
Journal of the American Heart Association

J Am Heart Assoc. 2025;14:e040093. DOI: 10.1161/JAHA.124.040093� 1

 

ORIGINAL RESEARCH

Sodium Glucose Transporter 2 Inhibitor 
Protects Against Heart Failure With 
Preserved Ejection Fraction: Preclinical 
“2-Hit” Model Reveals Autophagy 
Enhancement Via AMP-Activated Protein 
Kinase/Mammalian Target of Rapamycin 
Complex 1 Pathway
Xinyu Hu , MD*; Dan Li , PhD*; Weijie Chen, MD; Hongyu Kuang , MD; Dan Yang , PhD; 
Zhiyan Gong, MD; Yuxiang Long , MD; Guangliang Liu , PhD; Kai Wang, MD; Mengshi Xia, MD;  
Yanping Xu , MD†; Yuehui Yin , MD† 

BACKGROUND: Heart failure with preserved ejection fraction (HFpEF) is a multifaceted syndrome with high morbidity and mor-
tality. Empagliflozin, an SGLT2 (sodium–glucose cotransporter 2) inhibitor, reduces adverse events in patients with HFpEF 
regardless of glycemic control. However, the precise cardioprotective mechanisms of SGLT2 inhibitor in HFpEF remain 
underexplored.

METHODS AND RESULTS: A “2-hit” mouse model of HFpEF was developed via the high-fat diet combined with Nω-nitro-L-arginine 
methyl ester. Male C57BL/6N mice were assigned to either a control group (n=10) or an HFpEF group (n=20), with the latter 
receiving empagliflozin (10 mg/kg per day, n=10) or vehicle (n=10) for 8 weeks. Cardiac function, hypertrophy, and fibrosis were 
evaluated by physiological, biochemical, and histological measurements. Mechanistic analysis, including RNA sequencing, 
Western blotting, and immunohistochemistry, was conducted. In vitro, H9c2 cardiomyocytes were exposed to angiotensin II 
and palmitate, followed by empagliflozin treatment. In vivo, empagliflozin treatment improved body weight, blood pressure, 
glucose tolerance, and reduced cardiac hypertrophy, fibrosis, and diastolic dysfunction in HFpEF mice. Mechanistic analysis 
revealed that empagliflozin modulated the AMPK (AMP-activated protein kinase)/mTORC1 (mammalian target of rapamy-
cin complex 1)/autophagy signaling pathway. Specifically, empagliflozin restored the autophagy markers (Beclin1 and LC3-II 
[microtubule-associated protein 1 light chain 3]) and altered the phosphorylation of AMPK, mTOR, and p70S6K (ribosomal 
protein S6 kinase beta-1). Inhibition of AMPK or autophagy nullified the antihypertrophic effect of empagliflozin, underscoring 
the dependence on the AMPK/mTORC1/autophagy pathway.

CONCLUSIONS: Empagliflozin effectively ameliorates cardiac remodeling and diastolic dysfunction in HFpEF by enhancing au-
tophagy via the AMPK/mTORC1 pathway. These findings elucidate the direct cardioprotective mechanisms of empagliflozin 
and suggest potential therapeutic molecular targets for HFpEF.
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Heart failure with preserved ejection fraction 
(HFpEF) is a multifaceted syndrome that primarily 
arises from severe obesity, diabetes, hyperten-

sive cardiac hypertrophy, and associated comorbidi-
ties. Affecting more than 13 million adults worldwide, 
with its prevalence increasing by approximately 10% 
per decade, HFpEF has become a challenging pan-
demic in contemporary cardiology.1 Characterized 
by diastolic dysfunction due to impaired left ventric-
ular (LV) relaxation or increased ventricular stiffness, 
HFpEF is accompanied by cellular alterations and 
structural cardiac remodeling, including inflammation, 

cardiomyocyte hypertrophy, and fibrosis.2 This con-
dition ultimately leads to decreased relaxation of the 
left ventricle despite the contractile capacity remaining 
within the normal range.

Although the substantial morbidity and mortality in 
HFpEF are comparable to those in HF with reduced EF, 
effective treatments for HFpEF remained elusive until 
the EMPEROR-Preserved (Empagliflozin Outcome Trial 
in Patients With Chronic Heart Failure With Preserved 
Ejection Fraction) trial demonstrated the benefits of 
SGLT2 (sodium–glucose cotransporter 2) inhibitors 
(SGLT2is).3 Empagliflozin, a representative SGLT2i, is 
an oral medication that promotes renal glucose excre-
tion and improves glycemic control. Remarkably, in the 
EMPEROR-Preserved trial, empagliflozin reduced the 
composite risk of cardiovascular death or HF hospital-
ization irrespective of plasma glucose levels, suggesting 
cardiovascular protection beyond its hypoglycemic prop-
erties. Of note, SGLT2 receptors are rarely expressed in 
the heart4 and studies have shown that SGLT2i atten-
uates HF in SGLT2-global-knockout mice,5,6 indicating 
potential SGLT2-independent mechanisms in HFpEF 
that warrant further investigation. Several direct off-
target mechanisms of action for SGLT2i (eg, modulation 
of myocardial energy metabolism, anti-inflammatory and 
antioxidant effects, and reversal of cardiac remodeling) 
are emerging as current research frontiers.7–9 However, 
the precise mechanisms through which empagliflozin 
confers cardioprotection in HFpEF remain unclear.

Cardiac remodeling is intrinsic to the progression of 
diastolic dysfunction in HF and is strongly influenced by 
metabolic disorders.10 The existing evidence has shown 
that empagliflozin ameliorates LV remodeling in both clin-
ical trials and animal experiments of nondiabetic HF with 
reduced EF.11,12 Nevertheless, research on the effects of 
SGLT2i on cardiac remodeling in HFpEF is limited, es-
pecially studies exploring the underlying mechanisms 
involved. This gap in research is partly attributable to 
the paucity of appropriate animal models. The patho-
genesis of HFpEF is heterogeneous and involves met-
abolic abnormalities, neuroendocrine system activation, 
chronic systemic inflammation, and natriuretic peptide 
deficiency. Traditional single-factor preclinical models of 
obesity, hypertension, and diabetes fail to adequately 
recapitulate diverse HFpEF phenotypes.13 Recently, a 
novel “2-hit” mouse model of HFpEF was established, 
in which a high-fat diet and Nω-nitro-l-arginine methyl 
ester (L-NAME) were used to induce key multifactorial 
extracardiac and cardiac features of the disease.14 This 
model offers a promising approach for investigating car-
diometabolic HFpEF mechanisms and developing more 
effective pharmacotherapies to address clinical needs.

RESEARCH PERSPECTIVE

What Is New?
•	 Empagliflozin significantly improves heart failure 

with preserved ejection fraction status in a pre-
clinical “2-hit” model.

•	 The cardioprotective effects of empagliflozin 
are linked to autophagy via the AMPK (AMP-
activated protein kinase)/mTORC1 (mammalian 
target of rapamycin complex 1) pathway.

•	 This study highlights the molecular mechanisms 
of empagliflozin as a cardiometabolic therapy 
for heart failure with preserved ejection fraction.

What Question Should Be Addressed 
Next?
•	 Future studies should elucidate the antifibrotic 

remodeling mechanisms induced by SGLT2 
(sodium-glucose cotransporter 2) inhibitors in 
cardiometabolic heart failure with preserved 
ejection fraction and systematically evaluate 
the therapeutic potential of AMPK agonists and 
autophagy modulators in heart failure with pre-
served ejection fraction.

Nonstandard Abbreviations and Acronyms

Ang II	 angiotensin II
CCK-8	 cell counting kit-8
DEGs	 differentially expressed genes
HFpEF	 heart failure with preserved ejection 

fraction
SGLT2	 sodium-glucose cotransporter 2
SGLT2i	 sodium-glucose cotransporter 2 

inhibitor
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Therefore, this study aimed to investigate the im-
pacts of empagliflozin on cardiac pathological remod-
eling and diastolic dysfunction in the well-established 
“2-hit” murine model of HFpEF, elucidating the under-
lying molecular mechanisms in combination with tran-
scriptomic analysis.

METHODS
Data Availability
All data supporting the findings of this study are avail-
able from the corresponding authors upon reasonable 
request. A detailed description of all materials and 
methods can be found in Data S1.

Experimental Animals
This study complied with the ethical requirements of the 
Guidelines for the Care and Use of Laboratory Animals 
(National Institutes of Health, revised 2011) and the 
principles of the Declaration of Helsinki. All animal ex-
periments were approved by the Ethical Committee of 
the Second Hospital of Chongqing Medical University 
(Approval No. 157/2022). Thirty male C57BL/6 N mice, 
approximately 8 weeks old, were randomly assigned 
to either the control group (n=10) or the HFpEF group 
(n=20), with allocation concealment ensured by tagging 
the mice. The HFpEF group was subjected to an 8-
week high-fat diet (D12492, Research Diet, USA) con-
sisting of 60% fat, 20% protein, and 20% carbohydrate 
combined with L-NAME (0.5 g/L, Sigma–Aldrich, USA) 
in their drinking water, with the pH adjusted to 7.4.14 All 
the mice were maintained on a 12-hour light/dark cycle 
(06:00–18:00) with unrestricted access to food and 
water. Echocardiography was performed to assess LV 
function, after which the HFpEF group was randomly 
subdivided into HFpEF (n=10) and HFpEF plus empa-
gliflozin treatment (HFpEF+empagliflozin, n=10) for an 
additional 8 weeks. The HFpEF+empagliflozin group 
received empagliflozin (10 mg/kg per day) via oral 
gavage with 0.5% hydroxyethylcellulose as the vehi-
cle (Boehringer Ingelheim Pharma GmbH & Co., KG, 
Germany),15 whereas the other groups received normal 
saline and vehicle. At 24 weeks of age, the mice were 
euthanized under sodium pentobarbital anesthesia 
(50 mg/kg, IP), and their hearts were excised, weighed, 
dissected in PBS, and stored at −80 °C. The ratios of 
heart weight to tibial length were also measured as a 
morphometric index for cardiac hypertrophy.

Tail-Cuff Blood Pressure Recordings
Resting blood pressure (BP) and heart rate were 
measured noninvasively in conscious mice via the 
tail-cuff method and system (BP-2010A; Softron 
Biotechnology, Beijing, China). BP was recorded every 

4 weeks, with the final value determined by averaging 
5 valid readings.

Intraperitoneal Glucose Tolerance Test
Intraperitoneal glucose tolerance tests were con-
ducted by injecting glucose (2 g/kg in saline) follow-
ing a 12-hour fasting period as previously described.14 
Tail blood glucose levels (mmol/L) were measured via 
a glucometer at baseline (0 minutes) and at 15, 30, 60, 
and 120 minutes post glucose administration. Mice 
weights from 24 hours before the intraperitoneal glu-
cose tolerance test were used to make glucose gels to 
administer a dose of 2 g/kg.

Echocardiographic Assessment
All mice underwent echocardiographic measure-
ments at baseline, in the established HFpEF model 
(8 weeks), and at 8 weeks after empagliflozin treatment. 
Quantitative analyses encompassed LV structural in-
dices (end-diastolic diameter, wall thickness) and 
functional parameters, including systolic performance 
(ejection fraction, fractional shortening) and diastolic 
compliance (E/A ratio, deceleration time, and isovolu-
mic relaxation time). Methodology is outlined and de-
tailed in Data S1.

Serum Biochemical and Circulatory 
Marker Measurements
At the end of the study, fasting blood was collected via 
retro-orbital puncture from mice anesthetized with in-
traperitoneal sodium pentobarbital (50 mg/kg). Serum 
was separated, and biochemical and circulatory mark-
ers were measured, as outlined in Data S1.

Histological Analyses
Histopathological evaluation comprised hematoxylin 
and eosin staining for myofibril architecture assess-
ment; wheat germ agglutinin staining to quantify car-
diomyocyte cross-sectional area; Masson’s trichrome 
and picrosirius red staining for collagen deposition 
analysis. Autophagy-related protein localization was 
determined through immunohistochemical detection 
of phospho-AMPKα (AMP-activated protein kinase 
alpha), phospho-mTOR (mammalian target of rapamy-
cin), and Beclin1, combined with immunofluorescent 
visualization of LC3-II (microtubule-associated protein 
1 light chain 3) and p62. Full methodological details are 
provided in Data S1.

Transmission Electron Microscopy
Fresh LV tissue was fixed, and subsequent procedures 
were conducted at the electron microscope facility 
of the Institute of Life Sciences, Chongqing Medical 
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University (methodology detailed in Data S1). An inde-
pendent investigator examined and captured images 
of myocardial filament arrangement and organization, 
as well as the structures of mitochondria, lysosomes, 
autophagosomes, and autolysosomes.

Transcriptomic Analysis
RNA sequencing was performed at Shanghai Majorbio 
Biopharm Biotechnology Co., Ltd. (Shanghai, China). 
Transcriptomic analysis included Gene Ontology and 
Kyoto Encyclopedia of Genes and Genomes enrich-
ment analyses of differentially expressed genes (DEGs), 
as well as gene set enrichment analysis. Methodology 
is detailed in Data S1.

Reverse Transcription Quantitative 
Polymerase Chain Reaction‌
Extraction of total RNA from the LV myocardium was 
performed with the Universal RNA Extraction Kit II 
(Accurate Biology, Hunan, China). Gene expression 
was normalized to β-actin expression, and changes in 
gene expression were calculated via the 2−ΔΔCT method. 
Methodology is detailed in Data S1 and the sequences 
of the primers used in this study are listed in Table S1.

Cell Culture
The rat embryonic cardiomyocyte cell line H9c2 was ob-
tained from Wuhan Pricella Biotechnology Co., Ltd. The 
cells were cultured in DMEM (Gibco, USA) supplemented 
with 10% fetal bovine serum (Vazyme, Nanjing, China) and 
100 U/mL penicillin/streptomycin (Beyotime, Shanghai, 
China) at 37 °C in 5% CO2. Upon reaching 70% to 80% 
confluence, the cells were passaged by rinsing with PBS, 
digesting with 0.25% trypsin–EDTA, and centrifuging at 
140g for 5 minutes before reseeding. The experiments 
were independently repeated at least 3 times.

Cell Counting Kit-8
Cell viability was assessed via the Cell Counting Kit-8 
(CCK-8, GlpBio, USA) following standard procedures. 

Briefly, 5×103 cells were seeded in a sterile 96-well plate 
and incubated for 12 hours. The cells were then ex-
posed to varying concentrations of angiotensin II (Ang 
II; 0.1, 1, 10, and 50 μmol/L) and palmitate (100 μmol/L) 
in 10% serum-DMEM for 12, 24, and 48 hours, respec-
tively. After incubation, the medium was replaced with 
fresh medium, and 10 μL of CCK-8 solution was added 
to each well, followed by a 2-hour incubation. The 
absorbance was measured at 450 nm via a Thermo 
Varioskan LUX microplate reader (Thermo Fisher 
Scientific, USA). The optimal therapeutic concentra-
tion of empagliflozin (0–100 μmol/L) was determined 
through subsequent CCK-8 assays.

FITC-Phalloidin Staining
Phalloidin staining was used to assess morphological 
changes in H9c2 cells. The cells were seeded at a den-
sity of 1×104 cells/well in 12-well plates and exposed to 
1 μmol/L AngII and 100 μmol/L palmitate for modeling 
or treated with 50 μmol/L empagliflozin for 24 hours. 
After treatment, the cells were quickly washed with 
PBS, fixed in 4% paraformaldehyde for 20 minutes, 
permeabilized with 0.1% Triton X-100 in PBS for 10 min-
utes, and stained with phalloidin (5 μg/mL) for 1 hour. 
Nuclei were counterstained with DAPI for 10 minutes 
at room temperature. Morphological changes were 
visualized with a fluorescence microscope (NIKON, 
ECLIPSE Ts2R, Japan) at 40× magnification. Cell size 
analysis was conducted via ImageJ software (National 
Institutes of Health, Washington, DC, USA), with ap-
proximately 200 measurements per group, on the 
basis of 6 random fields per dish.

Transduction of Green Fluorescent 
Protein-Monomeric Red Fluorescent 
Protein-LC3 Adenovirus
To evaluate autophagic flux and differentiate autol-
ysosomes from autophagosomes, H9c2 cells were 
transduced with an adenoviral vector expressing GFP-
mRFP-LC3 (green fluorescent protein-monomeric red 

Figure 1.  Empagliflozin improves physiological and cardiac function in the “2-hit” mouse model of HFpEF.
A, Schematic representation of the experimental design. B, Representative images of the mice. C, Statistical analysis of body weight 
gain and (D) body weight changes across the 3 groups after 8 weeks of oral gavage. E, Measurements of SBP, (F) DBP, and (G) HR. H, 
Results of the IPGTT and area under the curve. I, Representative images of transthoracic left ventricular M-mode echocardiographic 
tracings. J, Representative images of the mitral valve blood flow spectrum. K, Analysis of left ventricular systolic function and end-
diastolic diameter in the 3 groups. L, Assessment of left ventricular hypertrophy parameters. M, Evaluation of left ventricular diastolic 
function via the mitral blood flow spectrum. The data are presented as mean±SEM (n=10 mice per group). Statistical analyses were 
conducted using 1-way ANOVA with Tukey’s multiple comparison tests (C, H, K, L, M) and 2-way repeated measures ANOVA with 
Holm-Sidak post hoc tests (D through G). Statistical significance: *P<0.05, **P<0.01, ***P<0.001 vs the control group; #P<0.05, ##P<0.01, 
###P<0.001 vs the HFpEF group. BP indicates blood pressure; BW, body weight; DBP, diastolic blood pressure; DT, deceleration time 
of the E peak; Echo, echocardiogram; EMPA, empagliflozin; FS, fractional shortening; HFpEF, heart failure with preserved ejection 
fraction; HR, heart rate; IPGTT, intraperitoneal glucose tolerance test; IVRT, isovolumetric relaxation time; IVSd, interventricular septal 
thickness in diastole; L-NAME, Nω-nitro-l-arginine methyl ester; LVEF, left ventricular ejection fraction; LVIDd, left ventricular internal 
diameter in diastole; LVPWd, left ventricular posterior wall thickness in diastole; and SBP, systolic blood pressure.
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fluorescent protein-LC3; Hanbio, Shanghai, China). 
Cells were infected at a multiplicity of infection of 50 
for 24 hours upon reaching 50% confluence. Following 

transduction, the cells were allocated into different 
experimental groups. Fluorescence images were ob-
tained using a confocal laser scanning microscope 
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(Nikon, Japan). Quantitative analysis involved enumer-
ating distinct red puncta (indicative of autolysosomes) 
and yellow puncta (representing autophagosomes) for 
subsequent evaluation.

Western Blot
Protein lysates from murine heart tissues or H9c2 
cells were homogenized in RIPA buffer supplemented 
with protease inhibitors and a phosphate inhibitor 
(Beyotime, Shanghai, China) as described and detailed 
in Data S1.

Statistical Analysis
The experimental data are presented as mean±SEM 
(normally distributed) or median with interquartile range 
(nonnormally distributed). Statistical analyses were 
conducted via GraphPad Prism (v9.0). Between-group 
comparisons were performed with 1-way ANOVA with 
Tukey’s post hoc (parametric, ≥3 groups) or Kruskal–
Wallis with Dunn’s correction (nonparametric, ≥3 
groups). Repeated measures were analyzed by 2-way 
repeated measures ANOVA, following the assessment 

of sphericity. Western blot and cell viability data were 
normalized to the control. Statistical significance was 
defined as P<0.05.

RESULTS
Empagliflozin Improves Metabolic and 
Diastolic Function in HFpEF Mice
The experimental flow chart for the animal study 
is shown in Figure  1A. Compared with that of the 
control mice, the body weight of the HFpEF mice 
receiving a high-fat diet was significantly greater, 
and this difference was attenuated by empagli-
flozin treatment (Figure  1B through 1D). A marked 
increase in systolic and diastolic BP was observed 
in the HFpEF mice. However, empagliflozin treat-
ment led to a significant reduction in these param-
eters, with systolic and diastolic BP decreasing by 
8.24 mm Hg and 7.48 mm Hg, respectively (Figure 1E 
and 1F). Although there was no significant difference 
in resting heart rate between the HFpEF group and 
the control group, empagliflozin treatment resulted 

Figure 2.  Empagliflozin reduces cardiac hypertrophy and fibrosis in HFpEF mice.
A and B, Representative heart morphology and heart weight/tibia length ratios in control, HFpEF, and EMPA-treated HFpEF mice (n=10). 
C, Hematoxylin and eosin staining of heart sections in longitudinal and transverse views (2×, scale bar=2 mm; 400×, scale bar=50 μm). D 
and E, Representative WGA staining images and quantification of cardiomyocyte cross-sectional areas (n=6, scale bar=50 μm). F and 
G, Representative images and quantification of Masson’s trichrome staining of interstitial and perivascular fibrosis in heart sections 
(n=6, scale bar=50 μm). H and I, Representative images and quantification of PSR staining of interstitial and perivascular fibrosis (n=6, 
scale bar=50 μm). J and K, RT-qPCR analysis of the mRNA levels of hypertrophic genes. L and M, RT-qPCR analysis of the mRNA levels 
of profibrotic genes. The data are presented as mean±SEM or median with interquartile range (TGF-β and Col-1). Statistical tests were 
conducted using 1-way ANOVA with Tukey’s multiple comparisons (B, E, G, I through K) and Kruskal–Wallis tests followed by Dunn’s 
multiple comparisons (L, M). Statistical significance: *P<0.05, **P<0.01, ***P<0.001 vs the control group; #P<0.05, ##P<0.01, ###P<0.001 
vs the HFpEF group. β-MHC indicates beta-myosin heavy chain; Col-1, collagen type 1; EMPA, empagliflozin; H&E, hematoxylin and 
eosin; HFpEF, heart failure with preserved ejection fraction; HW/TL, heart weight/tibia length; PSR, picrosirius red; RT-qPCR, reverse 
transcription quantitative polymerase chain reaction; TGF-β, transforming growth factor-beta; and WGA, wheat germ agglutinin.

Table.  Serum Biochemical Parameters in HFpEF Mice Treated With Vehicle or Empagliflozin

Control HFpEF HFpEF+empagliflozin P value

Glucose, mmol/L 7.26±0.46 12.46±1.29** 7.04±0.61## <0.001

Insulin, mIU/L 8.75±0.52 28.18±1.33*** 19.51±1.67### <0.001

Glycated albumin, μmol/L 224.5±8.06 344.9±18.07*** 246.8±6.64### <0.001

Total cholesterol, mmol/L 2.54±0.09 6.70±0.69** 5.77±0.45 <0.001

Triglyceride, mmol/L 1.61±0.04 2.52±0.22** 2.16±0.09 <0.001

Low-density lipoprotein cholesterol, mmol/L 0.32±0.01 1.10±0.18** 0.94±0.08 <0.001

High-density lipoprotein cholesterol, mmol/L 2.47±0.13 5.98±0.57** 5.26±0.42 <0.001

Brain natriuretic peptide, pg/mL 198.70±18.09 552.10±24.05*** 394.9±23.49### <0.001

Angiotensin II, pg/mL 68.95±4.03 139.50±4.21*** 102.20±7.85### <0.001

C-reactive protein, mg/L 2.01±0.30 5.26±0.19*** 3.11±0.36### <0.001

Serum creatinine, μmol/L 22.68±2.03 26.37±3.42 28.55±1.66 0.272

Serum urea nitrogen, mg/dL 34.84±2.57 32.05±2.34 37.84±2.63 0.295

The values are means±SEMs (n=6 per group). P values were calculated via one-way analysis of variance, with Tukey’s test used for multiple comparisons. 
*P<0.05, **P<0.01, and ***P<0.001 vs the control group; #P<0.05, ##P<0.01, and ###P<0.001 vs the HFpEF group. HFpEF indicates heart failure with preserved 
ejection fraction.
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in a notable decrease in heart rate (Figure 1G). The 
outcomes of the intraperitoneal glucose tolerance 
tests indicated that glucose tolerance was signifi-
cantly impaired in the HFpEF group compared with 

the control group but improved significantly follow-
ing empagliflozin treatment (Figure 1H).
The serum levels of glucose, insulin, glycated albumin, 
Ang II, BNP (brain natriuretic peptide), and CRP (C-reactive 
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protein) were greater in the HFpEF group than in the control 
group but were lower after empagliflozin treatment (Table). 
Despite notable elevations in total cholesterol, triglycer-
ide, low-density lipoprotein cholesterol, and high-density 

lipoprotein cholesterol levels in the HFpEF group, empagli-
flozin treatment did not significantly improve these lipid lev-
els. Additionally, there were no significant differences in the 
creatinine or urea levels among the 3 groups.
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As shown in the echocardiographic images 
(Figure 1I and 1J), there were no significant alterations 
in LVEF, LV fractional shortening, or LV internal dimen-
sion at end-diastole among the 3 groups of mice at 
the final cardiac function assessment (Figure  1K). 
Compared with those in untreated HFpEF mice, the in-
creases in the LV mass, interventricular septum thick-
ness at end-diastole, and LV posterior wall thickness 
at end-diastole in HFpEF mice treated with empagli-
flozin were significantly smaller (Figure 1L). Moreover, 
empagliflozin significantly improved diastolic function, 
as evidenced by favorable alterations in the E/A ratio, 
isovolumetric relaxation time, and deceleration time 
(Figure 1M).

Empagliflozin Attenuates Cardiac 
Hypertrophy and Fibrosis in HFpEF Mice
The gross morphology of the hearts (Figure 2A), heart 
weight to tibial length ratios (Figure  2B), and repre-
sentative hematoxylin and eosin histological sections 
(Figure 2C) from the 3 experimental groups exhibited 
substantial cardiac hypertrophic changes in the HFpEF 
group, which were attenuated by empagliflozin treat-
ment. To further evaluate cardiomyocyte hypertrophy, 
LV myocyte cross-sectional areas were measured 
via wheat germ agglutinin staining. As presented in 
Figure 2D and 2E, the cross-sectional areas of ventric-
ular cardiomyocytes in HFpEF mice were significantly 
greater than those in control mice. Empagliflozin treat-
ment dramatically alleviated the myocyte hypertrophy 
induced by high-fat diet plus L-NAME. Both Masson’s 
staining (Figure 2F and 2G) and picrosirius red staining 
(Figure 2H and 2I) indicated increased interstitial and 
perivascular fibrosis in the HFpEF group compared 
with the control group, which was attenuated by em-
pagliflozin treatment. At the molecular level, HFpEF-
induced increases in hypertrophy-related markers, 
including ANP (atrial natriuretic peptide) and β-MHC 
(beta-myosin heavy chain), significantly decreased 
after empagliflozin administration (Figure 2J and 2K). 
Additionally, the mRNA expression levels of profi-
brotic markers, including TGF-β (transforming growth 

factor-beta) and Col-1 (collagen type I), were signifi-
cantly increased in the HFpEF group, whereas empa-
gliflozin significantly decreased these levels (Figure 2L 
and 2M). These results indicate that empagliflozin has 
profound cardioprotective effects on cardiac hypertro-
phy and fibrosis in HFpEF mice.

Empagliflozin Treatment Ameliorates 
Cardiomyocyte Hypertrophy in H9c2 Cells 
Induced by Palmitate and Ang II
To elucidate the role of empagliflozin in cardiomyocyte 
hypertrophy, an in vitro “2-hit” model of H9c2 cells was 
established in which palmitate combined with Ang II 
was used to mimic metabolic and pressure stress. A 
previous study showed that palmitate at a concentra-
tion of 75 μmol/L induced insulin resistance in H9c2 
cells with minimal toxicity, resembling the diabetic 
state observed in humans and rats.16 Furthermore, 
100 μmol/L palmitate does not induce severe apopto-
sis in cardiomyocytes.17 Consequently, our study em-
ployed a palmitate concentration of 100 μmol/L.

The results of the CCK-8 assay indicated that the 
viability of H9c2 cells significantly and persistently de-
creased at all tested concentrations of Ang II following 
24 and 48 hours of exposure (Figure  3A). Compared 
with that of palmitate alone, cell viability was further 
reduced by the combined effect of Ang II and pal-
mitate for 24 hours at concentrations of 1 μmol/L or 
higher (Figure 3A). On the basis of these findings, an 
in  vitro “2-hit” model of cardiomyocyte hypertrophy 
was established by exposing H9c2 cells to a combina-
tion of palmitate and 1 μmol/L Ang II for 24 hours. The 
results of the CCK-8 assay also revealed that empagli-
flozin concentrations ranging from 0 to 100 μmol/L had 
no toxic or detrimental effects on normal H9c2 cells 
(Figure 3B). Notably, in the “2-hit” model, empagliflozin 
resulted in the most significant increase in cell viability 
at a concentration of 50 μmol/L (Figure 3C), which was 
employed for all subsequent experiments.

Under bright field microscopy, the “2-hit” stimula-
tion group displayed the most pronounced increase 
in cell morphology among all groups (Figure  3D). 

Figure 3.  Empagliflozin reduces cardiomyocyte hypertrophy induced by Ang II and palmitate in vitro.
A, CCK-8 assay evaluating the viability of H9c2 cells treated with various concentrations of Ang II and palmitate over different time 
intervals (n=5). B, CCK-8 assay assessing the viability of H9c2 cardiomyocytes following treatment with different concentrations of 
EMPA (n=6). C, CCK-8 assay measuring the viability of H9c2 cells subjected to the “2-hit” model (100 μmol/L palmitate and 1 μmol/L Ang 
II for 24 hours) and then treated with varying concentrations of EMPA (n=5). D, Bright-field microscopy and (E) FITC–phalloidin staining 
images showing H9c2 cell morphology. F, Quantitative analysis of the H9c2 cell cross-sectional area in 4 independent experiments 
(n=4), with approximately 200 cells analyzed per group (μm2). G, RT-qPCR analysis of the mRNA levels of the hypertrophic markers 
ANP, BNP, and β-MHC in H9c2 cells (n=4). The data are presented as mean±SEM. Statistical analyses were conducted using 2-way 
repeated measures ANOVA with Holm–Sidak post hoc tests (A) and 1-way ANOVA with Tukey’s multiple comparison tests (B, C, F, 
G). Statistical significance: *P<0.05, **P<0.01, and ***P<0.001 vs the control; &&P<0.01 vs the palmitate group; #P<0.05, ##P<0.01, and 
###P<0.001 vs the “2-hit” model group. β-MHC indicates beta-myosin heavy chain; Ang II, angiotensin II; ANP, atrial natriuretic peptide; 
BNP, brain natriuretic peptide; CCK-8, Cell Counting Kit-8; EMPA, empagliflozin; PA, palmitate; and RT-qPCR, reverse transcription 
quantitative polymerase chain reaction.
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FITC–phalloidin staining further indicated a signif-
icant increase in the cross-sectional area of H9c2 
cells in the “2-hit” model group, which was markedly 

reduced in cells treated with empagliflozin (Figure 3E 
and 3F). Additionally, compared with control condi-
tions, concurrent stimulation with Ang II and palmitate 
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significantly increased the mRNA levels of ANP, BNP, 
and β-MHC, whereas empagliflozin treatment signifi-
cantly attenuated these levels (Figure 3G).

These results support our in vivo findings, suggest-
ing that empagliflozin treatment can potentially mitigate 
“2-hit”-induced cardiac hypertrophy.

Empagliflozin Exerts Cardioprotective 
Effects Via Autophagy-Associated 
Signaling Based on RNA-Seq Analysis
To further explore the molecular mechanisms un-
derlying the cardioprotective effects of empagliflozin 
in HFpEF, RNA sequencing of LV tissues was per-
formed. The volcano plot displayed 237 upregulated 
and 102 downregulated genes in the HFpEF group 
compared with the control group (Figure  4A). In the 
HFpEF+empagliflozin group, 51 genes were upregu-
lated, whereas 186 genes were downregulated com-
pared with those in the HFpEF group (Figure 4B). The 
cluster heatmap demonstrated consistent expression 
patterns of DEGs within each group (Figure 4C and 4D). 
Gene Ontology enrichment analysis revealed that the 
DEGs in the HFpEF group were predominantly associ-
ated with autophagy, synaptic signaling, and cytokine 
secretion (Figure  4E). In contrast, the empagliflozin-
treated group presented significant changes in the 
expression of genes related to fluid regulation, blood 
coagulation, and cellular autophagy (Figure 4F). Kyoto 
Encyclopedia of Genes and Genomes enrichment 
analysis showed that the DEGs in the HFpEF group 
were enriched in pathways such as neuroactive ligand-
receptor interactions, autophagy, and cAMP signaling 
pathway (Figure 4G). empagliflozin treatment induced 
significant alterations in the expression of genes in-
volved in autophagy, extracellular matrix-receptor in-
teraction, and platelet activation pathways (Figure 4H).
More important, both Gene Ontology and Kyoto 
Encyclopedia of Genes and Genomes analy-
ses highlight the significant role of autophagy in 

empagliflozin-mediated cardioprotection against 
HFpEF, suggesting that autophagy may be a key 
mechanism in this process. Building on the SGLT2i-
autophagy hypothesis proposed in previous litera-
ture,18,19 we further conducted gene set enrichment 
analysis of the autophagy pathway. Gene set enrich-
ment analysis showed that 68 autophagy-related genes 
were downregulated in the HFpEF group, whereas 97 
genes were significantly upregulated after empagliflozin 
treatment (Figure 4I and 4J). Venn analysis revealed 56 
autophagy-related genes common to both groups, in-
cluding Atg3, Atg7, Atg16L1, and Beclin1 (Figure 4K). To 
further verify the involvement of autophagy-associated 
signaling in empagliflozin-modulated cardioprotection 
against HFpEF, reverse transcription quantitative poly-
merase chain reaction experiments were performed. 
The results revealed a significant downregulation of 
autophagy-related markers following high-fat diet and 
L-NAME administration, whereas empagliflozin treat-
ment reversed this trend and induced the upregula-
tion of these markers (Figure 4L). On the basis of the 
aforementioned findings from the RNA-seq analysis, 
we supported that autophagy signaling may mediate 
the cardioprotective effects of empagliflozin in HFpEF.

Empagliflozin Regulates AMPK/mTOR 
Complex 1/Autophagy Signaling to Inhibit 
HFpEF In Vivo
To further investigate the effect of empagliflozin on 
autophagy in the “2-hit” mouse model of HFpEF, we 
first examined autophagy-related morphological and 
structural changes in cardiomyocytes via transmission 
electron microscopy. The resulting images revealed 
autophagosomes and autolysosomes in the control 
group (Figure 5A). In contrast, the HFpEF group pre-
sented disordered myocardial filaments, increased fat 
droplets and glycogen particles, and impaired mito-
chondrial integrity without the presence of autophago-
somes (Figure 5A). Empagliflozin treatment improved 

Figure 4.  RNA sequencing and RT-qPCR analysis of autophagy-related genes in murine heart tissues.
A and B, Volcano plots showing DEGs in the HFpEF vs control groups (A) and EMPA-treated vs HFpEF groups (B). Dotted lines indicate 
statistical significance thresholds (|log2 fold change|>1 and false discovery rate-adjusted P<0.05; n=3 per group). C and D, Hierarchical 
clustering of DEGs in the HFpEF vs control (C) and EMPA vs HFpEF (D) groups. E and F, Top 15 GO terms enriched in DEGs from the 
HFpEF vs control (E) and EMPA vs HFpEF (F) comparisons. GO analysis revealed enrichment in processes such as neurotransmitter 
transport, autophagosome assembly, and cytokine secretion in the HFpEF vs control comparison; and platelet activation, autophagy 
formation, fluid regulation, and antioxidant activity in EMPA vs HFpEF. G and H, KEGG pathway enrichment of DEGs in the HFpEF vs 
control (G) and EMPA vs HFpEF (H). Significant pathways included neuroactive ligand-receptor interactions, autophagy, and cAMP 
signaling in HFpEF vs control; and extracellular matrix-receptor interaction, autophagy, and platelet activation in EMPA vs HFpEF. I and 
J, GSEA showing downregulation of autophagy-related gene expression in HFpEF vs control (NES=−1.31, P=0.023) and upregulation 
following EMPA treatment (NES=1.66, P<0.001). K, Venn diagram showing overlapping upregulated and downregulated DEGs across 
comparisons. L, RT-qPCR validation of selected autophagy-related DEGs (Atg3, Atg7, Atg16L1, Beclin1) in murine heart tissues (n=6 
per group). Data are presented as mean±SEM. Statistical analyses were performed using 1-way ANOVA with Tukey’s post hoc tests. 
*P<0.05, **P<0.01, ***P<0.001 vs control; #P<0.05, ##P<0.01, ###P<0.001 vs HFpEF. DEGs indicates differentially expressed genes; 
EMPA, empagliflozin; GO, Gene Ontology; GSEA, gene set enrichment analysis; HFpEF, heart failure with preserved ejection fraction; 
IL-17, interleukin 17; KEGG, Kyoto Encyclopedia of Genes and Genomes; NES, normalized enrichment score; and RT-qPCR, reverse 
transcription quantitative polymerase chain reaction.
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the mitochondrial structure and reduced glycogen 
granule deposition and fat droplet distribution, with an 
increased presence of lysosomes and autolysosomes 
undergoing degradation. Furthermore, the levels of 

autophagy-related proteins in the myocardium were 
further assessed by Western blot, immunohistochem-
istry, and immunofluorescence analyses. The Western 
blot results showed the decreased expression levels 
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of the autophagy markers LC3-II and Beclin1 but in-
creased expression of the autophagy substrate p62 
in the “2-hit” model mice compared with the controls 
(Figure 5B and 5C). Notably, empagliflozin administra-
tion significantly elevated LC3-II expression and de-
creased p62 levels, indicating increased autophagy. 
These findings were further corroborated by immu-
nofluorescence staining for LC3-II (Figure  5D) and 
p62 (Figure  5E), as well as immunohistochemical 
staining for Beclin1 (Figure  6A).To elucidate the spe-
cific mechanisms involved in cardiomyocyte autoph-
agy, we analyzed the classical upstream regulators of 
autophagy, including AMPK and mTOR, via Western 
blotting in conjunction with transcriptomics data. Our 
results revealed a reduced phospho-AMPK (P-AMPK)/
total AMPK (T-AMPK) ratio in HFpEF mice, which was 
significantly increased in empagliflozin-treated mice 
(Figure 5B and 5C). Additionally, the HFpEF group pre-
sented increased phosphorylation of mTOR complexes 
and their downstream mediators, p70-S6K, relative to 
the control group. These alterations were completely 
reversed by empagliflozin treatment (Figure  5B and 
5C). The immunohistochemistry results for P-AMPK 
and phospho-mTOR (P-mTOR) further corroborated 
the Western blot findings (Figure  6B through 6D). 
Collectively, these comprehensive outcomes indicate 
that the AMPK–mTORC1 (mTOR complex 1) pathway 
may be responsible for the enhanced cardiomyocyte 
autophagy in empagliflozin-mediated defense against 
HFpEF.

Empagliflozin Alleviates Cardiac 
Hypertrophy Through the Regulation of 
AMPK/mTORC1/Autophagy Signaling 
In Vitro
We also investigated the potential mechanisms in cul-
tured H9c2 cells. First, we used Western blotting to 
evaluate the effects of empagliflozin on Beclin1, LC3-II, 
and p62 expression in Ang II- and palmitate-stimulated 

H9c2 cells. The results showed that “2-hit” stimulation 
reduced LC3-II and Beclin1 levels but increased p62 
expression (Figure 7A and 7B). In contrast, empagliflo-
zin treatment significantly increased LC3-II and Beclin1 
expression while inhibiting p62 expression, indicating 
that autophagy was restored by empagliflozin treat-
ment in cultured H9c2 cells (Figure 7A and 7B). In vivo 
studies have demonstrated that AMPK negatively 
regulates mTOR to trigger autophagy. The phospho-
rylation levels of AMPK and mTOR were subsequently 
analyzed in vitro (Figure 7A and 7B). Palmitate and Ang 
II were found to inhibit AMPK phosphorylation and 
promote mTOR phosphorylation, resulting in impaired 
autophagic initiation. However, empagliflozin treatment 
resulted in increased P-AMPK expression and de-
creased P-mTOR and P-p70S6K levels compared with 
those in the “2-hit” cells.

To elucidate the role of AMPK in mediating the pro-
tective effect of empagliflozin on “2-hit”-induced HFpEF. 
Compound C (CC, 5 μmol/L), a specific AMPK inhibitor, 
was used in our study. The Western blot results revealed 
that CC inhibited AMPK phosphorylation, activated 
mTOR and p70S6K phosphorylation, and suppressed 
autophagy in the empagliflozin-treated group (Figure 7C 
and 7D). These findings suggest that activated AMPK 
negatively regulates mTORC1, thereby enhancing the 
autophagy pathway, which contributes to empagliflozin-
induced protective effects in H9c2 cells.

To comprehensively investigate empagliflozin-
mediated modulation of autophagic flux through the 
AMPK/mTORC1 pathway, we performed mRFP-
GFP-LC3 autophagic flux assays and included 2 addi-
tional intervention groups: one treated with the AMPK 
inhibitor CC (5 μmol/L) and the other with the autoph-
agy inhibitor MHY1485 (5 μmol/L). As shown in Figure 7B 
and 8B, autophagic flux analysis showed that the “2-hit” 
stimulation with palmitate and Ang II significantly reduced 
the numbers of autophagosomes and autolysosomes in 
H9c2 cardiomyocytes. In contrast, empagliflozin treat-
ment markedly increased both autophagosome and 

Figure 5.  Empagliflozin regulates AMPK/mTORC1/autophagy signaling in HFpEF mice.
A, Transmission electron microscopy images of the left ventricular myocardium from the control, HFpEF, and HFpEF+EMPA groups. In 
the control group, the myocardial filaments were well organized, with intact mitochondrial morphology and regular double-membrane 
structures. Autophagosome (red triangle) and autolysosome (red arrow) were observed. In the HFpEF group, the myocardial filaments 
were disordered, with some broken, dissolved, or absent mitochondrial cristae, and the electron density decreased. Fat droplets and 
glycogen particles were prevalent, with no autophagosomes or autolysosomes visible. In the HFpEF+EMPA group, the myocardial 
filaments were relatively well organized, the mitochondrial crista structure was improved, and the electron density was restored. More 
lysosomes (yellow arrows) and autolysosomes (red arrows) were visible. B, Western blot bands and (C) statistical analyses of the effects 
of EMPA on the AMPK/mTORC1/autophagy pathway. The data were normalized to total protein (for phosphorylated protein) and β-Actin 
(for total protein) and are expressed as the fold change relative to the control (n=6). D, LC3-II immunofluorescence staining in murine left 
ventricular tissue. E, p62 immunofluorescence staining in murine left ventricular tissue. Fluorescent puncta represent antibody-specific 
target protein, images were captured at 400× magnification (scale bar: 50 μm). The data are presented as mean±SEM (n=6 per group). 
Statistical tests were conducted using 1-way ANOVA with Tukey’s multiple comparisons. Statistical significance: *P<0.05, **P<0.01, 
and ***P<0.001 vs the control group; #P<0.05, ##P<0.01, and ###P<0.001 vs the HFpEF group. AMPK indicates AMP-activated protein 
kinase; EMPA, empagliflozin; HFpEF, heart failure with preserved ejection fraction; LC3-II, microtubule-associated protein 1 light chain 
3; mTORC1, mammalian target of rapamycin complex 1; P-AMPK, phosphorylated AMPK; P-mTOR, phosphorylated mammalian target 
of rapamycin; and P-p70S6K, phosphorylated p70S6K.
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autolysosome accumulation compared with the model 
group, indicating enhanced autophagic flux. Notably, this 
empagliflozin-induced activation of autophagy was sub-
stantially attenuated in the presence of CC or MHY1485, 

with both inhibitor groups showing significantly lower 
autophagic flux compared with the empagliflozin-
treated group. These findings demonstrate that em-
pagliflozin promotes the full autophagic flux—from early 
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autophagosome formation to late autophagolysosomal 
degradation—via AMPK/mTORC1 signaling.

Lastly, to further establish the functional linkage 
between the AMPK/mTORC1/autophagy pathway 
and empagliflozin-induced antihypertrophic effects, 
we quantified cardiomyocyte size via FITC-phalloidin 
staining across 5 experimental groups. As shown in 
Figure  8C, significant enlargement of the cell areas 
was observed in the CC and MHY1485 groups com-
pared with the empagliflozin-treated group. The finding 
confirmed that both the AMPK inhibitor CC and the 
autophagy inhibitor MHY1485 nullified the protective 
effect of empagliflozin on cardiomyocyte hypertrophy 
through this pathway.

In summary, these findings demonstrated that em-
pagliflozin ameliorated cardiomyocyte hypertrophy by 
regulating the AMPK/mTORC1/autophagy pathway.

DISCUSSION
To our knowledge, this study is the first to elucidate the 
beneficial effects of empagliflozin in the “2-hit” mouse 
model of HFpEF induced by a combination of high-fat 
diet and L-NAME via an autophagy-dependent mecha-
nism. The major findings of this research are as follows: 
(1) empagliflozin attenuates HFpEF-induced diastolic 
dysfunction and ventricular remodeling, characterized 
by reduced left ventricular hypertrophy and cardiac fi-
brosis; (2) empagliflozin effectively inhibits cardiomyo-
cyte hypertrophy in vitro; (3) RNA-seq analysis reveals 
that autophagy signaling is a critical mediator of the 
cardioprotective effect of empagliflozin in HFpEF; and 
(4) the amelioration of cardiomyocyte hypertrophy by 
empagliflozin is mediated by the AMPK/mTORC1/au-
tophagy signaling pathway.

Effects of Empagliflozin on Cardiac 
Remodeling in HFpEF
The osmotic diuresis and natriuresis effects of SGLT2i 
on the renal proximal tubule lead to a modestly re-
duced circulation volume and improved BP control, 
benefiting patients with HF.20 However, these prop-
erties may not elucidate the primary mechanisms of 
SGLT2i in HFpEF.21,22 Furthermore, stronger diuretics, 
such as loop diuretics, do not significantly reduce ad-
verse events in patients with HFpEF. Consequently, the 

direct metabolic effects of SGLT2i on HFpEF have be-
come a focal point of investigation.

In this study, the “2-hit” model of cardiometabolic 
HFpEF mice primarily exhibited metabolic disorders, in-
cluding obesity, hypertension, and glucose intolerance, 
leading to subsequent cardiac remodeling character-
ized by cardiomyocyte hypertrophy and cardiac fibro-
sis. Moreover, empagliflozin significantly attenuated 
LV remodeling and diastolic dysfunction in HFpEF, as 
evidenced by alterations in the cardiomyocyte cross-
sectional area, extent of fibrosis, and echocardio-
graphic parameters of diastolic function. The reduction 
in cardiac hypertrophy and LV mass has been recog-
nized as a crucial determinant of improved outcomes in 
HF condition.23,24 Recent clinical trials have shown the 
effects of SGLT2i on LV remodeling in patients with type 
2 diabetes, coronary artery disease, and prevalent HF 
with reduced EF.25,26 However, research on the effects 
of SGLT2i on cardiac remodeling in HFpEF is limited, 
and the available data remain sparse. In a nondiabetic 
rodent model of HFpEF, empagliflozin improved dia-
stolic function and reduced wall stress by ameliorating 
myocyte hypertrophy without fibrotic collagen I/IV.27 
Our findings support the hypothesis that empagliflozin 
attenuates adverse cardiac remodeling, characterized 
by cardiomyocyte hypertrophy and cardiac fibrosis, 
through the modulation of the TGF-β/collagen I pathway.

Empagliflozin decreased the expression of the hy-
pertrophic markers ANP, BNP, and β-MHC, which was 
accompanied by improvements in glucose metabo-
lism and insulin resistance in HFpEF mice. However, 
empagliflozin did not induce significant alterations in 
lipid parameters, which is consistent with previous 
findings of its modest influence on plasma lipid pro-
files.20,28 Furthermore, alterations in serum CRP and 
Ang II levels suggest that empagliflozin attenuates ex-
cessive inflammatory responses and overactivation of 
the renin–angiotensin–aldosterone system, providing 
meaningful insights for identifying biochemical markers 
with predictive value for HFpEF treatment.

Involvement of Autophagy in 
Empagliflozin-Modulated Defense Against 
HFpEF
To elucidate the molecular mechanisms underlying the 
cardioprotective effects of empagliflozin in attenuating 

Figure 6.  Empagliflozin regulates Beclin1, P-AMPK, and P-mTOR levels in HFpEF mice.
A through C, Representative immunohistochemical staining images and (D) quantitative analyses of Beclin1, P-AMPK, and P-mTOR 
in  the murine left ventricular tissue. EMPA significantly elevated Beclin1 and P-AMPK expression, while decreased P-mTOR levels 
compared with the HFpEF group. The data are presented as mean±SEM (n=6 per group). Statistical tests were conducted using 
1-way ANOVA with Tukey’s multiple comparisons. Statistical significance: *P<0.05, **P<0.01, and ***P<0.001 vs the control group; 
#P<0.05, ##P<0.01, and ###P<0.001 vs the HFpEF group. EMPA indicates empagliflozin; HFpEF, heart failure with preserved ejection 
fraction; P-AMPK, phosphorylated AMP-activated protein kinase; and P-mTOR, phosphorylated mammalian target of rapamycin.
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cardiac remodeling, transcriptomics LV tissues was per-
formed. Our findings suggest that autophagy signaling is 
involved in both the pathogenesis of HFpEF and the thera-
peutic effects of empagliflozin. Specifically, the expression 

of autophagy-related genes was lower in the HFpEF 
group than in the control group, whereas empagliflozin 
treatment resulted in their upregulation. Transcriptomic 
analysis in humans with HFpEF or HF with reduced EF 
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revealed that the genes associated with autophagy and 
endoplasmic reticulum stress were specifically downreg-
ulated in HFpEF.29 Recent proteomics analysis of pooled 
data from 535 patients in the EMPEROR-Preserved trial 
demonstrated significant effects of empagliflozin on pro-
teins involved in cardiac autophagy and hypertrophy.30 
These findings collectively support the hypothesis that 
cellular autophagy mediates the therapeutic benefits of 
SGLT2i in patients with HFpEF.

Autophagy, a highly conserved process for degrad-
ing damaged cytoplasmic contents, plays a critical 
role in the pathogenesis of cardiac hypertrophy and 
is often triggered by various stimuli. A high-fat diet 
induces cardiac hypertrophy while concurrently sup-
pressing autophagy through the inhibition of AMPK 
phosphorylation and subsequent activation of mTOR 
phosphorylation in the heart. Conversely, mechanical 
stretch or Ang II insult elicits enhanced cardiomyocyte 
autophagy, contributing to cardiomyocyte hypertro-
phy.31 The present study demonstrated that a “2-hit” 
model of failing myocardium combining a high-fat diet 
with pressure overload is associated with hypertrophic 
remodeling and concurrent autophagy insufficiency, 
as evidenced by RNA sequencing and quantitative 
analysis of autophagy-related proteins. Notably, em-
pagliflozin attenuated cardiac hypertrophy through en-
hancing autophagy, which aligns with previous findings 
supporting the cardioprotective role of autophagy.32 It 
has been reported that, similar to obesity, HF is char-
acterized by the intracellular accumulation of glucose 
and lipid intermediates, which are perceived by cells 
as indicators of energy overabundance, thus leading 
to an impairment of autophagic flux and acceleration 
of cardiomyopathy.18,33 Moreover, the administration 
of SGLT2i could reverse this maladaptive signaling, 
thereby promoting cardiac homeostasis and adaptive 
responses to stress.19

Beyond its beneficial effects on cardiac remodel-
ing in HFpEF, SGLT2i has demonstrated therapeu-
tic efficacy in conditions such as obesity, diabetes, 
and myocardial damage through cellular autophagy. 
For example, dapagliflozin activated autophagy to 

protect against high glucose-induced endothelial cell 
injury34 and reduced pancreatic oxidative stress and 
inflammation in obese rats.35 In addition, empagliflozin 
stimulated glomerular autophagy and exerted reno-
protective effects in type 2 diabetes.36 Interestingly, 
in diabetic cardiomyopathy, empagliflozin improved 
cardiac fibrosis and heart function through either in-
hibiting excessive autophagy in diabetic mice receiving 
a single intraperitoneal injection of streptozotocin37 or 
enhancing autophagy in diabetic KK Cg-Ay/J mice.38 
This discrepancy in autophagy between these stud-
ies might be attributed to the use of distinct diabe-
tes models and varying disease progression stages. 
These findings also indicate that cellular autophagy 
is a critical mechanism involved in the therapeutic ef-
fects of SGLT2i across various tissues and cells. Our 
study demonstrates the important role of autophagy 
in the “2-hit” murine model of HFpEF, which deepens 
the understanding of autophagy dysregulation in car-
diovascular disorders and suggests the potential for 
targeting metabolic disturbances through pharmaco-
logical modulation of autophagy.

Empagliflozin Regulates Autophagy Via 
the AMPK/mTORC1 Pathway
Among the molecular mediators involved in SGLT2i-
induced cardiomyocyte autophagy, the nutrient-
deprivation sensors AMPK and mTOR are particularly 
important. AMPK, a serine/threonine protein kinase, 
negatively regulates mTOR and positively activates au-
tophagy initiation molecules. Conversely, the level of 
mTORC1, a multiprotein complex of mTOR, is reduced 
in nutrient-deprived cells, leading to autophagy activa-
tion and decreased protein synthesis via phosphoryla-
tion of the downstream target p70S6K. In the context 
of HF, the regulation of these mediators, which are es-
sential for maintaining energy and metabolic homeo-
stasis, is often disrupted, and AMPK activity is typically 
inhibited in the failing myocardium.39

It is postulated that SGLT2i may induce a state of 
fasting mimicry, thereby increasing the activities of 

Figure 7.  Empagliflozin modulates the AMPK/mTORC1/autophagy pathway in vitro.
A, Western blot bands and (B) statistical analysis showing the effects of EMPA on the AMPK/mTORC1/autophagy pathway in the “2-hit” 
H9c2 cell model. The “2-hit” model decreased the expression of P-AMPK, LC3-II, and Beclin1 while increasing P-mTOR, P-p70S6K, 
and p62 levels. EMPA treatment significantly increased P-AMPK, LC3-II, and Beclin1 levels but inhibited P-mTOR, P-p70S6K, and p62 
levels (n=4). The data were normalized to total protein (for phosphorylated proteins) and β-actin (for total protein) and are expressed 
as the fold change relative to the control group. C, Western blot bands and (D) statistical analysis showing the effect of CC (5 μmol/L) 
on the AMPK/mTORC1/autophagy pathway in H9c2 cells treated with EMPA (50 μmol/L). Compared with EMPA, CC significantly 
decreased the levels of P-AMPK, LC3-II, and Beclin1 but increased the P-mTOR, P-p70S6K, and p62 levels. The data were normalized 
to total protein (for phosphorylated protein) and β-actin (for total protein) and expressed as the fold change relative to the palmitate+Ang 
II group (n=4). Statistical analyses were conducted using 1-way ANOVA with Tukey’s multiple comparison tests. Statistical significance: 
P<0.05, **P<0.01, ***P<0.001 vs the control group; #P<0.05, ##P<0.01, ###P<0.001 vs the palmitate+Ang II group. AMPK indicates AMP-
activated protein kinase; Ang II, angiotensin II; CC, compound C; EMPA, empagliflozin; LC3-II, microtubule-associated protein 1 light 
chain 3; mTORC1, mammalian target of rapamycin complex 1; PA, palmitate; P-AMPK, phosphorylated AMP-activated protein kinase; 
P-mTOR, phosphorylated mammalian target of rapamycin; and P-p70S6K, phosphorylated p70S6K.
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AMPK and other low-energy sensors, which activate 
downstream signaling in HFpEF.39 Our mechanistic 
study demonstrated that empagliflozin treatment in 
HFpEF mice resulted in AMPK activation and mTORC1 

inhibition, which augmented autophagy and alleviated 
cardiomyocyte hypertrophy. These findings suggest 
that empagliflozin effectively rebalances metabolic dis-
turbances and promotes cardiomyocyte autophagy 
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via the AMPK/mTORC1 axis, contributing to improved 
structural remodeling. This evidence underscores em-
pagliflozin’s role as a direct cardioprotective agent and 
highlights the AMPK/mTORC1/autophagy pathway as 
a critical target in managing cardiometabolic HFpEF.

The AMPK/mTOR-mediated autophagy pathway 
also plays a pivotal role in the therapeutic effects of 
SGLT2i on other stress conditions. For instance, da-
pagliflozin restored autophagy via the AMPK/mTOR 
pathway to mitigate advanced glycation end product-
induced podocyte injury40 and hepatic lipid accumula-
tion.41 Similarly, empagliflozin reduced neurobehavioral 
deficits42 and sunitinib-induced cardiac dysfunction43 
by enhancing autophagy via the AMPK/mTOR path-
way. Additionally, by activating AMPK, empagliflozin 
protected the heart from inflammation and energy de-
pletion, demonstrating the multiple protective effects 
of SGLT2i-activated AMPK in various pathological 
conditions.44

Study Limitations
First, we selected C57BL/6N mice as the experimental 
model for the cardiometabolic HFpEF study based on 
previous research. However, male C57BL/6N mice are 
more prone to developing HFpEF features compared 
with females, which contrasts with the higher preva-
lence of HFpEF in women observed in human popula-
tions. Recent study has demonstrated that both male 
and female C57BL/6J mice can develop “2-hit” HFpEF, 
with female mice exhibiting more pronounced HFpEF 
phenotypes.45 Given the differences in genetic back-
grounds among mouse strains, C57BL/6J mice may 
represent a more suitable animal model for mimicking 
the human HFpEF pathogenesis. Furthermore, HFpEF 
is a heterogeneous clinical syndrome, and our study 
used a specific “2-hit” model focusing on hypertension 
and obesity to induce cardiometabolic HFpEF. Namely, 
our research did not investigate the mechanisms un-
derlying HFpEF caused by other comorbidities, such as 
aging, chronic kidney dysfunction, atrial fibrillation and 
chronic obstructive pulmonary disease. Therefore, our 
findings should be extrapolated to other HFpEF phe-
nogroups with caution. Second, our cardiac functional 

assessment did not include LV pressure-volume 
measurements, which are more direct and sensitive for 
evaluating diastolic dysfunction. However, noninvasive 
echocardiography allows for repeated assessments 
and avoids surgical interference with growth and feed-
ing in obese mice, contributing to a more stable HFpEF 
model. Therefore, a majority of studies involving obese 
mice prefer noninvasive echocardiography for cardiac 
function monitoring and pressure-volume loop ex-
amination could be implemented at the end of animal 
experiments. Third, although we identified the AMPK/
mTORC1/autophagy pathway through transcriptomic 
analysis and confirmed the antihypertrophic effects of 
empagliflozin in cell experiments, further validation of 
the effects of various autophagy inhibitors in HFpEF 
animal tissues is required to comprehensively assess 
the protective mechanisms of SGLT2i via autophagy. 
Addressing this gap will constitute our primary re-
search focus moving forward. Fourth, our study fo-
cused on the role of AMPK in mediating autophagy in 
the therapeutic effects of empagliflozin against HFpEF. 
However, the specific mechanisms underlying the ac-
tivation of AMPK remain unclear. Emerging evidence 
suggests that SGLT2i may regulate downstream pro-
teinase activity by inhibiting the cell membrane receptor 
Na/H exchanger-1 or activating AMPK through “nutri-
ent deprivation” effects involving sirtuins, particularly 
SIRT1 and SIRT3.5,46 Investigating the mechanisms by 
which AMPK activity is elevated in the SGLT2i-treated 
HFpEF milieu represents a valuable area for future re-
search. Lastly, this study primarily explored the direct 
effects of SGLT2 inhibition on myocardial remodeling 
in HFpEF. However, noncardiomyocyte populations, in-
cluding fibroblasts and endothelial cells, may contrib-
ute to fibrosis progression, vascular dysfunction, and 
inflammation in HFpEF. Future research should investi-
gate the mechanisms of SGLT2 inhibitors on profibrotic 
remodeling in these cell types.

CONCLUSIONS
In conclusion, empagliflozin treatment ameliorates 
LV remodeling with a concomitant improvement in 

Figure 8.  Empagliflozin modulates AMPK/mTORC1/autophagy signaling to mitigate cardiomyocyte hypertrophy.
A, Confocal images of mRFP-GFP-LC3 puncta in H9c2 cells under indicated treatments (scale bar: 10 μm). Representative 
autophagosomes (yellow puncta) and autolysosomes (red puncta) are shown. B, Quantification of puncta demonstrates that Compound 
C (AMPK inhibitor) and MHY1485 (autophagy inhibitor) antagonize EMPA-induced increases in autophagosomes and autolysosomes. 
Data are mean±SEM from 3 independent experiments (9–14 cells/group). C, FITC–phalloidin staining of H9c2 cells, illustrating cell 
hypertrophy. The effects of the AMPK inhibitor CC (5 μmol/L) and the autophagy inhibitor MHY 1485 (5 μmol/L) on cell morphology 
are shown. The cell areas (μm2) were quantified in 4 independent experiments, with approximately 200 cells counted per group. The 
data are presented as mean±SEM. Statistical tests were conducted using 1-way ANOVA with Tukey’s multiple comparisons. Statistical 
significance: *P<0.05, **P<0.01, ***P<0.001 vs the control group; #P<0.05, ##P<0.01, ###P<0.001 vs the palmitate+Ang II group; †P<0.05, 
††P<0.01, †††P<0.001 vs the palmitate+Ang II+EMPA group; §P<0.05, §§P<0.01 vs the palmitate+Ang II+EMPA group. Ang II indicates 
angiotensin II; CC, compound C; EMPA, empagliflozin; GFP, green fluorescent protein; LC3, microtubule-associated protein 1 light 
chain 3; mRFP, monomeric red fluorescent protein; mTORC1, mammalian target of rapamycin complex 1; and PA, palmitate.
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diastolic dysfunction in “2-hit” HFpEF mice, and this 
protective effect is mediated by the inhibition of car-
diac hypertrophy through the restoration of AMPK/
mTORC1-induced autophagy. These findings provide 
new and supportive insights into the clinical applica-
tions of SGLT2i in the treatment of HFpEF. Further 
research targeting the autophagy process and its as-
sociated mediators, as suggested by this study, holds 
promise for the development of novel therapeutic strat-
egies in patients with HFpEF.
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