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Abstract
Background  Diabetes is a primary contributor to diabetic cardiomyopathy (DbCM), which is marked by metabolic imbal-
ances such as elevated blood glucose and lipid levels, leading to significant structural and functional alterations in the myo-
cardium. Elevated free fatty acids (FFAs) and hyperglycemia play critical roles in DbCM development, with FFAs inducing 
insulin resistance in cardiomyocytes and promoting lipid accumulation, resulting in oxidative stress and fibrosis. Current 
research suggests that glucagon-like peptide-1 (GLP-1) receptor agonists may effectively mitigate DbCM, although an effec-
tive treatment for this condition remains elusive, and the precise mechanisms of this protective effect are not fully understood.
Methods  In this study, we aimed to replicate diabetic glucolipotoxic conditions by treating differentiated H9c2 cells with 
high glucose and free fatty acids. Additionally, a diabetic cardiomyopathy model was induced in mice through high-fat diets. 
Both in vitro and in vivo models were used to investigate the protective effects of liraglutide on cardiomyocytes and elucidate 
its underlying molecular mechanisms.
Results  Our findings indicate that liraglutide significantly reduces lipid droplet (LD) formation and myocardial fibrosis, 
as evidenced by decreased expression of fibrosis markers, including TGF-β1 and collagen types I and III. Liraglutide also 
enhanced AMP-activated protein kinase (AMPK) activation, which improved mitochondrial function, increased antioxidant 
gene expression, enhanced insulin signaling, and reduced oxidative stress.
Conclusions  These results demonstrate the potential therapeutic role of liraglutide in managing diabetes-related cardiac 
complications, offering a comprehensive approach to improving cardiac outcomes in patients with diabetes.
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Introduction

Diabetes is the primary cause of diabetic cardiomyopathy 
(DbCM), a cardiac disorder characterized by metabolic 
imbalances, including elevated blood glucose and lipid 
levels, which substantially alter myocardial structure and 
function. DbCM is associated with a heightened risk of pro-
gression to overt heart failure, with most patients exhibiting 
preserved left ventricular ejection fraction (LVEF) [1]. This 
condition significantly elevates the morbidity and mortality 
rates in heart failure (HF) [2]. Notably, patients with type 
2 diabetes (T2D) have up to a 74% increased risk of HF, 
and diabetic patients who develop HF experience a four-
fold increase in mortality compared to those without HF 
[3]. However, treating DbCM in the context of T2D presents 
challenges due to the complex interaction of metabolic and 
cardiovascular factors. Hyperglycemia and elevated free 
fatty acids (FFAs) are primary drivers of DbCM devel-
opment [4]. Lipotoxicity, exacerbated by elevated FFAs, 
contributes to cardiac dysfunction by disrupting glucose 
uptake and inducing insulin resistance in cardiomyocytes 
[5]. This insulin resistance further promotes lipid accumu-
lation within cardiac cells, leading to oxidative stress [6]. 
The resulting imbalance between reactive oxygen species 
(ROS) production and antioxidant defenses promotes oxida-
tive stress, fostering fibrosis and cellular injury [7]. Addi-
tionally, FFA-induced lipotoxicity impairs mitochondrial 

function, crucial for cardiomyocyte energy production [8]. 
Mitochondrial dysfunction results in decreased ATP produc-
tion and increased ROS generation, compounding cellular 
stress and damage [9]. Understanding these molecular path-
ways is essential for developing targeted therapies aimed at 
slowing or preventing the progression of DbCM. Further 
studies focusing on these mechanisms could inform novel 
therapeutic approaches to improve outcomes for patients 
with this debilitating condition.

Intracellular lipid accumulation induced by glucolipo-
toxicity is a key factor in the progression of DbCM [10]. 
Elevated glucose and FFA levels promote the formation 
of lipid droplets (LDs) within cardiomyocytes, disrupting 
normal cellular metabolic processes and increasing oxida-
tive stress [11]. This condition also activates transforming 
growth factor β (TGF-β)-related signaling pathways [12]. 
Particularly, it plays a significant role by upregulating the 
expression of profibrotic genes via the Smad pathway [13]. 
Upon receptor binding, TGF-β phosphorylates Smad2 and 
Smad3, which then form a complex with Smad4. This com-
plex translocates to the nucleus, promoting the transcription 
of fibrotic genes, including those encoding collagen I, col-
lagen III, and α-smooth muscle actin (αSMA) [11]. Collagen 
I and III are major components of the extracellular matrix 
(ECM) in fibrotic tissue, contributing to myocardial stiffness 
and impaired cardiac function [14]. In summary, LD accu-
mulation induces oxidative stress, which in turn activates 
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TGF-β signaling, leading to fibrosis in DbCM [15]. While 
specific inhibitors exist to target these individual mecha-
nisms, their single-target approach often results in limited 
efficacy and increased side effects [16]. Developing mul-
tifaceted therapeutic strategies that concurrently address 
these interconnected pathways may prove more effective in 
reducing DbCM progression, particularly fibrosis. Such a 
comprehensive approach could prevent LD accumulation, 
inhibit fibrotic gene expression, and mitigate pathological 
cardiac remodeling, thereby improving cardiac function and 
patient outcomes [17].

Recent research has shown that sodium-glucose co-
transporter-2 (SGLT2) inhibitors, initially developed as 
antidiabetic agents, may also provide significant benefits in 
preventing heart failure [18]. Consequently, these drugs have 
been incorporated into heart failure treatment guidelines. 
Despite the minimal expression of SGLT2 in myocardial tis-
sue, SGLT2 inhibitors appear to improve cardiac outcomes 
through various mechanisms unrelated to glucose excretion 
[19]. A primary mechanism involves their diuretic effect, 
which reduces fluid and sodium retention, thereby lowering 
cardiac workload. This effect is particularly beneficial for 
patients with heart failure, who often experience hyperten-
sion and fluid overload [20]. Additionally, SGLT2 inhibitors 
help lower blood glucose levels, thereby reducing inflamma-
tion and oxidative stress [21]. Notably, glucagon-like pep-
tide-1 receptor agonists (GLP-1 RAs) have also garnered 
attention for their potential cardioprotective effects [22]. 
Unlike SGLT2 inhibitors, GLP-1 receptors (GLP-1R) are 
present in myocardial tissue, allowing GLP-1 RAs to exert 
direct effects on the heart [23]. These receptors mediate sev-
eral cardioprotective actions, including reduced myocardial 
inflammation [24], smaller myocardial infarction size [25], 
and enhanced myocardial glucose oxidation [26]. Collec-
tively, these mechanisms contribute to the cardioprotective 
effects observed with GLP-1 RAs, positioning them as a 
promising treatment option for patients with both diabetes 
and heart failure. However, despite considerable evidence 
supporting the cardioprotective effects of GLP-1 RAs, gaps 
remain in understanding their precise molecular mecha-
nisms in DbCM. This study aims to elucidate the effects 
and molecular pathways of the GLP-1 RA liraglutide on 
myocardial cells under hyperglycemic and hyperlipidemic 
conditions typical of diabetes. Special focus is placed on 
the influence of liraglutide on lipid droplet accumulation 
and fibrosis in myocardial cells. By exploring these aspects, 
this investigation seeks to deepen the understanding of how 
liraglutide can mitigate cardiac complications in diabetic 
patients and enhance therapeutic strategies for DbCM.

Materials and Methods

Materials

Sigma-Aldrich (Munich, Germany) supplied the chemi-
cals used in this study, including 3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), 
4′,6-diamidino-2-phenylindole (DAPI), 2′,7′-dichlorodi-
hydrofluorescein diacetate (DCFH-DA), LY24002, com-
pound C, JC-1, and Nile red. Antibodies were sourced 
from several suppliers: Santa Cruz Biotechnology 
(Santa Cruz, CA, USA) provided PGC1α (sc-517380; 
RRID:AB_2755043), Akt (sc-5298; RRID:AB_626658), 
phospho-Akt (sc-514032; RRID:AB_2861344), Talin 
1 (sc-81805; RRID:AB_2303406), Integrin β1 (sc-
374429; RRID:AB_11012020), and TGF-β1 (sc-130348; 
RRID:AB_1567351). GeneTex (Irvine, CA, USA) supplied 
antibodies for vimentin (GTX100619; RRID:AB_1952557), 
SOD1 (GTX100659; RRID:AB_1951972), cata-
lase (GTX110704; RRID:AB_1949848), and Sirt1 
(GTX61042; RRID:AB_10619663). ABclonal (Woburn, 
MA, USA) provided antibodies for GLP-1R (A13990; 
RRID:AB_2760844), αSMA (A2235; RRID:AB_2862980), 
and E-cadherin (A20798; RRID:AB_3107194), while 
Cell Signaling Technology (Danvers, MA, USA) sup-
plied AMPK (#2532; RRID:AB_330331), phospho-
AMPK (#2531; RRID:AB_330330), Smad2/3 (#5678; 
RRID:AB_10693547), and phospho-Smad2/3 (#8828; 
RRID:AB_2631089). Antibodies for IRS1 (05–1085; 
RRID:AB_1977296) and phospho-IRS1 (05–1087; 
RRID:AB_1977300) were obtained from Mil-
lipore (Bedford, MA, USA), and β-actin (NB600-501; 
RRID:AB_10077656) from Novus Biologicals (Little-
ton, CO, USA). Collagen I (ARG21965) and Collagen III 
(ARG20786) were acquired from Arigo Biolaboratories 
(Burlington, NC, USA), and liraglutide was sourced from 
Novo Nordisk (Copenhagen, Denmark). All chemicals were 
dissolved in phosphate-buffered saline (PBS) and stored at 
-20 °C until required for experimentation.

Cell culture and differentiation

Rat H9c2 cardiac myoblast cells (RRID:CVCL_0286) 
were obtained from the American Type Culture Collection 
(Bethesda, MD, USA). Cells were cultured in 75 cm2 tis-
sue culture flasks using DMEM medium supplemented with 
10% fetal bovine serum (FBS) and 1% penicillin–strepto-
mycin. Cultures were maintained at 37 °C with 5% CO₂ 
in a humidified atmosphere. To preserve differentiation 
potential, the supplier recommended subculturing the cells 
before reaching 70–80% confluence. When the cells reached 
approximately 50–60% confluence, the culture medium was 
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replaced with differentiation medium. This differentiation 
medium, consisting of DMEM with 1% FBS and 10 nM all-
trans retinoic acid (ATRA), was refreshed every 2–3 days, 
and the cells were maintained in this medium for 11 days. 
Differentiation was confirmed by observing morphological 
changes under a microscope, including cell elongation and 
alignment.

Immunocytochemistry

After treatment, ells were rinsed with PBS up to three 
times following removal of the culture medium. Cells 
were then fixed by adding 4% paraformaldehyde (PFA) 
in PBS to each well and incubated for 15–20 min at room 
temperature. Residual PFA was removed by washing the 
cells three times with PBS. To permeabilize, cells were 
incubated with 0.1% Triton X-100 in PBS at room tem-
perature for 10 min. After three PBS washes, non-specific 
binding sites were blocked by incubating cells overnight 
at 4 °C in a humidified chamber with a blocking solution. 
Cells were then incubated in a humidified chamber at 
4 °C overnight with the primary antibody diluted 1:100. 
Afterward, cells were incubated with the secondary anti-
body, diluted 1:200, in the dark at room temperature for 
1 h. Stained cells were examined using the ImageXpress 
Micro Confocal High-Content Imaging System (Molecu-
lar Devices, Sunnyvale, CA, USA).

Nile red staining and high‑content analysis (HCA)

Following treatment, cells were fixed with 4% paraform-
aldehyde for 15  min, then rinsed with PBS. Nile red 
staining (1 μg/mL) was performed in the dark at room 

temperature for five minutes. Imaging was carried out 
using the ImageXpress Micro Confocal High-Content 
Imaging System (Molecular Devices, Sunnyvale, CA, 
USA). Quantitative analysis of Nile red-stained particles 
was automated with a custom module in MetaXpress soft-
ware (Molecular Devices, Sunnyvale, CA, USA), examin-
ing a minimum of 100 cells per well, with each condition 
performed in triplicate.

mRNA expression analysis by reverse‑transcription 
quantitative PCR (qPCR)

Total RNA was isolated from cultured cells using Trizol 
reagent (Invitrogen, USA) according to the manufacturer’s 
instructions. After extraction, RNA purity and concentration 
were assessed by measuring absorbance at 260/280 nm with 
a spectrophotometer. The RNA was then reverse-transcribed 
into complementary DNA (cDNA) using a high-capacity 
cDNA reverse transcription kit (Thermo Fisher Scientific, 
Waltham, MA, USA). Quantitative real-time PCR was per-
formed using a Roche LightCycler 480 Real-Time PCR sys-
tem (Roche, Basel, Switzerland) with SYBR Green PCR 
Master Mix (Roche, Basel, Switzerland) for mRNA detec-
tion. Reactions were conducted in a 20 μL volume contain-
ing 10 μL of SYBR Green Master Mix, 1 μL of each primer 
(10 μM), 2 μL of cDNA template, and 6 μL of nuclease-free 
water. GAPDH was used as the internal control for normali-
zation. The thermal cycling conditions were set as follows: 
an initial denaturation at 95 °C for 10 min, followed by 40 
cycles of 95 °C for 15 s, 60 °C for 30 s, and 72 °C for 30 s. 
Primer sequences are provided in Table 1. Melt curve analy-
sis was conducted at the end of each run to confirm speci-
ficity of the amplification. Relative expression levels were 
calculated using the 2−ΔΔCT method, normalizing to GAPDH 

Table 1   Primer sequence of different genes for qPCR analysis

Genes Forward (5′-3′) Reverse (5′-3′)

COL1A1
(Collagen Type I α1 Chain)

GGA​TCG​ACC​CTA​ACC​AAG​GC GAT​CGG​AAC​CTT​CGCTICCA​

COL3A1
(Collagen Type III α1 Chain)

GGT​CAC​TITCA​CTG​GTT​GAC​GA TTG​AAT​ATC​AAA​CAC​GCA​AGGC​

TGFB1
(Transforming Growth Factor β1)

ACT​ACT​ACG​CCA​AGG​AGG​TCAC​ AGA​GCA​ACA​CGG​GTT​CAG​GTA​

GDNF
(Glial Cell-Derived Neurotrophic Factor)

CTC​GAA​GTA​GAA​GGC​TAA​CA AGC​GGA​ATG​CTT​TCT​TAG​G

NGF
(Nerve Growth Factor)

ACC​TCT​TCG​GAC​ACT​CTG​G CGT​GGC​TGT​GGT​CTT​ATC​TC

BDNF
(Brain-Derived Neurotrophic Factor)

CGA​GAC​CAA​GTG​TAA​TCC​CA TCT​ATC​CTT​ATG​AAC​CGC​CA

FABP3
(Fatty Acid Binding Protein 3)

ACA​CTT​GTG​CGG​GAG​CTA​AT CAT​GGG​AAC​TGG​AAC​TGG​AT

GAPDH
(Glyceraldehyde-3-Phosphate Dehydrogenase)

GAG​CGA​GAT​CCC​GTC​AAG​ATC​AAA​ CAC​AGT​CTT​CTG​AGT​GGC​AGT​GAT​
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and comparing to control samples. All samples were run in 
triplicate to ensure data reliability, and negative controls (no-
template controls) were included to rule out contamination.

Western blot analysis

Cells were washed twice with cold PBS and lysed using 
Gold lysis buffer (10 mM Tris–HCl, pH 7.4, 150 mM 
NaCl, 1% Triton X-100, 1  mM EDTA, 1  mM EGTA, 
0.5% sodium deoxycholate, 0.1% SDS, and protease/
phosphatase inhibitors). For animal tissue samples, tis-
sue was homogenized in T-PER Tissue Protein Extrac-
tion Reagent (Thermo Fisher Scientific, Waltham, MA, 
USA) at a ratio of 1:20 (w/v), tissue to T-PER reagent, 
to ensure efficient extraction. The homogenate was then 
centrifuged at 12,000 × g for 15 min at 4 °C to pellet cell 
or tissue debris. The supernatant containing the total pro-
tein extract was collected, and protein concentration was 
determined using a BCA protein assay kit (BioRad, Her-
cules, CA, USA), following the manufacturer’s protocol. 
Equal amounts of protein (20–40 µg) from each sample 
were loaded into each well of an SDS-PAGE gel. Follow-
ing electrophoresis, proteins were transferred to a PVDF 
membrane using a wet transfer apparatus. Membranes 
were blocked with blocking buffer and then incubated 
with primary antibodies (1:1000) at 4 °C overnight with 
gentle agitation. After washing, membranes were incu-
bated with secondary antibodies (1:5000) for 1 h at room 
temperature with gentle agitation. Signal detection was 
performed using Amersham ECL detection kits (Cytiva, 
Marlborough, MA, USA), and signals were visualized 
using an AI600 imaging system (GE Healthcare, Chi-
cago, IL, USA). Western blot band quantification was 
conducted using Image-Pro Plus 6.0 software (Media 
Cybernetics, Rockville, MD, USA).

Measurement of reactive oxygen species (ROS)

Following treatment, cells were incubated with DCFH-
DA (10 μM) for 30 min to allow ROS-dependent conver-
sion of DCFH-DA to the fluorescent DCF. Cells were 
then washed and resuspended in PBS. Fluorescence inten-
sity, indicative of ROS levels, was measured using the 
SpectraMax iD5 multi-mode microplate reader (Molec-
ular Devices, Sunnyvale, CA, USA) with excitation at 
485 nm and emission at 535 nm. For normalization, ROS 
levels in treated samples were quantified as a percent-
age relative to the untreated control. This was achieved 
by calculating the fluorescence intensity ratio between 
treated samples and controls. Specifically, untreated con-
trol samples were measured to establish baseline ROS 

fluorescence, and ROS levels in treated samples were 
calculated using the formula:

Each treatment condition was assessed in triplicate to 
ensure reproducibility. This normalization allowed for 
direct comparison of ROS levels across different treat-
ments, reported as a percentage of the control ROS level.

Lipid peroxidation measurement

Following treatment, cells were harvested by centrifugation 
at 3000 rpm for 10 min, and the supernatant was discarded. 
The cell pellets were resuspended in 300 µL of 10% medium 
and sonicated on ice for one minute. After adding 100 µL 
of precooled PBS, the cells were sonicated again and stored 
at -20 °C. Malondialdehyde (MDA) content, indicative of 
lipid peroxidation, was measured using the Lipid Peroxida-
tion Assay Kit (BioVision, San Francisco, CA, USA) with 
colorimetric detection at 532 nm. Protein concentration 
was determined using a BCA protein assay kit (Millipore, 
Bedford, MA, USA), and MDA levels were normalized to 
protein content, expressed as nmol MDA per mg protein.

Mitochondrial membrane potential analysis

Mitochondrial functionality was evaluated using the cationic 
dye JC-1, which accumulates in mitochondria in a mem-
brane potential-dependent manner. In healthy mitochondria, 
JC-1 forms red fluorescent aggregates, whereas in depolar-
ized mitochondria under stress conditions, it remains as a 
monomer, emitting green fluorescence. After treatment, cells 
were incubated with 1 µM JC-1 at 37 °C for 30 min. Fol-
lowing incubation, the staining solution was removed, and 
cells were rinsed with PBS. Imaging was performed using an 
inverted fluorescence microscope (DP72/CKX41, Olympus, 
Tokyo, Japan). The red-to-green fluorescence ratio, indica-
tive of mitochondrial membrane potential, was quantita-
tively analyzed using ImageJ software (National Institutes 
of Health, Bethesda, MD, USA).

Animal model preparation and experimental 
grouping

A schematic of the experimental design is shown in Fig. 5A. 
The study was conducted on 18 male db/db mice (Leprdb/db, 
5 weeks old) and 12 male wild-type (WT) mice (C57BL/6, 
5 weeks old). All animals were housed in a specific path-
ogen-free (SPF) facility with controlled temperature 
(18–22 °C) and humidity (30–70%). Mice were given ad libi-
tum access to water and food. After one week of acclimatiza-
tion on a normal chow diet (5% fat by weight), mice were 

Relative ROS Level(%) =
Fluorescence Intensity of Treated Sample

Fluorescence Intensity of Control Sample
× 100
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randomly divided into five groups (n = 6) and assigned to 
the following dietary regimens for 24 weeks: normal chow, 
high-fat diet (HFD; 60% fat by weight, Envigo, Indianapo-
lis, IN, USA), normal chow with C57BL/6 mice, HFD with 
C57BL/6 mice, normal chow with db/db mice, HFD with db/
db mice, and HFD with db/db mice plus liraglutide. Body 
weight and fasting blood glucose levels (from tail vein sam-
ples) were recorded every four weeks. Liraglutide (0.4 mg/
kg) was administered subcutaneously twice weekly to the 
designated groups for 24 weeks. At the study’s conclusion, 
mice were anesthetized and euthanized to collect blood and 
tissue samples. Hearts were preserved in 4% buffered for-
malin for subsequent analysis. This study was approved by 
the Institutional Animal Care and Use Committee (IACUC) 
of Chung Shan Medical University (Approval No. 2673).

Histological examination and immunofluorescence 
staining

Following euthanasia, heart tissue was harvested and fixed 
in 4% neutral buffered formalin for 24 h. For cryosectional 
histological analysis, the heart was embedded in an optimal 
cutting temperature (OCT) compound and rapidly frozen 
using dry ice or liquid nitrogen. Sections were prepared at 
16 µm thickness using a cryostat (CM3050S, Leica Biosys-
tems, Nussloch, Germany) and collected onto pre-labeled, 
frost-free glass slides. Fibrosis in the heart was visualized 
by staining sections with Picrosirius red. Immunofluores-
cence staining was conducted by incubating sections with 
primary antibodies, followed by fluorescently labeled sec-
ondary antibodies. Nuclei were counterstained with DAPI 
in the mounting medium. Images were acquired using a 
fluorescence microscope (BX53, Olympus, Tokyo, Japan).

Statistical analysis

Data are presented as means ± standard error of the mean 
(SEM) and were analyzed using analysis of variance 
(ANOVA) followed by Dunnett’s post-hoc test for multi-
ple comparisons. Statistical analyses were performed using 
SPSS software (SPSS Inc., Chicago, IL, USA). A p-value of 
less than 0.05 was considered statistically significant.

Results

High glucose and FFAs induced the accumulation 
of lipid droplets (LDs) in differentiated H9c2 cells

Prior to experiments, H9c2 cardiomyoblasts were differen-
tiated into cardiomyocytes following established protocols 
(Pereira, Ramalho-Santos et al. 2011). Once cells reached 
70–80% confluence, serum concentration was reduced to 

1%, and 10 nM all-trans retinoic acid (ATRA) was applied 
daily for eleven days (Fig. 1A). As shown in Fig. 1B, undif-
ferentiated H9c2 cells displayed a short, spindle-shaped 
morphology, while differentiated cells adopted an elongated 
shape typical of cardiomyocytes. To model high glucose 
(HG) and high free fatty acid (HF) conditions similar to 
type 2 diabetes, differentiated cells were treated for 24 h 
with 250 µM FFAs (2:1 oleic acid to palmitic acid) and 
55 mM glucose. These conditions did not significantly alter 
cell morphology or induce cell death, with similar outcomes 
noted upon co-treatment with 0.1 μM liraglutide. This sug-
gests that the differentiated H9c2 cells tolerate glucolipo-
toxic conditions without acute toxicity. Next, we aimed to 
confirm GLP-1 receptor (GLP-1R) expression in differenti-
ated H9c2 cells. Previous studies have demonstrated that 
cardiomyocytes exhibit significant GLP-1R expression [27]. 
To confirm GLP-1 receptor (GLP-1R) expression in differ-
entiated H9c2 cells, immunocytochemistry was performed. 
As shown in Fig. 1C, GLP-1R expression was prominent 
in differentiated cells, and neither HG + HF conditions nor 
liraglutide treatment significantly impacted GLP-1R expres-
sion levels. Further analysis using Nile red staining revealed 
that HG + HF conditions led to notable lipid droplet (LD) 
accumulation within cardiomyocytes compared to controls, 
while co-treatment with liraglutide reduced this accumu-
lation. Interestingly, under HG + HF conditions, GLP-1R 
and LDs showed notable co-localization, an effect reduced 
by liraglutide co-treatment. High-content analysis (HCA) 
revealed a significant increase in intracellular LDs in the 
HG + FFA group compared to controls, with approximately 
a threefold rise in LD count per cell. Liraglutide treatment 
reduced the LD count by 11% relative to the HG + FFA 
group, though it remained elevated at around 2.5 times the 
control levels. Further analysis of LD diameter showed 
that under HG + FFA conditions, there was a shift toward 
smaller LDs. Liraglutide treatment led to a 62% reduction 
in large LDs (> 0.5 µm) and an 8.7% increase in small LDs 
(< 0.5 µm) compared to the HG + FFA group. These results 
indicate that liraglutide, while having minimal impact on 
overall LD count, effectively inhibits the formation of larger 
LDs, suggesting a potential modulation of lipid storage 
under glucolipotoxic conditions (Fig. 1D).

Liraglutide attenuates the fibrosis caused by high 
glucose and FFAs in H9c2 cells

Excessive intracellular LD accumulation due to glu-
colipotoxicity is known to induce oxidative stress and 
inflammation, accelerating profibrotic pathway activation 
and leading to increased myocardial fibrosis. To evalu-
ate liraglutide’s effect on these processes, we measured 
the mRNA levels of fibrosis-related genes using qPCR, 
focusing on TGFB1 (TGF-β1), COL1A1 (collagen I), and 
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COL1A3 (collagen III). As shown in Fig. 2A, HG + HF 
conditions led to substantial increases in TGFB1, COL1A1, 
and COL1A3 mRNA levels, reaching 546%, 265%, and 
331% of control levels, respectively. Liraglutide treatment 
significantly mitigated these increases, reducing TGFB1, 
COL1A1, and COL1A3 levels to 303%, 162%, and 159% of 

control levels, respectively. These results suggest that lira-
glutide effectively suppresses the expression of key fibro-
sis-related genes under HG + HF conditions, indicating a 
potential role in counteracting glucolipotoxicity-induced 
fibrosis. Western blot analysis, shown in Fig.  2B, fur-
ther confirmed these findings. HG + HF conditions led to 

Fig. 1   Liraglutide prevents lipid droplet (LD) accumulation induced 
by high glucose (HG) and high free fatty acids (HF). A Protocol for 
differentiation of H9c2 cardiomyoblasts into cardiomyocytes. B Mor-
phology of undifferentiated and differentiated H9c2 cells. The appear-
ance of differentiated cells remained unchanged with the addition of 
HG + FFAs or liraglutide. C Immunofluorescence staining of GLP-1R 

(green) and LDs (red) in differentiated H9c2 cells. D High-content 
analysis (HCA) of LDs, showing the average number and size distri-
bution of LDs per cell. Exposure to HG + HF for 24  h significantly 
increased LD count. Liraglutide did not significantly reduce the total 
LD count but decreased the number of larger LDs. (*p < 0.05 vs. con-
trol, **p < 0.01 vs. control, $p < 0.05 vs. HG + FFA)
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notable increases in collagen I and III protein expression, 
with collagen I at 460% and collagen III at 160% above 
control levels. Liraglutide treatment reduced these eleva-
tions, bringing collagen I to 210% and collagen III to 50% 
above control levels. This reinforces liraglutide’s ability 
to inhibit HG + HF-induced protein expression of fibrosis-
related markers. To explore the mechanism behind these 
effects, we examined integrin-related signaling, which 
is linked to TGF-β activation in diabetes [28]. Immuno-
fluorescence staining of integrin β1 and talin 1 in H9c2 
cells (Fig. 2C) revealed that HG + HF treatment markedly 
increased talin 1 expression, suggesting enhanced integrin-
cytoskeletal linkage and signaling transmission. Liraglu-
tide treatment reduced talin 1 expression significantly. A 
similar trend was observed for integrin β1, though lira-
glutide’s inhibitory effect was less pronounced than for 
talin 1. In summary, HG + HF-induced LD accumulation 
promotes fibrosis-related collagen production in H9c2 
cells, likely through integrin-mediated TGF-β activation. 
Liraglutide appears to counteract these effects, suggesting 

its potential to inhibit diabetic myocardial fibrosis by miti-
gating glucolipotoxicity’s detrimental impact.

Liraglutide alleviates insulin signaling blockade 
and ROS accumulation induced by high glucose 
and FFAs

Metabolic disorders frequently result in insulin resistance, 
which contributes to cardiomyopathy in T2D and is exac-
erbated by oxidative stress, leading to cellular damage, 
fibrosis, and impaired cardiac function [29]. To assess lira-
glutide’s protective effects under glucolipotoxic conditions, 
we analyzed insulin signaling, oxidative stress, mitochon-
drial function, and neurotrophic factor expression in H9c2 
cells. As shown in Fig. 3A, HG + HF conditions increased 
pSer307-IRS-1 protein expression by 30%, a marker of insu-
lin resistance, and decreased pSer473-Akt levels by 50%, 
indicating an insulin signaling blockade. Liraglutide treat-
ment normalized these levels, reducing pSer307-IRS-1 
back to control levels and restoring pSer473-Akt to 90% 

Fig. 2   Liraglutide inhibits fibrotic TGF-β and collagen synthesis 
induced by high glucose and FFAs. A Quantitative polymerase chain 
reaction (qPCR) analysis of fibrotic mRNA expression, including 
COL1A1, COL1A3, and TGFB1, in H9c2 cells. B Quantitative west-

ern blot analysis and representative blots for fibrotic markers colla-
gen I and collagen III. C Immunofluorescence analysis of integrin β1 
and its adapter protein talin 1. (**p < 0.01 vs. control, $p < 0.05 vs. 
HG + FFA, $$p < 0.01 vs. HG + FFA)
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of control, suggesting reduced insulin resistance. ROS lev-
els, assessed via DCFH-DA staining (Fig. 3B), showed a 
threefold increase under HG + HF conditions compared to 

controls, which liraglutide significantly inhibited, reducing 
ROS to 10% above control levels. In Fig. 3C, the results 
indicate that HG + FFA treatment significantly increased 

Fig. 3   Liraglutide attenuates insulin signaling blockade and ROS 
accumulation induced by high glucose and FFAs. A Western blot 
analysis showing changes in the protein expression of pSer307-IRS-1 
and pSer.473-Akt, markers associated with insulin signaling. B DCFH-
DA assay results demonstrating a significant increase in ROS levels 
after 24  h of HG + FFA exposure, which was markedly reduced by 
liraglutide treatment. C MDA content measurement to assess lipid 
peroxidation, showing an approximately 100% increase in MDA lev-
els with HG + FFA treatment compared to control, indicating elevated 
oxidative stress. Liraglutide significantly reduced MDA levels, dem-

onstrating its protective effect against oxidative damage. D Mitochon-
drial membrane potential was assessed using JC-1 staining, where 
healthy mitochondria are indicated by red fluorescence and dysfunc-
tional mitochondria by green fluorescence. E Representative western 
blots and densitometric analysis for AMPK, Sirt1, PGC1α, SOD1, 
and catalase. F qPCR analysis of mRNA levels for neurotrophic fac-
tors GDNF, NGF, and BDNF, along with FABP3, a gene associated 
with nerve lipid metabolism. (*p < 0.05 vs. control, **p < 0.01 vs. 
control, $p < 0.05 vs. HG + FFA, $$p < 0.01 vs. HG + FFA)
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MDA content by approximately 100% compared to the con-
trol, demonstrating heightened oxidative stress. Liraglutide 
treatment effectively reduced MDA levels, indicating its 

protective role against oxidative damage. This finding aligns 
with the ROS results in Fig. 3B, further supporting liraglu-
tide’s antioxidative effects in mitigating cellular damage. 
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Mitochondrial dysfunction, commonly observed under 
glucolipotoxicity, was evident in the JC-1 staining results 
(Fig. 3D), where HG + HF reduced mitochondrial membrane 
potential. However, co-treatment with liraglutide restored 
this potential, indicating its ROS-reducing effect may be 
partly due to improved mitochondrial function. Western blot 
analysis (Fig. 3E) revealed that HG + HF inhibited pThr172- 
AMP-activated protein kinase (AMPK) and Sirt1, reduced 
PGC1α (critical for mitochondrial function), and decreased 
antioxidant genes like SOD1 and catalase, while liraglutide 
counteracted these effects, indicating its cell-protective 
role. Numerous studies have shown that nerve degeneration 
within myocardial tissue frequently occurs in diabetic car-
diomyopathy, leading to compromised cardiac function [30]. 
To further investigate this phenomenon, we examined the 
expression of neurotrophic factors secreted by cardiomyo-
cytes, including GDNF (glial cell line-derived neurotrophic 
factor), NGF (nerve growth factor), and BDNF (brain-
derived neurotrophic factor), as shown in Fig. 3F. HG + HF 
significantly reduced the mRNA expression of neurotrophic 
factors GDNF, NGF, and BDNF by 36%, 62%, and 48%, 
respectively. Liraglutide partially restored these levels to 
87%, 69%, and 82% of control, respectively, enhancing the 
conditions for nerve cell survival. Additionally, studies have 
shown that fatty acid binding protein 3 (FABP3) influences 
peripheral nerve survival in lipid metabolism disorders [31]. 
Our results showed that HG + HF decreased FABP3 mRNA 
by 29%, while liraglutide treatment restored FABP3 to 88% 
of control levels, suggesting a protective effect on peripheral 
nerves associated with metabolic disorders.

Liraglutide mitigates oxidative stress and fibrosis 
by restoring insulin signaling and enhancing AMPK

Liraglutide’s mechanism of action is often associated 
with the AMPK and insulin signaling pathways [32]. To 
investigate this further, we used the selective inhibitors 
LY294002 (insulin signaling) and Compound C (AMPK) 
to assess liraglutide’s protective effects in H9c2 cells 
under HG + HF conditions. As shown in Fig. 4A, HG + HF 
reduced pThr173-AMPK expression by 70%, which lira-
glutide restored to 90% of control levels. The addition of 

Compound C decreased pAMPK by 80%, while LY294002 
slightly increased pAMPK above control levels, indicat-
ing that liraglutide’s activation of AMPK is independent of 
insulin signaling. HG + HF increased TGF-β1 expression by 
80%, which liraglutide reduced by 80%. However, adding 
LY294002 or Compound C brought TGF-β1 levels up to 
500% and 450% of control, respectively, suggesting liraglu-
tide’s effect on TGF-β1 involves both AMPK and insulin 
pathways. Similarly, HG + HF elevated pSmad2/3 levels by 
360%, which liraglutide reduced by 70%; both inhibitors 
reversed this reduction, indicating liraglutide’s suppres-
sion of pSmad2/3 requires both pathways. Collagen I and 
III levels increased by 440% and 150%, respectively, under 
HG + HF, but liraglutide reduced them by 60% and 44%. 
With LY294002 or Compound C, collagen I and III levels 
returned to those seen in HG + HF conditions, highlighting 
that liraglutide’s antifibrotic effects depend on both AMPK 
and insulin signaling. For antioxidant enzymes, HG + HF 
decreased SOD1 and catalase levels by 50%. Liraglutide 
restored SOD1 to control levels and catalase to 80% of con-
trol. However, Compound C reduced both enzymes to 70% 
and 60% below control levels, indicating liraglutide’s anti-
oxidant effects are largely dependent on AMPK activation. 
This implies that liraglutide’s modulation of insulin signal-
ing primarily targets fibrosis, while its activation of AMPK 
influences both oxidative stress and fibrosis. TGF-β is also 
known to activate epithelial-mesenchymal transition (EMT), 
enhancing ECM protein secretion, altering tissue structure, 
and exacerbating fibrosis [33]. Immunofluorescence staining 
(Fig. 4B) showed that HG + HF increased the mesenchy-
mal marker vimentin and decreased the epithelial marker 
E-cadherin in H9c2 cells. Liraglutide prevented this EMT 
shift, supporting its role in TGF-β signaling suppression. 
Lastly, while myocardial fibrosis has been linked to α-SMA, 
the immunoblotting results in Fig. 4A showed that α-SMA 
levels were not affected by HG + HF or liraglutide. How-
ever, immunofluorescence analysis (Fig. 4C) revealed that 
HG + HF disrupted α-SMA’s long fiber structure, causing 
fragmentation and localized aggregates. Liraglutide restored 
α-SMA’s distribution to a pattern comparable to the control 
group, further demonstrating its protective effect against 
glucolipotoxicity-induced cellular remodeling.

In vivo assessment of liraglutide’s effect 
on myocardial fibrosis

Our in vitro studies indicated that liraglutide may inhibit 
diabetes-related myocardial fibrosis. To confirm our 
in vitro findings, we conducted in vivo animal experi-
ments to strengthen the evidence for liraglutide’s effects on 
diabetes-related myocardial fibrosis. As shown in Fig. 5A, 
wild-type (WT) and db/db mice were randomly assigned 
to receive either a normal chow or high-fat diet (HFD) at 

Fig. 4   Liraglutide inhibits fibrosis by restoring insulin signaling, 
while AMPK activation reduces both oxidative stress and fibrosis. A 
Western blot analysis of the expression levels of p-AMPK, AMPK, 
TGF-β1, p-Smad2/3, Smad2/3, collagen I, collagen III, SOD1, cata-
lase, and α-SMA. LY294002 was used as a PI3K inhibitor, and com-
pound C (CC) as an AMPK inhibitor. B Immunofluorescence staining 
of EMT markers vimentin and E-cadherin, with DAPI used to stain 
nuclei. C Immunofluorescence analysis of α-SMA visualized by con-
focal microscopy. (**p < 0.01 vs. control, $p < 0.05 vs. HG + FFA, 
$$p < 0.01 vs. HG + FFA, #p < 0.05 vs. HG + FFA + Liraglutide, 
##p < 0.01 vs. HG + FFA + Liraglutide)

◂
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6 weeks of age following a one-week acclimation period. 
A group of db/db mice on the HFD received subcutaneous 
liraglutide injections (400 μg/kg, twice weekly). The diets 
and liraglutide treatment were maintained for 24 weeks 
before sacrifice. To monitor metabolic changes, body 
weight and fasting blood glucose were measured every 
four weeks during this period. As shown in Fig. 5B, most 
mice displayed a gradual weight increase. However, HFD-
fed db/db mice reached peak body weight at week 12, fol-
lowed by a decline, potentially indicating the onset of T2D 
symptoms. Consistent with liraglutide’s known pharmaco-
logical effect on weight, the treatment group’s body weight 
began to decline around week 16. Fasting blood glucose 
measurements (Fig. 5C) revealed hyperglycemia in all 
db/db mice, with the most pronounced increase observed 
in the HFD-fed db/db group. Conversely, liraglutide 

effectively controlled blood glucose levels in these mice. 
After 24 weeks, the animals were sacrificed, and myo-
cardial tissue was collected for analysis. Picrosirius red 
staining of myocardial tissue sections (Fig. 5D) indicated 
more pronounced fibrosis in HFD-fed mice compared to 
the normal chow group, with the right atrium showing the 
highest fibrosis levels in HFD-fed db/db mice. Liraglu-
tide treatment markedly reduced fibrosis, consistent with 
our in vitro findings in H9c2 cells. We further examined 
insulin resistance and lipid accumulation in myocardial 
tissue. Immunofluorescence staining results (Fig.  5E) 
showed significantly increased lipid accumulation in HFD-
fed mice, particularly in db/db mice. These hearts also 
exhibited elevated pSer307-IRS-1 expression, indicating 
insulin resistance. Liraglutide effectively reduced both 
lipid accumulation and insulin resistance in the myocardial 

Fig. 5   Liraglutide reduces myocardial fibrosis and lipid accumulation 
in HFD-fed db/db mice. A Experimental protocol for animal treat-
ment. Arrows indicate a single subcutaneous injection of liraglutide 
at 400  μg/kg. Animals were fed either an HFD or normal chow, as 
shown by the horizontal bars, with six animals per group. B Body 
weight measurements taken every four weeks. C Fasting blood glu-

cose monitoring in animals fed normal chow, HFD, or HFD + liraglu-
tide. D Representative images of cardiac sections stained with Pic-
rosirius red staining, showing collagen deposition in red and various 
shades of yellow in cytoplasm and other protein-rich areas. E Immu-
nofluorescence images of myocardial tissue stained with Nile red for 
lipid accumulation and pSer307-IRS-1 to assess insulin resistance
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tissue of HFD-fed db/db mice, highlighting its potential in 
mitigating myocardial fibrosis.

Discussion

DbCM, a chronic disease characterized by complex inter-
actions of metabolic and molecular mechanisms, is signifi-
cantly impacted by prolonged glucolipotoxicity, resulting 
from the excessive accumulation of lipids within cardio-
myocytes, particularly intracellular LDs [34]. This lipid 
overload is a critical factor in the development of car-
diomyopathy and subsequent fibrosis, hallmark features 
of heart failure with preserved ejection fraction (HFpEF) 
[35]. HFpEF, a subtype of DbCM, is challenging to man-
age due to fibrosis-induced myocardial stiffness, which 
impairs diastolic function. Targeted interventions that 
modulate lipid metabolism could potentially prevent or 
slow fibrosis progression, thereby improving cardiac out-
comes in diabetic patients [36]. Recent studies emphasize 
the therapeutic potential of pharmacological and lifestyle 
interventions, such as lipid-lowering drugs and dietary 
adjustments, to reduce myocardial lipid accumulation and 
fibrosis. For instance, Henry et al. highlighted the ben-
efits of targeting lipid metabolic pathways on HFpEF [37], 
while others have demonstrated that preventing myocardial 
lipid accumulation may effectively inhibit DbCM progres-
sion [38]. Our findings support this approach, as GLP-1 
RA liraglutide mitigated LD accumulation in myocardial 
cells caused by excessive glucose and free fatty acids 
(FFAs), thereby potentially alleviating cardiomyopathy 
by reducing fibrosis-related signaling and cellular oxida-
tive stress.

Insulin resistance is also a significant contributor to 
myocardial pathology in diabetes, further exacerbated 
by glucolipotoxicity [39]. This dual metabolic burden 
increases oxidative stress, inflammation, and lipid accu-
mulation, ultimately resulting in cardiac dysfunction and 
fibrosis [40]. GLP-1 RAs have emerged as promising ther-
apeutic agents for DbCM due to their diverse cardioprotec-
tive effects [41]. Primarily, GLP-1 RAs enhance insulin 
signaling, essential for maintaining glucose homeostasis, 
and improve glycemic control, mitigating hyperglycemia-
induced oxidative stress and inflammation associated 
with DbCM [42]. Improved insulin signaling reduces the 
metabolic burden on cardiac cells, preserving their func-
tion and preventing cardiomyopathy onset. Additionally, 
GLP-1 RAs activate the AMPK pathway, decreasing lipid 
accumulation and LD formation in cardiac cells [43]. 
AMPK, a crucial regulator of cellular energy homeo-
stasis, promotes fatty acid catabolism, thereby reducing 
lipid load in cardiomyocytes. In our study, liraglutide, a 
GLP-1 RA, activated the AMPK pathway, enhancing fatty 

acid oxidation and decreasing lipogenesis, which reduced 
lipid-induced cardiomyopathy. Lower lipid accumulation 
is essential because lipotoxicity, linked to excessive LDs, 
induces cellular stress and promotes fibrosis development. 
By reducing lipid-induced stress and fibrosis, GLP-1 RAs 
help preserve myocardial structure and function [44]. The 
antifibrotic effects of GLP-1 RAs are partly mediated by 
AMPK activation, which inhibits fibrogenic signaling 
pathways [45]. Our findings also indicate that liraglutide 
downregulates TGF-β signaling, a key mediator of cardiac 
fibrosis, thus contributing to its cardioprotective effects 
by reducing fibrosis and enhancing myocardial function.

Our study further revealed that liraglutide enhances 
insulin signaling, restoring myocardial cells’ ability to 
synthesize neurotrophic factors. DbCM frequently involves 
autonomic nervous system dysfunction, particularly sym-
pathetic nerve atrophy in the right atrium [30]. Such nerve 
degeneration impairs cardiac output, reduces myocardial 
contractility, and diminishes heart rate variability, contrib-
uting to arrhythmias and heart failure. This nerve atrophy 
is exacerbated by glucolipotoxicity, which promotes oxida-
tive stress, inflammation, and direct damage to myocardial 
cells [46]. The toxic accumulation of glucose and lipids 
in cardiac tissues also creates a hostile environment for 
peripheral nerve endings, increasing their susceptibility 
to degeneration. This loss of sympathetic innervation fur-
ther compromises cardiac function, increasing the risk of 
arrhythmias and heart failure. Our findings demonstrate 
that liraglutide helps create a more supportive environment 
for peripheral nerve survival, consistent with the emerg-
ing understanding that cardiomyocytes, as secretory cells, 
play a role in maintaining and repairing surrounding tis-
sue [47]. By preserving these secretory functions, lira-
glutide mitigates the adverse effects of glucolipotoxicity 
on cardiac cells. Despite these promising findings, further 
studies are warranted to confirm and expand upon these 
observations.

In conclusion, our research demonstrated that GLP-1 
RA liraglutide confers protective effects in diabetic car-
diomyopathy through multiple mechanisms, including 
AMPK pathway activation, which enhances insulin sign-
aling efficiency, reduces lipid accumulation, and lim-
its fibrosis. These mechanistic insights into GLP-1 RAs 
underscore their therapeutic potential for DbCM, offering 
a promising strategy to alleviate diabetes-related cardiac 
complications.
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