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Editorial on the Research Topic 
Myocardial Remodeling: Mechanisms and Translational Implications

Left ventricular remodeling is an adaptive process modifying the ventricular size, shape, structure and mass of the myocardium. The ensuing cardiomyocytes loss, thereby activate intracellular signaling pathways, inflammatory reaction, and stimulate the renin-angiotensin-aldosterone (RAAS) and sympathetic nervous systems (Pfeffer et al., 1990; Rouleau et al., 1993). All of these result in myocardial fibrosis formation and ventricular cavity dilation (Liu et al., 2012; Van Berlo et al., 2013; Xie et al., 2013). Left ventricular remodeling remains the major determinant of cardiac function and survival after recovery from acute myocardial infarction (AMI) (White et al., 1987). Different available and promising therapeutic approaches are available to treat and attenuate the adverse effects of cardiac remodeling process by targeting the underlying pathophysiological mechanisms. Mainly, the RAAS regulates post-AMI cardiac remodeling process (Belge et al., 2014). As a consequence, blocking RAAS acts in a manner to stop left ventricular remodeling, reduce mortality and improve short- and long-term survival (Pfeffer et al., 1990). The goal of this Research Topic was to understand how aberrant cardiac remodeling contributes to the development and progression of heart failure (HF) and how to exploit this knowledge for therapeutic benefits to improve cardiac function and to prevent HF progression. In this Research Topic we have eight original research articles and one review article summarizing the recent advances in myocardial remodeling.
In their study, Zhang et al. intend to investigate the role and mechanisms of Sestrin2 (Sesn2), a stress-induced protein, in cardiac hypertrophy with the use of Sesn2 transgenic and AMPKα2 knockout mice by establishing a pressure overload-induced cardiac hypertrophy model via aortic banding surgery. Regarding cardiac hypertrophy in women, Wang et al. investigated the effects of G protein–coupled estrogen receptor 30 (GPR30), a membrane receptor of estrogen that displays protective roles in diverse cardiovascular diseases and investigated the effects of GPR30, activation on transverse aortic constriction (TAC)-induced cardiac hypertrophy of aged female mice. The novel finding of this study was that GPR30 activation could reduce TAC-induced cardiac fibrosis through downregulation of the MMP-9 level, which may provide the potential therapeutic targets for the treatment of pathological cardiac hypertrophy in postmenopausal women.
Mitochondrial dysfunction also plays an important role in the pathology of cardiac hypertrophy. Findings by Chen et al. suggested that quercetin, a natural flavonol agent, protected mitochondrial function by modulating SIRT3/PARP-1 pathway, contributing to the inhibition of cardiac hypertrophy in spontaneously hypertensive rats (SHRs) and H9c2 cells.
Then, atrial fibrillation (AF) which is the most common sustained cardiac arrhythmia in clinical setting, is associated with metabolic disorder, especially defective fatty acids oxidation (FAO). Thus, promoting FAO could prevent AF occurrence. Zhang et al. demonstrated that FAO promotion via L-carnitine attenuated obesity-mediated AF and structural remodeling by activating AMP-activated protein kinase (AMPK) signaling and alleviating atrial lipotoxicity. RAAS inhibitors can also inhibited the occurrence and development of AF induced by atrial fibrosis and realized significant benefits for the long-term survival of AF patients (Han et al., 2013; Turin et al., 2018). However, these conventional drugs cannot completely cure atrial fibrosis (McDonagh et al., 2021). Therefore, Hu et al. investigated the mechanisms and interventions of atrial fibrosis to reduce the atrial structural remodeling and electrical remodeling caused by atrial fibrosis in order to reduce the occurrence and development of AF. Jarkovská et al. show that effective suppression of electrical proarrhythmic remodeling and mortality but not hypertrophy indicates that the beneficial therapeutic effects of ACE inhibitor trandolapril in volume overload heart failure might be dissociated from pure antihypertrophic effects.
Moreover, mineralocorticoid receptor antagonists (MRA) have been described to reduce reactive fibrosis and improve cardiac function. However, Demkes et al. failed to demonstrate that combined treatment with GLP-1R agonist exenatide and MRA potassium canrenoate could minimize cardiac injury and limit progression to chronic HF in a pig model of ischemic/reperfusion.
Recently, LCZ696 (valsartan/sacubitril), the first of the new ARNI (angiotensin receptor-neprilysin inhibitor) drug class, has been recently approved for the treatment of chronic HF patients with reduced ejection fraction (HFrEF) after the PARADIGM- HF trial (McMurray et al., 2014; Campbell, 2017). The addition of the neprilysin component in LCZ696 augments plasma levels of natriuretic peptides (Voors et al., 2013) that counteract the RAAS and promote vasodilation, natriuresis, and inhibit fibrosis and hypertrophy. Despite recent formal recognition of ARNI by guideline authorities, there is a striking paucity of mechanistic data on the effect of ARNI on cardiac remodeling (McDonagh et al., 2021). In this Research Topic, Liu et al., investigated the mechanisms underlying the cardioprotective action of ARNI in the context of fibrosis and remodeling after AMI that are mostly unknown. They found that the improvement of cardiac function in the ARNI group was more significant than a single RAAS blocker. Then, they investigated the mechanisms involved in the role of the Wnt/β-catenin axis in the prevention of myocardial fibrosis and improvement of myocardial remodeling in the context of ARNI treatment (Palevski et al., 2017; Fu et al., 2019). Nevertheless, in the PARADISE-MI trial LCZ696 was not associated with a significant lower incidence of death from cardiovascular causes or incident HF compared to ramipril alone after an AMI (Pfeffer et al., 2021). At this stage, it is difficult to conclude, but the interesting findings shown by Liu et al., help to learn how ARNI acts and we will probably learn more from ongoing studies in this area.
Overall, the traditional guideline directed therapies target the RAAS and the sympathetic nervous system, but recently, cyclic guanosine 3′,5′-monophosphate (cGMP) and its downstream protein kinase G (PKG) signaling has attracted attention as a novel therapeutic target (Tsai and Kass, 2009). cGMP is a second messenger regulated through natriuretic peptide and nitric oxide pathways. In their review, Numata and Takimoto highlighted preclinical evidence of the benefits of cGMP/PKG augmentation in HF models.
In conclusion, this Research Topic provides an overview of the novel mechanisms and translational implications involved in myocardial remodeling leading to HF. This field of research is evolving rapidly, and it ultimately holds promise for more reliable and sensitive development of novel treatments.
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Background: Ischemia-reperfusion and cardiac remodeling is associated with cardiomyocyte death, excessive fibrosis formation, and functional decline, eventually resulting in heart failure (HF). Glucagon-like peptide (GLP)-1 agonists are reported to reduce apoptosis and myocardial infarct size after ischemia-reperfusion. Moreover, mineralocorticoid receptor antagonists (MRAs) have been described to reduce reactive fibrosis and improve cardiac function. Here, we investigated whether combined treatment with GLP-1R agonist exenatide and MRA potassium canrenoate could minimize cardiac injury and limit HF progression in animal models of chronic HF.
Methods and Results: Forty female Topigs Norsvin pigs were subjected to 150 min balloon occlusion of the left anterior descending artery (LAD). Prior to reperfusion, pigs were randomly assigned to placebo or combination therapy (either low dose or high dose). Treatment was applied for two consecutive days or for 8 weeks with a continued high dose via a tunneled intravenous catheter. Using 2,3,5-Triphenyltetrazolium chloride (TTC) staining we observed that combination therapy did not affect the scar size after 8 weeks. In line, left ventricular volume and function assessed by three-dimensional (3D) echocardiography (baseline, 7 days and 8 weeks), and cardiac magnetic resonance imaging (CMR, 8 weeks) did not differ between experimental groups. In addition, 36 C57Bl/6JRj mice underwent permanent LAD-occlusion and were treated with either placebo or combination therapy prior to reperfusion, for two consecutive days via intravenous injection, followed by continued treatment via placement of osmotic mini-pumps for 28 days. Global cardiac function, assessed by 3D echocardiography performed at baseline, 7, 14, and 28 days, did not differ between treatment groups. Also, no differences were observed in cardiac hypertrophy, assessed by heart weight/bodyweight and heart weight/tibia length ratio.
Conclusion: In the current study, combined treatment with GLP-1R agonist exenatide and MR antagonist potassium canrenoate did not show beneficial effects on cardiac remodeling nor resulted in functional improvement in a small and large animal chronic HF model.
Keywords: chronic heart failure, glucagon-like peptide-1 agonist, mineralocorticoid receptor antagonist, porcine, mouse, myocardial infarction, cardiac function
INTRODUCTION
Chronic heart failure (HF) incidence, most commonly originating from myocardial infarction (MI) is steadily increasing worldwide and remains a major cause of death (Schmidt et al., 2012). Oxygen and nutrient deprivation during MI induces apoptosis of cardiomyocytes. Reperfusion of the occluded coronary artery is essential to limit myocardial damage but is also responsible for ischemia-reperfusion (IR) injury (Yellon and Hausenloy, 2007). As a consequence, a progressive remodeling response is initiated, consisting of reactive fibrosis formation, hypertrophy, and contractile dysfunction, which eventually leads to chronic HF (Bhatt et al., 2017). To prevent progression towards chronic HF, development of novel therapeutics that prevent progressive remodeling is of major importance.
Exenatide is a human glucagonlike peptide-1 receptor (GLP-1R) agonist. GLP-1R agonists are known for the treatment of type 2 diabetes, but have also been shown to be cardio-protective in preclinical and clinical studies by reducing myocardial infarct size and improving ventricular function after ischemia (Noyan-Ashraf et al., 2009; Lonborg et al., 2012; Read et al., 2012). Moreover, in a large animal model of myocardial IR injury, Exenatide specifically reduced myocardial apoptosis, resulting in a smaller infarct size and improved cardiac function (Timmers et al., 2009). Mineralocorticoid receptor (MR) signaling has a critical role in the fibrotic response observed in adverse cardiac remodeling (Brilla and Weber, 1992) treatment with MR antagonists (MRAs) resulted in a significant decrease in interstitial fibrosis and improved left ventricular function in rodents after permanent MI (Wang et al., 2004). In addition, MRAs have proven beneficial effects on mortality and morbidity in patients with established HF (Pitt et al., 1999; Pitt et al., 2003; Zannad et al., 2011), suggesting MR signaling is involved in HF progression.
Combining promising therapies that target the underlying process of IR injury and cardiac remodeling could further minimize cardiac injury and limit progression to HF. Therefore, we aimed to evaluate the effect of combined therapy of GLP-1R agonist exenatide and MRA potassium canrenoate on cardiac function in the development of chronic HF. To establish this, we use a clinically relevant large animal model of severe IR injury and a mice model of permanent myocardial infarction.
METHODS
Animals
All animal experiments were approved by the local animal welfare committee of the University Medical Center Utrecht and were conducted in accordance with the “Guide for the Care and Use of Laboratory Animals.” A total of 40 female Dalland Landrace pigs (69.2 ± 4.2 kg) (Topigs Norsvin, Van Beek SPF varkensfokkerij B.V., Lelystad, Netherlands) were used in this study. All animals were conventionally housed in stables with concrete floor and straw bedding with a light/dark cycle of 12 h and were fed a standard diet with water ad libitum. Rubber bite sticks were provided as environmental enrichment. Sample size calculation was based on end-diastolic volume (EDV) measured with cardiac magnetic resonance imaging (CRM) as the primary endpoint. Based on historical data, we expected a 25% improvement on EDV (165 ml with a sigma of 25 ml). This, together with a power of 90%, alpha of 0.05, and an expected post-operative mortality of 25%, resulted in a group size of 10 animals per group. In addition, a total of 36 male C57Bl/6JRj mice were used. All mice were conventionally housed in type III cages with filter top, Aspen Woodchip bedding, and a plastic shelter with light/dark cycles of 12 h and food and water ad libitum. Tissues were provided as environmental enrichment. Sample size calculation was based on end-systolic volume (ESV) as the primary endpoint. With a power of 90%, alpha of 0.05, estimated effect size of 40 μL difference in volume, standard deviation of 29 μL (based on historical data), and estimated post-operative mortality of 25% this resulted in a group size of 18 animals per group.
Porcine Efficacy Study
Premedication, Anesthesia, and Analgesia
Pigs were pre-treated orally with amiodarone for 10 days (1200 mg loading dose, 800 mg/day maintenance), clopidogrel (75 mg/day) and acetylsalicylic acid (320 mg loading dose 7 days before the experiment, 80 mg/day maintenance). One day before surgery, animals received a buprenorphine patch (5 μg/h). On the day of surgery, anesthesia and analgesia was induced by intramuscular injection of ketamine (15 mg/kg), midazolam (0.75 mg/kg) and atropine (0.015 mg/kg) followed by intravenous (i.v.) administration of thiopental (4 mg/kg). Animals were intubated and mechanically ventilated with a 1:2 oxygen-air ratio. Continuous sedation was achieved with i.v. pancuronium (0.1 mg/kg/h), midazolam (0.4 mg/kg/h) and sufentanil (2.5 μg/kg/h).
Surgical Procedure and Intravenous Line Installation
Pigs were subjected to closed-chest LAD coronary artery balloon occlusion for 150 min. After arterial and venous access was obtained, a catheter (8FR JL4 guiding) was placed in the left coronary tree and a coronary angiogram was acquired. Afterward, the LAD diameter was measured and an adequately sized balloon was placed immediately after the first diagonal branch of the LAD. Balloon inflation and LAD occlusion was verified with a coronary angiogram, at the start, after 60 and 120 min occlusion time, and right before deflation of the balloon. After deflation of the balloon LAD passage was verified with a coronary angiogram. During the occlusion procedure, animals were defibrillated in case of ventricular fibrillation (VF) while receiving 150 mg amiodarone bolus i.v., with a maximum of three boluses.
All animals received an i.v.-line from the jugular vein canalled to the back. The iv-line was flushed daily with 0.9% NaCl-solution followed by heparin-solution (0.1% heparin in 0.9% NaCl-solution) and a mesh bandage around the thorax to prevent the i.v.-line from being damaged. The tunneled catheter was closed for three out of four groups after 7 days and the external part was removed.
Treatment
Twenty min before reperfusion, pigs were randomly assigned to one of four treatment groups (Supplementary Table 1). Pigs received either placebo (2 ml saline) or exenatide/potassium canrenoate treatment (low dose, 0.05 μg/kg exenatide and 1 mg/kg of potassium canrenoate; high dose, 0.15 μg/kg exenatide and 1 mg/kg of potassium canrenoate; continuous high dose: 0.15 μg/kg exenatide and 1 mg/kg of potassium canrenoate) as two separate administrations via the ear-vein catheter. I.v. treatment continued 2 times daily for two consecutive days and one group continued 2 times daily treatment for entire follow-up period (continuous high dose).
Note: Animals treated with the continuous high dose were initially treated with subcutaneous (s.c.) injections (0.05 μg/kg exenatide and 2 mg/kg potassium canrenoate). However, twice daily injections caused significant distress to the animals. Therefore, after the third animal in this group, we decided to leave the tunneled catheter in place to proceed with intravenous administrations for the entire study duration. In these animals, none of the parameters studied differ from the other animals in the group.
Echocardiography
Before induction of ischemia, and 1 and 8 weeks after reperfusion, all pigs underwent transthoracic and 3D transesophageal echocardiography (3D-TEE) as previously described (Ellenbroek et al., 2016). In short, 3D-TEE images were made using a X7-2T transducer on an iE33 ultrasound device (Philips, Eindhoven, Netherlands). The pig was placed in the right lateral position and the echo probe was inserted for 50–60 cm in the esophagus. After selecting the 3D full volume option, mechanical ventilation was switched of temporarily to obtain good images. Images were analyzed with QLab 10.7 software (Philips, Eindhoven, Netherlands).
Cardiac Magnetic Resonance Imaging
Eight weeks after MI, porcine animals underwent cardiac magnetic resonance imaging (CRM) using a 1,5 T magnet device (Achieva, Philips Medical Systems, Netherlands) under general anesthesia, as described above. Animals were placed in a supine position and imaging was performed using a respiratory corrected, cardiac gated steady-state free precession (SSFP) cine sequence. CMR images were analyzed using Medvisio Segment (Medvisio, Lund, Sweden). Cardiac volumes and myocardial mass were determined by summation of ROIs of short axis slices covering the entire left ventricle multiplied by the slice thickness.
Infarct/Scar Size Determination
Ventricular fibrillation was induced by placing a 9V battery on the heart and pigs were sacrificed by exsanguination under anesthesia. The heart was excised and cut in 5 short-axis slices from apex to base. To discriminate between infarct tissue and viable tissue, slices were incubated in 1% pre-warmed 2,3,5-Triphenyltetrazolium chloride (TTC) (Sigma-Aldrich Chemicals, Zwijndrecht, Netherlands) in 0.9% NaCl at 37° for 15 min. Each slice was photographed at the apical and basal side in presence of a ruler and analyzed with ImageJ software (NIH, Bethesda, MD, United States).
Circulating Markers and Histological Analysis
Plasma samples were obtained at different time points after reperfusion by whole-blood centrifugation at 1850 g and immediately stored at −80°C. Troponin I levels were measured from samples 24 h after reperfusion using a clinical chemistry analyzer (AU5811, Beckman Coulter). For histological analysis, infarcted myocardial tissue was processed, paraffin-imbedded and cut into 5 µm sections after conserved in 4% paraformaldehyde for at least 7 days. Collagen was visualized using a Masson’s Trichrome staining and analysis of interstitial fibrosis in the border zone region was performed semi-quantitative (scored 1–5; 1 = no interstitial fibrosis, 5 = excessive interstitial fibrosis) by two researchers blinded for group assessment.
Mouse Efficacy Study
Anesthesia, Analgesia, and Surgical Procedure
Anesthesia was induced by intraperitoneal injection of medetomidine hydrochloride (1.0 g/kg body weight), midazolam (10.0 mg/kg), and fentanyl (0.1 mg/kg). Mice were intubated and connected to a respirator with a 1:1 oxygen-air ratio. During surgery, a core body temperature of 37°C was maintained by continuous rectal temperature monitoring and an automatic heating blanket. After a left lateral thoracotomy with an incision of the pericardium, the left coronary artery was ligated permanently with an 8–0 Ethilon suture (Ethicon). Ischemia was confirmed by bleaching of the myocardium and tachycardia, and surgical wounds were closed. Atipamezole hydrochloride (3.3 mg/kg), flumazenil (0.5 mg/kg) and buprenorphine (0.15 mg/kg) was used as an antagonist, and injected s.c. The evening of the day of operation and 12 h thereafter, s.c. injection of buprenorphine (0.15 mg/kg) was administered as analgesia.
Treatment
Prior to permanent ligation, mice were randomly assigned to receive either placebo (100 μL saline) or continued exenatide/potassium canrenoate treatment i.v. (continuous high dose, 0.15 μg/kg exenatide and 1 mg/kg of potassium canrenoate). I.v. treatment was continued 2 times daily for two consecutive days. On day 3, animals were anesthetized by isoflurane and small incisions were made in the skin. Osmotic mini-pumps containing either saline or exenatide and potassium canrenoate were implanted on the flank of the animal, providing active release of the compounds until termination. In order to prevent mixing of the therapeutics, two mini-pumps were randomly implanted on either side of the animal.
Echocardiography
At baseline, 7, 14, and 28 days after permanent ligation, all mice underwent echocardiography to assess cardiac geometry and function. Anesthesia was induced by inhalation of 2.0% isoflurane in a mixture of oxygen/air (1:1). Heart rate, respiration, and rectal temperature were constantly monitored and body temperature was kept between 36.0 and 38.0°C using heat lamps. Respiration gating, a 3D motor, and trigger points were used to obtain 300 transversal images of the heart during the expiratory phase, either at end-systole or end-diastole for complete 3D reconstruction of the heart. Image acquisition and analyses were performed using the Vevo 2,100 System and Software (Fujifilm VisualSonics Inc., Toronto, Canada).
Histological Analysis
Paraffin embedded hearts were cut in 3 µm thick sections. Before staining, the sections are deparaffinized [2 × 10 min in Ultraclear (1,466, Sakura), 2 × 5 min in 100% EtOH, (4099.9005 Klinipath), 2 × 5 min in 96% EtOH (Klinipath), 2 × 5 min in 70% EtOH (Klinipath), 5 min in Demi H2O]. Collagen was visualized using a Masson’s Trichrome staining and analysis of interstitial fibrosis in the border zone region was performed semi-quantitative (scored 1–5; 1 = no interstitial fibrosis, 5 = excessive interstitial fibrosis) by two researchers blinded for group assessment.
Statistics
All analyses were performed in a blinded, randomized fashion. Data are presented as mean ± SD. A one-way ANOVA was used to test any differences between the four porcine treatment groups. For the mice data, a mixed-models was used for repeated measurements [EDV, ESV, ejection fraction (EF)], with a random intercept for each mouse and as fixed factors group and time point. To determine whether the time course of the parameters was different for the groups, the interaction group*time point of measurement was also taken into the model. Heart weight/tibia length was analyzed with a student’s t-test. Statistical analyses were performed using SPSS and GraphPad Prism 8.3. A p ≤ 0.05 was considered statistically significant.
RESULTS
Survival of Porcine Animals After Ischemia-Reperfusion Injury and Treatment With Exenatide/Potassium Canrenoate Combination Therapy
An overview of the study can be found in Figure 1A. A total of 40 porcine animals (69.2 ± 4.2 kg) were subjected to IR for 150 min. Nearly all animals developed ventricular arrhythmia during the occlusion period. Three animals died due to refractory VF not amenable by defibrillation before group assignment and another three animals during the follow-up period (two animals died on day IR + 1, one died on day IR + 3), presumably due to late VF (Figure 1B). This resulted in a total of 34 pigs completing the study and allowed a comparison of eight pigs in the placebo group, eight pigs in the low dose (0.05 μg/kg exenatide and 1 mg/kg of potassium canrenoate) group, 10 pigs in the high dose (0.15 μg/kg exenatide and 1 mg/kg of potassium canrenoate) group and eight pigs in the continuous high dose (0.15 μg/kg exenatide and 1 mg/kg of potassium canrenoate) group (Supplementary Table 1). Heart rate and mean arterial pressure was similar during the first hours after IR and compound administration (Supplementary Table 2).
[image: Figure 1]FIGURE 1 | Study design, survival, and global cardiac function of porcine animals after severe ischemia-reperfusion injury. (A) Overview of the porcine study. (B) Fraction of survival of the different treatment groups, placebo, low dose, high dose, continuous high dose over the entire follow-up. IR, ischemia-reperfusion. (C) Similar end-systolic volume (ESV), end-diastolic volume (EDV), and ejection fraction (EF%) at baseline, 1 and 8 weeks post-IR measured by 3D echocardiography between different experimental groups. (D) ESV, EDV, and EF% at 8 weeks post-IR measured by cardiac magnetic resonance imaging did not differ between groups.
Exenatide/Potassium Canrenoate Combination Therapy Does not Influence Cardiac Function and Infarct Size in a Severe Porcine IR-Model
To validate the cardio-protective effect of exenatide/potassium canrenoate combination therapy on myocardial injury and dysfunction following severe IR, left ventricular performance was assessed by 3D-TEE and CMR. Baseline cardiac function (EDV, ESV, and EF) determined by echocardiography was similar in all groups (Figure 1C + Supplementary Figure 1). After 1 week, ESV significantly increased and EF significantly decreased in all four groups (p < 0.05, Figure 1C), indicative of successful infarct induction. Both at 1 and 8 weeks post-MI, no significant differences were observed between the four groups in end-diastolic and end-systolic volume nor in EF (Figure 1C + Supplementary Figure 1). Assessment of cardiac volumes and function measured with CMR after 8 weeks also showed no significant differences (Figure 1D). In summary, measurements of myocardial volumes and function were similar in all three treatment groups compared to the controls.
Scar Size and Interstitial Cardiac Fibrosis is not Affected by Exenatide/Potassium Canrenoate Combination Therapy
Solo treatment of exenatide has shown to reduce infarct size in a previous porcine MI study performed by our group (Timmers et al., 2009). As a direct reflection of cardiac damage, systemic troponin I levels were measured 24 h after IR. Analysis revealed troponin I levels did not differ between groups, suggesting infarct size is not affected by the combination therapy (Figure 2B). Accordingly, infarcted area/LV ratios, assessed by TTC staining, were not significantly different between the groups at 8 weeks follow-up (Figures 2A,C). Scar size was also analyzed as a fraction of the endocardial surface area (ESA) of the LV. Yet, scar size as a percentage of ESA was not significantly different among treatment groups (Figure 2D). As atrophy of the infarcted area, and hypertrophy of the remote endocardium may have influenced infarct size determination by TTC staining we additionally performed trichrome staining to visualize scar tissue. Histological analysis for interstitial fibrosis also showed no differences between groups (Figure 2E).
[image: Figure 2]FIGURE 2 | Myocardial damage and after severe ischemia-reperfusion injury. (A) Representative picture of myocardial slice; the dark area represents the remote area, white area represents infarcted myocardium. (B) Circulating levels of cardiac troponin 24 h after severe ischemia-reperfusion injury. No significant differences were observed between the different experimental groups. (C) Infarcted areas did not differ between treatment groups when expressed relative to measurements left ventricle (LV) at 8 weeks follow-up. (D) Infarct area as a fraction of LV endocardial surface area (ESA) was not different between treatment groups at 8 weeks follow-up. (E) Representative pictures of collagen content score 1, score 3, and score 5 after staining with Masson’s Trichrome, quantification showed no differences in interstitial fibrosis in the border zone region. Scale bar = 200 µm.
Survival of Mice After Permanent Coronary Artery Ligation and Treatment With Exenatide/Potassium Canrenoate Combination Therapy
To fully exclude potential effects of the compounds on IR injury and enabling to solely focus on adverse remodeling we tested the effects of continuous administration of exenatide and potassium canrenoate on myocardial function and cardiac remodeling in a severe mouse model of MI with permanent ligation. An overview of the mice study can be found in Figure 3A. A total of 36 animals were subjected to permanent LAD ligation. Within 28 days after permanent ligation, nine animals died in total, of which 2 as a direct consequence of the surgery (2 days post-surgery). Other animals died during follow-up (tree animals on day 5, one animal on day 6, two animals on day 7 and one animal on day 25 post ligation) (Figure 3B), but without differences between the groups. This resulted in a total of 27 mice completing the study and allowed a comparison of 13 mice in the placebo group and 14 mice in the continuous high dose (0.15 μg/kg exenatide and 1 mg/kg of potassium canrenoate) group (Supplementary Table 3).
[image: Figure 3]FIGURE 3 | Study design, survival, global cardiac function and cardiac hypertrophy assessment in mice after permanent myocardial infarction. (A) Overview of the mice study. (B) Fraction of survival of placebo and continuous high dose treated animals over the entire follow-up. MI, myocardial infarction. (C) Quantification of collagen content score (1: no collagen—5: extensive collagen) showed no differences in interstitial fibrosis between placebo and continuous high dose treated animals. (D) End-systolic volume (ESV), end-diastolic volume (EDV), stroke volume (SV), and ejection fraction (EF) measured by 3D echocardiography at baseline, 7, 14, and 28 days after permanent ligation. No significant differences were observed between the different experimental groups. (E) Heart weight/body weight ratio (mg/g) and heart weight/tibia length (mg/mm) between groups were similar 28 days after permanent ligation.
Neither Cardiac Function nor Cardiac Hypertrophy is Influenced by Exenatide/Potassium Canrenoate Combination Therapy in Mice After Permanent Coronary Artery Ligation
At baseline, 7, 14, and 28 days post-MI, cardiac function was assessed by use of high-frequency 3D ultrasound. Baseline cardiac function (EDV, ESV, SV, and EF) was similar in all groups (Figure 3D). As a consequence of the permanent ligation, EDV and ESV increased significantly over time in both groups (Figure 3D, p < 0.05), while no significant differences were observed between the groups (Figure 3D + Supplementary Figure 2). Correspondingly, stroke volume and ejection fraction showed a significant decrease over time in both groups after induction of the myocardial infarction (Figure 3D, p < 0.05), but was not different between placebo and treated animals (Figure 3D, Supplementary Figure 2). At the end of the follow-up period, heart weight to body weight ratio and heart weight to tibia length (Figure 3E) was comparable in both groups indicating no differences in cardiac hypertrophy between the groups. Histological analysis for interstitial fibrosis also showed no differences between groups (Figure 3B).
DISCUSSION
In the current study, we hypothesized that combined treatment with GLP-1R agonist exenatide and MR antagonist potassium canrenoate could minimize cardiac injury and limit progression to chronic HF. By using different treatment arms in the pig model we could discriminate between the effect of the combination therapy administered in the early phase after severe IR and long-term administration on adverse cardiac remodeling. Treatment in the acute phase with two different doses of combination therapy did not show effects on cardiac function, scar size or interstitial fibrosis 8 weeks post severe IR injury. The same holds for chronic treatment with high-dose combination therapy. In addition, long-term administration with high dose combination therapy in a mouse model of permanent MI did not show any beneficial effects as well.
Post-MI-cardiac remodeling comprises pathophysiological interactions between cellular and extracellular components resulting in biochemical and metabolic changes, including formation of reactive oxygen species, inflammation, and abrupt changes in pH− and Ca2+ levels, contributing to apoptosis of cardiomyocytes and excessive fibrosis formation (Yellon and Hausenloy, 2007; Nielsen et al., 2019). Separate use of both compounds in different scenarios has shown to have beneficial effects targeting these changes. In an earlier study, we showed increased activity of antioxidant enzymes, reduced nuclear oxidative stress and fewer apoptotic cells in exenatide-treated porcine animals 3 days after IR injury (Timmers et al., 2009) and similar results were found with exenatide pre-treatment for 2 weeks prior to IR in a rat study (Chang et al., 2013). In addition, it was shown that exenatide pre-treatment improved morphological and mechanical changes of mitochondria in response to IR injury in a rat model (Lee et al., 2017). In all studies, these findings were accompanied with reduced infarct size and improved cardiac function compared to control-treated animals. MRAs have shown to reduce collagen accumulation and fibrosis in animal models with permanent MI (Wang et al., 2004; Takeda et al., 2007). In patients, potassium canrenoate treatment also significantly reduced post-infarction collagen synthesis measured by serum N-terminal propeptide of type III procollagen (PIIINP) levels which was accompanied by smaller ventricular volumes (Modena et al., 2001).
Although other combinations of compounds were used, combined treatment of exenatide and with dapagliflozin, a sodium-glucose co-transporter-2 (SGLT2) inhibitor, showed to improve markers associated with liver steatosis and fibrosis in type 2 diabetes patients compared to either exenatide or dapagliflozin administration alone (Gastaldelli et al., 2020). In addition, in rats with post-MI heart failure, a combination of canrenone, the active metabolite of potassium canrenoate and ramipril, angiotensin-converting enzyme (ACE) inhibitor, attenuated LV dilation and interstitial remodeling and improved cardiac function compared solo-treatment (Cittadini et al., 2003). Building on these results, exenatide, and potassium canrenoate combination therapy could have a synergistic effect on limiting IR injury and cardiac remodeling and thus progression to HF.
One may argue that administered concentrations in this study were not sufficient to realize any beneficial effects. However, the chosen dosing concentrations in this study were comparable with concentrations found in the literature. Apart from the initial administration prior to IR, pigs received the same dose of exenatide compared to a porcine study previously performed by our group (Timmers et al., 2009). During initial dosing, only IV administration was performed as in our study both exenatide and potassium canrenoate was given prior to IR. Potassium canrenoate dose was slightly higher compared to dosages used in clinical studies (Li et al., 2013) but matched the concentration that worked best in reducing infarct size and lowering circulating troponin levels in an acute study performed in mice and rabbits (Schmidt et al., 2010). Differences in pharmacokinetics between species due to differences in volume distribution, clearance, and absorption could be of influence (Frey et al., 1988). Whether this is the case for these compounds is not clear. Higher concentrations of potassium canrenoate (bolus of 200 mg in animals of ∼30 kg) were used in a pig model investigating the effect of potassium canrenoate during increased intraabdominal pressure (Gudmundsson et al., 2004). However, here only acute changes in renal hemodynamics and urinary output were investigated and no long-term assessment was carried out. To not risk overdosing or adverse effects in our studies, lower dosing was implemented. In addition, with the current study design, we cannot exclude that drug interaction of exenatide with potassium canrenoate resulted in a neutral result. To the best of our knowledge, no reports on adverse interactions between these drugs have been published, and given the completely different molecular pathways they target, we argue it is unlikely that interaction of the drugs could have contributed to the neutral results.
Apart from dose, the chosen models could play a role in the absence of effect. The rationale of this study was to assess the effects of combined exenatide and potassium canrenoate therapy on adverse cardiac remodeling solely and without affecting infarct size. Therefore, pigs were exposed to prolonged ischemia times and the mice were subjected to permanent ligation. By comparing 60, 75 and 90 min occlusion in the closed chest LAD ligation model in pigs it was recently shown that increasing occlusion times lead to significantly larger infarct sizes, with almost complete transmural infarcts upon 90 min occlusion time (Silvis et al., 2021) In the current study, we used a porcine model of severe IR injury with 150 min occlusion time and a mice model of permanent myocardial infarction. Consequential to the prolonged ischemia time the damage is presumably in an irreversible state, thereby limiting the therapeutic benefit on salvaging myocardial ischemia-reperfusion-related injury. Accordingly, the findings of these studies do not preclude the effects of the combination therapy on myocardial reperfusion injury in pigs with a shorter occlusion times. Although there were difficulties to translate these favorable outcomes to clinical beneficial effects (Roos et al., 2016), we indeed found exenatide can inhibit reperfusion injury in the earlier study performed with exenatide mono-treatment (Timmers et al., 2009). This may suggest exenatide primarily inhibits reperfusion driven injury which is in our severe models very limited or not even present at all. Further direct comparison between these studies is complicated due to methodological differences, including different location of coronary artery occlusion (LCx vs LAD), difference in ischemia time (75 vs. 150 min), time of follow-up (3 days vs. 8 weeks), and different methods to determine cardiac function (echo vs. CMR).
Although our mouse model with permanent ligation resulted in an extreme loss of function (mean EF of 16% at termination), a less but still severe decrease in cardiac function was observed in our porcine model of severe IR injury with 150 min occlusion time (mean EF of 41% at termination). Whether the combination therapy has an effect on pigs with even more severe heart failure (EF < 35%) remains unclear and is difficult to investigate due to low survival rates when occluding the LAD more proximal.
Cardiac remodeling is quickly initiated in response to ischemia. While this remodeling process is focused on wound healing and proper scar formation in the first few days, post-MI progressive collagen deposition in the non-infarcted area is initiated after a few days thereby contributing to late adverse cardiac remodeling and HF progression (Nielsen et al., 2019). Many of the beneficial effects of GLP-1R agonist and MRAs in preclinical models are shown in the acute setting (i.e. short follow-up time) (Timmers et al., 2009; Schmidt et al., 2010; Chang et al., 2013; Roos et al., 2016). In clinical data, treatment with canrenoate did not show any significant differences at entry and at 10 days in echocardiographic parameters such as EDV, ESV, and EF, while at 90 days, and 180 days after treatment it did (Di Pasquale et al., 2005). The same was observed in another patient study with potassium canrenoate (Modena et al., 2001). Here, also collagen synthesis marker PIIINP illustrated a more profound decrease over time (3, 6, 12 months). Evidently, beneficial functional effects can be observed when targeting late cardiac remodeling. Therefore, it may be possible that the timing of our study (8 weeks follow-up) was just outside the optimal therapeutic window: too late to benefit acute-, and too early to benefit long-term effects.
In the current study, combined treatment with GLP-1R agonist exenatide and MR antagonist potassium canrenoate did not show functional benefits on cardiac remodeling and did not result in functional improvement in small and large chronic HF models. Yet, the role of either compound in IR injury and HF progression remains appealing and more studies are necessary to provide complete disclosure concerning their role in this process.
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Background: Lcz696 (ARNI, angiotensin receptor–neprilysin inhibitor; sacubitril/valsartan) shows an inhibitory effect on fibrosis after myocardial infarction (MI). However, the underlying signaling mechanisms are poorly understood. The Wnt/β-catenin signaling pathway is activated after MI and participates in the process of myocardial fibrosis. Here, we aimed to assess the efficacy of ARNI for alleviating myocardial fibrosis after MI and hypothesized that ARNI alleviates myocardial fibrosis by inhibiting the Wnt/β-catenin signaling pathway and overexpressing sFRP-1, an inhibitor of the Wnt/β-catenin signaling pathway.
Methods: Mice randomized at 1 week post-MI were administered lcz696 (60 mg/kg, n = 21), valsartan (30 mg/kg, n = 19), or corn oil (n = 13) orally for 4 weeks, while the sham-operated group received vehicle (corn oil, n = 19). Cardiac function and extent of myocardial fibrosis were measured. Western blotting and quantitative real-time polymerase chain reaction were used to detect the expression of Wnt/β-catenin pathway-related proteins. Furthermore, primary myocardial fibroblasts were stimulated with angiotensin II (Ang II) and cultured with lcz696 and the sFRP-1 inhibitor way316606 to detect the expression of Wnt/β-catenin pathway proteins.
Results: Both lcz696 and valsartan alleviated myocardial fibrosis and improved cardiac function, but lcz696 had superior efficiency compared to valsartan. Furthermore, β-catenin expression was inhibited and sFRP-1 was overexpressed after drug treatment, which could be significantly improved by lcz696 in mice. In addition, lcz696 inhibited β-catenin expression in AngII-stimulated myocardial fibroblasts, and β-catenin expression increased after the inhibition of sFRP-1.
Conclusion: ARNI alleviated cardiac fibrosis and cardiac remodeling by inhibiting the Wnt/β-catenin signaling pathway. In addition, ARNI can lead to overexpression of sFRP-1, which is an inhibitor of the Wnt/β-catenin signaling pathway. These results indicate a new therapeutic target of ARNI to improve myocardial fibrosis and prevent myocardial remodeling.
Keywords: myocardial infarction, myocardial fibrosis, LCZ696, Wnt/β-catenin signaling, SFRP-1
INTRODUCTION
Heart failure following acute myocardial infarction (MI) remains a major public health concern worldwide, exerting a substantial economic burden (Mozaffarian et al., 2016). Cardiac remodeling is viewed as a key determinant of the clinical outcomes in heart diseases. Cardiac fibrosis, which is typically seen in the failing heart, is a major aspect of the remodeling process. Myocardial fibrosis is an important pathophysiological process observed after MI (Zile et al., 2019). Cardiac fibrosis arises from a pathological attempt to repair tissue damage during maladaptive remodeling. The proliferation of interstitial fibroblasts and increased deposition of extracellular matrix components result in myocardial stiffness and diastolic dysfunction, which ultimately leads to heart failure. Treatment options to block or reverse fibrosis are scarce (Burke et al., 2019). Lcz696 (valsartan/sacubitril), the first of the new ARNI (dual-acting angiotensin-receptor–neprilysin inhibitor) drug class, contains equimolar amounts of valsartan which is an angiotensin-receptor blocker, and sacubitril, which is a prodrug for the neprilysin inhibitor, and ARNI has been extensively reported to approve for the treatment of heart failure patients with reduced ejection fraction [ (Campbell, 2017). (Voors et al., 2013)]. ARNI, apart from blocking angiotensin II (AngII)-signaling, also augments natriuretic peptides by inhibiting their breakdown by neprilysin (von Lueder, 2015), an endopeptidase that degrades various vasoactive peptides, including ANP (atrial natriuretic peptide) and BNP (brain natriuretic peptide) (Burke et al., 2019). Natriuretic peptides, activated in cardiac dysfunction and HF, counteract the RAAS and promote vasodilation, natriuresis, and inhibit fibrosis and hypertrophy. The addition of the neprilysin component in lcz696 augments plasma levels of natriuretic peptides (Voors et al., 2013). In fact, the PARADIGM-HF trial compared enalapril and sacubitril/valsartan (ARNI) therapies and showed that the latter can significantly reduce cardiovascular death and hospitalization in patients with systolic heart failure (McMurray et al., 2014a). ARNI reportedly can improve cardiac function and remodeling; however, the mechanisms underlying the cardioprotective action of ARNI in the context of fibrosis and remodeling after MI are mostly unknown. Despite recent formal recognition of ARNI by guideline authorities, there is a striking paucity of mechanistic data on the effect of ARNI compared to those on stand-alone RAAS blockade on cardiac remodeling (Ponikowski et al., 2016).
Regarding the underlying molecular mechanisms, ample studies have recently shown an emerging role of the Wnt/β-catenin signaling pathway in the process of cardiac remodeling; inhibition of this pathway has been shown to be cardioprotective, to avert cardiac inflammation and fibrosis, to reduce infarct size and scaring, and to stimulate functional recovery of the heart (Eid et al., 2020).
Wnt signaling pathways are considered essential in heart development and are found to be active in the post-MI heart (Voors et al., 2013; McMurray et al., 2014a). Wnt/β-catenin signaling in the adult heart is quiescent under normal conditions; however, it is reactivated after MI, playing a dominant role in the regulation of cardiac fibrosis [ (Palevski et al., 2017). (Fu et al., 2019)]. The expression of several Wnt pathway proteins, such as β-catenin and Dvl-1, is increased in the damaged tissues after experimental MI induction (Barandon et al., 2003a; Chen et al., 2004; Barandon et al., 2005; Kobayashi et al., 2009). In addition, Wnt/β-catenin signaling has been shown to promote cardiac fibrosis by inducing the transition of endothelial and epicardial cells into a mesenchymal state, differentiation of fibroblasts into myofibroblasts, and production of collagen (Mizutani et al., 2016). Importantly, several studies have shown that the inhibition of Wnt/β-catenin signaling after MI is beneficial, as it improves infarct healing and prevents heart failure. This suggests that blocking the Wnt/β-catenin signaling pathway could be a potential novel therapeutic approach to prevent adverse cardiac remodeling after MI.
The secreted frizzled-related protein 1 (sFRP-1), an antagonist of the Wnt/β-catenin pathway (Tao et al., 2015), has been shown to significantly inhibit the proliferation of cardiac fibroblasts, synthesis of collagen, and differentiation of myofibroblasts, and to consequently effectively alleviate the progression of pathological cardiac fibrosis (Sklepkiewicz et al., 2015). Importantly, Barandon et al. demonstrated the upregulation of sFRP-1 in the heart after MI (Ge et al., 2019).
Mechanistically, the beneficial impact of ARNI may partially stem from the inhibition of Wnt/β-catenin signaling. Based on previous studies, we hypothesized that lcz696 could be implicated in post-MI myocardial fibrosis by regulating the Wnt/β-catenin signaling pathway. However, the correlation between ARNI and sFRP-1 has not been studied thus far. Therefore, herein, we evaluated the effects and mechanisms of ARNI in the context of MI, both in vitro and in vivo. Particularly, we comprehensively investigated the relationship among ARNI, the Wnt//β-catenin pathway, and sFRP-1.
MATERIALS AND METHODS
Animal Protocols
All mouse studies were approved by the Animal Ethics Committee of Shandong University; the care and use of animals followed the guidelines on animal ethics. Eight-week-old C57BL/6J male mice were purchased from SBF Biotechnology Co. Ltd. (Beijing, China). The mice were housed at a constant temperature (24°C) and provided a normal diet with free access to water. C57BL/6J male mice underwent either a permanent coronary artery ligation to induce MI or sham surgery. Briefly, the left coronary artery (LCA) was positioned using a 6–0 silk suture, stitched, and ligated approximately 3 mm from its starting point (Gao et al., 2010). When the front wall of the left ventricle (LV) turned pale, ligation was considered successful. The sham group received the same surgical procedure but without blocking the LCA. One week following LCA ligation, mice were assessed by echocardiography for study inclusion. Mice were randomly assigned into one of four following groups: sham-operated group (Sham, n = 20; 19 alive), MI group (MI, n = 20; 13 alive), VAL group (VAL; n = 40; 21 alive), and ARNI group (ARNI; n = 40; 19 alive). After a week of adaptive feeding, surviving mice were administered VAL or ARNI via gavage. Some studies have proposed excessive toxic side effects of ARNI. Therefore, we referred to the experimental study of Suematsu et al. and adopted the administration of ARNI (60 mg/kg) or VAL (30 mg/kg) dissolved in corn oil or only corn oil every day in the morning (8–9 AM) for 4 weeks. Moreover, the dose of lcz696 (60 mg/kg/day) was selected based on a previous report (Xia et al., 2017). Of note, there was no difference in feeding conditions among all mice.
Cardiac Function Measurement
Mice were anesthetized via inhalation of isoflurane gas; induction was performed at 2.5% in a chamber, and maintenance was carried out at 1.5% isoflurane via a nose adaptor. The cardiac function was then evaluated using the Vevo770 imaging system (Visual Sonic, Toronto, Canada). The left ventricular ejection fraction (LVEF), fractional shortening (FS), early (E) peak, late (A) peak, left ventricular end-diastolic dimension (LVEDd), and left ventricular mass (LV mass) were measured. The ratios of early-to-late mitral flow velocity (E/A) and diastolic velocity ratio (E’/A’) were also calculated. Additionally, the internal diameter of the LV and the thickness of the septum and posterior wall at end-systole and end-diastole were measured from the long-axis view at the level of chordae tendineae. LVEF and FS were then calculated according to these parameters. Echocardiographic imaging and measurements were performed in a blinded manner. All measurements were averaged based on three consecutive cardiac cycles.
Serum NT-proBNP and Blood Pressure Measurements
The serum levels of NT-proBNP were measured using a commercial enzyme-linked immunosorbent assay (ELISA)—Mouse NT-proBNP ELISA Kit (MyBioSource, CA, United States), according to the manufacturer’s instructions. Briefly, this assay employs a quantitative sandwich enzyme technique. A microplate is pre-coated with an antibody specific for NT-proBNP; the analyte is captured, and then sandwiched with a biotin-conjugated antibody. Thereafter, avidin-conjugated horseradish peroxidase is added, followed by a specific substrate. Finally, color development is stopped, and the intensity of the color is measured. In our assay system, the intensity of the developed color was positively correlated with the concentration of mouse NT-proBNP in the sample, and the absorbance (OD value) was measured with using an absorbance microplate reader (SpectraMax plus 384, American Molecular Devices Scientific Company) at 450 nm wave length.
The systolic and diastolic blood pressure of awake mice was measured using the tail-sleeve method before and after surgery and before death. The heart rate (HR), systolic blood pressure (SBP), and diastolic blood pressure (DBP) were measured using a noninvasive tail-cuff system (Softron BP-98A, Softron, Tokyo, Japan).
TTC Staining
Animals were humanely euthanized, and their hearts were quickly removed, rinsed with normal saline, and dried. Heart tissues were frozen in a −20°C refrigerator for 30 min until they hardened. Then, from the apex of the heart to the bottom, 1–2 mm thick sections were obtained, along the direction of the atrioventricular groove. A total of five slices were cut. The slices were quickly placed into a TTC phosphoric acid buffer solution (Solarbio, Beijing, China) at 37°C, and were subsequently bathed in water for 15 min. The infarcted area after staining appeared white, while the normal areas appeared red.
Histology and Immunohistochemistry
Mice were anesthetized and euthanized, and their hearts were dissected; the dissected tissues were immediately fixed with 4% formalin. Tissues were then embedded within paraffin and sectioned (5 µm) for histology staining including hematoxylin and eosin (H&E) and immunohistochemistry. Of note, the cardiac tissues were removed from 3 to 4 mm below the ligation site to ensure that the pathological sections of cardiac tissues were at the same level. For the detection of interstitial collagen deposition, heart sections were stained with PicroSirius Red and Masson’s trichrome according to the manufacturer’s instructions. PicroSirius Red staining images were captured at 10× on a BX51 epifluorescence microscope (Olympus, Shinjuku, Japan) using circularly polarized light to generate a birefringent (red/thick and green/thin) signal from collagen fibers. To evaluate fibrosis, the areas of interest (epicardial, perivascular, and interstitial) were defined using ImageJ. The fraction of the fibrosis area was quantified using ImageProPlus6.0 (Media Cybernetics, Sarasota, FL, United States).
For immunohistochemistry, the slides were incubated overnight at 4°C with specific primary antibodies against SFRP-1 (1:800, Abcam, Cambridge, United Kingdom), β-catenin (1:50, Cell Signaling Technology, Leiden, Germany), GSK-3β (1:50, Santa Cruz Biotechnology, TX, United States), collagen I (1:200, Abcam), and collagen III (1:500, Abcam). The next day, the samples were incubated with secondary antibodies and diaminobenzidine staining (ZSGB-Bio, Beijing, China) was performed following the manufacturer’s protocols. Data were analyzed using ImageProPlus6.0 (Media Cybernetics, Sarasota, FL, United States).
TUNEL Assay
Apoptotic cells in myocardium were detected using a in situ cell death detection kit (Roche, 12156792910) following the manufacturer’s instructions. Heart sections were deparaffinized, hydrated, kept in permeabilization solution (0.1% Triton X-100) for 5 min, and incubated in TUNEL reaction mixture for 60 min at 37°C; the sections were then sealed in Prolong Gold Anti-Fade Reagent with 4-6-diamidino-2-phenylindole (DAPI, Invitrogen). Images were acquired via a fluorescence microscopy (Nikon) and quantified using ImageProPlus6.0 software (Media Cybernetics, Sarasota, FL, United States).
Immunofluorescence
Heart sections were incubated with specific primary antibodies against α-SMA (Abcam, Cambridge, MA, United States) at the appropriate concentrations at 4°C overnight. The next day, horseradish peroxidase-conjugated secondary antibodies were added for 1 h at 37°C. Nuclei were visualized using DAPI staining. Fluorescent images were acquired via a fluorescence microscopy (Nikon) and quantified using Image Pro Plus 6.0 software (Media Cybernetics, Sarasota, FL, United States).
Cellular Cardiac Fibrosis in vitro Model
Primary myocardial fibroblasts were obtained from 2–3-day-old mice via enzyme digestion and differential plating (Burke et al., 2019). Briefly, ventricles were isolated and transferred into a solution containing 0.8 mg/ml collagenase type II (Solarbio) and finely minced. Tissues were then agitated in 4–6 ml of collagenase solution in four cycles of 60 min each, and cells were collected at each step by centrifugation. Cells were then strained through 70-μm filters and plated onto 6-well plate for 2 h. Non-adherent cells were then removed, and the adherent cells were considered fibroblasts. The culture medium was then replaced, and the cells were maintained in DMEM (Solarbio) containing 10% FBS and penicillin/streptomycin (Invitrogen, Carlsbad, CA, United States) in a 5% CO2 humidified incubator at 37°C for 36 h. Before lcz696 or VAL stimulation, the cells were starved in serum-reducing medium (2% FBS) for 12 h. Subsequently, we added different lcz696 (ARNI, HY-18204A; MCE) in varied concentrations (1, 10, and 30 μmol/L) (Ge et al., 2019) and incubated the cells for 1 h; Val (HY-18204; MCE) (30 μmol/L) was used as the positive control. After repeated experiments, the optimal concentration of lcz696 (30 μmol/L) was finally determined. Additionally, to investigate the potential role of sFRP-1, we incubated cells overnight with the sFRP-1 inhibitor way316606 (2 μmol/L; MCE, HY-10858). The stimulation of collagen synthesis with Angiotensin II (AngII, Sigma) 100 nmol/L requires 48 h (von Lueder, 2015). Therefore, cells were treated as mentioned above, and only then received AngII, followed by 2 days of incubation. Experiments were repeated at least three times.
Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) Assay
Total RNA was extracted from the mouse hearts using the TRIzol reagent (Ambion) following the manufacturer’s protocol, and the conversion of mRNA into cDNA was performed using the Primescript™ RT reagent kit with gDNA Eraser (RR047A, Takara, Tokyo, Japan). qRT-PCR was performed using SYBR Premix Ex TaqII (RR420A; Takara) in the iQ5 Multicolor Real-Time PCR Detection System (Bio-Rad, Hercules, CA, United States) using gene specific primers (Table 1). Relative mRNA expression was quantitated by 2−ΔΔCt comparative quantification method (Liu et al., 2019). All experiments were repeated at least three times.
TABLE 1 | Information of primers for RT‐qPCR.
[image: Table 1]Western Blot Analysis
Total protein from mouse myocardium tissues and primary cardiac fibroblasts was extracted using a protein extraction kit and protein concentration was measured using BCA Protein Assay kit (Beyotime, China) according to the manufacturer’s protocol. The proteins were separated by 10% gradient SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a polyvinylidene difluoride (PVDF) membrane using the wet transfer method. The membranes were blocked with 5% defatted milk for 1 h at room temperature and then incubated overnight at 4°C with specific primary antibodies against sFRP-1 (1:230,Abcam, ab4193), β-catenin (1:1,000, Cell Signaling Technology, D10A8), active β-catenin (1:1,000, EMD Millipore, 05–665), GSK-3β (1:1,000, Santa Cruz Biotechnology, 0011-A),p-GSK-3β (1:1,000, Cell Signaling Technology, 5558T), α-tubulin (1:10,000,Abcam, ab7291), collagen III (1:5,000,Abcam,ab7778) and α-SMA (1:10,000, Cell Signaling Technology, 19245s). All primary antibodies are diluted in proportion with antibody diluent (Boster). The membranes were washed and incubated with the anti-mouse/rabbit secondary antibodies labeled with horseradish peroxidase (1:5,000; ZSGB-Bio, Beijing, China) for 1 h at room temperature. The blots were subsequently detected using a chemiluminescence kit (Millipore, Billerica, MA, United States) as per the manufacturer’s instructions. All experiments were repeated at least three times.
Statistical Analysis
All data are expressed as mean ± SEM derived from at least three independent experiments. Statistical analysis was performed using GraphPad Prism 8 (GraphPad, San Diego, CA, United States). The Shapiro-Wilk test was applied for normality assumption. Thereafter, normally distributed data were analyzed using the unpaired two-tailed Student’s t-tests (two-group comparisons), or the one-way ANOVA followed by Dunnett’s or Tukey’s post hoc tests (comparisons between multiple groups). p < 0.05 was considered statistically significant.
RESULTS
Anti-myocardial Remodeling Effect of ARNI Is Superior to That of Valsartan
C57BL/6J male mice underwent permanent LCA ligation to induce MI. Importantly, TTC staining was performed 24–48 h after MI and showed that the mouse model of MI was successfully established with the infarcted areas appearing in white; of note, no infarcted areas were detected in sham-operated animals (Figure 1A). Additionally, the MI group showed a significantly increased heart size; however, interestingly, after the drug intervention, the heart size was observed to have decreased, especially in the ARNI group (Figure 1B). Furthermore, HE staining showed that ARNI improved the increase in the ventricular cross-sectional area after MI; at high magnification, we observed the texture of the myocardium in the infarcted area to be white gelatinous, while the texture becomes hard, like ground glass. Of note, the improvement after ARNI treatment was considerably greater than that observed after VAL treatment (Figure 1C). As expected, the ratio of heart weight to body weight in the MI group was higher than that in the sham group (Figure 1D); This ratio in the ARNI group was significantly lower than that in the VAL group. Moreover, there was no significant difference in the body weight among the four groups (Figure 1D). Finally, yet importantly, after the drug intervention, there was a downward trend in the systolic blood pressure (SBP) of mice, more obviously in VAL-treated animals, but without statistical relevance (Figure 1E).
[image: Figure 1]FIGURE 1 | TTC staining, heart size, and pathology in the four groups of mice. (A) TTC staining.(B) The heart gross morphological image. (C) H&E staining of Cross-sections of the hearts at the papillary muscle level and the infarct section (scale bar: 100 μm). (D) Quantitative analysis of the heart weight to body weight (HW/BW) ratio. (E) SBP-systolic blood pressure. Sham: sham-operated group; MI: myocardial infarction; VAL: valsartan intervention group; ARNI: Sacubitril/valsartan intervention group. Each group n = 7. *p < 0.01,**p < 0.05.
ARNI Alleviates MI-Induced Cardiac Dysfunction
The serum NT-proBNP levels were significantly increased 5 weeks after MI in the MI group; of note, there was a significant difference upon treatment with ARNI and VAL, and the effect of ARNI was superior to that of VAL (Figure 2A). Meanwhile, qRT-PCR analysis revealed that the mRNA levels of ANP and BNP in the MI group were significantly increased, while ARNI treatment reversed this trend (Figure 2B). Echocardiography further showed that LVEF, FS, E/A, and E’/A’ in the MI group were decreased compared to those in the sham group and that ARNI treatment significantly improved these metrics; of note, the difference was statistically significant compared with the metrics in the VAL group. Additionally, the LVEDd and LV mass were higher in the MI group than in the sham groups. However, compared with those in the VAL group, the LVEDd and LV mass in the ARNI group showed improvements (Figure 2D).
[image: Figure 2]FIGURE 2 | ARNI alleviates cardiac dysfunction in mice with myocardial infarction. (A) Serum NT-proBNP concentration. (B) Relative mRNA fold changes of ANP and BNP.(C). The 1st row:Representative 2D echocardiograms. The 2nd row: Representative M-mode echocardiograms. The 3rd row: Representative pulse-wave doppler echocardiograms of mitral inflow. The 4th row: Representative tissue doppler echocardiograms. (D) Left ventricular mass, LV ejection fraction (LVEF%), fractional shortening (FS), left ventricular end-diastolic dimension (LVEDd), early-to-late mitral flow (E/A), and diastolic velocity ratio (E’/A’). Each group n = 8.*p < 0.01,**p < 0.05, ***p < 0.001.
ARNI has Anti-fibrosis and Anti-Apoptotic Effects
Masson’s trichrome and PicroSirius red staining of heart sections demonstrated that collagen deposition in the hearts of MI animals was worse than that observed in the sham group, as expected. Additionally, ARNI treatment prevented collagen deposition to a greater extent than VAL treatment (Figures 3A,A1,B,B1). We also examined cardiac expression of α-smooth muscle actin (α-SMA), a molecular signature for myofibroblast activation. The immunofluorescence results showed that α-SMA was strongly expressed in the infarct area, and the expression was significantly decreased after drug intervention as shown in Figures 3C,C1. The immunohistochemistry (IHC) results showed that the expression of collagen I and collagen III in and around the infarcted area was enhanced in the MI group and decreased in the ARNI group to a significantly greater extent than that observed in the VAL group (Figures 3D,D1,E,E1). The TUNEL assay showed that the apoptosis rate was also increased significantly in MI group (Figures 3F,F1); apoptosis was found to have decreased after drug intervention, especially for the ARNI group. Meanwhile, qRT-PCR indicated that the mRNA levels of genes encoding for α-SMA and TGF-β in MI animals were significantly increased, and that ARNI treatment reversed this trend; the effects were significantly superior in ARNI-treated animals than in VAL-treated animals (Figures 3G,H). Of note, no significant difference was detected in the expression of TGF-β between the VAL and MI groups.
[image: Figure 3]FIGURE 3 | Effects of ARNI on myocardial fibrosis in mice with MI. (A) Sirius Red staining of myocardium tissues (2nd row, scale bar = 100 μm). (A1) Quantitative analysis of myocardial fibrosis (Sirius Red staining). (B) Masson’s trichrome staining of myocardium tissues (scale bar = 200 μm). (B1) Quantitative analysis of myocardial fibrosis (Masson’s trichrome staining).(C) Immunofluorescence images of myofibroblasts derived from CFs. Red, α-SMA; Blue, nuclei. (scale bars = 100 μm). (C1) Quantitative analysis of α-SMA; (D,D1,E,E1) Immunostaining of collagen I and collagen III. (F) TUNEL staining of myocardium (scale bar = 100 μm). (F1). Quantitative analysis of TUNEL positive cells. (G,H) Relative mRNA level of α-SMA and TGF-β.Each group n = 7. *p < 0.01,**p < 0.05, ***p < 0.001.
Wnt/β-catenin Signaling Pathway Is Activated in Mice From the MI Group
Remarkably, western blot analysis showed that the expression of β-catenin and active β-catenin was increased 4 weeks after MI in mice (compared to the sham group). Interestingly, after 4 weeks of treatment with ARNI and VAL, the expression of β-catenin was inhibited; of note, the expression of β-catenin and active β-catenin in the ARNI group was significantly lower than that in the VAL and MI groups (Figures 4A–C). In contrast, the effects on GSK-3β and p-GSK-3β were the opposite (Figures 4D–F). Similarly, the IHC results for β-catenin and GSK-3β were also consistent with the above results (Figures 4G–I). Although qRT-PCR results for β-catenin and GSK-3β were also consistent with those stated above (Figures 4J,K), there was no significant difference in the expression of GSK-3β between the VAL and MI groups. Additionally, the expression of Dvl1 was also found to have increased after MI, and decreased after drug treatment, with ARNI outperforming VAL (Figure.4L).
[image: Figure 4]FIGURE 4 | The influence of the Wnt/β-catenin signaling pathway in mice with MI. (A,B,C). Western blot analysis of the β-catenin and active β-catenin expression. (D,E1,E2,F). Western blot analysis of the GSK-3β and p-GSK-3β expression. G. Immunohistochemistry staining of β-catenin and GSK-3β. (H, I) β-catenin and GSK-3β Immunohistochemistry quantitative data. (J,K,L) Relative mRNA expression level of β-catenin,GSK-3β and Dvl-1. Each group n = 7. *p < 0.01,**p < 0.05, ***p < 0.001.
ARNI Promotes the Expression of sFRP-1
Next, we investigated the expression of sFRP-1, which is found upstream of the Wnt signaling pathway. The western blot results showed that the expression of sFRP-1 was increased in the MI group compared with that in the sham group. Remarkably, after drug treatment, the expression of sFRP-1 was increased more obvious; of note, the increase was observed to be higher in the ARNI group than in the VAL group (Figures 5A,B). Importantly, the IHC and qRT-PCR analyses yielded similar results; the expression of sFRP-1 was found to have significantly increased in the ARNI group (Figures 5C–E).
[image: Figure 5]FIGURE 5 | The expression of sFRP-1 after ARNI and VAL intervention. (A,B) Western blot analysis of the expression of sFRP-1. (C,D) Immunohistochemistry staining of sFRP-1. (E) Relative mRNA expression level of sFRP-1. Each group n = 7.*p < 0.01,**p < 0.05, ***p < 0.001.
sFRP-1 Regulates the Wnt/β-Catenin Signaling Pathway in vitro
For further mechanistic insights, we obtained primary mouse fibroblasts according to the methods mentioned above and studied the effects of lcz696 and VAL on the Wnt/β-catenin signaling pathway as well as on the expression of sFRP-1. The western blot results indicated that β-catenin expression was significantly inhibited at 30 mmol/L lcz696 (Figure 6A). The qRT-PCR results showed that β-catenin expression was significantly inhibited with 30 µmol/L lcz696, while the expression of sFRP-1 was increased (Figures 6G,H). Of note, the qRT-PCR analysis showed that the expression of Dvl-1 was also the lowest at 30 µmol/L lcz696 (Figure 6I). Next, in order to further explore the role of sFRP-1, we used the sFRP-1 inhibitor way316606. Interestingly, western blot analysis revealed that the expression of β-catenin in way316606-treated cells (way316606+) was higher than that in lcz696-treated cells and lower than that in AngII-treated cells, suggesting that the influence of lcz696 on β-catenin is related to the expression of sFRP-1 (Figure 6B). The results of qRT-PCR were once again consistent with these observations (Figure 6J). Additionally, qRT-PCR revealed that the expression of α-SMA and TGF-β was significantly increased in AngII-stimulated cells and decreased in lcz696-treated cells; furthermore, their expression in way316606-treated cells was higher than that in lcz696-treated cells (Figure 6K,L). In addition, western blot analysis revealed that the expression of collagen III in way316606-treated cells was higher than that in lcz696-treated cells and lower than that in AngII-treated cells (Figure 6B), suggesting that the sFRP-1 can alleviate collagen deposition in myocardial fibroblasts.
[image: Figure 6]FIGURE 6 | Effects of sFRP-1 on myocardial fibrosis. (A,C)Western blot analysis of the β-catenin expression. (B,D,E,F). Western blot analysis of the β-catenin, α-SMA and collagen III expression in the context of way316606 treatment. (G,H,I). Relative mRNA expression level of β-catenin,sFRP-1 and Dvl-1.(J,K,L) Relative mRNA expression level of β-catenin, α-SMA and TGF-β in the context of way316606 treatment. Angiotensin II:100 nmol/L; lcz696 1 μmol/L; lcz696 10 μmol/L; lcz696 30 μmol/L; valsartan 30 μmol/L; way316606 2 μmol/L. The experiment was conducted at least 3 times independently,*p < 0.01,**p < 0.05, ***p < 0.001.
DISCUSSION
In this study, we show that the sFRP-1/Wnt/β-catenin axis plays a role in the prevention of myocardial fibrosis and improvement of myocardial remodeling in the context of ARNI treatment.
Studies have shown that ARNI has an inhibitory effect on fibrosis after MI, but the exact underlying mechanism is not entirely clear. Cardiac fibrosis is a common process in remodeling hearts after MI and is mediated by myofibroblast invasion and collagen deposition (van den Borne et al., 2010). In the present study, we successfully established a MI model in mice as revealed by TTC staining. Importantly, Masson’s trichrome and PicroSirius Red staining showed that the degree of myocardial fibrosis was the highest in the MI group and was decreased in the ARNI- and VAL-treated groups. Von Lueder et al. found that ARNI could improve the LVEDd and LVEF after MI, reduce cardiac weight, and reduce myocardial fibrosis (von Lueder et al., 2015). We hypothesize that ARNI inhibits cardiac fibrosis and consequently prevents the development of cardiac hypertrophy.
ARNI was observed to show significant improvement over standard of care therapy in patients with class II, III, or IV heart failure and reduce the ejection fraction in the PARADIGM-HF trial (McMurray et al., 2014b). In the present study, we compared the changes in cardiac function after MI in four groups of mice and found that cardiac function was significantly reduced in the MI group and improved in the ARNI- and VAL-treated groups; the improvement in the ARNI group was more significant than that observed in the VAL group. We believe that the use of ARNI is advantageous over the use of a single RAAS blocker, which is supported by echocardiographic data, including the ejection fraction, LVIDd, and LV mass.
The Wnt signal transduction pathway is involved in myocardial repair after MI (Blankesteijn et al., 2000). (Schumann et al., 2000). Studies by Yue Z et al. showed that the connection between RAAS and Wnt/β-catenin might not be a one-way path; rather, it appears to be bidirectional and reciprocal. Therefore, RAAS activation and Wnt/β-catenin could form a vicious cycle, leading to myocardial fibrosis; meanwhile, activation of β-catenin can stimulate the expression of ANP and BNP, which are markers for left ventricular dysfunction and cardiac injury (Zhao et al., 2018). We also assessed cardiac expression of ANP and BNP and found that ARNI can reduce the expression of ANP and BNP. Further, studies have shown that Wnt/β-catenin signaling in resident cardiac fibroblasts is required for excessive extracellular matrix gene expression and collagen deposition after cardiac remodeling (Xiang et al., 2017). The results of PicroSirius Red and Masson’s trichrome, α-SMA immunofluorescence, and collagen I, III immunohistochemistry are consistent with this observation.
Under general physiological conditions, the Wnt/β-catenin signaling pathway is inactive, and β-catenin is phosphorylated by the GSK-3β degradation complex following phosphorylation, β-catenin is identified and degraded by the ubiquitin-mediated proteasomal degradation pathway, maintaining low levels of expression in the cytoplasm. The canonical Wnt signaling pathway is activated after MI (MacDonald et al., 2009), proteins from the Wnt family can bind to frizzled receptors. This causes an activation of the signal transduction molecule disheveled (Dvl) which, in turn, inhibits the (GSK-3β), the expression level of β-catenin increased. However, we found that the expression of p-GSK-3β was different from the results of previous studies (Gupte et al., 2018), which may be related to the time stage after myocardial infarction (Lal et al., 2014) or likely related different MI areas, such as MI and non-MI areas or maybe lcz696 likely regulating β-catenin and GSK-3β through two independent pathways, this will encourage us to explore further.
this enzyme is responsible for the phosphorylation of β-catenin (van Gijn, 2002). Inhibition of the Wnt signaling pathway can effectively reduce myocardial remodeling and improve cardiac function. In line with these studies, here, we found that the Wnt signaling pathway was activated in the context of MI and that the expression of β-catenin and Dvl-1 was increased. Of note, ARNI treatment prevented the activation of Wnt signaling.
Although studies have shown that inhibiting the Wnt pathway leads to cardioprotective effects in the context of MI in mice, blocking the Wnt signaling pathway has been shown to lead to an increased heart rupture rate (Barandon et al., 2003b). Barandon et al. established an acute MI model using transgenic mice overexpressing sFRP-1 and reported the inhibition of the Wnt pathway after acute MI in mice as well as the consequent reduction in the MI area and rate of heart rupture; thus, sFRP-1 could control the healing process after MI (Alfaro et al., 2010). Therefore, the timely adoption of certain methods to overexpress sFRP-1 after MI can effectively improve the prognosis of MI. Of note, these protective effects are likely due to the inhibition of the over-activation of the Wnt/β-catenin pathway (Alfaro et al., 2010). (Barandon et al., 2011). One interesting finding of the present study is that ARNI could inhibit the activation of the Wnt/β-catenin pathway, and the expression of sFRP-1 was also increased in vivo. We speculated that the inhibition of the Wnt/β-catenin pathway by ARNI might be achieved through sFRP-1. To further verify our hypothesis, we stimulated myocardial fibroblasts with AngII in vitro, after pre-incubation with lcz696 and Val. Interestingly, the expression of β-catenin was the lowest when 30 μmol/L of ARNI was administered. Additionally, the inhibition of sFRP-1 led to an increased expression of β-catenin. These observations provide novel insights into the mechanism by which inhibition of the Wnt/β-catenin signaling pathway by ARNI might be achieved by influencing the expression of sFRP-1.
Although our study provides new insights into the mechanism of action of ARNI in myocardial fibrosis, the underlying molecular mechanisms are not well understood. Further investigation is required to explore the specific mechanism of the regulation of the Wnt/β-catenin signaling pathway by ARNI.
CONCLUSION
This study confirmed that the Wnt/β-catenin signaling pathway is activated in the context of MI. Importantly, we show that ARNI improves myocardial fibrosis, prevents myocardial remodeling, and inhibits the Wnt/β-catenin signaling pathway via the upregulation of sFRP-1 in the context of MI.
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Chronic volume overload induces multiple cardiac remodeling processes that finally result in eccentric cardiac hypertrophy and heart failure. We have hypothesized that chronic angiotensin-converting enzyme (ACE) inhibition by trandolapril might affect various remodeling processes differentially, thus allowing their dissociation. Cardiac remodeling due to chronic volume overload and the effects of trandolapril were investigated in rats with an aortocaval fistula (ACF rats). The aortocaval shunt was created using a needle technique and progression of cardiac remodeling to heart failure was followed for 24 weeks. In ACF rats, pronounced eccentric cardiac hypertrophy and contractile and proarrhythmic electrical remodeling were associated with increased mortality. Trandolapril substantially reduced the electrical proarrhythmic remodeling and mortality, whereas the effect on cardiac hypertrophy was less pronounced and significant eccentric hypertrophy was preserved. Effective suppression of electrical proarrhythmic remodeling and mortality but not hypertrophy indicates that the beneficial therapeutic effects of ACE inhibitor trandolapril in volume overload heart failure might be dissociated from pure antihypertrophic effects.
Keywords: cardiac remodeling, volume overload, aortocaval fistula, rat, renin-angiotensin-aldosterone system, trandolapril
INTRODUCTION
Heart failure (HF) is a complex clinical syndrome characterized by cardiac dysfunction, i.e., the inability to maintain sufficient cardiac output, and myocardial structural abnormalities including hypertrophy and dilated cardiomyopathy. It is considered an epidemic disease in the modern world, affecting approximately 1–2% of the adult population and its prevalence is increasing (Savarese and Lund, 2017). HF is a multifactorial and systemic disease; the most common etiologies are ischemic heart disease, hypertension, and diabetes (Lloyd-Jones et al., 2002). HF activates a variety of structural, neurohumoral, cellular, and molecular mechanisms, which compensate for the decrease in mean arterial pressure due to reduced cardiac output (Kemp and Conte, 2012). These compensatory responses comprise the Frank-Starling Law, mainly in the early stages of HF (Westerhof and O’Rourke, 1995), stimulation of the sympathetic nervous system with release of catecholamines (Chaggar et al., 2009), activation of the renin-angiotensin-aldosterone-system (RAAS) (Ruzicka et al., 1993; Ruzicka et al., 1995; Rea and Dunlap, 2008), ventricular remodeling (Schirone et al., 2017), and the release of many neurohormones with vasoactive effects (Kim and Januzzi, 2011). Despite the early beneficial effects, long-term sympathetic and RAAS activations result in maladaptive ventricular remodeling with deleterious effects on cardiac function and accelerated progression of HF (Lee and Tkacs, 2008; Triposkiadis et al., 2009). The significant role of RAAS in HF progression is also supported by a number of beneficial effects of drugs affecting this signaling pathway such as ACE inhibitors, angiotensin receptor blockers and mineralocorticoid receptor antagonists (Orsborne et al., 2017).
Rats with chronic volume overload due to aortocaval fistula (ACF rats) represent a well-characterized, reproducible and simple model of heart failure (Abassi et al., 2011). This model was adapted from dogs to rats in the early 1970s (Stumpe et al., 1973; Hatt et al., 1979; Hatt et al., 1980) and simplified by the needle procedure in the early 1990s (Garcia and Diebold, 1990). The model reproduces several characteristic features of human heart failure, e.g. gradual development from asymptomatic into decompensated phase, cardiac hypertrophy and dilatation as well as myocardial remodeling (Liu et al., 1991a; Liu et al., 1991b), elevated cardiac filling pressures, diminished effective cardiac output (despite elevated total cardiac output in ACF rats), neurohumoral activation and altered calcium handling (Flaim et al., 1979; Lee and Tkacs, 2008; Abassi et al., 2011). Special features distinct from those of pressure overload and infarction models include a lack of fibrosis and inflammation as well as the activation of different signaling pathways (Ruzicka et al., 1994; Toischer et al., 2010). Cardiac hypertrophy is often associated with increased susceptibility to ventricular arrhythmias and sudden cardiac death due to electrical remodeling with action potential prolongation, altered electrotonic coupling among the cells, slower conduction, and dispersion of refractoriness (Hill, 2003).
In this study we have hypothesized that multiple remodeling processes due to volume overload might be affected differentially by chronic ACE inhibition possibly allowing their dissociation. The objectives were to describe volume overload-induced structural, contractile and electrophysiological cardiac remodeling and to analyze the effects of chronic trandolapril administration on remodeling processes as well as on overall mortality.
MATERIALS AND METHODS
Animal handling was in accordance with the European Directive for the Protection of Vertebrate Animals Used for Experimental and Other Scientific Purposes (86/609/EU). The experiments were approved by the Committee for Experiments on Animals of the Charles University Faculty of Medicine in Pilsen and by the Ministry of Education, Youth and Sports of the Czech Republic (Protocol No. MZ-5809/2015-OZV-30.0-5.2.15). In this study, 62 Hannover Sprague-Dawley male rats (8 weeks old) were used. The animals were divided into three groups: sham-operated rats (sham surgery and placebo treatment), ACF rats (aortocaval fistula and placebo treatment), and ACF rats with trandolapril (aortocaval fistula and trandolapril treatment). The drug treatment started 4 weeks after the surgery and continued for 20 weeks. Experimental time points of 4 weeks (start of trandolapril treatment) and 24 weeks (in vivo and in vitro analyses) after surgery were chosen based on previous studies and our experience with the model. The time point of 4 weeks after surgery represents the compensatory stage with eccentric dilation, moderately impaired pump function and minimal mortality (Brower et al., 1996; Brower and Janicki, 2001; Ryan et al., 2007), in which reverse cardiac remodeling can be induced by therapeutic intervention (Hutchinson et al., 2011; Brower et al., 2015). The time point of 24 weeks after surgery was chosen as the end point, at which overt congestive heart failure should be developed in most animals (Brower and Janicki, 2001) and the mortality still allows a systematic analysis of cardiac function (Oliver-Dussault et al., 2010; Melenovsky et al., 2012). Trandolapril was administered in drinking water, 6 mg/L (Gopten; Abbot, Prague, Czech Republic). The dosing was based on previous studies (Červenka et al., 2015a; Červenka et al., 2015b), in which the effective suppression of angiotensin II plasma and tissue levels was demonstrated. In the placebo groups, the animals were given tap water.
Surgery
Prior to the surgery the animals were anaesthetized using ketamine and midazolam applied intraperitoneally (Calypsol, Gedeon Richter, Hungary, 160 mg/kg and Dormicum, Roche, France, 160 mg/kg). The aortocaval fistula was created as described previously (Garcia and Diebold, 1990). The abdominal aorta was pierced into the inferior vena cava by an 18-gauge needle (1.2 mm in diameter). A bulldog vascular clamp was placed across the caudal aorta, the needle was removed, and an acrylamide tissue glue (Histoacryl, B.Braun AG, Germany) was applied at the puncture point. After 30 s, the clamp was removed and the aortocaval shunt was checked visually by vena cava pulsation. The sham-operated rats underwent only opening and closing of the abdominal cavity, without the aortocaval fistula procedure. As post-operative analgesia, meloxicam (1–2 mg/kg/day SC) was given for 2–3 days.
In Vivo Experiments
Cardiac examination was performed 24 weeks after the surgery on anaesthetized animals (50 mg/kg of ketamine and 5 mg/kg of midazolam i.p.). Electrocardiography (ECG) was measured as previously (Sedmera et al., 2016) (sham-operated rats, n = 13; ACF rats, n = 10; and ACF rats with trandolapril, n = 9). In brief, four ECG leads were recorded using FE 132 Bioamp and Powerlab 8 (ADInstuments, Ltd., Australia) at a sampling rate of 1 kHz. Offline analyses of 200 consecutive beats in the lead with the least noise from each recording was performed in LabChart Pro 7 (ADInstruments, Ltd.). The beats chosen by the software classifier as good ones were averaged and the program measured the RR intervals, PR intervals, QRS intervals, and QT intervals automatically. The QTc intervals were determined using Bazett’s formula normalized to the average RR interval [QTc = QT/(RR/f)1/2, f = 160 ms], (Kmecova and Klimas, 2010).
Echocardiography (sham-operated rats, n = 15; ACF rats; n = 15, and ACF rats with trandolapril, n = 15) was performed with a 10 MHz probe (Vivid System 5, GE, United States). The aortic blood pressure (sham-operated rats, n = 13; ACF rats, n = 14; and ACF rats with trandolapril, n = 14) was measured using Powerlab 8 (ADInstruments Ltd.) and a 2F micro-manometer catheter (Millar Instruments, TX, United States) put into the aorta and left ventricle via the carotid artery. The offline analysis was made in LabChart Pro 7 (ADInstruments Ltd.) (Melenovsky et al., 2018).
In Vitro Experiments
The animals were sacrificed by cervical dislocation 24 weeks after the surgery. The hearts were excised, weighed, and used either for multicellular (sham-operated rats, n = 12; ACF rats, n = 10; and ACF rats with trandolapril, n = 10) or for cellular (8 cells/3 rats in each group) experiments. The multicellular experiments included measurements of atrial electrical activity in isolated atria and of contraction force and membrane potential in ventricular trabeculae from the left ventricles. The spontaneous atrial activity was recorded in a warm oxygenated (37°C) experimental chamber filled with Tyrode solution (in mmol/L: NaCl 137, KCl 4.5, MgCl2 1, CaCl2 2, glucose 10, and HEPES 5; pH was adjusted to 7.4 with NaOH; all chemicals were purchased from Sigma-Aldrich, Czech Republic) using Biopac System (Biopac Systems Inc., Santa Barbara, CA, United States). After a 5-min stabilization period, norepinephrine was added to the bath solution to increase the concentration every 3 min (10−8, 10−7, 10−6, 10−5, and 10−4 mol/L). Analysis of the acquired signal was performed offline using Biopac Student Lab PRO 3.7.2 (Biopac Systems Inc., Santa Barbara, CA, United States). Values of the heart rate obtained from this analysis were normalized to the heart rate in the control solution (Tyrode solution without norepinephrine).The ventricular preparations (trabeculae isolated from the left ventricle) were placed into a measurement chamber perfused with oxygenated warm (37°C) Tyrode solution (in mmol/L: NaCl 137, KCl 4.5, MgCl2 1, CaCl2 2, glucose 10, and HEPES 5; the pH was adjusted to 7.4 with NaOH; all chemicals were purchased from Sigma-Aldrich, Czech Republic) and stimulated at various frequencies (0.5, 1, 2, 3, and 5 Hz; Pulsemaster Multi-Channel Stimulator A300, World Precision Instruments, Inc., FL, United States). Contraction force was measured by an isometric force transducer (model F30; Hugo Sachs Electronik, Harvard Apparatus, GmBH, Germany) and membrane potential was measured using glass microelectrodes filled with 3M KCl (resistance >20 MΩ; Microelectrode Puller P-1000, Sutter Instruments, CA, United States). Action potential duration at 75% repolarization and maximal contraction force were measured offline in 10 consecutive beats by in-house software made in MATLAB 2014b (MathWorks Inc., MA, United States). These results were averaged and used for statistical analysis.
The ventricular cardiomyocytes were isolated by enzymatic dissociation. After excision of the heart, the aorta was cannulated and the heart was mounted to a constant-pressure Langendorff apparatus, where it was perfused with warm (37°C) oxygenated solution: 1) 3 min Ca2+-free Tyrode solution; 2) 12 min 0.5 mmol/L Ca2+ Tyrode solution with collagenase A (1 g/L, Sigma-Aldrich) and bovine serum albumin (0.5 g/L, Sigma-Aldrich); 3) 3 min Ca2+-free Tyrode solution. The digested ventricular tissue was cut into cubic pieces (1 mm3), mechanically agitated and the debris filtered. The Ca2+ concentration in the solution with cardiomyocytes was gradually (1 µmol/L, 5 µmol/L, 10 µmol/L, 0.1 mmol/L) increased up to 0.2 mmol/L. Calcium transients and sarcomeric contractions were measured by Ionoptix HyperSwitch Myocyte Calcium and Contractility System (IonOptix LLC, CA, United States) with the Sarclen sarcomere length acquisition module. The cardiomyocytes were incubated in 1 mmol/L Fura-2-AM solution (Molecular Probes, Invitrogen, MA, United States) dissolved in dimethyl sulfoxide (Sigma-Aldrich) for 20 min in 2 mmol/L Ca2+ Tyrode solution. After the incubation, the cells were washed with 2 mmol/L Ca2+ Tyrode solution repeatedly. During the measurement, the cardiomyocytes were placed in an experimental chamber perfused with warm (37°C) 2 mmol/L Ca2+ Tyrode solution and stimulated with the MyoPacer Field Stimulator (IonOptix LLC, CA, United States) at various frequencies (0.5, 1, 2, 3, and 5 Hz). Offline analysis of the calcium transients and the sarcomeric length was realized in IonWizard 6.5 (IonOptix LLC, CA, United States).
Statistical Analysis
The results of the experiments (presented as mean ± SD) were checked for normality distribution using the Shapiro-Wilk test and outliers were excluded by the Grubbs test. The boxplots show mean (dot), median (horizontal line), SD (box) and max-min (whiskers). The comparisons were made with a one-way ANOVA test followed by a post hoc Tukey test to determine possible significant differences between the experimental groups. The two-way mixed-design ANOVA (with stimulation frequency as a repeated-measures factor and experimental groups as a non-repeated-measures factor), followed by a post hoc Tukey test was used to analyze the results of in vitro experiments. Survival analysis was performed with the Kaplan-Meier estimator. The incidence of spontaneous activity in ventricular cardiomyocytes was compared by Fisher’s exact test between experimental groups; p < 0.05 was considered statistically significant. The whole statistical analysis described above was performed in OriginPro 2019 (OriginLab Corporation, Northampton, MA, United States).
RESULTS
In ACF rats, the administration of trandolapril significantly improved the survival rate (Figure 1A) to values similar to sham-operated animals (24 weeks after surgery survived 100% of sham-operated animals, 52% of ACF rats, and 86% of ACF rats with trandolapril). Chronic volume overload in ACF rats induced the development of cardiac hypertrophy in both left and right ventricles (Figures 1B–D). The hypertrophy was slightly attenuated by trandolapril in the left ventricle (Figure 1C; left ventricle weight to body weight ratio of 1.88 ± 0.13 mg/g in sham-operated rats, of 3.35 ± 0.31 mg/g in ACF rats, and of 2.98 ± 0.47 mg/g in ACF rats with trandolapril), but not in the right ventricle (Figure 1D; right ventricle weight to body weight ratio of 0.41 ± 0.04 mg/g in sham-operated rats, of 1.09 ± 0.23 mg/g in ACF rats, and of 1.06 ± 0.21 mg/g in ACF rats with trandolapril).
[image: Figure 1]FIGURE 1 | Survival and heart weights. (A) Survival rates in sham-operated rats (n = 18), ACF rats (n = 23) and ACF rats with trandolaprl (n = 21). (B) Heart weight to body weight ratios in sham-operated rats (n = 12), ACF rats (n = 10) and ACF rats with trandolapril (n = 10). (C) Left ventricle weight to body weight ratios in sham-operated rats (n = 12), ACF rats (n = 10) and ACF rats with trandolapril (n = 10). (D) Right ventricle weight to body weight ratios in sham-operated rats (n = 12), ACF rats (n = 10) and ACF rats with trandolapril (n = 10). *p < 0.05.
Electrocardiographic analysis revealed similar heart rates, PR and QTc intervals in all three experimental groups (Figures 2A–D). The QRS interval was significantly prolonged in ACF rats; this effect was suppressed by the administration of trandolapril (Figure 2E; QRS interval of 29 ± 4 ms in sham-operated rats, of 38 ± 11 ms in ACF rats, and of 26 ± 2 ms in ACF rats with trandolapril).
[image: Figure 2]FIGURE 2 | Electrocardiographic intervals. (A) Representative ECG tracings in a sham-operated rat, an ACF rat, and an ACF rat with trandolapril. (B) Heart rates in sham-operated rats (n = 13), ACF rats (n = 10) and ACF rats with trandolapril (n = 9). (C) PR intervals in sham-operated rats (n = 13), ACF rats (n = 10) and ACF rats with trandolapril (n = 9). (D) QTc intervals in sham-operated rats (n = 13), ACF rats (n = 10) and ACF rats with trandolapril (n = 9). (E) QRS intervals in sham-operated rats (n = 13), ACF rats (n = 10) and ACF rats with trandolapril (n = 9). *p < 0.05.
Echocardiographic measurements showed a significant reduction of left ventricular fractional shortening in ACF rats, which was partially reversed by trandolapril (Figure 3A). The left ventricular diameters and volumes were markedly increased in ACF rats, but significantly less in ACF rats treated with trandolapril (Figures 3B,C; Table 1). Left ventricular posterior wall and septal thickness was decreased in ACF rats and trandolapril did not affect it (Table 1). Systemic vascular resistance was substantially reduced in ACF rats and remained low in the presence of trandolapril (Table 1). Cardiac output was increased in ACF rats regardless of trandolapril treatment (Table 1). Mean arterial (aortic) blood pressure was decreased only in ACF rats treated with trandolapril (Figure 3D), due to a decrease in both systolic and diastolic blood pressures (Table 1).The lung/body weight ratio was increased in ACF rats as well as in ACF rats with trandolapril, whereas the liver/body weight ratio was not influenced by either intervention (Table 1).
[image: Figure 3]FIGURE 3 | Hemodynamics by echocardiography. (A) Left ventricular fractional shortening in sham-operated rats (n = 15), ACF rats (n = 15) and ACF rats with trandolapril (n = 15). (B) Left ventricular end-diastolic volume in sham-operated rats (n = 15), ACF rats (n = 15) and ACF rats with trandolapril (n = 15). (C) Left ventricular stroke volume in sham-operated rats (n = 15), ACF rats (n = 15) and ACF rats with trandolapril (n = 15). (D) Mean arterial (aortic) blood pressure in sham-operated rats (n = 13), ACF rats (n = 14) and ACF rats with trandolapril (n = 14). *p < 0.05.
TABLE 1 | Echocardiography.
[image: Table 1]In isolated atria, the norepinephrine-induced increase in heart rate was significantly reduced in ACF rats, and treatment with trandolapril did not affect it (Figure 4A; heart rate increased by 96 ± 35% in sham-operated rats, by 36 ± 17% in ACF rats, and by 43 ± 15% in ACF rats with trandolapril at norepinephrine concentration of 10−5 mol/L). In left ventricle isolated trabeculae, the contraction force was similar in all three groups regardless of stimulation frequency (Figure 4B). Action potential duration was significantly prolonged in ACF rats at all stimulation frequencies (1–5 Hz) and treatment with trandolapril suppressed the prolongation (Figures 4C,D; APD75 of 47 ± 11 ms in sham-operated rats, of 107 ± 20 ms in ACF rats, and of 69 ± 24 ms in ACF rats with trandolapril at stimulation frequency of 0.5 Hz). Similar results were obtained also for right ventricle papillary muscles (not shown).
[image: Figure 4]FIGURE 4 | Isolated cardiac tissue. (A) Effect of norepinephrine on spontaneous activity of isolated atria from sham-operated rats (n = 12), ACF rats (n = 10) and ACF rats with trandolapril (n = 10). (B) Contraction force in left ventricle trabeculae of sham-operated rats (n = 12), ACF rats (n = 10) and ACF rats with trandolapril (n = 10). (C) Action potential duration at 75% repolarization (APD75) in left ventricle trabeculae of sham-operated rats (n = 12), ACF rats (n = 10) and ACF rats with trandolapril (n = 10). (D) Representative cellular action potentials in left ventricle trabeculae of a sham-operated rat, an ACF rat, and an ACF rat with trandolapril at stimulation frequency of 1 Hz. *p < 0.05.
Baseline Fura-2 fluorescence ratios that reflect intracellular Ca2+ concentration in isolated ventricular myocytes at rest were higher in cells from ACF rats, both treated and untreated with trandolapril (Figure 5A; baseline fluorescence ratio of 0.45 ± 0.05 in sham-operated rats, of 0.53 ± 0.06 in ACF rats, and of 0.56 ± 0.06 ms in ACF rats with trandolapril at stimulation frequency of 0.5 Hz). Ca2+ transient amplitudes of Fura-2 fluorescence ratios were not significantly different (Figure 5B). The intracellular Ca2+ levels corresponded well with sarcomeric lengths, which were at baseline the highest in myocytes from sham-operated rats (Figure 5C; baseline sarcomeric length of 1.79 ± 0.04 µm in sham-operated rats, of 1.74 ± 0.05 µm in ACF rats, and of 1.72 ± 0.02 µm in ACF rats with trandolapril at stimulation frequency of 0.5 Hz) and the contraction shortenings were similar in all experimental groups (not shown). In isolated ventricular myocytes, spontaneous activity was observed. The incidence of spontaneous activity was increased in myocytes from ACF rats and this increase was suppressed by trandolapril treatment, both during period of regular pacing (spontaneous activity developed in 8 out of 18 sham myocytes, in 12 out of 12 ACF myocytes and in 4 out of 12 ACF+trandolapril myocytes) and period of recovery after fast pacing (spontaneous activity developed in 1 out of 18 sham myocytes, in 10 out of 12 ACF myocytes and in 0 out of 12 ACF+trandolapril myocytes; Figure 5D).
[image: Figure 5]FIGURE 5 | Intracellular Ca2+ and sarcomeric length in isolated ventricular myocytes. (A) Baseline Fura-2 fluorescence ratios in isolated ventricular myocytes from sham-operated rats (n = 8), ACF rats (n = 8) and ACF rats with trandolapril (n = 8). (B) Transient amplitudes of Fura-2 fluorescence ratios in isolated ventricular myocytes from sham-operated rats (n = 8), ACF rats (n = 8) and ACF rats with trandolapril (n = 8). (C) Baseline sarcomeric length in isolated ventricular myocytes from sham-operated rats (n = 8), ACF rats (n = 8) and ACF rats with trandolapril (n = 8). (D) Incidence of spontaneous activity in isolated ventricular myocytes from sham-operated rats, ACF rats and ACF rats with trandolapril during regular pacing and during recovery after fast (5 Hz) pacing. *p < 0.05.
DISCUSSION
Chronic volume overload due to aortocaval fistula led to pronounced cardiac hypertrophy (both left and right ventricles) and increased mortality. Trandolapril substantially reduced the mortality; the effect on cardiac hypertrophy, however, was less pronounced and significant hypertrophy was preserved in ACF rats with trandolapril treatment. Echocardiography revealed decreased fractional shortening in ACF rats, which was only moderately and incompletely reversed by trandolapril. Ex vivo experiments in isolated cardiac tissues (trabeculae) and ventricular myocytes did not show any significant contractile remodeling, similar to a previous study (Ryan et al., 2007). Several proarrhythmic electrophysiological alterations that developed in ACF rats, including the widening of the QRS complex, prolongation of APD, and increased spontaneous activity of cardiac myocytes, were suppressed by trandolapril treatment. All in all, chronic volume overload was associated with pronounced structural, contractile, and electrophysiological cardiac remodeling, which probably contributed to the increased mortality in ACF rats. Effective suppression of electrophysiological proarrhythmic changes, as well as of mortality, by trandolapril might suggest a significant contribution of arrhythmic deaths to the overall mortality of ACF rats.
In heart failure, defective Ca2+ homeostasis, together with electrical remodeling, contributes to enhanced susceptibility to cardiac arrhythmias and arrhythmia-induced sudden death (Luo and Anderson, 2013). Impaired Ca2+ handling in failing hearts due to altered expression and/or function of multiple proteins and signaling pathways results in decreased Ca2+ transients and elevated diastolic intracellular Ca2+ levels (Lou et al., 2012). Electrical remodeling involves changes in various ionic currents leading to prolongation of action potential duration and potential arrhythmogenesis (Cutler et al., 2011). The electrical remodeling and Ca2+ homeostasis are closely interconnected through a number of Ca2+-dependent signaling pathways (e.g. Ca2+- and calmodulin-dependent protein kinase II, CaMKII), with intracellular Ca2+ emerging as a central player in maladaptive remodeling and arrhythmogenesis (Luo and Anderson, 2013). In ACF rats, diastolic (baseline) intracellular Ca2+ levels were increased and action potentials were significantly prolonged. These alterations could contribute to proarrhythmic substrate and/or trigger, as evidenced by increased spontaneous activity in isolated ventricular myocytes. Increased susceptibility to ventricular arrhythmias in ACF rats with a high frequency of ventricular ectopic beats and bursts of ventricular tachycardia degenerating into lethal ventricular fibrillation was also demonstrated in an earlier study (Benes et al., 2011). Since trandolapril suppressed both the manifestations of proarrhythmic substrate (action potential duration prolongation, spontaneous activity, wide QRS complex) and mortality, it is tempting to speculate that arrhythmic deaths contribute significantly to overall mortality and that trandolapril might prevent them through inhibiting proarrhythmic remodeling.
The aortocaval shunt led to a pronounced reduction of total systemic vascular resistance and an increased cardiac output as reported earlier (Liu et al., 1991a; Liu et al., 1991b). The increased cardiac output was due to an increase in stroke volume, the heart rate was not affected. The aortic systolic blood pressure was not changed in ACF rats, whereas the aortic diastolic blood pressure was reduced, again consistent with previous report (Liu et al., 1991b). Increased dimensions of left ventricle, both end-systolic and end-diastolic, with slightly reduced wall thickness, document development of an eccentric hypertrophy in ACF rats. Collectively, these findings support the concept that the chronic volume overload triggers, through increased wall stress and neurohumoral activation, compensatory biventricular hypertrophy, which eventually deteriorates into heart failure (Kehat and Molkentin, 2010). The hemodynamic load, however, is different for the right and left ventricles: whereas in the left ventricle pure volume overload is present, the right ventricle faces a mixed pressure and volume overload, leading to a distinct pattern of activation of cardiac growth factors (Modesti et al., 2004). Differential mechanisms of the left vs. right ventricular hypertrophy are also supported by the selective antihypertrophic effect of trandolapril in the left ventricle only (this study). The different sensitivity of ventricles to the antihypertrophic effect of trandolapril might be due to different signaling pathways activated in either ventricle (Modesti et al., 2004) and/or to the differential effects of trandolapril on systemic and pulmonary circulation. In agreement with the latter hypothesis, in a clinical study chronic trandolapril administration was found to reduce mean arterial systemic blood pressure (as shown in our study), but not to influence pulmonary artery pressure (van der Ent et al., 1998).
Multiple beneficial effects of trandolapril have been demonstrated. The antihypertensive effects are based on decreased levels of angiotensin II, catecholamines, and vascular remodeling. In patients with left ventricular systolic dysfunction due to myocardial infarction, trandolapril decreased the mortality rate, incidence of atrial fibrillation, risk of sudden death, and development of severe heart failure (Diaz and Ducharme, 2008). Similar to clinical studies, multiple vascular and cardiac effects of trandolapril were also demonstrated in animal models (Fornes et al., 1992; Koffi et al., 1998; Tanonaka et al., 2001). The relationships between various levels of cardiac remodeling and trandolapril effects, however, remain unclear. In healthy guinea pig isolated hearts, electrophysiological effects of ACE inhibition were shown; the effects, however, were not substantial enough to produce either antiarrhythmic or proarrhythmic effects (Gilat et al., 1998). In middle-aged spontaneously hypertensive rats, the relationships between structural and electrical remodeling and trandolapril treatment were investigated (Chevalier et al., 1995). The structural remodeling was defined in terms of hypertrophy and fibrosis, with the electrical proarrhythmic remodeling as prevalence of premature ventricular beats. Based on a correspondence analysis, a strong correlation between hypertrophy, fibrosis, and ventricular premature beats was found only for severe hypertrophy; for moderate hypertrophy, the correlation disappeared. This indicates that the electrical remodeling is not always linked to structural remodeling, and additional causal factors (e.g., Ca2+ homeostasis) must be taken into account. The results obtained in ACF rats support this view of rather independent structural (hypertrophy) and functional (electrical proarrhythmic) remodeling (at least in the early stages of heart failure), although the hypertrophic phenotype of ACF rats did not include excessive fibrosis (Benes et al., 2011). Whereas the hypertrophy was preserved (only slightly affected) in ACF rats treated with trandolapril, the electrical proarrhythmic remodeling and mortality were almost completely suppressed. It should be realized, however, that only surviving rats were analyzed in tissue and cellular experiments and therefore the most advanced stages of heart failure (i.e., non-survivors) probably were not included. In a study on the long-term outcome of the volume overload rat model, 28% of the animals were found to die without previous heart failure signs, probably due to arrhythmia-related death (Melenovsky et al., 2012).
Besides direct cardiac effects, the vascular effects of trandolapril could also contribute to better ventricular-vascular coupling and improved cardiac function. Reduction of elevated blood pressure by ACE inhibitors including trandolapril was reported to decrease arterial stiffness and pulse wave velocity (Topouchian et al., 1999; Ichihara et al., 2003; Meani et al., 2018), which was associated with a significant regression of cardiac hypertrophy. Nevertheless, preserved cardiac hypertrophy and the absence of hypertension in our model rather argue against this mechanism, although the slight decrease in LV/BW ratio might be attributed to the aortic pressure difference between ACF rats and ACF rats with trandolapril.
After initial beneficial effects of sympathetic stimulation, the chronic activation of adrenergic signaling pathways in heart failure leads to multiple detrimental changes that decrease responsiveness to the adrenergic signaling and impair Ca2+ handling (Lou et al., 2012). This was manifested in our study by a significantly lower norepinephrine-induced heart rate elevation in vitro in the ACF groups. Similarly, in a porcine volume-overload ACF model the decreased heart rate responsiveness to adrenergic stimulation was described in vivo together with increased norepinephrine plasma levels, decreased myocardial norepinephrine content, number of β1-adrenergic receptors, cAMP production, and cardiac Gs-protein (Hammond et al., 1992). In ACF rats, elevated norepinephrine plasma levels with depletion of cardiac norepinephrine stores due to sympathetic denervation were described (Willenbrock et al., 1997; Kristen et al., 2006). An inverse relation between the abundance of sympathetic marker tyrosin hydroxylase and left ventricular hypertrophy severity and/or degree of congestion also suggests a blunted β-adrenergic signaling in this model (Sedmera et al., 2016).
An analysis of interactions of volume overload and of trandolapril on several levels of biological complexity showed some apparent discrepancies. Although an in vivo electrocardiogram did not show any significant differences in QT/QTc intervals between the experimental groups, the action potential durations were markedly prolonged in ACF rats. The absence of differences in cardiac repolarization in vivo was probably due to relatively high heart rates and complex regulatory mechanisms present in vivo. Removal of these superimposed control mechanisms unmasked the intrinsic repolarization differences that reflect a lower repolarization reserve in the hearts of ACF rats and consequently a higher propensity of cardiac myocytes to triggered activity (Varró and Baczkó, 2011). Furthermore, a significant in vivo prolongation of QTc interval in ACF rats was shown in a recent study (Wang et al., 2019), in which, however, the duration of volume overload period was shorter (12 weeks vs. 24 weeks in our study) and anesthesia was different (chloral hydrate vs. ketamine/midazolam in our study) compared to our study. The wide QRS complexes indicate impaired spreading of cardiac excitation in ACF rats, probably due to connexin 43 downregulation and hypophosphorylation (Sedmera et al., 2016). Reduction of echocardiographic fractional shortening in ACF rats was not translated to a corresponding decrease in the contraction force of multicellular preparations or sarcomeric shortening of isolated myocytes. This discrepancy could be related to changes in chamber geometry, differential preload/afterload conditions, and again to the absence of in vivo regulatory mechanisms in cellular experiments. Blunted sympathetic regulation (Willenbrock et al., 1997; Kristen et al., 2006; Sedmera et al., 2016) could contribute to the reduced in vivo fractional shortening. Furthermore, cellular remodeling might be heterogeneous with transmural, regional, and interventricular differences, as suggested by some discrepant results of our and previous studies (Ryan et al., 2007; Guggilam et al., 2013).
From a clinical point of view, it should be emphasized that volume overload represents a proarrhythmic condition. In a large cohort of patients with isolated mitral valve prolapse, ventricular arrhythmias were frequent although rarely severe. Nevertheless, for arrhythmic mitral valve prolapse, long-term severe arrhythmia was independently associated with notable excess mortality and reduced event-free survival (Essayagh et al., 2020). Similarly, in a porcine model of pulmonary regurgitation and volume overload, increased incidence of inducible ventricular and atrial arrhythmias was found (Zeltser et al., 2005). Our study indicates that the proarrhythmic remodeling and arrhythmic event risk associated with volume overload can be reduced by angiotensin-converting enzyme inhibitors regardless of their anti-hypertrophic effects. To the best of our knowledge, such a combination of several proarrhythmic factors in volume overload and their regression by ACE inhibitors, together with a reduction of mortality despite preserved hypertrophy, was never shown; this sheds light on the unclear beneficial effects of ACE inhibitors in conditions of volume-overload heart failure. In general, the beneficial effects of ACE inhibitors in heart failure were associated with antihypertrophic effects and attenuation of ventricle enlargement in a number of both experimental and clinical studies (Pfeffer et al., 1992; St John Sutton et al., 1994; Brower et al., 2015). However, in pure volume overload conditions, the effects of ACE inhibitors remain unclear: Although, in rats with aortic regurgitation, ACE inhibitors reduced left ventricle hypertrophy and improved survival (Arsenault et al., 2013), they failed to attenuate left ventricle remodeling in dogs with mitral regurgitation (Dell’italia et al., 1997; Perry et al., 2002) and rats with aortocaval fistula (Ryan et al., 2007). Inconsistent results have also been obtained in patients with aortic insufficiency (Mahajerin et al., 2007). In this context, the evidence of reduced mortality and regression of proarrhythmic electrophysiological remodeling despite the preservation of substantial hypertrophy is novel and suggests the dissociation of antiarrhythmic and antihypertrophic effects of ACE inhibitors in volume overload.
Study Limitations
Although several manifestations of proarrhythmic electrophysiological remodeling were demonstrated in this study, life-threatening ventricular arrhythmias were not documented in our experimental design. Previous studies documented lethal ventricular arrhythmias in ACF rats (Benes et al., 2011) and a significant incidence of arrhythmia-related deaths was suggested (Melenovsky et al., 2012). Telemetric studies that would allow long-term and repeated ECG monitoring, and recording of arrhythmic events will be necessary for understanding mechanisms of arrhythmia initiation and perpetuation in this rat model.
Detailed analyses of both upstream and downstream elements of relevant signaling pathways and remodeling targets were beyond the scope of this study. Proteomic and transcriptomic analysis of hearts from ACF rats revealed the differential expression of 66 myocardial proteins and 851 differentially expressed mRNAs (Petrak et al., 2011), which testifies to the complexity of such a task. Patch-clamp investigations of ionic currents showed a reduction in potassium currents IK and IK1 in hypertrophied cardiomyocytes from ACF rats (Alvin Z. V. et al., 2011). L-type calcium current (ICaL) was shown to be either decreased (Alvin Z. et al., 2011) or unchanged (Ding et al., 2008). For major calcium transporters, the downregulation of SERCA2 and ryanodine receptor proteins was reported (Ding et al., 2008; Petrak et al., 2011). In another study, an unchanged protein expression of SERCA2 was found, together with reduced protein expression of phospholamban and Na/Ca2+ exchanger (Harris et al., 2007). Collectively, these changes in ionic currents and calcium transporters correspond with our findings and might underlie them.
Trandolapril was administered in drinking water. Although the effective suppression of angiotensin II plasma and tissue levels with such administration and dosing was demonstrated (Červenka et al., 2015a; Červenka et al., 2015b), the variable intake of drinking water could contribute to the observed variability of some results.
Only male rats were used for the study, to decrease the gender-related heterogeneity of the results. The higher susceptibility of male hearts to ventricular remodeling induced by chronic volume overload was demonstrated in an earlier study (Gardner et al., 2002).
CONCLUSION
Chronic volume overload due to aortocaval fistula induced pronounced structural, contractile, and electrophysiological cardiac remodeling, which resulted in increased mortality. The effective suppression of electrical proarrhythmic remodeling and mortality, but not hypertrophy, indicates that the therapeutic effects of the ACE inhibitor trandolapril in volume-overload heart failure might be dissociated from the purely antihypertrophic effects.
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Cardiac hypertrophy is an important characteristic in the development of hypertensive heart disease. Mitochondrial dysfunction plays an important role in the pathology of cardiac hypertrophy. Recent studies have shown that sirtuin 3 (SIRT3)/poly (ADP-ribose) polymerase-1 (PARP-1) pathway modulation inhibits cardiac hypertrophy. Quercetin, a natural flavonol agent, has been reported to attenuate cardiac hypertrophy. However, the molecular mechanism is not completely elucidated. In this study, we aimed to explore the mechanism underlying the protective effect of quercetin on cardiac hypertrophy. Spontaneously hypertensive rats (SHRs) were treated with quercetin (20 mg/kg/d) for 8 weeks to evaluate the effects of quercetin on blood pressure and cardiac hypertrophy. Additionally, the mitochondrial protective effect of quercetin was assessed in H9c2 cells treated with Ang II. SHRs displayed aggravated cardiac hypertrophy and fibrosis, which were attenuated by quercetin treatment. Quercetin also improved cardiac function, reduced mitochondrial superoxide and protected mitochondrial structure in vivo. In vitro, Ang II increased the mRNA level of hypertrophic markers including atrial natriuretic factor (ANF) and β-myosin heavy chain (β-MHC), whereas quercetin ameliorated this hypertrophic response. Moreover, quercetin prevented mitochondrial function against Ang II induction. Importantly, mitochondrial protection and PARP-1 inhibition by quercetin were partly abolished after SIRT3 knockdown. Our results suggested that quercetin protected mitochondrial function by modulating SIRT3/PARP-1 pathway, contributing to the inhibition of cardiac hypertrophy.
Keywords: quercetin, mitochondrial function, Sirtuin3, poly (ADP-ribose) polymerase-1, cardiac hypertrophy
INTRODUCTION
Cardiac hypertrophy is a crucial characteristic of hypertensive heart disease that mainly involves cardiomyocyte hypertrophy in the early stage. Even though this may be a compensatory response initially to maintain function and efficiency in response to pressure overload, persistent increase in hypertrophy ultimately leads to ventricular dilatation and heart failure (Nakamura and Sadoshima, 2018). Therefore, ameliorating cardiac hypertrophy is the emphasis of clinical hypertension treatment.
Mitochondrial function, including reactive oxygen species (ROS) generation and detoxification, energy metabolism, mitochondrial biogenesis, mitophagy and dynamics, plays a vital role in maintaining cellular homeostasis of cardiomyocytes (Nunnari and Suomalainen, 2012). In recent years, mitochondrial dysfunction has emerged as one of the main pathogenic mechanisms underlying the development of cardiac hypertrophy (McDermott-Roe et al., 2011; Facundo et al., 2017). Reduced energy production and increased oxidative stress, as the main consequences of mitochondrial dysfunction, result in cardiomyocyte death and fibrosis, leading to progress of maladaptive hypertrophy (Forte et al., 2019). These findings suggest that modulating mitochondrial function may be considered a valid therapeutic strategy in cardiac hypertrophy (Manolis et al., 2021).
Sirtuins (SIRTs) are a family of nicotinamide adenine dinucleotide (NAD)+–dependent deacetylases that consists of seven members (SIRT1—SIRT7) closely related to glucose/lipid metabolism, cell survival, energy metabolism, and NDA repair (Park et al., 2013). Among them, sirtuin 3 (SIRT3), localized in the mitochondrial matrix, regulates biological function of mitochondria as a vital stress-responsive protein deacetylase. In response to oxidative stress, SIRT3 is stimulated to deacetylate and activate superoxide dismutase (SOD2), leading to mitochondrial ROS clearance (Chen et al., 2011). The role of SIRT3 in cardiac hypertrophy has been widely examined both in vivo and in vitro. Recent studies demonstrate that SIRT3 knockout mice spontaneously develop myocardial fibrosis (Palomer et al., 2020), while SIRT3 overexpression partially attenuates the cardiac hypertrophic response by regulating the expression of antioxidant genes (Xiong et al., 2019) and mitochondrial function (Xu M. et al., 2019).
Poly (ADP-ribose) polymerases (PARPs) is a enzyme family composed of 17 members that can be activated by DNA damage. Poly (ADP-ribose) polymerase-1 (PARP-1), as the most abundant and ubiquitous member of the family, accounts for most of the PARP activity (Ryu et al., 2015). PARP-1 plays a crucial role in the physiological cellular functions such as DNA repair, transcription, bioenergetics, mtDNA maintenance, cell death and mitophagy (Kadam et al., 2020), using NAD+ as a substrate to transfer ADP-ribose units from NAD+ to form ADP-ribose polymers (PAR) (Hassa and Hottiger, 2008). Several studies have suggested that PARP-1 is closely associated with the development of cardiac hypertrophy. PARP-1 activity is significantly increased in diabetic cardiomyopathy (Waldman et al., 2018). In addition, treatment with the PARP-1 inhibitor AG-690/11026014 (6014) effectively prevents cardiomyocyte hypertrophy induced by Ang II (Feng et al., 2017). Importantly, a recent study reveals that SIRT3 interacts directly with PARP-1 and exerts protective effects against cardiomyocyte hypertrophy by deacetylating PARP-1 and inhibiting PARP-1 activity (Feng et al., 2020). Therefore, SIRT3/PARP-1 pathway regulation may represent a promising tool for improving mitochondrial function and treating cardiac hypertrophy.
Quercetin is a natural flavonol drug with many biological and health-promoting effects, including anti-inflammatory (Karuppagounder et al., 2016), antioxidant (Xu D. et al., 2019), antiatherosclerotic (Hung et al., 2015), antihypertensive (Elbarbry et al., 2020), anticancer (Reyes-Farias and Carrasco-Pozo, 2019), and anti-Alzheimer (Ebrahimpour et al., 2020) properties. In recent years, several studies have reported that quercetin protects against cardiac hypertrophy both in vivo and in vitro (Goncharov et al., 2016; Chen et al., 2018; Wang et al., 2020). Our previous study found that quercetin not only increases SIRT1 expression in aorta of ApoE-/- mice but also decreases cellular apoptosis and ROS generation in ox-LDL-induced cellular senescence (Jiang et al., 2020). However, the molecular mechanism by which quercetin attenuates cardiac hypertrophy remains unclear.
The purpose of this study was to confirm that quercetin alleviated cardiac hypertrophy, focusing on the SIRT3/PARP-1 pathway both in spontaneously hypertensive rats (SHRs) and H9c2 cells.
MATERIALS AND METHODS
Animals
Fifteen-week-old male SHRs (n = 16, weighing 280–320 g) and age/sex-matched Wistar-Kyoto (WKY) rats (n = 8, weighing 290–330 g) were obtained from Vital River Laboratory Animal Technology (Certificate: SCXK (Jing) 2016-0006, Beijing, China). The zoological study was performed in the Animal Experimental Center of the Affiliated Hospital of Shandong University of Traditional Chinese Medicine (Shandong, China) at controlled temperature (21 ± 1°C). The study was approved by the Animal Ethics Committee of the Affiliated Hospital of Shandong University of Traditional Chinese Medicine (Jinan, China), and the ethics approval number is AWE-2019-021.
After acclimatization for 1 week, 16 SHRs were randomly divided into the SHR (SHR, n = 8) and quercetin (Que, n = 8) groups; eight WKY rats were used as the normal control group (WKY, n = 8). According to a research and our previous study, intragastrical administration of quercetin at a dose of 20 mg/kg/d for 8–12 weeks prevented cardiac hypertrophy in established cardiac hypertrophic rat model and alleviated atherosclerotic lesion in ApoE-/- mice, respectively (Chen et al., 2018; Jiang et al., 2020). Therefore, in this study, Rats in the quercetin group were administered 20 mg/kg/d quercetin (Meilun Biotechnology, Dalian, China) intragastrically, while the other two groups received the same volume of saline intragastrically for 8 weeks.
Blood Pressure Measurement
Systolic blood pressure (SBP) and diastolic blood pressure (DBP) were measured by the tail-cuff method with Mouse and Rat Tail Cuff Blood Pressure Systems (MRBP-10, IITC Life Science, United States) before and after treatment every 2 weeks. Rats were placed on a heated platform (35°C) for 10 min to keep them warm before measurement. The measurements were repeated three times for each rat at each time point, with the mean value recorded.
Echocardiography
Eight weeks after treatment, rats were anesthetized and their chests were shaved with a depilatory agent. Transthoracic echocardiography was performed using a Veterinary Ultrasonic system Ultrasound Scanner (M5 Vet, Mindray, Guangdong, China). Left ventricular structure and function were assessed by measuring left ventricular end-diastolic internal diameter (LVIDd), left ventricular end-diastolic posterior wall thickness (LVPWd), end-diastolic interventricular septal thickness (IVSd), left ventricular end-systolic internal diameter (LVIDs), left ventricular ejection fraction (LVEF) and left ventricular fractional shortening (LVFS) via two-dimensional and M-mode echocardiography.
Histopathological Examination
After echocardiography, the heart was quickly extracted. The heart and body weights of each rat were recorded. Heart tissues were collected, fixed with 4% formaldehyde for 48 h at room temperature, embedded in paraffin, and sectioned at 5 μm. Sections were stained with hematoxylin and eosin (H&E) and Masson’s trichrome using standard protocols to assess general histology and interstitial fibrosis. In order to determine the cardiomyocyte cross-sectional area, heart sections were deparaffinized, rehydrated, and processed for antigen retrieval with EDTA antigen retrieval solution (Servicebio, G1206, Wuhan, China). Afer washes, sections were incubated with diluted wheat germ agglutinin (WGA) solution (Sigma-Aldrich, L4895, United States) at 37°C in the dark for 30 min, and then incubated with DAPI (Servicebio, G1012, Wuhan, China) at room temperature for 10 min. Following spontaneous fluorescence quenching, slides were mounted with anti-fade mounting medium. Images were captured using fluorescent microscope (Nikon, ECLIPSE C1, Japan). Four images were taken from four different rats in each group. The quantification of collagen volume fraction and cardiomyocyte cross-sectional area were analysed using Image-Pro Plus 6.0 software (Media Cybernetics, United States).
Transmission Electron Microscopy
The mitochondrial ultrastructure was observed by TEM. Fresh cardiac tissues were cut into 1–3 mm blocks, fixed with 2% glutaraldehyde at 4°C overnight. After dehydration, resin penetration and embedding, the ultrathin sections were stained with 2% uranium acetate-saturated alcohol solution. Ultrastructural images were captured with a TEM (JEOL-1200, Japan).
Mitochondrial Superoxide Measurement
Mitochondrial superoxide production was measured by MitoSOX™ Red mitochondrial superoxide indicator (Thermo Fisher (China), M36008, Shanghai, China) according to the manufacturer’s instructions. Freshly prepared frozen heart sections were incubated with 5 μM MitoSOX™ reagent working solution for 10 min at 37°C protected from light. Images were captured using fluorescence microscope (Nikon, Japan) with excitation and emission at 514 and 585 nm, respectively. Four images were taken from four different rats in each group. ImageJ (National Institutes of Health, Bethesda, Maryland, United States) was employed to analyze the relative levels of mitochondrial superoxide in the heart.
Total Superoxide Dismutase, Malondialdehyde and Glutathione Peroxidase Assays
Blood samples were obtained from the inferior vena cava, and serum was obtained by centrifugation. Serum T-SOD, MDA and GSH-PX amounts were detected with the T-SOD assay (Jiancheng Biological Engineering Institute, A001-1, Nanjing, China), MDA assay (Jiancheng Biological Engineering Institute, A003-1) and GSH-PX assay (Jiancheng Biological Engineering Institute, A005-1) kits, respectively, according to the manufacturer’s instructions.
Cell Culture
Immortalized rat myoblast H9c2 cells were purchased from Procell Life Science and Technology (Wuhan, China). H9c2 cells were cultured in DMEM (Procell) supplemented with 10% fetal bovine serum (Procell) and 1% penicillin/streptomycin (Procell) at 37°C in a humidified environment with 5% CO2. H9c2 cells cultured in DMEM were treated with 0.5, 1, and 2 μM quercetin, respectively. One hour after quercetin treatment, cells were treated with the hypertrophic agonist angiotensin II (Ang II; Solarbio, Beijing, China) at 0.1 μM. All cells were incubated for an additional 24 h before analysis.
MTT Assay
Viability of H9c2 was determined by MTT assay. 20 μl MTT (5 mg/ml) was added to cultured cells in 96-well plate to incubated at 37°C for 4 h. Medium was replaced with 150 µl DMSO to dissolve the formazan crystals. Subsequently, the absorbance was measured using microplate reader (Thermo Scientific, Multiskan GO, United States) with wave length at 562 nm.
Cell Transfection
A small interfering RNA targeting SIRT3 (siRNA-SIRT3) and siRNA-NC were designed and synthesized by GenePharma (Shanghai, China). H9c2 cells were cultured in six-well plates (3×105 cells/well) with Opti-MEM (Thermo Fisher [China], Shanghai, China) overnight before transfection to ensure 80% cell confluence. Diluted Lipofectamine 3,000 (Thermo Fisher [China], Shanghai, China) and diluted siRNA were mixed, and incubated at room temperature for 20 min before adding to the corresponding plates. H9c2 cells were cultured at 37°C for 48 h, followed by western blot detection of transfection efficiency.
Detection of Mitochondrial Membrane Potential (ΔΨm)
Mitochondrial membrane potential was detected using a fluorescence tetraethylbenzimidazolylcarbocyanine iodide (JC-1) assay kit (Beyotime, C2006, Shanghai, China). Collected H9c2 cells were incubated with JC-1 staining mixture at 37°C for 20 min and washed with JC-1 staining buffer twice. ΔΨm was analyzed on a flow cytometer (BD Accuri C6 Plus, United States) with excitation and emission at 485 and 590 nm, respectively. The aggregate/monomer (red/green fluorescence) ratio was used to measure mitochondrial membrane depolarization.
Determination of Intracellular ATP Levels
Intracellular ATP levels were determined with an intracellular ATP assay kit (Beyotime, S0026, Shanghai, China) following the manufacturer’s instructions. H9c2 cells were lysed and centrifuged at 4°C for 10 min, and the resulting supernatant was used for further analysis. ATP detection reagent was added to each sample, and luminescence (RLU) was subsequently measured on a microplate reader (Bio-TEK, Synergy HTX, Vermont, United States). Finally, ATP levels were calculated according to a standard curve.
Quantitative Real-Time PCR (q-PCR)
Total RNA was extracted from cultured H9c2 cells with TRIzol reagent (Invitrogen, Carlsbad, CA, United States) following the manufacturer’s protocol. Then, cDNA was synthesized and amplified by PCR with a Transcriptor Reverse Transcriptase kit (Roche, Basel, Switzerland). The mRNA levels of target genes were measured with ChamQ SYBR qPCR Master Mix (Vazyme, Nanjing, China) on the LightCyler 480 system (Roche, Basel, Switzerland). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) expression was used for normalization. The primers are listed in Supplementary Table S1.
Western Blot
The concentration of total protein extracted from heart tissues and H9c2 cells were assessed with the BCA Protein assay kit (Cwbio, Jiangsu, China) and adjusted to 20 µg/µl. Then, 30 µg total protein per samples was separated by 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and subsequently transferred onto PVDF membranes. After blocking, the PVDF membranes were incubated with primary antibodies (Anti-Collagen I Rabbit pAb, GB11022, 1:1,000, Servicebio, Wuhan, China; Anti-alpha smooth muscle Actin Rabbit pAb, GB11044, 1:1,000, Servicebio, Wuhan, China; Anti-SIRT3 Rabbit pAb, GB11354, 1:1,000, Servicebio, Wuhan, China; PARP1 Rabbit pAb, A0942, 1:1,000, Abclonal, Wuhan, China; Anti-PAR mouse pAb, ab14459, 1:1,000, Abcam, Cambridge, United Kingdom) at 4°C overnight. After a washing step, the blots were incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG or goat anti-mouse IgG (1:5,000) at room temperature for 2 h. Finally, immunoreactive bands were quantified by ImageJ (National Institutes of Health, Bethesda, Maryland, United States). GAPDH expression was used for normalization. Western blot was performed in three biological replicates.
NAD+ Measurement
The level of NAD+ in H9c2 cells was determined using NAD+/NADH assay kit (Beyotime, S0175, Shanghai, China) with WST-8 according to the manufacturer’s instructions. In brief, 1 × 106 cells were collected and lysed with 200 ul cold lysis buffffer to obtain sample. Afer reagent preparation, alcohol dehydrogenase working solution was added to 20 ul sample, and the suspension was incubated at 37°C for 10 min to obtain total NAD and NADH, respectively. Based on the relationship between NADH and the absorbance value measured at 450 nm, a standard curve was generated. Subsequently, the total NAD and NADH concentration were estimated according to the standard curve, and NAD+ concentration was calculated by subtracting NADH from total NAD.
Statistical Analysis
Statistical analysis was performed using SPSS 26.0. Data are mean ± standard deviation (SD). Statistical differences among groups were determined by one-way analysis of variance (ANOVA) followed by least significant difference-t test (LSD-t). Differences were considered statistically significant at p < 0.05.
RESULTS
Quercetin Decreases Blood Pressure in SHRs
As shown in Figures 1A,B, SHRs had significantly higher SBP and DBP at each time point compared with WKY rats, and SBP and DBP levels were homogenous among SHRs before treatment. As expected, from the second week of treatment, both SBP and DBP in SHRs were significantly decreased by quercetin, suggesting an anti-hypertensive effect for quercetin.
[image: Figure 1]FIGURE 1 | Quercetin decreases systolic blood pressure (SBP) and diastolic blood pressure (DBP) in spontaneously hypertensive rats (SHRs). (A) SBP in different rat groups at each time point (n = 8). (B) DBP in different rat groups at each time point (n = 8). Data are mean ± SD. *p < 0.05, **p < 0.01 vs WKY group; #p < 0.05, ##p < 0.01 vs SHR group.
Quercetin Attenuates Cardiac Hypertrophy in SHRs
Next, we evaluated the efficacy of quercetin to attenuate cardiac hypertrophy in SHRs. As shown in Figure 2A, heart weight to body weight ratio (HW/BW) was higher in SHRs than WKY rats, which was related to increased LVPWd and IVSd, and decreased LVIDd in SHRs as revealed by the M-mode echocardiography. Whereas these pathological phenotype were significantly prevented in quercetin-treated rats (Figures 2B,C). In addition, SHRs developed increased LVEF and LVFS, which were also reversed to normal levels by quercetin administration (Figures 2D,E). Moreover, histological analysis showed elevated collagen volume fraction and cardiomyocyte cross-sectional area in SHRs compared with WKY rats, accompanied by increased collagen I and α-smooth muscle actin (α-SMA). However, quercetin treatment rescued these changes (Figures 2F–J). Since previous studies suggested a protective role of SIRT3 in cardiac hypertrophy (Pillai et al., 2015), we assessed SIRT3 levels in rats by western blot. SIRT3 levels were markedly reduced in SHRs, but significantly increased by quercetin treatment (Figures 2K,L). These results demonstrated that quercetin might attenuate cardiac hypertrophy by activating SIRT3-mediated signaling pathway in vivo.
[image: Figure 2]FIGURE 2 | Quercetin attenuates cardiac hypertrophy in SHRs. (A) Heart weight to body weight ratios (HW/BW, n = 8). (B) Representative M-mode echocardiograms in WKY rats and SHRs. (C–E) Quantitative analysis of end-diastolic interventricular septal thickness (IVSd), left ventricular end-diastolic posterior wall thickness (LVPWd), left ventricular end-diastolic internal diameter (LVIDd), left ventricular ejection fraction (LVEF) and left ventricular fractional shortening (LVFS) (n = 8). (F) Representative histological images of the myocardium. In detail, hematoxylin and eosin (H&E) staining, Masson’s trichrome staining, and wheat germ agglutinin (WGA) staining in hearts from WKY rats and SHRs. Scale bar = 50 μm. (G) Quantitative analysis of collagen volume fraction (n = 4). (H) Quantitative analysis of cardiomyocyte cross-sectional area (n = 4). (I,J) Representative blots of collagen I and α-smooth muscle actin (α-SMA), and densitometric quantification after normalization to GAPDH levels (n = 3). Data are mean ± SD. *p < 0.05, **p < 0.01 vs WKY group; #p < 0.05, ##p < 0.01 vs SHR group.
Quercetin Improves Mitochondrial Structure and Inhibits Oxidative Stress in SHRs
Previous data demonstrated a close link between mitochondrial dysfunction and pressure overload-induced cardiac hypertrophy (Kumar et al., 2019). In order to assess the effect of quercetin on mitochondrial integrity and function in SHRs, we observed mitochondrial ultrastructure using TEM. Mitochondria in the hearts of WKY rats had regular morphology, with abundant cristae. Meanwhile, SHRs hearts showed defective mitochondrial organization, as indicated by swollen mitochondria with distorted cristae, even accompanied by mitochondrial membrane damage. However, quercetin treatment rescued these ultrastructure changes, with a relatively improved mitochondrial phenotype (Figure 3A). Based on the mitochondrial function in ROS generation, we detected mitochondrial superoxide with MitoSOX™ Red staining. As shown in Figure 3B, superoxide generation was significant increased in SHRs, which was decreased by quercetin treatment. In agreement, oxidative stress was exacerbated as determined by increased MDA and decreased T-SOD and GSH-PX in SHRs, whereas quercetin treatment significantly ameliorated oxidative stress (Figure 3C). These data confirmed that quercetin alleviated mitochondrial damage and oxidative stress in vivo.
[image: Figure 3]FIGURE 3 | Quercetin improves mitochondrial structure and inhibits oxidative stress in SHRs. (A) Representative transmission electron microscopy (TEM) images of mitochondria in hearts from WKY rats and SHRs. Scale bar = 1 μm. (B) Representative microphotographs of MitoSOX staining in hearts from WKY rats and SHRs. Scale bar = 20 μm. (C) Quantitative analysis of the relative levels of mitochondrial superoxide in hearts from WKY rats and SHRs (n = 4). (D–F) Quantification of Total Superoxide dismutase (T-SOD), Malondialdehyde (MDA) and Glutathione peroxidase (GSH-PX) levels (n = 4). Data are mean ± SD. *p < 0.05, **p < 0.01 vs WKY group; #p < 0.05, ##p < 0.01 vs SHR group.
Quercetin Inhibits Ang II-Induced Hypertrophic Response in H9c2 Cells and Protects Mitochondrial Function in Vitro
Before evaluating anti-hypertrophic effects of quercetin in vivo, we tested the cytotoxicity of quercetin by MTT assay. The MTT results showed that Ang II reduced viability of H9c2 cells by 46% compared with the control, while no significant reduction in cell viability was observed after quercetin intervention, indicating that there were no cytotoxic effects (Figure 4A). Subsequently, we investigated the hypertrophic response in Ang II-induced H9c2 cells by using hypertrophic markers, including atrial natriuretic factor (ANF) and β-myosin heavy chain (β-MHC), as indicators of cardiomyocyte hypertrophy. As shown in Figures 4B,C, Ang II-induced H9c2 cells showed increased mRNA levels of ANF and β-MHC compared with control cells, which were markedly reduced after quercetin treatment in a dose dependent manner.
[image: Figure 4]FIGURE 4 | Quercetin inhibits Ang II-induced hypertrophic response in H9c2 cells and protects mitochondrial function in vitro. (A) Quantitative analysis of viability in H9c2 cells (n = 3). (B,C) Atrial natriuretic factor (ANF) and β-myosin heavy chain (β-MHC) mRNA levels determined by q-PCR (n = 3). (D) Mitochondrial membrane potential (ΔΨm) measurement with the JC-1 probe. (E) Quantification of ΔΨm by the aggregate/monomer ratio (n = 3). (F,G) Representative blots of the SIRT3 protein and densitometric quantification after normalization to GAPDH levels (n = 3). Data are mean ± SD. *p < 0.05, **p < 0.01 vs control group; #p < 0.05, ##p < 0.01 vs Ang II group; NSP > 0.05 vs control/Ang II group; &p < 0.05, &&p < 0.01 vs Ang II + 1 μm Que group.
To get further support for the protective effect of quercetin on mitochondrial function, we measured ΔΨm using JC-1. As shown in Figure 4D, the aggregate/monomer (red/green fluorescence intensity) ratio represented mitochondrial membrane potential depolarization. Quercetin attenuated mitochondrial membrane potential depolarization and restored the decreased ΔΨm in Ang II-induced H9c2 cells in a dose dependent manner (Figure 4E). Moreover, SIRT3 expression was decreased by Ang II, whereas quercetin significantly restored SIRT3 levels, especially in the high-dose group (Figures 4F,G). Therefore, 2 μM quercetin was chosen as the optimal dose for subsequent experiments. These data confirmed that quercetin inhibited the cardiac hypertrophic response and protected mitochondrial function in vitro, likely via SIRT3 activation.
Quercetin Protects Mitochondrial Function via SIRT3/PARP-1 Pathway
Due to the vital roles of SIRT3 in cardiac mitochondrial dysfunction and oxidative stress (Wei et al., 2017), we focused on SIRT3-mediated pathway in quercetin pharmacology using siRNA-SIRT3 to knock down SIRT3. In this study, western blot showed that SIRT3 was effectively knocked down after siRNA transfection (Figures 5A,B). As shown in Figures 5C,D, Ang II induced mitochondrial membrane depolarization and altered the mitochondrial membrane potential in H9c2 cells, which was markedly reversed by quercetin treatment. However, these effects were partly abolished in siRNA-SIRT3 cells but not in siRNA-NC cells. Similar effects were found in the ATP assay (Figure 5E). Since SIRT3 is an NAD+-dependent enzyme, its activity is dependent on NAD+ level, thus we examined the NAD+ level in H9c2 cells. As shown in Figure 5F, quercetin alleviated Ang II-induced NAD+ level decrease, which was markedly reduced after SIRT3 knockdown. These results suggested the involvement of SIRT3 activation in quercetin pharmacology in mitochondrial protection.
[image: Figure 5]FIGURE 5 | Quercetin protects mitochondrial function via SIRT3/PARP-1 pathway. (A,B) Representative blots of siRNA-SIRT3-mediated transfection efficiency and densitometric quantification after normalization to GAPDH levels (n = 3). (C) ΔΨm measurement with the JC-1 probe. (D) Quantification of ΔΨm by the aggregate/monomer ratios (n = 3). (E) Quantification of cellular ATP levels with the intracellular ATP Assay Kit (n = 3). (F) Introcellular levels of nicotinamide adenine dinucleotide (NAD+) determined by NAD+/NADH assay kit (n = 3). (G–J) Representative blots of SIRT3, PARP-1 and PAR, and densitometric quantification after normalization to GAPDH levels (n = 3). Data are mean ± SD. *p < 0.05, **p < 0.01 vs control group; #p < 0.05, ##p < 0.01 vs Ang II group; NSP > 0.05 vs Ang II + 2 μm Que group; &p < 0.05, &&p < 0.01 vs Ang II + 2 μm Que group.
PARP-1 is an important effector suppressed by SIRT3 overexpression in hypertrophic cardiomyocytes (Feng et al., 2020), its activity is represented by PAR expression. In the present study, quercetin dramatically inhibited PARP-1 and PAR upregulation in Ang II-induced H9c2 cells, whereas this effect was reduced after SIRT3 knockdown (Figures 5G–J). Taken together, these findings demonstrated that quercetin played a protective role in mitochondrial function by regulating SIRT3/PARP-1 signaling pathway.
DISCUSSION
In the present study, quercetin demonstrated a beneficial effect in attenuating cardiac hypertrophy in SHRs and Ang II-induced hypertrophic response in H9c2 cells, which was concomitant with improved mitochondrial function as well as increased SIRT3 expression both in vivo and in vitro. The pharmacology of quercetin was studied via SIRT3-knockdown by siRNA. The protective effect of quercetin against mitochondrial dysfunction was overtly blocked after SIRT3 knockdown, which was accompanied by PAR upregulation, suggesting that activation of SIRT3/PARP-1 signaling pathway might be the target of quercetin in improving mitochondrial function and attenuating cardiac hypertrophy.
Mitochondria play central roles in the regulation of cellular metabolism responsible for ATP production, ROS generation and detoxification, which are considered to be vital for the maintenance of cellular homeostasis in cardiomyocytes with high-energy demand (Jusic and Devaux, 2020). Accumulating evidence reveals a close relationship between mitochondrial dysfunction and cardiac hypertrophy. During the development of cardiac hypertrophy, the activities of ATP synthase and mitochondrial oxidative phosphorylation complex are decreased, leading to impaired ATP production (Pham et al., 2014). Additionally, in Dahl salt-sensitive rats, hypertensive cardiac hypertrophy and fibrosis are suppressed by mdivi1, an inhibitor of Drp1, via reduction of excessive ROS production, which is also associated with improved mitochondrial dynamics (Hasan et al., 2018). Moreover, a recent study demonstrated that diabetic cardiomyopathy in mice shows a reduced IP3-stimulated Ca2+ transfer to mitochondria, associated with decreased mitochondrial bioenergetics, indicating disruption of reticulum-mitochondria Ca2+ transfer leads to mitochondrial dysfunction in diabetic cardiomyopathy (Dia et al., 2020). Consistent with previous studies, impaired mitochondrial function was found in SHRs and Ang II-induced H9c2 cells in this study.
Quercetin, one of the most distributed bioflavonoids, is widely present in a variety of vegetables and fruits. A growing number of studies have reported beneficial effects for quercetin in cardiovascular disease, cancer, metabolic syndrome, Alzheimer’s disease, and nervous system disorders (Ebrahimpour et al., 2020; Hosseini et al., 2021). In the present study, quercetin decreased blood pressure and cardiac hypertrophy, including cardiomyocyte hypertrophy and cardiac fibrosis as revealed by changed left ventricular structure and enhanced collagen I and α-SMA, in vivo. Interestingly, EF and FS in SHRs still increased instead of decreasing, indicating that the heart pathology was still at the hypertrophic stage but not reflecting heart failure. It is possible that quercetin might restore the excessive systolic function of the heart by preventing pressure overload (Chen et al., 2018), but the underlying mechanism needs further investigation. Ang II, the key component of renin-angiotensin system (RAS), plays a vital role in mediating hypertension (Hall, 1991) and cardiac hypertrophy (Sadoshima et al., 1993). During RAS activation, Ang II binds to its specific receptors such as Ang II type-1 receptor (AT1R), which stimulates aldosterone synthesis and release, involving in the pathogenesis of hypertension and cardiac remodeling (Borghi and Rossi, 2015). Thus, Ang II is widely used to establish the cardiac hypertrophic model. ANF and β-MHC, common biomarkers of cardiac hypertrophy, have been used to investigate hypertrophic effects in clinical studies and animal experiments (Liu et al., 2018; Fulgencio-Covián et al., 2020). The results of the in vitro experiment showed that Ang II induction led to the increase of ANF and β-MHC at the mRNA level, while quercetin decreased Ang II-induced ANF and β-MHC upregulation. We speculates that RAS inhibition maybe involved in the anti-hypertrophic effect of quercetin. In addition, it is well known that estrogen is a vital regulator in the pathology of hypertension. A recent evidence has revealed that quercetin could bind to type-2 estrogen receptor at a low dose (10 mg/kg/d) intake (Shahzad et al., 2014). Another research confirms that quercetin exerts cardioprotective effects against estrogen receptor α (ERα)-deficiency-induced cardiac dysfunction (Wang et al., 2021). These evidences indicate a close relationship between quercetin and estrogen. In view of this, further study is needed to investigate the involvement of estrogen in the anti-hypertensive effect of quercetin using female rats.
Quercetin has been proven to protect mice cardiac mitochondria against oxidative stress, since quercetin restores mitochondrial GSH levels and elevates Mn-SOD activity (Ballmann et al., 2015). Moreover, quercetin interacts directly with the mitochondrial membrane and the components of the mitochondrial electron transport chain, affecting ATP production (Qiu et al., 2018; Ryu et al., 2019). Since mitochondrial superoxide is the predominant ROS in mitochondria, and excessive mitochdrial ROS production leads to an overwhelmed antioxidant system and oxidative stress (Munro and Treberg, 2017). Thus we evaluated the anti-oxidant effcts of quercetin by measuring mitochondrial superoxide. In this study, quercetin protected cardiac mitochondria against morphological impairment as well as increased mitochondrial superoxide and oxidative stress in SHRs. In addition, membrane potential disruption and ATP collapse caused by Ang II in cultured H9c2 cells were also rescued by quercetin, indicating that quercetin improves mitochondrial function by alleviating oxidative stress and restoring ATP production.
SIRT3, one of the most prominent deacetylases, is mainly found in the mitochondrial matrix, playing a vital role in the mitochondrial metabolism and homeostasis by modulating the acetylation levels of its substrates, thus protecting mitochondria from functional disorders. Accumulating evidence reveals a close link between SIRT3 and human diseases, including age-related diseases, cancer, cardiovascular diseases and metabolic diseases (Zhang et al., 2020). Among them, the role of SIRT3 in cardiac hypertrophy has attracted considerable attention. A previous study showed that SIRT3 deficiency impairs mitochondrial function and accelerates hypertensive cardiac remodeling through mitochondrial oxidative stress (Wei et al., 2017). Another study reported that SIRT3 attenuates diabetic cardiomyopathy by regulating p53 acetylation and TIGAR expression (Li et al., 2021). PARP-1 is involved in the pathological mechanism of cardiac hypertrophy and heart failure. It was reported that PARP-1 expression is significantly elevated in the onset and progression of cardiac hypertrophy (Pillai et al., 2005). In addition, the PARP-1 inhibitor AG-690/11026014 (6,014) improves Ang II-induced cardiac remodeling and function in mice. Moreover, another PARP-1 inhibitor, L-2286, can not only prevent the development of left ventricular hypertrophy in SHRs, but also modulate mitochondrial dynamics and biogenesis, indicating that PARP-1 may be a therapeutic target in hypertensive cardiac hypertrophy.
In the current study, both SIRT3 expression and NAD+ content were decreased in Ang II-induced H9c2 cells, indicating that Ang II stimulated hypertrophic response partly through inhibiting SIRT3 activity. But these changes were reversed after quercetin treatment. To further investigate the role of SIRT3 in quercetin pharmacology, SIRT3 was knocked down using small interfering RNA (siRNA). Normal and siRNA H9c2 cells were treated with Ang II with or without quercetin. We found that after SIRT3 knockdown, the downregulation effect of quercetin on PARP-1 activity was partly abolished. Meanwhile, mitochondrial protection by quercetin (oxidative stress and ATP production) was blocked after SIRT3 knockdown. These results suggested that quercetin protects mitochondrial function by modulating SIRT3/PARP-1 signaling pathway, which is involved in the prevention of cardiac hypertrophy.
In summary, the present study provides evidence that quercetin ameliorates cardiac hypertrophy by protecting mitochondrial structure and function in SHRs and Ang II-induced H9c2 cells, involving the SIRT3/PARP-1 pathway. These findings provide a potentially mechanic insight into quercetin-mediated attenuation of cardiac hypertrophy.
LIMITATION
Although we evaluated mitochondrial function using ΔΨm and ATP production in vitro, the biological process of mitochondrial function is complicated, and there are several other assays for assessing mitochondrial function. Thus, the pharmacological mechanisms of quercetin’s effects on mitochondrial function and cardiac hypertrophy deserve further investigation. Futhermore, we used Ang II as a stimuli to trigger the hypertrophic response in vitro, but we didn’t detect the expression of RAS in Ang II-induced H9c2 cells. This issue should be further studied in our future work.
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The incidence of cardiovascular diseases was significantly increased in postmenopausal women. The protection of estrogen in the cardiovascular system has been further reported for decades. Although menopausal hormone therapy has been used in many clinical trials, the debatable results indicate that the studies for elucidating the precise molecular mechanism are urgently required. G protein–coupled estrogen receptor 30 (GPR30) is a membrane receptor of estrogen and displays protective roles in diverse cardiovascular diseases. Previous studies have revealed that ERK1/2-mediated MMP-9 signaling was involved in ischemic heart diseases. However, the role of ERK1/2-mediated MMP-9 signaling in the protection of GPR30 against cardiac hypertrophy in aged female mice has not been investigated. Our present study demonstrated that GPR30 overexpression and its agonist G1 co-administration reduced transverse aortic constriction–induced myocardial fibrosis and preserved cardiac function in aged female mice. MMP-9 expression was markedly increased via ERK1/2 phosphorylation in transverse aortic constriction–injured myocardium of aged female mice. Further results showed that GPR30/G1 activation decreased MMP-9 expression via ERK1/2 inhibition, which further reduced TGF-β1 expression. Inhibition of the ERK1/2 signaling pathway by its inhibitor PD98059 suppressed the induction of the cardiomyocyte MMP-9 level caused by the GRP30 antagonist G15 and inhibited TGF-β1 expression in cardiac fibroblast in vitro. In summary, our results from in vivo and in vitro studies indicated that GPR30 activation inhibited myocardial fibrosis and preserved cardiac function via inhibiting ERK-mediated MMP-9 expression. Thus, the present study may provide the novel drug targets for prevention and treatment of cardiac pathological hypertrophy in postmenopausal women.
Keywords: G protein–coupled estrogen receptor 30 (GPR30), transverse aortic constriction, MMP-9, aged female, cardiac fibrosis
INTRODUCTION
Cardiovascular disease is the leading cause of death worldwide, which accounts for 17.3 million death each year (Mendis et al., 2011; Laslett et al., 2012). Clinical studies revealed that the incidence of cardiovascular diseases was much lower in premenopausal women than in age-matched men (Iorga et al., 2017), whereas women at age of 50 years have high cardiovascular risk as compared to men at age of 70 years (Lloyd-Jones et al., 2006). These studies strongly indicate that estrogen and its receptor-mediated signaling pathways may play a cardioprotective role in diverse cardiovascular diseases in postmenopausal women (Aryan et al., 2020). Furthermore, a clinical statistical analysis showed that patients who had bilateral oophorectomy were associated with double risk of coronary heart disease, as compared with age-matched premenopausal women (Parker et al., 2009). Although accumulating evidence suggested the increased cardiovascular risk after menopause, menopausal hormone therapy (MHT) for prevention and treatment of cardiovascular diseases is still controversial (Schierbeck et al., 2012; Boardman et al., 2015; Manson et al., 2020). Thus, elucidating the underlying molecular mechanisms may identify the potential drug targets for treating cardiovascular diseases in postmenopausal women.
G protein–coupled receptor 30 (GPR30), also designated as G protein–coupled estrogen receptor (GPER), is a seven-transmembrane protein and a novel estrogen receptor, besides the two classic nuclear receptors ERα and ERβ. Previous studies have demonstrated that GPR30 is widely expressed and participates in multiple biological functions including glucose tolerance, bone growth, and blood pressure regulation (Chagin & Sävendahl, 2007; Hazell et al., 2009; Lindsey et al., 2009; Mårtensson et al., 2009; Groban et al., 2019). It was further revealed that GPR30 activation protected neurons from ischemia-induced injury through autophagy regulation (Wang et al., 2020). GPR30 preserved neuronal survival in a cerebral ischemia mouse model induced by cardiac arrest and cardiopulmonary resuscitation (Kosaka et al., 2012). In particular, our previous data showed that GPR30 protected the heart against myocardial infarction and diabetes-induced cardiac dysfunction in the female ovariectomized murine model (Wang et al., 2018; Wang et al., 2019). However, the role of GPR30 in the hypertrophied heart of aged female mice needs further investigation.
MMP-9 belongs to matrix metalloproteinase superfamily and can maintain extracellular matrix homeostasis via matrix metalloprotein degradation (Radosinska et al., 2017). It thus exacerbated cardiac fibrosis and inhibited angiogenesis following myocardial infarction since extracellular matrix remodeling was a key pathological feature of ischemia cardiac injury (Ducharme et al., 2000; Lindsey et al., 2006). However, whether GPR30 activation could regulate MMP-9 expression was still unclear. Therefore, the present study was designed to investigate the role of GPR30, and its downstream signaling pathway focusing on MMP-9–mediated fibrosis in transverse aortic constriction (TAC)–induced cardiac hypertrophy of aged female mice.
MATERIALS AND METHODS
Reagents
GPR30 (ab37742), vimentin (ab92547), cardiac troponin I (ab47003), TGF-β1 (ab27969), and MMP-9 38,898) were purchased from Abcam. ERK 4,695) and p-ERK (4,370) were purchased from Cell Signaling Technology. GAPDH was obtained from Santa Cruz Biotechnology (Santa Cruz, CA, United States ). The rabbit anti-goat, goat anti-rabbit, and goat anti-mouse secondary antibodies were purchased from the Zhongshan Company (Beijing, China). The MMP-9 ELISA kit was purchased from Elabscience Bioengineering Institute (Wuhan, China). GPR30 agonist G1 (10,008,933) and GPR30 antagonist G15 14,673) were purchased from Cayman Chemical (Ann Arbor, MI, United States ). The ERK inhibitor PD98059 (HY-12028) and DOX (HY-15142) were purchased from MCE. AAV-GPR30 was purchased from the GeneChem Company (Shanghai, China). DAPI was obtained from Roche Molecular Biochemicals (Bayer, Mannheim, Germany). The ECL reagent was purchased from Millipore (Billerica, MA, United States ).
Experimental Animals
Female C57BL/6 mice (20–25 g, 18 months old, obtained from the Experimental Animal Center of Fourth Military Medical University) were housed in individual cages under a 12:12-h light/dark cycle (light on 06:00) at 22–24 °C and fed with regular pellet diet ad libitum. The subjects in this study were mice which were raised and used in experiments in accordance with the Guide for the Care and Use of Laboratory Animals of the Chinese Animal Welfare Committee.
In vivo Experimental Design and Treatment
All animal experiments were approved by the Institutional Animal Care and Use Committee of Fourth Military Medical University. The in vivo experiments were designed to investigate the influence of the estrogen receptor GPR30 on the cardiac function and myocardial fibrosis in hypertrophied aged female mice. Mice were randomly divided into the following four experimental groups: 1) aged female mice (AG group), 2) the AG + GPR30/G1 group, 3) the AG/TAC group, and 4) the AG/TAC + GPR30/G1 group. Mice were subjected to a tail intravenous injection of 5× 1010 adeno-associated virus genome particles carrying GPR30 in the AG + GPR30/G1 group and the AG/TAC + GPR30/G1 group, while the equal amount of empty adeno-associated virus was injected in the AG group and the AG/TAC group. Briefly, awake mice were placed in a special device to avoid the movement of mice for tail vein injection. Then the tail of the mouse was wiped with a 75% ethanol cotton ball, followed by a tail vein injection with the volume of 50 μl. Mice in the AG/TAC group and the AG/TAC + GPR30/G1 group underwent TAC operation after 3 weeks, while those in the AG group and the AG + GPR30/G1 group were underwent sham operation. Following the surgery, the AG + GPR30/G1 group and the AG/TAC + GPR30/G1 group were injected intraperitoneally with G1 each day with a dose of 35 μg/kg body weight. The cardiac function of the mouse from each group was assessed at the time of fourth and eighth weeks following the operation.
Transverse Aortic Constriction Surgery Protocol
TAC surgery was performed to establish cardiac hypertrophy in the mouse model, as previously described (Wang et al., 2013). Briefly, mice were anesthetized in an induction chamber with 1–2% isoflurane mixed with pure oxygen (0.5–1.0 l/min), which were then intubated endotracheally and connected to a ventilator (Minivent Type 845, Hugo Sachs Electronic, March, Germany, 100–120/min 0.15-ml tidal volume). Median thoracotomy was performed to expose the aortic arch, which was then constricted using a 7–0 silk suture tied firmly with a 27-gauge needle between the carotid arteries. The needle was immediately removed, and the chest was closed and sutured. Sham-operated mice underwent the same operation procedure, except for the ligation of aortic arch. After the surgery, mice were placed on a 38°C insulation blanket to keep warm and were observed carefully until they were free to move around.
Echocardiography
The ultrasound technicians were not informed of the protocol of the study and the details of the animal groups to ensure unbiased reporting. After the mouse was anesthetized with 1–2% isoflurane, the left front chest hair of the mouse was removed. Transthoracic ultrasonography was performed using a VisualSonics 2,100 echocardiograph (FUJIFILM VisualSonics, Toronto, ON, Canada), and a 30-MHz transducer was used to obtain the images in both parasternal long axis and short axis of the left ventricle. The indexes that can be detected through echocardiography included ejection fraction (EF)% and fraction shortening (FS)% (indicating the cardiac function), interventricular septal thickness at end diastole (IVSd), and left ventricular posterior wall thickness at end diastole (LVPWd) (indicating the thickness of ventricular wall). The aforementioned parameters were calculated by Vevo Lab 3.1.0 software (FUJIFILM VisualSonics. Toronto, ON, Canada).
Heart Weight, Body Weight, and Histological Examination
After completion of the experiments, mice were euthanized, and their hearts were harvested. The heart weight (HW) and body weight (BW) were recorded. From these data, the HW/BW ratios were calculated.
Hearts of mice used for morphological observation were fixed in 4% paraformaldehyde for 72 h, embedded in paraffin, and cut into 5-μm sections. Histomorphology was evaluated by hematoxylin and eosin (H&E) staining. Myocardial fibrosis was evaluated by Masson Staining, and the cell cross-sectional area was evaluated by wheat germ agglutinin (WGA) staining.
Neonatal Rat Cardiomyocytes and Neonatal Rat Cardiac Fibroblasts Culture and Treatment
Newborn Sprague–Dawley (SD) rats were obtained from the Experimental Animal Center of the Fourth Military Medical University. Isolation and culture of neonatal rat cardiomyocytes (NRCMs) and neonatal rat cardiac fibroblasts (NRCFs) were performed, as described previously (Zhai et al., 2017). Briefly, the heart was harvested from newborn SD rats and cut into small pieces. The small pieces of myocardium were digested in phosphate-buffered saline (PBS) solution containing 1% collagenase I (Sigma V900891, Sigma-Aldrich, St. Louis, MO, United States). After passing through the sieve to remove tissue fragments, the cells were culture for 2 h in a CO2 incubator. The non-adherent NRCMs were transferred to another culture flask or confocal dish, and the remaining adherent cells are mostly NRCFs. NRCMs were plated at a density of 5× 105 cells per ml and were cultured in the serum containing culture medium DME/F-12 (Gibco, Carlsbad, CA, United States ), 10% new bovine serum (Gibco, Carlsbad, CA, United States ), penicillin (100 U/ml), streptomycin (100 U/ml), and bromodeoxyuridine (BrdU) (0.1 mM) for 48 h at 37 °C with 5% CO2. After culturing for 24 h, NRCFs were plated at a density of 5×105 cells/ml and cultured in the same medium as NRCMs.
In vitro experiments are designed to investigate the expression of p-ERK1/2, ERK1/2, and MMP-9 in primary cultured cardiomyocytes in the Dox + Ang Ⅱ state (simulating the aging pressure-overload stress) by the GPR30 agonist G1/antagonist G15 and the changes in the content of MMP-9 in the culture medium of each group. After the intervention of G1 or G15, the effects of the culture supernatant on cardiomyocytes and the subsequent different treatments on the expression of TGF-β1 of cardiac fibroblast were examined. The neonatal rat cardiomyocytes were isolated and divided into five groups. The cell without any treatment was considered as the control group (CON group). The cells in the Dox group were treated with 0.1 μM Dox for 24 h to mimic cell senescence, while the cells in the Dox + Ang II group were treated with 0.1 μM Dox combined with 0.1 μM Ang II for 24 h (Spallarossa et al., 2009). Cardiomyocytes were then treated with GPR30 agonist 10 nM G1 or GPR30 antagonist 1 μM G15 for 24 h in the indicated groups. For inhibition of ERK1/2 by its inhibitor, cells were first treated with 10 μM PD98059 for 24 h. The culture medium following diverse treatments was then transferred to cardiac fibroblast for 24-h treatment to examine the interaction between cardiomyocytes and fibroblast.
Immunofluorescence Staining
The immunofluorescence staining experiments were performed with myocardium or isolated cells from neonatal hearts. NRCM- or NRCF-covered confocal dishes were washed with PBS following diverse treatments and then fixed with 4% paraformaldehyde at 4°C for 30 min. The tissues or cells were then treated with 0.05% Triton X-100 for permeabilization and were incubated with 1% bovine serum albumin, followed by incubation with primary antibodies targeting GPR30 (1:250), MMP-9 (1:800), p-ERK (1:800), TGF-β1 (1:200), vimentin (1:250), or troponin Ⅰ (1:100) overnight at 4°C. Then cells were incubated with secondary antibodies for 2 h at room temperature. Nuclear staining was performed with DAPI. Tissue slides and cell slides were examined with an Olympus FV1000 laser confocal microscope (Olympus, Japan). ImageJ software was used to quantify the fluorescence of tissue slides and cell slides in each group.
Western Blot Analysis
As previously described, protein samples from myocardium and cells were extracted using a RIPA buffer with a protease inhibitor and a phosphatase inhibitor, separated by 8–12% SDS-PAGE, and transferred to a polyvinylidene fluoride membrane (Millipore). Membranes were blocked in Tris-buffered saline with 0.1% Tween containing 5% non-fat milk for 2 h at room temperature, followed by incubation with primary antibodies targeting GPR30 (1:1,000), MMP-9 (1:1,000), p-ERK (1:1,000), or TGF-β1 (1:1,000) overnight at 4°C. Then the membranes were incubated with the corresponding secondary horseradish peroxidase–conjugated antibodies (1:5,000) for 2 h at room temperature. The blots were visualized using enhanced chemiluminescence reagent (Millipore). GAPDH was determined as an internal loading control. The density of each band was quantified using Image Lab software (Bio-Rad Laboratories, United States ).
Determination of MMP-9
The levels of MMP-9 in the culture supernatant of NRCMs in different treatment groups were determined with ELISA kits (Elabscience Bioengineering Institute, China), following the manufacture’s instruction.
Statistical Analysis
All values were presented as mean ± S.E.M, and all statistical tests were performed using GraphPad Prism software (version 7.0, GraphPad Software Inc, San Diego, CA, United States ). The normality of the distribution was assessed using the Shapiro–Wilk test. The statistical analysis among multiple groups was performed using one-way ANOVA followed by Bonferroni multiple comparisons test. A value of p < 0.05 was considered statistically significant.
RESULTS
Effects of GPR30 on Cardiac Function and HW/BW in Aged Female Mice Surgery at the Fourth Week After Transverse Aortic Constriction Surgery
This in vivo study tried to elucidate the effects of GPR30 activation on cardiac hypertrophy in aged female mice. To fully activate GPR30, the GPR30-specific agonist G1 and GPR30 adeno-associated virus were used. M-mode echocardiography results of different groups are shown in Figure 1. The LVEF and LVFS in the AG/TAC group were worsened than those in the AG group, whereas those in the AG/TAC + GPR30/G1 group were partially recovered compared to those in the AG/TAC group (Figures 1B,C). For cardiac hypertrophy, compared to the AG group, IVSd and LVPWd were significantly enlarged in the AG/TAC group, while the LVPWd in the AG/TAC + GPR30/G1 group was reduced compared to that in the AG/TAC group (Figures 1D,E). The HW/BW ratio of the AG/TAC group was significantly increased compared to that of the AG group, while this ratio was inhibited in the AG/TAC + GPR30/G1 group (Figure 1F). These results together indicated that cardiac function of aged female mice was impaired at the fourth week after TAC surgery, while GPR30/G1 administration could partially recover cardiac function in aged female mice following TAC, showing a cardioprotective effect.
[image: Figure 1]FIGURE 1 | Effects of GPR30 activation on cardiac function four weeks after TAC surgery in aged female mice. Mouse underwent TAC surgery three weeks after tail vein injection of GPR30 adeno-associated virus, and M-mode echocardiography was performed four weeks thereafter. (A) Representative M-mode images by echocardiography. (B) LVEF. (C) LVFS. (D) IVSd. (E) LVPWd. (F) HW/BW ratio. The results were expressed as mean ± S.E.M, n = 3–6, *p < 0.05 compared with the AG group. #p < 0.05 compared with the AG/TAC group.
Effects of GPR30/G1 Treatment on Cardiac Fibrosis of Aged Female Mice at Fourth Week After Transverse Aortic Constriction Surgery
The hallmarks of cardiac remodeling caused by pressure overload are changes in the myocardial cell size, ventricular wall thickness, and myocardial fibrosis. HE staining, Masson staining, and WAG staining were used to observe the effect of GPR30 activation on myocardial remodeling caused by pressure overload at the fourth week after TAC surgery. HE staining showed that the ventricular wall thickness was increased in the AG/TAC group compared to the AG group, while the reduction trend of ventricular wall thickness was observed in the AG/TAC + GPR30/G1 group, which was consistent with our echocardiographic data and the HW/BW ratio. The results of Masson staining (Figures 2B,C) showed that myocardial fibrosis of the heart tissue in the AG/TAC group was significantly elevated compared to the AG group at the fourth week after TAC surgery. GPR30/G1 treatment for 4-week intervention inhibited cardiac fibrosis in the AG/TAC + GPR30/G1 group (Figure 2D). WAG staining results further showed (Figure 2E) that the size of cardiomyocytes in heart tissue in the AG/TAC group was significantly increased compared to the AG group. However, it was significantly reduced after 4-week GPR30/G1 intervention in the AG/TAC + GPR30/G1 group (Figure 2F).
[image: Figure 2]FIGURE 2 | Effects of cardiac fibrosis and morphology four weeks after myocardial TAC surgery in aged female mice. (A) Cardiac HE staining (bar = 0.5 mm). (B–C) Cardiac Masson trichrome staining (bar = 100 µm). (D) Cardiac fibrosis ratio. (E) WGA staining (bar = 100 µm). (F) Mean cross-sectional area of cardiomyocytes. The results are expressed as mean ± S.E.M, n = 3–4. *p < 0.05 compared with the AG group. #p < 0.05 compared with the AG/TAC group.
Effects of GPR30/G1 Treatment on Cardiac Function of Aged Female Mice at Eighth Week After TAC Surgery
To further assess the long-term effects of GPR30 activation on cardiac hypertrophy in aged female mice, cardiac function and fibrosis were examined in 8 weeks post TAC surgery. The results showed that cardiac LVEF and LVFS in the AG/TAC group further deteriorated compared to those in the AG group, whereas those indices in the AG/TAC + GPR30/G1 group were significantly recovered compared to those in the AG/TAC group (Figures 3B,C). The IVSd and LVPWd in the AG/TAC group were significantly enlarged compared to those in the AG group, whereas those in the AG/TAC + GPR30/G1 group were significantly lower than those in the AG/TAC group (Figures 3D,E). The HW/BW ratio of AG/TAC group was significantly elevated compared to the AG group, while this ratio was greatly decreased in the AG/TAC + GPR30/G1 group (Figure 3F). All these data indicated that the heart function of mice was worsened at the eighth week following TAC surgery, and GPR30/G1 treatment could partially inhibit cardiac damage in the long term in response to pressure overload.
[image: Figure 3]FIGURE 3 | Effects of cardiac function eight weeks after myocardial TAC surgery in aged female mice. Mouse underwent TAC surgery three weeks after tail vein injection of GPR30 adeno-associated virus, and M-mode echocardiography was performed eight weeks thereafter. (A) Representative M-mode images by echocardiography. (B) LVEF. (C) LVFS. (D) IVSd. (E) LVPWd. (F) HW/BW ratio. The results are expressed as mean ± S.E.M, n = 3–6, *p < 0.05 compared with the AG group. #p < 0.05 compared with the AG/TAC group.
GPR30/G1 Co-Administration Reduced Cardiac Fibrosis After 8 Weeks of Transverse Aortic Constriction Surgery
HE staining, Masson staining, and WAG staining were employed to investigate the effects of GPR30 on cardiac remodeling caused by pressure load after 8 weeks of TAC surgery. The results of Masson staining (Figures 4B,C) showed that myocardial fibrosis in the AG + TAC group was aggravated at the eighth week after TAC surgery compared to the AG group. GPR30/G1 intervention for 8 weeks attenuated cardiac fibrosis in the AG/TAC + GPR30/G1 group (Figure 4D). In order to further confirm whether GPR30/G1 treatment could reduce the cardiac hypertrophy response caused by pressure overload at the time of the eighth week post-TAC surgery, the cross-sectional cell area of cardiac tissue was determined by WGA staining (Figures 4E,F). The average cross-sectional area of cardiac tissue at the time point of the eighth week after TAC surgery in the AG/TAC group was enlarged, while the average myocardial cross-sectional cell area in the AG/TAC + GPR30/G1 group was mitigated following 8 weeks of GPR30/G1 intervention. However, myocardial fibrosis was comparable between the AG group and the AG + GPR30/G1 group.
[image: Figure 4]FIGURE 4 | Effects of cardiac fibrosis and morphology eight weeks after myocardial TAC surgery in aged female mice. (A) Cardiac HE staining (bar = 0.5 mm). (B–C) Cardiac Masson trichrome staining (bar = 100 µm). (D) Cardiac fibrosis ratio. (E) WGA staining (bar = 100 µm). (F) Mean cross-sectional area of cardiomyocytes. The results are expressed as mean ± S.E.M, n = 3–4. *p < 0.05 compared with the AG group. #p < 0.05 compared with the AG/TAC group.
Effects of GPR30 Agonist G1 Co-Administration for 8 Weeks on the Expression of GPR30, p-ERK, ERK, MMP-9, and TGF-β1 Proteins in Myocardial Tissue of Aged Female Mice in Response to Pressure Overload
Western blot results revealed that continuous intraperitoneal injection of GPR30 agonist G1 for 8 weeks combined with GPR30 overexpression affected the expressions of GPR30, p-ERK, ERK, MMP-9, and TGF-β1 proteins in the myocardium of aged TAC mice (Figure 5A). GPR30/G1 significantly increased the expression of GPR30 in the myocardial tissue of the AG + GPR30/G1 group and the AG/TAC + GPR30/G1 group (Figure 5B). Following TAC surgery, the ratio of p-ERK1/2 to ERK1/2 in the myocardial tissue of the AG/TAC group increased significantly, while GPR30/G1 can significantly reduce the ratio of p-ERK1/2 to ERK1/2 in the myocardial tissue compared to the AG/TAC group (Figure 5C). The expression of MMP-9 in the myocardial tissue of the AG/TAC group was significantly increased, which was significantly decreased by GPR30/G1 treatment (Figure 5D). Meanwhile, the reduction of TGF-β1 expression in myocardium was observed in the AG/TAC + GPR30/G1 group compared to that in the AG/TAC group (Figure 5E).
[image: Figure 5]FIGURE 5 | Effects of 8-week GPR30/G1 treatment on the protein expression levels of GPR30, p-ERK1/2, ERK1/2, MMP-9, and TGF-β1 in mice subjected to TAC. (A) Representative images of the Western blot. (B) GPR30 protein level. (C) p-ERK1/2 to ERK1/2 protein level. (D) MMP-9 protein level. (E) TGF-β1 protein level. (F) Representative confocal microscopy images of myocardial tissue stained with GPR30, MMP-9, and DAPI. Red fluorescence for GPR30 expression. Green fluorescence for MMP-9 expression. Blue fluorescence for nuclei of total cells (bar = 100 μm). (G) IFC intensity of GPR30. (H) IFC intensity of MMP-9. (I) Representative confocal microscopy images of myocardial tissue stained with GPR30, TGF-β1, and DAPI. Red fluorescence for GPR30 expression. Green fluorescence for TGF-β1 expression. Blue fluorescence for nuclei of total cells (bar = 100 μm). (J) IFC intensity of GPR30. (K) IFC intensity of TGF-β1. The results are expressed as mean ± S.E.M, n = 3. *p < 0.05 compared with the AG group. #p < 0.05 compared with the AG/TAC group.
The results of immunofluorescent staining revealed that GPR30/G1 significantly elevated the expressions of GPR30 in the TAC-injured myocardium of aged female mice (Figures 5F–H). Furthermore, compared with AG, the expression of MMP-9 in the myocardial tissue of the AG/TAC group was significantly increased, while GPR30/G1 intervention decreased the expression of MMP-9 significantly (Figures 5F–H).
As shown in Figure 5 I-K, the expression of TGF-β1 was increased in the AG/TAC group following pressure overload, while GRP30/G1 treatment greatly inhibited the TGF-β1 protein level. Our in vivo results showed that GPR30/G1 activation may be associated with the reduction of TGF-β1 and myocardial fibrosis, which may be related with ERK-regulated MMP-9 expression.
Effects of GPR30 Agonist G1 on the Expressions of p-ERK1/2, ERK1/2, and MMP-9 in the Simulated Senescent Cardiomyocytes as well as on the Expression of TGF-β1 in Cardiac Fibroblasts
Primary cultured cardiomyocytes express troponin but not vimentin, and fibroblasts express vimentin but not troponin, which is consistent with the description of cardiomyocytes and cardiac fibroblasts (Figure 6A). Dox and Ang II greatly enhanced the phosphorylated ERK1/2 in cardiomyocytes, while G1 treatment significantly reduced the ratio of p-ERK1/2 to ERK1/2 in the Dox group and the Dox + Ang II group (Figure 6 B and C). Furthermore, MMP-9 expression assessed by Western blot and ELISA was significantly inhibited by G1 treatment, which was significantly induced by addition of Dox + Ang II (Figure 6 B, D, and E). Following these treatments, TGF-β1 expression was increased in the Dox + Ang II group, while G1 treatment decreased the expression of TGF-β1 (Figure 6 F and G).
[image: Figure 6]FIGURE 6 | Effects of GPR30 agonist G1 on the expression of p-ERK1/2, ERK1/2, and MMP-9 protein in DOX/Ang II-treated cardiomyocytes and on the expression of TGF-β1 in cardiac fibroblast. (A) Primary CFs express vimentin and are negative for troponin, which is consistent with the characteristics of primary cultured cardiac fibroblasts. (B) Representative images of Western blot. (C) p-ERK1/2 to ERK1/2. (D) MMP-9 expression. (E) The content of MMP-9 in the culture medium of cardiomyocytes. (F) Representative images of Western blot. (G) TGF-β1 expression. The results were expressed as mean ± S.E.M, n = 3. *p < 0.05 compared with the Dox group, #p < 0.05 compared with the Dox + Ang Ⅱ group.
Effects of GPR30 Antagonist G15 and ERK Inhibitor PD98059 on the Expressions of p-ERK1/2, ERK1/2, and MMP-9 in the Simulated Aged Cardiomyocytes as well as on the Expression of TGF-β1 in Cardiac Fibroblasts
The results from Western blot showed that G15 treatment upregulated phosphorylated ERK1/2 and MMP-9 expression compared to the Dox + Ang II group, while PD98059 could reverse the effects of G15 addition, as evidenced by the reduction of phosphorylated ERK1/2 and MMP-9 expression (Figures 7A–D). The data from ELISA also showed that G15 elevated MMP-9 expression of cell culture medium, while this could be reversed by PD98059 treatment (Figure 7E). Moreover, TGF-β1 expression was increased in the Dox + Ang II + G15 group, while PD98059 treatment decreased the expression of TGF-β1 (Figure 7 F and G).
[image: Figure 7]FIGURE 7 | Effects of GPR30 antagonist G15 on p-ERK1/2, ERK1/2, and MMP-9 in cardiomyocytes, and the effect on the expression of TGF-β1 in fibroblasts. (A) Representative blots of Western blot. (B) p-ERK1/2 to ERK1/2. (C) MMP-9 expression. (D) Representative confocal microscopy images of primary cultured cardiomyocytes stained with p-ERK and DAPI. Red fluorescence for p-ERK expression. Blue fluorescence for nuclei of total cardiomyocytes (bar = 100 μm). (E) The content of MMP-9 in the culture medium of cardiomyocytes. (F) Representative confocal microscopy images of primary cultured cardiomyocytes stained with TGF-β1 and DAPI. Red fluorescence for TGF-β1 expression. Blue fluorescence for nuclei of total cardiac fibroblasts (bar = 100 μm). (G) TGF-β1 expression. *p < 0.05 compared with the Dox + Ang Ⅱ group. #p < 0.05 compared with the Dox + Ang Ⅱ+G15 group.
DISCUSSION
With the use of ovariectomized rodent models, we have previously explored the function of GPR30 in pathological condition such as myocardial infarction and diabetes-induced myocardial injury (Wang et al., 2018; Wang et al., 2019). Here, we further investigated the effects of GPR30 activation on TAC-induced cardiac hypertrophy of aged female mice. The novel finding of the present study was that GPR30 activation could reduce TAC-induced cardiac fibrosis through downregulation of the MMP-9 level, which may provide the potential therapeutic targets for the treatment of pathological cardiac hypertrophy in postmenopausal women.
Since the incidence of cardiovascular diseases differs significantly between men and women, the protection of estrogen in the cardiovascular system has been proposed and reported for decades (Mendelsohn & Karas, 1999). Especially, the observation of higher risk of cardiovascular diseases with the lower estradiol level among postmenopausal women further emphasized the vital function of estrogen for the cardiovascular system. Thus, several studies including observational research and clinical trials were conducted to evaluate the effects of estrogen supplement on the incidence of cardiovascular diseases of postmenopausal women (Barrett-Connor & Bush, 1991; Rossouw et al., 2002). Although the results from Nurses’ Health Study showed the benefits of estrogen use to decrease both the incidence of coronary heart diseases and the mortality from cardiovascular diseases in menopause women (Stampfer et al., 1991), the reduction of morbidity of cardiovascular diseases by estrogen supplement was not observed in the Framingham Heart Study (Wilson et al., 1985). Therefore, not only double-blind, randomized controlled trials are required to further validate the previous study but also well-designed animal studies should be conducted to reveal the precise molecular mechanisms to better explain these contradictory clinical data.
Estrogen receptors play important roles to mediate multiple biological functions of estrogen. Till date, GPR30 is the only membrane receptor of estrogen that protects the heart from diverse pathological injuries (Mizukami, 2010; Feldman & Limbird, 2017). A previous study showed that the activation of GPR30 by its agonist G1 improved cardiac diastolic function and reduced cardiac fibrosis in ovariectomized female mRen2.Lewis rats (Wang et al., 2012). Moreover, G1 administration attenuated ischemic cardiac injury by using a Langendorff rat model in a gender-independent manner (Deschamps & Murphy, 2009). Our present study employed the aged hypertrophied hearts of female mice to show that LVEF and LVFS in aged female mice were worsened and IVSd and LVPWd were partially recovered at the fourth week post-TAC surgery. The Masson staining revealed that cardiac fibrosis was exacerbated, and the cross-sectional area of cardiomyocytes was further enlarged. Moreover, these indices were aggravated at the eighth week post-TAC. Our results also showed that GPR30 activation could partially recover LVEF and LVFS, inhibit IVSd and LVPWd, and mitigate the fibrotic area of cardiac tissues at both four and eight weeks following TAC surgery. Taken together, these results clearly indicated that activation of GPR30 could partially protect the cardiac function and attenuate cardiac fibrosis in aged female hypertrophied hearts.
Furthermore, the underlying molecular mechanism of GPR30 activation on cardiac fibrosis was further clarified. The present data showed that cardiac fibrotic areas at both myocardial interstitial tissue and the perivascular space were decreased following GPR30 overexpression and G1 administration evidenced by Masson staining. The phosphorylated ERK1/2 was upregulated in response to pressure overload induced by TAC, which as a member of MAPK superfamily has been shown to contribute to pathogenesis of cardiac hypertrophy (Braz et al., 2002; Lorenz et al., 2009). Our data further revealed that GPR30 activation and G1 treatment could inhibit ERK1/2 phosphorylation in aged hypertrophied hearts in vivo. These results indicated that this reduction of cardiac fibrosis was associated with suppressed ERK1/2 signaling. Meanwhile, the reduction of MMP-9 in myocardium was observed following GPR30/G1 treatments. The components of the myocardial extracellular matrix were regulated by the balance of numerous matrix metalloproteinases including MMP-9, and the disruption of this balance can cause cardiac fibrosis (Fan et al., 2012). It was reported that MMP-9 expression was induced via ERK1/2 signaling in H9c2 cells challenged by lipopolysaccharides (Cheng et al., 2009). Mice lacking MMP-9 have better cardiac function and less left ventricular remodeling than the wild type in response to pressure overload (Heymans et al., 2005), which indicated that MMP-9 inhibitors may preserve cardiac function in pathological hypertrophy. Our results also revealed that MMP-9 expression was increased following TAC surgery in aged female mice hearts, while GPR30 activation could partially inhibit MMP-9 expression. Furthermore, the fibrotic marker protein TGF-β1 was significantly upregulated following TAC surgery in aged female mice hearts, while GPR30/G1 treatment greatly reduced TGF-β1 expression, implying the inhibition of myocardial fibrosis by GPR30 activation. The in vitro study showed that G1 treatment decreased angiotensin II and doxorubicin-induced MMP-9 expression in neonatal cardiomyocytes. The MMP-9 level in the supernatant of the cardiomyocyte culture was increased following angiotensin II and doxorubicin treatment, which was reduced by G1 treatment. Furthermore, addition of GPR30 antagonist G15 could elevate ERK1/2 phosphorylation and MMP-9 expression, which can be reversed by ERK1/2 inhibitor PD98059. By adding the culture medium from cardiomyocytes to fibroblasts, the TGF-β1 expression of fibroblasts was increased in the medium, which was treated by angiotensin II and doxorubicin, while the TGF-β1 expression of fibroblast was inhibited in the medium which was treated by G1. Taken together, these results favored the notion that GRP30 activation inhibited MMP-9 expression via ERK1/2 signaling to at least partially preserve cardiac function and inhibited myocardial fibrosis in aged female hypertrophied hearts.
Although the ovariectomized female mouse is a powerful model for studying the effects of estrogen use, aging is a more complex pathological process, instead of bilateral oophorectomy. Thus, in order to fully mimic the pathological condition of postmenopausal women, mice at the age of 18 months were used in this study. Second, despite overexpression of GPR30 by adeno-associated virus delivery in our study, we further intraperitoneally injected the agonist G1 to thoroughly activate GPR30. While our present study clarified the vital role of GPR30 activation in aged hypertrophied female hearts, there are some limitations, which can be improved in further studies. In this study, we used GPR30 adeno-associated virus to overexpress GPR30. But GPR30 knockout or transgenic mice should be used in future studies, the result of which may provide valid evidence. Second, we only observed cardiac hypertrophy and cardiac function till 8 weeks post-TAC surgery. The long-term results may indicate the potential beneficial or detrimental effects of GPR30 activation.
In summary, this study demonstrated that GPR30 and G1 co-administration reduced TAC-induced cardiac fibrosis and preserved cardiac contractile function in aged female hearts. These effects were attributed to GPR30 activation and the subsequent inhibition of ERK1/2-mediated MMP-9 expression. By using an in vitro model, the importance of ERK1/2 in mediating GPR30 protection against TAC-induced cardiac fibrosis was verified by ERK1/2 signaling inhibitor PD98059. Collectively, our results presented the new potential drug for the treatment of cardiac pathological hypertrophy in postmenopausal women.
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Knockout of AMPKα2 Blocked the Protection of Sestrin2 Overexpression Against Cardiac Hypertrophy Induced by Pressure Overload
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Objectives: Sestrin2 (Sesn2) has been demonstrated to be a cysteine sulfinyl reductase and protects cells from multiple stress insults, including hypoxia, endoplasmic reticulum stress, and oxidative stress. However, the roles and mechanisms of Sesn2 in pressure overload-induced mouse cardiac hypertrophy have not been clearly clarified. This study intended to investigate whether sestrin2 (Sesn2) overexpression could prevent pressure overload-induced cardiac hypertrophy via an AMPKα2 dependent pathway through conditional knockout of AMPKα2.
Methods and results: Sesn2 expression was significantly increased in mice hearts at 2 and 4 weeks after aortic banding (AB) surgery, but decreased to 60–70% of the baseline at 8 weeks. Sesn2 overexpression (at 3, 6, and 9 folds) showed little cardiac genetic toxicity in transgenic mice. Cardiac dysfunctions induced by pressure overload were attenuated by cardiomyocyte-specific Sesn2 overexpression when measured by echocardiography and hemodynamic analysis. Results of HE and PSR staining showed that Sesn2 overexpression significantly alleviated cardiac hypertrophy and fibrosis in mice hearts induced by pressure overload. Meanwhile, adenovirus-mediated-Sesn2 overexpression markedly suppressed angiotensin II-induced neonatal rat cardiomyocyte hypertrophy in vitro. Mechanistically, Sesn2 overexpression increased AMPKα2 phosphorylation but inhibited mTORC1 phosphorylation. The cardiac protections of Sesn2 overexpression were also via regulating oxidative stress by enhancing Nrf2/HO-1 signaling, restoring SOD activity, and suppressing NADPH activity. Particularly, we first proved the vital role of AMPKα2 in the regulation of Sesn2 with AMPKα2 knockout (AMPKα2-/-) mice and Sesn2 transgenic mice crossed with AMPKα2-/-, since Sesn2 overexpression failed to improve cardiac function, inhibit cardiac hypertrophy and fibrosis, and attenuate oxidative stress after AMPKα2 knockout.
Conclusion: This study uniquely revealed that Sesn2 overexpression showed little genetic toxicity in mice hearts and inhibited mTORC1 activation and oxidative stress to protect against pressure overload-induced cardiac hypertrophy in an AMPKα2 dependent pathway. Thus, interventions through promoting Sesn2 expression might be a potential strategy for treating pathological cardiac hypertrophy and heart failure.
Keywords: Sestrin2, cardiac hypertrophy, fibrosis, AMPKα, oxidative stress
1 INTRODUCTION
Cardiac pathological hypertrophy represents a common initial stage for a variety of heart diseases caused by pathological stimuli such as hypertension-associated pressure overload, myocardial infarction-related injuries, excess neurohormonal activation, and inflammatory stimuli (Yildiz et al., 2020). Sustained pathological hypertrophy causes fetal gene re-expression, enlarged cardiomyocyte area, malignant interstitial fibrosis, and dysregulation of signaling pathways, which finally lead to heart failure. Moreover, the occurrence of heart failure means high morbidity and mortality (Murphy et al., 2020). Treatment at the initial stage of cardiac hypertrophy might block and even regress the development and progress of heart failure (Yildiz et al., 2020). However, the molecular mechanisms underlying pathological hypertrophy remain to be fully clarified.
The mechanisms involved in cardiac hypertrophy are intricated and continuous efforts have been paid to elucidate the pathways (Bauml and Underwood, 2010; Khatibzadeh et al., 2013). Among these, the AMP-activated protein kinase α (AMPKα) mammalian target of rapamycin (mTOR) pathway plays a central role in coordinating the complex signaling events (Haque and Wang, 2017; Zhang et al., 2018b). AMPK is a critical sensor and regulator of cellular energy status and exerts important functions in the intracellular adaptation to energy stress (Qi and Young, 2015). Deficiency of AMPKα or inhibiting its activity could exaggerate pathological cardiac hypertrophy, but activating AMPKα by genetic or pharmaceutical strategies could alleviate cardiac hypertrophy and improve cardiac function via suppressing excessive protein synthesis in cardiomyocytes (Ma et al., 2016; Zhang et al., 2018b). Besides, previous reports have closely correlated the AMPKα/mTOR pathway with the hypertrophic response by inhibiting oxidative stress and apoptosis (Shaw, 2009). However, some different upstream signaling and molecular mechanisms could activate or inactivate AMPKα activity depending on different pathophysiological contexts. Therefore, it is necessary to elucidate the precise mechanisms of upstream regulating molecules in different pathophysiological conditions (Qi and Young, 2015).
Sestrin2 (Sesn2), a member of the Sestrin (Sesn) family, also known as the product of hypoxia-inducible gene 95 (Hi95), is a stress-induced protein with a molecular weight of 55 kDa. Previous studies demonstrated that Sesn2 participated in various diseases by regulating apoptosis, oxidative stress, and toxicity (Kim et al., 2015c; Pasha et al., 2017; Sun et al., 2020). Sesn2 can also attenuate degenerative processes induced by aging and diabetes via depressing reactive oxygen species (ROS) accumulation and mTORC1 activation (Kim et al., 2015a). Sesn2 could exert a protective role in dopaminergic cells by maintaining autophagy activity via activating AMPK (Hou et al., 2015). However, the effects and underlying mechanisms of Sesn2 in adult mouse cardiac hypertrophy have not been clearly illustrated. Therefore, this study intends to investigate the role and mechanisms of Sesn2 in cardiac hypertrophy with Sesn2 transgenic and AMPKα2 knockout mice by establishing a pressure overload-induced cardiac hypertrophy model via aortic banding (AB) surgery.
2 MATERIALS AND METHODS
2.1 Reagents
Ang II was purchased from ENZO (ALX-151-039-M025); collagenase and trypsin were purchased from Gibco (Grand Island, NY, United States); the BCA protein assay kit was bought from Pierce (Rockford, United States); and 2,7-dichlorofluorescindiacetate (DCFH-DA) was obtained from the Bioengineering Institute (Nanjing, China). The following primary antibodies were obtained from Cell Signaling Technology (CST, United States): glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (#2118), p-mTORC1 (#2971), T-mTORC1 (#2983), α-actinin (#69758S), P-p70 S6 kinase (Thr389) (#9234P), T-p70 S6 kinase (#2708), P-JNK (T183/Y185) (#4668P),T-JNK (#9258), P-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (#4370P), T-ERK (#4695), P-p38 (#4511P), p38 MAPK (#9212P), T-TAK1 (#5206), P-TAK1 (#4508), T-AKT (#4691), P-AKT (#4060), acetyl-CoA carboxylase antibody (#3676), and P-acetyl-CoA carboxylase antibody (#3661S). ABCAM provided the following primary antibodies: Anti-AMPKα2 (ab3760), p-AMPKα2 (S491, ab109402), anti-SOD1 (ab16831), anti-SOD2 (ab38155), Nrf2 (ab15323), 4-hydroxynonenal (ab46545), sarcomeric α-actinin (ab68167), heme oxygenase1 (ab-13243), and NOX2/gp91phox (ab129068). The Sesn2 antibody was acquired from Proteintech (no. 10795-1-AP). Antibodies were used at 1:1,000 dilutions for Western blotting. The secondary antibodies were obtained from LI-COR Biosciences (Lincoln, United States).
2.2 Animals and Treatments
All animal procedures were performed following the Guidelines for the Care and Use of Laboratory Animals published by the United States National Institutes of Health (NIH Publication, revised 2011) and approved by the Animal Care and Use Committee of Renmin Hospital of Wuhan University (Protocol No. 00013274).
Sesn2 conditional manipulated transgenic mice were established according to the published protocol as shown in Supplementary Figure S1 (Deng et al., 2017; Larson and Baker, 2019; Luo et al., 2020). In brief, the CMV promoter followed by the loxP-STOP-loxP cassette was engineered to establish transgenic mice for temporal and spatial controlling of Sesn2 expression. The transgenic mice were then bred with a tamoxifen-inducible Cre mouse to obtain an inducible specific expression of Sesn2 in the cardiomyocyte after treating with tamoxifen, which was injected into the abdomen for 7 consecutive days at a dose of 20 mg/kg/d.
The AMPKα2 knockout (AMPKα2-/-) mice were described in our previous study (Deng et al., 2013). Sesn2 transgenic mice were crossed with AMPKα2-/- to test whether the protective role of Sesn2 was via activating AMPKα2. All mice used in this study (male, aged 8–10 weeks, weighing 23.5–27.5 g) were housed under specific-pathogen-free conditions with food and water available ad libitum. Transgenic mice and littermates were subjected to aortic banding (AB) or sham surgery to establish pressure overload-induced cardiac hypertrophy animal models.
2.3 Aortic Banding Surgery
AB surgery was performed according to our previously published surgical protocol (Liao et al., 2019). In brief, sodium pentobarbital (50 mg/kg) with intraperitoneal injection was used to anesthetize the mice. After the loss of pain stimulation reflex in mice, mice were put on a thermostatic heating pad. After the open of the left side of the chest, the thoracic aorta was exposed by blunt dissection, and the descending thoracic aorta was ligated against a 27 G needle with a 7-0 silk suture. After quickly removing the 27 G needle, the descending thoracic aorta was narrowed about 70%. The sham surgery group was performed with the same operation as described in the AB surgery process but without ligating the descending thoracic aorta. Vascular ultrasound was performed to examine the AB surgery after 1 week of AB operation. Mice with unsuccessful surgery were removed from experimental groups.
2.4 Cardiomyocyte Cultures
Neonatal rat cardiomyocytes (NRCMs) were isolated as previously described (Liao et al., 2019). In brief, we sacrificed the neonatal Sprague-Dawley rats (1–3 days old), cut the ventricles into pieces, and digested them with 0.125% trypsin and 0.1% collagenase type II. Then, we centrifuged the harvested cells and resuspended the sediment in 15% fetal bovine serum (FBS, GIBCO). The serum was supplemented with 100 U/ml penicillin/100 mg/ml streptomycin in case of infection and 0.1 mmol/L bromodeoxyuridine (BrdU) to inhibit the proliferation of cardiac fibroblasts. After culture at 37°C in an incubator containing 5% CO2 for 90 min, non-myocytes were removed and the suspended medium which consists of cardiomyocytes was seeded into 6-well culture plates.
After culture for 48 h, the cells were starved by changing the culture medium to serum-free DMEM/F12 for 6 h. Then, the cells were incubated and infected with adenoviruses of Sesn2 (Ad-Sesn2) or a similar adenovirus vector expressing the GFP protein (Ad-GFP) for 24 h. Subsequently, the infected cardiomyocytes were stimulated with Ang II (1 nM) for 24 h to induce cardiomyocyte hypertrophy. The hypertrophic phenotype was evaluated and the markers of the AMPKα/mTOR pathway were detected by RT-PCR and Western blotting. To further investigate the precise molecular mechanism of Sesn2 in cardiac hypertrophy, Ad-shAMPKα silencing AMPKα was used to further clarify the role of AMPKα in the protective role of Sesn2 in cardiac hypertrophy in NRCMs in vitro.
2.5 Echocardiography and Hemodynamics Measurements
Four weeks after AB or sham surgery, cardiac functions of mice were evaluated by echocardiography and hemodynamics as described previously (Ma et al., 2019). In brief, mice were anesthetized by inhaling 1.5% isoflurane. Mylab 30CV (Esaote S.P.A, Genoa, Italy) equipped with a 10-MHz linear array ultrasound transducer was used to examine mouse cardiac functions. The end-systolic and end-diastolic diameter of left ventricle (LVEDs and LVEDd) was measured in a parasternal short-axis view at the end of systole or diastole phase. The LV ejection fraction (EF) and fraction shortening (FS) were calculated according to LVEDs and LVEDd.
For hemodynamic measurements, a microtip catheter transducer (SPR-839, Millar Instruments, Houston, TX, United States) was inserted into the left ventricle through the right carotid artery of mice after anesthetization. The Millar Pressure-Volume System (MPVS-400, Millar Instruments) was used to record the continuous signals for the following analysis. The data were processed by PVAN data analysis software to analyze parameters, including the end-diastolic pressure (EDP), end-systolic pressure (ESP), maximal rate of pressure development (dp/dt max), and minimal rate of pressure decay (dp/dt min). After cardiac function analysis, the mice were sacrificed by decapitation. The body weight (BW), heart weight (HW), tibia length (TL), and lung weight (LW) were recorded. Then the hearts were quickly harvested and randomly divided into pathological staining and molecular analysis groups respectively. Hearts were arrested in diastole with 10% KCL, and preserved in 10% formalin for histological analysis and immunohistochemistry. Heart samples were preserved at −80°C for RT-PCR and Western blotting.
2.6 Histological Analysis
Mice hearts were fixed in 10% formalin for 12 h, and then were dehydrated and embedded in paraffin for cutting into 4–5 μm thick sections. The sections were stained with hematoxylin-eosin (HE) to evaluate the cross-section area (CSA) or stained with picrosirius red (PSR) to evaluate the fibrosis volume as described in our published protocol (Liao et al., 2019). After visualizing and taking photos under an optical microscope, Image Pro-Plus (version 6.0) was used to trace the outline of single cardiomyocyte to obtain cell surface area and collagen deposition area in the left ventricle for evaluating cardiac hypertrophy and fibrosis.
2.7 Immunohistochemistry
Immunohistochemistry was performed according to our published protocol (Wu et al., 2019). In brief, after deparaffinization and rehydration, sections were put into a 1X citrate unmasking solution for 10 min at a sub-boiling temperature (98°C). Then the sections were cooled at room temperature for 30 min. After incubation in 3% H2O2 for 10 min, sections were blocked for 1 h in a blocking solution (1X TBST/5% Normal Goat Serum) before incubation with 4-hydroxynonenal (4-HNE) overnight at 4°C. The next day, after incubation with a GTVisionTM+/HRP reagent (GK500610A, Gene tech, China), a DAB substrate kit (GK600710, Gene tech, China) was used to detect the positive area under an optical microscope for 1–10 min. After counterstaining sections with hematoxylin, we mounted sections with coverslips and took photos under an optical microscope. Image Pro-Plus (version 6.0) was used to analyze images.
2.8 Immunofluorescence Staining
Immunofluorescence staining was performed according to our published protocol (Zhang et al., 2018a). In brief, NRCMs were cultured on coverslips. After giving the corresponding treatment as described in the figure legends, NRCMs were washed three times with PBS, fixed with 4% paraformaldehyde, and then permeabilized with 0.2% Triton X-100. After blocking with 10% goat serum, NRCMs were incubated with a primary antibody of α-actinin (1:100) overnight at 4°C. The next day, after discarding the primary antibody, NRCMs were incubated with Alexa Fluor® 488-conjugated goat anti-rabbit IgG for 1 h at 37°C. Slow Fade Gold antifade reagent with DAPI (Sigma-Aldrich) was used to stain the cell nucleus. Fluorescence images were captured by a special OLYMPUS DX51 fluorescence microscope (Tokyo, Japan) in dark conditions and were analyzed by Image-Pro Plus 6.0 software.
2.9 Detection of Oxidative Stress
Commercial kits (Beyotime Biotechnology, China) were used to detect the activity of SOD (Cu/Zn-SOD and Mn-SOD Assay Kit with WST-8, S0103) and NADPH oxidase (NADP+/NADPH Assay Kit with WST-8, S0179) and the malondialdehyde (MDA) (Lipid Peroxidation MDA Assay Kit, S0131S) content in fresh heart tissue (80–120 mg) according to the manufacturer’s instructions.
2.10 Measurements of ROS
The DCFH-DA probe (S0033S, Beyotime Biotechnology, China) was used to examine the intracellular ROS level according to the manufacturer’s instructions and our published protocol (Zhang et al., 2020). In brief, NRCMs were incubated with DCFH-DA for 2 h at 37°C, and then the cells were washed with PBS three times in the dark. Photos were taken using an Olympus IX53 fluorescence microscope. Image Pro-Plus (version 6.0) was used to analyze images.
2.11 RNA Isolation and Quantitative Real-Time PCR
Total RNA from the left ventricle or cultured cardiomyocytes was extracted with Trizol as previously described (Liao et al., 2019). The Transcriptor First Strand cDNA Synthesis Kit (Roche, Basel, Switzerland) was used to reverse-transcribed 2 μg of RNA into cDNA. Light Cycler 480 SYBR Green 1 Master Mix (04887352001, Roche, United States) was used to perform real-time PCR. The primers used in this study were shown in Table 1. GAPDH was used as an internal control.
TABLE 1 | Sequences for the primers used in the qRT-PCR experiments.
[image: Table 1]2.12 Western Blotting Analysis
Total proteins were extracted according to published protocols (Liao et al., 2019). In brief, heart tissue or NRCMs was lysed in RIPA lysis buffer. The protein concentration was measured by using the BCA Protein Assay Kit (23227, Thermo Scientific, China). Protein lysates were electrophoresed in different concentrations of SDS-PAGE (8, 10, and 12%), and then transferred onto PVDF membranes. After blocking the membranes with 5% BSA for 1 h, the blots were incubated with primary antibodies overnight at 4°C. The next day, blots were incubated with secondary antibodies at room temperature for 1 h. All blots were visualized using ChemiDoc TM XRS + (Bio-Rad). The blots were quantified and analyzed by using Image Lab software.
2.13 Statistical Analysis
All of the data in our study were expressed as Mean ± SD (standard deviation). Cell experiments were repeated three times independently. The experiments and analysis were blinded whenever it need. SPSS 22.0 software was used to data analysis. One-way analysis of variance (ANOVA) and Tukey post hoc tests were used for multi-group comparisons. p < 0.05 was considered statistically significant.
3 RESULTS
3.1 The Expression of Sesn2 in Hypertrophic Hearts and Cardiomyocytes
As shown in Figures 1A,B, results of Western blotting and RT-PCR exhibited that Sesn2 expression was significantly upregulated in mice hearts 2 and 4 weeks after AB surgery compared to the sham-operated group, while the expression level reduced to 60–70% of the baseline after 8 weeks of AB surgery. In isolated NRCMs, angiotensin II (Ang II 1 μM) treatment caused a significant upregulation of Sesn2 at 12 h compared to the PBS treatment group both at protein and mRNA level. However, Ang II treatment for 48 h significantly decreased Sesn2 expression compared to the PBS treatment group (Figures 1C,D). These results implied that Sesn2 might take part in regulating pathological cardiac hypertrophy. To evaluate the role of Sesn2 in cardiac hypertrophy, transgenic mice (TG) were constructed for human Sesn2 specific overexpression in the cardiomyocytes (Supplementary Figure S1). The human Sesn2 was successfully overexpressed in the hearts of TG (Figures 1E,F). The TG mice and their wild-type (WT) littermates were used for the following experiments.
[image: Figure 1]FIGURE 1 | The expression of Sesn2 in hypertrophic hearts and Ang II-induced cardiomyocytes. (A) Representative immunoblots and quantitative results of Sesn2 protein expression in mice hearts at 2, 4, and 8 weeks after AB surgery (n = 6). (B) qPCR analysis of the mRNA levels of Sesn2 at 2, 4, and 8 weeks after AB surgery (n = 6). (C) Representative Western blots and statistical analysis of Sesn2 expression in NRCMs at 12, 24, and 48 h after Ang II treatment (n = 6). (D) Sesn2 mRNA expression levels in NRCMs treated with or without Ang II stimulation (n = 6). (E) Representative Western blots and statistical analysis of Sesn2 expression in the hearts of WT and TG mice, respectively (n = 6). (F) Sesn2 mRNA expression in WT and TG mice hearts (n = 6). The data were expressed as the mean ± SD.*p < 0.05 vs. indicated group. One-way analysis of variance (ANOVA) followed by Tukey post hoc tests were used for significance analysis.
3.2 Sesn2 Overexpression in Cardiomyocytes Alleviated Pressure Overload Induced Cardiac Dysfunction
Echocardiography was performed to examine mouse cardiac function among different groups (Figure 2A). There was no difference in heart rate among all groups (Figure 2B). Four weeks of pressure overload caused a marked increase in parameters, including left ventricular end-diastolic diameter (LVEDd) (Figure 2C), left ventricular end-systolic diameter (LVEDs) (Figure 2D), end diastolic pressure (EDP) (Figure 2G), end systolic pressure (ESP) (Figure 2H), end diastolic volume (EDV) (Figure 2I), and end systolic volume (ESV) (Figure 2J), but significantly decreased left ventricular ejection fraction (EF) (Figure 2E) and left ventricular fraction shortening (FS) (Figure 2F) in the WT + AB group, compared to WT + sham group. However, Sesn2 overexpression markedly alleviated cardiac dysfunction induced by pressure overload, as evidenced by preserved LVEF and FS, decreased LVEDd, LVEDs, EDP, ESP, EDV, and ESV in the TG + AB group compared to the WT + AB group. Pressure volume loop analysis was used to further assess the mouse cardiac function. Pressure overload caused a significant decrease in maximal left ventricular pressure rising rate (dp/dt max) and the rate of left ventricle diastolic pressure change (dp/dt min) in the WT + AB group compared to the WT + sham group (Figures 2K,L). Similarly, Sesn2 overexpression significantly restored the dp/dt max and dp/dt min in the TG + AB group compared to the WT + AB group (Figures 2K,L), which confirmed again the protective role of Sesn 2 in cardiac dysfunction caused by pressure overload.
[image: Figure 2]FIGURE 2 | Cardiomyocyte-specific overexpression of Sesn2 attenuated pressure overload-induced cardiac dysfunction. (A) Representative echocardiographic images in each group (n = 6). Echocardiography and pressure-volume loop were performed to evaluate mouse cardiac function at 8 weeks after AB surgery (n = 6). (B) heart rate (HR), (C) left ventricular end diastolic diameter (LVEDd), (D) left ventricular end systolic diameter (LVEDs), (E) left ventricular ejection fraction (EF), (F) LV fraction shortening (FS), (G) end diastolic pressure (EDP), (H) end systolic pressure (ESP), (I) end diastolic volume (EDV), (J) end systolic volume (ESV), (K) left ventricular maximal rate of pressure rise (dp/dt max), (L) left ventricular maximal rate of pressure decay (dp/dt min). Data were presented as the mean ± SD. *p < 0.05 vs indicated group. One-way analysis of variance (ANOVA) followed by Tukey post hoc tests were used for significance analysis.
3.3 Sesn2 Overexpression Improved Pressure Overload-Induced Cardiac Hypertrophy and Fibrosis in Mice
Pressure overload significantly induced mouse heart hypertrophy, as shown by the increased cardiomyocyte surface area (CSA) in the WT + AB group compared to the WT + sham group. Sesn2 overexpression inhibited cardiac hypertrophy, since it decreased CSA in the TG + AB group compared to the WT + AB group (Figures 3A,B). Congruously, the heart weight/body weight (HW/BW) (Figure 3C), heart weight/tibia length (HW/TL) (Figure 3D), and lung weight/body weight (LW/BW) (Figure 3E) were significantly increased in the WT + AB group compared to the WT + sham group. Sesn2 overexpression significantly decreased HW/BW, HW/TL, and HW/BW in the TG + AB group compared to the WT + AB group (Figures 3C–E). The hypertrophic markers, including atrial natriuretic peptide (ANP) (Figure 3F), B-type natriuretic peptide (BNP) (Figure 3G), and β-MHC (Figure 3I), were significantly upregulated in the WT + AB group compared to the WT + sham group. However, Sesn2 overexpression significantly depressed the mRNA expression of these hypertrophic markers in the TG + AB group compared to the WT + AB group (Figures 3F,G,I). Besides, pressure overload caused a significant decrease of α-MHC in the WT + AB group compared to the WT + sham group, but Sesn2 overexpression obviously reversed the α-MHC expression in the TG + AB group compared to the WT + AB group (Figure 3H). Taken together, these data exhibited that Sesn2 overexpression protected against pressure overload-induced cardiac hypertrophy.
[image: Figure 3]FIGURE 3 | Sesn2 overexpression alleviated pressure overload-induced hypertrophy and fibrosis in mice. (A) Representative images of gross hearts and HE staining in the indicated groups (n = 6). (B) Quantification of the cross-sectional area (CSA) of cardiomyocytes in the indicated mice (n ≥ 100 left ventricular cells). Statistical results of the (C) HW/BW, (D) HW/TL (E) and LW/BW of mice at 8 weeks after AB surgery(n = 9). Cardiac mRNA levels of. (F) ANP, (G) BNP, (H) α-MHC, and (I) β-MHC. (J) Picrosirius red (PSR) staining of histological sections of left ventricles (n = 6), (K) quantitative results of the left ventricular collagen volume (n ≥ 25 fields). L-O The mRNA levels of (L) Collagen I, (M) CTGF, (N) α-SMA, and (O) FN. ANP: atrial natriuretic peptide; BNP, brain natriuretic peptide; α-MHC, α-myosin heavy chain; β-MHC, β-myosin heavy chain; HW, heart weight; BW, body weight; TL, tibia length; HE, hematoxylin and eosin; CTGF, connective tissue growth factor; FN, fibronectin; αSMA, alpha-smooth muscle actin (αSMA). The data were expressed as the mean ± SD. *p < 0.05 vs. indicated group. One-way analysis of variance (ANOVA) followed by Tukey post hoc tests were used for significance analysis.
Cardiac fibrosis is an integrated process of pathological cardiac hypertrophy. PSR staining revealed that pressure overload induced significant fibrosis around the perivascular and in the interstitium of the mouse heart in the WT + AB group compared to the WT + sham group, but Sesn2 overexpression markedly mitigated cardiac fibrosis in the TG + AB group compared to the WT + AB group (Figures 3J,K). Moreover, the fibrosis associated markers, including collagen I (Figure 3L), connective tissue growth factor (CTGF) (Figure 3M), alpha-smooth muscle actin (α-SMA) (Figure 3N), and fibronectin (FN) (Figure 3O), were significantly upregulated in the WT + AB group compared to the WT + sham group. However, Sesn2 overexpression depressed the expression of these fibrosis-associated markers in the TG + AB group compared to the WT + AB group (Figures 3L–O). Therefore, cardiac fibrosis caused by pressure overload could also be ameliorated by Sesn2.
3.4 Sesn2 Overexpression Activated the AMPKα2 Signaling Pathway and Suppressed Oxidative Stress
In previous studies, Sesn2 has been suggested to regulate the MAPK, AKT, AMPKα, and oxidative stress-associated signaling pathways, all of which have been implicated in the regulation of pathological cardiac hypertrophy. Our data presented that Sesn2 overexpression seemed not to regulate the MAPK and AKT signaling pathway (Supplementary Figures S2A,B). However, AMPKα2 and ACC phosphorylation was significantly enhanced by Sesn2 overexpression in the TG + AB group compared to the WT + AB group. Meanwhile, mTORC1, and p70s6k phosphorylation was significantly inhibited in the TG + AB group compared to the WT + AB group (Figures 4A,B).
[image: Figure 4]FIGURE 4 | Sesn2 overexpression activated the AMPKα2 pathway and suppressed oxidative stress. (A) Representative Western blots of the phosphorylated and total protein expression of AMPKα2, mTORC1, ACC, P70s6k, P67, NOX2, Nrf2, HO-1, SOD1, and SOD2 at 8 weeks after AB surgery (n = 6). (B,C) Quantification of the proteins. (D) Examination of SOD activity (n = 6), (E) Examination of NADPH activity (n = 6), (F) Examination of MDA accumulation (n = 6). (G). Immunohistochemical staining for 4-hydroxynonenal (4-HNE). *p < 0.05 vs. indicated group. One-way analysis of variance (ANOVA) followed by Tukey post hoc tests were used for significance analysis.
We also detected the oxidative stress-associated signaling pathway and oxidative stress status among different groups. The pro-oxidative stress markers, including p67 and NOX2, and the anti-oxidative stress proteins, including Nrf2, HO-1, SOD1, and SOD2 were significantly upregulated and downregulated in the WT + AB group compared to the WT + sham group, respectively (Figure 4A). Sesn2 overexpression markedly suppressed the expression of p67 and NOX2, and restored the expression of Nrf2, HO-1, SOD1, and SOD2 in the TG + AB group compared to the WT + AB group (Figures 4A,C). SOD catalyzes the conversion of superoxide radicals into hydrogen peroxide and oxygen, which could prevent cells from ROS-associated damage. The SOD activity was significantly decreased but the NADPH activity was markedly increased in the WT + AB group compared to the WT + sham group, which could be restored by Sesn2 overexpression in the TG + AB group compared to the WT + AB group (Figures 4D,E). Finally, the products of oxidative stress, including MDA and 4-hydroxynonenal (4-HNE), were significantly accumulated in the WT + AB group compared to the WT + sham group, which could be markedly inhibited by Sesn2 overexpression in the TG + AB group compared to the WT + AB group (Figures 4F,G).
3.5 Sesn2 Inhibited Cardiomyocyte Hypertrophy in vitro
NRCMs were isolated and transfected with adenovirus for Sesn2 (Ad-Sesn2) overexpression in order to investigate the role of Sesn2 in Ang II-induced cardiomyocyte hypertrophy. As shown in Figure 5A, Sesn2 was successfully overexpressed in the NRCMs. Ang II treatment for 48 h successfully induced cardiomyocyte hypertrophy in vitro, as evidenced by significantly enlarged cardiomyocyte surface area (Figures 5B,C), markedly increased expression of ANP and β-MHC, and dramatically decreased α-MHC in the GFP + Ang II group compared to the GFP + PBS group. In accordance with results from experiments in vivo, the Sesn2 overexpression significantly inhibited cardiomyocyte hypertrophy, suppressed mRNA expression of ANP and β-MHC, and restored mRNA expression of α-MHC in the Ad-Sesn2 + Ang II group compared to the GFP + Ang II group (Figures 5D–F).
[image: Figure 5]FIGURE 5 | Sesn2 overexpression alleviates Ang II- induced cardiomyocyte hypertrophy in vitro. NRCMs were transfected with adenovirus (Ad)-Sesn2 or Ad-GFP for 24 h, and then treated with Ang II for another 48 h. (A) Examination of Sesn2 overexpression in cardiomyocytes (n = 6). (B,C) Representative images of α-actinin staining and statistical results of cell surface area (n > 50 cells per group). mRNA expression of (D) ANP, (E) α-MHC and (F) β-MHC. (G) Representative Western blots of the phosphorylated and total proteins of AMPKα2, mTORC1, ACC, P67, NOX2, Nrf2, HO-1, SOD1, and SOD2 in NRCMs transfected with Ad-Sesn2 or Ad-GFP for 24 h and treated with Ang II for 48 h (n = 6). (H) Quantitative results of the Western blotting analysis. Examination of (I) SOD and (J) NADPH activities transfected with Ad-Sesn2 or Ad-GFP for 24 h and treated with Ang II for 48 h (n = 6). (K,L) DCFH-DA staining and ROS calculation in NRCMs transfected with Ad-Sesn2 or Ad-GFP and treated with Ang II for 48 h (n = 6). NRCM: neonatal rat cardiomyocytes. DCFH-DA: DCFH-DA; 2′,7′-dichlorodihydrofluorescein diacetate. The data were expressed as the mean ± SD from 3 independent experiments. *p < 0.05 vs. indicated group. One-way analysis of variance (ANOVA) followed by Tukey post hoc tests were used for significance analysis.
Sesn2 overexpression significantly promoted the phosphorylation of AMPKα2 and ACC, and decreased mTORC1 phosphorylation in NRCMs treated with Ang II (Figures 5G,H). The expression of Nrf2, HO-1, SOD1, and SOD2 was obviously restored but the expression of p67 and NOX2 was reduced in the AngII + Ad-Sesn2 group compared to the Ang II + GFP group (Figures 5G,H). Besides, the activity of SOD was significantly reduced while the activity of NADPH was significantly increased in the Ang II + GFP group compared to the PBS + GFP group. However, Sesn2 overexpression successfully inhibited Ang II-induced increase in NADPH activity but enhanced the SOD activity (Figures 5I,J). In addition, we detected the ROS production in each group and found that Sesn2 overexpression dramatically inhibited ROS over-production induced by Ang II (Figures 5K,L).
3.6 Sesn2 Overexpression Failed to Protect Against Cardiac Dysfunction and Cardiac Hypertrophy in AMPKα2 Knockout Mice
To further determine whether the cardiac protective effect of Sesn2 overexpression was dependent on AMPKα2 signaling pathway, we crossed the cardiac-specific overexpression of Sesn2 mice (Sesn2-TG) with AMPKα2 knockout mice (AMPKα2-/-) to construct Sesn2-TG + AMPKα2-/- mice. As shown in Figure 6A, Western blotting analysis was performed to examine the expression of Sesn2 and AMPKα2 in Sesn2-TG + AMPKα2-/- mice. Pressure overload caused mouse cardiac dysfunction, as evidenced by significantly increased LVEDd and LVEDs and decreased EF and FS in the AMPKα2-/- + AB group compared to the AMPKα2-/- + sham group (Figures 6B–E). However, no significant difference on these parameters could be detected between the Sesn2-TG + AMPKα2-/- + AB group and the AMPKα2-/- + AB group (Figures 6B–E). Pressure volume-loop analysis also showed that pressure overload could significantly disturb the dp/dt max and dp/dt min (Figures 6F,G) in the AMPKα2-/- + AB group compared to the AMPKα2-/- + sham group, but no significant difference could be detected on dp/dt max and dp/dt min between the Sesn2-TG + AMPKα2-/- + AB group and the AMPKα2-/- + AB group. These data show that Sesn2 overexpression failed to prevent mouse cardiac dysfunction in AMPKα2-/- mice.
[image: Figure 6]FIGURE 6 | Sesn2 overexpression could not protect against cardiac remodeling in AMPKα2 knockout mice. (A) Representative Western blots of Sesn2 and AMPKα2 (n = 6). Echocardiography and pressure-volume loop parameters detected mouse cardiac function at 8 weeks after sham or AB surgery (n = 6): (B) LVEDd, (C) LVEDs, (D) EF, (E) FS, (F) dp/dtmax and (G) dp/dtmin. The ratios of (H) HW/BW, (I) HW/TL and (J) LW/BW at 8 weeks after sham or AB surgery (n = 9). (K) Representative images of gross hearts and HE-stained heart sections (n = 6). (L) Quantitative measurements of cell surface area (CSA) of cardiomyocytes (n = 60) (n ≥ 100 left ventricular cells). (M) RT-PCR detected ANP, BNP and βMHC mRNA expression (n = 6). (N) Representative images of PSR staining (n = 6). (O) Quantitative results of the left ventricular collagen volume (n = 6). (P) RT-PCR detected FN, Collagen I, CTGF, and α-SMA mRNA expression. The data were expressed as the mean ± SD. *p < 0.05 vs. indicated group. One-way analysis of variance (ANOVA) followed by Tukey post hoc tests were used for significance analysis.
Parameters including HW/BW, HW/TL, and LW/BW increased in the AMPKα2-/- + AB group compared to the AMPKα2-/- + sham group, while there was no significant difference on these parameters between the Sesn2-TG + AMPKα2-/- + AB group and the AMPKα2-/- + AB group (Figures 6H–J). HE staining exhibited pressure overload induced increased cardiomyocyte surface area, which could not be inhibited by Sesn2 overexpression in AMPKα2-/- mice (Figures 6K,L). Meanwhile, the mRNA expression of ANP, BNP, and β-MHC in AMPKα2-/- + AB group was increased when compared to the AMPKα2-/- + sham group, but Sesn2 overexpression showed little effect on ANP, BNP, and β-MHC expression in the Sesn2-TG + AMPKα2-/- + AB group compared to the AMPKα2-/- + AB group (Figure 6M).
In addition, PSR staining showed that pressure overload induced significant fibrosis in interstitium and peri-vascular heart tissue, which could not be inhibited by Sesn2 overexpression in AMPKα2-/-mouse (Figures 6N,O). Similarly, the mRNA expression of fibrosis markers, including FN, collagen I, CTGF, and α-SMA, were significantly increased in the AMPKα2-/- + AB group compared to the AMPKα2-/- + sham group. However, Sesn2 overexpression failed to block the increase of FN, Collagen I, CTGF, and α-SMA expression in AMPKα2 subjected to AB surgery (Figure 6P). To sum up, these data showed that AMPKα2 deficiency completely abrogated the protective effects of Sesn2 overexpression. Furthermore, in AMPKα2-/- mice, Sesn2 overexpression could not inhibit Nox2 or p67 expression and restore Nrf2, HO-1, SOD1, and SOD2 expression (Supplement Figures S3A,B).
3.7 Ang II-Induced Hypertrophy and Oxidative Stress Could Not Be Prevented by Sesn2 Overexpression After AMPKα2 Silence in NRCMs
NRCMs were transfected with Ad-Sesn2 or Ad-shAMPKα2 to over-express Sesn2 and silence AMPKα2 respectively, as shown in Supplement Figures S4A,B. The phosphorylation of AMPKα2 was downregulated by about 90%, and Sesn2 was enhanced about 3.5 fold compared with the control group. Ang II treatment significantly increased the cell surface of NRCMs and promoted mRNA expression of ANP and β-MHC (Supplement Figures S4C–S4F). There was no significant difference on CSA and mRNA expression of ANP and β-MHC between the Ang II + Ad-Sesn2 + Ad-shAMPKα2 group and the Ang II + Ad-shAMPKα2 group (Supplement Figures S4C–S4F). Moreover, Ang II treatment caused a significant accumulation of ROS, which could not be inhibited by Sesn2 overexpression in NRCMs after AMPKα2 silence (Supplement Figure S4G). Finally, we also presented that Ang II treatment decreased SOD activity and enhanced NADPH activity in the Ang II + Ad-shAMPKα2 group compared to the Ad-shAMPKα2 group. However, Sesn2 overexpression showed no effects on regulating SOD and NADPH activity in NRCMs after AMPKα2 silence (Supplement Figures S4H,I).
4 DISCUSSION
We firstly demonstrated that Sesn2 expression was upregulated at 2 weeks and decreased to 60% of the baseline at 8 weeks after AB surgery. A previous study indicated that Sesn2 was significantly downregulated at the end of 10 weeks after transverse aortic constriction surgery (Du et al., 2019). These studies implied that Sesn2 might take part in regulating pressure overload-induced pathological cardiac hypertrophy. We established a transgenic (TG) mouse for specifically overexpressing Sesn2 in cardiomyocytes by crossing with a transgenic mouse with α-MHC mediated Cre expression. The TG mouse subjected to aortic banding surgery revealed that Sesn2 overexpression prevented mice hearts from pressure overload-induced cardiac dysfunction, hypertrophy, and fibrosis. The underlying mechanisms might be at least partly through activating AMPKα2, inhibiting mTORC1/p70s6k signaling pathway, and suppressing excessive oxidative stress via restoring Nrf2/HO-1 and depressing NOX and NAPDH activity. These mechanisms could also be confirmed in Ang II treated NRCMs in vitro. Moreover, this study demonstrated that Sesn2 overexpression failed to protect against pressure overload-induced pathological hypertrophy in AMPKα2-/- mouse and NRCMs with AMPKα2 silence. Thus, this study firstly demonstrated that transgenic Sesn2 overexpression negatively regulated cardiac hypertrophy and combating oxidative stress, which was dependent on AMPKα2 regulation.
AMPK is a heterotrimeric protein containing a catalytic subunit (α) and two regulatory subunits (β and γ) (Zaha and Young, 2012). The α subunit has two isoforms (α1 and α2) encoded by different genes and the α2 isoform mainly exists in cardiomyocytes (Zaha and Young, 2012). AMPK functions as the hub protein of regulating fatty acid oxidation (FAO) in the cardiomyocytes by supplying ATP (Zuurbier et al., 2020). AMPK activation could phosphorylate and depress the activity of both isoforms of acetyl-CoA carboxylase (AAC1/ACC2), which suppresses the conversion of acetyl-CoA to malonyl-CoA (Zuurbier et al., 2020). Malonyl-CoA is a rate-limiting enzyme for FAO (Zuurbier et al., 2020), and the accumulation of malonyl-CoA could inhibit fatty acid uptake of mitochondria by inhibiting CPT1 activity and result in FAO inhibition (Zuurbier et al., 2020). Activating AMPKα2 has been suggested to promote FAO for alleviating pathological hypertrophy (Zuurbier et al., 2020). Besides, multiple hypertrophic stimuli, including pressure overload, β-adrenergic stimulation, angiotensin II and IGF-1, could cause mTORC1 hyperphosphorylation, and lead to exaggerated pathological cardiac hypertrophy (Sciarretta et al., 2018). Inhibiting mTORC1 activity by activating AMPKα2 could effectively protect against cardiac hypertrophy induced by various pro-hypertrophic stimuli (Sciarretta et al., 2018). However, AMPKα2 deletion caused malignant activation of the mTORC1 signaling pathway, resulting in exacerbated cardiac hypertrophy and dysfunction (Zhang et al., 2008). Direct inhibition and indirect inhibition by AMPKα2 activation of mTORC1 significantly mitigated cardiac hypertrophy (Zhang et al., 2008). These studies clearly indicated that mTORC1 inhibition through activating AMPKα2 might be a potential strategy for protecting against pressure overload or neurohumoral factors induced pathological cardiac hypertrophy. Discovering new targets for regulating AMPK/mTOR signaling pathway might efficiently inhibit the development and progress of cardiac hypertrophy and heart failure.
Previous studies found that genotoxic stress could induce p53-dependent Sesn2 upregulation. Upregulated Sesn2 interacted with TSC1:TSC2 and AMPKα for activating AMPKα phosphorylation, which led to the inhibition of mTROC1 signaling (Budanov and Karin, 2008). Sesn2 deficiency exaggerated hyper-nutrition and obesity-associated insulin resistance and hepato-steatosis through chronic activation of mTORC1-p70/S6K signaling, which could be effectively reversed by metformin treatment via activating AMPKα (Lee et al., 2012). Sesn2 overexpression mitigated rotenone-induced α-synuclein accumulation and caspase 3 activation via enhancing AMPK-dependent autophagy in dopaminergic cells (Hou et al., 2015). Lee et al. reported that loss of drosophila sestrin (dSesn) resulted in age-associated cardiac malfunction, which could be prevented by pharmacological activation of AMPK or inhibition of mTOR (Lee et al., 2010). These studies presented that Sesn2 inhibited mTORC1 activity via an AMPK-dependent pathway.
Some other studies also presented that Sesn2 inhibited mTORC1 phosphorylation via an AMPK-independent pathway. Park HW et al. demonstrated that Sesn2 expression could be induced by an endoplasmic reticulum (ER) stress-activated transcription factor in the liver (Park et al., 2014). Once induced, Sesn2 could depress protein synthesis by inhibiting mTORC1 through an AMPK-independent manner (Park et al., 2014). Parmigiani A et al. demonstrated that Sesn2 could inhibit mTORC1 activation via the interaction with GTPase-activating protein activity toward Rags 2 (GATOR2) instead of an AMPK-dependent mechanism (Parmigiani et al., 2014; Kim et al., 2015b). Lately, Nanhu Quan et al. reported that Sesn2 deficiency exaggerated pressure overload or age-induced mouse cardiac hypertrophy and dysfunction (Quan et al., 2020), and adeno-associated virus 9-mediated Sesn2 overexpression in the mouse heart could attenuate these changes via interacting with GATOR2 and thus inhibiting mTORC1 activity (Quan et al., 2020). Therefore, these studies showed that Sesn2 might regulate mTORC1 activation through an AMPK-independent but GATOR2-dependent pathway. However, relying on AMPKα2-/- mice, our study firstly demonstrated that the inhibition of Sens2 on mTORC1/p70s6k activation was via an AMPK-dependent manner in pressure overload-induced pathological cardiac hypertrophy, because Sesn2 overexpression could not depress mTORC1/p70s6K signaling pathway in AMPKα2-/- mouse heart.
Besides the AMPK/mTORC1 pathway, Sesn2 has been suggested to regulate signals involved in oxidative stress in various diseases. Sesn2 expression was significantly elevated in peripheral nerves after injuries. Sesn2 knockout mice presented extraordinarily augmented late-phase neuropathic pain behavior because of excessive ROS accumulation (Kallenborn-Gerhardt et al., 2013). The analysis of the crystal structure of human Sesn2 demonstrated that a structure of helix-turn-helix oxidoreductase motif locating at the N-terminal domain inhibited ROS production (Kim et al., 2015a). Forced expression of Sesn2 could induce keap1 degradation via a p62-dependent pathway, resulting in upregulation of Nrf2 activity, thus protect the mouse liver from acute stimulation of lipogenesis-associated oxidative damage (Bae et al., 2013). Sesn2 has also been suggested to regulate intracellular ROS via regenerating hyperoxidized peroxiredoxins in renal proximal tubule cells (Yang et al., 2014). Contrarily, Sesn2-knockdown in renal proximal tubule cells significantly decreased hyperoxidized peroxiredoxin production and resulted in ROS accumulation (Yang et al., 2014). These studies indicated that Sesn2 could exert evident anti-oxidant effects in various diseases. Our study demonstrated that Sesn2 overexpression could attenuate oxidative stress in pathological cardiac hypertrophy via increasing Nrf2/HO-1 signaling pathway and SOD activity but decreasing the production of MDA, p67, and 4-HEN and depressing NADPH activity. What’s more, this study first found that Sesn2 overexpression failed to exert its antioxidant function in AMPKα2-/- mice.
Theoretically, there are three possibilities to explain this phenomenon. Firstly, Sesn2-dependent AMPK activation and mTORC1 inhibition could be essential for maintaining basal autophagy, which could help organism get rid of dysfunctional mitochondria by preventing electron leak and excessive ROS production (Packer, 2020). Lee et al. demonstrated that dSesn deletion in Drosophila could cause mitochondrial dysfunction and ROS production in skeletal muscle and heart. However, pharmacological mTORC1 inhibitors could completely mitigate excessive ROS production in dSesn deficient muscle. Moreover, the mutant of dSesn in its antioxidant domain remained to suppress ROS accumulation by its ability to depress mTORC1 activity. These studies indicated that the antioxidant property of sestrin might be associated with its regulation on mTORC1. Secondly, some studies have also indicated that activated AMPK could promote Nrf2 expression to enhance antioxidant functions in various animal disease models (Fischhuber et al., 2020; Huang et al., 2020). Moreover, Manuel et al. (Matzinger et al., 2020) demonstrated that AMPKα1 directly phosphorylated Nrf2 at serine 374, 408, and 433 to determine the extent of transactivation of Nrf2-regulated downstream genes (Matzinger et al., 2020). Zhou et al. (Li et al., 2020) exhibited that sulforaphane (SFN) treatment protected against type-2-diabetes-induced renal lipotoxicity through AMPKα2-mediated Nrf2 activation and the beneficial effects of SFN were lost in AMPKα2-/- mice (Li et al., 2020). These studies indicated that AMPKα2 activation could promote Nrf2 mediated antioxidant function. Thirdly, AMPK has also been suggested to regulate NADPH oxidase activity. In high glucose-treated podocytes, AMPK inactivation led to upregulation of Nox4 and enhancement of NADPH oxidase and thus resulted in podocyte apoptosis (Eid et al., 2010). Pharmacologic activation of AMPK significantly depressed Nox4 expression and alleviated oxidative stress (Eid et al., 2010). Assaad AE et al. (Eid et al., 2013) further demonstrated that Sesn2 mediated AMPK activation alleviated HG-induced fibronectin synthesis via blocking Nox4-dependent ROS and peroxynitrite production in glomerular mesangial cells (Eid et al., 2013). Our study also demonstrated that Sesn2 overexpression could suppress Nox4 expression in hypertrophic mouse hearts. Therefore, previous published studies support our finding that Sesn2 overexpression in cardiomyocytes could no longer depress oxidative stress in AMPKα2-/- mice hearts. The regulation of AMPK-mTORC1 signaling pathway by Sesn2 might be more potent than other anti-oxidants in depressing ROS overproduction in pathological cardiac hypertrophy.
5 CONCLUSION
This study first demonstrated that Sesn2 overexpression (at 3, 6, and 9 folds) showed no genetic toxicity in transgenic mice hearts. Sesn2 overexpression could mitigate pressure overload-induced cardiac hypertrophy in vivo and Ang II-induced NRCMs hypertrophy in vitro via activating AMPKα2, depressing ACC1/mTORC1 signaling, and oxidative stress, as well as restoring Nrf2/HO-1 signaling. We also showed that Sesn2 mediated AMPKα2 activation might be the key point for its activity in preventing excessive ROS accumulation and restoring Nrf2/HO-1 signaling. Strategies on regulating Sesn2 expression by genetic or pharmacologic means might be effective for preventing pathological cardiac hypertrophy and heart failure.
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Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia in clinical setting. Its pathogenesis was associated with metabolic disorder, especially defective fatty acids oxidation (FAO). However, whether promoting FAO could prevent AF occurrence and development remains elusive. In this study, we established a mouse model of obesity-related AF through high-fat diet (HFD) feeding, and used l-carnitine (LCA, 150 mg/kg⋅BW/d), an endogenous cofactor of carnitine palmitoyl-transferase-1B (CPT1B; the rate-limiting enzyme of FAO) to investigate whether FAO promotion can attenuate the AF susceptibility in obesity. All mice underwent electrophysiological assessment for atrial vulnerability, and echocardiography, histology and molecular evaluation for AF substrates and underlying mechanisms, which were further validated by pharmacological experiments in vitro. HFD-induced obese mice increased AF vulnerability and exhibited apparent atrial structural remodeling, including left atrial dilation, cardiomyocyte hypertrophy, connexin-43 remodeling and fibrosis. Pathologically, HFD apparently leads to defective cardiac FAO and subsequent lipotoxicity, thereby evoking a set of pathological reactions including oxidative stress, DNA damage, inflammation, and insulin resistance. Enhancing FAO via LCA attenuated lipotoxicity and lipotoxicity-induced pathological changes in the atria of obese mice, resulting in restored structural remodeling and ameliorated AF susceptibility. Mechanistically, LCA activated AMPK/PGC1α signaling both in vivo and in vitro, and pharmacological inhibition of AMPK via Compound C attenuated LCA-induced cardio-protection in palmitate-treated primary atrial cardiomyocytes. Taken together, our results demonstrated that FAO promotion via LCA attenuated obesity-mediated AF and structural remodeling by activating AMPK signaling and alleviating atrial lipotoxicity. Thus, enhancing FAO may be a potential therapeutic target for AF.
Keywords: atrial fibrillation, obesity, fatty acids oxidation, lipotoxicity, l-carnitine, AMPK (5′-AMP activated kinase)
INTRODUCTION
Atrial fibrillation (AF), the most common sustained cardiac arrhythmia in clinical practice affecting nearly 2% of general population, is associated with substantial complications and financial burden (Lippi et al., 2021). Metabolic disturbances have shown strong relationship with AF by ample clinical evidence, and have been represented as driving forces for adverse atrial remodelling mechanically (Mourtzinis et al., 2018). In addition, regarding cardiac high energy demand, disordered atrial metabolism is supposed to take a leading role in AF pathogenesis. However, far less is known about the impacts of atrial metabolism in AF.
Metabolic homeostasis and abnormalities have spurred major interest in the field of AF at present, with a focus on lipids, the predominant energy substrates (∼70%) of heart. Under physiological conditions, absorbed cardiac FAs is delivered into mitochondria via the gateway enzyme carnitine palmitoyltransferase-1B (CPT1B), and fueled by mitochondrial FAs oxidation (FAO) and the TCA cycle. In context of AF, the metabolic disturbance of FAs was observed and proved to contribute to the predisposition and perpetuation of AF (Mourtzinis et al., 2018). Briefly, during AF, irregular high-frequency excitation and contraction of cardiomyocytes shift the metabolic balance from FAO to carbohydrate utilization, a more oxygen-saving way (Heijman and Dobrev, 2015). Supportively, AF patients and animals show the coordinated transcriptional down-regulation of FAO-related enzymes (especially AMP-activated protein kinase (AMPK), peroxisome proliferator-activated receptor γ coactivator1α (PGC1α), and CPT1B) and concomitant up-regulation of glycolysis-related enzymes in atria (Barth et al., 2005; Tu et al., 2014; Mourtzinis et al., 2018; Jie et al., 2019). Supportively, redressing lipid metabolism through factors, such as AMPK, PPARα/PGC1α, Hif1-α, VLCAD, and PLIN2, has been proved effective to prevent AF, exemplifying metabolic modulation as a potential therapeutic strategy for AF (Harada et al., 2017). Of note, pharmacological interventions targeting FAO regulators, AMPK and PGC1α (Yu et al., 2011; Liu et al., 2016; Bai et al., 2019; Deshmukh et al., 2021; Ostropolets et al., 2021), have been proved to reduce AF susceptibility, yet it is still unclear whether enhancing FAO alleviates AF.
AF risk escalates in parallel with increased BMI, thus obesity, a public health issue as well as the most common metabolic disorder in human, is regarded as the second biggest attributable risk factor for AF (Wong et al., 2015). Various pathological conditions including metabolic imbalance of glucose or lipid and metabolic stress has been observed in obesity (Vyas and Lambiase, 2019). Notably, diet-induced obesity increases the influx of FAs and downregulates the key enzymes involved in FAs expenditure (Haffar et al., 2015; Heier and Haemmerle, 2016; Garcia and Shaw, 2017). Particularly, in long-term obese individuals, CPT1B is decreased in expression and blunted in response to lipid (Maples et al., 2015), while L-carnitine (LCA), the obligatory cofactor of CPT1B (Söder et al., 2019), is decreased in serum and insufficient to cope with FAs overload (Pooyandjoo et al., 2016). Together, obesity and AF share the same pathogenesis, defective FAO, which might count for the increased AF susceptibility, especially in which are provoked by obesity. Therefore, FAO promotion maybe the first-line option to combat AF, especially obesity-related AF. In pathological context, ectopic lipid accumulation and consequently lipotoxicity occurred when FAO was defective in cardiomyocyte, serving as a mechanistic link between AF/obesity and metabolic disorder (Haffar et al., 2015; Ozcan et al., 2015; Opacic et al., 2016; Harada et al., 2017). Specifically, cardiac lipotoxicity could provoke oxidative stress, DNA damage, inflammation, and insulin intolerance, contributing morphological changes and cellular dysfunction of atria (Karam et al., 2017; Sletten et al., 2018), including cardiac hypertrophy, fibrosis, gap junction remodeling, and myocardial injury (Shenasa et al., 2015; Fukui et al., 2017; Meng et al., 2017; Sato et al., 2019), thus, providing substrates for AF.
Therefore, we adopted LCA (150 mg/kg⋅BW/d) to facilitate FAO, and further examined the AF vulnerability and atrial remodeling in vivo (a mice model of high-fat diet (HFD)-induced obesity-mediated AF) and in vitro (a primary atrial cardiomyocyte cell model of palmitate (PA)-mimicked lipid overloading), aiming to determine whether enhancing FAO can alter the process that underlie AF in obesity and explore possible mechanisms. Our results determined that defective cardiac FAO takes a leading role in obesity-related AF, and proved that FAO promotion via LCA exerts an anti-AF effect through activating AMPK signals and reducing atrial lipotoxicity in obese mice. Notably, this article firstly demonstrates the beneficial effects of enhanced FAO in the reversal of obesity-related AF, thus shedding light onto a feasible AF treatment.
METHODS AND MATERIALS
Animal and Treatment
Male C57BL/6J mice (aged 4–6 weeks) were purchased from Xi’an Jiaotong University (Xi’an, China) and bred under standard laboratory conditions. After 1 week of acclimatization, a total of forty mice were randomly divided into 4 groups (n = 10 per group): 1) Standard diet group (STD; 20% fat, 56% carbohydrate, 24% protein; Research Diets Inc., New Brunswick, NJ); 2) STD + LCA group; 3) HFD group (HFD; 60% fat, 20% carbohydrate, 20% protein; Research Diets Inc.); 4) HFD + LCA group. After feeding HFD for 8 weeks, the mice became obese and showed greater propensity for AF. Subsequently, FAO activator, LCA (150 mg/kg⋅BW/d; TargetMol, Boston, United States) (Bakermans et al., 2013), was administrated via drinking water for another 4 weeks. Based on our preliminary experiment, the experimental dose of LCA was set to be 150 mg/kg⋅BW/d, which had no significant impact on mice body weight (BW) but suppressed obesity-induced AF susceptibility. At the end of the experiment, AF induction, echocardiography, intraperitoneal glucose tolerance test (IPGTT) and insulin tolerance test (ITT) were performed in each group before tissue sampling. After overnight fasting, atrial tissues and blood samples were collected from euthanized mice for further analysis. All the procedures of this study were approved by the Institutional Animal Care and Use Committee of Xi’an Jiaotong University.
Cell Culture and Treatment
Primary atrial cardiomyocytes were isolated from the atria of neonatal Sprague–Dawley rat (1∼3-day-old; Xi’an Jiaotong University, Xi’an, China). Briefly, atria tissue were surgically removed, trypsinized (0.08% trypsin; Solarbio, Beijing, China), digested with 0.1% collagenase Ⅱ (Solarbio), and the primary atrial cardiomyocytes were isolated by differential detachment and verified under the microscope. Isolated cells were cultured in 6-well plates at 37°C in 5% CO2, with DMEM supplemented with 10% FBS and 1% penicillin/streptomycin solution. Final solutions of 200 μM PA (dissolved in 20% BSA; Sigma-Aldrich, St. Louis, United States) was added to replicate the effects of lipid overloading, while LCA (5 mM; TargetMol) was added to enhance FAO, and Compound C (CC, 0.5 μM; Sigma-Aldrich) was added to inhibit AMPK activation. After being treated for 24 h, cells were collected, washed and lysed for the following evaluations.
AF Induction and Electrophysiological Examination
Programmed trans-esophageal stimulation was performed to assess AF inducibility as described previously (Fu et al., 2021). Briefly, mice were anesthetized with pentobarbital intraperitoneally (50 mg/kg⋅BW) and then electrical stimulated by an external simulator (SCOPE, Kaifeng, China), and surface electrocardiogram (ECG) was recorded by a physiologic signal-acquisition system (RM6240; Chengdu instrument factory, Chengdu, China). At first, baseline ECG was analyzed by 10 consecutive beats recorded in the initial stabilization period with heart rates between 300 and 500 bpm at first. Later, AF was induced with burst pacing (pulse width 1 ms; 1.5× capture threshold; 30, 35, and 40 Hz), and was considered sustained as persisted rapid irregular f-waves with irregular R-R intervals lasting for more than 1 s. In addition, atrial effective refractory period (ERP) was assessed by continuous stimulation applied with decreasing R-R intervals from 140 to 40 ms at 1 ms decrements. Sinoatrial node recovery time (SNRTmax) was measured as the longest duration between the last stimulus and the first sinus P-wave, and corrected by the R-R interval (cSNRTmax).
Echocardiography
2D echocardiography was employed to discern cardiac structural and functional differences among groups. Echocardiography (Vevo 2,100; VisualSonics Inc., Toronto, Ontario, Canada) was performed by an animal cardiologist blind to the experimental design in mice anaesthetized with inhalational isoflurane. Dimension of superoinferior (SI), anteroposterior (AP) and mediolateral (ML) were obtained in a long-axis view and a short-axis view, respectively. LA filling volume was calculated using the formula: LA Volume = (4π×SI×AP×ML)/(3 × 2×2 × 2) (Ujino et al., 2006). Cardiac function was calculated according to standard formulae, and the results were averaged of three cardiac cycles.
IPGTT and ITT
Glucose and insulin homeostasis were evaluated in vivo by IPGTT and ITT. For the IPGTT, D-glucose was injected intraperitoneally (2 g/kg⋅BW) into over-night fasted mice, and, subsequently, blood was taken from the tail vein at 5, 15, 30, 60, 90 and 120 min after glucose loading and blood glucose levels were measured by the Accu-Chek glucometer (Roche Diagnostics, Indianapolis, United States). Similarly, for the ITT, mice were fasted for 2 h before insulin administration intraperitoneally (1 U/kg⋅BW; Wanbang Biopharma, Xuzhou, China), following the glucose determination at 0, 15, 30, 45 and 60 min. Glucose tolerance and insulin sensitivity were calculated as the area under the curve (AUC) by GraphPad Prism 8.0 (GraphPad Software, San Diego, America).
Analysis of Histological Staining and Fluorescence
After being isolated from heart tissue, atrial appendages were fixed with 4% paraformaldehyde overnight, embedded in paraffin, and cut into 5 µm slides longitudinally. Paraffin-embedded specimens were finally stained with hematoxylin-eosin (H&E), Wheat Germ Agglutinin (WGA), Masson, Periodic acid-Schiffs (PAS), selected antibodies (connexin-43; 1:200; Invitrogen, California, United States, NRF2; 1:500; Proteintech, Chicago, United States, and 8-Hydroxy-2′-deoxyguanosine (8-OH-dG), 1: 100; JalCA, Shizuoka, Japan), and TUNEL (in situ cell death detection kit, TMR red; Roche Diagnostics). Respectively, frozen sections (10 µm thickness) of atria samples were prepared and stained with oil red O, MitoSOX and dihydroethidium (DHE). Slides were visualized and photographed by an optical microscope (Nikon, Melville, NY, United States) at a magnification of 100× for histology, or by a confocal microscope (Leica, Bensheim, Germany) at a magnification of 20× for immunofluorescence. Images were further analyzed by ImageJ software (version 1.46r; National Institutes of Health, Bethesda, United States). Data were expressed as the percentage of the positive-stained region to the total area of cardiomyocyte area, and averaged from six random fields in each slide.
Detection of Markers in Serum and Tissue
Biomarkers were assayed using commercially available kits in accordance with manufacturer’s guidelines, including fasted non-esterified FAs (NEFA) (Solarbio), lactate dehydrogenase (LDH) (Nanjing Jiancheng Bioengineering Institute, Nanjing, China), creatine kinase-MB (CK-MB) (Nanjing Jiancheng Bioengineering Institute), malondialdehyde (MDA) (Beyotime Institute of Biotechnology, Shanghai, China) and superoxide dismutase (SOD) (Beyotime Institute of Biotechnology).
Assay of FAO in vitro
Cellular FAO was measured with a FAO Assay Kit (ab222944; Abcam, Cambridge, United States) according to the manufacturer’s instruction. Fluorescence was detected using FLUOstar Omega (BMG LABTECH, Aylesbury, United Kingdom) and the results were normalized by protein concentration in each well through a micro-bicinchoninic acid (BCA; Pierce Chemical Company, Rockford, United States) kit.
Western Blot
Protein levels were measured by WB with β-actin as the loading control. Protein was extracted from atria samples or cells and quantitated by a BCA assay. Equal amount (10–30 μg) of protein was loaded and separated by SDS-PAGE using 10 or 12% acrylamide gradients, and later transferred to nitrocellulose membranes. The membranes were blocked with 5% skim milk and incubated with antibodies against total-AMPK (1:1,000; Cell Signaling Technology/CST, Massachusetts, United States), CD36 (1:1,000; Abcam), collagen Ⅰ (1:1,000; Abcam), collagen Ⅲ (1:1,000; Abcam), connexin-43 (1:200; Invitrogen), CPT1B (1:1,000; Proteintech), GLUT4 (1:500; Proteintech), NFκB (1:1,000; Proteintech), NRF2 (1:1,000; Proteintech), phoso-AMPK (Thr172; 1:1,000; CST), phoso-Akt (Ser473; 1:1,000; CST), phoso-NFκB (1:1,000; CST), PGC1α (1:1,000; Proteintech), SOD2 (1:1,000; Proteintech), TGF-β (1:1,000; Abcam), α-SMA (1:1,000; CST), β-actin (1:5,000; Proteintech). Protein levels were quantified as the intensity of bands using ImageJ software (NIH systems) and standardized to β-actin. Abbreviations are fully illustrated in corresponding figure legends.
RNA Extraction and Real-Time Reverse Transcription Polymerase Chain Reaction
RT-qPCR was carried out to quantify gene expressions among the groups. Briefly, RNA from atria tissues was extracted using TRIzol reagent (Accurate Biology, Changsha, China). Then, the high-sensitivity RT-qPCR reaction was measured using the SYBR green chimeric fluorescence method (Accurate Biology) and detected by CFX96™ Real-Time PCR System (Bio-Rad, Hercules, CA, United States). Results were quantified using the 2-△△Ct comparative method and normalized by β-actin. The primer sequences and full names of genes are listed in Supplementary Table S1.
Statistical Analysis
All data of animal and cell studies were analyzed by SPSS 23.0 (IBM SPSS software, New York, United States), visualized by GraphPad Prism 8.0 (GraphPad Software), and shown as mean ± SEM. Replicates are indicated in figure legends and table legends. Data normality was evaluated by Kolmogorov-Smirnov test, and comparisons between groups were performed with One-way ANOVA (in mice experiments) or Two-way ANOVA (in cell experiments) with Bonferroni post-hoc test. For all tests, p < 0.05 was considered significant.
RESULTS
LCA Supplementation Attenuates Obesity-Induced AF Susceptibility
In this study, we established a mouse model of obesity-related AF through 13-week HFD feeding, and LCA was administrated via drinking water (150 mg/kg⋅BW/d) during the last 4-week period to investigate whether enhancing FAO could attenuate obesity-mediated AF. The schematic of the experimental design is shown in Figure 1A, and basal characteristics of mice in each group are summarized in Table 1.
[image: Figure 1]FIGURE 1 | LCA inhibits obesity–induced AF. (A) Experimental protocols of this study. (B) Representative AF induction by trans-esophageal burst pacing. (C,D) Analysis of AF frequency and duration. (E) Three-limb-lead electrocardiogram at baseline. (F,G) Analysis of P-wave. (H–L) Analysis of SNRTmax, cSNRTmax and ERP detected by programmed cardiac stimulation. n = 10 per group. One-way ANOVA with Bonferroni post-hoc test was used to compare data among groups. Data are expressed as mean ± SEM. *p < 0.05, **p < 0.01. STD, standard diet; HFD, high-fat diet; LCA, l-carnitine; FAO, fatty acids oxidation; Parea, P-wave area; P max, P-wave duration; AF, atrial fibrillation; ERP, effective refractory period; SNRT, sinus node recovery time; cSNRT, corrected sinus node recovery time.
TABLE 1 | Physical characteristics, echocardiographic, surface ECG and electrophysiological parameters, and serum marker levels of STD, STD + LCA, HFD and HFD + LCA mice.
[image: Table 1]As expected, at the end of the experiment, HFD mice gained 20% more BW than STD mice (Supplementary Figure S1A), together with increased heart weight (HW) and serum NEFA (Supplementary Figures S1B–D). Obesity-mediated AF was successfully established, as supported by increased AF frequency and prolonged duration in HFD mice (Figures 1B–D). LCA decreased the ratio of HW/NAL (nasal-anal length) in HFD mice, yet no significant change of BW gain was observed with or without LCA supplementation (Supplementary Figures S1A–C). In addition, LCA suppressed HFD-induced elevation of serum NEFA (Supplementary Figure S1D). Of note, LCA supplementation alleviated pacing-induced AF susceptibility in the obese mice. Surface ECG (Lead II) at baseline showed that LCA supplementation significantly decreased P-wave duration (Pmax) and P-wave area (Parea), two of the independent predictors for AF, in obese mice (Figures 1E–G). In addition, electrophysiological abnormalities, including prolonged SNRTmax and shortened ERP, were regarded to increase the AF propensity. Supportively, LCA supplementation shortened SNRTmax and extended ERP in obese mice (Figures 1H–L).
LCA Supplementation Constrains Obesity-Induced Atrial Structural Remodeling
Atrial structural remodeling, including atrial dilatation, cellular hypertrophy, gap junction disturbance, and interstitial fibrosis, offers substrates for AF. Thus, we later assessed atrial structural alterations among the groups.
Obese mice displayed excessive left atrial enlargement, as shown by marked increase of left atrium (LA) diameter and LA filling volume (Figures 2A–C). In atrial cardiomyocytes, obesity developed substantial cellular hypertrophy and disarray in the atria, as evidenced by H&E staining, WGA staining and β-MHC transcription (Figures 2D–G). Moreover, the main gap junction protein, connexin-43, was apparently upregulated in expression and heterogeneous distributed in the atrial cardiomyocyte of obese mice (Figures 2H–J). In addition, intra-myocardial fibrosis, a hallmark of AF, was observed to increase in the atria of obese mice, as evidenced by aggravated collagen deposition, upregulated pro-fibrosis signaling (TGF-β, α-SMA, Smad3, collagen Ⅰ, and collagen Ⅲ), and downregulated transcription of anti-fibrotic Smad7 (Figures 2K–O).
[image: Figure 2]FIGURE 2 | LCA suppresses atrial remodeling in obese mice. (A) Representative echocardiographic images of LA among the groups. (B) Measurements of LA diameter and (C) LA filling volume detected by 2D-guided M-mode imaging. The SI and AP were obtained in a long-axis view, and ML was assessed in parasternal short-axis view. LA filling volume was calculated using the formula: LA filling volume = (4π×SI×AP×ML)/(3 × 2× 2 × 2). (D) Representative sections of WGA staining. (E) Representative sections of H&E staining. (F) Quantitative analysis of cellular morphology by ImageJ. (G) Relative mRNA levels of β-MHC using RT-qPCR. (H,I) Subcellular localization of Cx43 and immunohistochemistry. Triangles indicate lateralized Cx43. (J) Protein expression of Cx43 using Western blot. (K,L) Interstitial fibrosis (Arrow) using Masson’s trichrome staining. (M,N) Representative images and analysis of TGF-β signaling-associated proteins (TGF-β, α-SMA, collagen Ⅰ and collagen Ⅲ) using Western blot. (O) Relative mRNA expression levels of the fibrosis-related genes (TGF-β, α-SMA, Smad3, Smad7, collagen Ⅰ and collagen Ⅲ) using RT-qPCR. Scale bar: 50 μm n = 10 (A–C) or 4 (D–O) per group. One-way ANOVA with Bonferroni post-hoc test was used to compare data among groups. Data are expressed as mean ± SEM. *p < 0.05, **p < 0.01. STD, standard diet; HFD, high-fat diet; LCA, l-carnitine; FAO, fatty acids oxidation; LA, left atrium; SI, superoinferior dimension; AP, anteroposterior dimension; MI, mediolateral dimension; WGA, wheat Germ Agglutinin; H&E, hematoxylin-eosin; β-MHC, β–cardiac myosin heavy chain; Cx43, connexin-43; TGF-β, transform growth factor-β; α-SMA, α-smooth muscle actin; Smad, drosophila mothers against decapentaplegic protein.
Coincided with reduced AF inducibility, LCA supplementation showed significant capacity to shrink LA, attenuate cellular hypertrophy, gap junction disturbance, and fibrosis while challenged by a long-term HFD (Figure 2), indicating FAO promotion via LCA supplementation constrained the AF substrates in obese mice.
Enhanced FAO via LCA Supplementation Redresses Lipid Metabolism Imbalance, Thereby Decreasing Obesity-Induced Lipid Deposition in Atria
Epigenetic studies demonstrated that AF is highly associated with lipid metabolic abnormalities. In line with this, apparent lipid deposition was observed in obese mice. What’s more, in accordance with reduced AF susceptibility and atrial remodeling, promoting FAO with LCA decreased the atrial lipid deposition effectively in obese mice (Figures 3A,B).
[image: Figure 3]FIGURE 3 | LCA enhances FAO, thereby inhibits cardiac lipotoxicity by alleviating atrial steatosis in obese mice. (A) Representative sections of lipid accumulation (Arrow) using oil red O staining. (B) Quantitative analysis of lipid accumulation by ImageJ. (C) Schematic diagram illustrating cardiac lipid metabolism. (D) Quantitative analysis of the transcription of lipid uptake and transportation-related genes (CD36, FABP-pm, FABP3) by RT-PCR. (E) Representative image and quantitative analysis of CD36 by Western blot. (F) Representative images of membrane translocation of CD36 using immunohistochemistry. (G) Quantitative analysis of sarcolemma CD36 contents by ImageJ. (H) Quantitative analysis of the transcription of CPT1B using RT-qPCR. (I) Representative Image and quantitative analysis of CPT1B by Western blot. (J) Quantitative analysis of the transcription of PGC1α using RT-qPCR. (K,L) Representative images and quantitative analysis of FAO-related regulators (AMPK and PGC1α) by Western blot. Scale bar: 50 μm n = 4 per group. One-way ANOVA with Bonferroni post-hoc test was used to compare data among groups. Data are expressed as mean ± SEM. *p < 0.05, **p < 0.01. STD, standard diet; HFD, high-fat diet; LCA, l-carnitine; FAs, fatty acids; FAO, fatty acids oxidation; AMPK, AMP-activated protein kinase; CD36, FAT; CPT1B, carnitine palmitoyltransferase-1B; PGC1α, peroxisome proliferator-activated receptor γ coactivator1α; FABP-pm, plasma membrane fatty acid-binding protein; FABP3, fatty acid binding protein 3; p-, phoso-.
Promoted FAs influx and defective FAO can predispose to lipid deposition (Figure 3C). Thus, firstly, we assessed factors involved in lipid uptake and transportation. CD36, the main trans-membrane translocase of FAs, was decreased in gene level in obesity, and increased after LCA treatment (Figure 3D). However, CD36 was unchanged in total protein level among the groups (Figure 3E), but elevated in atrial membrane translocation in obese mice, and slightly reduced after LCA supplementation (Figures 3F,G). Besides, the transcription of other transportation-related genes, FABP3 and FABP-pm, was decreased in the atria of obesity and restored after LCA supplementation (Figure 3D).
Next, we evaluated the expression of the key enzymes of FAO, including CPT1B, AMPK and PGC1α, by RT-qPCR and Western blot. In contrast to increased FAs uptake, mitochondrial FAO was downregulated in obesity, as evidenced by the remarkable decrease of AMPK phosphorylation, and PGC1α expression in the atria of HFD mice compared to STD mice (Figures 3H–L). Notably, LCA supplementation upregulated the phosphorylation of AMPK as well as the expression of PGC1α and CPT1B in HFD mice (Figures 3D–L).
LCA Supplementation Restrains Cardiac Oxidative Stress and DNA Damage in the Atria of Obese Mice
Lipid over-deposition undermines the structure of cardiomyocytes, namely, cardiac lipotoxicity (Sletten et al., 2018), thereby provoking a set of pathological processes, including oxidative inflammation, DNA damage and insulin resistance, which have been implicated as possible mechanisms for AF. Thus, firstly, we evaluated oxidative stress. Obesity increased mitochondrial superoxide production (measured by MitoSOX staining) and increased cellular oxidative stress (measured by DHE staining) in the atria (Figures 4A–D). Besides, obesity increased MDA contents in the serum and atria, and decreased atrial SOD, but unaffected serum SOD level. LCA supplementation thwarted oxidative damages provoked by HFD, as supported by the decreased MitoSOX Red and DHE fluorescence signal, the reduced MDA levels and the rise of SOD levels in the serum and atria of obese mice (Figures 4A–H).
[image: Figure 4]FIGURE 4 | LCA inhibits cardiac oxidative stress and mitigates inflammation. Representative images and analysis of the subcellular localization of the oxidation products of (A,B) MitoSOX and (C,D) DHE. Red: oxidation products-staining. Scar: 10 μm n = 4. (E,F) Comparisons of serum MDA and SOD using commercially available kits among the groups. (G,H) Levels of atrial MDA and SOD normalized to tissue protein concentration. (I) Schematic diagram illustrating NRF2-related signals. (J,K) Localization of NRF2 in atria by confocal immune-cyto-chemical analysis: Blue: nucleus (DAPI); Red: NRF2-staining; Pink: merge of blue and red indicated nuclear localization of NRF2 (Arrow). Scar: 30 μm n = 4. (L,M) Representative images and quantitative analysis of anti-oxidative system involved protein expressions (NRF2 and SOD2) using Western blot. (N,O) Representative images and analysis of oxidative DNA damage by 8-OH-dG staining. Green: 8-OH-dG -staining; Blue: DAPI. Scar: 50 μm n = 4. (P,Q) Representative images and analysis of DNA damage by TUNEL staining. Red: TUNEL-staining; Blue: DAPI; Pink: merge. Scar: 50 μm n = 4. Comparisons of (R) serum LDH and serum (S) CK-MB using commercially available kits. n = 8. (T) Quantitative analysis of the expression of inflammation-related genes in the atria using RT-qPCR. (U) Representative images and quantitative analysis of expression and phosphorylation of NFκB using Western blot. One-way ANOVA with Bonferroni post-hoc test was used to compare data among groups. Data are expressed as mean ± SEM. *p < 0.05, **p < 0.01. STD, standard diet; HFD, high-fat diet; LCA, l-carnitine; DHE, dihydroethidium; MDA, molondialdehyde; SOD, superoxide dismutase; NRF2, nuclear erythroid 2 p45-related factor 2; p-, phoso-; SOD2, manganese superoxide dismutase, superoxide dismutase 2; 8-OH-Dg, 8-hydroxydeoxyguanosine; IL, interleukin; TNF-α, tumor necrosis factor-α; MCP-1, monocyte chemoattractant protein-1; NFκB, the nuclear factor kappa B; LDH, lactate dehydrogenase; CK-MB, creatine kinase-MB.
Nuclear factor erythroid 2-related factor (NRF2) is an accepted master regulator participating in the cellular adaptive response to redox or energy stress, which accumulates in nuclear to induce a battery of defensive genes encoding detoxifying enzymes and antioxidant proteins (such as SOD2 and NFκB) (Figure 4E) (Tonelli et al., 2018). Next, we evaluated the NRF2-mediated cardio-protective pathways. Nuclear levels of NRF2 were comparably decreased in the atria of obese mice, and increased after LCA supplementation (Figures 4J,K). In addition, total protein level of NRF2 was elevated after LCA supplementation. In parallel with the distinct NRF2 activation, SOD2, one of the downstream of NRF2 for antioxidant defense, was noticeably increased in the atria of obese mice after LCA treatment (Figures 4L,M).
Consistent with obesity-induced oxidative stress, oxidative DNA damage (as shown by 8-OH-dG staining) and DNA segment (as shown by TUNEL staining) in the atira was aggravated after HFD, and were alleviated by LCA (Figures 4N–Q). Moreover, we evaluated myocardial cellular damage by measuring serum LDH and CK-MB levels. Obesity increased LDH levels apparently, yet LCA treatment unaffected its levels in obese mice. CK-MB is a more specific marker of myocardial cellular damage, and results showed that obesity unaffected serum CK-MB levels, yet LCA treatment reduced its levels (Figures 4R,S) in obese mice.
LCA Supplementation Mitigates Obesity-Related Atrial Inflammatory Response
Next, we determined the transcription of pro-inflammation cytokines in the atria, including IL-1β, IL-6, IL-18, TNF-α, and MCP-1. Results demonstrated that HFD increased the transcription of IL-6 compared to STD, while LCA suppressed the transcription of most pro-inflammation cytokines, except for MCP-1, in both STD and HFD mice (Figure 4T). In addition, NFκB, a well-known downstream factor of NRF2, is a central activator of the immune response. Our results demonstrated that NFκB was activated in the atria of HFD mice, and was inhibited after LCA supplementation (Figure 4U), which is in line with our results showing LCA increased the expression and activation of NRF2 (Figures 4I–M).
LCA Supplementation Improves Insulin Sensitivity in Obese Mice
Disordered glucose metabolism and insulin resistance are also novel risk factors for AF and usually occur in obesity (Nakamura and Sadoshima, 2020). Therefore, apart from FAs metabolism, the impacts of LCA on glycometabolism, including insulin signaling and insulin resistance, glucose and insulin tolerance, are also investigated in this study.
Both IPGTT (Figures 5A–C) and ITT (Figures 5D–F) confirmed glucose metabolic imbalance in obesity, including increased fasting blood glucose (FBG), impaired glucose tolerance, and decreased insulin sensitivity. Intriguingly, LCA had no effect on glucose tolerance and FBG, yet increased insulin tolerance in obese mice, indicating improved insulin sensitivity in peripheral tissues. Mechanistic investigation using WB analysis showed that LCA restored the serine/threonine protein kinase PKB (Akt) phosphorylation in the atria of obese mice (Figure 5G). Moreover, although LCA treatment had no effect on GLUT4 expression, its activation, as reflected by its translocation to the intracellular membrane, was promoted in obese mice (Figures 5H–J). Next, we assessed the transcription of glucose metabolism-related genes, including GLUT1, GLUT4, HK2, PFKM, PKM2, and PDK4. Most of these genes, except for PFKM, were inhibited in the atria of obese mice. LCA supplementation increased the transcription of GLUT4, PKM2, and PDK4, whereas decreased PFKM transcription in obese mice (Figure 5K). In addition, PAS staining showed aggravated glycogen accumulation in the atria of obese mice. LCA further increased glycogen accumulation in atrial cardiomyocytes (Figures 5L,M), probably due to the fact that LCA upregulated glucose uptake more than glycolysis (Figure 5N).
[image: Figure 5]FIGURE 5 | LCA restores glucose and insulin homeostasis. (A) Plasma glucose levels in the IPGTT. (B) Fast blood glucose levels among groups. (C) Analysis of AUCglucose during IPGTT. (D) Plasma glucose levels in the ITT. (E) Random blood glucose levels among groups. (F) Analysis of inverse AUCglucose during ITT. (G) Representative images and quantitative analysis of expression and phosphorylation of Akt by Western blot. (H,I) Representative images of membrane translocation of GLUT4 using immunohistochemistry and quantitative analyzed by ImageJ. (J) Representative images and quantitative analysis of the expression of GLUT4 by Western blot. (K) Quantitative analysis of the expression of glucose metabolism-related genes (GLUT1, GLUT4, HK2, PFKM, PKM2, and PDK4) using RT-qPCR. (L,M) Glycogen accumulation (Arrow) demonstrated by Periodic acid-Schiff staining. (N) Schematic diagram illustrating glucose metabolism. Scale bar: 50 μm n = 4 for in vivo experiments and 10 for in vitro experiments in each group. One-way ANOVA with Bonferroni post-hoc test was used to compare data among groups. Data are expressed as mean ± SEM. *p < 0.05, **p < 0.01, ¥p < 0.05 HFD vs others, $p < 0.05 HFD + LCA vs others, #p < 0.05 STD/STD + LCA vs HFD/HFD + LCA. STD, standard diet; HFD, high-fat diet; LCA, l-carnitine; IPGTT, intraperitoneal glucose tolerance test; ITT, insulin tolerance test; AUC, area under the curve; Akt, protein kinase B; p-, phoso-; GLUT, glucose transporter; HK2, hexokinase2; PFKM, phosphofructokinase; PKM2, pyruvate kinase isozyme type M2; PDK4, pyruvate dehydrogenase kinase 4; p-, phoso-.
Inhibition of AMPK Constrains the Cardio-Protective Effects of LCA Supplementation in vitro
To investigate whether AMPK is crucial in LCA-conferred cardio-protection, we used PA, a saturated fatty acid, to mimic obesity in vitro, and CC, a pharmacological inhibitor of AMPK, to block AMPK signaling in primary atrial cardiomyocytes (Figure 6A). LCA enhanced FAO significantly in PA-treated cells, which might be ascribe to the activation AMPK and upregulation of PGC1α and CPT1B; however, inhibition of AMPK by CC reversed these effects (Figures 6C,D).
[image: Figure 6]FIGURE 6 | Pharmacological inhibition of AMPK via CC attenuated LCA-conferred beneficial effects in palmitate-treated primary atrial cardiomyocytes. (A) Schematic diagram illustrating the cell isolation, culture and treatment. (B) FAO rate in different treatment groups. The measure of substrate utilization after 18°C unsaturated fatty acid (Oleate, 100 μM) addition was normalized with maximal O2 consumption in Control cells. (C) Representative images and (D) quantitative analysis of the expression of FAO-related proteins using Western blot. (E) Cellular MDA concentrations among the groups. (F) Representative images and (G) quantitative analysis of the expression of oxidative stress-related proteins (NRFS and SOD2) and inflammation-related protein (NFκB) using Western blot. n = 3 or 4 each group. Two-way ANOVA with Bonferroni post-hoc test was used to compare data among groups. Data are expressed as mean ± SEM. *p < 0.05, **p < 0.01. CC, Compound C; LCA, l-carnitine; PA, palmitate; FAO, fatty acids oxidation; MDA, molondialdehyde; NRF2, nuclear erythroid 2 p45-related factor 2; AMPK, AMP-activated protein kinase; CD36, FAT; CPT1B, carnitine palmitoyltransferase-1B; p-, phoso-; PGC1α, peroxisome proliferator-activated receptor γ coactivator1α; NRF2, Nuclear factor erythroid 2-related factor 2; NFκB, the nuclear factor kappa B; SOD2, manganese superoxide dismutase, superoxide dismutase 2.
MDA examination was performed to assess the levels of oxidative stress. In line with the animal studies, LCA supplementation induced a decrement of PA-induced oxidative stress (Decreased cellular MDA) and enhanced corresponding anti-oxidative system (Restored NRF2/SOD2 signaling) in primary atrial cardiomyocytes; however, pretreatment with CC abolished LCA-conferred antioxidant effects. Similarly, pretreatment with CC also attenuated LCA-conferred anti-inflammation effects, as judged by NFκB activation (Figures 6E–G).
Altogether, these results supported that activation of AMPK signaling pathway may be the relevant molecular basis of LCA-mediated cardio-protection.
DISCUSSION
Although defective FAO has long been pronounced in AF, its implication in AF is under-investigated. In this study, we established an obesity (induced by HFD)-related AF mice model, which showed increased AF vulnerability and exhibited apparent atrial structural remodeling (Figures 1, 2). Pathologically, obesity caused defective cardiac FAO and induced cardiac lipotoxicity (Figure 3) (Haffar et al., 2015), thereby evoking a set of pathological reactions, including oxidative stress, DNA damage, inflammation and insulin resistance (Figures 4, 5), which contributing to AF. Enhancing FAO via LCA supplementation (the cofactor of CPT1B), attenuated cardiac steatosis and lipotoxicity-induced pathological changes in the atria of obese mice, resulting in restored AF substrates and ameliorated AF susceptibility (Figure 7). Mechanistically, AMPK/PGC1α signaling was implicated in LCA-conferred beneficial effects against obesity-mediated AF (Figure 6).
[image: Figure 7]FIGURE 7 | Hypothetical mechanisms of LCA-conferred cardio-protection against obesity-related AF. Possible mechanism proposed in this study: HFD-induced imbalance between FAs uptake and expenditure causes lipid accumulation and lipotoxicity, which triggers a set of chain reactions, including oxidative stress, DNA damage, inflammation and insulin resistance, and finally contributing to atrial remodeling and greater propensity for AF. Promotion of FAO via LCA combats obesity-induced AF by reducing myocardial lipotoxicity, alleviating atrial remodeling, including left atrial dilatation, cardiac hypertrophy, gap junction remodeling and interstitial fibrosis. Mechanistically, LCA supplement amended lipid metabolism through AMPK-dependent pathway. STD, standard diet; HFD, high-fat diet; LCA, l-carnitine; FAO, fatty acids oxidation; AF, atrial fibrillation; AMPK, AMP-activated protein kinase; CD36, FAT; CPT1B, carnitine palmitoyltransferase-1B; p-, phoso-; PGC1α, peroxisome proliferator-activated receptor γ coactivator1α.
The derangement of the energy substrate metabolism in the pathogenesis of AF has garnered extensive interest in the field of AF. Ample of proteomics and metabolomics studies have proved the considerable lipid metabolism remodeling in the myocardium of AF patients (Huang et al., 2011; Tu et al., 2014). Dyslipidemia is independently associated with AF incidence (Guan et al., 2020), and lipid metabolism related proteins serve as a potential AF biomarker (such as LDL, VLDL, HDL, and FABP3) (Golaszewska et al., 2019). Enzymes involved in FAO (such as CD36, CPT1B and VLCAD), as well as their regulators (such as PPAR-α and PGC1α), are demonstrated to inhibited in chronic AF (Liu et al., 2016). These evidence supported the impaired FAs uptake and defective FAO, along with increased atrial lipid deposition of AF (Lenski et al., 2015), suggesting disordered lipid metabolism is closely related to the occurrence and development of AF (Opacic et al., 2016). Consequently, from a broader metabolic perspective, redressing the disbalance of lipid metabolism should be considered as a novel a candidate strategy for AF. Supportively, AMPK, an effective lipid metabolism accelerator, and its downstream effectors, PPAR-α/PGC-1α signals, both have been proposed as alternative metabolic modulations to combat AF (Harada et al., 2015; Bai et al., 2019; Ostropolets et al., 2021). Genetic deletion of liver kinase B1, an activator of AMPK, can develop spontaneous AF in mice (Ozcan et al., 2015). Besides, in agreement with inactivated AMPK signaling in atria in long-standing AF (Harada et al., 2015), restoring FAO targeting AMPK, PPAR-α or PGC1α (Metformin, AICAR, Fenofibrate and β3AR) (Yu et al., 2011; Liu et al., 2016; Bai et al., 2019; Deshmukh et al., 2021; Ostropolets et al., 2021) have been confirmed to suppress AF inducibility. However, AMPK, a key regulator of multi-pathways and multi-targets, also gets involved in inflammation mitigation, Ca2+-handling and cell contraction, mitochondrial biogenesis, cell growth and proliferation, and so on, thus exerting cardiovascular protection with a combination of multiple mechanisms (Garcia and Shaw, 2017). Therefore, the cardio-protective effect of AMPK-mediated pathways cannot be differentiated from FAO promotion. It is worthy to evaluated the direct effects of accelerated FAO on AF, especially in circumstances of obesity, in which cardiac FAO is defective considerably compared to other well-known ‘culprits’ of the AF. As expected, we proved that boosting FAO via LCA, a natural and biologically active micronutrient enhancing physiological FAO through CPT1B (Marcovina et al., 2013) and activation of AMPK signaling pathway (Figures 3, 6), can significantly reduce obesity-mediated AF propensity and the corresponding atrial remodeling (Figures 1, 2), thus better supports the efficiency of FAO promotion in the AF therapeutic approach.
Whereas, in opposite to our theory, FAO suppression via Ranolazine has been demonstrated to attenuate AF occurrence in 1-week ACh-CaCl2-exposed rats (Zou et al., 2016), probably by supporting the transient supply/demand mismatch during the stabilization of AF (Heijman and Dobrev, 2015). This controversial result can be further explained by the nonspecific confounding influence of Ranolazine, since it directly blocks the late sodium channel to terminate arrhythmia, and attenuates adverse myocardial alterations including hypertrophy and fibrosis (De Angelis et al., 2016). More notably, prolonged inhibition of FAO would presumably increase cardiac preference for carbohydrate sources, which represents a driving force for atrial electrical remodeling as well as followed irreversible structural remodeling after a long period (Kolwicz and Tian, 2011); and in addition induces atrial lipid accumulation, which promotes lipotoxicity-provoked AF (Young et al., 2002; Lundsgaard et al., 2020).
Over-accumulation of lipid in cardiomyocyte cytosol occurs when FAs supply fails to match the needs created by FAs expenditure, thus is commonly observed in obesity (Haffar et al., 2015) as well as AF (Lenski et al., 2015). Notably, cardiac steatosis in atria exerts detrimental impacts on heart (termed “lipotoxicity”), thus taking a leading role in AF, especially in obesity-related AF (Haffar et al., 2015; Opacic et al., 2016). For instance, excess myocardial FAs can convert into potentially “lipotoxic” metabolites, such as diacylglycerol and ceramides (Serra et al., 2013), which directly affect excitation-contraction coupling and ion channel/pump integrity, and later contribute to irreversible structure alterations (Harada et al., 2017). Besides, lipid-derived excessive oxidants generation and impaired antioxidant capacity (inactivated NRF2-cascade) lead to redox imbalance and trigger inflammatory response (Li et al., 2019), which are in line with progressively deterioration of myocardial structure and function (Goldberg et al., 2012), including LA enlargement, and myocardial hypertrophy, connexin-43 remodeling, interstitial fibrosis in the atria (Harada et al., 2017). What’s more, cardiac lipotoxicity causes insulin dysregulation and glycometabolism impairment (Nakamura and Sadoshima, 2020), which are speculated to provide a metabolic arrhythmogenic substrate for AF (Maria et al., 2018). Cardiac lipotoxicity induced by HFD was further delineated in this study, and ameliorated after FAO promotion which redressed the disbalance of lipid metabolism and normalized the cardiac lipid content, thus explained the correlation between defective FAO and AF/obesity (Figures 3–5).
Disordered glucose metabolism and insulin homeostasis are also active metabolic subjects in the study of AF. Prior researchers have established strong correlation between inadequate glycemic control and AF episodes (Dublin et al., 2010). Within cardiomyocytes, suppressed atrial glucose oxidation and increased glycogen synthesis occur in AF and promote marked glycogen accumulation (Heijman and Dobrev, 2015). Besides, insulin resistance is considered as a novel independent risk factor for AF, which engenders both atrial structural remodeling and abnormal intracellular calcium homeostasis (Chan et al., 2019; Wu et al., 2014). What’s more, insulin signaling loss, noted as impaired glucose transport (alterations in the expression and trafficking of GLUT4), has been proposed to be an early pathogenic factor of AF pathogenesis (Maria et al., 2018). Intra-myocardial toxic metabolites of FAs metabolism and triacylglycerol, such as diacylglycerol, ceramides and acylcarnitines, are responsible for severe insulin resistance by interrupting insulin signal cascade at different levels and multiple steps of glucose metabolism (Belfort et al., 2005; Yazici and Sezer, 2017). In consistent to ameliorated lipid accumulation and lipotoxicity, enhanced FAO via LCA promoted insulin-stimulated glucose uptake, thus restored random blood glucose in obesity (Figure 5). Some other experimental studies have given another explanation for the improved carbohydrate metabolism, that LCA supplementation can reduce the ratio of acetyl-CoA to free CoA in the mitochondria, thereby stimulating the activity of pyruvate dehydrogenase (PDH) (Calvani et al., 2000). However, our results implied the activated Akt and upregulated subsequent glucose utilization in the atria may be the reason why LCA supplementation can recover the glucose metabolism and insulin homeostasis, and thus expanding the potential role of FAO promotion via LCA in AF suppression.
Although present observations have unveiled the practical meaning of promoted FAO via LCA in obesity-dependent AF, and indicating the leading role of FAO in AF pathogenesis, this study failed to directly assess the efficiency of FAs uptake or FAO in vivo, and whether the LCA-conferred anti-AF effects is mediated by AMPK also needs confirmation in vivo. Further investigative work is warranted to address the limitation.
CONCLUSION
In conclusion, we present for the first time that FAO promotion via LCA could redress lipid metabolism imbalance and reduce cardiac lipotoxicity through AMPK activation, thereby ameliorating obesity-mediated AF and atrial structural remodeling. Enhancing FAO may optimize the therapeutic strategy for AF, especially in obesity.
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Atrial fibrosis is the basis for the occurrence and development of atrial fibrillation (AF) and is closely related to the Warburg effect, endoplasmic reticulum stress (ERS) and mitochondrion dysfunctions-induced cardiomyocyte apoptosis. Hydrogen sulfide (H2S) is a gaseous signalling molecule with cardioprotective, anti-myocardial fibrosis and improved energy metabolism effects. Nevertheless, the specific mechanism by which H2S improves the progression of atrial fibrosis to AF remains unclear. A case-control study of patients with and without AF was designed to assess changes in H2S, the Warburg effect, and ERS in AF. The results showed that AF can significantly reduce cystathionine-γ-lyase (CSE) and 3-mercaptopyruvate thiotransferase (3-MST) expression and the H2S level, induce cystathionine-β-synthase (CBS) expression; increase the Warburg effect, ERS and atrial fibrosis; and promote left atrial dysfunction. In addition, AngII-treated SD rats had an increased Warburg effect and ERS levels and enhanced atrial fibrosis progression to AF compared to wild-type SD rats, and these conditions were reversed by sodium hydrosulfide (NaHS), dichloroacetic acid (DCA) or 4-phenylbutyric acid (4-PBA) supplementation. Finally, low CSE levels in AngII-induced HL-1 cells were concentration- and time-dependent and associated with mitochondrial dysfunction, apoptosis, the Warburg effect and ERS, and these effects were reversed by NaHS, DCA or 4-PBA supplementation. Our research indicates that H2S can regulate the AngII-induced Warburg effect and ERS and might be a potential therapeutic drug to inhibit atrial fibrosis progression to AF.
Keywords: atrial fibrosis, atrial fibrillation, angiotensin II, endoplasmic reticulum stress, hydrogen sulfide, warburg effect
INTRODUCTION
Atrial fibrillation (AF) is the most common malignant cardiac arrhythmia, affecting 2% of the general population worldwide (Xiong et al., 2019), especially those over 70 years old (Piatek et al., 2016). It is expected that more than 20 million people worldwide will be affected by AF by 2050 (Christophersen et al., 2017). AF is a major risk factor for cardiovascular events, stroke and sudden death, imposing heavy financial and health care burdens on both individuals and society. Atrial fibrosis is a hallmark feature of AF, promotes atrial structural remodelling, such as induced left atrial dysfunction (LADS), and atrial electrophysiological remodelling, such as increased susceptibility to AF. The AF caused by renin-angiotensin-aldosterone system (RAAS) is closely related to the progression of atrial fibrosis. RAAS inhibitors can inhibited the occurrence and development of AF induced by atrial fibrosis and realized significant benefits for the long-term survival of AF patients (Han et al., 2013; Turin et al., 2018). However, these conventional drugs cannot completely cure atrial fibrosis (McMurray et al., 2012). Therefore, we are currently working on studying the mechanisms and interventions of atrial fibrosis to reduce the atrial structural remodelling and electrical remodelling caused by atrial fibrosis and reduce the occurrence and development of AF.
The endoplasmic reticulum (ER) is a multifunctional signalling organelle with complex stress signalling pathways and regulates the transport and apoptosis of cell membrane proteins, thereby achieving the correct folding of proteins (Welchen and Gonzalez, 2016). Induced dysfunction of the ER under glucose deficiency, hypoxia, inflammation and oxidative stress, which interfere with protein folding, posttranslational modification and secretion, is called ER stress (ERS). PKR-like ER kinase (PERK/eIF2AK3), inositol-requiring enzyme 1 (IRE1) and activating transcription factor 6 (ATF6) are three transmembrane ER signalling proteins mediated by ERS and the unfolded protein response (UPR). When ERS occurs, increase PERK, IRE1 and ATF6 protein expression and activity (Xin et al., 2011; Yan et al., 2019). Subsequently, phosphorylated PERK (p-PERK) can cause eukaryotic initiation factor 2α (eIF2α) phosphorylation (p-eIF2α) and increase activating transcription factor 4 (ATF4) expression, thereby inhibiting mRNA translation and global protein synthesis and promoting apoptosis (Wen et al., 2017). In experimental models and patients with AF, protein production and breakdown of dysfunctional proteins is disrupted, which contributes to myocardial remodelling and AF susceptibility (Deshmukh et al., 2015; Wiersma et al., 2017; Yuan et al., 2020). Furthermore, recent studies have demonstrated that local uncommon energy metabolism, such as insulin resistance and impaired glucose transport and uptake, leads to the accumulation of unfolded proteins in the lumen of the ER, which can lead to ERS (Luoma, 2013; Sun et al., 2019). The Warburg effect refers to a state in which tissues produce energy through glycolysis despite the presence of normal aerobic conditions, and increased local lactate accumulation is characteristic of the Warburg effect. An acidic environment can be induced in cardiovascular diseases (CHDs) and myocardial fibrosis and is closely related to ERS (Cottrill and Chan, 2013; Imle et al., 2019).
Current research has defined hydrogen sulfide (H2S), a toxic gas with the smell of rotten eggs, as the third gas signalling molecule after nitric oxide (NO) and carbon monoxide (CO). Cystathionine-γ-lyase (CSE), cystathionine-β-synthase (CBS) and 3-mercaptopyruvate thiotransferase (3-MST) are the three most common ways to synthesize hydrogen sulfide. CBS is a key enzyme for H2S production in the cardiovascular system (Leffler et al., 2006), and the CSE/H2S pathway plays an important role in regulating CHD (Pan et al., 2012). In addition, 3-MST is a key enzyme for H2S production in mitochondria (Beltowski, 2015). As a gaseous signalling molecule, H2S participates in maintenance of the physiology of the cardiovascular system through its anti-oxidant, anti-inflammatory, neuromodulatory, energy metabolism regulation (Liang et al., 2015), and cardioprotective. Therefore, it can improve atrial remodelling and AF (Xue et al., 2020) and myocardial ischaemia-reperfusion injury (Snijder et al., 2013) and has been shown to promote myocardial repair and long-term cardiac function recovery after infarction in CSE-KO mice (Ellmers et al., 2020). In addition, attenuation of pathological fibrosis by modulating signals involved in cardiac fibrosis is an area of great interest due to its obvious therapeutic implications for the treatment of AF (Su et al., 2021). It is well established that reduced H2S levels are associated with cardiomyocyte apoptosis, myocardial fibrosis, and ERS induced by ischaemia-reperfusion injury (Snijder et al., 2013; George et al., 2017; Ren et al., 2019). Nevertheless, to the best of our knowledge, it is not clear whether H2S can attenuate AngII-induced Warburg effect and ERS, thereby ameliorating atrial fibrosis progression to AF.
In this study, we hypothesized that H2S exerts cardioprotective against AngII-induced Warburg effect and ERS and further affects atrial fibrosis progression to AF. The mechanism was investigated using patient tissue specimens, rat models of AF, and HL-1 cell models of AF, with the aim of providing new molecular targets for prevention and treatment of AF.
MATERIALS AND METHODS
Human Left Atrial Appendage
Human research was approved by the ethics committee of the First Affiliated Hospital of University of South China and was performed in compliance with the Declaration of Helsinki. Left atrial appendage (LAA) tissue specimens were collected from rheumatic heart disease (RHD) patients undergoing mitral regurgitation surgery in the First Affiliated Hospital of University of South China. Informed consent for clinical observation experiments was signed by the patient or a family member before surgery. Patients with benign/malignant tumours, acute/chronic heart failure, hypertension, chronic obstructive pulmonary disease, pulmonary heart disease, CHD, cardiomyopathy, hyperthyroidism and obesity as well as overweight patients and patients with diabetes mellitus (including type 1 and type 2 diabetes mellitus and impaired glucose tolerance) were excluded before enrolment. According to the presence or absence of AF, the enrolled patients were divided into a permanent AF group (n = 6) and a sinus rhythm (SR) group (n = 6). General patient information is shown in Table 1.
TABLE 1 | Main characteristics of 12 patients with rheumatic heart disease with mitral valve replacement combined with AF or SR.
[image: Table 1]Animal Models
In female animals, the incidence of supraventricular tachycardia is closely related to menstrual cycle, more common in luteal phase, and negatively related to estrogen level (Gowd and Thompson, 2012). Therefore, in order to exclude the effect of estrogen, combined with relevant AF research reports (Chan et al., 2019; Ge et al., 2020), we select male Sprague–Dawley (SD) rats, weighing 200–250 g, purchased from the Animal Department of University of South China, as research target. The animal studies were approved by the Ethics Committee of the First Affiliated Hospital of University of South China. Ang-II (200 ng/kg/min) was subcutaneously infused into the rats using a mini-pump (Model 2004; Alzet) for 4 weeks to induce atrial fibrosis (Ge et al., 2020). AF was induced by transesophageal stimulation. The inducibility of AF was clarified by atrial rapid programmed stimulation (ARPS) via oesophageal electrodes after 4 weeks of continuous Ang-II administration with a subcutaneous mini-pump as previously described (Song et al., 2019). AF vulnerability was assessed by stimulation for 5 s per cycle starting at 50 ms of the RR interval and ending at 2 ms decrements until termination at 10 ms decrements and resting for 5 s if no AF occurred. If AF occurred, the time from the end of stimulation to the first sinus P recovery, which was defined as AF duration, was recorded. To recover the sinus P wave, another stimulation of the next perimeter was performed until stimulation ended at 10 ms. AF was defined as a rapid and irregular atrial rhythm with irregular RR intervals lasting at least 1 s on ECG. AF was considered inducible if one or more bursts in the series caused an AF event. The number of AF episodes and AF duration were recorded and analysed. Minipump implantation and ARPS stimulation with oesophageal pacing were performed under 2% v/v isoflurane/oxygen inhalation anaesthesia. When ARPS stimulation was finished and the heart rate returned to the SR P wave, the SD rats were euthanized using potassium chloride (10% concentration, 75–150 mg/kg KCl administered via rapid intravenous injection) until cardiac function stopped. The left atrial tissue was stored in liquid nitrogen.
Animal Experimental Design
SD rats were randomly divided into eight groups with six rats in each group. SD rats in each group received the following treatments (see Supplementary Figure S1).
Sham group: SD rats were infusion of 0.9% saline (200 ng/kg per minute) using continuous subcutaneous mini-pump for 4 weeks, and then ARPS stimulation was given through the oesophagus.
Ang-II group: SD rats were infusion of Ang-II (200 ng/kg per minute) using continuous subcutaneous mini-pump for 4 weeks, and then ARPS stimulation was given through the oesophagus (Ge et al., 2020).
Ang-II + NaHS group: SD rats were infusion of Ang-II (200 ng/kg per minute) using continuous subcutaneous mini-pump combined with intraperitoneal injection of NaHS (56 μM/kg qd) for 4 weeks, and then ARPS stimulation was given through the oesophagus (Pan et al., 2014).
Ang-II + 4-PBA group: SD rats were infusion of Ang-II (200 ng/kg per minute) using continuous subcutaneous mini-pump combined with intraperitoneal injection of 4-PBA (20 mg/kg qd) for 4 weeks, and then ARPS stimulation was given through the oesophagus (Luo et al., 2015).
Ang-II + DCA group: SD rats were infusion of Ang-II (200 ng/kg per minute) using continuous subcutaneous mini-pump combined with intraperitoneal injection of dichloroacetic acid (DCA, 50 mg/kg qd) for 4 weeks, and then ARPS stimulation was given through the oesophagus (Sun et al., 2016).
NaHS group: SD rats were infusion of NaHS (56 μM/kg qd) using continuous intraperitoneal injections for 4 weeks, and then ARPS stimulation was given through the oesophagus.
4-PBA group: SD rats were infusion of 4-PBA (20 mg/kg qd) using continuous intraperitoneal injections for 4 weeks, and then ARPS stimulation was given through the oesophagus.
DCA group: SD rats were infusion of DCA (50 mg/kg qd) using continuous intraperitoneal injections for 4 weeks, and then ARPS stimulation was given through the oesophagus.
HL-1 Experimental Design
The HL-1 cell line was purchased from Shanghai (TongPai, China), used for in vitro research and cultivated in DMEM containing 10% foetal bovine serum (Gibco, MA, United States), 0.1 mM norepinephrine and 2 mM L-glutamine in a 37°C cell incubator with 5% CO2. Before each experiment, HL-1 cells were plated in six-well plates and treated as described below when the cells reached 70–80% confluence. (see Supplementary Figure S2):
Control group: HL-1 cells were cultured in DMEM for 24 h.
Ang II group: HL-1 cells were treated with Ang II (200 nM) for 24 h (Lee et al., 2020).
Ang II + NaHS group: HL-1 cells were pre-incubated with NaHS (100 μM) for 24 h, and then treated with Ang-II for another 24 h (Lee et al., 2019).
Ang II + 4-PBA group: HL-1 cells were pre-incubated with 4-PBA (500 μM) for 24 h, and then treated with Ang-II for another 24 h (Yuan et al., 2020).
Ang II + DCA group: HL-1 cells were pre-incubated with DCA (1.5 mM) for 24 h, and then treated with Ang-II for another 24 h (Li et al., 2019a).
NaHS group: HL-1 cells were pre-incubated with NaHS (100 μM) for 24 h, and then incubated with DMEM for another 24 h.
4-PBA group: HL-1 cells were pre-incubated with 4-PBA (500 μM) for 24 h, and then incubated with DMEM for another 24 h.
DCA group: HL-1 cells were pre-incubated with DCA (1.5 mM) for 24 h, and then incubated with DMEM for another 24 h.
Cell Viability Assay
CCK-8 assays were used to investigate the viability of HL-1 cells cultured in 96-well plates. Our experimental methods were performed as described in a previous report by Li et al. (2020).
Detection of Intracellular ROS
Intracellular ROS levels were determined by the oxidative conversion of cell-permeable DCFH-DA to fluorescent dichlorofluorescein (DCF). Our experimental methods were performed as previously reported by Thakur et al. (2015).
Detection of Left Atrial Function
The patients and rats were placed on a test bench on the left side and connected with a synchronous 12-lead ECG. The left atrial diameter (LAD), left atrial diameter (LASED) and left ventricular ejection fraction (LVEF) were measured by the M-mode echocardiography. End systolic left atrial volume (LAESV) and end diastolic left atrial volume (LAEDV) were measured by the biplane Simpson’s method at apical four chamber and apical two chamber views. The left ventricular outflow tract velocity time integral (LVOT-VTI) was measured by the left ventricular outflow tract blood flow spectrum. The mitral annular motion spectrum (Ea, Aa) were measured by the tissue Doppler, and calculated the Ea/Aa ratio.
The body surface area (BSA) of patient’s was calculated according to the Stevenson’s formula (Si et al., 2018).
BSA = 0.0061 * height (CM) + 0.0128 * weight (kg) - 0.1529.
The body surface area of the rats was calculated using the Meeh-Rubner formula (Spiers and Candas, 1984).
BSA = K * weight 7) 2/3÷10,000, and K value in rats = 9.1.
The left atrial end-systolic volume index (LAESVI) was calculated as LAESVI = LAESV/BSA.
The left atrial ejection fraction (LAEF) was calculated as LAEF = (LAESV-LAEDV)/LAESV.
The left atrial function index (LAFI) was finally obtained as LAFI = (LAEF*LVOT-VTI)/LAESVI.
Western Blotting
Collected the total protein of left atrium tissue and HL-1 cells in lysis buffer (Beyotime P0013F). Protein concentration was determined using a BCA protein assay kit (Beyotime P0012S). Equal amounts (70 μg) of protein were separated in a 12% sodium dodecyl sulfate (SDS)-polyacrylamide gel. Proteins were transferred to polyvinylidene difluoride (PVDF) membranes (Beyotime FFP33), blocked in Tris-buffered saline (TBS) with 5% milk/0.1% Tween 20 and incubated overnight at 4°C with anti-pyruvate dehydrogenase kinase 4 (PDK-4) (1:500, Abcam ab89295), anti-PDH (1:5,000, Abcam ab172617), anti-lactate dehydrogenase (LDHA) (1:1,500, Abcam ab222910), anti-matrix metallopeptidase 9 (MMP-9) (1:500, Abcam ab58803), anti-p-PERK (1:2000, Affinity DF7576), anti-PERK (1:1,000, Affinity AF5304), anti-p-eIF2α (1:1,000, Cell Signaling, #9721), anti-eIF2α (1:1,000, Cell Signaling, #9722), anti-Caspase-12 (1:1,000, Abcam ab8117), anti-ATF 4 (1:1,000, Abcam ab23760), anti-C/EBP homologous protein (CHOP, 1:200, Abcam ab11419), anti-CBS (1:800, Abnova H00000875-M01), anti-CSE (1:800, BIOSS bs-9515R), anti-3-MST (1:500, Abcam ab224043) or anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH, 1:5,000, Abcam ab 9,484) antibody in blocking buffer. The membranes were washed in 0.1% Tween/TBS and incubated with HRP-labelled goat anti-rabbit IgG (H + L) (Beyotime A0208) or HRP-labelled goat anti-mouse IgG (H + L) (Beyotime A0216) secondary antibody for 2 h at room temperature, followed by detection of chemiluminescence. Gel Imaging system (Bio-Rad Laboratories, Inc.) and Quantity One software (version 4.6.6; Bio-Rad Laboratories, Inc.) were used to image and analyse the western blot bands. Band intensities were detected with Super Signal West Pico Chemiluminescent Substrate (Thermo, United States).
Myocardial Masson Staining
Fresh tissue was fixed in 4% paraformaldehyde for more than 24 h. The tissue was taken out of the fixative solution and placed in a fume hood for trimming of the target site tissue with a scalpel, and the trimmed tissue and the corresponding label was placed in a dehydration box. The dehydration box was put into a hanging basket, and the trimmed tissue was treated with a sequential alcohol gradient for dehydration in a dehydrator. Wax-soaked tissue was then embedded in an embedding machine. First, the melted wax was placed into the embedding frame, and before the wax solidified, the tissue was removed from the dehydration box and put into the embedding frame according to the requirements of the embedding surface, and the corresponding label was attached. The samples were cooled in a refrigerator at −20°. After the wax solidified, the wax block was removed from the embedding frame and trimmed. The trimmed wax block was sliced on a paraffin microtome to a thickness of 4 μm. The slices were floated on a spreader in warm water at 40°C to flatten the tissue, and the tissue was picked up with a glass slide and placed in a 60°C oven to bake for subsequent histochemical staining. The steps for Masson staining were as follows. Samples were fixed with neutral formalin, sectioned, deparaffinized in absolute alcohol, stained with the iron hematoxylin A liquid and B liquid (according to 1:1) for 3 min, differentiation for a few seconds with 1% hydrochloric acid alcohol, 60% ammonia water return blue and washed with water, stained with Ponceau red dye for 7 min and washed with distilled water slightly, differentiation for 3 min in Phosphomolybdate acid, stained with Aniline blue liquid for 5 min and differentiation for 1 min in glacial acetic acid solution, dehydrated in absolute alcohol, putting in xylene for transparency, and mounted with neutral gum. Collagen fibers were bluish in color and myocardial cell were orange. All sections with Masson staining were observed and the pictures were photograPEd by an Olympus microscope (IX-70 OLYMPUS, Japan) (Li et al., 2019b).
Assessing the Levels of Lactic Acid, Glucose Consumption and Cellular ATP
After various treatments, 10 μl of homogenate (1:10 dilution) was collected and analysed using a lactic acid kit (NanJing Jiancheng Corp, A019-2), a glucose consumption kit (Sigma MAK083) and an ATP assay kit (Cloud Clone Corp, CEA349Ge) according to the manufacturers’ instructions (Xiao et al., 2017).
Programmable Electrical Stimulator Detection of AERP and AERPd
Electrophysiological investigation was performed as previously described (Hu et al., 2019).
Detection of HL-1 Cell Apoptosis via Flow Cytometry
The degree of apoptosis in HL-1 cells cultured in 6-well plates was detected by flow cytometry. Our experimental method was performed as previously reported by Gu et al. (Gu et al., 2018).
Detection of Oxidative Damage by Assessing 8-OHdG Content in HL-1 Cell Mitochondrial DNA
Mitochondrial DNA oxidative damage was evaluated by detecting the 8-hydroxy-2-deoxyguanosine (8-OHdG) content. Our experimental method was performed as previously reported by Ni et al. (2021).
Test of Carbonyl Protein Content in HL-1 Cells
After various treatments, HL-1 cells were collected and lysed, and the carbonyl protein content in HL-1 cells was measured as described by Ni et al. (2021).
Determination of Lipid Peroxidation Level in HL-1 Cells
After various treatments, HL-1 cells were collected and lysed, and the lipid peroxidation levels in HL-1 cells were determined as previously reported by Ni et al. (2021).
Determination of Mitochondrial Respiratory Function
The mitochondrial oxygen consumption in HL-1 cells was assayed based on the method described by Sun et al., 2018. Mitochondrial respiration buffer (125 mmol/L KCl, 5 mmol/L K2HPO4, 20 mmol/L MOPS, 2.5 mmol/L EGTA, 1 μmol/L Na4P2O7, and 0.1% bovine serum albumin, pH 7.4). Mitochondrial oxygen consumption was measured by Clark type oxygen electrode (Hansatech Instruments, Norfolk, United Kingdom) in mitochondrial respiration buffer at 30°C. Pyruvate (5 mmol/L) and malate (5 mmol/L) were used as substrates for complex I-containing mitochondria at a final concentration of 500 μg protein/ml. ADP-stimulated oxygen consumption (state three respiration) was measured in the presence of 200 μmol/L ADP, and ADP independent oxygen consumption (state four respiration) was also monitored. The respiratory control ratio (RCR, state three divided by state 4) reflects oxygen consumption by phosphorylation (coupling). The ADP/O ratio (number of ADP molecules added for each oxygen atom consumed) is an index of the efficiency of oxidative phosphorylation. State three shows the oxygen consumption of the ADP phosphorylation process during transformation to ATP. State four indicates ADP consumption after the base oxygen consumption and reflects invalid oxygen consumption.
Quantitative PCR
Total RNA was isolated from cultured cells using TRIzol® reagent (Tiangen Biotech Co., Ltd.). First-strand cDNA was synthesized from 4 mg total RNA using M-MLV reverse transcriptase (Promega Corporation) and oligo (dT). The cDNA for collagen Iα, collagen IIIα and GAPDH was amplified using specific primers and conditions. The PCR products were subjected to electrophoresis in 1% agarose gels and visualized with ethylene bromide. Real-time quantitative PCR (qPCR) was performed with SYBRPremix Ex Taq (Perfect Real Time) (Takara, Japan). The relative mRNA levels were calculated by normalization to GAPDH, according to the 2-ΔΔCT method. The following specific primers were used: forward 5′-GTC​GTA​TCC​AGT​GCG​TGT​C-3′ and reverse 5′-GTG​GAG​TCG​GCA​ATT​GCA-3′; collagen IIIα, forward 5′-CAA​TTC​CTG​GCG​TTA​CCT​TG-3′ and reverse 5′-AGC​CCT​GTA​TTC​CGT​CTC​CT-3'; GAPDH, forward 5′-GGC AAGGTCATCCCAGAG CT-3′ and reverse 5′-CGCCTGCTT CACCACCTTCT-3'.
Determination of the H2S Level in Patient and Rat Plasma
The plasma of patients and rats in each group was collected, and detection was performed according to the Methylene blue method described by Geng Bin et al. (Zheng et al., 2012).
Measurement of CSE Activity
Prepare NaHS as standard curve: set the concentration gradient of NaHS standard to 1000, 800, 400, 200, 100, 50μM, and use deionized water instead of 0 μM. After configuration, add 500 μl each to the centrifuge tube, add 2.5 ml deionized water to each tube, then add 1% zinc acetate (400 μl), N,N-dimethyl-p-phenylenediamine sulfate (20 mM; 40 μl) in 7.2 mol/l HCl was added, which was immediately followed by the addition of FeCl3 (30 mM; 40 μl) in 1.2 mol/l HCl. Subsequently, the absorbance at 670 nm was measured using a microplate reader (Molecular Devices, LLC). The standard curve of NaHS is Y = 0.00038x + 0.09475, r2 = 0.99951. Following treatment, HL-1 cells were collected and homogenized in 50 mM ice-cold potassium phosphate buffer (pH, 6.8). Each 1 ml of the reaction mixture contained potassium phosphate buffer (100 mM; pH, 7.4), L-cysteine (10 mM), pyridoxal 5′-phosphate (2 mM) and cell lysis solution. In the central pool, 1% zinc acetate (400 μl) was added to trap the evolved H2S. The reaction was performed in tightly stoppered cryovial test tubes in a shaking water bath at 37°C. After incubating for 120 min, the zinc acetate was collected, and N,N-dimethyl-p-phenylenediamine sulfate (20 mM; 40 μl) in 7.2 mol/l HCl was added, which was immediately followed by the addition of FeCl3 (30 mM; 40 μl) in 1.2 mol/l HCl. Subsequently, the absorbance at 670 nm was measured using a microplate reader (Molecular Devices, LLC). According to the standard curve, the protein concentrations of Control and each treatment group were calculated, and the release of endogenous H2S was calculated. The amount of H2S present was standardized according to the protein concentration in the Control and each treatment groups. The experiment was repeated ≥6 times (Hu et al., 2021).
Statistical Analyses
All the values are expressed as the mean ± standard error of the mean (SEM) or a percentage of at least three independent experiments. Statistical analysis was performed with unpaired Student’s t-test for comparisons between two groups. One-way analysis of variance (ANOVA) (Tukey’s) was used to evaluate AF duration, AERPd, AERP, ATP production, glucose consumption, lactate production, cell apoptosis, reactive oxygen species, carbonyl protein, 8-OHdG, respiratory control rate (RCR), ADP/O ratio, mitochondrial state3 oxygen consumption, mitochondrial state4 oxygen consumption and the expression of PDK-4, LDH, PDH p-PERK, ATF4, p-elf2α, CHOP, CSE caspase-12 and MMP-9. Fisher’s exact test was used to evaluate AF inducibility. p values <0.05 were considered statistically significant. All statistical analyses were performed using GraphPad Prism six software (GraphPad Software Inc., La Jolla, CA, version 6.42). The number of experiments per group is indicated in the figure legends.
RESULTS
AF and SR Patient Characteristics
Table 1 shows the clinical characteristics of six patients with SR and six patients with AF. LAA were obtained from the 12 patients through cardiothoracic mitral valve replacement surgery (male, 50%, female, 50%). There were no significant differences in baseline data between SR and AF patients (Table 1).
Specific Changes in LAA Tissue in Patients With AF
H2S deficiency often leads to the occurrence of a variety of CHDs (Wang et al., 2009). To investigate the role of H2S in the development of AF, first we examined the levels of H2S in the plasma of RHD patients with AF or SR. We found that plasma levels of H2S was significantly lower in patients with AF compared with SR patients (Figure 1A). Second, we detected the expression of H2S synthase CSE, CBS and 3-MST in LAA obtained from RHD patients with AF or SR. We found that CSE and 3-MST expression were downregulated and CBS expression was upregulated in the LAA from AF patients compared with SR patients (Figure 1B). In addition, the expression levels of ERS axes, including caspase-12, CHOP, ATF4 (Figure 1B), p-elF2α and p-PERK (Figures 1C,D), and the Warburg effect markers, including LDHA, PDK-4 (Figure 1B) and lactic acid (Figure 1E), were increased in the LAA from AF patients compared with SR patients. Finally, we examined the extent of fibrosis in LAA from patients with AF or SR and we found masson positivity (Figures 1F,G) and the expression of MMP-9 (Figure 1H), collagen Iα and collagen IIIα (Figures 1I,J) were upregulated and cardiac colour Doppler ultrasound indicated that LAESVI was increased (Figure 1J) and LAEF and LAFI were decreased (Figures 1K,L) in AF patients compared with SR patients.
[image: Figure 1]FIGURE 1 | Increased fibrosis, ERS and Warburg effect and decreased CSE expression and left atrial function were found in AF patients compared with SR patients. (A) H2S content was determined by Methylene blue method in the LAA of patients with SR or AF (n = 6 in each group). (B) Representative Western blotting and relative densitometry analysis of CSE, CBS, 3-MST, PDK-4, LDHA, PDH, ATF-4, CHOP, caspase-12 and GAPDH in the LAA of patients with SR or AF (n = 6 in each group). (C) Western blotting was used to analyze the protein levels of p-PERK and t-PERK in the LAA of patients with SR or AF (n = 6 in each group). (D) Western blotting was used to analyze the protein levels of p-elf2α and t-elf2α in the LAA of patients with SR or AF (n = 6 in each group). (E) Lactate acid was determined by kit analysis in the LAA of patients with SR or AF (n = 6 in each group). Blue staining with representative Masson staining (scale bar = 50 μm) and quantification of atrial fibrosis (n = 6 in each group, with ≥40 fields in each group) were used in the (F) AF group and (G) SR group. (H) Western blotting was used to analyze the protein levels of MMP-9 and GAPDH in the LAA of patients with SR or AF (n = 6 in each group). Representative RT-PCR and relative densitometry analysis of (I) collagen Iα and (J) collagen IIIα in the LAA of patients with SR or AF (n = 6 in each group). Left atrial function was measured by color Doppler echocardiography (K) LAESVI, (L) LAEF and (M) LAFI (n = 6 in each group) in the patients with SR or AF during the echocardiographic studies. **p < 0.01 VS AF. A Student’s t-test was used for each of these comparisons between AF and SR groups.
NaHS Inhibits the Ang II-Induced Atrial Warburg Effect in SD Rats
Continuous stimulation with Ang-II can lead to the formation of atrial fibrosis (Ge et al., 2020). As shown in Figure 2, the decreased expression of PDH (Figure 2A) and increased expression of LDHA and PDK-4 (Figures 2B,C), accompanied by enhanced local lactate acid accumulation (Figure 2D), decreased ATP production (Figure 2E) and promoted glycogen consumption (Figure 2F) in the left atrium of SD rats with Ang-II infusion, it suggests that the Warburg effect in the left atrium of SD rats is enhanced after Ang-II infusion. Additionally, NaHS supplementation dramatically enhanced PDH expression (Figure 2A) and inhibited the expression of PDK-4 and LDHA (Figures 2B,C), accompanied by decreased local lactate acid (Figure 2D), increased ATP production (Figure 2E) and reduced glycogen consumption (Figure 2F) in the left atrium of SD rats with Ang-II infusion, suggesting that exogenous supplementation with H2S was able to prevent the Warburg effect in the left atrium of SD rats after Ang-II infusion. This effect of H2S is consistent with the effect of exogenous supplementation with DCA, a specific inhibitor of the Warburg effect key enzyme PDK.
[image: Figure 2]FIGURE 2 | NaHS attenuated the Warburg effect in the left atrium gained from rats under Ang-II treatment. Representative Western blotting and relative densitometry analysis of (A) PDH, (B) LDHA and (C) PDK-4 with GAPDH as a loading control in the rats left atrial tissue of the indicated groups. Lactate acid (D) and the production of ATP (E) and glucose consumption (F) were determined by kit analysis in the rats left atrial tissue of the indicated groups (n = 6 in each group). **p < 0.01 VS Sham, *p < 0.05 VS Sham, #p < 0.01 VS Ang II, &p < 0.05 VS Ang II. Groups were compared using one-way analysis of variance (ANOVA) (Tukey’s) in (A–F).
NaHS Inhibits Ang-II-Induced Atrial ERS in SD Rats
Apoptosis of cardiomyocytes results in myocardial fibrosis (Zhang et al., 2019). ERS is positively associated with myocardial apoptosis and contributes to the development of myocardial fibrosis, which leads to various CHDs. To determine whether H2S prevents atrial fibrosis through inhibition of apoptosis caused by ERS, we treated SD rats upon Ang II infusion with NaHS. As shown in Figure 3, Ang-II induced ERS in the left atrium of SD rats, evidenced by increased expression of p-PERK (Figure 3A), p-elF2a (Figure 3B), ATF4 (Figure 3C), CHOP (Figure 3D) and caspase 12 (Figure 3F). Cotreatment with NaHS significantly inhibited the expression of p-PERK (Figure 3A), p-elF2a (Figure 3B), ATF4 (Figure 3C), CHOP (Figure 3D) and caspase12 (Figure 3F) in the left atrium of SD rats induced by Ang-II infusion, which was consistent with the effect of supplementation with 4-PBA, a specific inhibitor of ERS.
[image: Figure 3]FIGURE 3 | NaHS attenuated the ERS in the left atrium gained from rats under Ang II treatment. Representative Western blotting and relative densitometry analysis of (A) p-PERK with t-PERK as the loading control, (B) p-elF2α with t-elF2α as the loading control and (C) ATF 4, (D) CHOP and (E) caspase12 with GAPDH as the loading control in the rats left atrial tissue of the indicated groups. (n = 6 in each group) **p < 0.01 VS Sham, #p < 0.01 VS Ang II. Groups were compared using one-way analysis of variance (ANOVA) (Tukey’s) in (A–E).
NaHS Inhibits Left Atrial Remodelling Induced by Ang-II in SD Rats and is Associated With Inhibition of the Warburg Effect and ERS
Left atrial remodelling induced by AF involves atrial structural and electrophysiological remodelling (Wang et al., 2019). Myocardial fibrosis causes structural remodelling that can lead to cardiac dysfunction, whereas atrial fibrosis leads to LADS. Lower plasma H2S content is closely related to atrial fibrosis. First, we observed that Ang-II infusion significantly decreased CSE and 3-MST expression and increased CBS expression in the left atrium of SD rats (Figure 4A), and decreased H2S content in the plasma of SD rats (Figure 4B). In addition, we observed that Ang-II infusion significantly increased atrial fibrosis in SD rats with positive Masson staining, increased MMP-9, collagen Iα and collagen III α expression (Figures 4C–M), and increased susceptibility to AF, including promoted the number of AF episodes and extended AF duration, shortened AERP and prolonged AERPd (Figures 4N–R), and cardiac color Doppler ultrasound confirmed left atrial dysfunction (LADS), including enlarged LAESVI and decreased LAEF and LAFI (Figures 4S–U) compared with saline injected SD rats. Finally, SD rats treated with NaHS, DCA or 4-PBA were protected against Ang II-induced atrial fibrosis, evidenced by negative Masson staining, decreased MMP-9, collagen Iα and collagen III α expression (Figures 4C–M), and decreased susceptibility to AF, including reduced number of AF episodes and shortened AF duration, prolonged AERP and shortened AERPd, (Figures 4N–R), and improved LADS, including narrowed LAESVI and increased LAEF and LAFI(Figures 4S–U) compared with Ang-II injected SD rats. However, treatment with DCA or NAHS or 4-PBA alone had no effect on the formation of atrial fibrosis, left atrial function and susceptibility to AF.
[image: Figure 4]FIGURE 4 | NaHS inhibits left atrial remodeling induced by Ang II in SD rats and is associated with the inhibition of the Warburg effect and ERS. (A) Representative Western blotting and relative densitometry analysis of CSE, 3-MST and CBS with GAPDH as the loading control in the rats left atrial tissue of the indicated groups. (n = 6 in each group). (B) H2S content was determined by Methylene blue method in the rats plasma of the indicated groups (n = 6 in each group). Blue staining with representative Masson staining (scale bar = 50 μm) and quantification of atrial fibrosis (n = 6 in each group, with ≥40 fields in each group) were used in the (C) Sham group, (D) Ang II group, (E) NaHS + Ang II group, (F) DCA + Ang II group, (G) 4-PBA + Ang II group, (H) NaHS group, (I) DCA group and (J) 4-PBA group. (K) Representative Western blotting and relative densitometry analysis of MMP-9 with GAPDH as the loading control in the rats left atrial tissue of the indicated groups (n = 6 in each group). Representative RT-PCR and relative densitometry analysis of (L) Collagen Iα and (M) Collagen IIIαin the rats left atrial tissue of the indicated groups (n = 6 in each group). (N) ARPS was performed via the esophagus, and AF episodes and duration were recorded in the rats indicated groups. Electrophysiological analysis of numbers of AF episodes (O) and durations of AF (P), AERP (Q) and AERPd (R) in the rats indicated groups during the electrophysiological studies (n = 6 in each group). Left atrial function was measured by color Doppler echocardiography (S) LAESVI, (T) LAEF, and (U) LAFI in the rats indicated groups during the echocardiographic studies (n = 6 in each group). **p < 0.01 VS Control, and p < 0.01 VS Ang II, #p < 0.05 VS Ang II. Groups were compared using one-way analysis of variance (ANOVA) (Tukey’s) in C to M and P to U, Fisher’s exact test was used to compare groups in O, and Student’s t-test was used to compare groups in (A,B).
NaHS Inhibited HL-1 Apoptosis Induced by Ang II via Prevention of the Warburg Effect and ERS
To further determine the roles of H2S, ERS and the Warburg effect in HL-1 cell apoptosis, we treated HL-1 cells with Ang-II in the presence or absence of NaHS, DCA or 4-PBA. We found that Ang-II significantly reduced the expression and activity of CSE in a concentration-dependent and time-dependent manner, and decreased cell viability in a time-dependent manner (Figures 5A–C). First, we investigated the expression of key enzymes involved in the Warburg effect and key enzymes involved in ERS, glucose consumption and ATP production, as shown in Figure 5. We found that Ang-II significantly increased the expression of LDH, PDK-4, p-PERK, ATF4, p-elF2α, CHOP and caspase-12 and the lactic acid content in HL-1 cells, and these changes were blocked by treatment with NaHS or DCA or 4-PBA (Figures 5D–K). Treatment with NaHS or DCA or 4-PBA alone did not affect the expression of LDH, PDK-4, p-PERK, ATF4, p-elF2α, CHOP and caspase-12 and the lactic acid content in HL-1 cells (Figures 5D–K). In addition, Ang-II significantly increased glucose consumption and decreased ATP production in HL-1 cells, and these effects were blocked by treatment with NaHS or DCA or 4-PBA (Figures 5L,M). Treatment of HL-1 cells with NaHS, DCA or 4-PBA alone did not affect glucose consumption or ATP production (Figures 5L,M). Second, using flow cytometry and CCK-8 to detect apoptosis, we further demonstrated that Ang-II significantly promoted HL-1 cell apoptosis and reduced the viability of HL-1 cells, whereas NaHS, DCA and 4-PBA significantly prevented HL-1 cell apoptosis induced by Ang II. Treatment with NaHS, DCA or 4-PBA alone did not affect HL-1 cell apoptosis (Figures 6A–C). Oxidative stress induced ERS in cardiomyocytes. In the present study, we demonstrated that Ang-II significantly increased ROS generation, carbonyl protein expression, 8-OHdG content and lipid peroxides in HL-1 cells, whereas NaHS, DCA and 4-PBA significantly blocked Ang-II-induced ROS production, carbonyl protein expression, 8-OHdG content and lipid peroxides in HL-1 cells. NaHS, DCA and 4-PBA alone did not affect ROS production, carbonyl protein expression, 8-OHdG content or lipid peroxides in HL-1 cells (Figures 6D–N). When mitochondria are damaged by oxidative stress, the production of ATP is reduced. To detect whether mitochondrial function was damaged, we tested mitochondrial respiratory function, including state three and four respiration, RCR and the ADP/O ratio. We observed that the state 3, RCR and ADP/O ratios in Ang II-treated HL-1 cells were significantly reduced compared with those in control HL-1 cells, and state four was significantly increased (Figures 6O–R). Compared with HL-1 cells in the Ang-II group, NaHS or DCA or 4-PBA treatment of HL-1 cells significantly increased RCR, ADP/O ratio and the state 3 (Figure 6Q) and significantly reduced the state 4 (Figure 6R). HL-1 cells treated with NaHS or DCA or 4-PBA alone showed no significant differences in state three or state four or RCR or the ADP/O ratio compared to control HL-1 cells (Figures 6O–R).
[image: Figure 5]FIGURE 5 | NaHS attenuated the Warburg effect and ERS in HL-1 cells under Ang II treatment. Representative Western blotting and relative densitometry analysis of (A) CSE with GAPDH as a loading control induced by Ang-II concentration in the HL-1 cell of the indicated groups (n = 6 in each group). (B) Detection of CSE activity by methylene blue assay in the HL-1 cell of the indicated groups (n = 6 in each group). CCK-8 was used to detect the changes in HL-1 cell viability induced by Ang II at different times (C) (n = 6 in each group). Representative Western blotting and relative densitometry analysis of (F) p-PERK with t-PERK as the loading control and (H) p-elF2α with t-elF2α as the loading control and (D) LDH, (E) PDK-4, (G) ATF 4, (I) CHOP and (J) caspase12 with GAPDH as the loading control in the HL-1 cell of the indicated groups (n = 6 in each group). Lactate acid (K) and glucose consumption (L) and the production of ATP (M) were determined by kit analysis in the HL-1 cell of the indicated groups (n = 6 in each group). **p < 0.01 VS Control, and p < 0.01 VS Ang II. Groups were compared using one-way analysis of variance (ANOVA) (Tukey’s) in (A–J).
[image: Figure 6]FIGURE 6 | NaHS inhibits HL-1 oxidative stress induced by Ang II and is associated with attenuation of the Warburg effect and ERS. (A) Red staining with representative flow cytometry and quantification of the HL-1 cell apoptotic rate (B) were used as indication treatments (n = 6 in each group). (C) CCK-8 was used to detect the changes in HL-1 cell viability induced by the indicated treatments (n = 6 in each group). After different treatments, ROS were measured using DCFH-DA staining followed by photofluorography (n = 6 in each group, scale bar = 50 μm) and quantitative analysis of the mean fluorescence intensity (MFI) in each group. (D) Control, (E) Ang II, (F) Ang II + NaHS, (G) Ang II + DCA, (H) Ang II + 4-PBA, (I) NaHS, (J) DCA and (K) 4-PBA. 8-OHdG (L), lipid peroxides (M) and Carbonyl protein (N) were determined by kit analysis in the HL-1 cell of the indicated groups (n = 6 in each group). Mitochondrial oxygen consumption was measured using a Clark-type oxygen electrode to detect (O) The respiratory control rate (RCR), (P) The ADP/O ratio, (Q) The mitochondrial state3 oxygen consumption, (R) The mitochondrial state4 oxygen consumption in the HL-1 cell of the indicated groups (n = 6 in each group)**p < 0.01 VS Control, *p < 0.05 VS Control, and p < 0.05 VS Ang II, #p < 0.01 VS Ang II. Groups were compared using one-way analysis of variance (ANOVA) (Tukey’s) in (D–R), Fisher’s exact test was used to compare groups in (B,C).
DISCUSSION
AF is a common cause of cardiovascular death and a major public health problem worldwide. Increasing research has demonstrated that atrial fibrosis is a key step leading to the development and progression of AF and is positively correlated with the Warburg effect and ERS activation (Wiersma et al., 2017; Hu et al., 2019). At the same time, the degree of atrial fibrosis is also positively correlated with atrial structural and electrophysiological remodelling. Although the mechanisms by which H2S regulates the occurrence and development of AF have been documented, the effects of H2S on atrial fibrosis progression to AF induced by the Warburg effect and ERS are still unknown. First, our study revealed that AF reduces serum H2S content by inhibiting H2S synthase and that AF can promote the Warburg effect and increase ERS in atrial tissue, with increased atrial fibrosis progression to AF. Second, compared with the sham group, the Warburg effect and ERS in the atrial tissue of AF rats treated with NaHS were significantly reduced, and atrial fibrosis progression to AF was inhibited. Finally, through in vitro cytology experiments, we found that NaHS reduced HL-1 cell apoptosis by inhibiting the Warburg effect and ER stress occurrence in Ang-II treat HL-1 cell, manifested by improved mitochondrial function and energy metabolism impairment as well as reduced ROS generation. Collectively, these data suggest that H2S plays a critical role in regulating atrial structural remodelling and electrical remodelling induced by the Warburg effect and ERS in AF. Our findings establish that H2S can be used as a potential therapeutic strategy to prevent the development of AF induced by atrial fibrosis.
The heart is characterized by high energy consumption and oxygen supply and is intolerant of hypoxia. The myocardium requires a sufficient energy supply to maintain normal circulation. Mitochondrial dysfunction is one of the main features of AF. Our previous studies showed that AF leads to an increase in the atrial Warburg effect, which is closely related to atrial fibrosis and increased susceptibility to AF (Hu et al., 2019), and mitochondrial dysfunction is one of the main features of AF. Therefore, when AF occurs, the substrate of atrial energy metabolism is converted from fatty acids to glucose, and energy is provided through the Warburg effect, thereby promoting atrial fibrosis and atrial electrical remodelling and reducing the pumping function of the heart. Current research has verified that atrial fibrosis is the basis for structural remodelling and the persistence of AF. The occurrence and development of atrial fibrosis are inseparable from the excessive deposition of extracellular matrix proteins. Therefore, the balance between atrial fibrosis and anti-fibrosis is disrupted, which is reflected in high expression of collagen 1α, collagen 3α and MMP-9 in pathological results, and the response of the heart pumping function is an increase in LAESVIZ and decrease in LAEF and LAFI (Begg et al., 2017; Njoku et al., 2018). In addition, Ang II can induce left ventricular insufficiency caused by myocardial infarction or continuous progression of HF, as well as left atrial fibrosis progression to AF (Suo et al., 2019). In the current study, Western blot analysis showed that the expression of PDK-4, LDHA and MMP-9 was higher in AF patients than in SR patients. Masson staining showed that the degree of atrial fibrosis in AF patients was significantly higher than that in SR patients. In addition, collagen 1α and collagen 3α expression and lactic acid content in the atrial tissue of AF patients were significantly higher than in SR patients, and the left atrial function indices LAESVI, LAEF and LAEI were significantly worse in AF patients than in SR patients. Combined with our previous research reports (Hu et al., 2019), the Warburg effect is related to atrial fibrosis progression to AF and can be used as a target for AF prevention and treatment.
The renin-angiotensin-aldosterone system induces the occurrence of atrial fibrosis by secreting endogenous Ang-II and is believed to play an important role in the occurrence and development of AF (Fan et al., 2015). In animal models, continuous subcutaneous stimulation with Ang II can induce atrial fibrosis in rats and promote the occurrence and development of AF (Ge et al., 2020). In addition, Ang-II induces atrial cell apoptosis, which is the basis of atrial fibrosis (Zhu et al., 2021). In addition to atrial myocytes, the heart also contains ventricular cardiomyocytes, fibroblasts, smooth muscle cells and endothelial cells. The functions of these cells are also regulated by Ang-II. For example, Ang-II has multiple effects on cardiomyocytes and cardiac fibroblasts and can cause cardiomyocyte hypertrophy, cardiac fibroblast proliferation and cardiac interstitial fibrosis. It is particularly noteworthy that interstitial fibrosis is associated with cardiac wall stiffness after myocardial infarction and HF and decreased electrical coupling of myocardial cells, thereby promoting the occurrence of AF (Zlochiver et al., 2008). In addition, endothelial cells are the most numerous cell type among cardiac mesenchymal cells and play an important role in heart remodelling. The phenotypic transition from endothelial cells to mesenchymal cells is called endothelial-to-mesenchymal transition (EndoMT), and endothelial cells mainly regulate myocardial fibrosis through EndoMT. Current studies have confirmed that Ang-II can induce excessive activation of EndoMT in endothelial cells and cause myocardial fibrosis and extracellular matrix protein accumulation (Piera-Velazquez et al., 2011; Zou et al., 2021). In our study, Masson staining showed that the atrial fibrosis in the rats in the Ang-II treatment group was significantly more serious than that in rats in the sham group, and the expression of PDK-4, LDHA, collagen Iα, collagen IIIα and MMP-9 was significantly increased, the susceptibility to AF was increased, and the left atrial function deteriorated. In the in vitro cell experiment, compared with the control group, the HL-1 cell activity in the Ang-II treatment group was significantly decreased, and the degree of apoptosis was significantly increased, accompanied by the expression of PDK-4 and LDHA. Whether in vivo or in vitro, the use of DCA, a specific inhibitor of the Warburg effect, significantly improved the pathophysiological changes caused by Ang-II treatment. Notably, Scientific studies have identified DCA not only reverses metabolic derangements but also effectively targets mitochondrial related pathways of apoptosis, and significantly improve cardiomyocyte apoptosis and myocardial fibrosis in rats with right ventricular cardiomyopathy (Sun et al., 2016). Our previous research results show that DCA alone will not increase atrial fibrosis in normal dogs (Hu et al., 2019). Then, we further explored the relationship between the Warburg effect and atrial fibrosis caused by atrial cell apoptosis.
Disruption of ER homeostasis triggers ERS, which can be restored by activating the UPR in the short term. Activation of CHOP by the upstream PERK-eIF2α-ATF4 axis plays an important role in ERS-related apoptosis in cardiomyocytes (Fels and Koumenis, 2006). CHOP activates a series of signal transduction pathways to upregulate the expression of caspase-3, ultimately leading to apoptosis (Feng et al., 2019). When the myocardium develops lesions, the oxidation of beta fatty acids is limited, and instead these fatty acids provide energy for glucose metabolism. In the myocardium of diabetic rats, disturbed glucose metabolism leads to downregulation of the expression of glycometabolic proteins, such as PPARα and PGC-1α, which in turn activate the expression of p-PERK, p-eIF2α, ATF6, CHOP and ATF4, suggesting that disturbed glucose metabolism is a key step in the activation of myocardial ERS (Lakshmanan et al., 2013). In the AF state, myocardial tissue obtains energy through the Warburg effect, leading to tissue microenvironment acidosis. On the one hand, acidosis can directly reduce the activity of myocardial ER and further aggravate the occurrence of ERS and cardiac fibrosis and remodelling (Glembotski et al., 2012; Yong et al., 2019); on the other hand, acidosis can induce ERS in many cell types; for example, acidosis can lead to ERS and induce cardiac fibrosis in patients with HF (Schaffer and Kim, 2018). It should be noted that ERS is involved in the occurrence of AF (Wiersma et al., 2017). In our study, Western blotting analysis revealed that the expression of the p-PERK-p-eIF2-α-ATF4-CHOP-Caspase 12 axis in the left atrial tissue of patients with atrial fibrillation was significantly increased compared with that in SR patients and that Ang-II treatment significantly increased the expression of the p-PERK-p-eIF2-α-ATF4-CHOP-Caspase 12 axis in rat left atrium tissue and HL-1 cells. The ERS-specific inhibitor 4-PBA inhibited the Ang-II-induced p-PERK-p-eIF2-α-ATF4-CHOP-Caspase 12-axis expression in HL-1 cells and rat left atrial tissue, improving atrial fibrosis, AF susceptibility and deterioration of left atrial function and reducing HL-1 cell apoptosis. 4-PBA has been approved by the U.S. Food and Drug Administration (FDA) as an ammonia scavenger for children with urea cycle disorders. It is a low molecular weight fatty acid and non-toxic pharmacological compound, and has been proved to promote myocardial repair and prevent myocardial fibrosis after MI (Luo et al., 2015). Therefore, the use of 4-PBA alone will not lead to myocardial fibrosis.
Alterations in mitochondrial energy metabolism contribute to the development of cardiac fibrosis-related diseases (Mihm et al., 2007). Glucose, the other major energy substrate of the heart, is oxidized via glycolysis and converted into energy in the mitochondria. Our previous study showed mitochondrial tricarboxylic acid cycle dysfunction in the development of AF, and such changes resulted in increased myocardial O2 consumption and reduced cardiac efficiency (Yamada et al., 2006). In addition, mitochondria are the main production site of ROS, and mitochondrial proteins, lipids, and mtDNA are considered the main targets of oxidative damage after excessive release of mitochondrial ROS. Moreover, when mitochondrial ROS are abundantly produced, they can induce a large release of Ca2+ into the cytoplasm, causing the occurrence of ER stress and promoting mitochondrial membrane permeability transition pore opening, which allows cytoplasmic Ca2+ to enter the mitochondria and further accumulate, creating a vicious cycle (Harisseh et al., 2019). The current study revealed that Ang-II increased mitochondrial oxidative stress and mtDNA damage in cardiomyocytes and interstitial cells, leading to cardiac fibrogenesis, cardiac hypertrophy, and apoptosis (Meng et al., 2018). In this study, we also confirmed that Ang-II induced the expression of reactive oxygen species, carbonyl proteins, 8-OHdG, and lipid peroxides; promoted a significant increase in cardiomyocyte apoptosis; and impaired mitochondrial respiratory function and energy metabolism in HL-1 cells. This suggests that both the Warburg effect and ER stress ultimately occur in response to mitochondrial oxidative stress that causes cardiomyocyte injury and thus effectively protect cardiomyocytes from oxidative damage, which is the direction of our further in-depth research.
Endogenous H2S is the final metabolite produced by H2S synthase in the body to convert sulfur-containing amino acids. It exists in gaseous form and as dissolved NaHS. NaHS can be hydrolysed into Na+ and HS− in the body, the latter of which can produce H2S. The current research on the role of H2S in animal models uses the exogenous H2S donor NaHS, which can be used to increase the level of H2S in plasma and the content of H2S in the myocardium. In recent years, it has been generally believed that H2S exerts cardioprotective effects through antiapoptotic, anti-inflammatory and antifibrotic properties, especially in CHD, HF, AF and other diseases characterized by myocardial fibrosis. Our current research combined with our previous research reports (Hu et al., 2019) found that both Warburg effect and ERS can lead to atrial myocyte apoptosis, which is closely related to the inflammatory damage caused by oxidative stress. Therefore, this is one of the main ways to explore whether H2S can improve the occurrence of AF. First, we compared the difference between H2S synthase and H2S content in patients with AF and SR. Studies have shown that when AF occurs, stable sulfides stored in the mitochondria are mobilized to generate free sulfides in the blood and used to counteract myocardial damage caused by oxidative stress (Watts et al., 2021). Therefore, the longer the AF occurs, the more the long-term stable sulfide storage reserve is exhausted, resulting in a decrease in the H2S content in the plasma and an intensified oxidative stress response, thereby aggravating the occurrence of atrial fibrosis (Watts et al., 2021). Our study also confirmed lower CSE expression and significantly higher atrial fibrosis in AF atrial tissue than in SR atrial tissue. Interestingly, the CBS levels in AF patients were significantly higher than those in SR patients, which may be related to CSE and CBS feedback regulation (Nandi and Mishra, 2017). We often think that CBS is mainly expressed in the nervous system, but current studies have confirmed that this enzyme also exists in the cardiovascular system and exerts a cardiovascular protective effect (Bucci et al., 2014). When glucose metabolism is abnormal, CBS is upregulated in myocardial tissue and myocardial interstitial tissue. Unfortunately, this increase in CBS is not sufficient to cause an increase in overall H2S production. In contrast, because the expression of CSE and 3-MST is reduced, the overall H2S content is still low; thus, myocardial fibrosis is still developing at this time (Jin et al., 2015). In the SD rat model, we also further confirmed that SD rats treated with Ang-II can significantly reduce the expression of CSE and 3-MST, increase the expression of CBS, and increase the occurrence of atrial fibrosis. Regrettably, although the expression of CBS increased, the content of H2S in the plasma of SD rats induced by Ang-II did not increase significantly, but decreased, which is consistent with the study of Watts (Watts et al., 2021). It is suggested that CSE is the main synthase of H2S in the cardiovascular system, and the decrease of H2S content induced by Ang-II is closely related to atrial fibrosis.
Previous studies have reported that db/db mice are susceptible to diabetic cardiomyopathy, which is related to the decrease of H2S content in the circulation and glucose metabolism disorders (Sun et al., 2018). H2S can improve mitochondrial function and glycolysis and promote aerobic oxidation of glucose in mitochondria to provide energy. It is worth noting that when mitochondrial dysfunction occurs, the tricarboxylic acid cycle is inhibited, thereby promoting the remodelling of myocardial fibrosis, which is manifested by upregulation of MMP-9 and collagen I expression (Liang et al., 2015). At this time, tricarboxylic acid cycle disorder can also activate autophagy-related proteins and ERS to promote myocardial fibrosis, and this pathophysiological effect of mitochondrial dysfunction can be reversed by NaHS (Kumar et al., 2019; Nie et al., 2021). Ang-II inhibits miR-133a and induces mitochondrial oxidative stress and mtDNA damage in cardiomyocytes, and these Ang-II-induced pathophysiological effects can also be reversed by NaHS (Ceylan-Isik et al., 2013; Su et al., 2021). Our previous research results show that the Warburg effect inhibits the key enzymes of TCA and causes the occurrence of AF (Hu et al., 2019). However, the significantly increases expression of PDK-4, a key Warburg effect enzyme, is the key to this change. PDK-4 has strong activity in glucose metabolism disorders, can activate AF and inhibit the expression of MMP genes, and promote the synthesis of extracellular matrix (Ding et al., 2017). Based on this finding, we found that exogenous H2S supplementation can significantly reduce the expression of PDK-4 induced by Ang-II and improve the Warburg effect, which is manifested by reducing the expression of LDHA, reducing the content of lactic acid and abnormal glucose consumption, and increasing the production of ATP. PDK4 is not only a key enzyme of the Warburg effect, but also an important mitochondrial matrix enzyme in cell energy regulation, and is closely related to mitochondrial function. The high expression of PDK-4 leads to the increase of local tissue lactic acid content, which causes the expression of a variety of ERS genes, such as the expression of CHOP, ATF4 and p-eIF2α (Dong et al., 2017; Ma et al., 2020). Consistent with those study, our research shows that H2S can improve the Warburg effect and mitochondrial function by inhibiting PDK-4 expression, reducing mitochondrial ROS and oxidative stress, and it’s also by inhibiting p-PERK-p-eIF2-α-ATF4 -CHOP-Caspase12 axis to reduce the occurrence of ERS and atrial muscle cell apoptosis, thereby improving the progression of atrial fibrosis to AF.
Current research shows that ROS-induced oxidation of ryanodine receptors promotes SR calcium leakage and AF (Xie et al., 2015). Impaired glucose metabolism also leads to mitochondrial oxidative stress, which causes increased MMP-9 expression to promote impaired left atrial function and cause AF (Liang et al., 2018; Gong et al., 2020). In the atria of CSE-KO mice, the level of superoxide was found to increase, which was negatively correlated with changes in H2S content and positively correlated with atrial action potential and AF inducibility (Watts et al., 2021). In addition, ROS can cause atrial electrical remodelling by activating the ultrafast outward rectifying potassium current (Ikur), thereby causing AF (Christophersen et al., 2013). It is worth noting that even in myocardium with impaired glucose metabolism, oxidative stress and related structural remodelling are the basis of abnormal electrical activity. H2S improves mitochondrial oxidative stress, respiratory dysfunction, and reduces apoptosis in HL-1 cells caused by glucose metabolism disorder, and in turn can improve atrial function in mice (Garcia et al., 2017; Lee et al., 2019). This has similar effects to reducing oxidative stress to inhibit HL-1 cell apoptosis and improve left atrial structural remodelling induced by AF in mice (Johnston et al., 1990). Moreover, studies have confirmed that H2S can reduce the instantaneous outward potassium current, maintain the stability of cardiac electrical activity, and shorten the action potential of rat atrial myocytes caused by H2S deficiency but does not affect normal atrial electrical activity, so as to improve the occurrence of atrial fibrillation. This phenomenon has also been proved in the mouse atrial fibrillation model (Sheng et al., 2013; Xue et al., 2020; Watts et al., 2021). In our study, the reduction in H2S levels was related to the Warburg effect in the atrium and the activation of endoplasmic reticulum stress to induce oxidative stress and led to an increase in susceptibility to AF. Supplementation with H2S can significantly reduce oxidative stress and improve susceptibility to AF.
In summary, H2S has been shown to improve left atrial dysfunction and AF susceptibility by inhibiting AngII-induced Warburg effect and ERS-induced atrial fibrosis, thereby reducing the occurrence and development of AF. Our research also provides a new strategy involving the use of H2S synthase as a key factor in the diagnosis and treatment of atrial fibrosis-related AF and as a new therapeutic target for these diseases. First, there may be other signalling pathways that regulate the Warburg effect and ERS-related atrial fibrosis, such as the MAPK pathway. Whether H2S regulates the Warburg effect and endoplasmic reticulum stress through signalling pathways affecting atrial fibrosis should be determined in further studies. In addition, we did not conduct high and low expression studies on endogenous H2S synthase. Therefore, to obtain more convincing results, a sufficient number of rats with conditional cardiac knockout and high expression should be created in subsequent studies.
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Cyclic guanosine monophosphate (cGMP), produced by guanylate cyclase (GC), activates protein kinase G (PKG) and regulates cardiac remodeling. cGMP/PKG signal is activated by two intrinsic pathways: nitric oxide (NO)-soluble GC and natriuretic peptide (NP)-particulate GC (pGC) pathways. Activation of these pathways has emerged as a potent therapeutic strategy to treat patients with heart failure, given cGMP-PKG signaling is impaired in heart failure with reduced ejection fraction (HFrEF) and preserved ejection fraction (HFpEF). Large scale clinical trials in patients with HFrEF have shown positive results with agents that activate cGMP-PKG pathways. In patients with HFpEF, however, benefits were observed only in a subgroup of patients. Further investigation for cGMP-PKG pathway is needed to develop better targeting strategies for HFpEF. This review outlines cGMP-PKG pathway and its modulation in heart failure.
Keywords: NO, SGC, NPR, PGC, cGMP, PKG
INTRODUCTION
Heart failure is a major health problem, and its prevalence is increasing worldwide. The traditional guideline directed therapies target the renin-angiotensin-aldosterone system and the sympathetic nervous system, but recently, cyclic guanosine 3′,5′-monophosphate (cGMP) and its downstream protein kinase G (PKG) signaling has attracted attention as a novel therapeutic target (Tsai and Kass, 2009). cGMP-PKG pathway regulates diverse cellular mechanisms to maintain cellular homeostasis and is activated by two different pathways. One is natriuretic peptide (NP)-NP receptor (NPR)-particulate guanylate cyclase (pGC) pathway, and the other is NO-soluble GC (sGC) pathway. cGMP-PKG pathway has been suggested to be blunted or dysregulated in patients with HFrEF or HFpEF (Paulus et al., 2013; Redfield et al., 2013). Increased plasma levels of inflammatory cytokines including TNF-α and IL-6 in HF are related to endothelial dysfunction with low NO-sGC-cGMP signaling in the heart and vasculature (Torre-Amione et al., 1996; Lommi et al., 1997), where its degradation by cGMP-PDEs might be enhanced. In HFpEF patients, myocardial homogenates from biopsy samples revealed low PKG activity and cGMP concentration compared with HFrEF and aortic stenosis patients (Van Heerebeek et al., 2012). Thus, the therapeutic strategy to recover blunted cGMP/PKG signaling in heart failure is very reasonable. Sacubitril/valsartan is the first agent in this class that has been approved for use in heart failure. It consists of the neprilysin (NEP) inhibitor and the angiotensin receptor blocker, and is described as an angiotensin receptor-neprilysin inhibitor (ARNi). NEP hydrolyzes several peptide hormones including NPs (ANP, BNP, CNP), adrenomedullin, glucagon, enkephalins, substance P, neurotensin, oxytocin, and bradykinin. Thus, its inhibition enhances NPs-pGC-cGMP. ARNi improved clinical outcomes in patients with HFrEF (McMurray et al., 2014; Velazquez et al., 2018) and also exhibited favorable outcomes in a particular sub-group (female) in HFpEF (Solomon et al., 2019; Pieske et al., 2021). Vericiguat, an sCG stimulator that enhances (NO)-sGC-cGMP pathway independently of NO, was approved for the treatment of heart failure. Vericugat is effective in patients with HFrEF (Armstrong et al., 2020a), but it failed to reveal clinical improvement in HFpEF (Armstrong et al., 2020b; Udelson et al., 2020) (Table 1). The clinical importance of cGMP-PKG pathway is clear; however, a better understanding of underlying mechanisms is necessary for the optimal therapeutic strategy with enhancement of cGMP-PKG signaling pathway. This review focuses on the regulatory mechanisms of cGMP-PKG pathway in heart failure.
TABLE 1 | Clinical trials associated with sGC inhibitors and neprilysin inhibitors.
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Phosphodiesterase (PDE) has 11 superfamilies and more than 100 isoform variants that hydrolyze cAMP or cGMP to their inactive respective 5′-monophosphate form. Seven PDEs (PDE1, 2, 3, 4, 5, 8, and 9) are currently known to be expressed in myocardium. PDE1, 2, and 3 hydrolyze both cAMP and cGMP, while PDE5 and 9 are selective for cGMP and PDE4 and 8 are selective for cAMP (Kim and Kass, 2017). PDEs are differentially localized within the cells, contributing to the compartmentalized regulation of cGMP and cAMP signaling in both space and time.
Inhibition of PDE1, a dual substrate esterase, demonstrates acute inotropic and lusitropic effects largely via cAMP pathway (Hashimoto et al., 2018), demonstrated in large animal models. PDE1A, one the three isoforms of PDE1, modulates pathological hypertrophy via cGMP-PKG in rodent and cell models, while PDE1C, coupled with adenosine A2A receptor and TRPC3, hydrolyzes cAMP and regulates apoptosis in cardiac myocytes (Miller et al., 2009; Zhang et al., 2018).
PDE2 is also a dual substrate esterase and involved in the regulation of cardiac hypertrophy via cGMP. PDE2 specifically plays an important role in the crosstalk between cGMP and cAMP pathways because its activity is stimulated by cGMP (Baliga et al., 2018). PDE2 has three splice variants (PDE2A1, 2A2, 2A3), which are differently localized: PDE2A1 in cytoplasm, PDE2A2 in mitochondrial matrix, and PDE2A3 at membrane (mostly PDE2A3) (Geoffroy et al., 1999; Lugnier et al., 1999; Mongillo et al., 2006; Weber et al., 2017). In the heart, in particular, PDE2A might be localized in both cytosolic and particulate fractions of cardiac ventricle, though it differs from species to species (Le Trong et al., 1990; Bode et al., 1991; Muller et al., 1992; Sugioka et al., 1994; Geoffroy et al., 1999; Mongillo et al., 2006). In humans, PDE2A3 is expressed in cardiomyocytes and vascular endothelial cells (Sadhu et al., 1999). Under the normal conditions, PDE2 is less abundant in cardiomyocytes than in fibroblasts and endothelial cells (Stephenson et al., 2009; Vettel et al., 2014), but under the pathological conditions, PDE2 expressions and cAMP-hydrolyzing activity significantly increase (Levy, 2013; Mehel et al., 2013). (Chen et al., 2016). Cardiac PDE2A expressions increase in rat cardiac hypertrophy and also in human ischemic or non-ischemic heart failure (Mehel et al., 2013). PDE2 can hydrolyze cGMP produced by either pGC (Stangherlin et al., 2011) and sGC (Mongillo et al., 2006) with the allosteric hydrolyzing ability activated by cGMP, but this might depend on the stress conditions and cGMP concentrations (Terasaki and Appleman, 1975; Prigent et al., 1988; Mery et al., 1993; Dittrich et al., 2001; Herring et al., 2001; Weber et al., 2017). PDE2A overexpression blunts norepinephrine-induced cellular hypertrophy with marked decrease in cAMP levels (Mehel et al., 2013). On the other hand, PDE2A inhibition suppresses cardiac hypertrophy induced by norepinephrine in rats (Zoccarato et al., 2015). These apparently opposite results might be attributable to the cAMP and cGMP regulation levels which might depend on the contexts. In the computer modeling, Zhao et al. reported that PDE2A hydrolyzed increasing amount of cAMP with increasing levels of β adrenergic stimulation, and hydrolyzed increasing amounts of cGMP with decreasing levels of NO stimulation (Zhao et al., 2016).
We elaborate on cGMP-specific PDEs (PDE5 and PDE9) in the next section, reviewing their effects on cardiac remodeling. PDE5 hydrolyzes cGMP derived from NO-sGC pathway and PDE9 degrades cGMP from NP-pGC pathway, modulating various signaling related to cardiac remodeling (Figure 1).
[image: Figure 1]FIGURE 1 | cGMP/PKG signaling in cardiomyocyte cGMP-PKG signaling is enhanced by two pathways. The former is NO-sGC-cGMP pathway and the latter is NP-NPR-pGC pathway. cGMP derived from NO-sGC pathway takes hydrolyzation by PDE5, and cGMP from NP-pGC pathway by PDE9 and PDE5 (especially in stressed conditions). cGMP/PKG signaling exerts protective effects in cardiomyocyte by phosphorylate various proteins like RGS2/4, Troponin I, TSC2, cMyBP-C, or Titin.
NO-sGC Pathway (PDE5)
Nitric oxide (NO) stimulates sGC to produce cGMP, which is hydrolyzed specifically by PDE5. PDE5A is localized at Z-disks in cardiac myocytes under physiological conditions but it is diffusely distributed under diseased conditions (Takimoto et al., 2005; Zhang et al., 2008). The expression of PDE5A is up-regulated in failing hearts (Shan et al., 2012), though it is very low under physiological conditions. In experimental animal models, PDE5 inhibition (PDE5i) provides cardiac protection against pressure-overload, ischemia-reperfusion injury, and doxorubicin-toxicity (Takimoto et al., 2005; Burley et al., 2007; Kukreja et al., 2012; Jin et al., 2013), with multiple myocardial signaling pathways altered (Takimoto, 2012). A regulator of G-protein signaling (RGS), 2/4 is phospho-activated to inhibit Gq-signaling (Takimoto et al., 2009) and transient receptor potential canonical Ca2+ channel-type6 (TRPC6) coupled with calcinurin (Cn) signaling (Koitabashi et al., 2010; Seo et al., 2014) is deactivated by PDE5i-PKG-phosphorylation. Mechanisms related to proteostasis are also regulated. PDE5i-activated PKG enhances proteasome function, blocking the accumulation of misfolded proteins via posttranslational modifications of proteasome subunits (Ranek et al., 2013). PDE5i also phosphorylates tuberin (TSC2), an intrinsic regulator of the mechanistic target of rapamycin complex-1 (mTORC1), and enhances autophagy. In a model of ischemia re-perfusion injury, PDE5i-cGMP-PKG exerts cardio-protective effects against necrosis and apoptosis through modulating mitochondrial functions (RAMZI et al., 2002; Salloum et al., 2008; Li et al., 2016; Patel et al., 2019) Additionally, PDE5i alone or in combination with natriuretic peptide, phosphorylates sarcomeric proteins including titin (Bishu et al., 2011a), troponin-I (Layland et al., 2005; Wijnker et al., 2014), and cardiac myosin-binding protein C (Thoonen et al., 2015), which improves systolic and diastolic function. Some may still have debate on PDE5A or PKG effects on cardiomyocyte. Straubinger et al. reported that sildenafil failed to limit the progressive cardiomyocyte growth, fibrosis, or cardiac dysfunctions in the cardiomyocyte-specific overexpression of the AT1 receptor mice (Straubinger et al., 2015). Lukowski et al. showed that the deletion of cardiomyocyte-specific PKG had no effect on cardiac hypertrophy caused by pressure overload and isoproterenol administration (Lukowski et al., 2010). Patrucco et al. reported that the lack of PKG in cardiomyocyte, endothelial cells, or cardiac fibroblast did not augment hypertrophic response and sildenafil had modest effects on angiotensin II-induced cardiac hypertrophy (Patrucco et al., 2014). On the other hand, however, cardiomyocyte-specific overexpression of PDE5A recovered impaired cardiac functions from pressure overload (Zhang et al., 2010) and myocardial infarction (Pokreisz et al., 2009). Frantz and Kuhn et al. generated animals with cardiomyocyte-restricted deletion of PKG, and demonstrated the animals developed severe hypertrophy by chronic angiotensin II infusion or pressure overload (Frantz et al., 2013). Recently, we have consistently reported that sildenafil exhibited protective effects against cardiac hypertrophy via proliferator activated receptor γ co-activator-1α-PKG cascade (Zhu et al., 2021). Together it would be reasonable to conclude that cGMP-PKG signaling in cardiomyocyte would be important in cardiac hypertrophy and remodeling. With regard to the cardiac-specific role and regulation of PDE5, a tissue-specific conditional deletion model would be awaited.
sGC stimulators and sGC activators are direct modulators of sGC, increasing the production of cGMP: the former stimulates NO-sensitive (unoxidized) sGC and the latter can activate NO-insensitive (oxidized) sGC. sGC stimulators have shown cardiac benefits in an HFpEF model (Wilck et al., 2018) as well as in an HFrEF model. Double-transgenic rats (dTGR) harboring the renin and angiotensinogen genes exhibit an HFpEF phenotype of diastolic dysfunction, preserved EF, systemic hypertension, cardiac hypertrophy, fibrosis, inflammation, and endothelial dysfunction, and dies between 7 and 8 weeks from severe heart failure (Damage et al., 1999; Mervaala et al., 2001; Wellner et al., 2005; Fischer et al., 2008; Finckenberg et al., 2012; Haase et al., 2014). Treatment with an sGC stimulator improved cardiac function, cardiac fibrosis, and inflammation, with minimal effects on cardiac hypertrophy (Wilck et al., 2018). sGC activators have also shown cardio-protective effects in another HFpEF model (Dahl salt-sensitive model: DSS) (Kolijn et al., 2020), where an sGC activator (cinaciguat) phosphorylates titin and improves passive stiffness. In human cardiomyocytes from HFpEF patients, cinaciguat phosphorylates titin and improves passive tension, associated with a reduction in proinflammatory cytokines and oxidative stress markers (Kolijn et al., 2020). sGC-bound cofactor heme (Fe2+) is oxidized to Fe3+ under oxidative conditions, leading to the inactive Apo form that no longer is responsive to NO. sGC stimulators stimulate only Fe2+-sGC, while sGC activators act on oxidated sGC(Fe3+-sGC or Apo-sGC) (Krishnan et al., 2018) to produce cGMP. In oxidated conditions such as HFpEF, sGC activator might have an advantage.
Although preclinical studies have revealed cardio-protective and anti-remodeling effects from NO-sGC-cGMP activation in either type of heart failure (HFrEF or HFpEF), clinical studies have yielded mixed results. Two meta-analyses of controlled clinical trials (928 patients in 14 studies (De Vecchis et al., 2017), 555 patients in 13 studies (De Vecchis et al., 2018)) demonstrate that PDE5 inhibitors improve clinical outcomes, exercise capacity, and pulmonary hemodynamics in patients with HFrEF, but not HFpEF. The negative results in HFpEF might be partially attributable to the female-specific response of PDE5i depending on estrogen levels, given the prevalence of HFpEF in older women: nearly half of the patients were older women (average age 67) in the negative RELAX trial. Epidemiological studies have demonstrated that women are likely to develop HFpEF. In clinical trials of HFpEF women account for around 50–60% of the trial cohorts (Forman and Gaziano, 2009; Savill, 2014), whereas they account for 20–25% of those of HFrEF (Pablo, 2017; Zannad et al., 2018; Pieske et al., 2019). In a recent multicenter, observational study, female sex was reported to be independently associated with the presence of diastolic dysfunction and worse clinical outcomes (Sotomi et al., 2021). Sex-hormone estrogen plays a pivotal role in cGMP-PKG signal coupled with NO via estrogen receptor (ERɑ)-mediated non-nuclear signaling, also known as rapid signaling or membrane-initiated steroid signaling (Adlanmerini et al., 2014; Arnal et al., 2017). In a female mouse model of heart failure, PDE5i fails to provide heart-protective effects in the absence of estrogen. We previously demonstrated that sildenafil treatment failed to exert anti-remodeling effects in female pathological hypertrophy heart in from Gαq-overexpressing or pressure-overloaded mice after ovary removal; on the contrary, estrogen replacement recovered the protective effects of sildenafil (Sasaki et al., 2014). Rüdebusch et al. (2020) also demonstrated that sGC stimulation has protective effects associated with improved gene expressions in mice heart failure model induced by pressure overload (Rüdebusch et al., 2020) and interestingly we have recently reported that this sGC protective effects are independent of estrogen status in rodent pressure-overload model (Nobuaki et al., 2020).
Despite promising preclinical results, however, a clinical study testing vericiguat in patients with HFpEF turned out negative (Vitality HFpEF). Although the reason for the negative results remains an open question, the redox status related to HFpEF might be speculated to be involved. NO–sGC–cGMP signaling can be compromised either by reducing the bioavailability of NO or by altering the redox state of sGC itself (Costell et al., 2012). Several groups reported that redox conditions altered cysteine residues (Cys) on sGC, affecting its catalytic or regulatory functions (Craven and DeRubertis, 1978a; Craven and DeRubertis, 1978b; Braughler, 1983). The redox status also alters the heme conditions within sGC. Heme iron in the reduced status (Fe2+) is necessary for NO binding, and sGC stimulator can stimulate only the reduced form of sGC, while the sGC activator can activate both reduced sGC and oxidized sGC (containing Fe3+) (Evgenov et al., 2006). In rat external iliac arteries without endothelium, peroxynitrite was reported to alter the redox state of sGC. Under the exposure of peroxynitrite, vascular relaxation induced by an sGC stimulator was impaired, whereas that by an sGC activator was enhanced. Additionally, this response correlated well with tissue levels of cGMP (Tawa et al., 2014). In Sprague Dawley rats fed with high salt/fat diet, an sGC activator, but not an sGC stimulator, attenuated the development of cardiac hypertrophy in a blood pressure-independent manner (Evgenov et al., 2006). Although there are no data about sGC redox status in patients with heart failure, inflammation and oxidative stress conditions in HFpEF might critically affect the efficacy of cGMP-modifying drugs (Tawa et al., 2014).
Thus, an sGC activator might serve as a potential novel treatment of HFpEF. So far, cinaciguat, an sGC activator, has been tested only in acute heart failure, with increased hypotensive events but no clear benefits, and sGC activators have not yet been explored in patients with chronic heart failure.
NP-pGC Pathway (PDE9 and PDE5)
Natriuretic peptides stimulate transmembrane receptor guanylate cyclase to produce cGMP. Atrial and B-type natriuretic peptides (ANP, BNP) bind to receptor particulate guanylyl cyclase A (pGC-A or NPRA), while C-type natriuretic peptide (CNP) binds to particulate guanylyl cyclase B (pGC-B or NPRB). pGC-A is localized at T-tubules and pGC-B is distributed throughout the sarcolemma. This spatial difference renders compartmentalized ANP/NPRA/cGMP signaling vs. CNP/NPRB/cGMP: the former have little impact on contractility and the latter have positive-lusitropic effects (Kuhn, 2016; Subramanian et al., 2018; Michel et al., 2020). cGMP from NP-pGC axis is degraded by PDE9 (Volpe et al., 2016; Goetze et al., 2020), which is expressed prominently in the brain and less in the heart (GraceKim et al., 2017). Similar to PDE5, myocardial PDE9 expression is low under physiological conditions but is upregulated under disease conditions such as HFpEF and aortic stenosis (Lee et al., 2015). PDE9 inhibition, either with a pharmacological or a genetic approach, suppressed cardiac hypertrophy in rodent pressure-overload (PO) model (Lee et al., 2015; Kokkonen-Simon et al., 2018; Richards et al., 2021). Importantly, both PDE5i and PDE9i similarly improve diastolic distensibility and ameliorate cardiac remodeling, associated with better profiles of hypertrophic/fibrosis-related gene expression (Lee et al., 2015), (Bishu et al., 2011a); however, comprehensive analyses of RNA-sequence data of myocardium reveals significant differences between PDE5i and PDE9i (Kokkonen-Simon et al., 2018), particularly in miRNA profiles related to hypertrophy and fibrosis: marked down-regulation of pro-hypertrophic and pro-fibrotic miRs by PDE5i vs. virtually no effect by PDE9i.
As previously described, ARNI exhibited favorable outcome in female patients with HFpEF (Solomon et al., 2019; Pieske et al., 2021). There has been no explanation provided for this observation of female-only benefit. We would speculate that this might be possibly related to difference of plasma NPs levels. Female patients with HFpEF are reported to exhibit lower plasma NPs levels as follows. ARNI might compensate lower levels of NPs in female patients with HFpEF. In HFpEF patients, plasma BNP levels are reported to be lower than in HFrEF (Harada et al., 2017); interestingly, women with HFpEF had lower BNP levels than men [43.9 vs. 76.1 pmol/L, p = 0.0193 (Tasevska-Dinevska et al., 2011), 104 vs 133, p < 0.001 (Savarese and D’Amario, 2018)] while in HFrEF the levels of NPs were inconsistent. One group reported that the plasma levels of ANP and BNP were similar in both genders (ANP: 114.9 vs. 141.2 pg/ml, p = 0.2606, BNP: 252.0 vs. 381.9 pg/ml, p = 0.1577). Another group reported that the plasma levels of NT-proBNP were higher in female HFrEF (8481 vs. 7543 pg/ml, p < 0.001) (Kim et al., 2017) and there is another group reporting that plasma NT-proBNP levels were similar in both genders (2532 vs. 2677 pg/ml, p = 0.978) (Sobhani et al., 2018). Another possible reason why ARNI is effective in female HFpEF might be related to CNP regulation. CNP exerts biological effects by binding to two types of natriuretic receptors; cGMP-coupled NPR-B and NPR-C (Chauhan et al., 2003; Villar et al., 2007). Endothelial deletion of CNP or global deletion of NPR-C revealed hypertensive phenotype only in female mice (Moyes et al., 2014), while the absence of eNOS and COX-1 in endothelial cells had no effect on mean blood pressure in female mice, but resulted in significantly high blood pressure in male animals (Scotland et al., 2005).
These suggest the pivotal contribution of CNP to female blood pressure maintenance. It is thus tempting to speculate that cardiac protection from ARNI therapy might depend more on the regulation of CNP in females than in males, although the contribution of cGMP might be unclear.
Although PDE5 hydrolyzes cGMP coupled with NO under normal conditions. PDE5 could become interactive with NPs-derived cGMP under stressed conditions (Zhang et al., 2012). Cardiomyocyte PDE5 is normally localized at Z-bands of sarcomeres, but becomes diffusely localized when exposed to pathological stress such as TAC or NOS inhibition (Nagayama et al., 2008; Zhang et al., 2012). In a dog hypertension model produced by bilateral renal wrapping, sildenafil treatment with concomitant BNP administration enhances plasma cGMP concentration, and recovers left ventricular diastolic capacitance in association with titin phosphorylation compared with sildenafil treatment alone (Bishu et al., 2011b). The beneficial synergistic effects of the combined PDE5 and NPs were also reported in pulmonary hypertension (PH). In a mouse model of hypoxia-induced PH, global deletion of NPRA blunts the beneficial effects of sildenafil on right ventricular systolic pressure (Zhao et al., 2003). Also, in hypoxia-induced PH rats, ANP and sildenafil show synergistic effects on decreasing right ventricular systolic pressure and on increasing plasma cGMP levels (Preston et al., 2004). Furthermore, a recent clinical trial of pulmonary arterial hypertension also demonstrated that the combined inhibition of neprilysin and PDE5 increase both plasma NP and cGMP levels and decreased pulmonary vascular resistance without affecting systemic blood pressure (Hobbs et al., 2019), which makes contrast to the concomitant use of PDE5 inhibitor (sildenafil) with sGC stimulator (riociguat) having been reported to be associated with hypotension but without beneficial effects on hemodynamics or exercise capacity (Galiè et al., 2015). The combination of pGC-related pathway and PDE5 might be a potential therapeutic option also in heart failure.
PKG Oxidation in Failing Heart
cGMP activated PKG targets various molecules to regulate cellular function in cardiomyocytes (Takimoto, 2012), including RGS2/4, TRPC6, proteasome systems, mitochondria, and sarcomere components. Two PKG genes, prkg1 and prkg2, encode PKG1 and PKG2, respectively, and PKG1 is the primary isotype in cardiomyocyte. PKG1 is activated classically by cGMP, but also by oxidation (Figure 2): When oxidized, a cysteine residue C43(C42 in mice) forms a disulfide bond to form a homodimer of PKG1 (Burgoyne et al., 2007). Oxidized PKG1 is increased in failing hearts, though it accounts for only a small portion of PKG1 in normal hearts (Paulus et al., 2013; Nakamura et al., 2015; Prysyazhna et al., 2016). Oxidative PKG1 resides only at cytosol but not at the plasma membrane, while unoxidized PKG1 resides in both (Nakamura et al., 2015). Therefore, oxidized PKGI is no longer able to exert beneficial effects by the mechanisms mediated by membrane-localized PKGI, including inhibition of TRPC6-Cn-NFAT hypertrophy signaling and TSC2-mTORC1 metabolic/autophagy signaling (Oeing et al., 2020). Interestingly, PKG1 oxidation is required for the anti-remodeling effects from PDE5i as cytosol-localized PDE5 needs cGMP-activation via its GAF domain, while sGC stimulation exerts anti-remodeling effects independent of redox status of PKG1 (Nakamura et al., 2018). PDE5 inhibitor could be effective only under the sufficient myocardial stress to oxidate PKG1α, whereas an sGC stimulator provides benefits independent of redox conditions.
[image: Figure 2]FIGURE 2 | cGMP/PKG signaling and PKG oxidation. Estrogen plays a pivotal role in cGMP-PKG signaling coupled with eNOS via estrogen receptor (ERɑ)-mediated non-nuclear signaling. In diseased conditions like heart failure, eNOS activity is impaired and PKG undertakes oxidation and localizes in cytosol, inhibiting protective effects of PKG signaling independent of cGMP and enhancing cardiac remodeling via target proteins like TRPC6. PDE5 inhibitor, sildenafil, reveals protective effects only under the condition of sufficient oxidated PKG1α, while sGC stimulator improves cardiac remodeling independent of PKG redox status.
CONCLUSION
cGMP/PKG signaling can be augmented by stimulation of either NO-sGC pathway or NP-pGC pathway. Although activation of either provides anti-remodeling benefits, they do not necessarily share the same molecular mechanisms in common. Furthermore, benefits might be also affected by the PKG redox status. Although ample preclinical evidence shows the benefits of cGMP/PKG augmentation in HFrEF or HFpEF models, clinical studies thus far provide consistent efficacy of cGMP/PKG augmentation in patients with HFrEF and limited efficacy in patients with HFpEF. Further studies would be helpful to better understand the pathophysiology of HFpEF and the development of novel treatments.
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Fibronectin-M
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GAPDH-M
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GAPDH-R

M. mouse: R: rat: H. human.

Forward (5'-3')

AGCAGAGCTGGTTTAGTGAACCG
ATTGACAGGATTGGAGCCCAG
TTTGGGCTGTAACGCACTGA
AGGTGGACCTGATCATGGAG
CCGAGTCCCAGGTCAACAA
AGCACGTCTGGTTTGGAGAG
TGACTGTCCCACGTAAGCAC
AGACCTGTGCCTGCCATTAC
GACCCTTACACGGTTTCCCA
CCAGCCATCTTTCATTGGGAT
ACTCCACTCACGGCAAATTC
TGCTTAATGGTGTGAGGCGT
CGGTACCGAAGATAACAGCCA
AGTGAAGAGCCTCCAGAGTTTG
GAGAGAGCATGACCGATGGATT
AAGGGCAGGGAACAACTGAT
AGACACATTTGGCCCTGACC
GGATCCCCTCCCAGAGAAGT
CATCACCAACTGGGACGACA
GACATGCCGCCTGGAGAAAC

Reverse (5'-3)

GACAAACCACAACTAGAATGCAGTG

TCAAGCAGAATCGACTGCCTT
CACTTCAAAGGTGGTCCCAGA
ATACCGGAGATCATGCAAGC
CTTCACGGGCACCCTTGGA
GACATTAGGCGCAGGAAGGT
GAGGGCCATAGCTGAACTGA
ACGCCATGTCTCCGTACATC
AAGCACTGGCATGTGAGCTT
ACAGGACGTTGTTAGCATAGAG
TCTCCATGGTGGTGAAGACA
GGCAATGTGACCAGCAAAGG
TCACCACCTCTCAGTGGCAA
GTTGATGAGGCTGGTGTTCTGG
TGGACATTAGGCGCAGGAA
GTGAAGCAGGGTGAGAAGAAAC
TCTTAGAACAGGCGCTCCAC
GGGTGTGGAAGGGTAACCAG
TCCGTTAGCAAGGTCGGATG
AGCCCAGGATGCCCTTTAGT
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Gene name

p-catenin
SFRP-1
a-SMA
GSK-3p
TGF-B
ANP
BNP

Forward sequence (5'-3)

S TTGTAGAAGCTGGTGGGATGC
5'GCGAGTTTGCACTGAGGATG
5'TTCGTGACTACTGCCGAGC
5'GAGCCACTGATTACACGTCCA
5'AGCTGCGCTTGCAGAGATTA
5'CTCCGATAGATCTGCCCTCTTGAA
5'GCTCTTGAAGGACCAAGGCCTCAC

Reverse sequence (5'-3)

5'AGTCGCTGCATCTGAAAGGT
5'GTTGTGGCTGAGGTTGTCCA
5'GTCAGGCAGTTCGTAGCTCT
5'CCAACTGATCCACACCACTGT
5'’AGCCCTGTATTCCGTCTCCT
5'GGTACCGGAAGCTGTTGCAGCCTA
5'GATCCGATCCGGTCTATCTTGTGC
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Parameter

Number of patients
Sex (male/fermale)
male
female
Age.y
Systolic biood pressure, mm Hg
Diastolic blood pressure, mm Hg
Body mass index, kg/m2

AF patients

6

3
3
58.1 +12.9
121 £14
76+ 12
245 +34

SR patients
6

3
3
57.9 + 132
122 £13
75+ 10
243+30

0.62
091
0.96
0.58
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Parameter

Physical characteristics
Food intake (g/d)
Energy intake (kcal/gm/d)
Water intake (ml/c)
Body weight (g)
Heart weight (mg)
NAL (cm)

HW/NAL (mg/cm)
Heart rate (bpm)

Echocardiography
LA diameter (mm)
LA filing volume (mi)

Surface ECG
P max (Ms)

Parea (V)

Electrophysiology
AF duration (s)

AF frequency (%)
AF incidence (%)
SNRT frax (ms)
SSNRT g (M)
ERP (ms)

Serum markers

NEFA (mmolL)
LDH (UA)
CK-MB (U/L)
MDA (umolL)

SOD (U/m)

Heart markers
MDA (umol/mg prot)
SOD (U/mg prot)

STD
=10

339 +0.18
13.02
512+ 0.09
26.21 + 0.69
13210 + 10.59
10.04 + 0.09
13.16 + 0.53
378.80 + 20.64

1.86 + 0.07
23.26 + 4.40

14.43 + 0.56
47.32 + 4.49

1.08 £ 7.00
9.70 + 6.95
30
364.90 + 33.07
164.80 + 25.75
9220 + 4.67

088 +0.18
57.85 + 7.97
12600 +7.77

0.78 £+ 0.13
34.55 + 3.53

0.53 + 0.08
602.25 + 42.36

STD + LCA HFD HFD + LCA
(n=10) (=10 (n=10)
336+ 0.13 2.48+0.06" 253+0.18"
12.90 12.97 13.27
514013 482005 483+ 0.16
27.17 + 096 3341055 3591+ 124
12933 + 383 155.70 + 7.83" 14350 + 3.37"
1000 + 0.04 1017 + 0.08 1009 + 0.1
1218+ 0.53 15.32 + 0.46" 1401 0.09"
364.70 + 15.43 41470 £ 22.12 386.1 + 34.78
161007 239+ 0.09" 1.97 + 0.12"
1838 + 3.26 58.68 + 15.50" 2126+ 571"
1047 + 0.39" 16.00 + 0.83 11.45 + 0.53"
36.23 + 2.74° 4657 + 495 2152 + 2,50
050+ 034 154.77 + 49.33" 18,69 + 14.63"
160 £ 1.30 6140 + 11.10° 7.30 + 4.96"
20 90.00" 30.00"
26110 + 28,51 478.40 + 26.47* 41220 + 41.51
67.90 + 90.4* 295.60 + 29.08" 166.00 + 23.24"
107.20 + 2.88* 89.40 + 4.07 11320 + 497"
076 +0.10 1.39 £ 0.16* 065+ 011"
60.19 + 8.26 90.38 + 7.95" 7597 + 6.79
134,69 + 15.33 137.69 + 2.41 81.31 + 26,68
079+ 0.37 167 + 022" 053 + 0.07"
39.19.+ 2.03 3218+ 2.38 4116 + 637"
0431011 1.26 £ 0.02" 0.38 + 0.09"

677.25 + 57.79"

417.19 + 45.15"

838.61 x 111.19"

n = 10 per group. One-way ANOVA, with Bonferroni post-hoc test was used to compare data among groups. The data were expressed as mean + SEM. *p < 0.05 vs STD, 'p < 0.05 vs
HFD. AF, atrial fibrilltion; ;SNRT, corrected sinus node recovery time; ECG, electrocardiogram; ERP, effective refractory period; HFD, high-fat dliet; HW, heart weight; LA, left atrium; LCA,
L-camitine; LDH, lactate dehydrogenase; CK-MB, creatine kinase-MB; MDA, molondialdehyde; NAL, naso-anal length; NEFA, non-esterified fatty aCiols; Parca, P-wave area; P g, P-wave
duration: SNRT, sinus node recovery time; SOD, superoxide dismutase: STD, standard diet.
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Parameter

End-diastolic left ventrioular internal diameter (mm)
End-systolic left ventrioular internal diameter (mm)
End-diastolic interventricular septal thickness (mm)
Left ventricular posterior wall thickness (mm)
Systemic vascular resistance (dyn-s/cm®)

Left ventricular cardiac output/body weight (mL/min/g)
Aortic systolic blood pressure (mmHg)

Aortic diastolic blood pressure (mmHg)

Lung weight/body weight (mg/g)

Liver weight/body weight (mg/g)

“Significantly diferent from sham operated, p < 0.05.
"Sianificantly diferant from ACF placebo, p < 0.05.

‘Sham operated

6.73 + 0.65
281+ 051
241 +024
268 + 0.29
1730 + 426
0.23 + 0.06
138 + 31
109 + 28
413+ 1.14
367 +53

ACF placebo

12.39 + 1.20*
7.82 + 167"
1.84 +0.18"
213 +0.22*
349 + 76"
0.83 +0.11*
130 £ 22
83+ 15"
5.18 + 1.00"
295+38

ACF trandolapril

11.19 + 08"
6.38 + 0.93""
1.86 + 0.28"
1.93 £ 0.22°
290 + 72*
0.83 +0.15*
102 + 13
66+ 13
551121
306 +8.1
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Study Drugs meanEF  Number Female NPs Outcomes Notes
(%) (%) (pg/mi)
McMurray et . Sacubitr- 296 4187 210 BNP255 A composite of death from CVD or
(2014), Valsartan NT-proBNP  hospitalization 21.8% vs 26.5% HR
PARADIGM-HF  (LCZ696) 1631 0.80, 95% C10.73 t0 0.87, p <
0.001
enalapril 204 4212 226 BNP 251
NT-proBNP
1594
Velazquez et. al.  Sacubitr- 2 440 257 NT-proBNP  The time-averaged reduction in the
(2019) Valsartan 4821 NT-proBNP at weeks 4 and 8to the
PIONEER-HF baseline -46.7% vs -25.3%(atio of
change 0.76, 95% Cl 0.69 10 0.85)
enalapril 25 441 30.2 4710
Solomon etal.  Sacbitril- 576 2419 516 NT- Cardiovascular death 8.5% vs 8.9% A composite outcome of
(2019) Vasisartan proBNP904  HR 095, 95% Ol 0.79 to 1.16 hospitalzation and cardiovascular
PARAGON-HF death in female RR 0.73 95% Cl 0.59
10090
Valsartan 575 2403 518 915 Total Hospitalization 690 vs 797 HR
085, 95% C1 0.72 10 1.0
Pieske et al acbitrl- 56.7 1286 502 NT- The reductionin NTproBNP at week  No significant between-group
(2021) PARALLAX  Vaslsartan proBNP786 12 The adjusted geometric mean  difference in the Kansas Gty
ratio 0.84 (95% CI, 0.80- 0.88; p <  Cardiomyopathy Questionnaire
0.001) clinical summary score 12.3 vs 11.8
(mean diference, 0.52; 95% Cl,
-0.9310 1.97)
No improvement in NYHA class
23.6%vs 24.0% of patients (adjusted
odds ratio, 0.98; 95% Cl, 0.81
t0 1.18)
Indvidualized  56.2 1286 512 760 6-minute walk difference at 6-minute walking distance improved
comparator week 24. among women but decreased
No significant between-group from  among men 6.59 vs ~12.07 (o =
baseline 9.7 mvs 12.2m 0.0024)
(adjusted mean difference, ~2.5 m;  Individualized comparator: enalapri
95% Cl, -85 10 35; p = 0.42) at a target dose of 10, valsartan at a
target dose of 160 mg, or placebo
(no RAS inhibitor).
Armstrong et al.  Vericiguat 203 2526 240 NT-proBNP  The composite of death from any
(20208) VICTORIA 2803 cause or hospitalization for heart
failure
37.9% vs 40.9%
HR 0.90, (95% CI 0.83 to 0.98, p
=002
Placebo 279 2524 239 2821
Udelson et al. Praliciguat 619 ot 385 NT- Changes in peak VO,
(2020) CAPACITY ProBNP 260 ~0.26 vs ~0.04 mU/kg/min
HFpEF 1286 (95% CI, 083 0 0.31 and
-0.49 10 0.56)
Placebo 508 ) 444 2285
Armstrong et al.  Vericiguat 15mg  56.8 264 530 NT-proBNP  The mean changes in the The overall mortaiity rate was 4.1% (n
(2020b) VITALITY- 13645 KccaPLS =32
HFEF 5.5 points in the 15-mg/d vericiguat 10 (3.8%) in the 15-mg vericiguat
group group
6.5 points in the 10-mg/d vericiguat 15 (5.7%) in the 10 mg vericiguat
group group
6.9 points in the placebo group 7 (2.7%) in the placebo group
8 cardiovascular deaths (3.0%) in the
15-mg vericiguat group
Vericiguat 10mg ~ 56.8 263 471 1339.1 differences between either 12 (4.6%) in the 10-mg vericiguat
vericiguat dosage and placebo group
Placebo 56.3 262 462 1644.2 were not statistically significant 4 (1.5%) in the placebo group
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