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Abstract

Glucagon-like peptide-1 receptor agonists (GLP-1RAs) are a promising new class of drugs, whose clinical potential has recently been ex-
plored. Various preclinical studies and clinical trials initially demonstrated the efficacy of GLP-1RAs in treating type 2 diabetes mellitus
(T2DM). However, long-term clinical practice has revealed that GLP-1RAs also exhibit significant efficacy and preventive effects in car-
diovascular diseases. These effects are mediated through multiple gene pathways; thus, these drugs have shown substantial potential for
further development in different clinical contexts. Cardiomyopathy, which constitutes a significant proportion of cardiovascular-related
diseases, is increasingly prevalent, with its incidence rising annually. Thus, following the recent surge in research on cardiomyopathy,
this review aims to summarize the latest findings regarding the association between GLP-1RAs and cardiomyopathy. This review begins
with an introduction to GLP-1RAs, discussing their specific mechanisms of action. This article then addresses the pathogenesis, progres-
sion, and mechanisms of cardiomyopathy. Subsequently, a detailed analysis of the relationship between GLP-1RAs and cardiomyopathy
is conducted. Finally, this review summarizes and discusses the latest literature on the impact of GLP-1RAs on the risk of various types
of cardiomyopathy, as well as the potential underlying biological mechanisms, to provide clinical guidance on the use of GLP-1RAs in
the treatment of cardiomyopathy.
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1. Introduction across various tissues and organs [8]. GLP-1 stimulates in-
sulin secretion and inhibits glucagon release, making it a
novel compound for diabetes treatment. However, due to
its rapid degradation by the enzyme dipeptidyl peptidase-
4 (DPP-4) and its swift clearance by organs such as the
kidneys (with a half-life of 1-2 minutes), GLP-1 cannot
be used directly as a therapeutic agent [9]. Its receptor,
glucagon-like peptide-1 receptor (GLP-1R), is expressed in
various cell types, including monocytes/macrophages and
smooth muscle cells, and mediates a range of biological
effects, such as reducing neuroinflammation, suppressing
appetite, and decreasing fat deposition [10]. The efficacy
of GLP-1 varies significantly; while GLP-1 reduces blood
glucose by stimulating insulin secretion, its short duration
of action limits its effectiveness. In contrast, GLP-1RAs,
compared to GLP-1, are more resistant to degradation, re-
sulting in a more prolonged glucose-lowering effect [11].

Patients with type 2 diabetes mellitus (T2DM) are at
a high risk of developing cardiovascular diseases (CVDs)
[1]. Cardiomyopathy, a group of heart diseases character-
ized by myocardial mechanical or electrical activity abnor-
malities, primarily includes hypertrophic, dilated, restric-
tive, and arrhythmogenic right ventricular cardiomyopathy.
Among these, the incidence of diabetes-related cardiomy-
opathy has increased exponentially with the rising preva-
lence of diabetes [2]. Current treatment options, such as
[-blockers and angiotensin receptor-neprilysin inhibitors
(ARNISs), primarily focus on symptom relief but remain sig-
nificantly limited in addressing the underlying causes of the
disease [3]. Since 2005, glucagon-like peptide-1 receptor
agonists (GLP-1RAs) have been used as key therapeutic
agents for T2DM [4-6]. The 2021 European Society of Car-
diology (ESC) guidelines recommend using GLP-1RAs as
a glucose-lowering drug with cardiovascular protective ef-
fects for T2DM patients with CVDs or high cardiovascular
risk [7].

Despite the extensive research on GLP-1RAs in blood
glucose control and alleviation of diabetes complications,
there remains a significant gap in research regarding their

Incretins are a group of gut hormones that promote
postprandial glucose utilization and stimulate insulin se-
cretion, with glucagon-like peptide-1 (GLP-1) being the
most extensively studied incretin. GLP-1 is primarily syn-
thesized by L cells in the lower gastrointestinal tract and
also enhances S-cell function, providing beneficial effects

broader effects, especially concerning cardiovascular pro-
tection and other potential therapeutic benefits. Traditional
medications often show limited efficacy in lipid lowering,
blood sugar control, and blood pressure management. As
a result, GLP-1RAs have become a focal point of inten-
sive research. Compared with existing reviews, this paper
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Fig. 1. Primary mechanisms of action and clinical regulatory effects of GLP-1RAs. ROS, reactive oxygen species; PKB, protein

kinase B; GLP-1RAs, glucagon-like peptide-1 receptor agonists; PI3K, phosphoinositide 3-kinase; PDK, phospholipid-dependent pro-

tein kinase; PKC, protein kinase C; MAPK, mitogen-activated protein kinase; PDX-1, pancreatic duodenal homeobox-1; Bcl, B-cell

lymphoma; cAMP, cyclic adenosine monophosphate; ERK, extracellular signal-regulated kinase; ATP, adenosine triphosphate; NF-xB,

nuclear factor kappa B; GLP-1, glucagon-like peptide-1; PKA, protein kinase A. Created with Biorender.com.

presents two key innovations. First, it systematically es-
tablishes a novel classification framework (Types I-V) for
new drugs based on the dual/multi-target agonist character-
istics, providing a taxonomic basis for clinical drug devel-
opment. Second, integrating multi-level mechanistic evi-
dence from molecular, animal, and clinical studies reveals a
coordinated regulatory network of GLP-1RAs in cardiomy-
opathy involving metabolism, inflammation, and structural
remodeling. This review aims to explore the current under-
standing of the relationship between GLP-1RAs and car-
diomyopathy, highlighting the latest advances in research
and providing clinical insights for practical applications.

2. GLP-1RAs

GLP-1RAs exhibit different drug classifications,
mechanisms of action, and regulatory effects, thus holding
considerable potential for clinical application (Fig. 1).

2.1 Drug Classification

Currently, GLP-1RAs can be classified into two ma-
jor categories based on market availability: (1) Approved
drugs: liraglutide injection, semaglutide injection, and oth-
ers; (2) Investigational drugs: These are primarily clas-

sified into five subtypes based on their target receptors:
Type I targets GLP-1R, with representative drugs includ-
ing oral semaglutide and benaglutide; Type II agents tar-
get both GLP-1R and gastric inhibitory polypeptide recep-
tor (GIPR), exemplified by tirzepatide, which, as the first
dual-receptor agonist, demonstrates significant advantages
in weight reduction and metabolic regulation; Type III tar-
gets GLP-1R and Cagrilintide, with Cagrisema as a repre-
sentative drug; Type IV targets GLP-1R and glucagon re-
ceptor (GCGR), with representatives including mazdutide
and cotadutide; Type V targets GLP-1R and GIPR, with re-
tatrutide as the representative drug [12].

GLP-1RAs are also classified into two categories
based on their pharmacokinetic characteristics: (1) Short-
acting drugs, such as exenatide and lixisenatide; (2) Long-
acting drugs, including liraglutide, semaglutide, albiglu-
tide, and dulaglutide. The primary pharmacodynamic dif-
ference between short-acting and long-acting GLP-1RAs
is that short-acting agonists primarily reduce postpran-
dial blood glucose by delaying gastric emptying, while
long-acting agonists increase insulin secretion and inhibit
glucagon production, leading to reductions in both post-
prandial and fasting blood glucose levels [13].
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2.2 Mechanisms of Action

Recent research has elucidated several mechanisms by
which GLP-1RAs exert cardiovascular protection, includ-
ing effects on oxidative stress, inflammation, endoplasmic
reticulum stress (ERS), apoptosis, and vascular/heart re-
modeling [14]. These mechanisms contribute to the overall
physiological effects, primarily centered on glucose lower-
ing, and position GLP-1RAs as drugs to improve endothe-
lial damage and the progression of CVDs [15].

2.2.1 Pathway-Related Mechanisms

The mechanistic pathways of GLP-1RAs can be inte-
grated with clinical contexts to accelerate research progress.
Stimulation of GLP-1R via G protein a-subunits increases
adenylate cyclase activity, leading to increased adenosine
triphosphate (ATP) production and elevated cyclic adeno-
sine monophosphate (cAMP) levels, which in turn activate
secondary pathways, including protein kinase A (PKA),
phosphoinositide 3-kinase (PI3K), and mitogen-activated
protein kinase (MAPK) signaling pathways [16]. GLP-
1RAs counteract the effects of angiotensin II (ANG II),
enhance its inactivation in the circulation, and affect tar-
get tissues such as glomerular endothelial cells and car-
diomyocytes. They promote natriuretic effects and osmotic
diuresis, inhibiting Na™/H™ exchanger NHE-3 (Nat/H™
exchanger-3), which is activated by ANG I [17]. Addition-
ally, GLP-1RAs demonstrate significant anti-inflammatory
effects by modulating immune responses, blocking nu-
clear factor kappa B (NF-xB) activation, and reducing the
production of pro-inflammatory cytokines, making them
highly valuable as therapeutic agents with broad clinical im-
plications [18].

2.2.2 Blood Glucose Regulation

Extensive research has explored the role of GLP-1RAs
in glucose regulation. In type 1 diabetes mellitus (T1DM),
some studies suggest that GLP-1R As may delay the onset of
T1DM by exerting potential immune-modulating and anti-
inflammatory effects and protecting S-cells [19]. In T2DM,
it has been demonstrated that edaglitazone, by activating
GLP-1R, promotes insulin secretion and lowers blood glu-
cose levels in mice, suggesting that it may be a potential
GLP-1RA candidate for the prevention and treatment of
metabolic diseases like T2DM [20]. In addition, prior treat-
ment with GLP-1RAs in patients with T2DM significantly
reduced mortality following ST-segment elevation myocar-
dial infarction (STEMI) [21]. Triazinate (TZT), compared
to a placebo, has been identified as the most effective GLP-
1RA in controlling blood glucose in T2DM patients, as evi-
denced by reductions in HbA 1c¢ and fasting glucose concen-
trations [22]. Therefore, evaluating the changes in clinical
indicators provides meaningful insights into assessing the
efficacy of these drugs.
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2.2.3 Multifaceted Integration

Integrating molecular biology, animal experiments,
and clinical trials has increasingly become a hot topic in
recent research, aiding in clarifying the mechanisms of ac-
tion. Berberich and Hegele [23] reported that blood lipid
data collected as secondary outcomes in large clinical trials
and smaller studies indicated that GLP-1RAs could mod-
estly reduce low-density lipoprotein and total cholesterol
levels, with most trials showing a slight reduction in fasting
triglycerides. Additionally, Luna-Marco et al. [24] demon-
strated through trials that GLP-1RAs treatment could im-
prove oxidative status and mitochondrial respiratory func-
tion in T2DM patients, reduce leukocyte-endothelial inter-
actions, and lower inflammation markers, thereby poten-
tially reducing the risk of various diseases. Apart from
objective indicator studies, research on the clinical signif-
icance of these indicators should not be overlooked. Kim
et al. [25] analyzed brain samples from humans and mice
and identified that GLP-1R neurons in the dorsomedial hy-
pothalamus (DMH) are candidates for encoding pre-meal
satiety. The intricate interactions between DMHSLP-IR
neurons and arcuate nucleus neuropeptide Y/agouti-related
peptide (ARCNPY/A2RP) neyrons regulate food intake, re-
vealing previously unexplored hypothalamic mechanisms
of GLP-1RAs in controlling pre-meal satiety, offering new
neuro-targets for obesity and metabolic diseases.

It is evident that GLP-1RAs, as incretins that promote
postprandial insulin secretion, exhibit glucose-lowering
mechanisms that include increasing endogenous insulin se-
cretion, reducing gluconeogenesis, inhibiting glucagon pro-
duction by pancreatic a-cells, and decreasing 5-cell apop-
tosis. Furthermore, they have been found to delay gas-
tric emptying, promote weight loss, increase satiety, reduce
blood pressure, improve dyslipidemia, alleviate inflamma-
tion, improve albuminuria, enhance cardiovascular func-
tion, and prevent thrombosis formation [26,27].

2.3 Regulatory Efficacy
2.3.1 Positive Regulation

Through mediation and meta-analysis, Scheen [28§]
highlighted that the improvement in blood glucose con-
trol has limited cardiovascular protective effects. How-
ever, the effects of GLP-1RAs were significantly greater
than those of sodium-glucose cotransporter 2 inhibitors
(SGLT2is). Tirzepatide, a dual agonist of GLP-1R and
GIPR, demonstrated multidimensional improvements in
cardiometabolic parameters in the SURPASS clinical trial
series. These included reduced visceral fat mass (with
an average decrease of 40%), improved insulin sensitiv-
ity, and significant alleviation of myocardial lipotoxic-
ity [29,30]. As shown in the LEADER trial, Liraglutide
reduced the risk of major adverse cardiovascular events
(MACE) by 13% in high cardiovascular-risk patients with
T2DM. Its long-acting pharmacokinetic profile provides a
basis for sustained cardiovascular protection [31]. TZT, a
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dual agonist of glucose-dependent insulinotropic polypep-
tide and GLP-1R has been shown to improve blood glu-
cose levels and control body weight across various treat-
ment regimens [29]. Subcutaneous injections of liraglu-
tide (daily), semaglutide (weekly), dulaglutide, and efpe-
glenatide (weekly) all reduced the incidence of cardiovas-
cular events. Moreover, weekly liraglutide, oral semaglu-
tide, and exenatide also reduced mortality rates [5]. There-
fore, exploring the dose-response relationship and its corre-
lation with clinical disease treatment outcomes could clar-
ify the optimal dosage and administration method. To date,
randomized clinical trials of abiglutide, dulaglutide, liraglu-
tide, and semaglutide have reported favorable cardiovascu-
lar prognoses [31].

2.3.2 Negative Regulation

GLP-1RAs are commonly associated with gastroin-
testinal adverse effects, including nausea, vomiting, con-
stipation, and diarrhea, with the highest incidence rates ob-
served [32]. For example, studies have confirmed that li-
raglutide can cause gastrointestinal symptoms, making it
the most common adverse event, with an incidence rate of
5% to 30% [33]. GLP-1RAs may delay gastric emptying,
potentially increasing the risk of gastroesophageal reflux
and aspiration [34]. To prevent such adverse effects, studies
have identified factors such as age, gender, the number of
concurrent oral medications, and a history of gastrointesti-
nal diseases as risk factors for GLP-1RA-induced gastroin-
testinal side effects. A nomogram model has been devel-
oped to predict the risk of GLP-1RAs in clinical use, which
is crucial for the safety and individualized administration
of GLP-1RAs in T2DM patients [35]. This underscores the
need for large-scale trials to define these drugs’ practical
application and significance clearly.

3. Cardiomyopathy
3.1 Introduction to Cardiomyopathy

Cardiomyopathy is a heterogeneous group of diseases
primarily characterized by abnormalities in myocardial me-
chanical or electrical activity. Its core features include
structural abnormalities of the myocardium—such as ven-
tricular hypertrophy, dilation, or fibrosis—and functional
impairments involving either systolic or diastolic dysfunc-
tion [36]. According to the 2023 ESC consensus classifi-
cation on cardiomyopathies, the global prevalence of car-
diomyopathy is approximately 1 in 500, accounting for over
500,000 cardiovascular-related deaths annually [37]. Based
on a recent nationwide claims database study in Japan, the
clinically diagnosed prevalence of hypertrophic cardiomy-
opathy increased from 0.093% in 2017 to 0.111% in 2021.
The highest prevalence was observed in older adults aged
85-89 years, with an estimated rate of 0.39% [38]. In com-
parison, the incidence of diabetes-related cardiomyopathy
has markedly increased in parallel with the global rise in
diabetes prevalence [39].

3.2 Classification and Clinical Phenotypes of
Cardiomyopathy

Cardiomyopathies are broadly categorized into pri-
mary and secondary forms. Primary cardiomyopathies are
mainly classified into five types based on structural and
functional cardiac alterations: hypertrophic cardiomyopa-
thy (HCM), dilated cardiomyopathy (DCM), non-dilated
left ventricular cardiomyopathy, arrhythmogenic right ven-
tricular cardiomyopathy (ARVC), and restrictive cardiomy-
opathy (RCM) [36]. Among them, HCM is characterized
by asymmetric left ventricular wall thickening (>15 mm),
with approximately 50%—-60% of cases associated with mu-
tations in the MYH7 or MYBPC3 genes. Clinically, HCM
presents with exertional dyspnea, chest pain, and a high risk
of sudden cardiac death [40]. DCM is marked by ventric-
ular dilation with impaired systolic function (left ventric-
ular ejection fraction, LVEF <40%), and truncating muta-
tions in the 77N gene are observed in 30-40% of cases. In
later stages, DCM frequently leads to malignant ventricu-
lar arrhythmias [41]. RCM is primarily characterized by
increased ventricular stiffness that results in diastolic dys-
function [42].

Secondary cardiomyopathies, on the other hand, arise
as manifestations of systemic diseases. Common causes
include infectious diseases (e.g., bacterial or viral infec-
tions), metabolic disorders (e.g., diabetic cardiomyopathy
[DC], and amyloid-related myocardial changes), endocrine
disorders (e.g., hyperthyroidism or hypothyroidism), con-
nective tissue diseases (e.g., rheumatoid arthritis, systemic
lupus erythematosus), ischemic heart diseases (e.g., coro-
nary atherosclerosis, coronary vasospasm), hypersensitiv-
ity reactions (e.g., allergic responses to penicillin or sul-
fonamide drugs), and toxic injuries (e.g., myocardial dam-
age caused by bacterial toxins in typhoid fever). DC is
a diabetes-specific myocardial injury that occurs indepen-
dently of coronary artery disease. Its characteristic patho-
logical changes include myocardial microangiopathy, inter-
stitial fibrosis, and lipid deposition [43]. Takotsubo car-
diomyopathy, also known as stress-induced cardiomyopa-
thy, is mainly characterized by acute and reversible left
ventricular dysfunction, typically triggered by emotional or
physical stress. The 90% of affected individuals are female
[44].

3.3 Research on the Pathogenesis of Cardiomyopathy
3.3.1 Vascular-Related Mechanisms

GLP-1RAs contribute to vascular health by mitigat-
ing endothelial dysfunction, a critical factor in the pro-
gression of atherosclerosis [45]. They enhance angiogen-
esis and suppress oxidative stress, thereby counteracting
the downstream effects of endothelial damage. These ef-
fects include systemic inflammation, recruitment of mono-
cytes, activation of pro-inflammatory macrophages, foam
cell formation, proliferation of smooth muscle cells, and
plaque development [46]. Mitochondrial dysfunction in
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cardiomyocytes represents a common pathological pathway
shared by various types of cardiomyopathy. In HCM, mu-
tations in sarcomeric proteins increase ATP hydrolysis de-
mands, leading to energy depletion. In contrast, myocar-
dial glucose utilization in patients with DCM decreases
by 40-60%, resulting in a metabolic shift toward fatty
acid oxidation for energy production [47]. Studies have
shown that activation of the TGF-/Smad3 signaling path-
way promotes collagen deposition, increases myocardial
stiffness, and drives fibrotic remodeling [48]. Furthermore,
ferroptosis, triggered by inhibition of glutathione perox-
idase 4 (GPX4), and programmed necrosis, mediated by
the RIPK3-MLKL (receptor-interacting serine/threonine-
protein kinase 3-mixed lineage kinase domain-like pro-
tein) pathway, play dominant roles in ischemic cardiomy-
opathy [49]. Experimental studies have demonstrated
that antidiabetic agents, particularly GLP-1RAs (such as
liraglutide) and SGLT2is (such as canagliflozin), exert
significant cardioprotective effects against myocardial is-
chemia/reperfusion (I/R) injury in the context of diabetes.
These effects are mediated through mechanisms including
anti-necrotic actions and the activation of protective sig-
naling pathways [50,51]. These medications have demon-
strated the ability to improve coronary blood flow, reduce
acute thrombosis, alleviate I/R-related injury, limit infarct
size, and prevent structural and functional remodeling in
ischemic hearts. The underlying mechanisms involve in-
flammation suppression, oxidative stress reduction, and en-
dothelial function restoration, all of which contribute to im-
proved cardiac performance [52].

3.3.2 Contributing Factors

Epicardial adipose tissue (EAT) substantially protects
adjacent myocardium through its dynamic, brown adipose-
like thermogenic function. However, it can also exert harm-
ful effects by secreting pro-inflammatory and pro-fibrotic
cytokines through paracrine or vascular secretion. EAT is a
modifiable risk factor that can be evaluated using traditional
and advanced imaging techniques [53]. The reduction of
visceral fat is regarded as one of the non-glucose-lowering
effects of GLP-1RAs, such as liraglutide [54], which may
contribute to myocardial protection. GLP-1RAs have been
shown to protect the heart from oxidative stress and re-
duce the expression of pro-inflammatory cytokines (inter-
leukin (IL)-13, TNF-«, IL-6, and monocyte chemoattrac-
tant protein-1 (MCP-1)) in the myocardium. Additionally,
GLP-1RAs stimulate the inhibition of myocardial apopto-
sis, necroptosis, pyroptosis, and ferroptosis, enhancing au-
tophagy and mitochondrial autophagy in the myocardium.
These effects are mediated through the activation of ex-
change protein directly activated by cAMP (Epac) and
the GLP-1R/PI3K/serine/threonine kinase B (Akt)/survivin
pathway, downregulating reactive substance production.
The protective actions of GLP-1RAs in the heart involve
GLP-1R, kinases (protein kinase C epsilon (PKCe), PKA,
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Akt, adenosine 5’-monophosphate-activated protein kinase
(AMPK), PI3K, extracellular signal-regulated kinase 1 and
2 (ERK1/2), mammalian target of rapamycin (mTOR),
glycogen synthase kinase-33 (GSK-3(), protein kinase G
(PKG), mitogen activated protein kinase 1 and 2 (MEK1/2),
and mitogen activated protein kinase 3 (MKK3)), en-
zymes (heme oxygenase 1 (HO-1) and endothelial nitric
oxide synthase (eNOS)), transcription factors (signal trans-
ducer and activator of transcription 3 (STAT3), cAMP-
response element binding protein (CREB), nuclear factor
(erythroid-derived 2)-like 2 (Nrf2), and forkhead box pro-
tein O3 (FoxO3)), adenosine triphosphate-sensitive potas-
sium channel (KATP) channel opening, and mitochondrial
permeability transition pore closure [49].

The etiology remains undetermined in approximately
30% of cardiomyopathy patients undergoing standard ge-
netic testing. Emerging technologies such as proteomics
and integrated multi-omics analyses are beginning to trans-
form diagnostic approaches [55]. Existing pharmacologic
therapies—such as 3-blockers and ARNIs—primarily fo-
cus on symptom management and lack specific efficacy
against pathogenic genes or molecular pathways. As a re-
sult, the 5-year mortality rate remains high, ranging from
20% to 50% [3]. Although some objective data have al-
ready supported the preventive effects of GLP-1RAs in car-
diomyopathy, further research is needed to elucidate these
mechanisms and optimize clinical application.

3.3.3 The Role of GLP-1RAs in CVDs: Improvements in
Left Ventricular Function and Clinical Outcomes

Among the contributing factors to cardiomyopathy,
cardiovascular dysfunction often plays a central role in dis-
ease progression. In recent years, GLP-1RAs, initially de-
veloped for treating T2DM, have gained increasing atten-
tion for their cardioprotective effects—particularly in im-
proving left ventricular function and reducing cardiovascu-
lar events. The cardiovascular benefits of GLP-1RAs ex-
tend beyond glycemic control and are thought to involve
multiple mechanisms, including blood pressure regulation,
reduced cardiac workload, and attenuation of myocardial
injury.

To summarize the cardiovascular effects of GLP-
1RAs—particularly about left ventricular function and car-
diovascular outcomes—we systematically reviewed major
clinical trials published in PubMed over the past five years.
The inclusion criteria were: (1) the study population com-
prised of T2DM patients with established CVDs or at ele-
vated cardiovascular risk; (2) the study evaluated the im-
pact of GLP-1RAs on cardiovascular health, especially left
ventricular function; and (3) the study reported explicit car-
diovascular outcomes, such as major adverse MACE, left
ventricular function, blood pressure, or myocardial perfor-
mance. Based on these criteria, we identified 10 eligible
clinical trials (Table 1, Ref. [29,31,43,56—60]), which pro-
vide robust support for the cardiovascular applications of
GLP-1RAs.
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Table 1. GLP-1RAs and cardiovascular disease studies.

Study name GLP-1RAsused  Population Duration Key findings on left ventricular function and clin-  Reason for CVDs relevance
ical outcomes
LEADER trial [31] Liraglutide T2DM with high cardio- 3.5 years 13% reduction in major adverse cardiovascular  Significant reduction in MACE and car-
vascular risk events (MACE); improvement in left ventricular  diovascular risk factors
function through reduction in systemic inflamma-
tion
HARMONY  Out- Albiglutide T2DM patients with es- Median 1.6 years  Significantly reduced MACE; no direct assessment  Included high-risk CVDs population; pri-
comes [56] tablished CVDs of left ventricular function (LVEF) mary endpoint was cardiovascular out-
comes (cardiovascular death, myocardial
infarction, or stroke)
SURPASS series Tirzepatide T2DM 12 months Significant reduction in cardiovascular risk fac- Investigates myocardial work index and
[29] tors; improvements in myocardial work index and  left ventricular strain improvements
left ventricular strain in some subgroups
ORIGINS-RCE Semaglutide T2DM with coronary 6 months Increased vascular progenitor cells; potential vas-  Investigates regenerative cardiovascular
CardioLink-13 [57] artery disease (CAD) cular repair mechanisms, reduction in granulocyte  effects in CAD
precursor cells
CARMINE trial [58] Dulaglutide T2DM 6 months Improvement in left ventricular longitudinal strain; ~ Impact on left ventricular strain and arte-
reduction in arterial stiffness rial health
Tirzepatide  study Tirzepatide T2DM 28 weeks Superior glycemic control, weight loss, improved  Direct effect on myocardial function im-
(JAMA) [43] left ventricular strain and myocardial function provement and weight reduction
Ecosystem heart Exenatide T2DM with hypertension 12 weeks Improvements in heart rate variability and systolic =~ Examines GLP-1RAs effect on heart rate
study [59] blood pressure, but no significant effect on left  variability and systolic BP in hypertension
ventricular ejection fraction (LVEF)
SUMMIT CMR Tirzepatide Obesity-related HFpEF 12 months Reduced left ventricle mass and paracardiac adi- Demonstrated reversal of structural car-
Substudy [60] pose tissue diac remodeling in HFpEF
Tirzepatide (SUR- Tirzepatide T2DM 12 months Reduction in cardiovascular risk factors; signifi- Key outcome on myocardial work and
PASS) [29] cant improvement in myocardial work index heart function in T2DM
Tirzepatide [43] Tirzepatide T2DM 12 weeks Greater improvement in left ventricular strain com-  Directly affects left ventricular strain and

pared to other GLP-1RAs, reduction in HbAlc

glycemic control

CVDs, cardiovascular diseases; T2DM, type 2 diabetes mellitus; MACE, major adverse cardiovascular events; BP, blood pressure; GLP-1RAs, glucagon-like peptide-1 receptor agonists;
HbAlc, glycated hemoglobin Alc.


https://www.imrpress.com

Several large-scale trials, including the LEADER and
SURPASS series, have confirmed the positive cardiovas-
cular effects of GLP-1RAs. For example, in the LEADER
trial, liraglutide reduced the incidence of MACE by 13% in
T2DM patients at high cardiovascular risk and improved
left ventricular function by attenuating systemic inflam-
mation [31]. The HARMONY Outcomes trial demon-
strated that Albiglutide significantly reduced major adverse
cardiovascular events in patients with T2DM and estab-
lished CVDs, suggesting a potential role in cardioprotection
[56]. Further evidence comes from studies on tirzepatide,
which have demonstrated its ability to improve left ventric-
ular strain and overall myocardial performance, particularly
through favorable effects on cardiovascular risk factors and
cardiac function [29,43]. These findings indicate that GLP-
1RAs improve glycemic control and exert direct benefits on
myocardial function—especially left ventricular function—
via arange of mechanisms. GLP-1RAs exhibit multifaceted
roles in CVDs prevention and management by modulating
metabolism, reducing inflammation, enhancing myocardial
function, and improving microvascular health. These stud-
ies offer strong evidence for the clinical potential of GLP-
1RAs in cardiovascular care.

4. GLP-1RAs and Cardiomyopathy

4.1 GLPIRAs and DC
4.1.1DC

DC is a chronic cardiovascular complication of dia-
betes, characterized by both structural and functional alter-
ations in the myocardium, which can progress to heart fail-
ure (HF) and even mortality. A critical factor in the devel-
opment of DC is mitochondrial dysfunction. Mitochondrial
quality control mechanisms—including biogenesis, fusion,
fission, and mitophagy—are essential for preserving mito-
chondrial integrity and normal physiological activity. In
DC, these regulatory systems become disrupted, leading
to insufficient mitochondrial fusion and excessive fission.
This imbalance results in the accumulation of fragmented
mitochondria within cardiomyocytes, contributing to cellu-
lar damage and impaired cardiac function. There is no tar-
geted therapy or prevention strategy for DC, with blood glu-
cose control remaining the primary management approach
[43]. In insulin resistance or hyperinsulinemia conditions,
DC manifests through a series of pathophysiological dis-
turbances. These include impaired myocardial insulin sig-
naling, mitochondrial dysfunction, ERS, disrupted calcium
homeostasis, abnormal coronary microcirculation, overac-
tivation of the sympathetic nervous system, dysregulation
of the renin-angiotensin-aldosterone system, and maladap-
tive immune responses. Collectively, these factors lead to
oxidative stress, myocardial fibrosis, hypertrophy, diastolic
dysfunction, and eventually systolic HF [61].
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4.1.2 Related Studies and Mechanistic Analysis

4.1.2.1 Antioxidant Stress and Cell Apoptosis. Extensive
studies have demonstrated that GLP-1RAs are critical in
alleviating oxidative stress and apoptosis. Qian et al.
[62] identified a novel oral GLP-1RAs, oxyntomodulin-
derived hypoglycemic peptide 2 (OHP2). This compound
reduced palmitate-induced oxidative stress and mitochon-
drial dysfunction by inhibiting intercellular lipid accumula-
tion, showing promising potential for preventing and treat-
ing DC. These findings suggest that alterations in inter-
cellular lipid levels help define the therapeutic indications
and classification of OHP2. Yan et al. [47] confirmed
that semaglutide alleviated oxidative stress and apopto-
sis in diabetic mice. It also improved cardiac function
and reversed electrophysiological remodeling in DC mice.
These effects were potentially mediated by activation of the
SIRT1/AMPK signaling pathway and restoration of con-
nexin 43 (Cx43) expression. In cellular models, Zhang ez al.
[63] showed that liraglutide mitigated high glucose (HG)-
induced oxidative stress and apoptosis in cardiomyocytes.
The anti-apoptotic effects were associated with downregu-
lation of Bax, inhibition of caspase-3 activation, and upreg-
ulation of B-cell lymphoma-2 (Bcl-2) expression.

Meanwhile, one study by Chan et al. [64] indi-
cated that glucose oxidation plays a key role in GLP-1RA-
mediated attenuation of DC. These findings suggest that en-
hancing pyruvate dehydrogenase activity could represent
a novel therapeutic strategy for DC. Zhu et al. [65] re-
ported that combining ultrasound-targeted microbubble de-
struction (UTMD) with semaglutide-loaded PEGylated li-
posomes (Sem-PEG-lips) significantly reduced oxidative
stress in DC. This effect was mediated through activation
of the PI3K/Akt/Nrf2 signaling pathway and led to marked
improvements in DC-related myocardial injury. Further-
more, Ji et al. [66] found that liraglutide exerted car-
dioprotective effects by inhibiting the inositol-requiring
enzyme la (IREla)-mediated unfolded protein response
(UPR) pathway and blocking C/EBP-homologous protein
(CHOP)-mediated ERS-induced apoptosis. These results
suggest that targeted modulation of specific molecular ef-
fectors within these signaling pathways may help elucidate
the mechanisms of GLP-1RA action.

4.1.2.2 Other Mechanisms. GLP-1RAs play a significant
role in regulating protein expression. Alobaid et al. [67]
found that liraglutide enhances the expression of proteins
in the integrin linked kinase (ILK)/PI3K/Akt/PTEN path-
way by targeting GLP-1RAs, thereby exerting its cardio-
protective effects in DC rats. Xue ef al. [68] confirmed
that liraglutide may improve myocardial injury in T2DM
rats by dose-dependently inhibiting the expression of my-
ocardial poly (adenosine diphosphate-ribose) Polymerase- 1
(PARP-1).

GLP-1RAs improve cardiac health through multiple
mechanisms, particularly in regulating arrhythmias. Prev-
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Table 2. The association between glucagon-like peptide-1 receptor agonists and diabetic cardiomyopathy (preclinical studies).

Research subject

Experiment/Test method

Key indicators

Experiment/Test results

DC rats

High-fat diet and continuous streptozo-
tocin injections for 8 weeks.

Cardiac function-related indicators.

OHP2 improved cardiac structure and
function, reduced hyperlipidemia and my-
ocardial lipid accumulation, and reversed
oxidative stress and mitochondrial dys-

function in diabetic hearts.

6-week-old male
C57BL/6J DC mice

C57BL/6 mice were randomly divided
into 4 groups: control group, semaglu-
tide group, diabetes group, and diabetes
+ semaglutide treatment group. Type 1
diabetes was induced by intraperitoneal
injection of streptozotocin. Mice in the
semaglutide intervention group received
subcutaneous injections of semaglutide
(0.15 mg/kg) once weekly for 8 weeks.

Blood glucose levels, cardiac function,
oxidative stress markers, apoptosis, and
the expression of SIRT1, AMPK, and
Cx43, as well as ECG changes.

Semaglutide treatment alleviated glucose
metabolism disorders and improved car-
diac dysfunction in diabetic mice. Ad-
ditionally, semaglutide reduced oxidative
stress and apoptosis in diabetic hearts, ac-
tivated the SIRT1/AMPK pathway, and
restored Cx43 expression, which had been
reduced in diabetic mouse myocardium.
ECG abnormalities, such as significantly
prolonged RR, QRS, QT, and QTc inter-
vals, were reversed following semaglutide

treatment.

Sprague-Dawley

neonatal rats

Cardiomyocytes from neonatal rats were
cultured in Dulbecco’s Modified Eagle
Medium.

Cell viability; Early apoptosis rate; SOD
activity and MDA levels; Bax, Bcl-2, and
cleaved/total CC3 protein levels.

Liraglutide effectively suppressed HG-
induced early apoptosis and the increase in
MDA levels, while significantly enhanc-
ing SOD activity. Additionally, liraglu-
tide inhibited HG-induced upregulation of
Bax and cleaved CC3 protein expression

and promoted Bcl-2 expression.

Category Test ID & experimenter
1. Qian et al. [62]
2. Yan et al. [47]
3. Zhang et al. [63]
4. Chan et al. [64]
Antioxida-

tive stress
and anti-

apoptosis

Male Pdhal CM~/~
mice and «MHCCre

mice

Experimental T2DM was induced by a
10-week high-fat diet supplemented with
a single low-dose streptozotocin injection
(75 mg/kg) at week 4. During the last 2.5
weeks, mice were randomly assigned to
receive either vehicle control or liraglutide
(30 pg/kg) treatment twice daily.

Cardiac function.

Liraglutide treatment improved glucose
homeostasis in T2DM aMHCCre and
PdhalCM~/~ mice, accompanied by
In aMHCCre mice,
liraglutide alleviated diastolic dysfunc-

mild weight loss.

tion, as indicated by increased e’/a’ ra-
tio and decreased E/e’ ratio, while sys-
tolic function parameters remained unaf-
fected. Conversely, liraglutide failed to
improve these diastolic function parame-
ters in Pdhal CM~/~mice.
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Table 2. Continued.

Category Test ID & experimenter

Research subject

Experiment/Test method

Key indicators

Experiment/Test results

5. Zhu et al. [65]

50 STZ-Induced dia-
betic rats

Fifty STZ-induced diabetic rats were ran-
domly divided into the following groups:
DC model group, Sem or Sem-PEG-lips
single treatment groups, UTMD + Sem
group, and UTMD + Sem-PEG-lips group
(n =10 each). Healthy rats served as the
normal control group. The intervention
lasted for 12 weeks.

BW and blood glucose levels. Myocardial
injury and fibrosis. Antioxidant enzyme
activity and expression levels of oxidative
stress-related signaling pathway markers

in myocardial tissue.

Compared to DC rats, the UTMD + Sem-
PEG-lips group exhibited significantly
higher BW and lower blood glucose lev-
els. H&E and Masson staining showed
substantial improvement in myocardial fi-
brosis and apoptosis in the combination
ELISA and western

blot analysis further revealed significantly

treatment group.

higher antioxidant enzyme activity and
upregulation of PI3K/Akt/Nrf2 signal-
ing pathway proteins in the combination-
treated rats. These effects were reversed
by PI3K inhibitor treatment.

6. Ii et al. [66]

60 male Wistar rats

Over eight weeks, 40 rats were treated
with intraperitoneal STZ for two weeks,
while the remaining 20 rats were fed a nor-
mal diet and injected with an equivalent
dose of citrate buffer. The rats were di-
vided into three groups: non-DC group
(control, n = 10), DC rats without liraglu-
tide treatment (model, n = 14), and DC
rats treated with liraglutide (100 pg/kg, n
=28).

Cardiac function. IRE-«, p-Perk, ATF6,
and transcription factors. Apoptosis in-
ducers CHOP, c-Jun N-terminal kinase,

and caspase-12.

Liraglutide improved cardiac function in
DC rats.
icantly elevated in the DC group com-

IRE-a expression was signif-

pared to controls, but liraglutide treatment
X-box binding
protein-1 splicing was markedly increased

reduced its expression.

in the model group but downregulated
CHOP pro-
tein was upregulated in the DC group but

with liraglutide treatment.

was inactivated in the liraglutide-treated
group.

7. Alobaid et al. [67]

24 Wistar albino rats

The rats were divided into four groups,
with T2DM induced using a high-fat diet
and STZ. Untreated control group rats
were given 0.9% NaCl solution for 6
weeks, while the treatment group rats
received 0.9% NaCl for 3 weeks, fol-
lowed by subcutaneous liraglutide injec-
tions (150 pg/kg) for another 3 weeks.

Cardiac  assessments included heart
weight ratio, cardiac biomarkers (tro-
ponin I and creatine kinase-MB levels),
antioxidant enzyme activities (glutathione
peroxidase and superoxide dismutase),
and MDA levels. ILK, P-PI3K, P-Akt,

Bcl-2, CC3, Bax, and P-PTEN levels.

In the liraglutide-treated diabetic group,
the heart weight ratio significantly de-
creased, and cardiac biomarkers (troponin
I and creatine kinase-MB) improved. An-
tioxidant enzyme activities (glutathione
peroxidase and superoxide dismutase) in-
creased, while MDA levels decreased.
Western blotting and immunohistochem-
istry revealed elevated levels of ILK, P-
PI3K, P-Akt, and Bcl-2, as well as reduced
levels of CC3, Bax, and P-PTEN, indicat-
ing reduced cardiomyocyte apoptosis.
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Table 2. Continued.

Research subject

Experiment/Test method

Key indicators

Experiment/Test results

40 healthy 6-week-
old male SD rats

The rats were randomly divided into a nor-
mal control group (n = 10) and a model
group (n = 30), fed a standard diet and a
high-sugar, high-fat diet, respectively. Af-
ter successful modeling, the model group
continued on the high-sugar, high-fat diet
for 4 weeks and was further subdivided
into a model group and an intervention
group (split into high-dose and low-dose
subgroups). The high-sugar, high-fat diet
was maintained for 8 weeks, followed by

drug intervention.

Fasting blood glucose and lipid
levels. Whole heart tissues were
dissected, weighed, and used to
calculate the heart weight index.
Myocardial pathological changes
and cardiac PARP-1 expression.

The model group showed significantly higher body weight
and heart weight index compared to the normal control
group, while the intervention group exhibited a reduction
in these indices, with more pronounced improvement in
the high-dose subgroup. The model group displayed my-
ocardial fiber disarray, inflammatory cell infiltration, and
interstitial fibrosis. In the intervention group, myocardial
pathology improved to varying degrees, with well-aligned
myocardial fibers and clear striations; improvements were
more pronounced in the high-dose subgroup. PARP-1 ex-
pression was significantly elevated in the myocardial tissue
of the model group compared to the normal control group.
Liraglutide intervention reduced PARP-1 expression in the
myocardial tissue compared to the model group, with the
high-dose subgroup showing a greater reduction, although
levels remained higher than in the normal control group.

Category Test ID & experimenter
8. Xue et al. [68]
9. Maetal. [71]

Other mec-

hanisms

Cardiomyocytes

Cardiomyocytes were subjected to high-
glucose stress treatment.

Cell viability. Experiments were
also performed to measure rele-
vant indicators.

High-glucose treatment significantly increased inflamma-
tion and oxidative stress in cardiomyocytes, changes that
were reversed by liraglutide. Exposure to high glucose re-
duced cell viability and increased apoptosis, but liraglu-
tide treatment alleviated cardiomyocyte apoptosis. Fur-
thermore, liraglutide activated the AMPK pathway and in-

creased GLP-1R expression in response to treatment.

10. Trang et al. [72]

Streptozotocin (65

mg/kg, intraperi-
toneal  injection)-
induced diabetic

male Wistar rats

Diabetic rats were treated with em-
pagliflozin (10 mg/kg/day, oral gav-
age) and/or liraglutide (200 pg/kg every
12 hours, subcutaneous injection) for 4

weeks.

Biochemical ~and  echocar-
diographic  evaluations  were
performed. Cardiac fibrosis,

apoptosis, and the expression of
metabolic and inflammatory sig-
naling molecules in ventricular

cardiomyocytes.

Empagliflozin and liraglutide normalized myocardial dys-
function in diabetic rats. Phosphorylation of acetyl-CoA
carboxylase, carnitine palmitoyl transferase 153, cluster of
differentiation 36, and peroxisome proliferator-activated
receptor-y coactivator were upregulated, while glucose
transporter 4 was downregulated. The ratio of phospho-
rylated AMP-activated protein kinase o2 to total AMPK
«?2 and the ratio of phosphorylated protein kinase B to total
protein kinase B increased with empagliflozin or liraglutide
treatment. Additionally, NLRP3, interleukin-13, TNF-«,
and cleaved caspase-1 were significantly downregulated in
diabetic rats treated with empagliflozin and liraglutide.
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Table 2. Continued.

Category Test ID & experimenter ~ Research subject Experiment/Test method

Key indicators

Experiment/Test results

11. Zhao et al. [73,74] 60 male Wistar rats The rats were randomly divided into three groups:
(1) Normal group (n = 20): Fed a standard diet.
(2) Model group (n = 20): Fed a high-fat diet for
4 weeks, followed by an intraperitoneal injection
of 30 mg/kg STZ. Rats were considered diabetic
if FBG measured twice from the tail vein within
1 week after STZ injection exceeded 7.8 mM. (3)
Liraglutide group (n = 20): Diabetic rats received
subcutaneous liraglutide injections (0.09 mg/kg)
for 16 consecutive weeks starting 1 week after STZ
injection, while the normal and model groups re-
ceived equivalent doses of saline.

At the end of the 16-week treat-
ment with liraglutide or saline,
BW, HW, HR, BP, electrocar-
diogram, and cardiac function
were evaluated. Serum levels of
TC, TG, LDL-C, NEFA, and hy-
droxyproline. Cardiac function
was assessed through QRS wave,
LVEDd, LVESd, and LVEF mea-
surements. Myocardial fibrosis.

Compared to the model group, long-term
liraglutide treatment reduced blood glu-
cose levels and significantly alleviated
lipid metabolism disorders. Liraglutide
also improved impaired cardiac function.
Furthermore, the improvement in cardiac
dysfunction was associated with reduced
myocardial fibrosis in diabetic hearts, as
evidenced by decreased expression of
P4ha-1, COL-1, COL-3, MMP-1, and
MMP-9.

Note: AMPK, adenosine 5’-monophosphate-activated protein kinase; Bax, Bcl-2 associated x protein; Bel-2, B-cell lymphoma-2; BP, blood pressure; BW, body weight; CC3, caspase-3; CHOP, C/EBP-
homologous protein; COL, collagen; Cx43, connexin 43; DC, diabetic cardiomyopathy; ECG, electrocardiogram; ELISA, enzyme-linked immunosorbent assay; FBG, fasting blood glucose; GLP-1R,
glucagon-like peptide 1 receptor; HG, high glucose; HR, heart rate; HW, heart weight; IRE-«, inositol-requiring enzyme «; LDL-C, low-density lipoprotein cholesterol; LVEDd, left ventricular end-
diastolic diameter; LVEF, left ventricular ejection fraction; LVESd, left ventricular end-systolic diameter; MDA, malondialdehyde; MMP, mitochondrial membrane potential; NEFA, non-esterified fatty

acids; NLRP3, nucleotide-binding oligomerization domain-like receptor family pyrin domain-containing 3; OHP2, oral hypoglycemic peptide 2; SOD, superoxide dismutase; STZ, streptozotocin; T2DM,

type 2 diabetes mellitus; TC, total cholesterol; TG, triglyceride; TNF-«, tumor necrosis factor-o; UTMD, ultrasound-targeted microbubble destruction; «MHCCre mice, a-myosin heavy chain cre-

expressing littermate mice; PI3K, phosphoinositide 3-kinase; Akt, serine/threonine kinase B; PEG, poly (ethylene glycol); ILK, integrin linked kinase; PTEN, phosphatase and tensin homolog deleted on

chromosome ten; ATF6, activating transcription factor 6; SD, Sprague-Dawley; PARP-1, poly (adenosine diphosphate-ribose) polymerase-1.
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ious studies have shown that GLP-1RAs exert cardiopro-
tective effects by modulating intracellular signaling path-
ways, such as the ILK/PI3K/Akt/PTEN axis [67]. Xue et
al. [69] found that GLP-1RAs alleviated structural cardiac
damage in patients with T2DM, further supporting their po-
tential role in arrhythmia management [70]. Ma et al. [71]
demonstrated that liraglutide reversed HG-induced myocar-
dial injury in cellular experiments. This effect was medi-
ated through activation of the AMPK pathway and upreg-
ulation of GLP-1R expression. These findings highlight
the importance of both protein expression levels and sub-
cellular localization in determining the therapeutic efficacy
of GLP-1RAs. In addition, the cardioprotective effects of
GLP-1RAs appear to vary across patients with different
body mass indices (BMI). Evidence suggests that improve-
ments in cardiac structure are particularly pronounced in
obese individuals. This may be attributed to the stronger
impact of GLP-1RAs on ventricular structure and function
in this population [45].

Moreover, GLP-1RAs, when used alone or in combi-
nation with other drugs, can also play a crucial role in pre-
venting myocardial fibrosis. Trang et al. [72] demonstrated
that empagliflozin and liraglutide treatment in diabetic
rats reduced myocardial fibrosis and cell apoptosis. Em-
pagliflozin modulates fatty acid and glucose metabolism,
while liraglutide regulates inflammation and cell apopto-
sis in DC. Furthermore, Zhao et al. [73,74] experimen-
tally confirmed that liraglutide might offer cardioprotec-
tion by inhibiting P4ha-1-mediated myocardial fibrosis.
Therefore, future research may focus on altering the “sub-
types” of key targets within these established pathways to
explore their unknown functions and develop gene-based
treatments for refractory diseases like fibrosis. The refer-
ences for the molecular mechanisms discussed above are
summarized in Table 2 (Ref. [47,62—68,71-74]).

Previous molecular studies have laid a theoretical
foundation for understanding the role of GLP-1RAs in DC.
However, many studies suggest that the cardioprotective
effects of GLP-1RAs may extend beyond diabetes-related
cardiomyopathy [62,65]. They may also exert significant
therapeutic benefits in other types of cardiomyopathies,
such as drug-induced cardiomyopathy, stress-induced car-
diomyopathy, and obesity-related cardiomyopathy. These
findings indicate that the protective effects of GLP-1RAs
may involve shared molecular mechanisms—such as the
AMPK/SIRT1 signaling pathway—while also exhibiting
disease-specific regulation. For instance, mitochondrial
quality control plays a central role in DC (Fig. 2). The fol-
lowing sections will explore recent advances in research on
GLP-1RAs across various types of cardiomyopathies, fo-
cusing on common and distinct molecular mechanisms.

12

4.2 GLP-1RAs and Other Types of Cardiomyopathy
4.2.1 Non-Diabetic Cardiomyopathy (NDC)

In recent years, several pivotal clinical trials have
provided important evidence supporting the use of GLP-
IRAs in NDC. Findings from animal studies and pre-
liminary exploratory research in patients with heart fail-
ure with preserved ejection fraction (HFpEF) suggest that
GLP-1RAs may exert protective effects against obesity-
related diastolic dysfunction by improving myocardial glu-
cose metabolism, reducing lipid accumulation, and atten-
uating inflammation [75]. In the echocardiography sub-
study of the STEP-HFpEF Program, semaglutide demon-
strated a potential to improve adverse cardiac remodeling
compared with placebo, suggesting that semaglutide treat-
ment may exert disease-modifying effects in patients with
obesity-related HFpEF [76].

The SELECT trial (Semaglutide Effects on Cardio-
vascular Outcomes in People With Overweight or Obesity
Who Do Not Have Diabetes, NCT03574597) was the first
cardiovascular outcome study specifically targeting non-
diabetic individuals with overweight or obesity (BMI >27
kg/m? and established CVDs). The full results, published
in 2023, revealed that 2.4 mg/week semaglutide treatment
over 40 months reduced the risk of MACE—defined as
cardiovascular death, non-fatal myocardial infarction, or
stroke—by 20%. This effect was independent of base-
line diabetes status; subgroup analysis showed a hazard
ratio of 0.79 in non-diabetic participants [77]. Notably,
in the SELECT trial, semaglutide significantly improved
the 6-minute walk distance and Kansas City Cardiomy-
opathy Questionnaire (KCCQ) scores, suggesting a com-
prehensive enhancement of cardiac function and quality
of life. Trend analyses of cardiac biomarkers indicated
that semaglutide reduced levels of NT-proBNP and high-
sensitivity cardiac troponin T (hs-cTnT), implying that its
beneficial effects may be mediated through the attenuation
of myocardial injury and improvement in ventricular re-
modeling (data derived from the biomarker sub-analysis
of the SELECT trial) [77]. In the field of HFpEF, the
STEP-HFpEF trial (2023) demonstrated that semaglutide
improved KCCQ Clinical Summary Scores (KCCQ-CSS)
by 16.6 points in non-diabetic HFpEF patients (New York
Heart Association (NYHA) class [I-1V, LVEF >45%). It
also significantly reduced body weight and C-reactive pro-
tein levels. Subgroup analyses indicated that improvements
in cardiac structural parameters—including left ventricular
mass index and E/e’ ratio—were consistent regardless of
the presence of T2DM [78].

Current evidence suggests that the effects of GLP-
1RAs on diabetes and NDC may differ dose-dependently.
In DC, standard glucose-lowering doses (e.g., semaglu-
tide 1.0 mg/week) are sufficient to confer cardioprotection.
In contrast, higher doses (e.g., semaglutide 2.4 mg/week)
may be required to achieve meaningful structural and func-
tional improvements in NDC. This disparity may be re-
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Fig. 2. Mechanisms of action and therapeutic effects of GLP-1 receptor agonists in different types of cardiomyopathy. GLP-1RAs,

glucagon-like peptide-1 receptor agonists; GLP-1, glucagon-like peptide-1; ROS, reactive oxygen species; AMP, adenosine monophos-

phate; ATP, denosine triphosphate; AMPK, adenosine 5’-monophosphate-activated protein kinase; Bax, Bcl-2 associated x protein; Bel-2,

B-cell lymphoma-2; TFAM, transcription factor a, mitochondrial; PGC-1c, peroxisome proliferator-activated receptor ~y coactivator 1o

NADH, nicotinamide adenine dinucleotide. Created with Biorender.com.

lated to differences in GLP-1R expression and the acti-
vation thresholds of downstream signaling pathways un-
der varying pathological conditions. However, the precise
mechanisms remain to be fully elucidated.

4.2.2 Induced Cardiomyopathy

Doxorubicin (DXR)-induced cardiomyopathy is a se-
vere health problem in cancer patients. Taskiran et al. [79]
showed that all three drugs tested, including oxytocin, li-
raglutide, and granulocyte colony-stimulating factor, alle-
viated DXR-induced cardiomyopathy in rat models. Ad-
ditionally, Ussher et al. [80] investigated the adaptive re-
sponse of GLP-1R to ventricular damage and its cardiopro-
tective effects in mice. They found that GLP-1R knockout
(Glp1r~—/~) mice did not show increased susceptibility to

&% IMR Press

ischemia-induced mortality or experimental cardiomyopa-
thy, suggesting that the systemic deletion of GLP-1R does
not impair the adaptive response to ischemic or cardiomy-
opathic ventricular injury. Sepsis, a severe infectious dis-
ease, can lead to septic cardiomyopathy, which is fatal. In-
flammation and oxidative stress are linked to the develop-
ment of sepsis-induced cardiomyopathy. Wang ef al. [81]
demonstrated in an in vitro myocardial injury model that
dulaglutide mitigates cell damage in lipopolysaccharide-
induced cardiomyopathy by inhibiting inflammation and
oxidative stress.

Lietal. [82] found in rat experiments that semaglutide
protected against exercise-induced myocardial injury by ac-
tivating the AMPK pathway, increasing autophagy, and re-
ducing the production of reactive oxygen species (ROS) and
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Table 3. The association between glucagon-like peptide-1 receptor agonists and other types of cardiomyopathy (preclinical studies).

Category

Test ID & experimenter Research subject

Experiment/Test method

Key indicators

Experiment/Test results

Induction
types

1. Taskiran et al. [79]

40 male Sprague-Dawley

rats

A DXR-induced cardiomyopathy model was
established in 32 rats. DXR was adminis-
tered intraperitoneally every other day at a
dose of 2.5 mg/kg/day for 6 doses. Eight rats
served as the normal group without any treat-
ment. The 32 DXR-treated rats were divided
into four groups: (1) Placebo group: Received
0.9% NaCl saline solution via ip injection at 1
mlL/kg/day. (2) Liraglutide group: Received
liraglutide at 1.8 mg/kg/day via ip injection.
(3) Oxytocin group: Received oxytocin at 160
ng/kg/day via ip injection. (4) G-CSF group:
Received filgrastim (G-CSF) at 100 pg/kg/day
via ip injection.

All treatments were administered
for 15 days. On day 16, ECG
were recorded under anesthesia.
Blood samples were collected via
tail vein puncture for biochemical
analysis. Rats were then eutha-
nized, and their hearts were har-
vested for immunohistochemical

examination.

All three treatments alleviated the cardiotoxic effects
of DXR on cardiac tissue, with the DXR + OX group
showing the best results. The DXR + OX group ex-
hibited the most preserved tissue integrity under light
microscopy, the lowest CC3 immunoexpression, the
highest QRS wave amplitude on ECG, and the low-
est plasma levels of MDA, TNF-q«, troponin T, and
pro-BNP. OX treatment significantly reduced oxida-
tive stress, apoptosis, and inflammation in the DXR-
induced cardiomyopathy model, providing better tis-
sue integrity, ECG parameters, and clinically relevant
plasma biomarkers (troponin T and pro-BNP) com-
pared to the other treatments. Liraglutide and G-CSF
showed similar protective effects but were less pro-
nounced than those of oxytocin.

2. Ussher et al. [80]

10—12-week-old
Glplr—/=
Glplr*t/+  littermates,
or 16-20-week-old
GlpIrCM~/~ mice and
aMHC-Cre littermates

male

mice and

DXR-induced cardiomyopathy was estab-
lished through a single intraperitoneal injec-
tion of DXR (20 mg/kg) in Glplr—/~ mice,
Glplrt/* littermates, or C57BL/6] mice.
Mice were followed up for 10 days.

Cardiac tissues from surviving
mice were analyzed histologi-
cally or for gene and protein ex-
pression. HR was assessed via
telemetry, plasma ANP and in-
sulin and further molecular.

Glplr—/~ hearts exhibited chamber-specific differ-
ences in gene expression but showed normal mortal-
ity and LV remodeling following MI or experimen-
tal doxorubicin-induced cardiomyopathy. GLP-1RAs
like liraglutide demonstrated strong cardioprotective
effects and improved survival rates in GlplrCM—/~
mice even after LAD coronary artery ligation. Al-
though liraglutide increased HR in GlpIrCM~—/~
mice, these mice exhibited significantly lower baseline

HR compared to controls.

3. Wang et al. [81]

In Vitro cardiomyocyte
injury model

Cells were stimulated with dulaglutide at con-
centrations of 5, 10, 50, 100, 500, and 1000
nM for 24 hours. Additionally, cells were in-
cubated with LPS (1 pg/mL) with or without
dulaglutide (50 and 100 nM) for 24 hours.

Expression of NOX-1 and iNOS.
TNF-a, IL-18, IL-17, MMP-2,
and MMP-9 in H9c2 cardiomy-
ocytes. NO production.
els of CK-MB and c¢Tnl. TLR4,
MyD88, and p-NF-xB p65 in the
nuclei of H9¢2 cardiomyocytes.

Lev-

Dulaglutide improved LPS-induced oxidative stress by
inhibiting mitochondrial ROS production, increasing
reduced GSH levels, and downregulating NOX-1. Du-
laglutide reduced LPS-induced cardiomyocyte injury
by downregulating CK-MB and cTnl, inhibiting iNOS
expression, and reducing NO production. Dulaglu-
tide significantly reversed LPS-induced production of
inflammatory cytokines and upregulation of MMPs
by inhibiting the TLR4/MyD88/NF-xB signaling path-
way.
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Table 3. Continued.

Category

Test ID & experimenter

Research subject

Experiment/Test method

Key indicators

Experiment/Test results

4. Lietal. [82]

LPS-Induced H9¢2 cells

A sedentary control group, an overtraining
group, and an overtraining group treated
with semaglutide underwent progressive swim
training for 10 consecutive weeks.

The effects of semaglutide on
LPS-induced
injury and

oxidative  stress
inflammatory re-
After

the last training session, body

sponses in H9c2 cells.

weight, myocardial morpholog-
ical changes, injury markers,
and inflammation-related protein
expression were analyzed in the

model rats.

In LPS-treated H9¢2 cells, semaglutide at three con-
centrations significantly increased cell survival rates
Addition-
ally, semaglutide activated the AMPK pathway, im-

and inhibited cardiomyocyte apoptosis.

proved autophagy, and suppressed ROS production in
LPS-treated H9¢2 cells. Long-term semaglutide treat-
ment significantly reduced myocardial injury markers.
Histopathological analysis showed that semaglutide
improved myocardial morphological changes, reduced
lipid accumulation areas, and markedly decreased the
expression levels of NF-xB, TNF-q, and IL-13.

5. Bajic et al. [83]

Male Wistar rats

The rats were divided into four groups: Con-
trol group (C), n = 6: Treated with 1 mL/kg
saline subcutaneously (sc) for 10 days, fol-
lowed by 1 mL/kg saline sc on days 9 and 10.
Liraglutide group (L), n = 6: Treated with 1.8
mg/kg liraglutide sc daily from day 1 to day
10, followed by 1 mL/kg saline sc on days 9
and 10. Isoproterenol group (I), n = 8: Treated
with 1 mL/kg saline sc for 10 days, followed
by 85 mg/kg isoproterenol sc on days 9 and 10
to induce myocardial injury. Liraglutide + Iso-
proterenol group (L + 1), n = 9: Treated with
1.8 mg/kg liraglutide sc daily for 10 days, fol-
lowed by 85 mg/kg isoproterenol sc on days 9
and 10.

On day 11, rats were euthanized,
and their hearts were collected for
histopathological and immuno-
histochemical analyses.

Liraglutide reduced isoproterenol-induced cardiomy-
ocyte apoptosis by decreasing cleaved CC3, Bax, and
NF-xB expression, while increasing Bcl-2 expres-
sion. In isoproterenol-treated rats, increased NF-<B
was positively correlated with pro-apoptotic markers
(Bax and CC3) and negatively correlated with the
anti-apoptotic marker Bcl-2. Liraglutide treatment in-
creased Bcl-2 and reduced NF-xB, Bax, and CC3 lev-
els, maintaining the same correlations between NF-
xB and apoptosis markers as in the isoproterenol-only
group.

6. Shiraki et al. [84]

DCM in

J2N-k
Male car-
J2N-k
8) and
normal J2N-n hamsters
(n = 64) were studied.

Spontaneous
non-diabetic
hamsters.
diomyopathic

hamsters (n =

J2N-k hamsters were treated with PBS (HF
group), low-dose liraglutide (HF-L group), or
high-dose liraglutide (HF-H group).

Echocardiography =~ was  per-
formed, followed by left ventric-
ular catheterization to measure
Blood samples
collected for HbAlc
ATP and FFA

quantification, collagen content

LV pressure.
were

measurement.

measurement in cardiac tissue,
and respiration analysis were also

conducted.

In failing hearts, GLP-1 analogs further deteriorated
cardiac function, with myocardial protein expression
indicating an energy-deficient state. Indirect calorime-
try showed that failing hearts consumed more energy
and carbohydrates compared to normal hearts; GLP-1
analog administration exacerbated this trend. In a sup-
plemental experiment, the HF-H group was provided
with a 10% glucose solution. This intervention sig-
nificantly improved cardiac function and reduced fi-
brosis while further increasing carbohydrate utilization
and reducing lipid utilization. Prognosis in the HF-H-
G group was also significantly improved.
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Table 3. Continued.

Category Test ID & experimenter

Research subject

Experiment/Test method

Key indicators

Experiment/Test results

7. Vyas et al. [85]

Mouse model of DCM
(TG9)

From day 56 after birth, GLP-1 agonist ex-
enatide was administered twice daily to a
DCM (TG9) mouse model. TG9 mice pre-
dictably develop congestive HF and sec-
ondary insulin resistance, with mortality
occurring at 12 weeks of age.

Serum analysis, myocardial glu-
cose uptake, protein expression,
brain natriuretic peptide (BNP)
RNA quantification, and echocar-
diography were performed.

Glucose homeostasis was evaluated by measuring glucose
tolerance at 8 and 10 weeks and tissue 2-deoxyglucose up-
take at day 75. Compared to vehicle-treated TG9 mice,
exenatide treatment improved glucose tolerance, myocar-
dial GLUT4 expression, 2-deoxyglucose uptake, cardiac
contractility, and survival rates. Exenatide also increased
phosphorylation of AMP kinase and Akt. Additionally, ex-
enatide mitigated the adverse effects of the GLUT4 antag-

onist ritonavir on TG9 mouse survival.

8. El-Kharashi ef al. [86] Wistar rats with Cirrhosis

Other
types

Rats were divided into four groups: con-
trol group, EXA group, TAA group, and
TAA + EXA group.

AST, ALT, FBG, and troponin
I levels. Cardiac HOTAIR and
SIRT1, as well as GLP-1R in the
liver and heart.

EXA administration in control rats did not produce signifi-
cant changes. TAA induced cirrhosis with notable changes
in insulin resistance and cardiac function. GLP-1R, HO-
TAIR, and SIRT1 expression in cardiac tissue were signifi-
cantly reduced, while troponin I levels were markedly ele-
vated. The TAA + EXA group showed recovery of liver
structure and function. EXA treatment significantly im-
proved cardiac parameters, which were associated with in-
creased expression of cardiac GLP-1R and HOTAIR.

9. Sukumaran et al. [87]

Zucker rats with high-
salt diet (6% NaCl)

Eight-week-old lean (T/%) and obese
(fa/fa) Zucker rats were treated with either
vehicle or liraglutide (0.1 mg/kg/day, sc)
for 8 weeks.

SBP. Myocardial function. Coro-
nary vascular function was as-
sessed in vivo in anesthetized rats.
Myocardial gene expression and
protein levels of vasoactive fac-
tors, inflammatory markers, ox-
idative stress markers, and re-
modeling biomarkers.

Compared to vehicle-treated fa/fa rats, liraglutide treatment
significantly improved acetylcholine-mediated vasodila-
tion in arterioles and small arteries. Liraglutide downregu-
lated NOX-1 mRNA and reduced ET-1 protein expression.
Additionally, liraglutide significantly decreased the expres-
sion of pro-inflammatory and pro-fibrotic biomarkers (NF-
B, CD68, IL-18, TGF-41, and osteopontin) and nitrotyro-
sine in fa/fa rats. However, liraglutide did not significantly

reduce perivascular fibrosis.

Note: Akt, serine/threonine kinase B; ALT, alanine aminotransferase; AMP, adenosine monophosphate; AMPK, adenosine 5’-monophosphate-activated protein kinase; ANP, atrial natriuretic peptide; AST,

aspartate aminotransferase; ATP, adenosine triphosphate; Bax, Bcl-2-associated X protein; Bcl-2, B-cell lymphoma/leukemia-2; CC3, caspase-3; CK-MB, creatine kinase-MB; cTnl, cardiac troponin I; DCM,

dilated cardiomyopathy; DXR, doxorubicin; ECG, electrocardiogram; ELISA, enzyme-linked immunosorbent assay; EXA, exenatide; FBG, fasting blood glucose; FFA, free fatty acid; G-CSF, granulocyte

colony-stimulating factor; GLP-1, glucagon-like peptide-1; GLP-1R, glucagon-like peptide-1 receptor; GLP-1RAs, glucagon-like peptide-1 receptor agonists; GSH, glutathione; HF, heart failure; HR,
heart rate; IL, interleukin; iNOS, inducible nitric oxide synthase; LAD, left anterior descending artery; LPS, lipopolysaccharide; LV, left ventricular; MDA, malondialdehyde; MI, myocardial infarction;
MMP, mitochondrial membrane potential, NF-xB, nuclear factor kappa B; NO, nitric oxide; NOX-1, NADPH oxidase-1; OX, oxytocin; ROS, reactive oxygen species; SBP, systolic blood pressure; TAA,
thioacetamide; TNF-«, tumor necrosis factor-a; HOTAIR, HOX transcript antisense RNA; ET, endothelin; HbA ¢, glycated hemoglobin Alc; TLR4, Toll-like receptor 4; PBS, phosphate buffered saline.


https://www.imrpress.com

inflammation-related proteins. Takotsubo syndrome (TTS),
a stress-induced cardiomyopathy, is characterized by in-
creased catecholamines, free radicals, inflammatory cy-
tokines, endothelial dysfunction, and increased apoptosis.
High-dose isoproterenol can be used in animal models to
induce TTS-like myocardial injury. Bajic ef al. [83] ex-
perimentally demonstrated that liraglutide protected my-
ocardial cells from apoptosis in isoproterenol-induced TTS-
like myocardial injury by downregulating the NF-xB path-
way. Therefore, future studies should focus on exploring
unknown pathways and their corresponding effects, thereby
correlating cellular-level changes with genetic modifica-
tions to clarify the relationship between outcomes and func-
tions, which could further facilitate clinical applications.
The corresponding references for the induced cardiomyopa-
thy models discussed above are summarized in Table 3 (Ref.
[79-87]).

4.2.3 Other Types of Cardiomyopathy

DCM is characterized by the enlargement of the left
ventricle or both ventricles, accompanied by systolic dys-
function. Shiraki ef al. [84] studied non-diabetic J2N-k
hamsters with spontaneous DCM and concluded that the
failing myocardium is relatively deficient in glucose as an
energy source, which may limit ATP synthesis and lead to
deterioration of cardiac function. In the non-diabetic DCM
model, liraglutide-induced energy starvation may exacer-
bate heart failure. This mechanism involves limiting the
supply of glucose, reducing ATP synthesis, thereby leading
to cardiac function deterioration. Therefore, when admin-
istering incretin-based therapies to HF patients, carefully
considering adequate energy supply and carbohydrate in-
take is essential. Additionally, Vyas et al. [85] found that
exenatide improved glucose homeostasis and prolonged the
survival of DCM mice (TG9 model). This suggests that
incretin-based therapies enhance myocardial glucose up-
take in DCM.

Cirrhosis can impair liver function and potentially af-
fect cardiac function due to disruptions in product genera-
tion. El-Kharashi e al. [86] concluded that exenatide pro-
moted the cardioprotective effects of HOX transcript anti-
sense RNA (HOTAIR) in a rat model of cirrhosis, offer-
ing a potential new therapeutic strategy for cirrhotic car-
diomyopathy. Obesity is a significant independent risk fac-
tor for CVDs, and chronic obesity can lead to cardiac dys-
function, progressing to obesity-related cardiomyopathy.
Therefore, there is a need to explore safer and more effec-
tive treatments for obesity-related cardiomyopathy. Suku-
maran et al. [87] found that chronic liraglutide treat-
ment improved nitric oxide (NO)-mediated vasodilation in
both the coronary arteries and microcirculation, partially
normalizing myocardial remodeling independent of body
weight or blood glucose changes. This suggests that im-
proving microvascular perfusion could enhance oxygen and
nutrient supply to the myocardium, providing beneficial ef-
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fects on preventing and treating obesity-related cardiomy-
opathy.

5. Conclusion

In recent years, multiple studies have confirmed that
GLP-1RAs exhibit distinct therapeutic advantages in car-
diomyopathy through various mechanisms, including regu-
lation of metabolic reprogramming, suppression of inflam-
matory cascades, and improvement of myocardial remod-
eling. This review is the first to classify GLP-1RAs into
five novel subtypes (Types [-V) based on their receptor-
targeting profiles, thereby overcoming the limitations of
traditional classifications based on drug half-life. Addi-
tionally, we constructed a multiscale (molecular—cellular—
systemic) interactive model that elucidates the multilay-
ered associations between GLP-1RAs and cardiomyopathy,
revealing their core mechanisms in improving myocardial
conditions through energy metabolism reprogramming, sta-
bilization of the inflammatory microenvironment, and re-
versal of myocardial fibrosis. These findings provide a the-
oretical foundation for the development of precision treat-
ment strategies.

GLP-1RAs play a pivotal regulatory role in DC
by targeting key pathological pathways. Specifically,
they improve mitochondrial dysfunction by activating the
SIRT1/AMPK signaling pathway, which enhances mi-
tophagy and restores mitochondrial fusion/fission balance
in diabetic myocardium [47]; they alleviate oxidative stress
by activating the PI3K/Akt/Nrf2 pathway, thereby reduc-
ing ROS production and myocardial lipid peroxidation
[65]; and they inhibit apoptosis by blocking the IREla—
CHOP-mediated ERS pathway, downregulating Bax and
caspase-3, and upregulating Bcl-2 expression [63]. More-
over, GLP-1RAs exhibit dose-dependent cardioprotective
effects across different types of cardiomyopathy. In HCM,
they reduce collagen deposition and ventricular stiffness
via suppression of the TGF-/3/Smad3 pathway [48]; and in
catecholamine-induced cardiomyopathy, they mitigate my-
ocardial apoptosis through downregulation of the NF-xB
signaling pathway [83].

Tuttle et al. [88] confirmed that weekly semaglutide
administration reduced the risk of kidney disease endpoints
and improved risk categorization. Several studies have
shown that GLP-1RAs not only contribute to weight loss
but also reduce CVD’s risk factors such as blood pressure
and blood lipids, with consistent beneficial outcomes ob-
served across various subtypes [§9-91]. A meta-analysis of
22 studies demonstrated that GLP-1RAs can lower the risk
of MACE [92]. Therefore, future studies with larger sample
sizes are needed to validate and expand the preventive role
of GLP-1RAs, while further elucidating the mechanisms of
multi-cellular functional regulation.

In addition, Simanenkova ef al. [93] found through
experimentation that GLP-1RAs exerted neuroprotective
effects on T2DM rats by directly influencing neuronal sur-
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vival. Tabernacki et al. [3] demonstrated that GLP-1RAs
might be the preferred treatment for T2DM while simulta-
neously reducing the risk of lung cancer. With the growing
body of basic and clinical research, a relationship between
GLP-1RAs and various cancers, including medullary thy-
roid carcinoma, pancreatic cancer, colon cancer, prostate
cancer, breast cancer, cervical cancer, endometrial cancer,
and ovarian cancer, has been observed [94]. This under-
scores the need for further exploration of GLP-1RA’s multi-
systemic therapeutic potential.

GLP-1RAs have attracted significant attention across
multiple research fields due to their strong clinical poten-
tial. The development of novel GLP-1RAs has opened new
therapeutic avenues for cardiomyopathy. Dual-receptor ag-
onists such as tirzepatide demonstrate pleiotropic advan-
tages by synergistically modulating GIPR and GLP-IR sig-
naling pathways, leading to improvements in myocardial
metabolism, suppression of inflammation, and reversal of
fibrosis [88]. The long-acting profile of liraglutide and its
well-established cardiovascular protective effects make it a
preferred therapeutic option for patients with diabetes and
coexisting cardiomyopathy [88].

At the same time, several studies have pointed out
the disadvantages of GLP-1RAs. For example, Rodriguez-
Valadez et al. [95] analyzed a systematic review that in-
cluded 9 GLP-1RA’s trials and 13 SGLT2i trials, confirm-
ing that the reduction in HbA 1c by GLP-1RAs may increase
the risk of MACE. Moreover, compared with DPP-4 in-
hibitors and SGLT2 inhibitors, GLP-1RAs significantly re-
duced hospitalization rates in patients with HF [96]. This
highlights the need further to explore the relevant fields
in a multi-system context. Adverse effects of GLP-1RAs
are almost unavoidable. Studies have shown that semaglu-
tide, exenatide, liraglutide, and dulaglutide are all asso-
ciated with an increased risk of gastrointestinal side ef-
fects, including headache, nausea, vomiting, abdominal
pain, and diarrhea [97]. Therefore, improving patient ad-
herence to these medications remains a critical challenge.
Future research could aim to develop “positive-side-effect”
and “negative-side-effect” drugs to neutralize adverse ef-
fects, thus alleviating patient discomfort during treatment.
In addition, a comparison of the specific side effects of dif-
ferent drugs in various clinical contexts could help identify
whether combination therapies might reduce side effects.

In addition, several critical bottlenecks hinder trans-
lational progress from basic to clinical research. First,
there are limitations in current model systems: approxi-
mately 85% of mechanistic studies rely on rodent mod-
els, such as diabetic mice or drug-induced cardiomyopa-
thy in rats. However, the pathophysiology of human car-
diomyopathy is more heterogeneous. For example, pa-
tients with DC often present with complex comorbidities
including microvascular dysfunction, autonomic neuropa-
thy, and atherosclerosis, which are difficult to replicate
in existing animal models fully [47]. Second, substan-
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tial interspecies biological differences exist. The dose-
response relationships observed in clinical settings differ
significantly from those in animal studies. For instance,
NDC requires higher doses (e.g., 2.4 mg/week semaglu-
tide) for structural improvement. This discrepancy may
be due to species-specific differences in GLP-1R expres-
sion (GLP-1R density in human cardiomyocytes is 40-60%
lower than in mice), receptor signaling efficiency (e.g., hu-
mans have a higher cAMP production threshold), and drug
tissue distribution [88]. Third, human pathological hetero-
geneity remains a major challenge. Most clinical trials rely
on composite endpoints and lack mechanistic stratification
for specific cardiomyopathy subtypes (e.g., obesity-related
vs. diabetes-related forms). Recent single-cell sequencing
data indicate significant individual variability in GLP-1R-
positive myocardial cell proportions (ranging from 3% to
22%), suggesting the need for biomarker-guided precision
treatment strategies [55].

From a translational perspective, combination therapy
strategies involving GLP-1RAs warrant special attention.
Preclinical studies have demonstrated that liraglutide com-
bined with SGLT2 inhibitors can attenuate myocardial fi-
brosis through dual regulation of metabolic and inflamma-
tory pathways [72]. Moreover, co-administration of GLP-
1RAs and SGLT2 inhibitors significantly reduces the in-
cidence of gastrointestinal adverse effects, possibly due to
synergistic modulation of gut-brain axis signaling [98]. In
clinical practice, for patients with HFpEF, combining GLP-
1RAs with ARNIs may improve ventricular compliance
through complementary mechanisms: GLP-1RAs primar-
ily enhance myocardial energy metabolism and microcir-
culatory perfusion, while ARNIs target myocardial fibrosis
and reduce ventricular wall stress. GLP-1RAs combined
with adipokine-targeting agents (e.g., leptin receptor ago-
nists) may achieve more pronounced cardiac functional im-
provement through dual mechanisms involving central ap-
petite regulation and peripheral lipid metabolism in patients
with obesity-related cardiomyopathy.

Importantly, three context-specific challenges must be
addressed for the effective clinical use of GLP-1RAs: (1)
in patients with acute decompensated cardiomyopathy, the
impact of gastrointestinal side effects on hemodynamic sta-
bility must be carefully evaluated; (2) in patients with a
history of malignancy, particularly medullary thyroid carci-
noma, the potential proliferative risks associated with GLP-
1RAs must be weighed against their cardiovascular bene-
fits; and (3) in frail elderly populations, dosing strategies
should be optimized to avoid excessive weight loss and as-
sociated muscle wasting. In the future, biomarker-guided
precision treatment approaches should be established—for
example, using dynamic NT-proBNP monitoring combined
with myocardial strain echocardiography to identify sub-
groups more likely to respond favorably to GLP-1RAs ther-

apy.
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In the future, large-scale clinical trials should be con-
ducted to further clarify the molecular targets and specific
pathways of GLP-1RAs. This would allow for the classifi-
cation of drugs based on their efficacy across different path-
ways and optimize their use for individual conditions. Fur-
thermore, exploring potential synergistic effects between
different GLP-1RAs types could enhance their therapeu-
tic benefits. With a clearer understanding of the mecha-
nisms involved, more comprehensive experiments should
be conducted to further elucidate the signaling pathways,
minimize adverse effects, and provide better guidance for
clinical drug application.

In conclusion, GLP-1RAs have shown significant
promise in improving the prevention of cardiomyopathy in
patients. However, the range of drugs that have been con-
firmed for use is still limited. Expanding the list of appli-
cable drugs will be critical for achieving better preventive
effects for both existing and emerging types of cardiomy-
opathy. Given these diseases’ high prevalence and diverse
underlying mechanisms, the continued use of GLP-1RAs
is supported. Research at various levels (such as cellular,
molecular, and genetic) offers a new path to clarifying the
mechanisms of action that are yet to be fully understood.
Although the preventive and therapeutic effects of GLP-
1RAs in cardiomyopathy have been initially elucidated, fur-
ther research is necessary to refine the specific mechanisms
of action and target pathways, ultimately expanding their
clinical applications. Only through the seamless integration
of in-depth mechanistic research and clinically contextual-
ized applications can the translational leap of GLP-1RAs
from bench to bedside be truly achieved.
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