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Abstract
Background  Empagliflozin (EMPA) has demonstrated efficacy in providing cardiovascular benefits in metabolic 
diseases. However, the direct effect of EMPA on autophagy in obesity-related cardiac dysfunction remains unclear. 
Therefore, this study aimed to determine changes in cardiac autophagy during diet-induced obesity and clarify the 
exact mechanism by which EMPA regulates autophagic pathways.

Methods  Male C57BL/6J mice were fed a 12-week high-fat diet (HFD) followed by 8 weeks of EMPA treatment. Body 
composition analysis and echocardiography were performed to evaluate metabolic alterations and cardiac function. 
Histological and immunofluorescence staining was used to evaluate potential enhancements in myocardial structure 
and biological function. Additionally, H9c2 cells were transfected with small interfering RNA targeting sirtuin 3 
(SIRT3) and further treated with palmitic acid (PA) with or without EMPA. Autophagy-related targets were analyzed by 
western blotting and RT‒qPCR.

Results  EMPA administration effectively ameliorated metabolic disorders and cardiac diastolic dysfunction in 
HFD-fed mice. EMPA prevented obesity-induced myocardial hypertrophy, fibrosis, and inflammation through the 
activation of SIRT3-mediated autophagosome formation. The upregulation of SIRT3 triggered by EMPA promoted the 
initiation of autophagy by activating AMP-activated protein kinase (AMPK) and Beclin1. Furthermore, activated SIRT3 
contributed to the elongation of autophagosomes through autophagy-related 4B cysteine peptidase (ATG4B) and 
autophagy-related 5 (ATG5).

Conclusions  EMPA promotes SIRT3-mediated autophagosome formation to alleviate damage to the cardiac 
structure and function of obese mice. Activated SIRT3 initiates autophagy through AMPK/Beclin1 and further 
stimulates elongation of the autophagosome membrane via ATG4B/ATG5. These results provide a new explanation for 
the cardioprotective benefits of EMPA in obesity.
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Background
Obesity is a significant public health concern because of 
its adverse effects on various organs [1]. Obesity-related 
cardiac dysfunction (ORCD) accounts for a large propor-
tion of cardiovascular disease-related deaths worldwide. 
Obesity leads to increased myocardial hypertrophy and 
fibrosis, along with elevated levels of cardiac inflamma-
tion, resulting in adverse cardiac remodeling and dys-
function [2]. Therefore, a deeper understanding of the 
pathogenesis and molecular mechanisms is needed to 
promote effective therapeutic approaches for ORCD.

Sirtuin 3 (SIRT3), which is primarily found in mito-
chondria, is abundant in metabolically active tissues, 
such as the heart, kidney, brain, and liver. SIRT3 overex-
pression or activation can mitigate cardiac hypertrophy 
and fibrosis, suggesting its potential for cardiovascular 
disease therapy. The activation of SIRT3 through small 
ubiquitin-like modifier modifications has shown prom-
ise in reducing obesity and enhancing resistance to a 
high-fat diet (HFD) in mice [3]. However, obesity, par-
ticularly that induced by HFD feeding, leads to reduced 
SIRT3 expression, exacerbating cardiac dysfunction and 
remodeling. Therefore, strategies to increase myocardial 
SIRT3 activity or expression could offer novel therapeutic 
options for ORCD.

Autophagy acts as a cellular housekeeper to eliminate 
damaged proteins or cells under normal physiological 
and pathological conditions [4]. Numerous studies have 
shown that autophagy plays a crucial role in regulating 
various cell types, including atrial and ventricular myo-
cytes, to maintain cardiac homeostasis [5, 6]. The activa-
tion of autophagy promotes cardiac protection against 
pressure overload-induced heart failure by preserving 
mitochondrial function [7]. However, excessive triglyc-
eride accumulation in the hearts of individuals with obe-
sity causes insulin resistance and diminished autophagy 
[8, 9], which are critical factors in the development of 
ORCD [10]. SIRT3 regulates autophagy through various 
pathways under diverse physiological conditions. SIRT3 
triggers the AMP-activated protein kinase (AMPK)/Unc-
51-like kinase 1 (ULK1) pathway to increase autophagy 
in adipocytes [11]. Moreover, SIRT3 promotes mito-
chondrial autophagy through PTEN-induced kinase 1 
(PINK1)/Parkin to protect cardiac function in diabetic 
mice [12]. These findings further emphasize the cen-
tral role of SIRT3 in promoting myocardial autophagy. 
Therefore, the identification of new drugs to stimulate 
SIRT3-mediated autophagy during obesity is necessary to 
address metabolic disorders in the heart.

Empagliflozin (EMPA), a representative sodium‒glu-
cose cotransporter 2 (SGLT2) inhibitor, promotes glucose 

excretion in urine, thereby reducing blood sugar concen-
trations by inhibiting its reabsorption in kidney tubules 
[13]. Clinical trials and meta-analyses have shown consid-
erable cardiovascular protection in patients with diabetes 
treated with EMPA [14]. Notably, EMPA promotes reno-
protective effects in diabetic mice by increasing autoph-
agy. Furthermore, EMPA suppresses glycogen synthase 
kinase 3 beta (GSK3β) to inhibit excessive autophagy and 
protect against diabetic cardiomyopathy [15]. Neverthe-
less, the role of EMPA in regulating the level of autoph-
agy in ORCD remains unclear. To address this knowledge 
gap, this study investigated the effects of EMPA interven-
tion on obesity-induced myocardial histological damage 
and cardiac dysfunction in C57BL/6J mice fed a HFD for 
12 weeks and further investigated alterations in autoph-
agy-related signaling pathways. Moreover, the autophagy 
inhibitor 3-methyladenine (3-MA) was used in palmitic 
acid (PA)-treated H9c2 cells to address the effects of 
EMPA-mediated alterations in autophagy on lipid accu-
mulation, cardiac cell hypertrophy, and inflammation. 
Finally, the role of SIRT3 in autophagy initiation and 
autophagosome elongation and formation mediated by 
EMPA was analyzed in PA-treated transfected H9c2 cells 
with/without EMPA.

Materials and methods
Experimental animals
Six-week-old male C57BL/6J mice (Pengyue, Jinan, 
China) were randomly separated into normal control 
(NC), HFD, and HFD plus EMPA (HFD-E) groups (8 
mice/group). The mice in the HFD and HFD-E groups 
were fed a HFD (530  kcal/100  g, 60% fat, 20% protein, 
and 20% carbohydrate; Cat. #FB-D12492; Fanbo Biotech-
nology, Wuxi, China), whereas those in the NC group 
were fed a normal diet (320 kcal/100 g, 10% fat, 25% pro-
tein, and 65% carbohydrate; Fanbo Biotechnology, Wuxi, 
China). After 12 weeks, the mice in the HFD and HFD-E 
groups were subjected to vehicle or EMPA (10  mg/kg, 
diluted in saline with 0.5% hydroxyethylcellulose; Boeh-
ringer Ingelheim, Ingelheim, Germany) treatment by 
oral gavage once a day for 8 weeks. As a control, saline 
was administered to the NC group. Each mouse was 
maintained in a regular environment, and their fat/body 
weight ratio was determined via a Minispec LF50 device 
(Bruker, Hamburg, Germany). The Shandong Second 
Medical University Animal Ethics Committee approved 
the study protocol.
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Measurement of glucose, triglyceride, and free fatty acid 
concentrations
The mice were subjected to glucose/insulin tolerance 
tests after receiving the above-described treatment for 
20 weeks. After fasting for 6  h, the mice were either 
orally administered glucose (2 mg/g) or intraperitoneally 
injected with insulin (0.75 U/kg). The concentration of 
blood glucose at different time points was measured via 
a glucometer through the tail vein (Acon Biotech, Zheji-
ang, China). Following the establishment of the models, 
the mice were injected intraperitoneally with 2% sodium 
barbiturate (40 mg/kg). Serum was collected from blood 
samples. Kits (BC0625 and BC0596, Solarbio, Beijing, 
China) were used to measure the triglyceride (TG) and 
free fatty acid (FFA) concentrations in the serum.

Cell culture and treatments
H9c2 (2 − 1) cells were obtained from the Cell Bank of 
the Chinese Academy of Sciences (Shanghai, China). 
Dulbecco’s modified Eagle’s medium was used as the cul-
ture medium. The cell culture incubator provided a suit-
able environment at 37  °C with 5% CO2. To establish a 
model of cellular lipotoxic injury, H9c2 cells were treated 
with PA. The experimental groups were divided into PA 
and PA with EMPA (PA-E) groups. In the control group, 
H9c2 cells were grown in normal DMEM. The cells in the 
PA group were stimulated with 500 µM PA (conjugated 
to BSA by the manufacturer) for 24 h, while the cells in 
the NC group were exposed to the solvent vehicle fol-
lowing the manufacturer’s instructions (Cat. #KC004; 
Kunchuang Biotechnology, Xi’an, China). The cells in the 
PA + EMPA group were exposed to 500 µM PA and 1 µM 
EMPA (Boehringer Ingelheim, Ingelheim, Germany) for 
24 h. EMPA was dissolved at a stock concentration of 1 
mM in DMSO and subsequently diluted with culture 
medium (final concentration of 1 µM) with 0.1% DMSO. 
To study the role of autophagy in ORCD, H9c2 cells were 
pretreated with 10 mM 3-MA (Cat. #HY-19312; Med-
ChemExpress, Shanghai, China) for 1  h before PA and 
EMPA treatment.

Echocardiographic evaluation
To assess cardiac function, the ejection fraction (EF), 
fractional shortening (FS), and early/late ventricular fill-
ing velocity (E/A) were detected via high-frequency 
ultrasound with a VINNO imaging system (Vinno Tech-
nology, Suzhou, China).

Histopathological analysis
The middle part of the left ventricular myocardial tissue 
from the mice was collected, fixed in 4% paraformalde-
hyde and sectioned into 5-µm-thick slices. Hematoxylin 
and eosin staining was used to evaluate the morphologi-
cal structure, and Masson’s trichrome staining was used 

to highlight the collagen fibers. Moreover, the middle 
part of the fresh left ventricular myocardial tissue was 
embedded in OCT gel and sectioned into 5-µm-thick 
slices via a freezing sectioning machine. Lipid accumula-
tion in these sections was evaluated via Oil Red O stain-
ing. Micrographs were captured via a light microscope 
(Nikon, Tokyo, Japan). Subsequently, ImageJ software 
was used to analyze the Oil Red O staining and Masson’s 
trichrome staining results of the myocardial tissue.

Immunofluorescence microscopy analysis of wheat 
germ agglutinin (WGA) and mitochondrial superoxide 
measurement
The fresh middle part of the left ventricular myocardial 
tissue from experimental mice was sectioned into 5-µm 
slices. The tissue slices were fixed in 4% paraformalde-
hyde and blocked with donkey serum after being perme-
abilized with 0.2% Triton X-100. The sections were then 
incubated with primary antibodies against LC3 (1:500; 
ab192890; Abcam, Cambridge, United Kingdom) and 
SIRT3 (1:500; 5490 S; Cell Signaling Technology, Danvers, 
USA) at 4  °C overnight. After secondary antibody incu-
bation and DAPI staining, the samples were observed via 
a fluorescence microscope (Keyence, Shanghai, China). 
The cross-sectional area and mitochondrial superoxide 
production of myocytes were assessed by WGA aggluti-
nin-Alexa Fluor 488 (W11261, Invitrogen, Thermo Fisher 
Scientific, Danvers, USA) and MitoSOX Red (M36008, 
Invitrogen, Thermo Fisher Scientific, Danvers, USA), 
respectively. In summary, 5-µm-thick fresh frozen mouse 
heart tissue sections were first rinsed in phosphate-buff-
ered saline and then maintained at 37 °C with protection 
from light in phosphate-buffered saline buffer containing 
5 µM MitoSOX Red and 10 µg/mL WGA. After blocking 
and washing, the slides were photographed via a fluores-
cence microscope (Keyence, Shanghai, China).

Western blotting
Total protein from tissue or H9c2 cells was electropho-
resed on SDS‒PAGE gels (20  µg/sample for cardiac tis-
sue and 10  µg/sample for cellular proteins) and then 
transferred to a polyvinylidene difluoride membrane. The 
membranes were incubated with the primary antibody 
(1:1000) at 4  °C overnight, followed by incubation with 
the secondary antibody (1:5000) at room temperature for 
1  h. The antibodies AMPK (5831  S), p-AMPK (2535  S, 
mTOR (2983  S), p-mTOR (5536  S), and SIRT3 (5490  S) 
were obtained from Cell Signaling Technology (Dan-
vers, USA). The antibodies Beclin1 (ab207612, Abcam), 
ATG4B (ab154843, Abcam), and ATG5 (ab108327, 
Abcam) were obtained from Abcam (Cambridge, United 
Kingdom). The antibodies LC3 (NB100-2220, Novus Bio-
logicals, Centennial, USA) and GAPDH (10494-1-AP, 
Proteintech, Wuhan, China) were also used as primary 
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antibodies. Immunoreactivity was detected via a Bio-Rad 
Laboratories imaging system (California, USA) to visual-
ize the immunoreactive bands. The target proteins were 
normalized to GAPDH expression, and the final normal-
ized density values were calculated.

Real-time quantitative PCR analysis
Total RNA was extracted from cardiac tissue via TRIzol 
reagent (Invitrogen, Thermo Fisher Scientific, Danvers, 
USA) from left ventricular myocardial tissue. The vol-
ume of RNA was adjusted according to the concentration 
(1000 ng/µL). TB Green® Premix Ex Taq™ II (#RR820A; 
TaKaRa, Shiga, Japan) was used to perform reverse tran-
scription with purified cDNA obtained from the Prime-
Script™ RT Reagent Kit (#RR047A; TaKaRa, Shiga, Japan). 
The final amplification was performed via certain primers 
(Appendix Table 1 in Additional file 1). Gapdh was used 
as a control, and values were calculated via the 2^-(∆∆Ct) 
method to determine its relative expression level.

Small interfering RNA transfection
The knockdown of SIRT3 was carried out with small 
interfering RNA (siSIRT3) produced by Heyuan Biotech-
nology (Cat. #RY200297; Shanghai, China; Appendix 
Table  2 in Additional file 1). The siSIRT3 or scrambled 
siRNA was transiently transfected into the cells. The cells 
were inoculated into 6-well plates at 150,000 cells/well 
and transfected at 50–60% confluency. Lipo3000 trans-
fection reagent (Invitrogen, Thermo Fisher Scientific, 
Danvers, USA) was mixed with the siRNA according to 
the manufacturer’s instructions to form a Lipo3000-RNA 
complex. The complex was added evenly to a Petri dish 
and incubated in an incubator for 72 h before proceeding 
to the next step.

Cell hypertrophy and lipid accumulation
H9c2 cardiomyocytes were divided into NC, PA, PA-E, 
and PA-E + 3-MA groups. The morphology and Oil Red 
O staining (G1262, Solarbio, Beijing, China) of the cells 
in each group were observed and photographed under 
a microscope. The surface area of the cells and the posi-
tive area of Oil Red O staining were calculated via ImageJ 
software. Multiple observation fields were selected for 
each group, and at least 60 cardiomyocytes were ran-
domly chosen for analysis.

Statistical analysis
The normally distributed data are presented as the 
mean ± SEM. Statistical comparisons between two 
samples were performed via unpaired Student’s t test, 
whereas comparisons between multiple samples were 
performed via one-way or two-way ANOVA with Tukey’s 
post hoc test. GraphPad Prism 8.3.0 software (California, 

USA) was used for the analyses, and statistical signifi-
cance was set at P < 0.05.

Results
EMPA prevents metabolic disorders in HFD-fed mice
After a 12-week HFD protocol, notable increases in body 
weight and fat mass were observed (Fig. 1A-E). However, 
compared with obese mice, treatment with EMPA for 8 
weeks restrained further body weight/fat mass increases 
(Fig.  1A-E). Furthermore, compared with NC mice, 
HFD-fed mice presented decreased insulin and glucose 
tolerance, which was significantly improved by EMPA 
treatment (Fig. 1F and G). To further assess lipid metabo-
lism in the mice, the serum TG and FFA levels were mea-
sured. Compared with those in the NC group, the TG 
and FFA levels in the HFD group were greater. EMPA 
treatment significantly reduced TG levels but not FFA 
levels (Fig. 1H and I).

EMPA mitigates obesity-induced cardiac histological 
damage and myocardial inflammation
After the experiments, cardiac ultrasonography was per-
formed to evaluate how EMPA affects heart function. The 
results revealed that systolic function, as shown by the EF 
and FS, did not significantly differ between the groups 
(Fig. 2A). This finding indicated that HFD-induced obe-
sity had a minimal effect on myocardial systolic func-
tion. The mitral flow E/A ratio was dramatically reduced 
in the HFD group and reversed by EMPA, indicating 
that EMPA could inhibit obesity-induced cardiac dia-
stolic dysfunction (Fig. 2B). Histopathological analysis of 
myocardial tissues revealed disrupted and enlarged car-
diomyocytes with increased fibrosis in HFD-fed hearts. 
However, the myocardial tissue structure was more 
orderly, and the fibrotic area and cardiomyocyte size 
were significantly reduced in HFD-fed hearts after EMPA 
administration (Fig.  2C). Oil Red O staining of car-
diac sections from HFD-fed mice revealed a significant 
increase in the number of neutral lipid droplets com-
pared with NC mice, whereas EMPA treatment signifi-
cantly reduced the number of lipid droplets in HFD-fed 
mice (Fig. 2C). The MitoSOX Red fluorescent probe was 
used to measure the generation of superoxide within the 
mitochondria to evaluate the role of EMPA in controlling 
redox homeostasis in the heart. Superoxide production 
in the mitochondria of the HFD-fed group was signifi-
cantly greater than that in the mitochondria of the NC 
group, and EMPA significantly reduced mitochondrial 
superoxide production (Fig. 2C). WGA staining revealed 
greater myocardial hypertrophy in HFD-fed hearts than 
in NC hearts, whereas EMPA significantly suppressed 
obesity-induced myocardial hypertrophy (Fig. 2C).

Fibrosis-related genes were further detected because 
EMPA effectively alleviated obesity-induced myocardial 
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histological damage. The mRNA levels of Acta2, Tgfb1, 
Col1a1, and Nppb appear to be responsible for the devel-
opment of cardiac fibrosis and cardiac hypertrophy [16]. 
HFD-fed hearts presented increased mRNA levels of 
Acta2, Tgfb1, Col1a1, and Nppb, and EMPA suppressed 
this marked profibrotic cellular phenotype (Fig. 2D).

Additionally, the mRNA levels of inflammatory factors 
in cardiac tissue were assessed via qPCR. The obesity-
induced chronic inflammatory response leads to a greatly 
increased risk of cardiovascular disease [17]. In HFD-fed 
hearts, the expression of inflammation-associated genes 
(Nlrp3, Il-1b, Tnf, and Il-18) was significantly greater 

Fig. 1  Changes in metabolic profiles after the EMPA intervention in HFD-fed mice. (A) Treatment scheme for the control and obese animals. (B) The body 
weights of the NC, HFD, and HFD-E groups were measured each week. (C-E) Effects of EMPA on the body weight (C), body fat (D), and percentage of 
body fat/body weight (E) in obese mice. (F) Glucose tolerance. (G) Insulin tolerance. (H) Triglycerides. (I) Free fatty acids. N = 4–6 mice/group. *P < 0.05 vs. 
NC; #P < 0.05 vs. HFD
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than that in NC hearts, while the expression of these 
inflammatory biomarkers was inhibited by EMPA admin-
istration (Fig. 2E). These results indicate that EMPA is a 
powerful approach to mitigate obesity-induced cardiac 
hypertrophy and myocardial inflammation.

EMPA upregulates cardiac SIRT3 and activates 
autophagosome formation
SIRT3, which is highly expressed in cardiac muscle, 
maintains the redox balance and regulates autophagy in 
the heart under various conditions [18, 19]. EMPA treat-
ment increased the levels of the SIRT3 protein and Sirt3 
mRNA in the HFD-fed group (Fig. 3A and B). Autophagy 

is responsible for cardiac homeostasis, and its alterations 
accelerate the damage caused by cardiac hypertrophy 
and fibrosis [20]. A critical marker for autophagy is the 
formation of an autophagosome, which is an isolation 
membrane that surrounds cytoplasmic organelles and 
proteins, and LC3 II is an autophagosome marker [21]. 
Therefore, the levels of LC3 II in HFD-fed mice were eval-
uated to determine the effect of EMPA on this autopha-
gosome marker. The results revealed that cardiac LC3 
levels and the LC3 II/LC3 I ratio, as well as Map1lc3b 
mRNA levels (encoding for LC3), were increased after 
EMPA treatment (Fig. 3C and D).

Fig. 2  Assessment of cardiac structure and function after EMPA treatment in HFD-fed mice. (A) Cardiac systolic function. (B) Cardiac diastolic function. 
(C) Histological alterations, fibrosis status, and lipid accumulation were evaluated in cardiac ventricle tissue. Scale bar = 30 μm. Mitochondrial superoxide 
levels and the myocardial cross-sectional area were detected via MitoSOX and WGA staining. Scale bar = 100 μm. (D) Myocardial fibrosis-related genes. (E) 
Myocardial inflammation-related genes (Tnf, Nlrp3, IL-1β, and IL-18). N = 4–6 mice/group. *P < 0.05 vs. NC; #P < 0.05 vs. HFD
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EMPA facilitates the multiple steps of autophagosome 
formation
AMPK facilitates the initiation of autophagy by inhibit-
ing mTOR activity [22]. In the hearts of HFD-fed mice, 
the phosphorylation of AMPK at Thr172 was reduced, 
whereas the hyperphosphorylation of mTOR was 
increased, suggesting that the initiation of autophagy 
was blocked in obese hearts. EMPA intervention trig-
gered autophagy initiation in HFD-fed hearts by promot-
ing the phosphorylation of AMPK and inhibiting mTOR 
phosphorylation (Fig. 4A). On the other hand, Beclin1 is 
another key regulatory protein of autophagy because it 
contributes to autophagosome membrane formation [23]. 
The protein level of Beclin1 was downregulated upon 
HFD feeding and significantly elevated after EMPA treat-
ment (Fig. 4A). In addition, the autophagy-related (ATG) 
gene-mediated ATG5–ATG12–ATG16L1 complex and 
the processing of LC3 contribute to elongation of the 
phagophore [24]. The results revealed downregulated 
protein expression of ATG4B and ATG5 in the cardiac 
tissues of HFD-fed mice, but this expression was signifi-
cantly increased following EMPA treatment (Fig.  4B). 
Moreover, the mRNA levels of Becn1 and autophagy-
promoting proteins (ATGs) in mouse heart tissues across 
treatments were detected. The results revealed significant 
reductions in the mRNA levels of Becn1 and four ATGs 
(Atg4b, Atg5,  Atg9a, and Atg16l1) in HFD-fed mice, 

whereas EMPA intervention elevated the mRNA levels of 
Becn1 and four ATGs (Atg4b, Atg5, Atg9a, and Atg16l1) 
(Fig.  4C). These findings suggest that EMPA promotes 
multiple steps of autophagosome formation, includ-
ing the initiation of autophagosome formation through 
AMPK-mTOR and Beclin1 and ATG4B/ATG5-induced 
elongation, which protects the heart from ORCD.

EMPA promotes the initiation of autophagy and 
autophagosome membrane elongation in cardiomyocytes 
via SIRT3 activation
A lipotoxicity model in H9c2 cells was induced with PA 
to verify the protective effect of EMPA against ORCD. 
The results revealed that the LC3 II/LC3 I protein levels 
were decreased after PA treatment, whereas the Col1a1 
and Tnf mRNA levels, cardiomyocyte area, and positive 
area of Oil Red O were increased (Fig. 5A-D). However, 
these effects were reversed by EMPA, which increased 
LC3 II/LC3 I protein levels, reduced Col1a1 and Tnf 
mRNA levels, and decreased the cardiomyocyte area and 
positive area of Oil Red O (Fig.  5A-D). Treatment with 
3-MA, which inhibits autophagy, abolished the protec-
tive effects of EMPA on cardiomyocytes (Fig.  5A-D), 
indicating the involvement of autophagy in EMPA-medi-
ated protection against ORCD.

Fig. 3  EMPA upregulates cardiac SIRT3 and activates autophagosome formation. (A) Comparison of SIRT3 expression in the myocardium. Scale bar 
= 20 μm. (B) SIRT3 levels. (C) Evaluation of LC3 expression levels in myocardial tissues. Scale bar = 50 μm. (D) LC3 II/I protein levels and the mRNA levels of 
LC3 (Map1lc3b). N = 4–6 mice/group. *P < 0.05 vs. NC; #P < 0.05 vs. HFD
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Additionally, to address whether EMPA-promoted 
autophagosome formation in obese hearts is mediated by 
SIRT3, siRNA-transfected H9c2s were subjected to PA 
with or without EMPA treatment. After SIRT3 silencing, 
EMPA did not reverse the reduction in the LC3 II/LC3 I 
ratio (Fig. 6A–C), suggesting that EMPA alleviates ORCD 
through the activation of SIRT3. Furthermore, EMPA 
did not promote the phosphorylation of AMPK or the 
phosphorylation of mTOR after PA treatment in SIRT3-
knockdown H9c2 cells (Fig. 6D–F). EMPA also failed to 
upregulate Beclin1 in PA-treated SIRT3-knockdown cells 
(Fig. 6D and G). These findings suggest that EMPA pro-
motes AMPK/mTOR- and Beclin1-mediated initiation of 
autophagy to alleviate ORCD by activating SIRT3. More-
over, EMPA-induced upregulation of ATG4B and ATG5 
was not observed in SIRT3-knockdown cells during PA 
treatment (Fig. 6D, H, and I). These findings indicate that 
SIRT3 is a key cardiac target through which EMPA initi-
ates the ATG4B/ATG5 cascade.

Discussion
Both clinical findings and experimental studies provide 
compelling evidence that the cardiorenal benefits of 
SGLT2 inhibitors are associated with the activation of 
nutrient deprivation signaling [25, 26]. Energy sensors 
(mTOR, AMPK, and sirtuin) play a role in the interplay 
between cellular stress and survival through the autoph-
agic process [25, 26]. This study accurately revealed the 
importance of their intracellular actions, as EMPA atten-
uated obesity-induced myocardial hypertrophy, fibrosis, 
inflammation and cardiac dysfunction via SIRT3-medi-
ated autophagic signaling pathways. EMPA promoted 
SIRT3 expression in the myocardium of obese mice, 
which further initiated autophagy via AMPK/Beclin1 
and activated ATG4B/ATG5 to induce the elongation of 
autophagosome membranes (Fig. 7).

Obesity leads to cardiac remodeling in the form of ven-
tricular hypertrophy and myocardial fibrosis [27], and it 
is an important exogenous factor involved in causing a 
systemic chronic inflammatory state [28]. Both of these 
processes ultimately lead to the development of cardio-
vascular disease, particularly heart failure [29]. With 
approval by the FDA, the SGLT2 inhibitor EMPA has 

Fig. 4  EMPA facilitates multiple steps of autophagosome formation. (A) The levels of p-AMPKThr172, AMPK, p-mTORSer248, mTOR and Beclin1. (B) The pro-
tein levels of ATG4B and ATG5. (C) Autophagy-related genes. N = 4–6 mice/group. *P < 0.05 vs. NC; #P < 0.05 vs. HFD
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Fig. 5  EMPA promotes autophagosome formation to inhibit obesity-related myocardial inflammation, fibrosis, and hypertrophy. (A) LC3 II/LC3 I levels. 
(B) Alterations in myocardial fibrosis-related gene expression (Col1a1) and the level of an inflammatory cytokine (Tnf). (C) Impact on the area of H9c2 cells 
was measured. (D) Oil Red O-positive area in H9c2 cells. N = 3 biological replicates, and each replicate included > 60 cells. *P < 0.05 vs. NC; #P < 0.05 vs. PA; 
∆P < 0.05 vs. PA-E
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become an oral hypoglycemic agent for reducing car-
diovascular risk [30, 31]. The unique pharmacological 
mechanism of action of EMPA has attracted widespread 
attention and research interest in the medical com-
munity. Several previous studies reported that EMPA 
improved ORCD [32]. Previous studies have also shown 
that EMPA improved insulin resistance by reducing glu-
cose reabsorption to lower blood glucose concentrations 
in obese mice, which in turn reduced insulin demand in 
obese mice. In addition, EMPA can regulate blood lipids 
and reduce TG concentrations [33]. This study examined 
the protective effects of EMPA on the heart of obese mice 
and demonstrated its efficacy in improving myocardial 
hypertrophy and fibrosis, attenuating inflammation, and 
preserving normal cardiac structure and function.

Notably, the mechanism of action of EMPA is closely 
related to that of SIRT3, which is an important metabolic 

regulator. In this study, EMPA intervention upregu-
lated SIRT3 expression in the myocardial tissue of obese 
mice. SIRT3 is crucial for cellular metabolism and has 
the potential to treat obesity and its complications. The 
involvement of SIRT3 in regulating energy metabolism, 
oxidative stress, and cellular autophagy through deacety-
lase activity is well established [34]. However, in obesity, 
SIRT3 function in cardiac tissue decreases, potentially 
rendering cardiomyocytes more susceptible to obesity-
induced damage. Therefore, investigating the mechanism 
of action of SIRT3 in obese hearts is important for under-
standing the pathogenesis of ORCD.

Autophagy, a well-known degradation process, acts as 
an essential regulator to maintain cardiac homeostasis. 
Metformin enhances autophagy and provides cardio-
protection in dilated cardiomyopathy [35]. Dysregulated 
autophagy is implicated in the onset of ORCD. It has 

Fig. 6  EMPA promotes autophagy initiation and autophagosome membrane elongation in cardiomyocytes via SIRT3 activation. (A-C) H9c2 cells were 
transfected with siSIRT3 or scrambled siRNA and then subjected to 0.5 mM PA with or without 1 µM EMPA. The protein levels of SIRT3 and LC3 II/LC3 I 
were detected. (D-I) The protein levels of genes related to autophagy initiation (p-AMPKThr172, AMPK, p-mTORSer248, mTOR, and Beclin1) and autophago-
some elongation (ATG4B and ATG5) were detected in transfected cells. N = 3 biological replicates. *P < 0.05 vs. NC; #P < 0.05 vs. PA; ∆P < 0.05 vs. Scramble
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been confirmed that pathological cardiac hypertrophy is 
linked to dysfunction of the signaling pathways govern-
ing cardiomyocyte autophagy [8]. Therefore, preserving 
cardiac autophagic flux is important for maintaining car-
diac function in the individuals with obesity. The pres-
ent study revealed that EMPA intervention increased 
autophagy levels in the cardiac tissue of obese mice. To 
confirm that EMPA exerts cardioprotective effects by 
activating autophagy in cardiomyocytes, H9c2 cells were 
treated with the autophagy inhibitor 3-MA. These results 
demonstrated that after autophagy was inhibited, EMPA 
could no longer mitigate fibrosis, cellular hypertrophy, or 
elevated inflammation in cardiomyocytes. These findings 
suggest that autophagy is decreased in the hearts of obese 
mice and that EMPA can reverse this downregulation by 
increasing the number of various steps of autophago-
some formation.

AMPK is the central regulator of energy metabolism 
and is considered an imperative therapeutic target for 
obesity, type II diabetes, and cancer [36]. The laboratory 
previously reported that EMPA activated the sestrin2-
mediated AMPK/mTOR/p70S6K signaling pathway to 
attenuate cardiac hypertrophy by inhibiting myocardial 
proliferation in HFD-fed mice [32]. AMPK also con-
trols the initiation of chaperone-mediated autophagy 
and further promotes the phagocytosis of damaged 

cardiomyocytes against hypoxia, ischemia, and oxida-
tive stress [37]. In this study, HFD-induced obesity led 
to the inhibition of phosphorylated AMPK and the acti-
vation of mTOR, whereas EMPA reversed this cardiac 
response to initiate autophagy. Beclin1 acts as an overall 
scaffold for the class III PI3K complex involved in the ini-
tiation phase of autophagosome formation. Furthermore, 
EMPA induced the upregulation of Beclin1 in the hearts 
of obese mice, suggesting that EMPA also regulates the 
initiation of autophagy involving the Beclin1 pathway. 
In addition, studies have shown that AMPK phosphory-
lates Beclin1 at Thr388, which is an autophagy-specific 
domain, to induce autophagy [38]. These findings also 
suggest that EMPA activates the AMPK/mTOR pathway 
and further promotes the Beclin1-mediated autophagic 
pathway.

The ATG conjugation system and the processing of 
LC3 are responsible for the enlongation and maturation 
of autophagosomes.  Notably, ATG4B is a key molecule 
in the elongation of autophagosomes, and it promotes 
the formation and breakdown of precursor LC3 and 
lipidated LC3 [39]. ATG5 forms a constitutive complex 
with ATG12 and further binds to Atg16L, which binds 
to the outer membrane of autophagosomes [40]. This 
complex promotes the stretching and expansion of the 
autophagosome [41], as well as the recruitment of LC3 

Fig. 7  EMPA upregulates SIRT3 to promote the formation and elongation of autophagosomes, thereby activating cardiac autophagy and inhibiting 
obesity-induced cardiac dysfunction
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I to the autophagosome [42]. The present study revealed 
that EMPA promoted the elongation of autophagosome 
membranes, LC3 I recruitment, and the formation of 
the autophagy marker LC3 II by increasing the expres-
sion of ATG4B, ATG5, and LC3 II. Therefore, EMPA 
is required to promote multiple steps of autophagy in 
obesity-induced cardiac structural and functional injury. 
However, knocking down SIRT3 in H9c2 cells did not 
restore ATG expression after EMPA intervention. These 
findings further suggest that EMPA promotes autophagy 
by increasing SIRT3 levels in obese cardiomyocytes.

Strengths and limitations of the study
The amelioration of autophagy is a critical factor in 
alleviating myocardial hypertrophy, fibrosis, and the 
inflammatory response. The current study provides a 
comprehensive understanding of the cardiac benefits of 
the SGLT2 inhibitor EMPA in the context of obesity via 
the promotion of SIRT3-mediated autophagosome for-
mation. EMPA intervention activated SIRT3 in obese 
hearts, further initiating autophagy through AMPK 
phosphorylation and Beclin1 expression and encourag-
ing ATG4B/ATG5-mediated autophagosome elongation. 
These findings highlight the intracellular mechanism of 
SGLT2 inhibitors in controlling the interplay between 
energy sensors and autophagy to improve obesity-
induced cardiac dysfunction.

However, the impacts of EMPA were evaluated pre-
dominantly in wild-type mice in this research. Further 
testing of SIRT3-specific knockout mice could provide 
valuable insights into the biological functions of EMPA 
with respect to ORCD. Although the data from this 
study support that EMPA can improve obesity-induced 
myocardial hypertrophy, fibrosis, and the inflammatory 
response by promoting SIRT3-mediated autophagy, the 
specific combination and regulation of SIRT3 and EMPA 
still need further analysis.

Conclusions
Together, the results of the present study confirmed that 
EMPA has the ability to reduce ORCD efficiently through 
the SIRT3-mediated autophagy pathway. EMPA acti-
vated SIRT3-induced autophagy initiation via AMPK/
Beclin1 and autophagosome membrane elongation via 
ATG4B/ATG5, which ultimately activated LC3II to 
induce the formation of myocardial autophagosomes. 
Clinical studies have revealed that autophagy is a use-
ful marker for detecting left ventricular reverse remod-
eling during dilated cardiomyopathy, suggesting that 
autophagy is important for improving cardiac pathologi-
cal remodeling. The key features of cardiac pathological 
remodeling are ventricular hypertrophy, inflammation, 
and fibrosis, which can be reversed by EMPA treat-
ment during obesity. EMPA is an innovative option for 

reducing obesity-induced cardiac pathological remodel-
ing, and the present findings suggest a novel mechanism 
by which EMPA regulates multiple aspects of autophago-
some formation by enhancing SIRT3-mediated signaling 
pathways.
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