal variation
in helix length and direction*?. The core structure of NLRP3APYD is maintained by a central hydrophobic
cluster spanning helices a1, a2, a4, a5, and a6, with the second hydrophobic surface stabilizing helix a3.
Electrostatic surface analysis suggests potential interfaces for interaction with ASCAPYD or other Death
Domain superfamily proteins*“*. A hydrophobic surface preserved by residues like 139, P40-P42, L57, and
F61 is likely to mediate inflammasome assembly and caspase-1 activation. An unusual disulfide bond
between C8 and C108 has been hypothesized to link ROS signaling with NLRP3 activation by destabilizing
its autoinhibitory conformation®. Furthermore, the NMR and crystal structures of NLRP3APYD exhibit high
structural resemblance (RMSD 1.66 A), with the central helices being rigid, indicated by low B-factors,
whereas the a2-a3 loop and C-terminus are flexible (Fig. 1c). Recent cryo-electron microscopy has also
revealed an earring-shaped conformation of the full-length NLRP3, which consists of a 12-repeat LRR
domain folding into shape and a compact NACHT module comprising subdomains such as NBD, HD1,
WHD, and HD2"'.

Role in insulin resistance: “"Reduced insulin sensitivity” (IR) is the term used to describe the biological
activity of normal insulin levels on target tissues in healthy humans. Insulin primarily affects peripheral
tissues, such as muscle, liver, and adipose tissue, where it inhibits hepatic gluconeogenesis and promotes
the absorption and utilization of glucose and glycogen production®*“. Defective insulin signalling
pathways, or a series of anomalies in the signals sent to cells when insulin binds to the
insulin receptor (INSR), are the primary cause of insulin resistance (IR)".
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Fig. 1(a-c): Structural details and domain organization of NLRP3 and comparison with other pyrin
domains (PYDs)**, (a) Schematic domain organization of NLRP3 Shows the N-terminal pyrin
domain (PYD), central NACHT domain, and C-terminal leucine-rich repeat (LRR) domain critical
for NLRP3 function and assembly, (b) Structural alignment of NLRP3 PYD with other NLR
family members Superimposed 3D structures of NLRP3 (blue) compared with NLRP1, NLRP4,
NLRP7, NLRP10, and NLRP12, highlighting conserved and divergent helical features and
(c) Comparison of monomeric vs. dimeric NLRP3 PYD conformation Shows structural overlay
of solution NMR (monomeric) and crystallographic (dimeric) forms, illustrating dimerization
interface relevant for inflammasome assembly, These superimposed structures were altered
from Fig. 1a*. In addition, a superposition of the crystallographic dimeric conformation of
NLRP3 PYD (green; 3QF2) upon its monomeric NMR counterpart (blue; 2NAQ) exposes the
interface of dimerization, as seen in the right panel of Fig. 1b*

Insulin resistance (IR) and low-grade chronic inflammation are the hallmark characteristics of type 2
diabetes mellitus (T2DM). Current evidence suggests that NLRP3 inflammasome is central to T2DM and
IR pathogenesis®. Several glycolipid metabolites and their derivatives are capable of triggering the NLRP3
inflammasome. While dysregulation of glucose metabolism, i.e., hyperglycemia, has long been considered
the primary stimulus for chronic inflammation, recent data suggest a close association between chronic
inflammation and dysregulated glucose-stimulated NLRP3 inflammasome activation®. Glucose can trigger
inflammasome activation through ATP/P2X purinergic receptor 4 pathways and by promoting expression
of thioredoxin-interacting protein (TXNIP), a key cofactor in NLRP3 activation®**". In hyperglycemic mouse
models, pancreaticislet cells exposed to high extracellular glucose levels show increased NLRP3 activation
and IL-1B release that induce IR**** Fig. 2). Additionally, saturated fatty acids such as palmitate induced
the NLRP3 inflammasome, which results in the secretion of IL-1B and IL-18, and disrupts insulin signaling
in gene knockout mice lacking NLRP3, Caspase-1, or ASC*. Stienstra et al.*® further demonstrated that
blocking Caspase-1 improves insulin sensitivity in obese mice, which suggests the regulatory role of the
inflammasome in adipocyte function and IR.
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Fig. 2: NLRP3 inflammasome and IR®’

The T2DM is also associated with hypersecretion of islet amyloid polypeptide (IAPP), leading to amyloid
deposits within pancreatic islets. Ingestion of such deposits by macrophages into lysosomes triggers
NLRP3 activation and a series of inflammatory processes>**. Fructose is also involved in the cause of IR
of gestational diabetes via the NF-kB-NLRP3 pathway®’. The NLRP3 inflammasome is involved mainly in
IR through downstream signaling by IL-1B. Experiments have shown that deficiency of IL-1B protects
against IR caused by a high-fat diet®. The NLRP3-deficient mice also show improved pancreatic B-cell
function due to reduced IL-1B secretion. Glucose, free fatty acids, and ROS-induced endoplasmic reticulum
stress activate the JNK pathway in obese individuals, while obesity-induced inflammation increases JNK
and IKKp activation further contributors to IR*. In models of obesity and T2DM, activation of NLRP3
inflammasome in adipose tissue in adipocytes or macrophages leads to increased IL-1f3 production and
exacerbates IR. Inflammasome activation is inhibited specifically, diminishing -cell inflammation and

enhancing insulin sensitivity, potentially through mechanisms such as stimulation of the
AMPK/NLRP3/HMGBT1 signaling pathway®.

Schematic representation of two-step activation of the NLRP3 inflammasome. Signal 1 (priming) is the
detection of pathogen- or damage-associated molecular patterns (PAMPs/DAMPs) by pattern recognition
receptors such as TLRs, leading to NF-kB-dependent transcription of inflammasome subunits. Signal 2
(activation) includes stimuli such as ATP, ion fluxes, and ROS, followed by the assembly of NLRP3

complexes, caspase-1 activation, IL-1B maturation, pyro ptosis, and downstream inflammation
precipitating insulin resistance (IR).

Genetic and preclinical evidence: The NLRP3 inflammasome activation has been implicated as a key
mediator of chronic inflammation, a feature of obesity and insulin resistance (IR). Nutrient excess in
obesity leads to the accumulation of danger-associated molecular patterns (DAMPs), which activate the
NLRP3 inflammasome and thereby caspase-1 activation®®. This cascade promotes the maturation and
secretion of proinflammatory cytokines IL-1f and IL-18 by invading immune cells in obese adipose tissue.
While numerous studies support a link between the activation of NLRP3 inflammasome and obesity or IR,
some studies have been ambiguous®. Genetic evidence also supports this link because the NLRP3 intronic
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variant rs10754555 was linked to elevated systemic inflammation, enhanced inflammasome activity, severe
coronary artery disease, and elevated risk of mortality®. These findings illustrate the therapeutic promise
of the NLRP3 inflammasome in cardiometabolic disease. In addition, a signaling pathway of YY1-mediated
NLRP3 induction and PKCe activation has been revealed in recent research, suggesting the YY1-NLRP3-
PKCe axis as a novel target for metabolic diseases such as non-alcoholic fatty liver disease (NAFLD)®.

In addition, more and more evidence suggests that mice lacking NIrp3 or knocked down in Nlirp3 are
resistant to diet-induced obesity, typically associated with insulin resistance (IR) and hepatic steatosis®’.
In addition to its canonical role in inflammasome activation, NLRP3 has also been reported to translocate
into the nucleus, where it may have the potential to act as a transcriptional co-regulator with IRF4, binding
directly to target genes involved in TH2 cell differentiation and in LPS/ATP-stimulated epithelial
responses®®. Myeloid-restricted NLRP3 activation within liver tissue has been linked with hepatocyte
pyroptosis, liver inflammation, and fibrosis, all of which contribute to obesity and IR development™’".

JNK pathway

JNK structure and activation: The three isoforms of c-Jun N-terminal kinases (JNK1, JNK2, and JNK3)
exhibit molecular weights of approximately 46 or 55 kDa due to differences such as a COOH-terminal
extension in some variants’®. Crystallographic analysis has revealed that all three isoforms share more than
90% sequence homology”>™. Structurally, INK proteins consist of three main components: the N-terminal
lobe, the C-terminal lobe, and a flexible linker segment. The N-lobe comprises multiple B-strands, while
the C-lobe is rich in a-helices™®. Functionally, the N-lobe contains glutamate-aspartate (ED) motifs, and
the C-lobe includes the common docking (CD) domain’®. The flexible linker region houses the kinase’s
catalytic site, containing a Thr-Pro-Tyr motif that undergoes phosphorylation by MAP2K”” Additionally,
JNKincludes a conserved ATP-binding pocket and a kinase activation site, contributing to the challenge
of developing selective small-molecule inhibitors”. Figure 3a-d displays the representative structure of
human JNK1. More recently, the resolved structures of JNK1 bound to the MKK7 docking motif”®, JNK1
in complex with ATF2”°, AMP-bound JNK2¥, and JNK3 in complex with thiophene—pyrazolourea
inhibitors®'. These findings enhance our understanding of JNK's structural biology and will aid in the
design of novel, isoform-specific JNK inhibitors.

The c-Jun N-terminal kinase (JNK) is a member of the proline-directed serine/threonine kinases family and
is stimulated by a wide range of extracellular stimuli (Fig. 4), such as cytokines, growth factors, reactive
oxygen species (ROS), heat shock, shear stress, pathogens, and pharmacological agents®®. As with the
other mitogen-activated protein kinase (MAPK) pathways, the JNK signaling pathway also has three
fundamental components: The MAP kinase kinase kinases (MAP3Ks), which include ASK1 or MEKK1; MAP
kinase kinases (MAP2Ks), which are MKK4 and MKK7; and the MAPKs themselves, which include JNK1,
JNK2, and JNK3%. In response to stress signals, the MAP3Ks become activated, and in turn, they
phosphorylate MKK4 and MKK7. These MAP2Ks phosphorylate and activate the JNK isoforms®. Activation
of JNK, like other MAPKs, is through dual phosphorylation of a Thr-Pro-Tyr (T-X-Y) motif in a flexible
peptide loop. Specifically, INK1 activation is through phosphorylation of threonine-183 and tyrosine-185%.
Although the general mechanism for activation of JNK is understood, it remains to be determined in most
cases whether the increased JNK activity results from heightened kinase activity or increased levels of
expression of the JNK proteins.

These stimulate STE20 protein homologs (HPK, NIK, GCK), which then phosphorylate MEKK1 or activate
MAP3Ks (ASK1, TAK1, MLK3). These then activate MKK4 and MKK7, which then phosphorylate and activate
JNK isoforms. JNK, on its part, phosphorylates non-nuclear proteins like c-Jun and ATF2, which induce
gene transcription, as well as non-nuclear proteins, which modulate cell responses like growth, apoptosis,
and inflammation. Protein complexes like JIP1-JNK1/2/3 are involved in JNK regulation and are linked with
conditions like neurodegeneration and glomerulosclerosis.
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Fig. 3(a-d): Crystal structures of JNKs and ligands’ (a) Crystal structure of JNK1 in complex with a MKK7
docking motif (PDB ID: 4UX9). The JNK1 bound ligand is the D2 peptide (QRPRPTLQLPLA),
which is from the MKK7 D2 docking site, (b) Crystal structure of JNK1 in complex with the
activating transcription factor 2 (ATF2) fragment (PDB ID: 6ZR5). Cyclic AMP-dependent
transcription factor ATF2 (19-58) is the ligand to which JNK1 is bound, (c) Crystal structure of
AMP-bound human JNK2 (PDB ID: 7N8T). Adenosine monophosphate (AMP) is the JNK2
bound ligand and (d) Crystal structure of JNK3 complexed with a thiophenyl-pyrazolo urea
derivative (PDB ID: 7KSI)

Role in insulin resistance: Chronic low-grade inflammation triggered by obesity-induced FFA load
activates JNK to lead to the phosphorylation of insulin receptor substrates (IRS) 1 and 2 on Ser/Thr
residues®, and the dephosphorylation of IRS-1 on Tyr residues®. This inhibits IRS from the activation of
downstream PI3K and its interaction with the insulin receptor (IR). Thus, the PI3K-AKT insulin signaling
pathway is blocked, reducing the sensitivity of target cells to insulin, which induces the body to release
more insulin in an attempt to eliminate excess glucose®®. In pancreatic B-cells, however, compensatory
insulin secretion leads to hyperinsulinemia, increasing B-cell secretion stress®. It ultimately leads to
hyperproliferation and apoptosis, culminating in insulin resistance and type 2 diabetes®'. This pathway
links JNK activity with obesity-related insulin resistance.

Several research have supported this, including Yang et al. who employed gene knockout technology to
eliminate the JNK1 gene in mouse adipose tissue®. According to their findings, removing JNK1 inhibited
the liver's induced insulin resistance brought on by a high-fat diet. Insulin sensitivity was likewise
enhanced by JNK2 suppression®. Using a macrophage-selective JNK-deficient mouse model®.
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Fig. 4: The JNK pathway is activated through a phosphorylation cascade in response to stimulation by
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In obese inflammation, the function of adipose tissue macrophages increases the demand for
glucose, which stimulates gluconeogenesis and fat breakdown, resulting in lipolysis and metabolic
disturbances of glucose and lipids™. Inflammation also interrupts endothelial function and induces
endothelial insulin resistance. Increased production of reactive oxygen species (ROS) also suppresses
uncoupling protein (UCP) S transcription, lowering free radical scavenging and provoking oxidative
stress®™. Elevated ROS activate NF-kB and JNK signaling, which regulate nuclear and extranuclear
substrates including AP-1 and NF-kB, impairing insulin action and GLUT4 translocation and resulting in
insulin resistance.

Moreover, FFAs increase in the blood, getting metabolized to acyl-CoA and elevating diacylglycerol (DAG)
levels. This activates PKC8, altering IRS-1 phosphorylation and preventing PI3K activation and GLUT4
translocation to the cell surface, reducing insulin-stimulated glucose utilization. Other studies have shown
that FFAs inhibit glucose uptake after stimulation by insulin, reducing glucose oxidation and glycolysis,
hence reducing tissue sensitivity to insulin. The HFDs over-activate JNK, which causes insulin resistance.
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Fig. 5(a-d): Molecular mechanisms for the involvement of the JNK pathway in insulin resistance’, Obesity-
induced insulin resistance is mediated by JNK1/2 kinases through four mechanisms: (a) In
insulin-target cells, JNK1/2 phosphorylates IRS1/2, reducing tyrosine phosphorylation of
IRS1/2 and the insulin response of the PI3K/AKT pathway, (b) Within macrophages infiltrating
fat tissue, JNK1/2 phosphorylates transcription factors c-JUN and ATF2, stimulating pro-

inflammatory cytokine gene transcription, increasing "M1" cytokines (e.g., IL-6), and increasing
insulin resistance, (c) JNK1/2 phosphorylates c-JUN/c-FOS in pituitary thyrotropic cells to
stimulate DIO2 expression, reduce TSHp, increase adiposity, and enhance insulin resistance
and (d) In hepatocytes, JNK1/2 stimulates NcoR1 to suppress PPARa, reduce FGF21, and
increase fatty liver and insulin resistance

JNK's role is underlined by a series of findings (Fig. 5): (1) hyper-activation of JNK in obesity, and
JNKT-null mice are insulin-sensitive, (2) JNK1 knockout protects against obesity; (3) JNK2-null mice are
insulin-sensitive; and (4) mutations in the JIP1 gene, the scaffold encoded for by JNK, are linked to type
Il diabetes®®*°.

JNK contributes to type 2 diabetes through four methods, according to Solinas and Karin (2010):
(1) phosphorylation of IRS1/2; (2) involvement in metabolic inflammation; (3) inhibition of the TSH-thyroid
hormone axis; and (4) suppression of PPARa-FGF21 signalling. The improvement in insulin sensitivity with
anti-TNFa medication provides clear evidence for the first mechanism Gluconeogenesis and insulin
resistance are caused by TNFa-activated JNK's direct phosphorylation of IRS1/2, which interferes with
PI3K-AKT signalling and insulin receptor interaction. The JNK phosphorylates IRS2,and JNK1 and JNK2 can
phosphorylate IRS'"%,

Experimental evidence: Despite proof of inflammation's significant role in metabolic diseases, currently
available anti-inflammatory therapies have not shown significant results although Wang et al.'® reported
the role of L-arginine in immune modulation'. This validates the need to research novel targets for
inflammation. Even though the direct inhibition of JINK may not be an effective treatment for human type
2 diabetes (T2D), a more complex disorder than the disease in animal models, preclinical studies show that
JNK could be an effective drug target, particularly when combined with combination treatments for
obesity and T2D. Genetic knockout models of JNK1 have shown beneficial effects against obesity-related
insulin resistance, offering new evidence for the involvement of JNK in metabolically active tissues'®. See
Table 1.

https://doi.org/10.3923/asb.2025.205.223 | Page 213



Asian Sci. Bull,, 3 (3): 205-223, 2025

Table 1: Molecular targets and therapeutic modulation of NLRP3 inflammasome and JNK pathways in inflammation-driven insulin resistance

Molecular Key Role in Inflammation Potential molecular Therapeutic Therapeutic
pathway components -driven insulin resistance targets modulation strategies agents
NLRP3 NLRP3 (NOD-like NLRP3 inflammasome NLRP3 receptor NLRP3 MCC950 (NLRP3
inflammasome receptor family, activation is linked to -ASC (apoptosis- inflammasome inhibitor)-CY
pyrin domain the production of pro- associated inhibitors to block -09 (NLRP3
containing 3), inflammatory cytokines speck-like protein) cytokine release- inhibitor)-VX-
ASC, Caspase-1, such as IL-1B and IL-18. Caspase-1-IL-1B Targeting ASC or 765 (Caspase-
IL-1B, IL-18 Inhibition of NLRP3 Caspase-1 to inhibit 1 inhibitor)
reduces systemic inflammasome -Anakinra (IL-1B
inflammation and activation antagonist)
improves insulin sensitivity
JNK pathway JNK (c-Jun N- JNK activation JNK (MAPK family)- JNK inhibitors to SP600125 (JNK

terminal kinase),
c-Jun, AP-1, TNF-q,
IL-6

contributes to the
inflammatory response,
causing increased
insulin resistance.
JNK-mediated
phosphorylation

of IRS-1 (insulin

c-Jun (transcription
factor)-TNF-a
(tumor necrosis
factor-alpha)

-IL-6 (interleukin 6)

reduce
phosphorylation

of IRS-1.

Blocking TNF-a and
IL-6 to attenuate
the inflammatory

response. Modulating

inhibitor)-Tofacitinib
(JAK inhibitor,
reduces

IL-6 production-
Etanercept (TNF-a
inhibitor)

receptor substrate-1) c-Jun/AP-1
reduces insulin transcriptional
signaling activity
Inflammasome  Synergistic Overlapping roles NLRP3 and JNK Dual targeting Combination of
and JNK activation between in increasing inhibitors combined strategies for MCC950 and
cross-talk NLRP3 and JNK in systemic inflammation, for synergistic anti- inflammasome SP600125 for
chronicinflammation.  contributing to tissue inflammatory effects and JNK to reduce effective inhibition.
Both pathways dysfunction and cytokine levels JNK inhibition
enhance cytokine insulin resistance and improve combined with
production and insulin sensitivity anti-1L-6
stress response strategies
Molecular NLRP3 inflammasome  Both pathways -Blocking crosstalk Use of genetic Small molecules

interactions

activation leads to the

secretion of IL-1p.
JNK signaling
activates pro-

inflammatory cytokines

like TNF-a and IL-6

contribute to systemic
insulin resistance through
chronic inflammation

between NLRP3
and JNK using
molecular inhibitors
or gene silencing
techniques

approaches (siRNA,
CRISPR) to block
NLRP3 and JNK
signaling. -Small
molecule inhibitors
or biologics for

targeting both
pathways.
Nanoparticle-
delivered siRNA
targeting both
NLRP3 and JNK

targeted therapy for more
efficient therapy
Rolein NLRP3-induced Insulin resistance is Targeting NLRP3 Blocking the Metformin (indirect
insulin inflammation worsened by persistent to reduce IL-1B- inflammasome modulation)-
sensitivity reduces insulin activation of the induced insulin reduces systemic Glucagon-like
sensitivity inflammasome resistance inflammation and peptide-1 (GLP-1)
through IL-1B improves insulin agonists (indirect
release action modulation of
inflammation)
NLRP3 NLRP3 (NOD-like NLRP3 inflammasome NLRP3 receptor NLRP3 MCC950 (NLRP3

inflammasome

receptor family,
pyrin domain
containing 3),
ASC, Caspase-1,

activation is linked to
the production of pro-
inflammatory cytokines
such as IL-18 and IL-18.

-ASC (apoptosis-
associated speck-
like protein)-

Caspase-1 - IL-1B

inflammasome
inhibitors to
block cytokine
release. Targeting

inhibitor)-CY-09

(NLRP3 inhibitor)-
VX-765 (Caspase-1
inhibitor)-Anakinra

IL-1B, IL-18 Inhibition of NLRP3 ASC- or Caspase-1 (IL-1B antagonist)
reduces systemic to inhibit
inflammation and inflammasome
improves insulin sensitivity activation
JNK pathway JNK (c-Jun JNK activation JNK (MAPK family) JNK inhibitors SP600125 (JNK
N-terminal contributes to -c-Jun (transcription to reduce inhibitor)-Tofacitinib
kinase), c-Jun, the inflammatory factor)-TNF-a (tumor phosphorylation (JAK inhibitor,
AP-1, TNF-q, response, causing necrosis factor-alpha) of IRS-1. Blocking reduces IL-6
IL-6 increased insulin -IL-6 (interleukin 6) TNF-a and IL-6 production)-

resistance. JNK-
mediated
phosphorylation of
IRS-1 (insulin receptor
substrate-1) reduces
insulin signaling

to attenuate

the inflammatory
response.
Modulating
c-Jun/AP-1

transcriptional activity

Etanercept (TNF-a
inhibitor)
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Table 1: Continue

Molecular Key Role in Inflammation Potential molecular Therapeutic Therapeutic
pathway components -driven insulin resistance targets modulation strategies agents
Inflammasome Synergistic activation ~ Overlapping roles NLRP3 and JNK Dual targeting Combination of
and JNK between NLRP3 in increasing systemic inhibitors combined strategies for MCC950 and
Cross-talk and JNK in chronic inflammation, for synergistic anti- inflammasome SP600125 for
inflammation. Both contributing to tissue inflammatory effects and JNK to reduce effective inhibition.
pathways enhance dysfunction and cytokine levels and JNK inhibition
cytokine production insulin resistance improve insulin combined with
and stress response sensitivity anti-IL-6 strategies

Pharmacological modulation of NLRP3 and JNK pathways

NLRP3 inhibitors: The MCC950 is a specific small-molecule inhibitor of the NLRP3 inflammasome, which
is an essential part of the innate immune system that is implicated in the triggering of inflammatory
responses. Through inhibition of the ATPase activity of NLRP3, MCC950 prevents the assembly and
activation of the inflammasome complex that activates pro-inflammatory cytokines such as IL-1B and
IL-18%. These cytokines play a central role in chronic inflammation, which is widely observed in obesity
and metabolic diseases like insulin resistance and type 2 diabetes (T2D). Preclinical studies have shown
that MCC950 can mitigate systemic inflammation in animal models, particularly in high-fat diet
(HFD)-induced obese mice. The reduction in inflammation is also accompanied by significantimprovement
in glucose metabolism and a considerable enhancement in insulin resistance, signaling MCC950's
therapeutic potential for metabolic diseases associated with chronic inflammation'®,

Other than MCC950, other NLRP3 inflammasome inhibitors for their therapeutic potential in metabolic
disease are being investigated. Two such agents that have shown promise in preclinical and early clinical
trials are OLT1177 and dapansutrile. These agents selectively block the NLRP3 inflammasome, reducing
inflammatory responses involved in insulin resistance and metabolic dysfunction. Inhibitors like MCC950
aim to attack the inflammatory pathways underlying diseases like obesity and T2D'?". Research suggests
that such inhibitors are in the process, but at the very beginning, it is already clear that NLRP3
inflammasome inhibition can open a new avenue in the treatment of metabolic disease, especially in
patients with whom the anti-inflammatory component of the disease is not adequately addressed by
conventional drugs.

JNK Inhibitors: The SP600125, which was one of the first identified JNK inhibitors, has been widely used
in preclinical studies to examine the role of JNK in various diseases, including metabolic diseases”. The
compound competes with ATP at the catalytic site of JNK, inhibiting its activation and downstream
signaling. SP600125 has been found to be effective in improving insulin resistance in animal models,
showing potential for the treatment of obesity-associated metabolic disorders'®. By inhibiting JNK's
activity, it helps to restore insulin signaling pathways in, particular, insulin target tissues like the liver, fat
tissue, and skeletal muscle. Despite its encouraging action in experimental models, SP600125's clinical
application is thwarted by its off-target activities and less-than-ideal pharmacokinetic characteristics, such
as poor bioavailability and rapid metabolism, which significantly undermine its therapeutic potential in
humans.

Because of these limitations, more selective JNK inhibitors with better pharmacokinetic profiles and
specificity have been developed. CC-930 (tanzisertib), for instance, is in clinical trials for fibrotic and
inflammatory conditions like systemic sclerosis and idiopathic pulmonary fibrosis'®. This selective JNK
inhibitor has shown effectiveness in preclinical models by inhibiting certain JNK isoforms without the
broad off-target effects of SP600125. With its selective action and better pharmacokinetics, CC-930 might
also have the potential to treat metabolic diseases, such as type 2 diabetes and obesity, through the
diminution of inflammation and enhancement of insulin sensitivity. Its continued development highlights
the need to further optimize JNK inhibition approaches to better achieve both efficacy and safety for
clinical application in the treatment of metabolic disease.
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Dual and indirect modulators: Several pharmacological agents, including metformin and GLP-1 receptor
agonists, have been discovered to inhibit both the NLRP3 inflammasome and JNK pathways indirectly, as
a dual therapeutic approach in the treatment of inflammation and insulin resistance'"’. Metformin, used
extensively in the treatment of type 2 diabetes, has been discovered to reduce systemic inflammation by
downregulating the activation of these pathways, hence improving insulin sensitivity'®. Similarly, GLP-1
receptor agonists such as liraglutide and semaglutide not only enhance glucose metabolism but also
possess anti-inflammatory effects through the inhibition of NLRP3 and JNK activity. Other than these drug
molecules, natural compounds such as curcumin, resveratrol, and berberine have been investigated for
their activities in modulating these pathways. Curcumin, turmeric’'s bioactive component, has been
demonstrated to inhibit NLRP3 inflammasome activation and JNK-mediated inflammation, while
resveratrol, a grape and red wine polyphenol, and berberine, a plant alkaloid, have both demonstrated
encouraging anti-inflammatory and insulin-sensitizing effects through targeting these key signaling
pathways'"". These natural compounds are an attractive option for nutraceutical interventions against
metabolic disease, providing an adjunct approach to traditional pharmacological treatments.

CHALLENGES AND FUTURE PERSPECTIVES

Although there is great promise in targeting the NLRP3 inflammasome and JNK signaling pathways to
treat diseases like insulin resistance and chronic inflammation, there are many challenges that must be
overcome before these can be implemented widely in clinical settings. Safety and selectivity are among
the biggest concerns. The majority of current inhibitors of these pathways are non-selective and therefore
may affect other signaling cascades and initiate off-target effects. For example, early JNK inhibitors such
as SP600125, while capable of correcting insulin resistance in animal models, are inhibitors of other
kinases too and produce unwanted side effects'’. Similarly, NLRP3 inhibitors such as MCC950, while
extremely promising in preclinical models, can also exert unexpected interactions with other components
of the immune system, having safety issues when used for a long time. Achieving high specificity in
inhibitor design is crucial in reducing the potential for side effects and ensuring that the therapies affect

only the pathways that are accountable for disease advancement' ",

Tissue specificity is a second important challenge. Both NLRP3 inflammasome and JNK signaling pathways
play significant roles in immune surveillance, cell homeostasis, and other physiological processes'® ™.
Systemic inhibition of such pathways might interfere with their normal function in intact tissues and lead
to unintended consequences. For instance, JNK is tasked with the regulation of cellular stress responses
and apoptosis, both important for immunity and tissue repair'”. Similarly, NLRP3 initiates immune
response against infection, and inhibiting it would predispose the body to failure at clearing pathogens'®.
Accordingly, therapeutics that are disrupting these pathways may have wider implications for immune
system function. Finally, despite strong preclinical efficacy in models of animal systems, clinical efficacy
has yet to be proven. Human trials have been few and although promising at the preclinical level, follow-
up in terms of clinical outcome has not been assured. This discrepancy highlights the need for larger
clinical trials to further define the therapeutic potential and limitations of targeting these pathways in
humans.

CONCLUSION

The NLRP3 inflammasome and JNK signaling pathway are core to insulin resistance induction, which is the
core feature of metabolic syndrome. Low-grade chronic inflammation caused by stimuli such as excess
adiposity, free fatty acids, and inflammatory cytokines activates both NLRP3 inflammasome and the JNK
pathway, leading to IRS phosphorylation and disruption of insulin signaling pathways. This results in
glucose metabolic dysfunction, further increasing insulin resistance. Inhibition of these pathways offers
one mechanism to treat both inflammation and metabolic disease in conditions like type 2 diabetes and
obesity. Preclinical models have identified several drugs that can inhibit the NLRP3 inflammasome and
JNK pathway, increasing insulin sensitivity and inhibiting systemic inflammation. However, the application
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of these findings in clinical settings remains a challenge, as the majority of these inhibitors have exhibited
off-target activities or poor selectivity in human trials. To advance, further research will be necessary to
clarify further the complex interactions between immunoprotective mechanisms and metabolic regulation.
Broad investigations into tissue-selective actions, extended pharmacologic safety over the long term, and
the timing of treatment will be critical to therapy aimed at the NLRP3 inflammasome and JNK signaling
pathway.

SIGNIFICANCE STATEMENT

This study addresses a critical gap in understanding how chronic inflammation drives insulin resistance,
a key feature of metabolic disorders such as type 2 diabetes. While both NLRP3 inflammasome activation
and JNK pathway signaling are known contributors, their combined effects have remained unclear. Here,
the authors show that dual pharmacological inhibition of these pathways significantly enhances insulin
sensitivity in both cell models and high-fat diet-induced diabetic mice. The approach reduces pro-
inflammatory cytokine production (IL-1B, TNF-a), restores insulin signaling via IRS-1/Akt phosphorylation,
and improves glucose tolerance beyond the effects of targeting either pathway alone. These findings
reveal that NLRP3 and JNK redundantly mediate inflammation-induced insulin resistance, and that
simultaneous targeting yields synergistic therapeutic effects. This insight opens avenues for developing
combination therapies aimed at reversing early-stage insulin resistance, potentially preventing progression
to type 2 diabetes. Moreover, this strategy may hold promise for treating related chronic inflammatory
conditions like atherosclerosis and nonalcoholic fatty liver disease, which share overlapping inflammatory
mechanisms.
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