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Abstract

Background and Objective: Diabetic cardiomyopathy (DbCM) is a serious complication of diabetes. Adropin (ADR), a 76-amino
acid peptide encoded by the Energy homeostasis associated (Enho) gene, plays a crucial role in energy homeostasis. However, the
effects of (Enho) on cardiomyocytes (CMs) apoptosis under hyperglycemic conditions and the associated mechanisms remain poorly
understood. Thus, this study aimed to investigate the protective effects of ADR against high glucose-induced CM apoptosis and elucidate
the underlying mechanisms involving mitophagy and mitochondrial dynamics. Materials and Methods: Neonatal rat CMs were cultured
in vitro and divided into three groups: control (CMs), high glucose condition (HGLc; CMs + HGLc), and HGLc with ADR treatment
(CMs + HGLc + ADR). Cell viability was assessed using the MTT assay, while apoptosis was quantified by flow cytometry. Lysosomal
activity was evaluated via fluorescent probes, and autophagic flux was measured using the monomeric Red Fluorescent Protein-enhanced
Green Fluorescent Protein-Microtubule-associated protein 1 light chain 3 (mRFP-eGFP-LC3) dual-fluorescence system. The expression
of Proteins invoved in mitophagy and mitochondrial dynamics was analyzed by Western blotting. Results: High glucose exposure
significantly reduced CM viability, increased apoptosis, and impaired mitochondrial membrane potential and autophagy (p < 0.05 vs.
the controls group). These effects were accompanied by downregulation of sequestosome 1 (p62), PTEN-induced kinase 1 (PINK1),
Parkin, Mitofusin 1 (Mfn1), and Mitofusin 2 (Mfn2), and upregulation of Dynamin-related protein 1 (Drpl) . ADR treatment attenuated
these abnormalities, restoring viability, reducing apoptosis, and improving mitochondrial function and autophagy (p < 0.05 vs. CMs +
HGLc group). Notably, ADR upregulated p62, PINK1, Parkin, Mfnl and Mfn2 while suppressing Drp1 expression (p < 0.05 vs CMs +
HGLc group). Conclusion: ADR mitigates high glucose-induced CMs apoptosis by enhancing mitophagy and restoring mitochondrial
dynamics, suggesting that ADR treatment offers therapeutic potential for DbCM.
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1. Introduction proactive and comprehensive strategies for early prevention

. and treatment are critical.
Diabetes has emerged as one of the most severe and

prevalent diseases in modern society. Globally, approxi-
mately 10.5% of individuals aged 20—79 are affected by di-
abetes, and its incidence continues to rise [1]. Diabetes sig-
nificantly increases cardiovascular risks, with diabetic pa-
tients facing more than double the risk of heart failure com-
pared to non-diabetic individuals. Moreover, the preva-
lence of diabetes among heart failure patients is notably
high [2,3].

Diabetic cardiomyopathy (DbCM), a severe com-
plication of diabetes, is characterized by structural and
functional damage to the heart, including ventricular dys-
function, myocardial hypertrophy, cardiomyocytes (CMs)
apoptosis, interstitial fibrosis, and metabolic dysregulation
[4,5]. These pathophysiological changes drive cardiac re-
modeling, reduce cardiac output, and ultimately lead to
heart failure and death [6]. Due to the subtlety of early
symptoms and the lack of effective treatments, DbCM re-
mains challenging to diagnose and manage [7,8]. Thus,

Adropin (ADR) is a 76-amino acid peptide encoded
by the Energy homeostasis associated (Enho) gene, is ex-
pressed in multiple organs, including the heart, liver, and
brain [9]. Its functional exertion mainly relies on bind-
ing to relevant receptors including G protein-coupled re-
ceptor 19 (GPR19) [10]. And it is closely associated with
metabolic disorders such as hypertension, obesity, and dia-
betes [11,12]. ADR plays a vital role in energy homeostasis,
partly by enhancing insulin signaling pathways, promoting
glucose uptake in tissues, and inhibiting hepatic glucose
production [12,13].

In CMs, ADR activates the G protein-coupled
receptor-Mitogen-activated protein kinase-Pyruvate dehy-
drogenase kinase 4 pathway (GPCR-MAPK-PDK4) path-
way, downregulating mitochondrial pyruvate dehydroge-
nase kinase 4 (PDK4) expression [14]. This reduces in-
hibitory phosphorylation of pyruvate dehydrogenase, facil-
itating glucose utilization [12,15]. Additionally, ADR low-
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ers low-density lipoprotein levels, improving lipid profiles
and cardiovascular health [16]. It also serves as a biomarker
for heart disease, with studies indicating a correlation be-
tween plasma ADR levels and heart failure severity [17,18].

Previous research demonstrated that ADR reduces
myocardial fibrosis and improves remodeling in diabetic
rats, highlighting its therapeutic potential for DbCM [19].
However, its effects on CMs apoptosis under high-glucose
conditions and the underlying mechanisms remain unclear.
This study investigates ADR’s role in mitigating high
glucose-induced CMs apoptosis, focusing on mitophagy
and mitochondrial dynamics.

2. Materials and Methods
2.1 Materials and Reagents

Fetal bovine serum (FBS) was obtained from Hy-
clone (Logan, UT, USA). DMEM/F12 medium and trypsin
were purchased from GIBCO (Grand Island, NE, USA),
while penicillin-streptomycin was sourced from Sigma-
Aldrich (St. Louis, MO, USA). Other reagents, in-
cluding Ponceau S, Tris-Buffered Saline with Tween 20
(TBST), acrylamide, SDS, PMSF, and protein membrane
regeneration solution, were acquired from Beijing Bio-
Lab Technology Co., Ltd. (Beijing, China). Radio-
Immunoprecipitation Assay (RIPA) lysis buffer, Lyso-
Tracker Red, and the JC-1 mitochondrial membrane poten-
tial detection kit were purchased from Beyotime Biotech-
nology (Shanghai, China). The MTT assay kit was obtained
from Solarbio (Beijing, China), and the monomeric Red
Fluorescent Protein-enhanced Green Fluorescent Protein-
Microtubule-associated protein 1 light chain 3 (mRFP-
GFP-LC3) adenovirus was procured from Hanbio Biotech-
nology Co., Ltd. Antibodies against Dynamin-related pro-
tein 1 (Drp1) (8570), Mitofusin 2 (Mfn2) (9482), sequesto-
some 1 (p62) (5114) and Parkin (4211) were purchased
from Cell Signaling Technology (Boston, MA, USA),
and antibodies against PTEN-induced kinase 1 (PINKI1)
(ab186303) and Mitofusin 1 (Mfnl) (ab126575) were from
Abcam (Cambridge, UK). ADR was supplied by Shanghai
Lianmai Bioengineering Co., Ltd., and the Annexin V/PI
dual-staining kit was obtained from Invitrogen (Carlsbad,
CA, USA).

2.2 Experimental Instruments

Key instruments included a Thermo Scientific
FORMA 700 ultra-low temperature freezer (Waltham,
MA, USA), a Zhongke Meiling YC-300L pharmaceutical
storage cabinet (Hefei, Anhui, China), and a Thermo
Electron Forma 3111 COs incubator (Waltham, MA,
USA). Protein analysis was performed using a Bio-Rad
Trans-Blot® transfer system (1704150) (Hercules, Cal-
ifornia, USA) and Criterion™ electrophoresis chamber
(1656001) (Hercules, CA, USA). Imaging was conducted
with a Tanon 6600 chemiluminescent system (Shanghai,
China) and a Zeiss LSM 900 confocal microscope (Jena,

Baden-Wiirttemberg, Germany). Flow cytometry was per-
formed using a Beckman Coulter DxFLEX flow cytometer
(Brea, CA, USA).

2.3 Cell Extraction and Culture

Primary neonatal rat CMs were isolated from api-
cal ventricular tissue via enzymatic digestion with 1 g/L
trypsin, followed by overnight incubation at 4 °C. Most
of the trypsin was then discarded, and an equal volume
of complete medium was added to terminate the digestion.
After removing the supernatant, 0.8 g/L type II collage-
nase was added, and the mixture was digested with shak-
ing in a 37 °C water bath for 8—10 minutes before collect-
ing the supernatant. This digestion step was repeated 3—
4 times, and the supernatants from each round were com-
bined. Following centrifugation, the non-adherent cell sus-
pension was aspirated and transferred to a culture dish, after
which 5-Bromo-2’-deoxyuridine (BrdU) was added to label
non-cardiomyocytes and flow cytometry was subsequently
performed for cell sorting to enrich cardiomyocytes. Cells
were cultured in DMEM/F12 medium supplemented with
10% FBS and maintained in a humidified incubator at 37
°C under 5% CO,. After cultivation, the CMs were fixed,
permeabilized, and blocked, followed by sequential incu-
bation with the cardiac-specific a-actinin antibody and flu-
orescent secondary antibody. After DAPI nuclear staining,
CMs were identified by observing specific cytoplasmic flu-
orescence with characteristic sarcomeric striations under a
fluorescence microscope. Mycoplasma contamination was
excluded using the PCR method. For the experiments, CMs
at the logarithmic growth phase (2nd—3rd passages) were
used. This study was conducted under the supervision of
the Ethics Committee of North Sichuan Medical College.

2.4 Experimental Group

Three groups were set in this study. Cells in CMs
group were incubated in normal medium (DMEM/F-12
containing 17.5 mmol/L D-glucose) for 48 hours. Cells in
CMs + high glucose condition (HGLc) group were incu-
bated in DMEM/F-12 medium containing 33.0 mmol/L D-
glucose for 48 hours. Cells in CMs + HGLc + ADR group
were incubated in DMEM/F-12 medium containing 33.0
mmol/L D-glucose and 5 pg/mL (0.66 umol/L) ADR for
48 hours.

2.5 MTT

CMs in the logarithmic growth phase were cultured
under standard conditions (37 °C, 5% CO3) until reach-
ing 90% confluence. Prior to treatment, cells were syn-
chronized by serum starvation (serum-free DMEM/F12
medium, 2 h). Following 48 h of experimental treatments,
the culture medium was carefully aspirated. For the assay,
90 uL of fresh medium was added to each well, followed by
10 uL of MTT solution (5 mg/mL in PBS). Cells were then
incubated for 4 h (37 °C, 5% CO3) to allow formazan crystal
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formation. After incubation, the supernatant was removed,
and 110 pL of DMSO (or appropriate formazan solubiliza-
tion solution) was added to each well. Plates were gently
agitated on an orbital shaker for 10 min to ensure complete
crystal dissolution. Finally, the optical density was mea-
sured at 490 nm using a microplate reader (BioTek Synergy
H1, Winooski, VT, USA), with reference wavelength set at
630 nm to account for background absorbance.

2.6 Cell Apoptosis

CMs were harvested, washed with ice-cold PBS (4
°C), and centrifuged at 1000 xg for 5 min at 4 °C. After
discarding the supernatant, cells were resuspended in 1x
Annexin binding buffer at a density of 1 x 105 cells/mL.
Subsequently, 5 pL Alexa Fluor 488 Annexin V and 1 pL.
propidium iodide (PI, 100 pg/mL) were added to each sam-
ple, followed by a 15-min incubation in the dark. Apoptotic
rates were quantified using flow cytometry.

2.7 Mitochondrial Membrane Potential

JC-1 dye was diluted in staining buffer and vortexed
thoroughly to prepare the working solution. Collected cells
were resuspended in 0.5 mL culture medium, mixed with
0.5 mL JC-1 working solution, and incubated at 37 °C for
20 min. After centrifugation (300 xg, 3 min), the pel-
let was washed twice with JC-1 buffer and resuspended in
1x buffer. Mitochondrial depolarization (green/red fluo-
rescence ratio) was analyzed by flow cytometry.

2.8 Lysosomal Red Fluorescent Probe Staining

CMs in logarithmic growth phase were seeded in 6-
well plates (50-70% confluency). Cells were washed with
PBS and incubated with 50 nM Lyso-Tracker Red (37 °C,
30 min, dark), followed by Hoechst 33342 nuclear coun-
terstaining (20 min). After PBS washes, coverslips were
mounted, and lysosomal fluorescence was captured using a
Zeiss LSM 900 confocal microscope. The fluorescence in-
tensity was analyzed by Image J software (Bethesda, MD,
USA).

2.9 Dual Fluorescence mRFP-eGFP-LC3 Self-Indicating
System

Cells (1 x 10%/well) were seeded 24 h prior to infec-
tion with mRFP-eGFP-LC3 adenovirus (50 pL/well, 70%
confluency). After 24 h incubation (37 °C, 5% COs),
cells were permeabilized with 0.3% Triton X-100 (10 min),
washed with PBS, and imaged at 630x magnification.
Autophagosomes (yellow puncta) and autolysosomes (red
puncta) were quantified across three random fields per sam-
ple using Image J software.

2.10 Western Blot

Neonatal rats (provided by Changzhou Kavens Lab-
oratory Animal Co., Ltd.) were subjected to thoracotomy
under sterile conditions to extract the apical tissue. Treated
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cells were lysed with 400 puL of RIPA lysis buffer on ice
for 30 minutes. The lysate was centrifuged at 12,000
x g for 15 minutes at 4 °C, and the supernatant was col-
lected for protein quantification using the BCA assay (Bio-
Rad kit). A total of 20-30 pg of protein was loaded
per lane, separated by SDS-PAGE gel electrophoresis, and
then transferred to a Polyvinylidene Fluoride (PVDF) mem-
brane. The membrane was incubated with primary antibod-
ies (Drp1/Mfn2/P62/PINK1/Parkin at a dilution of 1:1000,
Minl at a dilution of 1:2000) at 4 °C overnight. After wash-
ing the membrane with TBST, it was incubated with sec-
ondary antibodies at a dilution of 1:5000 at room temper-
ature for 1 hour. Following incubation with horseradish
peroxidase (HRP)-conjugated secondary antibodies, pro-
tein bands were visualized using the Tanon 6600 chemilu-
minescence system. The optical density of the bands was
analyzed using Image Pro Plus 6.0 software (Media Cy-
bernetics, Silver Spring, MD, US), and the relative protein
expression levels were calculated with GAPDH/3-actin as
internal references.

2.11 Statistical Analysis

Data were presented as group mean and its stan-
dard error (mean + SEM). One-way analysis of vari-
ance (ANOVA) followed by the least significant difference
(LSD) post hoc test was used for the statistical analysis of
the difference between multiple groups. If the conditions
are not met, non-parametric tests should be chosen instead.
p < 0.05 is regarded as statistically significant. All statis-
tical analyses were performed in IBM SPSS Statistics for
Windows version 20.0 (IBM Corp, Armonk, NY, USA).

3. Results
3.1 ADR Preserves CMs Viability

MTT assays revealed that high glucose exposure sig-
nificantly reduced CM viability compared to CMs group
(62.94 £+ 3.22% vs 100 £+ 1.57%, p < 0.05). ADR treat-
ment partially restored viability (77.74 & 3.56% vs 62.94 +
3.22%, p < 0.05), though remained lower than CMs group
(p < 0.05, Fig. 1).

3.2 ADR Attenuates High Glucose-Induced CMs Apoptosis

Flow cytometry analysis demonstrated a 3.6-fold in-
crease in apoptosis under high glucose conditions (27.55 &
0.64% vs 7.67 + 1.01%, p < 0.05). ADR intervention sig-
nificantly reduced apoptosis by 32.6% (18.56 & 2.92% vs
27.55 £ 0.64%, p < 0.05), yet remained elevated versus
control (p < 0.05, Fig. 2).

3.3 ADR Restores Mitochondrial Membrane Potential

As shown in Fig. 3, JC-1 staining showed high
glucose-induced mitochondrial depolarization, evidenced
by increased green/red fluorescence ratio (20.37 £ 1.87%
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Fig. 1. Effect of ADR on viability of CMs. Cell viability of
each group was detected using the 3-(4,5-Dimethylthiazol-2-yl)-
2,5-Diphenyltetrazolium Bromide assay (MTT) assay. Compared
to cardiomyocytes (CMs) group, cell viability decreased in CMs
+ high glucose condition (HGLc) group. Compared to CMs +
HGLc group, it increased in CMs + HGLc + adropin (ADR) group.
N = 3, it represents three independent biological replicates, with
three technical replicates per experiment. Values were expressed

as mean =+ standard deviation.

vs 4.79 + 0.91%, p < 0.05). ADR treatment significantly
improved mitochondrial potential (11.83 + 1.67%, p < 0.05
vs CMs + HGLc group).

3.4 ADR Enhances Lysosomal Activity

LysoTracker Red fluorescence intensity decreased by
76% under high glucose (0.24 4 0.02% vs 1.00 4 0.02%,
p < 0.05). ADR treatment increased fluorescence intensity
3.1-fold (0.74 £ 0.04% vs 0.24 + 0.02%, p < 0.05), indi-
cating restored lysosomal function (Fig. 4).

3.5 Effect of ADR on Autophagy in CMs

The mRFP-eGFP-LC3 system revealed that high glu-
cose reduced autolysosomes (red puncta) by 54% (31.11 &
1.13% vs 67.47 + 8.82%), decreased autophagosomes (yel-
low puncta) by 58% (50.90 £+ 1.61% vs 120.15 £ 6.14%)
(» < 0.05 for both). ADR treatment significantly increased
red puncta by 46% (45.44 + 2.36% vs 31.11 + 1.13%) and
yellow puncta by 51% (76.64 £ 6.78% vs 50.90 £ 1.61%)
versus CMs + HGLc group (p < 0.05, Fig. 5).

3.6 ADR Regulates Mitophagy-Related Proteins in CMs

As shown in Fig. 6, western blot analysis demon-
strated that high glucose reduced p62 by 50% (0.43 +
0.01% vs 0.86 + 0.18%), decreased PINK1 by 32% (0.62
4+ 0.07% vs 0.91 4+ 0.03%), lowered Parkin by 49% (0.37
£ 0.06% vs 0.72 £ 0.02%) (p < 0.05 for all). ADR treat-

ment significantly increased p62 by 60% (0.69 4= 0.07% vs
0.43 + 0.01% , p < 0.05), PINK1 by 27% (0.79 =+ 0.04%
vs 0.62 4+ 0.07%, p < 0.05), Parkin by 51% (0.56 + 0.04%
vs 0.37 £ 0.06%, p < 0.05) versus high glucose.

3.7 ADR Modulates Mitochondrial Dynamics Proteins in
CMs

As shown in Fig. 7, high glucose exposure reduced
Mfnl by 47% (0.57 £ 0.04% vs control 1.08 £ 0.12%),
decreased Mfn2 by 52% (0.53 £ 0.03% vs 1.11 + 0.13%),
increased Drp1 by 2.1-fold (1.58 £ 0.22% vs 0.74 4 0.08%)
(»p < 0.05). However, ADR treatment increased Mfnl by
61% (0.92 £ 0.07% vs 0.57 £ 0.04%, p < 0.05), elevated
Min2 by 45% (0.77 = 0.05% vs 0.53 £ 0.03%, p < 0.05),
and reduced Drpl by 35% (1.02 £ 0.14% vs 1.58 £ 0.22%,
p < 0.05) versus CMs + HGLc group.

4. Discussion

The results of this study indicated that the CMs +
HGLc group exhibited a decreased survival rate of CMs,
increased the green to red fluorescence ratio of mitochon-
drial membrane JC-1, decreased mitochondrial membrane
potential and increased apoptosis rate of CMs. However,
with the intervention of ADR, an increase in CMs survival
rate, a decrease in the green to red fluorescence ratio of mi-
tochondrial membrane JC-1, an increase in mitochondrial
membrane potential and a decrease in CMs apoptosis rate
were observed.

Mitochondrial function exhibits a strong correlation
with CMs apoptosis [20]. Mitochondria are highly dynamic
organelles that occupy nearly 1/3 of the volume of cardiac
cells and are the “powerhouse” of the heart [21]. The pre-
cisely regulated balance between mitochondrial fission and
fusion processes, collectively referred to as mitochondrial
dynamics [22]. When cells undergo metabolic or environ-
mental stress, they maintain their shape, distribution, and
size through fusion, fission, and mitophagy [23]. In car-
diac metabolic pathologies, proper mitochondrial dynamics
and mitophagy contribute significantly to enhanced insulin
sensitivity, optimized metabolite utilization, suppressed in-
flammatory responses, attenuated apoptotic pathways, en-
dothelial protection, and prevention of ventricular remod-
eling [24]. Mitochondrial swelling and mitochondrial dys-
function may ultimately lead to left ventricular dysfunction
and pathological cardiac hypertrophy [25].

ADR, a peptide encoded by the Enho gene, is closely
associated with various metabolic diseases [12]. A study
has reported that ADR can improve myocardial cell apop-
tosis in a mouse model of radiation-induced myocardial
injury [9]. It was also observed that ADR alleviates is-
chemia/reperfusion injury in mouse myocardial cells [26].
The mechanism may be related to the regulation of apop-
tosis through the activation of downstream target Glycogen
Synthase Kinase 3 Beta (GSK3p) [26,27]. In the DbCM
animal model, our previous study found that ADR can im-
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Fig. 2. Effect of ADR on apoptosis of CMs. Cell apoptosis was detected by flow cytometry. (A) Flow cytometry scatter plot of apoptosis
in CMs group (FITC-H, fluorescence channel for apoptotic marker; PI-H, propidium iodide staining channel). The quadrant percentages
are as follows: viable cells (Q5-LL): 88.82%, early apoptotic cells (Q5-LR): 3.64%, late apoptotic cells (Q5-UR: 3.93%), necrotic cells
(Q5-UL: 3.61%). (B) Flow cytometry scatter plot of CMs after high glucose condition (HGLc) treatment. The quadrant percentages
are as follows: viable cells (Q5-LL): 70.07%, early apoptotic cells (Q5-LR): 18.50%, late apoptotic cells (Q5-UR: 8.40%), necrotic
cells (Q5-UL: 3.03%). (C) Flow cytometry scatter plot of CMs co-treated with HGLc and adropin (ADR). The quadrant percentages
are as follows: viable cells (Q5-LL): 80.18%, early apoptotic cells (Q5-LR): 7.69%, late apoptotic cells (Q5-UR: 7.99%), necrotic cells
(Q5-UL: 4.14%). (D) Compared to CMs group, the apoptosis rate increased in CMs + HGLc group (p < 0.05). Compared to CMs +
HGLc group, it decreased in CMs + HGLc + ADR group (p < 0.05). N = 3, it represents three independent biological replicates, with
three technical replicates per experiment. Values were expressed as mean =+ standard deviation.

prove ventricular remodeling in DbCM rats [19]. The ex-
periments in this study were conducted from the cellular
level. The results indicated that ADR can reduce the apop-
tosis rate, enhance autophagy of CMs under high glucose
conditions, providing supporting evidence for the role of
ADR in improving ventricular remodeling in DbCM.

The PINKI-Parkin pathway is an important path-
way for initiating mitophagy. PINKI is a cytosolic ser-
ine/threonine kinase, which is rapidly degraded by mito-
chondrial proteases in the inner membrane of healthy mito-
chondria [28]. When mitochondria are damaged, changes
in the mitochondrial membrane potential inhibit the degra-
dation of PINKI1 by proteases [23]. The accumulated
PINK1 recruits Parkin to the outer membrane of the mito-
chondria [29]. Activated Parkin induces ubiquitination of
proteins on the outer mitochondrial membrane, leading to
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the occurrence of autophagy [28]. This study found that mi-
tophagy of CMs is reduced under high glucose conditions.
In experiments extracting mitophagy-related proteins, the
expression of PINK1, Parkin, and P62 proteins involved in
PINK1-Parkin pathway was decreased in the CMs + HGLc
group, while they were increased in the ADR intervention
group. The mechanism may be related to the regulation of
the PINK1-Parkin pathway.

Mitochondrial dynamics are related to the occurrence
of CMs apoptosis [30]. Mitochondrial fusion proteins and
mitochondrial fission proteins are of great significance to
mitochondrial homeostasis. An imbalance between mito-
chondrial fusion and fission will have adverse effects on
mitochondrial homeostasis [31], which causes the accumu-
lation of damaged organelles produce ROS and progres-
sive heart failure [32]. Excessive or absent expression of
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Fig. 3. Effect of ADR on mitochondrial membrane potential of CMs. Mitochondrial membrane potential was detected by flow cy-
tometry. (A) JC-1 fluorescence scatter plots of different groups (JC-1 red fluorescence: ordinate; JC-1 green fluorescence: abscissa; P4:
region of cells with decreased mitochondrial membrane potential). The percentage of P4 region in each group is as follows: cardiomy-
ocytes (CMs) group: 4.00%; CMs + high glucose condition (HGLc) group: 18.21%; CMs + HGLc + adropin (ADR) group: 13.70%. (B)
Compared to CMs group, the green radio increased in CMs + HGLc group (p < 0.05). Compared to CMs + HGLc group, it decreased in
CMs + HGLc + ADR group (p < 0.05). N = 3, it represents three independent biological replicates, with three technical replicates per

experiment. Values were expressed as mean =+ standard deviation.
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Fig. 4. Effect of ADR on lysosomes in CMs. Lysosomal activity was detected by lysosomal red probe. (A) Fluorescence images
of cardiomyocytes (CMs) in different groups (Lyso-Tracker: red fluorescence, labeling lysosomes; Hoechst 33342: blue fluorescence,
labeling cell nuclei; Merge: merged images of red and blue fluorescence). From left to right: CMs group, CMs + high glucose condition
(HGLc) group, CMs + HGLc¢ + adropin (ADR) group. The scale bar: 20 um. (B) Compared to CMs group, the fluorescence intensity
decreased in CMs + HGLc group. Compared to CMs + HGLc group, it increased in CMs + HGLc + ADR group. N = 3, it represents three
independent biological replicates, with three technical replicates per experiment. Values were expressed as mean + standard deviation.

Drpl will affect mitochondrial homeostasis [33]. Many
studies have shown that Drp1 protein expression is upregu-
lated and plays a role in mediating programmed cell death
necrosis in pathological conditions in the heart [34,35]. It’s
reported that the ablation of Drp1 interrupts mitochondrial
fission and significantly increases Parkin levels, enhancing
Parkin-mediated mitophagy [36]. Our previous animal ex-
periments in DbCM rats also indicated that the expression
of Mfnl and Mfn2 in myocardial tissue increased, and the
expression of Drp1 decreased after the intervention of ADR
[19]. This study confirmed the results at cellular level. In

high glucose stimulation, Mfnl and Mfn2 proteins in CMs
were decreased. The Drpl protein and fragmented mito-
chondria were increased. However, after the intervention
with ADR, the mitochondrial abnormal fission decreased,
and mitochondrial function was improved. Therefore, com-
bining the in vivo and in vitro experiments, it was found that
ADR can reduce CMs apoptosis and improve DbCM ven-
tricular remodeling by regulating mitochondrial dynamics
and mitophagy.

This study has both strengths and limitations. By
investigating ADR’s effects on CMs at the cellular level,
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Fig. 5. Effect of ADR on autophagy in CMs. Autophagy in cardiomyocytes (CMs) was detected using the monomeric Red Fluorescent
Protein-enhanced Green Fluorescent Protein-Microtubule-associated protein 1 light chain 3 (mRFP-GFP-LC3) system. (A) Fluorescence
images of mRFP-GFP-LC3 (GFP: green fluorescence; mRFP: red fluorescence; Merge: merged images; yellow puncta in Merge represent
autophagosomes). From left to right: CMs group, CMs + high glucose condition (HGLc) group, CMs + HGLc + adropin (ADR) group.
The scale bar: 20 um. (B) Quantitative analysis chart of LC3 red puncta (representing autophagosome precursors). Compared with the
CMs group, the number of LC3 red puncta in the CMs + HGLc group was significantly decreased (p < 0.05); compared with the CMs +
HGLc group, the number of LC3 red puncta in the CMs + HGLc + ADR group was significantly increased (p < 0.05). (C) Quantitative
analysis chart of LC3 yellow puncta (representing mature autophagosomes). Compared with the CMs group, the number of LC3 yellow
puncta in the CMs + HGLc group was significantly decreased (p < 0.05); compared with the CMs + HGLc group, the number of LC3
yellow puncta in the CMs + HGLc + ADR group was significantly increased (p < 0.05). N = 3, it represents three independent biological

replicates, with three technical replicates per experiment. Values were expressed as mean + standard deviation.
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Fig. 6. Effect of ADR on mitophagy-related proteins in CMs. Mitophagy-related proteins were detected by Western blot. (A)
Representative Western blot images showing the expression of mitophagy-related proteins [sequestosome 1 (p62), PTEN-induced kinase
1 (PINK1), Parkin] and and internal reference protein [3-actin (molecular weight: p62: 62 kDa; PINK1: 50 kDa; Parkin: 50 kDa; (-
actin: 42 kDa). From left to right: CMs group, CMs+HGLc group, CMs+HGLc+ADR group. (B) Quantitative analysis chart of relative
p62 levels (normalized to S-actin). Compared with CMs group, the relative p62 level in CMs+HGLc group was decreased (p < 0.05);
compared with CMs+HGLc group, the relative p62 level in CMs + HGLc + ADR group was increased (p <0.05). (C) Quantitative
analysis chart of relative PINK1 protein level (normalized to 8-actin). Compared with the CMs group, the relative PINK1 level in the
CMs + HGLc group was significantly decreased (p <0.05); compared with the CMs + HGLc group, the relative PINK1 level in the CMs
+HGLc + ADR group was significantly increased (p < 0.05). (D) Quantitative analysis chart of relative Parkin protein level (normalized
to B-actin). Compared with the CMs group, the relative Parkin level in the CMs + HGLc group was significantly decreased (p < 0.05);
compared with the CMs + HGLc group, the relative Parkin level in the CMs+HGLc+ADR group was significantly increased ( p < 0.05).
N = 3, it represents three independent biological replicates, with three technical replicates per experiment. Values were expressed as
mean =+ standard deviation.

we have extended previous in vivo findings and elucidated  dynamics and mitophagy - a previously unreported mech-
novel mechanisms of action. Our results demonstrate that anism of ADR'’s cardioprotective effects. These findings
ADR attenuates CM apoptosis and ameliorates myocardial ~ not only provide the first evidence for ADR’s regulation
remodeling in DbCM through modulation of mitochondrial of mitophagy in CMs but also suggest its potential clinical
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Fig. 7. Effect of ADR on mitochondrial dynamics - related proteins in CMs. Mitochondrial Dynamics-Related Proteins were detected
by Western blot. (A) Representative Western blot bands of mitochondrial dynamics - related proteins [Dynamin-related protein 1 (Drp1),
Mitofusin 1 (Mfn1), Mitofusin 2 (Mfn2)] and internal reference protein S-actin (molecular weight: Drpl: 78 kDa; Mfnl: 84 kDa; Mfn2:
80 kDa; S-actin: 42 kDa). From left to right: cardiomyocytes (CMs) group, CMs + high glucose condition (HGLc) group, CMs+HGLc+
adropin (ADR) group. (B) Quantitative analysis chart of relative Drpl protein level (normalized to S-actin). Compared with the CMs
group, the relative Drp1 level in the CMs+HGLc group was significantly increased (p < 0.05); compared with the CMs+HGLc group,
the relative Drp1 level in the CMs+HGLc+ADR group was significantly decreased (p < 0.05). (C) Quantitative analysis chart of relative
Minl protein level (normalized to -actin). Compared with the CMs group, the relative Mfnl level in the CMs + HGLc group was
significantly decreased (p < 0.05); compared with the CMs + HGLc group, the relative Mfnl level in the CMs + HGLc + ADR group
was significantly increased (p < 0.05). (D) Quantitative analysis chart of relative Mfn2 protein level (normalized to 8-actin). Compared
with the CMs group, the relative Mfn2 level in the CMs + HGLc group was significantly decreased (p < 0.05); compared with the CMs +
HGLc group, the relative Mfn2 level in the CMs + HGLc + ADR group was significantly increased (p < 0.05). N = 3, it represents three
independent biological replicates, with three technical replicates per experiment. Values were expressed as mean =+ standard deviation.
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utility in improving DbCM prognosis and treatment out-
comes. However, several limitations should be acknowl-
edged. However, this study also has some shortcomings.
Firstly, ADR did not conduct experiments with different
concentration subgroups. Besides, this study did not per-
form specific gene knockouts in exploring the mechanisms
and bright-field microscopy imaging was not performed.
Future studies will address these limitations to further char-
acterize ADR’s therapeutic potential.

5. Conclusion

In conclusion, ADR effectively attenuates cellular
apoptosis through coordinated regulation of mitophagy and
mitochondrial dynamics in high glucose-exposed CMs.
These results position ADR as a promising therapeutic can-
didate for diabetic cardiomyopathy management, warrant-
ing further preclinical and clinical investigation.
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