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Background: Early alterations in cardiac energy metabolism and lipotoxicity are crucial factors in the pathogenesis and progression
of diabetic cardiomyopathy (DCM). The excessive accumulation of lipid metabolic intermediates within the myocardium can lead to
increased production of reactive oxygen species (ROS) and promote apoptosis. Pigment epithelium-derived factor (PEDF) has been
shown to regulate cardiac energy metabolism; however, its role in modulating energy metabolism, ROS generation, and apoptosis in
the context of DCM requires further investigation.

Methods: PEDF was overexpressed in db/db mice via tail vein injection of adeno-associated virus 9(AAV9)-PEDF. At week 24,
assessments were conducted on cardiac hypertrophy, fibrosis, cardiac function, and alterations in energy metabolism. Additionally,
H9c2 cells were transfected with a PEDF plasmid and cultured under HG+PA conditions (33 mm glucose + 250 uM palmitic acid) for
24 hours. Subsequent analyses focused on changes in energy metabolism, ROS levels, and apoptosis.

Results: At 24 weeks, db/db mice exhibited hallmark features of DCM, including hyperglycemia, hyperlipidemia, cardiac hyper-
trophy, fibrosis, and diastolic dysfunction. Overexpression of PEDF reversed cardiac remodeling in these mice. In both db/db mice and
HG+PA-treated H9¢c2 cells, PEDF overexpression modulated cardiac energy metabolism, mitigated lipotoxicity, and promoted the
expression of adipose triglyceride lipase(ATGL) and glucose transporter type 4(Glut4) while inhibiting the expression of peroxisome
proliferator-activated receptor alpha (PPARa), carnitine palmitoyltransferase 1 alpha (CPT1a), and scavenger receptor B2 (CD36).
Additionally, PEDF overexpression reduced ROS generation and apoptosis in db/db mice myocardium and HG+PA-treated h9c2 cells.
Conclusion: PEDF can effectively prevent cardiac hypertrophy, fibrosis remodeling, and the deterioration of diastolic dysfunction in
DCM by modulating cardiac energy metabolism and mitigating ROS production and apoptosis induced by lipotoxicity.
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Introduction

With the increasing prevalence of diabetes year by year, diabetic complications pose a threat to the quality of life for
patients and impose a significant economic burden worldwide. Previous studies have indicated that approximately
50-80% of individuals with diabetes succumb to cardiovascular complications, and diabetics face a 2 to 4 times higher
risk of heart failure compared to those without diabetes.' Diabetic cardiomyopathy (DCM), resulting from diabetes in the
absence of hypertension and coronary artery disease, is characterized by profound structural remodeling and progressive
deterioration of cardiac function, ultimately culminating in heart failure and mortality.” The pathogenesis of DCM
remains elusive. Studies have demonstrated that insulin resistance, myocardial lipotoxicity, myocardial glucotoxicity,
apoptosis, oxidative stress, mitochondrial dysfunction, and autophagy play pivotal roles in the development of DCM.>®
In the past few decades, significant advancements have been made in both basic and clinical research on DCM. However,
there is still a lack of effective strategies for preventing or ameliorating DCM in diabetic patients. Therefore, it is
imperative to delve into the molecular mechanisms underlying the onset and progression of DCM.
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The pathogenesis of diabetic cardiomyopathy is multifaceted; however, the initial alterations in cardiac energy
metabolism play a pivotal role in the early progression of DCM.”® The excessive accumulation of lipids in the
myocardium results in a disruption of energy substrate supply and utilization.” ATP can be derived from various energy
substrates, including fatty acids, glucose, lactate, and ketone bodies. Fatty acids serve as the primary source of energy for
the heart; however, the heart’s capacity to synthesize fatty acids is limited and relies mainly on exogenous supply. In
patients with type 2 diabetes, insulin resistance leads to a reduction in cardiac glucose utilization and oxidation capacity,
thereby enhancing the acquisition and utilization of myocardial fatty acids.”'® Excessive oxidation of fatty acids
generates toxic intermediates, such as palmitoyl-CoA and ceramides, which contribute to cardiac lipotoxicity in DCM.
Cardiac lipotoxicity can induce an excessive production of reactive oxygen species (ROS), leading to oxidative damage
to endogenous biomolecules including DNA, proteins, and unsaturated lipids. Ultimately, this process triggers apoptosis
through both mitochondrial-dependent and independent pathways."'

Pigment epithelium-derived factor (PEDF) is a 50-kDa glycoprotein classified within the serine protease inhibitor
superfamily.'? PEDF is expressed in a diverse range of tissues and exhibits multifaceted biological activities, including
anti-angiogenic, anti-apoptotic, antioxidant, and neuroprotective effects.’> !> Recent studies have revealed that PEDF
plays a crucial role in regulating cardiac energy metabolism, including glucose uptake and lipid metabolism.'® On one
hand, PEDF enhances glucose uptake in ischemic myocardium by up-regulating the expression of Glucose transporter
type 4 (Glut4)."” On the other hand, PEDF facilitates lipid metabolism through the regulation of CD36 expression,
adipose triglyceride lipase (ATGL), and peroxisome proliferator-activated receptor(PPAR).'® 2 ATGL serves as the
pivotal rate-limiting enzyme in triglyceride lipolysis, and myocardial overexpression of ATGL exhibits potential to
mitigate diabetic cardiac lipotoxicity and ameliorate the progression of DCM.?!"*? Furthermore, numerous studies have

23,24 and

demonstrated the protective effects of PEDF in cardiovascular diseases, such as ischemic heart disease
atherosclerosis.””> However, further investigation is required to determine whether PEDF can prevent DCM through
regulation of cardiac energy metabolism.

The db/db mice, a well-established model of type 2 diabetes characterized by obesity, insulin resistance, hypergly-
cemia, hyperlipidemia, and concurrent cardiomyopathy, have been extensively utilized for the construction of a diabetic
cardiomyopathy model.?® In this study, we utilized AAV-PEDF tail vein injection to investigate the in vivo impact of
PEDF on DCM. Furthermore, we validated these findings by transfecting H9¢c2 cells with PEDF plasmid with exposure
to high glucose (HG) and palmitic acid (PA) treatment. Our study comprehensively examined the influence of PEDF on
cardiac remodeling, cardiac function, cardiac lipotoxicity, energy metabolism, ROS, and apoptosis in db/db mice.
Additionally, we further confirmed the crucial role of PEDF in modulating cardiac lipotoxicity, energy metabolism,
ROS production, and apoptosis using a H9¢2 cell model of DCM. Therefore, our study offers promising strategies for
preventing DCM among individuals with diabetes in the future.

Materials and Methods

Construction of Adeno-Associated Virus Vector and Plasmid

The recombinant adeno-associated virus 9 (AAV9Y), which encodes either the mouse full-length PEDF gene (AAV9-
PEDF, PubMed No. NM-011340) or green fluorescent protein (AAV9-GFP), was constructed and amplified. After
confirming the sequence, the recombinant adeno-associated virus was purified (Genechem, Shanghai, China).

The full-length rat PEDF gene (PubMed No. NM-177927.2) was constructed into the pcDNA3.1-CMV-MCS-3flag-
EF1-ZsGreen-T2A-Puro expression vector. The empty vector was used as a control plasmid. After confirming the
sequence, the PEDF overexpression and control plasmids were extracted from bacteria solution (Hanbio, Shanghai,
China) and transfected into the H9¢c2 cells using Lipo8000™ (C0533, Beyotime, China) following the manufacturer’s
Instructions.

Animals
Seven-week-old male db/db and db/m mice were purchased from Rat Noble Biotechnology Co. Ltd (Beijing, China).
Animal use protocols conform to the Guide for the Care and Use of Laboratory Animals published by the US National
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Institutes of Health (the Eighth Edition, National Research Council 2011) and have been approved by the Animal Ethics
Committee of Renmin Hospital of Wuhan University (No.20211203). All animals were kept under standard laboratory
animal conditions (12h light/12h dark, adequate food, water, and a constant room temperature of 26 °C). All mice were
sacrificed under anesthesia with sodium pentobarbital (50mg/kg, i.p; Sigma) to minimize their suffering.

Animal Grouping and Food Intake, Body Weight and Fasting Blood Glucose Testing
After adaptive feeding for one week, experimental animals were randomly divided into four groups: 1) DB/M group (db/
m mice + normal saline, n=6); 2) DB/DB group (db/db mice + normal saline, n=6); 3) GFP group (db/db mice + AAV9-
GFP, n=6); 4) PEDF group (db/db mice + AAV9-PEDF, n=6). The mice in GFP group and PEDF group were injected
with AAV9-GFP and AAV9-PEDF via tail vein at a viral dose of 1Ex10'? v.g per mouse. The efficiency of virus
infection and the expression of PEDF in db/db mice were confirmed by WB analysis. The body weight and food intake
were measured every week and fasting blood glucose was measured by the glucometer (Sinocare, China) every four
weeks.

Echocardiography

At 24 weeks, transthoracic echocardiography was used to assess cardiac function of db/m and db/db mice by the Vevo
3100 high Resolution Imaging System (VisualSonics Inc., Canada). After being anesthetized with isoflurane (1.5-2%,
INH)., the mice’s chest was depilated, and then the animals were immobilized. Left ventricular end-diastolic dimension
(LVIDd) and left ventricular end-systolic dimension (LVIDs) were measured by M-mode echocardiography. Pulsed wave
Doppler was applied to measure peak early (E), late (A) diastolic filling velocities. Peak early diastolic (e¢”) and late
diastolic (a’) mitral annular velocities was measured by Tissue Doppler mode. Then left ventricular ejection fraction
(LVEF), left ventricular fractional shortening (LVES), E/A ratio and e’/ a’ ratio were calculated.

Serological Detection

After completion of the echocardiography assay, the mice were anesthetized using 1% sodium pentobarbital solution
(50 mg/kg; i.p; Sigma). Blood samples from the eye were collected, centrifuged, and stored at —80°C. The serum in each
group were tested for triglyceride (TG), total cholesterol (TC), high-density cholesterol (HDL-Ch), low-density lipopro-
tein (LDL-Ch) and blood glucose using a fully-automated biochemical analyzer (Siemens Full-automatic Biochemical
Analyzer, Centaur 2400).

Histological Analysis

After collecting blood samples from the eye, the hearts of mice were excised, fixed in 4% paraformaldehyde for 24 hours,
embedded in paraffin, and sectioned at a thickness of 3 um for pathological staining. The sections were subjected to
hematoxylin-eosin (HE) and Masson trichrome staining. For the Oil Red O (ORO) staining, the frozen heart Section
(3um thickness) or cells climbing were stained with ORO working solutions for 30 min, washed with 60% isopropanol
and then rinsed with PBS at least three times. Representative histopathologic images were captured using light
microscopy (%200 magnification for HE staining, interstitial fibrosis and ORO staining; x400 magnification for
perivascular fibrosis; Nikon, Japan). Six samples from each group were randomly selected for analysis. The degree of
cardiac hypertrophy, fibrosis and ORO" area was analysed by Image J software.

Enzyme-Linked Immunosorbent Assay (ELISA)

The cardiac samples were collected and stored at —80 °C. The cardiac TG concentrations were determined with a mouse
TG ELISA kit (J&L Biological, Shanghai, China) and the measurement procedure was carried out according to the
manufacturer’s instructions.

PA Synthesis
For palmitate (PA) preparation, fatty acid free BSA was added in 1x PBS (fatty acid free BSA:PBS, 0.2g:1mL) and then
directly centrifuged at 8000r for 20min. After fatty acid free BSA dissolved in 1x PBS, sodium palmitate (P9767, Sigma)
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(sodium palmitate: fatty acid free BSA, 1:35) was added and the palmitate-BSA solution was incubated for 30min at
75°C to generate a final concentration of 20mM (stock palmitate solution). The stock solution of PA was then filtered and
diluted to 250uM concentration in DMEM for the subsequent studies.?’

Cell Culture and Treatment

HO9c2 cardiomyocytes were obtained from Procell Life Science&Technology Co.Ltd. (Wuhan, China). The H9c2 cells
were cultured in the DMEM (Gibco) containing 10% FBS (Gibco) and 1% penicillin/strepto-mycin (Gibco) in the 5%
CO2 atmosphere at 37°C. The H9¢2 cells in 6-well plates was divided into four groups: 1) Control group (DMEM); 2)
HG + PA group (33 mm glucose + 250uM PA); 3) HG + PA + h-GFP group (33 mm glucose + 250uM PA +h-GFP); 4)
HG + PA + h-PEDF group (33 mm glucose + 250uM PA +h-PEDF). According to the experimental design, the H9¢c2
cells were firstly plated at an appropriate density and were cultured for 24 h to achieve 40-50% confluence before
plasmid transfection. H9¢2 cells in HG + PA + h-GFP group and HG + PA + h-PEDF group was transfected with h-GFP
and h-PEDF plasmid. After 24 h plasmid transfection, HG + PA solution was added into DMEM medium for 24 h and
then H9¢2 cells were collected for follow-up experiments.

ROS and TUNEL Staining

ROS and TUNEL staining were evaluated using the ROS Assay Kit (CA1420, Solarbio, China) and the TUNEL Assay
Kit (C1089, Beyotime, China) according to the standard protocol. Specifically, H9¢c2 cells which cultured in 6-well plates
were transfected with plasmid. For ROS, 20uL DHE red fluorescent dye was added to ImL DMEM medium after
plasmid transfection for 48h. The mixture was incubated for 35 min at 37°C in the dark and then washed with 1x PBS
twice. For TUNEL staining, H9¢2 cells was fixed using 4% paraformaldehyde for 30min after plasmid transfection for
48h. Then 100ul TUNEL test solution was added in 6-well plates and the mixture was incubated for 60 min at 37°C in the
dark. After washing with PBS for 3 times, the cell nucleus was stained with 4’,6-diamidino-2-phenyl-indole (DAPI). At
last, representative images were captured by a fluorescence microscope (X100 magnification; Nikon, Japan) and six
samples from each group randomly selected for analysis by Image J software.

WB Analysis

Western blot analysis was performed according to previously described methods.?® Briefly, tissues from the ventricle
were digested with RIPA buffer containing phenylmethylsulfonyl fluoride and phosphatase inhibitors A and B. Extracted
protein samples were subjected to electrophoresis, transferred to polyvinylidene difluoride (PVDF) membranes
(Millipore, Hong Kong, China) and blocked with 5% nonfat dry milk in Tris-buffered saline Tween (TBST). Then,
the protein was incubated with the following primary antibodies overnight at 4°C: PEDF rabbit antibody (1:1000,
Abcam, ab227295), collagen I rabbit antibody (1:500, Abcam, ab279711), collagen III rabbit antibody (1:1000, Abcam,
ab184993), HO-1 rabbit antibody (1:1000, Abcam, ab189491), ATGL rabbit antibody (1:1000, Proteintech, 55190-1-AP),
PPARa mouse antibody (1:1000, Proteintech, 66826-1-Ig), CPT1a mouse antibody (1:1000, Proteintech, 66039-1-1g),
Bax rabbit antibody (1:1000, Immunoway, YM8175), Bcl2 rabbit antibody (1:1000, Proteintech,26593-1-AP), Caspase3
rabbit antibody (1:1000, Proteintech, 82202-1-RR), C-caspase3 rabbit antibody (1:1000, Cell Signaling Technology,
9664), Nrf2 rabbit antibody (1:1000, Baijia, IPB6621), CD 36 rabbit antibody (1:1000, Baijia, IPB0697), Glut4 rabbit
antibody (1:1000, Baijia, IPB3253), and B-actin mouse antibody (1:3000, Proteintech, 66009-1-Ig). After washing with
TBST three times, the membranes were incubated with goat anti-rabbit or goat anti-mouse secondary antibodies
(1:10000, Aspen), and the protein bands were visualized by an enhanced chemiluminescence detection kit (Biosharp).
The protein expression levels were quantified using Image J software and normalized to the B-actin protein.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism 9.0 software. All data are expressed as the mean + standard
deviation (SD). One-way ANOVA followed by the Bonferroni-Dunn test was used for multiple comparisons of normally
distributed data. A value of P<0.05 was considered statistically significant.
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Results
PEDF Reverses Cardiac Remodeling in Db/Db Mice with Diabetic Cardiomyopathy

In this study, we initially assessed PEDF expression levels and the efficiency of viral infection in db/db mice. As illustrated in
Figure 1A and B, compared with the DB/M group, PEDF expression was notably reduced in both the DB/DB and GFP groups,
while it was significantly elevated in the PEDF group. The db/db mouse is a well-established model for type 2 diabetes,
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Figure | PEDF reverses cardiac remodeling in db/db mice with diabetic cardiomyopathy. (A)The representative Western blot images of PEDF, (B) Quantification of PEDF
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Abbreviations: ns, no significance; HW, heart weight; TL, tibial length.
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characterized by markedly increased food intake, hyperinsulinemia, hyperglycemia, hyperlipidemia, and obesity. In this study,
we observed that the body weight, food intake, and fasting blood glucose levels of db/db mice were significantly higher compared
to those of db/m mice. However, PEDF did not exert a significant influence on these parameters (Figure 1C-E). Cardiac
hypertrophy and fibrosis are the primary characteristics of DCM. The heart weight to tibia length ratio (HW/TL), an indicator of
cardiac hypertrophy, is significantly higher in the DB/DB group compared to the DB/M group. However, the HW/TL ratio in the
PEDF group is notably lower than that in the GFP group (Figure 1F). Meanwhile, compared to the DB/M group, HE staining
revealed significant cardiomyocyte hypertrophy in both the DB/DB and GFP group. This hypertrophy was notably reversed in
the PEDF group (Figure 1G and H). Masson staining revealed that cardiac interstitial and perivascular fibrosis in the DB/DB and
GFP groups were significantly higher compared to the DB/M group (Figure 11-K). Additionally, the expression of collagen I and
collagen III was markedly elevated in the DB/DB and GFP groups relative to the DB/M group (Figure 1L-N). However,
overexpression of PEDF was found to mitigate cardiac interstitial and perivascular fibrosis, as well as the expression of collagen
I and collagen III (Figure 11-N). These data indicated that db/db mice can develop into DCM and PEDF can partly reverse
cardiac remodeling of db/db mice at 24 weeks.

PEDF Ameliorates Deterioration of Cardiac Diastolic Function in Db/Db Mice

The presence of cardiac dysfunction in DCM prompted us to investigate the potential of PEDF in mitigating both systolic and
diastolic dysfunction in db/db mice. Representative echocardiographic images were depicted as Figure 2A—C. Among the
echocardiographic parameters, we observed that LVEF, EF, LVEDd, and LVEDs did not exhibit a reduction in the DB/DB
and GFP groups compared to the DB/M group. Additionally, PEDF had no impact on improving systolic function
(Figure 2D-G). However, diastolic dysfunction parameters such as E/A ratio and e’/a’ ratio were reduced in DB/DB and
GFP group compared with DB/M group and PEDF can improve these adverse effects (Figure 2H and I). These results
demonstrated that PEDF has the potential to ameliorate diastolic dysfunction in db/db mice with DCM at 24 weeks.

PEDF Alleviates Cardiac Lipotoxicity and Regulates Cardiac Energy Metabolism in Db/
Db Mice

The formation of DCM involves cardiac lipotoxicity and early alterations in cardiac energy metabolism. Based on the
findings presented in Figure 3, we observed the impact of PEDF on cardiac lipotoxicity and energy metabolism. As
depicted in Figures 3A—C, there is a higher deposition of cardiac neutral fats, such as triglycerides (TG), in the DB/DB
and GFP groups compared to the DB/M group. However, PEDF administration can mitigate this excessive accumulation
of neutral fats. Furthermore, the DB/DB group exhibited elevated serum triglycerides (TG), glucose (Glu), total
cholesterol (TC), and decreased high-density lipoprotein cholesterol (HDL-Ch) levels compared to the DB/M group.
However, db/db mice treated with AAV9-PEDF demonstrated a reduction in serum TG levels without affecting HDL-Ch,
TC, or Glu (Figure 3D-G). The low-density lipoprotein cholesterol (LDL-Ch) levels showed no significant variation
among the four groups (Figure 3H). To further explore the molecular mechanisms underlying the protective action of
PEDF for cardiac lipotoxicity and energy metabolism in db/db mice, we evaluated the expression levels of ATGL,
PPARa, CPTla, CD36, and Glut4 which are closely associated with cardiac energy metabolism. The expression of
PPARa, CPTla, and CD36 was upregulated in the DB/DB and GFP group compared to the DB/M group, as shown in
Figure 31-N. However, PEDF supplementation significantly suppressed the expression of these proteins. Conversely, the
expression of ATGL and Glut4 was downregulated in the DB/DB and GFP group compared to the DB/M group;
however, PEDF supplementation notably promoted their expression (Figure 3I-N). These findings suggest that PEDF can
effectively alleviate cardiac lipotoxicity and regulate cardiac energy metabolism in db/db mice.

PEDF Reduces ROS Production and Apoptosis in the Myocardium of Db/Db Mice

Cardiac lipotoxicity, which is markedly elevated in DCM, can lead to excessive ROS production and apoptosis. WB
analysis demonstrated that the expression levels of heme oxygenase-1 (HO-1) and nuclear factor erythroid 2-related
factor 2 (Nrf2) were lower in the DB/DB and GFP groups compared to the DB/M group (Figure 4A—C). Additionally, the
DB/DB and GFP groups exhibited increased expression of Bax and cleaved caspase-3, along with decreased Bcl2
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Figure 2 PEDF ameliorates deterioration of cardiac diastolic function in db/db mice. (A) Typical images of M-mode transthoracic echocardiography, (D)LVEF, (E)FS, (F)
LVEDd and (G)LVEDs (n=6). (B) Representative images of pulsed-wave tissue Doppler transthoracic echocardiography, (H) mitral E/A ratio (n=6). (C) Representative
images of tissue Doppler transthoracic echocardiography, (I) e'/a’ ratio (n=6). Data are expressed as mean + SD. ***P<0.0001; ***P<0.001; **P<0.01; *P<0.05; ns, no

significance.
Abbreviations: LVEF, left ventricular ejection fraction; FS, fractional shortening; LVIDd, left ventricular end-diastolic diameter; LVIDs, left ventricular end-systolic diameter;

E, early maximal ventricular filling velocity; A, atrial maximal ventricular filling velocity; €', peak early diastolic mitral annular velocity; a’, late diastolic mitral annular velocity.

expression, relative to the DB/M group (Figure 4D-G). However, PEDF partly mitigated these protein alterations in db/
db mice. These results indicated that PEDF can reduce ROS production and apoptosis of db/db mouse myocardium.

PEDF Reduces Lipid toxicity and Regulates Energy Metabolism in H9¢2 Cells Treated

with HG and PA
Under the conditions of high glucose and palmitic acid (HG and PA), the PEDF expression in H9¢c2 cells was significantly

reduced. However, transfection with the PEDF plasmid markedly increased PEDF expression (Figure 5C and D). Compared to
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Figure 3 PEDF alleviates cardiac lipotoxicity and regulates cardiac energy metabolism in db/db mice. (A and B) Representative Oil O red staining images (%200) and the
relevant statistical graph (n=6). (C) The TG concentrations of cardiac tissue (n=6). The TG(D), Glu(E), TC(F), HDL-Ch(G) and LDL-Ch(H) concentrations in serum were
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Data are expressed as mean = SD. ***P<0.0001; **P<0.01; *P<0.05.
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the control group, neutral fats including TG were increased in H9¢2 cells treated with HG and PA. Moreover, PEDF can
mitigate lipid accumulation in H9¢2 cells (Figure 5A and B). To further investigate the effect of PEDF on energy metabolism
in H9¢2 cells treated with HG and PA, we detected the level of proteins that are related to glucose and lipid metabolism. As
shown in Figure SE-J, increased expression of PPAR o, CPT1a, and CD36, along with decreased expression of ATGL and
Glut4, was observed in H9¢2 cells treated with HG and PA compared to the control group. However, transfection with the
PEDF plasmid significantly mitigated these alterations in H9¢2 cells exposed to HG and PA. These findings suggested that
PEDF is capable of mitigating lipid accumulation and modulating energy metabolism in H9¢c2 cells exposed to HG and PA.

PEDF Reduces ROS and Apoptosis in H9c2 Cells Exposed to HG and PA

As illustrated in Figure 6A-D, compared to the control group, the levels of ROS and apoptosis were elevated in H9¢2
cells treated with HG and PA, but transfection with PEDF plasmid mitigated ROS generation and apoptosis. The results
of WB analysis revealed that the expression levels of HO-1 and Nrf2 in H9¢2 cells exposed to HG and PA were
significantly lower compared to the control group. However, transfection with the PEDF plasmid markedly enhanced the
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expression of these proteins (Figure 6E—G). Meanwhile, an increase in Bax and C-caspase3 expression and a reduction in
Bcl2 expression were observed in H9¢2 cells treated with HG and PA compared to the control group, but PEDF plasmid
transfection attenuated these changes in H9¢2 cells exposed to HG and PA (Figure 4H-K). These results indicated that
PEDF can reduce ROS and apoptosis in H9¢c2 cells treated with HG and PA.

Discussion

In the present study, we have demonstrated that PEDF expression is significantly downregulated in the hearts of db/db
mice with DCM. Our findings reveal that PEDF overexpression alleviates cardiac hypertrophy, fibrosis, diastolic
dysfunction, oxidative stress, and apoptosis induced by glucolipotoxicity through the modulation of energy metabolism.
These results provide compelling evidence that PEDF plays a critical role in the pathogenesis of cardiac hypertrophy,
fibrosis, and early metabolic alterations associated with DCM, suggesting that PEDF may represent a promising
therapeutic target for the early prevention and intervention of DCM.

Approximately 45% of patients with heart failure with preserved ejection fraction (HFpEF) have diabetes mellitus and
prolonged hyperglycemia can lead to diastolic dysfunction.?’ The db/db mouse is a typical type 2 diabetes model which
showed features of diastolic dysfunction such as decreased E/A ratio. Apart from cardiac dysfunction, the other features
of DCM include cardiomyocyte hypertrophy and myocardial fibrosis.*® Similar to these findings, we found that db/db
mice exhibited cardiomyocyte hypertrophy, cardiac interstitial and perivascular fibrosis and deteriorated diastolic
function at 24 weeks. Meanwhile, PA was utilized to establish an in vitro cell model that mimics the excessive
accumulation of cellular lipids and fatty acid oxidation in the pathological state of DCM.?" Therefore, it is reasonable
to use db/db mice and PA to construct in vivo and in vitro model of DCM in this study.

Typically, 60—70% of the heart’s energy supply derived from free fatty acids (FFAs).>> For metabolic syndrome, obesity,
and diabetes, the excessive accumulation of FFAs in non-dipose tissues can result in impaired glucose and lipid metabolism,
leading to lipotoxicity and insulin resistance.**** DCM can induce an imbalance between the uptake and utilization of FFAs in
cardiomyocytes, resulting in the excessive FFAs uptake and oxidation in the heart, which subsequently leads to myocardial
cell damage.*® Cardiac lipotoxicity, characterized by elevated myocardial triglyceride content, palmitoyl-CoA, and ceramide
levels, is primarily caused by excessive FFA oxidation and plays a crucial role in the onset and progression of DCM. The influx
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Abbreviations: HG, high glucose; PA, palmitate; ATGL, adipose triglyceride lipase; PPARa, peroxisome proliferator-activated receptor alpha; Glut4, glucose transporter
type 4; CPTla, carnitine palmitoyltransferase | alpha; CD36, scavenger receptor B2.

of circulating FFAs into cardiomyocytes is a critical step in lipotoxic myocardial injury. Studies have demonstrated that over
70% of the FFAs absorbed by cardiomyocytes are transported via protein-mediated active transport, primarily involving Fatty
Acid Binding Protein 3(FABP3), CD36 and Fatty Acid Transport Protein 4(FATP4).*® FABP3 and CD36 are the key
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transporters.>’ After delivery to cardiomyocytes, FFAs must enter the mitochondria for oxidation to produce ATP. During this
process, CPT1a plays a crucial role in regulating the intracellular transport of FFAs.>® Furthermore, PPAR« is a ligand-
activated transcription factor involved in the uptake and oxidation of FFAs.>* Enhanced PPARa expression and activity can
activate specific target genes, such as FABP3, CD36, FATP4, and CPT-1a, thereby augmenting the FFAs uptake and
oxidation.* In our study, we observed PPARa, CPT-1a and CD36, which are involved in FFA uptake and oxidation, were
upregulated in db/db mice. Treatment with PEDF significantly reversed these elevated protein expression changes. This
indicates that in type 2 diabetes, the increased fatty acid uptake by cardiomyocytes is accompanied by enhanced fatty acid
oxidation. Although this mechanism can transiently supply the myocardium with limited energy, it concurrently exacerbates
myocardial oxidative stress and lipid toxicity. Following PEDF intervention, fatty acid uptake and oxidation in the diabetic
myocardium were diminished, thereby mitigating lipid toxicity and oxidative stress. Correspondingly, increased myocardial
FFAs uptake and oxidation are often accompanied by decreased glucose uptake in diabetes.*' Given that Glut4 serves as one of
the principal regulatory molecules in glucose transport, its downregulation is a critical indicator of diminished glucose
uptake.*? In this study, Glut4 expression was found to be downregulated in the hearts of db/db mice, whereas it was markedly
upregulated in PEDF-overexpressing mice and cell models. This indicates that myocardial glucose uptake is diminished in
diabetes due to insulin resistance, thereby affecting myocardial energy metabolism. Following PEDF intervention, the
enhanced expression of Glut4 facilitates greater glucose uptake by the myocardium, thereby improving myocardial energy
supply.

Myocardial lipotoxicity leads to extensive lipid droplet accumulation, and ATGL is the most crucial triglyceride
hydrolase.** Previous studies have demonstrated that reduced cardiac function in both Akita and STZ diabetic models is
closely associated with elevated cardiac TG deposition and downregulation of ATGL protein and mRNA levels.**** Diabetes-
induced diastolic dysfunction in ATGL KO mice was strongly associated with cardiac lipotoxicity. Conversely, ATGL gene
overexpression was capable of reversing cardiac lipotoxicity in DCM,** which indicated that mice overexpressing ATGL
exhibit significant resistance to diabetes-induced lipotoxicity. Meanwhile, TG content in myocardium is closely related to
cardiac function in patients with diabetes and obesity.*® TG depletion in cardiac apolipoprotein B overexpression mice and
hormone-sensitive lipase (HSL) transgenic mice can reduce lipotoxicity and prevent pathological remodeling of the diabetic
heart. However, some studies have shown that TG deposition is non-toxic to myocardium and can reduce FA oxidation
through lipotoxic metabolic pathways.*’ In this study, we found that ATGL expression was significantly down-regulated in db/
db mice and H9¢2 cell models, and the overexpression of PEDF led to an upregulation of ATGL expression, resulting in the
degradation of lipid droplets and subsequent production of fatty acids. It was expected that this increase in energy substrate
would also enhance fatty acid oxidation, as indicated by elevated expression levels of PPARa and CPT-1a. However, repeated
tests consistently showed reduced expression levels of PPARa and CPT-1a. Although we cannot provide evidence to explain
why our findings contradict the observation that ATGL can activate PPARa ligands, a plausible explanation may be that
cardiomyocyte fatty acids oxidation primarily relies on extracellular uptake of fatty acids rather than those produced through
myocardial TG hydrolysis. These results suggested that upregulating ATGL while downregulating PPARa, CPT-1a, and
CD36 can effectively mitigate cardiac lipid toxicity.

Oxidative stress represents a critical mechanism underlying tissue damage induced by lipotoxicity.*® Under high-fat
conditions, tissues take up large amounts of FFAs, resulting in excessive FFA oxidation. Consequently, oxygen
consumption increases significantly, and substantial amounts of ROS are produced. In addition, the uptake and oxidation
of FFAs can lead to the production of metabolic intermediates and ceramides, ultimately resulting in cardiomyocyte
apoptosis via the mitochondrial pathway. Excessive FFA oxidation significantly increases myocardial oxygen consump-
tion and ROS production, thereby inducing oxidative stress and subsequent myocardial injury. The Nrf2 pathway, which
is closely associated with antioxidant responses, becomes activated in response to the onset of oxidative stress.*’ In the
present study, we found that the protein expression levels of cardiac Nrf2 and its target genes HO-1 were significantly
reduced in hearts of db/db mice. However, overexpression of PEDF was able to effectively promote the expression of
both Nrf2 and HO-1. The role of apoptosis in the deterioration of cardiac function in db/db mice was also investigated. It
was found that the expression levels of pro-apoptotic proteins Bax and C-caspase3 were significantly increased, while the
expression of the anti-apoptotic protein Bcl2 was significantly reduced. However, PEDF overexpression could reverse
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these changes. These findings indicate that PEDF overexpression attenuates ROS accumulation and apoptosis resulting
from cardiac lipotoxicity.

The present study has several limitations. First, we did not investigate the effects of PEDF in non-obese type 2 diabetes
mice, and cardiac energy metabolism differs significantly between obese and non-obese type 2 diabetes mellitus.® Second,
while this study primarily focused on the effects of PEDF on cardiac energy metabolism, ROS, and apoptosis, we did not
explore other potential roles of PEDF, such as mitochondrial dysfunction and autophagy in DCM. Third, the specific
mechanisms by which PEDF regulates cardiac energy metabolism remain unclear and require further investigation.

Conclusion

PEDF alleviates ectopic fat deposition and fibrosis in DCM and improves diastolic function. This may be related to the
fact that PEDF can improve myocardial energy metabolism, by reducing fatty acid intake and oxidation while increasing
glucose uptake in the diabetic myocardium. Meanwhile, PEDF can inhibit oxidative stress and myocardial cell apoptosis.
These mechanisms suggest that PEDF is a promising therapeutic target for DCM.

Myocardial ATP reserves are limited, yet the heart’s continuous contraction necessitates a substantial and sustained energy
supply. Consequently, the myocardium possesses the remarkable ability to generate large quantities of ATP continuously from
a variety of energy substrates, including fatty acids, glucose, lactate, ketone bodies, and amino acids. Fatty acid and glucose are
two important fuels of the heart, and their balanced utilization is an important guarantee to maintain the normal contraction of
the heart. Given the evidence that PEDF plays a role in regulating energy metabolism, future research could integrate
metabolomics to elucidate the specific mechanisms by which PEDF modulates energy metabolism in diabetic myocardium.
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