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Abstract: Glucagon-like peptide 1 receptor agonists (GLP-1RAs) and sodium-glucose cotrans-

porter-2 inhibitors (SGLT2is) are antihyperglycemic agents with cardioprotective properties against 

diabetic cardiomyopathy (DCM). However, the distinctive mechanisms underlying GLP-1RAs and 

SGLT2is in DCM are not fully elucidated. The purpose of this study was to investigate the impacts 

of GLP1RAs and/or SGLT2is on myocardial energy metabolism, cardiac function, and apoptosis 

signaling in DCM. Biochemistry and echocardiograms were studied before and after treatment with 

empagliflozin (10 mg/kg/day, oral gavage), and/or liraglutide (200 μg/kg every 12 h, subcutane-

ously) for 4 weeks in male Wistar rats with streptozotocin (65 mg/kg intraperitoneally)-induced 

diabetes. Cardiac fibrosis, apoptosis, and protein expression of metabolic and inflammatory signal-

ing molecules were evaluated by histopathology and Western blotting in ventricular cardiomyo-

cytes of different groups. Empagliflozin and liraglutide normalized myocardial dysfunction in dia-

betic rats. Upregulation of phosphorylated-acetyl coenzyme A carboxylase, carnitine palmito-

yltransferase 1β, cluster of differentiation 36, and peroxisome proliferator-activated receptor-

gamma coactivator, and downregulation of glucose transporter 4, the ratio of phosphorylated aden-

osine monophosphate-activated protein kinase α2 to adenosine monophosphate-activated protein 

kinase α2, and the ratio of phosphorylated protein kinase B to protein kinase B in diabetic cardio-

myocytes were restored by treatment with empagliflozin or liraglutide. Nucleotide-binding oli-

gomerization domain, leucine-rich repeat and pyrin domain-containing 3, interleukin-1β, tumor ne-

crosis factor-α, and cleaved caspase-1 were significantly downregulated in empagliflozin-treated 

and liraglutide-treated diabetic rats. Both empagliflozin-treated and liraglutide-treated diabetic rats 

exhibited attenuated myocardial fibrosis and apoptosis. Empagliflozin modulated fatty acid and 

glucose metabolism, while liraglutide regulated inflammation and apoptosis in DCM. The better 

effects of combined treatment with GLP-1RAs and SGLT2is may lead to a potential strategy target-

ing DCM. 
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1. Introduction 

The prevalence of diabetes mellitus (DM) is increasing worldwide with estimates in-

creasing from 463 million people in 2019 to 700 million people by 2045 [1]. Cardiovascular 

(CV) complications are considered to be the major causes of mortality in DM patients [2]. 

Compared with non-DM patients, a higher incidence of myocardial dysfunction is found 

in DM patients [3]. DM doubles the risk of CV diseases [4], and about 75% of deaths in 

DM are due to coronary artery disease [5]. Although advances in medical management 

and lifestyle interventions have reduced CV mortality in DM patients by about 40% over 

the last decade, the actual number of deaths is predicted to rise as a result of increases in 

DM incidence and in aging populations [6]. 

The year 2015 represented a marked transformation in the treatment paradigm for 

Type 2 DM with CV diseases as demonstrated from the results of the sodiumglucose co-

transporter inhibitor (SGLT2is) empagliflozin [7], and the glucagon-like peptide (GLP)-1 

receptor agonists (GLP-1RAs) liraglutide and semaglutide, [8] all of which illustrated CV 

benefits. SGLT2is and GLP-1RAs have emerged as new classes of antihyperglycemic 

agents that also reduce CV risks and promote significant improvements in cardiac con-

tractile function [9]. Several mechanisms were postulated for the CV effects of SGLT2is, 

including effects on osmotic diuresis and natriuresis contributing to lowering of blood 

pressure (BP), decreases in arterial stiffness and vascular resistance, improvements in 

weight and visceral adiposity, and a shift in myocardial fuel energetics [10]. Meanwhile, 

potential mechanisms mediating the beneficial effects of GLP-1RAs in reducing CV events 

include reductions in body weight (BW), BP, and lipoproteins and interactions with GLP-

1 receptors in the CV system, resulting in improvements of endothelial function and car-

diac function during coronary ischemia, as well as anti-inflammatory and anti-atheroscle-

rotic effects [11]. 

Although SGLT2is and GLP-1RAs have significant cardiac impacts in clinical prac-

tice, the mechanisms by which SGLT2is and GLP-1RAs improve CV outcomes are highly 

speculative and not fully understood. SGLT2is and GLP-1RAs have not been well com-

pared simultaneously in a DM model. In addition, it is not clear whether combinations of 

GLP-1RAs and SGLT2is could lead to distinctive impacts on DM cardiomyopathy (DCM). 

The purposes of this study were to investigate the impacts of a GLP-1RA and an SGLT2i 

on myocardial energy metabolism, cardiac function, and apoptosis signaling in DCM and 

evaluate the combined myocardial effects of a GLP-1RA and an SGLT2i in DM rats. 

2. Results 

2.1. Effects of Empagliflozin and Liraglutide on Biochemistry, BP, Myocardial Function, and 

Heart Size 

Compared with control rats, DM rats, empagliflozin-treated DM rats, and liraglutide-

treated DM rats all had higher blood glucose levels. However, empagliflozin-treated DM 

rats and liraglutide-treated DM rats had lower levels of blood glucose than did DM rats 

(Table 1). Besides, empagliflozin-treated DM rats had lower levels of blood glucose than 

did liraglutide-treated DM rats. 
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Table 1. Physical characteristics of control (CON), diabetes mellitus (DM), empagliflozin-treated DM (DM + EMPA), and 

liraglutide-treated DM (DM + LIRA) rats. 

 CON DM DM + EMPA DM+LIRA 

FBS (mg/dL)     

2 weeks after STZ injection 109.8 ± 1.1 398.6 ± 11.7 * 394.5 ± 8.9 * 395.9 ± 3.6 * 

4 weeks after treatment 113 ± 2.9 429.5 ± 20.2 * 151.8 ± 10.4 # 284.9 ± 25.1 *#§ 

Biochemical values after treatment     

TG (mg/dL) 84.9 ± 6.0 144.3 ± 25.5 74.4 ± 19.9 # 98.9 ± 13.9 

TC (mg/dL) 52.8 ± 3.6 60.6 ± 4.2 50.5 ± 3.7 52.3 ± 2.9 

HDL-C (mg/dL) 22.8 ± 1.1 27.9 ± 1.7 * 23.5 ± 0.8 26.2 ± 1.5 

LDL-C (mg/dL) 4.1 ± 0.4 6.3 ± 0.9 * 3.9 ± 0.2 # 2.8 ± 0.3 # 

FFAs (μg/dL) 0.7 ± 0.0 1.0 ± 0.2 * 0.6 ± 0.0 # 0.6 ± 0.1 # 

ST2 (pg/mL) 296.2 ± 39.1 455.1 ± 54.7 * 292.5 ± 18.7 # 295.3 ± 42.9 # 

BP and HR after treatment     

SBP (mmHg)  127.8 ± 5.5 113.5 ± 5.4 118.3 ± 11.7 116.5 ± 6.9 

DBP (mmHg)  73.9 ± 4.4 65.3 ± 5.3 75.9 ± 9.3 60.5 ± 6.4 

HR (bpm)  440 ± 13.9 311.6 ± 19.7 * 367.1 ± 24.6 387.4 ± 21.0 

Weight      

BW 2 weeks after STZ injection (g) 380.4 ± 4.5 368.0 ± 14.2 368.8 ± 9.5 369.0 ± 6.6 

BW after treatment (g)  543.8 ± 5.6 379.1 ± 10.2 * 441.9 ± 17.3 *# 402.9 ± 15.5 * 

HW (g) 1.6 ± 0.0 1.4 ± 0.0 * 1.6 ± 0.0 # 1.3 ± 0.0 *§ 

HW/BW (mg/g) 3.2 ± 0.0 4.2 ± 0.2 * 3.6 ± 0.1 # 3.3 ± 0.1 # 

FBS, fasting blood glucose; STZ, streptozotocin; TG, triglyceride; TC, total cholesterol; HDL-C, high-density lipoprotein 

cholesterol; LDL-C, low-density lipoprotein cholesterol; FFAs, free fatty acids; ST2, suppression of tumorgenicity-2; BP, 

blood pressure; SBP, systolic blood pressure; DBP, diastolic blood pressure; HR, heart rate; bpm, beats per minute; BW, 

body weight; HW, heart weight. Number of rats N = 8 per group. Values are expressed as the mean ± standard error of the 

mean (SEM). * p < 0.05 vs. the control; # p < 0.05 vs. DM; § p < 0.05 vs. DM + EMPA. 

At 16 weeks of age, triglycerides (TGs) were attenuated by treatment with empagli-

flozin compared with DM rats. Total cholesterol (TC) and high-density lipoprotein cho-

lesterol (HDL-C) were similar among the four groups. The low-density lipoprotein cho-

lesterol (LDL-C) of the DM group was higher compared with the control group. Both em-

pagliflozin-treated DM rats and liraglutide-treated DM rats had attenuated levels of LDL-

C. Additionally, free fatty acids (FFAs) were significantly elevated in the DM group com-

pared with the control group. FFAs were significantly reversed in empagliflozin-treated 

DM rats and liraglutide-treated DM rats. Both the empagliflozin-treated DM and lirag-

lutide-treated DM groups additionally had normalized concentrations of suppression of 

tumorgenicity-2 (ST2) compared with the DM group. 

Systolic and diastolic BPs after treatment were similar among the four groups. How-

ever, DM rats had a lower heart rate than the control. However, there were no significant 

differences among control rats, empagliflozin-treated DM rats, and liraglutide-treated 

DM rats at 16 weeks of age. 

BWs were similar among the four groups before treatment. However, lower BWs 

were noted in the DM, empagliflozin-treated DM, and liraglutide-treated DM groups 

compared with the control group. BWs were similar between DM rats and liraglutide-

treated DM rats, but empagliflozin-treated DM rats had higher BWs after treatment than 

did DM rats. In addition, DM rats had a greater heart-to-body weight ratio than control, 

empagliflozin-treated DM, and liraglutide-treated DM rats. 

As shown in Figure 1, at 16 weeks of age, DM rats had a higher left ventricular end-

diastolic diameter (LVEDd), left ventricular end-systolic diameter (LVESd), end-diastolic 

volume (EDV), and end-systolic volume (ESV), and a lower ejection fraction (EF) and frac-

tional shortening (FS) value compared with control rats, empagliflozin-treated DM rats, 
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and liraglutide-treated DM rats. These values were similar between empagliflozin-treated 

DM rats and liraglutide-treated DM rats. 

 

Figure 1. Echocardiograms of control (CON), diabetes mellitus (DM), empagliflozin-treated DM (DM + EMPA) rats, and 

liraglutide-treated DM (DM + LIRA) rats at 16 weeks of age. (a) Representative M-mode echocardiograms of CON (N = 8), 

DM (N = 8), DM + EMPA (N = 8), and DM + LIRA rats (N = 8). (b) Bar graphs of echocardiographic measurement results 

of left ventricle (LV) end-diastolic and end-systolic diameters (LVEDd and LVEDs), end-diastolic volume (EDV), end-sys-

tolic volume (EDV), ejection fraction (EF), and fraction shortening (FS). 

2.2. Effects of Empagliflozin and Liraglutide on Myocardial Fatty Acid Metabolism 

Both empagliflozin-treated DM rats and liraglutide-treated DM rats had higher ratio 

protein expressions of phosphorylated 5’ adenosine monophosphate-activated protein ki-

nase α2 (pAMPKα2) to 5’adenosine monophosphate-activated protein kinase α2 

(AMPKα2) compared with DM rats (Figure 2b). In addition, phosphorylated-acetyl coen-

zyme A carboxylase (pACC) protein expression in DM rats was higher than those of con-

trol, liraglutide-treated DM, and empagliflozin-treated DM rats (Figure 2c). Moreover, 

empagliflozin-treated DM rats had lower pACC protein level compared with liraglutide-

treated DM rats. Peroxisome proliferator-activated receptor-gamma coactivator (PGC)-1α 

protein expression was lower in empagliflozin-treated DM rats and liraglutide-treated 

DM rats compared with DM rats (Figure 2d). Carnitine palmitoyltransferase (CPT)-1β and 

the cluster of differentiation (CD)-36 protein levels were lower in the empagliflozin-
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treated DM group and liraglutide-treated DM group compared with the DM group (Fig-

ure 2e,f). 

 

Figure 2. Expressions of cardiac fatty acid regulatory proteins in control (CON) and diabetic (DM) rats with and without 

treatment with empagliflozin (EMPA) and liraglutide (LIRA). (a) Representative immunoblot image. (b) Ratio of phos-

phorylated adenosine monophosphate-activated protein kinase α2 (pAMPKα2) to 5’adenosine monophosphate-activated 

protein kinase α2 (AMPKα2) (N = 5). (c) Phosphorylated acetyl-CoA acetyl coenzyme A carboxylase (pACC) (N = 5). (d) 

Peroxisome proliferator-activated receptor gamma coactivator-1α (PGC-1α) (N = 5). (e) Carnitine palmitoyltransferase-1β 

(CPT-1β) (N = 5). (f) Cluster of differentiation 36 (CD36) (N = 5). Densitometry was normalized to glyceraldehyde 3-phos-

phate dehydrogenase (GAPDH) as an internal control. 
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2.3. Effects of Empagliflozin and Liraglutide on Myocardial Glucose Metabolism 

The control group, liraglutide-treated DM group, and empagliflozin-treated DM 

group had higher glucose transporter 4 (GLUT4) protein expression than did the DM 

group (Figure 3b). In addition, the ratio of phosphorylated insulin receptor substrate 1 

(pIRS1) (Ser 307) to insulin receptor substrate 1 (IRS1) was significantly higher in empagli-

flozin-treated DM rats and liraglutide-treated DM rats than in DM rats (Figure 3c). Simi-

larly, both empagliflozin-treated DM rats and liraglutide-treated DM rats had an in-

creased the ratio of phosphorylated protein kinase B (pAkt) (Ser 473) to protein kinase B 

(Akt) compared with DM rats (Figure 3d). 

 

Figure 3. Expression of cardiac glucose metabolism regulatory proteins in control (CON) and diabetic (DM) rats with and 

without treatment with empagliflozin (EMPA) and liraglutide (LIRA). (a) Representative immunoblot image. (b) Average 

data of glucose transporter 4 (GLUT4) (N = 5). (c) Ratio of phosphorylated insulin receptor substrate 1 (pIRS1) (Ser 307) to 

insulin receptor substrate 1 (IRS1) (N = 5). (d) Ratio of phosphorylated protein kinase B (pAkt) (Ser 473) to protein kinase 

B (Akt) (N = 5). Densitometry was normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as an internal 

control. 

2.4. Effects of Empagliflozin and Liraglutide on Myocardial Inflammatory Cytokines 

Figure 4a represents the NLR NOD-like receptor family pyrin domain-containing 3 

(NLRP3) inflammasome pathway. NLRP3 protein levels were significantly decreased in 

empagliflozin-treated DM rats and liraglutide-treated DM rats compared with DM rats. 

Protein expressions of pro-caspase-1 and cleaved caspase-1 were normalized by empagli-

flozin and liraglutide treatment. Besides, interleukin (IL)-1β protein expression was lower 

in the empagliflozin-treated DM group and liraglutide-treated DM group than in the DM 

group. Additionally, protein expression of tumor necrosis factor (TNF)-α (Figure 4b) was 

lower in the empagliflozin-treated DM group and liraglutide-treated DM group than in 

the DM group. 
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Figure 4. Expression of cardiac inflammatory proteins in control (CON) and diabetic (DM) rats with and without treatment 

with empagliflozin (EMPA) and liraglutide (LIRA). (a) Representative immunoblot image and average data of NOD-like 

receptor family pyrin domain containing 3 (NLRP3) (N = 4). Pro-caspase-1 (N = 4). Cleaved caspase-1 (N = 4) and interleu-

kin (IL)-1β (N = 4). (b) Representative immunoblot image and average data of tumor necrosis factor-α (TNF-α) (N = 5). 

Densitometry was normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as an internal control. 

2.5. Effects of Empagliflozin and Liraglutide on Myocardial Fibrosis and Apoptosis 

The ratio of phosphorylated signal transducer and activator of transcription 3 

(pSTAT3) to signal transducer and activator of transcription 3 (STAT3) (Figure 5b) were 

significantly higher in empagliflozin-treated and liraglutide-treated DM groups than in 

the DM group. Moreover, liraglutide-treated DM rats had a higher pSTAT3/STAT3 com-

pared with empagliflozin-treated DM rats. Both empagliflozin-treated and liraglutide-

treated DM hearts exhibited significantly decreased protein levels of phosphorylated ex-

tracellular signal-regulated kinase 1/2 (pERK1/2) (Figure 5c) compared with DM rats. In 

addition, the apoptotic index with immunohistochemical staining of caspase-3 in DM ven-

tricular cardiomyocytes was higher than that of control cardiomyocytes. Both empagli-

flozin-treated and liraglutide-treated DM cardiomyocytes had a decreased apoptotic in-

dex (Figure 5d). DM hearts had 2.5-fold higher fibrosis than control hearts (Figure 5e,f). 

Fibrosis and apoptosis in DM cardiomyocytes were more attenuated with liraglutide 

treatment than with empagliflozin treatment. 
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Figure 5. Cardiac fibrosis and apoptosis in control (CON) and diabetic (DM) rats with and without treatment with em-

pagliflozin (EMPA) and liraglutide (LIRA). (a) Representative immunoblot image. (b) Ratio of phosphorylated signal 

transducer and activator of transcription 3 (pSTAT3) to signal transducer and activator of transcription 3 (STAT3) (N = 5). 

(c) Phosphorylated extracellular signal-regulated kinase 1/2 (pERK1/2) (N = 5). Densitometry was normalized to glycer-

aldehyde 3-phosphate dehydrogenase (GAPDH) as an internal control (N = 5). (d) Apoptotic index (N = 5). (e) Histological 

section and Masson’s trichrome staining and (f) percentage of areas exhibiting fibrosis (N = 5). 
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2.6. Combined Effects of Empagliflozin and Liraglutide in DCM 

We further evaluated the combined effects of GLP-1RA and SGLT2i in DM rats. As 

shown in Table 2, combination-treated DM and empagliflozin-treated DM groups had 

similar echocardiographic values, which were better than those of liraglutide-treated DM 

rats. There was no difference in the heart rates, BP, HWs, heart-to-body weight ratios, and 

the biochemical values of the combination-treated DM group versus the groups treated 

with the individual compounds. The combination-treated DM rats had higher BWs and 

lower fasting blood glucose (FBS) than liraglutide-treated DM rats. Moreover, the fibrosis 

area of combination-treated DM rats was similar to that in liraglutide-treated DM rats but 

lesser than that of empagliflozin-treated DM rats. 

Table 2. Echocardiograms, physical characteristics, biochemical values, and histopathology of empagliflozin-treated dia-

betes mellitus (DM) rats (DM + EMPA), liraglutide-treated DM rats (DM + LIRA), and diabetes treated with empagliflozin 

and liraglutide rats (DM + EMPA + LIRA). 

 DM + EMPA DM + LIRA DM + EMPA + LIRA 

Echocardiograms    

LVEDd (mm) 6.9 ± 0.5 7.1 ± 0.3 6.7 ± 0.0 

LVESd (mm) 3.4 ± 0.5 3.7 ± 0.1 3.2 ± 0.2 

EDV (mL) 0.8 ± 0.1 0.9 ± 0.1 0.7 ± 0.1 

ESV (mL) 0.09 ± 0.0 0.14 ± 0.0 § 0.07 ± 0.0 ¶ 

IVSd (mm) 1.9 ± 0.2 1.7 ± 0.1 1.9 ± 0.0 

LVPW (mm) 2.2 ± 0.1 1.8 ± 0.1 § 2.2 ± 0.1 ¶ 

EF (%) 85.4 ± 3.9 81.2 ± 2.2 89.3 ± 1.9 

FS (%) 48.8 ± 4.4 45.1 ± 2.4 57.4 ± 2.1 ¶ 

Physical characteristics    

HR (bpm) 407.6 ± 22.6 413.4 ± 5.8 424 ± 8.6 

SBP (mmHg)  119.8 ± 7.8 115.8 ± 6.8 118.8 ± 4.5 

DBP (mmHg)  71.0 ± 6.4 61.4 ± 9.2 68.8 ± 3.2 

BW 2 weeks after STZ injection (g) 355.4 ± 9.6 358.4 ± 4.9 356.8 ± 3.2 

BW after treatment (g)  416.8 ± 17.1 327.8 ± 8.4 § 399 ± 12.6¶ 

HW (g) 1.6 ± 0.0 1.5 ± 0.1 1.6 ± 0.1 

HW/BW (mg/g) 3.9 ± 0.3 4.4 ± 0.2 3.6 ± 0.2 

Biochemical values    

FBS 2 weeks after STZ injection (mg/dL) 396.0 ± 12.4 396.6 ± 5.7 397.2 ± 12.8 

FBS after treatment (mg/dL) 142.4 ± 21.5  331.6 ± 22.4 § 109.6 ± 14.5 ¶ 

TG (mg/dL) 60.2 ± 16.8 86.8 ± 15.6 47.0 ± 4.8 

TC (mg/dL) 51.8 ± 3.4 55.0 ± 3.4 55.5 ± 4.6 

HDL-C (mg/dL) 23.2 ± 1.3 26.0 ± 1.0 23.6 ± 1.0 

LDL-C (mg/dL) 3.8 ± 0.4 3.0 ± 0.3 3.8 ± 0.2 

FFAs (μg/dL) 0.6 ± 0.0 0.7 ± 0.0 0.6 ± 0.0 

ST2 (pg/mL) 290.2 ± 17.8 296.2 ± 38.2 281.0 ± 21.2 

Histopathology    

Fibrosis area (%) 5.3 ± 0.1 4.5 ± 0.1 § 4.3 ± 0.1 § 

LVEDd, left ventricular end-diastolic diameter; LVESd, left ventricular end-systolic diameter; EDV, end-diastolic volume; 

ESV, end-systolic volume; IVSd, interventricular septum end diastole; LVPW, left ventricular posterior wall; EF, ejection 

fraction; FS, fractional shortening; HR, heart rate; bpm, beats per minute; SBP, systolic blood pressure; DBP, diastolic blood 

pressure; BW, body weight; HW, heart weight; STZ, streptozotocin; FBS, fasting blood glucose; TG, triglyceride; TC, total 

cholesterol; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; FFAs, free fatty ac-

ids; ST2, suppression of tumorgenicity-2. Number of rats N = 5 per group. Values are expressed as the mean ± SEM. § p < 

0.05 vs. DM + EMPA; ¶ p < 0.05 vs. DM + LIRA. 
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3. Discussion 

DCM decreased myocardial function, characterized by structural and functional ab-

normalities, including left ventricle (LV) hypertrophy, fibrosis, and cell signaling abnor-

malities [12]. Our study compared the effects of empagliflozin and liraglutide, which be-

long to two new classes of anti-hyperglycemic agents, as cardio-protection in DCM, and 

we found that the FBS value of the liraglutide group was statistically different from the 

FBS value of the empagliflozin group, so empagliflozin seems to be more efficient at re-

ducing glycemia. Hyperglycemia impairs systolic and diastolic functions [13]. Similar to 

our previous studies [14,15], we also found a significantly dilated LV chamber with a 

lower EF and shorter FS in DM hearts. However, DM rats treated with empagliflozin or 

liraglutide showed significant improvements in myocardial systolic function. Like previ-

ous findings [14,16], empagliflozin or liraglutide produced significant improvements in 

cardiac functions, suggesting that these anti-hyperglycemic agents might be beneficial in 

treating DCM. 

5’ adenosine monophosphate-activated protein kinase (AMPK) plays an important 

role in regulating myocardial energy metabolism; ameliorating vascular endothelial dys-

function, inflammation, and apoptosis; and regulating autophagy [17]. Interestingly, Bal-

teau et al. also found that GLP1 concomitantly induced AMPK activation and prevented 

high glucose concentration-mediated reactive oxygen species (ROS) production [18]. The 

decrease in the myocardial pAMPKα2 protein level in our DM group might be associated 

with an excessive oversupply of lipids that inactivate AMPKα2 [19]. In our investigation, 

we found that empagliflozin- or liraglutide-treated DM rats exhibited significant stimula-

tion of myocardial pAMPKα2 protein expression. The activated form of AMPK was ex-

pected to induce phosphorylation of acetyl coenzyme A carboxylase (ACC). However, our 

results showed the opposite modulation. The previous study also showed an activated 

AMPK with suppressed ACC activity in metformin-treated hepatocytes [20]. Additional 

studies will be required to further elucidate the precise mechanism underlying our find-

ings. In addition, AMPK activates PGC-1α expression and directly enhances its activity 

through phosphorylation of AMPK [21]. PGC-1α plays a vital part in modulating fatty 

acid (FA) β-oxidation and myocardial lipid over-accumulation that might worsen cardiac 

lipid and glucose utilization and the energy balance [22]. Previous studies illustrated that 

normalizing FA metabolism in DM hearts reversed impaired myocardial contractility 

[23,24]. Interestingly, we observed that myocardial FA regulator substrates of pACC, 

CD36, and CPT-1β were augmented after treatment with empagliflozin or liraglutide. The 

increase in the FA transporter protein CD36 in DM hearts may expedite the uptake of 

intracellular FAs, as evidenced by elevated pACC protein levels. AMPK is also involved 

in the delivery of FAs to cardiomyocytes through its regulation of the FA transporter 

CD36 [25]. The effects of empagliflozin and liraglutide on myocardial lipid metabolism 

suggest a cardioprotective potential of these two anti-hyperglycemic agents through 

switching from FFAs.  

This study found that DM hearts treated with liraglutide or empagliflozin restored 

the ratios of pIRS1 (Ser 307)/IRS1 and pAkt (Ser 473)/Akt. However, it is not clear whether 

these effects may play a role in cardiac function and metabolic homeostasis in these ani-

mals. Our results showed that the GLUT4 protein expression significantly increased with 

empagliflozin or liraglutide treatment compared with the DM rat hearts. However, an 

increased protein level is not enough to hypothesize increased GLUT4 expression on the 

cell membrane, since membrane translocation was not analyzed in this study. 

Increased inflammation and oxidative stress due to DM were found to precipitate 

atherosclerosis and activate cytokine secretions [26], which may result in the development 

of cardiomyopathy. In this study, liraglutide or empagliflozin mitigated myocardial IL-1β 

protein levels in DM rats. We also found that NLRP3 expression significantly decreased 

in both empagliflozin-treated DM rats and liraglutide-treated DM rats compared to DM 

rats. In addition, caspase-1 (an inflammasome component) was also decreased in empagli-
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flozin-treated DM rats and liraglutide-treated DM rats. Zhu et al. found that the expres-

sion of NLRP3 inflammasome components (including NLRP3 and caspase-1) also sub-

stantially decreased in the livers of mice after treatment with liraglutide [27].  

GLP-1RA treatment protects cardiomyocytes from apoptosis, and the protective ef-

fects were attenuated by phosphoinositide 3-kinase (PI3K) and/or extracellular signal-reg-

ulated kinase 1/2 (ERK1/2) inhibition [28]. Our investigation also found a significant re-

duction in pERK1/2 protein expression in empagliflozin- or liraglutide-treated DM rats. 

Activation of STAT3 has been suggested to reduce cardiac fibrosis or hypertrophy in DM 

via the inhibition of apoptosis or an increase of antioxidants [29], although STAT3 may 

promote proliferation and collagen production in isolated cardiac fibroblasts treated with 

a high concentration of glucose [30]. In this study, consistent with the previous studies 

[31,32], DM rats had decreased p-STAT3 compared with controls. Moreover, an increase 

in the ratio of pSTAT3/STAT3 protein expression in empagliflozin-treated DM rats and 

liraglutide-treated DM rats was seen. These findings suggest the potential role of STAT3 

regulation in cardiac remodeling in empagliflozin- or liraglutide-treated DM rats. In ad-

dition, our apoptotic index with cleaved caspase-3 decreased with empagliflozin or lirag-

lutide treatment, which demonstrated a cardioprotective role. Increased cardiac apoptosis 

is a major risk factor for the development of DCM [33]. Our experimental data also illus-

trated the promising CV therapeutic benefits of empagliflozin and liraglutide by switch-

ing FA oxidation and glucose metabolism, and their anti-inflammatory, antiapoptotic, and 

antifibrotic effects. Figure 6 demonstrates the potential effects of empagliflozin (SGLT2i) 

and liraglutide (GLP-1RA) in DM hearts in this study. Empagliflozin modulates FA and 

glucose metabolism, while liraglutide regulates inflammation, fibrosis, and apoptosis in 

DCM.  

 

Figure 6. Schematic illustration of the proposed effects of empagliflozin and liraglutide in diabetic (DM) hearts. Empagli-

flozin and liraglutide may improve the remodeling of DM hearts through multiple effects: decreased cardiac hypertrophy; 

switching of fatty acid and glucose metabolism; and anti-inflammatory, anti-fibrosis, and apoptosis effects. 
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This study has some limitations. First, our results showed that the combined treat-

ment with GLP-1RA and SGLT2i may lead to a potential novel strategy in targeting DCM, 

but the effects of empagliflozin and liraglutide on the myocardial ATP content, cytokine 

analysis, NLRP3 signaling, cardiac metabolism, and collagen expression in DCM remain 

unclear. Besides, the mechanism underlying the superiority of the combined treatment 

needs further study. Second, our findings may not fully translate to DM patients in clinics, 

since the treatment already started 2 weeks after streptozotocin (STZ) injection. Third, the 

animal numbers used for this study were relatively low and the statistical power may be 

underestimated, even though Duncan’s method was chosen for post hoc analysis. Finally, 

we investigated the local inflammatory responses by using Western blot analysis but not 

ELISA to measure the cardiac expression of inflammatory cytokine in DCM. Thus, our 

results may be relatively semi-quantitative. 

In this study, for the first time, we found that treatment of DM rats with the combi-

nation of GLP-1RA and SGLT2i may produce better FS than treatment with GLP-1RA 

alone. Although the mechanisms underlying our findings were not clear, we speculated 

that the combination of the anti-fibrosis potential of GLP-1RA and the hemodynamic 

modulation or decreases in pACC from SGLT2i may contribute to better cardiac function. 

4. Methods 

4.1. Animal Models and Tissue Preparations 

This investigation conformed to the institutional Guide for the Care and Use of Labora-

tory Animals and the Guide for the Care and Use of Laboratory Animals published by the US 

National Institutes of Health, and was approved by the Institutional Animal Care and Use 

Committee of Taipei Medical University (LAC-2019-0364). To induce DM, some of the 10-

week-old male Wistar rats (~335 ± 4.5 g) received a single intraperitoneal injection of strep-

tozotocin (STZ) (65 mg/kg, Sigma-Aldrich, St. Louis, MO, USA) after 10 h of overnight 

starvation [34,35]. DM was diagnosed according to a high fasting plasma glucose level 

(>15 mmol/L) as measured with a glucometer (Bayer Breeze 2 glucometer, Bayer Health 

Care, Mishawaka, IN, USA). Two weeks after DM induction (at 12 weeks of age), DM rats 

were randomly assigned to receive empagliflozin (10 mg/kg/day, oral gavage; Jardiance, 

Boehringer Ingelheim Pharmaceuticals, Ridgefield, CT, USA) [36], liraglutide (200 μg/kg 

body weight every 12 h subcutaneously; Novo Nordisk, Bagsvaerd, Denmark) [37], com-

bined treatment with empagliflozin and liraglutide; or the vehicle (1 mL normal saline 

once daily by oral gavage) for 4 weeks. Rats were anesthetized by deep inhalation with 

5% isoflurane [38] and sacrificed at 16 weeks of age. BWs were measured prior to eutha-

nasia. Each heart was rapidly excised, weighed, and dissected. Cardiac tissues were rinsed 

in a cold physiological saline solution. Freshly isolated ventricular tissues were rinsed in 

a cold physiological saline solution and frozen in liquid nitrogen for protein isolation. Five 

ventricular preparations from each group were placed in formalin for histological exami-

nations. 

4.2. Blood Sampling and Biochemical Measurements 

Blood samples were collected from rats at 10 weeks of age before treatment and at 16 

weeks of age prior to sacrifice into collecting vials, and serum was prepared and stored at 

−20 °C pending further analysis. Serum samples were used to measure the following pa-

rameters by means of specific kits: fasting serum glucose, TGs, TC, HDL-C, LDL-C, FFAs, 

and ST2. 

4.3. Hemodynamic Studies: BP and Echocardiogram Measurements 

The systolic BP, diastolic BP, and heart rate were measured with a non-invasive blood 

pressure monitor tail-cuff method for rats (MK-2000, Muromachi Kikai, Tokyo, Japan) 

[39]. The BP and heart rate were monitored at 10 weeks of age and at 16 weeks prior to 

sacrifice. An echocardiogram was performed using the Vivid I ultrasound cardiovascular 
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system (GE Healthcare, Haifa, Israel) at 10 weeks of age and at 16 weeks prior to sacrifice. 

The following cardiac structures were measured using M-Mode tracing of the LV: LVEDd, 

LVESd, EDV, ESV, EF, and FS values, as described previously [40]. 

4.4. Histopathological Examination of Cardiomyocytes 

Cardiac fibrosis was assessed on slides stained with Masson’s trichrome according 

to previously described protocols [41]. Collagen was stained blue, and myocytes were 

stained red. Whole hearts were scanned at 20 magnification on a high-resolution micro-

scope using Case Viewer software (3DHistech Kft., Budapest, Hungary). The fibrosis con-

tent was quantified by identifying and counting the number of blue-stained pixels as a 

percentage of the total LV tissue area using ImageJ1.53e (National Institutes of Health, 

Bethesda, MD, USA). 

Caspase-3 expression was determined according to a conventional immunohisto-

chemical method [42]. Briefly, heart sections (5 μm) were allowed to equilibrate to room 

temperature and exposed to acetone for 10 min before initiating the streptavidin–biotin 

staining technique (Vectastain Universal Quick Kit; Vector Laboratories, CA, USA). Sec-

tions were then preblocked with 10% horse serum/phosphate-buffered saline (PBS) + 0.2% 

Tween 20 Tris-buffered saline (TBS) for 10 min at room temperature, followed by elimi-

nation of excess serum from the section and incubation with a specific antibody and an 

isotype-matched control antibody at appropriate dilutions. The primary antibody 

cleaved-caspase-3 (1:400 dilution; Cell Signaling, MA, USA) was incubated with the sec-

tions. After washing, bound antibodies were detected by a universal biotinylated anti-

body prediluted in TBS at room temperature for 20 min, followed by incubation for 10 

min with peroxidase-conjugated streptavidin. Sections were rinsed, counterstained, and 

mounted in an aqueous mounting medium. Sections were scanned at 20 magnification 

on a high-resolution microscope using Case Viewer software (3DHistech Kft., Budapest, 

Hungary). The degree of apoptosis was determined by the apoptotic index (%) = (number 

of (+) stained myocyte nuclei/total number of myocyte nuclei counted)  100. 

4.5. Western Blot Analysis  

As described previously [34], equal amounts of proteins were resolved by sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), followed by electropho-

retic transfer of proteins onto nitrocellulose membranes. Blots were probed with antibod-

ies against AMPKα2 (Cell Signaling Technology), pAMPKα2 (Millipore, St. Louis, MO, 

USA), pACC (Millipore, St. Louis, MO, USA), PGC-1α (Abcam, Cambridge, MA, USA), 

CPT-1β (Abcam, Cambridge, MA, USA), CD36 (Santa Cruz Biotechnology, CA, USA), 

GLUT4 (Abcam, Cambridge, MA, USA), pIRS1 (Ser 307, Cell Signaling Technology), pAkt 

(Ser 473, Cell Signaling Technology), PI3K/Akt (Cell Signaling Technology), NLRP3 

(Novus Biologicals), TNF-α (Santa Cruz Biotechnology, CA, USA), IL-1β (Cell Signaling 

Technology), pro-caspase-1 (Novus Biologicals), cleaved caspase-1 (Novus Biologicals), 

STAT3 (Cell Signaling Technology), pSTAT3 (Cell Signaling Technology), pERK1/2 (Cell 

Signaling Technology), and secondary antibodies conjugated with horseradish peroxidase 

(Leinco Technology, St. Louis, MO, USA). Bound antibodies were detected using an en-

hanced chemiluminescence detection system (Millipore, St. Louis, MO, USA) and ana-

lyzed with AlphaEaseFC software (Alpha Innotech, San Leandro, CA, USA). Targeted 

bands were normalized to cardiac glyceraldehyde 3-phosphate dehydrogenase (GAPDH, 

Sigma-Aldrich) to confirm equal protein loading. 

4.6. Statistical Analysis 

All quantitative data are expressed as the mean ± standard error of the mean (SEM). 

Statistical significance between different groups was determined using a one-way analysis 

of variance (ANOVA) with Duncan’s method in SigmaPlot version 14 (Systat Software, 
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San Jose, CA, USA) for multiple comparisons as appropriate. A value of p < 0.05 was con-

sidered statistically significant. 

5. Conclusions 

Both empagliflozin and liraglutide have cardioprotective effects by increasing the 

systolic function of DM rats. Empagliflozin and liraglutide improved heart function in 

DM rats by switching fatty acid oxidation and glucose metabolism, and through anti-in-

flammatory, anti-apoptosis, and fibrosis effects. The better effects of combined treatment 

with GLP-1RA and SGLT2i may potentially lead to a novel strategy for targeting DM car-

diomyopathy. 

Author Contributions: Conceptualization and design of the experiments: T.-I.L., N.N.T., Y.-H.K., 

and Y.-J.C.; performing the experiments: T.-W.L. and C.-C.C.; formal analysis: C.-C.C., W.-L.C., and 

N.N.T.; drafting graphical abstract and figures: S.-Y.H., N.N.T., and T.-I.L.; writing manuscript draft: 

N.N.T and T.-I.L.; writing—review and editing: Y.-J.C. All authors have read and agreed to the pub-

lished version of the manuscript. 

Funding: This research received no external funding. 

Institutional Review Board Statement: The study was conducted according to the guidelines of the 

Declaration of Helsinki, and approved by the Institutional Animal Care and Use Committee of Tai-

pei Medical University (protocol code LAC-0364 and 17 December 2019 of approval). 

Informed Consent Statement: Not applicable. 

Data Availability Statement: The data presented in this study are available in the article. 

Acknowledgments: The present work was supported by grants from Taipei Medical University, 

Wan Fang Hospital (107-wf-eva-13, 108-wf-swf-02 and 109CGH-TMU-02), the Ministry of Science 

and Technology of Taiwan (MOST107-2314-B-038-016-, 108-2314-B-038-042-, and 109-2314-B-038-

098-), and the Ministry of National Defense–Medical Affairs Bureau, Taiwan (MAB-107-044). 

Conflicts of Interest: The authors declare no conflict of interest. 

Abbreviations 

CV: cardiovascular; DM, diabetes mellitus; EDV, end-diastolic volume; ESV, end-sys-

tolic volume; EMPA, empagliflozin; EF, ejection fraction; FA, fatty acid; FFA, free fatty 

acid; FS, fractional shortening; GLP-1RAs, glucagon-like peptide-1 receptor agonists; 

HDL-C, high-density lipoprotein cholesterol; IVSd, interventricular septum end-diastole; 

LDL-C, low-density lipoprotein cholesterol; LIRA, liraglutide; LV, left ventricle; LVEDd, 

left ventricle end-diastolic diameter; LVESd, left ventricular end-systolic diameter; LVPW, 

left ventricular posterior wall; SGLT2is, sodium-glucose cotransporter 2 inhibitors; TC, 

total cholesterol; TG, triglyceride. 

References 

1. Saeedi, P.; Petersohn, I.; Salpea, P.; Malanda, B.; Karuranga, S.; Unwin, N.; Colagiuri, S.; Guariguata, L.; Motala, A.A.; 

Ogurtsova, K.; et al. Global and regional diabetes prevalence estimates for 2019 and projections for 2030 and 2045: Results from 

the International Diabetes Federation Diabetes Atlas, 9th edition. Diabetes Res. Clin. Pract. 2019, 157, 107843. 

2. Stamler, J.; Vaccaro, O.; Neaton, J.D.; Wentworth, D. Diabetes, other risk factors, and 12-yr cardiovascular mortality for men 

screened in the Multiple Risk Factor Intervention Trial. Diabetes Care 1993, 16, 434–444. 

3. Herlitz, J.; Malmberg, K.; Karlson, B.W.; Ryden, L.; Hjalmarson, A. Mortality and morbidity during a five-year follow-up of 

diabetics with myocardial infarction. Acta Med. Scand. 1988, 224, 31–38. 

4. Emerging Risk Factors, C.; Sarwar, N.; Gao, P.; Seshasai, S.R.; Gobin, R.; Kaptoge, S.; Di Angelantonio, E.; Ingelsson, E.; Lawlor, 

D.A.; Selvin, E.; et al. Diabetes mellitus, fasting blood glucose concentration, and risk of vascular disease: A collaborative meta-

analysis of 102 prospective studies. Lancet 2010, 375, 2215–2222. 

5. O’Gara, P.T.; Kushner, F.G.; Ascheim, D.D.; Casey, D.E., Jr.; Chung, M.K.; de Lemos, J.A.; Ettinger, S.M.; Fang, J.C.; Fesmire, 

F.M.; Franklin, B.A.; et al. 2013 ACCF/AHA guideline for the management of ST-elevation myocardial infarction: A report of 

the American College of Cardiology Foundation/American Heart Association Task Force on Practice Guidelines. Circulation 

2013, 127, e362–425. 



Int. J. Mol. Sci. 2021, 22, 1177 15 of 16 
 

 

6. Bayeva, M.; Sawicki, K.T.; Ardehali, H., Taking diabetes to heart—Deregulation of myocardial lipid metabolism in diabetic 

cardiomyopathy. J. Am. Heart Assoc. 2013, 2, e000433. 

7. Zinman, B.; Wanner, C.; Lachin, J.M.; Fitchett, D.; Bluhmki, E.; Hantel, S.; Mattheus, M.; Devins, T.; Johansen, O.E.; Woerle, H.J.; 

et al. Empagliflozin, Cardiovascular Outcomes, and Mortality in Type 2 Diabetes. N. Engl. J. Med. 2015, 373, 2117–2128. 

8. Marso, S.P.; Daniels, G.H.; Brown-Frandsen, K.; Kristensen, P.; Mann, J.F.; Nauck, M.A.; Nissen, S.E.; Pocock, S.; Poulter, N.R.; 

Ravn, L.S.; et al. Liraglutide and Cardiovascular Outcomes in Type 2 Diabetes. N. Engl. J. Med. 2016, 375, 311–322. 

9. Zelniker, T.A.; Wiviott, S.D.; Raz, I.; Im, K.; Goodrich, E.L.; Furtado, R.H.M.; Bonaca, M.P.; Mosenzon, O.; Kato, E.T.; Cahn, A.; 

et al. Comparison of the Effects of Glucagon-Like Peptide Receptor Agonists and Sodium-Glucose Cotransporter 2 Inhibitors 

for Prevention of Major Adverse Cardiovascular and Renal Outcomes in Type 2 Diabetes Mellitus. Circulation 2019, 139, 2022–

2031. 

10. Garg, V.; Verma, S.; Connelly, K. Mechanistic insights regarding the role of SGLT2 inhibitors and GLP1 agonist drugs on 

cardiovascular disease in diabetes. Prog. Cardiovasc. Dis. 2019, 62, 349–357. 

11. Del Olmo-Garcia, M.I.; Merino-Torres, J.F. GLP-1 Receptor Agonists and Cardiovascular Disease in Patients with Type 2 

Diabetes. J. Diabetes Res. 2018, 2018, 4020492. 

12. Dillmann, W.H. Diabetic Cardiomyopathy: What Is It and Can It Be Fixed? Circ. Res. 2019, 124, 1160–1162. 

13. Brownlee, M. Advanced protein glycosylation in diabetes and aging. Annu. Rev. Med. 1995, 46, 223–234. 

14. Lee, T.I.; Chen, Y.C.; Lin, Y.K.; Chung, C.C.; Lu, Y.Y.; Kao, Y.H.; Chen, Y.J. Empagliflozin Attenuates Myocardial Sodium and 

Calcium Dysregulation and Reverses Cardiac Remodeling in Streptozotocin-Induced Diabetic Rats. Int. J. Mol. Sci. 2019, 20, 

1680. 

15. Lee, T.I.; Kao, Y.H.; Chen, Y.C.; Tsai, W.C.; Chung, C.C.; Chen, Y.J. Cardiac metabolism, inflammation, and peroxisome 

proliferator-activated receptors modulated by 1,25-dihydroxyvitamin D3 in diabetic rats. Int. J. Cardiol. 2014, 176, 151–157. 

16. Sukumaran, V.; Tsuchimochi, H.; Sonobe, T.; Waddingham, M.T.; Shirai, M.; Pearson, J.T., Liraglutide treatment improves the 

coronary microcirculation in insulin resistant Zucker obese rats on a high salt diet. Cardiovasc. Diabetol. 2020, 19, 24. 

17. Lu, Q.; Li, X.; Liu, J.; Sun, X.; Rousselle, T.; Ren, D.; Tong, N.; Li, J. AMPK is associated with the beneficial effects of antidiabetic 

agents on cardiovascular diseases. Biosci. Rep. 2019, 39, BSR20181995. 

18. Balteau, M.; Van Steenbergen, A.; Timmermans, A.D.; Dessy, C.; Behets-Wydemans, G.; Tajeddine, N.; Castanares-Zapatero, 

D.; Gilon, P.; Vanoverschelde, J.L.; Horman, S.; et al. AMPK activation by glucagon-like peptide-1 prevents NADPH oxidase 

activation induced by hyperglycemia in adult cardiomyocytes. Am. J. Physiol. Heart Circ. Physiol. 2014, 307, H1120–H1133. 

19. Wang, M.Y.; Unger, R.H. Role of PP2C in cardiac lipid accumulation in obese rodents and its prevention by troglitazone. Am. J. 

Physiol. Endocrinol. Metab. 2005, 288, E216–E21. 

20. Zhou, G.; Myers, R.; Li, Y.; Chen, Y.; Shen, X.; Fenyk-Melody, J.; Wu, M.; Ventre, J.; Doebber, T.; Fujii, N.; et al. Role of AMP-

activated protein kinase in mechanism of metformin action. J. Clin. Investig. 2001, 108, 1167–1174. 

21. Jager, S.; Handschin, C.; St-Pierre, J.; Spiegelman, B.M. AMP-activated protein kinase (AMPK) action in skeletal muscle via 

direct phosphorylation of PGC-1alpha. Proc. Natl. Acad. Sci. USA 2007, 104, 12017–12022. 

22. Potthoff, M.J.; Inagaki, T.; Satapati, S.; Ding, X.; He, T.; Goetz, R.; Mohammadi, M.; Finck, B.N.; Mangelsdorf, D.J.; Kliewer, S.A.; 

et al. FGF21 induces PGC-1alpha and regulates carbohydrate and fatty acid metabolism during the adaptive starvation 

response. Proc. Natl. Acad. Sci. USA 2009, 106, 10853–10858. 

23. Wall, S.R.; Lopaschuk, G.D., Glucose oxidation rates in fatty acid-perfused isolated working hearts from diabetic rats. Biochim. 

Biophys. Acta 1989, 1006, 97–103. 

24. Chatham, J.C.; Forder, J.R. Relationship between cardiac function and substrate oxidation in hearts of diabetic rats. Am. J. 

Physiol. 1997, 273 (1 Pt 2), H52–H58. 

25. Luiken, J.J.; Coort, S.L.; Willems, J.; Coumans, W.A.; Bonen, A.; van der Vusse, G.J.; Glatz, J.F. Contraction-induced fatty acid 

translocase/CD36 translocation in rat cardiac myocytes is mediated through AMP-activated protein kinase signaling. Diabetes 

2003, 52, 1627–1634. 

26. Baynes, J.W.; Thorpe, S.R. Role of oxidative stress in diabetic complications: A new perspective on an old paradigm. Diabetes 

1999, 48, 1–9. 

27. Byrne, N.J.; Matsumura, N.; Maayah, Z.H.; Ferdaoussi, M.; Takahara, S.; Darwesh, A.M.; Levasseur, J.L.; Jahng, J.W.S.; Vos, D.; 

Parajuli, N.; et al. Empagliflozin Blunts Worsening Cardiac Dysfunction Associated With Reduced NLRP3 (Nucleotide-Binding 

Domain-Like Receptor Protein 3) Inflammasome Activation in Heart Failure. Circ. Heart Fail. 2020, 13, e006277. 

28. Li, J.; Zheng, J.; Wang, S.; Lau, H.K.; Fathi, A.; Wang, Q. Cardiovascular Benefits of Native GLP-1 and its Metabolites: An 

Indicator for GLP-1-Therapy Strategies. Front. Physiol. 2017, 8, 15. 

29. Pipicz, M.; Demjan, V.; Sarkozy, M.; Csont, T. Effects of Cardiovascular Risk Factors on Cardiac STAT3. Int. J. Mol. Sci. 2018, 19, 

3572. 

30. Harhous, Z.; Booz, G.W.; Ovize, M.; Bidaux, G.; Kurdi, M. An Update on the Multifaceted Roles of STAT3 in the Heart. Front. 

Cardiovasc. Med. 2019, 6, 150. 

31. Xue, R.; Lei, S.; Xia, Z.Y.; Wu, Y.; Meng, Q.; Zhan, L.; Su, W.; Liu, H.; Xu, J.; Liu, Z.; et al. Selective inhibition of PTEN preserves 

ischaemic post-conditioning cardioprotection in STZ-induced Type 1 diabetic rats: role of the PI3K/Akt and JAK2/STAT3 

pathways. Clin. Sci. 2016, 130, 377–392. 



Int. J. Mol. Sci. 2021, 22, 1177 16 of 16 
 

 

32. Wang, C.; Li, H.; Wang, S.; Mao, X.; Yan, D.; Wong, S.S.; Xia, Z.; Irwin, M.G. Repeated Non-Invasive Limb Ischemic 

Preconditioning Confers Cardioprotection Through PKC-/STAT3 Signaling in Diabetic Rats. Cell Physiol. Biochem. 2018, 45, 

2107–2121. 

33. Zhi, X.; Wang, J.; Lu, P.; Jia, J.; Shen, H.-B.; Ning, G. AdipoCount: A New Software for Automatic Adipocyte Counting. Front. 

Physiol. 2018, 9, 85. 

34. Lee, T.I.; Kao, Y.H.; Chen, Y.C.; Pan, N.H.; Chen, Y.J. Oxidative stress and inflammation modulate peroxisome proliferator-

activated receptors with regional discrepancy in diabetic heart. Eur. J. Clin. Investig. 2010, 40, 692–699. 

35. Lee, T.I.; Chen, Y.C.; Kao, Y.H.; Hsiao, F.C.; Lin, Y.K.; Chen, Y.J. Rosiglitazone induces arrhythmogenesis in diabetic 

hypertensive rats with calcium handling alteration. Int. J. Cardiol. 2013, 165, 299–307. 

36. Hansen, H.H.; Jelsing, J.; Hansen, C.F.; Hansen, G.; Vrang, N.; Mark, M.; Klein, T.; Mayoux, E. The sodium glucose cotransporter 

type 2 inhibitor empagliflozin preserves beta-cell mass and restores glucose homeostasis in the male zucker diabetic fatty rat. J. 

Pharm. Exp. 2014, 350, 657–664. 

37. Raun, K.; von Voss, P.; Gotfredsen, C.F.; Golozoubova, V.; Rolin, B.; Knudsen, L.B. Liraglutide, a long-acting glucagon-like 

peptide-1 analog, reduces body weight and food intake in obese candy-fed rats, whereas a dipeptidyl peptidase-IV inhibitor, 

vildagliptin, does not. Diabetes 2007, 56, 8–15. 

38. Chung, C.C.; Hsu, R.C.; Kao, Y.H.; Liou, J.P.; Lu, Y.Y.; Chen, Y.J. Androgen attenuates cardiac fibroblasts activations through 

modulations of transforming growth factor-beta and angiotensin II signaling. Int. J. Cardiol. 2014, 176, 386–393. 

39. Lee, T.I.; Kao, Y.H.; Chen, Y.C.; Pan, N.H.; Lin, Y.K.; Chen, Y.J. Cardiac peroxisome-proliferator-activated receptor expression 

in hypertension co-existing with diabetes. Clin. Sci. 2011, 121, 305–312. 

40. Kao, Y.H.; Liou, J.P.; Chung, C.C.; Lien, G.S.; Kuo, C.C.; Chen, S.A.; Chen, Y.J. Histone deacetylase inhibition improved cardiac 

functions with direct antifibrotic activity in heart failure. Int. J. Cardiol. 2013, 168, 4178–4183. 

41. Li, C.; Zhang, J.; Xue, M.; Li, X.; Han, F.; Liu, X.; Xu, L.; Lu, Y.; Cheng, Y.; Li, T.; et al. SGLT2 inhibition with empagliflozin 

attenuates myocardial oxidative stress and fibrosis in diabetic mice heart. Cardiovasc. Diabetol. 2019, 18, 15. 

42. Condorelli, G.; Roncarati, R.; Ross, J., Jr.; Pisani, A.; Stassi, G.; Todaro, M.; Trocha, S.; Drusco, A.; Gu, Y.; Russo, M.A.; et al. 

Heart-targeted overexpression of caspase3 in mice increases infarct size and depresses cardiac function. Proc. Natl. Acad. Sci. 

USA 2001, 98, 9977–9982. 

 

 


