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Abstract: Glucagon-like peptide-1 receptor agonists (GLP-1RAs) are a novel class of glucose-lowering agents that offer benefits
beyond glycemic control and weight loss and are increasingly recognized for their cardioprotective benefits, including protective
effects against hypertension, heart failure, myocardial infarction, and arrhythmias. Notably, GLP-1RAs have demonstrated a significant
capacity to reduce arrhythmia risk not only in animal models but also in large-scale clinical trials. However, the antiarrhythmic
mechanisms of GLP-1RAs remain incompletely understood. This mechanistic review synthesizes current preclinical and clinical
evidence to delineate the key pathways through which GLP-1RAs may exert their antiarrhythmic effects. The primary mechanisms
discussed include the attenuation of cardiomyocyte death, improvement of myocardial metabolism, and inhibition of the inflammatory
response. Additional mechanisms, such as the promotion of autophagy, maintenance of ion homeostasis in cardiomyocytes, and
modulation of the autonomic nervous system, are also examined. By clarifying these mechanisms, this review aims to offer novel
therapeutic strategies for arrhythmia prevention, especially in the high-risk population with cardiometabolic diseases.
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Introduction

The therapeutic paradigm for antihyperglycemic agents has profoundly shifted from a primary focus on glycemic control
to an appreciation of their distinct cardioprotective properties. This evolution, championed by metformin and solidified
by SGLT2 inhibitors (eg, empagliflozin), now extends to glucagon-like peptide-1 receptor agonists (GLP-1RAs).'”> This
raises a central question: what are the pleiotropic mechanisms through which the GLP-1RAs, beyond influencing glucose
metabolism, protect the myocardium?

Glucagon-like peptide-1 (GLP-1) is an incretin hormone secreted by intestinal epithelial endocrine L-cells located in
the distal ileum and colon.®” The GLP-1 receptor (GLP-1R), a G-protein-coupled receptor (GPCR) widely expressed
throughout the human body, is present in multiple tissues and organs, including the pancreas, heart, central and peripheral
nervous systems, lungs, kidneys, gastrointestinal tract, and skin.® Specifically, GLP-1R is expressed not only in atrial and
ventricular myocytes as well as sinoatrial node cells of the heart but also in various types of cardiovascular cells such as
mononuclear macrophages, smooth muscle cells, and endothelial cells.®’

GLP-1RAs are a new class of hypoglycemic agents, primarily including Liraglutide, Exendin-4, Semaglutide,
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Exenatide and Dulaglutide. Due to their glucose-lowering and weight-reducing properties, GLP-1RAs are

predominantly used in the management of type 2 diabetes mellitus (T2DM) and obesity.'""'?> However, as research
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into GLP-1RAs continues to evolve, accumulating evidence indicates that these agents confer protective effects on
the cardiovascular system. These benefits encompass heart failure, myocardial infarction, arrhythmias, hypertension,
dilated cardiomyopathy, and hypertrophic cardiomyopathy.®?''"'*"1> Currently, numerous studies have reported on
the antiarrhythmic potential of GLP-1RAs."*"'” For example, Zhong et al showed that GLP-1RAs can reduce the
incidence of atrial fibrillation by regulating myocardial metabolism.'> Ang et al revealed that GLP-1RAs exert
antiarrhythmic effects by modulating B-adrenergic receptor-mediated ventricular electrophysiological remodeling.'®
Previous reviews have summarized the existing literature on the cardioprotective effects of GLP-1RAs, confirming
their cardiovascular benefits.>'®'® However, the precise antiarrhythmic mechanisms of GLP-1RAs remain incom-
pletely understood, and a comprehensive systematic review elucidating these mechanisms is currently lacking in the
literature. Therefore, this review aims to provide an in-depth understanding of the potential antiarrhythmic mechan-
isms of GLP-1RAs, establish a theoretical foundation for the development of novel antiarrhythmic agents, and offer
new insights and strategies for the clinical prevention and treatment of arrhythmias.

Potential Antiarrhythmic Mechanisms of GLP-1RAs
Attenuating Cardiomyocyte Death

Cardiomyocyte death, encompassing apoptosis, necroptosis, pyroptosis, and ferroptosis, plays a pivotal role in the
pathogenesis of cardiac arrhythmias.”® Accumulating evidence demonstrates that these distinct forms of programmed
cell death contribute to arrhythmia development through both direct electrophysiological disturbances and structural
remodeling of cardiac tissue.”’ James et al suggest that apoptosis may lead to progressive degeneration of the cardiac
conduction system, ultimately resulting in complete heart block and life-threatening ventricular arrhythmias.?'
Necroptosis has been shown to be mechanistically linked to atrial fibrillation initiation and maintenance, primarily
through its dual effects on promoting electrophysiological instability and facilitating structural remodeling in experi-
mental models.”* Pyroptosis, characterized by its highly inflammatory nature, exacerbates arrhythmogenic substrates
through both acute and chronic inflammatory responses that drive myocardial fibrosis and adverse electrical
remodeling.*>** Ferroptosis primarily promotes arrhythmogenesis through iron-dependent lipid peroxidation, which
disrupts calcium homeostasis, impairs mitochondrial function, and induces oxidative stress-related electrical
disturbances.”> >’

Emerging preclinical evidence suggests that GLP-1RAs may indirectly reduce arrhythmia susceptibility through their
pleiotropic actions on cell death pathways. This potential mechanism warrants careful consideration based on the
following observations. Apoptosis and necroptosis are recognized as key pathophysiological features following myo-
cardial injury.®® Zhu et al demonstrated that Semaglutide attenuates myocardial ischemia/reperfusion (I/R)-induced
cardiomyocyte apoptosis by activating the PKG/PKCe/ERK1/2 signaling pathway, resulting in notable reductions in
infarct size and improvements in cardiac remodeling.zg Given the established relationship between apoptotic cell death
and conduction system impairment,”' this antiapoptotic effect may theoretically preserve conduction system integrity.
Yan et al showed that Semaglutide alleviates oxidative stress and apoptosis in the diabetic heart via Sirt]l/AMPK pathway
activation and Connexin 43 (Cx43) restoration, thereby improving cardiac function and electrophysiological remodeling
in a diabetic cardiomyopathy (DCM) model.*° Similarly, Zhou et al demonstrated that Liraglutide suppresses necroptosis
through the GLP-1R/PI3K/Akt signaling cascade, subsequently reducing infarct size and improving cardiac
remodeling.®' Pyroptosis has emerged as a potential therapeutic target for preventing adverse cardiac remodeling.** As
necroptosis contributes to atrial fibrillation substrates,?* this mechanism may indirectly reduce atrial arrhythmia suscept-
ibility. In a streptozotocin-induced diabetic rat model, four weeks of Liraglutide treatment significantly reduced the
myocardial expression of NOD-like receptor family pyrin domain-containing 3 (NLRP3), a key marker of pyroptosis,
suggesting that GLP-1RAs may inhibit pyroptosis and thereby prevent diabetic cardiomyopathy.®>* Multiple studies have
documented the ability of GLP-1RAs to normalize oxidative stress markers characteristic of ferroptosis, including
reductions in malondialdehyde (MDA), reactive oxygen species (ROS), and oxidized glutathione (GSSG), while
restoring superoxide dismutase (SOD) activity and glutathione (GSH) content.** >® Through PI3K/Akt pathway activa-
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tion, Exenatide has been shown to ameliorate ferroptosis-mediated injury in I/R mouse models, potentially reducing
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ferroptosis-related electrophysiological disturbances®> >’ (Table 1). The collective actions of GLP-1RAs on cell death
pathways-through oxidative stress mitigation, inflammatory cytokine suppression, and adverse remodeling prevention-
present a compelling, though not yet conclusively proven, mechanism that may contribute to arrhythmia risk reduction.
While direct electrophysiological evidence remains to be established, the pathophysiological links between specific cell
death modalities and arrhythmogenesis provide strong theoretical support for this hypothesis.

Improve Myocardial Metabolism

In cardiomyocytes, approximately 95% of ATP is generated via mitochondrial oxidative phosphorylation, while the
remaining 5% is derived from glycolysis. Fatty acid oxidation accounts for roughly 60-90% of the energy required to
sustain normal cardiac function, with the remainder being supplied by lactic acid, glucose, ketone bodies, and amino
acids.”> An imbalance in myocardial metabolic homeostasis is a key pathological basis for electrical and structural
remodeling.'**7*57 GLP-1RAs can modulate the myocardial metabolic network and influence the onset and progression
of arrhythmias, either directly through effects on myocardial energy substrates and mitochondrial activity or indirectly
through impacts on lipid deposition, as shown in Figure 1.

Firstly, GLP-1RAs exert direct antiarrhythmic effects by improving myocardial energy metabolism. This direct
effect is achieved, on one hand, by optimizing the metabolic coupling between fatty acids and glucose. Ling et al
showed that treatment with a GLP-1RA increased the Bcl-2/Bax ratio and reduced apoptosis in hypoxia-reoxygenated
cardiomyocytes, as assessed by CCK-8 and Western blot assays. This protective effect was attenuated by PI3K
inhibitors, highlighting the importance of the PI3K/AKT signaling pathway.’® Subsequently, Rui et al reported that
GLP-1RAs enhance glucose uptake in cardiomyocytes by promoting the translocation of glucose transporter 4
(GLUT4) via activation of the PI3K/AKT signaling pathway.’® Semaglutide ameliorates cardiac remodeling in male
mice by optimizing energy substrate utilization such as free fatty acids, glucose, and lipid through the Creb5/NR4al
axis in the PI3K/AKT pathway.’ These findings have been corroborated in experimental studies involving classical
GLP-1RAs such as Liraglutide, Dulaglutide, and Semaglutide, as well as multi-target agonists like tirzepatide and
retatrutide.®>*>° Zhong et al further indicated that GLP-1RAs not only enhance glucose oxidation but also decrease
free fatty acid (FFA) uptake, thereby optimizing myocardial energy substrate utilization.'® This leads to reduced
lipotoxicity-induced myocardial injury and abnormal electrical activity, improved myocardial metabolic efficiency, and
consequently mitigates lipotoxicity-related myocardial damage and electrophysiological disturbances.'® Liraglutide
has been shown to reduce triglycerides by 30.4 mg/dL, decrease visceral fat accumulation, and improve lipid
profiles.®® At the molecular level, GLP-1RAs, by activating the GLP-1R, modulate lipid metabolism through pathways
including the suppression of hepatic lipogenesis via the AMPK/SIRT1/SREBP-1c axis and promoting macrophage
cholesterol efflux through the LXRa-ABCA1 pathway, collectively improving plasma lipid profiles.®’ Recent studies
have revealed that tirzepatide can lower LDL-C levels by 5-8% and elevate HDL-C levels, potentially mediated
through Gastric inhibitory polypeptide (GIP) receptor-dependent lipolysis.®* ®* Additionally, clinical evidence sug-
gests a positive correlation between serum vitamin D levels and endogenous GLP-1 activity, and the study inferred that
the protective effects of GLP-1 on bone structure and metabolism are similar to those of vitamin D.>* Dulaglutide has
been found to ameliorate mitochondrial fragmentation in cardiac muscle cells and restore mitochondrial morphology
and function in diabetic hearts, thus alleviating myocardial metabolic remodeling.’* These metabolic corrections
directly alleviate key arrhythmogenic substrates. By reducing systemic and ectopic cardiac lipid accumulation, GLP-
1RAs mitigate lipotoxicity, decrease associated myocardial inflammation, and ameliorate fibrosis-each being a critical
metabolic driver of structural and electrical remodeling that predisposes to arrhythmias.'***>® Thus, beyond improv-
ing plasma lipid parameters, GLP-1RAs exert antiarrhythmic benefits by targeting the fundamental metabolic dis-
turbances that underlie the development of arrhythmogenic substrates.

Further research has indicated that GLP-1RAs not only influence energy substrate utilization but also directly affect
arrhythmogenesis by modulating mitochondrial respiratory chain activity. Batran et al demonstrated that GLP-1RAs activate
AMPK signaling, inhibit the accumulation of harmful metabolites-such as long-chain acylcarnitines-generated during fatty
acid B-oxidation, improve mitochondrial dysfunction caused by lipid toxicity, optimize mitochondrial respiratory chain

activity, maintain stable ATP production, and reduce oxidative stress-induced arrhythmias associated with ROS overload.**’
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Table | Potential Mechanisms of Glucagon-Like Peptide-1 Receptor Agonists (GLP-1RAs) on Arrhythmias: Animal Studies

GLP-1 Year Test Models Study Design Targets or Signal Effect Outcomes Refs.
RAs Pathway
Liraglutide 2023 T2DM Mice 0.25 mg/kg/d i.h.for 4 weeks / 1 atrial CV Reduced AF and prevented atrial remodeling [13]
| AF durations
2023 Myocardial I/R injury rats 140 pg/kg/day i.p. for 7 days GLP-1R/PI3K/Akt tcardiomyocytes | Inhibited necroptosis and reduced infarct size [311
| cardiac
enzyme
2021 Male Wistar rats with 200 pg/kg/12 h i.p. for 4 weeks / | NLRP3 Attenuated apoptosis and myocardial fibrosis [33]
streptozotocin-induced diabetes | TNF-a
LIL-1
| apoptosis
2016 Microvascular endothelial cells 1-100 nmol/L GLP-R/PI3K/Akt/survivin | ROS Suppress CMECs oxidative damage [37]
1 SERCA2a
2023 Aged rats (24-month-old) 300 pg/kg/day for 4 weeks IRS1-eNOS-PKG | APD | QRS Recovered mitochondrial dysfunction and oxidative stress in aging hearts [38]
1 ROS 11 NCX
2021 Polymicrobial sepsis model mice 200 pg/kg/day i.p.for 3 days / L IL-6 Reduced vascular inflammation and ameliorates sepsis-induced endothelial dysfunction [39]
2022 | The atrial fibroblasts of C57BL/6 10 nmol/L, 50 nmol/L, 100 nmol/L in miR-21/PTEN/PI3K | ECM Reduced inflammation and inhibited remodeling [40]
mice (Angll pre-treatment for 24 h) medium and continue incubation for | h deposition
|cardiac
fibroblasts
2019 HFD -induced atherosclerotic mice 300 pg/kg/day i.h. for 4 weeks / | TNF-a Reduced inflammation and attenuated atherosclerosis [41]
lIL-6
2023 Myocardial I/R diabetes mice 200 pg/kg/day i.h.for 4 weeks AMPK/mTOR | p-mTOR Reduced infarct size and enhanced cardiac function [42]
1 pé2
2017 | The Zucker diabetic fatty rat model 200 pg/kg/day i.h.for 8 weeks AMPK/mTOR 1 p-AMPK Improved left ventricular functional status and alleviated myocardial fibrosis [43]
| p-mTOR
1 autophagy
2020 | Abdominal aortic constriction male 0.3 mg/kg/12 h i.hfor 16 weeks mTOR/p70S6K | LC3-I/LC3-I Inhibited cardiac fibrosis and dysfunction [44]
SD rats 1 Beclin-1
1 pé2
1 autophagy
2021 Pressure overload induced cardiac 0.3 mg/kg/twice day Karp channels 1 BCL-2 Ameliorated cardiac hypertrophy and apoptosis [45]
hypertrophy rats t ATP
2022 High-carbohydrate induced MetS 0.3 mg/kg/day for 4 weeks T K+ | APD Mitigated electrical abnormalities, maintained Ca?*-homeostasis in ventricular [46]
rats 1 Ca®* | long-QT cardiomyocytes.
interval
1 INCX
2021 HFD-induced diabetes rats 200 pg/kg/12 hih. | lto | QTc Improved myocardial electrical remodeling and inhibited myocardial hypertrophy and fibrosis [47]
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Exendin-4 2018 | Adult male SD rats In isolated perfused hearts (3 nmol/L) / 1 APD Reduced ventricular arrhythmia susceptibility [16]
1 cardiac
parasympathetic
2021 Myocardial I/R injury rats (0.140 pg/kg, i.v.), 10 min after LAD artery | 1 SIRTI 1 MnSOD Reduced infarct size and preserved the function and structure of the left ventricle [35]
occlusion 1 SIRT3 | ROS
| ferroptosis
2021 Acute Ml rats 10 pg/day i.p. for 7 days Whntl/B-catenin | inflammatory Mitigated cardiac fibrosis, and ventricular remodeling [48]
cytokines
| ROS
2020 25 nmol/kg/day i.p. for 6 weeks PARPI/NF-kB Axis in | TNF-a Inhibited structural remodeling and improved left ventricle function [49]
A SIRT |-Dependent 1 IL-6
Mechanism | ROS
2017 | HF rat model after Ml 10 pg/kg/day i.p. for 4 weeks 1 eNOS/cGMP/PKG 1 SERCA2a Improved cardiac remodeling and maintained Ca®*-homeostasis [50]
| CaMKII l
phosphorylated
RyR
tCa-L
2021 HFD-induced obese rats Intrapelvic injection (I pg) Renal nerve—neprilysin— | renal Reduced cardiac volumetric load and reduced risk factors for arrhythmias [511
GLP-1 pathway sympathetic
nerve
1 urine
excretion
2018 | Adult male SD rats In vivo (5 pg/kg intravenously) and isolated | Acetylcholine and nitric | cardiac Opposed the effects of f-adrenoceptor stimulation on cardiac ventricular excitability and [16]
perfused hearts (3 nmol/L) oxide parasympathetic reduced ventricular arrhythmic potential via stimulation of cardiac parasympathetic
1 APD tHR
Semaglutide | 2023 Myocardial I/R rats 0.3 mg/kg PKG/PKCe/ERK /2 | apoptosis Suppressed cardiomyocyte apoptosis and reduced infarct size 291
2024 | Pressure overload-induced HF male | 60 pg/kg Creb5/NR4al 1 FA oxidation Improved cardiac function and reduced hypertrophy and fibrosis [52]
mice 1 ATP
2024 DCM mice 0.15 mg/kg/week i.h. for 8 weeks Sirtl/AMPK | oxidative Improved cardiac function and electrophysiological remodelling [30]
T Cx43 stress
| apoptosis
| RR | QRS
1 QT | QTc
2025 Mice with diabetes induced by HFD/ 100pg kg/day i.h. for 8 weeks Sirt3-dependent RKIP | TNF-a Ameliorated myocardial fibrosis and improved cardiac function [53]
streptozotocin pathway 1 IL-6
TBKI-NF-kB signalling | ROS
pathway | apoptosis
GLP-1 2023 PV and SAN tissue from Male New (1, 10, and 100 nM) of GLP-1 (7-36) amide PKA | INa-Late Regulated Ca®*-homeostasis and reduced PV arrhythmogenesis [14]
(7-36) Zealand white rabbits in normal Tyrode’s solution for 20 min CaMKII 1 Inex
amide NCX 1 lcat
Exenatide 2013 Myocardial I/R rats 10 pg/kg/day i.p. for 2 weeks PI3K/Akt | ROS Reduced infarct size and enhanced cardiac function [36]
| ferroptosis
Dulaglutide 2022 Mice with HFD/streptozotocin- 0.6 mg kg—| week—1 i.h. for 8 weeks / | hyperlipidemia Improved myocardial metabolic remodeling [54]
induced T2DM | mitochondria
fragmentation

Notes: A black upward arrow indicates an increase, while a black downward arrow indicates a decrease.

Abbreviations: T2DM, Type 2 Diabetes Mellitus; i.h., subcutaneous injections; CV, Conduction Velocity; AF, Atrial fibrillation; I/R, ischemia/reperfusion; i.p., Intraperitoneal injection; GLP- IR, Glucagon-like peptide-1 receptor; PI3K, phosphatidy-
linositol 3-kinase; Akt, protein kinase B; NLRP3, nod-like receptor family pyrin domain containing 3; TNF-a, tumor necrosis factor-; IL-1, interleukin- I; ROS, reactive oxygen species; SERCA?2a, Sarcoplasmic/Endoplasmic Reticulum Calcium ATPase 2a;
CMECs, Microvascular endothelial cells; IRSI, Insulin Receptor Substrate |; eNOS, endothelial nitric oxide synthase; PKG, Protein kinase G; APD, Action potential duration; lycx, Na*/Ca®* exchanger currents; IL-6, interleukin-6; Angll, Angiotensin II;
miR-21, microRNA-21; PTEN, Phosphatase and tensin homolog; ECM, Extracellular Matrix; HFD, high-fat diet; AMPK, Adenosine 5’-monophosphate (AMP)-activated protein kinase; nTOR, Mammalian Target of Rapamycin; p-mTOR, Phosphorylated
mammalian target of rapamycin; p6é2, Sequestosome |; p-AMPK, Phosphorylated AMP-activated protein kinase; SD, Sprague-Dawley; p70S6K, p70 Ribosomal Protein S6 Kinase; LC3-Il, Microtubule-associated protein |A/IB-light chain
3-phosphatidylethanolamine conjugate; LC3-l, Microtubule-associated protein | A/IB-light chain 3; Karp ATP-sensitive potassium channel; BCL-2, B-cell lymphoma-2; ATP, adenosine triphosphate; MetS, metabolic syndrome; Ito, Transient outward
potassium current; QTc, Corrected QT interval; i.v,, intravenous injection; LAD, Left Anterior Descending artery; SIRT, silent information regulator |; SIRT3, silent information regulator 3; MnSOD, Manganese Superoxide Dismutase; MI, myocardial
infarction; PARPI, poly (ADP-ribose) polymerase-|; NF-kB, Nuclear factor kappa-B; cGMP. Cyclic Guanosine Monophosphate; CaMKIl, Ca?*/calmodulin-dependent protein kinase II; RyR, Ryanodine receptor; HR, heart rate; PKCe, Protein kinase
C epsilon; ERK1/2, Extracellular regulated protein kinases 1/2; HF, heart failure; Creb5, cAMP Responsive Element Binding Protein 5; NR4al, Nuclear Receptor Subfamily 4 Group A Member |; FA, fatty acid; DCM, diabetic cardiomyopathy; Cx43,
Connexin 43; RR, R wave to R wave interval; RKIP, Raf kinase inhibitor protein; TBK |, TANK-binding kinase |; PV, pulmonary vein; SAN, Sinoatrial node; PKA, Protein Kinase A; NCX, Na*/Ca?* exchanger; Ina-Laces Late Sodium Current; Ic,., L-type
calcium current.
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Figure | Potential mechanisms of antiarrhythmicity of GLP-IRAs. Mechanisms mainly include attenuating cardiomyocyte death, improving myocardial metabolism, inhibiting
the inflammatory response, promoting autophagy, maintaining ion homeostasis in cardiomyocytes and regulating the autonomic nervous system. A red upward arrow
indicates an increase, while a red downward arrow indicates a decrease. A black upward arrow indicates the outflow of potassium ions, while a black downward arrow
indicates the inflow of calcium ions.

Abbreviations: GLP-I1RAs, Glucagon-like peptide-| receptor agonists; FFA, free fatty acid; ROS, reactive oxygen species; IL-If, interleukin |f; IL-6, interleukin 6; TNF-a,
Tumor necrosis factor-a; NCX, Na‘/Ca?* exchanger.

Liraglutide activates the GLP-1R/PI3K/Akt/survivin pathway, which suppresses the SR-Ca*"-XO-ROS axis, reduces ROS
generation, preserves calcium homeostasis, and decreases the susceptibility to arrhythmias.?’ In aged rat models, Liraglutide
participates in oxidative stress-induced cardiac injury via the IRS1-eNOS-PKG pathway and significantly improves QRS
duration. This mechanism reduces the risk of electrophysiological abnormalities at the source of energy metabolism by
maintaining mitochondrial dynamic balance and oxidative phosphorylation efficiency.*®
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Secondly, GLP-1RAs exert indirect antiarrhythmic effects through systemic metabolic regulation. D’Marco et al
showed that GLP-1RAs reduce systemic insulin resistance and visceral adiposity by suppressing central appetite and
enhancing peripheral insulin sensitivity, thereby decreasing ectopic lipid deposition in the myocardium. Liraglutide
delays gastric emptying, enhances satiety, and results in an average weight loss of 1.5-2.0 kg.®” Obese patients treated
with a weekly 1.5 mg dose of Dulaglutide achieved an average weight loss of 1.44Kg.®® GLP-1RAs favorably modulate
the lipid profile by reducing levels of triglycerides, total cholesterol, and LDL-cholesterol, with minimal effects on HDL-
cholesterol. This metabolic improvement, along with a consequent reduction in blood pressure, collectively alleviates
cardiac workload and mitigates overall cardiovascular risk. Obesity is often accompanied by chronic inflammation. By
reducing weight and improving metabolism, the inflammatory response can also be reduced, thereby reducing the risk of
arrhythmia. Clinical evidence supports its efficacy in reducing the risk of atrial fibrillation in both diabetic and non-
diabetic populations***"*? (Table 1).

Overall, GLP-1RAs significantly lower the risk of arrhythmias by directly optimizing myocardial energy metabolism
involving glucose and fatty acids, as well as through indirect preventive mechanisms, particularly demonstrating notable
efficacy in preventing atrial fibrillation. Its cardiovascular protective effects are independent of traditional metabolic
parameters, offering novel therapeutic targets for the prevention and treatment of arrhythmias. Future research will focus
on uncovering deeper insights into the drug’s metabolic pathways and potential new targets.

Inhibit the Inflammatory Response
Accumulating evidence indicates that inflammation plays a central role in the pathogenesis of arrhythmias, primarily
through inducing electrophysiological and structural remodeling of cardiomyocytes.”® > Chronic inflammatory states
may result in impaired tissue repair and subsequent fibrosis. Myocardial fibrosis constitutes a key component of structural
remodeling and serves as a critical substrate for the maintenance of sustained arrhythmias.”®”’ Although cardiac
inflammation is most commonly associated with conditions such as myocardial infarction, heart failure, and myocarditis,
systemic inflammatory disorders also confer a significant risk of arrhythmias. Clinical observations demonstrate that
patients with rheumatoid arthritis or systemic lupus erythematosus present with significantly elevated plasma concentra-
tions of characteristic inflammatory biomarkers, including C-reactive protein (CRP), interleukin (IL)-1, IL-6, IL-8, and
tumor necrosis factor-alpha. These patients concurrently show substantial leukocyte infiltration in atrial tissues,
a pathological combination that may collectively heighten arrhythmia susceptibility.”®"®

Emerging evidence suggests that GLP-1RAs effectively attenuate the production of major inflammatory mediators,
including TNF-o, IL-6, and IL-1p, as shown in Figure 1, primarily through inhibition of NF-kB activation.*>®' In rat
models of experimentally induced myocardial infarction via left anterior descending coronary artery ligation, Exendin-4
significantly reduced cardiac fibrosis, electrophysiological disturbances, and structural remodeling, potentially via
modulation of the Wnt1/p-catenin signaling pathway.*® Moreover, Exendin-4 ameliorated post-infarction cardiac remo-
deling, possibility through SIRT1-dependent suppression of the PARP1/NF-kB axis. Specifically, Exendin-4 improved
cardiac architecture and left ventricular function while decreasing TNF-a and IL-6 mRNA and protein expression, as well
as NF-kB p65 activation. Furthermore, Exendin-4 inhibited the interaction of PARP1 with both TGF-f1 and NF-«B
p65.%
and puncture), where it attenuated inflammation via the AMPKal and cAMP/PKA signaling pathways.*® Furthermore,

Beyond Exendin-4, Liraglutide exhibited anti-inflammatory effects in a polymicrobial sepsis model (cecal ligation

Liraglutide suppresses angiotensin II-induced proliferation, migration, and extracellular matrix deposition in cardiac
fibroblasts through modulation of the miR-21/PTEN/PI3K pathway, possibly representing an additional mechanism by
which GLP-1RAs counteract inflammation and improve cardiac remodeling.** In diabetic mice, Semaglutide could
alleviate cardiac inflammation by inhibiting the RKIP-dependent TBK1/NF-kB pathway.”' It is worth noting that, as
a clear risk factor for the development of arrhythmia, atherosclerosis itself is driven by inflammation. Liraglutide can
inhibit the secretion of TNF-a and IL-1p, thereby possibly reducing the risk of atherosclerosis and related arrhythmias.*’
The clinical research conducted by Marchen’s team provides support for this transformation potential. In a study on
T2DM patients with dyslipidemia, 180-day GLP-1RA treatment significantly reduced key biochemical markers for the
initiation of atherosclerosis, including oxidized low-density lipoprotein (OxLDL), TNF-0, and IL-1B. Additionally,
another clinical evidence suggests that there may be a synergistic anti-inflammatory effect between GLP-1 and vitamin
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D/calcitriol, which is mediated by regulating p65, IL-6, IL-8.> These findings collectively indicate that GLP-1RAs can
significantly reduce the concentration of pro-inflammatory cytokines, highlighting their dual potential as a therapeutic
strategy in reducing atherosclerotic burden and the risk of arrhythmia®* (Table 1).

Promote Autophagy

Autophagy functions as a critical cellular quality control mechanism by degrading damaged proteins, organelles, and
macromolecules through lysosomal pathways, thereby preserving cellular homeostasis.®*** This process is fundamen-
tally involved in the regulation of multiple physiological systems, particularly the cardiovascular system, where its
dysregulation has been strongly associated with the development of arrhythmias.®>*® For example, cardiomyocyte-
specific deletion of autophagy-related gene 7 (ATG7) results in impaired autophagic activity, leading to myocardial
fibrosis, contractile dysfunction, and heightened susceptibility to arrhythmias.®® Conversely, excessive activation of
autophagy-such as that induced by sunitinib-can disrupt calcium homeostasis by degrading essential proteins such as
myosin light chain kinase 3 (MYLK3), thereby further promoting arrhythmogenesis.”® Collectively, these findings
highlight autophagy as a promising therapeutic target for the prevention and treatment of cardiac arrhythmias.

Notably, GLP-1RAs exert pleiotropic protective effects on the cardiovascular system through activation of the
autophagy pathway.”®*** Experimental studies have shown that Liraglutide activates autophagy in cardiomyocytes
via the AMPK-mTOR signaling pathway, resulting in reduced infarct size and attenuated ischemia-reperfusion injury in
diabetic animal models.*> Similarly, in the Zucker diabetic rat model, it is also shown that Liraglutide can improve
myocardial damage by promoting autophagy.** Zheng et al further revealed that Liraglutide improves cardiac fibrosis and
dysfunction by suppressing the mTOR/p70S6K signaling pathway and enhancing autophagic activity.** Yu et al further
demonstrated that both Exendin-4 and Liraglutide can alleviate high glucose-induced cardiomyocyte injury by restoring
mTOR/ULK I-dependent autophagy,”’ suggesting that they may exert potential antiarrhythmic effects. Given that
autophagy contributes to electrophysiological stability through the removal of dysfunctional mitochondria, reduction
of oxidative stress, and prevention of calcium overload®®**** (Table 1), the autophagy-enhancing properties of GLP-
1RAs could indirectly contribute to their potential antiarrhythmic effects, as outlined in Figure 1. However, direct
evidence linking GLP-1RA-induced autophagy to arrhythmia suppression is still limited, these mechanistic insights
suggest a promising pathway that warrants further investigation.

Maintain lon Homeostasis in Cardiomyocytes

Cardiac contractions, triggered by action potential (AP), are mediated through the physiological mechanism of excita-
tion-contraction coupling.”* The generation of AP involves the coordinated opening and closing of various transmem-
brane proteins, including ion channels and transporters such as pumps and exchangers. Cardiac arrhythmias can arise
from abnormal impulse formation, such as early afterdepolarizations (EADs) and delayed afterdepolarizations (DADs),
or from abnormal conduction of electrical activity in the heart.”® In cardiomyocytes, potassium (K*), sodium (Na"), and
calcium (Ca") ions play pivotal roles in regulating the AP cycle. The following summarizes the molecular mechanisms
by which GLP-1RAs regulate cardiac ion homeostasis and influence electrical remodeling, as shown in Figure 1.

K* Channels

K" channels constitute the most diverse class of ion channels in cardiac tissue and are critically involved in all phases of
the cardiomyocyte AP. These channels primarily regulate the amplitude and duration of the action potential, while also
modulating myocardial excitability and autorhythmicity.”®®” Cardiomyocyte K" channel dysfunction is closely asso-
ciated with various types of arrhythmias, particularly with arrhythmias associated with atrial and ventricular
remodeling.”®'°! The K" channel has become an important therapeutic target for the development of antiarrhythmic
drugs.'%?

Experimental studies have demonstrated that Liraglutide exerts cardioprotective effects by modulating K tp channel-
mediated signaling pathways, thereby alleviating cardiac hypertrophy and apoptosis and reducing susceptibility to
arrhythmias.*> In rat models of metabolic syndrome, Liraglutide administration significantly corrected QT interval
prolongation by shortening the AP duration and restoring impaired potassium currents.*® Moreover, in diabetic rat
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hearts, Liraglutide was shown to normalize both the expression levels and spatial distribution of Cx43 and transient
outward potassium (I,,) channels, thereby mitigating pathological electrical remodeling.*” Studies demonstrate that
Exenatide exerts antiarrhythmic effects through dual inhibition of atrial-specific hKvl.5 potassium channels and
hNav1.5 sodium channels, prolonging action potential duration and reducing atrial fibrillation susceptibility. Notably,
this mechanism operates independently of GLP-1R activation, providing experimental evidence for the direct antiar-
rhythmic properties of GLP-1RAs.'” Collectively, these findings indicate that GLP-1RAs confer myocardial protection
and ameliorate electrical remodeling through the regulation of K ion homeostasis in cardiomyocytes, ultimately
reducing the risk of arrhythmias.

Na* and Ca** Homeostasis
The precise regulation of Na* and Ca®" ion homeostasis represents a fundamental determinant of cardiac electrophysio-
logical stability.'®* As established in previous studies,'®® the coordinated activity of key ion channels and transporters-
including ryanodine receptor 2 (RYR2), sarcoplasmic reticulum Ca?'-ATPase (SERCA), Na*/Ca®" exchanger (NCX),
and L-type calcium channels (I, 1)-governs the delicate balance of intracellular ion concentrations essential for normal
cardiac rhythm. Enhanced inward currents through Ic, 1, late sodium current (I, 1), or NCX current (Incx) are closely
associated with EADs, which can lead to excessive prolongation of the AP. Furthermore, elevated intracellular calcium
levels activate the NCX exchanger, generating an inward current that promotes the occurrence of DADs. When either
EADs or DADs reach the threshold for cellular excitation, triggered activity may occur, potentially initiating reentrant
circuits, an important mechanism underlying arrhythmia generation. Several comprehensive reviews provide further
details and references regarding ion homeostasis-related arrhythmias.'¢'%°

Encouragingly, research in this field has remained a consistent focus. Accumulating evidence suggests that GLP-
1RAs exert cardioprotective effects and improve cardiac electrical remodeling by modulating intracellular Na" and Ca**
homeostasis, thereby reducing the risk of arrhythmias. Durak et al reported that Liraglutide restored normal electrical
function and Ca*" homeostasis in ventricular cardiomyocytes of metabolic syndrome (MetS) rats via normalization of
Incx.*® Chen et al found that Exendin-4 improves Ca®" handling and attenuates cardiac remodeling by activating the
eNOS/cGMP/PKG pathway and inhibiting the Ca*'/calmodulin-dependent protein kinase II (CaMKII) pathway.>
Similarly, Chan et al demonstrated that GLP-1RAs may reduce the incidence of pulmonary vein arrhythmias by
modulating PKA, CaMKII, and NCX activity, as well as maintaining intracellular Ca*" homeostasis, such as by
decreasing L-type Ca”" current, NCX current, and late Na current'* (Table 1). This cumulative evidence provides
a strong scientific basis for considering GLP-1RAs as promising candidates for arrhythmia therapy.

Regulates the Autonomic Nervous System

The autonomic nervous system, comprising the sympathetic and parasympathetic divisions, plays a pivotal role in
modulating cardiac electrophysiology and arrhythmogenesis.''® Dysfunction of the autonomic nervous system is
associated with a spectrum of arrhythmias and related conditions, including atrial fibrillation, ventricular tachycardia,
long QT syndrome, catecholamine-sensitive polymorphic ventricular tachycardia, Brugada syndrome, arrhythmogenic
right ventricular cardiomyopathy, ventricular fibrillation, and sudden cardiac death."''''*> Autonomic nervous system
regulation therapy has become the basis for the treatment of arrhythmia.''®''®"'” For example, B-blockers, which treat
arrhythmia by inhibiting the activity of sympathetic nerves, have been the cornerstone of the prevention and treatment of
cardiovascular diseases such as arrhythmia.''” Studies have shown that GLP-1RAs can stimulate parasympathetic
neurons through acetylcholine and nitric oxide to counteract the activation of sympathetic nerves, reduce cardiac
ventricular excitability, and reduce the occurrence of arrhythmia.'® Exendin-4 can reduce renal sympathetic nerve
activity, promote urine excretion and inhibit sodium reabsorption by renal tubules, reduce cardiac volume load, and
reduce the risk factors for arrhythmia.>’ GLP-1RAs can also regulate the sympathetic nervous system, regulate lipid and
brown fatty acid metabolism, improve myocardial metabolism, and thus reduce the occurrence of atrial fibrillation'?
(Table 1). However, some studies have reported that GLP-1RAs can increase heart rate by regulating autonomic nervous
system and activating atrial GLP-1R, causing increased myocardial oxygen consumption and increasing the risk of
arrhythmia.''® However, current evidence suggests that moderate GLP-1RAs do not significantly increase heart rate in
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patients to induce arrhythmia, and GLP-1RAs-induced heart rate increase does not increase the risk of cardiovascular
events in diabetic patients and patients with cardiovascular disease.''” On the contrary, in some heart disease conditions,
an appropriate increase in heart rate may be beneficial.'** Of course, the mechanism by which GLP-1RAs resist
arrhythmia by regulating the autonomic nervous system may need further study.

The Existing Studies on GLP-1RAs Antiarrhythmic are Insufficient

The antiarrhythmic effect of GLP-1RAs is relatively clear, but there are many shortcomings in the existing studies. A large
number of literature have proved that intestinal microbiota imbalance and its metabolites are closely related to arrhythmia, which
can cause myocardial fibrosis, lead to cardiac remodeling, and promote the occurrence of arrhythmia.'*""'*? As a novel drug for
the treatment of metabolic diseases (T2DM and obesity), GLP-1RAs have been shown to exert anti-inflammatory, immunosup-
pressive, cardiovascular and kidney protection by improving intestinal microbiota imbalance and regulating its metabolites.'**"
125 However, it has not been reported in the literature that GLP-1RAs can play a role in the prevention and treatment of
arrthythmia by regulating intestinal microbiota imbalance and its metabolites. The effects of GLP-1RAs on cardiac electro-
physiology by modulating the gut microbiota can be further investigated by optical mapping and whole-cell patch clamp
techniques. The relationship between autophagy dysregulation and arrhythmogenesis follows a biphasic pattern, wherein both

126 Current research indicates that

impaired and excessive autophagic activity may contribute to cardiac electrical instability.
GLP-1RAs can promoting autophagy, thereby exhibiting antiarrhythmic properties.**® However, whether these agents induce
excessive autophagy activation, with subsequent arrhythmic consequences, remains a critical but understudied aspect of their
treatment regimens. Anniek et al showed that GLP-1RAs could directly act on the Sinoatrial node (SAN) cells of female pigs,
causing the increase of heart rate and the shortening conduction time from atrium to ventricle, and shortening the action potential
127 and further studies could be conducted to

confirm its feasibility. Emerging evidence indicates that GLP-1R is expressed across multiple cardiovascular cell types, including

duration of SAN cells, which seemed to provide a way to treat chronic arrhythmia,

mononuclear macrophages, vascular smooth muscle cells, and endothelial cells.* Given the established role of mononuclear
macrophages in arrhythmogenesis through mechanisms such as inflammatory cytokine release, fibrosis promotion, and electrical

128129 it {5 plausible that GLP-1RAs may modulate arrhythmia susceptibility via macrophage-mediated pathways.

remodeling,
However, the current understanding of this potential interaction remains limited, with few studies directly investigating the
correlation between GLP-1RA-mediated macrophage regulation and cardiac electrophysiological outcomes. At present, the
antiarrhythmic effects of various GLP-1RAs are relatively clear, but whether all GLP-1RAs have antiarrthythmic effects remains
to be discussed. Liraglutide is currently the most widely studied drug in GLP-1RAs,'? and there are relatively few studies on
other types of GLP-1RAs. Subsequent studies on other types of GLP-1RAs can be increased to discover more antiarrhythmic
mechanisms of GLP-1RAs. At present, the antiarrhythmic studies of GLP-1RAs mainly focus on the animal level and the cellular
level, and the clinical experimental studies are relatively few. In the future, more clinical studies may be needed to more fully

clarify the efficacy and safety of GLP-1RAs antiarrhythmic.

The Side Effects and Drug Resistance of GLP-1RAs

While the preceding discussion has detailed the promising antiarrhythmic potential of GLP-1RAs, a comprehensive
evaluation necessitates a balanced consideration of their common side effects and the clinically pertinent issue of drug

resistance. The therapeutic application of GLP-1RAs is invariably accompanied by a spectrum of adverse effects,

1130 Other rare but serious potential risks include diabetic

132,133

predominantly of a gastrointestinal nature.

30131 pancreatitis, and pancreatic cancer,

retinopathy, warranting vigilance during treatment. In addition,
a notable side effect is a modest, dose-dependent increase in heart rate."'® As discussed in Regulates the Autonomic
Nervous System, this is believed to be mediated through direct action on the sinoatrial node and modulation of the
autonomic nervous system.'?” Importantly, current evidence suggests that this increase does not elevate the risk of major
adverse cardiovascular events and may even be beneficial in certain heart failure contexts.''*'2°

True pharmacodynamic tolerance to GLP-1RAs, is not widely reported in long-term clinical studies.>'" Instead, the
perceived diminution of effect, particularly for weight loss, often represents a plateau as the body reaches a new metabolic
steady state, rather than a loss of drug efficacy.''*®'3* Strategies to mitigate this include dose escalation, as per clinical

guidelines, and combination therapy with other agents like SGLT2 inhibitors, which has shown synergistic benefits.'3*'3*
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Conclusion

The emerging role of GLP-1RAs in arrhythmia management signifies a paradigm shift in the understanding of cardiac
electrophysiology, where metabolic regulation intersects with electrical stability. In contrast to conventional antiarrhythmic
agents that primarily target specific ion channels, GLP-1RAs exert a broad spectrum of cardioprotective effects, encom-
passing cellular survival, metabolic optimization, inflammatory modulation, autophagic regulation, ion homeostasis, and
neural balance (Table 1). This multifaceted mechanism uniquely positions them to address the complex pathophysiological
processes underlying arrhythmogenesis, particularly in patients with metabolic impairments. Although preclinical evidence
is robust, translating these findings into clinical practice necessitates rigorous investigation into the relative importance of
these mechanisms, agent-specific electrophysiological profiles, and their integration with established therapeutic strategies.
Definitive validation will require not only demonstrating a reduction in arrhythmia burden but also elucidating the
fundamental biological pathways involved, which may lead to novel insights into the interplay between cardiac metabolism
and electrophysiology. As this field advances, future research should incorporate systems biology methodologies, advanced
cardiac electrophysiology tools, and innovative clinical trial designs to fully harness the therapeutic potential of GLP-1RAs
while ensuring their safe and effective incorporation into arrhythmia management protocols.
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