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Diabetic cardiomyopathy (DCM) is a serious complication of diabetes mellitus (DM). One of the hallmarks of the DCM is enhanced oxidative stress in myocardium. The aim of this study was to research the underlying mechanisms involved in the effects of dapagliflozin (Dap) on myocardial oxidative stress both in streptozotocin-induced DCM rats and rat embryonic cardiac myoblasts H9C2 cells exposed to high glucose (33.0 mM). In in vivo studies, diabetic rats were given Dap (1 mg/ kg/ day) by gavage for eight weeks. Dap treatment obviously ameliorated cardiac dysfunction, and improved myocardial fibrosis, apoptosis and oxidase stress. In in vitro studies, Dap also attenuated the enhanced levels of reactive oxygen species and cell death in H9C2 cells incubated with high glucose. Mechanically, Dap administration remarkably reduced the expression of membrane-bound nicotinamide adenine dinucleotide phosphate (NADPH) oxidase subunits gp91phox and p22phox, suppressed the p67phox subunit translocation to membrane, and decreased the compensatory elevated copper, zinc superoxide dismutase (Cu/Zn-SOD) protein expression and total SOD activity both in vivo and in vitro. Collectively, our results indicated that Dap protects cardiac myocytes from damage caused by hyperglycemia through suppressing NADPH oxidase-mediated oxidative stress.
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INTRODUCTION
Diabetes mellitus (DM) with hyperglycemia as the main feature has become a global public health problem (Wild, 2004). Diabetes-related cardiovascular complications are major factors in the population mortality and morbidity of diabetes (Melin et al., 2018). Diabetic cardiomyopathy (DCM) is marked by myocardial left ventricular dysfunction without obvious atherosclerosis and coronary artery disease (Dillmann, 2019). Although the pathogenesis and clinical features of DCM have been fully elucidated in the past decade, no consensus has been reached regarding the most effective preventive or therapeutic approaches to treat this disease.
Sodium glucose cotransporter-2 (SGLT2) inhibitors are anti-diabetic drugs that can reduce blood glucose of diabetic patients through inhibiting renal glucose reabsorption (Heerspink et al., 2016). SGLT2 inhibitors have shown superiority in cardiovascular diseases than other hypoglycemic agents (Ren and Zhang, 2018). Dapagliflozin (Dap), a highly selective SGLT2 inhibitor, is used as an effective treatment against type 2 DM and prevents the development of diabetic nephropathy (Wheeler et al., 2020; Wheeler et al., 2021). Rising evidences have proved that Dap declines the rate of both cardiovascular death and heart failure hospitalization (McMurray et al., 2019; Wiviott et al., 2019). Recently, Dap has been proved to reduce myocardial NLRP3 inflammasome activation, and to improve the aggravation of left ventricular ejection fraction in ob/ob type 2 DM mice (Ye et al., 2017; Chen et al., 2020). Arow et al. (2020) reported that Dap decreases myocardial inflammation and reactive oxygen species (ROS) production in db/db type 2 DM mice and isolated cardiomyocytes. These data indicate that Dap is a possible therapeutic agent in the treatment of DCM through anti-inflammation and anti-oxidative stress. However, the molecular mechanisms of Dap treatment resulting in the decrease of myocardial ROS levels has not been completely elucidated.
Oxidative stress defined as an increase of ROS content, is resulted from the imbalance between the ROS generation and the antioxidant defense system and has a close relationship with the progression of cardiovascular diseases (Wold et al., 2005). NADPH oxidases (NOXs) are key enzymes that produce ROS and up-regulated in the heart of DCM (Hansen et al., 2018; Lu et al., 2020). Little evidence has suggested whether Dap ameliorates DCM by restraining the NADPH oxidases and/or regulating the antioxidant enzymes such as superoxide dismutase (SOD), glutathione peroxidase (GPx) and catalase (CAT). In light of the knowledge gap in the field, the present study was designed to clarify the mechanisms of Dap on the myocardial oxidative stress both in streptozotocin (STZ)-induced DCM rats and H9C2 cells exposed to high glucose.
MATERIALS AND METHODS
Animals Studies
7-week-old male Sprague-Dawley (SD) rats were obtained from the Experimental Animal Center of Qinglongshan (Nanjing, China), and allowed to acclimatize for 1 week in their cages before experiments. All rats can freely have standard chow and water with a 12 h light–dark cycle in a controlled temperature of 24°C. Meanwhile, all experimental protocols were approved by the Animal Ethics Committee of Yijishan Hospital.
After 12 h of fasting, STZ (freshly dissolved in 0.1 M citrate buffer, pH 4.5) was given to the rats by intraperitoneal injection at a single dose of 60 mg/ kg. Fasting blood glucose (FBS) was gauged by a glucometer (One Touch Ultra, United States). Rats with FBS level >16.7 mM at 3 days after STZ injection were considered as diabetic model. The rats of control and hyperglycemic group were randomly divided into four groups (n = 7 each group) as follows: the untreated control group (Con), the Dap-treated control group (Con + Dap), the untreated STZ-induced diabetic group (STZ) as well as the Dap-treated diabetic group (STZ + Dap). Dap was provided by AstraZeneca Pharmaceutical Co. Ltd. Rats in the two treatment groups were orally administrated with Dap dissolved in pure water (average 1 mg/ kg/ day) for 8 weeks. Dap dosage was selected on the basis of previous studies, and 1 mg/ kg Dap has the sufficient in vivo cardioprotective effects (Tanajak, 2018; Gong et al., 2021). Body weight was recorded every week. Non-fasting blood glucose levels were measured at 9 AM every 2 weeks.
Echocardiographic Evaluation
Two days before the end of the study period, echocardiographic measurement was done. 1.5% isoflurane was used to anesthetize rats. Left ventricular (LV) ejection fraction was obtained by M-mode echocardiography. We used 17.5 MHz liner array transducer system and then measured at least five cardiac cycles on the M-mode tracings. All LV tracings were manually measured by the same observer.
Rats Myocardial Masson and TUNEL Staining
When the study was ended, all rats were fasted overnight. Then they were anaesthetized by sodium pentobarbital. The dose was 30 mg/ kg by intraperitoneal injection. Hearts were rapidly removed, washed, dried and weighed. Part of the LV tissues were fixed in 10% neutral buffered formalin for histological analysis later. A portion of LV tissues were quickly frozen in OCT embedding medium (Sakura Finetek, United States). We used them for superoxide anion detection. The remaining heart tissues were immediately stored at–80°C. Sections (5 μm thick) of paraﬃn-embedded rat heart tissues were used for Masson trichrome and TUNEL staining according to standard protocols.
Isolation of RNA and qRT-PCR in Rat Myocardium
The heart tissues were added suitable TRIzol reagent (Invitrogen). Hifair® III 1st Strand cDNA Synthesis Kit (11139ES60, Yeasen, China) was used to synthesize cDNA. Quantitative real-time PCR (qRT-PCR) was performed with Hieff® qPCR SYBR Green Master Mix (No Rox) (11201ES08, Yeasen, China) according to the instruction. The mRNA expression of GAPDH was used as a reference. The primer sequences used for sodium-hydrogen exchanger 1 (NHE-1) and GAPDH were as follows: NHE-1, forward 5′-ACA​TTC​AAC​AGT​GGA​GTG ACT-3′ and reverse 5′-TGGCAGGGAAGA TTCAAAGG-3′. GAPDH, forward 5′-TGC​ACC​ACC​AAC​TGC​TTA​GC-3′ and reverse 5′-GCC​CCA​CGG​CCA​TCA-3′.
Measurement of Superoxide Anion Generation in Rat Myocardium
Dihydroethidium (DHE) specifically reacts with superoxide to form ethidium, which stains DNA, showing a red fluorescence. 6 μm sections of rat LV tissues were taken in a freezing microtome. Then, the slides were incubated in 5 µM DHE (Beyotime Biotechnology Inc., China) in PBS at 37°C for 30 min in a damp and dark container. The images of thidium fluorescent were obtained with a fluorescence microscope (Leica Microsystems, Germany).
Detection of Malondialdehyde Level in Rat Myocardium
The level of MDA in rat LV tissues was quantified using a Lipid Peroxidation MDA Assay Kit (Beyotime Biotechnology Inc., China). Briefly, the LV tissues were lysed in RIPA lysis buffer. Then the supernatant was collected after centrifuging at 10,000 × g for 10 min and was used to quantify MDA concentration according to the thiobarbituric acid (TBA) method. The absorbance of the product of MDA-TBA was finally determined at 535 nm using the Multi-Mode Microplate Reader (Bio Tek Instruments Inc., United States).
Cell Culture and Processing
Rat embryonic cardiac myoblasts H9C2 cells were purchased from the Shanghai Institute of Biochemistry and Cell Biology (Shanghai, China) and maintained at 37°C (5% CO2 and 95% O2) in Dulbecco's modified Eagle’s medium (DMEM, Gibco) supplemented with 10% fetal bovine serum (FBS) (LONESERA, Uruguay in South America). DAP was dissolved in pure water and used at a final concentration of 10 µM. The dosage of Dap was selected based on previous studies (Huang et al., 2019; Arow et al., 2020), and our preliminary experiment showed that 10 µM Dap has the sufficient in vitro antioxidant capacity.
H9C2 cells were put in suitable plates and treated as follows for 36 h, namely the normal glucose (5.5 mM, Con) group, the normal glucose with 10 µM Dap (Con + Dap) group, the mannitol (33.0 mM, Man) group, the high glucose (33.0 mM, HG) group, and the high glucose with 10 µM Dap (HG + Dap) group. The Man group was used to estimate the influence of osmotic pressure.
Calcein Acetoxymethyl Ester/Propidium Iodide Staining in H9C2 Cells
H9C2 cells were cultured in 96-well plates. Given different treatments, they were cultured in assay buffer mixed with 1 µM calcein acetoxymethyl ester and 1 µM PI per well at 37°C for 30 min according to the introduction of Calcein-AM/PI Cell Viability/Cytotoxicity Assay Kit (Beyotime Biotechnology Inc., China). Green fluorescence by Calcein-AM indicates living cells. Red fluorescence by PI represents dead cells. The images were acquired with a fluorescence microscope (Leica Microsystems, Germany). The percentage of positive cells was counted with Image J software and each group had more than 10,000 cells.
Measurement of Hydrogen Peroxide Generation in H9C2 Cells
Intracellular generation of hydrogen peroxide was assayed using fluorescent probe 2′,7′-dichlorodihydrofluorescin diacetate (DCFH-DA, Beyotime Biotechnology Inc., China). If there exists hydrogen peroxide, DCFH-DA is oxidized into the fluorescent DCF, which can be detected by flow cytometry and fluorescence microscope.
H9C2 cells were placed in six-well plates. After various treatments for the indicated time, the cells with 10 µM DCFH-DA were put in the dark with 37°C for at least 30 min. Then, the cells were rinsed with DMEM medium without fetal bovine serum. The images were photographed by a fluorescence microscope (Leica Microsystems, Germany) using 488 nm excitation and 525 nm emission wavelength. Furthermore, cellular fluorescence was detected by flow cytometry (Beckman Coulter, United States) analysis and analyzed with FlowJo software.
Measurement of Superoxide Production in H9C2 Cells
As mentioned before, H9C2 cells were plated in six-well plates. After treatments for the indicated time, the cells were incubated with 5 µM DHE and put in the dark with 37°C for 30 min. Fluorescent images were obtained using a fluorescence microscope (Leica Microsystems, Germany).
Intracellular superoxide level was measured using the Superoxide Assay Kit (Beyotime Biotechnology Inc., China) in the H9C2 cells after different treatments (Wang et al., 2018; Zhang et al., 2019). The cells were incubated with the superoxide test solution at 37°C for 3 min. After that, the absorbance was finally assessed at 450 nm using the Multi-Mode Microplate Reader (Bio Tek Instruments Inc., United States).
Detection of Total SOD Activity in Rat Myocardium and H9C2 Cells
Total SOD activity was analyzed by a WST-8 method according to the instructions (Beyotime Biotechnology Inc., China). Briefly, 20 μL supernatant obtained from the rat LV tissues or H9C2 cells was mixed with 160 μL working solution of WST-8/enzyme. Next, add 20 μL reaction starter working solution in each well and incubate for 30 min at 37°C. Measure absorbance at 450 nm using the Multi-Mode Microplate Reader (Bio Tek Instruments Inc., United States).
Western Blot Analysis
The samples of rat LV tissues or H9C2 cells were lysed in RIPA lysis buffer and centrifuged at 10,000 × g for 10 min at 4°C. Cytoplasm and membrane proteins were isolated by MinuteTM Plasma Membrane Protein Isolation and Cell Fractionation Kit (Invent Biotechnologies, United States).
As described in our previous studies (Kong et al., 2015a; Kong et al., 2015b), equal protein (30 or 40 μg) of rat LV tissues or H9C2 cells was separated by SDS-PAGE, transferred to a nitrocellulose membrane (PALL BioTrace, China) and then blocked with 5% skim milk. After that, the membrane was put in primary antibody overnight and appropriated secondary antibodies for 2 h. Antibodies against caspase 3, gp91phox, Na, K-ATPase, Cu/Zn-SOD, Mn-SOD, and CAT were purchased from ABclonal Technology Inc. (China). Antibodies against p22phox, p67phox, and GPx were bought from Santa Cruz Inc (United States). The total protein reference was β-actin. Meanwhile, the reference of membrane protein was Na, K-ATPase. Results were assessed by densitometry using Image J software.
Statistical Analysis
Data were presented as mean ± standard deviation (S.D.). One-way analysis of variance followed by the Newman-Keuls test was used to compare the difference among different groups. Significance was set at a value of p < 0.05.
RESULTS
Effects of Dap on Body Weight, Blood Glucose and Cardiac Function in STZ-Induced Diabetic Rats
As indicated in Figures 1A,B, no significant differences in basal body weight and blood glucose were observed in four groups. The body weight in the STZ group was obviously decreased compared with the Con group. The diabetic rats had the tendency of weight gain after DAP treatment, but the difference was not statistically significant. As expected, the blood glucose of the STZ rats was notably higher compared with the Con rats, and Dap treatment significantly reduced the level of blood glucose. Echocardiographic evaluation revealed that the STZ rats developed less cardiac dysfunction in response to Dap treatment as was indicated by higher LV ejection fraction (Figures 1C,D). The mRNA level of NHE-1 in the STZ group was enhanced whereas that was obviously declined after DAP treatment (Figure 1E).
[image: Figure 1]FIGURE 1 | Effects of dapagliflozin (DAP) on body weight, non-fasting blood glucose and left ventricular (LV) dysfunction in diabetic rats. Control (Con + Dap) and STZ-induced diabetic rats (STZ + Dap) were administrated Dap by gavage at the daily dose of 1 mg/ kg for 8 weeks (A) Body weight was recorded weekly (B) Non-fasting blood glucose was measured at 9 AM on a bi-weekly basis (C) Echocardiography was used to measure LV ejection fraction (D) LV echocardiographic representative images from each group. n = 7 (E) The mRNA expression of myocardial NHE-1. n = 7. Data are expressed as the mean ± SD. *p < 0.05 vs. Con; #p < 0.05 vs. STZ.
Effects of Dap on Myocardial Fibrosis, Apoptosis and Oxidative Stress in STZ-Induced Diabetic Rats
The Masson’s trichrome staining was measured for purpose of detecting the myocardial fibrosis degree of rats, and results demonstrated that the STZ rats had excess collagen matrix accumulation in the LV tissues. Treatment with Dap significantly ameliorated the myocardial fibrosis in STZ rats (Figure 2A). Compared with the Con rats, TUNEL-positive cardiomyocytes were increased in the heart tissues of diabetic rats, whereas those were remarkedly reduced in the Dap-treated STZ rats (Figure 2A). DHE was used to evaluate superoxide anion in the LV tissues and the content of superoxide anion in the STZ rat myocardium was obviously higher than that in the Con rats. The cardiac superoxide anion content was decreased after treatment with Dap (Figure 2A). Moreover, an increase of cardiac MDA level confirmed that oxidative damage had been induced in the STZ rats. The content of MDA in the Dap-treated STZ rats was notably reduced (Figure 2B). In addition, immunoblotting analysis showed the expression of cleaved caspase 3 protein was elevated in the heart of STZ rats. Treatment with Dap markedly decreased the myocardial cleaved caspase 3 expression (Figures 2C,D).
[image: Figure 2]FIGURE 2 | Effects of DAP on myocardial fibrosis, apoptosis and oxidative stress in diabetic rats (A) Upper panel, Masson’s trichrome staining of myocardium sections. Middle panel, TUNEL detection of apoptotic cells in the myocardium. Arrows point to TUNEL positive cells. Lower panel, heart sections were incubated with dihydroethidium (DHE) to evaluate superoxide anion. Scale bar = 100 µm (B) Myocardial malondialdehyde (MDA) concentration was assessed. n = 7 (C,D) Panel and histogram represent the expression of cleaved caspase 3 in myocardial tissues of rats. n = 3–4. Data are expressed as the mean ± SD. *p < 0.05 vs. Con; #p < 0.05 vs. STZ.
Effects of DAP on Myocardial NADPH Oxidases and Antioxidant Enzymes in STZ-Induced Diabetic Rats
As mentioned above, NADPH oxidases are major origin of ROS in the heart tissues (Hansen et al., 2018; Lu et al., 2020). We measured the myocardial protein levels of NADPH oxidase subunits gp91phox, p22phox, and p67phox. Compared to the Con rats, the expression of gp91phox and p22phox in membrane fraction of myocardial tissue was up-regulated in the STZ rats, while Dap treatment down-regulated the gp91phox and p22phox expression in the diabetic rats (Figures 3A–C). Consistently, the expression of p67phox in the STZ rat heart tissues was significantly increased in membrane fraction while sharply reduced in cytosolic fraction, namely the ratio of p67phox level in membrane to cytosol which was significantly increased in diabatic rats. Dap treatment inhibited p67phox translocation to cardiac myocytes membrane in the STZ rats (Figures 3A,D–F).
[image: Figure 3]FIGURE 3 | Effects of DAP on myocardial NADPH oxidases and antioxidant enzymes in diabetic rats (A) Panel shows representative bands of NADPH oxidases. Histograms represent densitometry analysis of the membrane gp91phox (B), p22phox (C), and p67phox (D) protein, the cytosol p67phox (E) protein, and the ratio of p67phox protein expression in membrane to cytosol (F) (G) Panel shows representative bands of antioxidant enzymes. Histograms represent densitometry analysis of the copper, zinc superoxide dismutase (Cu/Zn-SOD, H), manganese superoxide dismutase (Mn-SOD, I), glutathione peroxidase (GPx, J), catalase (CAT, K) (L) Myocardial levels of total SOD activity were measured. n = 3–4. Data are expressed as the mean ± SD. *p < 0.05 vs. Con; #p < 0.05 vs. STZ.
As displayed in Figure 3G–L, the myocardial protein expression of Cu/Zn-SOD and total SOD activity were higher in the STZ group than those in the Con group. Dap treatment evidently reduced the elevated Cu/Zn-SOD expression and T-SOD activity in the heart tissues of STZ rats. However, there was no observed difference in the protein expression of Mn-SOD, GPx, and CAT among all experimental groups.
Effects of DAP on High Glucose-Induced Cell Death of H9C2 Cells
Calcein-AM/PI staining was used to reveal the effects of Dap on hyperglycemia-induced cardiomyocyte death. Compared to the Con cells, the cardiomyocyte mortality was remarkedly increased in H9C2 cells exposed to 33.0 mM glucose for 36 h. This increase was obviously ameliorated by Dap treatment (Figures 4A,B). Moreover, the expression of cleaved caspase 3 was obviously enhanced in high glucose-incubated H9C2 cells, and this change was decreased by Dap treatment (Figures 4C,D).
[image: Figure 4]FIGURE 4 | Effects of DAP on high glucose-induced death of H9C2 cells. H9C2 cells were treated with 5.5 mM glucose (Con), 5.5 mM glucose plus 10 µM Dap (Con + Dap), 33.0 mM mannitol (Man), 33.0 mM glucose (high glucose, HG) or 33.0 mM glucose plus 10 µM Dap (HG + Dap) for 36 h. Calcein acetoxymethyl ester (Calcein-AM)/propidium iodide (PI) staining was used to detect live/dead H9C2 cells (A) Panel shows representative photomicrographs of Calcein-AM/PI staining. Green fluorescence by Calcein-AM indicates living cells. Red fluorescence by PI represents dead cells. Scale bar = 100 µm (B) Histogram represents quantitative analysis of PI positive cells (C,D) Panel and histogram represent the expression of cleaved caspase 3 in H9C2 cells. n = 3–4. Data are expressed as the mean ± SD. *p < 0.05 vs. Con; #p < 0.05 vs. HG.
Effects of DAP on High Glucose-Induced Oxidative Stress in H9C2 Cells
As shown in Figures 5A–C, the hydrogen peroxide level measured by immunofluorescence and flow cytometry analysis was significantly elevated in H9C2 cells exposed to 33.0 mM glucose for 36 h, whereas Dap treatment decreased the hydrogen peroxide production. As indicated in Figures 5A,D, the superoxide was consistently increased in high glucose-incubated H9C2 cells, and this increase was obviously reversed by Dap treatment.
[image: Figure 5]FIGURE 5 | Effects of DAP on high glucose-induced oxidative stress in H9C2 cells. The treatment protocol of H9C2 cells is the same as that in Figure 4(A) Upper panel, the generation of hydrogen peroxide was assessed using a DCFH-DA probe. The green signal of DCF was captured by a fluorescence microscope as presented. Lower panel, the generation of superoxide anion was assessed using a DHE probe. The red signal of ethidium was captured by a fluorescence microscope as presented. Scale bar = 100 µm (B) Representative pictures of ROS (hydrogen peroxide) generation in H9C2 cells measured by flow cytometry using the DCFH-DA probe (C) Histogram represents quantitative analysis of mean fluorescence intensity (MFI) of DCF in H9C2 cells (D) The levels of superoxide in H9C2 cells were assessed. n = 3–4. Data are expressed as the mean ± SD. *p < 0.05 vs. Con; #p < 0.05 vs. HG.
Effects of DAP on NADPH Oxidases and Antioxidant Enzymes in H9C2 Cells Incubated with High Glucose
The expression of membrane gp91phox, p22phox, and p67phox was increased in high glucose-treated H9C2 cells, while the p67phox protein level in cytosolic fraction was significantly decreased. After treatment of Dap, the expression of gp91phox and p22phox in membrane fraction as well as the ratio of p67phox expression in membrane to cytosol were obviously declined (Figures 6A–F). The expression of Cu/Zn-SOD and the activity of total SOD were elevated in high glucose-treated H9C2 cells. The protein levels of Mn-SOD, GPx, and CAT had no significant difference between each experimental group. Dap treatment significantly reduced the elevated Cu/Zn-SOD expression and T-SOD activity in high glucose-incubated H9C2 cells (Figures 6G–L).
[image: Figure 6]FIGURE 6 | Effects of DAP on NADPH oxidases and antioxidant enzymes in high glucose-treated H9C2 cells. The treatment protocol of H9C2 cells is the same as that in Figure 4(A) Panel shows representative bands of NADPH oxidases. Histograms represent densitometry analysis of the membrane gp91phox (B), p22phox (C), and p67phox (D) protein, the cytosol p67phox (E) protein, and the ratio of p67phox protein expression in membrane to cytosol (F) (G) Panel shows representative bands of antioxidant enzymes. Histograms represent densitometry analysis of the copper, zinc superoxide dismutase (Cu/Zn-SOD, H), manganese superoxide dismutase (Mn-SOD, I), glutathione peroxidase (GPx, J), catalase (CAT, K) (L) Levels of total SOD activity were measured. n = 3–4. Data are expressed as the mean ± SD. *p < 0.05 vs. Con; #p < 0.05 vs. HG.
DISCUSSION
Although the knowledge accumulated over the past decades, the effective treatment strategies of DCM still remain lacking. In spite of initially considered to be a hypoglycemic agent, the effects of Dap have extended far beyond that which is now being considered for improving chronic kidney disease and heart failure, even in people without DM. Similarly with the results acquired from the high fat diet and low dose STZ-induced diabetic rats, ob/ob mice, and db/db mice (Ye et al., 2017; Giuliani, 2019; Arow et al., 2020; Chen et al., 2020), the present study demonstrated that treatment with Dap for 8 weeks successfully improved cardiac dysfunction and reduced myocardial fibrosis and apoptosis in STZ-induced diabetic mice. Recent studies show that SGLT2 inhibitors increase the excretions of urinary glucose and urinary sodium in type 2 diabetic GK and OLETF rats (Chung et al., 2019; Masuda et al., 2020). The same phenomenon can be found in the Dap-treated STZ-induced diabetic rats (Chen et al., 2016), which shows that the Dap treatment may play a protective role in DCM via promoting the urinary glucose and urinary sodium excretion in vivo. Sodium–hydrogen exchanger (NHE) is an essential adjuster of intracellular PH and the main isoform in the heart tissues is NHE-1 (Karmazyn, 2013). There has been reported that the expression of NHE-1 was enhanced in cardiomyocytes exposed to high glucose and cariporide, a NHE inhibitor, could ameliorate the high glucose-induced myocardial hypertrophy (Chen et al., 2007). Meanwhile, NHE-1 activity was increased in the GK rats and the inhibition of NHE-1 evidently attenuated diabetic LV myocyte hypertrophy in the heart tissues of GK rats (Darmellah, et al., 2007). As shown in our study, Dap treatment declined the mRNA level of NHE-1 compared with STZ group, reflecting that the mechanism of Dap treatment improving the cardiac dysfunction might be through inhibiting the cardiac NHE-1. Furthermore, Dap incubation remarkedly reduced the mortality of H9C2 cells treated with high glucose. Our data indicate that Dap alleviates the high glucose-induced myocardial damage both in vivo and in vitro.
A large volume of evidence suggests that the enhanced ROS levels accompanied with excitation of multiple downstream pro-inflammatory and cell death pathways occupied a key position in the development of DCM (Frustaci, 2000; Westermann et al., 2007; Rajesh et al., 2010). MDA determination (a product of lipid peroxidation), superoxide anion fluorescent probe (DHE) and hydrogen peroxide fluorescent probe (DCFH-DA) were used in this study to reflect the myocardial oxidative stress status. Consistently with previous reports (Guo et al., 2007; Tsai et al., 2012; Atale et al., 2013), accumulation of ROS was detected in the LV tissues of STZ-diabetic rats and high glucose-incubated H9C2 cells. Administration of Dap for 8 weeks significantly decreased the MDA level and relieved the superoxide anion generation in heart tissues of STZ rats. However, glucose-lowering per se and other properties might contribute to the myocardial anti-oxidant stress effects of Dap. SGLT1 is the primary isoform expressed in the cardiomyocytes and there is little evidence for the expression of SGLT2 in cardiac muscle, namely Dap does not lead to reduction of glucose influx into the cardiomyocytes (Gallo et al., 2015; Oh et al., 2019). Therefore, further in vitro experiments were performed in cultured cardiac H9C2 cells to address the direct effects of Dap on ROS generation. As revealed by flow cytometric analyses and microscopy observations, Dap treatment markedly decreased the levels of hydrogen peroxide and superoxide anion in H9C2 cells induced by high sugar. These findings manifest the cardioprotection of Dap may be attributed, at least in part, to the direct inhibition of ROS production.
Compared with xanthine oxidases and mitochondrial respiration, NADPH oxidases have been proven to be an importance origin of ROS in heart tissues (MacCarthy et al., 2001; Hansen et al., 2018; Lu et al., 2020). Recently, it’s reported that another SGLT2 inhibitor empagliflozin ameliorates the microvascular injury of DCM by regulating AMPK signaling pathways to inhibit the mitochondrial fission (Zhou et al., 2018). Li et al. (2019) discovered that empagliflozin reduced the NADPH oxidase isoform NOX4 expression in the heart tissues of KK-Ay mice. However, the in vivo and in vitro effects of Dap on the myocardial NADPH oxidases were not addressed. Among the isoforms of NADPH oxidases, the most critical ones during the process of regulating cardiac function are gp91phox and NOX4 (Hansen et al., 2018). Interestingly, these two isoforms which mainly express in the heart have different physiological and pathophysiological effects. In the setting of sustained stress, gp91phox-dependent signaling promotes cardiomyocyte hypertrophy, contractile dysfunction, interstitial fibrosis and cell death as reviewed by Zhang et al. (2013). Contrastly, NOX4 has been attested to have protective effects, for instance, adaptively remodeling with better preserved function and improving hypertrophy following chronic hemodynamic stress (Zhang et al., 2010; Matsushima et al., 2013). Therefore, we specifically assessed the effects of Dap on changes of gp91phox isoform, p22phox subunit (regulating the stability of NADPH oxidases) and p67phox subunit (regulating the activation of NADPH oxidases) in the diabetic rats and H9C2 cells. The main new findings of the current study were that Dap treatment reduced the membrane gp91phox and p22phox expression and restrained translocation of the p67phox subunit to the membrane fraction both in STZ-induced DCM rats and H9C2 cells exposed to high glucose. Therefore, mechanisms of NADPH oxidase restraint by Dap may be the suppression of cytosolic p67phox recruitment and decrease expression of its anchor p22phox, which result in inhibiting the activation of gp91phox isoform.
SOD, GPx, and CAT are significant parts of the antioxidant defense system. Overproduction of ROS, if not controlled by these enzymes, can cause oxidative stress. The present study was designed to assess the in vivo and in vitro effects of Dap on the myocardial antioxidant enzymes. Similar with previous studies (Guo et al., 2007; Lei et al., 2012), the activity of T-SOD and the expression of Cu/Zn-SOD were obviously enhanced in the STZ rat myocardial tissues and high glucose-treated H9C2 cells, while protein expression of Mn-SOD, GPx, and CAT were not altered. SOD participates in the removal of superoxide anion and plays key roles in counterpoising the generation of ROS. The up-regulation of SOD might be a compensatory response when superoxide anion originated from NADPH oxidases was elevated. The increase production of superoxide anion may highly outnumber that of antioxidant enzyme SOD. Consequently, the enhanced expression and activity of SOD in the STZ rat myocardial tissues and high glucose-treated H9C2 cells do not entirely prevent but may delay the progress of cardiac oxidative damage. Dap treatment did not change the expression of Mn-SOD, GPx and CAT but evidently declined the compensatory elevated T-SOD activity and the expression of Cu/Zn-SOD. Although SOD was decreased after administration with Dap, the production of superoxide anion was greatly depressed by Dap treatment, bringing about the correction of oxidant and antioxidant imbalance and improvement of myocardial oxidative stress.
There are some limitations of our study. The cell type investigated in vitro is H9C2 cell, which is easy to obtain. However, it’s a rat cardiomyoblast cell line, not a cardiomyocyte. In our study, the reasons why we chose the H9C2 cell line are as follows. On the one hand, compared with neonatal rat cardiomyocyte, H9C2 cell culture is more convenient and the phenotype of H9C2 cell is more stable. On the other hand, it has been reported that the transporting system of glucose in H9C2 cells has no difference with neonatal rat cardiomyocyte and this cell line may be useful as a model for cardiocytes in aspects of transmembrane signal transduction (Hescheler et al., 1991; Yu, 1999; Yu, 2000). In addition, there are many signaling pathways of oxidative stress which play essential roles in the Dap treatment of DCM. The further underlying mechanisms how Dap influences NADPH oxidases and antioxidant enzymes need to be explored in subsequent experiment.
In summary, the cardioprotective effects of DAP in previous evidence is confirmed and extended in this study. These effects seem to be related to improvement of high glucose-induced cardiac dysfunction, myocardial fibrosis, cell death and oxidase stress, resulting from suppressing the activation of gp91phox isoform and correcting the myocardial imbalance of oxidant and antioxidant (Figure 7). Collectively, our results strongly indicate that Dap may be a potential therapeutic approach for the treatment of DCM.
[image: Figure 7]FIGURE 7 | Summary of the mechanisms of Dap that suppress high glucose-induced oxidative stress in vivo and in vitro.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
The animal study was reviewed and approved by the Animal Ethics Committee of Yijishan Hospital.
AUTHOR CONTRIBUTIONS
XK and KL designed the experiment and supervised the project. YX, YC, SZ, YS, XY, QH, XM, and JC performed the animal experiments. YX, SW, MZ, and YZ performed the experimental study of H9C2 cells. YX and BL completed the ultrasonic detection. YX and BL analyzed the data and drafted the manuscript. XK and KL were responsible for critical reading, editing and revising the manuscript. All authors read and approved the final manuscript.
FUNDING
This study was supported by the grants from the National Natural Science Foundation of China (81970699), the Key University Science Research Project of Anhui Province (KJ 2020A0594), and the “Peak” Training Program for Scientific Research of Yijishan Hospital, Wannan Medical College (GF 2019J04).
ACKNOWLEDGMENTS
We thank AstraZeneca Pharmaceutical Co. Ltd. for providing dapagliflozin.
REFERENCES
 Arow, M., Waldman, M., Yadin, D., Nudelman, V., Shainberg, A., Abraham, N. G., et al. (2020). Sodium-glucose Cotransporter 2 Inhibitor Dapagliflozin Attenuates Diabetic Cardiomyopathy. Cardiovasc. Diabetol. 19 (1), 7. doi:10.1186/s12933-019-0980-4
 Atale, N., Chakraborty, M., Mohanty, S., Bhattacharya, S., Nigam, D., Sharma, M., et al. (2013). Cardioprotective Role of Syzygium Cumini against Glucose-Induced Oxidative Stress in H9C2 Cardiac Myocytes. Cardiovasc. Toxicol. 13 (3), 278–289. doi:10.1007/s12012-013-9207-1
 Chen, H., Tran, D., Yang, H.-C., Nylander, S., Birnbaum, Y., and Ye, Y. (2020). Dapagliflozin and Ticagrelor Have Additive Effects on the Attenuation of the Activation of the NLRP3 Inflammasome and the Progression of Diabetic Cardiomyopathy: an AMPK-mTOR Interplay. Cardiovasc. Drugs Ther. 34 (4), 443–461. doi:10.1007/s10557-020-06978-y
 Chen, L., LaRocque, L. M., Efe, O., Wang, J., Sands, J. M., and Klein, J. D. (2016). Effect of Dapagliflozin Treatment on Fluid and Electrolyte Balance in Diabetic Rats. Am. J. Med. Sci. 352 (5), 517–523. doi:10.1016/j.amjms.2016.08.015
 Chen, S., Khan, Z. A., Karmazyn, M., and Chakrabarti, S. (2007). Role of Endothelin-1, Sodium Hydrogen Exchanger-1 and Mitogen Activated Protein Kinase (MAPK) Activation in Glucose-Induced Cardiomyocyte Hypertrophy. Diabetes Metab. Res. Rev. 23 (5), 356–367. doi:10.1002/dmrr.689
 Chung, S., Kim, S., Son, M., Kim, M., Koh, E. S., Shin, S. J., et al. (2019). Empagliflozin Contributes to Polyuria via Regulation of Sodium Transporters and Water Channels in Diabetic Rat Kidneys. Front. Physiol. 10, 271. doi:10.3389/fphys.2019.00271
 Darmellah, A., Baetz, D., Prunier, F., Tamareille, S., Rücker-Martin, C., and Feuvray, D. (2007). Enhanced Activity of the Myocardial Na+/H+ Exchanger Contributes to Left Ventricular Hypertrophy in the Goto-Kakizaki Rat Model of Type 2 Diabetes: Critical Role of Akt. Diabetologia . 50 (6), 1335–1344. doi:10.1007/s00125-007-0628-x
 Dillmann, W. H. (2019). Diabetic Cardiomyopathy. Circ. Res. 124 (8), 1160–1162. doi:10.1161/CIRCRESAHA.118.314665
 Frustaci, A., Kajstura, J., Chimenti, C., Jakoniuk, I., Leri, A., Maseri, A., et al. (2000). Myocardial Cell Death in Human Diabetes. Circ. Res. 87 (12), 1123–1132. doi:10.1161/01.res.87.12.1123
 Gallo, L. A., Wright, E. M., and Vallon, V. (2015). Probing SGLT2 as a Therapeutic Target for Diabetes: Basic Physiology and Consequences. Diabetes Vasc. Dis. Res. 12 (2), 78–89. doi:10.1177/1479164114561992
 Giuliani, C. (2019). The Flavonoid Quercetin Induces AP-1 Activation in FRTL-5 Thyroid Cells. Antioxidants 8 (5), 112. doi:10.3390/antiox8050112
 Gong, L., Wang, X., Pan, J., Zhang, M., Liu, D., Liu, M., et al. (2020). The Co-treatment of Rosuvastatin with Dapagliflozin Synergistically Inhibited Apoptosis via Activating the PI3K/AKt/mTOR Signaling Pathway in Myocardial Ischemia/reperfusion Injury Rats. Open Med. (Wars) 16 (1), 047–057. doi:10.1515/med-2021-0005
 Guo, Z., Xia, Z., Jiang, J., and McNeill, J. H. (2007). Downregulation of NADPH Oxidase, Antioxidant Enzymes, and Inflammatory Markers in the Heart of Streptozotocin-Induced Diabetic Rats by N-Acetyl-L-Cysteine. Am. J. Physiology-Heart Circulatory Physiol. 292 (4), H1728–H1736. doi:10.1152/ajpheart.01328.2005
 Hansen, S. S., Aasum, E., and Hafstad, A. D. (2018). The Role of NADPH Oxidases in Diabetic Cardiomyopathy. Biochim. Biophys. Acta (Bba) - Mol. Basis Dis. 1864 (5 Pt B), 1908–1913. doi:10.1016/j.bbadis.2017.07.025
 Heerspink, H. J. L., Perkins, B. A., Fitchett, D. H., Husain, M., and Cherney, D. Z. I. (2016). Sodium Glucose Cotransporter 2 Inhibitors in the Treatment of Diabetes Mellitus. Circulation 134 (10), 752–772. doi:10.1161/CIRCULATIONAHA.116.021887
 Hescheler, J., Meyer, R., Plant, S., Krautwurst, D., Rosenthal, W., and Schultz, G. (1991). Morphological, Biochemical, and Electrophysiological Characterization of a Clonal Cell (H9c2) Line from Rat Heart. Circ. Res. 69 (6), 1476–1486. doi:10.1161/01.res.69.6.1476
 Huang, F., Zhao, Y., Wang, Q., Hillebrands, J.-L., Born, J. v. d., Ji, L., et al. (2019). Dapagliflozin Attenuates Renal Tubulointerstitial Fibrosis Associated with Type 1 Diabetes by Regulating STAT1/TGFβ1 Signaling. Front. Endocrinol. 10, 441. doi:10.3389/fendo.2019.00441
 Karmazyn, M. (2013). NHE-1: Still a Viable Therapeutic Target. J. Mol. Cell Cardiol. 61, 77–82. doi:10.1016/j.yjmcc.2013.02.006
 Kong, X., Li, W., Guo, L.-q., Zhang, J.-x., Chen, X.-p., Liu, W.-y., et al. (2015a). Sesamin Enhances Nitric Oxide Bioactivity in Aortas of Spontaneously Hypertensive Rats. Ther. Adv. Cardiovasc. Dis. 9 (5), 314–324. doi:10.1177/1753944715586178
 Kong, X., Wang, G.-D., Ma, M.-Z., Deng, R.-Y., Guo, L.-Q., Zhang, J.-X., et al. (2015b). Sesamin Ameliorates Advanced Glycation End Products-Induced Pancreatic β-Cell Dysfunction and Apoptosis. Nutrients 7 (6), 4689–4704. doi:10.3390/nu7064689
 Lei, S., Liu, Y., Liu, H., Yu, H., Wang, H., and Xia, Z. (2012). Effects of N-Acetylcysteine on Nicotinamide Dinucleotide Phosphate Oxidase Activation and Antioxidant Status in Heart, Lung, Liver and Kidney in Streptozotocin-Induced Diabetic Rats. Yonsei Med. J. 53 (2), 294–303. doi:10.3349/ymj.2012.53.2.294
 Li, C., Zhang, J., Xue, M., Li, X., Han, F., Liu, X., et al. (2019). SGLT2 Inhibition with Empagliflozin Attenuates Myocardial Oxidative Stress and Fibrosis in Diabetic Mice Heart. Cardiovasc. Diabetol. 18 (1), 15. doi:10.1186/s12933-019-0816-2
 Lu, S., Liao, Z., Lu, X., Katschinski, D. M., Mercola, M., Chen, J., et al. (2020). Hyperglycemia Acutely Increases Cytosolic Reactive Oxygen Species via O -linked GlcNAcylation and CaMKII Activation in Mouse Ventricular Myocytes. Circ. Res. 126 (10), e80–e96. doi:10.1161/CIRCRESAHA.119.316288
 MacCarthy, P. A., Grieve, D. J., Li, J.-M., Dunster, C., Kelly, F. J., and Shah, A. M. (2001). Impaired Endothelial Regulation of Ventricular Relaxation in Cardiac Hypertrophy. Circulation 104 (24), 2967–2974. doi:10.1161/hc4901.100382
 Masuda, T., Muto, S., Fukuda, K., Watanabe, M., Ohara, K., Koepsell, H., et al. (2020). Osmotic Diuresis by SGLT2 Inhibition Stimulates Vasopressin‐induced Water Reabsorption to Maintain Body Fluid Volume. Physiol. Rep. 8 (2), e14360. doi:10.14814/phy2.14360
 Matsushima, S., Kuroda, J., Ago, T., Zhai, P., Ikeda, Y., Oka, S., et al. (2013). Broad Suppression of NADPH Oxidase Activity Exacerbates Ischemia/Reperfusion Injury through Inadvertent Downregulation of Hypoxia-Inducible Factor-1α and Upregulation of Peroxisome Proliferator-Activated Receptor-α. Circ. Res. 112 (8), 1135–1149. doi:10.1161/CIRCRESAHA.111.300171
 McMurray, J. J. V., Solomon, S. D., Inzucchi, S. E., Køber, L., Kosiborod, M. N., Martinez, F. A., et al. (2019). Dapagliflozin in Patients with Heart Failure and Reduced Ejection Fraction. N. Engl. J. Med. 381 (21), 1995–2008. doi:10.1056/NEJMoa1911303
 Melin, E. O., Thulesius, H. O., Hillman, M., Landin-Olsson, M., and Thunander, M. (2018). Abdominal Obesity in Type 1 Diabetes Associated with Gender, Cardiovascular Risk Factors and Complications, and Difficulties Achieving Treatment Targets: a Cross Sectional Study at a Secondary Care Diabetes Clinic. BMC Obes. 5, 15. doi:10.1186/s40608-018-0193-5
 Oh, C.-M., Cho, S., Jang, J.-Y., Kim, H., Chun, S., Choi, M., et al. (2019). Cardioprotective Potential of an SGLT2 Inhibitor against Doxorubicin-Induced Heart Failure. Korean Circ. J. 49 (12), 1183–1195. doi:10.4070/kcj.2019.0180
 Rajesh, M., Mukhopadhyay, P., Bátkai, S., Patel, V., Saito, K., Matsumoto, S., et al. (2010). Cannabidiol Attenuates Cardiac Dysfunction, Oxidative Stress, Fibrosis, and Inflammatory and Cell Death Signaling Pathways in Diabetic Cardiomyopathy. J. Am. Coll. Cardiol. 56 (25), 2115–2125. doi:10.1016/j.jacc.2010.07.033
 Ren, D. Y., and Zhang, Y. (2018). Cardiovascular Benefit of SGLT2 Inhibitors in the Therapeutics of Diabetes Mellitus: A Close Look beyond the Horizon. Curr Drug Targets. 19 (9), 1051–1057. doi:10.2174/1389450119666180531102227
 Tanajak, P., Sa-Nguanmoo, P., Sivasinprasasn, S., Thummasorn, S., Siri-Angkul, N., Chattipakorn, S. C., et al. (2018). Cardioprotection of Dapagliflozin and Vildagliptin in Rats with Cardiac Ischemia-Reperfusion Injury. J. Endocrinol. 236 (2), 69–84. doi:10.1530/JOE-17-0457
 Tsai, K.-H., Wang, W.-J., Lin, C.-W., Pai, P., Lai, T.-Y., Tsai, C.-Y., et al. (2012). NADPH Oxidase-Derived Superoxide Anion-Induced Apoptosis Is Mediated via the JNK-dependent Activation of NF-Κb in Cardiomyocytes Exposed to High Glucose. J. Cel. Physiol. 227 (4), 1347–1357. doi:10.1002/jcp.22847
 Wang, K., Hu, L., and Chen, J.-K. (2018). RIP3-deficience Attenuates Potassium Oxonate-Induced Hyperuricemia and Kidney Injury. Biomed. Pharmacother. 101, 617–626. doi:10.1016/j.biopha.2018.02.010
 Westermann, D., Rutschow, S., Jager, S., Linderer, A., Anker, S., Riad, A., et al. (2007). Contributions of Inflammation and Cardiac Matrix Metalloproteinase Activity to Cardiac Failure in Diabetic Cardiomyopathy: the Role of Angiotensin Type 1 Receptor Antagonism. Diabetes 56 (3), 641–646. doi:10.2337/db06-1163
 Wheeler, D. C., Stefansson, B. V., Batiushin, M., Bilchenko, O., Cherney, D. Z. I., Chertow, G. M., et al. (2020). The Dapagliflozin and Prevention of Adverse Outcomes in Chronic Kidney Disease (DAPA-CKD) Trial: Baseline Characteristics. Nephrol. Dial. Transpl. 35 (10), 1700–1711. doi:10.1093/ndt/gfaa234
 Wheeler, D. C., Stefánsson, B. V., Jongs, N., Chertow, G. M., Greene, T., Hou, F. F., et al. (2021). Effects of Dapagliflozin on Major Adverse Kidney and Cardiovascular Events in Patients with Diabetic and Non-diabetic Chronic Kidney Disease: a Prespecified Analysis from the DAPA-CKD Trial. Lancet Diabetes Endocrinol. 9 (1), 22–31. doi:10.1016/s2213-8587(20)30369-7
 Wild, S., Roglic, G., Green, A., Sicree, R., and King, H. (2004). Global Prevalence of Diabetes: Estimates for the Year 2000 and Projections for 2030. Diabetes care 27 (5), 1047–1053. doi:10.2337/diacare.27.5.1047
 Wiviott, S. D., Raz, I., Bonaca, M. P., Mosenzon, O., Kato, E. T., Cahn, A., et al. (2019). Dapagliflozin and Cardiovascular Outcomes in Type 2 Diabetes. N. Engl. J. Med. 380 (4), 347–357. doi:10.1056/NEJMoa1812389
 Wold, L. E., Ceylan-Isik, A. F., and Ren, J. (2005). Oxidative Stress and Stress Signaling: Menace of Diabetic Cardiomyopathy. Acta Pharmacologica Sinica 26 (8), 908–917. doi:10.1111/j.1745-7254.2005.00146.x
 Ye, Y., Bajaj, M., Yang, H.-C., Perez-Polo, J. R., and Birnbaum, Y. (2017). SGLT-2 Inhibition with Dapagliflozin Reduces the Activation of the Nlrp3/ASC Inflammasome and Attenuates the Development of Diabetic Cardiomyopathy in Mice with Type 2 Diabetes. Further Augmentation of the Effects with Saxagliptin, a DPP4 Inhibitor. Cardiovasc. Drugs Ther. 31 (2), 119–132. doi:10.1007/s10557-017-6725-2
 Yu, B., Poirier, L. A., and Nagy, L. E. (1999). Mobilization of GLUT-4 from Intracellular Vesicles by Insulin and K+ Depolarization in Cultured H9c2 Myotubes. Am. J. Physiology-Endocrinology Metab. 277 (2), E259–E267. doi:10.1152/ajpendo.1999.277.2.E259
 Yu, B., Schroeder, A., and Nagy, L. E. (2000). Ethanol Stimulates Glucose Uptake and Translocation of GLUT-4 in H9c2 Myotubes via a Ca2+-dependent Mechanism. Am. J. Physiology-Endocrinology Metab. 279 (6), E1358–E1365. doi:10.1152/ajpendo.2000.279.6.E1358
 Zhang, L., Zhao, P., Yue, C., Jin, Z., Liu, Q., Du, X., et al. (2019). Sustained Release of Bioactive Hydrogen by Pd Hydride Nanoparticles Overcomes Alzheimer's Disease. Biomaterials 197, 393–404. doi:10.1016/j.biomaterials.2019.01.037
 Zhang, M., Brewer, A. C., Schroder, K., Santos, C. X. C., Grieve, D. J., Wang, M., et al. (2010). NADPH Oxidase-4 Mediates protection against Chronic Load-Induced Stress in Mouse Hearts by Enhancing Angiogenesis. Proc. Natl. Acad. Sci. 107 (42), 18121–18126. doi:10.1073/pnas.1009700107
 Zhang, M., Perino, A., Ghigo, A., Hirsch, E., and Shah, A. M. (2013). NADPH Oxidases in Heart Failure: Poachers or Gamekeepers?Antioxid. Redox Signaling 18 (9), 1024–1041. doi:10.1089/ars.2012.4550
 Zhou, H., Wang, S., Zhu, P., Hu, S., Chen, Y., and Ren, J. (2018). Empagliflozin Rescues Diabetic Myocardial Microvascular Injury via AMPK-Mediated Inhibition of Mitochondrial Fission. Redox Biol. 15, 335–346. doi:10.1016/j.redox.2017.12.019
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Xing, Liu, Wan, Cheng, Zhou, Sun, Yao, Hua, Meng, Cheng, Zhong, Zhang, Lv and Kong. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-12-708177-g005.gif





OPS/images/fphar-12-708177-g006.gif





OPS/images/fphar-12-708177-g003.gif
eV T T
IRV TIET /18 N
T





OPS/images/fphar-12-708177-g004.gif
It






OPS/images/fphar-12-708177-g007.gif
‘o Dap treatment
[Dap treatment

ST ==
e =






OPS/xhtml/nav.xhtml
Contents

		Cover

		A SGLT2 Inhibitor Dapagliflozin Alleviates Diabetic Cardiomyopathy by Suppressing High Glucose-Induced Oxidative Stress in vivo and in vitro		Introduction

		Materials and Methods		Animals Studies

		Echocardiographic Evaluation

		Rats Myocardial Masson and TUNEL Staining

		Isolation of RNA and qRT-PCR in Rat Myocardium

		Measurement of Superoxide Anion Generation in Rat Myocardium

		Detection of Malondialdehyde Level in Rat Myocardium

		Cell Culture and Processing

		Calcein Acetoxymethyl Ester/Propidium Iodide Staining in H9C2 Cells

		Measurement of Hydrogen Peroxide Generation in H9C2 Cells

		Measurement of Superoxide Production in H9C2 Cells

		Detection of Total SOD Activity in Rat Myocardium and H9C2 Cells

		Western Blot Analysis

		Statistical Analysis





		Results		Effects of Dap on Body Weight, Blood Glucose and Cardiac Function in STZ-Induced Diabetic Rats

		Effects of Dap on Myocardial Fibrosis, Apoptosis and Oxidative Stress in STZ-Induced Diabetic Rats

		Effects of DAP on Myocardial NADPH Oxidases and Antioxidant Enzymes in STZ-Induced Diabetic Rats

		Effects of DAP on High Glucose-Induced Cell Death of H9C2 Cells

		Effects of DAP on High Glucose-Induced Oxidative Stress in H9C2 Cells

		Effects of DAP on NADPH Oxidases and Antioxidant Enzymes in H9C2 Cells Incubated with High Glucose





		Discussion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Acknowledgments

		References









OPS/images/cover.jpg
* frontiers
in Pharmacology

A SGLT2 Inhibitor Dapagliflozin
Alleviates Diabetic
Cardiomyopathy by Suppressing
High Glucose-Induced Oxidative
Stress in vivo and in vitro





OPS/images/fphar-12-708177-g001.gif





OPS/images/fphar-12-708177-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers
in Pharmacology





