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Abstract

Background: Dysregulated lipid metabolism in diabetes contributes to myocardial lipotoxicity, mitochondrial dysfunction, and inflam-
matory cell death. This study investigated the mechanisms by which abnormal lipid metabolism in diabetes induces mitochondrial
oxidative stress, and whether the lipid droplet (LD)–mitochondrial pathway is involved in cardiomyocyte pyroptosis during diabetic
cardiomyopathy (DCM).Methods: db/db and db/m mice were evaluated for blood glucose and lipid levels, myocardial histopathologic
characteristics, and cardiac function. Differentially expressed genes were identified by transcriptomic analysis, followed by Gene Ontol-
ogy (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses. Immunohistochemistry and TUNEL staining
were performed to assess inflammatory responses and cell death, respectively. Myocardial lipid deposition, LD distribution, mitochon-
drial ultrastructure, and perilipin 5 (PLIN5) expression were examined. In vitro, H9c2 cardiomyocytes were transfected with a PLIN5
overexpression plasmid. Immunofluorescence and Real-Time Quantitative PCR (RT-qPCR) were used to assess pyroptosis-related mark-
ers, including NLR Family, Pyrin Domain Containing Protein 3 (NLRP3), caspase 1, and Gasdermin Domain Containing 1 (GSDMD).
Lipid peroxidation and reactive oxygen species (ROS) levels were measured using fluorescence-based assays. Oxygen consumption
rate (OCR) was assessed using a Seahorse XFe96 analyzer, and LD–mitochondrial colocalization was evaluated by laser confocal mi-
croscopy. Results: Compared with db/m mice, db/db mice showed significantly increased body weight and serum levels of glucose,
total cholesterol (TC), triglyceride (TG), and low-density lipoprotein cholesterol (LDL-C), together with reduced high-density lipopro-
tein cholesterol (HDL-C) levels (p < 0.01). The db/db mice also exhibited aggravated pathological changes and reduced ejection fraction
(EF) and fractional shortening (FS) (p < 0.01). Transcriptomic analysis showed significant upregulation of fatty acid-binding protein 3
(FABP3), Long-chain acyl-CoA synthetase 1 (ACSL1), Medium-chain acyl-CoA dehydrogenase (ACADM), acyl-CoA thioesterase 2
(ACOT2), and PLIN5 in myocardial tissue. db/db mice exhibited marked myocardial lipid accumulation and increased LD abundance,
accompanied by mitochondrial structural abnormalities and altered LD–mitochondrial co-localization. Total PLIN5 protein and Plin5
mRNA expression were significantly increased, whereas mitochondrial-associated PLIN5 protein expression was significantly decreased
(p < 0.01). In palmitic acid (PA)-treated H9c2 cardiomyocytes, immunofluorescence showed a significant increase in pyroptosis-positive
cells, and protein levels of NLRP3, interleukin-1 beta (IL-1β), interleukin-6 (IL-6), interleukin-18 (IL-18), and tumor necrosis factor-α
(TNF-α) (p < 0.05 or p < 0.01) were significantly increased. PLIN5 overexpression significantly reduced lipid peroxidation and ROS ac-
cumulation (p < 0.01), decreased maximal OCR, increased LD–mitochondrial co-localization, and reduced pyroptosis (p < 0.01). PLIN5
overexpression also significantly decreased NLRP3, caspase-1, and GSDMD protein and mRNA levels (p < 0.01). Conclusions: PLIN5
overexpression increased LD–mitochondrial co-localization and was associated with reduced lipid peroxidation, ROS accumulation, and
activation of the NLRP3/caspase-1/GSDMD pathway in PA-treated cardiomyocytes. The PLIN5-regulated LD–mitochondrial pathway
may therefore represent a mechanism linking abnormal lipid metabolism to cardiomyocyte pyroptosis and a potential therapeutic target
for further investigation in DCM.
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1. Introduction

Diabetes mellitus (DM) is a major chronic non-
communicable disease that poses a serious threat to human
health and continues to increase in prevalence worldwide
[1]. According to the International Diabetes Federation, ap-
proximately 537 million adults currently live with DM, and
this number is projected to reach 784 million by 2045 [2].

DM is associated with a 2- to 3-fold increased risk of car-
diovascular disease (CVD), with CVD accounting for ap-
proximately 30%–40% of deaths among patients with DM
[3]. The Framingham study further demonstrated that DM
increases the risk of heart failure (HF) by 2- to 5-fold [4].
Cardiovascular complications, particularly those affecting
cardiac structure and function and ultimately leading to HF,
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are major causes of mortality in patients with DM [5]. Di-
abetic cardiomyopathy (DCM) is a special cardiac compli-
cation of DM, with HF representing its principal clinical
manifestation and outcome, characterized by damage to the
structure and function of the heart, including ventricular
dysfunction, myocardial hypertrophy, interstitial fibrosis,
and metabolic disorders [6,7,8]. DCM is currently consid-
ered to arise from disturbances in blood glucose and lipid
metabolism that alter myocardial substrate utilization and
energy production, followed by mitochondrial and other or-
ganelle dysfunction, oxidative stress, immune dysregula-
tion, and local inflammatory responses [9,10,11]. However,
the underlying mechanisms of DCM remain incompletely
understood.

Dyslipidemia plays an important role in the develop-
ment of cardiovascular complications associated with DM.
Patients with DM, particularly those with type 2 diabetes
mellitus (T2DM), frequently present with abnormalities in
lipid metabolism. The Chinese Expert Consensus on Lipid
Management in Diabetic Patients (2024 Edition) indicates
that patients with T2DM commonly have elevated free fatty
acids (FFAs) and triglycerides (TGs), reduced high-density
lipoprotein cholesterol (HDL-C), and mildly elevated or
normal total cholesterol (TC) and low-density lipoprotein
cholesterol (LDL-C), primarily as a result of insulin re-
sistance or relative insulin deficiency [12]. Lipid accu-
mulation is an important pathological feature of DCM. In
T2DM, elevated circulating FFA levels increase myocar-
dial FFA uptake and utilization. When FFA uptake exceeds
the capacity for oxidative utilization, excess lipids accumu-
late within myocardial tissue [13]. Although this process
may initially occur without obvious clinical symptoms, pro-
gressive disruption of the balance between myocardial fatty
acid uptake and oxidation can lead to diastolic dysfunction,
compensatory and decompensated myocardial remodeling,
and ultimately HF [14,15]. Mitochondrial dysfunction is
considered a key pathogenic feature of DCM. Insulin re-
sistance or insulin deficiency suppresses myocardial glu-
cose uptake and utilization, resulting in a shift in cardiac
energy metabolism toward fatty acid oxidation [16]. In-
creased fatty acid transport and utilization place a higher
metabolic burden on cardiomyocytes, which increasingly
depend on fatty acid β-oxidation as their primary energy
source. This metabolic shift reduces the efficiency of cellu-
lar energy production and is accompanied by increased oxy-
gen consumption and excessive generation of reactive oxy-
gen species (ROS). When ROS production exceeds the ca-
pacity of endogenous antioxidant systems, oxidative stress
develops, contributing to cardiomyocyte injury and death
as well as myocardial interstitial fibrosis [17].

Activation of caspase-1 promotes the cleavage of gas-
dermin D (GSDMD), initiating pyroptosis, a form of in-
flammatory programmed cell death that has been impli-
cated in DM and its complications [18,19]. Pyroptosis is
characterized by increased cell membrane permeability and

the release of pro-inflammatory cytokines and may be trig-
gered by hyperglycemia during the development of DCM
[20]. GSDMD is a key effector of pyroptosis. Upon activa-
tion by inflammatory caspases, GSDMD is cleaved into an
N-terminal fragment (GSDMD-N) with pore-forming ac-
tivity and a C-terminal fragment (GSDMD-C) that exerts
an inhibitory effect. GSDMD-N oligomerizes and forms
pores in the cell membrane, facilitating the release of in-
flammatory mediators such as IL-1β and IL-18 and pro-
moting the inflammatory response [21]. Abnormal lipid
metabolism in DM generates bioactive lipid molecules that
can act as important triggers and endogenous regulators of
pyroptosis [22]. These lipid molecules may promote py-
roptosis through several mechanisms, including ROS gen-
eration, endoplasmic reticulum stress (ERS), mitochondrial
dysfunction, and lysosomal damage [23].

The lipid droplet–mitochondrial pathway has emerged
as a potential regulatory mechanism of pyroptosis. Lipid
droplets (LDs) are important intracellular sites for lipid
storage and metabolism and play a key role in maintain-
ing lipid and energy homeostasis by storing and mobiliz-
ing fatty acids and other lipids [24]. In cardiomyocytes,
LDs contribute to cardiac lipid homeostasis through the
synthesis, storage, and mobilization of lipids and interact
with mitochondria and the endoplasmic reticulum to es-
tablish organelle contact sites. These contact sites facili-
tate the exchange of lipids, ions, and other molecular com-
ponents through locally regulated transport mechanisms
[25]. Interactions between LDs and mitochondria facili-
tate lipid transfer and contribute to the regulation of cel-
lular energy homeostasis [26]. Therefore, elucidating how
LD–mitochondrial contacts regulate lipid transport and mi-
tochondrial energy metabolism may provide important in-
sights into the physiological functions of LDs and the role
of the LD–mitochondrial pathway in the pathological pro-
cess of DCM.

In this study, in vivo and in vitro experiments were
performed to investigate the regulatory mechanisms of the
LD–mitochondrial pathway in DCM, providing new in-
sights into the relationship between lipid metabolism, mi-
tochondrial dysfunction, and pyroptosis in the pathogenesis
of DCM.

2. Materials and Methods
2.1 Animals

Eight male db/db mice and eight male db/mmice (spe-
cific pathogen-free [SPF] grade, 13 weeks old) were ob-
tained from Changzhou Kawensi Laboratory Animal Co.,
Ltd. (SCXK (Su) 2021-0013). The db/db mice were de-
rived from the C57BLKS strain and carried a mutation in
the Lepr gene, resulting in spontaneous obesity and hyper-
glycemia. All mice were fed a standard diet and housed in
cages measuring 380 × 178 × 139 mm. The animal study
was conducted in accordance with the ARRIVE guidelines.
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2.2 Chemicals and Reagents
Eosin staining solution (G1005-2), hematoxylin stain-

ing solution (G1005-1), MASSON staining kit (G1006),
WGA staining kit (GDP1020), RNA extraction solution
(G3013), SYBR (G3326-05), Hoechst 33342 staining so-
lution (G1127), TUNEL staining kit (GDP1041), Oil Red
O staining kit (GP1067), IL-6 antibody (GB300007), IL-1β
antibody (GB300002), and TNF-α antibody (GB300031)
were purchased from Servicebio. The perilipin 5 (PLIN5)
antibody (L0219) was purchased from Santa Cruz Biotech-
nology (USA). The GAPDH antibody (380626) was pur-
chased fromChengdu Zenbio BiotechnologyCo., LTD. The
VDAC1 antibody (00118328) was purchased from Protein-
tech. The NLRP3 (ab263899) and GSDMD (ab219800)
antibodies were purchased from Abcam. Cleaved-Caspase
1 (AF4005) was purchased from Affinity. The glucose
(GLU) kit (C050-g) and the triglyceride (TG) kit (C061-
A) were purchased from Changchun Huili Biotechnology
Co., LTD. The TC kit (A111-1-1) and LDL-C kit (A113-
1-1) were purchased from Nanjing Jiancheng Bioengineer-
ing Institute. The HDL-C kit (A0-10137) was purchased
from Zhejiang Dongou Diagnostic Products Co., LTD.
The lipid fluorescence staining kit (G1264) and mitochon-
drial red fluorescent probe (M9940) were purchased from
Solarbio. Albumin Bovine V (fatty acid-free) was pur-
chased from G-CLONE. ECL chemical substrate lumines-
cence kit (BL520B), Reverse transcription kit (BL696A),
penicillin-streptomycin solution (BL505A), fetal bovine
serum (BL201A), and ROS detection kit (BL714A) were
purchased from Biosharp. Mito-Tracker Red CMXRos
(C1049B) was purchased from Beyotime Biotechnology.
H9c2 cells (CL-0089) were purchased fromWuhan Procell
Biotechnology Co., Ltd. The plasmid was constructed us-
ing the PEX-3 cloning vector (pGCMV/MCS/Neo), with
XhoI and EcoRI as the cloning sites, and was provided
by GenePharma. Seahorse XF Cell Mito Stress Test kit
(103015-100) and Seahorse XF DMEM medium (103575-
100) were obtained from Agilent. SuperKine™ Lipo3.0
high-efficiency transfection reagent (BMU111) was pur-
chased from Abbkine.

2.3 In Vivo Experiments
2.3.1 Detection of Cardiac Mass Index

Mice were anesthetized by intraperitoneal injection of
3% pentobarbital sodium (30 mg/kg). After cervical dislo-
cation, the heart was surgically removed under sterile con-
ditions. The cardiac mass index was calculated as the heart
weight-to-tibial length ratio (HW/TL), where HW repre-
sents heart weight (mg), and TL represents tibial length
(cm):

Cardiac mass index (HW/TL) = heart weight (mg) /
tibial length (cm)

2.3.2 Blood Glucose and Cholesterol Detection
Blood samples were collected from mice into antico-

agulant tubes and allowed to stand at room temperature for
2 h before centrifugation at 3000 rpm for 10 min to obtain
serum. Serum levels of TC, TG, LDL-C, and HDL-C were
measured using the corresponding commercial assay kits
according to the manufacturers’ instructions.

2.3.3 Myocardial Histopathology Detection
Ventricular tissue was cut into approximately 2-mm-

thick sections, fixed and embedded in paraffin, and then
sectioned at a thickness of 5 μm. Hematoxylin and eosin
(HE), MASSON, and WGA staining were performed to as-
sess pathological changes andmyocardial structural remod-
eling.

2.3.4 Evaluation of Cardiac Function
Mice were anesthetized by isoflurane inhalation, and

the anterior chest region was depilated before application
of ultrasound coupling gel. The probe was positioned
on the left side of the sternum. M-mode echocardiogra-
phy was performed in the parasternal long-axis view of
the left ventricle. Left ventricular motion curves were
recorded and cardiac parameters were measured under two-
dimensional image guidance. After echocardiographic ex-
amination, isoflurane administration was discontinued, and
the mice were allowed to recover. Ejection fraction (EF)
and fractional shortening (FS) were measured to assess car-
diac function.

2.3.5 Detection of Differentially Expressed Genes
Total RNA was extracted, and mRNA was enriched

using oligo(dT) beads and fragmented. Random primers
were added for cDNA synthesis, followed by end repair,
A-tailing, and adaptor ligation. PCR amplification was
then performed, and the amplified products were recovered.
Circular DNA molecules were generated and amplified by
rolling-circle amplification to produce DNA nanospheres.
Sequencing was performed on the DNBSEQ platform. Dif-
ferentially expressed genes (DEGs) were identified using
a threshold of |log2FoldChange| >1 and p < 0.05. The
identified DEGs were visualized using volcano plots and
heatmaps. Gene Ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) enrichment analyses were
performed to investigate the biological functions and path-
ways associated with the DEGs.

2.3.6 Immunohistochemical Detection of Inflammatory
Proteins

Following anesthesia, mice were euthanized by cer-
vical dislocation, and the hearts were surgically removed
under sterile conditions. The heart tissues were fixed in
4% paraformaldehyde for 24 h, dehydrated, embedded in
paraffin, and sectioned at a thickness of 5 μm. The sections
were deparaffinized and subjected to antigen retrieval, fol-
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lowed by blocking of endogenous peroxidase activity. Af-
ter blocking with BSA for 30 min, the sections were in-
cubated overnight at 4 °C with primary antibodies against
IL-1β, IL-6, IL-18, and TNF-α. After washing with PBS,
the sections were incubated with the appropriate secondary
antibody. Following further PBS washes, the sections
were developed with DAB chromogenic solution, counter-
stained, dehydrated, and mounted. Images were acquired
using a fluorescent microscope.

2.3.7 Detection of Positive Rates
Mouse myocardial tissue sections were deparaffinized

and rehydrated, followed bymicrowave-assisted antigen re-
trieval in citrate buffer. The sections were washed three
times with PBS and incubated with TUNEL reaction so-
lution at 37 °C according to the manufacturer’s instruc-
tions. After washing with PBS, the sections were treated
with H2O2 and methanol to block endogenous peroxidase
activity, followed by further PBS washing and DAB de-
velopment. The sections were counterstained with hema-
toxylin, dehydrated, cleared, mounted, and observed and
photographed using a light microscope.

2.3.8 Transmission Electron Microscopy
Mouse myocardial tissue samples measuring approx-

imately 1 mm3 were fixed in 1% osmium tetroxide pre-
pared in phosphate buffer at room temperature. The sam-
ples were dehydrated through a graded ethanol series and
infiltrated and embedded in a mixture of acetone and 812
embedding resin. Ultrathin sections (60 nm thick) were pre-
pared and collected on 150-mesh copper grids. The sections
were stained with 2% saturated alcoholic uranyl acetate,
followed by staining with 2.6% lead citrate solution. The
ultrastructure of myocardial tissue was examined and pho-
tographed using a transmission electron microscope (Hi-
tachi, Japan).

2.3.9 Western Blot Analysis
Protein extraction and Western blot analysis were per-

formed according to a previously described method [27].
PLIN5 and NLRP3 were detected using primary antibodies
at 0.2 μg/mL (1:1000) and 0.548 μg/mL (1:1000), respec-
tively. The expression of mitochondrial-associated PLIN5
in myocardial tissue was analyzed byWestern blotting. The
optical density of the protein bands was quantified using
ImageJ software.

2.3.10 Quantitative Real-Time PCR Analysis of PLIN5
Expression

RNA extraction, reverse transcription, and quan-
titative real-time PCR (RT-qPCR) were performed ac-
cording to a previously described method [27]. Rel-
ative mRNA expression levels were calculated using
the 2−ΔΔCq method, with β-actin used as the reference
gene. The primer sequences were as follows: PLIN5

(Forward: 5′-ATGAGTCAAGCCATGGACATG-3′, Re-
verse: 5′-AAAGAGTGTTCATAGGCGAGAT-3′), and
β-actin (Forward: 5′-GGCTGTATTCCCCTCCATCG-3′,
Reverse: 5′-CCAGTTGGTAACAATGCCATGT-3′).

2.3.11 Identification of Mitochondrial-Related Proteins
Among PLIN5-Interacting Proteins

Protein samples were subjected to reduction and enzy-
matic digestion after dilution of the enzyme solution with
25 mM NH4HCO3. Following gradient elution, the result-
ing peptide solutions were collected, frozen, and dried for
further analysis. The samples were enriched and desalted.
Peptide separation was performed using a column with an
inner diameter of 75 μm, a particle size of 3 μm, and a
length of 25 cm at a flow rate of 300 nL/min. The separated
peptides were introduced into a tandem mass spectrometer
and analyzed in data-dependent acquisition (DDA) mode
using higher-energy collisional dissociation (HCD) for ion
fragmentation. The acquired mass spectrometry data were
matched against theoretical spectra generated from the cor-
responding protein database to identify proteins. GO and
KOG functional annotation analyses were then performed.
The intensity-based absolute quantification (iBAQ) value
was calculated by dividing the total protein peak area by the
number of theoretically observable peptides and was used
as a measure of relative protein abundance.

2.4 In Vitro Experiments
2.4.1 Cell Culture and Grouping

H9c2 cell lines were validated by STR profiling and
tested negative for mycoplasma. Cells were cultured in
high-glucose DMEM supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin-streptomycin solution, in a
37 °C, 5% CO2 incubator. H9c2 cells were randomly di-
vided into three groups: the negative-control (NC) group,
in which cells were transfected with the NC plasmid and
cultured in complete medium for 24 h after transfection;
the NC + palmitic acid (PA) group, in which cells were
transfected with the NC plasmid and cultured for 24 h in
complete medium containing 200 μmol/L PA; and the PA
+ PLIN5-OE group, in which cells were transfected with
the PLIN5 overexpression plasmid and cultured for 24 h in
complete medium containing 200 μmol/L PA.

2.4.2 Immunofluorescence Staining for Protein Detection
H9c2 cells were fixed with 4% paraformaldehyde for

20 min, permeabilized with 0.5% Triton X-100 for 20 min,
and blocked with 10% goat serum for 1 h. The cells were
then incubated overnight at 4 °C with primary antibodies
against NLRP3, caspase-1, and GSDMD (1:200). After
washing to remove unbound primary antibodies, the cells
were incubated with Alexa Fluor 488-conjugated secondary
antibodies (1:200) for 1 h and counterstained with DAPI.
Fluorescence images were acquired, and fluorescence in-
tensity was quantified using ImageJ software.

4

https://www.imrpress.com


2.4.3 Immunofluorescence Detection of Lipid
Peroxidation

H9c2 cells were treated with the lipid peroxidation
probe BODIPY 581/591 C11 according to the manufac-
turer’s instructions. Fluorescence images were acquired us-
ing an inverted fluorescence microscope.

2.4.4 Immunofluorescence Detection of ROS
H9c2 cells were incubated with 1 mL of ROS detec-

tion working solution at 37 °C for 30 min. The cells were
then washed three times with serum-free medium, and flu-
orescence images were acquired using an inverted fluores-
cence microscope.

2.4.5 Hoechst assay for detecting pyroptosis of cells
After collecting the supernatant of H9c2 cells, they

were washed twice with PBS. 1 mL of Hoechst33342 so-
lution was added to each well, and incubated at 37 °C for
10min. After discarding the Hoechst staining solution, they
were washed twice with PBS, and 1 mL of PI solution was
added to each well. The incubation was conducted in the
dark at 37 °C for 10 min. Finally, the PI solution was dis-
carded, and the cells were washed twice with PBS before
imaging with a fluorescence microscope.

2.4.6 Oxygen Consumption Rate (OCR) for Detection of
the Energy Metabolism Level

H9c2 cells were seeded into XFe96 cell culture plates,
allowed to attach for 1 h, and cultured overnight. For sen-
sor cartridge hydration, 200 μL of XF calibration solution
was added to each well of the utility plate, and the sensor
cartridge was placed on the plate and incubated overnight at
37 °C in a CO2-free incubator. Following cell attachment,
the cells were randomly assigned to the corresponding treat-
ment groups and subjected to the indicated interventions for
24 h. Seahorse assay mediumwas prewarmed to 37 °C. The
culture medium was aspirated, and the cells were washed
once with 200 μL of assay medium. The wash medium was
removed, and 160 μL of fresh assay medium was added to
each well, resulting in a final volume of 180 µL per well.
The plates were incubated at 37 °C in a CO2-free incuba-
tor for 60 min before measurement. The designated com-
pounds were loaded into the injection ports and sequentially
injected according to the manufacturer’s instructions. OCR
was measured using the Seahorse XFe96 extracellular flux
analyzer, and the data were analyzed using Wave Pro soft-
ware.

2.4.7 Confocal Microscopy Analysis of LD–Mitochondrial
Co-Localization

H9c2 cells in each experimental group were treated
according to the corresponding experimental design and
maintained at 37 °C in a humidified incubator containing
5% CO2. Mitochondria were stained with a mitochondrial
red fluorescent probe (200 nM) for 30 min at 37 °C. LDs

were then stained with a lipid droplet fluorescent probe pre-
pared by diluting the probe in lipid droplet detection buffer
at a 1:1000 ratio and incubated for 15 min at 37 °C in a
5% CO2 incubator. The cells were then washed and fixed
with 4% paraformaldehyde for 20 min at 37 °C, followed
by washing with PBS. Images were acquired using a Leica
STELLARIS 5 confocal laser scanning microscope (Leica
Microsystems, Germany).

2.5 Statistical Analysis
Statistical analyses were performed using GraphPad

Prism 8.0. Data were analyzed using one-way analysis of
variance (ANOVA), followed by Tukey’s post hoc test. A
p value < 0.05 was considered statistically significant.

3. Results
3.1 Successful Establishment of the Diabetic Myocardial
Injury Model

Compared with the db/m group, body weight and
serum levels of GLU, TC, TG, and LDL-C were signifi-
cantly increased, whereas HDL-C levels were significantly
decreased in the db/db group (p < 0.01; Fig. 1A–F). These
findings confirmed the pathological characteristics of the
diabetic mouse model. Histopathological examination re-
vealed marked structural abnormalities in the myocardium
of db/db mice. Compared with the db/m group, myocar-
dial fibers in the db/db group were disorganized and ex-
hibited a wavy appearance, with partial myofibrillar dis-
solution, cardiomyocyte hypertrophy, vacuolar degenera-
tion, coagulative necrosis, and inflammatory cell infiltra-
tion. MASSON staining showed a significant increase in
blue-stained areas within the myocardial interstitium and a
higher proportion of collagen deposition in db/db mice than
in db/m mice (p < 0.01), indicating pronounced myocardial
fibrosis. WGA staining further showed an increased car-
diomyocyte cross-sectional area in db/db mice, indicating
cardiomyocyte hypertrophy (Fig. 1G–I). Cardiac function
was assessed using M-mode echocardiography (Fig. 1G).
Compared with the db/m group, both EF and FS were sig-
nificantly decreased in db/db mice (p < 0.01; Fig. 1J,K), in-
dicating impaired cardiac systolic function. TheHW/TL ra-
tio was also significantly higher in db/db mice than in db/m
mice (p < 0.01; Fig. 1L), consistent with cardiac hypertro-
phy. db/db mice exhibited metabolic abnormalities accom-
panied by myocardial inflammation, cardiomyocyte injury
and hypertrophy, fibrosis, and impaired systolic function at
16 weeks of age (Fig. 1M). These findings indicate that
the db/db mouse model mimics key pathological features
of diabetic myocardial injury and is suitable for further in-
vestigation of the underlying mechanisms.

3.2 Transcriptomic Analysis of Myocardial Tissue
Transcriptomic analysis identified 2576 DEGs in the

myocardial tissues of db/db mice compared with db/m
mice, including 1560 upregulated and 1016 downreg-
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Fig. 1. The sign of successful modeling of myocardial injury. (A)Weight, (n = 8) (B) Blood glucose, (n = 8) (C) TC, (n = 6) (D) TG, (n
= 6) (E) LDL-C, (n = 6) (F) HDL-C, (n = 6) (G) HE (Scale bar = 50 μm), MASSON (Scale bar = 50 μm), WGA (Scale bar = 20 μm) and
UCG graphs, (H) Relative collagen content, (n = 3) (I) Myocardial cell areas, (n = 3) (J) EF, (n = 8) (K) FS, (n = 8) (L) HW/TL, (n = 8) (M)
The time course of the mouse sample collection. Compared with db/m group, **p < 0.01, TC, total cholesterol; TG, triglyceride; LDL-
C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; HE, Hematoxylin-eosin stain; MASSON, Masson
trichrome stain; WGA, Wheat Germ Agglutinin stain; UCG, Ultrasound Cardiogram; EF, ejection fraction; FS, fractional shortening;
HW/TL, heart weight-to-tibial length ratio.

ulated genes (Fig. 2A). KEGG enrichment analysis
identified 20 significantly enriched pathways among the
DEGs (Fig. 2B). The major enriched pathways included
DCM, oxidative phosphorylation, thermogenesis, chemi-

cal carcinogenesis–reactive oxygen species, prion disease,
Parkinson disease, amyotrophic lateral sclerosis, and Hunt-
ington disease. GO enrichment analysis identified 60 sig-
nificantly enriched GO terms among the DEGs (Fig. 2C–
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Fig. 2. Analysis of transcriptome sequencing results of myocardial tissue. (A) Differential gene map, (B) KEGG analysis, (C) BP
analysis, (D) CC analysis, (E) MF analysis, (F) Heat map of differential genes. GO, Gene Ontology; KEGG, Kyoto Encyclopedia of
Genes and Genomes; BP, Biological Process; CC, Cellular Component; MF, Molecular Function.

E). Given the involvement of lipid metabolic abnormalities
and mitochondrial dysfunction in DCM, DEGs associated
with lipid metabolism and mitochondrial function were fur-
ther analyzed. A total of 23 DEGs showed differential ex-
pression between the myocardial tissues of db/m and db/db
mice (Fig. 2F). The results showed that the top 5 differences
included: fatty acid-binding protein 3 (FABP3), a mem-
ber of the fatty acid-binding protein family that is highly
expressed in cardiac tissue and can promote the uptake
and transport of fatty acids by cells; Long-chain acyl-CoA
synthetase 1 (ACSL1), located on the outer mitochondrial
membrane, which catalyzes the formation of fatty acyl-CoA
and participates in fatty acid metabolism; Medium-chain
acyl-CoA dehydrogenase (ACADM), a mitochondrial en-
zyme involved in the β-oxidation of medium-chain fatty
acids; acyl-CoA thioesterase 2 (ACOT2), located within
mitochondria which hydrolyzes fatty acyl-CoA and partic-
ipates in lipid metabolism and cellular energy homeosta-
sis; and PLIN5, a LD-associated protein that is highly ex-
pressed in the heart. Among the lipid metabolism- and
mitochondria-related genes, FABP3, ACSL1, ACADM,
ACOT2, and PLIN5 showed prominent differential expres-
sion.

3.3 Changes in Inflammatory Factors and
Pyroptosis-Related Markers in Myocardial Tissue

Immunohistochemical analysis showed the expression
of IL-1β, IL-6, IL-18, and TNF-α in myocardial tissue
(Fig. 3A,C–F). Compared with the db/m group, the areas
of brown staining for IL-1β, IL-6, IL-18, and TNF-α were
significantly increased in the db/db group (p < 0.05 or p <
0.01). NLRP3 protein expression in myocardial tissue was
also significantly higher in db/db mice than in db/m mice
(p < 0.05; Fig. 3B). TUNEL staining showed an increased
proportion of TUNEL-positive cells in the myocardial tis-
sue of db/db mice compared with db/m mice (p < 0.01;
Fig. 3G). Because TUNEL staining detects DNA frag-
mentation, the increased TUNEL-positive rate indicates en-
hanced cardiomyocyte cell death in the db/db group. To-
gether with the increased expression of NLRP3 and inflam-
matory cytokines, these findings suggest increased activa-
tion of inflammatory and pyroptosis-related pathways in the
myocardium of diabetic mice.
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Fig. 3. Changes in inflammatory factors and pyroptosis in myocardial tissue. (A) Immunohistochemical images of IL-1β, IL-6,
IL-18 and TNF-α, and image of TUNEL, (B) NLRP3 protein, (C) IL-1β positive area, (D) IL-6 positive area, (E) IL-18 positive area, (F)
TNF-α positive area, (G) Positive rates. Compared with db/m group, *p < 0.05, **p < 0.01. NLRP3, Nucleotide-binding oligomerization
domain, leucine-rich repeat and pyrin domain-containing 3. Scale bar = 50 μm.

3.4 Lipid Deposition, LD–Mitochondrial Distribution, and
PLIN5 Expression in Myocardial Tissue

Oil Red O staining showed only a small number of
red LDs in the myocardial tissue of db/m mice, whereas
numerous red-stained LDs were distributed throughout the
myocardial tissue of db/db mice. In the myocardial tis-
sues of the db/m group mice, only a few red particles
were observed; while in the myocardial tissues of the db/db
mice, red particles were widely distributed (Fig. 4A), in-
dicating marked myocardial lipid accumulation. Transmis-
sion electron microscopy revealed well-organized myocar-
dial fibers, a small number of LDs, intact mitochondrial
membranes, and clearly defined mitochondrial cristae in
the db/m group. Mitochondria were frequently observed
adjacent to LDs, with direct contacts between the two or-
ganelles. In db/db mice, myocardial fibers were disorga-
nized, and a large number of LDs were present. Mito-
chondria exhibited swelling, membrane damage, loss of

cristae, and vacuolar changes. Althoughmitochondria were
distributed around LDs, direct LD–mitochondrial contacts
were rarely observed (Fig. 4B). Lipid metabolism disorder
can cause significant LD deposition in myocardial tissue,
interfere with the contact between LDs and mitochondria,
inhibit the interaction between LDs and mitochondria, and
induce mitochondrial damage. Total protein was extracted
from myocardial tissue. Western blot and qRT-PCR analy-
ses showed that total PLIN5 protein and PLIN5 mRNA ex-
pression in myocardial tissue were significantly increased
in db/db mice compared with db/m mice (p < 0.01; Fig.
4C,D). These findings were consistent with the transcrip-
tomic analysis and indicated increased overall PLIN5 ex-
pression in diabetic myocardial tissue. However, mito-
chondrial PLIN5 protein expression was significantly de-
creased in db/db mice compared with db/m mice (p < 0.01;
Fig. 4E). Thus, diabeticmyocardial tissue exhibitedmarked
lipid accumulation, mitochondrial structural abnormalities,
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Fig. 4. Lipid deposition, lipid droplet and mitochondrial distribution, and PLIN5 protein expression. (A) Oil red O staining, (left,
scale bar = 100 μm; right, scale bar = 50 μm) (B) Electron microscopic observation, scale bar = 1 μm, (C) The protein expression of PLIN5
in total protein, (D) The gene expression of PLIN5 in total protein, (E) The protein expression of PLIN5 in mitochondria, (F) Analysis
of the relative expression level of iBAQ. Compared with db/m group, **p < 0.01. Red arrow: lipid droplet; Yellow arrow: structurally
complete mitochondria; Black arrow: structurally damaged mitochondria; Yellow dotted line: lipid droplet membrane; Blue dotted line:
mitochondrial membrane; Red dotted line: contact site between lipid droplet and mitochondria; LD, lipid droplet; MT, mitochondria;
PLIN5, Perilipin 5; iBAQ, intensity-based absolute quantification.

increased total PLIN5 protein and gene expression, and re-
duced mitochondrial-associated PLIN5 expression. These
findings suggest that the redistribution of PLIN5may be as-
sociated with impaired LD–mitochondrial interactions dur-
ing diabetic myocardial injury. Based on the relative iBAQ
expression levels, the 20 mitochondrial-associated proteins
showing the most pronounced differences were further ana-
lyzed. The expression levels of AFG3L2, SLC25A13, ND-
UFA13, AIFM1, OPA1, APOOL, NIPSNAP2, CHCHD3,
IMMT, NDUFA9, VDAC2, SLC25A3, CPT1B, NDUFC2,
COX5A,HADHB,ACSL1, OGDH,HSPD1, andNDUFB9
were decreased (Fig. 4F). These findings indicate that mul-
tiple mitochondrial-associated proteins among the PLIN5-
interacting protein profile were reduced in db/db myocar-
dial tissue, supporting impaired LD–mitochondrial interac-
tions in DCM.

3.5 Effects of PLIN5 Overexpression on Pyroptosis in
H9c2 Cardiomyocytes

Compared with the NC group, pyroptosis was signif-
icantly increased in the PA group (p < 0.01). PLIN5 over-
expression significantly reduced pyroptosis compared with
the PA group (p < 0.01; Fig. 5A,B). These findings in-
dicate that PLIN5 overexpression attenuated PA-induced
pyroptotic cell death in H9c2 cardiomyocytes. Compared
with the NC group, the protein and mRNA expression
levels of NLRP3, caspase-1, and GSDMD were signifi-
cantly increased in the PA group (p < 0.01). PLIN5 over-
expression significantly reduced the expression of these
pyroptosis-related proteins and genes compared with the
PA group (p < 0.01; Fig. 5C–K). These results indi-
cate that PLIN5 overexpression suppresses PA-induced
NLRP3/caspase-1/GSDMD pyroptosis in H9c2 cardiomy-
ocytes.
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Fig. 5. Effects of PLIN5 Overexpression on Pyroptosis in H9c2 Cardiomyocytes. (A) Immunofluorescence of pyroptosis, scale
bar = 20 μm, (B) pyroptosis level, (C) Immunofluorescence of NLRP3, scale bar = 50 μm, (D) NLRP3 fluorescence intensity, (E)
NLRP3 mRNA, (F) Immunofluorescence of GSDMD, scale bar = 50 μm, (G) GSDMD fluorescence intensity, (H) GSDMD mRNA, (I)
Immunofluorescence of Caspase-1, (J) Caspase-1 fluorescence intensity, scale bar = 50 μm, (K) Caspase-1 mRNA. Compared with PA
group, **p < 0.01. NC, negative-control; PA, palmitic acid; OE, Over Expression; GSDMD, gasdermin D.

3.6 Effects of PLIN5 Overexpression on Lipid
Peroxidation, ROS Production, Mitochondrial
Respiration, and LD–Mitochondrial Co-Localization

Lipid peroxidation was assessed using the BODIPY
581/591 C11 lipid peroxidation probe. During lipid per-
oxidation, the fluorescence signal shifts from red to green,
and the relative fluorescence intensities can be used to as-

sess the extent of lipid peroxidation. Compared with the
PA group, PLIN5 overexpression significantly decreased
the lipid peroxidation level (p < 0.01; Fig. 6A,B), indi-
cating that PLIN5 decreased PA-induced lipid peroxida-
tion in H9c2 cardiomyocytes. ROS levels were also sig-
nificantly lower in the PLIN5-OE group than in the PA
group (p < 0.01; Fig. 6C,D). These findings indicate that
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PLIN5 overexpression reduced PA-induced ROS accumu-
lation and oxidative stress in H9c2 cardiomyocytes. Cel-
lular oxygen consumption was measured using an Agilent
Seahorse XFe96 analyzer. The basal OCR of the NC group
represents mitochondrial oxygen consumption under basal
conditions, whereas the maximal OCR measured after mi-
tochondrial uncoupling reflects the maximal respiratory ca-
pacity of the cells under normal conditions. After the ad-
dition of a mitochondrial uncoupling agent for oxidative
phosphorylation, OCR reaches its maximum, indicating to-
tal mitochondrial oxygen consumption under stress condi-
tions. Compared with the PA group, maximal OCR was
significantly decreased in the PLIN5-OE group (p < 0.05;
Fig. 6E–G). These findings indicate that PA altered mito-
chondrial respiratory function in H9c2 cardiomyocytes and
that PLIN5 overexpression affected the mitochondrial res-
piratory response to PA treatment. For co-localization anal-
ysis, LDs were labeled with green fluorescence and mito-
chondria with red fluorescence. In the NC group, a rela-
tively small number of LDs were observed, whereas mito-
chondria were widely and uniformly distributed throughout
the cells. PA treatment increased LD accumulation, but did
not produce a corresponding increase in LD–mitochondrial
co-localization. Overexpression of PLIN5 leads to a sig-
nificant co-localization of mitochondria and lipid droplets
(Fig. 6H). These findings suggest that PLIN5 overexpres-
sion promotes the spatial association of LDswithmitochon-
dria in PA-treated H9c2 cardiomyocytes.

4. Discussion
DCM is a distinct cardiac complication of diabetes

that often develops insidiously and may remain clinically
asymptomatic during the early stage. The pathological fea-
tures of DCM involve changes at the cellular, molecular,
and structural levels, including cardiomyocyte hypertrophy,
myocardial fibrosis, inflammatory cell infiltration, mito-
chondrial structural and functional abnormalities, impaired
myocardial energy metabolism, and increased availability
of FFAs [28]. As the disease progresses, left ventricular
mass and ventricular wall thickness increase, accompanied
by diastolic dysfunction and a gradual decline in systolic
reserve. In advanced DCM, cardiomyocyte apoptosis and
necrosis become more prominent, accompanied by diffuse
myocardial fibrosis. Progressive diastolic dysfunction may
eventually lead to impaired systolic function, reduced ejec-
tion fraction, and HF [29,30].

The pathogenesis of DCM is complex and involves
metabolic, inflammatory, oxidative, and mitochondrial ab-
normalities. Clinical evidence indicates that intensive
glycemic control alone may not adequately prevent car-
diovascular complications in patients with diabetes [31].
Abnormal lipid metabolism is an important contributor
to DCM. Increased circulating FFAs promote excessive
myocardial fatty acid uptake, and when lipid uptake ex-
ceeds the capacity for oxidation and storage, excess lipids

accumulate within cardiomyocytes and induce lipotoxic-
ity. This metabolic imbalance can disrupt intracellular
organelle function and promote inflammation, oxidative
stress, and impaired energy metabolism, ultimately con-
tributing to cardiomyocyte apoptosis, necrosis, pyroptosis,
and ferroptosis and promoting pathological myocardial re-
modeling and HF [32,33]. Therefore, investigating DCM
from the perspective of lipid metabolic dysregulation may
provide new insights into its pathogenesis and therapeutic
strategies.

LDs are dynamic organelles with a variety of charac-
teristics and roles that participate in energy storage, lipid
metabolism, metabolic signaling, intracellular lipid and
membrane transport, and inflammatory responses [34,35].
Mitochondria are also two important regulators of cellu-
lar energy metabolism, and functional interactions between
LDs and mitochondria contribute to lipid storage, lipid uti-
lization, and energy production [26,36]. Physical contacts
between LDs and mitochondria facilitate the transfer of
fatty acids and other metabolites between these organelles
and can affect both LD metabolism and mitochondrial fatty
acid oxidation [37,38]. Dysregulation of these interactions
may therefore affect lipid metabolism, mitochondrial func-
tion, lipid peroxidation, and oxidative stress, potentially
contributing to inflammatory injury and pyroptosis.

Perilipins, also known as the PAT proteins, are LD-
associated proteins that comprise five major members,
PLIN1–PLIN5. PLIN5 is highly expressed in metaboli-
cally active tissues, including the heart, liver, and skele-
tal muscle [39]. PLIN5 contributes to LD formation and
lipid storage and has been implicated in regulating LD–
mitochondrial interactions [40]. The regulatory role of
PLIN5 in the interaction between LDs and mitochondria is
reflected in lipid metabolism. PLIN5 can inhibit LD hy-
drolysis, promote TG generation from fatty acids and their
storage in LDs, down-regulate the expression of carnitine
palmitoyltransferase and mitochondrial oxidation-related
genes, and limit β-oxidation of fatty acids [41]. The C-
terminal region of PLIN5 can also participate in mitochon-
drial recruitment to LDs, facilitating the transfer and uti-
lization of fatty acids and potentially limiting the accumu-
lation of cytotoxic lipid species [32]. Therefore, elucidating
how the PLIN5-regulated LD–mitochondrial pathway me-
diates lipid metabolism and transport and influences mito-
chondrial energy metabolism is important for understand-
ing the physiological functions of LDs and clarifying the
role of LD–mitochondrial interactions in the pathogenesis
of DCM.

In this study, db/db mice, a well-established T2DM
model characterized by insulin resistance and abnormal
blood glucose and blood lipids, were used to study car-
diovascular complications of diabetes. Assessment of car-
diac mass index, HE, MASSON, and WGA staining, to-
gether with echocardiographic analysis, demonstrated car-
diomyocyte hypertrophy, myocardial fibrosis, inflamma-
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Fig. 6. Effects of PLIN5 overexpression on lipid peroxidation, ROSproduction, mitochondrial respiration, andLD–mitochondrial
co-localization in H9c2 cardiomyocytes. (A) Lipid peroxidation fluorescence graph, scale bar = 50 μm. (B) Lipid peroxidation fluo-
rescence intensity, (C) ROS fluorescence graph, scale bar = 50 μm, (D) ROS fluorescence intensity, (E) OCR detection of cells in each
group, (F) Maximum OCR analysis, (G) Basal OCR analysis, (H) Co-localization analysis of LDs and mitochondria, scale bar = 20 μm.
Compared with PA group, ns, non-significant, *p < 0.05, **p < 0.01. ROS, reactive oxygen species; OCR, oxygen consumption rate;
LDs, lipid droplets.

tory infiltration, myocardial injury, and impaired systolic
function, as reflected by reduced EF and FS. The results
demonstrated that db/db mice exhibited key pathological
features of DCM, confirming the successful establishment
of the diabetic myocardial injury model. Transcriptomic
analysis further showed significant upregulation of FABP3,
ACSL1, ACADM, ACOT2, and PLIN5 in the myocardial
tissue of db/db mice. These findings highlight the impor-
tance of abnormal lipid metabolism, myocardial lipid accu-
mulation, and mitochondrial dysfunction in the pathogen-
esis of diabetic myocardial injury. Electron microscopy
and fluorescence imaging revealed marked LD accumu-
lation and mitochondrial damage in the myocardium of

diabetic mice, accompanied by altered LD–mitochondrial
co-localization. These findings suggest that disruption
of LD–mitochondrial interactions may be associated with
mitochondrial injury under conditions of abnormal lipid
metabolism. Furthermore, NLRP3 expression and the lev-
els of IL-1β, IL-6, IL-18, and TNF-α were increased in the
myocardial tissue of db/db mice, indicating activation of
inflammatory pathways. The elevated levels of these in-
flammatory mediators are consistent with the chronic in-
flammatory state reported in patients with diabetes and its
complications [42,43,44]. Persistent inflammatory activa-
tion may contribute to myocardial injury and pathologi-
cal remodeling in DCM. These findings suggest that ab-
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normal lipid metabolism and myocardial lipid accumula-
tion are important contributors to diabetic myocardial in-
jury and that impaired LD–mitochondrial interactions may
be associated with mitochondrial dysfunction and inflam-
matory responses. Pyroptosis-related changes may repre-
sent an important component of diabetic myocardial injury,
although further mechanistic studies are required to estab-
lish whether LD–mitochondrial dysfunction directly drives
cardiomyocyte pyroptosis.

To further investigate the potential role of PLIN5, a
PA-induced lipotoxicitymodel was established in H9c2 car-
diomyocytes, followed by PLIN5 overexpression. PA treat-
ment promoted LD accumulation, increased lipid peroxi-
dation and ROS production, altered mitochondrial respira-
tory function, reduced LD–mitochondrial co-localization,
and increased pyroptosis-related markers. Overexpression
of PLIN5 can significantly promote the interaction between
LDs and mitochondria, improve mitochondrial function,
and inhibit pyroptosis. These findings support a poten-
tial role for PLIN5-mediated LD–mitochondrial interac-
tions in the pathogenesis of DCM. Disruption of these in-
teractions under conditions of abnormal lipid metabolism
may contribute to lipid accumulation, mitochondrial dys-
function, oxidative stress, and pyroptosis-related signal-
ing. The PLIN5-regulated LD–mitochondrial pathway may
therefore represent a potential mechanism linking myocar-
dial lipid metabolic dysregulation with pyroptosis in DCM
and warrants further investigation as a therapeutic target.

5. Limitations
This study demonstrated that diabetes is associated

with disrupted LD–mitochondrial co-localization in car-
diomyocytes and identified PLIN5 as a potential regula-
tor of this process. Several mitochondrial-associated pro-
teins were further identified that showed altered abundance
among the PLIN5-associated protein profile. However,
the molecular mechanism by which PLIN5 regulates LD–
mitochondrial contact remains unclear. Whether the identi-
fied mitochondrial proteins directly participate in PLIN5-
mediated LD–mitochondrial interactions requires further
validation. Furthermore, the specific molecular com-
ponents responsible for establishing and regulating LD–
mitochondrial contact and whether LD–mitochondrial con-
tact regulates cellular signaling beyond lipid transfer have
not been fully characterized. Further studies using tar-
geted protein–protein interaction assays, genetic manipu-
lation, and functional validation are required to elucidate
these mechanisms.

6. Conclusion
Abnormal lipid metabolism and myocardial lipid ac-

cumulation are closely associated with diabetic myocardial
injury. Lipid metabolic dysregulation, mitochondrial dys-
function, and oxidative stress may contribute to the devel-
opment of DCM. This study identifies the PLIN5-regulated

LD–mitochondrial pathway as a potential mechanism link-
ing lipid metabolic dysregulation with myocardial injury
and provides a basis for further investigation of its role in
DCM.
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