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Abstract

Cardiac arrhythmias, including atrial fibrillation and ventricular arrhythmias, remain
leading causes of morbidity and mortality worldwide. While structural, electrical, and
metabolic remodeling have long been recognized as drivers of arrhythmogenesis, emerg-
ing evidence identifies inflammation—particularly inflammasome signaling—as a central
orchestrator of this pathological triad. Among the various inflammasome complexes,
the NLRP3 inflammasome has garnered particular attention due to its activation in car-
diomyocytes, fibroblasts, and immune cells in diverse clinical contexts. NLRP3 activation
precipitates a cascade of downstream events, including interleukin-1β and -18 maturation,
oxidative stress amplification, calcium mishandling, and extracellular matrix remodel-
ing, thereby fostering a proarrhythmic substrate. This review synthesizes mechanistic
and translational data implicating inflammasome signaling in both atrial and ventricular
arrhythmias, with a focus on cellular specificity and electrophysiological sequelae. We
explore upstream triggers, such as metabolic stress, gut dysbiosis, and epicardial adipose
inflammation, and delineate the downstream impact on cardiac conduction and structural
integrity. Emerging therapeutic strategies—including NLRP3 inhibitors, IL-1 antagonists,
colchicine, and SGLT2 inhibitors—are critically appraised for their anti-inflammatory and
antifibrotic potential. By bridging molecular insights with clinical application, this review
underscores the inflammasome as a unifying mechanistic hub in arrhythmia pathogenesis
and a promising target for precision-guided therapy.

Keywords: atrial fibrillation; ventricular arrhythmias; NLRP3 inflammasome; cardiac
remodeling; calcium handling; inflammation; fibrosis; SGLT2 inhibitors

1. Introduction
Cardiac arrhythmias, particularly atrial fibrillation (AF) and ventricular arrhythmias,

represent a major global health burden, contributing substantially to morbidity, mortality,
and healthcare utilization [1–9]. Although structural, electrical, and metabolic remodeling
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have long been recognized as key contributors to arrhythmogenesis, a growing body of
evidence now places inflammation—specifically inflammasome signaling—at the center
of this pathophysiological landscape [10]. Among the various inflammasomes identified
to date, the nucleotide-binding domain, leucine-rich repeat-containing receptor pyrin
domain containing three (NLRP3) inflammasomes has gained particular attention due to
its involvement in numerous cardiovascular conditions, including AF, heart failure, and
post-infarction remodeling [10–16].

While traditionally associated with immune cells, emerging evidence suggests that
inflammasome activation also occurs in nonimmune cell populations, including cardiomy-
ocytes and fibroblasts, underscoring its broad biological relevance in cardiac disease [17].
Within the arrhythmogenic substrate, NLRP3 activation has been implicated in a range
of pathological processes—including calcium-handling abnormalities, oxidative stress,
cytokine production, gap junction remodeling, and fibrosis—each of which contributes
to the initiation and maintenance of abnormal cardiac rhythms [18–20]. Notably, the in-
flammasome operates not as a solitary effector but as a nodal integrator of diverse stress
signals, thereby serving as a mechanistic bridge linking metabolic, electrophysiological,
and structural perturbations [21–23].

This review aims to critically examine the mechanistic role of NLRP3 inflammasome
activation in the pathogenesis of atrial and ventricular arrhythmias. We synthesize current
evidence from experimental and clinical studies, outline cell-specific signaling mecha-
nisms, and evaluate emerging therapeutic strategies targeting inflammasome pathways.
By integrating insights from molecular immunology and cardiac electrophysiology, we
highlight the translational potential of inflammasome modulation in arrhythmia prevention
and management.

2. Inflammasome Overview: Classification and Mechanisms of Activation
Inflammasomes are cytosolic multiprotein complexes that function as critical com-

ponents of the innate immune response, acting as pattern recognition platforms for the
detection of pathogenic microorganisms and endogenous danger signals [24,25]. These
structures orchestrate the inflammatory cascade by sensing pathogen-associated molecular
patterns (PAMPs)—such as lipoteichoic acid, lipopolysaccharides, and peptidoglycans—as
well as damage-associated molecular patterns (DAMPs), thereby initiating a robust host
defense mechanism [26]. While primarily associated with immune cells, inflammasome
activation has also been observed in various non-immune cellular populations, reflecting
its broad functional relevance in tissue homeostasis and injury response [16,24,27,28].

To date, at least ten distinct inflammasome sensors have been identified, including
interferon-γ-inducible protein 16 (IFI16), absent in melanoma 2 (AIM2), and several mem-
bers of the nucleotide-binding domain, leucine-rich repeat-containing (NLR) family such
as NLRP1, NLRP2, NLRP3, NLRP6, NLRP12, and NLRC4 [26,29,30]. Among these, the
NLRP3 inflammasome has emerged as the most extensively characterized and clinically
significant due to its involvement in a diverse array of inflammatory and cardiovascular
pathologies, including atrial fibrillation [31].

Activation of the NLRP3 inflammasome is a tightly regulated two-step process com-
prising a priming phase and an activation (triggering) phase [25,32]. During priming, the
engagement of toll-like receptors (TLRs) by DAMPs or PAMPs stimulates the NF-κB sig-
naling pathway, leading to the transcriptional upregulation of NLRP3 itself, as well as the
inactive pro-forms of interleukin (IL)-1β and IL-18 [33,34]. The subsequent activation phase
involves assembly of the inflammasome complex through interactions between NLRP3,
the adaptor protein ASC (apoptosis-associated speck-like protein containing a caspase
recruitment domain), and pro-caspase-1 [33,35]. This oligomerization event culminates in
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the autocatalytic cleavage of caspase-1, which in turn processes pro-IL-1β and pro-IL-18
into their mature, biologically active forms—key mediators of systemic and localized in-
flammation [33,35]. This canonical activation cascade constitutes the molecular foundation
through which inflammasomes execute their immunologic and pathogenic functions [33].

Calcium (Ca2+) is a fundamental second messenger involved in a wide array of bio-
chemical and physiological processes, including signal transduction, gene expression, and
immune regulation [36]. Emerging evidence suggests that intracellular Ca2+ mobiliza-
tion plays a pivotal role in the activation and assembly of the NLRP3 inflammasome [37].
Both extracellular influx and the intracellular release of Ca2+ contribute to the elevation of
cytosolic Ca2+ concentrations, thereby facilitating inflammasome activation [37].

One of the key mechanisms underlying this process involves the calcium-sensing recep-
tor (CaSR), predominantly expressed on the surface of immune cells. Upon engagement by
extracellular Ca2+, CaSR activates downstream signaling cascades, notably phospholipase C
(PLC), which catalyzes the production of inositol 1,4,5-trisphosphate (IP3) [38]. IP3, in turn,
binds to its receptors (IP3Rs) located on the sarcoplasmic/endoplasmic reticulum, trigger-
ing the release of stored Ca2+ into the cytoplasm [39]. Concurrently, receptor-operated Ca2+

entry channels facilitate further Ca2+ influx from the extracellular space [39]. This concerted
elevation in intracellular Ca2+ appears to be a critical permissive event for the oligomeriza-
tion and activation of the NLRP3 inflammasome complex [39]. Notably, the pharmacologic
inhibition of IP3R-mediated Ca2+ release using agents such as 2-aminoethoxydiphenyl
borate (2-APB) significantly attenuates cytosolic Ca2+ levels, concomitantly suppressing
the maturation and secretion of IL-1β [39].

Elevated cytosolic Ca2+ concentrations are closely linked to secondary increases in
mitochondrial Ca2+ uptake, a process that precipitates the generation of mitochondrial
reactive oxygen species (ROS) [40,41]. This surge in ROS serves as a critical signal for the
activation of the NLRP3 inflammasome, highlighting a mechanistic interplay between Ca2+

homeostasis, mitochondrial dysfunction, and innate immune activation [40,41]. Accord-
ingly, oxidative stress emerges as a potent upstream instigator of inflammasome assembly
and function [40,41]. Systemic oxidative stress has been identified as a robust biomarker
of AF risk, reflecting upstream cardiometabolic burden and serving as a key amplifier of
redox-sensitive pathways such as NLRP3 inflammasome activation [42]. Its association
with atrial remodeling and arrhythmia susceptibility further supports its relevance in the
inflammatory substrate of AF [42]. In parallel, the Ca2+-responsive phosphatase calcineurin
is activated in the setting of increased intracellular Ca2+, further amplifying the inflamma-
tory response [40,41]. Experimental models have demonstrated that the cardiac-specific
overexpression of PPP3CA, the gene encoding the catalytic subunit of calcineurin, leads to
the pronounced upregulation of NLRP3 expression, enhanced cleavage and activation of
CASP1, and elevated circulating levels of IL-1β [43].

3. Inflammatory Mechanisms Underlying Atrial Fibrillation Pathogenesis
Inflammation represents a fundamental defense mechanism activated in response to

tissue injury or infection [44]. However, when persistent, it becomes maladaptive, driving
pathological remodeling within the atrial substrate [44]. Chronic inflammation promotes
the sustained production of ROS and proinflammatory cytokines, which in turn facilitate
atrial fibrosis, cellular hypertrophy, and apoptosis—hallmark processes in the initiation and
maintenance of atrial cardiomyopathy (AtCM) and AF [45–48]. The disruption of laminar
blood flow within the atria contributes to endothelial microinjury, facilitating the transmi-
gration of immune cells into atrial tissue [49–51]. Evidence from histopathologic analyses
of atrial samples obtained from 46 patients undergoing valvular or coronary artery bypass
surgery revealed the significantly increased infiltration of CD68-KP1+ inflammatory cells—
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predominantly dendritic cells—and CD3+ T-lymphocytes in the left atrial myocardium
of patients with AF compared to those in sinus rhythm [52]. Notably, this immune cell
infiltration was independently associated with arrhythmic status, irrespective of comor-
bid conditions such as hypertension, DM, systemic inflammatory markers, or anatomical
variations including age and atrial size [52]. These findings point to a rhythm-specific in-
flammatory response, with the preferential accumulation of monocyte–macrophage lineage
cells [52]. This localized immune activation fosters cytokine release, structural remodel-
ing, and subsequent arrhythmogenic substrate formation [52]. Importantly, macrophage
infiltration appears to precede, rather than result from, chemokine signaling, suggesting
an initiating role in the inflammatory cascade of AF [52–54]. Moreover, the histologic
evaluation of atrial tissues from AF patients consistently reveals low-grade inflammation
characterized by leukocyte and macrophage infiltration [49–51].

Accumulating evidence implicates inflammation—particularly inflammasome acti-
vation within atrial cardiomyocytes—as a critical driver of AF development and progres-
sion [55,56]. The inflammasome is present in both immune and nonimmune cell types,
which orchestrates the innate immune response to infectious and sterile stimuli [57]. It
comprises three essential components: a pattern recognition receptor (typically a nucleotide-
binding oligomerization domain-like receptor, NLR), the adaptor protein ASC, and an
effector cysteine protease, most commonly CASP1 or CASP5 [57].

Among the various inflammasome subtypes, NLRP3, NLRP1, and NLRC4 are the
most well-characterized, each defined by the specific NLR protein that confers signal speci-
ficity [58,59]. In atrial cardiomyocytes, inflammasome activation results in the cleavage and
activation of CASP1, which in turn processes the pro-forms of IL-1β and IL-18 into their
mature, bioactive counterparts [58,59]. The subsequent increase in circulating IL-1β and
IL-18 levels correlates with the transition from paroxysmal to persistent or chronic AF and
is mechanistically linked to AF and structural remodeling [58,59]. The pathogenic interplay
among cardiomyocytes, fibroblasts, and immune cells establishes a self-perpetuating proin-
flammatory and profibrotic circuit [58,59]. Immune cell infiltration into atrial tissue leads to
the release of inflammatory cytokines that inflict injury upon cardiomyocytes [58,59]. In re-
sponse, damaged cardiomyocytes activate intracellular innate immune pathways, including
NLRP inflammasome signaling, thereby amplifying the local inflammatory milieu through
further IL-1β and IL-18 secretion [58,59]. Simultaneously, the inflammatory environment
and cardiomyocyte death promote fibroblast activation, facilitating extracellular matrix
deposition and fibrotic remodeling [58,59]. These activated fibroblasts, in turn, exacerbate
immune cell recruitment via chemokine and cytokine secretion, sustaining and propagating
atrial inflammation and fibrosis [58–61].

Beyond its metabolic functions, epicardial adipose tissue (EAT) has emerged as an ac-
tive paracrine and immunomodulatory organ implicated in the pathophysiology of AF [62].
EAT secretes a spectrum of proinflammatory adipocytokines, including IL-6, IL-8, IL-1β,
and TNF-α, which diffuse into the adjacent atrial myocardium and create a localized proin-
flammatory microenvironment [63–65]. This cytokine milieu facilitates the recruitment and
activation of immune cells within the atrial tissue, thereby promoting fibroblast activation
and contributing to the fibrotic remodeling of the atrial substrate. Moreover, epicardial
adipocytes exhibit anatomic and functional plasticity, with the capacity to infiltrate the
underlying myocardium [66–68]. This ectopic adipose infiltration disrupts the structural in-
tegrity and electrophysiological properties of the atrial myocardium, leading to conduction
heterogeneities that predispose to AF initiation and maintenance [64].
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EAT, anatomically contiguous with the myocardium and devoid of fascial separa-
tion, exerts direct paracrine influence on adjacent cardiac structures [69]. Alterations in
EAT volume and morphological characteristics have been closely associated with a spec-
trum of metabolic and cardiovascular disorders [69]. In a clinical investigation involving
152 patients—categorized into diabetic, obese, and lean cohorts and undergoing valve
repair and/or coronary artery bypass grafting—paired blood and subcutaneous adipose tis-
sue (SAT) samples were obtained [69]. Analysis revealed that EAT from diabetic and obese
individuals exhibited a marked upregulation of proinflammatory cytokines, including
IFN-γ, TNF-α, IL-6, and IL-1, highlighting a state of heightened inflammatory activation
within this fat depot [69]. The study further demonstrated that both EAT and SAT har-
bor adaptive immune cell populations, suggesting a broader immunologic functionality
beyond passive fat storage [69]. Notably, the inflammatory signaling profile of EAT was
significantly altered in the context of diabetes, obesity, and associated cardiometabolic
perturbations, reinforcing its role as a dynamic immunometabolic organ. To functionally
assess the impact of EAT-derived inflammation on atrial remodeling, SAT and EAT speci-
mens from 39 patients undergoing coronary bypass surgery were used to establish a rat
atrial organoculture model [70]. This model revealed that the secretome of EAT—rich in
bioactive molecules such as activin A, a profibrotic adipokine—exerted potent fibrogenic
effects on atrial myocardium [70]. These findings implicate EAT-derived paracrine factors
in promoting myocardial fibrosis, thereby contributing to the structural remodeling that
underlies AF susceptibility.

The expansion of EAT, frequently observed in the context of obesity, has been increas-
ingly recognized as a contributor to the proinflammatory milieu that fosters AF develop-
ment. To elucidate the electrophysiological consequences of EAT on atrial cardiomyocytes,
an experimental model utilizing rabbit left atrial myocytes was employed [71]. Cardiomy-
ocytes were harvested and subsequently co-cultured with adipocytes derived from EAT [71].
Compared to control cardiomyocytes, those exposed to epicardial adipocytes exhibited
significant alterations in membrane electrophysiology, including a more depolarized resting
membrane potential and augmented L-type Ca2+ and Na+ current densities [71]. These
changes are indicative of heightened excitability and altered ionic homeostasis—key sub-
strates for arrhythmogenesis [71]. These findings suggest that adipocytes resident in
EAT exert direct modulatory effects on atrial electrophysiology, thereby promoting an
arrhythmogenic phenotype [72]. Through both paracrine signaling and potential cellular
interactions, EAT may play a mechanistically active role in AF pathophysiology by desta-
bilizing atrial electrical properties and facilitating the initiation and maintenance of the
arrhythmia [72–74].

3.1. NLRP3 Inflammasome Activation as a Driver of Electrophysiological Remodeling in
Atrial Fibrillation

Among the various inflammasome complexes, the NLRP3 inflammasome is the most
extensively characterized and has been implicated in the pathogenesis of a wide spectrum
of cardiovascular disorders, including AF [75] (Figure 1). The constitutive or aberrant
activation of NLRP3 has been documented in patients with paroxysmal, chronic, and post-
operative AF, suggesting a conserved proarrhythmic role across clinical AF phenotypes [76].
A gain-of-function mutation in NLRP3 (A350V), as modeled in NLRP3A350V/+ knock-in
mice, leads to heightened assembly and activation of the inflammasome complex [77].
In a seminal study by Yao et al. [19], atrial tissue samples and isolated cardiomyocytes
from patients with paroxysmal or chronic AF revealed elevated NLRP3 inflammasome
activity. To further delineate causal mechanisms, a cardiomyocyte-specific knock-in mouse
model expressing NLRP3A350V/+ under the control of the α-myosin heavy chain promoter
was developed [19]. These mice exhibited spontaneous premature atrial contractions, in-
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ducible AF, and a marked increase in NLRP3-mediated inflammatory signaling within
atrial cardiomyocytes [19]. Crucially, the pharmacologic inhibition of NLRP3 with MCC950
suppressed the arrhythmic phenotype, underscoring the functional relevance of inflam-
masome activity in AF [19]. In this model, NLRP3 activation was linked to profound
disturbances in intracellular Ca2+ homeostasis, most notably aberrant sarcoplasmic retic-
ulum (SR) Ca2+ dynamics driven by the upregulated expression of ryanodine receptor
2 (RyR2) [19]. In parallel, electrical remodeling was characterized by action potential
duration (APD) shortening—a substrate conducive to reentrant arrhythmias—associated
with the increased expression of atrial-selective ultra-rapid delayed-rectifier (I_Kur) and
acetylcholine-activated inward-rectifier (I_K,ACh) potassium currents [19]. These elec-
trophysiological changes were accompanied by structural remodeling, including atrial
hypertrophy and a marked reduction in the effective refractory period (ERP), further facili-
tating arrhythmogenesis [19]. These perturbations collectively created an atrial substrate
conducive to arrhythmia initiation and maintenance [19]. Electrophysiologic studies in
the knock-in model further confirmed increased Ca2+ spark frequency, disrupted electric
activation patterns, and reduced the atrial ERP, all of which were concordant with findings
in human AF tissue samples [19]. These data suggest that aberrant SR Ca2+ dynamics,
driven by NLRP3 inflammasome activation, are central to the proarrhythmic remodeling of
atrial tissue [19].

In a transgenic mouse model of spontaneous atrial fibrillation driven by cardiac-
specific overexpression of the cAMP response element modulator (CREM), targeted silenc-
ing of Nlrp3 using the adeno-associated virus serotype 9 (AAV9)-mediated delivery of
small interfering RNA (siRNA) effectively abrogated the development of AF [19]. These
findings provide compelling in vivo evidence that NLRP3 inflammasome activation plays a
causative role in AF pathogenesis. Importantly, this study positions NLRP3 inhibition as a
potentially viable therapeutic strategy for the prevention or attenuation of AF, particularly
in settings characterized by heightened inflammasome activity [19]. Nevertheless, further
mechanistic investigations are warranted to delineate the precise molecular crosstalk be-
tween cardiomyocyte NLRP3 signaling and sarcoplasmic reticulum Ca2+ handling, which
may constitute a key axis in the arrhythmogenic remodeling underlying AF.

Postoperative AF remains a prevalent complication following cardiac surgery, yet
the underlying molecular mechanisms are incompletely understood [78,79]. Emerging
evidence now implicates aberrant inflammasome signaling in this context. In a recent
investigation, atrial tissue homogenates and isolated cardiomyocytes from patients who
developed postoperative AF exhibited a marked upregulation of NLRP3 inflammasome
components, suggesting heightened innate immune activation in the atrial substrate [80].
To mechanistically model the postoperative inflammatory milieu, the acute administra-
tion of IL-1β—an effector cytokine of inflammasome activation—was applied to murine
HL-1 atrial cardiomyocytes [80]. This intervention triggered robust NLRP3 inflamma-
some activation and led to the calcium/calmodulin-dependent protein kinase II (CaMKII)-
mediated hyperphosphorylation of key calcium-handling proteins, including ryanodine
receptor 2 (RYR2) and phospholamban (PLN) [80]. Consequently, sarcoplasmic reticulum
(SR) Ca2+ leak was significantly enhanced in both HL-1 cells and atrial cardiomyocytes
derived from postoperative AF patients. This aberrant Ca2+ release promoted delayed
afterdepolarizations—proarrhythmic events known to predispose to AF initiation [80].
Collectively, these findings provide compelling evidence that exposure to proinflammatory
cytokines such as IL-1β initiates a pathological cascade involving NLRP3 inflammasome
activation and the CaMKII-dependent dysregulation of intracellular calcium homeostasis
in atrial cardiomyocytes.
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Figure 1. Role of cardiomyocyte–immune cell crosstalk in inflammasome-mediated atrial fibrillation
pathophysiology. In the context of atrial fibrillation (AF), dynamic interactions between cardiomy-
ocytes and immune cells contribute to the establishment and perpetuation of a proinflammatory
arrhythmogenic substrate. AF-promoting stressors activate pattern recognition receptors (PRRs)
on cardiomyocytes, leading to assembly of the NLRP3 inflammasome and subsequent matura-
tion of interleukin (IL)-1β and IL-18. These cytokines, along with the downstream activation of
Ca2+/calmodulin-dependent protein kinase II (CaMKII), reactive oxygen species (ROS), and nuclear
factor-κB (NF-κB) signaling, promote pathological remodeling. IL-1β further activates IL-1 receptor
type 1 (IL-1R1) on adjacent macrophages, amplifying inflammatory signaling, while IL-1R1 stimula-
tion on fibroblasts drives extracellular matrix remodeling. This inflammatory milieu results in Ca2+

handling abnormalities within cardiomyocytes, including ryanodine receptor 2 (RyR2) dysfunction,
delayed afterdepolarizations, and triggered action potentials. These changes, coupled with effective
refractory period (ERP) shortening and structural fibrosis, promote the initiation and maintenance of
AF. Abbreviations: AngII, angiotensin II; ANP, atrial natriuretic peptide; DAMPs, damage-associated
molecular patterns; GSDMD, gasdermin D; GSDMD-NT, gasdermin D N-terminal fragment; LPS,
lipopolysaccharide; NLRP3, NACHT, LRR and PYD-containing protein 3; Thr, thrombin; and TNF,
tumor necrosis factor.
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Moreover, while the NLRP3 inflammasome has been extensively implicated in AF,
recent evidence highlights the pathogenic relevance of the absent in melanoma 2 (AIM2)
inflammasome in AtCM and arrhythmogenesis. In a pivotal study, the dietary induc-
tion of a high-protein metabolic state was shown to promote an AF-prone atrial pheno-
type via activation of the AIM2 inflammasome [81]. This process was mechanistically
linked to mitochondrial oxidative stress and pathological SR Ca2+ release events—both key
drivers of atrial electrical instability [81]. These findings expand the current paradigm of
inflammasome-mediated atrial remodeling by identifying AIM2 as a previously unrecog-
nized contributor to AtCM and AF susceptibility. The parallel involvement of both NLRP3
and AIM2 inflammasomes in maladaptive atrial remodeling underscores their potential as
upstream regulators of proarrhythmic signaling cascades and supports their candidacy as
novel therapeutic targets in the prevention and management of AF.

Although cardiomyocytes have historically been regarded as the primary site of
NLRP3 activation in arrhythmogenesis, recent data underscore the contributory roles of
other myocardial cell types. Notably, fibroblast-restricted NLRP3 activation has been
shown to promote atrial fibrillation and diastolic dysfunction via increased IL-1β secretion
and intercellular crosstalk with cardiomyocytes, culminating in electrical remodeling and
calcium mishandling [18]. Similarly, macrophage-mediated inflammation—particularly
through IL-1β-driven mitochondrial ROS production and RyR2 destabilization—has been
implicated in diabetes-associated AF [82]. These findings suggest that NLRP3 activation in
non-cardiomyocyte populations can exert proarrhythmic effects, either directly or via the
paracrine modulation of cardiomyocyte function. Thus, the arrhythmogenic potential of
NLRP3 signaling appears to transcend cellular boundaries, reflecting an integrated network
of immune and stromal interactions within the atrial substrate.

3.2. Proinflammatory Cytokine Signaling Downstream of Inflammasome Activation in
Atrial Fibrillation

Beyond its canonical role in the maturation of IL-1β and IL-18, the NLRP3 inflamma-
some has been implicated in the upregulation of additional proinflammatory cytokines,
including TNF-α and IL-6—both of which have been associated with AF pathophysiol-
ogy [83–86]. Mounting evidence supports a mechanistic link between inflammasome-
mediated cytokine production and atrial electrical and structural remodeling. In a com-
prehensive investigation by Yao et al. [87], heightened NLRP3 inflammasome activity
was identified across multiple AF models, including murine models of spontaneous AF,
canine models of atrial tachycardia, and atrial tissue from patients with paroxysmal and
chronic AF [87]. Utilizing a cardiomyocyte-specific NLRP3 knock-in model, the study
demonstrated that inflammasome activation led to the upregulation of CASP1, increased
susceptibility to pacing-induced AF, and frequent premature atrial contractions [87]. Con-
comitantly, there was a marked elevation of IL-1β and COL1A1 mRNA expression, im-
plicating inflammasome-driven macrophage activation and fibroblast-mediated fibrosis
in the remodeling process [87]. Importantly, the genetic ablation of NLRP3 in this model
reversed the arrhythmic phenotype and attenuated the associated proinflammatory and
profibrotic responses, including IL-6 expression. These findings underscore the centrality
of NLRP3-driven cytokine signaling—particularly IL-6—as a downstream effector in AF
pathogenesis [87]. Therapeutic strategies aimed at inhibiting NLRP3 activation or neutraliz-
ing its effector cytokines represent a promising avenue for the mitigation of AF progression
and recurrence.

The signal transducer and activator of transcription 3 (STAT3), a member of the STAT
protein family, has emerged as a key transcriptional regulator implicated in the pathogen-
esis of AF [88]. The aberrant activation of STAT3 not only contributes directly to atrial
structural remodeling but also promotes the transcriptional upregulation of NLRP3 via
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epigenetic modifications [89]. Specifically, STAT3 facilitates the acetylation of histones
H3 and H4 at the NLRP3 promoter region, thereby enhancing its expression and down-
stream inflammasome activation [89]. In a rat model of sterile pericarditis, Huang et al.
demonstrated the robust upregulation of IL1B, IL6, TGFB1, TNF, STAT3, and microRNA-
21 (miR-21), suggesting widespread inflammatory and profibrotic activation in the atrial
myocardium [90]. The pharmacologic inhibition of STAT3 using S3I-201 significantly sup-
pressed miR-21 expression, mitigated atrial fibrosis, and reduced AF susceptibility. This
intervention also downregulated canonical fibrotic genes including ACTA2, COL1A1, and
COL3A1, and improved atrial conduction homogeneity [90]. Conversely, IL-6 stimulation
of cultured cardiac fibroblasts led to increased STAT3 phosphorylation and upregulation
of miR-21—an effect that was abrogated by STAT3 inhibition [90]. Moreover, the forced
overexpression of miR-21 enhanced STAT3 activation and promoted the transcription of
fibrotic genes, supporting the existence of a feed-forward loop between STAT3 and miR-21
that perpetuates fibrotic remodeling [90]. These findings delineate the IL-6–STAT3–miR-
21 signaling axis as a pivotal pathway in AF pathophysiology. Given the established
role of NLRP3 inflammasome activation in driving IL-6 production, it is plausible that
inflammasome-mediated cytokine signaling acts upstream of STAT3-miR-21 activation.
This integrated inflammatory-fibrotic circuit provides mechanistic insight into atrial sub-
strate remodeling and presents multiple potential targets for therapeutic intervention
in AF.

Tumor necrosis factor-alpha (TNF-α) is a pleiotropic proinflammatory cytokine that
plays a prominent role in cardiovascular inflammation and arrhythmogenesis [91]. Be-
yond its classical immunomodulatory functions, TNF-α also regulates the transcriptional
machinery responsible for the expression of inflammatory mediators and NLRP3 inflam-
masome components, thereby amplifying the innate immune response within the atrial
myocardium [92].

Microarray-based transcriptomic analyses have implicated TNF-α in the pathogenesis
of exercise-induced AF, revealing the activation of mitogen-activated protein kinase 14
(MAPK14) and nuclear factor-kappa B (NF-κB) signaling pathways [93]. In experimen-
tal models, the pharmacologic inhibition or genetic ablation of TNF (Tnf) or MAPK14
significantly attenuated AF onset and atrial remodeling following strenuous exercise, estab-
lishing a mechanistic link between TNF-α signaling and stress-induced arrhythmogenic
remodeling [93].

Pulmonary vein (PV) cardiomyocytes—widely recognized as focal drivers of parox-
ysmal AF—appear particularly susceptible to TNF-α-induced electrophysiological de-
rangements [94]. In a study by Lee et al. [95], the TNF-α stimulation of isolated rabbit
PV cardiomyocytes resulted in pronounced delayed afterdepolarizations, elevated dias-
tolic intracellular Ca2+ levels, and impaired SR Ca2+ handling [94]. Specifically, TNF-α
exposure led to the downregulation of ATP2A2 (encoding SERCA2a), decreased SR Ca2+

content, and diminished transient Ca2+ amplitude—hallmarks of disrupted intracellular
Ca2+ homeostasis and enhanced arrhythmogenic potential [94].

Complementary insights were provided by Sawaya et al. [96], who utilized a cardiac-
specific TNF-α overexpression model in knock-in mice. Constitutive TNF-α activation
led to marked conduction abnormalities in both atria and ventricles, accompanied by the
downregulation of GJA5 (encoding connexin40), a key gap junction protein implicated in
electrical coupling [96]. These structural and electrical alterations collectively contribute to
a proarrhythmic substrate conducive to AF maintenance [96]. Taken together, these findings
substantiate the role of TNF-α as a pathogenic effector in AF through its multifaceted actions
on calcium handling, proinflammatory signaling, and electrical remodeling. The targeted
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inhibition of TNF-α, particularly within the PV cardiomyocyte population, represents a
promising therapeutic strategy to mitigate AF susceptibility and progression.

3.3. NLRP3 Inflammasome Activation in Atrial Fibroblasts: Implications for Atrial Fibrosis

Fibroblasts, as resident sentinel cells within the cardiac interstitium, are highly re-
sponsive to their microenvironment and play a central role in the orchestration of fibrotic
remodeling [97]. Accumulating evidence indicates that these cells contribute substantially
to the development of the arrhythmogenic substrate in AF, particularly through their capac-
ity to initiate and propagate fibrotic responses [98,99]. Upon activation, fibroblasts undergo
phenotypic transformation into myofibroblasts—specialized cells with enhanced contrac-
tility and a pronounced capacity for extracellular matrix (ECM) deposition, including the
synthesis of collagen [99].

Emerging studies have identified the NLRP3 inflammasome as a pivotal regulator of
fibroblast function and fibrotic transformation [100]. Post-myocardial infarction models
have shown significant upregulation of Nlrp3, Il1b, and Il18 mRNA in infarcted tissue
compared with controls, with expression most prominent in non-cardiomyocyte cellular
fractions [100]. In vitro, cardiac fibroblasts derived from sham-operated mice exhibited
a robust induction of IL-1β and IL-18 following classical inflammasome priming and
triggering via lipopolysaccharide and ATP stimulation, respectively [100]. Moreover, in
human cardiac fibroblasts, the thrombin-mediated activation of NLRP3 signaling occurs
through protease-activated receptor-4 (PAR4), further supporting the inflammasome’s
functional relevance in fibroblast-mediated inflammation [76].

Interestingly, in murine models with cardiomyocyte-specific NLRP3 overexpression,
the increased expression of fibrotic markers such as collagen-1α and galectin-3 suggests a
paracrine mechanism by which cardiomyocyte inflammasome activation may secondarily
stimulate NLRP3 signaling in adjacent fibroblasts [19]. Additionally, oxidative stress—a
well-recognized driver of fibroblast proliferation and myofibroblast differentiation—has
been implicated as a key upstream activator of NLRP3 in these cells [101]. Recent data
suggest that fibroblast-restricted NLRP3 activation is sufficient to induce myofibroblast dif-
ferentiation, enhance proliferative and contractile capacity, and promote fibrotic expansion,
thereby contributing directly to atrial remodeling and AF pathogenesis [102].

Importantly, a landmark study by Li et al. [18] provided compelling in vivo evidence
that fibroblast-specific NLRP3 inflammasome activation directly promotes atrial cardiomy-
opathy, arrhythmogenesis, and heart failure with preserved ejection fraction (HFpEF).
Using a fibroblast-restricted knock-in (FB-KI) mouse model expressing constitutively active
NLRP3, the investigators demonstrated that inflammasome activation enhanced fibrob-
last proliferation, myofibroblast transdifferentiation, collagen deposition, and impaired
gap junction coupling—without eliciting systemic inflammation [18]. Optical mapping
revealed impaired conduction velocity, and in vivo electrophysiology confirmed increased
AF susceptibility [18]. Notably, AAV-mediated Nlrp3 silencing reversed atrial dysfunction,
fibrosis, and AF incidence, establishing a causal link [18].

Together, these findings not only validate NLRP3 as a central mediator of fibroblast-
driven fibrotic remodeling but also identify fibroblast-targeted inflammasome inhibition
as a promising therapeutic strategy to counter atrial arrhythmogenesis and HFpEF pro-
gression. The distinction between cardiomyocyte- and fibroblast-specific inflammasome
activation underscores the need for cell-type-specific modulation to effectively disrupt the
multifaceted proarrhythmic cascade in AF. Table 1 presents key preclinical and translational
studies that delineate the role of inflammasome activation in the pathogenesis of AF.
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Table 1. Key preclinical and translational studies elucidating the role of inflammasome activation in
atrial fibrillation pathophysiology.

Author, Year Study Model Cell Type(s)
Involved Key Findings Implications for AF

Yao et al.,
2018 [19]

Human, Dog, and
Mouse models

(including CM-specific
knock-in and

CREM-TG mice)

Cardiomyocytes

Enhanced NLRP3
inflammasome activation in

atrial cardiomyocytes from AF
patients and animal models;

CM-specific NLRP3 activation
induced ectopic activity,

shortened AERP, structural
remodeling, and increased AF

susceptibility. Inhibition
(MCC950, AAV-shRNA, or

knockout) reduced AF burden.

NLRP3 inflammasome in
cardiomyocytes promotes
both arrhythmic triggers

and substrate for AF;
targeting NLRP3 may

represent a novel
therapeutic approach.

Heijman et al.,
2020 [80]

Human atrial tissue
from cardiac surgery

patients
Cardiomyocytes

Patients developing POAF
showed increased atrial
NLRP3-inflammasome

activation and
CaMKII-mediated RyR2

dysfunction; Ca2+-handling
abnormalities, including SR
Ca2+-leak and spontaneous
Ca2+-release events, were

present preoperatively. Acute
IL-1β exposure exacerbated

arrhythmogenic Ca2+

disturbances in atrial myocytes.

NLRP3/CaMKII signaling
constitutes a latent

arrhythmogenic substrate
for POAF, unmasked by

postoperative inflammation;
targeting these pathways
may prevent POAF and

long-term AF progression.

Fender et al.,
2020 [76]

Mouse (HFD model),
Human atrial tissue,
Human ventricular

fibroblasts

Cardiac fibroblasts,
cardiomyocytes

PAR4 expression is upregulated
in diabetic hearts and mediates
thrombin-induced activation of

canonical NLRP3
inflammasome via caspase-1,
IL-1β, and GSDMD in both
mouse and human cardiac
tissues. Genetic deletion or
pharmacologic inhibition of
PAR4 blunted this pathway.

Diabetes-associated
upregulation of PAR4 links
hypercoagulability to sterile

cardiac inflammation
through the NLRP3

inflammasome; PAR4
antagonists may mitigate

thromboinflammatory
contributions to AF

substrate development.

Song et al.,
2024 [81]

Mouse (WT and
Aim2−/−), atrial

myocytes

Atrial
cardiomyocytes

High-protein diet (HPD)
enhanced AF inducibility via

AIM2 inflammasome activation;
AIM2−/− mice were protected
from HPD-induced AF. HPD

promoted mitochondrial ROS,
cytoplasmic dsDNA, and
abnormal SR Ca2+ release,
which were suppressed in

AIM2-deficient mice.

AIM2 inflammasome links
dietary triggers (HPD) to

arrhythmogenesis via
mitochondrial stress and

Ca2+ dysregulation; AIM2
may serve as a novel
therapeutic target for

metabolically driven AF.

Yao et al.,
2016 [87]

Mouse (CM-specific
NLRP3 A350V

knock-in,
CREM-Ib∆C-X Tg)

Cardiomyocytes,
Fibroblasts,

Macrophages

CM-specific activation of
NLRP3 inflammasome

increased AF inducibility and
premature atrial contractions.

Upregulation of active
caspase-1, IL-1β, and collagen

1a indicated fibroblast and
macrophage activation. NLRP3

deletion in CREM-Tg mice
reduced spontaneous AF.

Constitutive NLRP3
activation in

cardiomyocytes drives AF
initiation and promotes

atrial remodeling;
therapeutic targeting of
NLRP3 could interrupt

inflammatory and fibrotic
AF substrates.
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Table 1. Cont.

Author, Year Study Model Cell Type(s)
Involved Key Findings Implications for AF

Huang et al.,
2016 [90]

Rat sterile pericarditis
model, primary
cultured cardiac

fibroblasts

Cardiac fibroblasts

STAT3 and miR-21 form a
positive feedback loop that

promotes atrial fibrosis.
Inhibition of STAT3 (S3I-201) or
miR-21 (antagomir-21) reduced

atrial fibrosis, conduction
inhomogeneity, and inducible

AF. IL-6 stimulated CF
activation via increased STAT3
phosphorylation and miR-21
expression; blockade of either

reduced fibrotic gene
expression and fibroblast

proliferation.

While not directly
implicating inflammasomes,

this study highlights
IL-6/STAT3/miR-21
signaling as a crucial

inflammatory–fibrotic axis
in AF substrate formation;

targeting this pathway
could indirectly modulate
inflammasome-mediated

profibrotic signaling.

Li et al., 2023
[102]

Human, Canine, and
FB-specific NLRP3 KI

Mouse Model
(Tcf21iCre:Nlrp3A350V)

Cardiac Fibroblasts

NLRP3 and IL1B upregulated
in human atrial FBs from AF

patients and canine AF model.
FB-specific NLRP3 activation in

mice caused atrial dilation,
fibrosis, hypocontractility, and

enhanced AF inducibility.
Connexin 43 remodeling and

impaired intercellular
communication contributed to
reduced conduction velocity.

Fibroblast-restricted NLRP3
activation drives atrial
cardiomyopathy and
arrhythmogenesis via

fibrotic and gap junction
remodeling; suggests

NLRP3 as a unifying target
across cardiac cell types in

AF therapy.

Scott et al.,
2021 [103]

Human, Sheep, Mouse
(WT and NLRP3−/−

with HFD)
Cardiomyocytes

Obesity enhanced atrial NLRP3
inflammasome activation in

humans, sheep, and HFD-fed
mice; NLRP3−/− mice were

protected from AF inducibility,
atrial refractoriness shortening,
abnormal Ca2+ handling, and
atrial fibrosis. ER stress and

Kv1.5 upregulation contributed
to the proarrhythmic substrate.

NLRP3 inflammasome
mediates obesity-induced
atrial arrhythmogenesis
through inflammatory,

electrical, and structural
remodeling; targeting

NLRP3 may mitigate AF
risk in obese individuals.

Abbreviations: AF, atrial fibrillation; AIM2, absent in melanoma 2; AERP, atrial effective refractory period;
CaMKII, calcium/calmodulin-dependent protein kinase II; CM, cardiomyocyte; CREM-TG, cAMP response
element modulator transgenic; dsDNA, double-stranded DNA; FB, fibroblast; HFD, high-fat diet; HPD, high-
protein diet; IL, interleukin; KI, knock-in; KO, knockout; miR, microRNA; NLRP3, NOD-like receptor family pyrin
domain containing 3; PAR4, protease-activated receptor 4; POAF, postoperative atrial fibrillation; ROS, reactive
oxygen species; SR, sarcoplasmic reticulum; STAT3, signal transducer and activator of transcription 3; and WT,
wild type.

3.4. Gut Microbiota Dysbiosis and Inflammasome Activation in Atrial Fibrillation

The human gastrointestinal tract harbors a complex and dynamic ecosystem of
microorganisms—including bacteria, archaea, and eukaryotes—collectively termed the
gut microbiota [104,105]. This microbial community plays a vital role in maintaining host
metabolic, immunological, and inflammatory homeostasis [104,105]. Perturbations in this
ecosystem, referred to as gut microbiota dysbiosis, are characterized by reduced microbial
diversity and an increased abundance of proinflammatory taxa and have been implicated
in a range of systemic and cardiovascular diseases [106].

Recent evidence suggests a mechanistic link between gut dysbiosis and the pathogen-
esis of AF, potentially through inflammasome-mediated inflammatory pathways [107]. In
a cohort study involving 50 individuals with AF, both serum and fecal analyses revealed
marked alterations in microbial diversity and taxonomic composition, indicative of dysbi-
otic profiles [108]. Similarly, the comparative profiling of gut microbiota in 30 patients with
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paroxysmal AF, 20 with chronic AF, and 50 control subjects demonstrated that both AF
phenotypes shared a common dysbiosis signature [108]. This altered microbial landscape is
thought to contribute to systemic inflammation and may potentiate AF progression through
modulation of the NLRP3 inflammasome and related inflammatory circuits [108].

In a pivotal study, Zhang et al. investigated the mechanistic role of gut microbiota
dysbiosis in aging-associated AF utilizing a fecal microbiota transplantation (FMT) model
in rats [109]. The transplantation of dysbiotic microbiota, particularly from aged donors,
led to significant elevations in circulating glucose and lipopolysaccharide levels in recipient
animals—biochemical alterations that coincided with the pronounced upregulation of
NLRP3 inflammasome expression [109]. This inflammatory activation was mechanistically
linked to the development of atrial fibrosis and increased AF susceptibility in the host.
Pharmacological inhibition of the NLRP3 inflammasome using MCC950 attenuated both
atrial fibrosis and arrhythmogenicity, underscoring the inflammasome’s functional role in
mediating gut-derived inflammatory signaling in the atrial substrate [109]. Notably, these
preclinical findings were corroborated by cross-sectional analyses in human AF cohorts,
wherein gut dysbiosis correlated with systemic inflammation and atrial remodeling [110].

Collectively, these findings delineate a pathophysiological axis wherein gut microbiota
dysbiosis contributes to aging-associated AF through glucose- and lipopolysaccharide-
mediated activation of the NLRP3 inflammasome [27,55]. This gut-heart crosstalk high-
lights a dual-target therapeutic strategy—simultaneously restoring microbial homeostasis
and inhibiting inflammasome activity—as a promising approach to mitigate AF in the
elderly population.

3.5. Obesity-Induced Inflammation and Inflammasome Activation in Atrial Fibrillation

Obesity and AF represent two globally prevalent and interlinked epidemics, both
of which substantially elevate the risk of cardiovascular morbidity and mortality [111].
Epidemiological evidence consistently demonstrates that individuals with excess body
weight exhibit a markedly increased incidence, prevalence, and clinical severity of AF
compared to their lean counterparts [112]. One of the central mechanistic links between
obesity and AF lies in the transformation of adipose tissue phenotype and function [113].
In the context of visceral adiposity, metabolically active brown adipocytes are replaced by
dysfunctional white adipocytes, which adopt a proinflammatory secretory profile [113].
These pathogenic adipocytes release a range of inflammatory cytokines that recruit im-
mune cells into the adipose microenvironment, thereby establishing a chronic, low-grade
inflammatory state [114].

This inflammation is not confined to adipose tissue but extends systemically, con-
tributing to atrial structural and electrical remodeling—hallmarks of an arrhythmogenic
substrate [114]. Localized inflammation within pericardial and epicardial adipose depots
further exacerbates atrial fibrosis and conduction abnormalities. Increasingly, the NLRP3
inflammasome is recognized as a critical molecular mediator at the intersection of obesity-
induced inflammation and AF pathophysiology [115,116]. Through its role in amplifying
IL-1β and IL-18 signaling, NLRP3 activation links metabolic dysfunction to immune-driven
atrial remodeling [115,116].

A compelling body of evidence has delineated a mechanistic link between obesity and
AF, with a key role attributed to NLRP3 inflammasome activation within the atrial my-
ocardium. In a translational study encompassing obese mice, sheep, and human subjects,
obesity was consistently associated with heightened activation of the NLRP3 inflamma-
some across all three species, implicating a conserved inflammatory axis in obesity-induced
atrial remodeling [103]. To specifically elucidate the role of NLRP3 in mediating obesity-
related AF, NLRP3 knockout (NLRP3−/−) mice were subjected to either a standard chow
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or high-fat diet over a 10-week period [103]. In obese wild-type mice, atrial remodeling
was characterized by the upregulation of KCNA5—encoding a potassium channel subunit
critical for repolarization—resulting in ERP shortening [103]. Concomitantly, the dysregu-
lated SR Ca2+ handling and activation of profibrotic signaling pathways were observed,
collectively creating an arrhythmogenic substrate. Notably, these pathological alterations
were mitigated in NLRP3−/− mice, establishing a causal role for NLRP3 inflammasome
activation in obesity-induced AF [103].

These findings position the atrial NLRP3 inflammasome as a pivotal mediator linking
metabolic stress to electrical and structural remodeling of the atria [114]. As such, the tar-
geted inhibition of NLRP3 may represent a promising therapeutic strategy to attenuate AF
risk in the context of obesity. While considerable attention has been given to cardiomyocyte-
specific NLRP3 activation in AF pathogenesis, the contribution of adipocyte-based inflam-
masome signaling—particularly within EAT—remains inadequately explored [117,118].
Given the close anatomic proximity and paracrine interaction between EAT and the underly-
ing myocardium, further investigation into EAT-specific NLRP3 inflammasome activation is
warranted [119]. Such studies may uncover novel inflammatory mechanisms by which EAT
modulates atrial electrophysiology and fibrosis, offering new insights into obesity-related
AF and opportunities for cell-type–directed therapeutic intervention.

3.6. Diabetes and Inflammasome Activation in Atrial Fibrillation

Diabetes mellitus (DM) is a well-established risk factor for AF, with epidemiological
studies indicating that individuals with DM face approximately a 40% higher risk of devel-
oping AF compared to non-diabetic populations [120]. This elevated risk is compounded
by the frequent co-occurrence of hypertension and vascular disease—conditions commonly
linked to diabetic pathophysiology. A range of maladaptive processes, including electri-
cal, structural, electromechanical, and autonomic remodeling, have been implicated in
mediating this association [121]. Among these, connexin dysregulation, oxidative stress,
and glycemic variability-induced cellular injury have emerged as key contributors to the
proarrhythmic substrate observed in DM [121].

Both AF and DM are characterized by heightened systemic and tissue-level inflamma-
tion, with growing evidence implicating the NLRP3 inflammasome as a central mediator
in this pathological interplay [12]. In a pivotal study, Wu et al. [122] investigated the
functional significance of the NLRP3–CASP1–galectin-3 axis in diabetic AF using a rabbit
model and assessed the therapeutic potential of glibenclamide—an antidiabetic agent with
known NLRP3-inhibitory properties. Their findings revealed that glibenclamide treatment
effectively mitigated atrial fibrosis, preserved epicardial conduction continuity, restored
conduction homogeneity, and reduced AF inducibility in diabetic animals [122]. These
beneficial effects were paralleled by the suppression of inflammasome activity, as evidenced
by reductions in serum IL-1β and IL-18 levels and the attenuation of atrial CASP1 activ-
ity [122]. Furthermore, glibenclamide treatment led to the downregulation of key genes
involved in fibrotic and inflammatory signaling—including NLRP3, galectin-3, TGFB1, and
CACNA1C (encoding the L-type Ca2+ channel)—all of which were markedly upregulated
in atrial tissues of diabetic controls [122].

In summary, these findings demonstrate that diabetes promotes activation of the
NLRP3 inflammasome–CASP1–galectin-3 axis within atrial tissue, contributing to the initi-
ation of atrial fibrillation. Although atrial remodeling has been more extensively character-
ized, growing evidence suggests that similar NLRP3-driven electrophysiological alterations
also occur in the ventricle, as demonstrated in both ischemic and diabetic cardiomyopathy
models [123,124]. Future studies should investigate whether glibenclamide use in diabetic
patients correlates with reduced AF incidence, given its inflammasome-inhibitory prop-
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erties [125]. Notably, persistent atrial injury or worsening glycemic control may diminish
glibenclamide efficacy and facilitate the reactivation of inflammasome signaling.

3.7. Hypertension and Inflammasome Activation in Atrial Fibrillation

Although the mechanistic link between hypertension and AF remains incompletely de-
fined [126–129], chronic elevations in arterial pressure are known to increase left atrial wall
stress, precipitating structural remodeling marked by chamber dilation and altered atrial
compliance [130]. Concurrently, hypertension activates the renin–angiotensin–aldosterone
system (RAAS), which contributes to fibrotic and electrical remodeling through maladap-
tive signaling cascades in the atrial myocardium [130]. A key effector of this process is
angiotensin II, which promotes the generation of reactive oxygen species (ROS) via NADPH
oxidase 2 activation, facilitating proarrhythmic remodeling and AF onset [131].

In addition to RAAS-mediated fibrosis and conduction impairment, inflammation
is increasingly recognized as a pivotal contributor to hypertensive AF [132]. Pressure
overload—a hallmark of hypertensive heart disease—has been implicated in the activation
of NLRP3 inflammasome signaling within the myocardium [133]. Matsushita et al. [134]
investigated this relationship using a transverse aortic constriction (TAC) model of pressure
overload in mice deficient in either IL-1β or ASC, a key adaptor protein of the inflamma-
some complex. In both knockout models, TAC induced significant upregulation of COL1A1
and CTGF, genes associated with extracellular matrix remodeling and fibrosis [134]. Inter-
estingly, while MCP-1 was upregulated in ASC−/− mice, this effect was not observed in
IL-1β−/− counterparts, suggesting that some aspects of the fibrotic response may proceed
independently of IL-1β [134].

These data indicate that pressure overload-induced atrial remodeling and AF can
occur through both NLRP3 inflammasome-dependent and independent pathways. Specifi-
cally, IL-1β appears to contribute to atrial fibrogenesis beyond the canonical inflammasome
axis, highlighting the complexity of inflammatory signaling in hypertensive AF and the
need for nuanced therapeutic approaches targeting both upstream and downstream inflam-
matory mediators.

3.8. Inflammasome-Independent Innate Immune Pathways in Atrial Fibrillation

While the NLRP3 inflammasome has emerged as a central orchestrator of inflammation-
induced cardiac remodeling, it is increasingly recognized that inflammasome-independent
pathways also contribute to arrhythmogenic processes. Toll-like receptors (TLRs), par-
ticularly TLR4, can initiate the NF-κB-dependent transcription of proinflammatory cy-
tokines and fibrotic mediators independent of inflammasome assembly, thereby facili-
tating structural and electrophysiological remodeling of the atrial and ventricular my-
ocardium [135,136]. Similarly, the cyclic GMP-AMP synthase (cGAS) stimulator of inter-
feron genes (STING) pathway, a cytosolic DNA-sensing mechanism, has been implicated
in cardiac inflammation and fibrosis, particularly in the context of mitochondrial DNA
release and oxidative stress [137]. The activation of STING can potentiate type I interferon
responses and exacerbate cardiomyocyte injury, contributing to adverse remodeling and
conduction abnormalities [138–140]. Although these pathways may function indepen-
dently of inflammasomes, emerging evidence suggests considerable crosstalk, particularly
through convergent downstream effectors such as NF-κB, IL-6, and ROS [139]. Further
elucidation of these parallel and intersecting immune signaling cascades may reveal novel
therapeutic opportunities beyond canonical inflammasome inhibition.
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4. Inflammasome in Ventricular Arrhythmias
Although the majority of inflammasome research in cardiac electrophysiology has

focused on atrial fibrillation, a growing body of evidence implicates NLRP3 inflammasome
activation in the initiation and perpetuation of ventricular arrhythmias. These arrhythmias
often occur in the setting of structural heart disease, ischemia–reperfusion injury, and heart
failure—conditions in which inflammation, particularly inflammasome-mediated signaling,
is increasingly recognized as a central pathophysiological driver [27,141,142].

4.1. Mechanistic Pathways Linking NLRP3 Activation to Ventricular Electrophysiology

NLRP3 activation in ventricular cardiomyocytes results in canonical inflammasome
assembly, involving ASC oligomerization and caspase-1 activation, followed by the cleav-
age and release of IL-1β and IL-18 [143,144]. These cytokines exert profound effects on
cardiomyocyte electrophysiology through both direct ionic mechanisms and secondary
paracrine signaling:

• Calcium Dysregulation: IL-1β has been shown to enhance SR Ca2+ leak via RyR2
phosphorylation, contributing to delayed afterdepolarizations (DADs) and triggered
activity. This is particularly relevant in the failing myocardium, where calcium mis-
handling already predisposes to arrhythmogenesis [145].

• Modulation of Ion Channels: Inflammasome-derived cytokines suppress repolar-
izing K+ currents (e.g., I_Kr, I_to) and enhance the late sodium current (I_NaL),
prolonging action potential duration (APD) and promoting early afterdepolarizations
(EADs) [146], a key substrate for torsade de pointes and ventricular tachyarrhyth-
mias [147].

• Gap Junction Remodeling: NLRP3-driven inflammation has also been linked to
the downregulation of connexin-43 and impaired intercellular coupling [148], which
contributes to conduction slowing and reentry formation.

4.2. Experimental Evidence

In murine models of pressure overload, ischemia–reperfusion injury, and heart failure,
NLRP3 upregulation in the ventricular myocardium correlates with increased arrhythmic
burden [149–151] (Table 2). The genetic ablation of Nlrp3 or pharmacological inhibition
with MCC950 consistently attenuates ventricular arrhythmias, reduces myocardial fibro-
sis, and preserves conduction velocity [146,152,153]. For instance, in models of diabetic
cardiomyopathy, NLRP3 activation was associated with both QT prolongation and the
heightened inducibility of ventricular tachycardia, reversible by inflammasome inhibi-
tion [154]. Monnerat et al. [154] provided compelling evidence that NLRP3 inflammasome
activation within cardiac macrophages promotes ventricular arrhythmogenesis through an
IL-1β-dependent mechanism. Specifically, elevated IL-1β production was shown to induce
Ca2+/calmodulin-dependent protein kinase II (CaMKII) oxidation and phosphorylation
in cardiomyocytes, enhancing calcium spark frequency and inhibiting transient outward
potassium current (I_to). These changes culminated in prolonged action potential duration
and increased susceptibility to ventricular arrhythmias [154]. Notably, the pharmacological
inhibition of NLRP3 with MCC950, the blockade of IL-1 signaling with the IL-1 receptor
antagonist anakinra, and the genetic silencing of Nlrp3, Casp1, or Il1r1 all attenuated these
electrophysiological abnormalities, reinforcing the centrality of the NLRP3–IL-1β axis in
arrhythmia pathogenesis [154]. These studies collectively support a causative, rather than
merely associative, role for NLRP3 in VA pathophysiology.
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Table 2. Key experimental studies investigating inflammasome activation in ventricular arrhythmogenesis.

Author, Year Study Model Cell Type(s)
Involved Key Findings

Implications for
Ventricular

Arrhythmias

Suetomi et al.,
2018 [133]

Mouse (CM-specific
CaMKIIδ KO, TAC

model), Human
Cardiomyocytes

Pressure overload triggered
NLRP3 inflammasome activation

in cardiomyocytes via
CaMKIIδ-mediated NFκB and

ROS signaling. This led to early
cytokine production, macrophage

recruitment, fibrosis, and
ventricular dysfunction. CaMKIIδ

deletion or NLRP3 inhibition
prevented remodeling.

CM-specific NLRP3
activation initiates

inflammatory cascades
that promote adverse

ventricular remodeling
and dysfunction; early
inhibition may prevent
heart failure and reduce

arrhythmogenic
substrate development.

Jiang et al.,
2022 [146]

Mouse
(TAC-induced

HF model)
Cardiomyocytes

MCC950, a selective NLRP3
inhibitor, reduced QTc and

APD90, suppressed VA
inducibility, and ameliorated

HF-induced cardiac hypertrophy,
fibrosis, and ion channel

remodeling (Kv4.2, KChIP2,
Cav1.2). MCC950 downregulated

NLRP3, ASC, caspase-1, IL-1β,
and IL-18 expression, indicating

suppression of
inflammasome signaling.

NLRP3 inflammasome
inhibition by MCC950
prevents electrical and

structural remodeling and
reduces susceptibility to
HF-induced ventricular
arrhythmias; suggests
translational potential

for targeted
anti-inflammatory therapy
in arrhythmia prevention.

Higashikuni
et al., 2023 [149]

Mouse (WT,
Nlrp3−/−,

P2rx7−/−, Slc17a9
conditional KO),

Human heart tissue,
in vitro

cardiomyocyte,
fibroblast,

endothelial models

Cardiomyocytes,
Fibroblasts,

Endothelial Cells

Pressure overload induces cardiac
NLRP3 activation through ATP

release from sympathetic efferent
nerves via P2X7 receptors.

NLRP3 deficiency or ATP/P2X7
blockade reduced IL-1β,

hypertrophy, fibrosis,
macrophage infiltration, and

capillary density. Neural signals
(afferent/efferent) and β-blockers
modulate inflammasome activity.

Reveals a novel
heart–brain axis in

inflammasome-driven
cardiac remodeling;

modulation of neural
pathways and NLRP3
inhibition may prevent

structural arrhythmogenic
substrate formation.

Toldo et al.,
2016 [150]

Mouse (Iischemia–
reperfusion model,

ICR male mice)
Cardiomyocytes

NLRP3 expression and caspase-1
activity increased progressively

after reperfusion. Pharmacologic
NLRP3 inhibition reduced infarct

size and caspase-1 activation
when administered at or 1 h after
reperfusion. No benefit observed

if administered 3 h
post-reperfusion. Infarct size
reduction confirmed even in
prolonged ischemia model.

NLRP3 activation
exacerbates

post-reperfusion
myocardial injury and
inflammation. Timely
NLRP3 inhibition may

preserve ventricular
integrity and limit
arrhythmogenic

remodeling
following AMI.

Gao et al.,
2019 [152]

Mouse (MI model
via coronary

ligation), in vitro
cardiac

fibroblast model

Cardiomyocytes,
Cardiac Fibroblasts

MCC950 significantly reduced
myocardial fibrosis, preserved

ejection fraction, and suppressed
expression of NLRP3, IL-1β, and

IL-18. In vitro, MCC950
attenuated hypoxia-induced

fibroblast activation and
inflammatory cytokine

production without
affecting proliferation.

Post-MI NLRP3 activation
in fibroblasts and
cardiomyocytes
contributes to

inflammation and
remodeling. MCC950

reduces fibrosis and may
help prevent

arrhythmogenic substrate
development

post-infarction.
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Table 2. Cont.

Author, Year Study Model Cell Type(s)
Involved Key Findings

Implications for
Ventricular

Arrhythmias

Monnerat et al.,
2016 [154]

Mouse
(streptozotocin-

induced DM model),
Rat and Human
cardiomyocytes

Macrophages,
Cardiomyocytes

TLR2/NLRP3 activation in
diabetic heart macrophages
promotes IL-1β production,
which prolongs QT/APD,
reduces Ito, increases Ca2+

sparks, and enhances
spontaneous arrhythmias.

IL-1β-induced CaMKII
oxidation/phosphorylation
underlies arrhythmogenic

remodeling. Genetic or
pharmacologic targeting (IL-1R

KO, NLRP3 KO, Casp1 KO,
Anakinra, MCC950)

prevented arrhythmias.

Demonstrates
inflammasome-mediated

macrophage–
cardiomyocyte

crosstalk in diabetic
arrhythmogenesis;

highlights therapeutic
potential of IL-1 axis and

NLRP3 inhibition in
preventing ventricular

arrhythmias in diabetes.

Abbreviations: APD, action potential duration; APD90, action potential duration at 90% repolarization; CaMKII,
calcium/calmodulin-dependent protein kinase II; Casp1, caspase-1; CM, cardiomyocyte; DM, diabetes mellitus;
HF, heart failure; IL, interleukin; IL-1Ra, interleukin-1 receptor antagonist (anakinra); Ito, transient outward
potassium current; KO, knockout; MI, myocardial infarction; MCC950 (CRID3), selective NLRP3 inflammasome
inhibitor; NLRP3, NOD-like receptor pyrin domain-containing protein 3; QTc, corrected QT interval; TAC,
transverse aortic constriction; TLR, toll-like receptor; and WT, wild type.

However, while these models offer mechanistic clarity, translation into human patho-
physiology remains limited. Clinical studies have yet to robustly quantify NLRP3 activation
in the ventricular tissue of patients with VAs or sudden cardiac death, and no prospective
data exist regarding the antiarrhythmic efficacy of NLRP3 inhibitors in this context. More-
over, the relative contribution of cardiomyocyte versus non-cardiomyocyte (e.g., fibroblast,
macrophage) NLRP3 signaling to the arrhythmogenic substrate remains unresolved.

4.3. Structural and Metabolic Context

NLRP3 signaling does not act in isolation but intersects with multiple arrhythmogenic
pathways [12,155]. In pressure overload and ischemic cardiomyopathy, fibrosis mediated
by IL-1β and TGF-β signaling serves as both an anatomic and electrophysiological substrate
for reentry [156,157]. In metabolic diseases such as obesity and diabetes, systemic priming
of the inflammasome is accompanied by myocardial oxidative stress and mitochondrial
dysfunction—key triggers for NLRP3 activation and arrhythmic vulnerability [158].

Importantly, a bidirectional relationship exists between electrical instability and in-
flammation: while NLRP3 activation promotes electrophysiological dysfunction, sustained
arrhythmias can also upregulate inflammasome components via mechanical stretch and
ROS production [149,159]. This feedback loop may be particularly relevant in heart fail-
ure, where recurrent ventricular arrhythmias exacerbate myocardial injury and systemic
inflammation [160].

5. Therapeutic Targeting of the NLRP3 Inflammasome
Given its central role in the pathogenesis of atrial fibrillation, the NLRP3 inflamma-

some represents an attractive therapeutic target. While no NLRP3-specific inhibitors have
yet received clinical approval, preclinical studies demonstrate promising efficacy across
various inflammatory conditions [161]. Here, we briefly review current strategies and
investigational agents aimed at modulating NLRP3 inflammasome signaling.
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5.1. Targeting Transcriptional and Post-Translational Regulation of NLRP3

One approach to attenuating NLRP3 inflammasome activation involves inhibiting its
transcriptional priming, particularly through the suppression of toll-like receptor (TLR)-
mediated upregulation. This strategy, while mechanistically logical, poses a risk of off-
target effects due to its limited specificity. Inhibitors of interleukin-1 receptor–associated
kinase 4 (IRAK4)—a pivotal mediator of TLR-driven NF-κB signaling—are currently in
development and may indirectly attenuate NLRP3 activity [162]. However, these agents
are not NLRP3-selective and may broadly suppress immune responses, raising concerns
about therapeutic precision.

Targeting the post-translational regulation of NLRP3 offers an alternative avenue to
suppress inflammasome activation. NLRP3 undergoes multiple phosphorylation events
across its leucine-rich repeat (LRR), pyrin domain (PYD), and PYD–NACHT linker re-
gions. Phosphorylation at tyrosine 861 (Y861) and serine 3 (S3) has been shown to in-
hibit NLRP3 activation, whereas JNK1-dependent phosphorylation at serine 198 (S198)
promotes inflammasome assembly and activation [163–165]. However, the kinase re-
sponsible for S3 phosphorylation remains unidentified, and the therapeutic inhibition of
JNK1 may provoke unintended effects due to its broad involvement in cellular signaling
networks [165].

In parallel, NLRP3 activity is regulated by ubiquitination. Enhanced ubiquitination
suppresses NLRP3 activation, while deubiquitylation facilitates its stabilization and in-
flammasome assembly. Accordingly, strategies that promote NLRP3 degradation or inhibit
its deubiquitinases may offer therapeutic potential. Several deubiquitinase inhibitors are
currently in development [166], though their applicability to atrial fibrillation and their
selectivity profiles require further investigation. As with other upstream approaches,
achieving target specificity remains a fundamental challenge.

Inhibiting downstream effectors of the NLRP3 inflammasome, such as IL-1β, offers
another therapeutic approach for inflammatory conditions like AF [167]. However, this
strategy faces significant limitations due to poor specificity. The broad inhibition of in-
flammasome components may suppress all inflammasome activity, compromising host
immunity and increasing infection risk [167]. Moreover, IL-1β is produced by multiple
inflammasome pathways, which could diminish the selectivity and therapeutic efficacy of
NLRP3-specific interventions [167].

5.2. Targeting IL-1β as a Downstream Effector of NLRP3 Activation

IL-1β, a key proinflammatory cytokine processed through NLRP3 inflammasome
activation, represents a logical therapeutic target in mitigating NLRP3-driven pathol-
ogy [168]. However, the inhibition of IL-1β signaling—typically via IL-1 receptor (IL-1R)
blockade—lacks pathway specificity, as it disrupts all IL-1R-mediated responses regardless
of inflammasome origin. Several agents are currently approved for clinical use: anakinra,
a recombinant IL-1R antagonist [169]; canakinumab, a monoclonal antibody that selec-
tively neutralizes IL-1β; and rilonacept, a fusion protein that sequesters both IL-1α and
IL-1β [170]. While anakinra is approved for NLRP3-related diseases such as rheuma-
toid arthritis, its potential in atrial fibrillation remains untested [171]. Moreover, its short
plasma half-life necessitates frequent dosing, which may limit its clinical utility in chronic
conditions [172].

Canakinumab, a long-acting monoclonal antibody with a half-life of approximately
26 days, has been approved for the treatment of caspase-driven inflammatory conditions
such as atherosclerosis, gout, and arthritis [173,174]. Despite its clinical utility, its use is
limited by adverse effects, including injection site reactions and discomfort upon admin-
istration [175,176]. These limitations underscore the need for novel, orally bioavailable
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small-molecule inhibitors that selectively target NLRP3 inflammasome signaling in atrial
fibrillation, offering improved tolerability and therapeutic precision.

5.3. Targeting ASC and Caspase-1 in Inflammasome Signaling

As a central adaptor within the NLRP3 inflammasome complex, ASC facilitates the
recruitment and activation of caspase-1. Inhibiting ASC may theoretically disrupt inflam-
masome assembly and downstream inflammatory signaling [168]. However, ASC is a
shared component across multiple inflammasome pathways, raising concerns about target
specificity. Moreover, limited mechanistic insight into ASC oligomerization and regulation
has hindered the development of selective inhibitors, and no pharmacologic ASC-targeting
agents have reached clinical application to date. Caspase-1 inhibition has been explored us-
ing peptidomimetic small molecules such as VX-765 and its precursor VX-740 (pralnacasan),
both of which are prodrugs metabolized to active compounds (VRT-043198 and VRT-18858,
respectively) via plasma esterases [177,178]. These agents have shown promise in early-
phase clinical trials for inflammatory disorders including psoriasis and epilepsy. However,
development was discontinued due to hepatotoxicity concerns [179]. Additionally, given
caspase-1’s broader role in multiple inflammasome pathways, its inhibition could com-
promise host immune defense and increase susceptibility to infections. Altogether, while
ASC and caspase-1 represent mechanistically rational targets within the inflammasome
cascade, their therapeutic exploitation in atrial fibrillation remains limited. Future efforts
should focus on developing selective, safe inhibitors with relevance to cardiac-specific
inflammatory signaling.

5.4. Colchicine as a Modulator of Inflammasome-Driven Inflammation and Fibrosis

Colchicine, a plant-derived alkaloid traditionally used for its anti-inflammatory prop-
erties, has garnered interest as a potential therapeutic agent in the prevention and treatment
of early and postoperative AF [180,181]. Clinical observations have highlighted its efficacy
in modulating inflammatory responses associated with AF onset. In a preclinical model
of sterile pericarditis, Wu et al. [182] demonstrated that colchicine, administered at an
optimal dose of 0.5 mg/kg, significantly reduced AF inducibility and duration. Mecha-
nistically, colchicine attenuated neutrophil infiltration and downregulated the expression
of proinflammatory and profibrotic mediators in atrial tissue, including TNF, TGFB1, IL6,
STAT3, and extracellular matrix-related genes [182]. Importantly, colchicine inhibited the
IL-1β-driven upregulation of IL6 and suppressed NF-κB phosphorylation and activation,
implicating a blockade of the IL-1β–IL-6 inflammatory axis [182]. These effects collectively
contributed to the attenuation of atrial fibrosis and electrical remodeling. These findings
support the therapeutic potential of colchicine in targeting upstream NLRP3 inflammasome
activation and downstream IL-1β signaling, offering a mechanistically grounded approach
to mitigate inflammation-induced atrial remodeling and AF vulnerability.

5.5. Salvianolate as a Modulator of NLRP3-Driven Atrial Remodeling

Salvianolate, a bioactive compound extracted from Salvia miltiorrhiza Bunge, is clini-
cally employed in China for the treatment of cardiovascular diseases [183]. In a murine
model of post-myocardial infarction atrial fibrillation, Qiu et al. [184] demonstrated that
salvianolate significantly improved cardiac function and reduced AF burden. Notably,
it shortened AF duration and P-wave length and mitigated atrial dilation, hypertrophy,
and interstitial fibrosis [184]. Mechanistically, these therapeutic effects were linked to
the dual inhibition of key profibrotic and proinflammatory pathways: suppression of the
TGF-β/Smad2/3 signaling axis, which drives collagen deposition, and downregulation of
the TXNIP–NLRP3–IL-1β/IL-18 cascade, a critical inflammatory route implicated in atrial
remodeling [184].
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5.6. Sodium–Glucose Cotransporter 2 Inhibitors

Sodium–glucose cotransporter 2 (SGLT2) inhibitors, originally developed as glucose-
lowering agents, have emerged as multifaceted cardioprotective drugs with pleiotropic
effects extending beyond glycemic control [185–191]. Mounting evidence suggests that
SGLT2 inhibitors exert robust anti-inflammatory, antifibrotic, and antioxidative actions,
many of which converge on suppression of the NLRP3 inflammasome—a central node
in AF pathophysiology [192–195]. Consistently, a recent meta-analysis of 38 randomized
controlled trials involving over 88,000 patients demonstrated that SGLT2 inhibitor therapy
significantly reduced the risk of atrial arrhythmias (OR: 0.85, 95% CI: 0.75–0.98) and sudden
cardiac death (OR: 0.72, 95% CI: 0.55–0.94), further substantiating their emerging role in
rhythm modulation and inflammasome-related substrate modification [196].

Mechanistically, SGLT2 inhibitors attenuate intracellular sodium and calcium over-
load by reducing cytosolic Na+ through inhibition of the sodium–hydrogen exchanger
(NHE1) [197,198]. This ionic modulation indirectly stabilizes mitochondrial function,
mitigating ROS generation—a key trigger for NLRP3 activation. In both diabetic and
non-diabetic preclinical models, treatment with empagliflozin or dapagliflozin resulted
in the downregulation of NLRP3, caspase-1, and IL-1β in cardiac tissues, suggesting a
conserved anti-inflammasome effect across metabolic backgrounds [199–201]. Emerging
evidence also suggests that SGLT2 inhibitors may indirectly modulate epigenetic programs
relevant to atrial remodeling, including microRNA expression and chromatin accessibility,
further linking metabolic therapy to substrate modification in AF [20].

In the setting of AF, these agents may offer dual benefit: (1) electrophysiologic stabi-
lization through the amelioration of Ca2+ mishandling and oxidative stress, which disrupts
arrhythmogenic calcium leak from the sarcoplasmic reticulum and (2) structural remodel-
ing attenuation by blunting the inflammasome-induced activation of profibrotic pathways
(e.g., TGF-β/Smad and galectin-3 signaling) [202,203]. Importantly, SGLT2 inhibition has
been shown to decrease circulating levels of proinflammatory cytokines such as IL-6 and
TNF-α and reduce the atrial expression of fibrotic genes (e.g., COL1A1, ACTA2) [204,205],
providing further evidence for their upstream modulation of inflammasome-mediated
remodeling [206]. Emerging data also suggest that SGLT2 inhibitors may limit epicardial
adipose tissue inflammation and its paracrine impact on atrial myocardium—an increas-
ingly recognized contributor to AF substrate formation [203,207,208].

Given the shared pathophysiology between AF and HFpEF, SGLT2 inhibitors may
reduce AF susceptibility not only through anti-inflammatory and metabolic effects but
also by lowering left atrial pressure and wall stress via improved diastolic function and
volume unloading [209,210]. This hemodynamic benefit likely contributes to their emerging
antiarrhythmic profile in patients with elevated filling pressures. Although mechanistic
insights continue to evolve, the integration of SGLT2 inhibitors into AF management
holds significant promise, particularly in patients with diabetes, heart failure, or obesity—
conditions strongly associated with heightened NLRP3 activity. Future studies should
evaluate whether their anti-inflammasome effects translate into meaningful reductions in
AF incidence, burden, or recurrence after ablation.

5.7. Mitochondrial Antioxidants: Targeted Redox Modulation to Disrupt AF-Linked Inflammation

In parallel with SGLT2 inhibitors, mitochondrial-targeted antioxidants such as Mi-
toTEMPO and MitoQ effectively prevent AF in preclinical models by quenching mito-
chondrial ROS—the primary upstream trigger of NLRP3 inflammasome activation. In
canine and murine AF models, MitoTEMPO reduced spontaneous and sustained AF
episodes, while MitoQ preserved mitochondrial structure, attenuated action potential
shortening, normalized L-type Ca2+ currents, and limited atrial fibrosis; notably, these
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benefits were achieved without systemic immunosuppression [211]. This targeted redox
modulation highlights mitochondrial antioxidants as a mechanistically precise and im-
munologically safer therapeutic complement to broader anti-inflammatory approaches
in AF.

5.8. Pro-Resolving Inflammatory Pathways

Emerging evidence suggests that activating endogenous pro-resolving pathways—via
resident CCR2− cardiac macrophages or specialized lipid mediators such as resolvins—can
mitigate AF-associated inflammation with minimal systemic side effects. CCR2− resident
macrophages are critical for inflammation resolution, facilitating efferocytosis and secreting
anti-inflammatory cytokines like IL-10 and lipoxins to promote tissue repair and maintain
electrophysiological homeostasis [212]. In parallel, resolvin-D1 treatment has been shown
in rodent post-myocardial infarction and right-heart disease models to reduce atrial fibrosis,
shift macrophage populations from proinflammatory (M1) to anti-inflammatory (M2),
improve conduction, and suppress AF vulnerability [124]. Thus, engaging these pro-
resolving cascades offers a promising, homeostatic strategy to counteract arrhythmogenic
remodeling without the risks associated with broad immunosuppression.

6. Future Directions and Conclusions
Future research must focus on unraveling the cell-type-specific roles of NLRP3 inflam-

masome activation within the atrial and ventricular myocardium. Dissecting the relative
contributions of cardiomyocytes, fibroblasts, macrophages, and epicardial adipocytes will
be essential for the development of precision-targeted therapies. Equally important is the
advancement of non-invasive biomarkers that reflect inflammasome activation in vivo—
tools that could inform risk stratification, monitor disease progression, and guide anti-
inflammatory interventions. The pharmacologic targeting of inflammasome signaling
remains a promising yet underdeveloped area in arrhythmia therapeutics. While existing
commercially available agents offer preliminary evidence of efficacy, their broad anti-
inflammatory profiles may limit specificity. In contrast, SGLT2 inhibitors—now widely
adopted in cardiovascular medicine—demonstrate favorable effects on NLRP3 suppression,
atrial structural remodeling, and arrhythmia prevention, particularly in patients with dia-
betes or heart failure. Ongoing and future randomized trials should evaluate their impact
on atrial fibrillation burden, recurrence post-ablation, and progression from paroxysmal
to persistent forms. In parallel, deeper exploration of the epigenetic mechanisms govern-
ing inflammasome activation—such as the IL-6–STAT3–miR-21 axis—may reveal novel
modulators of arrhythmogenic inflammation and open avenues for transcriptional and
post-transcriptional therapeutic interventions.

In conclusion, the NLRP3 inflammasome sits at the intersection of inflammation, fi-
brosis, and electrophysiological remodeling, forming a unifying mechanistic link in the
pathogenesis of atrial and ventricular arrhythmias. While much remains to be clarified, the
growing body of experimental and translational evidence strongly supports the inflamma-
some as a viable therapeutic target. Integrating immunomodulation into the arrhythmia
treatment paradigm may not only reduce arrhythmic risk but also attenuate the broader
trajectory of structural heart disease. Moving forward, the integration of molecular insights
into clinical practice will be pivotal in redefining treatment strategies within the framework
of precision arrhythmia management.



Int. J. Mol. Sci. 2025, 26, 5954 23 of 32

Author Contributions: P.K.: Conceptualization, methodology, investigation, formal analysis, data
curation, visualization, project administration, writing—original draft, writing—review and editing.
K.P.: Writing—review and editing. P.T.: Writing—review and editing. N.M.: Writing—review and
editing. P.K.V.: Writing—review and editing. K.G.: Writing—review and editing. D.P.: Writing—
review and editing. T.K.: Writing—review and editing. A.P.A.: Writing—review and editing. N.F.:
Conceptualization, methodology, investigation, writing—review and editing, validation, supervision.
All authors have read and agreed to the published version of the manuscript.

Funding: This research did not receive any specific grant from funding agencies in the public,
commercial, or not-for-profit sectors for its design or investigation.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Tan, S.; Zhou, J.; Veang, T.; Lin, Q.; Liu, Q. Global, Regional, and National Burden of Atrial Fibrillation and Atrial Flutter from

1990 to 2021: Sex Differences and Global Burden Projections to 2046—A Systematic Analysis of the Global Burden of Disease
Study 2021. EP Europace 2025, 27, euaf027. [CrossRef]

2. Kornej, J.; Börschel, C.S.; Benjamin, E.J.; Schnabel, R.B. Epidemiology of Atrial Fibrillation in the 21st Century: Novel Methods
and New Insights. Circ. Res. 2020, 127, 4–20. [CrossRef]

3. Linz, D.; Gawalko, M.; Betz, K.; Hendriks, J.M.; Lip, G.Y.H.; Vinter, N.; Guo, Y.; Johnsen, S. Atrial Fibrillation: Epidemiology,
Screening and Digital Health. Lancet Reg. Health Eur. 2024, 37, 100786. [CrossRef]

4. Alonso, A.; Bengtson, L.G.S. A Rising Tide: The Global Epidemic of Atrial Fibrillation. Circulation 2014, 129, 829–830. [CrossRef]
5. Linz, D.; Andrade, J.G.; Arbelo, E.; Boriani, G.; Breithardt, G.; Camm, A.J.; Caso, V.; Nielsen, J.C.; De Melis, M.; De Potter, T.;

et al. Longer and Better Lives for Patients with Atrial Fibrillation: The 9th AFNET/EHRA Consensus Conference. Europace 2024,
26, euae070. [CrossRef]

6. Karakasis, P.; Pamporis, K.; Siontis, K.C.; Theofilis, P.; Samaras, A.; Patoulias, D.; Stachteas, P.; Karagiannidis, E.; Stavropoulos, G.;
Tzikas, A.; et al. Major Clinical Outcomes in Symptomatic vs. Asymptomatic Atrial Fibrillation: A Meta-Analysis. Eur. Heart J.
2024, 46, 1189–1202. [CrossRef]

7. Pamporis, K.; Karakasis, P.; Sagris, M.; Theofilis, P.; Milaras, N.; Pantelidaki, A.; Mourouzis, I.; Fragakis, N.; Vlachos, K.; Kordalis,
A.; et al. Prevalence of Asymptomatic Atrial Fibrillation and Risk Factors Associated with Asymptomatic Status: A Systematic
Review and Meta-Analysis. Eur. J. Prev. Cardiol. 2025, zwaf138. [CrossRef]

8. Zeppenfeld, K.; Tfelt-Hansen, J.; de Riva, M.; Winkel, B.G.; Behr, E.R.; Blom, N.A.; Charron, P.; Corrado, D.; Dagres, N.; de
Chillou, C.; et al. 2022 ESC Guidelines for the Management of Patients with Ventricular Arrhythmias and the Prevention of
Sudden Cardiac Death. Eur. Heart J. 2022, 43, 3997–4126. [CrossRef]

9. Karakasis, P.; Tzeis, S.; Pamporis, K.; Schuermans, A.; Theofilis, P.; Milaras, N.; Tsiachris, D.; Efremidis, M.; Antoniadis, A.P.;
Fragakis, N. Impact of Catheter Ablation Timing According to Duration of Atrial Fibrillation History on Arrhythmia Recurrences
and Clinical Outcomes: A Meta-Analysis. Europace 2025, euaf110. [CrossRef]

10. Taghdiri, A. Inflammation and Arrhythmogenesis: A Narrative Review of the Complex Relationship. Int. J. Arrhythmia 2024, 25, 4.
[CrossRef]

11. Ajoolabady, A.; Nattel, S.; Lip, G.Y.H.; Ren, J. Inflammasome Signaling in Atrial Fibrillation: JACC State-of-the-Art Review. J. Am.
Coll. Cardiol. 2022, 79, 2349–2366. [CrossRef]

12. Zhang, L.; Liu, H.-H.; Li, F.; Yang, F.; Qian, L.-L.; Wang, R.-X. The Role of NLRP3 Inflammasome Signaling on Arrhythmias in
Diabetes. J. Inflamm. Res. 2022, 15, 6883–6889. [CrossRef]

13. Borim, P.A.; Gatto, M.; Mota, G.A.F.; Meirelles, A.L.B.; Dos Santos, A.C.C.; Pagan, L.U.; Ojopi, E.P.B.; Rodrigues, E.A.; Souza, L.M.;
Damatto, F.C.; et al. Nlrc4 Inflammasome Expression After Acute Myocardial Infarction in Rats. Int. J. Mol. Sci. 2025, 26, 3697.
[CrossRef]

14. Garza-González, S.; Nieblas, B.; Solbes-Gochicoa, M.M.; Altamirano, J.; García, N. Intermittent Fasting as Possible Treatment for
Heart Failure. Curr. Vasc. Pharmacol. 2022, 20, 260–271. [CrossRef]

15. Vlachakis, P.K.; Theofilis, P.; Kachrimanidis, I.; Giannakopoulos, K.; Drakopoulou, M.; Apostolos, A.; Kordalis, A.; Leontsinis, I.;
Tsioufis, K.; Tousoulis, D. The Role of Inflammasomes in Heart Failure. Int. J. Mol. Sci. 2024, 25, 5372. [CrossRef]

16. Mo, D.-G.; Liang, M.-T.; Xu, L.; Li, T.; Han, Q.-F.; Chen, C.; Yao, H.-C. The Effect of NLRP3 Inflammasome on Cardiovascular
Prognosis in Patients with Acute Coronary Syndrome. Sci. Rep. 2025, 15, 1187. [CrossRef]

17. Niskala, A.; Heijman, J.; Dobrev, D.; Jespersen, T.; Saljic, A. Targeting the NLRP3 Inflammasome Signalling for the Management
of Atrial Fibrillation. Br. J. Pharmacol. 2024, 181, 4939–4957. [CrossRef]

https://doi.org/10.1093/europace/euaf027
https://doi.org/10.1161/CIRCRESAHA.120.316340
https://doi.org/10.1016/j.lanepe.2023.100786
https://doi.org/10.1161/CIRCULATIONAHA.113.007482
https://doi.org/10.1093/europace/euae070
https://doi.org/10.1093/eurheartj/ehae694
https://doi.org/10.1093/eurjpc/zwaf138
https://doi.org/10.1093/eurheartj/ehac262
https://doi.org/10.1093/europace/euaf110
https://doi.org/10.1186/s42444-024-00110-z
https://doi.org/10.1016/j.jacc.2022.03.379
https://doi.org/10.2147/JIR.S390310
https://doi.org/10.3390/ijms26083697
https://doi.org/10.2174/1570161120666220610151915
https://doi.org/10.3390/ijms25105372
https://doi.org/10.1038/s41598-024-85041-4
https://doi.org/10.1111/bph.16470


Int. J. Mol. Sci. 2025, 26, 5954 24 of 32

18. Li, L.; Coarfa, C.; Yuan, Y.; Abu-Taha, I.; Wang, X.; Song, J.; Zeng, Y.; Chen, X.; Koirala, A.; Grimm, S.L.; et al. Fibroblast-Restricted
Inflammasome Activation Promotes Atrial Fibrillation and Heart Failure With Diastolic Dysfunction. JACC Basic Transl. Sci. 2025.
[CrossRef]

19. Yao, C.; Veleva, T.; Scott, L.J.; Cao, S.; Li, L.; Chen, G.; Jeyabal, P.; Pan, X.; Alsina, K.M.; Abu-Taha, I.D.; et al. Enhanced
Cardiomyocyte NLRP3 Inflammasome Signaling Promotes Atrial Fibrillation. Circulation 2018, 138, 2227–2242. [CrossRef]

20. Karakasis, P.; Theofilis, P.; Milaras, N.; Vlachakis, P.K.; Patoulias, D.; Karamitsos, T.; Antoniadis, A.P.; Fragakis, N. Epigenetic
Drivers of Atrial Fibrillation: Mechanisms, Biomarkers, and Therapeutic Targets. Int. J. Mol. Sci. 2025, 26, 5253. [CrossRef]

21. Paik, S.; Kim, J.K.; Shin, H.J.; Park, E.-J.; Kim, I.S.; Jo, E.-K. Updated Insights into the Molecular Networks for NLRP3 Inflamma-
some Activation. Cell. Mol. Immunol. 2025, 22, 563–596. [CrossRef] [PubMed]

22. Singh, D.D. NLRP3 Inflammasome: Structure, Mechanism, Drug-Induced Organ Toxicity, Therapeutic Strategies, and Future
Perspectives. RSC Med. Chem. 2025. [CrossRef] [PubMed]

23. Meyers, A.K.; Zhu, X. The NLRP3 Inflammasome: Metabolic Regulation and Contribution to Inflammaging. Cells 2020, 9, 1808.
[CrossRef]

24. Martinon, F.; Burns, K.; Tschopp, J. The Inflammasome: A Molecular Platform Triggering Activation of Inflammatory Caspases
and Processing of ProIL-Beta. Mol. Cell 2002, 10, 417–426. [CrossRef]

25. Toldo, S.; Abbate, A. The Role of the NLRP3 Inflammasome and Pyroptosis in Cardiovascular Diseases. Nat. Rev. Cardiol. 2024,
21, 219–237. [CrossRef] [PubMed]

26. Scott, L.J.; Li, N.; Dobrev, D. Role of Inflammatory Signaling in Atrial Fibrillation. Int. J. Cardiol. 2019, 287, 195–200. [CrossRef]
27. Liu, W.-B.; Wang, S.-S.; Zhang, X.; Ke, Z.-Z.; Wen, X.-Y.; Zhao, J.; Zhuang, X.-D.; Liao, L.-Z. Enhanced Cardiomyocyte NLRP3

Inflammasome-Mediated Pyroptosis Promotes d-Galactose-Induced Cardiac Aging. J. Am. Heart Assoc. 2024, 13, e032904.
[CrossRef]

28. Mao, S.; Chen, P.; Pan, W.; Gao, L.; Zhang, M. Exacerbated Post-Infarct Pathological Myocardial Remodelling in Diabetes Is
Associated with Impaired Autophagy and Aggravated NLRP3 Inflammasome Activation. ESC Heart Fail. 2022, 9, 303–317.
[CrossRef]

29. Swanson, K.V.; Deng, M.; Ting, J.P.-Y. The NLRP3 Inflammasome: Molecular Activation and Regulation to Therapeutics. Nat. Rev.
Immunol. 2019, 19, 477–489. [CrossRef]

30. Strowig, T.; Henao-Mejia, J.; Elinav, E.; Flavell, R. Inflammasomes in Health and Disease. Nature 2012, 481, 278–286. [CrossRef]
31. He, Y.; Hara, H.; Núñez, G. Mechanism and Regulation of NLRP3 Inflammasome Activation. Trends Biochem. Sci. 2016, 41,

1012–1021. [CrossRef] [PubMed]
32. Ma, Q. Pharmacological Inhibition of the NLRP3 Inflammasome: Structure, Molecular Activation, and Inhibitor-NLRP3 Interac-

tion. Pharmacol. Rev. 2023, 75, 487–520. [CrossRef] [PubMed]
33. Kanneganti, T.-D. The Inflammasome: Firing up Innate Immunity. Immunol. Rev. 2015, 265, 1. [CrossRef] [PubMed]
34. Libby, P. Targeting Inflammatory Pathways in Cardiovascular Disease: The Inflammasome, Interleukin-1, Interleukin-6 and

Beyond. Cells 2021, 10, 951. [CrossRef]
35. Olsen, M.B.; Gregersen, I.; Sandanger, Ø.; Yang, K.; Sokolova, M.; Halvorsen, B.E.; Gullestad, L.; Broch, K.; Aukrust, P.; Louwe,

M.C. Targeting the Inflammasome in Cardiovascular Disease. JACC Basic Transl. Sci. 2022, 7, 84–98. [CrossRef]
36. Bootman, M.D. Calcium Signaling. Cold Spring Harb. Perspect. Biol. 2012, 4, a011171. [CrossRef]
37. Murakami, T.; Ockinger, J.; Yu, J.; Byles, V.; McColl, A.; Hofer, A.M.; Horng, T. Critical Role for Calcium Mobilization in Activation

of the NLRP3 Inflammasome. Proc. Natl. Acad. Sci. USA 2012, 109, 11282–11287. [CrossRef]
38. Lee, G.-S.; Subramanian, N.; Kim, A.I.; Aksentijevich, I.; Goldbach-Mansky, R.; Sacks, D.B.; Germain, R.N.; Kastner, D.L.; Chae,

J.J. The Calcium-Sensing Receptor Regulates the NLRP3 Inflammasome through Ca2+ and CAMP. Nature 2012, 492, 123–127.
[CrossRef]

39. Weber, K.; Schilling, J.D. Lysosomes Integrate Metabolic-Inflammatory Cross-Talk in Primary Macrophage Inflammasome
Activation. J. Biol. Chem. 2014, 289, 9158–9171. [CrossRef]

40. Liu, Q.; Zhang, D.; Hu, D.; Zhou, X.; Zhou, Y. The Role of Mitochondria in NLRP3 Inflammasome Activation. Mol. Immunol. 2018,
103, 115–124. [CrossRef]

41. Horng, T. Calcium Signaling and Mitochondrial Destabilization in the Triggering of the NLRP3 Inflammasome. Trends Immunol.
2014, 35, 253–261. [CrossRef] [PubMed]

42. Neuman, R.B.; Bloom, H.L.; Shukrullah, I.; Darrow, L.A.; Kleinbaum, D.; Jones, D.P.; Dudley, S.C.J. Oxidative Stress Markers Are
Associated with Persistent Atrial Fibrillation. Clin. Chem. 2007, 53, 1652–1657. [CrossRef] [PubMed]

43. Bracey, N.A.; Beck, P.L.; Muruve, D.A.; Hirota, S.A.; Guo, J.; Jabagi, H.; Wright, J.R.J.; Macdonald, J.A.; Lees-Miller, J.P.; Roach, D.;
et al. The Nlrp3 Inflammasome Promotes Myocardial Dysfunction in Structural Cardiomyopathy through Interleukin-1β. Exp.
Physiol. 2013, 98, 462–472. [CrossRef]

44. Buckley, C.D.; Gilroy, D.W.; Serhan, C.N.; Stockinger, B.; Tak, P.P. The Resolution of Inflammation. Nat. Rev. Immunol. 2013, 13,
59–66. [CrossRef]

https://doi.org/10.1016/j.jacbts.2025.02.004
https://doi.org/10.1161/CIRCULATIONAHA.118.035202
https://doi.org/10.3390/ijms26115253
https://doi.org/10.1038/s41423-025-01284-9
https://www.ncbi.nlm.nih.gov/pubmed/40307577
https://doi.org/10.1039/D5MD00167F
https://www.ncbi.nlm.nih.gov/pubmed/40370650
https://doi.org/10.3390/cells9081808
https://doi.org/10.1016/S1097-2765(02)00599-3
https://doi.org/10.1038/s41569-023-00946-3
https://www.ncbi.nlm.nih.gov/pubmed/37923829
https://doi.org/10.1016/j.ijcard.2018.10.020
https://doi.org/10.1161/JAHA.123.032904
https://doi.org/10.1002/ehf2.13754
https://doi.org/10.1038/s41577-019-0165-0
https://doi.org/10.1038/nature10759
https://doi.org/10.1016/j.tibs.2016.09.002
https://www.ncbi.nlm.nih.gov/pubmed/27669650
https://doi.org/10.1124/pharmrev.122.000629
https://www.ncbi.nlm.nih.gov/pubmed/36669831
https://doi.org/10.1111/imr.12297
https://www.ncbi.nlm.nih.gov/pubmed/25879279
https://doi.org/10.3390/cells10040951
https://doi.org/10.1016/j.jacbts.2021.08.006
https://doi.org/10.1101/cshperspect.a011171
https://doi.org/10.1073/pnas.1117765109
https://doi.org/10.1038/nature11588
https://doi.org/10.1074/jbc.M113.531202
https://doi.org/10.1016/j.molimm.2018.09.010
https://doi.org/10.1016/j.it.2014.02.007
https://www.ncbi.nlm.nih.gov/pubmed/24646829
https://doi.org/10.1373/clinchem.2006.083923
https://www.ncbi.nlm.nih.gov/pubmed/17599958
https://doi.org/10.1113/expphysiol.2012.068338
https://doi.org/10.1038/nri3362


Int. J. Mol. Sci. 2025, 26, 5954 25 of 32

45. Yeh, Y.-H.; Kuo, C.-T.; Chang, G.-J.; Qi, X.-Y.; Nattel, S.; Chen, W.-J. Nicotinamide Adenine Dinucleotide Phosphate Oxidase
4 Mediates the Differential Responsiveness of Atrial versus Ventricular Fibroblasts to Transforming Growth Factor-β. Circ.
Arrhythm. Electrophysiol. 2013, 6, 790–798. [CrossRef]

46. Goette, A.; Corradi, D.; Dobrev, D.; Aguinaga, L.; Cabrera, J.-A.; Chugh, S.S.; de Groot, J.R.; Soulat-Dufour, L.; Fenelon, G.; Hatem,
S.N.; et al. Atrial Cardiomyopathy Revisited-Evolution of a Concept: A Clinical Consensus Statement of the European Heart
Rhythm Association (EHRA) of the ESC, the Heart Rhythm Society (HRS), the Asian Pacific Heart Rhythm Society (APHRS), and
the Latin American Hear. Europace 2024, 26, euae204. [CrossRef]

47. Karakasis, P.; Vlachakis, P.K.; Theofilis, P.; Ktenopoulos, N.; Patoulias, D.; Fyntanidou, B.; Antoniadis, A.P.; Fragakis, N. Atrial
Cardiomyopathy in Atrial Fibrillation: A Multimodal Diagnostic Framework. Diagnostics 2025, 15, 1207. [CrossRef]

48. Karakasis, P.; Theofilis, P.; Vlachakis, P.K.; Ktenopoulos, N.; Patoulias, D.; Antoniadis, A.P.; Fragakis, N. Atrial Cardiomyopathy
in Atrial Fibrillation: Mechanistic Pathways and Emerging Treatment Concepts. J. Clin. Med. 2025, 14, 3250. [CrossRef]

49. Yamashita, T.; Sekiguchi, A.; Iwasaki, Y.; Date, T.; Sagara, K.; Tanabe, H.; Suma, H.; Sawada, H.; Aizawa, T. Recruitment of
Immune Cells across Atrial Endocardium in Human Atrial Fibrillation. Circ. J. 2010, 74, 262–270. [CrossRef]

50. Chen, M.-C.; Chang, J.-P.; Liu, W.-H.; Yang, C.-H.; Chen, Y.-L.; Tsai, T.-H.; Wang, Y.-H.; Pan, K.-L. Increased Inflammatory Cell
Infiltration in the Atrial Myocardium of Patients with Atrial Fibrillation. Am. J. Cardiol. 2008, 102, 861–865. [CrossRef]

51. Frustaci, A.; Chimenti, C.; Bellocci, F.; Morgante, E.; Russo, M.A.; Maseri, A. Histological Substrate of Atrial Biopsies in Patients
with Lone Atrial Fibrillation. Circulation 1997, 96, 1180–1184. [CrossRef] [PubMed]
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