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Abstract

BACKGROUND

Diabetic cardiomyopathy (DCM) increases the risk of hospitalization for heart
failure (HF) and mortality in patients with diabetes mellitus. However, no specific
therapy to delay the progression of DCM has been identified. Mitochondrial
dysfunction, oxidative stress, inflammation, and calcium handling imbalance play
a crucial role in the pathological processes of DCM, ultimately leading to cardio-
myocyte apoptosis and cardiac dysfunctions. Empagliflozin, a novel glucose-
lowering agent, has been confirmed to reduce the risk of hospitalization for HF in
diabetic patients. Nevertheless, the molecular mechanisms by which this agent
provides cardioprotection remain unclear.

AIM

To investigate the effects of empagliflozin on high glucose (HG)-induced
oxidative stress and cardiomyocyte apoptosis and the underlying molecular
mechanism.

METHODS

Twelve-week-old db/db mice and primary cardiomyocytes from neonatal rats
stimulated with HG (30 mmol/L) were separately employed as in vivo and in vitro
models. Echocardiography was used to evaluate cardiac function. Flow cytometry
and TdT-mediated dUTP-biotin nick end labeling staining were used to assess
apoptosis in myocardial cells. Mitochondrial function was assessed by cellular
ATP levels and changes in mitochondrial membrane potential. Furthermore,
intracellular reactive oxygen species production and superoxide dismutase
activity were analyzed. Real-time quantitative PCR was used to analyze Bax and
Bcl-2 mRNA expression. Western blot analysis was used to measure the phos-
phorylation of AMP-activated protein kinase (AMPK) and myosin phosphatase
target subunit 1 (MYPT1), as well as the peroxisome proliferator-activated
receptor-y coactivator-la (PGC-1a) and active caspase-3 protein levels.
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RESULTS

In the in vivo experiment, db/db mice developed DCM. However, the treatment of db/db mice with empagliflozin
(10 mg/kg/d) for 8 wk substantially enhanced cardiac function and significantly reduced myocardial apoptosis,
accompanied by an increase in the phosphorylation of AMPK and PGC-1a protein levels, as well as a decrease in
the phosphorylation of MYPT1 in the heart. In the in vitro experiment, the findings indicate that treatment of
cardiomyocytes with empagliflozin (10 pM) or fasudil (FA) (a ROCK inhibitor, 100 pM) or overexpression of PGC-1
a significantly attenuated HG-induced mitochondrial injury, oxidative stress, and cardiomyocyte apoptosis.
However, the above effects were partly reversed by the addition of compound C (CC). In cells exposed to HG,
empagliflozin treatment increased the protein levels of p-AMPK and PGC-1a protein while decreasing phos-
phorylated MYPT1 levels, and these changes were mitigated by the addition of CC. Adding FA and overexpressing
PGC-1a in cells exposed to HG substantially increased PGC-1a protein levels. In addition, no sodium-glucose
cotransporter (SGLT)2 protein expression was detected in cardiomyocytes.

CONCLUSION
Empagliflozin partially achieves anti-oxidative stress and anti-apoptotic effects on cardiomyocytes under HG
conditions by activating AMPK/PGC-1a and suppressing of the RhoA /ROCK pathway independent of SGLT2.

Key Words: Empagliflozin; Diabetic cardiomyopathy; AMPK; ROCK; Apoptosis; Oxidative stress

©The Author(s) 2023. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: We established a diabetic cardiomyopathy model in db/db mice and treated the mice with empagliflozin for 8 wk,
and found that empagliflozin observably improved cardiac function in diabetic mice, which was maybe related to activation
of AMP-activated protein kinase (AMPK)/peroxisome proliferator-activated receptor-y coactivator-loa (PGC-1a) and
inhibition of the RhoA/ROCK pathway. In order to exclude the effects of metabolic improvement on the heart in vivo, in
vitro experiment in high glucose conditions was performed. The results confirmed that the anti-oxidative stress and anti-
apoptotic effects of empagliflozin on cardiomyocytes were achieved by activating AMPK/PGC-1a and inhibiting ROCK.
Furthermore, the effects were independent of sodium-glucose cotransporter (SGLT)2 inhibition as no SGLT2 expression was
detected on cardiomyocytes.

Citation: Li N, Zhu QX, Li GZ, Wang T, Zhou H. Empagliflozin ameliorates diabetic cardiomyopathy probably via activating
AMPK/PGC-1a and inhibiting the RhoA/ROCK pathway. World J Diabetes 2023; 14(12): 1862-1876

URL: https://www.wjgnet.com/1948-9358/full/v14/i12/1862.htm

DOI: https://dx.doi.org/10.4239/wjd.v14.i12.1862

INTRODUCTION

Diabetic cardiomyopathy (DCM) is characterized by systolic and diastolic dysfunction, eventually resulting in heart
failure (HF) in patients with diabetes mellitus (DM) in the absence of hypertension, coronary artery disease, and valvular
heart disease[1,2]. To date, no specific treatments have been identified to delay the progression of DCM. The pathological
processes of DCM include insulin resistance, mitochondrial dysfunction, oxidative stress, calcium handling imbalance,
and inflammation[3]. In hyperglycemia environments, reduced antioxidant enzymes and increased production of reactive
oxygen species (ROS), defined as oxidative stress[4], affect various signaling pathways involved in the occurrence of
DCM, ultimately leading to cardiomyocyte apoptosis and cardiac dysfunction[5]. Myocardial oxidative stress and
apoptosis are key components of its pathogenesis, and their occurrence has been confirmed in patients with DM and
diabetic animal models[6,7].

Sodium-glucose cotransporter (SGLT)2 inhibitors are a novel class of glucose-lowering agents that enhance urinary
glucose excretion combined with excessive natriuresis independently of insulin. Clinical trials have demonstrated that
SGLT?2 inhibitors substantially reduced the risk of hospitalization for HF in patients with DM[8-10]. In addition, the
cardiac benefits of empagliflozin have been demonstrated in non-diabetic patients with HF and reduced ejection fraction
[11]. However, the mechanism by which these observed benefits are mediated remains unclear. Two systematic reviews
and meta-analyses demonstrated that the reversal of cardiac remodeling might be a mechanism responsible for the
favorable clinical effects of these agents on HF regardless of glycemic status, particularly in the case of empagliflozin[12,
13]. Adverse cardiac remodeling is closely associated with increased myocardial apoptosis, decreased autophagy, and
altered energy metabolism in the heart[14]. Packer speculated that the cardioprotective effects of SGLT2 inhibitors might
be due to the direct effects of these drugs on cardiomyocytes, involving the activation of AMP-activated protein kinase
(AMPK), reduction of cellular stress, and restoration of cellular survival[15]. However, further experiments are required
to validate the molecular mechanisms underlying the benefits of SGLT2 inhibitors on the heart.
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AMPK, which is activated by an increased AMP/ATP ratio, plays a crucial role in regulating the energy metabolism of
the heart[16]. Recent investigations have demonstrated that empagliflozin protects the heart from inflammation and
energy depletion, and it improves myocardial vascular injury in diabetic mice through the activation of AMPK-mediated
inhibition of mitochondrial fission and oxidative stress[17,18]. In addition, a recent study indicated that AMPK activation
reduced the myocardial apoptotic effects in diabetic mice[19]. However, there is a scarcity of studies on SGLT2 inhibitors
and cardiomyocyte apoptosis in DCM. Peroxisome proliferator-activated receptor-y coactivator-1la (PGC-1a) serves as a
pivotal factor in maintaining mitochondrial biogenesis and energy metabolism and plays a critical role in the progression
of HF. Deacetylation of silent mating type information regulation 2 homolog 1 (SIRT1) or phosphorylation of AMPK can
modulate PGC-1a activity[20]. RhoA is a member of the GTP-binding proteins within the Ras superfamily, and Rho
kinase (ROCK) is a serine/threonine protein kinase that acts as a principal effector of RhoA. Many important functions in
cells, such as proliferation, apoptosis, and differentiation, and gene transcription are regulated by the RhoA/ROCK
pathway. Our previous in vitro and in vivo studies have revealed that the RhoA/ROCK pathway regulates myocardial
apoptosis and fibrosis in diabetic rats. Fasudil (FA), a ROCK inhibitor, has been shown to alleviate oxidative stress and
improve cardiac function[21,22]. Therefore, the RhoA/ROCK pathway is associated with several cardiovascular
conditions, such as hypertension, atherosclerosis, and HF[23].

In this study, we established a DCM model in db/db mice and then treated the mice with empagliflozin for 8 wk.
Significant improvements in cardiac function were observed in diabetic mice, along with concurrent activation of AMPK/
PGC-1a and the inhibition of the RhoA/ROCK pathway (Figures 1 and 2). An in vitro experiment under high glucose
(HG) conditions was performed to exclude the effects of metabolic improvement on the heart in vivo. The aim of this
study was to elucidate the molecular mechanisms underlying the protective effects of empagliflozin on cardiomyocytes.

MATERIALS AND METHODS

Animals

The experiments were conducted using 8-week-old male db/db mice weighing 40-42 g (Nanjing, China). The random
blood glucose levels were > 16.7 mmol/L in all db/db mice. Male C57BL/6] mice were used as a control group. The mice
were given standard care according to a protocol approved by the Ethics Committee of Hebei Medical University. The
animals were acclimatized to laboratory conditions (24 °C, 10 h/14 h light/dark, 55% humidity, ad libitum access to food
and water) for 2 wk prior to experimentation. Intragastric gavage administration was carried out with conscious animals,
using straight gavage needles appropriate for the animal size. All animals were euthanized by barbiturate overdose
(intravenous injection, 200 mg/kg pentobarbital sodium) for tissue collection. All appropriate measures were taken to
minimize the pain or discomfort of animals. Approval was granted by the Research Ethics Committee of the Second
Hospital of Hebei Medical University (Date 2022.3.5/No. 2022-AE136). The mice were divided into three groups: (1)
Normal control group (NG, n = 11); (2) Db/db mice group (DB, n = 7); and (3) empagliflozin (EM)-treated db/db mice
group (EM/DB, n = 7). Empagliflozin (Biberach, Germany) was administrated via oral gavage at a dose of 10 mg/kg/d
for 8 wk from the age of 12 wk.

Blood pressure, blood glucose, plasma insulin, and cholesterol determination

At the age of 20 wk, systolic arterial blood pressure (SABP) was measured by tail-cuff micro-photoelectric plethysmo-
graphy. Fasting blood samples were collected for blood glucose (FBG), glycosylated hemoglobin (HbAlc), and total
cholesterol (TC) determination using an automatic biochemical analyzer in the Second Hospital of Hebei Medical
University (Shijiazhuang, China), and serum insulin (FINS) was measured using an ELISA kit (Senberga, Nanjing, China)
according to the manufacturer’s instructions. The insulin resistance index (HOMA-IR) was calculated as FBG x FINS/
22.5.

Echocardiography

At the age of 20 wk, the mice were anesthetized with an intraperitoneal injection of pentobarbital sodium at a dose of 200
mg/kg. All measurements were performed with an 11-MHz linear transducer coupled to a high-resolution ultrasound
system (Vivid E95, GE Healthcare, United States). Serial M-mode echocardiographic images were taken in the short axis
view at the level of the papillary muscles. The left ventricular ejection fraction (LVEF), left ventricular fractional
shortening (LVFS), and peak velocity of early filling (E) and atrial contraction (A) were obtained to assess cardiac diastolic
and systolic functions.

Transmission electron microscopy

The myocardial tissues were fixed with 2.5% glutaraldehyde overnight at 4 °C, followed by postfixation with 1% acetic
acid. After dehydration, the specimens were conventionally processed and examined by transmission electron
microscopy (TEM) (JEM-1200EX, JEOL, Japan) for analyses of the myocardium ultrastructure.

Histological staining

The heart tissues were fixed with 4% paraformaldehyde. The paraffin sections of heart tissues were dewaxed, stained
with hematoxylin and eosin (HE), dehydrated, and mounted. A microscopic examination was performed to evaluate
pathological changes in the heart tissues.
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Figure 1 Effects of empagliflozin on cardiac function in db/db mice. A: M-mode imaging revealed reduced systolic and diastolic function in db/db mice;
B: Quantitation of E/A ratio, left ventricular ejection fraction, and left ventricular fractional shortening. NC: Normal control mice; DB: Db/db mice; EM/DB: Db/db mice
treated with empagliflozin; LVEF: Left ventricular ejection fraction; LVFS: Left ventricular fractional shortening. 2P < 0.05 vs NC; °P < 0.05 vs DB.

TdT-mediated dUTP-biotin nick end labeling assay of myocardial tissues

A TdT-mediated dUTP-biotin nick end labeling (TUNEL) assay kit (Beyotime, Shanghai, China) was used to examine cell
apoptosis in the myocardial tissues according to the manufacturer’s instructions. Apoptotic cells were observed and
photographed using a light microscope (CX2, OLYMPUS, Japan). The nuclei of apoptosis-positive cells were brown. The
apoptotic index was calculated as the percentage of TUNEL-positive cells.

Cell culture and drug treatment

Cardiomyocytes were isolated from 1-3-day-old newborn Sprague-Dawley rats in the Animal Experimental Center of
Hebei Medical University. Briefly, freshly isolated hearts were minced and washed thrice with D-Hanks (Gibco, Carlsbad,
CA, United States), digested with a mixture of enzymes containing 0.04% type II collagenase (Biofroxx, Einhausen,
Germany) and 0.1% trypsin (Gibco, Billings, MT, United States) for 8 min for 6 cycles, and then the digestion was stopped
with fetal bovine serum (FBS; Gemini, CA, United States). Next, the tissues were disrupted in Dulbecco’s Modified Eagle
Medium (DMEM,; Gibco, CA, United States) containing 10% FBS and 5.5 mmol/L D-glucose. Fibroblasts were eliminated
by attaching to the culture plates for 90 min. Bromodeoxyuridine (BrdU, Solarbio, Beijing, China) was added to the
medium to suppress the growth of fibroblasts, resulting in high-purity cardiomyocytes. These cells started spontaneously
pulsating in about 3 d at 80-100 beats/min, and 95% of them, which were positive for anti-o-actin, were identified as
cardiomyocytes by immunocytochemistry. This experiment was approved by the Experimental Animal Administration
Committee of Hebei Medical University.

The isolated cardiomyocytes were maintained for 24 h in DMEM supplemented with streptomycin (100 pg/mL),
penicillin (100 U/mL), and 5% FBS. Next, the cells were cultured in different conditions: 5.5 mmol/L D-glucose as normal
control (NG) group; 5.5 mmol/L D-glucose plus 24.5 mmol/L D-mannitol as hyperosmotic group (OSM); 30 mmol/L D-
glucose as HG group (HG); cells in the HG + EM group were pretreated with 10 pM empagliflozin for 2 h and then
incubated with HG for an additional 48 h; cells in the HG + EM + compound C (CC) group were pretreated with AMPK
inhibitor and 1 pM CC (MCE, CA, United States) for 2 h, and then the cells were cultured as in the HG + EM group; cells
in the HG + FA group were pretreated with 100 pM FA (Hongri, Tianjin, China)) as our previous study[17] and incubated
with HG for an additional 48 h; cells in the PGC-10-GFP-Ad and GFP-Ad groups were transfected with PGC-1a-GFP-Ad
and GFP-Ad (Shanghai Genechem Co., Ltd., China), respectively, using liposomes (Invitrogen, United States) and then
incubated with HG for an additional 48 h.

Cell counting kit-8 measurement

Cell counting kit-8 (CCK-8) (Sharebio, Shanghai, China, SB-CCK8S) was used to measure cell viability. The cardio-
myocytes were inoculated in the 96-well plate (100 pl/well), followed by intervention with empagliflozin for 48 h at
different concentrations (0, 0.05, 0.1, 1, 10, and 20 pM) in HG conditions. The medium was then supplemented with CCK-
8 solution for 4 h. Lastly, a microplate reader (Thermo, United States) was used to measure the absorbance value at 450
nm.
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Figure 2 Effects of empagliflozin on mitochondrial injury, apoptosis, and AMP-activated protein kinase, peroxisome proliferator-activated
receptor-y coactivator-1a, and the RhoA/ROCK pathway in db/db mice. A: Left ventricular sections stained with hematoxylin and eosin and by TdT-
mediated dUTP-biotin nick end labeling to assess cardiomyocyte apoptosis: The nuclei of normal cardiomyocytes were blue while the nuclei of apoptosis-positive
cardiomyocytes were brown. Transmission electron micrographs showed the effects of empagliflozin on the ultrastructure of the myocardium in db/db mice; B:
Quantitation of apoptotic cells; C and D: The phosphorylation of AMP-activated protein kinase and myosin phosphatase target subunit 1, as well as the protein
expression of peroxisome proliferator-activated receptor-y coactivator-1a. were measured by Western blot in three groups. Bars indicate the mean + SD from three
independent experiments (n = 3). B-tubulin was set as a control for normalization. NC: Normal control mice; DB: Db/db mice; EM/DB: Db/db mice treated with
empagliflozin; HE: Hematoxylin and eosin; TEM: Transmission electron micrographs; p-AMPK: Phosphorylated AMP-activated protein kinase; p-MYPT1:
Phosphorylated myosin phosphatase target subunit 1; TUNEL: TdT-mediated dUTP-biotin nick end labeling. 2P < 0.05 vs NC; °P < 0.05 vs DB.

Flow cytometry

After digestion with 0.25% trypsin, the cardiomyocytes were collected and supplemented with Annexin V and propidium
iodide (PI) binding buffer in the dark at 4 °C for 30 min. Annexin V and PI are used to distinguish between apoptotic and
necrotic cells, and positive Annexin V can be labeled with fluorescent dye to identify early apoptosis. Flow cytometry
(Beckman FC500, California, United States) was used to collect and analyze the cells. The early apoptotic cells were
located in the upper right quadrant (Annexin V+/PI-).

TUNEL staining

A TUNEL assay kit (Beyotime, C1086-20T) was used to measure the apoptosis rates of cardiomyocytes in line with the
manufacturer’s instructions. The cell slides containing the cells were supplemented with 50 pl TUNEL reaction mixture
for 2 h at 37 °C to identify apoptotic cells. The DAPI staining solution was then placed on slides in the dark at 37 °C for 20
min to mark the total cells. An inverted fluorescence microscope (Olympus, Japan) was used to observe the cell slides and
take photos. The apoptotic index was calculated as the percentage of TUNEL-positive cells. Ten representative fields were
evaluated for each group and the average value was calculated.

Intracellular ROS level determination

The fluorescent probe dichlorodihydrofluorescein (DCFH) diacetate (DCFH-DA, Beyotime, S0033) was used to detect the
levels of ROS generation. Intracellular esterases convert DCFH-DA to DCFH, which is oxidized to fluorescent dichloro-
fluorescein (DCF) by an oxidant. The cells were cultured with 3 pM DCFH-DA in serum-free DMEM for 20 min at room
temperature. A fluorescence microscope was used to observe cellular ROS and take photos. The changes in fluorescence
were analyzed by the Image] program (Bio-Rad, California, United States).

Measurement of cellular superoxide dismutase activity
The activity of superoxide dismutase (SOD) in cardiomyocytes was determined with a kit according to the manu-
facturer’s instructions (Nanjing Jiancheng Bioengineering Institute, China).

Mitochondrial membrane potential assay

JC-1, which produces red fluorescence in normal mitochondria, changes to green fluorescence with loss of mitochondrial
membrane potential (MMP). The change in MMP was determined by the decrease in the red to green fluorescence ratio.
The myocardial cells were cultured with JC-1 solution (Beyotime, C2006) at 25 °C for 20 min. The samples were detected
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using a flow cytometer (Beckman FC500, California, United States) within 30 min.

Cellular ATP measurement

An ATP bioluminescence kit (Beyotime, S0026) was used to assay the ATP levels in isolated myocardial cells. Briefly, after
drug intervention, the cells were collected, lysed, and centrifuged (14000 rpm for 8 min). Next, the firefly luciferase
reagent, which emits light in the presence of ATP, was added to the supernatant. The bioluminescence signals were
detected using a luminometer (Promega, United States). The concentration of ATP in the sample was calculated from the
standard curve.

Real-time quantitative PCR analysis

The myocardial gene expression of Bcl-2 and Bax was determined using real-time quantitative PCR. Trizol reagent
(ThermoScientific, United States) was used to separate total RNA in cardiomyocytes. The experimental steps were carried
out according to the manufacturer’s procedure. The primers were provided by Sangon Biotechnology (Shanghai, China).
Their sequences are as follows:

Bax: Forward, 5'-AGACACCTGAGCTGACCTTGGAG-3' and reverse, 5-TTCATCGCCAATTCGCCTGAGAC-3'; Bcl-2:
Forward, 5-TGGAGAGCGTCAACAGGGAGATG-3' and reverse, 5-GTGCAGATGCCGGTTCAGGTAC-3'; 185 rRNA:
Forward, 5'-TGCGGAAGGATCATTAACGGA-3' and reverse, 5'-AGTAGGAGAGGAGCGAGCGACC-3.

The Ct value of the target mRNA was calculated as follows: ACt = Ct purpose — Ct internal reference, and the relative
expression levels of the target mMRNA were decided by 244,

Western blot analysis

The total proteins of myocardial tissues and cardiomyocytes were lysed using RIPA lysate (Solarbio, R0010). The
bicinchoninic acid protein assay (Solarbio, PC0020) was used to measure the concentration of proteins in the supernatant.
The protein samples (50 pg, 15 pL) were then run on a 10% SDS-PAGE gel and subsequently blotted to a PVDF
membrane (Millipore, Billerica, MA, United States, IPVH 0010). After being blocked with 5% nonfat dried milk, the
membrane was incubated at 4 °C overnight with primary antibodies, followed by incubation with the goat anti-rabbit IgG
as secondary antibody at 37 °C for 1.5 h. The antibodies used were as follows: Anti-phosphorylated myosin phosphatase
target subunit 1 (p-MYPT1) and anti-total myosin phosphatase target subunit 1 (t-MYPT1), anti-cleaved caspase 3, anti-
AMPXK, anti-p-AMPK, anti-PGC-1a (these antibodies were all from Cell Signaling Technology, USA), anti-SGLT1 (Abcam,
United States), anti-SGLT2 (Abcam), and anti-B-Tubulin (Abways). Finally, the membrane was detected using chemilu-
minescent reagents (Solarbio, SB-WB012S) and Image J (Bio-Rad).

Statistical analysis

Data are expressed as the mean + SD. All data were verified to be normally distributed. One-way analysis of variance was
used to detect the differences among multiple groups followed by the Tukey test if F was significant. The differences
between the two groups (SGLT1 and SGLT?2 protein) were determined using the Student's ¢-test. P < 0.05 was considered
statistically significant. Data were analyzed using GraphPad Prism.9.0 software (GraphPad, CA, United States).

RESULTS

Effects of empagliflozin on biochemical and physiological parameters in DCM mice

Diabetic mice exhibited higher levels of FBG, HbAlc, FINS, HOMA-IR, and TC and the high ratio of heart weight to body
weight (HW/BW) than control mice (Table 1) (P < 0.05). Among the three groups, no significant differences were
observed in SABP. Empagliflozin treatment resulted in a significant reduction in FBG, HbA1C, FINS, and HOMA-IR
levels in diabetic mice (P < 0.05). However, HW/BW and TC in diabetic mice were not altered by empagliflozin
treatment.

Effects of empagliflozin on cardiac function in DCM mice
Compared with control mice, LVEF and LVFS were significantly decreased whereas E/ A was enhanced in diabetic mice

(Figure 1) (P < 0.05). Empagliflozin treatment substantially enhanced cardiac diastolic and systolic function by reducing
E/A and increasing LVEF and LVFS in diabetic mice (P < 0.05).

Effects of empagliflozin on cardiac mitochondrial injury and apoptosis in DCM mice

HE histological staining revealed a well-organized arrangement of myocardial fibers in control mice (Figure 2A). In
diabetic mice, the myocardial fibers were disorganized. Nevertheless, empagliflozin treatment improved myocardial
tissue fiber arrangement in diabetic mice. Similarly, TEM examination of the myocardium ultrastructure indicated that
mitochondria in control mice were longitudinally arranged between the muscle bundles, and their membrane structures
remained intact. However, in diabetic mice, mitochondria exhibited partial disappearance, swelling, fragmentation, and
pyknosis. The morphology of mitochondria in diabetic mice was partially restored by empagliflozin treatment. TUNEL
staining revealed that cellular apoptosis in diabetic mice was increased compared with that in the NC group, which was
reduced by empagliflozin treatment.
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Table 1 Metabolic and physiological parameters in mice

NC (n=11) DB (n=7) EM/DB (n=7)
FBG (mmol/L) 4.98 £0.82 33.51 +2.96! 19.26 +3.12
HbA1c (%) 447 £0.14 9.15+1.16 6.86+0.81”
INS (mU/L) 82.88 +17.85 325.80 + 47.30' 176.30 + 30.89"
HOMO-IR 19.22 +5.76 472.60 + 83.22 190.50 + 113.50°
TC (mmol/L) 2.57+0.30 4.27 £0.18' 4.27 £0.27"
HW/BW (107) 5.21+0.17 5.77 £0.12! 5.78 £0.09!
SABP (mmHg) 122.70 +2.37 122,90 +3.71 123.60 +5.03

1P 0.05 vs normal control mice.
2P 0.05 vs db/db mice.
Data are presented as the mean + SD. NC: Normal control mice; DB: Db/db mice; EM: Empagliflozin; FBG: Fasting blood glucose; INS: Serum insulin;

HW/BW: Ratio of heart weight to body weight; SABP: Systolic arterial blood pressure.

Effects of empagliflozin on AMPK, PGC-1a, and the RhoA/ROCK pathway in DCM mice

Phosphorylation of AMPK and MYPT1 represents the activation of AMPK and the RhoA /ROCK pathway, respectively.
Herein, the protein levels of p-AMPK and PGC-1a in diabetic mice were significantly decreased compared with those in
control mice (P < 0.05). The treatment of empagliflozin substantially increased the levels of p-AMPK and PGC-1a (P <
0.05). Meanwhile, the level of p-MYPT1 was significantly increased in diabetic mice compared with control mice (P <
0.05), which was notably inhibited by empagliflozin treatment (P < 0.05). These findings indicate that empagliflozin is
associated with AMPK/PGC-1a and the RhoA /ROCK pathway in the myocardium of diabetic mice (Figure 2B and C).

Effects of empagliflozin concentrations on cardiomyocyte viability exposed to HG

HG significantly decreased cardiomyocyte viability (Figure 3A). Under HG conditions, empagliflozin concentrations
ranging from 0.1 to 10 pM increased cell viability in a dose-dependent manner (P < 0.05), whereas 0.01 pM empagliflozin
did not induce any changes in the viability of cells exposed to HG. The viability of cardiomyocytes treated with
empagliflozin at concentrations between 10 and 20 uM did not show a significant difference. In addition, hyperosmosis
did not affect the viability of these cells. Consequently, a 10 pM concentration of empagliflozin was chosen for subsequent
experiments.

Effects of empagliflozin, FA, and PGC-1a on HG-induced cardiomyocyte apoptosis

Cell apoptosis was enhanced in HG conditions and was mitigated by empagliflozin, FA, and overexpression of PGC-1a
protein (P < 0.05) (Figure 3B-D). Under the HG condition, the mRNA expression of the apoptosis-related gene Bax was
upregulated (P < 0.05), whereas that of the anti-apoptosis indicator Bcl-2 was downregulated (P < 0.05). Furthermore, the
level of active caspase-3 protein was upregulated in cells exposed to HG (P < 0.05) (Figure 4). However, treatment with
empagliflozin, FA, and the overexpression of PGC-1a protein reversed all these changes (P < 0.05). The addition of CC, an
AMPK inhibitor, demonstrated the opposite effects of empagliflozin on cardiomyocytes.

Effects of empagliflozin, FA, and PGC-1a on HG-induced mitochondrial injury and oxidative stress in cardiomyocytes
Cellular ATP production and MMP reflect mitochondrial function. In this study, MMP and ATP levels in cardiomyocytes
exposed to HG were substantially decreased. Furthermore, compared with the NG group, HG reduced the antioxidant
enzyme SOD and enhanced cellular ROS levels (P < 0.05). Treatment with empagliflozin or FA or the overexpression of
PGC-1a substantially increased MMP, ATP, and SOD levels, and reduced ROS production in cells exposed to HG
(Figure 5). The addition of CC to the EM group weakened these effects (P < 0.05). These findings indicate that the
activation of AMPK, upregulation of PGC-1a, or inhibition of the RhoA/ROCK pathway can enhance mitochondrial
function and mitigate oxidative stress in HG-induced cardiomyocytes.

Relationship of empagliflozin with AMPK, PGC-1a, and the RhoA/ROCK pathway in cardiomyocytes in HG

As illustrated in Figure 6A-D, the protein levels of p-AMPK and PGC-1a were significantly reduced in cells exposed to
HG compared with the NG group (P < 0.05), whereas the level of p-MYPT1 was increased (P < 0.05). Compared with the
HG group, empagliflozin treatment upregulated the protein levels of p-AMPK and PGC-1a in cells exposed to HG (P <
0.05), accompanied by the downregulation of p-MYPT1 (P < 0.05), which was weakened by the addition of CC. In cells
exposed to HG, the addition of FA and the overexpression of PGC-1a significantly upregulated PGC-1a protein level (P <
0.05). These findings indicate that empagliflozin can activate AMPK, inhibit the RhoA/ROCK pathway, and induce PGC-
1o expression.
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Figure 3 Effects of empagliflozin, fasudil, and overexpression of peroxisome proliferator-activated receptor-y coactivator-1a on high
glucose-induced cardiomyocyte apoptosis in vitro. A: Effects of different concentrations of empaglifiozin on viability of cardiomyocytes exposed to high
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glucose (HG); B and C: Cardiomyocyte apoptosis measured by flow cytometry; D: TdT-mediated dUTP-biotin nick end labeling staining of cardiomyocytes in each
group. Bars indicate the mean + SD from three independent experiments (n = 3). NG: Normal glucose; HG: High glucose; EM: Empaglifiozin; CC: Compound C; FA:
Fasudil; HG + Ad-PGC: Cells were transfected with peroxisome proliferator-activated receptor-y coactivator-10-GFP-Ad; HG + Ad-GFP: Cells transfected with GFP-
Ad. 2P < 0.05 vs NG; °P < 0.05 vs HG; °P < 0.05 vs HG + EM.
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Figure 4 Effects of empagliflozin, fasudil, and overexpression of peroxisome proliferator-activated receptor-y coactivator-1a on apoptotic
genes and related proteins in vitro. A and B: Bax and Bcl-2 mRNA expression was quantified using real-time quantitative PCR in cardiomyocytes; C: Protein
expression of active caspase-3 measured by Western blot. Bars indicate the mean + SD from three independent experiments (n = 3). B-tubulin was set as a control
for normalization. NG: Normal glucose; HG: High glucose; EM: Empagliflozin; CC: Compound C; FA: Fasudil; HG + Ad-PGC: Cells were transfected with peroxisome
proliferator-activated receptor-y coactivator-1a-GFP-Ad; HG + Ad-GFP: Cells transfected with GFP-Ad. 2P < 0.05 vs NG; °P < 0.05 vs HG; °P < 0.05 vs HG + EM.

SGLT1 and SGLT2 protein expression in cardiomyocytes

SGLT1 protein was expressed in cardiomyocytes. In cardiomyocytes under HG conditions, the protein expression of
SGLT1 was significantly increased compared with the NG group. However, the SGLT2 protein was not expressed in
cardiomyocytes under either the NG or HG conditions. (Figure 6E).

DISCUSSION

Db/db mice are typically employed as an animal model of type 2 DM (T2DM). In this study, db/db mice exhibited
hyperglycemia, hyperlipidemia, and insulin resistance, which are consistent with the characteristics of T2DM. The effects
of empagliflozin on cardiac function in db/db mice and HG-treated cardiomyocytes were evaluated and four main
findings were demonstrated: (1) Db/db mice developed DCM, and hyperglycemia led to mitochondrial injury and
increased cardiomyocyte apoptosis in vivo and in vitro; (2) Empagliflozin enhanced cardiac function in db/db mice and
prevented mitochondrial injury, oxidative stress, and cardiomyocyte apoptosis in vivo and in vitro; (3) These protective
effects of empagliflozin on myocardial cells were achieved through the activation of AMPK, inhibition of the RhoA/
ROCK pathway, and upregulation of PGC-1a. AMPK could regulate the RhoA/ROCK pathway and PGC-1a expression,
with PGC-1a being a downstream target of the RhoA/ROCK pathway; and (4) Cardiomyocytes expressed SGLT1 protein,
but did not express SGLT2 protein in either NG or HG conditions.

DCM can occur in the early stage of DM, manifest as diastolic and systolic dysfunction, and eventually progress to
decompensated HF, which results in increased mortality in patients with DM[2]. Our in vivo study demonstrated that at
the age of 20 wk, db/db mice developed DCM, which was consistent with the findings of Lew et al[24]. Empagliflozin
prevented DCM by enhancing impaired heart diastolic and systolic functions in db/db mice. Hammoudi et al[25] de-
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Figure 5 Effects of empagliflozin, fasudil, and overexpression of peroxisome proliferator-activated receptor-y coactivator-1a on high
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glucose-induced mitochondrial injury and oxidative stress in vitro. A: Levels of intracellular high glucose; B and C: Changes in mitochondrial
membrane potential; D: Cellular ATP production; E: Cellular superoxide dismutase activity. Bars indicate the mean + SD from three independent experiments (n = 3).
ROS: Reactive oxygen species; MMP: Mitochondrial membrane potential; SOD: Superoxide dismutase; NG: Normal glucose; HG: High glucose; EM: Empaglifiozin;
CC: Compound C; FA: Fasudil; HG + Ad-PGC: Cells were transfected with peroxisome proliferator-activated receptor-y coactivator-10-GFP-Ad; HG + Ad-GFP: Cells
transfected with GFP-Ad. 2P < 0.05 vs NG; °P < 0.05 vs HG; °P < 0.05 vs HG + EM.
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Figure 6 Relationship of empagliflozin with AMP-activated protein kinase, peroxisome proliferator-activated receptor-y coactivator-1a,
and the RhoA/ROCK pathway in cardiomyocytes in HG conditions in vitro. A-D: The phosphorylation of AMP-activated protein kinase and myosin
phosphatase target subunit 1, as well as the protein expression of peroxisome proliferator-activated receptor-y coactivator-1c. were measured by Western blot in three
groups; E: Sodium-glucose cotransporter (SGLT)1 and SGLT2 protein expression in cardiomyocytes. Bars indicate the mean + SD from three independent
experiments (n = 3). B-tubulin was set as a control for normalization. NG: Normal glucose; HG: High glucose; EM: Empagliflozin; CC: Compound C; FA: Fasudil; HG
+ Ad-PGC: Cells were transfected with PGC-1a-GFP-Ad. 2P < 0.05 vs NG; °P < 0.05 vs HG; °P < 0.05 vs HG + EM.

monstrated that treatment with empagliflozin at a dose of 10 mg/kg/d for 6 wk enhanced diastolic function and
contractile reserve instead of systolic function in ob/ob mice. The varied effects of empagliflozin on cardiac systolic
function may be attributed to the differences in the animal models used. Furthermore, empagliflozin reduced hy-
perglycemia and insulin resistance in db/db mice, but did not affect serum lipid, BW, or SABP levels, which was
consistent with the findings of a previous study[26]. However, these mild metabolic enhancements cannot simply explain
the substantial benefits of SGLT2 inhibitors in DCM.

Packer concluded that the cardiovascular advantages of SGLT2 inhibitors could not be attributed to the control of
hyperglycemia, ketogenesis, and natriuretic action, but might be associated with the stimulation of autophagy and
reduction of intracellular sodium in the myocardium[27]. Remarkably, several studies have demonstrated that SGLT2
inhibitors have numerous mechanisms of action on DCM, including the regulation of cardiac iron homeostasis, anti-
inflammation, anti-fibrosis, and anti-oxidative stress[28]. Cardiomyocytes were cultured in vitro to clarify the direct
effects of empagliflozin on the myocardium, independent of metabolic improvements. First, the protein expression of
SGLT1 and SGLT?2 in isolated myocardial cells was investigated, indicating that SGLT2 protein was not expressed in
primary cardiomyocytes under either NG or HG conditions. This finding is consistent with the results of Di Franco et al
[29], who reported that SGLT2 was not expressed in the human myocardium under normal or pathological conditions.
Similarly, Mustroph et al[30] reported that SGLT2 expression was not identified in healthy or failing myocardium in
humans and mice. Therefore, there may be a direct effect that elucidates the protection offered by empagliflozin to the
myocardium independent of the SGLT-2 protein.

Accumulating evidence demonstrated that hyperglycemia and increased cardiac lipid deposition increase cell ROS
generation[31]. This increased ROS generation can trigger oxidative stress, disrupt mitochondrial structure, and result in
mitochondrial dysfunction in the heart of diabetic patients, which contributes to myocardial cell apoptosis and necrosis
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[32]. In this study, alterations in mitochondrial morphology were observed in db/db mice, which were mitigated by
empagliflozin treatment. HG-induced injury to mitochondria results in the generation of less ATP, decreased MMP,
excess ROS, and decreased SOD. In other words, HG triggers oxidative stress, where empagliflozin treatment prevented
mitochondrial injury and oxidative stress in myocardial cells. The role of mitochondrial function in maintaining cardiac
function is crucial. Empagliflozin was linked to the enhancement of mitochondrial biogenesis and energetics, ultimately
resulting in the suppression of cardiac remodeling and dysfunction[33-35]. DCM mice exhibited enhanced myocardial
apoptosis, which was closely associated with mitochondrial injury and oxidative stress[36]. This study also demonstrated
obvious apoptotic cells in the myocardium exposed to HG in vivo and in vitro, and empagliflozin mitigated HG-induced
cardiac cell apoptosis by regulating mitochondria-dependent apoptosis pathways, which was consistent with the findings
of a previous study[37].

Some related molecular pathways have been discussed to elaborate the protection mechanism of empagliflozin against
cardiomyocytes. AMPK plays a crucial role in cardioprotection[38]. HG suppressed AMPK activity and increased
mitochondrial dysfunction and apoptosis of cardiomyocytes, and AMPK activation ablated hyperglycemia-induced
cardiac oxidative stress, mitochondrial injury, and myocardial apoptosis, ultimately resulting in enhanced cardiac
function in DCM mice[39-41]. Consistent with these findings, our study indicated that empagliflozin increased AMPK
activity, and the activation of AMPK resulted in anti-oxidative stress and anti-apoptosis effects on cardiomyocytes.
Furthermore, our findings indicated that AMPK could regulate the RhoA/ROCK pathway and PGC-1a expression. It is
well-established that AMPK activation results in the suppression of the RhoA/ROCK pathway in Angll-induced human
vascular smooth muscle cells[42]. The RhoA /ROCK pathway plays a crucial role in the development of diabetic complic-
ations[43]. The inhibition of ROCK reduced HG/lipopolysaccharide-induced myocardial apoptosis and mitochondrial
damage through the activation of autophagy[44,45]. The findings of this study demonstrated that inhibiting the RhoA/
ROCK pathway prevented oxidative stress and apoptosis of cardiomyocytes under HG conditions, and enhanced
mitochondrial dysfunction, which was consistent with the findings of our previous study[21]. In addition, the activation
of AMPK could directly phosphorylate PGC-1a in skeletal muscle, or indirectly regulated PGC-1a expression through
SIRT1 activation[46,47]. It has been confirmed that ROCK suppression can induce PGC-1a expression in rat striatal
neurodegeneration[48]. In a rat model of T2DM, PGC-1a is closely associated with mitochondrial biogenesis and atrial
remodeling, and empagliflozin can enhance impaired mitochondrial biogenesis and mitochondrial dysfunction, while
also improving atrial remodeling through upregulation of PGC-1a[49]. Similarly, in DCM rats, the restoration of PGC-1a
can enhance mitochondrial damage and cardiac dysfunction[50]. Our study demonstrated that empagliflozin up-
regulated PGC-1a expression under HG conditions, and inhibited cardiomyocyte oxidative stress, mitochondrial injury,
and apoptosis. PGC-1a expression was modulated in part by AMPK and the RhoA/ROCK pathway.

To date, there has been few studies on the effects of empagliflozin on HG-induced cardiomyocyte apoptosis and the
underlying mechanism. Cardiomyocyte apoptosis is believed to be the initial factor contributing to HF in DCM[6]. This
study offers a novel molecular foundation for the anti-HF effects of empagliflozin. However, this study has some
limitations: (1) Db/db mice exhibited hyperglycemia with hyperlipidemia, but the in vitro experiments only employed
HG without the addition of palmitate. Consequently, the cellular models did not precisely match the animal models; and
(2) No positive drug control was established in in vivo experiments. Further appropriate study should be conducted to
solve these limitations.

CONCLUSION

In conclusion, this study demonstrated that empagliflozin not only controlled glycemic changes but also improved
mitochondrial injury and cardiac dysfunction in db/db mice. HG-induced oxidative stress and cardiomyocyte apoptosis
were mitigated by empagliflozin through the activation of AMPK/PGC-1a and inhibition of the RhoA/ROCK pathway.
These findings demonstrated that empagliflozin exerted direct beneficial effects on cardiomyocytes independent of
SGLT?2 inhibition.

ARTICLE HIGHLIGHTS

Research background
Diabetic cardiomyopathy (DCM) increases the risk of hospitalization for heart failure in diabetic patients. However, there
is no specific therapy to delay the progression of DCM. Empagliflozin has been confirmed to reduce the risk of hospital-
ization for heart failure in diabetic patients. However, the molecular mechanisms by which these agents exert cardiopro-
tection remain unclear.

Research motivation
To explore the effects of empagliflozin on the development of DCM.

Research objectives
To investigate whether empagliflozin can improve mitochondrial injury and cardiac dysfunction, and prevent high
glucose (HG)-induced oxidative stress and cardiomyocyte apoptosis, along with the underlying molecular mechanism.
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Research methods

We used db/db mice and primary cardiomyocytes from neonatal rats stimulated with HG (30 mmol/L) separately as in
vivo and in vitro models. Cardiac function was evaluated by echocardiography. We used transmission electron
microscopy to observe mitochondrial injury. RT-qPCR, Western blot, flow cytometry, TdT-mediated dUTP-biotin nick
end labeling staining, and immunofluorescence were used to investigate the effects of empagliflozin treatment on cellular
processes in cardiomyocytes of neonatal rats stimulated with HG.

Research results

Empagliflozin significantly improved cardiac dysfunction and dramatically reduced myocardial apoptosis, accompanied
by upregulation of AMP-activated protein kinase (AMPK) and peroxisome proliferator-activated receptor-y coactivator-1
a (PGC-1a), as well as downregulation of myosin phosphatase target subunit 1 (MYPT1) in the heart of mice. At the
cellular level, treatment of cardiomyocytes with empagliflozin or FA (a ROCK inhibitor) or overexpression of PGC-1a all
markedly attenuated HG-induced mitochondrial injury, oxidative stress, and cardiomyocyte apoptosis. However, AMPK
inhibitor reversed the above effects in part. Furthermore, no sodium-glucose cotransporter (SGLT)2 protein expression
was detected in cardiomyocytes.

Research conclusions
Empagliflozin improves mitochondrial injury and cardiac dysfunction in db/db mice, and prevents HG-induced

oxidative stress and cardiomyocyte apoptosis in vitro at least partially by activating AMPK/PGC-1a and inhibiting the
RhoA/ROCK pathway independent of SGLT2.

Research perspectives
Next step, we will establish a positive drug control in vivo and further clarify the effects of empagliflozin on DCM, with
an objective of providing a new strategy for the prevention and treatment of DCM.
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