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Abstract: Cardiac or myocardial dysfunction induced by sepsis, known as sepsis-induced cardiomyopathy or sepsis-induced
myocardial injury (SIMI), is a common complication of sepsis and is associated with poor outcomes. However, the pathogenesis
and molecular mechanisms underlying SIMI remain poorly understood, requiring further investigations. Emerging evidence has shown
that NOD-, LRR-, and pyrin domain-containing protein 3 (NLRP3) inflammasomes contribute to SIMI. Compounds that inhibit
NLRP3-associated pyroptosis may exert therapeutic effects against SIMI. In this review, we first outlined the principal elements of the
NLRP3 signaling cascade and summarized the recent studies highlighting how NLRP3 activation contributes to the pathogenesis of
SIMI. We outlined selective small-molecule modulators that function as NLRP3 inhibitors and delineated their mechanisms of action
to attenuate SIMI. Finally, we discuss the major limitations of the current therapeutic paradigm and propose possible strategies to
overcome them. This review highlights the pharmacological inhibition of SIMI as a promising therapeutic strategy.
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Introduction
Sepsis is a highly heterogeneous syndrome commonly diagnosed in critically ill patients. It is a complex disorder
associated with acute organ dysfunction caused by a dysregulated host response to infection.'* The high global incidence
of sepsis annually causes approximately 31.5 million deaths.’> Sepsis-induced myocardial injury (SIMI), or sepsis-
induced cardiomyopathy, is an increasingly recognized and emerging form of transient cardiac dysfunction in patients
with sepsis.* Epidemiological studies have revealed that the prevalence of SIMI ranges from 10% to 70%.°®

Despite advances in the understanding of the pathophysiology of sepsis and SIMI, no SIMI-targeted therapy has been
approved.’ Therefore, uncovering the specific molecular mechanisms underlying SIMI to improve patient outcomes is
essential. Mechanistic insights have revealed several pathophysiological mechanisms that are potentially involved in
SIMI, including mitochondrial dysfunction, downregulation of adrenergic pathways, release of circulating myocardial
depressant substances, reactive oxygen species (ROS), and nitric oxide (NO), coronary microvascular perturbation,
calcium handling abnormalities, and downregulation of genes encoding mitochondrial and sarcomeric proteins.’
A dysregulated host response to an infection triggers SIML> This dysregulation involves many pathways of the septic
inflammatory response driven by pathogen-associated molecular patterns (PAMPs) and damage-associated molecular
patterns (DAMPs).”
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These DAMPs and PAMPs activate pattern-recognition receptors, including Toll-like receptors (TLRs) expressing on
Circulating DAMPs, PAMPs, and cytokines activate cardiomyocytes, cardiac fibroblasts (CFs), and
endothelial cells to generate inflammatory agents that further enhance the production of inducible nitric oxide synthase,

cardiomyocytes.'”
causing myocardial suppression.'’ The nucleotide-binding oligomerization domain-containing protein (NOD)-like recep-
tor (NLR) family, particularly NOD-, carboxy-terminal leucine-rich repeat (LRR)-, and pyrin domain-containing protein
3 (NLRP3), that recognizes PAMPs and DAMPs in the cytoplasm, has attracted increasing attention. NLRP3 generates
a complex known as the inflammasome, which activates intracellular signaling pathways to release proinflammatory
cytokines, such as interleukin-1p (IL-1p) and interleukin-18 (IL-18).'? In the past decade, there has been growing interest
in elucidating the role of NLRP3 in SIMI (Figure 1). Given the vital role of NLRP3 signaling in the pathogenesis of
SIMI, drug discovery targeting the NLRP3 pathway has gained significant attention in the past few years.® NLRP3
inhibitors are new and attractive targets for treating SIMI.

In this review, we outline the principal elements of the NLRP3 signaling cascade and summarize the mechanism
underlying the contribution of NLRP3 to SIMI. We focused on emerging therapeutic agents that can inhibit the activation
of the NLRP3 inflammasome and NLRP3-associated pyroptosis and delineated their beneficial pharmacological effects in
SIMI treatment. The present review highlights that pharmacological inhibition of NLRP3 offers a novel and attractive
therapeutic strategy against SIMI.
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Figure 1 NLRP3 priming, activation, and downstream effectors NLRP3 activity is initiated by extracellular signaling derived from damage-associated molecular patterns
(DAMPs)/pathogen-associated molecular patterns (PAMPs), cytokines, or neuronal hormones. Integrated signals promote the activity of the NF-kB and IRF3 transcription
factors, promoting the expression of the NLRP3 protein components and substrates. Lysosomal degradation of insoluble particulates/crystals, potassium efflux, calcium
influx, chloride efflux, viral infection, and mitochondrial ROS generation promote the assembly of the mature NLRP3 complex. Once mature and active, the NLRP3 complex
cleaves pro-IL-1b, pro-IL-18, and GSDMD to initiate pyroptosis and the paracrine spread of pro-inflammatory cytokines.
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Overview of NLRP3 Inflammasome and Pyroptosis

NLRP3 Inflammasome: An Overview

The NLRP3 inflammasome comprises NLRP3 (a sensor), an apoptosis-associated speck-like protein containing
a carboxy-terminal caspase recruitment domain (CARD) (ASC, an adaptor; also known as PYCARD), and caspase 1
(an effector).'> NLRP3 is the most well-characterized and extensively studied inflammasome sensor molecule that detects
PAMPs and DAMPs.'*! Similarly, it is a tripartite protein of the NLR family that contains central NACHT (in NAIP,
CIITA, HET-E, and TP1), LRR, and amino-terminal pyrin (PYD) domains.'> The NACHT domain has an ATPase
activity that is vital for NLRP3 self-association and function.'® The LRR domain mediates autoinhibition by folding back
into the NACHT domain. ASC possesses two protein interaction domains: CARD, that recruits caspase-1 through
CARD-CARD interactions,'”'? and an amino terminal PYD.?® Full-length caspase 1 has an amino-terminal CARD,
a small carboxy-terminal catalytic subunit domain (p10), and a large central catalytic domain (p20).

NLRP3 detects and senses a broad range of endogenous danger signals, environmental irritants, and microbial
motifs, causing the formation and activation of the NLRP3 inflammasome. NLRP3 inflammasome assembly with
pro-caspase 1 and ASC causes the proteolytic maturation of caspase 1.'* Two distinct steps, priming and
activation, initiate the assembly of the fully functional NLRP3 inflammasome'® (Figure 1). The priming step is
involved in the recognition of DAMPs or PAMPs via receptors such as TLRs or NOD2 and the detection of IL-1p
and tumor necrosis factor (TNF), which activates nuclear factor-kappaB (NF-kB) and upregulates the expression
of NLRP3, caspase 1, and IL-1B.>'** In the activation step, through homotypic PYD-PYD interactions, NLRP3
oligomerizes and recruits ASC, nucleating the formation of helical ASC filament.**** Multiple ASC filaments
coalesce into a single macromolecular complex, forming an aggregate assembly known as the “ASC speck” (also
termed the “inflammasome speck™), which acts as a molecular platform for pro-caspase 1 activation.?**2® The
ASC and pro-caspase 1 combine via CARD-CARD interactions to form prion-like filaments. Pro-caspase 1
undergoes auto-proteolytic cleavage within this complex to produce mature caspase 1.2> NLRP3 inflammasome
assembly causes caspase 1-dependent release of the proinflammatory cytokines IL-18 and IL-18 and gasdermin
D (GSDMD)-mediated pyroptotic cell death, ie, pyroptosis.

Pyroptosis

Pyroptosis is a GSDMD-dependent form of inflammatory, lytic cell death.'**’® NLRP3 inflammasome activation
exacerbates the inflammatory response and amplifies tissue injury by inducing the process and release of IL-1B and
IL-18, triggering cell death via pyroptosis.>’ Caspase 1 is the primary effector of pyroptosis. Pyroptosis results from
membrane permeability induced by the N-terminal fragment of GSDMD (GSDMD-NT), causing cell swelling and
plasma membrane rupture via ninjurin.?**° GSDMD-NT has a high affinity for phosphatidylserine and phosphatidyli-
nositol phosphates, which mostly exist on the intracellular face of the plasma membrane, decreasing injury to neighbor-
ing cell membranes.®' Pyroptosis is attracting increasing attention in SIMI.

Activation of the NLRP3 Inflammasome in the Development of Septic
Cardiomyopathy

Histologically, the primary cells within the heart are cardiomyocytes and non-myocytes, such as fibroblasts, endothelial
cells, and macrophages, which have recently been the focus of immunocardiology and SIMI studies.** The process of
NLRP3 inflammasome formation and activation in the heart is cell-type-specific during sepsis.?’ NLRP3 inflammasome
activation provides a source of cytokines that exert paracrine and systemic effects on heart contractility during
sepsis.”’*?~* Experimental NLRP3 inflammasome activation was primarily observed in the fibroblasts, macrophages,
and cardiomyocytes of the heart during sepsis (Figure 2).

Role of CFs

A previous study in 2014 was the first to reveal that NLRP3 inflammasome activation contributes to the pathogenesis of
SIMI.** Activation of the NLRP3 inflammasome has been observed in CFs in SIMI.** Lipopolysaccharide (LPS) upregulates
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Cardiac Fibroblasts:
« Lipopoly haride (LPS) Pathway: LPS upregulates NLRP3
expression, activates caspase 1, and matures IL-1B. Genetic/
pharmacological inhibition reduces contractile dysfunction

and IL-1B levels.
Ll -> Peroxynitrite/PKR Pathway: LPS increases PKR
phosphorylation, which enhances NLRP3 activation. Fe-TPPS

downregulates this pathway and reduces NLRP3 activity.
Paracrine Effects: Supernatants from LPS/ATP or cytokine-
mix exposed fibroblasts induce cardiomyocyte apoptosis.
IL-1 receptor antagonists mitigate this effect.

Macrophages:
¢ ROS and M1 Polarization: ROS and M1 polarization
contribute to NLRP3 activation. Anti-inflammatory GDF3
reduces M1 polarization and improves septic outcomes.
* Metabolic Reprogr ing: LPS-induced metabolic
- - > reprogramming via SDH increases succinate/superoxide
production, and HIF-1a expression, enhancing NLRP3
activity.
Monocyte-Derived Exosomes: Exosomes carrying TXNIP-
NLRP3 complexes enhances pro-inflammatory IL-18/IL-18

Mechanisms Behind NLRP3 activity in macrophages.
Activation in
Cardiac-Associated Cells

Cardiomyocytes:

« NF-kB Pathway: NF-kB activity drives mitochondrial damage,
ROS production, and mtDNA release, all activating NLRP3.
CcGAS-STING Pathway: Cytosolic dsDNA activates cGAS-
STING, promoting IRF3 and NLRP3 activity. STING knockout
enhances survival and cardiac function by reducing NLRP3-
inflammation.

Pro-Pyroptotic Proteins: ZFAS, GSDMD, ANGPTL2, IP3R2,
PLD2.
« Anti-Pyroptotic Proteins: NR1H3, PPARS, FGF5, GAS6.

Figure 2 Mechanisms underlying NLRP3 activation in cardiac-associated cells In addition to cardiomyocytes, NLRP3 activation in cardiac fibroblasts and macrophages is
crucial for the onset and progression of sepsis-induced myocardial injury (SIMI). Cardiac fibroblasts are primarily regulated by the lipopolysaccharide (LPS), peroxynitrite/
PKR, and paracrine pathways. Macrophages are regulated by reactive oxygen species (ROS)/M| polarization, metabolic reprogramming, and exosomal exposure. Finally,
cardiomyocytes are regulated by nuclear factor-kappaB (NF-kB) pathway activity, cGAS-STING pathway activity, and the balance between pro/anti-pyroptotic protein
expression.

NLRP3, activates caspase-1, and induces the maturation and release of IL-1p from CFs.** Genetic and pharmacological
inhibition of NLRP3 suppresses NLRP3 inflammasome activation in CFs. NLRP3 inflammasome inhibition in CFs
attenuates the ability of LPS-challenged CFs to affect cardiomyocyte function. Activation of the NLRP3 inflammasome
contributes to myocardial contractile dysfunction in LPS-induced septic mice, while NLRP3 inhibition by glyburide
alleviates myocardial contractile dysfunction and decreases myocardial and circulating IL-1f, boosting the survival rate of
mice.** LPS activates the NLRP3 inflammasome, as evidenced by the upregulated expression of NLRP3, ASC, and caspase-
1 in primary neonatal CFs.> Inhibition of protein kinase R (PKR) downregulates LPS-induced upregulation of NLRP3 and
pro-IL-1f expression before LPS priming is performed. Inhibiting PKR after priming but before activation decreases caspase
1 activation and mature IL-1p secretion without altering protein NLRP3 or pro-IL-1p protein levels.*® Fe-TPPS,
a peroxynitrite decomposition catalyst, inhibits the priming and activation of the NLRP3 inflammasome. Similarly, Fe-
TPPS prevents the LPS-induced phosphorylation of PKR (T451) in fibroblasts. These results suggest that LPS/ATP
modulates the priming and activation of the NLRP3 inflammasome through the peroxynitrite/PKR pathway in CFs.*®
Challenging cardiomyocytes with supernatants of CFs with LPS/ATP or Cyto-mix (IL-18, IL-1B3, and HMGBI) triggered
apoptosis in cardiomyocytes, which was alleviated by IL-1 receptor antagonist or CORM-3.%’
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Role of Macrophages
Sepsis or endotoxemia induces NLRP3 inflammasome activation in macrophages, which causes the release of IL-18, an
essential mediator in the inflammatory response. ROS are involved in NLRP3 inflammasome activation. Inhibition of M1

1.*® Elevated levels of growth differentiation

phenotypic polarization and inflammation in macrophages attenuates SIM
factor 3 (GDF3), a member of the transforming growth factor beta superfamily, were observed in the serum of patients
with sepsis, and they were associated with sepsis severity and mortality.”® Recombinant GDF3 protein (rGDF3) improves
survival rates and enhances cardiac function by suppressing the M1 macrophage proinflammatory phenotype in septic
mice.”” rGDF3 reduces the production of proinflammatory cytokines in macrophages. Metabolic reprogramming is
associated with NLRP3 inflammasome activation and altered glycolysis in activated macrophages, causing inflammatory
responses in septic cardiomyopathy.*® Succinate dehydrogenase (SDH) and succinate are involved in macrophage
metabolic reprogramming. LPS facilitates SDH activity, accumulation of succinate, and production of superoxide
anion to promote mitochondrial dysfunction and increases the expression of hypoxia-inducible factor-la (HIF-1a) in
macrophages, causing SIMI.** Macrophage depletion alleviates LPS-induced SIMI.** IL-30 ablation promotes proin-
flammatory effects by enhancing Ly6Chigh macrophage polarization and pyroptosis.*' NLRP3 inhibition by MCC950
reverses IL-30 loss-induced cardiac dysfunction, macrophage polarization and pyroptosis,*' suggesting that inhibition of
proinflammatory macrophage polarization and pyroptosis can attenuate SIMI. The upregulated TXNIP-NLRP3 complex
in monocyte-derived exosomes facilitates the trafficking of monocytes in circulation to local macrophages, where they
enhance the cleavage of inactive IL-18 and IL-1p to aggravate cardiovascular inflammation.*

Role of Cardiomyocytes
The connection of NF-kB with the NLRP3 inflammasome causes a disproportionate inflammatory response in mouse
myocardium during sepsis.*’ Receptor-mediated recognition of inflammatory signals converges on protein kinases, degrading
the NF-kB inhibitor I-kappa-B-alpha (IkBa) via ubiquitination and enhancing NF-kB translocation to the nucleus, where it
upregulates [kBa and NLRP3. NF-kB-dependent mediators and proinflammatory stimuli damage the mitochondria and facilitate
ROS production, inducing mtDNA damage and opening mitochondrial permeability transition pores. The release of mtDNA
and ROS into the cytoplasm triggers NLRP3 inflammasome activation, causing caspase-1-dependent IL-1p maturation.*
NLRP3 inflammasome activation contributes to SIMI, while NLRP3 ablation protects against myocardial dysfunction in septic
NLRP3 ™" mice.** NLRP3 ablation inhibits NF-kB activation, which accounts for the reduction in the inflammatory response.**
Cyclic GMP-AMP (cGAMP) synthase (¢cGAS) and cyclic endoplasmic reticulum-associated adaptor stimulator of
interferon (IFN) genes (STING) are crucial elements of the innate immune system.45 46 Microbial DNA is a PAMP and
the primary “molecular threat” needed to activate the DNA sensor cGAS. cGAS synthesizes the cyclic dinucleotide
cGAMP, which binds to STING, allowing it to migrate from the ER to the Golgi and recruit TANK-binding kinase 1,
which phosphorylates the transcription factor IFN regulatory factor 3 (IRF3). Phosphorylated IRF3 dimerizes and
translocates to the nucleus to upregulate the expression of Type I IEN (IFN-I) and IFN-stimulated gene (ISG).*¢*®
Increasing evidence has revealed that cGAS-STING overactivation and aberrant regulation trigger undesired outcomes,
such as neuroinflammation and neurodegeneration, contributing to neurological disorders and accelerating disease
progression.*> #7495 Recent studies have indicated that the cGAS-STING pathway is involved in sepsis and sepsis-
associated organ dysfunction, including SIMI.>* A previous study has shown that the STING-IRF3 axis contributes to
SIMI by activating NLRP3.>* The LPS challenge promoted STING translocation to the perinuclear area, whereas IRF3
translocated to the nucleus in H9¢2 and neonatal rat cardiomyocyte (NRCM) cells. Phosphorylated IRF3 upregulates
NLRP3 expression.”* Silencing STING increases the survival rate, attenuates cardiac function, apoptosis, and pyroptosis,
and suppresses inflammatory cytokines in the myocardium and serum of mouse cardiomyocytes.”* NLRP3 overexpres-
sion reverses the protective effects of STING knockdown against LPS in vitro in cardiomyocytes.’® Dissociated TXNIP
binds directly to NLRP3 to form a cytosolic inflammasome, causing cardiomyocyte injury. These findings suggest that
STING loss attenuates LPS-induced septic cardiomyopathy in mice, highlighting that targeting cardiomyocyte STING is
a promising therapeutic strategy for preventing SIMI. STING loss inhibits IRF3 phosphorylation and results in its nuclear
translocation, which further halts NLRP3-mediated inflammation and pyroptosis in cardiomyocytes.>*
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Specific regulators modulate NLRP3 expression in cardiomyocytes during SIMI. Increased expression of zinc finger
antisense 1 (ZFAS1) was observed in septic hearts. Silencing ZFAS1 decreased LPS-mediated pyroptosis and alleviated
autophagy inhibition.”> SP1 is an essential transcription factor that upregulates ZFAS1 expression. miR-590-3p functions as
a downstream effector to reverse ZFAS1-mediated SIMI. Moreover, 5’ AMP-activated protein kinase/mechanistic target of
rapamycin kinase (AMPK/mTOR) signaling participates in miR-590-3p-regulated autophagy and pyroptosis in
cardiomyocytes.” These results suggest that SP1-activated ZFAS1 aggravates SIMI by acting as a ceRNA for miR-590-
3p to regulate AMPK/mTOR signaling, suppress autophagy, and induce pyroptosis in cardiomyocytes.” The decreased
expression of liver X receptor oo (NR1H3)-related molecules and increased NLRP3 levels were observed in septic mice.
NRIH3 ablation aggravates SIMI by facilitating NLRP3-mediated inflammation, mitochondrial dysfunction, oxidative
stress, endoplasmic reticulum stress (ERS), and apoptosis.”® Decreased nuclear translocation of peroxisome proliferator-
activated receptor delta (PPARJ) causes heart metabolic dysregulation, oxidative stress, apoptosis and dysfunction, improv-
ing survival rate with a larger effect size in males than females.”’ Furthermore, decreased expression of fibroblast growth
factor 5 (FGFS5) has been observed in septic hearts. FGF5 overexpression alleviates SIMI in vivo and in vitro and decreases
LPS-induced oxidative stress and pyroptosis.”® Similarly, FGF5 overexpression reduces levels of NLRP3, IL-1p, caspase-1,
IL-18, phosphorylated calmodulin kinase II (CaMKII), and p-NF«B. The CaMKII inhibitor KN93 also inhibits LPS-induced
pyroptosis. These results reveal that FGF5 inhibits SIMI by suppressing CaMKII-mediated pyroptosis.*® Increases in
GSDMD-NT were observed in the heart tissue during SIMI. GSDMD knockout inhibits LPS-induced SIMI and enhances
the survival rate in mice. GSDMD ablation prevents the increase of serum IL-1 and TNF-a contents and myocardial IL-1
and TNF-o mRNA levels. In addition, GSDMD ablation inhibits LPS-induced inflammatory cell infiltration into the
myocardium and suppresses the activation of NF-kB and the maturation of the NLPR3 inflammasome.’> GSDMD-NT
enrichment in myocardial mitochondria resulted in mitochondrial dysfunction and ROS overproduction, further promoting
NLRP3 inflammasome activation in LPS-induced septic mice. These results indicate that GSDMD participates in SIMI
pathophysiology by facilitating ROS-dependent NLRP3 inflammasome activation.>® The upregulated expression of angio-
poietin-like protein 2 (ANGPTL2) has been observed in LPS-induced hearts and cardiomyocytes. ANGPTL2 overexpression
aggravated LPS-induced SIMI while silencing ANGPTL?2 attenuated LPS-associated SIMI. A mechanical study revealed
that ANGPTL2 activates the NLRP3 inflammasome by inhibiting DUSP1, and silencing NLRP3 reverses the detrimental
role of ANGPTL2-mediated SIML®® DUSP1 overexpression inhibits SIMI- and ANGPTL2-mediated NLRP3 activation.
These results reveal that ANGPTL2 facilitates SIMI by activating NLRP3-mediated inflammation in a DUSP1-dependent
manner.*® Decreased expression of growth arrest-specific gene 6 (GAS6) has been observed in the cardiomyocytes of septic
mice.®’ GAS6 overexpression improves cardiac dysfunction and alleviates mitochondrial injury, ERS, oxidative stress, and
apoptosis in septic mice.®’ Ablation of GAS6 increased NLRP3 levels, which reconciled with GAS6 overexpression. These
results suggest that GAS6 attenuates SIMI by inhibiting the NLRP3 inflammasome.®' LPS upregulates NLRP3 and promotes
GSDMD-mediated pyroptosis in rat hearts. LPS increases intracellular Ca*" release and inositol 1,4,5-trisphosphate receptor
2 (IP3R2) expression in ATP-induced NRCMs.®? IP3R inhibition reverses intracellular Ca®* release and suppresses
pyroptosis by inhibiting the NLRP3/Caspase-1/GSDMD pathway.®® The interplay between IP3R2-mediated Ca** release
and ERS contributes to cardiomyocyte pyroptosis. These results indicate that IP3R2-mediated Ca”" release facilitates
pyroptosis via the activation of the NLRP3-Caspase-1-GSDMD pathway in LPS-induced cardiomyocytes.®> Elevated
phospholipase D2 (PLD2) levels were observed in the myocardial tissues of septic mice. PLD2 ablation inhibits SIMI and
enhances the survival of septic mice. Silencing PLD2 inhibited pyroptosis in LPS-induced H9C2 cardiomyocytes, whereas
PLD2 overexpression increased NLRP3 expression in cardiomyocytes.®> This indicates that PLD2 promotes SIMI by
enhancing pyroptosis via the NLRP3/caspase 1/GSDMD pathway in cardiomyocytes.**

Pharmacological Inhibition of NLRP3 as a Therapeutic Target for Septic
Cardiomyopathy

Inhibiting NLRP3 inflammasome activation is an emerging therapeutic strategy to combat SIMI. Several compounds
have shown therapeutic potential against SIMI by targeting the NLRP3 inflammasome (Table 1 and Figure 3).
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Table | Emerging Compounds Targeting NLRP3 to Inhibit SIMI

derivative

Compounds | Type Experimental Effects Ref
model
Glyburide Oral antidiabetic drug LPS/mice 1Survival rate;| myocardial contractile dysfunction; | IL-1p myocardium and circulation; |Activation of the NLRP3 [34]
inflammasome in CFs; |ability of LPS-challenged CFs to impact cardiomyocyte function.
MCC950 NLRP3 inhibitor CLP/rats |Levels of serum cTnl and LDH; |disordered myocardial tissue structure; |cell edema; fcardiac function; [64]
lexpressions of TNF-q, IL-6 and IL-8.
MCC950 NLRP3 inhibitor LPS/H9c2 cells lInflammation and pyroptosis. [64]
Artemisinin Antimalarial agents Burn sepsis/Male |Mortality rate;|serum inflammatory cytokines;|levels of adhesion molecules and neutrophil infiltration in [65]
BALB/c mice heart;|NLRP3 and caspase |;]mRNA expression of IL-13 and IL-18 in Raw 264.7 cells that were stimulated with burn
sepsis serum.
Nifuroxazide Oral antibiotic LPS/male SD rats THeart histopathological characteristics and architecture;| inflammatory-infiltration; |biomarkers of cellular injury in | [66]
serum;| CK-MB, LDH, and ALP;|oxidative stress; | TLR4/the inflammasome NLPR3/IL-1.
Melatonin Plant hormone CLP/C57BL/6) mice 1Sirtuin | -dependent NF-kB deacetylation in septic mice; |NF-«xB activity; | NF-kB-mediated proinflammatory [43]
response; Tredox balance and mitochondrial homeostasis;| NLRP3 inflammasome.
Melatonin Plant hormone CLP/WT C57BL/6 TRestoration of the normal cardiac muscle fibers; | P65 in in the nucleus;| TNFa and iNOS;| protein level of caspase- | [44]
and NLRP3-KO mice I,NLRP3, IL-1B and pro-IL-18;] mRNA level of NLRP3.
Melatonin Plant hormone LPS/hiPSC-CMs |Cell injuries;|LDH release;{cell viability;tinduction of autophagy; |pyroptosis; |NLRP3; | GSDMD-NT; |cleaved [67]
caspase-|; |production of the cleaved IL-1f and cleaved IL-18 cytokines.
Melatonin Plant hormone CLP/C57BL/6) TNrf2;|NLRP3 inflammasome activation;Tmyocardial homeostasis. [68]
Carvacrol Aromatic monoterpenoids LPS/Balb/C mice 1Survival rate; | histopathological alterations; 1 echocardiographic parameters; | reduction in fraction shortening and | [69]
ejection fraction;T myocardial antioxidants; |pro-inflammatory cytokine contents; | protein levels of NLRP3, caspase
I, ASC, IL-1B, IL-18, and the GSDMD; fbeclin | and p62.
Carvacrol Aromatic monoterpenoids LPS/H9c2 cells |ROS generation; |pyroptosis; |NLRP3 inflammasome. [69]
Chicoric acid Natural plant polyphenol LPS/Male C57BL/6 |Succinate dehydrogenase activity in macrophages; |succinate accumulation; |superoxide anion production; [40]
mice Imitochondrial dysfunction; |HIF-la in macrophage; |glycolysis;factivated macrophages NAD*/NADH
ratio;Tdissociation of KAT2A from o-tubulin; |o-tubulin acetylation; | NLRP3 inflammasome;?cardiac mitochondrial
structure and function disruption.
Estradiol Estrogen LPS/female C57BL/6 TCardiac function;fcardiac electrical activity; | cardiac metabolism;TPPARS nuclear translocation; |oxidative stress and | [57]
mice apoptosis in females.
Vaccarin Flavonoid glycoside LPS/H9C2 cells | Oxidative stress, apoptosis, inflammation, mitochondrial disorder in cardiomyocytes. [70]
Vaccarin Flavonoid glycoside LPS/C57BL/6 ] mice |Myocardial injury;Tcardiac function parameters;fcardiac structure; |inflammation /oxidative response;TNLRP3 [70]
palmitoylation to inactivate NLRP3 inflammasome by acting on zZDHHCI2. In support, the NLRP3 agonist ATP and
the 2-BP prevented the effects of VAC.
Emodin Natural anthraquinone LPS/C57BL/6 mice 1Survival rate;| myocardial injury;|cardiac dysfunction; | inflammatory cytokines; |cardiac inflammation; [71]
derivative INLRP3;| GSDMD.
Emodin Natural anthraquinone LPS/cardiomyocytes | Cell injury;|inflammation; |activation of NLRP3 inflammasome. [71]

(Continued)
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Table | (Continued).

Compounds | Type Experimental Effects Ref
model
Harmine Natural B-carboline alkaloid 1Survival rate;|cardiac dysfunction;|inflammation;|apoptosis. [38]
Harmine Natural B-carboline alkaloid LPS/RAW 264.7 cells M1 phenotype markers iNOS and COX-2; |inflammatory cytokines(IL-1B,TNF-a, IL-6, INOS, COX-2, PGE2 and [38]
TXB2)
Harmine Natural B-carboline alkaloid LPS/H9C2 cells |Macrophage-mediated inflammation and apoptosis; | NLRP3; |cleaved caspase 3 levels; |NF-kB activation. [38]
Ruscogenin Natural steroidal sapogenin LPS/mice 1Survival rate; fcardiac function; |myocardial pathological damage;|myocardial injury; | NLRP3; |myocardial [72]
inflammation and pyroptosis.
Ruscogenin Natural steroidal sapogenin LPS/HL-1 | Cytotoxicity; | inflammation and pyroptosis;| NLRP3 upregulation. [72]
cardiomyocytes
Geniposide Iridoid glycoside LPS/C57BL/6 mice 1Survival rate;fcardiac function;| myocardial inflammation;| myocardial loss; | NLRP3 inflammasome [73]
activation; | p47phox;1 phosphorylation and activity of AMPKa,; silencing AMPKa abolishs geniposide-mediated
protection against NLRP3 inflammasome activation, ROS accumulation and loss of cardiomyocytes.
Syringaresinol Natural polyphenolic CLP/C57BL/6 male 1Cardiac function; |myocardial injury;1SIRT I;] NLRP3 activation and proinflammatory cytokines release; IC1182780, | [74]
compound mice PHTP and AZD9496 reverses the protective effect of syringaresinol against SIMI.
Thymogquinone | Natural polyphenolic CLP/male BALB/c lIntestinal histological alterations;|plasma cTnT levels;tATP;| p62, NLRP3, caspase-1, TNF-q, IL-18, IL-1p, IL-6, and | [75]
compound mice MCP-1 expressions;tbeclin | and IL-10 level; |PI3K.
Shikonin Natural naphthoquinone LPS/C57BL/6) male 1Survival rate;fcardiac function;|inflammatory cytokines release;| macrophage infiltration; |cleaved caspase- [76]
mice I;UNLRP3; |caspase-| activity;1SIRT| expression; SIRT| inhibitor blocks SHI-mediated upregulation of SIRT |
expression and downregulation of cleaved caspase-I,NLRP3, and caspase-| activity.
Shikonin Natural naphthoquinone LPS/H9C2 cells |LDH and cTn;|cell inflammation;|apoptosis;T SIRT| expression;|cleaved caspase-|;| NLRP3;|caspase-| activity [76]
Carbachol Nonselective muscarinic CLP/C57BL/6 male 1Survival rate;| activity of CK-MB;|LVIDs;TLVEF and LVFS; |apoptosis level of myocardial cells;|inflammatory factors | [77]
receptor agonist mice (TNF-0, IL-18 and IL-6); | Caspase-3; 1Bcl-2/Bax;|expressions of phosphorylated -PI3K, p-AKT, NLRP3, and Caspase-
l.
YL-109 CHIP agonist |Mortality; | cardiac dysfunction;|proinflammatory response;| NLRP3 expression; |pyroptosis;|phosphorylated ERK | [78]
levels and NF-kB activation;TCHIP expression; | activation of c-Jun and c-Fos; CHIP ablation reverses YL-109-
mediated protective effects against SIMI, inflammation and pyroptosis.
YL-109 CHIP agonist LPS/ HL-1 cells |Cytokine release; | pyroptosis; CHIP overexpression enhances the degradation of phosphorylated ERK and [78]
decreases expression of NF-kB-mediated NLRP3.
PSSM1443 Small molecule disrupt the LPS/C57BL/6 mice |Activation of caspase-I;|inflammation;|cleavage of pro-IL-18 and pro-IL-1§. [42]
TXNIP-NLRP3 interaction
IL-IRA Interleukin | receptor CLP/mice TIL-1B decreased contractility and relaxation of adult rat ventricular cardiomyocytes. [79]
antagonist
T0901317 Liver X Receptor agonist CLP/male C57BL/6 or | |Systemic infection;fcardiac dysfunction;| NLRP3 activity. [56]
Balb/c mice
JQlI BRD#4 inhibitor CLP/C57BL/6 ) male 1Survival rate;|cardiomypathological injury;fcardiac function;| CD45 infiltration; |release of CK-MB, LDH, IL-1, IL- | [80]

18;1SOD viability; |MDA;1SIRT I; |NLRP3, caspase-1p20, and GSDMD.
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SO3
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GWS501516
HU308
Cinnamyl
alcohol
Ketone esters
rGDF3
Elabela
Elabela
Intermedin -
53
Intermedin| -
53

rhACE2
Tirzepatide

Cortistatin

Cortistatin

BRD4 inhibitor

JAK1/JAK2 inhibitor

H,S slow -releasing donor

SO, donor

SO, donor

CO-releasing molecule-3
CO-releasing molecule-3

CO-releasing molecule-3

PPARbeta/delta-specific
agonist

Cannabinoid receptors 2
agonist

Recombinant GDF3 protein

Small molecule hormone

Small molecule hormone

Novel paracrine /autocrine
peptide

Novel paracrine /autocrine
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Recombinant human ACE2
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Glucagon-like peptide-|
receptor agonist

Neuroendocrine polypeptide

Neuroendocrine polypeptide

LPS/HI9C2 cells

CLP/C57BL/6 mice

CLP/male C57BL/6
mice
CLP/Male SDr rats

LPS/Primary NRCMs

LPS/C57BL/6 mice
LPS/primary cardiac
fibroblasts
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cardiomyocytes
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Escherichia coli /male
C57BL/6J) mice
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LPS/Cardiac
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LPS/C57BL/6 mice

LPS/Male SDr rats

LPS/C57BL/6) mice

|LDH release, infammation, and oxidative damage;1 SIRT| expression;| NLRP3 activation; SIRT| inhibitor EX527
reveres the JQI-mediated decrease in NLRP3, caspase-1p20, and GSDMD.

tCardiac function; | cardiac injury; | multiple-organ failure; |JAK2/STAT3 activation; | NLRP3 inflammasome activation;|
NF- «B.

|Myocardial injury; | Macrophage infiltration;| activation of NLRP3 inflammasome in macrophages; | inflammatory
factors secretion;| ROS in cardiomyocytes.

TCardiac functions;?T levels of SO, in plasma and heart; |apoptosis;| inflammatory response;|expression of TLR4,
NLRP3, and caspase-1.

|Myocardial injury;?1 cell viability;|LDH;|apoptosis; | expression of TLR4, NLRP3, and caspase-|.

lMyocardial dysfunction;|myocardial NLRP3 infllmmasome activation.
INLRP3 and pro-IL-1 expression; |activation of the NLRP3 inflammasome; | NLRP3 interactions with adaptor ASC;

CORM-3 or IL-1 receptor antagonist decreases CM apoptosis that challenged with supernatants of CF with LPS/ATP
or Cyto-mix (IL-1B, IL-18, and HMGBI).
| Oxidative stress; | NLRP3 expression in the heart.

|Pyroptosis; |NLRP3 and activating caspase-1 and GSDMD.

|Mortality; |inflammatory reaction in heart; |IL-13 and IL-18; |expression of ASC, NLRP3, and caspase-| in heart.

| Profound systemic inflammation;| cardiac dysfunction;| inflammation in the heart.

tSurvival rate;| macrophage infiltration; |systemic and cardiac inflammation with less pro-inflammatory macrophages
(MI) and more anti-inflammatory macrophages (M2); 1Smad2/Smad3 phosphorylation; | NLRP3 in macrophages.
tSurvival rate of septic mice;Tcardiac function;|production of myocardial injury markers, oxidative stress and
pyroptosis.

| Cell death;|ROS production; | pyroptosis, and smooth autophagy flow;Tdegradation of autophagosomes.

tCardiac function;TMABP; |inflammation; |NLRP3, ASC, pro-IL-1f, caspase |; |NF-kB nuclear
translocation; |apoptosis.
1Cell survival rates;| ASC, NLRP3, and caspase | protein levels;|IL-1f3 production.

|Myocardial injury;tcardiac function; TAng 1-7 in serum; |Ang Il; | NLRP3 inflammasome activation; | | pyroptosis;
inflammatory response;| activation of NF-kB and p38MAPK;tAMPK-a | activation.

|Cardiac dysfunction; |susceptibility ventricular arrhythmia|inflammatory responses; |cardiac protein levels of TNF-
a, IL-6, and IL-1B; |cardiomyocytes apoptosis | TLR4 /NF-kB/NLRP3.

|ASC pyroptosome formation induced by NLRP3; |IL-1 secretion; |caspase-| activation; |proinflammatory
pathways (NF-kB and pro-IL-1f).

|Myocardial injury; |[ROS levels; |Drpl-mediated mitochondrial fission; | NLRP3 inflammasome activation-mediated
cardiomyocyte pyroptosis; TAMPK phosphorylation.
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Figure 3 Chemical structures of small molecules targeting NLRP3 to treat SIMI.

Food and Drug Administration (FDA)-Approved Medications

The small-molecule drug glyburide is an FDA-approved antidiabetic medication that acts as an inflammasome antagonist.
Pharmacological inhibition of NLRP3 by glyburide blocks NLRP3 inflammasome activation in CFs** (Figure 4).
Furthermore, inhibition of the NLRP3 inflammasome in CFs attenuates the effect of LPS-treated CFs on cardiomyocyte
function. NLRP3 inhibition by glyburide inhibits myocardial contractile dysfunction and decreases myocardial and
circulating IL-1pB, boosting the survival rate of mice.>* Artemisinin is a traditional Chinese medicine and natural product
with significant antimalarial, anti-inflammatory, and immunoregulatory effects.”® Similarly, it decreases mortality rates,
serum inflammatory cytokines, adhesion molecule levels, and neutrophil infiltration in the hearts of burn septic mice.®®
Artemisinin decreases protein levels of NLRP3/caspase 1 and downregulates mRNA expression of IL-1f and IL-18 in
burn sepsis serum-stimulated Raw 264.7 cells. Moreover, 3,4-methylenedioxy-B-nitrostyrene inhibits NLRP3 inflamma-
some activation and its synthesis of inflammatory cytokine in burn wounds, enhancing the effects of artemisinin. These
results suggest that artemisinin protects against SIMI by alleviating the inflammatory response and infiltration through
the suppression of NLRP3 inflammasome activation.®> Nifuroxazide is an FDA-approved antidiarrheal drug that
significantly improves heart architecture and histopathological characteristics by inhibiting LPS-induced inflammatory
infiltration.®® Nifuroxazide decreases serum LDH, CK-MB, and ALP levels and reduces the heart oxidative status. In
addition, it inhibits the TLR4/NLRP3 inflammasome/IL-1p pathway in the heart.*®

Natural Compounds
Melatonin (N-acetyl-5-methoxytryptamine) is synthesized in the pineal glands of mammals, produced in many other
cells, and has cardioprotective, antitumor, and neuroprotective activities. Emerging evidence has shown that melatonin
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Figure 4 Pharmacology of NLRP3 antagonists against SIMI Multiple generic classes of NLRP3 inhibitors have been identified. Some compounds have been found to repress
upstream toll-like receptor 4 (TLR4) signaling, repress the transcription of NLRP3-associated genes, inhibit NLRP3 complex assembly/maturation, and prevent downstream
NLRP3-induced pyroptosis.

exerts a protective effect against SIMI via different pathways.”® Garcia et al revealed for the first time that melatonin
inhibits the NF-kB/NLRP3 pathway through the retinoid-related orphan receptor (ROR)-a to recover normal mitochon-

1.*> Melatonin reduces NF-kB-mediated proinflammatory responses

drial function and cellular redox status against SIM
and boosts mitochondrial homeostasis and redox balance, inhibiting NLRP3 inflammasome activation. RORa ablation
reverses melatonin-mediated NF-«xB inhibition but not that of NLRP3, suggesting that RORa is necessary for initiating
the innate immune response against inflammation.** Melatonin inhibits NF-kB activation through sirtuin1-dependent NF-
kB deacetylation.* This observation was corroborated by a study from the same group, which reported that melatonin
exerts myocardial protection by restoring the clock gene turnover required to activate SIRT1**. Similarly, melatonin
protects the myocardium by inhibiting pyroptosis in LPS-induced human stem cell-derived cardiomyocytes (hiPSC-CMs)
.7 Melatonin decreased hiPSC-CM injury, as evidenced by decreased LDH release, increased cell viability, and induction
of autophagy. Moreover, melatonin alleviates cell pyroptosis, as evidenced by downregulated expression of NLRP3,
cleaved caspase-1, and GSDMD-NT and decreased production of the cleaved IL-1 and IL-18. Furthermore, 3-MA (an
autophagy inhibitor) and rapamycin (an autophagy activator) alleviates and accentuates melatonin-mediated anti-
pyroptotic activity, respectively. These results suggest that melatonin exerts myocardial protection by inhibiting pyr-
optosis through autophagic stimulation.®” Melatonin inhibits SIMI, which is further supported by the observation that it
inhibits myocardial damage by facilitating Nrf2 activation to reduce mitochondrial oxidative damage and inhibits NLRP3

inflammasome activation, inhibiting apoptosis.®®
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Carvacrol is a phenolic monoterpenoid found in the oils of aromatic plant species such as Origanum, thymus, and
pepperwort.”* ¢ This natural compound inhibits ROS generation and ablates NLRP3 inflammasome-mediated pyroptosis
in LPS-induced H9c2 cells.®” Similarly, it enhances the survival rate, improves echocardiographic parameters, and
prevents ejection fraction reduction in LPS-induced BALB/c mice. Carvacrol restores myocardial antioxidant levels,
reduces histopathological alterations, and reduces proinflammatory cytokine levels in the heart.®” Mechanistic studies
have revealed that carvacrol downregulates the protein levels of NLRP3, caspase 1, ASC, IL-18, IL-1B, and GSDMD,
restoring autophagy-indicative proteins, p62 and beclin 1 in the heart. Our findings suggest that carvacrol inhibits SIMI
by inhibiting the NLRP3 inflammasome and activating autophagy.®’

Chicoric acid (molecular formula: C,,H;301,), the tartaric acid ester of two caffeic acids and a phenolic compound, is
a caffeic acid derivative that can be isolated and purified from plant materials.””® This natural compound attenuates
SIMI by regulating the metabolic reprogramming of macrophages. Chicoric acid downregulates HIF-1la levels by
suppressing SDH activity and inhibiting glycolysis in macrophages, inactivating the NLRP3 inflammasome and attenu-
ating sepsis-induced myocardial damage.*’

Increased estradiol levels agonize G protein-coupled estrogen receptor 1(GPER-1) to augment PPARS nuclear
translocation, attenuating cardiac metabolism and apoptosis through reduced oxidative stress and NLRP3 expression in
LPS-induced female mice.”” Activation of GPER-1 by G1 (a GPER-1 agonist) enhanced survival rates and improved
cardiac function and electrical activity in LPS-challenged male mice.”” G1 attenuated injury, reduced cardiac apoptosis,
and enhanced metabolism by inhibiting NLRP3 in the hearts of male mice.”’

Vaccarin is a flavonoid glycoside with cardio-protective benefits against cardiovascular remodeling and doxorubicin-
induced cardiotoxicity.””'% This natural compound attenuated septic myocardial injury, as evidenced by preserved
cardiac structure, increased cardiac function parameters, and decreased inflammation/oxidative response.”® A mechanistic
study has revealed that vaccarin inactivates the NLRP3 inflammasome by promoting zZDHHC12-mediated palmitoylation.
The acylation inhibitor 2-bromopalmitate and NLRP3 agonist ATP reversed the protective effects of vaccarin. These
results reveal that vaccarin inhibits SIMI and oxidative stress by decreasing cardiac inflammation and increasing
palmitoylation-induced NLRP3 inactivation, respectively.”’

Small-Molecule Drugs

Carbachol, a muscarinic agonist, attenuates SIMI by reducing NLRP3 inflammasome inflammation through the suppres-
sion of the PI3K/AKT signaling pathway.”” Similarly, 2-(4-hydroxy-3-methoxyphenyl)-benzothiazole (YL-109)
decreases mortality and inhibits SIMI by attenuating the proinflammatory response of NLRP3-mediated pyroptosis
in vivo. YL-109 inhibits pyroptosis in LPS-induced HL-1 cells. A mechanistic study has shown that YL-109 decreases
levels of phosphorylated ERK and activates NF-kB by upregulating the expression of the carboxy terminus of Hsc70-
interacting protein (CHIP), inhibiting c-Fos and c-Jun activation and NLRP3 expression. CHIP ablation reverses the
protective effects of YL-109 against SIML.”® These results suggest that YL-109 attenuates SIMI by inhibiting NLRP3-
mediated pyroptosis via CHIP/ERK/NF-kB pathways.”® PSSM1443, a small molecule that disrupts TXNIP-NLRP3
interaction, attenuates SIMI by reducing inflammation through the suppression of caspase-1 activation and the cleavage
of pro-IL-18 and pro-IL-1B.** The Liver X Receptor agonist T0901317 attenuates SIMI by inhibiting NLRP3 via NR1H3
upregulation.’® JQI is a bromodomain-containing protein 4 inhibitor with cardio-protective benefits against cardiac
fibrosis, cardiac hypertrophy, and doxorubicin-induced cardiotoxicity.'®"'%° It enhances the survival rate and attenuates
SIMI by inhibiting NLRP3 via SIRT1 upregulation. The SIRT1 inhibitor EX527 partially reversed the JQ1-mediated
decrease in NLRP3, caspase-1p20, and GSDMD levels.*® These results reveal that JQI attenuates SIMI by modulating
the SIRT1/NLRP3 axis.®® GYY4137 decreases macrophage infiltration in the heart tissue of septic mice. Furthermore, it
inhibits the NLRP3 inflammasome in macrophages, decreases inflammatory cytokine secretion, and reduces ROS
production in cardiomyocytes, exerting protective effects against SIMI.*

Peptide
Elabela is a small-molecule hormone that plays an essential role in heart development.'® The mature elabela peptide
contains 32 amino acids.'®”'°® This hormone attenuates septic myocardial damage and improves the survival rate of mice
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with sepsis in vivo. Furthermore, it enhances autophagy, and autophagosomes selectively degrade inflammatory bodies,
resulting in a reduction in pyroptosis.87 Intermedin,_s; (IMD,_s3), a novel paracrine/autocrine peptide, exhibits strong
cardio-protective effects through endogenous anti-inflammatory activity.'” "' IMD_s; alleviates SIMI by inhibiting the
NLRP3/caspase-1/IL-1p pathway in cecal-ligation-and-puncture-induced mice and LPS-induced CFs. Similarly, IMD;_s3
reduces inflammation and apoptosis, as evidenced by the downregulated expression of NLRP3, ASC, caspase 1, pro-IL
-1p, and NF-kB protein nuclear translocation levels and decreased caspase 3 activity and Bax expression.*® IMD1-53
protects against SIMI by inhibiting the NLRP3/caspase-1/IL-1B pathway. rhACE2 protects against SIMI by inhibiting
NLRP3 inflammasome activation, inflammatory response, and pyroptosis in LPS-induced male C57/B6 mice.** In
addition, it inhibits the activation of the NF-xB and p38 mitogen-activated protein kinase (MAPK) pathway and
facilitates AMPK-al activation in heart tissues.*” A MAS receptor antagonist that blocks Ang(1-7) action reverses the
thACE2-mediated protective effects against cardiac injury and dysfunction in LPS-induced male C57/B6 mice.*
rhACE2 inhibits SIMI through NF-kB, p38MAPK, and the AMPK-al/NLRP3 inflammasome axis dependent on
converting Ang Il to Ang 1-7. Tirzepatide, a dual glucose-dependent insulinotropic polypeptide and glucagon-like
peptide-1 receptor agonist, exerts cardio-protective effects against doxorubicin-induced cardiotoxicity.''* It attenuates
SIMI by inhibiting inflammation and apoptosis via inactivation of the TLR4/NF-kB/NLRP3 axis. Tirzepatide also lowers
susceptibility to ventricular arrhythmia in LPS-treated mice.’® Cortistatin, a neuroendocrine polypeptide belonging to the
somatostatin family, is a novel peptide that exerts cardio-protective effects against SIMIL.'">!'* A mechanistic study has
revealed that cortistatin attenuates SIMI by inhibiting NLRP3 inflammasome activation, as evidenced by decreased ASC
pyroptosome formation, caspase-1 and NF-kB activation, and IL-1p secretion.>® This observation was confirmed by
a recent study, which showed that cortistatin attenuates SIMI by binding to somatostatin receptor subtype 2, activating
AMPK and inactivating dynamin-related protein 1 to inhibit mitochondrial fission and reduce ROS levels, suppressing
NLRP3 inflammasome-induced pyroptosis and attenuating SIML.®'

Conclusions and Perspectives

Sepsis can trigger a life-threatening SIMI. Emerging evidence suggests that NLRP3 inflammasome activation and
NLRP3-induced pyroptosis play pivotal roles in the pathogenesis of sepsis and SIMI, and previous studies have revealed
that NLRP3 inflammasome and pyroptosis antagonism reduce sepsis and SIMI in vitro and in vivo. Several agents exert
therapeutic effects against SIMI by inhibiting NLRP3 (Figure 4). In this review, we summarized the core mechanisms
underlying NLRP3 inflammasome activation and its contribution to the pathogenesis of SIMI. We focused on emerging
therapeutic compounds that can inhibit NLRP3 inflammasome activation and characterized their pharmacological effects
on SIMI. This review suggests that the pharmacological inhibition of the NLRP3 inflammasome may be a potential
therapeutic regimen against SIMI.

The role of NLRP3 in SIMI has exponentially increased. However, the physiological significance and detailed
mechanisms of action of NLRP3 are not well understood and require further investigation. This review primarily focused
on studies that elucidated the core mechanisms of NLRP3 priming or activation in SIMI; however, further investigations
are warranted. First, epigenetic modifications by non-coding RNAs (ncRNAs) mediate NLRP3 and related pyroptosis by
regulating various related factors in other diseases; however, ncRNA role in the regulation of NLRP3 during SIMI
remains unclear. Second, emerging evidence suggests that some post-translational modifications, such as the deubiqui-
tinase USP7, play vital roles in regulating NLRP3 in SIMI. Whether other ubiquitination/deubiquitination pathways are
involved in regulating NLRP3 during SIMI remains unclear. In addition, how post-translational modifications, including
lactylation, succinylation, acetylation, malonylation, and ISGylation, are involved in the regulation of NLRP3 during
SIMI is unknown. Third, emerging evidence suggests that regulated cell death (RCD), including pyroptosis, autophagy,
and ferroptosis, contributes to the pathogenesis of SIMI and the specific pathophysiological functions of RCD in SIMI;
however, more investigations are needed to fully understand the mechanistic implications. Fourth, the cGAS-STING axis
contributes to SIMI by activating NLRP3-mediated inflammation and pyroptosis in cardiomyocytes; however, the role of
the cGAS-STING axis in other cell types, such as macrophages and CFs, remains unclear. Fifth, uncovering diverse
NLRP3 regulators in SIMI is crucial. Other specific genes and proteins that regulate NLRP3 in SIMI remain unidentified
and may produce additional upstream/downstream nodes for pharmacological intervention. Sixth, the clinical use of
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NLRP3 inhibitors requires further investigation in SIMI and inflammatory diseases. According to these guidelines, the
conventional treatment for sepsis remains the early administration of antibiotics and supportive care.” Further investiga-
tions are required before NLRP3 can be targeted for clinical applications. Pharmacologically targeting NLRP3 may
become a potential component of the pharmacopeia for septic cardiomyopathy in the near future. Finally, with the
progressive discovery of NLRP3 biology, Nrf2 plays a critical role in regulating NLRP3 activity, which raises the
possibility of repurposing old or already approved drugs, such as Nrf2 activators, to treat SIMI. Despite these
considerations, studies on the role of NLRP3 in SIMI remain in their early stages. The pharmacological targeting of
NLRP3 provides a novel and promising therapeutic approach against SIML

Disclosure
The authors report no conflicts of interest in this work.

References

1. Stanski NL, Wong HR. Prognostic and predictive enrichment in sepsis. Nat Rev Nephrol. 2020;16:20-31. doi:10.1038/s41581-019-0199-3
2. Cecconi M, Evans L, Levy M, Rhodes A. Sepsis and septic shock. Lancet. 2018;392:75-87. doi:10.1016/S0140-6736(18)30696-2
3. Fleischmann C, Scherag A, Adhikari NK, et al. Assessment of global incidence and mortality of hospital-treated sepsis. Current estimates and
limitations. Am J Respir Crit Care Med. 2016;193:259-272. doi:10.1164/rccm.201504-07810C
4. D’Heureux M, Sternberg M, Brath L, Turlington J, Kashiouris MG. Sepsis-induced cardiomyopathy: a comprehensive review. Curr Cardiol
Rep. 2020;22(5):35. doi:10.1007/s11886-020-01277-2
5. Singer M, Deutschman CS, Seymour CW, et al. The third international consensus definitions for sepsis and septic shock (Sepsis-3). JAMA.
2016;315(8):801-810. doi:10.1001/jama.2016.0287
6. Beesley SJ, Weber G, Sarge T, et al. Septic cardiomyopathy. Crit Care Med. 2018;46(4):625-634. doi:10.1097/CCM.0000000000002851
7. Hollenberg SM, Singer M. Pathophysiology of sepsis-induced cardiomyopathy. Nat Rev Cardiol. 2021;18(6):424-434. doi:10.1038/s41569-
020-00492-2
8. Zhang H, Liao J, Jin L, Lin Y. NLRP3 inflammasome involves in the pathophysiology of sepsis-induced myocardial dysfunction by multiple
mechanisms. Biomed Pharmacother. 2023;167:115497. doi:10.1016/j.biopha.2023.115497
9. Fink MP, Warren HS. Strategies to improve drug development for sepsis. Nat Rev Drug Discov. 2014;13:741-758. doi:10.1038/nrd4368
10. Boyd JH, Mathur S, Wang Y, Bateman RM, Walley KR. Toll-like receptor stimulation in cardiomyoctes decreases contractility and initiates an
NF-kappaB dependent inflammatory response. Cardiovasc Res. 2006;72(3):384-393. doi:10.1016/j.cardiores.2006.09.011
11. Lv X, Wang H. Pathophysiology of sepsis-induced myocardial dysfunction. Mil Med Res. 2016;3:30. doi:10.1186/s40779-016-0099-9
12. Kumar V. Inflammasomes: Pandora’s box for sepsis. J Inflamm Res. 2018;11:477-502. doi:10.2147/JIR.S178084
13. Swanson KV, Deng M, Ting JP. The NLRP3 inflammasome: molecular activation and regulation to therapeutics. Nat Rev Immunol. 2019;19
(8):477-489. doi:10.1038/541577-019-0165-0
14. Chou WC, Jha S, Linhoff MW, Ting JP. The NLR gene family: from discovery to present day. Nat Rev Immunol. 2023;23(10):635-654.
doi:10.1038/s41577-023-00849-x
15. Mangan M, Olhava EJ, Roush WR, Seidel HM, Glick GD, Latz E. Targeting the NLRP3 inflammasome in inflammatory diseases. Nat Rev Drug
Discov. 2018;17(8):588-606. doi:10.1038/nrd.2018.97
16. Duncan JA, Bergstralh DT, Wang Y, et al. Cryopyrin/NALP3 binds ATP/dATP, is an ATPase, and requires ATP binding to mediate
inflammatory signaling. Proc Natl Acad Sci U S A. 2007;104(19):8041-8046. doi:10.1073/pnas.0611496104
17. Li Y, Fu TM, Lu A, et al. Cryo-EM structures of ASC and NLRC4 CARD filaments reveal a unified mechanism of nucleation and activation of
caspase-1. Proc Natl Acad Sci USA. 2018;115(43):10845-10852. doi:10.1073/pnas.1810524115
18. Lu A, Li Y, Schmidt FI, et al. Molecular basis of caspase-1 polymerization and its inhibition by a new capping mechanism. Nat Struct Mol Biol.
2016;23(5):416—425. doi:10.1038/nsmb.3199
19. de Alba E. Structure and interdomain dynamics of apoptosis-associated speck-like protein containing a CARD (ASC). J Biol Chem. 2009;284
(47):32932-32941. doi:10.1074/jbc.M109.024273
20. Lu A, Magupalli VG, Ruan J, et al. Unified polymerization mechanism for the assembly of ASC-dependent inflammasomes. Cell. 2014;156
(6):1193-1206. doi:10.1016/j.cell.2014.02.008
21. Bauernfeind FG, Horvath G, Stutz A, et al. Cutting edge: NF-kappaB activating pattern recognition and cytokine receptors license NLRP3
inflammasome activation by regulating NLRP3 expression. J Immunol. 2009;183(2):787-791. doi:10.4049/jimmunol.0901363
22. Franchi L, Chen G, Marina-Garcia N, et al. Calcium-independent phospholipase A2 beta is dispensable in inflammasome activation and its
inhibition by bromoenol lactone. J Innate Immun. 2009;1(6):607-617. doi:10.1159/000227263
23. Xing Y, Yao X, Li H, et al. Cutting edge: TRAF6 mediates TLR/IL-1R signaling-induced nontranscriptional priming of the NLRP3
inflammasome. J Immunol. 2017;199(5):1561-1566. doi:10.4049/jimmunol.1700175
24. Cai X, Chen J, Xu H, et al. Prion-like polymerization underlies signal transduction in antiviral immune defense and inflammasome activation.
Cell. 2014;156(6):1207—1222. doi:10.1016/j.cell.2014.01.063
25. Boucher D, Monteleone M, Coll RC, et al. Caspase-1 self-cleavage is an intrinsic mechanism to terminate inflammasome activity. J Exp Med.
2018;215(3):827-840. doi:10.1084/jem.20172222
26. Hoss F, Rodriguez-Alcazar JF, Latz E. Assembly and regulation of ASC specks. Cell Mol Life Sci. 2017;74(7):1211-1229. doi:10.1007/s00018-
016-2396-6
27. Toldo S, Abbate A. The role of the NLRP3 inflammasome and pyroptosis in cardiovascular diseases. Nat Rev Cardiol. 2024;21(4):219-237.
doi:10.1038/541569-023-00946-3

1038 https: Drug Design, Development and Therapy 2025:19


https://doi.org/10.1038/s41581-019-0199-3
https://doi.org/10.1016/S0140-6736(18)30696-2
https://doi.org/10.1164/rccm.201504-0781OC
https://doi.org/10.1007/s11886-020-01277-2
https://doi.org/10.1001/jama.2016.0287
https://doi.org/10.1097/CCM.0000000000002851
https://doi.org/10.1038/s41569-020-00492-2
https://doi.org/10.1038/s41569-020-00492-2
https://doi.org/10.1016/j.biopha.2023.115497
https://doi.org/10.1038/nrd4368
https://doi.org/10.1016/j.cardiores.2006.09.011
https://doi.org/10.1186/s40779-016-0099-9
https://doi.org/10.2147/JIR.S178084
https://doi.org/10.1038/s41577-019-0165-0
https://doi.org/10.1038/s41577-023-00849-x
https://doi.org/10.1038/nrd.2018.97
https://doi.org/10.1073/pnas.0611496104
https://doi.org/10.1073/pnas.1810524115
https://doi.org/10.1038/nsmb.3199
https://doi.org/10.1074/jbc.M109.024273
https://doi.org/10.1016/j.cell.2014.02.008
https://doi.org/10.4049/jimmunol.0901363
https://doi.org/10.1159/000227263
https://doi.org/10.4049/jimmunol.1700175
https://doi.org/10.1016/j.cell.2014.01.063
https://doi.org/10.1084/jem.20172222
https://doi.org/10.1007/s00018-016-2396-6
https://doi.org/10.1007/s00018-016-2396-6
https://doi.org/10.1038/s41569-023-00946-3

Jin etal

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

Zheng D, Liwinski T, Elinav E. Inflammasome activation and regulation: toward a better understanding of complex mechanisms. Cell Discov.
2020;6:36. doi:10.1038/s41421-020-0167-x

Liu X, Zhang Z, Ruan J, et al. Inflammasome-activated gasdermin D causes pyroptosis by forming membrane pores. Nature. 2016;535
(7610):153—-158. doi:10.1038/nature18629

Kayagaki N, Kornfeld OS, Lee BL, et al. NINJ1 mediates plasma membrane rupture during lytic cell death. Nature. 2021;591(7848):131-136.
doi:10.1038/s41586-021-03218-7

Xia S, Zhang Z, Magupalli VG, et al. Gasdermin D pore structure reveals preferential release of mature interleukin-1. Nature. 2021;593
(7860):607—611. doi:10.1038/s41586-021-03478-3

Lother A, Kohl P. The heterocellular heart: identities, interactions, and implications for cardiology. Basic Res Cardiol. 2023;118(1):30.
doi:10.1007/500395-023-01000-6

Fujimura K, Karasawa T, Komada T, et al. NLRP3 inflammasome-driven IL-1p and IL-18 contribute to lipopolysaccharide-induced septic
cardiomyopathy. J Mol Cell Cardiol. 2023;180:58-68. doi:10.1016/j.yjmcc.2023.05.003

Zhang W, Xu X, Kao R, et al. Cardiac fibroblasts contribute to myocardial dysfunction in mice with sepsis: the role of NLRP3 inflammasome
activation. PLoS One. 2014;9(9):¢107639. doi:10.1371/journal.pone.0107639

Zhang B, Liu Y, Sui YB, et al. Cortistatin inhibits NLRP3 inflammasome activation of cardiac fibroblasts during sepsis. J Card Fail. 2015;21
(5):426-433. doi:10.1016/j.cardfail.2015.01.002

Lan T, Tao A, Xu X, Kvietys P, Rui T. Peroxynitrite/PKR axis modulates the NLRP3 inflammasome of cardiac fibroblasts. Front Immunol.
2020;11:558712. doi:10.3389/fimmu.2020.558712

Zhang W, Tao A, Lan T, et al. Carbon monoxide releasing molecule-3 improves myocardial function in mice with sepsis by inhibiting NLRP3
inflammasome activation in cardiac fibroblasts. Basic Res Cardiol. 2017;112(2):16. doi:10.1007/s00395-017-0603-8

Ruan W, Ji X, Qin Y, et al. Harmine alleviated sepsis-induced cardiac dysfunction by modulating macrophage polarization via the STAT/
MAPK/NF-kB pathway. Front Cell Dev Biol. 2021;9:792257. doi:10.3389/fcell.2021.792257

Wang L, Li Y, Wang X, et al. GDF3 protects mice against sepsis-induced cardiac dysfunction and mortality by suppression of macrophage
pro-inflammatory phenotype. Cells. 2020;9(1):120. doi:10.3390/cells9010120

Sun HJ, Zheng GL, Wang ZC, et al. Chicoric acid ameliorates sepsis-induced cardiomyopathy via regulating macrophage metabolism
reprogramming. Phytomedicine. 2024;123:155175. doi:10.1016/j.phymed.2023.155175

Zhao M, Zheng Z, Zhang P, et al. IL-30 protects against sepsis-induced myocardial dysfunction by inhibiting pro-inflammatory macrophage
polarization and pyroptosis. iScience. 2023;26(9):107544. doi:10.1016/j.is¢i.2023.107544

Wang L, Zhao H, Xu H, et al. Targeting the TXNIP-NLRP3 interaction with PSSM1443 to suppress inflammation in sepsis-induced myocardial
dysfunction. J Cell Physiol. 2021;236(6):4625-4639. doi:10.1002/jcp.30186

Garcia JA, Volt H, Venegas C, et al. Disruption of the NF-kB/NLRP3 connection by melatonin requires retinoid-related orphan receptor-o and
blocks the septic response in mice. FASEB J. 2015;29(9):3863-3875. doi:10.1096/1].15-273656

Rahim I, Djerdjouri B, Sayed RK, et al. Melatonin administration to wild-type mice and nontreated NLRP3 mutant mice share similar inhibition
of the inflammatory response during sepsis. J Pineal Res. 2017;63(1). doi:10.1111/jpi.12410

Skopelja-Gardner S, An J, Elkon KB. Role of the ¢cGAS-STING pathway in systemic and organ-specific diseases. Nat Rev Nephrol.
2022;18:558-572. doi:10.1038/s41581-022-00589-6

Zhang Z, Zhou H, Ouyang X, et al. Multifaceted functions of STING in human health and disease: from molecular mechanism to targeted
strategy. Signal Transduct Target Ther. 2022;7:394. doi:10.1038/s41392-022-01252-z

Motwani M, Pesiridis S, Fitzgerald KA. DNA sensing by the cGAS-STING pathway in health and disease. Nat Rev Genet. 2019;20:657-674.
doi:10.1038/s41576-019-0151-1

Yang K, Tang Z, Xing C, Yan N. STING signaling in the brain: molecular threats, signaling activities, and therapeutic challenges. Neuron. 2023;
S0896-6273(23):00795-00795X [pii].

Ferecskd AS, Smallwood MJ, Moore A, et al. STING-triggered CNS inflammation in human neurodegenerative diseases. Biomedicines.
2023;11:1375. doi:10.3390/biomedicines11051375

Fryer AL, Abdullah A, Taylor JM, Crack PJ. The complexity of the cGAS-STING pathway in CNS pathologies. Front Neurosci.
2021;15:621501. doi:10.3389/fnins.2021.621501

Huang Y, Liu B, Sinha SC, Amin S, Gan L. Mechanism and therapeutic potential of targeting cGAS-STING signaling in neurological disorders.
Mol Neurodegener. 2023;18:79. doi:10.1186/s13024-023-00672-x

Paul BD, Snyder SH, Bohr VA. Signaling by c¢GAS-STING in neurodegeneration, neuroinflammation, and aging. Trends Neurosci.
2021;44:83-96. doi:10.1016/.tins.2020.10.008

Kong C, Ni X, Wang Y, et al. ICA69 aggravates ferroptosis causing septic cardiac dysfunction via STING trafficking. Cell Death Discov.
2022;8:187. doi:10.1038/541420-022-00957-y

Li N, Zhou H, Wu H, et al. Tang,STING-IRF3 contributes to lipopolysaccharide-induced cardiac dysfunction, inflammation, apoptosis and
pyroptosis by activating NLRP3. Redox Biol. 2019;24:101215. doi:10.1016/j.redox.2019.101215

Liu JJ, Li Y, Yang MS, Chen R, Cen CQ. SP1-induced ZFAS1 aggravates sepsis-induced cardiac dysfunction via miR-590-3p/NLRP3-mediated
autophagy and pyroptosis. Arch Biochem Biophys. 2020;695:108611. doi:10.1016/j.abb.2020.108611

Deng C, Liu Q, Zhao H, et al. Activation of NR1H3 attenuates the severity of septic myocardial injury by inhibiting NLRP3 inflammasome.
Bioeng Transl Med. 2023;8(3):e10517. doi:10.1002/btm2.10517

Adu-Amankwaah J, Adekunle AO, Tang Z, et al. Estradiol contributes to sex differences in resilience to sepsis-induced metabolic dysregulation
and dysfunction in the heart via GPER-1-mediated PPARS/NLRP3 signaling. Metabolism. 2024;156:155934. doi:10.1016/j.
metabol.2024.155934

Cui S, Li Y, Zhang X, et al. FGF5 protects heart from sepsis injury by attenuating cardiomyocyte pyroptosis through inhibiting CaMKII/NF«xB
signaling. Biochem. Biophys. Res. Commun. 2022;636:104—112. doi:10.1016/j.bbrc.2022.10.080

Sui DM, Xie Q, Yi WJ, et al. Resveratrol protects against sepsis-associated encephalopathy and inhibits the NLRP3/IL-1p axis in Microglia.
Mediators Inflamm. 2016;2016:1045657. doi:10.1155/2016/1045657

Drug Design, Development and Therapy 2025:19 heeps: 1039


https://doi.org/10.1038/s41421-020-0167-x
https://doi.org/10.1038/nature18629
https://doi.org/10.1038/s41586-021-03218-7
https://doi.org/10.1038/s41586-021-03478-3
https://doi.org/10.1007/s00395-023-01000-6
https://doi.org/10.1016/j.yjmcc.2023.05.003
https://doi.org/10.1371/journal.pone.0107639
https://doi.org/10.1016/j.cardfail.2015.01.002
https://doi.org/10.3389/fimmu.2020.558712
https://doi.org/10.1007/s00395-017-0603-8
https://doi.org/10.3389/fcell.2021.792257
https://doi.org/10.3390/cells9010120
https://doi.org/10.1016/j.phymed.2023.155175
https://doi.org/10.1016/j.isci.2023.107544
https://doi.org/10.1002/jcp.30186
https://doi.org/10.1096/fj.15-273656
https://doi.org/10.1111/jpi.12410
https://doi.org/10.1038/s41581-022-00589-6
https://doi.org/10.1038/s41392-022-01252-z
https://doi.org/10.1038/s41576-019-0151-1
https://doi.org/10.3390/biomedicines11051375
https://doi.org/10.3389/fnins.2021.621501
https://doi.org/10.1186/s13024-023-00672-x
https://doi.org/10.1016/j.tins.2020.10.008
https://doi.org/10.1038/s41420-022-00957-y
https://doi.org/10.1016/j.redox.2019.101215
https://doi.org/10.1016/j.abb.2020.108611
https://doi.org/10.1002/btm2.10517
https://doi.org/10.1016/j.metabol.2024.155934
https://doi.org/10.1016/j.metabol.2024.155934
https://doi.org/10.1016/j.bbrc.2022.10.080
https://doi.org/10.1155/2016/1045657

Jin et al

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

LiJ, Wan T, Liu C, Liu H, Ke D, Li L. ANGPTL2 aggravates LPS-induced septic cardiomyopathy via NLRP3-mediated inflammasome in a
DUSPI1-dependent pathway. Int Immunopharmacol. 2023;123:110701. doi:10.1016/j.intimp.2023.110701

JiT, Liu Q, Yu L, et al. GAS6 attenuates sepsis-induced cardiac dysfunction through NLRP3 inflammasome-dependent mechanism. Free Radic
Biol. Med. 2024;210:195-211.

Wu QR, Yang H, Zhang HD, et al. IP3R2-mediated Ca(2+) release promotes LPS-induced cardiomyocyte pyroptosis via the activation of
NLRP3/Caspase-1/GSDMD pathway. Cell Death Discov. 2024;10(1):91. doi:10.1038/s41420-024-01840-8

LiJ, Teng D, Jia W, et al. PLD2 deletion ameliorates sepsis-induced cardiomyopathy by suppressing cardiomyocyte pyroptosis via the NLRP3/
caspase 1/GSDMD pathway. Inflamm. Res. 2024;73(6):1033—-1046. doi:10.1007/s00011-024-01881-w

Li S, Guo Z, Zhang ZY. Protective effects of NLRP3 inhibitor MCC950 on sepsis-induced myocardial dysfunction. J Biol Regul Homeost
Agents. 2021;35(1):141-150. doi:10.23812/20-662-A

Long H, Xu B, Luo Y, Luo K. Artemisinin protects mice against burn sepsis through inhibiting NLRP3 inflammasome activation. Am J Emerg
Med. 2016;34(5):772-777. doi:10.1016/j.ajem.2015.12.075

Khodir AE, Samra YA, Said E. A novel role of nifuroxazide in attenuation of sepsis-associated acute lung and myocardial injuries; role of
TLR4/NLPR3/IL-1 signaling interruption. Life Sci. 2020;256:117907. doi:10.1016/j.1fs.2020.117907

Qiu Y, Ma Y, Jiang M, et al. Melatonin alleviates LPS-induced pyroptotic cell death in human stem cell-derived cardiomyocytes by activating
autophagy. Stem Cells Int. 2021;2021:8120403. doi:10.1155/2021/8120403

Rahim I, Sayed RK, Fernandez-Ortiz M, et al. Melatonin alleviates sepsis-induced heart injury through activating the Nrf2 pathway and
inhibiting the NLRP3 inflammasome. Naunyn Schmiedebergs Arch Pharmacol. 2021;394(2):261-277. doi:10.1007/s00210-020-01972-5

Joshi S, Kundu S, Priya VV, Kulhari U, Mugale MN, Sahu BD. Anti-inflammatory activity of carvacrol protects the heart from
lipopolysaccharide-induced cardiac dysfunction by inhibiting pyroptosis via NLRP3/Caspasel/Gasdermin D signaling axis. Life Sci.
2023;324:121743. doi:10.1016/j.1£s.2023.121743

Zhu XX, Meng XY, Zhang AY, et al. Vaccarin alleviates septic cardiomyopathy by potentiating NLRP3 palmitoylation and inactivation.
Phytomedicine. 2024;131:155771. doi:10.1016/j.phymed.2024.155771

Dai S, Ye B, Chen L, Hong G, Zhao G, Lu Z. Emodin alleviates LPS-induced myocardial injury through inhibition of NLRP3 inflammasome
activation. Phytother Res. 2021;35(9):5203-5213. doi:10.1002/ptr.7191

Wang RY, Wang MG, Tang HZ, et al. The protective effects of ruscogenin against lipopolysaccharide-induced myocardial injury in septic mice.
J Cardiovasc Pharmacol. 2024;84:175-187. doi:10.1097/FJC.0000000000001563

Song P, Shen DF, Meng Y, et al. Geniposide protects against sepsis-induced myocardial dysfunction through AMPKa-dependent pathway.
Free Radic Biol Med. 2020;152:186-196. doi:10.1016/j.freeradbiomed.2020.02.011

Wei A, Liu J, Li D, et al. Syringaresinol attenuates sepsis-induced cardiac dysfunction by inhibiting inflammation and pyroptosis in mice. Eur
J Pharmacol. 2021;913:174644. doi:10.1016/j.ejphar.2021.174644

Liu H, Sun Y, Zhang Y, et al. Role of thymoquinone in cardiac damage caused by sepsis from BALB/c mice. Inflammation. 2019;42
(2):516-525. doi:10.1007/510753-018-0909-1

Guo T, Jiang ZB, Tong ZY, Zhou Y, Chai XP, Xiao XZ. Shikonin ameliorates LPS-induced cardiac dysfunction by SIRT1-dependent inhibition
of NLRP3 inflammasome. Front Physiol. 2020;11:570441. doi:10.3389/fphys.2020.570441

Zhou L, Jiang ZM, Qiu XM, Zhang YK, Zhang FX, Wang YX. Carbachol alleviates myocardial injury in septic rats through PI3K/AKT
signaling pathway. Eur Rev Med Pharmacol Sci. 2020;24(10):5650-5658. doi:10.26355/eurrev_202005 21356

Wang M, Liao J, Lin W, et al. YL-109 attenuates sepsis-associated multiple organ injury through inhibiting the ERK/AP-1 axis and pyroptosis
by upregulating CHIP. Biomed Pharmacother. 2024;175:116633. doi:10.1016/j.biopha.2024.116633

Busch K, Kny M, Huang N, et al. Inhibition of the NLRP3/IL-1p axis protects against sepsis-induced cardiomyopathy. J Cachexia Sarcopenia
Muscle. 2021;12(6):1653-1668. doi:10.1002/jcsm.12763

Li W, Shen X, Feng S, et al. BRD4 inhibition by JQI protects against LPS-induced cardiac dysfunction by inhibiting activation of NLRP3
inflammasomes. Mol Biol Rep. 2022;49(9):8197-8207. doi:10.1007/s11033-022-07377-2

Verra C, Mohammad S, Alves GF, et al. Baricitinib protects mice from sepsis-induced cardiac dysfunction and multiple-organ failure. Front
Immunol. 2023;14:1223014. doi:10.3389/fimmu.2023.1223014

Zhou T, Qian H, Zheng N, Lu Q, Han Y. GYY4137 ameliorates sepsis-induced cardiomyopathy via NLRP3 pathway. Biochim Biophys Acta
Mol Basis Dis. 2022;1868(12):166497. doi:10.1016/j.bbadis.2022.166497

Yang L, Zhang H, Chen P. Sulfur dioxide attenuates sepsis-induced cardiac dysfunction via inhibition of NLRP3 inflammasome activation in
rats. Nitric Oxide. 2018;81:11-20. doi:10.1016/j.ni0x.2018.09.005

Zhang J, Zhu Y, Chen S, et al. Activation of cannabinoid receptors 2 alleviates myocardial damage in cecal ligation and puncture-induced sepsis
by inhibiting pyroptosis. /mmunol Lett. 2023;264:17-24. doi:10.1016/j.imlet.2023.10.007

Zou L, Li C, Chen X, et al. The anti-inflammatory effects of cinnamyl alcohol on sepsis-induced mice via the NLRP3 inflammasome pathway.
Ann Transl Med. 2022;10(2):48. doi:10.21037/atm-21-6130

Soni S, Martens MD, Takahara S, et al. Exogenous ketone ester administration attenuates systemic inflammation and reduces organ damage in
a lipopolysaccharide model of sepsis. Biochim Biophys Acta Mol Basis Dis. 2022;1868(11):166507. doi:10.1016/j.bbadis.2022.166507

Liu S, Liu FZ, Yan JY, et al. The Elabela-APJ axis attenuates sepsis-induced myocardial dysfunction by reducing pyroptosis by balancing the
formation and degradation of autophagosomes. Free Radic Biol Med. 2024;224:405-417. doi:10.1016/j.freeradbiomed.2024.09.003

Wu D, Shi L, Li P, et al. Intermedin(1-53) protects cardiac fibroblasts by inhibiting NLRP3 inflammasome activation during sepsis.
Inflammation. 2018;41(2):505-514. doi:10.1007/s10753-017-0706-2

Wu C, Chen Y, Zhou P, Hu Z. Recombinant human angiotensin-converting enzyme 2 plays a protective role in mice with sepsis-induced cardiac
dysfunction through multiple signaling pathways dependent on converting angiotensin II to angiotensin 1-7. Ann Transl Med. 2023;11(1):13.
doi:10.21037/atm-22-6016

Liu Q, Zhu J, Kong B, Shuai W, Huang H. Tirzepatide attenuates lipopolysaccharide-induced left ventricular remodeling and dysfunction by
inhibiting the TLR4/NF-kB/NLRP3 pathway. Int Immunopharmacol. 2023;120:110311. doi:10.1016/j.intimp.2023.110311

Duan F, Li L, Liu S, et al. Cortistatin protects against septic cardiomyopathy by inhibiting cardiomyocyte pyroptosis through the
SSTR2-AMPK-NLRP3 pathway. Int Immunopharmacol. 2024;134:112186. doi:10.1016/j.intimp.2024.112186

1040

https: Drug Design, Development and Therapy 2025:19


https://doi.org/10.1016/j.intimp.2023.110701
https://doi.org/10.1038/s41420-024-01840-8
https://doi.org/10.1007/s00011-024-01881-w
https://doi.org/10.23812/20-662-A
https://doi.org/10.1016/j.ajem.2015.12.075
https://doi.org/10.1016/j.lfs.2020.117907
https://doi.org/10.1155/2021/8120403
https://doi.org/10.1007/s00210-020-01972-5
https://doi.org/10.1016/j.lfs.2023.121743
https://doi.org/10.1016/j.phymed.2024.155771
https://doi.org/10.1002/ptr.7191
https://doi.org/10.1097/FJC.0000000000001563
https://doi.org/10.1016/j.freeradbiomed.2020.02.011
https://doi.org/10.1016/j.ejphar.2021.174644
https://doi.org/10.1007/s10753-018-0909-1
https://doi.org/10.3389/fphys.2020.570441
https://doi.org/10.26355/eurrev_202005_21356
https://doi.org/10.1016/j.biopha.2024.116633
https://doi.org/10.1002/jcsm.12763
https://doi.org/10.1007/s11033-022-07377-2
https://doi.org/10.3389/fimmu.2023.1223014
https://doi.org/10.1016/j.bbadis.2022.166497
https://doi.org/10.1016/j.niox.2018.09.005
https://doi.org/10.1016/j.imlet.2023.10.007
https://doi.org/10.21037/atm-21-6130
https://doi.org/10.1016/j.bbadis.2022.166507
https://doi.org/10.1016/j.freeradbiomed.2024.09.003
https://doi.org/10.1007/s10753-017-0706-2
https://doi.org/10.21037/atm-22-6016
https://doi.org/10.1016/j.intimp.2023.110311
https://doi.org/10.1016/j.intimp.2024.112186

Jin etal

92.

Xie K, Li Z, Zhang Y, Wu H, Zhang T, Wang W. Artemisinin and its derivatives as promising therapies for autoimmune diseases. Heliyon.
2024;10(7):27972. doi:10.1016/j.heliyon.2024.e27972

93. Casper E, El Wakeel L, Sabri N, Khorshid R, Fahmy SF. Melatonin: a potential protective multifaceted force for sepsis-induced
cardiomyopathy. Life Sci. 2024;346:122611. doi:10.1016/.1f5.2024.122611
94. Khazdair MR, Moshtagh M, Anaeigoudari A, Jafari S, Kazemi T. Protective effects of carvacrol on lipid profiles, oxidative stress, hypertension,
and cardiac dysfunction - A comprehensive review. Food Sci Nutr. 2024;12(5):3137-3149. doi:10.1002/fsn3.4014
95. Retnosari R, Ali AH, Zainalabidin S, Ugusman A, Oka N, Latip J. The recent discovery of a promising pharmacological scaffold derived from
carvacrol: a review. Bioorg Med Chem Lett. 2024;109:129826. doi:10.1016/j.bmcl.2024.129826
96. Seyedan AA, Dezfoulian O, Alirezaei M. Satureja khuzistanica Jamzad essential oil prevents doxorubicin-induced apoptosis via extrinsic and
intrinsic mitochondrial pathways. Res Pharm Sci. 2020;15(5):481-490. doi:10.4103/1735-5362.297851
97. Lee J, Scagel CF. Chicoric acid: chemistry, distribution, and production. Front Chem. 2013;1:40. doi:10.3389/fchem.2013.00040
98. Yang M, Wu C, Zhang T, et al. Chicoric acid: natural occurrence, chemical synthesis, biosynthesis, and their bioactive effects. Front Chem.
2022;10:888673. doi:10.3389/fchem.2022.888673
99. Shi X, Cao Y, Wang H, et al. Vaccarin ameliorates doxorubicin-induced cardiotoxicity via inhibition of p38 MAPK mediated mitochondrial
dysfunction. J Cardiovasc Transl Res. 2024;17:1155-1171. doi:10.1007/s12265-024-10525-7
100. Zhu X, Zhou Z, Zhang Q, et al. Vaccarin administration ameliorates hypertension and cardiovascular remodeling in renovascular hypertensive
rats. J Cell Biochem. 2018;119(1):926-937. doi:10.1002/jcb.26258
101. Auguste G, Rouhi L, Matkovich SJ, et al. BET bromodomain inhibition attenuates cardiac phenotype in myocyte-specific lamin A/C-deficient
mice. J Clin Invest. 2020;130(9):4740-4758. doi:10.1172/JCI135922
102. He Z, Jiao H, An Q, et al. Discovery of novel 4-phenylquinazoline-based BRD4 inhibitors for cardiac fibrosis. Acta Pharm Sin B. 2022;12
(1):291-307. doi:10.1016/j.apsb.2021.07.018
103. Li Z, Guo Z, Lan R, et al. The poly(ADP-ribosyl)ation of BRD4 mediated by PARP1 promoted pathological cardiac hypertrophy. Acta Pharm
Sin B. 2021;11(5):1286-1299. doi:10.1016/j.apsb.2020.12.012
104. Mu J, Zhang D, Tian Y, Xie Z, Zou MH. BRD4 inhibition by JQ1 prevents high-fat diet-induced diabetic cardiomyopathy by activating PINK 1/
Parkin-mediated mitophagy in vivo. J Mol Cell Cardiol. 2020;149:1-14. doi:10.1016/j.yjmcc.2020.09.003
105. Stratton MS, Bagchi RA, Felisbino MB, et al. Dynamic chromatin targeting of BRD4 stimulates cardiac fibroblast activation. Circ Res.
2019;125(7):662—677. doi:10.1161/CIRCRESAHA.119.315125
106. Ho L, Tan SY, Wee S, et al. ELABELA is an endogenous growth factor that sustains hESC self-renewal via the PI3K/AKT pathway. Cell Stem
Cell. 2015;17(4):435-447. doi:10.1016/j.stem.2015.08.010
107. Chen Z, Wu C, Liu Y, et al. ELABELA attenuates deoxycorticosterone acetate/salt-induced hypertension and renal injury by inhibition of
NADPH oxidase/ROS/NLRP3 inflammasome pathway. Cell Death Dis. 2020;11(8):698. doi:10.1038/s41419-020-02912-0
108. Xu F, Zhou H, Wu M, et al. Fc-Elabela fusion protein attenuates lipopolysaccharide-induced kidney injury in mice. Biosci Rep. 2020;40(9):
BSR20192397. doi:10.1042/BSR20192397
109. Chen K, Yan M, Li Y, et al. Intermedinl-53 enhances angiogenesis and attenuates adverse remodeling following myocardial infarction by
activating AMP-activated protein kinase. Mol Med Rep. 2017;15(4):1497-1506. doi:10.3892/mmr.2017.6193
110. Lu WW, Zhao L, Zhang JS, et al. Intermedin1-53 protects against cardiac hypertrophy by inhibiting endoplasmic reticulum stress via activating
AMP-activated protein kinase. J Hypertens. 2015;33(8):1676-1687. doi:10.1097/HJH.0000000000000597
111. Yu YJ, Su AH, Yang HB, Chen JX. Intermedinl-53 protects cardiac function in rats with septic shock via inhibiting oxidative stress and
cardiomyocyte apoptosis. Eur Rev Med Pharmacol Sci. 2018;22(9):2906-2913. doi:10.26355/eurrev_201805_14993
112. Chen L, Chen X, Ruan B, Yang H, Yu Y. Tirzepatide protects against doxorubicin-induced cardiotoxicity by inhibiting oxidative stress and
inflammation via PI3K/Akt signaling. Peptides. 2024;178:171245. doi:10.1016/j.peptides.2024.171245
113. Liang J, Bai Y, Chen W, Fu Y, Liu Y, Yin X. Cortistatin, a novel cardiovascular protective peptide. Cardiovasc Diagn Ther. 2019;9(4):394-399.
doi:10.21037/cdt.2018.12.08
114. Zhang B, Liu Y, Zhang JS, et al. Cortistatin protects myocardium from endoplasmic reticulum stress induced apoptosis during sepsis. mol Cell
Endocrinol. 2015;406:40-48. doi:10.1016/j.mce.2015.02.016
Drug Design, Development and Therapy Dovepress

Taylor & Francis Group

Publish your work in this journal

Drug Design, Development and Therapy is an international, peer-reviewed open-access journal that spans the spectrum of drug design and development
through to clinical applications. Clinical outcomes, patient safety, and programs for the development and effective, safe, and sustained use of medicines
are a feature of the journal, which has also been accepted for indexing on PubMed Central. The manuscript management system is completely online
and includes a very quick and fair peer-review system, which is all easy to use. Visit http://www.dovepress.com/testimonials.php to read real quotes
from published authors.

Submit your manuscript here: https://www.dovepress.com/drug-design-development-and-therapy-journal

Drug Design, Development and Therapy 2025:19 Ei X in a 1041


https://doi.org/10.1016/j.heliyon.2024.e27972
https://doi.org/10.1016/j.lfs.2024.122611
https://doi.org/10.1002/fsn3.4014
https://doi.org/10.1016/j.bmcl.2024.129826
https://doi.org/10.4103/1735-5362.297851
https://doi.org/10.3389/fchem.2013.00040
https://doi.org/10.3389/fchem.2022.888673
https://doi.org/10.1007/s12265-024-10525-7
https://doi.org/10.1002/jcb.26258
https://doi.org/10.1172/JCI135922
https://doi.org/10.1016/j.apsb.2021.07.018
https://doi.org/10.1016/j.apsb.2020.12.012
https://doi.org/10.1016/j.yjmcc.2020.09.003
https://doi.org/10.1161/CIRCRESAHA.119.315125
https://doi.org/10.1016/j.stem.2015.08.010
https://doi.org/10.1038/s41419-020-02912-0
https://doi.org/10.1042/BSR20192397
https://doi.org/10.3892/mmr.2017.6193
https://doi.org/10.1097/HJH.0000000000000597
https://doi.org/10.26355/eurrev_201805_14993
https://doi.org/10.1016/j.peptides.2024.171245
https://doi.org/10.21037/cdt.2018.12.08
https://doi.org/10.1016/j.mce.2015.02.016
https://www.dovepress.com
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress

	Introduction
	Overview of NLRP3 Inflammasome and Pyroptosis
	NLRP3 Inflammasome: An Overview
	Pyroptosis

	Activation of the NLRP3 Inflammasome in the Development of Septic Cardiomyopathy
	Role of CFs
	Role of Macrophages
	Role of Cardiomyocytes

	Pharmacological Inhibition of NLRP3 as aTherapeutic Target for Septic Cardiomyopathy
	Food and Drug Administration (FDA)-Approved Medications
	Natural Compounds
	Small-Molecule Drugs
	Peptide

	Conclusions and Perspectives
	Disclosure

