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a b s t r a c t

Atrial fibrillation (AF) is the most common cardiac arrhythmia. Many medical conditions, including
hypertension, diabetes, obesity, sleep apnea, and heart failure (HF), increase the risk for AF. Car-
diomyocytes have unique metabolic characteristics to maintain adenosine triphosphate production.
Significant changes occur in myocardial metabolism in AF. Glucagon-like peptide-1 receptor agonists
(GLP-1RAs) have been used to control blood glucose fluctuations and weight in the treatment of type 2
diabetes mellitus (T2DM) and obesity. GLP-1RAs have also been shown to reduce oxidative stress,
inflammation, autonomic nervous system modulation, and mitochondrial function. This article reviews
the changes in metabolic characteristics in cardiomyocytes in AF. Although the clinical trial outcomes are
unsatisfactory, the findings demonstrate that GLP-1 RAs can improve myocardial metabolism in the
presence of various risk factors, lowering the incidence of AF.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Atrial fibrillation (AF) is the most common supraventricular
arrhythmia. AF is characterized by disorganized electrical activities
and ineffective contraction of the atrium [1]. The lifetime risk of AF
for men and women �40 years old is approximately 25% [2] and
increases with age. Currently, pharmacological therapy for AF is of
limited value and has a high recurrence rate [3].

Glucagon-like peptide-1 (GLP-1) is a peptide hormone secreted
by pancreatic islets that targets the GLP-1 receptor. It was initially
identified for its hypoglycemic effects, stemming from the pres-
ence of GLP-1 receptors in pancreatic islet a, b, and d cells.
Moreover, the existence of GLP-1 receptors in myocardial cells
highlights its cardiovascular influences. Notably, synthetic GLP-1,
compared to its natural form, offers resistance to dipeptidyl
peptidase 4 (DPP-4) degradation, which translates to a protracted
half-life [4].
ier B.V. on behalf of Xi’an Jiaotong
Glucagon-like peptide-1 receptor agonists (GLP-1 RAs), including
liraglutide, exenatide, dulaglutide, semaglutide, and albiglutide, have
been used for blood glucose control in patients with obesity and type
II diabetes mellitus (T2DM) [5,6]. Interestingly, GLP-1 RAs can also
reduce major adverse cardiovascular events (MACEs), such as car-
diovascular death, heart failure (HF), myocardial infarction, and
stroke [7]. Recent advances underscore the potential of GLP-1 RAs not
only as hypoglycemic agents but also for their therapeutic promise in
AF. Emerging data point to GLP-1 RAs being pivotal in moderating
atrial electrical and structural remodeling, largely influenced by their
action on myocardial metabolism [8]. The core objectives of this
study are twofold: first, to unravel the complex interactions between
GLP-1 RAs and myocardial metabolism, and second, to investigate
their potential implications in the context of AF. Stemming from
these objectives, our central hypothesis posits that GLP-1 RAs have
the potential to exert protective effects on atrial remodeling, thereby
possibly reducing the incidence or severity of AF. Given the emerging
evidence, it is imperative to explore the potential of GLP-1 RAs in
mediating atrial electrical and structural changes through the mod-
ulation of myocardial metabolism. This review endeavors to delve
deeply into this potential and critically assess the extent to which
GLP-1 RAs can influence the dynamics of AF.
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2. Myocardial metabolism and AF

2.1. Energy metabolism in normal myocardium

Rhythmic cardiac contractions and relaxations consume large
amounts of adenosine triphosphate (ATP). In cardiomyocytes, 95%
of ATP is produced by mitochondrial oxidative phosphorylation,
and 5% is produced by glycolysis [9]. The myocardium uses fatty
acids (FAs), glucose, lactic acid, ketone bodies, and amino acids
(AAs) to maintain ATP production, as shown in Fig. 1.

In a healthy heart, FAs provide 40%e60% of the energy needs for
normal cardiac activities. FAs are esterified to form acyl-CoA in
cardiomyocytes and converted to carnitine by carnitine palmitoyl
transferase 1 (CPT-1). Acylated carnitine is then transported to
mitochondria, where CoA is converted to fatty acyl-CoA again by
transferring the FA group. When acyl-CoA undergoes oxidation,
acetyl-CoA, flavin adenine dinucleotide (FADH2), and nicotinamide
adenine dinucleotide (NADH) are produced. Acetyl-CoA is an
important part of the tricarboxylic acid (TCA) cycle, while FADH2
and NADH enter the electron transport chain and convert adeno-
sine diphosphate (ADP) to ATP. Although FAs can produce the most
ATP per two carbon units among all energy substrates, ATP gen-
eration from FAs also consumes the most oxygen and is thus not
energy efficient in the myocardium [10].

Carbohydrates, including glucose and lactic acid, are also
important energy substrates for the heart. Under normal condi-
tions, 2%e8% of ATP comes from glucose, and 10%e15% comes from
Fig. 1. Energy metabolism in normal myocardium. In general, the myocardium uses fatty
adenosine triphosphate (ATP) production. BCAAs: branched chain amino acids; FABP: fatty
ADP: adenosine diphosphate; NADH: nicotinamide adenine dinucleotide; NAD: nicotinam
protein phosphatase 2C family member; BCKDK: BCKDH kinase; BCKA: branched-chain a-
MPC: mitochondrial pyruvate carrier; OAA: oxaloacetic acid; TCA: tricarboxylic acid cycle;
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lactic acid. Glucose can produce ATP through cytoplasmic glycolysis
and mitochondrial oxidation of pyruvate, which is considered as
the most efficient substrate because glycolysis from glucose to
pyruvate produces ATP without oxygen. Glucose enters car-
diomyocytes via glucose transporter proteins (GLUT1 and GLUT4)
and is phosphorylated by hexokinase to produce glucose-6-
phosphate (G6P), which can be utilized in glycolysis [11]. Pyru-
vate generated during glycolysis can be converted into lactate or
transported to mitochondria through the mitochondrial pyruvate
carrier (MPC). A large portion of pyruvate is converted to acetyl-
CoA by pyruvate dehydrogenase, and acetyl-CoA is further metab-
olized in the TCA cycle. Additionally, lactic acid enters car-
diomyocytes through the unitary anion transporter when the
concentration of circulating lactic acid increases and becomes an
important energy substrate for the heart. Lactate may be the main
source of pyruvate in the heart [12].

Although the main source of ATP is the oxidation of mito-
chondrial FAs and carbohydrates, the oxidation of ketone bodies
and branched chain amino acids (BCAAs) can also contribute to
energy production [13]. Acetyl-CoA from the b-oxidation of FA
can be the substrate for ketone body formation by ketone body
synthase in liver mitochondria. In the heart, b-hydroxybutyric
acid is the primary ketone body that can be transformed to
acetoacetic acid by b-hydroxybutyrate dehydrogenase 1 and
then converted to acetyl-CoA. The oxidation of ketone bodies is
more energy efficient than that of FAs and glucose with less
oxygen consumption. ATP can also be generated from the
acids (FAs), glucose, lactic acid, ketone bodies, and amino acids (AAs) to maintain
acid-binding protein; GLUT: glucose transporter; MCT: monocarboxylate transporter;
ide adenine dinucleotide; BCKDH: branched chain keto acid dehydrogenase; PP2Cm:
ketoacid; ANT: adenine nucleotide translocator; CPT: carnitine palmitoyl transferase;
a-KG: a-ketoglutaric acid.
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oxidation of AAs [14]. BCAAs are first metabolized to branched
chain keto acids (BCKAs) in the heart by mitochondrial
branched chain aminotransferase (BCATm) with the transfer of
a-amino groups to a-ketoglutaric acid, leading to the formation
of glutamic acid. BCAAs can be oxidatively decarboxylated by
mitochondrial branched chain keto acid dehydrogenase
(BCKDH), producing either acetyl-CoA during the TCA cycle or
succinyl-CoA during the complement cycle.

2.2. Myocardial metabolism in AF

Abnormalities in myocardial metabolism can set the stage for
atrial electrical and structural remodeling, serving as potential
catalysts for AF. The findings underscore the central role of
myocardial metabolism shifts as potential therapeutic targets in AF.
Delving deeper into the therapeutic mechanisms of GLP-1 RAs, it
has been uncovered that GLP-1 RAs have multifaceted effects on
myocardial metabolism. How GLP-1 RAs could pave the way for
innovative AF treatments will be highlighted.

2.2.1. Substrate metabolism
2.2.1.1. FA metabolism. During AF, the efficiency of FA oxidation
decreases significantly. The energy metabolism of the myocardium
switches to the “embryonic metabolism mode” with glucose as the
main energy source to compensate for decreased FA oxidation [15]
(Fig. 2). Calcium/calmodulin-dependent protein kinase II (CaMKII)
and adenosine monophosphate (AMP)-activated protein kinase
(AMPK) are upregulated, and the expression of fatty acid translo-
case (FAT/CD36) is also increased [16]. FA metabolism imbalance
Fig. 2. Myocardial metabolism in atrial fibrillation (AF). Glucose metabolism was significantl
in many pathophysiological processes of AF. FABP: fatty acid-binding protein; GLUT: glucos
adenosine triphosphate; NADH: nicotinamide adenine dinucleotide; NAD: nicotinamide a
transferase; MPC: mitochondrial pyruvate carrier; OAA: oxaloacetic acid; TCA: tricarboxylic
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contributes to the progression of AF [17]. A decrease in lipid
metabolism in AF may help maintain the periodic response of TCA
[18]. Chronic AF patients have increased levels of FA binding protein
3 (FABP3). Four genes (ITGB1, HSP90AA1, CCND1, and HSPA8) are
considered to be critically associated with significant changes in
lipid biosynthesis in AF [19].

2.2.1.2. Glucose metabolism. Glucose uptake in atrial muscle de-
creases, while its metabolism is increased in AF. Metabolic and
proteomic analyses have revealed that FA synthesis and oxidation,
the TCA cycle, and AA transport and metabolism are decreased,
while glycolysis is increased in a nonpersistent atrial pacing sheep
model. As a result of irregular pacing, the intracellular Ca2þ con-
centration during the diastolic phase increases with activation of
CaMKII and AMPK, resulting in lipid accumulation, decreased
glucose uptake, increased glycogen synthesis, and subsequent
enhancement of proapoptotic signaling pathways. Decreases in the
expression of peroxisome proliferator-activated receptor (PPAR) a,
p-sirtuin1, PPAR coactivator (PGC)-1a, mitochondrial carnitine
palmitoyltransferase 1 (mCPT-1), medium-chain acyl-CoA dehy-
drogenase, and GLUT4 in patients with AF are consistent with a
decrease in glucose uptake [20]. Metabolic remodeling with
increased glucose metabolism helps maintain the periodic TCA
response in AF.

2.2.1.3. Ketone body metabolism. Ketone body metabolism in atrial
arrhythmias is poorly understood. The heart tissue of patients with
persistent AF has increased levels of b-hydroxybutyric acid (themain
substrate of ketone bodymetabolism), ketogenic AAs, and glycine. 3-
y enhanced to compensate for fatty acid (FA) oxidation. Mitochondrial function matters
e transporter; MCT: monocarboxylate transporter; ADP: adenosine diphosphate; ATP:
denine dinucleotide; ANT: adenine nucleotide translocator; CPT: carnitine palmitoyl
acid cycle; a-KG: a-ketoglutaric acid.
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Oxotransferase is the key enzyme for ketolytic energy production
and is differentially expressed in the ear tissues of human subjects in
sinus rhythm and in AF. Acute perfusion of b-hydroxybutyric acid
can increase the oxidation rate of myocardial ketone bodies without
changing the oxidation rate of glucose or FA, indicating that ketones
may be an important source of heart fuel during hunger or on a
ketogenic diet or in poorly controlled diabetes [21].

2.2.2. Mitochondrial metabolism
Mitochondria are central to the function of cardiomyocytes. AF

is associated with many pathophysiological changes in mitochon-
dria [22]. Data using atrial biopsies in patients with AF have shown
mitochondrial dysfunction, as reflected by abnormal ATP levels,
upregulation of mitochondrial stress chaperone proteins, and
mitochondrial network fragmentation [23].

Reactive oxygen species (ROS) are critically involved in the
development and progression of AF [24]. As atrial remodeling oc-
curs during AF, the sources of ROS change from nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase-mediated
metabolism to mitochondrial and endothelin nitric oxide syn-
thase (eNOS)-derived ROS [25], and mitochondrial ROS are asso-
ciated with cardiac fibrosis [26]. Patients with permanent AF have
decreased expression of antioxidant-related genes and increased
expression of genes related to ROS production. The expression of
ROS-related proteins, including transforming growth factor-b (TGF-
b), anti-xanthine oxidase, p22-Phox, and NADPH oxidase (NOX2
and NOX4), is significantly increased [27]. The imbalance between
ROS elimination and production in AF leads to morphological and
functional changes in human cardiomyocytes, triggering a vicious
cycle of oxidation.

2.3. Ways to improve myocardial energy metabolism

Table 1 summarizes the possible strategies for enhancing myo-
cardial energy metabolism.

2.3.1. Modifications of myocardial FA metabolism
Fenofibrate can significantly restore the activity of the PPAR-a/

sirtuin1/PGC-1a pathway, prevent adverse changes in circulating
metabolites, reduce adenine nucleotide levels and glycogen and
lipid droplet accumulation, reverse atrial effective refractory period
shortening, and reduce the risk of AF. Metformin, an AMPK acti-
vator, reduces lipid deposition in the left atrium by restoring the
activity of the AMPK/PGC-1a/PPARa pathway [28]. L-carnitine can
promote the defective oxidation of FAs, thus activating the AMPK
signaling pathway and reducing atrial lipid toxicity to reduce AF
and structural remodeling due to obesity [29].

Ceramide from fat tissue is an important regulator of the
vascular redox state and a potential target to reduce the risk of AF
[30]. The accumulation of ceramide promotes adipogenesis and
Table 1
Measures to improve myocardial energy metabolism.

FA metabolism regulation Glucose metab

The activity of AMPK/PGC-1a/PPARa pathway [ PI3K/Akt/eNOS
The oxidation of defective FAs [ AMPK [

Autophagy [ The production
Regulating PPARg signal pathways Controlling blo
Propionic acid/FFAR3 signals Y Cardiac sodium
Fat secretion of ceramides Y The insulin/glu
NF-kB pathway Y PGC-1a/NRF-1
Adipose tissue hypertrophy Y Protein disorde

FA: fatty acid; AMPK: adenosine monophosphate (AMP)-activated protein kinase; PGC-1a
acid receptor; NF-kB: nuclear factor kappaB; PI3K: phosphatidylinositide 3-kinases; e
mitochondrial transcription factor A; Mfn: mitochondrial fusion protein; ROS: reactive o
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insulin resistance, resulting in low-grade inflammation [31]. In
patients with chronic AF, the expression of FABP3 is upregulated
along with autophagy-related genes, while there is no change in
the level of a toxic FA metabolite, atrial diglyceride (diacylglycerol),
suggesting that autophagy may provide cardioprotection against
cardiac lipotoxicity in chronic AF. Risk modification of AF can be
achieved with agents (such as omega-3 FAs or statins) that reduce
oxidative stress and/or prevent atrial fibrosis [32e34]. G-protein
signal transduction regulator-4 protects the heart against inflam-
mation and adverse remodeling as well as sympathetic neurolysis
by attenuating propionic acid/free fatty acid receptor (FFAR3) sig-
nals in cardiomyocytes and sympathetic neurons [35]. DPP-4 in-
hibitors may delay the development of AF by inhibiting adipose
tissue hypertrophy [36].

2.3.2. Promotion of favorable myocardial glucose metabolism
Metformin can reverse the Warburg effect of chronic AF by

activating AMPK, thus attenuating atrial remodeling, reducing
susceptibility to AF, and maintaining gap junctions during pacing
[37]. Sodium-glucose transporter 2 inhibitor (SGLT2i) is a new hy-
poglycemic drug. SGLT2i treatment increases the clearance of
glucose and decreases the insulin/glucagon ratio, thus contributing
to lipid mobilization and oxidation in the liver [38] and stimulating
the production of ketone bodies [39], leading to favorable energy
metabolism, including ketone body oxidation.

2.3.3. Regulation of myocardial mitochondrial metabolism and
function

In diabetes, mitochondrial oxidative stress and dysfunction
contribute to atrial remodeling and AF. When sodium currents in-
crease persistently in the atrial myocytes of patients with AF, early
afterdepolarization, mitochondrial malformations, and atrial
fibrosis and enlargement occur. Suppression of mitochondrial
oxidative stress preserves mitochondrial function and attenuates
atrial fibrosis and remodeling [40]. SGLT2i can protect mitochon-
dria by reducing the production of intracellular ROS in car-
diomyocytes, thus potentially decreasing atrial remodeling and the
burden of AF for patients with and without diabetes [41]. In addi-
tion, other drugs, including DDP-4 inhibitors, ubiquione (coenzyme
Q10) [42], metformin, thiazolidinedione, fites, trimetazidine,
ranolazine, andWenxin Keli (an antiarrhythmic traditional Chinese
medicine) [43], can inhibit mitochondrial ROS and reduce AF [44].
The renal-angiotensin-aldosterone system (RAAS) is critically
involved in blood pressure regulation and contributes to AF
development. Aldosterone inhibits myocardial mitochondrial
function via ROS production and regulation of NOX2, inhibition of
superoxide dismutase 2 expression, and decreased production of
myocardial mitochondrial ATP [45]. Therefore, the RAAS pathway
could be an important target for the treatment and prevention of AF
in patients with hypertension.
olism promotion Mitochondrial metabolism regulation

pathway [ Calcium imbalance Y

Mfn2 Y

of ketone bodies [ Oxidative stress Y
od glucose level The production of intracellular ROS Y

channel NaV1.5 Y Apoptosis Y
cagon ratio Y RAAS pathway Y

/Tfam pathway Y

rs Y

: peroxisome proliferator-activated receptor (PPAR) coactivator 1a; FFAR: free fatty
NOS: endothelin nictric oxide synthase; NRF-1: nuclearrespiratoryfactor1; Tfam:
xygen species; RAAS: renal-angiotensin-aldosterone system.



Fig. 3. Myocardial metabolism changes and atrial remodeling. Changes in myocardial metabolism during atrial fibrillation (AF) can promote atrial electrical remodeling and
structural remodeling, which in turn promote the progression of AF. EAT: epicardial adipose tissue; MPO: myeloperoxidase; HSP: heat shock protein; PDGF: platelet-derived growth
factor; TNF: tumor necrosis factor; FFA: free fatty acid; MMP: matrix metalloproteinase; TGF-b: transforming growth factor-b; EV: extracellular vesicle.

J. Zhong, H. Chen, Q. Liu et al. Journal of Pharmaceutical Analysis 14 (2024) 100917
2.4. Myocardial metabolism and atrial remodeling

AF is closely related to atrial structural remodeling and electrical
remodeling. Changes in myocardial metabolism can promote these
atrial remodeling events. Structural remodeling in the atrial tissue
with increased fibrosis develops gradually. In addition, it is directly
associated with atrial conduction and AF initiation and mainte-
nance [46] (Fig. 3). This section focuses on how abnormal FA and
glucose metabolism affect atrial electrical remodeling and struc-
tural remodeling.
2.4.1. FA metabolism and atrial remodeling
FA metabolism can normally produce high ATP levels at the cost

of high oxygen consumption in mitochondria [47]. Under patho-
logical conditions, mitochondrial dysfunction reduces oxidative
metabolism; thus, FAs are stored in epicardial adipose tissue (EAT)
[48]. EAT can cause significant damage to adjacent myocardium
through paracrine or vascular secretion of pro-inflammatory and
fibrogenic cytokines [49].

Inflammation is a response to harmful stimuli such as pathogens
and chemicals or physical damage to tissues or cells [50]. Inflam-
matory mediators can change atrial electrophysiological features
and structural substrates [51]. Inflammation also regulates calcium
homeostasis and connexin, triggering abnormal atrial conduction
[52]. Myeloperoxidase (MPO), tumor necrosis factor (TNF), and
platelet-derived growth factor (PDGF) activate fibroblasts, thus
5

increasing the expression of matrix metallopeptidase (MMP) and
TGF-b1 and subsequently increasing collagen synthesis and atrial
fibrosis. TNF also induces myolysis and apoptosis of cardiomyocytes
[53]. In 2020, Lin et al. [54] revealed the fibrogenic role of osteo-
pontin (OPN) in the atrium by activating the Akt/
glycogen synthase kinase 3 beta (GSK-3b)/b-catenin signaling
pathway and inhibiting autophagy. Inflammation and inflamma-
tory cytokines contribute to the development of heterogeneous
atrial conduction substrates and increase AF susceptibility.

EAT in the left atrium has a highly expressed gene encoding
arrhythmogenic factors and releases proinflammatory factors, such
as TNF and interleukin-6 (IL-6), leading to atrial myocardial fibrosis
and AF [55,56]. FA overload in left atrial EAT can interrupt
myocardial continuity, resulting in zigzag conduction and the
development of reentrant circuits [57]. As the ganglion plexus be-
comes more active in EAT, the autonomic impact on atrial car-
diomyocytes is increased with a prolonged period of action
potential [58]. In general, EAT influences atrial electrical and
structural remodeling mainly by promoting inflammation and
fibrosis.
2.4.2. Glucose metabolism and atrial remodeling
Advanced glycation end products (AGEs) are generated through

nonenzymatic reactions between sugars and proteins and lipids
[59]. AGEs can enhance the production of proinflammatory medi-
ators and promote protein cross-linking via interactions with the
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receptor for AGEs (RAGE), leading to atrial fibrosis [60]. Inhibition of
AGE formation can reduce cardiac electromechanical remodeling
and susceptibility to tachyarrhythmia in diabetic rats [61]. In
addition, renal denervation (RDN) modifies the RAGE/soluble form
of RAGE (sRAGE) balance and reduces proinflammatory and fibro-
genic RAGE ligands to prevent atrial remodeling in rats with
metabolic syndrome [62]. The use of an AGE formation inhibitor or
angiotensin II type 1 receptor blocker candesartan can reduce the
expression of connective tissue growth factor (CTGF) and signifi-
cantly prevent atrial fibrosis [63,64]. In 2020, Prasad [65] summa-
rized that changes in the extracellular matrix are one of the
mechanisms for AGE-induced AF.

Fluctuations in blood glucose levels lead to structural, electro-
mechanical, electrical, and autonomic nerve remodeling in the
myocardium, promoting AF. It has been shown that streptozotocin-
induced diabetic rats with blood glucose fluctuations develop AF
due to cardiac fibrosis. Upregulation of thioredoxin interacting
protein (Txnip) may increase ROS levels, leading to glucose
fluctuation-induced fibrosis [66]. High blood glucose variability has
been associated with an increased risk of AF in patients with acute
coronary syndrome [67]. Blood glucose fluctuations in diabetes are
related to inflammation and oxidative stress as well as an increased
risk for AF [68]. A significant reduction in the incidence of AF was
observed in subjects with improved blood glucose variability [69].

2.5. Analytical methods based on myocardial metabolism

The understanding of myocardial metabolism in AF provides a
unique platform to develop and optimize analytical techniques
tailored to these specific metabolic changes. This part elaborates
more explicitly on the potential analytical methods that could be
developed and highlights existing analytical tools and methods
currently being utilized to study myocardial metabolism and how
they might be optimized or modified.

2.5.1. Potential analytical methods

2.5.1.1. Metabolomic profiling techniques. The heterogeneous na-
ture of myocardial metabolism in AF suggests that a comprehensive
metabolomic approach can offer insights into the specificmetabolic
pathways affected. Techniques such as liquid chromatography-
mass spectrometry (LC-MS) and nuclear magnetic resonance
(NMR) spectroscopy can provide high-resolution metabolic pro-
files, aiding in the identification of novel metabolic markers and
therapeutic targets.

2.5.1.2. Imaging modalities. Positron emission tomography (PET)
and magnetic resonance imaging (MRI) have shown promise in
visualizing myocardial metabolic pathways in real time. Adapting
these imaging techniques to target specific metabolic changes in
AF can pave the way for improved diagnostic and therapeutic
strategies.

2.5.1.3. Biosensor development. The unique metabolic changes
observed in AF could be leveraged to design biosensors that
detect shifts in myocardial metabolism. Such sensors can serve as
real-time monitoring tools for patients at risk or those already
diagnosed.

2.5.2. Existing analytical tools

2.5.2.1. Gas chromatography-mass spectrometry (GC-MS). Widely
used for studying myocardial metabolism, GC-MS offers precise
identification and quantification of metabolites. There is potential
to refine the GC-MS technique to target specific metabolites associ-
ated with AF.
6

2.5.2.2. Fluorescent and bioluminescent imaging. Both are nonin-
vasive tools that provide spatial and temporal information about
myocardial metabolic activity. By using specific probes or dyes that
respond to the unique metabolic changes in AF, these techniques
can be optimized for better resolution and specificity.
2.5.2.3. Microdialysis. This technique allows the continuous moni-
toring of metabolites in the extracellular fluid of the myocardium.
The understanding of AF-induced metabolic changes suggests that
microdialysis probes can be modified to capture a broader range of
metabolites or to increase the sensitivity toward specific metabo-
lites of interest.

A variety of analytical methods are used in this research. The
most common clinical examinations include blood pressure, blood
glucose, blood chemistry, electrocardiogram (ECG), and echocar-
diography. Histological analysis can also be carried out by staining.
Molecular biology methods such as Western blotting, enzyme-
linked immunosorbent assay (ELISA), real-time quantitative poly-
merase chain reaction (RT-qPCR), cytokine arrays, and molecular
probes were also used. Among them, there is no lack of innovative
and unique methods that make a certain contribution to the field of
cardiovascular disease (CVD) detection methodology.

In addition, these analytical methods can be widely used in the
study of CVD. The use of single-cell RNA sequencing has greatly
improved the understanding of cardiovascular system develop-
ment and the mechanism of CVD [70]. Metabonomics has become a
powerful tool for the study of the complex pathophysiology of
atherosclerosis and CVD. Metabolites enable us to explore gene-
environment interactions and better understand multifactorial
diseases such as CVD [71]. Clinical biomarker research is growing
rapidly, especially in the cardiovascular field, because of the strin-
gent requirements of providing personalized and accurate medical
care [72]. The practical value and versatility of these analytical
methods in CVD are fully reflected in this study.
3. GLP-1 RAs and risk factors for AF

GLP-1 RAs can improve myocardial metabolism via several
mechanisms (Fig. 4). GLP-1 RAs can improve myocardial energy
metabolism, including modifying myocardial FA metabolism, sta-
bilizing blood glucose levels [73], and regulating myocardial
mitochondrial function through RAAS regulation [74]. In addition,
they have a close relationship with atrial remodeling, including
reducing the accumulation of EAT and inflammatory reactions,
lowering the concentration of AGEs [75] and fibrosis factors in the
blood, and regulating the level of calcium ions [76].

AF is associated with many medical conditions, including hy-
pertension, hyperglycemia, HF, obstructive sleep apnea (OSA),
obesity, valvular heart disease, and coronary artery disease [77].
The specific improvement mechanisms of GLP-1 RAs for different
risk factors are described in detail below.

To ensure a thorough and balanced overview of the effects of
GLP-1 RAs on myocardial metabolism in AF, we embarked on an
extensive literature search across reputable databases such as
PubMed, Web of Science, and Scopus. Our focus was on peer-
reviewed articles published between 2000 and 2023, ensuring
the inclusion of both foundational studies and the most recent
advancements. The selection of GLP-1 RAs and the studies involving
them were meticulously guided by their relevance to myocardial
metabolism and AF, the robustness of the study design, and the
quality of the data presented. Furthermore, we critically assessed
the analytical techniques employed in these studies, evaluating
their sensitivity and reliability in detecting nuanced alterations in
myocardial metabolism.



Fig. 4. Major mechanisms by which glucagon-like peptide-1 receptor agonists (GLP-1
RAs) regulate atrial fibrillation (AF). Mechanisms mainly include stabilizing blood
sugar, reducing epicardial fat, controlling weight, regulating calcium metabolism dis-
order, inhibiting the production of reactive oxygen species (ROS), and regulating blood
pressure. GLP-1 RAs can lower weight by regulating brown adipose tissue thermo-
genesis and secretion of neuropeptide Y (NPY)/agouti-related peptide (AgRP), and
alleviate ROS through lower connective tissue growth factor (CTGF) and inhibition of
the advanced glycation end product (AGE)-receptor for advanced glycation end
product (RAGE) system.
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3.1. GLP-1 RAs and diabetes

Metabolic syndrome is a condition that includes hyperglycemia,
hypertension, and obesity and is a major risk factor for AF in dia-
betic patients [78]. GLP1 RAs, in addressing metabolic syndrome,
exhibit pleiotropic effects on cardiac dysfunction, particularly in
mitigating electrical and intracellular Ca2þ anomalies, as well as
mitochondrial dysfunction [79]. GLP-1 RAs were first used to treat
T2DM and can increase insulin secretion by activating the prolif-
eration and differentiation of pancreatic b-cells and inhibiting their
apoptosis. GLP-1 RAs can also promote the secretion of glycogen
and increase blood glucose during hypoglycemia, thus stabilizing
blood glucose levels. In addition, hyperglycemia can lead to a
decrease in tissue GLP-1 receptor (GLP-1R) expression. Studies have
shown that early treatment with GLP-1 RAs attenuates the gluco-
toxicity of b-cells, enhances vasodilation, and reduces the occur-
rence of AF [80].

AGEs significantly contribute to myocardial fibrosis in diabetic
patients. GLP-1 RAs can decrease the level of the upstream regu-
latory molecule of AGEs, CTGF [81], and inhibit the expression of
RAGE [82], thus suppressing AGE-RAGE-induced ROS production
and reducing oxidative damage to cardiomyocytes and cardiac
fibrosis. Additionally, RDN has been shown to regulate cardiac
fibrosis by GLP-1 RAs [83]. GLP-1 RAs hold potential in combating
diabetic cardiomyopathy, not only by reducing oxidative stress but
also by curbingmitochondrial dysfunction through the inhibition of
intercellular lipid accumulation [84,85].
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3.2. GLP-1 RAs and hypertension

Hypertension increases the risk of AF through three mecha-
nisms: structural changes in the heart, including cardiac fibrosis
and left atrial enlargement, regulation of nerve excitability, and
regulation of endocrine function [86]. Recent studies have shown
that GLP-1 RAs can reduce AF risk throughmultiple mechanisms, as
shown in Fig. 5. GLP-1 RAs decrease the risk of AF by modulating
the RAAS. Furthermore, GLP-1 RAs play a vital role in attenuating
myocardial fibrosis and hypertension. This is achieved by sup-
pressing angiotensin II (Ang II)-activated NOX4/NADPH oxidase and
the associated mitochondrial dysfunction [87]. GLP-1 attenuates
the effect of Ang II and blocks Ang II-induced increases in ROS and
activation of inflammatory mediators via the G protein-linked
membrane receptor/protein kinase A (PKA) signaling pathway
[88]. Regulation of proximal tubule Naþ/Hþ exchanger isoform 3
(NHE3) by GLP-1 and Ang II has been reported recently [89]. By
stimulating cyclic adenosine monophosphate (cAMP)/PKA
signaling, GLP-1 inhibits NHE3 and increases NHE3-PS552 levels,
whereas Ang II decreases cAMP/PKA-mediated NHE3 phosphory-
lation at serine 552 in proximal renal tubular cells, enhancing
NHE3-mediated transport. By regulating Ang II, GLP-1 alleviates
elevated blood pressure, increases the glomerular filtration rate,
and induces diuresis and natriuresis. Animal studies have shown
that liraglutide also stimulates atrial natriuretic peptide secretion
by increasing the levels of Epac2, a downstream target of GLP-1R
signaling [90], which in turn reduces cardiac workload.

In addition, TGF-b1 and CTGF can be reduced by GLP-1 RAs to
slow the progression of cardiac fibrosis. Studies using spontane-
ously hypertensive rats have demonstrated that GLP-1 can act on
central GLP-1R signaling in solitary tract nucleus (NTS) neurons to
reduce hypertensive responses and sympathetic activity [91],
attenuate renal self-regulatory feedback, and increase urinary
excretion [92]. Stroke-induced AF is more than five times more
likely than hypertension-induced AF, and GLP-1 RAs significantly
decrease recurrent stroke in patients with hypertension by pre-
venting small vessel occlusion [93].
3.3. GLP-1 RAs and obesity

Obesity also significantly increases the risk of AF due to
impaired diastolic function of the heart, inflammation, and
increased epicardial fat [94]. GLP-1 RAs have been shown to be
effective in weight control in subjects with obesity through
different mechanisms. First, GLP-1 RAs can control appetite and
reduceweight. GLP-1 RAs appear to effectively decrease appetite by
inhibiting the activity of neuropeptide Y (NPY)/agouti-related
peptide (AgRP)-producing neurons in the arcuate nucleus [95].
GLP-1 RAs are able to help better control weight in obese patients
with or without T2DMwho are resistant to dietary restrictions and
exercise [96], independent of their gastrointestinal effects [97].
Second, GLP-1 RAs act on GLP-1 R-enriched areas in the dorsome-
dial hypothalamus to modulate sympathetic nerve activity, which
is important for body weight regulation and brown adipose tissue
thermogenesis, thereby reducing body weight [98]. In addition,
GLP-1 RAs have been shown to lower the risk of AF by reducing the
deposition of EAT. Animal studies have revealed that exenatide
improves lipid deposition in myocytes by enhancing insulin
sensitivity and activating AMPK signaling without reducing body
weight [99]. GLP-1 RAs interact with GLP-1 receptors in EAT to
reduce local fat production and decrease EAT thickness.



Fig. 5. Mechanisms of glucagon-like peptide-1 receptor agonists (GLP-1 RAs) used in patients with hyperglycemia. Mechanisms mainly include regulating reactive oxygen species
(ROS) production and islet cells. GLP-1 RAs can stabilize blood sugar mainly by controlling the secretion of glucagon and insulin, and they can also slow the process of fibrosis by
reducing reactive oxygen species and fibrogenic cytokines. CTGF: connective tissue growth factor; AGEs: advanced glycation end products; RAGE: receptor for advanced glycation
end product.
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Liraglutide exhibits multifaceted benefits by modulating lipid,
glucose, and bile acid metabolism and by decreasing levels of high-
density lipoprotein (HDL), low-density lipoprotein (LDL), total
cholesterol, triglycerides (TGs), and saturated FAs. Moreover, lir-
aglutide has been shown to shield cardiomyocytes from metabolic
disturbances and mitochondrial dysfunctions induced by IL-1b
[100]. Abnormal accumulation of ceramide may result in myocar-
dial injury. Treatment with liraglutide can decrease the levels of
plasma C16:0-ceramide and C16:0-glycosylceramide in patients
with CVDs [101].

3.4. GLP-1 RAs and HF

HF is another risk factor for AF in addition to neurohormonal
abnormalities, calcium disturbance, conduction abnormalities, and
cardiac remodeling [102]. GLP-1 therapy significantly reduces
infarct size and improves left ventricular ejection fraction in pa-
tients with acute myocardial infarction with percutaneous inter-
vention [103]. Highlighting the potential of GLP-1 RAs, intermittent
application of a short-course regimen has been shown to regulate
Parkin-dependent mitochondrial turnover, thus limiting adverse
cardiac remodeling [104]. GLP-1 RAs attenuate postinfarction
remodeling of themyocardiummainly through extracellular matrix
modification [105]. Exendin-4 inhibits structural remodeling
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through the GLP-1 receptor by activating the eNOS/cGMP/protein
kinase G (PKG) pathway [106]. In a mouse ischemic HF model,
exendin-4 treatment reduces the size of the infarct, prevents ven-
tricular dilation, cardiac hypertrophy and fibrosis, and improves
heart function [107]. The beneficial effects of GLP-1 RAs on cardiac
hypertrophy and AF may be due to the activation of the AMPK/
rapamycin (mammalian target of rapamycin (mTOR)) signaling
pathway [108] and reduced production of mitochondrial and
intracellular ROS [109]. GLP-1 RAs are involved in regulating Ca2þ

levels by decreasing lysine receptor 2 phosphorylation and inhib-
iting CaMK-II activity. In addition, GLP-1 RAs regulate insulin-like
growth factor-1/2 and promote the expression of a-estrogen re-
ceptor, which can also decrease drug-induced myocardial injuries
and provide cardiac protection in patients on isoprenaline [110].
However, a number of clinical trials in patients with HF have shown
that GLP-1 RAs, especially liraglutide, increase heart rate [111],
which could increase cardiac workload and increase the risk of AF.

3.5. GLP-1 RAs and coronary atherosclerosis

Coronary atherosclerosis can narrow the coronary arteries,
resulting in persistent hypoxia and ischemia of the myocardium,
leading to myocardial fibrosis or necrosis, inflammation, and con-
duction abnormalities, thus increasing the risk of AF.
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GLP-1 RAs can slow the progression of atherosclerosis and
reduce AF risk through a variety of mechanisms. In addition to
reducing fibrogenic factors, GLP-1 RAs can decrease inflammation.
Semalutide and liraglutide have been shown to decrease the level
of CD163, a marker for plaque instability and inflammation, and
reduce the progression of atherosclerosis in low-density lipopro-
tein receptor (LDLr�/�) deficient mice and apolipoprotein E (ApoE�/

�) deficient mice [112]. Abundant GLP-1 R is present in the
macrophage-rich regions of atherosclerotic plaques, suggesting
that GLP-1 RAs could interact with macrophages to attenuate their
activation, recruitment and accumulation in the arterial wall
[113,114]. Liraglutide decreases the levels of LDL and inflammatory
factors and reduces carotid intima-media thickness [115]. GLP-1
RAs can inhibit the activities of renal sympathetic nerves to in-
crease urinary output and reduce cardiac workload. It can also
regulate sympathetic nerve activity to improve brown fat ther-
mogenesis and lipid metabolism. In addition, liraglutide inhibits
inflammation by regulating the expression of inflammatory genes
in peripheral blood mononuclear cells [116]. OPN is a proin-
flammatory cytokine and is involved in the recruitment of immune
cells. Semaglutide can reduce plasma OPN levels and decrease the
expression of OPN in aortic tissue. There is emerging evidence that
dulaglutide can prevent atherosclerotic effects of ox-LDL by medi-
ating KLF2 signaling [117]. Simultaneously, these agents show
promise in directly safeguarding cardiomyocytes from reperfusion
injury by influencing intracellular calcium homeostasis [118].

3.6. GLP-1 RAs and obstructive dyspnea

OSA is a chronic disease characterized by intermittent hypoxia.
OSA and associated hypoxia can increase sympathetic activities
and promote structural and electrical remodeling of the atria,
increasing the risk of AF [119]. Some studies have shown that GLP-
1 RAs can increase sympathetic excitability and thus accelerate
heart rate. In the setting of chronic OSA, GLP-1 RAs are able to
lower blood pressure, slow cardiac remodeling, and inhibit the
expression of inflammatory factors and the oxidative stress
response. GLP-1 RAs have been demonstrated to reduce the risk of
Table 2
Potential mechanisms of glucagon-like peptide-1 receptor agonists (GLP-1RAs) on atrial

GLP-1 RAs Year Models Outcomes

Liraglutide 2022 Sprague-Dawley rats Suppressed ang
Exenatide 2020 ob/ob mice and diet-induced obese mice Reduced intram
Exendin-4 2017 Mice with MI Inhibited struc

pathway
Exendin-4 2020 Mice with MI Improved card
Exendin-4 2021 Rats with MI Inhibited Wnt1
Liraglutide 2021 C57BL/6J mice with hypertension Inhibited Ang I
Exendin-4 2013 Mice induced by high-fat diet (genetic and

acquired T2DM)
Balanced lipid

Liraglutide 2020 Mice Inhibited mTOR
Exendin-4 2014 Mice with MI Improved mito

mitochondrial
Exendin-4 2014 Mice with cardiac-specific monocyte

chemoattractant protein-1 overexpression
Enhanced card

Exendin-4 2016 Mice with MI Improved card
Liraglutide 2019 Sprague-Dawley rats Reduced cardia
Liraglutide 2020 Zucker lean (þ/þ) and obese (fa/fa) rats Reduced proinfl

TGF-b1, and os
Liraglutide 2021 C57BL/6J mice with HFpEF Reduced cardia
Liraglutide 2022 Mice with chronic intermittent hypoxia Ameliorate atri

modulation of

NOX4: nicotinamide adenine dinucleotide phosphate (NADPH) oxidoreductase 4; MI: my
monophosphate; PKG: protein kinase G; SIRT1: silent information regulator 1; PARP1: po
ROS: reactive oxygen species; T2DM: type 2 diabetes mellitus; mTOR: mammalian targe
transforming growth factor-b1; HFpEF: heart failure (HF) with preserved ejection fract
phatidylinositide 3-kinase.
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AF by lowering basal activities of the carotid body and attenuating
chemoreflex-induced blood pressure and sympathetic responses
[120]. In the context of chronic intermittent hypoxia, recombinant
human GLP-1 has been reported to preclude heart damage. This
protection is achieved by promoting early adaptive responses in
mitochondrial biogenesis and enhancing myocardial energy
metabolism [121]. In addition, GLP-1 RAs can suppress the
expression of profibrotic factors such as CTGF and TGF-b1 and
inflammatory factors such as C-reactive protein. However, more
studies are needed to define the effects of GLP-1 RAs on sleep
apnea.

4. Treatment of AF with GLP-1 RAs

4.1. Animal studies

Numerous animal studies have delineated the cardiovascular
advantages of GLP-1 RAs. For instance, GLP-1 RAs have been shown
to enhance myocardial glucose uptake and ameliorate left ven-
tricular performance in conscious dogs with pacemaker-induced
dilated cardiomyopathy, leading to a notable increase in left ven-
tricular stroke output and cardiac output [122]. Moreover, these
agents mitigate damage resulting from myocardial ischemia‒
reperfusion in rats [123] and offer cardioprotective benefits in mice
suffering acute ischemic myocardial injuries [124], characterized by
reduced myocardial infarction areas, anti-inflammatory actions,
and improved ejection fraction.

Using a dogmodel of induced AF, it was reported that liraglutide
prevents adverse electrophysiological changes, such as the induc-
ibility of AF and a decrease in conduction velocity [125]. GLP-1 RAs
can attenuate cardiac fibrosis and suppress electrophysiological
and structural cardiac remodeling by regulating the Wnt1/b-cat-
enin signaling pathway [126] and poly ADP-ribose polymerase 1
(PARP1)/nuclear factor--kappaB (NF-kB) axis [127]. Liraglutide
blocks Ang II-induced ROS production and collagen expression in
cardiac fibroblasts [128]. In addition, GLP-1 RAs can restore the
balance of lipid metabolism, decrease inflammation/oxidative
stress [129], inhibit mTOR/p70S6K signaling, and enhance
fibrillation (AF): animal studies.

Refs.

iotensin II-activated NOX4/NADPH and mitochondrial issues [87]
yocellular lipid deposition without body weight reduction [99]

tural remodeling and improved Ca2þ homeostasis via eNOS/cGMP/PKG [107]

iac remodeling via SIRT1-dependent inhibition of PARP1/NF-kB [126]
/b-catenin signaling pathway [127]
I-triggered ROS and collagen in cardiac fibroblasts [128]
metabolism and reduced inflammation/oxidative stress [129]

/p70S6K signaling and enhanced autophagy activity [130]
chondrial respiration and function, suppressed the opening of
permeability transition pore, and protected mitochondria

[131]

iac function and reduced monocyte infiltration, fibrosis, and apoptosis [132]

iac function and attenuated cardiac remodeling [133]
c fibrosis and dysfunction via AT1R suppression [134]
ammatory and profibrotic biomarker expressions (NF-kB, CD68, IL-1b,
teopontin)

[135]

c hypertrophy and myocardial fibrosis [136]
al remodeling by the miR-21/PTEN/PI3K/Akt signaling pathway and
inflammatory responses

[137]

ocardial infarction; eNOS: endothelin nictric oxide synthase; cGMP: cyclic guanosine
ly adenosine diphosphate (ADP)-ribose polymerase 1; NF-kB: nuclear factor kappaB;
t of rapamycin; AT1R: angiotensin II type 1 receptor; IL-1b: interleukin-1b; TGF-b1:
ion; miR-21: microRNA-21; PTEN: phosphatase and tensin homolog; PI3K: phos-



Table 3
Clinical experiments on the links between cardiovascular diseases (CVDs) and glucagon-like peptide-1 receptor agonists (GLP-1 RAs).

GLP-1 RAs Publish
year

Trails Numbers (experimental/ccontrol) Follow-up
time

Risk of CVDs
(experimental/control)

Result Refs.

Semaglutide 2016 RCT 3,297 (1,648/1,649) 104 weeks CVD 108/146, P < 0.001 Semaglutide can significantly lower the risk of CVD. [138]
Liraglutide 2016 RCT 7,598 (3,831/3,767) 3.8 years CVD 536/629, P ¼ 0.83 Liraglutide can slow down the risk of CVD of

patients with age �50 years and established CVD.
[139]

Exenatide 2017 RCT 14,752 (7,356/7,396) 3.2 years CVD 839/905, P ¼ 0.06 The rates of death from cardiovascular causes do
not differ significantly between the two groups.

[140]

Albiglutide 2018 RCT 9,463 (4,731/4,732) 1.6 years CVD 338/428,
P ¼ 0.0006

Albiglutide can reduce the risk of cardiovascular
events in patients with T2DM.

[141]

GLP-1 RAs 2020 Meta-
analysis

63,134 �52 weeks AF, OR 0.94 (0.84e1.04) GLP1-RAs did not increase the risk of AF. [142]

Dulaglutide 2022 RCT 9,743 (4,969/4,774) 5.4 years Atrial arrhythmias 269/
255, P ¼ 0.59

Dulaglutide was not associated with a reduced
incidence of atrial arrhythmia in patients with
T2DM.

[143]

Liraglutide 2023 RCT 300 (150/150) 180 days Arrhythmias 39/21 IRR
1.76 (0.923.37),
P ¼ 0.088

Liraglutide may increase the risk of arrhythmias in
HFrEF patients.

[144]

RCT: randomized controlled trial; T2DM: type 2 diabetes mellitus; AF: atrial fibrillation; OR: odds ratio; IRR: incidence rate ratio; HFrEF: heart failure (HF) with reduced
ejection fraction.
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autophagy activity [130]. Exendin-4 inhibits structural remodeling
and improves Ca2þ homeostasis via the eNOS/cGMP/PKG pathway.
More data from animal studies are summarized in Table 2
[87,99,107,126e137].

4.2. Clinical trials

The data from the available clinical trials on the cardiovascular
benefits of GLP-1 RAs are summarized in Table 3 [138e144]. Since
2005, when the first GLP-1 RAs were approved for the treatment of
T2DM, accumulating evidence has demonstrated that GLP-1 RAs
have beneficial cardiovascular effects in patients with T2DM. Lir-
aglutide, exenatide, dulaglutide [145], albiglutide, and semaglutide
have all been shown to reduce MACEs. Accordingly, recent guide-
lines have recommended the use of GLP-1 RAs for patients with
T2DM at high risk of CVD, especially HF and chronic kidney disease
[146,147]. However, treatment with GLP-RAs only has minimal
benefit in reducing the risk of AF [148].

However, data from other studies have shown that in stable
chronic HF patients with and without diabetes, liraglutide had no
effect on left ventricular systolic function compared to placebo
while increasing heart rate [149]. Moreover, research indicates that
liraglutide might increase heart rate, reduce heart rate variability,
and potentially heighten cardiac mortality [150]. Some studies have
shown that the most relevant drug for abnormal cardiac conduc-
tion is dulaglutide. Furthermore, findings from randomized trials
suggest that dulaglutide treatment could manifest symptoms such
as sinus tachycardia, prolonged P�R interval, 1st degree atrioven-
tricular block, and increased atrial arrhythmias inducibility
[151,152].

The reason for the inconsistency between risk reduction of AF
and other beneficial cardiovascular effects of GLP-RAs in patients
remains unknown at this point. This may be related to different
types of GLP-1 RAs and/or different study populations or study
durations. Further studies are needed to clarify the effects of GLP-1
RAs on the cardiovascular system.

5. Conclusion

The metabolic characteristics of cardiomyocytes change signif-
icantly in AF and play important roles in atrial remodeling in AF.
Studies have shown that GLP-1 RAs improve myocardial meta-
bolism and have cardiovascular protective effects, including atrial
electrical and structural remodeling. Both animal and clinical
studies have demonstrated that GLP-1 RAs have beneficial effects
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on a variety of medical conditions, including hypertension, dia-
betes, obesity, HF, atherosclerosis, and OSA, thus reducing the risk
for AF. However, some clinical studies have revealed that treatment
with GLP-1 RAs only has minimal benefit in reducing the risk of AF.
The reason for the inconsistency between the risk reduction of AF
and other beneficial cardiovascular effects of GLP-RAs in patients
remains unknown. This may be because the occurrence and
development of AF involves multiple mechanisms. GLP-1 RAs
reduce the risk of AF mainly by controlling its risk factors, but other
potential mechanisms remain to be explored. It may be related to
the type of GLP-1 RAs. For instance, liraglutide and dulaglutide are
most related to cardiac conduction abnormalities. In addition,
populations with different risk factors, such as age and underlying
diseases, should be investigated. The duration of clinical trials also
has an effect on the observation of trial results.

While our review provides valuable insights, it is imperative to
acknowledge its limitations. A notable limitation is the reliance on a
limited number of clinical trials specifically investigating the rela-
tionship between GLP-1 RAs and AF or arrhythmia. Many studies
included in our review did not provide detailed assessments, such
as ECGmeasurements, before and after the administration of GLP-1
RAs, which restricts the depth of our analysis. ECG is an important
detectionmethod for the diagnosis of AF. However, according to the
papers we have searched, many clinical trial analyses on GLP-1 RAs
and AF have not attached corresponding ECG data. Regarding pa-
pers on the mechanism of GLP-1 RAs, few researchers have con-
ducted ECG analysis. The lack of ECG data may have led to a lack of
accuracy in our review. It is believed that there will be more
research on this unexplored area in the future. The scarcity of large-
scale, randomized clinical trials and the absence of detailed com-
parisons between different GLP-1 RAs further constrain our ability
to draw definitive conclusions regarding their clinical implications.

Given these limitations, we see a compelling need for future
research to explore the underlying mechanisms that connect GLP-1
RAs and AF. This could potentially involve investigating the inter-
action between GLP-1 RAs and the sympathetic nervous system.
We strongly recommend the design and execution of more
comprehensive and rigorous clinical trials to elucidate the distinct
short-term and long-term impacts of individual GLP-1 RAs on AF
progression and treatment.

Our study illuminates the promising role of GLP-1 RAs in
addressing the challenges of AF management. The observed regu-
latory effects of GLP-1 RAs on several AF-associated risk factors
suggest the potential for these agents to bring about significant
advancements in therapeutic strategies. Beyond their direct
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cardioprotective effects, which merit further exploration, the abil-
ity of GLP-1 RAs, with the notable exception of dulaglutide, to act as
potential upstream therapeutic candidates is particularly compel-
ling for patients at elevated risk of AF. The insights gained from this
study highlight the possibility of not only managing AF more
effectively but also proactively preventing its onset. This represents
a potential paradigm shift in the approach to AF patient care,
emphasizing the preventive and therapeutic potential of GLP-1 RAs.
The novelty and clinical relevance of our findings underscore the
need for continued research and exploration in this area.

In conclusion, this review illuminates the intricate and multi-
faceted roles of GLP-1 RAs in influencing myocardial metabolism
and their potential implications in AF. The insights garnered from
this study not only open up new avenues for therapeutic in-
terventions but also contribute to a deeper understanding of the
complex interplay between metabolic pathways and cardiac ar-
rhythmias. The broader implications of our findings extend beyond
the immediate scope of this review, suggesting a promising future
for GLP-1 RAs in the advancement of personalized medicine and
patient-centric approaches in managing AF.
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