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Abstract: Diabetes is a significant risk factor for arrhythmias. However, the pathophysiology of diabetes-related arrhythmias still 
needs to be elucidated, presumably associated with structural and electrical remodeling. There is growing evidence that inflammation 
and arrhythmias are intimately associated, which has spurred significant interest in exploring the regulatory links in diabetes. Recent 
research findings have revealed a vital role for the NOD-like receptor family pyrin domain containing 3 (NLRP3) inflammasome 
signaling, and facilitated the occurrence of arrhythmias in diabetes, including NLRP3 inflammasome activation by multiple stressors 
and its downstream cytokines, interleukin-1β (IL-1β) and interleukin-18 (IL-18). This narrative review aims to summarize the complex 
interaction between NLRP3 inflammasomes signaling and diabetes-related arrhythmias. Articles regarding the role of NLRP3 
inflammasome in diabetes-related arrhythmias and relevant mechanisms were selected. Relevant articles were selected from 
PubMed. The search terms were “NLRP3 inflammasome” and “diabetes” and “arrhythmia”. Important references from selected 
articles were also retrieved. The role of NLRP3 inflammasome signaling in diabetes-induced arrhythmias may provide a new option 
for the prevention and treatment diabetes-related arrhythmias. 
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Introduction
Diabetes is a chronic metabolic disease characterized by hyperglycemia because of insulin resistance, insulin resistance, 
or both.1 Data from the International Diabetes Federation showed that 10.5% (536.6 million) of people worldwide 
suffered from diabetes in 2021, and the incidence is still rising.2 As a definite risk factor for cardiovascular disease, 
diabetes is significantly involved in the development of arrhythmias, including atrial arrhythmias,3 ventricular 
arrhythmias,4 and sudden death,5 accompanied by a significant global disease burden and increased mortality.6

Diabetes is associated with a chronic low-grade inflammatory state and can lead to negative remodeling of myocardial 
tissue. Advancing inflammatory response has been proven related to the development of arrhythmias.7,8 The NOD-like 
receptor family pyrin domain containing 3 (NLRP3) inflammasome is a crucial mediator of the innate immune system 
and can promote the activation of caspase-1, which in turn leads to the maturation and secretion of the pro-inflammatory 
cytokines, interleukin-1β (IL-1β) and interleukin-18 (IL-18), triggering an inflammatory cascade and causing irreparable 
damage of target organs.9,10 In recent years, few reviews have summarized the role of NLRP3 inflammasome in diabetes 
and its complications.11,12 However, those reviews are limited to focusing on the association between NLRP3 inflamma-
some activation and arrhythmias. A growing number of recent studies have suggested that the increased expression of 
NLRP3, caspase-1, IL-1β, and IL-18 in the cardiac tissue drives electrical and structural remodeling and progresses the 
arrhythmogenic substrate to further enhance the development of arrhythmias in diabetes.7,13,14

This review aimed to summarize the contributing role of the NLRP3 inflammasome signaling, including NLRP3 
inflammasome, caspase-1, IL-1β and IL-18, in arrhythmogenesis of diabetes. The underlying mechanisms might provide 
insight into the prevention and treatment of diabetes-related arrhythmias.
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NLRP3 Inflammasome Signaling
Inflammasomes, a key actor of innate inflammatory signaling, serve as the first defense response to danger signals such 
as pathogens (viruses, bacteria) or molecules. Inflammasomes are classified into the canonical inflammasomes that 
activate caspase-1 and the noncanonical inflammasomes that activate caspase-4/5/11.15 NLRP3 inflammasome is 
a canonical inflammasome typically composed of NLRP3, apoptosis-associated speck-like protein containing a CARD 
(ASC) and pro-caspase-1.16 Typically, a two-step process is required for the activation of NLRP3 inflammasome that 
involves priming and activation (Figure 1). External stimuli are sensed by cells, such as exogenous pathogen-associated 
molecular patterns (PAMPs) or endogenous damage-associated molecular patterns (DAMPs), and then the activation of 
NLRP3 inflammasome is initiated, leading to the increasing of NLRP3, pro-IL-1β, and pro-IL-18 transcription through 
nuclear factor kB (NF-κB); activation refers to the binding of the pyrin domain (PYD) domain of NLRP3 and ASC, 
which in turn recruits the effector molecule pro-caspase-1 via CARD-CARD interactions, resulting in the assembly of 
NLRP3 inflammasome.17,18 Currently, it is considered that DAMPs include self-derived, including soluble uric acid, 
cholesterol crystals, high mobility group box one, and so on, and foreign-derived, including nanoparticles, carbon 
nanotubes, aluminum hydroxide, etc. The PAMPs are composed of several microorganisms and microbial products, 
such as lipolysaccharide, peptidoglycan, etc.19,20

However, these PAMPs and DAMPs barely activate NLRP3 inflammasome directly, often through some changes at 
cellular level. There are three main reasons that contribute to the activation of NLRP3 inflammasome from initiation: (1) 
changes in intracellular or extracellular ion concentrations. These include intracellular K+ efflux, Ca2+ efflux, and Na+ 

efflux and Cl− efflux; (2) rupture of intracellular lysosomes; (3) excessive production of reactive oxygen species (ROS) 
by damaged mitochondria.10

Previous studies have showed that the maturation and secretion of the cytokines, IL-1β and IL-18, are depended on 
the caspases after the activation of NLRP3 inflammasome.21 After activation of NLRP3 inflammasome, the pro-caspase 
-1 is induced into caspase-1, a cysteine protease, subsequently activating pro-IL-1β and pro-IL-18 to their mature forms, 

Figure 1 Steps of NLRP3 inflammasome activation. Priming is initial by NF-κB-mediated increasing in NLRP3, pro-IL-1β, and pro-IL-18 transcription when cells are 
stimulated by PAMPs or DAMPs; then the NLRP3 inflammasome is assembled and activated by signals. 
Abbreviations: NLRP3, NOD-like receptor family pyrin domain containing 3; IL-1β, interleukin 1β; IL-18, interleukin 18; PAMPs, exogenous pathogen-associated molecular 
patterns; DAMPs, endogenous damage-associated molecular patterns; NF-κB, nuclear factor κB; ASC, apoptosis-associated speck-like protein containing a CARD.
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which can generate pro-inflammatory effects. Meanwhile, caspase-1 can also cleave gasdermin-D, and then the 
gasdermin-N domain of gasdermin-D subsequently leads to the formation of membrane pores to drive the release of pro- 
inflammatory cytokine and pyroptosis.17

The NLRP3 inflammasome signaling consisting of NLRP3 inflammasome and its downstream inflammatory factors, 
IL-1β and IL-18, is a key regulator leading to an inflammatory cascade of reactions ultimately for the purpose of 
restoring organismal homeostasis. IL-1β, which is secreted extracellularly, is central to mediate the pro-inflammatory 
response and can contribute to the activation of other inflammatory cytokines, such as interleukin-6 (IL-6), leading to 
tissue damage.22 The IL-18 is also involved in immune response regulation, causing inflammatory damage to tissues and 
organs. Previous studies showed that the β-adrenergic agonist isoprenaline (ISO) can induce the increase of NLRP3 
inflammasome-dependent IL-18 expression in myocardium, inducing sequentially macrophage infiltration and myocar-
dial fibrosis. Whereas after incubation with IL-18 neutralizing antibodies for 1 hour, macrophage infiltration, myocardial 
fibrosis and cardiac diastolic dysfunction all showed significant improvement.23 Similar outcomes were confirmed that 
the activation of NLRP3 inflammasome signaling in cardiomyocytes, in turn can act on cardiomyocytes and non- 
cardiomyocytes to produce pro-inflammatory factors such as TNF-α and IL-6, forming a positive feedback loop that 
leads to myocardial remodeling under stress.24 In addition, a recent review has showed that exercise is closely linked to 
the activation of NLRP3 inflammasome signaling, and exercise training could attenuate its activation in diabetic 
cardiomyopathy.25

Activation and Regulation of NLRP3 Inflammasome Signaling in the Heart with 
Diabetes
The pathogenic mechanisms of diabetes and its complications are initiated as a low-grade chronic inflammatory state. 
Currently, the upregulated expression and activation of NLRP3 inflammasome and the downstream targets, including IL- 
1β and IL-18, have been observed in the heart of diabetes.26–28 Zaharieva et al showed elevated levels of IL-1β and IL-18 
in the serum of diabetic patients.29 Similarly, the overexpressed above were also demonstrated in cardiac tissue in type 1 
diabetic patients.30 The heart is a complex multicellular organ consisting of cardiomyocytes, fibroblasts, immune cells 
etc. Monnerat et al suggested that the IL-1β produced by cardiac macrophages through NLRP3 inflammasome signaling 
can act on cardiomyocytes, causing electrical remodeling in diabetes.14 Zhang et al showed that high glucose could also 
induce NLRP3 inflammasome activation in cardiac fibroblasts, causing cardiac fibrosis.31 Furthermore, in cultured 
cardiomyocytes with high glucose, NLRP3 inflammasome signaling was activated similarly.32 The above results showed 
that diabetes activates NLRP3 inflammasome signaling (including NLRP3, caspase-1, IL-18, IL-1β) in cardiomyocytes 
and non-myocytes.

Several molecular mechanisms link diabetes to the activation of NLRP3 inflammasome signaling: (1) As epicardial 
adipose tissue accumulates in obese patients with type 2 diabetes, adipokines secreted by adipose tissue, like IL-1β, 
contribute to worsening the activation of NLRP3 inflammasome signaling and also directly elicit detrimental effects on 
the heart;33 (2) high glucose directly leads to the upregulation of nuclear factor-κB (NF-κB) through multiple pathways 
that were increasing the expression of the components in NLRP3 inflammasome signaling;24,26 (3) upon the activation of 
the renin-angiotensin-aldosterone system (RAAS), accumulation of advanced glycation end-products (AGEs) in diabetes, 
the toll-like receptors (TLRs) pathway is then activated, which leads to NLRP3 inflammasome signaling activation and 
mediates myocardial inflammation;34,35 (4) with the increasing of oxidative stress and excessive ROS production from 
prolonged exposure to hyperglycemia, the NLRP3 inflammasome/caspase-1/IL-1β/IL-18 signaling is activated, as 
a result, that can lead to increased cellular oxidative stress in turn, forming a positive feedback loop;10 (5) diabetes is 
also associated with a disorder of non-coding RNAs. Recently, it had shown that miR-141 was downregulated in 
myocardial tissue during diabetes, activating NLRP3 inflammasome signaling and leading to myocardial fibrosis.36 

Multiple diabetes-related metabolic disorders may function as NLRP3-inducing stimuli, resulting in the activation of the 
NLRP3 inflammasome/caspase-1/IL-1β/IL-18 signaling. These changes may involve the development of myocardial 
electrical and structural remodeling.
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NLRP3 Inflammasome Signaling in Diabetes-Related Arrhythmias
Given that different stimulation has been reported in diabetes and the subsequent activation of NLRP3 inflammasome 
signaling, a large amount of the pro-inflammatory factors will be released.9 Those pro-inflammatory factors will further 
increase myocardial inflammation, and contribute to myocardial fibrosis, ion channel remodeling, and gap junction 
remodeling, which could be a mechanism for increased susceptibility to arrhythmias due to diabetes (Figure 2). This 
process will eventually predispose to arrhythmias including but not limited to atrial fibrillation, conduction block, and 
ventricular arrhythmia. Nonetheless, most studies focused on atrial fibrillation and ventricular arrhythmia up to now. The 
present review focuses on these aspects of atrial fibrillation and ventricular arrhythmia in diabetes.

Atrial Fibrillation
Diabetes is one of the major known risk factors for atrial fibrillation (AF), and the association has been well established 
in many reviews.37 Still, no validated measures exist to prevent and treat AF in diabetes.

A recent study by Yao et al established that NLRP3 inflammasome was increased in atrial myocytes from 
patients with paroxysmal and long-standing persistent AF, and cardiac-specific knock-in mice expressing constitu-
tively active NLRP3 can develop spontaneous premature atrial beats or increase induction of AF.38 However, after 
the use of MCC950 (a specific NLRP3 inhibitor) or NLRP3 homozygous knockout, the mouse showed a reduced 
incidence of AF. Meanwhile, the study also demonstrated that NLRP3 inflammasome activation could affect calcium 
homeostasis through ryanodine receptor 2 (RyR2) and increase the ultra-rapid delayed rectifier K+ current (IKur) and 
acetylcholine-regulated K+ current (Ik, Ach), leading to a shortened effective refractory period, which both together 
promoted the development of AF. In addition, the role of NLRP3 inflammasome in the genesis of AF was also 
observed in obese models.39

Figure 2 The underlying mechanisms of NLRP3 inflammasome signaling in facilitating diabetes-related arrhythmias. DAMPs, PAMPs and the increasing of reactive oxygen 
species cause the activation of NLRP3 inflammasome signaling in the heart in diabetes. The CaMKII, a plausible linking signal between NLRP3 inflammasome signaling and 
arrhythmias, can phosphorylate a variety of targets which include ion channels, gap junctions and RyR2 in endoplasmic reticulum. The release of IL-1β can create 
a feedforward signaling network. The NLRP3 inflammasome signaling and CaMKII network contributes to myocardial remodeling, thus predisposing to arrhythmias. 
Abbreviations: NLRP3, NOD-like receptor family pyrin domain containing 3; PAMPs, exogenous pathogen-associated molecular patterns; DAMPs, endogenous damage- 
associated molecular patterns, CaMKII, Ca2+/calmodulin-dependent protein kinase-II; ROS, reactive oxygen species; RyR2, ryanodine receptor 2; IL-1β, interleukin 1β; IL-1R, 
IL-1 receptor; ASC, apoptosis-associated speck-like protein containing a CARD.
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The IL-1β and IL-18, as major downstream molecules of the NLRP3 inflammasome, link NLRP3 inflammasome with 
multiple downstream events in the innate immune response. These are implicated in the development and maintenance of 
AF in diabetes.9 Wu et al showed NLRP3 inflammasome, IL-1β, and IL-18 were upregulated in diabetic rabbit atrial 
tissues and serum.40 Furthermore, the study also demonstrated that the conduction inhomogeneity and slower epicardial 
conduction velocity in diabetic rabbits could be reversed by glibenclamide, an NLRP3-inflammasome inhibitor. 
Likewise, during the follow-up in patients without a history of AF who underwent open-heart surgery, the results 
exhibited a more vital expression of the NLRP3-inflammasome signaling in atrial whole-tissue homogenates and 
cardiomyocytes in postoperative AF. Moreover, after acute application of IL-1β upon addition of the Ca2+/calmodulin- 
dependent protein kinase-II (CaMKII) inhibitor KN-93, spontaneous SR Ca2+-release events were attenuated in both 
postoperative AF cardiomyocytes and HL-1 cardiomyocytes. IL-1β can also cause NLRP3 inflammasome signaling 
activation and CaMKII-dependent RyR2 hyperphosphorylation in HL-1 cardiomyocytes.41 The results above revealed 
that CaMKII might act as a critical molecular between NLRP3 inflammasome signaling and AF. In addition, the release 
of IL-1β from cardiomyocytes due to the activation of NLRP3 inflammasome can activate non-myocytes in the heart, 
such as cardiac myofibroblasts and macrophages, promoting the release of inflammatory cytokines like IL-1β and TNFα, 
and sequentially contributing to abnormal cardiac remodeling. These inflammatory factors in turn activate the formation 
of active NLRP3 inflammasome signaling in cardiomyocytes at the same time.42 This positive feedback would perpetuate 
the pathological process of atrial fibrillation in diabetes. However, the downstream effectors of the NLRP3 inflamma-
some signaling in diabetes-related AF remain unclear.

Ventricular Arrhythmias
Limited data to date are available about the relationship between the NLRP3 inflammasome signaling and ventricular 
arrhythmias in diabetes. Hyperglycemia can prompt the activation of NLRP3 inflammasome in ventricular 
macrophages.14 This process increased immune cell recruitment and cytokine production; moreover, the upregulation 
of macrophage-secreted inflammatory cytokines is closely related to ion channel remodeling, gap junctional remodeling 
and myocardial fibrosis in the ventricle, inducing the development of ventricular arrhythmias.43

In type 1 diabetes, Monnerat et al reported that enhanced IL-1β production in cardiac macrophage via NLRP3 
inflammasome activation induced an increase in oxidation and phosphorylation of CaMKII, and calcium sparks and 
inhibited the transient outward potassium currents (Ito) in cardiomyocytes, therefore prolonging action potential duration 
(APD) and increasing the incidence of ventricular arrhythmias.14 Furthermore, these results were reversed by following 
treatment with MCC-950, anakinra (an IL-1 receptor antagonist), or knockdown of either NLRP3, caspase-1 or IL-1 
receptor (IL-1R). Moreover, the increasing level of cardiac IL-1β protein can produce mitochondrial reactive oxygen 
species in a dose-dependent manner in type 2 diabetes mice, which sequentially increases oxidation of RyR2, sarco-
plasmic reticulum Ca2+ leak, thus causing the presentation of ventricular arrhythmia. Whereas the use of anakinra 
ameliorated electrical remodeling and ventricular arrhythmias risk.44 Dysfunction of cardiomyocytes, immune cells, and 
fibroblasts in diabetic hearts, which participate in the process of diabetes-related complications through intercellular 
communication.45 Currently, IL-18 on ventricular arrhythmias in diabetes remains elusive. In general, these results 
identified that NLRP3 inflammasome signaling could provide new insights into the pathogenesis of diabetes-related 
ventricular arrhythmias.

Conclusion
This review highlights the pivotal role of the NLRP3 inflammasome signaling in diabetes-related arrhythmias. The 
activation of NLRP3 inflammasome signaling can promote the secretion of proinflammatory factors, as well as regulate 
other regulators (CaMKII, RyR2, etc), all of which cause electrical and structural remodeling of the myocardium leading 
to a predisposition to the development of arrhythmias. Taken together, the NLRP3 inflammasome signaling could be 
a potential therapeutic target for diabetes-related arrhythmias. Yet, the exact mechanism whereby the NLRP3 inflamma-
some signaling regulates abnormal cardiac remodeling in diabetes is yet to be determined. In addition, the majority of 
studies on the association between arrhythmias and the NLRP3 inflammasome signaling in diabetes describe evidence for 
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atrial fibrillation and ventricular arrhythmias but less is known for other forms of arrhythmias. Further research in this 
area could pave the way to control and prevent arrhythmias in patients with diabetes.
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