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ORIGINAL RESEARCH

Direct Cardiac Actions of the Sodium 
Glucose Co-Transporter 2 Inhibitor 
Empagliflozin Improve Myocardial Oxidative 
Phosphorylation and Attenuate Pressure-
Overload Heart Failure
Xuan Li , MD*; Qingguo Lu, MD, PhD*; Yunguang Qiu, PhD; Jussara M. do Carmo, PhD; Zhen Wang, MD, 
PhD; Alexandre A. da Silva, PhD; Alan Mouton , PhD; Ana C. M. Omoto, PhD; Michael E. Hall , MD; Ji Li , 
PhD; John E. Hall, PhD

BACKGROUND: We determined if the sodium glucose co-transporter 2 inhibitor empagliflozin attenuates pressure overload-
induced heart failure in non-diabetic mellitus mice by direct cardiac effects and the mechanisms involved.

METHODS AND RESULTS: Male C57BL/6J mice (4–6 months of age) were subjected to sham surgeries or transverse aortic constric-
tion to produce cardiac pressure overload. Two weeks after transverse aortic constriction, empagliflozin (10 mg/kg per day) or 
vehicle was administered daily for 4 weeks. Empagliflozin increased survival rate and significantly attenuated adverse left ventri-
cle remodeling and cardiac fibrosis after transverse aortic constriction. Empagliflozin also attenuated left ventricular systolic and 
diastolic dysfunction, evaluated by echocardiography, and increased exercise endurance by 36% in mice with transverse aortic 
constriction-induced heart failure. Empagliflozin significantly increased glucose and fatty acid oxidation in failing hearts, while reduc-
ing glycolysis. These beneficial cardiac effects of empagliflozin occurred despite no significant changes in fasting blood glucose, 
body weight, or daily urine volume. In vitro experiments in isolated cardiomyocytes indicated that empagliflozin had direct effects 
to improve cardiomyocyte contractility and calcium transients. Importantly, molecular docking analysis and isolated perfused heart 
experiments indicated that empagliflozin can bind cardiac glucose transporters to reduce glycolysis, restore activation of adenosine 
monophosphate-activated protein kinase and inhibit activation of the mammalian target of rapamycin complex 1 pathway.

CONCLUSIONS: Our study demonstrates that empagliflozin may directly bind glucose transporters to reduce glycolysis, rebal-
ance coupling between glycolysis and oxidative phosphorylation, and regulate the adenosine monophosphate-activated pro-
tein kinase mammalian target of rapamycin complex 1 pathway to attenuate adverse cardiac remodeling and progression of 
heart failure induced by pressure-overload in non-diabetic mellitus mice.
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Treatment of heart failure (HF) remains a challenge 
for clinicians, as patients with HF have poor prog-
nosis with a 5-year survival rate of only about 

50%.1 Recently, sodium glucose co-transporter 2 
(SGLT2) inhibitors, a new class of antihyperglycemic 
drugs, have attracted significant attention because of 
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their ability to reduce mortality and major adverse car-
diovascular events in patients with HF.2

The EMPA-REG (Empagliflozin Cardiovascular 
Outcome Event Trial in Type 2 Diabetes Mellitus 
Patients) clinical trial showed in patients with type 2 
diabetes mellitus that empagliflozin, a highly-selective 
SGLT2 inhibitor, reduced cardiovascular mortality, 
non-fatal myocardial infarction or non-fatal stroke 
by 13.2%, and hospitalization from congestive HF 
by 34.1%.3 Dapagliflozin, another SGLT2 inhibitor, 
decreased the risk of worsening HF or death from 
cardiovascular causes in patients with HF and re-
duced ejection fraction, regardless of the presence 
or absence of diabetes mellitus.4 These clinical tri-
als demonstrate that SGLT2 inhibitors may improve 

outcomes in patients with HF, but their mechanisms 
of action are still poorly understood. Although SGLT2 
inhibitors were developed mainly to treat type 2 dia-
betes mellitus, their beneficial cardiovascular effects 
do not appear to be explained entirely by reductions 
in blood glucose or diuresis since other antihypergly-
cemic drugs or diuretics do not evoke similar favor-
able outcomes in patients with HF.5,6

We hypothesized that empagliflozin, a specific 
SGLT2 inhibitor, would improve cardiac function and 
protect against HF progression via direct effects on the 
heart independent of its antihyperglycemic or diuretic 
effects. We used non-diabetic mellitus mice with HF 
induced by pressure-overload to avoid potential ef-
fects of altered blood glucose concentration and in-
sulin resistance which characterize patients with type 
2 diabetes mellitus. Our studies demonstrate that em-
pagliflozin attenuates adverse cardiac remodeling and 
progression of HF independent of reductions in blood 
glucose or diuresis. Importantly, our molecular docking 
studies and experiments in isolated perfused hearts 
suggest that empagliflozin directly binds glucose 
transporters to reduce glycolysis, rebalance coupling 
between glycolysis and oxidative phosphorylation, 
regulate the adenosine monophosphate-activated 
protein kinase (AMPK) mammalian target of rapamycin 
complex 1 (mTORC1) pathway, and improve cardiac 
function in failing hearts.

METHODS
All data and supporting materials have been provided 
within the article and supplementary files.

Animal Studies
Male C57Bl/6J mice (3–4 months of age) were obtained 
from Jackson Laboratory (Bar Harbor, ME). All animal 
procedures conformed to the Guide for the Care and 
Use of Laboratory Animals published by the US National 
Institutes of Health. The animal protocols in this study 
were approved by the Institutional Animal Care and Use 
Committee of University of Mississippi Medical Center 
(Approval number: 1406). Mice were housed for at least 
1 week under standard housing conditions before ex-
periments, with a 12-hour day/night cycle, and food and 
drinking water ad libitum. Mice were euthanized by an 
overdose of anesthesia with 5% vol/vol isoflurane (inha-
lation) at the indicated time point.

Transverse Aortic Constriction Procedure
Mice were anesthetized with 2% to 3% vol/vol isoflurane 
by mechanical ventilation, and subcutaneously injected 
with bupivacaine (2  mg/kg) for one time before surgi-
cal incision. Then a midline incision was performed in 
the anterior portion of the neck. The sternum was cut 

CLINICAL PERSPECTIVE

What Is New?
•	 Our study indicates that empagliflozin attenu-

ates adverse cardiac remodeling and fibrosis 
and progression of heart failure independent of 
reductions in blood glucose or diuresis in a non-
diabetic model of pressure overload.

•	 Empagliflozin increases glucose and fatty acid 
oxidation in failing hearts and may directly bind 
glucose transporters to reduce cardiac glycoly-
sis, rebalance coupling between glycolysis and 
oxidative phosphorylation, and regulate the 
adenosine monophosphate-activated protein 
kinase mammalian target of rapamycin complex 
1 pathway.

•	 These studies provide new insights into the 
molecular, cellular, and metabolic mechanisms 
by which empagliflozin exerts cardioprotec-
tive effects in heart failure induced by pressure 
overload.

What Are the Clinical Implications?
•	 Our findings suggest potential new pharma-

cological targets and therapeutic strategies for 
heart failure caused by pressure overload.

Nonstandard Abbreviations and Acronyms

ACC	 acetyl-coA carboxylase
AMPK	 �adenosine monophosphate-activated 

protein kinase
GLUT	 glucose transporter
mTORC1	 �mammalian target of rapamycin 

complex 1
NHE	 sodium hydrogen exchanger
SGLT2	 sodium glucose co-transporter 2
TAC	 transverse aortic constriction
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from suprasternal notch down to the second intercostal 
space. The thymus was separated, the aortic arch was 
exposed, and a 7.0-silk suture was wrapped around the 
arch between the innominate artery and left carotid artery 
over a 27-gauge needle. The needle was then removed, 
and the wound was closed.7 For the sham group, the 
procedure was similar, but without aortic constriction. 
Analgesic administration was given with one single in-
jection of buprenorphine-sustained release (0.5  mg/
kg, subcutaneously) to relieve postoperative pain. After 
2 weeks of transverse aortic constriction (TAC) or sham 
surgery, the mice were given 1× PBS as vehicle or em-
pagliflozin (10 mg/kg per day by oral gavage) for the du-
ration of the study which lasted an additional 4 weeks.

Transthoracic Echocardiography
Animals from each group were anesthetized with 1% to 
2% isoflurane (inhalation), and transthoracic echocar-
diography (Vevo 3100, Visualsonics, Toronto, Canada) 
was performed to measure cardiac function, including 
systolic and diastolic parameters. Data from at least 3 
cardiac cycles were collected. Left ventricular (LV) trace 
was performed to obtain an averaged ejection fraction, 
fractional shortening, cardiac output and thickness of the 
LV posterior wall during diastole for each group. Diastolic 
function was measured by the ratio of mitral valve E peak 
to A peak (E/A). Other parameters, including isovolu-
metric relaxation time (IVRT), isovolumetric contraction 
time (IVCT), and ejection time were also obtained by PW 
Doppler imaging. Myocardial performance index was 
calculated as: (IVCT+IVRT)/ ejection time. Global circum-
ferential strain was obtained from parasternal short-axis 
views, and the sampling points were placed manually 
along with the epicardial and endocardial layers dur-
ing end-systolic period. The software (Vevo LAB v3.2.0) 
subsequently identified tissue speckles and tracked their 
movement frame-by-frame throughout the cardiac cycle 
and calculated the global circumferential strain.

Exercise Endurance Test
At the end of experiments, the exercise capacity of 
mice was tested. Briefly, mice were acclimated to 
the treadmill (Columbus, Ohio) 2  days before per-
forming a graded maximal exercise endurance test 
(GXT). On the first 2 days, mice were acclimated to 
the shock grid and the treadmill was engaged to a 
walking speed of 9 m/minutes for 5 minutes. On the 
third day, the GXT protocol was performed by plac-
ing the mice on the treadmill at 5° inclination with 
shock grid activated. The treadmill speed was then 
gradually increased until exhaustion of the mice 
as follows: (speed, duration, inclination) 9  m/min-
utes, 2  minutes, 5°; 12  m/minutes, 2  minutes, 10°; 
15  m/minutes, 2  minutes, 15°; (18; 21; 23  m/min-
utes, 1 minutes each, 15°); and (+1 m/minute, each 

1 minute thereafter, 15°). Exhaustion (end point of the 
GXT protocol) was defined as the point at which the 
mice maintained continuous contact with the shock 
grid for 5 seconds. Blood lactate concentration was 
measured from tail vein blood samples collected at 
resting (at least 1 hour before placement in the tread-
mill) and immediately after the GXT protocol.

B-type natriuretic peptide Assay
Serum B-type natriuretic peptide levels in the differ-
ent groups were measured using Enzyme Immunoas
say Kit (Sigma-Aldrich) following the manufacturer’s 
instructions.

Immunoblotting
Immunoblotting was performed as previously de
scribed.8–10 Briefly, protein concentration was meas-
ured using the Bradford dye-binding method (Dye 
Reagent Concentrate, Bio-Rad Protein Assay). The 
target proteins were separated by SDS-PAGE, trans-
ferred to Millipore nitrocellulose membranes (BioRad, 
Hercules, CA). The membranes were incubated with 
primary antibodies at 4℃ overnight. Then, mem-
branes were incubated with secondary antibodies 
at room temperature for 1 hour and signal intensity 
was determined using the Odyssey Infrared Imaging 
System (LI-COR, Lincoln, NE).

Antibodies against phospho-ACC (Cell signal, 
3661), ACC (Cell signal, 3662), phospho-AMPK (Cell 
signal, 2535), AMPK (Cell signal, 5831), phospho-
mammalian target of rapamycin (mTOR) (Cell signal, 
2971), mTOR (Cell signal, 2983), GAPDH (Cell signal, 
2118), phospho-S6 ribosomal protein (Cell signal, 
2217), S6 ribosomal protein (Cell signal, 2217), CD36 
(cluster of differentiation 36) (Novus, NB400-104), 
PPARα (peroxisome proliferator-activated receptor-
alpha) (Novus, NBP1-04676), SERCA2 (Cell sig-
nal, 9580), phospho-CaMKII (Cell signal, 12716), 
phospholamban (Cell signal, 14562), and ryano-
dine receptor (Proteintech, 19765-1-AP) were used 
as primary antibodies. IRDye 800CW Donkey anti-
Rabbit immunoglobulin G (LI-COR, 925-32213) and 
IRDye 680RD Donkey anti-Rabbit immunoglobulin 
G (LI-COR, 925-68073) were used as secondary 
antibodies.

Evaluation of Cardiac Hypertrophy and 
Fibrosis
Heart paraffin embedded tissue sections (5 μm) were 
prepared as described previously.7 Briefly, fluorescein 
conjugated wheat germ agglutinin stain (Alexa Fluor-488, 
Invitrogen, Carlsbad, CA) was used to evaluate cardio-
myocyte size and myocyte nucleus was stained using 
4′, 6-diamidino-2-phenylindole. Masson trichrome stain 
(Sigma-Aldrich) was used for detection of fibrosis.



J Am Heart Assoc. 2021;10:e018298. DOI: 10.1161/JAHA.120.018298� 4

LI et al.� Direct Cardiac Effects of Empagliflozin in Heart Failure

Glucose and Fatty Acid Oxidation 
Measurements
Glucose and fatty acid oxidation in whole hearts was 
measured using a working heart system at the end of 
the experiments. The system was set to an afterload of 
80 cm H2O.8,9,11–13 Hearts were perfused at a preload 
of 15 mm Hg with Krebs–Henseleit buffer containing 
glucose (7 mmol/L), oleate (0.4 mmol/L), BSA (1%), and 
a low insulin concentration (10 lU/mL). [9, 10]-3H-oleate 
(50 µCi/L) and 14C-glucose (20 µCi/L) was added to the 
buffer entering through the right pulmonary vein and 
pumped out through the aorta. The perfusion buffer 
was bubbled with 95% O2/5% CO2. The perfusate 
pumped out of the coronary venous was collected 
every 10  minutes to measure the radioactivity. Fatty 
acid oxidation was determined through the production 
of 3H2O from [9, 10]-3H-oleate. Metabolized 3H2O was 
separated from [9, 10]-3H-oleate by filtering through an 
anion exchange resin (BioRad; 1401241). Glucose oxi-
dation was measured by metabolized 14CO2 dissolved 
in the buffer. To separate 14CO2 from 14C-glucose, sul-
furic acid was added to perfusate samples and 14CO2 
was captured on hyamine hydroxide-soaked filter 
paper. The 3H and 14C signals were measured by a 
scintillation counter (Beckman LS 6000).

Glucose Uptake and Glycolysis 
Measurements and Left Ventricular 
Developed Pressure
Glucose uptake and glycolysis were analyzed in the 
Langendorff heart perfusion system by measuring the 
production of 3H2O from D-[2-3H] glucose or D-[5-3H] 
glucose, respectively. Mice were injected with 1000 µ/
kg heparin (Lake Zurich, IL) via i.p. 10 minutes before 
being euthanized. Isolated hearts were then retroper-
fused with radiolabeled Krebs-Henseleit buffer. The 
buffer temperature was maintained at 37°C. Perfusate 
was collected every 10 minutes to test the radioactivity. 
During the ex vivo experiments, a fluid-inflated balloon 
was inserted in the LV and connected to a LabChart 8 
system (AdInstruments) to measure heart rate (HR) and 
LV developed pressure. The rate pressure product was 
calculated as LV developed pressure multiplied by HR 
(rate pressure product= LV developed pressure × HR). 
Metabolized 3H2O from 500 µL collected perfusate was 
separated from D-[2-3H] glucose or D-[5-3H] glucose 
by filtering through anion-exchange 1-X8 resin (BioRad; 
1401441). The rate of glucose uptake and glycolysis was 
calculated by the amount of 3H2O production. Ten mil-
liliters of scintillation fluid was added to each vial, and 
then mixed well. The radioactive signal was measured 
on a liquid scintillation counter (Beckman LS 6000, 
Brea, CA).

Myocardial ATP generation was calculated as that 
the oxidation of 1 molecule of oleic acid generating 

118.5 ATP, 1 molecule of glucose 36 ATP and the gly-
colysis of 1 molecule of glucose generating 2 ATP.

Cardiomyocyte isolation and 
measurement of contractility and calcium 
transient
At the end of experiments, mice were injected with 
1000 µ/kg of heparin for anticoagulation before being eu-
thanized.14 The heart was excised, cannulated, and con-
nected to a heart perfusion apparatus (Radnoti, CA) and 
perfusion was initiated in the Langendorff mode. The heart 
was perfused with a Ca2+- free based buffer (pH 7.2, 37°C) 
containing: 135 mmol/L NaCl, 4 mmol/L KCl, 1 mmol/L 
MgCl2, 10  mmol/L HEPES, 0.33  mmol/L NaH2PO4, 
10 mmol/L glucose, 10 mmol/L 2,3-butanedione mon-
oxime (Sigma; B0753), and 5  mmol/L taurine (Sigma; 
T0625) and bubbled with 95% O2/5% CO2. After 3 to 
5 minutes of perfusion, the buffer was replaced with simi-
lar buffer containing 0.3 mg/g body weight collagenase 
D (Roche; 11088858001), 0.4 mg/g body weight colla-
genase B (Roche; 11088807001), and 0.05 mg/g body 
weight protease type XIV (Sigma; P5147) dissolved in 
25-mL perfusion buffer.15 After complete digestion of the 
heart (6–8 minutes), the heart was removed and minced. 
Extracellular Ca2+ was gradually added back to the cells 
gradually, starting at 0.06 mmol/L to a final concentration 
of 1.2 mmol/L. The interval of each Ca2+ concentration 
was 15 minutes.13

Cardiomyocytes contractility was assessed using a 
SoftEdge Myocam system (IonOptix, Westwood, MA). 
Cardiomyocytes were placed in a chamber and stim-
ulated with a supra-threshold voltage at a frequency of 
1 Hz.16,17 IonOptix SoftEdge software was used to record 
the changes in sarcomere length and duration of short-
ening and re-lengthening. The following parameters were 
used to evaluate cardiomyocyte contractility: resting sar-
comere length; maximum velocity of shortening (−dL/
dt); maximum velocity of re-lengthening (+dL/dt); peak 
height, maximum change of sarcomere length during 
contraction; peak shortening, peak height normalized 
to resting sarcomere length. Intracellular Ca2+ transient 
was measured using a dual-excitation, single emission 
photomultiplier system (IonOptix). Cardiomyocytes were 
treated with Fura 2-AM (2 μmol/L) at 37°C for 20 min-
utes and then exposed to light emitted by a 75 W hal-
ogen lamp through either a 340- or 380-nm filter while 
being stimulated to contract at a frequency of 1  Hz, 
and fluorescence emissions were detected. The follow-
ing parameters were recorded: calcium baseline signal 
(F340/380); calcium peak signal, maximum change of 
calcium signal during contraction (ΔF340/380); percent-
age peak calcium change (%ΔF340/380), peak calcium 
signal normalized to baseline; maximum velocity of cal-
cium change during contraction (+dF/dt); maximum ve-
locity of calcium change during relaxation (-dF/dt).
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Molecular Docking
Binding ability of empagliflozin to potential targets in-
cluding GLUT1 (glucose transporter 1), GLUT4, SGLT1 
(sodium glucose co-transporter 1), and NHE (sodium 
hydrogen exchanger) were examined by molecular 
docking analysis. Empagliflozin was prepared by using 
maestro Ligprep module and was docked into these 
protein models by using a standard docking module 
standard precision in Glide (Schrödinger software, 
2015). Because of structural conservation between 
reported GLUT1 structures, the inhibitor co-complex 
structures of GLUT1 (protein data bank [PDB] code: 
5EQG) were chosen for detailed examination of po-
tential docking with empagliflozin. Also, this structure 
was adopted to build a GLUT4 protein model (identity: 
65.92%). Structural models of SGLT1 were created 
based on crystal structure of SiaT (PDB code: 5NV9) 
according to Bisignano et al.18 As reported by Uthman 
et al.,18 NHE was also modeled with bacterial sodium-
proton antiporter (PDB code: 4CZB) as template. 
Homology models were performed by using SWISS-
MODEL server.19 The ligand centroid in crystal struc-
tures or reported potential binding sites were chosen 
as the docking center. Glide GScore was used to rank 
the result and the lowest score was selected as the 
binding energy for the best binding mode.

Body Weight and Body Composition 
Analysis, and Measurements of Blood 
Pressure and Serum Ketone Body
These detailed methods can be found in Data S1.

Statistical Analysis
Data were expressed as mean±SEM. Two-tailed 
Student t-test, Mann–Whitney test, Dunn multiple com-
parison test, log-rank test, non-repeated and repeated 
measures 1-way or 2-way ANOVA followed by Tukey 
post-hoc tests were used for comparisons (the statis-
tical method for each comparison is indicated in the 
figure legends.) using Prism 7.0 (GraphPad Software, 
La Jolla, CA). A P value of <0.05 was considered as 
statistically significant.

RESULTS
Empagliflozin Increased Survival Rate 
and Attenuated TAC-Induced Cardiac 
Remodeling Without Altering Blood 
Glucose Concentration
Empagliflozin treatment increased survival rate from 
50% to 63.2% after TAC surgery (vehicle and em-
pagliflozin, respectively, Figure  1A). No deaths oc-
curred in the sham and sham+empagliflozin groups. 
Empagliflozin did not significantly alter fasting blood 

glucose concentration in any of the groups (Figure 1B, 
Table  S1). Furthermore, empagliflozin did not sig-
nificantly alter food intake, 24-hour urine volume and 
serum ketone bodies (Figure S1), body weight, or adi-
posity in these non-diabetic mice compared with vehi-
cle groups (Figure S2).

Empagliflozin treatment attenuated TAC-induced 
LV remodeling (Figure  1C) and reduced cardiac hy-
pertrophy and lung dry weight compared with vehicle 
treatment (Figure  1D and 1E). The large increase in 
plasma concentration of B-type natriuretic peptide, an 
HF biomarker, associated with TAC was also markedly 
attenuated by empagliflozin (Figure  1F). In addition, 
empagliflozin treatment in mice with TAC attenuated 
the size of individual cardiomyocytes and also reduced 
cardiac fibrosis compared with vehicle groups after 
TAC (Figure 1G and 1H, Table S1).

Empagliflozin Improved Cardiac Function 
and Increased Exercise Endurance in 
Mice With TAC-Induced HF
We assessed cardiac function at baseline and at 2-
weeks post-surgery before empagliflozin treatment 
was started. Compared with baseline values, TAC 
increased LV posterior wall thickness in diastole and 
reduced ejection fraction, fractional shortening, and 
cardiac output (Figure  S3A–S3D) at 2  weeks. After 
6 weeks of TAC, cardiac systolic function was reduced 
even further in vehicle-treated mice (Figure  2A and 
2C). Empagliflozin treatment for 4 consecutive weeks 
attenuated most of the impairment in systolic func-
tion, including reductions in ejection fraction, fractional 
shortening, and cardiac output (Figure 2A and 2C). In 
addition, TAC also caused diastolic dysfunction with 
a restrictive pattern, as evidenced by increased E/A 
ratio (Figure S3E, Figure 2B and 2C). We also found 
that myocardial performance index was increased 
after 6-week TAC, but not significantly different after 
2-week TAC (Figure  S3F). Four weeks of empagliflo-
zin treatment not only attenuated development of HF 
with reduced ejection fraction, but also abolished the 
alterations in myocardial performance index and E/A 
ratio induced by TAC (Figure 2B and 2C). Empagliflozin 
also markedly attenuated TAC-induced impairment of 
global circumferential strain, an index of LV function, 
compared with vehicle (Figure 2D, Table S2).

We next tested if TAC-induced HF would be as-
sociated with impaired exercise capacity during GXT, 
and if empagliflozin would improve exercise capacity. 
TAC decreased exercise capacity by ≈50% in vehicle 
treated mice compared with the sham group (time until 
exhaustion: 10.8±1.3 versus 21.3±0.9 minutes, P<0.01). 
Empagliflozin increased exercise endurance by ≈36% 
(14.7±1.2 minutes) (Figure 3A). We also observed sig-
nificantly reduced VO2 max, an index of maximum 
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Figure 1.  Empagliflozin treatment attenuated cardiac remodeling caused by transverse aortic 
constriction (TAC).
(A) Survival curve in different groups of mice after sham or TAC surgery subjected to vehicle or empagliflozin 
treatment (n=10–19). (B) Fasting blood glucose concentration among groups during baseline (time 0), 2, 4, 
and 6 weeks after surgery. Mice were fasted overnight, and blood glucose concentration was measured 
biweekly (n=10–19). There was no difference among any of the groups. (C) Representative hearts from 
sham+vehicle, sham+empagliflozin, TAC+vehicle, and TAC+empagliflozin mice at the end of experiments. 
(D) Dry heart weight and (E) lung weight in different groups (n=5–6). (F) Quantitative analysis of serum 
B-type natriuretic peptide (n=6). (G) Left: Cardiomyocytes sizes were outlined by wheat germ agglutinin 
staining. Right: Quantitative analysis of wheat germ agglutinin staining (n=6). (H) Cardiac fibrosis was 
measured by Masson staining. Left: representative images of Masson staining. Right: quantitative analysis 
(n=6), Results are expressed as mean±SEM. TAC indicates transverse aortic constriction; BNP, B-type 
natriuretic peptide; DAPI, 4′,6-diamidino-2-phenylindole; and WGA, wheat germ agglutinin. *P<0.05 vs 
sham, †P<0.05 vs TAC. Log-rank test (A). One-way ANOVA (non-repeated measures) (B and D–H).
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Figure 2.  Empagliflozin treatment improved cardiac function and exercise endurance in heart 
failure.
(A) and (B) Representative images of M-mode of left ventricles and mitral valve flow Doppler in Sham 
and transverse aortic constriction groups. (C) Cardiac systolic and diastolic function were quantified, 
including ejection fraction, fraction shortening, cardiac output, myocardial performance index, and 
E/A ratio. The end-diastolic left ventricular posterior wall thickness was also evaluated. (D) Cardiac 
speckle-tracking analysis was used to evaluate cardiac contractility. Upper: the representative images 
of global circumferential strain among groups. Lower: Quantitative results. One-way ANOVA (non-
repeated measures) (C–D). Results are expressed as mean±SEM, n=5–6 in each group. CO indicates 
cardiac output; EF, ejection fraction; FS, fraction shortening; GCS, global circumferential strain; LVPWd, 
LV posterior wall during diastole; and TAC, transverse aortic constriction. *P<0.05 vs sham, †P<0.05 vs 
transverse aortic constriction.
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oxygen uptake during GXT, in the vehicle-treated TAC 
group (Figure 3B); empagliflozin treatment partially re-
stored VO2 max toward normal in TAC mice (Figure 3B). 
TAC also shortened the time needed for the respira-
tory exchange rate to increase >1.0 when compared 
with the sham group (8.9 versus 14.6 minutes, P=0.01) 
(Figure  3C) and resulted in the highest blood lactate 
concentration immediately after the GXT (Figure  3D). 
Empagliflozin treatment caused only a modest, non-
significant delay in the time until respiratory exchange 
rate exceeded 1.0 in the TAC+empagliflozin group 
(P=0.22) (Figure  3C), but it markedly reduced blood 
lactate concentration at the end of GXT (Figure  3D, 
Table S3).

We also measured the systemic arterial and left 
ventricle pressures in these mice at the end of the 
experiments. Since there is a gradient between the 
pressures before and after the aortic constriction, we 
measured the systemic arterial pressure through the 
left carotid artery, while measuring the intra-LV pres-
sure through the apex of the heart. Although blood 
pressure beyond the aortic constriction initially is re-
duced after aortic constriction, within a few days the 

systemic arterial pressure beyond the constriction 
returns to nearly normal because of compensatory 
increases in pressure behind the constriction that 
raise intraventricular pressures.20,21 Empagliflozin 
treatment, however, did not significantly alter sys-
temic arterial pressure or intraventricular pressure 
(Figure S4).

Empagliflozin Improved Cardiomyocyte 
Contractility and Calcium Transients in 
Mice With TAC-Induced HF
At the end of the experimental protocol, we isolated 
cardiomyocytes from each group to measure their con-
tractility and calcium transients (Table  S4). We found 
no differences in resting sarcomere length among the 
groups. However, maximum cardiomyocyte contraction 
(Peak ∆Length) and contraction (-dl/dt) and relaxation 
(+dl/dt) velocities were significantly reduced in TAC mice 
treated with vehicle (Figure  4A and 4F). Empagliflozin 
treatment in TAC mice improved cardiomyocyte con-
tractility parameters including maximum contraction, 
velocity of contraction and relaxation (Figure 4A and 4F).

Figure 3.  Empagliflozin treatment improved mice exercise capacity after 6-week TAC.
(A) Running time and (B) maximum oxygen uptake were measured in different groups. (C) Respiratory exchange ratio curves from 4 
groups. (D) Blood lactate level at resting status and exhaustion in different groups; 2-way ANOVA (repeated measures). Results are 
expressed as mean±SEM, n=5–6 in each group. RER indicates respiratory exchange ratio; and TAC, transverse aortic constriction. 
*P<0.05 vs sham, †P<0.05 vs TAC. One-way ANOVA (non-repeated measures) (A–C).
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Figure 4.  Contractile function and calcium transients from isolated cardiomyocytes in 
sham, sham+empagliflozin, transverse aortic constriction and transverse aortic constriction 
+empagliflozin groups.
(A) Representative traces of cell contraction by time using 1Hz. (B) Resting sarcomere length; (C) Maximum 
cardiomyocyte contraction (Peak ∆length). (D) Shortening length normalized by resting sarcomere length 
(Peak shortening); (E) Maximum contraction velocity (−dL/dt); (F) Maximum relaxation velocity (+dL/
dt); (G) Representative fluorescent traces of F340/380 ratios of cardiomyocytes loaded with Fura 2-AM 
calcium transient using 1 Hz stimulation; (H) Baseline calcium signal (F340/380); (I) Maximum calcium 
change velocity during contraction (+dF/dt); (J) Maximum calcium change rate during relaxation(−dF/dt). 
(K) Maximum calcium amplitude transient (Peak calcium signal); (L) Maximum calcium transient amplitude 
normalized by baseline calcium signal (% Peak calcium signal). Results are expressed as mean±SEM, 
n=5–6 mice per group (40–92 cells were measured for each animal). One-way ANOVA (non-repeated 
measures) (B–F and H–L). TAC indicates transverse aortic constriction. *P<0.05 vs sham, †P<0.05 vs 
transverse aortic constriction.
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Baseline calcium transients in cardiomyocytes were sim-
ilar in all groups during resting conditions (Figure 4G and 
4H). During contraction, however, the velocity of calcium 
increasing and decreasing transients during contraction 
and relaxation, respectively, were attenuated in TAC 
mice treated with vehicle compared with the sham group 
(Figure 4I and 4J). Empagliflozin completely reversed the 
reduced calcium transients in TAC+empagliflozin mice 
to values comparable with sham groups (Figure 4I and 
4J). In addition, empagliflozin increased calcium peak 
signals to values observed in sham groups, while car-
diomyocytes from TAC vehicle mice showed reduced 
calcium peak signal (Figure 4K and 4I). We also inves-
tigated calcium-related pathways. The expression of 
SERCA2a, phospholamban, phospho-CAMKII, and ry-
anodine receptor 2 were reduced after TAC, while only 
ryanodine receptor 2 was upregulated by empagliflozin 
treatment after TAC (Figure S5).

Empagliflozin Increased Cardiac Oxidative 
Phosphorylation in Mice With TAC-
Induced HF
At the end of the experimental protocol, we measured 
cardiac energy metabolism including glucose and 
fatty acid oxidation, glucose uptake, and glycolysis 
(Table S5). TAC mice treated with vehicle exhibited re-
duced glucose and fatty acid oxidation compared with 
sham groups (Figure 5A and 5B). Empagliflozin treat-
ment in TAC mice increased glucose and fatty acid 
oxidation (Figure 5A and 5B). Surprisingly, empagliflo-
zin treatment inhibited glycolysis and glucose uptake 
in both sham+empagliflozin and TAC+empagliflozin 
groups. TAC alone was associated with slightly re-
duced glucose uptake and glycolysis, but this differ-
ence was not significant (P=0.11) (Figure 5C and 5D). 
ATP production was reduced in hearts from TAC mice 
treated with vehicle when compared with sham group 
whereas empagliflozin partially restored total ATP pro-
duction in hearts from TAC mice. (Figure 5E). Cardiac 
hemodynamic parameters of these isolated perfused 
hearts are also shown in Figure 5F and Table S5.

We also investigated the expression of CD36 and 
PPARα, which are associated with fatty acid intake and 
oxidation, in these hearts. We found reduced CD36 and 
PPARα expression in the TAC group treated with vehicle, 
and empagliflozin partially restored their expression in the 
TAC+empagliflozin group without altering the expression 
in sham+empagliflozin mice (Figure 5G, Table S6).

Empagliflozin Restored AMPK Activity 
and Decreased mTORC1in Mice With 
TAC-Induced HF
To further explore the beneficial cardiac effects of em-
pagliflozin in HF, we investigated molecular pathways 

activated in the hearts of empagliflozin-treated mice. 
We found that TAC decreased phosphorylated adeno-
sine monophosphate-activated protein kinase (AMPK)/
AMPK ratio while increasing phosphorylated mam-
malian target of rapamycin complex 1 (mTORC1)/
mTORC1 and p-S6/S6 ratio in vehicle treated mice 
compared with the sham control group (Figure  5H). 
These changes were completely reversed by empa-
gliflozin treatment. Acetyl-coA carboxylase (ACC) was 
reduced in TAC mice treated with vehicle, and empa-
gliflozin treatment increased p-ACC/ACC ratio back to 
normal levels in TAC+empagliflozin group (Figure 5H, 
Table S6).

Molecular Docking Analysis of 
Empagliflozin Binding in the Heart and 
Effects on Glucose Uptake and Glycolysis 
in Isolated Perfused Hearts
Since there are no known SGLT2 receptors in the 
heart, we used molecular docking analysis to pre-
dict potential binding targets for empagliflozin in the 
heart. We found that empagliflozin had higher affin-
ity for GLUT1 and GLUT4 (GScore was −7.920 and 
−7.273, respectively), and lower affinities for SGLT1 
and sodium hydrogen exchanger 1 (NHE1) (−6.756 
and −4.443) (Figure 6A and 6E, Figure S6A and S6B). 
When the binding features of empagliflozin were com-
pared with the compound in the GLUT1 crystal struc-
ture (PDB:4PYP), their glucoside groups were well 
aligned. Also, empagliflozin shared high similarity with 
GLUT1 inhibitor in the crystal structure (PDB:5EQG) in 
the binding mode. (Figure S6C and S6D). This analy-
sis further supports our model which predicts that 
empagliflozin binds to glucose transporters.

To determine if empagliflozin can directly bind 
to cardiac GLUT1 and GLUT4 proteins, we isolated 
hearts from an additional group of healthy mice and 
perfused them with Krebs-Henseleit vehicle buffer 
with or without empagliflozin (2.5 μmol/L) using the 
isolated perfusion heart system. We found that 1-hour 
of acute empagliflozin treatment significantly reduced 
glucose uptake and glycolysis in isolated perfused 
hearts (Figure 6F). Although glucose uptake and gly-
colysis were reduced by empagliflozin, the cardiac 
function indicated by rate pressure product was not 
impaired (Figure 6G, Table S7). The dose of empagli-
flozin was determined from previous pharmacokinetic 
studies in mice.22–25

In addition, acutely treating the cardiomyocytes with 
empagliflozin (0.5 μmol/L)23 did not alter contractility 
and calcium transient, however, cariporide, the specific 
NHE1 antagonist significantly increased calcium tran-
sient with slightly decreasing contractility in cardiomy-
ocytes (Figure S7A and S7H).
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DISCUSSION
The mechanisms for the beneficial outcomes observed 
with SGLT2 inhibitors in HF have been the subject of 
much speculation and have remained unclear.5,26,27 

Our study indicates that despite no known SGLT2 
receptors in the heart, the SGLT2 inhibitor empagli-
flozin has direct cardioprotective actions to attenuate 
cardiac hypertrophy while improving myocardial ATP 
generation, cardiac function, and exercise endurance 

Figure 5.  Chronic empagliflozin treatment improved oxidative phosphorylation in failing hearts.
(A) to (D) Mean glucose and oleate acid oxidation, glycolysis, and glucose uptake in isolated perfused hearts 
from mice in different groups at the end of the protocol (n=5–6). (E) Calculated ATP generation in Sham, 
Sham+empagliflozin, TAC and TAC+empagliflozin groups (n=5–6). (F) The cardiac output of the isolated 
perfused hearts (n=5–6) in each group. (G) Left: representative blots of CD36, PPARα, and GAPDH. Right: 
Quantitative analysis (n=5–6). (H) Left: the representative blots of AMP-activated protein kinase, acetyl-coA 
carboxylase, mammalian target of rapamycin complex 1, S6 ribosomal protein and GAPDH were shown. 
Right: quantitative analysis (n=5–6). Results are expressed as mean±SEM; One-way ANOVA (non-repeated 
measures) (A–H). ACC indicates acetyl-coA carboxylase; AMPK, adenosine monophosphate-activated 
protein kinase; CD36, cluster of differentiation 36; mTOR, mammalian targe of rapamycin; S6, ribosomal 
protein S6; and TAC, transverse aortic constriction. *P<0.05 vs sham, †P<0.05 vs transverse aortic constriction.



J Am Heart Assoc. 2021;10:e018298. DOI: 10.1161/JAHA.120.018298� 12

LI et al.� Direct Cardiac Effects of Empagliflozin in Heart Failure

in non-diabetic mellitus mice with pressure overload-
induced HF. An important finding of our study, based 
on molecular docking analysis and isolated perfused 
heart experiments, is that empagliflozin directly binds 
glucose transporters to reduce glucose uptake and 
glycolysis, rebalance myocardial oxidative phospho-
rylation, restore AMPK activity, and enhance cardio-
myocyte calcium transients and contractility in failing 
hearts. Our study therefore provides new insights on 
the molecular and cellular mechanisms by which em-
pagliflozin improves cardiac function in heart failure 
caused by pressure overload.

Empagliflozin Treatment Improves Cardiac 
Function and Attenuates TAC-Induced 
HF in the Absence of Changes in Blood 
Glucose or Body Weight
Several mechanisms have been previously proposed 
for the beneficial effects of SGLT2 inhibitors in HF, 
including attenuation of hyperglycemia, induction 
of natriuresis/diuresis, inhibition of cardiomyocyte 
NHE, and increased ketone body metabolism.3,27,28,29 
Although SGLT2 inhibitors reduce fasting blood glu-
cose in diabetic mellitus animals and in people with 

Figure 6.  Empagliflozin has direct affinity to glucose transporters in the heart and reduces 
cardiac glucose uptake.
Molecular docking results showed that empagliflozin can bind (A) GLUT1 (glucose transporter 1); (B) 
GLUT4; (C) sodium glucose co-transporter 1 (SGLT1); (D) NHE (sodium hydrogen exchanger). (E) Docking 
energy of each binding is shown. (F) Glucose uptake and glycolysis were reduced by acute treatment 
of empagliflozin in isolated perfused hearts. (G) The rate pressure product was slightly increased by 
direct treatment of empagliflozin in isolated perfused hearts. Results were expressed as mean±SEM, 
n=6 in each group. GLUT1, glucose transporter 1; NHE, sodium hydrogen exchanger; RPP, rate pressure 
product; and SGLT1, sodium glucose co-trasporter 1. *P<0.05 vs vehicle. Mann–Whitney test (F–G).
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type 2 diabetes mellitus, previous studies have also 
shown beneficial effects of these drugs in the ab-
sence of major changes in blood glucose and in non-
diabetic mellitus models of HF.26,30,31 In the present 
study, we found that chronic empagliflozin treatment 
in non-diabetic mellitus mice had no significant effect 
on fasting blood glucose, suggesting that the ben-
eficial actions on cardiac function in HF were not be 
mediated by empagliflozin’s antihyperglycemic effect. 
Empagliflozin treatment also promotes mild weight 
loss in patients with diabetes mellitus,32 which could 
contribute, at least in part, to its cardiac protective ac-
tions. However, empagliflozin did not significantly alter 
food intake, body weight, or adiposity in non-diabetic 
mellitus mice in the present study.

We also measured the concentration of serum 
ketone body (beta hydroxybutyrate) in the different 
groups. While some studies have found that empagli-
flozin increases ketone body production,33,34 we did 
not find significant changes in ketone body concen-
tration between vehicle and empagliflozin groups. One 
potential explanation for these differences may be the 
duration of empagliflozin administration which was 
6 weeks in our study compared with longer periods of 
treatment in some other animal experiments or clinical 
trials.33,34

Since there appears to be no expression of 
SGLT2 receptors in the heart, some studies have 
credited the beneficial cardiac effects of empagli-
flozin mainly to its ability to evoke natriuresis via a 
glycosuria osmotic effect that reduces blood pres-
sure in patients with diabetes mellitus.27 Although 
empagliflozin-induced diuresis could be beneficial in 
HF, other diuretics and antihypertensive agents that 
are even more effective in causing diuresis and low-
ering blood pressure have not been as successful 
in slowing disease progression of HF and improving 
outcomes.35 In addition, empagliflozin treatment did 
not affect mean systemic arterial pressure or intra 
ventricular pressure in our study. Thus, it seems 
unlikely that the powerful cardioprotective effect of 
empagliflozin found in our study can be primarily at-
tributed to empagliflozin’s modest diuretic or blood 
pressure lowering effects.

Although there are no known SGLT2 receptors in 
the heart, our study and previous studies suggest 
that SGLT2 inhibitors may have direct effects in the 
heart. Uthman and colleagues36,37 reported that 
SGLT2 inhibitors can suppress cardiac NHE1 ac-
tivity. SGLT2 inhibitors may bind to NHE1 to reduce 
sodium and calcium overload in failing hearts to im-
prove cardiac function.36,37 However, the few clinical 
studies that examined whether inhibition of NHE1 
expression or activity may protect the heart against 
ischemic injury or HF are controversial.38,39 Our study 
showed that acute treatment of cardiomyocytes with 

the NHE1 inhibitor cariporide slightly decreased con-
tractility, and increased calcium transients, indicating 
an uncoupling of contraction and calcium transients 
in cardiomyocytes. However, we did not observe a 
similar acute effect of empagliflozin in cardiomyo-
cytes indicating differences in their acute modes of 
action.

Molecular Docking Analysis and Studies 
in Isolated, Perfused Hearts Suggest That 
Empagliflozin Binds Glucose Transporters 
and Improves Oxidative Phosphorylation 
in TAC-Induced HF
Our studies suggest that empagliflozin improved 
myocardial oxidative phosphorylation via a direct car-
diac effect. This finding is reinforced by our previous 
study showing that empagliflozin treatment directly 
protected the heart from ischemia-reperfusion injury 
in ex vivo and in vitro experiments.23 Although, previ-
ous reports suggest that SGLT2 receptors are not ex-
pressed in the heart, our molecular docking analysis 
predicts other potential binding targets for empagli-
flozin in the heart. This analysis suggested that em-
pagliflozin can dock with GLUT1, GLUT4, SGLT1, and 
NHE, all of which are involved in cellular glucose and 
sodium homeostasis.8 However, the molecular dock-
ing analysis indicated that empagliflozin has much 
higher affinity for GLUT1 and GLUT4 compared with 
SGLT1 and NHE.

Direct binding of empagliflozin to cardiac GLUT1 
and GLUT4 proteins may influence cardiac glucose 
uptake and glycolysis. To test this potential mech-
anism, we performed ex vivo experiments using 
isolated perfused hearts and acutely treated them 
with empagliflozin to quantify glucose uptake and 
glycolysis. Our results showed that cardiac glucose 
uptake and glycolysis were significantly reduced 
by empagliflozin compared with vehicle treatment, 
indicating that empagliflozin may bind to glucose 
transporters in the heart and suppress rather than 
enhance their activity.

Our study and others40 suggest that appropriate 
suppression of glucose uptake and glycolysis in HF 
may, at some stages, be beneficial. During HF, fatty 
acid oxidation is reduced, and cardiac energy supply 
is increasingly dependent on glucose metabolism.41 
However, excessive glycolysis may worsen mitochon-
drial uncoupling and in later stages of HF oxidative 
metabolism is severely impaired.42 Thus, attenuating 
excessive glycolysis can improve coupling between 
glycolysis and oxidative phosphorylation,43 as ob-
served in our study.

In the present study, empagliflozin treatment in fail-
ing hearts increased expression of CD36 and PPARα 
proteins, which are important for fatty acid uptake 
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and oxidation.44,45 These findings further support the 
concept that empagliflozin enhances fatty acid uptake 
and oxidation in failing hearts and helps to restore the 
balance between energy demand and supply, thus im-
proving cardiac performance.

Empagliflozin Activated AMPK, Inhibited 
mTORC1, and Attenuated Cardiac 
Hypertrophy and Adverse Remodeling in 
TAC-Induced HF
Our data showed that empagliflozin treatment markedly 
attenuated cardiac hypertrophy while restoring AMPK 
activity and inhibiting phosphorylation of mTORC1 in 
TAC-induced HF. The mTORC1 pathway is essential 
for cell growth and protein synthesis. It can be acti-
vated as a cellular adaptive response to induce cardiac 
hypertrophy during pressure overload, but persistent 
activation of mTORC1 can cause excessive cardiac hy-
pertrophy and HF.46 AMPK can downregulate mTORC1 
by phosphorylating Raptor and tuberous sclerosis 
complex 2.47,48 Thus, the effect of empagliflozin to at-
tenuate cardiac hypertrophy and adverse remodeling 
in HF may be attributable to decreased mTORC1 sub-
sequent to increased AMPK. Empagliflozin inhibition 
of glucose uptake may induce activation of AMPK in 
these hearts since inhibiting glucose transporters can 
suppress the pentose phosphate pathway resulting in 
activation of AMPK.49 Our previous study also showed 

that empagliflozin can activate AMPK through liver 
kinase B1 pathway in hearts.23 However, the mecha-
nisms by which empagliflozin activates AMPK are still 
unclear and will require additional studies.

AMPK and mTORC1 are important regulators of 
cellular metabolism.29 Our results showed that ACC, 
another downstream kinase of AMPK, was activated 
by empagliflozin in TAC-induced HF. ACC regulates 
fatty acid oxidation by acting with carnitine palmito-
yltransferase I.50 The increased phosphorylated ACC 
induced by empagliflozin in TAC groups may there-
fore facilitate fatty acid oxidation. Furthermore, inhi-
bition of mTORC1, as observed during empagliflozin 
treatment, may block the metabolic shift from fatty 
acid oxidation to glycolysis in failing hearts.47 Of in-
terest, empagliflozin did not over-activate AMPK or 
inhibit mTORC1 in sham groups but in HF empagli-
flozin treatment restored phosphorylation of AMPK 
and mTORC1 back to almost normal levels. Similarly, 
empagliflozin treatment did not persistently increase 
glucose or fatty acid oxidation, but rebalanced gly-
colysis and oxidative phosphorylation. By enhancing 
AMPK activity and inducing a cascade of down-
stream biochemical and molecular changes, em-
pagliflozin may have multiple beneficial actions, such 
as reducing inflammation and oxidative stresses in 
HF and other cardiovascular diseases.

Additionally, we found that empagliflozin im-
proves calcium amplitude in cardiomyocytes after 

Figure 7.  Empagliflozin binds glucose transporters and improves cardiac metabolism in heart failure.
In failing hearts, empagliflozin binding to glucose transporters (eg, GLUT1, GLUT4) reduces the relative excessive glycolysis, increases 
CD36 (cluster of differentiation 36) expression to restore fatty acid uptake, and improves oxidative phosphorylation. Furthermore, 
decreased glucose uptake may lead to impaired pentose phosphate pathway, which can activate AMP-activated protein kinase and 
inhibit mammalian target of rapamycin complex 1 to attenuate cardiac hypertrophy. AMPK indicates adenosine monophosphate-
activated protein kinase; CD36, cluster of differentiation 36; GLUTs, glucose transporters; mTORC1, mammalian target of rapamycin 
complex 1; OXPHOS, oxidative phosphorylation; and PPP, the pentose phosphate pathway.
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TAC. The immunoblotting results showed that em-
pagliflozin increased expression of ryanodine re-
ceptor 2, rather than SERCA2a, phospholamban, 
or phospho-CAMKII, although these findings differ 
somewhat from those of Mustroph et al.51 Possible 
reasons for these differences are different mouse 
ages, duration of TAC, and empagliflozin adminis-
tration protocol.

Empagliflozin has also been suggested to protect 
against endoplasmic reticulum stress caused by pres-
sure overload in TAC-induced HF.52 However, the exact 
mechanisms by which empagliflozin and other SGLT2 
inhibitors improve outcomes in HF have not been fully 
elucidated and remain an important area for further 
investigation.

In summary, our study demonstrated that 
chronic empagliflozin treatment can attenuate pro-
gression of TAC-induced HF in non-diabetic mel-
litus mice via multiple direct actions on the heart 
that improve its energy supply and attenuate hy-
pertrophy and fibrosis (Figure  7). Empagliflozin 
directly binds glucose transporters to restore 
coupling between glycolysis and oxidative phos-
phorylation, enhances calcium transients and con-
tractility of isolated cardiomyocytes, and improves 
cardiac function in failing hearts. Furthermore, 
inhibition of glucose uptake by empagliflozin may 
increase AMPK activity and inhibit mTORC1 to at-
tenuate cardiac hypertrophy and protect the heart 
from HF progression.
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Supplemental Material 



Data S1. 

 

Supplemental Materials and Methods 

Body weight and body composition analysis 

Body weight were measured weekly, while food and water intakes and 24-hour urine were 

measure at the end of experiments. Body composition measurements were performed 

weekly using magnetic resonance imaging (EchoMRI-900TM, Echo Medical System, 

Houston, TX) to quantify lean mass, fat mass, and free water and total water content in 

conscious mice. The hydration ratio was calculated as Hydration% = (Total Water - Free 

Water) / Lean x100%. 

Blood pressure measurements 

We measured the systemic arterial pressure and intra-ventricular pressure using Millar 

catheter (SPR-839). At the end of the protocol, the mice were anesthetized by urethane 

(1000 mg/kg, i.p.). The systemic pressure was measured through left carotid artery and 

the intra-ventricular pressure was measured through the apex.  

 

Serum ketone body measurements 

The serum of mice from different groups were collected at the end of the protocol. The 

ketone body was measured following the manufacturer's instructions (beta 

Hydroxybutyrate Assay Kit, Abcam, ab83390). 

 

  



Table S1. Fasting blood glucose and cardiac remodeling results. 

Parameter Sham Sham + EMPA TAC TAC + EMPA 

FBG at Week 0 (mg/dL) 91.8±11.9 97.6±5.9 91.1±6.4 90.0±3.4 

FBG at Week 2 (mg/dL) 89.2±7.1 100.1±4.4 99.9±3.9 111.8±2.7 

FBG at Week 4 (mg/dL) 104.6±5.0 107.3±7.3 115.1±9.2 114.6±9.1 

FBG at Week 6 (mg/dL) 98.8±8.6 101.7±6.0 120.5±6.7 114.7±8.5 

Heart weight/tibia length 19.36±1.03 22.19±0.51 37.55±4.68* 26.25±2.00† 

Lung weight/tibia length 20.32±0.45 17.43±0.54 26.48±2.17* 21.06±0.49† 

BNP (fold) 1±0.08 1.11±0.05 1.72±0.15* 1.37±0.10† 

Cross sectional area in 
WGA staining (fold) 

1±0.13 0.92±0.04 2.58±0.18* 1.54±0.09† 

Masson staining  0.008±0.007 0.008±0.007 0.136±0.026* 0.029±0.012† 

Results are expressed as means ± SEM. FBG: n=10-19 per group; others: n=6 per group. 

*p<0.05 vs. sham group, †p<0.05 vs. TAC group. One-way ANOVA (non-repeated measures). 

FBG, fasting blood glucose; EMPA, empagliflozin; TAC, transverse aortic constriction; BNP, brain 
natriuretic peptide; WGA, wheat germ agglutinin. 

 



Table S2. Cardiac function by echocardiography. 

Parameter Sham Sham + EMPA TAC TAC + EMPA 

Ejection fraction % 62.1±1.6 66.1±1.8 40.2±3.2* 51.3±3.8† 

Fraction shortening % 33.1±1.1 35.9±1.4 18.4±1.4* 28.7±4.0† 

Cardiac output ml/min 22.9±1.3 18.9±1.6 13.3±1.4* 18.9±1.9† 

LVPWd 0.74±0.04 0.83±0.04 1.02±0.05* 0.85±0.05† 

MPI 0.51±0.07 0.65±0.04 0.87±0.08* 0.61±0.03† 

E/A ratio 1.62±0.15 1.85±0.36 4.51±1.24* 1.80±0.33† 

GCS% -23.36±1.51 -25.73±1.53 -11.17±1.12* -18.17±2.07† 

Results are expressed as means ± SEM. n=5-6 per group. *p<0.05 vs. sham group, †p<0.05 vs. 

TAC group. One-way ANOVA (non-repeated measures). EMPA, empagliflozin; TAC, transverse 

aortic constriction; LVPWd, the end-diastolic left ventricular posterior wall thickness; MPI, 

myocardial performance index; E/A, E peak / A peak; GCS, global circumferential strain. 

 

 

  



Table S3. Mice exercise capacity results. 

Parameter Sham Sham + EMPA TAC TAC + EMPA 

Running time (min) 21.3±0.9 20.4±0.9 10.8±1.3* 14.7±1.2† 

VO2 (ml/kg/hr) 8089.0±88.4 7514.0±136.6 5518.0±368.6* 6681.0±156.9† 

Lactate: Resting 
(mmol/L) 

1.9±0.1 1.5±0.3 2.7±0.3* 1.7±0.2† 

Lactate: Exhaustion 
(mmol/L) 

7.7±0.7 8.0±0.9 11.7±1.1* 8.4±1.0† 

Results are expressed as means ± SEM. n=5-6 per group. *p<0.05 vs. sham group, †p<0.05 vs. 

TAC group. One-way ANOVA (non-repeated measures) and two-way ANOVA (repeated 

measures). EMPA, empagliflozin; TAC, transverse aortic constriction; VO2, oxygen 

consumption. 



Table S4. Results of isolated cardiomyocytes. 

Parameter Sham Sham + EMPA TAC TAC + EMPA 

Resting Sarc. length 
(μm) 

1.815±0.007 1.767±0.017 1.757±0.008 1.746±0.007 

Peak ∆Lengh (μm) 0.169±0.008 0.174±0.008 0.102±0.011* 0.137±0.008† 

Peak shortening % 9.32±0.42 9.81±0.41 5.80±0.64* 7.86±0.46† 

-dl/dt (um/sec) -2.625±0.215 -2.350±0.116 -1.371±0.112* -1.764±0.106† 

+dl/dt (um/sec) 2.053±0.141 1.841±0.137 0.919±0.103* 1.260±0.083† 

Baseline Calcium 
Signal (F340/380) 

0.936±0.032 0.957±0.035 0.928±0.013 0.948±0.021 

dF/dt(∆F340/380/sec) 1.489±0.201 1.410±0.094 0.743±0.165* 1.531±0.262† 

-dF/dt(∆F340/380/sec) -0.313±0.041 -0.266±0.024 -0.152±0.021* -0.306±0.052† 

Peak Calcium Signal 0.057±0.007 0.055±0.004 0.029±0.006* 0.062±0.009† 

%Peak Calcium Signal 6.01±0.72 5.76±0.55 3.16±0.57* 6.51±0.95† 

Results are expressed as means ± SEM. n=5-6 per group. *p<0.05 vs. sham group, †p<0.05 vs. 

TAC group. One-way ANOVA (non-repeated measures). EMPA, empagliflozin; TAC, 

transverse aortic constriction; Sarc., sarcomere. 

 

  



Table S5. Cardiac metabolism and function of isolated perfused hearts. 

Parameter Sham Sham + EMPA TAC TAC + EMPA 

Glucose oxidation 
(μmol/min/g dry) 

1.41±0.19 1.77±0.20 0.53±0.05* 1.00±0.08† 

Oleate oxidation 
(μmol/min/g dry) 

0.25±0.04 0.29±0.03 0.14±0.01* 0.21±0.02† 

Glucose uptake 
(μmol/min/g dry) 

7.53±1.19 2.87±0.48 5.01±0.70* 2.43±0.37† 

Glycolysis  
(μmol/min/g dry) 

4.86±0.90 2.39±0.47 4.99±0.96* 2.09±0.73† 

Cardiac output 
(ml/min) 

12.36±0.05 12.57±0.15 8.92±0.21* 10.72±0.15† 

Heart rate (beats/min) 367.6±14.9 386.4±22.8 328.8±25.9 383.4±20.8 

Results are expressed as means ± SEM. n=5-6 per group. *p<0.05 vs. sham group, †p<0.05 vs. 

TAC group. One-way ANOVA (non-repeated measures). EMPA, empagliflozin; TAC, 

transverse aortic constriction. 



Table S6. Results of immunoblotting. 

Parameter Sham Sham + EMPA TAC TAC + EMPA 

CD36 1.11±0.07 0.97±0.17 0.48±0.06* 0.77±0.11† 

PPARα 0.94±0.07 1.09±0.04 0.18±0.03* 0.59±0.07† 

p-AMPK/AMPK 0.70±0.08 0.72±0.09 0.39±0.04* 1.06±0.07† 

p-ACC/ACC 1.48±0.17 1.69±0.14 0.81±0.03* 1.51±0.12† 

p-mTOR/mTOR 1.42±0.15 1.49±0.15 1.94±0.08* 1.18±0.09† 

p-S6/S6 1.87±0.58 1.38±0.36 8.16±1.39* 2.88±0.51† 

Results are expressed as means ± SEM. n=5-6 per group. *p<0.05 vs. sham group, †p<0.05 vs. 

TAC group. One-way ANOVA (non-repeated measures). EMPA, empagliflozin; TAC, 
transverse aortic constriction; CD36, cluster of differentiation 36; PPARα, Peroxisome 
proliferator-activated receptor α; AMPK, AMP-activated protein kinase; ACC, acetyl-CoA 
carboxylase; mTOR, mammalian target of rapamycin. 



Table S7. Acute treatment of EMPA in isolated hearts. 

Parameter Vehicle EMPA 

Mean glucose uptake 
(μmol/min/g dry) 

5.36±0.31 3.76±0.40* 

Mean glycolysis  
(μmol/min/g dry) 

4.61±0.22 3.01±0.37* 

Mean RPP (mmHg/min) 27831.0±814.7 28289.0±2589.0 

Results are expressed as means ± SEM. n=6 per group. *p<0.05 vs. Vehicle. Mann-Whitney 
test. EMPA, empagliflozin; TAC, transverse aortic constriction; RPP, rate pressure product. 



Figure S1. Chronic EMPA treatment for 4 weeks did not 

significantly alter daily food intake or 24-hour urine volume.   
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The EMPA or placebo was given to mice 2 weeks after sham or TAC surgeries. After 

giving EMPA for 4 weeks, we measured the average daily food intake (A) and 24-hour 

urine volume (B) for these mice. N=4-8 in each group. (C) Serum ketone body 

concentrations in different groups. N=7 mice per group. Results are expressed as 

mean ± SEM. Comparisons among groups were performed using Dunn's multiple 

comparison test. EMPA, empagliflozin; TAC, transverse aortic constriction; SEM, 

standard error of the mean. 
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Figure S2. Empagliflozin treatment did not significantly influence 

normalized body weight, fat, hydration and total water in sham or TAC groups.  
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 (A) Body weight normalized by tibia length over 6 weeks; (B) body fat normalized by 

tibia length; (C) percentage of hydration; (D) total body water normalized by tibia length. 

Results are expressed as mean ± SEM. n=10-15 in each group. *p<0.05 vs. 

corresponding sham group. Two-way ANOVA (non-repeated measures) (A-D). EMPA, 

empagliflozin; TAC, transverse aortic constriction; SEM, standard error of the mean.  
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Figure S3. Two weeks of TAC induced cardiac hypertrophy, and 

systolic and diastolic dysfunction.  
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 (A) ejection fraction, (B) fraction shortening, (C) cardiac output, (D) LVPWd, (E) E/A 

ratio, and (F) MPI. Results are expressed as mean ± SEM. n=10 in each group. 

Comparisons between groups were performed using unpaired Student t test. *p<0.05 

vs. sham group. TAC, transverse aortic constriction; LVPWd, the end-diastolic left 

ventricular posterior wall thickness. MPI, myocardial performance index. SEM, 

standard error of the mean. 
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Figure S4. Empagliflozin treatment did not significantly alter mean systemic 

arterial pressure or left ventricular pressure (LVP) in sham or TAC groups.  
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The mean arterial pressure and intra-LVP at the end of systole were measured at the 

end of the 4-week treatment protocol. Comparisons among groups were performed 

using one-way ANOVA test (repeated measures). Results are expressed as mean ± 

SEM. n=5 mice per group, *p<0.05 vs. corresponding sham group. MAP, mean 

arterial pressure; LVP, left ventricular pressure. 



Figure S5. Immunoblotting results of calcium-related pathways.  
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Upper: representative blots of each protein. Lower: results of statistical analysis. 

Results are expressed as mean ± SEM, n=6 mice per group, *p<0.05 vs. sham, 

†p<0.05 vs. TAC. One-way ANOVA (non-repeated measures). SERCA, 

sarco/endoplasmic reticulum Ca2+-ATPase; PLN, phospholamban; CAMKII, 

Calcium/calmodulin-dependent protein kinase II; RYR2, Ryanodine receptor 2; 

GAPDH，Glyceraldehyde 3-phosphate dehydrogenase.  
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Figure S6. Additional results of molecular docking analysis.  
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 (A) Empagliflozin forms hydrogen bonds with ASN317, GLN282, GLN288, 

GLN283 and SER80, and forms π-π interaction with TRP388 in GLUT1. (B) 

Empagliflozin forms hydrogen bonds with ASN333, ASN304 and SER96, and 

forms π-π interaction with TRP404. After compared the structure models to 

crystal structures. We found the binding mode of empagliflozin had highly 

similarity with compounds in crystal structure (PDB: 4PYP) (C) and (PDB: 

5EQG) (D). The glucoside structures in the model and crystal are almost 

overlapped. Asparagine; GLN, Glutamine; GLUT, glucose transporter; SER, 

serine. 
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Figure S7. Acute treatment of EMPA did not alter contractility 

and calcium homeostasis in isolated cardiomyocytes. 
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Isolated cardiomyocytes from healthy mice were treated with vehicle, EMPA (0.5μM) 

or CAR (0.5 μM) for 30 min. The contractility was recorded as (A) The resting 

sarcomere length; (B) The maximum length changed during action (Peak ∆length). (C) 

The maximum velocity of contraction (-dL/dt); (D) The maximum velocity of relaxation 

(+dL/dt); The calcium transient was recorded as (E) baseline calcium signal, (F) Peak 

calcium signal, (G) maximum velocity of calcium change during contraction (+dF/dt), 

and (H) maximum velocity of calcium change during relaxation(-dF/dt). Results are 

expressed as mean ± SEM, 30 cells/mouse, n=3 in each group. Comparisons among 

groups were performed using Dunn's multiple comparison test. EMPA, empagliflozin; 

CAR, cariporide; SEM, standard error of the mean. 


