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Editorial on the Research Topic
 Understanding Molecular Mechanisms in Diabetic Cardiomyopathy (DCM)



Cardiovascular disease is the leading cause of death worldwide, and diabetes, the most common metabolic syndrome, causes a 2–5 times higher risk for heart disease (1). Specifically, cardiovascular complications in people with diabetes mellitus (DM) are 2-3-fold more elevated than in non-diabetic counterparts, leading to a higher chance of causing diabetic cardiomyopathy (DCM). DCM is a prominent disease in people with DM, and molecular mechanisms that drive DCM are not fully understood as the disease itself is multifactorial and challenging potential treatment options (2). Therefore, this Research Topic is focused on understanding the molecular mechanism(s) contributing to DCM. The Research Topic comprised review and research articles from different experts working on DCM. The Research Topic of original research and review topics highlights the multifactorial molecular mechanisms involved in the DCM and some recent therapeutic advances in preclinical approaches at various levels in the pipeline.

One of the major issues during cardiac pathology is impaired protein quality of the myocardium, which is more prone to damage under diabetic conditions (3). The review article by Kaur et al. comprehensively focused on the protein quality control (PQC) system that appears to play a vital role in maintaining cardiomyocyte viability under physiological and pathological conditions. Protein homeostasis is preserved by the molecular process of protein translation, degradation of misfolded or unfolded proteins, recycling of amino acids, and disposing of toxic substances by various quality control pathways. These pathways include unfolded protein response (UPR), ubiquitin-protease system (UPS), autophagy and mitophagy. In addition, the role of unfolded protein response (UPR) in Endoplasmic reticulum (UPRER) and mitochondria (UPRMt), and the molecules involved in these pathways and their contribution to DCM are discussed. Compromised PQC leads to impaired cellular homeostasis that results in the aggregation of misfolded proteins and toxic substances, which provokes the onset of heart failure in diabetes. Therefore, the finely tuned manipulation of PQC in the myocardium is essential to maintain cellular equilibrium in response to the diabetic condition and may be a promising therapeutic strategy for the betterment of cardiac complications in diabetes patients.

Sudden cardiac death (SCD) in patients with heart failure preserved with ejection fraction (HFpEF) is another major problem in people with DM, as these patients are more prone to morbidity and cardiac mortality (4). Patel et al. found that the upregulation of Osteopontin (OPN) shows adverse cardiac remodeling, whereas OPN knockdown reduced HFpEF, improved glucose tolerance, and reduced insulin resistance in mice. Therefore, the expression level of OPN, along with its correlated proteins such as low-density lipoprotein receptor (LDLR), dynamin2 (DNM2), fibronectin-1(FN1), and 2-oxoglutarate dehydrogenase-like (OGDHL) are predicted to serve as a potential risk marker for SCD in DCM. Authors also find that dysregulated expression of these proteins in patients with DM and HFpEF who experienced SCD may serve as a predictive plasma biomarker that determines whether its expression level alters SCD risk in patients with DM and HFpEF. As they are secreted into plasma, OPN and LDLR levels could serve as potential biomarkers in DCM that require further investigation.

A common feature of the diabetic heart is the excess production of ROS due to metabolic inflexibility that accelerates the progression of DCM, which ultimately triggers mitochondrial dysfunction. Parker et al. established a model to study DCM, based on the mitochondrial structure, replicating diabetic myocardium that could be useful to research mitochondrial targets in DCM. In this work, DCM was induced by low-dose streptozotocin (STZ) and a high-fat diet that resulted in a spectrum of mitochondrial changes observed in diabetes. They found that this model replicated several features of DCM, such as decreased mitochondrial area, reduced complex-II dependent oxygen consumption, and increased levels of Complex-III and V proteins.

Cardiovascular disease is the major obstacle to diabetes-associated complications, besides creating mechanical abnormalities of the myocardium. Another prominent feature of diabetic myocardium is the altered electrical remodeling causing cardiac arrhythmia. In this regard, Gallego et al. presented a comprehensive review on the importance of considering the electrical features of the myocardium when treated for diabetes. They provided details of the underlying cellular level mechanisms that alter cardiac ion channels, regulatory proteins, and a subsequent change in sodium, calcium, and potassium currents. Altogether, this collectively lengthens the QT interval duration, increasing the risk of developing life-threatening ventricular arrhythmias and sudden death. As QT duration strongly correlates with the risk of developing ventricular tachycardia followed by ventricular fibrillation, the thorough QT/QTc analysis evaluates QT interval prolongation that may act as a qualitative marker for proarrhythmic risk. Diabetic patients treated with the glucose-lowering drug showed prolonged QTc intervals, indicating that strict glycemic control is insufficient to normalize the electrophysiological disturbances. Careful studies are required to elucidate if cardio protection includes electrical remodeling and prolonged repolarization, as authors predict that the mechanism of cardioprotection might involve a reduction of arrhythmia.

A review article by Kassab et al. focused on the role of mitochondrial outer membrane protein, Miro1, which mediates the movement of mitochondria along the microtubules. Authors emphasized the importance of mitochondrial dynamic, motility, shape, and structure in the diabetic myocardium as reports show smaller mitochondria associated with diabetic myocardium. They also pointed out in this review that HF and diabetes are recognized with enhanced activation of the NLRP3 inflammasome that links microtubule organization, inflammation, and the association to mitochondrial motility, which may lead to novel therapeutic approaches toward the mitochondrial-microtubule-inflammatory axis. Furthermore, the expression of Miro1 and whether it influences the processes of fission and fusion for mitophagy in the heart remains unclear, which led to this review. Based on the existing literature, the authors suggest a possible unifying mechanism linking impaired mitophagy, the MT network, and the inflammatory response to arrested mitochondrial movement. As the causative agents and mechanisms of mitochondrial dysfunction and impaired motility are discovered, new promising treatment therapies may emerge to promote better cardiac outcomes in DCM/HF.

In another interesting study, Huang et al. targeted a specific protein, P2X7R, whose role in diabetic myocardium is not studied but predicted to play an essential role. When they treated mice with a P2X7R inhibitor (A438079), they reduced myocardial hypertrophy, fibrosis, and apoptosis and improved cardiac function. Mechanistically they showed that P2X7R plays an essential role in the pathogenesis of STZ-induced diabetic cardiac damage and remodeling through the PKCβ/ERK axis and suggest that P2X7R may be a potential target in the treatment of DCM. Although one of the critical features of DCM is cardiac fibrosis (CF), which is still not successfully targeted in treating heart failure, Lin et al. showed that inhibition of sodium-dependent glucose transporter 1 (SGLT1) attenuates cardiomyocyte apoptosis and delays the development of DCM. Further, they evaluated the changes in the expression of SGLT1 in the progression of diabetic cardiac fibrosis. They identified a significant increase in SGLT1 expression in the diabetic heart, concluding that SGLT1 is involved in cardiac fibrosis via the p38 and ERK1/2 signaling pathways.

Shraim et al. reviewed the Epidermal Growth Factor Receptor (EGFR/ErbB/HER) family of tyrosine kinases in diabetes myocardium as chronic dysregulation of EGFR may act as mediating diabetes-induced cardiovascular pathology. Authors examined their potential interplay with the Renin-Angiotensin-Aldosterone System heptapeptide, Angiotensin-(1-7), as well the arachidonic acid metabolite, 20-HETE (20-hydroxy-5, 8, 11, 14-eicosatetraenoic acid). Its greater understanding of other critical modulators of cardiovascular function could facilitate the development of novel therapeutic strategies for treating diabetes-induced cardiovascular complications.

Muñoz-Córdova et al. critically discussed the mechanism of diabetic mediated cardiac dysfunction by highlighting three critical areas: inflammatory signaling, mitochondrial alterations, and autophagic flux, their contribution to the pathogenesis, and their potential as pharmacological targets. Here, they critically discussed the mechanisms by highlighting the latest evidence, their contribution to the pathogenesis, and their potential as pharmacological targets. Though plenty of antidiabetic agents benefit HF, there is scarce information available for DCM. Authors cited the combined effect of drugs such as liraglutide and dapagliflozin that showed improved diastolic function and regression of left ventricular mass in patients with T2DM. On the other hand, Sitagliptin prevents the exacerbation of DCM in T2DM when it is used together with other antidiabetic drugs. Therefore, the authors highlight the importance of considering already approved therapies in searching for new DCM as a study of the mechanism can lead to discovering new molecules with better therapeutical properties.

Association of epigenetics and various factors and how those contributes to the development of DCM is comprehensively reviewed by Mittal et al. They discussed different epigenetic mechanisms such as histone modifications (acetylation and methylation), DNA methylation and non-coding RNA in modulating molecular pathways regulating the expression of important molecules. Authors cleverly explored the disease with complex etiology and cumulative effects of crosstalk between genetic and epigenetic factors, which has several inducers such as ROS-mediated oxidative stress, hyperglycemic conditions, cytokines-mediated inflammation, cell death, and epigenetic regulation of dysregulated molecular pathways induced by these mediators. They also discussed the possibility of inhibiting HDACs as promising therapeutic targets for DCM. In another review article, Mohan et al. discussed and evaluated critical clinical studies that studied the effect of drugs such as allopurinol, SGLT2 inhibitor, and metformin in reverting left ventricular hypertrophy patients with and without T2DM.

Interestingly, Liu et al. demonstrated that a combinational exposure of bisphenol A (BPA) and a high-fat diet (HFD) in female mice during the perinatal period can cause susceptibility to insulin resistance, obesity, impaired glucose tolerance, and increased blood pressure, cardiac hypertrophy, and impaired endothelial function in their F2 offspring. In addition, these inherited transgenerational abnormalities showed a sex-specific pattern. They strongly recommend adjusting lifestyle and alleviating exposure to environmental EDSs during pregnancy to reduce the risk of metabolic and cardiovascular diseases such as DCM in the offspring.

In conclusion, this Research Topic emphasizes various molecular mechanisms involved in DCM development and explores potential therapeutic targets against DCM. Although DCM is a multifactorial complex metabolic disease, this Research Topic will be an essential key to conceptual advancement in the field of DCM.
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Heart failure is a serious comorbidity and the most common cause of mortality in diabetes patients. Diabetic cardiomyopathy (DCM) features impaired cellular structure and function, culminating in heart failure; however, there is a dearth of specific clinical therapy for treating DCM. Protein homeostasis is pivotal for the maintenance of cellular viability under physiological and pathological conditions, particularly in the irreplaceable cardiomyocytes; therefore, it is tightly regulated by a protein quality control (PQC) system. Three evolutionarily conserved molecular processes, the unfolded protein response (UPR), the ubiquitin-proteasome system (UPS), and autophagy, enhance protein turnover and preserve protein homeostasis by suppressing protein translation, degrading misfolded or unfolded proteins in cytosol or organelles, disposing of damaged and toxic proteins, recycling essential amino acids, and eliminating insoluble protein aggregates. In response to increased cellular protein demand under pathological insults, including the diabetic condition, a coordinated PQC system retains cardiac protein homeostasis and heart performance, on the contrary, inappropriate PQC function exaggerates cardiac proteotoxicity with subsequent heart dysfunction. Further investigation of the PQC mechanisms in diabetes propels a more comprehensive understanding of the molecular pathogenesis of DCM and opens new prospective treatment strategies for heart disease and heart failure in diabetes patients. In this review, the function and regulation of cardiac PQC machinery in diabetes mellitus, and the therapeutic potential for the diabetic heart are discussed.

Keywords: diabetic cardiomyopathy (DCM), cardiovascular disease, protein quality control (PQC), autophagy, proteostasis, unfolded protein response, proteasome


INTRODUCTION

Diabetes mellitus is one of the fastest-growing health issues worldwide, and it is a major threat to cardiovascular health. In 2019, it was estimated that 463 million people had diabetes, a number predicted to reach 700 million by 2045 (1), and diabetes patients have a 2–5-fold increased risk of developing heart failure (2, 3). Diabetic cardiomyopathy (DCM) refers to the cardiac dysfunction and structural abnormalities subsequent to diabetes, and independent of coronary artery disease, hypertension, and valve malfunctions (4, 5). The systemic metabolic alterations caused by reduced insulin secretion, in type 1 diabetes mellitus (T1DM), or progressive insulin resistance, in type 2 diabetes mellitus (T2DM), constitute continuous cardiac stress that leads to the activation of numerous cellular responses. DCM is characterized by impaired cellular homeostasis, the progressive accumulation of reactive oxygen species (ROS), reactive nitrogen species (RNS) and advanced-end glycation products, organelle dysfunction, and chronic inflammation. Eventually, DCM promotes pathological myocardial remodeling, resulting in cardiac dysfunction. Clinically, diastolic dysfunction is the first manifestation of DCM, followed by systolic dysfunction in later stages, and, ultimately, heart failure (6, 7). However, a single anti-diabetes agent (e.g., metformin or fibrate) is unable to ameliorate multiple comorbid conditions. The combination of individual therapies is indispensable for T2DM patients with other complications, including DCM.

Proteins are the primary managers of cellular homeostasis; therefore, regulation of their synthesis, maturation, and degradation in cardiomyocytes is essential for cardiac performance. To cope with the imbalance in the cardiac protein cycle in response to pathological stress, crucial protein quality control (PQC) systems participate in maintaining cellular protein homeostasis (8, 9) (Figure 1). Endoplasmic reticulum (ER) stress activates the unfolded protein response (UPRER) to reduce protein synthesis, increase the expression of folding chaperones, and degrade non-functional proteins through the ER-associated protein degradation (ERAD) pathway. ERAD recognizes and translocates non-functional proteins into the cytosol for degradation. The ubiquitin-proteasome system (UPS) breaks down most proteins secreted by ERAD and those that have reached the end of their lifespan. Proteins that cannot be processed by the proteasome or protein aggregates are broken down via the autophagy-lysosome system. Similar to ER, mitochondria have a specific UPR (UPRmt) signaling to manage their unfolded protein load and can be selectively marked for autophagic degradation when the damage surpasses their coping capabilities (11). Coordination of PQC systems is adaptive and protective, while impaired PQC contributes to cardiac aging and diseases (12), including DCM (9). Therefore, it is crucial to comprehensively understand the function and regulation of PQC pathways to identify potential therapeutic targets and strategies for DCM.


[image: Figure 1]
FIGURE 1. Maintenance of protein homeostasis by the principal PQC systems. Accummulation of misfolded proteins in the ER trigger the UPR to increase its folding capacity by upregulating chaperone expression, and to decrease protein load by inhibiting translation. Misfolded proteins are exported by ERAD complexes that label them and direct them to degradation through the UPS and autophagy. Misfolded or damaged proteins are also sequestered into protein aggregates to reduce their toxicity, these aggregates are processed by the autophagy-lysosome system. Proteins with the KFERQ motif are translocated into the lysosomes via CMA. Additionally, unfolded proteins in mitochondria induce the mtUPR to increase mitocondrial proteases and chaperones. Adapted from Ciechanover et al. (10) and used under CC BY 3.0.




UPR

The ER is a central organelle for cellular PQC, operating as the keeper of the multistep maturation process of nascent polypeptides into functional proteins. The ER serves several cellular functions, comprising protein folding, posttranslational modifications, trafficking, calcium homeostasis, and lipid biosynthesis (13–16). Any intracellular and extracellular perturbations to its protein folding capacity result in ER stress and trigger the multi-faceted UPRER necessary for cellular PQC (17–20). Recently, mitochondria have been found to possess their own stress response to manage the unfolded proteins contained within them, also contributing to protein homeostasis (21).


The UPRER Process

The primary intent of the UPRER is to adapt to any cellular changes by restoring protein homeostasis. The chaperones in the ER-lumen assist protein folding by binding to the hydrophobic regions of the nascent proteins (GRP78, GRP94), promoting glycoprotein interactions (Calreticulin, Calnexin), and facilitating the formation of disulfide bridges (ERP57, ERP78) (22). The master chaperone glucose regulatory protein 78 (GRP78) also binds to calcium, assists in ER permeability during protein translocation, and guides the misfolded proteins for degradation. The initial step of UPRER is the release of the transmembrane sensors, primarily bound to the master chaperone under non-stressed conditions (23). These UPRER sensors, including protein kinase RNA-like endoplasmic reticulum kinase (PERK), inositol-requiring enzyme 1 (IRE1), and activating transcription factor 6 (ATF6), are distinctively activated by stress stimuli and elicit varied adaptive downstream responses. Upon ER stress, PERK is majorly involved in attenuation of translation for lessening ER protein load via eukaryotic translation initiation factor 2α (eIF2α). PERK-eIF2α increases the expression of key genes facilitating UPRER via activating transcription factor (ATF4). On the other hand, the endoribonuclease activity of IRE1 causes splicing of the transcription factor, X-box binding protein 1 (XBP1). The spliced XBP1 (sXBP1) upregulates the expression of genes involved in UPRER signaling (9) and the ERAD pathway (24). IRE1-dependent decay (RIDD) is known to regulate essential ER-localized messenger RNAs (mRNAs) to reduce the inflow of newly synthesized proteins into the ER (25). IRE1 also enhances the degradation of terminally misfolded proteins via ERAD (UPS section) (18). Finally, upon activation, ATF6 translocates from the ER luminal domain to the Golgi apparatus, where site-1 and site-2 proteases cleave it to form an active segment, p50ATF6. The activated ATF6 transcriptionally regulates essential genes responsible for UPRER (26). All three UPRER branches are required to upregulate chaperones expression for assisting protein proper folding (27).

The ER stress response (ERSR) initially induces an adaptive UPRER to a certain threshold. In the face of chronic pathological stresses, oversaturated ER ensues apoptotic ERSR (28). Overexpression of ATF4 upregulates C/EBP homologous protein (CHOP), growth arrest, and DNA damage-inducible 34 (GADD34) and other pro-apoptotic genes (25). CHOP induces cell death by dysregulating the balance between pro- and anti-apoptotic genes from B-cell lymphoma 2 (BCL2) family. Also, oligomerization of the pro-apoptotic proteins BAX and BAK on the ER membrane causes calcium release into the cytosol, eventually promoting mitochondria-dependent apoptotic pathways (29). IRE1 induces ER-mediated apoptotic mechanisms via recruitment of TNF receptor-associated factor (TRAF) 2 and apoptosis signal-regulating kinase 1 (ASK1), leading to activation of c-Jun N-terminal kinase (JNK), and caspase-12 signaling pathways. In addition to IRE1-regulated caspase 12 cleavage, m-calpain, a cysteine protease, directly cleaves caspase-12 upon stimulation, resulting in its activation (30). The three UPRER branches exist to facilitate both cytoprotective and apoptotic responses depending on the nature of the stimulus (25, 27); therefore, it is not surprising that temporal dynamics of the UPRER has an important role in determining cellular fate.



Physiopathological Role of UPRER in the Heart

ER-resident genes have been deemed essential in the heart. GRP78 or XBP1 deficiency is implicated in impaired cardiac development (31, 32) and cardiac dysfunction in response to pathological stresses (33, 34). The increase in protein disulfide isomerase (PDI) (35), an ER chaperone, and sXBP1 expression (36) in ischemic human hearts suggest UPRER is an adaptive component of the cardiac stress response. However, a maladaptive stress response is evident in dilated and failing human hearts marked by an increase in CHOP expression and cell death (37, 38). In light of the clinical evidence, it is apparent that the ERSR has both adaptive and maladaptive roles in cardiac pathology.

ER chaperones promote cell survival under pathological stress in the heart; nevertheless, overexpression is damaging. Cardiac GRP78 knockout in adult mice induced increased cell death, reduced cardiac performance, and caused early mortality (31). Moreover, the pre-induction of GRP78 and GRP94 had a cardioprotective role under oxidative damage in ischemia/reperfusion (39). On the contrary, increased protein synthesis under cardiac hypertrophy upregulated GRP78 expression, simultaneously, under pressure overload, GRP78 overexpression further potentiated hypertrophy by stimulating expression of hypertrophic factors resulting in cardiac dysfunction (40). Additionally, the overexpression of calreticulin, an ER chaperone, resulted in cardiac remodeling, dysfunction, and heart failure due to prolonged UPRER activation. This damaging effect of calreticulin overexpression in vivo was abated by inhibition of IRE1 (41, 42), overall suggesting the importance of balanced UPRER to tackle pathological stress in the heart.

Several animal studies targeting the individual UPRER branches emphasized the importance of UPRER in the pathological hearts of different etiologies. Cardiac PERK deficiency aggravated heart function in response to pressure overload in mice (43), indicating the cytoprotective role of the PERK branch. Moreover, transient IRE1-XBP1 response following pressure overload in mice (44) limited myocardial injury by reducing ER-associated cell death and inflammation (45) and promoting adaptive hypertrophy, in turn preserving contractility in hypertrophic failing hearts (25, 46). Similarly, cardiac XBP1 deficiency enhanced pathological remodeling and dysfunction (47). Lastly, ATF6 deletion in mouse hearts resulted in increased oxidative stress and decreased function after ischemia/reperfusion. The equivalent in vitro ATF6 knockdown model in cardiomyocytes showed similar results, which were obliterated by ATF6 overexpression (48). As noted, transient activation of all three UPRER branches has an adaptive function succeeding acute cardiac ER stress, while sustained activation of UPRER results in irreversible damage to the myocardium. This persistent stress signaling induces cardiomyocyte death via activation of ER-mediated apoptosis following myocardial infarction, ischemia/reperfusion, and pressure overload (23, 49). Also, Miyazaki et al. (50) demonstrated that cardiac CHOP deficiency inhibits ER-mediated myocardial apoptosis and inflammation following reperfusion injury, highlighting the role of maladaptive ERSR.



The UPRER in DCM


Role of the UPRER and Apoptotic ERSR in DCM Development

The role of ER stress in the development of DCM was first observed in failing diabetic human hearts with swollen ERs (51), indicating protein imbalance. They also presented ER-mediated apoptosis, evidenced by increased CHOP and cell death (52). These clinical findings imply that the impaired UPRER predisposes the diabetic heart to failure; however, the precise nexus is elusive. The cardiac fate following ERSR has since been ascertained in several animal models of DCM. In the diabetic models, the elevation of cardiac ER stress-related markers (53) and UPRER genes (54–57) is associated with cardiac abnormalities (58) and apoptosis (59). Although the canonical UPRER signaling is an adaptive response, chronic ER stress is deleterious in the diabetic heart. In T1DM, prolonged ATF6 activation-induced cell death (60), extracellular matrix gene expression, cardiac fibrosis (61), and reduced cardiac compliance in rat models. Moreover, oxidative stress resulted in cardiac dysfunction in type 1 diabetic hearts via persistent PERK signaling (62). The role of over-activated PERK-CHOP and ATF6 ensuing apoptotic signaling via BCL2 associated agonist of cell death (BAD) and contributing to ER-mediated cardiac dysfunction was also recapitulated in T2DM rodent hearts (63). Apoptotic ERSR is associated with pathogenesis of DCM due to irreplaceable cardiomyocyte loss associated with the upregulation of cleaved-caspase 12, CHOP, and JNK in type 1 and type 2 diabetic hearts (51, 54). Altogether, the maladaptive ERSR in DCM prompts organelle dysfunction, cell death, and subsequent myocardial remodeling (64), suggesting that hyperactivated PERK and ATF6 are detrimental in DCM.



Metabolic Triggers of UPRER in DCM

Pathological remodeling and cardiac dysfunction in DCM are accompanied by alterations in cellular protein synthesis, which can facilitate ER stress and UPRER. ER stress is an early event in DCM, and the major triggers include hyperglycemia, hyperlipidemia, insulin deficiency/resistance, and inflammation (65, 66) (Figure 2). High glucose and lipid overload induce oxidative stress interceding dysregulated protein homeostasis, prolonged UPRER, and cardiomyocyte death (67). Glucose and lipids upregulated adaptive IRE1-XBP1 signaling (51), and prolonged stress triggered apoptotic CHOP (63), IRE1-JNK (68), and caspase 12 activation in human cardiac cells (69), type 1 (55), and type 2 (30) diabetic rodent hearts. Inflammation and hyperinsulinemia are other factors that instigate ER stress and can be further potentiated by ER stress in a detrimental loop. As a coping mechanism, hyperinsulinemia-induced ER stress has emerged as a new player in the onset of insulin resistance (70, 71), possibly via IRE1/JNK signaling (58), contributing to reduced cardiac function in T2DM (72). On the other hand, pro-inflammatory cytokine interleukin-1β via interleukin 1 receptor-associated kinase 2 (IRAK2) promoted CHOP expression and cell death in T1DM, thereby impairing cardiac function (73). IRAK2 is known to be elevated in the condition of ER stress (74), suggesting a feedback loop mechanism accountable for unalleviated ER stress. However, the direct mechanism of ER-mediated inflammation and cardiac dysfunction in DCM is yet to be determined. Further mechanistic study of the intrinsic details of preferential UPRER under the numerous drivers of ER stress in DCM is essential.
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FIGURE 2. Pictorial representation of triggers of ER stress and role of ERSR activated UPR in the progression of DCM. Under systemic metabolic stress, lipid accumulation, and high glucose directly triggers ER stress and indirectly via oxidative stress. Hyperinsulinemia and inflammatory cytokines also induce ER stress, and in a feedback loop mechanism, ER stress triggers insulin resistance and inflammation (dotted lines). Upon accumulation of misfolded proteins, UPR signaling is activated following dissociation from GRP78. UPR sensors, IRE1, PERK, and ATF6 and its downstream network drives multiple signal outputs such as inhibition of protein translation and increased gene upregulation. Balanced UPR restores protein homeostasis by increasing ER chaperones and ERAD genes. Prolonged stress induces apoptotic ERSR via upregulation of CHOP, contributing to the pathogenesis of DCM. IR, Insulin receptor; IRS1, insulin receptor substrate 1; Akt, protein kinase B; GLUT4, glucose transporter type 4; FAT, fatty acid transporter; IL-R, Interleukin 1β receptor.




Intrinsic Regulation of UPRER in DCM

The involvement of ERSR in DCM progression is well-accepted; nonetheless, only a few regulatory mechanisms of UPRER in diabetes are documented, where the ER machinery coordinates with several cellular molecules and signaling pathways (Figure 3). For instance, downregulated NAD-dependent protein deacetylase sirtuin 1 (SIRT1) promoted stress signaling pathways such as IRE1-JNK in T1DM (75), and PERK-CHOP and IRE1-caspase 12 signaling in T2DM (76), resulting in ER-mediated apoptosis and cardiac dysfunction. A protein kinase, general control nonderepressible (GCN2), triggered cell death, and cardiac dysfunction directly via the eIF2α-ATF4-CHOP pathway in T1DM and T2DM (77). In addition, increased EGFR tyrosine kinase receptor activation instigated ER stress in T1DM (78) and in T2DM following myocardial infarction (79) by increasing CHOP associated cell death. The ERSR is also regulated via transcription factors. Forkhead box O1 (FOXO1) activation leads to direct and indirect induction of ER stress in DCM via PERK signaling (80, 81), and peroxisome-proliferator activator receptor (PPAR) β/γ activity promotes XBP1 splicing restoring ER balance and providing cryoprotection under diabetic stress in human cardiac cells (69). Additionally, microRNAs (miRNAs) have been observed to regulate UPRER in the diabetic heart. mir455 and mir22 are cardioprotective in T1DM (61) and T2DM (82), respectively. Mir455 reduces cardiac fibrosis via calreticulin suppression, and mir22 alleviates ER-mediated apoptosis via SIRT1 upregulation.
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FIGURE 3. Regulation of ERSR in the diabetic heart. Some cellular molecules (FOXO1, PPARβ/γ, SIRT1, mir22, mir455) participate in regulation of adaptive ERSR by activating UPR and inhibiting ER-mediated apoptosis (green lines). On the other hand, some molecules and stresses (oxidative stress, O-GlcNAC, EGFR, RAC1, GCN2) stimulate maladaptive ERSR (red lines).




Role of Non-canonical UPRER in DCM

Apart from the regulated framework of UPRER, diabetic condition also impairs UPRER capacity by directly regulating ER chaperones. Elevated PDI, despite the cardioprotective action under ischemic cardiomyopathy (35), was associated with increased cell death in hearts from diabetes patients (56). The lack of protective effect was attributable to the altered redox state of PDI under type 1 diabetes. Moreover, dual-color fluorescence imaging indicated an abnormal ER oxidative state and altered polarity in diabetic myocardial tissue (83), suggesting ER oxidative state may contribute to impaired UPRER under diabetes. Therefore, the maladaptive ERSR can be promoted by factors independent of canonical UPRER pathways in the diabetic heart. Also, post-translational modifications such as O-GlcNACylation are essential for protein stability and function. The protective effect of XBP1 on O-GlcNACylation (8, 46, 84) is absent in T2DM, leading to cardiac dysfunction (85), which is likely due to delayed UPRER action, as the timely UPRER lacks in the diabetic heart. Despite the growing knowledge about ERSR following various stresses faced by the diabetic heart, it is still unclear about how or when the switch between adaptive UPRER and apoptotic ERSR supervenes.




Mitochondrial UPR (UPRmt) in the Heart

The mitochondrial proteome contains more than 1,300 proteins and the majority of the nuclear-encoded proteins are imported into the organelle in an unfolded state (86). Mitochondrial PQC entails protein import and folding via chaperones (HSP60, HSP70, and TRAP1) and degradation of misfolded proteins by proteases (ClpP, YME1L1, LonP1, HTRA2/Omi, and Oma1) (87). In response to stresses, the UPRmt initiates a retrograde response to the nucleus to ensure proteome integrity via induction of the UPRmt-related chaperones (88). Akin to UPRER, UPRmt transiently inhibits protein translation and aims to mitigate proteotoxic stress inside the mitochondrion (89, 90). Under physiological conditions, activating transcription factor 5 (ATF5) is imported into the mitochondrion and degraded by LonP1; however, stress targets ATF5 to the nucleus as the transcription factor for the induction of UPRmt (91). Owing to the cross-over among certain stress response proteins (PERK, ATF4, and CHOP) and the physical linkage between ER and mitochondria, both UPRER and UPRmt participate in an integrated stress response to maintain cellular proteostasis (21). For instance, consequent to eIF2α activation, translation of ATF4, CHOP and ATF5 regulate the UPRmt. UPRmt−associated expression of CHOP is identified by binding of c-Jun to the AP-1 promoter region in the CHOP gene (92). CHOP binding, along with MURE1/2 elements in the promoter region, increases transcription of HSP60, ClpP, ATF5, and LonP1. Additionally, misfolded proteins are ubiquitinated in the inner mitochondrial space and degraded by the UPS in the cytosol in a process called mitochondrial associated degradation (93).

Mitochondrial PQC is essential for cardiac structure and function (94). In clinic, patients with ventricular pressure overload due to aortic stenosis had elevated ATF5 and reduced apoptosis (95), suggesting its protective role under cardiac stress. Analogous to clinical observation, silencing ATF5 in cardiomyocytes abated UPRmt and its protection against pressure overload (96). Similarly, pharmacological stimulation of UPRmt ameliorated cardiac dysfunction following ischemic injury via ATF5 induction (97). Moreover, HSP70 overexpression increased the import of antioxidant proteins, reduced cell death, and improved cardiac function against ischemic stress (98). As such, UPRmt is protective under cardiac stress; nonetheless, the role of mitochondrial proteases is still unclear. For instance, under hypoxia, mitochondrial protease LonP1 contributed to ROS accumulation and cell death in cultured cardiomyocytes (99). On the other hand, LonP1 overexpression was found to be protective following ischemic/reperfusion injury in mouse hearts (100) while reduced LonP1 activity in mitochondria contributed to contractile dysfunction after pressure overload (101). Interestingly, the same study demonstrated that LonP1 activation induces UPRER; however, UPRER is activated before UPRmt, suggesting a fine-tuning role of LonP1 in the integrated stress response. More importantly, LonP1 deficiency was compensated via ATF4-dependent fibroblast growth factor (FGF21) activation (92, 101), a marker for mitochondrial stress signaling involved in mediating metabolic changes and ameliorating cardiac dysfunction under several cardiac etiologies, including diabetes (21, 102). Also, the mitochondrial protease, Oma1, is upregulated under cardiac ischemic stress; however, its ablation is protective against heart failure in mice (103).

UPRmt chaperones are likely protective under diabetic stress in the heart. There is reduced expression of the mitochondrial chaperone, HSP70, in T2DM human hearts (104), indicating decreased protein import and UPRmt induction. In the hearts of pre-diabetic rats with hyperinsulinemia, there was an increase in HSP60 expression; however, after prolonged diabetic stress HSP60-mediated myocardial protection decreased due to abated expression (105). Moreover, hyperglycemia reduced TRAP1 expression and activity, ultimately reducing cardiomyocyte viability (106). Furthermore, in T2DM rodent hearts, UPRmt is responsible for the dysregulation of the mitochondrial permeability transition pore, associated with elevated cell death and ischemic injury (107). Overall, adaptive UPRmt is critical for cardiac structure and function under diabetic stress; however, the detailed mechanistic role of the mitochondrial PQC and its therapeutic applications is yet to be cemented in DCM.




UPS

The UPS is a major quality control pathway in eukaryotic cells, which plays a fundamental role in maintaining cellular proteostasis and, as such, ensures cell viability and function. The UPS is the primary proteolytic path for ~80% of cellular proteins, most of which are short-lived, misfolded, or damaged (108, 109). Mechanistically, the ubiquitin proteolytic pathway involves two distinct steps: ubiquitylation of protein substrates and degradation of the ubiquitylated proteins by the proteasome (110).


UPS Process


Ubiquitylation

Ubiquitin is a 76-amino acid globular protein that is highly conserved in eukaryotes, and its transfer to target proteins is mediated by a carefully choreographed enzymatic cascade. Initially, ubiquitin is activated to a high-energy thiol ester state by the ubiquitin-activating enzyme E1 in an ATP-dependent manner. Following activation, the ubiquitin moiety is transferred to ubiquitin-conjugating proteins E2 by transesterification. Finally, an E3 ubiquitin ligase catalyzes ubiquitin transfer from the E2-ubiquitin thioester intermediate to a lysine residue on the substrate protein (111–113) (Figure 4A). The human genome encodes ~1,000 E3 ubiquitin ligases, which are subdivided into three major groups, depending on which of the following three domains they possess, namely, really interesting new gene (RING), RING-in-between-RING (RBR), and homologous to the E6-AP carboxyl terminus (HECT). It has been widely reported that the E3 ubiquitin ligases confer specificity to the ubiquitylation process (116). The proteins are targeted by either a single ubiquitin molecule (monoubiquitylation) or ubiquitin chains (polyubiquitylation). To date, eight structurally and functionally distinct ubiquitin linkages (Lys6, Lys11, Lys27, Lys29, Lys33, Lys48, Lys63, and Met1) have been identified, among of them, Lys48 and Lys63 are the most prominent linkage types (117–119). Lys48-ubiquitylated proteins are typically subjected to proteasomal degradation, while Lys63-linked ubiquitin chains mediate autophagic protein quality control (120, 121) (Figure 4B).
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FIGURE 4. The ubiquitin-proteasome system (UPS) working theory. (A) The UPS marks substrate proteins for degradation via a ubiquitylation system where internal lysine residues of substrate proteins are tagged with ubiquitin (PDB ID: 1UBQ) (114). These ubiquitylated proteins are then degraded by the proteasome. Deubiquitylating enzymes (DUBs) edit ubiquitin chains and mediate ubiquitin recycling. Adapted from Zheng et al. (115) and used under CC BY. (B) The different ubiquitin linkages and their unique biological functions. (C) The proteosomal 20S core particle (CP) consists of four stacked rings, two outer rings composed of seven α subunits, and two inner rings composed of seven β subunits. The proteolytically active sites are localized in the β1, β2, and β5 subunits. The majority of 20S proteasomes are capped with 19S regulatory particles. The 20S can also be activated by PA28. Created with Biorender.com.


Akin to other posttranslational modifications, the ubiquitylation process is reversible; removal of ubiquitin molecules from substrate proteins is mediated by deubiquitylating enzymes (DUBs) (122). DUBs perform critical roles in the ubiquitylation pathway (123). First, de novo ubiquitin is translated as either linear polyubiquitylated chains, or ubiquitin fused to small ribosomal proteins, and DUBs are required to free mono ubiquitin from these precursors. Second, in consort with the E3 ligases, DUBs mediate ubiquitin chain editing, which can alter the ubiquitin signal or protein stability. Finally, DUBs maintain ubiquitin homeostasis by recycling ubiquitin molecules (122, 123).



Proteasomal Degradation

The degradation of polyubiquitylated proteins is catalyzed by the 26S proteasome, a large ATP-dependent multicatalytic complex composed of a barrel-shaped 20S core protease (CP) capped at one or both ends by the 19S regulatory particle (RP) (124) (Figure 4C). The 20S CP is composed of 28 subunits that are arranged as a cylindrical stack containing four hetroheptameric rings, two peripheral α-rings (α1−7), and two inner β-rings (β1−7). The two β-rings form the central proteolytic chamber, whereas the α subunits guard substrate entry into the chamber, impeding access when the proteasome is in an inactivated state (125, 126). The proteolytic activity of the 20S CP is activated by binding to the 19S RP to establish the proteasome holoenzyme (127). Protein components of the 19S RP recognize ubiquitylated substrates and transport them to the proteolytic core in an ATP-dependent manner (128–131). The peptidase activity of the 20 CP is also activated by other regulatory particles such as the 11S RP, which mediates protein degradation via a ubiquitin- and ATP-independent manner (132). The output of proteasomal degradation is small peptides, which, upon proteasomal exit, are further degraded by a plethora of cytosolic peptidases to generate amino acids to be recycled.



Chaperone-Assisted Proteasomal Degradation (CAP)

Molecular chaperones are essential for the folding fidelity and conformational integrity of proteins (133, 134), by participating in nascent polypeptide folding, protein transport, assembly of oligomeric complexes, and repair of misfolded proteins (133). In addition, chaperones can also facilitate the degradation of folding-incompetent proteins, thereby preventing their aggregation (133, 135). The C-terminus of Hsc70-interacting protein (CHIP) is a central player in chaperone-mediated degradation (136, 137). CHIP binds with the constitutively expressed HSP70/HSC70 chaperones and members of the ubiquitin conjugating enzyme, such as the Ubc4/5 family, to initiate chaperone substrate sorting to the proteasome or lysosome (135, 138). BAG family molecular chaperone regulator 1 (BAG1) is a co-chaperone which functions as a nucleotide exchange factor triggering ADP dissociation from HSP70/HSC70 proteins and thereafter promoting chaperone substrate release (139). Interestingly, BAG1 can also simultaneously bind to the proteasome via its Ub-like (UBL) domain thereby providing a functional link between chaperones and the proteolytic machinery (140). Conversely, the co-chaperone HSPBP1 attenuates CHIP ubiquitin ligase activity when it is complexed with HSP70/HSC70 and thus inhibits CHIP-mediated degradation (141). Notably, both CHIP and BAG1 exert cytoprotective effects in the heart following ischemia-reperfusion injury (142, 143).

In addition to CHIP and HSP70, chaperones such as HSP20, HSP90, and αB-crystallin (CryAB) are also induced in cardiomyocytes in an effort to buffer misfolded proteins during cardiac stress (137). Numerous studies have highlighted the protective role of these proteins in the heart (137). For instance, HSP90 appears to be cardioprotective in both doxorubicin-induced heart failure and high-glucose induced cell injury (144, 145). Moreover, cardiac specific over-expression of HSP20 attenuates apoptosis, reduces infarct size, and improves cardiac function in mice following ischemia-reperfusion injury (146). Mutations which impair the function of chaperones have been implicated in numerous diseases including cardiomyopathies (147). Pre-clinical studies have demonstrated that transgenic mice expressing an R120G-missense mutation in CRYAB develop restrictive cardiomyopathies and manifest pathological characteristics similar to those observed in clinical desmin-related myopathy (DRC); aberrant protein aggregation in cardiomyocytes and cardiac dysfunction (148, 149).



ERAD

ERAD is an integral facet of the UPS pathway (150). It is an evolutionarily conserved PQC mechanism in mammalian cells that orchestrates the function of numerous proteins to maintain ER homeostasis (151, 152). Through ERAD, aberrant ER luminal and transmembrane proteins are recognized and retrotranslocated to the cytosolic face where they are modified by the ubiquitylation machinery. The E3 ligases implicated in ERAD include soluble proteins, such as PRKN, ubiquitin conjugation factor E4 A (UBE4A), and CHIP, and ER transmembrane proteins, such as synoviolin (also known as HRD1), TEB4, GP78, and RMA1 (150). ERAD substrates are commonly conjugated to Lys48- and Lys11-linked polyubiquitin chains (153). Once ERAD substrates are adequately ubiquitylated, they are extracted from the ER membrane into the cytosol by the p97-UFD1-NPL4 complex to facilitate their proteasomal degradation (154). As such, if this adaptive ERAD function is defective or insufficient, the UPRER activates destructive cell pathways by transforming into an alternative signaling platform known as the terminal UPRER (155–158).




The UPS in Cardiac Physiopathology

UPS activity is imperative in the heart as cardiomyocytes are highly susceptible to protein damage due to their constant exposure to metabolic and mechanical stress (159). Additionally, as terminally differentiated cells, cardiomyocytes possess minimal replicative potential; thus, failure to eliminate damaged proteins triggers excessive apoptosis, which is detrimental to the heart. Over the past decade, numerous clinical and experimental studies have documented impaired proteasome function, accumulation of ubiquitylated proteins, and alterations in the expression of UPS components in diseased hearts (159–164). Highlighting the importance of proteasomal integrity, cardiac proteasome inhibition induces heart dysfunction, and pathological hypertrophy in a preclinical mouse model (165). The pharmacological impediment of proteasome activity also leads to maladaptive structural and functional changes in pig hearts, which are consistent with a hypertrophic cardiomyopathy phenotype (166). Similarly, genetic inhibition of cardiac 20S proteasome promotes cardiac dysfunction in mice during systolic overload (138). Moreover, use of proteasome inhibitors (bortezomib, carfilzomib, and ixazomib), as targeted chemotherapeutics, is related to cardiovascular adverse events, including congestive heart failure (167). Of note, perturbations in UPS function have also been documented in doxorubicin-induced cardiotoxicity (168–170).

Inhibition of UBE2V1, a member of the E2 protein family, reduces protein aggregation in a CryABR120G-desmin related myopathy mouse model, improves cardiac function, and enhances survival in vivo (171). Likewise, it has been firmly established that E3 ligases play a significant role in the pathogenesis of heart diseases (Table 1). In a preclinical model of pressure-overload, MURF1 knockout mice displayed exacerbated cardiac hypertrophy in response to mechanical stress (176). Similarly, transgenic mice expressing mutations in Trim63, the gene encoding MURF1, develop cardiac hypertrophy (204). Moreover, Chip–/– mice challenged with ischemia-reperfusion injury were more prone to arrhythmias and had decreased survival rates (143). However, research on the pathological implications of DUBs in the heart is limited (Table 1). A recent study revealed that the expression of ubiquitin carboxyl-terminal hydrolase isozyme L1 (UCHL1) was increased in the cardiomyocytes of hypertrophic and failing hearts (199). Overexpression of UCHL1 exacerbates pressure-overload induced cardiac hypertrophy and dysfunction, which can be reversed by systemic administration of the UCHL1 inhibitor LDN-57444 in mice (199). These studies demonstrate the detrimental effects of UPS malfunction in the myocardium.


Table 1. The role of the ubiquitylation pathway in cardiovascular disease.
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Furthermore, Doroudgar et al. demonstrated that HRD1 plays an essential role in the adaptive ERSR in cardiomyocytes and that cardiac-specific overexpression of HRD1 preserves cardiac structure and function in a mouse model of pathological cardiac hypertrophy (197). Moreover, overexpression of Derlin3, a component of the ERAD retrotranslocation channel, enhances ERAD-dependent disposal of misfolded proteins, attenuates exorbitant ERSR, and reduces caspase activity in response to ischemia/reperfusion injury (205). Conversely, knockdown of Derlin3 impairs the clearance of misfolded ER proteins and augments ischemia-mediated cell death in cardiomyocytes (205). Collectively, these findings suggest that ERAD-associated UPS plays a crucial role in myocardial viability and underscore the importance of PQC mechanisms in the setting of cardiac injury.



The UPS in DCM


The E3 Ubiquitin Ligases in DCM

The E3 ubiquitin ligases participate in cardiac metabolic regulation, by regulating numerous transcription factors involved in DCM (206) (Figure 5). FOXO1 has emerged as an influential player in the pathogenesis of DCM, which is overactivated in the hearts of murine models of T2DM. This aberrant activation is associated with the development of cardiomyopathy, evidenced by the cardiac-specific deletion of FOXO1 ameliorating high fat diet-induced cardiac dysfunction and preserved insulin responsiveness (80). At the molecular level, several E3 ubiquitin ligases, including CHIP, MDM, and COP1, regulate FOXO (190, 207, 208), as a consequence, the functions of FOXOs are subdued by virtue of their ubiquitin-mediated proteasomal degradation.
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FIGURE 5. Diabetes-induced cardiac UPS dysfunction. Diabetes induces metabolic alterations in the heart that cause proteasome dysfunction in cardiomyocytes. Proteasome impairment may induce cardiomyopathy through multiple distinct mechanisms such as accumulation of misfolded proteins, enhanced apoptotic activity, contractile dysfunction and activation of calcineurin-NFAT pathway (Left). The E3 ligases regulate key transcription factors involved in DCM (Right). Created with Biorender.com.


In addition, GATA4, a member of the GATA zinc-finger transcription factor family, is abundantly expressed in the heart. GATA4 regulates the transcription of numerous cardiac genes, including those involved in myocyte growth and survival (209). In both STZ-induced type 1 diabetic mice and db/db type 2 diabetic mice, GATA4 protein levels are significantly diminished in the heart (210), which is likely associated with the E3 ubiquitin ligase, CHIP (210).

Furthermore, PPARα is a member of the PPAR subfamily of nuclear receptors and acts as a prominent regulator of myocardial fatty acid utilization (211). Transgenic mice with cardiac-specific PPARα overexpression showed cardiac insulin resistance, reduced glucose utilization, lipid accumulation, and cardiomyopathy (212). MG53, an E3 ubiquitin ligase, and MURF1 are both regulators of PPARα (186, 213). Increased protein levels of MG53 results in a DCM-like phenotype (186). Mechanistically, not only does MG53 deteriorate insulin sensitivity, it also positively regulates PPARα, thereby inducing an energy source shift of glucose to fatty acid oxidation (186). Of interest, both MG53 and PPARα were also elevated in the hearts of db/db mice, HFD-induced obese mice, and rhesus monkeys with a spontaneous metabolic syndrome characterized by obesity, hyperlipidemia, and hyperglycemia (186). Moreover, MURF2 and MURF3 attenuate cardiac PPAR isoform activities and protect against DCM in HFD-challenged mice (177, 179).

Finally, the nuclear factor erythroid 2-related factor 2 (NRF2) is the master regulator of the cellular antioxidant response. NRF2 exerts transcriptional action on antioxidant genes through binding to the antioxidant response element (ARE), such as quinone oxidoreductase 1 (NQO1) (214), heme oxygenase-1 (HO1) (215), and superoxide dismutase 1 (SOD1). In addition to its antioxidant capabilities, NRF2 also enhances the clearance of toxic ubiquitylated proteins in the heart (216, 217). KEAP1, as an adaptor of the CUL3-RBX1 E3 ubiquitin ligase, binds NRF2, leading to its ubiquitylation and subsequent proteasomal degradation (218, 219). Human diabetic hearts show a significant reduction in NRF2 protein expression (220), associated with early-onset maladaptive cardiac remodeling and heart failure (220, 221). Both oxidative stress and misfolded proteins synergistically contribute to DCM; therefore, KEAP1 and the CUL3-RBX1 E3 ubiquitin ligase complex represent promising therapeutic targets for diabetic heart disease.



The Cardiac Proteasome in DCM

Diabetes induces both structural and functional alterations in the proteasome (Figure 5). In a recent study, Li et al. reported that STZ-induced diabetic mice exhibit a severe and progressive decline in cardiac proteasome activity, evidenced by a cumulative increase in GFPdgn (UPS function reporter) and Lys48-linked ubiquitylated protein levels in the heart (222). These alterations in proteasome activity precede the onset of cardiac dysfunction and thus could potentially play a pathogenic role in diabetic heart disease. In line with this, proteasome functional insufficiency was also reported in the myocardium of Sprague–Dawley rats subjected to T1DM, accompanied by higher levels of ubiquitylated and oxidized proteins (223). Taken together, these studies suggest that diabetes induces dissonance in proteasome activity and thereby distorts myocardial proteostasis.

Although the regulatory events underpinning these observations remain largely elusive, there are multiple mechanisms by which diabetes could lead to proteasome dysfunction, such as ATP depletion, oxidative stress, calcium imbalance, and diabetes-induced posttranslational modifications. ATP is required for both ubiquitin conjugation and the activation of the proteasome (224). Cardiomyocytes subjected to severe ATP depletion manifested profound proteotoxicity and stress-induced cell death (225). As such, reduced ATP levels, as observed in diabetic hearts (226–228), likely contribute to proteasome dysfunction.

Likewise, oxidative damage to proteasome subunits affects proteasome activity (229). Oxidation of the 19S regulatory particles Rpt3 and Rpt5 impairs the degradative capacity of the 26S proteasome (230). Bulteua et al. demonstrated that oxidation of the 20S proteasome also blocks proteasomal peptidase activity (231). Consistently, treatment with the NSAID meclofenamate sodium resulted in increased oxidative stress and concomitant oxidation of proteasome subunits, reducing proteasome activity (159, 232). Moreover, mitochondrial dysfunction-associated accumulation of 4-HNE, a secondary product of lipid peroxidation, directly inhibits the proteasome activity in failing rat heart (233). On the other hand, hyperglycemia-induced oxidative stress promotes aberrant cellular Ca2+ homeostasis (234, 235), subsequently leading to the accumulation of misfolded proteins and proteasomal overload. Altered cellular Ca2+ concentrations may influence the activity of the proteasome more directly by modulating the activity of Ca2+-binding proteins that interact with the proteasome. For instance, calmodulin binds to several non-ATPase subunits of the 26S proteasome and could alter proteasome activity (236).

Cardiac proteasome activity is influenced by posttranslational modifications, such as SUMOylation, glycosylation nitrosylation, and phosphorylation (237), which could be modified by the diabetic myocardial environment (222). Accordingly, protein kinase CβII (PKCβII), a classical PKC isoform, phosphorylates, and inhibits the proteasome activity in failing rat hearts (238). Treatment with a PKCβII inhibitor improves cardiac PQC, function, and survival (238). Abnormal proteasome activity compromises cardiac function through numerous mechanisms (239). Primarily, proteasomal derailment induces cardiac contractile inefficiency by impairing sarcomeres (239). Two parallel processes, assembly, and degradation, are necessary to maintain sarcomere integrity (175). The degradation of sarcomeric proteins is regulated almost exclusively by the UPS (240). Also, proteasome inhibition activates the calcineurin-NFAT pathway in the heart (241), which induces pathological hypertrophic growth (242). Finally, proteasome inhibition has been shown to induce apoptosis in cultured cardiac myocytes (243, 244).





AUTOPHAGY

Autophagy is the homeostatic process through which cellular components are delivered to the lysosomes for degradation into their basic units. The cargo managed by the autophagic process includes insoluble and large misfolded proteins that cannot be degraded by the UPS (245), protein aggregates (246), and the proteasome itself (247). Autophagy can be triggered in the heart by various stress signals, such as nutrient deprivation, the absence of growth factors, and UPS malfunction (248).


Autophagy Process

Autophagy comprises three types of processes (249). Macroautophagy (hereafter referred to as autophagy) requires the formation of double-membrane vesicles, named autophagosomes, to sequester cytoplasmic components and organelles. Fully developed autophagosomes are fused with the lysosomes, where lysosomal hydrolases break down all the elements contained, including the inner membrane. The second type, microautophagy, is when cytoplasmic components are engulfed and degraded through the invagination of the lysosomal membrane. The third type, chaperone-mediated autophagy (CMA), is the process through which proteins exposing a KFERQ motif are translocated into the lysosomes. Approximately 75% of the human proteome has potential KFERQ motifs (250). Even though autophagy and microautophagy are bulk processes engulfing everything in a section of the cytoplasm, they also function selectively. Organelle (251) and protein aggregate (252) labeling consists of ubiquitination, a process shared with the UPS (253). This label is recognized by autophagy receptors such as p62/sequestosome 1 (SQSTM1), BCL2/adenovirus E1B 19 kDa protein-interacting protein 3 (BNIP3), and BNIP3-like (NIX) (254). Selective autophagy is vital to prevent proteotoxicity and promote cellular survival.

The autophagic molecular machinery consists of numerous autophagy-related proteins (ATG), directing all the stages of autophagy: initiation, elongation, maturation, and degradation (Figure 6A). Initiation begins with ATG1, also known as ULK1, forming the serine/threonine-kinase ULK complex. This complex phosphorylates the class III phosphatidylinositol 3-kinase complex I (PI3KC3-C1) containing beclin 1 (BECN1). The latter complex produces phosphatidylinositol 3,4,5-trisphosphate (PIP3), initiating the formation of the phagophore. Elongation is driven by the lipidation of microtubule-associated proteins 1A/1B light chain 3 (LC3) by ATG7 and the ATG5/ATG12 complex, during which LC3-I is conjugated with phosphatidylethanolamine to form LC3-II. This process allows the incorporation of LC3-II into the membrane and stabilization of the phagophore. At this stage, the autophagy receptors recognize labeled components and bind to LC3-II. When the autophagosome is closed, small GTPases of the Ras-related protein in brain (RAB) family recruit tethering proteins to anchor the autophagosome and the lysosome together, while snap receptor (SNARE) proteins and lysosome-associated membrane glycoprotein 2 (LAMP2) regulate their fusion (255), this is the maturation to autolysosome. A variety of enzymes in the autolysosome carry out the degradation process, after which the macromolecules are released into the cytosol for anabolic reactions.
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FIGURE 6. Summary of the autophagic processes. (A) A series of protein complexes drive autophagosome formation and fusion with the lysosome. The autolysosome breaks down misfolded proteins, protein aggregates, and organelles using a variety of hydrolases. Misfolded proteins are directed to selective autophagy through ubiquitination and detection by SQSTM1/p62. Adapted from Ciechanover et al. (10) and used under CC BY 3.0. (B) During CMA, proteins containing the KFERQ motif are recognized by the chaperone HSC70 and translocated directly into the lysosome by a complex of LAMP2A proteins stabilized with HSP90 chaperones. (C) Mitophagy is the selective degradation of nonfunctional mitochondria that have been labeled by the PINK1/PRKN system. Adaptor proteins such as SQSTM1 recognize the ubiquitinated proteins and linking it to the growing autophagosome. The receptor-mediated mitophagy is independent of PINK1/PRKN labeling, but directed by receptors, such as BNIP3 and NIX, which also contain LC3-binding domains.


Molecular chaperones also have a significant role in all three types of autophagy mediating selectivity and stability of the processes. If protein refolding fails, they can also direct cargo for degradation. The function of chaperone heat shock cognate 71kDa protein (HSC70) was first described in CMA. HSC70 recognizes the KFERQ motif in proteins and facilitates their translocation into the lysosome through LAMP2A (249). A second chaperone, heat shock protein (HSP90) enhances binding of the substrates and LAMP2A stability (256) (Figure 6B). Furthermore, HSC70 was later associated with the targeting of cytosolic proteins toward endosomal microautophagy (257) and chaperone-assisted selective autophagy (CASA), both of which can manage the degradation of protein aggregates (258). The substrate and process specificity of chaperones participating in different types of degradation is believed to come from the formation of complexes with co-chaperones, whose availability depends on cell type and stress or stimulus conditions. For example, BAG3 is a co-chaperone that interacts with HSP70 and HSPB8 to trigger selective autophagy of aggregated proteins (259). Its counterpart, BAG1, guides proteins toward proteasomal degradation. Several other co-chaperones have been described (260); however, their specific part in cardiac function is still being explored.



Physiopathological Role of Autophagy in the Heart

Basal autophagic activity in the myocardium is required to prevent the accumulation of misfolded proteins and the recycling of essential components from defective organelles to sustain cardiac function. Mutations in autophagy-related genes are the cause of dilated cardiomyopathies. The most common is Danon disease (261), a mutation of the LAMP2 gene, characterized by the weakening of the heart, protein aggregation, accumulation of autophagic vesicles in the muscle, and cardiac hypertrophy. The multisystemic disorders rising from loss-of-function mutations in the EPG5(262), PLEKHM2 (263), and BAG3 (264–266) genes have significant cardiovascular manifestations and are the result of defective autophagy. On the contrary, inducing autophagy ameliorates desmin-related cardiomyopathy by clearing the protein aggregates that originate from the mutation of the CRYAB gene (267). Additionally, cardiomyocyte-specific ATG5 deletion in mice, since birth (268) and in the adult stage (269), caused systolic dysfunction and sarcomeric structure disarray without any further stress. Conversely, augmenting basal autophagy by ATG5 overexpression (270) or BECN1 mutation to prevent its association with BCL2 (271) increased longevity in mice. A certain capacity for autophagic processing is elementary for normal cardiac function, and its sustenance counteracts proteotoxicity.

Cardiac autophagic flux is strongly induced by fasting (272), caloric restriction (273), exercise (274), and in neonatal mouse hearts after the placental supply is interrupted at birth (275), which is pivotal for cardiac contractility and survival (276, 277). Fasting and caloric restriction stimulate autophagy in the heart through 5′-AMP-activated protein kinase (AMPK) phosphorylation (272, 273) and increased SIRT1-mediated FOXO1 activity (278). Upon nutrient restoration after birth, insulin and amino acids moderate autophagy. Insulin signaling inhibits autophagy through AKT serine/threonine kinase 1 (AKT)-mediated activation of the mechanistic target of rapamycin kinase complex 1 (MTORC1), an autophagy inhibitor. When postnatal autophagy inhibition was disrupted by genetic deletion of the insulin receptors, cardiomyocyte death, and heart failure occurred due to excessive autophagy (279). Unrestrained autophagy was diminished by the supplementation of amino acids, which suppressed autophagy (279) through RAG protein family regulation of MTORC1 (280). On the other hand, in exercised mouse hearts, AMPK activation promoted the expression of autophagic genes (274) and dissociated the BCL2/BECN1 complex to increase autophagy level (281). However, in the long-term, exercise increased the autophagic capacity by augmenting LC3 expression in cardiac muscle without boosting autophagic flux (282). Nevertheless, this increased capacity limited cardiac injury and improved function after myocardial infarction (283, 284). These observations suggest that the regulation of autophagy by exercise is multifaceted and adaptive.

The role of autophagy in cardiac disease has been more challenging to determine, since it can be adaptive or maladaptive depending on the specific pathology and pathogenesis stage. The presence of abnormal protein aggregation in the myocardium of dilated cardiomyopathy patients was associated with impaired cardiac autophagy (12), while the detection of autophagic vacuoles was associated with improved heart failure prognosis (285). In preclinical studies, myocardial ischemia-induced autophagy in mouse (286) and swine models (287), moderating apoptosis, and autophagy induction, in turn, limited myocardial injury (272, 288, 289). Autophagy was reduced after prolonged pressure overload in mouse hearts, and ATG5 deletion aggravated cardiac remodeling and performance (269). These results indicate that autophagy is required to preserve cardiac function in response to pathological stresses. However, excessive BECN1 expression and autophagosome formation were found to be detrimental during reperfusion (290) and pressure overload (291), also in mouse studies. The seemingly confusing outcomes could be explained by the discovery that BECN1 association to the Rubicon protein was able to inhibit autophagic flux by interfering with autophagosome maturation (292), which has been recently termed autosis (293), a form of cell death. In addition, substantial evidence indicate that maladaptive autophagy was observed in atrial fibrillation by the degradation of cardiac troponin I/T (294) and calcium channel CAV1.2 (295), resulting in contractility and electrical alterations. Collectively, adaptive autophagy is essential to cardiac health, whereas either insufficient or excessive autophagy is detrimental.



Autophagy in DCM

The elucidation of the role of autophagy in DCM has been intricate due to the complexities of the disease and the duality of the nature of autophagy. In T2DM, autophagic flux is increased in the early stages of disease (296) and later reduced, with cardiac function improvement mostly being associated with therapeutic restoration of the autophagic flux (297–305). Increased expression of autophagy proteins was observed in human atrial samples and obese mouse myocardium, while fractional shortening was maintained (306). However, impaired autophagy by long-term chloroquine administration (300) or cardiac ULK1 deficiency was detrimental for cardiac function in obesity, resulting from fibrosis and apoptosis (297). On the contrary, boosting autophagic flux in a later stage by rapamycin administration improved systolic performance in high-fat diet (HFD)-induced diabetes (302). It has been suggested that autophagy contributes to high fructose-induced cardiomyopathy (307); nonetheless, these samples also displayed signs indicating that autophagic flux might have been blunted. In myocardial samples of obese and T2DM patients, amylin aggregates were detected and found to induce cardiac dysfunction (308). These aggregates, also known as islet amyloid polypeptide (IAPP) oligomers, disrupted autophagy-associated disposal, increasing their toxicity (309, 310). All together, autophagy is stimulated in T2DM stages with preserved cardiac function, while its abnormalities likely cause the onset and development of DCM and heart failure.

In T1DM models, the regulation and function of autophagy in the heart are elusive. Cardiac autophagy could be enhanced at an early time point (311); nonetheless, most evidence indicates it is suppressed. More importantly, preclinical experiments suggest that autophagy inhibition could be therapeutic in this case. Cardiac BECN1 overexpression in streptozotocin (STZ)-induced diabetes aggravated cardiac function (312). Conversely, autophagy reduction by BECN1 insufficiency and hypomorphic ATG16 improved echocardiographic measurements and hemodynamic analysis in the same model and in OVE26 mice, which develop severe early-onset T1DM due to deficient insulin production. Of note, even though autophagic flux was diminished, the functional improvements were accompanied by increased expression of RAB9 (312), which directed a non-canonical form of autophagy (313); therefore, it is speculated that non-canonical autophagy fulfills beneficial effects in T1DM. Akin to observations in T2DM patients (308), STZ-injected mice displayed toxic cardiac protein aggregation that can be improved by boosting autophagy (314). Interestingly, in T1DM and T2DM, CMA was found to be promoted even after autophagy was suppressed; however, evidence showed it could be contributing to metabolic inflexibility (7). As such, the molecular mechanisms underlying cardiac autophagy in DCM require further investigation.

Despite the distinct etiologies and biochemical stresses present in T1DM and T2DM, a few regulatory pathways have been demonstrated to be involved in autophagy suppression and the development of cardiac dysfunction (Figure 7). AMPK phosphorylation is reduced in the hearts of a number of DCM mouse models, including OVE26 (315), STZ-induced (316), diet-induced (302), and genetically obese mice. In OVE26 mice, the stimulation of AMPK phosphorylation by metformin restored autophagy and cardiac dysfunction (315). AMPK-mediated autophagy regulation is attained through numerous molecular mechanisms (316, 317), but mainly through repression of MTORC1 activity (302, 304, 318). MTORC1 suppresses autophagy by phosphorylating ULK1 (319, 320) and transcription factor EB (TFEB) (321), a master regulator of autophagy gene expression. Cardiac TFEB is suppressed in both T1DM and T2DM (322). AKT, mitogen-activated protein kinases 1 and 3 (ERK1/2), and the SIRT family are additional nodal points for autophagy regulation in DCM. AKT (57) and ERK1/2 (323) inhibited autophagic flux in the hearts of obese mice through MTORC1 activation. Strikingly, cardiac Akt2 knockout preserved cardiac function in high-fat diet-induced obesity by rescuing cardiac autophagosome maturation (301). In contrast, SIRT3 and SIRT1 were downregulated in both STZ-induced (324) and HFD-induced diabetic hearts (325). Consistently, SIRT3 (326) and SIRT1 (327) mediated the cardioprotective effects of resveratrol observed in T1DM by enhancing autophagic flux via activation of FOXO3A (324) and FOXO1 (327). As such, MTORC1, AKT, and ERK1/2 act as negative regulators of autophagy during the development of DCM, while AMPK and the SIRT family are considered as the enhancers.
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FIGURE 7. Dysregulation of autophagy in the diabetic heart. AMPK and SIRT1/3 inhibition, in addition to AKT and ERK1/2 stimulation, impair autophagy gene transcription, and autophagosome initiation via MTORC1, TFEB, and FOXO1/3 regulation. Decreased dissociation of the BECN1/BCL2 complex augments apoptosis, while increased association of BECN1 with Rubicon blunts autophagosome maturation. MiRNAs altered in diabetes interfere with autophagy by acting on players such as MTORC1, FOXO1/3, and BECN1.


More recently, non-coding RNAs have been found to be involved in numerous mechanisms underlying the development of DCM, with some of them regulating autophagy. Dysregulation of miRNAs was analyzed in the left ventricle of diabetic mice after STZ-injection, revealing that mir30a, mir133a, mir212, and mir221 are particularly associated with autophagy regulation. Among them, mir212 and mir221 were significantly upregulated in diabetic ventricles and even remained increased after insulin treatment (328), suggesting that they are likely involved in cardiac deterioration even with proper glycemic control. Mir212 targets Foxo3a (329), while mir221 targets p27 mRNA, modulating MTORC1 activity (330), both of which inhibit autophagy. Additionally, mir30d also targets Foxo3a to suppress autophagy in DCM (331). On the other hand, mir30c targets Becn1, and cardiac overexpression of this miRNA improved cardiac function in genetically obese mice (332), possibly by decreasing BECN1-Rubicon association (292) and improving autophagosome clearance. Lastly, the long non-coding RNA H19 is downregulated in the heart of STZ-induced diabetic rats, allowing for increased MTORC1 signaling and suppressed autophagy (333). Therefore, emerging evidence demonstrates that non-coding RNA regulation of autophagy also acts as potential therapeutic targets for treating DCM.



Mitophagy in DCM

Even though mitochondria possess their own UPR, proteotoxic stress or damage can surpass their capacity, requiring a more robust response. Mitochondria can be selectively targeted for autophagy. Without adequate mitochondrial clearance, remaining damaged mitochondria are unable to meet ATP demand, produce excessive ROS, and promote cell death and inflammation (195). Mitochondrial autophagy, termed mitophagy, is directed by the serine/threonine-protein kinase PINK1 (PINK1) phosphorylating the E3 ubiquitin-protein ligase PRKN (PRKN) and fostering mitochondrial protein ubiquitination. The adaptor proteins SQSTM1, neighbor of BRCA1 (NBR1), nuclear dot protein 52 (NDP52), optineurin (OPTN), TAX1BP1 (TBK1), BNIP3, and NIX link damaged mitochondria to autophagosomes for their degradation (334) and can sometimes induce PINK1-independent mitophagy (Figure 6C). PINK1 deletion results in mitochondrial dysfunction, oxidative stress, and cardiomyopathy (335). Similarly, knocking out cardiac PRKN in mice accelerated the development of systolic dysfunction after HFD-feeding, accompanied by the accumulation of dysfunctional mitochondria and lipids (296). ULK1 (336) and RAB9-dependent (312) mitophagy has also been observed in the hearts of diabetic mice, and its impairment aggravated cardiac function. However, the levels of these proteins continued to increase when diastolic (336) and systolic dysfunction (312) were detected; therefore, there is doubt on whether alternative mitophagy could be sufficient to sustain cardiac function during metabolic stress.

Impaired mitophagy is a major contributor to the pathogenesis of DCM. In a compensated stage of HDF feeding, mitophagy is upregulated by the general autophagy ATG7-dependent mechanism, and disrupting mitophagy by deleting cardiac PRKN expression accelerates the appearance of cardiac dysfunction (296). Consistently, PINK1 and PRKN levels were found to be downregulated in the myocardium of STZ-induced and OVE26 diabetic mice with systolic dysfunction (312). Different mechanisms have been proposed to contribute to the loss of mitophagy after metabolic stress. MST1 was found to inhibit cardiac mitophagy in the hearts of diabetic mice via SIRT3- mediated PRKN suppression (196). SIRT3 and PRKN activities were ameliorated by melatonin (337) and icariin administration (338), resulting in improved mitochondrial function. In pancreatic islets and hepatocytes from obese mice, an increase in P53 protein suppressed mitophagy by direct interaction of P53 and PRKN, blunting mitochondrial uptake by autophagosomes (339, 340). Lipid metabolism was associated to HFD-induced PRKN reduction, given that stimulation of lipid catabolism by overexpressing acetyl-coA 2 (ACC2) restored mitophagy and cardiac function in mice (341). Adequate mitochondrial morphology and dynamics are also vital to facilitate mitophagy during DCM. HFD feeding induced dynamin-related protein 1 (DRP1) activity in the hearts of mice and monkeys. DRP1 is the primary regulator of mitochondrial fission, and its increased activity suppressed mitophagy and resulted in cardiac inflammation and heart failure (342, 343). On the contrary, myocardial samples of ob/ob mice showed reduced levels of mitofusin 2 (MFN2), the lead regulator of mitochondrial fusion. Restoration of MFN2 expression in cardiomyocytes exposed to high-glucose and high-fat treatment recovered mitochondrial membrane potential and function (344). MFN2 also promotes PRKN translocation and mitophagy in cardiomyocytes (345). Albeit the need to continue exploring the mechanisms governing mitophagy during DCM, its role in maintaining mitochondrial quality has been acknowledged.




CROSSTALK BETWEEN PQC SYSTEMS

The different PQC systems act as an integrated stress response. They are interconnected and regulate each other at the transcriptional and protein level, and this interdependence is relevant for health and disease. For instance, the UPS downregulates autophagy by processing transcription factors, such as P53, NFkB, HIF, and FOXO (346), and autophagy components, such as BECN1 (347, 348), LC3, p62, and ULK1(346). In cancer cells, chemotherapy resistance to bortezomib, a proteasomal inhibitor, arises from the induction of autophagy as a compensatory mechanism (349). The combination of bortezomib with hydroxychloroquine improved the treatment outcome (350). In turn, proteasomes can be degraded by autophagy. Amino acid starvation-induced autophagic activity also enhances polyubiquitination of 19S regulatory particle, targeting it for autophagic uptake and decreasing proteasomal activity level (351, 352).

Similarly, the UPRER components, ATF6, CHOP and IRE1 are degraded by the UPS, while two UPRER branches, PERK-ATF4 and IRE1-XBP1 regulate the expression of UPS components (346). IRE1 is handled through direct interaction with the ERAD complex SEL1-HRD1 and during ER stress, this interaction is broken for UPRER initiation (353). At the same time, IRE1-XBP1 pathways stimulate the transcription of SEL1L and HRD1 for further UPS function of misfolded proteins (354). This self-modulating feedback loop prevents overactivation and ER-mediated cell death. In db/db mice, cardiac expression of HRD1 is reduced, suggesting blunted ERAD activity contributes to prolonged ERSR (355). On the contrary, in doxorubicin-induced cardiomyopathy, UPS activity was observed to be increased (168, 169), perhaps furthering the impairment of UPRER function (356). Even though the goal of all PQC system is the restoration of protein homeostasis, the impact of each one in cellular function under stress conditions differs.

Clear links between the UPRER, UPS, and autophagy have been acknowledged; however, few of them have been explored in the diabetic heart. Both IRE1 and PERK branches of the UPRER induce autophagy by promoting BECN1/BCL2 dissociation and upregulating autophagy genes, such as ATG12, BECN1, and LC3. In addition, ER calcium release can stimulate the Ca2+/calmodulin-dependent kinase kinase β (CaCMKKβ) that phosphorylates and activates AMPK, resulting in autophagy stimulation (357). UPS malfunction has also been found to provoke autophagy through NRF2-mediated SQSTM1 upregulation (358) and calcineurin-TFEB activation (165), suggesting that autophagy acts as a compensatory mechanism upon proteasomal insufficiency. Proteasomal insufficiency was detected in diabetic hearts previous to cardiac dysfunction (UPS section); therefore, it is possible that these mechanisms contribute to autophagy induction in early stage of DCM. On the other hand, autophagy suppression inhibits UPS function due to the accumulation of SQSTM1 that drives the excessive sequestration of ubiquitinated proteins in protein aggregates, preventing proteasomal degradation (359). Autophagy inhibition in late DCM could be aggravating UPS malfunction and further damaging cardiac function. The exploration of these crosstalks in the heart of diabetes patients and animal models could clarify the status of PQC components and regulatory mechanisms.



THERAPEUTICS

Proper regulation of the PQC system in the myocardium is vital to maintain cardiac physiology and preserve heart performance in response to pathological stresses. Studies on the alterations and regulation of PQC in the heart in the fact of diabetes mellitus have provided new insights into the molecular pathogenesis of DCM, as well as delivered proof-of-concept evidence that the fine-tuned modulation of the UPRER, UPS, and autophagic event is a potential therapeutic strategy to treat DCM and prevent heart failure in the diabetic populations.


Targeting the UPRER

As a metabolic disorder, DCM embodies subsequent UPRER events, where protective ER response is dominant in early stages, followed by decreased UPRER signaling, and ultimately, irreversible ERSR associated with structural abnormalities in the myocardium (360). Therefore, potentiating initial UPRER activation to restore protein homeostasis and impeding ER apoptotic response to prevent cell death qualifies as a therapeutic strategy for managing ER stress in DCM (17, 51). Interestingly, exercise, a known physiological UPRER inducer, mitigated apoptotic ERSR by reducing CHOP and caspase 12 expression, and augmented cardiac function in STZ induced type 1 diabetes (361). This suggests that exercise is beneficial by restoring protein homeostasis.

Modulation of the UPRER sensors and GRP78 restores cellular homeostasis and improve heart function in multiple cardiovascular disorders. Although GRP78 overexpression is cardioprotective in hypoxia-induced injury (362), normalizing GRP78 is shown to be beneficial for disorders with overactivated UPRER such as DCM. Moreover, chemically enhancing IRE1-XBP1 (363) and ATF6 activity (364) reduced ER-associated apoptosis following myocardial infarction. Contrastingly, IRE1 and PERK inhibition alleviated atherosclerosis development and decreased cell death in cardiac arrhythmias, respectively. As stated above, PERK and ATF6 hyperactivation are deleterious in the diabetic heart, indicating that our UPRER knowledge is incomplete in the context of different cardiac etiologies. Nonetheless, the pharmacological modulation of UPRER signaling following numerous diabetic stresses has dramatically increased in the past few years (Table 2).


Table 2. UPR-targeting drugs.
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Poor glycemic control is associated with increased ER stress and decreased function in the diabetic heart. Sodium-glucose cotransporter 2 (SGLT2) inhibitors as an effective-glucose lowering therapy showed robust cardioprotective outcomes in clinical trials (371) and pre-clinical studies (372) by reduced ER-mediated apoptosis following oxidative stress. However, glucagon-like peptide 1 (GLP-1) agonists are shown to exacerbate heart failure or have no significant cardiovascular outcome in T2DM patients (371). GLP-1 agonists are cardioprotective in DCM rodent models by inhibiting UPRER signaling and ER-mediated apoptosis (368–370, 381). Therefore, these drugs fall short of mitigating heart failure in diabetes patients, possibly due to inhibition of adaptive ERSR. Also, metformin (382) and thiazolidinediones (TZD) (367) lower cardiovascular events in T2DM patients by its antihyperglycemic effects. Meanwhile, in pre-clinical studies, metformin also induced the protective UPRER function (365, 366), and TZDs improved insulin sensitivity by upstream mediated attenuation of inflammation and ER-associated apoptosis (69), thereby ameliorating cardiac function in diabetes. Taken together, clinically antihyperglycemic drugs fulfil cardioprotective role in DCM, although their function on UPRER needs to be further confirmed.

Multiple approaches are being employed to improve cardiac function by the administration of anti-ER stress chemicals, which may facilitate UPRER action (60). Chemical chaperones restored the UPRER, which attenuates maladaptive ERSR under pathological stresses (383), including diabetes (71, 384). 4-phenyl butyric acid (4-PBA) and tauroursdoeoxycholic (TUDCA) improved heart function in doxorubicin-induced cardiomyopathy (356), emphasizing their potential as cardioprotective drugs. Moreover, these chaperones can reduce ER protein load in cardiomyocytes by reducing fatty acid uptake (380) and normalizing GRP78 expression (64) in T2DM rat models. Additionally, TUDCA is currently employed in three clinical trials in amyloid cardiomyopathy associated with the onset of type 1 diabetes (385). Of note, given the ubiquitous nature of UPRER signaling, these multi-organ targeting drugs may have off-target effects. Therefore, further clarification of specific drug targets is of considerable significance to improve the efficacy of these drugs as DCM therapy.

Other strategies to target ER stress as DCM therapy include antihypertensives, antioxidants, and antiinflammatory compounds. Besides the metabolic alterations, increased angiotensin II signaling in diabetes also induces ER stress in the heart (60). The antihypertensive drugs, such as valsartan, are shown to downregulate CHOP expression and reduce cardiac remodeling in DCM (373, 374). On the other hand, phytochemicals, such as matrine, have attracted attention in attenuating maladaptive ERSR (376) and preserving UPRER signaling (61, 377), subsequently improving cardiac function in STZ-induced DCM. Moreover, vanadium derivative (55) and endogenous hormones, such as melatonin (379) and FGF21 (386, 387), have been investigated for their cardioprotective role by suppressing oxidative stress-mediated ERSR and cell death in T2DM. Furthermore, targeting upstream regulators of UPRER signaling, such as SIRT1 (76, 375), might be beneficial as DCM therapy. Therefore, these molecules may be further developed as novel therapeutic agents with clinical efficacy to target UPRER signaling in DCM. In conclusion, since targeting UPRER signaling is a two-edged sword, proper UPRER regulation is essential to restore protein homeostasis in the cardiomyocytes, while inappropriate suppression of ERSR may have unpredictable effects on cardiac function in DM populations.



Targeting the UPS


Targeting the Proteasome

Given its indispensable role in maintaining cellular proteostasis, the proteasome is a potent therapeutic target to treat proteotoxic stress in the heart. Benign enhancement of proteasomal function by overexpression of the 11S proteasomal subunit PA28α markedly reduced aberrant protein aggregation and cardiac hypertrophy in a mouse model of CryABR120G proteinopathy (388). Likewise, cardiac-specific proteasome enhancement partially improved right ventricular dysfunction and survival in mice subjected to pressure overload (389). More recently, Li et al. reported that restoration of proteasome function facilitated by PA28α overexpression preserves cardiac hemodynamics and ameliorates diabetes-induced pathological cardiac remodeling in STZ-induced diabetic mice (222). These salient findings suggest that genetic proteasome enhancement restores PQC and improves cardiac function in response to various pathological conditions, including metabolic stress.

Pharmacological stimulation of cAMP-PKA and cGMP-PKG signaling by phosphodiesterase (PDE) inhibitors can also activate cardiac proteasome activity. The synthesis of cAMP and cGMP is mediated by adenylyl cyclases or guanylyl cyclases, respectively, whereas their degradation is mediated by PDEs (149). Thus, inhibiting PDEs increases cellular levels of cAMP and cGMP. Eleven PDE families have been identified; among them, PDE1, PDE2, PDE3, PDE4, PDE5, and PDE8 are expressed in the heart (390). Ranek et al. (391) demonstrated that sildenafil, an FDA approved PDE5 inhibitor functioning on activation of PKG, stimulates proteasome peptidase activity, enhances the clearance of misfolded proteins, and decreases aberrant protein aggregation, thereby improving cardiac proteostasis. More recently, it has been reported that pharmacological inhibition of PDE1 (IC86430) increases cardiac proteasome function and accelerates proteasomal degradation of aberrant myocardial proteins in a PKA- and PKG-mediated manner (392). Strikingly, the administration of IC86430 at an overt disease stage markedly improved diastolic function and delayed premature death in CryABR120G mice (392). Conclusively, pharmacological enhancement of proteasome activity by stimulating PKA or PKG is likely a novel strategy to treat DCM by eliminating aggregation of damaged proteins and alleviating cellular proteotoxicity.



Targeting the E3 Ubiquitin Ligases

Due to their ability to regulate UPS, the E3 ubiquitin ligases represent promising drug targets for patients with diabetic heart disease. Hydrogen sulfide (H2S) is a gastotransmitter to maintain cardiovascular homeostasis, which is blunted in various cardiovascular diseases, including DCM (355). H2S primarily signals through a specific protein modification termed sulfhydration, whereby the thiol group of a reactive cysteine is converted to an hydropersulfide (–SSH) group (393, 394). Recent work by Yu et al. (355) has shown that exogenous H2S reduces translocation of the free fatty acid (FFA) transporter CD36 from intracellular stores to the plasma membrane by promoting sulfhydration of the ER-resident ubiquitin ligase, HRD1; thereby attenuating myocardial fatty acid uptake and lipotoxicity in db/db mice. More specifically, HRD1 S-sulfhydration regulates the ubiquitylation of VAMP3 (involved in CD36 trafficking) and promotes its degradation. Interestingly, H2S-generating compounds have been tested in various preclinical models of heart disease (395). For instance, SG-1002, an orally active H2S prodrug, attenuates cardiac dysfunction in HFD-induced type II diabetic mice (394). Of note, SG-1002 has been clinically investigated in patients with cardiovascular disease (396). Thus, H2S may hold therapeutic potential for the treatment of DCM.

Additionally, AMPK has been shown to regulate the transcription of two ubiquitin ligases in the heart; Atrogin-1 and MURF1 (397). AMPK activation leads to increased rates of UPS-mediated protein degradation, thereafter increasing amino acid availability for protein synthesis or ATP production as the heart adapts to a deteriorating metabolic milieu (397). In the diabetic heart, AMPK-mediated protein lysis is cardioprotective due to preserved PQC (22, 397). Numerous studies have reported that metformin improves clinical outcomes in patients with diabetic heart failure by activating AMPK (398–400); however, whether and how metformin regulates cardiac UPS in the progression of DCM requires further investigation.




Targeting Autophagy

Autophagy has been targeted for the treatment of cardiovascular disease; however, in DCM, it is not yet determined whether the induction or inhibition of autophagy has potential treatment effects. Preventive and therapeutic advice in diabetes includes lifestyle modifications, such as exercise and caloric restriction, which have been shown to induce cardiac autophagy and diminish the risk of cardiac events (401). Caloric restriction is sometimes supported by the prescription of appetite suppressors, among which adiponectin (302, 402), leptin (403), and GLP1 receptor agonists (404, 405) have also been proved to induce cardiac autophagy in diabetic models.

Pharmacological treatment for DCM relies mostly on the attenuation of the systemic derangements that lead to cardiac stress; nevertheless, several of these treatments are also able to activate autophagy in cardiac cells (Table 3). As mentioned above, one of the most widely prescribed insulin sensitizers is metformin. This AMPK activator improved cardiac function in animal DCM (315) and human heart failure (400). Similarly, improving glycemic control by other insulin sensitizers (302, 408–412), stimulating insulin secretion (413, 414, 416–418), or reducing glucose uptake in the renal tube (419–421) has cardioprotective effects, also restoring myocardial autophagy in DCM models. Lipid-lowering treatments (422, 423) and antihypertensives (424, 428, 452) enhanced myocardial autophagy in preclinical models of T1DM and T2DM through different molecular mechanims, such as calcium-mediated autophagosome-lysosome fusion and receptors modulation. Despite some conflicting results (453), the antioxidant supplements, resveratrol (327, 432, 433, 454, 455), spermidine (437–440), and epigallocatechin gallate (EGCG) (441–444) protected the heart in clinical and preclinical studies in both types of diabetes, also by regulating myocardial autophagy. While the systemic effects of these treatments are essential, the cardiac-specific regulation of autophagy is necessary for the maintenance of cardiac function in diabetes. Further research is required to delineate which drugs in each class are the most beneficial.


Table 3. Autophagy-targeting drugs.
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Some nondiabetic treatments also display benefits in cardiovascular health in diabetes through autophagy regulation. Suberoylanilide hydroxamic acid (SAHA), a histone deacetylase inhibitor, restored cardiomyocyte contractility in STZ-injected rats (445) and can promote cardiac autophagy (446). On the other hand, the granulocyte-colony stimulating factor (GCSF) stimulates bone marrow function and ameliorated diastolic dysfunction in rodent T2DM models (447, 456, 457) by downregulating autophagy (448). The antimalarial drug and lupus treatment hydroxychloroquine is mostly associated with high risks of cardiotoxicity and heart failure (458); nevertheless, it improved β-cell function in obese nondiabetic patients (449) and reduced glycemic levels in T2DM patients (450). Hydroxychloroquine represses autophagy by accumulating in lysosomes and inhibiting autophagosome fusion (459). Considering this, it remains to be explored whether reduced autophagy might be a therapeutic strategy in early stages of disease and whether targeting cardiac autophagy is an adjuvant strategy for the current metabolic treatments to prevent DCM and heart failure in the diabetic populations.




CONCLUSIONS

Accumulating evidence on the molecular pathogenesis of DCM has revealed the essential roles of proper cellular protein quality control in diabetes-associated heart disease. Upon diabetic stress, the PQC machinery senses, detects, and disposes of the damaged proteins by multiple processes, including the UPR, the UPS, and autophagy. Concerted action of the three cellular systems can tackle proteotoxicity, subsequently improving the cardiac outcome in diabetes; accordingly, compromised PQC mechanisms appear to contribute to heart disease as a result of impaired cellular homeostasis. Dysregulation of the UPR results in the accumulation of misfolded proteins, while malfunction of the UPS and autophagy lead to aggregation of toxic proteins in the cytosol, all of which triggers cell death and provokes the onset and development of heart failure in diabetes. Therefore, it is suggested that the maintenance of protein homeostasis may be a valuable and promising therapeutic strategy to treat cardiac complications in diabetes patients. Of note, either insufficient or exaggerated action of the principal mechanisms exacerbates cytotoxicity in the face of pathological stresses, including diabetic stress (Figure 8). Given this dual role in the heart, finely tuned manipulation of the UPR, the UPS, and autophagy in the myocardium is mandatory to maintain cellular equilibrium in response to the diabetic condition with increased demand of protein turnover. As such, despite the growing knowledge of the mechanisms underlying cardiac proteostasis networks, further research is indispensable to investigate the therapeutic potential for heart disease by targeting PQC molecules in diabetes mellitus. As the understanding of molecular regulation of PQC function develops, so will our capability to exploit pharmacological interventions to prevent proteotoxicity and cardiac dysfunction in diabetic populations.
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FIGURE 8. Role of PQC systems in cardiac function under pathological stress. Either insufficient or excessive activity of the main PQC systems is maladaptive. By inducing protein or cellular toxicity, they contribute to cardiac dysfunction. Appropriate level of PQC maintains cardiac protein homeostasis and sustains cardiac function.
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Background: Diabetes mellitus (DM) is associated with increased risk of sudden cardiac death (SCD), particularly in patients with heart failure with preserved ejection fraction (HFpEF). However, there are no known biomarkers in the population with DM and HFpEF to predict SCD risk.

Objectives: This study was designed to test the hypothesis that osteopontin (OPN) and some proteins previously correlated with OPN, low-density lipoprotein receptor (LDLR), dynamin 2 (DNM2), fibronectin-1 (FN1), and 2-oxoglutarate dehydrogenase-like (OGDHL), are potential risk markers for SCD, and may reflect modifiable molecular pathways in patients with DM and HFpEF.

Methods: Heart tissues were obtained at autopsy from 9 SCD victims with DM and HFpEF and 10 age and gender-matched accidental death control subjects from a Finnish SCD registry and analyzed for the expression of OPN and correlated proteins, including LDLR, DNM2, FN1, and OGDHL by immunohistochemistry.

Results: We observed a significant upregulation in the expression of OPN, LDLR, and FN1, and a marked downregulation of DNM2 in heart tissues of SCD victims with DM and HFpEF as compared to control subjects (p < 0.01).

Conclusions: The dysregulated protein expression of OPN, LDLR, FN1, and DNM2 in patients with DM and HFpEF who experienced SCD provides novel potential modifiable molecular pathways that may be implicated in the pathogenesis of SCD in these patients. Since secreted OPN and soluble LDLR can be measured in plasma, these results support the value of further prospective studies to assess the predictive value of these plasma biomarkers and to determine whether tuning expression levels of OPN and LDLR alters SCD risk in patients with DM and HFpEF.

Keywords: sudden cardiac death (SCD), diabetes mellilus, osteopontin (OPN), LDLR, HFpEF—heart failure with preserved ejection fraction


INTRODUCTION

Heart failure with preserved ejection fraction (HFpEF) is the most common form of heart failure, affecting more than 3 million adults in the United States, and is represented by multiple subgroups or phenotypes (1). Type 2 diabetes mellitus (DM) is present in up to 45% of patients with HFpEF, and is associated with higher rates of morbidity and long-term mortality (2). Pathophysiology of HFpEF with DM include endothelial dysfunction, increased interstitial and perivascular fibrosis, cardiomyocyte stiffness, and left ventricular hypertrophy (3). DM is also associated with an increased risk of sudden cardiac death (SCD), in part linked with the presence of microvascular disease and autonomic neuropathy.

A common cause of non-ischemic SCD in younger subjects is primary myocardial fibrosis (4, 5), which is defined as myocardial fibrosis in the absence of other associated causes of fibrosis, and also has been demonstrated to be a common phenotype in SCD associated with HFpEF and DM (6). Risk stratification within the patient population diagnosed with DM and HFpEF remains a challenge.

Osteopontin (OPN) is a matricellular pro-fibrotic phosphorylated glycoprotein whose upregulation contributes to various pathological diseases such as cancers, chronic kidney disease, atherosclerosis, and adverse cardiac remodeling (7). In experimental models, lower OPN was associated with reduced adipose tissue inflammation, improved glucose tolerance and reduced insulin resistance. We recently showed that genetic knock down of OPN reduced HFpEF pathology in a cardio-renal model of HFpEF in mice (8, 9). Of great significance was the finding that pharmacological blockade of OPN by an OPN aptamer reversed pressure overload-induced heart failure (10).

In HF patients at high risk for SCD, plasma OPN and Galectin-3 levels were associated with sustained ventricular tachycardia and ventricular fibrillation (11). Plasma levels of OPN are increased in patients with heart failure with preserved ejection fraction (HFpEF) and predict mortality (12, 13).

In this study, we investigated the expression levels of OPN and correlated proteins, dynamin2 (DNM2), low density lipoprotein (LDLR), 2-oxoglutarate dehydrogenase-like (OGDHL), and fibronectin-1 (FN1), in the hearts of SCD victims who had both DM and HFpEF. The correlation of the selected proteins with OPN is based on our previous findings that these proteins were positively or negatively correlated with OPN expression in the heart and/or kidney in a mouse model of HFpeF (8, 14). Our hypothesis is that OPN and FN1 may contribute to the extracellular matrix remodeling in HFpEF that can be exacerbated through advanced glycation end products associated with diabetes (15). and may be a target for drug therapy. We reasoned that potential differential expression in the heart, specifically in proteins detected in the plasma such as OPN and LDLR, may identify biomarkers for SCD in patients with DM and HFpEF and generate novel future targets for prevention of SCD.



METHODS


Sample Collection

A death was classified as sudden if it was either a witnessed event within 6 h of the onset of symptoms or an unwitnessed death within 24 h when the subject was last seen alive in a normal state of health. The current criteria for SCD were chosen to cover as many subjects with SCD as possible, considering that many subjects with SCD would be found dead and would have been missed with the 1 h definition for SCD originally proposed by Hinkle and Thaler (16). All of the subjects are from a defined geographical area in Northern Finland.

Autopsied human heart samples from the left ventricular free wall from 9 SCD victims with DM and HFpEF and 10 previously healthy individuals who died as a result of an accident were obtained from a Finnish SCD registry as paraffin-embedded sections and analyzed for the expression of seven proteins by immunohistochemistry (see Table 1).


Table 1. Study population information.

[image: Table 1]

The study complies with the Declaration of Helsinki and was approved by the Ethics Committee of Northern Ostrobothnia Hospital District and the National Authority for Medicolegal Affairs (Valvira). Consent from next of kin was waived by the Ethics Committee since according to the Finnish law, medicolegal autopsy does not require consent.



Immunohistochemistry

The slides with paraffin-embedded heart sections were incubated for 45 min at 70 degrees, then dewaxed with two 5 min xylene washes and hydrated by 3 min graded ethanol washes of 100% (twice), 95, 80, and 70%, followed by two 4 min water immersions. Heat-mediated antigen retrieval was then done using 1X Citrate Antigen Retrieval Buffer (Ab93678) in a steamer for 75 min followed by permeabilization using 0.2% Triton X-100 (Sigma-Aldrich) in PBS for 30 min, and then blocking with 10% donkey serum in 1% TBST for 45 min. The slides were then incubated with the following antibodies for 2 h at room temperature: osteopontin (hOPN, R&D AF1433; dilution 1:50), low density lipoprotein receptor (LDLR, Abcam Ab52818; dilution 1:200), dynamin 2 (DNM2, Abcam Ab3475; dilution 1:200), fibronectin 1 (FN1, Sigma F3648, dilution 1:200), 2-oxoglutarate dehydrogenase-like (OGDHL, Proteintech 17110-1-AP; dilution 1:200), very low density lipoprotein receptor (VLDLR, Abcam Ab203271; dilution 1:200), and desmoplakin (DSP, Santa Cruz Biotechnology sc-390975, dilution 1:100). Slides were then washed with PBS and staining was detected by incubation with various species-specific biotinylated secondary antibodies [biotinylated goat IgG (Vector Laboratories BA-9500; dilution 1:200), biotinylated rabbit IgG (Vector Laboratories BA-1000, dilution 1:200), biotinylated mouse IgG BA-9200 (Vector Laboratories, dilution 1:200)] at room temperature for 30 min, followed by DAB peroxidase (HRP) amplification (SK-4100, Vector Laboratories). Primary and secondary antibody incubations were done in 10% donkey serum in 1% Tris-Buffered Saline, 0.1% Tween® 20 Detergent (TBST). Each single-antibody staining was repeated 3 times (on 3 different slides from the same paraffin block). No-primary control staining was performed with each of the secondary antibodies used.



Imaging and Protein Expression Quantification

The stained slides were scanned at 20-X magnification using the Olympus VS120–L100 Virtual Slide Microscope (Tokyo, Japan). Images were quantified using ImageJ (NIH) by 2 independent examiners blinded to the groups. For each sample, 5 images (of 5 fields) were used for quantification and the average positive area normalized to the total stained area (as percentage) was used for statistical analysis.



Statistics

For all experiments, N refers to the number of individual subjects. All data are expressed as mean ± SEM. P-values were calculated using unpaired Student's t-tests and p < 0.05 was considered significant. Repeated symbols represent p-values of different orders of magnitude, i.e., *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Similar significant differences were confirmed by two independent examiners.




RESULTS


Study Population

Table 1 summarizes demographic and clinical information of the SCD victims and accidental death controls. All SCD victims had cardiac cause of death (either ischemic or non-ischemic) with significant coronary artery disease or left ventricular hypertrophy with fibrosis at autopsy.



Osteopontin and LDLR Are Upregulated in Cardiac Autopsies of SCD Victims With DM+HFpEF

We have previously shown that OPN and LDLR are highly expressed in the renal tubules of a mouse model of HFpEF, and that OPN knockcout reduced the pathologically high levels of LDLR and improved renal and cardiac function (8, 14). We found that cardiac OPN expression in hearts of SCD victims with DM+HFpEF was significantly increased by 1.52-fold (28.4 ± 2.4 vs. 18.7 ± 3.2% in the control group, p < 0.05, Figure 1A). Moreover, our results showed a 3.58-fold increase in cardiac LDLR protein levels in SCD victims with DM+HFpEF (57.6 ± 5.0 vs. 16.1 ± 0.9% in control group, p < 0.0001, Figure 1B).


[image: Figure 1]
FIGURE 1. Upregulation of OPN and LDLR in SCD victims with DM+HFpEF. Immunostaining of cardiac biopsies of SCD victims with both HFpEF and DM shows upregulated OPN (A) and LDLR (B) protein expression compared to control hearts. Data are mean ± SEM. N = 5–10 subjects/group. Scale bar = 50 μm. HFpEF, Heart Failure with Preserved Ejection Fraction; DM, Diabetes Mellitus; LDLR, Low Density Lipoprotein Receptor; OPN, Osteopontin. *P < 0.05, ****P < 0.0001 using Student's t-test.




DNM2 Is Downregulated in Cardiac Autopsies of SCD Victims DM+HFpEF

We have previously shown that OPN and DNM2 are highly expressed in the renal tubules of a mouse model of HFpEF, and that OPN knockcout reduced the pathologically high levels of DNM2 and improved renal and cardiac function (8, 14). When compared with control hearts, cardiac DNM2 expression was significantly lower by 0.69-fold in cardiac tissue from SCD victims with DM+HFpEF (32.3 ± 5.1 vs. 46.5 ± 3.6% in control group, p < 0.05, Figure 2).


[image: Figure 2]
FIGURE 2. Downregulation of DNM2 in SCD victims with DM+HFpEF. Immunostaining of cardiac biopsies of SCD victims with both HFpEF and DM shows lower DNM2 protein expression compared to control hearts. Data are mean ± SEM. N = 9–10 subjects/group. Scale bar = 50 μm. HFpEF, Heart Failure with Preserved Ejection Fraction; DM, Diabetes Mellitus; DNM2, Dynamin-2. ***p < 0.001 using Student's t-test.




FN1 Is Upregulated in Cardiac Autopsies of SCD Victims With DM+HFpEF

We have previously shown that in a mouse model of pressure overload, treatment with an OPN aptamer prevented cardiomyocyte hypertrophy and cardiac fibrosis, blocked OPN downstream signaling, and reduced expression of extracellular matrix proteins including FN1 (10). Cardiac FN1 expression in SCD victims with DM+HFpEF was significantly increased by 1.6-fold (51.2 ± 7.1 vs. 32.3 ± 3.3% in control group, p < 0.05, Figure 3).


[image: Figure 3]
FIGURE 3. Upregulation of FN1 protein in SCD victims with DM+HFpEF. Immunostaining of cardiac biopsies of SCD victims with both HFpEF and DM shows higher FN1 protein expression compared to control hearts. Data are mean ± SEM. N = 9 subjects/group. Scale bar = 50 μm. HFpEF, Heart Failure with Preserved Ejection Fraction; DM, Diabetes Mellitus; FN1, Fibronectin 1. *P < 0.05 using Student's t-test.




OGDHL, DSP, and VLDLR Remain Unchanged in Cardiac Autopsies of SCD Victims With DM+HFpEF

We recently reported that OPN negatively regulates the expression of mitochondrial enzyme, OGDHL in the heart of a mouse model of HFpEF, and that OGDHL expression is downregulated in cardiac biopsies from patients with HFpEF and DM (8). We investigated the expression levels of OGDHL, as well as 2 other proteins not previously correlated (DSP and VLDLR) to serve as negative controls, in cardiac tissue from autopsies of SCD victims with HFpEF and DM by immunohistochemistry. Our findings showed that there were no significant changes in the expression patterns of these three proteins (Figure 4). Negative control staining (without primary antibodies) showed no signal as shown in Figure 5.


[image: Figure 4]
FIGURE 4. Unchanged expression of OGDHL, DSP, and VLDLR proteins in SCD victims with DM+HFpEF. Immunostaining of cardiac biopsies of SCD victims with both HFpEF and DM shows no significant changes in the expression pattern of OGDHL (A), DSP (B) and VLDLR (C) compared to control hearts. Data are mean ± SEM. N = 3–10 subjects/group. Scale bar = 50 μm. HFpEF, Heart Failure with Preserved Ejection Fraction; DM, Diabetes Mellitus; DSP, Desmoplakin; OGDHL, 2-Oxoglutarate Dehydrogenase Like; VLDLR, Very Low Density Lipoprotein Receptor. No significance was detected by Student's t-test.



[image: Figure 5]
FIGURE 5. Negative control staining shows no signal. Immunostaining of cardiac biopsies of SCD victims without primary antibodies shows no signal with anti-goat (A), anti-rabbit (B) or anti-mouse (C) IgG secondary antibodies. Scale bar = 50 μm. These images serve as negative controls for images in Figures 1–4.





DISCUSSION AND CONCLUSIONS

Diabetes Mellitus (DM) is a major public health problem affecting ~29.1 million Americans. DM is present in about 45% of patients with heart failure with preserved ejection fraction (HFpEF). Furthermore, SCD occurs in ~20% of HFpEF patients (17). Notably, the I-Preserve trial identified DM as a multivariable predictor of SCD in HFpEF patients (18, 19). In HFpEF, type 2 DM comorbidity is associated with smaller left ventricular volumes, worse diastolic dysfunction, poorer quality of life, and overall worse outcomes (20). Among the factors that contribute to increased SCD risk in patients with DM are silent myocardial ischemia, autonomic nervous system dysfunction, and abnormal cardiac repolarization (21). Two important factors that have contributed to current risk stratification in SCD victims who had HFpEF are male gender and insulin-treated DM. In a 2020 study by Adabag and Langsetmo (22), DM was identified as one of the main risk factors associated with significantly increased SCD incidence. In a cohort of 615 HFpEF patients used to validate the survival prediction model, DM was a comorbidity in 52% of SCD victims, while only 29% of the survivors and 36% of those who died due to non-SCD reasons had DM. These results validated the same group's 2014 study (19). which reported that DM was present in 38% of HFpEF patients who died of SCD compared to 35% prevalence in non-SCD deaths and 25% in survivors over a 5 year period. These reports consistently corroborate the elevated risk of SCD in HFpEF patients with DM. The currently known factors that contribute to risk stratification are not useful in lowering mortality attributable to SCD in patients with both DM and HFpEF (17). Thus, the focus of this study was to analyze the expression levels of specific proteins expressed in patients with the phenotype of interest—DM+HFpEF with SCD.

OPN is a matricellular protein that has been implicated in many inflammatory and profibrotic events, especially in the heart. In patients with severe aortic stenosis, elevated OPN levels correlated with increased rates of atrial arrhythmia, and an increased risk of death (23). In our previous work (8, 14), we showed that OPN is highly expressed in kidneys and circulation in a cardio-renal mouse model of HFpEF, and that genetic knock down of OPN reduced HFpEF pathology. The work also showed that OPN regulates LDLR expression in vivo. Therefore, we analyzed the protein expression levels of both OPN and its related molecules (previously shown to be correlated to OPN expression), as well as other proteins not previously correlated to OPN, to serve as negative controls.

The results of this study showed that the expression levels of OPN and correlated proteins LDLR, FN1, and DNM2 are highly dysregulated in SCD victims with DM+HFpEF, while those proteins not previously correlated to OPN including VLDLR and DSP were not changed. LDLR, FN1, and OPN showed a significantly increased expression in the diseased hearts, while DNM2 was reduced. Osteopontin had increased expression in the diseased hearts, supporting its role in the pathological process in patients with DM+HFpEF. Increased plasma OPN levels have been directly associated with cardiac dysfunction in HFpEF patients (13). On the other hand, we recently showed that OPN dysregulates the signaling of the β2-adrenergic receptor in cardiac cells (7), a receptor known to be associated with SCD in humans (24). Further investigation is required to elucidate the role of elevated OPN levels in SCD victims hearts in regards to SCD pathophysiology.

We had previously demonstrated that OPN regulates LDLR expression and subsequent lipid accumulation and metabolic abnormalities in renal tubules of a mouse model of renal-induced HFpEF (14). Therefore, the elevated LDLR levels in SCD victims with HFpEF and DM could be attributed to the increased OPN levels and may indicate impaired lipid homeostasis in the population studied. FN1 is a matricellular protein that is elevated following myocardial injury or fibrosis (25). Increased expression of FN1 in the diseased hearts alludes to its role in fibrosis that is a major pathology of both DM and HFpEF. DNM2 is involved in endocytosis including LDLR-mediated LDL uptake via clathrin-coated vesicles (26). Therefore, the reduced DNM2 expression in SCD victims could potentially serve a compensatory mechanism to prevent excessive lipid accumulation as a result of LDLR overexpression.

OGDHL is a mitochondrial protein which catalyzes the conversion of 2-oxoglutarate to succinyl-CoA during the TCA cycle and its decreased expression could be associated with mitochondrial dysfunction; impaired energy metabolism could affect efficient glucose utilization (e.g., increased glycolysis and reduced oxidative phosphorylation) (8, 27). In diabetes, OGDHL may have greater consequences for cardiac cells/tissues since there is already reduced TCA cycle flux (28). In our previous study, we detected significant (though modest) changes in OGDHL RNA and protein expression in biopsies obtained from the right ventricular septum from patients with DM and HFpEF (8). However, in this study, we did not detect changes in OGDHL expression by staining in this population.

Our team previously reported that the DSP gene, which codes for the structural protein Desmoplakin, harbors 2 variants associated with sudden cardiac death in subjects with primary myocardial fibrosis (6). Finding no changes in protein expression in another population is not surprising or even expected. In addition, the LDLR and VLDLR are structurally related members of the LDL receptor family with different tissue distribution and functional roles. While the LDLR is predominantly involved in lipid metabolism, the VLDLR has a more limited role in uptake of TG-rich lipoproteins in peripheral tissues [e.g., muscle, heart, adipose tissues (29)]. Compared to the LDLR, the VLDLR binds a variety of non-lipoprotein receptors (thrombospondin-1, LPL, urokinase plasminogen activator /plasminogen activator inhibitor-1 complex, Reelin and fibrin as wells as common ligands with LDLR [LDL, apoE, Lp(a), PCSK9]. These receptors are also differentially regulated; for example, the VLDLR is upregulated by fenofibrate through PPAR-α (30), while the LDLR is not (31). Conversely, the LDLR is downregulated by sterol negative feedback, but the VLDLR is not affected by sterols (32). VLDLR was chosen as a protein that was never correlated with Osteopontin. We found low expression levels of cardiac VLDLR that was not changed between the groups.

The dysregulation of OPN, LDLR, DNM2, and FN1 protein levels in heart tissues (as shown in study schematic in Figure 6) provides supportive evidence and calls for further investigation to elucidate the role(s) and contribution(s) of these potentially detrimental alterations in the pathogenesis of SCD in patients with HFpEF and DM. The fact that secreted OPN and soluble LDLR can be detected in the plasma calls for future investigation of plasma OPN and LDLR levels as risk markers for SCD in patients with DM+HFpEF. Specifically the roles of OPN and LDLR in increased cholesterol accumulation and subsequent pathological effects in the hearts of patients with HFpEF and DM are yet to be elucidated.


[image: Figure 6]
FIGURE 6. Schematic of the study. Seven proteins were investigated by immunostaining in cardiac autopsies from sudden cardiac death (SCD) victims with Heart Failure with preserved Ejection Fraction (HFpEF) and Type 2 Diabetes Mellitus (DM). OPN, Osteopontin; LDLR, Low Density Lipoprotein Receptor; DNM2, Dynamin-2; FN1, Fibronectin 1; OGDHL, 2-Oxoglutarate Dehydrogenase Like; VLDLR, Very Low Density Lipoprotein Receptor; DSP, Desmoplakin.




LIMITATIONS

This study is limited by the lack of control groups of patients with DM alone, HFpEF alone, and DM+HFpEF without SCD, and by its small numbers. We acknowledge that the levels of LDL-cholesterol, medications history, and HbA1c% would have been informative in our study. Unfortunately, since our subjects are autopsied sudden cardiac death victims, we do not have the detailed blood chemistry and medication history data for all of them. In addition, since the controls are age- and gender- matched accident victims chosen from the Finland registry, we also lack any blood chemistry and medication history data for them.
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Background: Cardiac fibroblast (CF) activation is a hallmark feature of cardiac fibrosis in diabetic cardiomyopathy (DCM). Inhibition of the sodium-dependent glucose transporter 1 (SGLT1) attenuates cardiomyocyte apoptosis and delays the development of DCM. However, the role of SGLT1 in CF activation remains unclear.
Methods: A rat model of DCM was established and treated with si‐SGLT1 to examine cardiac fibrosis. In addition, in vitro experiments were conducted to verify the regulatory role of SGLT1 in proliferation and collagen secretion in high-glucose– (HG–) treated CFs.
Results: SGLT1 was found to be upregulated in diabetic cardiac tissues and HG-induced CFs. HG stimulation resulted in increased proliferation and migration, increased the expression of transforming growth factor-β1 and collagen I and collagen III, and increased phosphorylation of p38 mitogen-activated protein kinase and extracellular signal-regulated kinase (ERK) 1/2. These trends in HG-treated CFs were significantly reversed by si-SGLT1. Moreover, the overexpression of SGLT1 promoted CF proliferation and collagen synthesis and increased phosphorylation of p38 mitogen-activated protein kinase and ERK1/2. SGLT1 silencing significantly alleviated cardiac fibrosis, but had no effect on cardiac hypertrophy in diabetic hearts.
Conclusion: These findings provide new information on the role of SGLT1 in CF activation, suggesting a novel therapeutic strategy for the treatment of DCM fibrosis.
Keywords: cardiac fibroblasts, sodium–glucose cotransporter, high glucose, diabetic cardiomyopathy, mitogen-activated protein kinase
INTRODUCTION
Diabetic cardiomyopathy (DCM) is a myocardial disease that is specific to patients with diabetes and is independent of various types of heart diseases, including hypertension, coronary, and valvular (Bugger and Abel, 2014; Seferovic and Paulus, 2015). Cardiac fibrosis caused by abnormal glucose metabolism and microangiopathy are the main pathological features of DCM, leading to impairment of cardiac function and eventual progression to heart failure (Wang et al., 2021). The activation of cardiac fibroblasts (CFs) and degeneration of cardiomyocytes provide the biological basis for cardiac remodeling and the pathophysiological basis of DCM formation (Zhang et al., 2020). CFs switched from a resting type to an activated type increasing their proliferation and migration capacity and began to secrete large amounts of extracellular matrix, causing fibrosis of the heart (Frangogiannis, 2021). The development of fibrosis-targeting therapies for patients with DCM will help to further understand the functional pluralism of CFs and dissect the molecular basis for fibrotic remodeling.
Sodium–glucose cotransporter (SGLT) belongs to the solute carrier five gene family, which transports glucose against a concentration gradient in an energy-consuming manner and plays an important role in the active transport of glucose (Wood and Trayhurn, 2003; Sano et al., 2020). Sodium–glucose cotransporter 1 (SGLT1) is expressed in various human tissues and organs, including the intestine, lung, heart, skeletal muscle, and kidney (Gyimesi et al., 2020). SGLT1 is essential for the quick absorption of glucose and galactose in the intestine, and increases in SGLT1 protein expression cause interstitial fibrosis and cardiac remodeling in mice (Ramratnam et al., 2014). SGLT1 expression is also elevated in hypertrophic cardiomyopathy, ischemic cardiomyopathy, and DCM in humans (Song et al., 2016). Selective inhibition of SGLT1 expression has a protective effect against myocardial-infarction-induced ischemic cardiomyopathy (Sawa et al., 2020). In addition, Hirose et al. (2018) demonstrated that SGLT1 knockout effectively alleviated pressure-overload–induced cardiomyopathy, suggesting that SGLT1 inhibitors have an active effect on hypertrophic cardiomyopathy. More importantly, our previous study found that SGLT1 inhibition could attenuate apoptosis and relieve myocardial fibrosis, thus suppressing DCM development by regulating the JNK/p38 signaling pathway (Lin et al., 2021). However, in the abovementioned study, we only investigated the role of SGLT1 in cardiomyocytes and rat H9C2 cells. It would be more appropriate to study the role of SGLT1 in the activation of CFs during the development of DCM.
Our previous study found that high-glucose (HG) levels promote SGLT1 and matrix metalloproteinase 2 expression in CFs (Meng et al., 2018), but whether HG levels promote cardiac fibrosis by inducing CF activation and whether SGLT1 is involved in HG-induced CF activation have not been reported. Thus, arrays of experiments were performed in this study to determine the role of SGLT1 in CF activation during DCM. Moreover, we tried to characterize the role of the p38 and ERK1/2 signaling pathways in the regulatory mechanism of SGLT1 expression for CF activation.
MATERIALS AND METHODS
Ethics Statement
All animal procedures were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Medicine Animal Welfare Committee of Shaoxing People’s Hospital.
Culture of Rat Primary CFs
Primary rat CFs were isolated from the ventricles of neonatal male Sprague Dawley rats (2–3 days old) using enzyme digestion. The tissue was cut into 1 mm cube pieces and digested with trypsin/EDTA (Gibco, NY, United States) and collagenase II (Sigma, United States) at 37°C. The mixture (collagenase and trypsin, 100: 1) was placed in a shaker at 37°C for 20 min, and the supernatant was collected and combined with DMEM containing 10% FBS, and this process was repeated until the tissue was fully digested. Cardiomyocytes were separated from CFs using centrifugation at a low speed (300 g), and the supernatant containing CFs was collected. The isolated CFs were cultured in DMEM supplemented with 10% FBS and 1% penicillin–streptomycin at 37°C in a humidified incubator with 5% CO2. Cells were divided into four groups: 1) a control group, in which CFs were incubated with DMEM containing 5.5 mmol/L normal glucose for 48 h; 2) an HG group, in which CFs were incubated with DMEM containing 33 mmol/L glucose (HG) for 48 h; 3) an HG + si-NC group, in which CFs were transfected with si-NC and cultured under HG conditions for 48 h; and 4) an HG + si-SGLT1 group, in which CFs were transfected with si-SGLT1 and cultured under HG conditions for 48 h.
Small Interference RNA Transfection
To knockdown the expression of SGLT1 in CFs, small interfering RNAs against the SGLT1 gene (si-SGLT1) and the siRNA negative control (si-NC) were synthesized at Guangzhou RiboBio Co., Ltd. Briefly, CFs grown to 70–80% confluence were incubated with Lipofectamine 3,000 transfection reagent (Invitrogen, Waltham, MA, United States) loaded with siRNAs for 48 h. Transfection efficiency was evaluated using RT-qPCR analysis.
Cell Counting Kit-8 Assay
CFs were cultured in 96-well plates at a density of 1×104 cells/well. A 10 µl aliquot of the Cell Counting Kit-8 (MCE, Shanghai, China) solution was added to each well, and the plates were incubated at 37°C for 1 h. Absorbance was measured using a microplate reader (Molecular Devices, CA) at 450 nm.
Wound Scratch Assay
Cells were grown to 90% confluence in 6-well plates in DMEM supplemented with 10% FBS, and the medium was replaced with serum-free DMEM to starve cells for 24 h. Wounds were made with a sterile 200 μl pipette tip by drawing a line through the plated cells perpendicular to the abovementioned line. CFs were transfected with si-NC or si-SGLT1 and exposed to HG conditions for 24 h. Images were acquired using a Leica microscope (DM 2000, Leica, Wetzlar, Germany).
Western Blotting
Protein samples from CFs and cardiac tissues were extracted using the RIPA buffer, and equal amounts of proteins from each group were separated by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Then, the separated proteins were transferred to polyvinylidene fluoride membranes and blocked using 5% nonfat milk for 1 h at room temperature. Subsequently, the membranes were incubated with primary antibodies at 4°C overnight, followed by incubation with horseradish peroxidase– (HRP–) conjugated goat anti-rabbit secondary antibody (1:5,000, Santa Cruz) for 1 h at room temperature. The following primary antibodies were purchased from Abcam and used at a 1:1,000 dilution: β-actin (ab5694), SGLT1 (ab14686), collagen I (ab34710), and collagen III (ab6310). The following antibodies were purchased from Cell Signaling Technology and used at a 1:1,000 dilution: ERK1/2 (cat. 4695), phospho-ERK1/2 (cat. 4376), p38 (cat. 8690), and phospho-p38 (cat. 4511).
RNA Analysis
TRIzol reagent (Invitrogen, Carlsbad, CA, United States) was used to extract RNA from cardiac tissues, and cDNA was synthesized using a PrimeScript Reverse Transcription Reagent Kit (Takara, Otsu, Japan). RT-PCR was performed using a SYBR Premix Ex Taq Kit (Takara). The following primer sequences were used: SGLT1 forward, 5′-GGA​CAG​TAG​CAC​CTT​GAG​C-3′; reverse, 5′-CCA​ACA​GTC​CCA​CGA​TTA​G-3′; β-actin forward, 5′-CCA​GAT​CAT​GTT​TGA​GAC​CT-3′; and reverse, 5′-TCT​CTT​GCT​CGA​AGT​CTA​GG-3′. All reactions were performed in triplicate.
Animal Experiments
Sprague Dawley rats were obtained from the Nanjing Biomedical Research Institute of Nanjing University (China). A total of 24 6-week-old male SD rats were assigned to four groups (control, STZ, si-NC, and si-SGLT1 groups) using the random number method, with six rats in each group. A 12-h light–dark cycle was used, and the rats were provided ad libitum access to food and water. After acclimation for 1 week, rats in the diabetes groups were fed a high-fat diet (fat provided 60% of total calories, Research Diet D12492) for 4 weeks and then intraperitoneally injected with 60 mg/kg STZ (Sigma) dissolved in a citrate buffer (pH 4.5), whereas the control group received normal chow. We performed intraperitoneal glucose tolerance tests (IPGTTs) to identify the insulin-resistant rats, and fasting blood glucose (FBG) levels were measured seven days after injection. Body weights were recorded. Successful induction of diabetes was defined by an FBG value higher than 16.7 mmol (Feng et al., 2019). After successful establishment of the rat model with DCM, the rats in the si-NC and si-SGLT1 groups were injected with 5 μl of siRNA or 5 μl of si‐SGLT1 (200 nmol/500 g) in PBS, once a week. All rats were sacrificed after 16 weeks of feeding. The left ventricular tissues were removed and cut into pieces for histomorphological analysis.
ELISA
After the rats were fasted overnight, blood samples were obtained from the postcaval vein and processed for plasma extraction within 1 h (centrifuged at 3,000 x g for 10 min at 4°C), and the plasma was stored at –80°C in polypropylene tubes for further analysis. The expression levels of collagen I, collagen III, and transforming growth factor-β1 (TGF-β1) in CFs and rat serum were detected using the rat collagen I Type I ELISA Kit (abx052369, Abbexa, United Kingdom), rat collagen type III ELISA Kit (abx573727, Abbexa), and TGF-β1 ELISA Kit (PT878, Beyotime, Jiangsu, China), respectively, following the instructions of the manufacturer.
Histology
Tissues from rats were fixed using 10% buffered formalin, dehydrated, embedded in paraffin, and sectioned into 5 μm-thick sections. Hematoxylin and eosin (HE) staining was used to assess cardiac injury, whereas Masson’s trichrome staining was used to detect collagen fibers, and the slides were observed under an optical microscope. For immunohistochemistry, sections were stained with a primary antibody against SGLT1 (1:200, Abcam) and then stained with a secondary antibody. After washing with PBS, the slides were incubated with 3,3′-diaminobenzidine. The detailed procedure has been described previously (Lin et al., 2019). Semiquantitative analysis was performed using image analysis software (Image-Pro Plus, Media Cybernetics).
Wheat Germ Agglutinin Staining
Slides were stained with Alexa Fluor 488–conjugated wheat germ agglutinin WGA (Sigma). In brief, slides were dewaxed, rehydrated, and blocked with 3% BSA for 20 min. The slides were then incubated in WGA solubilized in PBS for 30 min at room temperature in the dark. After washing with PBS, the sections were stained with DAPI (Invitrogen) for 5 min and images were acquired using a Nikon Eclipse Ti‐U fluorescence microscope (Minato‐ku, Tokyo, Japan). The cardiomyocyte size was determined by dividing the total area by the number of cardiomyocytes using Image J software (NIH, Bethesda, MD, Unites States).
Statistical Analysis
The experimental data are expressed as the mean ± standard deviation. All statistical analyses were performed using GraphPad Prism 8.0 software (GraphPad Software, San Diego, CA, United States). Data are presented as the mean ± standard deviation. The t-test was used to perform comparisons between the two different groups. One-way analysis of variance was used to compare multiple groups. Statistical significance was set at p < 0.05.
RESULTS
SGLT1 Is Upregulated in Diabetic Cardiac Tissues and High-Glucose–Induced Cardiac Fibroblasts
The results of IPGTT revealed that blood glucose levels peaked half an hour after intraperitoneal injection, slowly decreased thereafter, and remained at 6–8 mmol/L in the control group throughout the entire process. In contrast, the blood glucose levels of diabetic rats demonstrated evident hyperglycemia throughout the entire process (Figure 1A). Figure 1B shows that rats in the control group had a relatively stable FBG level, whereas the FBG level of the DCM group increased significantly after injection with STZ in the fourth week (p < 0.05). The body weight of the DCM group was higher than that of the control group (Figure 1C). HE and Masson staining were performed to examine the changes in cardiac pathology (Figures 1D,E). Increased interstitial fibrotic areas were observed in the DCM group compared to the NC group (Figure 1F).
[image: Figure 1]FIGURE 1 | Changes of blood glucose level and histopathology in DCM rats. SD rats were fed a high-fat diet (HFD) for 4 weeks before streptozotocin (STZ) was injected intraperitoneally at a dose of 60 mg/kg, and rats were fed for another 12 weeks. (A) Intraperitoneal glucose tolerance tests (IPGTTs) were used to identify insulin resistance in the two groups. (B) The FBG levels of the two groups measured at indicated times. (C) The body weight of the two groups was monitored at the indicated time. The paraffin sections of rat left ventricular tissues after (D) hematoxylin and eosin (H&E) staining and (E) Masson’s trichrome staining. (F) Quantitative analysis of interstitial Masson’s trichrome staining (n = 6 per group).
We then validated that SGLT1 mRNA and protein levels were both upregulated in the DCM group compared to those in the control group (Figures 2A,B). Moreover, using immunohistochemistry, we found that CFs in diabetic rats expressed higher SGLT1 levels than those in normal rats (Figures 2C,D). In contrast to the control group, diabetic rats showed a significant increase in fibrosis-related proteins, including collagen I and collagen III expression (Figures 2C,E). In vitro, CFs changed from a long and thin shape to fusiform under HG conditions (Figure 2F), and the results of immunofluorescence revealed that the fluorescence intensity of SGLT1 was markedly increased in the HG medium (Figure 2G). Accordingly, western blotting analysis revealed that compared to the control group, the levels of SGLT1, collagen I, and collagen III proteins were significantly upregulated in the HG group (Figure 2H).
[image: Figure 2]FIGURE 2 | SGLT1 is downregulated in the experimental diabetic cardiac fibrosis model and high-glucose–induced CFs. (A) The mRNA level of SGLT1 was detected using RT‐qPCR (n = 6). (B) The protein level of SGLT1 was analyzed using western blot analysis (n = 6). (C) The protein levels of SGLT1, collagen I, and collagen III were evaluated using immunohistochemical staining. Relative expression of SGLT1 (D) and collagen I and collagen III (E) was found using semiquantitative analysis based on immunohistochemistry. (F) The morphology of CFs with or without high-glucose stimulation was imaged under an optical microscope. (G) The protein level of SGLT1 was analyzed by immunofluorescent staining in high-glucose–induced CFs. (H) The protein levels of SGLT1, collagen I, and collagen III were analyzed using western blot analysis in high-glucose–induced CFs (n = 3).
Knockdown of SGLT1 Inhibits High-Glucose–Induced Cardiac Fibroblast Activation
To investigate the role of SGLT1 in CF activation, we knocked down SGLT1 by transfecting CFs with specific siRNAs against SGLT1. The results of RT-qPCR (Figure 3A) and western blotting (Figure 3B) analysis validated that SGLT1 si-RNA2 exerted the highest knockdown efficiency and was, therefore, chosen to perform the subsequent assays. Subsequent characterization of the CFs showed that HG stimulation significantly increased cell viability (Figure 3C) and migration (Figures 3D,E). We found that CFs with SGLT1 inhibition had markedly reduced cell viability and migration compared with those in the HG + si-NC group (Figures 3C–E). Furthermore, ELISA revealed that HG stimulation caused high expression of TGF-β1, collagen I, and collagen III, indicating the synthesis of collagen in CFs, whereas the inhibition of SGLT1 effectively reversed this increase (Figures 3F–H). We further analyzed the potential involvement of the p38 mitogen-activated protein kinase (MAPK) and ERK1/2 signaling pathways in the regulatory role of SGLT1 in HG-mediated CF activation. As expected, HG significantly activated the phosphorylation of p38 MAPK and ERK1/2, whereas SGLT1 silencing reduced the effects of HG (Figure 3I). Therefore, these data indicate that SGLT1 regulates the function of CFs.
[image: Figure 3]FIGURE 3 | Knockdown of SGLT1 inhibited high-glucose–induced CF activation. CFs were transfected with SGLT1 siRNAs, and SGLT1 mRNA and protein levels were detected using RT‐qPCR (A) and western blotting, respectively (B). CCK-8 assay was used to detect the proliferation of CFs under high-glucose condition with or without SGLT1 inhibition. (D, E) The representative images of the wound-healing assay were obtained at 0 and 24 h after knockdown of SGLT1, and the migrative ability of CFs was compared. (F–H) ELISA was used to detect the levels of collagen-synthesis–related markers, including TGF-β1, collagen I, and collagen III in the cell supernatant (n = 6). (I) Western blotting analysis was performed to investigate the phosphorylation levels of p38 mitogen-activated protein kinase (MAPK) and extracellular signal-regulated kinase (ERK)1/2 in CFs under high-glucose condition with or without SGLT1 inhibition.
Sodium–Glucose Cotransporter 1 Regulates p38 MAPK and ERK1/2 Signaling and Collagen Synthesis in Cardiac Fibroblasts
We further investigated the potential mechanism underlying the involvement of SGLT1 in the activation of CFs. SGLT1 overexpression was achieved by transfecting CFs with a plasmid containing the SGLT1 gene, and RT-qPCR and western blotting analysis revealed significantly higher SGLT1 levels in the SGLT1-transfected group when compared with the control group (Figures 4A,B). Interestingly, we found that the overexpression of SGLT1 significantly increased the proliferation of CFs under both normal and HG conditions (Figure 4C). In addition, the overexpression of SGLT1 effectively promoted the secretion of TGF-β1, collagen I, and collagen III in the cell supernatant, under both normal and HG conditions (Figures 4D–F). Furthermore, overexpression of SGLT1 significantly increased p38 and p-ERK1/2 levels under both normal and HG conditions (Figure 4G). These data suggest that SGLT1 might activate CFs by activating the p38 and p-ERK1/2 pathways.
[image: Figure 4]FIGURE 4 | SGLT1 overexpression promotes collagen release via the p38 and ERK1/2 signaling pathway in CFs. CFs were transfected with an SGLT1 plasmid or vector, and SGLT1 expression levels were detected using RT‐qPCR (A) or western blotting analysis (B). (C) After overexpression of SGLT1 in CFs, CCK-8 assay was used to detect the proliferation of CFs under normal or high-glucose condition (n = 6). (D–F) After overexpressing SGLT1 in CFs, the collagen-synthesis–related markers, including TGF-β1, collagen I, and collagen III, in the cell supernatant were measured using ELISA (n = 6). (G) After overexpressing SGLT1 in CFs, the protein levels of phosphorylated p38 and p-ERK1/2 were analyzed using western blotting in CFs both under normal or high-glucose condition (n = 3).
Sodium–Glucose Cotransporter 1 Inhibition Alleviates Fibrosis in the Diabetic Heart
Since cardiac fibrosis and hypertrophy are important pathological structural features of DCM, we investigated whether SGLT1 regulates fibrosis and hypertrophy in diabetic hearts. We knocked down SGLT1 in rats with DCM by continuously administering si-SGLT1 via intravenous injection in the tail vein. As shown in Figures 5A,B, the expression of SGLT1 mRNA and protein in the heart was reduced in the DCM + si-SGLT1 group when compared with that in the DCM + si-NC group. Accordingly, the immunohistochemistry results indicated that CFs expressed low SGLT1 levels after SGLT1 inhibition (Figure 5C). Interestingly, compared with the DCM + si-NC group, a significant reduction in interstitial fibrosis was observed in the DCM + si-SGLT1 group (Figure 5D). The hallmarks of fibrosis and protein levels of collagen I and collagen III were reduced by SGLT1 knockdown (Figures 5E,F). However, SGLT1 knockdown had no significant effect on cardiac hypertrophy, as examined by WGA staining (Figure 5G). Collectively, our results indicated that the knockdown of SGLT1 reduced cardiac fibrosis but had no effect on cardiac hypertrophy in DCM.
[image: Figure 5]FIGURE 5 | SGLT1 inhibition alleviated myocardial fibrosis and apoptosis in diabetic rat hearts (n = 6). (A, B) Knockdown of SGLT1 was achieved by continuous intravenous injection into the tail vein with specific SGLT1 siRNA in DCM rats, and the knockdown efficiency was identified by detecting SGLT1 expression in myocardial tissues using RT-qPCR and western blotting analysis. (C) SGLT1 protein levels in myocardial tissue were measured by immunohistochemistry staining. (D) Masson’s trichrome staining of myocardial tissue shows interstitial fibrosis in DCM rats treated with si-NC or si-SGLT1. (E, F) Relative protein levels of collagen I and collagen III in myocardial tissue were measured using immunohistochemical staining and western blotting analysis (n = 6). (G) Wheat germ agglutinin staining and quantitation of myocardial cell size in DCM rats treated with si-NC or si-SGLT1 (n = 6).
DISCUSSION
Increasing attention has been placed on the utility of SGLT2 inhibitors because, in addition to controlling blood glucose levels, they have been shown to provide significant cardiovascular benefits in T2DM patients (Packer et al., 2021). Rather than SGLT2, recent findings have also emphasized the potential role of SGLT1 in the development of cardiovascular diseases. The myocardial expression of SGLT1 in humans is altered in various cardiovascular disease states. Compared with controls, left ventricular SGLT1 mRNA and protein expression was significantly upregulated in heart failure patients with DCM (Sayour et al., 2020). Individuals carrying loss-of-function mutations in the SGLT1 gene are estimated to have a lower risk of developing heart failure, driven by mitigation of postprandial hyperglycemic episodes (Seidelmann et al., 2018). In endothelial cells, angiotensin II upregulates SGLT1 expression to promote sustained oxidative stress, and inhibition of SGLT1 appears to be an attractive strategy to enhance protective endothelial function (Park et al., 2021). Apart from cardiomyocytes and endothelial cells in the heart, we first identified that SGLT1 was expressed in human CFs (Meng et al., 2018), and in the present study, the significant finding was that an increase in SGLT1 expression in rat hearts triggered the development of cardiac fibrosis through activation of CFs by upregulating the p38 MAPK and ERK1/2 signaling pathways.
Targeting SGLT1 has also been found to have cardioprotective effects in DCM. RNA-mediated inhibition of SGLT1 gene glycemic variability and cardiac damage were seen in type 2 diabetes mellitus mice in vivo (Sun et al., 2021). In cultured cardiomyocytes, SGLT1 knockdown restored cell proliferation, suppressed reactive oxygen species, and induced cytotoxicity (Chai et al., 2021). These data supported the notion that SGLT1 might serve as a target for myocardial injury in the diabetic heart. It is well known that CF activation plays an essential role during the development of cardiac fibrosis. However, the role of SGLT1 in CF activation remains unclear.
Several lines of experimental evidence suggest that SGLT1 silencing may attenuate cardiac fibrosis. Ramratnam et al. (2014) demonstrated that cardiac overexpression of SGLT1 increases collagen I gene expression and interstitial fibrosis in mouse hearts. Another study found that SGLT1 knockout downregulated CTGF and collagen I gene expression and interstitial fibrosis in pressure-overload–increased mouse hearts (Matsushita et al., 2018). Similar to these studies, we also found that knockdown of SGLT in diabetic hearts suppressed the synthesis of TGF-β1, collagen I, and collagen III. Furthermore, in cultured CFs, we found that SGLT1 regulates cell proliferation and collagen synthesis, suggesting the role of SGLT1 in regulating CF activation. To the best of our knowledge, this study is the first to demonstrate that SGLT1 regulates the activation of CFs in DCM.
Our in vitro experiments showed that HG upregulated SGLT1 expression in CFs, which was accompanied by an increase in the abundance of p-p38 and p-ERK1/2. SGLT1 overexpression significantly induced the abundance of these proteins in CFs under both normal and HG conditions. TGF-β1 stimulation in CFs resulted in increased proliferation, increased collagen I and collagen III expression, and increased p38 and ERK1/2 phosphorylation (Xu et al., 2017), whereas inhibition of the activation of p38 kinase and ERK1/2 could effectively attenuate cardiac fibrosis (Tao et al., 2016). Activation of MAPKs participates in the upregulation of cerebral SGLT-1 expression (Yamazaki et al., 2018). Moreover, the relationship between the SGLT1 and MAPK signaling pathways in the heart has also been reported in our previous study (Lin et al., 2021). Based on the abovementioned results, we deduced that the increase in SGLT1 expression in the diabetic heart is involved in triggering CF proliferation and subsequent cardiac fibrosis.
Furthermore, we noticed that the study performed by Matsushita et al. suggested that SGLT1 knockout could prevent chronic pressure-overload–induced hypertrophic cardiomyopathy (Matsushita et al., 2018). However, in our study, we found that knockdown of SGLT1 had no effect on hyperglycemia-related hypertrophy in diabetic hearts. This discrepancy may be because of the differences in experimental animal models. We used SD rats to establish a DCM model, and Matsushita et al. (2018) used mice that underwent transverse aortic constriction surgery. The other significant difference is that we only knocked down SGLT1 in rats using specific siRNA, rather than using gene knockout technology. A previous study suggested that SGLT1-deficient mice need to consume a glucose–galactose-free diet because they show symptoms of glucose–galactose malabsorption syndrome (Gorboulev et al., 2012). Therefore, SGLT1 knockout may not be appropriate in DCM. More studies are needed to investigate the exact role of SGLT1 in cardiac hypertrophy.
In summary, our study evaluated the changes in the expression of SGLT1 in the progression of diabetic cardiac fibrosis and identified a significant increase in SGLT1 expression in the diabetic heart. SGLT1 is involved in cardiac fibrosis via the p38 and ERK1/2 signaling pathways. Our findings suggest that SGLT1 is a potential therapeutic target for the prevention of diabetic cardiac fibrosis.
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A pathophysiological consequence of both type 1 and 2 diabetes is remodelling of the myocardium leading to the loss of left ventricular pump function and ultimately heart failure (HF). Abnormal cardiac bioenergetics associated with mitochondrial dysfunction occurs in the early stages of HF. Key factors influencing mitochondrial function are the shape, size and organisation of mitochondria within cardiomyocytes, with reports identifying small, fragmented mitochondria in the myocardium of diabetic patients. Cardiac mitochondria are now known to be dynamic organelles (with various functions beyond energy production); however, the mechanisms that underpin their dynamism are complex and links to motility are yet to be fully understood, particularly within the context of HF. This review will consider how the outer mitochondrial membrane protein Miro1 (Rhot1) mediates mitochondrial movement along microtubules via crosstalk with kinesin motors and explore the evidence for molecular level changes in the setting of diabetic cardiomyopathy. As HF and diabetes are recognised inflammatory conditions, with reports of enhanced activation of the NLRP3 inflammasome, we will also consider evidence linking microtubule organisation, inflammation and the association to mitochondrial motility. Diabetes is a global pandemic but with limited treatment options for diabetic cardiomyopathy, therefore we also discuss potential therapeutic approaches to target the mitochondrial-microtubule-inflammatory axis.
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INTRODUCTION

Diabetic Mellitus (DM) remains a global epidemic, with an estimated 463 million cases worldwide in 2019, and is associated with marked morbidity and mortality rates (1). Diabetes is a major risk factor for heart failure (HF), with a three-fold higher prevalence for developing coronary artery disease, CAD (2, 3). Although, approximately 50 years ago, it was revealed that myocardial remodelling and dysfunction can also occur in diabetic patients in the absence of CAD, a condition termed diabetic cardiomyopathy (DCM) which commonly advances to HF (4, 5). Recently it has emerged that in addition to HF with reduced ejection fraction (HFrEF) roughly half of all HF cases can be classified as HF with preserved ejection fraction (HFpEF), which is less well-understood in comparison. Further, treatments developed to manage HFrEF have limited efficacy in HFpEF patients; highlighting the need for a more detailed understanding of the disease mechanisms. Significantly, over a third of patients with HFpEF have type 2 diabetes (6, 7) indicating that the diabetic insult leads, at least initially, to the development of a distinct myocardial phenotype.

Mitochondrial dysfunction is a hallmark of HF (8) and more recently identified as a feature of HFpEF (9) and DCM (10). While mitochondrial dysfunction is a broad term a recurring feature of HF both in the presence and absence of diabetes, is morphological remodelling of mitochondria, with reports of both swelling and fragmentation [for a review see (11)]. Mitochondrial size, shape and distribution (factors dictating function) are regulated by mechanisms grouped under the umbrella term “mitochondrial dynamics,” which also encompasses mitochondrial turnover, mitophagy and biogenesis, as reviewed by (12). Mitochondrial movement, although less well-studied, particularly in the heart, is driven by the outer mitochondrial membrane protein Miro1 (also termed RHOT1) and is also believed to be important for regulating and maintaining a healthy mitochondrial network (13).

DCM is a chronic low grade inflammatory condition, with inflammation associated with the pathogenesis of HF and linked to the development of mitochondrial dysfunction [as reviewed recently (14)]. Kaludercic and Di Lisa (15) provided an overview of a number of studies indicating that excessive ROS production due to mitochondrial dysfunction is a causative agent of increased expression and activity of the inflammasome, NLRP3. NLRP3 is a multimeric complex formed from NOD-like receptor 3, the apoptosis-associated speck-like protein containing (ASC) adaptor protein, and caspase-1, (16, 17). Although, details are somewhat sparse (and not within the setting of the heart or DCM) an association between proteins mediating mitochondrial dynamics and NLRP3 inflammasome assembly is also emerging (18, 19).

This review will summarise evidence for the emerging role of dysregulated mitochondrial movement in HF/DCM, the intersection with aberrant mitochondrial dynamics and NLRP3 activity focusing on the involvement of Miro1; as well as considering the putative mechanisms involved.



MITOCHONDRIAL DYNAMICS IN CARDIOVASCULAR HEALTH AND DISEASE

Previously perceived as “static” organelles within cardiomyocytes, mitochondria are now known to be highly dynamic undergoing restructuring via an equilibrium of fission and fusion (12). In brief, fission, mediated by the GTPase dynamin-related protein 1 (Drp1) and receptors Mitochondrial fission 1 protein (Fis1), Mitochondrial fission factor (MFF), and MiD49/51, leads to the division of a single mitochondrion into two, allowing removal of damaged mitochondria from the network. Whereas fusion, is the amalgamation of two mitochondria into one larger mitochondrion orchestrated by the outer mitochondrial membrane (OMM) proteins Mitofusin 1 (Mfn1) and Mitofusin 2 (Mfn2). Fusion of the inner mitochondrial membrane (IMM) next occurs and is regulated by Optic atrophy 1 (Opa1).

The dynamic nature of mitochondria underpins mitochondrial quality control that is, mitochondrial biogenesis (replacement with healthy mitochondria), maintenance and degradation (mitophagy). Over time mitochondria can accumulate damage as a result of multiple mutations in nuclear-encoded mitochondrial genes or oxidative damage via ROS formation as a by-product of OXPHOS. In brief, mitophagy, the removal of damaged mitochondria, is regulated by PTEN-induced kinase protein 1 (PINK1) which upon activation (via phosphorylation) recruits cytosolic Parkin (20, 21). Parkin selectively phospho-ubiquitinates the OMM proteins (including Mfn1/2) and facilitates the selective binding and extension of autophagosomes around damaged mitochondria, although details of the exact mechanisms involved remain incomplete (22).

Recently another method of “fusion” has been identified in cardiomyocytes via the formation of tubular protrusions known as nanotunnels, visualised by live-cell confocal imaging and electron microscopy (23, 24). Nanotunnels serve as a form of direct intercommunication between cardiac mitochondria over micron distances, which allows the exchange of matrix contents between non-adjacent mitochondria. Whether the frequency of nanotunnels is correlated to cell stress is not yet clear, although links to an imbalance in Ca2+ cycling has been implicated (25).

There is a plethora of studies, both clinical and preclinical, identifying decreased expression of fusion proteins and increased levels of fission proteins in the context of cardiovascular disease (26). For example, depressed levels of Mfn1/2 are a feature of human and rodent hearts with impaired contractility and mitochondrial dysfunction (27, 28). Ablation of Mfn1 and Mfn2 results in dilated cardiomyopathy, impaired mitochondrial respiration and mitochondrial fragmentation (29). Opa1 is also depressed in HF patients (30). Whereas, increased fission, fragmented mitochondria and cell death associated with Drp1 expression has been reported as a feature of HF (31). Consequently, research has focused upon developing pharmacological inhibitors of Drp1, for example, treatment of HL-1 cardiomyocytes with mitochondrial division inhibitor-1 is shown to be cardioprotective against ischemia/reperfusion injury (32). However, the Janus nature of Drp1-mediated pathways should not be ignored as in some conditions promotion of these pathways can be cardioprotective (33). Similarly, reduced levels of PINK1 and Parkin in the heart are also associated with ventricular hypertrophy, mitochondrial swelling (34) and disorganised mitochondria (35). Andres et al. (36) also reported how simvastatin provides cardioprotection by triggering Parkin-dependent mitophagy. A balance between mitochondrial fusion, fission and mitophagy is crucial for maintaining a healthy population of mitochondria.



MIRO1 PLAYS A CENTRAL ROLE GOVERNING MITOCHONDRIAL MOVEMENT

While Mfn1, Mfn2, Opa1 and Drp1 (and receptors) are essential for regulating mitochondrial size and shape, important for mitochondrial “quality control,” the movement of mitochondria within the cell is also a crucial factor with distribution tightly linked to cellular energy requirements. An elegant study from Bers and colleagues not only captured, using live imaging, fusion and fission events within cardiomyocytes but also tracked mitochondrial movement (37). Interestingly, the study showed that over a 1 h period the net movement of mitochondria between the sarcomeres (interfibrillar, IFM) was <0.3 μm compared to those adjacent to the nucleus (peri-nuclear, PNM) which traversed 2.8 μm; this difference in motility may be due to the IFM being more spatially restricted by the sarcomeric organisation.

Miro1 localised to the OMM, has been firmly established in neurons as central for regulating mitochondrial movement in response to temporal and spatial metabolic demands (13), with impaired mitochondrial trafficking associated with several neurodegenerative diseases (38). Miro1 is also highly expressed in the heart (39) and although less well-studied, knock-down of Miro1 in H9c2 cardiomyoblasts revealed a similar effect upon mitochondrial movement in a Ca2+ dependent manner (40). Interestingly, studies exploring mitochondrial transfer via transplantation of human induced pluripotent mesenchymal stem cells (iPSC-MSCs) for tissue regeneration in models of anthracycline-induced cardiomyopathy identify the intrinsically high Miro1 content of iPSC-MSCs as essential for facilitating mitochondrial relocation and improved cardiac bioenergetics (41). In contrast, a recent study suggested that knockdown of Miro1 in cultured neonatal cardiomyocytes (NRCMs) could be protective against phenylephrine-induced hypertrophy through attenuating mitochondrial fission (42). Whilst different cardiac pathologies likely require different approaches in terms of therapeutic targeting, NRCMs as a model system may not always be directly translatable to the mature cardiomyocyte in which mitochondria show a substrate preference for free fatty acids rather than pyruvate (product of glycolysis); Dorn et al. have proposed that after birth there is cell-wide replacement with “adult” mitochondria (43). It is noteworthy that Miro1 is also decreased in pancreatic cells of patients with type 2 diabetes, with a mouse model of islet Miro1 ablation developing insulin resistance, increased production of ROS, inflammation and dysregulated mitophagy (44). Evidence, mainly from studies of neuronal tissue (38), indicates that loss of Miro1 is a decisive factor leading to “arrested” motility and linked to the accumulation of damaged mitochondria.



A MIRO1-MACROMOLECULAR COMPLEX MOBILISES MITOCHONDRIA ALONG MICROTUBULES

Miro proteins bind to kinesin-1/KIF5 and Milton (also known as trafficking kinesin-binding protein 1, TRAK1 or OIP106) (39); interactions proposed to link mitochondria to the microtubule trafficking apparatus (45, 46). Miro1 also directly interacts with Mfn2 in neuronal cells, an association that is proposed as an essential step mediating mitochondrial movement (47) as shown in Figure 1; although, the molecular basis of this interaction remains unknown as is whether this association occurs in cardiomyocytes. Significantly, as discussed above, cardiac Mfn2 levels are reported to be down-regulated in models of DCM (48). How the loss of Mfn2 (which presumably leads to reduced Miro1-Mfn2 interactions) impacts mitochondrial movement and DCM linked phenotypic changes has yet to be clarified.


[image: Figure 1]
FIGURE 1. Putative molecular mechanisms of mitochondrial movement. (A) In the absence of cytosolic Ca2+ (nM) Miro1 (bound to the outer mitochondrial membrane) coordinates mitochondrial movement along microtubules via KIF5A, TRAK1 and Mfn2. According to literature Ca2+ binding leads to two possible scenarios; (B) Conformational changes to Miro1, and subsequent detachment from Mfn2 and release of KIF5A from the microtubule trafficking apparatus, or (C) Detachment of Miro1 from Mfn2 and a disruption between TRAK1 and KIF5A interactions. Both scenarios result in halted mitochondrial movement.


Ca2+ binding to Miro1, via two EF-hands within the primary sequence, elicits a conformational change, mediating the association and dissociation of the Miro1-complex assembly from the microtubules, MTs, (with detachment halting mitochondrial motility). This process underpins mitochondrial moment (Figure 1) (49). Aberrant Ca2+ homeostasis is a hallmark of HF in patients (50) and associated with DCM (51). Mitochondria play a central role in regulating cytosolic [Ca2+] and maintaining the cellular redox status (52). Organisation of mitochondria straddling either side of the dyad (formed by t-tubules, specialised regions of the sarcolemma, and junctional sarcoplasmic reticulum) is essential for Ca2+ uptake into the mitochondria for driving bioenergetics (52, 53). While HF is associated with displacement of mitochondria (54), how impaired Ca2+ cycling influences mitochondrial movement along microtubules has yet to be examined in detail. Importantly, the Bers group have shown in isolated cardiomyocytes that under stress conditions, causing mitochondrial damage, there is migration of IFM (fission products) via MTs to the perinuclear region where they undergo mitophagy (37).



MICROTUBULE ORGANISATION AND CARDIOVASCULAR FUNCTION AND DISEASE

The presence of MTs in cardiomyocytes has been known for many years (55). MTs are formed by the polymerisation of α/β-tubulin dimers assembling into rods roughly ~ 25 nm in diameter which can extend up to tens of microns in length (56). Similar to mitochondria, MTs are organised into spatially distinct populations; (i) interfibrillar (55), (ii) those surrounding the nuclear envelope (57), and (iii) cortical MTs perpendicular to myofibrils (58). These differing populations of MTs are commonly believed to explain, in part, the diverse physiological roles of MTs in cardiomyocytes, for example, ion channel trafficking, mechanical signalling pathways fundamental for cardiac contractility and inter-organelle communication, as reviewed by Caporizzo et al. (59).

As also discussed in (59) there are numerous studies linking changes to MT properties to the development and progression of cardiovascular diseases. MT remodelling has been identified as the source of increased mechanical stiffness occurring in the early stages of diastolic dysfunction. Accordingly, there has been interest in the use of reagents that depolymerise MTs. Specifically, post-translational modification (PTM) (detyrosination) of MTs is associated with increased viscoelastic resistance in human failing hearts (60). Stiffening of the myocardium due to MT remodelling in the failing heart is also reported to displace mitochondria adjacent to the sarcolemma (subsarcolemmal mitochondria, SSM) triggering the propagation of abnormal Ca2+ transients, leading to arrhythmogenesis (8). However, since mitochondria have been demonstrated to provide a bridge between calcium cycling (and contractility) and mechano-electric and chemical MT-mediated inter-organelle tethering (61) the impact of disrupting the MT network upon mitochondrial motility and function needs further investigation.



PROTEIN POST-TRANSLATIONAL MODIFICATIONS (PTMS) AND ROLE IN MITOCHONDRIAL MOTILITY

In addition to Ca2+ homeostasis, regulatory mechanisms mediating mitochondrial motility include the cellular redox balance (62), as well PTMs of mitochondrial (63) and MT proteins (64). Miro1 is also regulated by PTMs being ubiquitinated after phosphorylation via PINK1, triggering Parkin and proteasomal pathways leading to Miro1 degradation (65). Given that the PINK1-Parkin pathway is activated in response to depolarisation of the mitochondrial membrane it is generally considered, in this context, that prevention of mitochondrial movement through Miro1 phosphorylation-degradation is important for preserving mitochondrial quality by segregating those damaged mitochondria for removal from the cell (66). How removal of damaged mitochondria is linked to the transport of mitochondria via Miro1 is not clear, particularly within cardiomyocytes; although the Bers study (37) would suggest that mitochondrial transport of IFM precedes mitophagy. The relationship between mitophagy and Miro1 also appears to be cell-type dependent with Miro1 loss-of-function mutations preventing the induction of mitophagy in neurons (67) but activating mitophagy in fibroblasts (68). Miro1 is also a substrate of the class II histone deacetylase, HDAC6, with acetylation of K105 (murine and rat) corresponding to K92 in human Miro1, involving different lysine residues than those targeted for ubiquitination, indicative of two different processes (69). HDAC6 co-immunopreciptates with Miro1 supporting a direct interaction between the two proteins. Importantly, Kalinski et al. (69) also demonstrated that deactetylation of Miro1 leads to stalled mitochondrial movement with detrimental effects upon axon growth, with pharmacological inhibition or deletion of HDAC6 protecting mitochondria against damage and abnormal mitochondrial clustering.

Notably, one of the main components of MTs, α-tubulin, is also an HDAC6 substrate. Acetylation is important for MT stability, as well-inducing conformationally directed MT organisation for the recruitment of kinesin motor proteins (70). Inhibition of HDAC6 in hippocampal neurons is shown to lead to higher levels of α-tubulin and enhanced mitochondrial motility (71). While the role of MT acetylation remains to be fully understood it is intriguing that HDAC6 separately regulates both Miro1 and MT engagement and disengagement and consequently mitochondrial motility.

Significantly, inhibition of HDAC6 activity is also reported as cardioprotective (72) preventing the development of hypertrophy and fibrosis (73). Further, in the context of DCM, HDAC6 inhibition using tubastatin A (TBA) is shown to be beneficial in a rat model of type 1 diabetes for improving outcomes from ischaemia/reperfusion (I/R) injury (74). Moreover, recently, pan-inhibitors of HDACs have been proposed as novel treatments for treating HFpEF, preserving cardiac function in a small animal model (rat) of hypertension induced LV-dysfunction (75) and a larger animal (feline) model of pressure overload (76).

Increased HDAC6 activity in the failing heart has been known for the past decade (77) but a key question that remains to be fully answered is how is HDAC6 activated? Chen and colleagues demonstrated, using an atrial cell line (HL-1), that mitochondrial dysfunction (impaired OXPHOS) induced by treatment with TNF-α, could be rescued using an inhibitor of HDAC6 (78) indicating a mechanistic link between inflammation, mitochondrial function and HDAC6 activity. Further, HDAC6 inhibition in SH-SY5Y cells (a model for Parkinson's disease) is reported to lead to reduced activation of the inflammasome, NLRP3, inflammatory response concomitant with attenuation of dopaminergic neuronal degeneration (79); although the pathways involved were not described.



MICROTUBULES PLAY A CRITICAL ROLE FOR NLRP3 ACTIVATION

Activation of NLRP3 modulates the release of inflammatory cytokines, IL-1β and IL-18, cell death and fibrosis associated with the pathogenesis of DCM (80). The acetylation of α-tubulin, whilst linked to mitochondrial transport, is also shown to play a role in the movement of NLRP3 inflammasome components along microtubules leading to the subsequent apposition of NLRP3 to mitochondrion-associated ASC (81). Multiple studies have established the link between microtubule dynamics and NLRP3 inflammasome activity, for example (82). Significantly NLRP3 activation is a feature of several cardiac pathologies as reviewed in (83). For example, colchicine (a microtubule polymerisation inhibitor) disrupts microtubule/tubulin dynamics suppressing the activation of the NLRP3 inflammasome. Animal models of myocardial infarction treated with colchicine have improved cardiac performance, improved survival rates and attenuated HF development and inflammatory response (84).

Since the acetylation of α-tubulin/NLRP3 is under the control of HDAC6 it is perhaps not surprising that beneficial effects of using HDAC6 inhibitors in preventing IL-1β generation have been demonstrated (85). Although, one macrophage study concluded that HDAC6 is a negative regulator of NLRP3, due to a direct interaction mediated by the ubiquitin binding domains (86); with this mechanism suggested to mediate NLRP3 transport into aggresomes via the microtubule network. More recently, Magupalli et al. also demonstrated in macrophages that specific regions of MTs, the microtubule-organising centre (the centrosome), are the sites for NLRP3 assembly and HDAC6 knockout (and loss of ubiquitin-binding) leads to impaired inflammasome assembly and activation (87). Clearly, there is a complex association between NLRP3 assembly, activation and MTs, which may also be tissue/cell type specific.

An indirect link between Miro1 and NLRP3 has also been identified in a rat pancreatic cells using high-fat and high glucose stressors to mimic T2DM conditions (88). Specifically, cells exhibited dysregulated Ca2+ homeostasis, which was suggested to lead to the dissociation of Miro1 from mitochondria and subsequent impaired mitochondrial movement, stalled mitophagy and accumulation of damaged ROS producing mitochondria that in turn triggered activation of NLRP3.



CONCLUDING REMARKS

Here we have highlighted evidence for the physio-pathological role of Miro1-mediated movement of mitochondria along MTs and while the majority of data is from the study of neurons evidence is emerging to support a similar role for Miro1 in the heart (40). Therefore, in addition to studies focussing upon strategies to prevent fission (89, 90) an emerging area for future studies is the delineation of the mechanisms surrounding mitophagy, mitochondrial movement, and role of the Miro1-macromolecular complex. For example, it remains unclear as to whether Miro1 expression and activity influences the processes of fission and fusion and is essential for mitophagy in the heart.

Additionally, we have highlighted a potential link between mitochondrial motility and inflammation and the involvement of deacetylation and HDAC6 (Figure 2). Although technically there remain significant challenges around studying PTMs (91) a better understanding of the functional effects of PTMs on the proteins underpinning mitochondrial motility will provide new avenues for future research. In conclusion, this review article summarises some of the current evidence, and areas where knowledge is lacking, for mitochondrial motility in the heart, and suggests a possible unifying mechanism linking impaired mitophagy, the MT network and the inflammatory response to arrested mitochondrial movement. As the causative agents and mechanisms of mitochondrial dysfunction and impaired motility are discovered, then new promising treatment therapies may emerge for promoting better cardiac outcomes in DCM/HF.


[image: Figure 2]
FIGURE 2. Schematic overview of proposed mechanism of action of HDAC6 and associated deacetylation; linking mitochondrial motility, inflammation and the putative involvement of post-translational modifications in DCM. Inflammation/diabetic insult triggers HDAC6 activity which directly interacts with NLRP3 via ubiquitin binding domains (although it is unknown whether this activates/inactivates NLRP3 and inflammasome assembly in the heart). The combination of microtubule (alpha-tubulin) destabilisation and reduced acetylation (important for microtubule stability), contributes to disengagement of the mitochondria from the microtubule apparatus and halts mitochondrial movement. With mitochondrial motility linked to mitophagy, the removal of damaged mitochondria (potentially ROS producing) is impaired, leading to subsequent mitochondrial dysfunction, and oxidative stress further exacerbating inflammation via NLRP3. Inhibition of HDAC6 activity is also reported as cardioprotective.
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Diabetes is a chronic metabolic disease characterized by hyperglycemia in the absence of treatment. Among the diabetes-associated complications, cardiovascular disease is the major cause of mortality and morbidity in diabetic patients. Diabetes causes a complex myocardial dysfunction, referred as diabetic cardiomyopathy, which even in the absence of other cardiac risk factors results in abnormal diastolic and systolic function. Besides mechanical abnormalities, altered electrical function is another major feature of the diabetic myocardium. Both type 1 and type 2 diabetic patients often show cardiac electrical remodeling, mainly a prolonged ventricular repolarization visible in the electrocardiogram as a lengthening of the QT interval duration. The underlying mechanisms at the cellular level involve alterations on the expression and activity of several cardiac ion channels and their associated regulatory proteins. Consequent changes in sodium, calcium and potassium currents collectively lead to a delay in repolarization that can increase the risk of developing life-threatening ventricular arrhythmias and sudden death. QT duration correlates strongly with the risk of developing torsade de pointes, a form of ventricular tachycardia that can degenerate into ventricular fibrillation. Therefore, QT prolongation is a qualitative marker of proarrhythmic risk, and analysis of ventricular repolarization is therefore required for the approval of new drugs. To that end, the Thorough QT/QTc analysis evaluates QT interval prolongation to assess potential proarrhythmic effects. In addition, since diabetic patients have a higher risk to die from cardiovascular causes than individuals without diabetes, cardiovascular safety of the new antidiabetic drugs must be carefully evaluated in type 2 diabetic patients. These cardiovascular outcome trials reveal that some glucose-lowering drugs actually reduce cardiovascular risk. The mechanism of cardioprotection might involve a reduction of the risk of developing arrhythmia.
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INTRODUCTION
Diabetes affected 422 million adults in 2014 (WHO, 2021), but the incidence and the associated socio-sanitary cost are steadily rising. Diabetes is a chronic metabolic disease characterized by hyperglycemia in the absence of treatment. Type 1 diabetes (T1D), caused by insufficient or no insulin production, is the less common form. Type 2 diabetes (T2D) accounts for more than 90% of the cases and starts with insulin resistance, but later progresses towards various degrees of β-cell dysfunction. As a result, many type 2 diabetic patients may need exogenous insulin.
In the last decades, available pharmacologic approaches have significantly improved the life span and the quality of life of diabetic patients. However, over time, diabetes-associated complications have emerged. Among them, cardiovascular disease stands out because is the major cause of mortality and morbidity in diabetic patients. In fact, the Framingham study reported that patients with type 2 diabetes were twice as likely as healthy people to die from cardiovascular diseases (Kannel et al., 1974). Currently, due to the advances in diabetes management, many diabetic patients achieve good glycemic control. However, cardiovascular complications remain (Food and Drug Administration, 2008; Duckworth et al., 2009) and are still the leading cause of death (Preis et al., 2009; Xu and Rajaratnam, 2017).
Besides inducing cardiovascular disease, diabetes changes the myocardial structure leading to a cardiac dysfunction known as diabetic cardiomyopathy. Diabetic cardiomyopathy was first described by Rubler et al., in 1972 as heart failure in diabetics without hypertension, myocardial ischemia, congenital or valvular disease (Rubler et al., 1972). It is currently defined as a ventricular dysfunction in the absence of coronary artery disease or hypertension (Bugger and Abel, 2014). In fact, the Framingham study described the association between diabetes and cardiac hypertrophy independently from blood pressure (Kannel et al., 1974). Moreover, the Cardiovascular Health study (Lee et al., 1997) and the Strong Heart study (Devereux et al., 2000) confirmed the association between diabetes and increased left ventricular mass and wall thickness with compromised diastolic and systolic function. Different mechanisms have been proposed to promote the development of diabetic cardiomyopathy and damage the heart. These include cardiac insulin resistance; metabolic remodeling with abnormal free fatty acids metabolism and lipotoxicity; mitochondrial dysfunction with increased ROS production; accumulation of advanced glycation end products and collagen; abnormalities in calcium handling; pro-inflammatory responses; activation of the renin-angiotensin-aldosterone system and autonomic neuropathy with increased sympathetic activity (reviewed in Casis and Echevarria, 2004; Battiprolu et al., 2013; Bugger and Abel, 2014; Onay-Besikci, 2014; Grisanti, 2018; Jia et al., 2018; Palomer et al., 2018; Quagliariello et al., 2020).
Torsade de pointes (TdP) is a ventricular arrhythmia characterized by a change in the amplitude and a twisting of the QRS complexes around the isoelectric line in the electrocardiogram. TdP usually ends spontaneously, but in some cases may degenerate into lethal ventricular fibrillation. Long QT syndrome is an inherited or drug-induced arrhythmia syndrome characterized by a prolongation of the QT interval (Sanguinetti and Tristani-Firouzi, 2006; Schwartz et al., 2012) that causes torsade de pointes, ventricular fibrillation and sudden death. Since TdP occurs in the setting of prolonged QT intervals, QT duration and heart rate-corrected QT duration (QTc) have become qualitative markers of proarrhythmic risk. The electrocardiogram of both type 1 and type 2 diabetic patients often shows prolonged QT (Bellavere et al., 1988; Chambers et al., 1990; Jermendy et al., 1990; Ewing et al., 1991; Veglio et al., 2000; Brown et al., 2001; Ninkovic et al., 2016), which increases the risk of ventricular arrhythmia (Tse et al., 2016; Hegyi et al., 2019). At the cellular level, diabetes lengthens the cardiac action potential duration due to changes in the expression and electrophysiological properties of various ion channels (Lengyel et al., 2007; Torres-Jacome et al., 2013; Gallego and Casis, 2014).
In addition, arrhythmogenesis in diabetes might be amplified by other factors like autonomic dysregulation (Jermendy, 2003; Spallone et al., 2011; Chen et al., 2019), inflammation (Karam et al., 2017) and the presence of comorbidities such as hypertension (Yiu and Tse, 2008). This review focuses on the electrical characteristics of the diabetic myocardium, such as reduced conduction velocity and prolonged ventricular repolarization. Since these alterations may increase the risk of arrhythmia, evaluating the proarrhythmic risk of new drugs is very relevant for the case of glucose-lowering drugs.
Since 2005, potential proarrhythmic risk must be evaluated for the approval of any new drug, including new anti-hyperglycemic drugs. Currently, the Thorough QT/QTc (TQT) studies are performed with premarketing drugs in order to exclude those that prolong the QT interval (ICH E14). At the same time, concerns about cardiovascular risk in diabetic patients has guided the policy of the regulatory agencies to establish the safety of new glucose-lowering drugs. Therefore, cardiovascular outcome trials (CVOTs) that evaluate specific cardiovascular endpoints are being conducted on type 2 diabetic patients (Goldfine, 2008). Furthermore, the information is being incorporated into the standards of medical care (Scheen, 2020).
In the preclinical setting, animal models, mainly rodents, but also guinea pigs, rabbits and dogs, are commonly used for the study of the diabetic heart. Currently, there are many different animal models for T1D and T2D (Figure 1). These have been extensively reviewed, and include spontaneous, transgenic as well as surgically, chemically and diet-induced models (Masiello, 2006; King, 2012; Al-awar et al., 2016; King and Bowe, 2016). Most of our knowledge regarding cardiac electrical remodeling in diabetes derives from studies with animal models of T1D (Magyar et al., 1992; Shimoni et al., 1994; Casis et al., 2000; Lengyel et al., 2007; Lengyel et al., 2008). Streptozotocin (STZ) and alloxane are glucose analogues that destroy pancreatic β-cells (Lenzen, 2008) and have been, for decades, the choice for inducing experimental diabetes because the procedure is simple and reliable. T2D has a different origin and pathophysiology. In humans, it starts with insulin resistance and eventually there is a loss of functional β-cells and hyperglycemia. In order to recapitulate this situation, a number of animal models have been generated using different strategies. Among them are the leptin-receptor deficient obese mice (Leprdb/db), the non-obese Goto-Kakizaki (GK) rat with defective β-cells, the obese Otsuka Long Evans Tokushima Fat rat (OLETF) or the Zucker diabetic fatty rats (ZDF). In addition, metabolic models that combine high fat and/or high-carbohydrate diet with an intraperitoneal low-dose of STZ (Ionut et al., 2010; Podell et al., 2017) are becoming popular. Progressive feeding on high caloric food leads to glucose intolerance and insulin resistance, whereas STZ provides the loss of functional beta cell mass required establishing diabetes.
[image: Figure 1]FIGURE 1 | Animal models for diabetes. (A) Type 1 diabetes is induced by intravenous injection of streptozotocin or alloxane to kill pancreatic beta cells. Depending on the species, one or more consecutive injections of the toxic are required. (B) Metabolic models for type 2 diabetes include diet-induced insulin resistance followed by mild to medium pancreatic toxicity. Animals are fed with high fat and/or high carbohidrate diet (HFD and HCHD, respectively) for some weeks to generate insulin resistance and then receive one or more intraperitoneal injections of low dose streptozotocin to reduce beta cell mass. (C) Genetically hyperinsulinemic and/or hyperglycemic animals, lean and obese, spontaneously develop diabetes over time.
In the following section, we will discuss the electrical characteristics of the diabetic myocardium that may eventually increase the risk of arrhythmia: from changes in the electrocardiogram and the action potential, to altered behavior of sodium, calcium and potassium channels. Then, we will examine the proarrhythmic safety of antidiabetic drugs and the recommended treatments for type 2 diabetic patients at cardiovascular risk.
CARDIAC ELECTRICAL REMODELING
Alterations in the Cardiac Conduction System in Diabetes
Although diabetic patients frequently have increased heart rate (Ziegler et al., 2008), diagnosis of bradyarrhythmia and the need for pacemaker treatment are also more frequent in type 2 diabetic patients than in control subjects (Rautio et al., 2020). Among the diabetes-induced electrical disturbances, there is a nodal dysfunction that may be related to autonomic dysregulation. In line with this, leptin-receptor deficient db/db mice showed reduced sinus node recovery time and relative autonomic denervation that increased the risk of developing arrhythmia (Soltysinska et al., 2014). On the other hand, there are intrinsic abnormalities in the sinoatrial node that affect the generation and conduction of electricity. For example, the non-obese type 2 diabetic Goto-Kakizaki (GK) rats had a reduced expression of pacemaker channels and connexins. Among others, genes encoding connexins Cx40, Cx43, and Cx45, as well as the hyperpolarization-activated cyclic nucleotide-gated channel 4 (HCN4) that drives the funny current If, were downregulated (Howarth et al., 2018).
Some diabetic patients display slow ventricular depolarization that is visible in the electrocardiogram as an increase in QRS duration (Singleton et al., 2020). Reduced expression of HCN4, connexins and ion channels has also been confirmed in different regions of the cardiac conduction system in the STZ models of T1D (Howarth et al., 2007; Watanabe et al., 2012; Zhang et al., 2019).
Fibroblasts are the most abundant non-cardiomyocyte cells in atria and ventricles. Cardiac fibroblasts can undergo an activation process and differentiate to myofibroblasts that express connexins Cx43 and Cx45. Through these gap junction proteins, myofibroblasts directly interact with cardiomyocytes modulating their electrophysiological behavior and reducing cardiac impulse conduction (Miragoli et al., 2006). Diabetes favors the phenotype switch to myofibroblasts in the heart. Thus, differentiation to myofibroblasts is increased in hearts from STZ-treated and Zucker diabetic rats, which are animal models of T1D and T2D, respectively (Li et al., 2012a; Fowlkes et al., 2013).
Prior to the development of fibrosis, diabetes can induce a lateralization of connexin43 proteins that may impair electrical coupling. Although normal baseline conduction velocity was observed in diabetic rats one to 2 weeks after STZ injection, this normal functioning might be sustained by a robust ventricular conduction reserve. However, under challenging conditions like elevated potassium or ischemia, diabetic ventricles showed larger conduction times compared to controls (Nygren et al., 2007; Rahnema et al., 2011). Furthermore, overt impaired conduction velocity may develop as diabetes progresses. In this sense, long-term type 1 diabetic rabbits without cardiac fibrosis had decreased conduction already in basal conditions. Again, stressing the heart with hypo or hyperkalemia further slowed the velocity. A mechanism responsible might be the diabetes-induced reduction in the cardiac sodium current, as reported by electrophysiological techniques and mathematical modeling (Stables et al., 2014).
Atrial Fibrillation
Diabetes is an independent risk factor for atrial fibrillation (AF) and diabetic patients have one-third greater risk of incidence of AF compared with unaffected individuals (Huxley et al., 2012). Although the underlying pathophysiological mechanisms are not completely understood, diabetes-induced atrial remodeling shares some mechanisms with diabetic cardiomyopathy. Atrial autonomic dysregulation, oxidative stress, fluctuations of glucose levels and structural and electrical remodeling contribute to the development of arrhythmia (Goudis et al., 2015; Wang et al., 2019). For instance, the above mentioned diabetes-induced differential expression of conexins, that affects action potential conduction, might contribute to the development of atrial fibrillation (Watanabe et al., 2012). Regarding the electrical remodeling, diabetic Zucker obese rats with higher susceptibility to AF showed prolonged atrial action potential duration due to a reduction of the ultrarapid delayed rectifier and transient outward repolarizing currents (Ikur and Ito) along with a reduction of the corresponding channel forming proteins (Fu et al., 2019).
Prolonged QT Interval Duration
The most-studied electrical alteration of the diabetic myocardium is prolonged ventricular repolarization. Diabetes-induced lengthening of QT and QTc intervals associates with higher risk of developing ventricular arrhythmias and sudden cardiac death (Figure 2). Prolonged QTc was first reported in individuals with diabetic neuropathy (Bellavere et al., 1988; Chambers et al., 1990; Jermendy et al., 1990; Ewing et al., 1991) and later, it was also observed in newly diagnosed type 2 diabetic patients with no apparent complications (Naas et al., 1998). It is difficult to estimate the prevalence of longer QTc among diabetics. The different characteristics of the cohorts in each study and the formula used to adjust the QT for heart rate (Bazett, Fridericia, Hodges, others) lead to heterogeneous results, with prevalence estimates ranging from 30 to 66% (Veglio et al., 2002; Kumar et al., 2004; Li et al., 2012b; Cox et al., 2014; Lu et al., 2017). In these studies, recruited participants usually exhibited diabetes with several years of duration and therefore received antidiabetic medication. Metformin is the first choice to start glycemic control and many patients require additional drugs over time (Ferrannini and DeFronzo, 2015). Most prevalence studies do not differentiate subjects on monotherapy from those on combined therapy, but the fact is that antidiabetic medication does not seem to be efficient to restore normal QTc values.
[image: Figure 2]FIGURE 2 | Diabetes is a substrate for developing arrhythmia. Example of electrocardiograms recorded from control and type 2 diabetic rats upon stimulation with caffeine plus dobutamine. Only diabetic animals develop arrhythmia under cardiac challenge.
Another parameter that analyzes the repolarization is the QT dispersion or QTd, which reflects the difference between the longer and the shorter QT interval duration in the 12 leads electrocardiogram. An increase in the QTd is typically associated to an increased predisposition to ventricular arrhythmias. Diabetic patients show increased QTd and heart-rate corrected QT dispersion (QTdc) compared to non-diabetic subjects in the absence of other cardiovascular pathologies. Although the prevalence of severe prolonged QTc (>500 ms) and QTd (>80 ms) is low (Ninkovic et al., 2016), the presence of concomitant cardiovascular abnormalities such as left ventricular hypertrophy or hypertension increased the QT dispersion in diabetes mellitus (Cardoso et al., 2001).
ION CHANNELS AND CURRENTS IN THE DIABETIC MYOCARDIUM
The basic electrical activity of the cardiac cells is an action potential consisting of a rapid depolarization phase followed by a repolarization phase with a plateau. In 1983, Fein et al. described for the first time a lengthening of the cardiac action potential duration (APD) in a rat model of T1D (Fein et al., 1983), an effect consistently confirmed in rodent and non-rodent models (Magyar et al., 1992; Casis et al., 2000; Lengyel et al., 2007; Torres-Jacome et al., 2013). Thus, the APD observed in animal models of diabetes correlates with the prolonged QTc duration and increased QTd found in diabetic patients. In addition, in ventricular myocytes isolated from diabetic rats APD prolongation was not homogeneous throughout the heart, and the effect was more pronounced in the endocardium than in the epicardium (Casis et al., 2000). Prolonged APD results from diabetes-induced alterations in the expression and behavior of several ion channels that conduct depolarizing (sodium and calcium) and repolarizing (potassium) currents (summarized in Figure 3).
[image: Figure 3]FIGURE 3 | Diabetes affects the depolarizing and repolarizing currents responsible for the cardiac action potential. (A) Action potential depictions of a control and a diabetic heart (numbers indicate the phase of the AP) showing that diabetes changes action potential shape and prolongs its duration. (B) Summary of the alterations in the cardiac ion currents and the respective channel-forming proteins obtained in animal models of TD1 and T2D. See text for references.
Alterations in the Sodium Current
The protein Nav1.5, encoded by the SCN5A gene, is the cardiac isoform of the voltage-gated sodium channel, which is responsible for carrying the sodium current, or INa. Diabetic rabbits displayed a reduction in the density of the cardiac INa although the Nav1.5 protein levels were not significantly reduced (Stables et al., 2014). However, in type 1 diabetic rats, as well as in culture cells exposed to hyperglycemic conditions, Yu et al. reported a reduced amount of Nav1.5 channels in the membrane. The excessive O-linked GlcNAcylation led to abnormal Nav1.5 aggregation in the cytoplasm and defective trafficking of the channel to the membrane (Yu et al., 2018). Nav1.5 channels open during the depolarization phase and then rapidly inactivate. However, some channels might reopen creating a persistent or late sodium current or INa,L that interferes with the repolarization (Zaza and Rocchetti, 2013). If the contribution of the late component of the INa increases, AP duration can prolong excessively increasing the risk of arrhythmia. This might happen in diabetes; in fact, increased INa,L has been found in type 1 and type 2 (db/db) mice with prolonged QTc (Lu et al., 2013). Moreover, diabetic mice treated with the INa,L inhibitor GS967 were more resistant to develop atrial fibrillation under an arrhythmia-inducing protocol than untreated diabetic animals (Jin et al., 2019). In addition, cultured cells incubated in high glucose conditions showed an increase in the late sodium current (Fouda et al., 2020). Different signaling pathways, metabolites and mechanisms regulate the late sodium current (Horváth et al., 2020). In diabetic mice, attenuated insulin/PI3K/Akt signaling increases INa,L, contributing to the subsequent APD and QTc prolongations (Lu et al., 2013).
Calcium Current and Calcium Handling
The L-type calcium current or ICa-L is a depolarizing current active during the phase of repolarization of the action potential and is the current responsible for the maintenance of the plateau phase. Regarding the ICa-L, experiments with animal models have yielded confusing results. Some groups found no effects upon the current amplitude and the biophysical behavior of the calcium channel (Jourdon and Feuvray, 1993; Tsuchida et al., 1994; Lengyel et al., 2007; Lengyel et al., 2008) in type 1 diabetic models. On the contrary, other groups described a reduction in the current amplitude and a slowing in the current inactivation kinetics (Horackova and Murphy, 1988; Wang et al., 1995; Chattou et al., 1999). Finally, some groups reported a reduction of ICa-L but no effect on the channel behavior. In this sense, the reduction in the cardiac ICa-L density correlated with a decreased expression of its channel-forming protein Cav1.2 in Akita mice, a genetic model of T1D with defective insulin production, as well as in models of T2D like the db/db obese mice and Zucker obese rats (Pereira et al., 2006; Lu et al., 2007; Fu et al., 2019). Electrophysiological recordings of single-channel activity showed that the biophysical properties of the calcium channel were similar in control and diabetic animals (Pereira et al., 2006).
The reason behind these discrepant results is not clear. It might be related with methodological aspects in current recordings, such as the patch-clamp configuration or the charge carrier used in the experiment (Ca2+ or Ba2+). There could also be intrinsic differences in the diabetic models, for instance, induced vs. genetic. The experimental conditions for current recordings are also crucial, since the amplitude of the L-type calcium current is very sensitive to the intracellular calcium content. In physiological conditions, L-type calcium channels inactivate via Ca2+-dependent inactivation, mainly by the calcium released from the sarcoplasmic reticulum (Pelzer et al., 1990; Sham, 1997; Kubalová, 2003). Thus, if intracellular Ca2+ is buffered during the current recording, differences in current behavior between control and diabetic cardiomyocytes might not be observed. However, experimental conditions that preserve the intracellular Ca2+ can differentially affect the behavior of the ICa-L in control and diabetic cells. In fact, intracellular calcium handling is altered in the diabetic myocardium (Allo et al., 1991), showing a characteristic reduced systolic Ca2+ and an augmented diastolic Ca2+.
Diabetes induces changes in several proteins involved in calcium handling, what leads to an increase in the cytosolic (Ca2+). Diabetes prolongs the duration of both the contraction and the relaxation phases of the cardiac cycle (Regan et al., 1974; Feuvray et al., 1979; Fein et al., 1980). In the diabetic heart, Ca2+ release from the sarcoplasmic reticulum during systole is depressed, mainly due to a downregulation of Ca2+-releasing proteins at the SR membrane. In this sense, mRNA and protein levels of ryanodine receptors (RYRs) are reduced in diabetes and become fully restored after insulin supplementation (Teshima et al., 2000; Netticadan et al., 2001). However, more characteristic of the diabetic myocardium is the diastolic calcium overload, which is increased about three fold (Allo et al., 1991). Diabetes increases the opening probability of RYRs and leads to diastolic Ca2+ leak to the cytoplasm (Singh et al., 2018). In addition, calcium reuptake to the SR is also compromised because diabetic cardiomyopathy reduces the expression of the sarcoplasmic reticulum Ca2+-ATPase (SERCA2) as well as its apparent affinity for Ca2+ (Teshima et al., 2000; Netticadan et al., 2001), (Zhong et al., 2001; Abe et al., 2002; Razeghi et al., 2002). As a result, diabetic cardiomyocytes have higher diastolic calcium levels caused by a markedly impaired calcium uptake (Penpargkul et al., 1981; Horackova and Murphy, 1988; Fein et al., 1990; Golfman et al., 1996). Thus, diabetic cardiomyocytes have less calcium available for the contraction during systole together with an excess of diastolic calcium that impairs relaxation during diastole.
The Repolarizing Potassium Currents
Several potassium currents determine the action potential repolarization phase. In the human heart these are the transient outward or Ito, the ultrarapid delayed rectifier or IKur, the rapid delayed rectifier or IKr, the slow delayed rectifier or IKs, and the inward rectifier or IK1 (Chiamvimonvat et al., 2017). Diabetes does not change the inward rectifier, the current that contributes to the final phase of the repolarization (Magyar et al., 1992; Casis et al., 2000).
On the contrary, Ito, which is the dominant ventricular repolarizing current in rodents, is highly affected by T1D. A reduction in the expression of the channel-forming proteins Kv4.3 and Kv4.2 and the accessory subunit KChIP2 (Qin et al., 2001; Lengyel et al., 2007; Torres-Jacome et al., 2013) caused the reduction in the amplitude of Ito (Magyar et al., 1992; Shimoni et al., 1994; Xu et al., 1996; Casis et al., 2000). In addition, diabetes accelerated Ito current inactivation (Magyar et al., 1992; Casis et al., 2000) due to a reduction in the Kv4.3 channel phosphorylation by CaMKII (Gallego et al., 2008). This contributed to the reduction of the total current and the lengthening of the action potential duration. Regarding IKur, diabetes reduced the expression of the pore forming protein Kv1.5, thus inhibiting the current (Casis et al., 2000; Torres-Jacome et al., 2013).
The delayed rectifiers are virtually absent in rodents; therefore, they have been analyzed mostly in type 1 diabetic rabbits and dogs. The amplitude of the slow delayed rectifier IKs was reduced (Lengyel et al., 2007; Lengyel et al., 2008) which correlated with the reduced expression levels of the accessory subunit mink, whereas the pore-forming subunit Kv7.1 was not or little affected (Lengyel et al., 2007; Zhang et al., 2007). Regarding the rapid delayed rectifier, most of the studies reported no effect of diabetes on IKr amplitude and properties (Lengyel et al., 2007; Lengyel et al., 2008; Torres-Jacome et al., 2013). However, experiments made in rabbits with long diabetes duration showed significant reduction of both the IKr amplitude and the expression of its pore-forming protein ERG (Zhang et al., 2006; Zhang et al., 2007).
A combination of factors can lead to the reduced electrical activity and expression of cardiac potassium channels. In type 1 diabetic animals, insulin treatment restored some but not all the altered currents (Zhang et al., 2006; Lengyel et al., 2007). The impaired metabolic status of the diabetic cells might also affect protein synthesis. For instance, in vitro activation of the AMP-dependent protein kinase reduced several K+ repolarizing currents in a similar fashion than diabetes (Torres-Jacome et al., 2013). On the other hand, diabetes induced a sterile inflammation that increased the IL-1b release from cardiac macrophages and led to the reduction of the Ito (Monnerat et al., 2016).
The literature regarding cardiac electrical remodeling in T2D, however, is very limited. A few studies reported a prolongation of APD and a reduction of the amplitude of the ventricular Ito current in the genetic models WBN/Kob rats (Tsuchida et al., 1994; Tsuchida and Watajima, 1997), leptin-receptor deficient homozygous db/db mice (Shimoni et al., 2004) or the Otsuka-Long-Evans-Tokushima Fatty rats (Sato et al., 2014). Similarly, Ito, IKur and ICa-L currents, as well as their corresponding channel-forming proteins, were reduced in the atria of Zucker diabetic fatty rats (Fu et al., 2019). Regarding humans, a study in elderly type 2 diabetic patients (Ashrafi et al., 2017) showed a reduction of the mRNAs encoding for hERG and Kir channels responsible for IKr and IK1, and an increase of the Na+/Ca2+ exchanger (NCX) expression. Although channel protein levels and current recordings were not assessed and the study was performed in few, aged and poly-medicated patients, this is the first work that directly compares the expression of cardiac channels between diabetic and non-diabetic humans (Hancox, 2017).
SAFETY ASSESSMENT OF ANTIDIABETIC DRUGS
Proarrhythmic Safety of New Drugs
Like diabetes, other disorders cause metabolic, endocrine, immune or autonomic disturbances, providing an environment that impairs cardiac ion channel function. Moreover, some drugs can directly inhibit and in some cases activate ion channels, affecting the overall electric response. Therefore, the proarrhythmic propensity of drugs is a matter of concern. Between 1989 and 2003 several drugs were associated with ventricular arrhythmia, mainly torsade de pointes, and were withdrawn from the market [reviewed in Turner et al., 2018]. As a result, in 2005 the International Council for Harmonization (ICH) of Technical Requirements for Pharmaceuticals for Human Use released two guidelines for industry, the non-clinical S7B and the clinical E14, to evaluate potential proarrhythmic effects of new drugs.
Non-clinical testing strategy focused mainly on evaluating the effects of a drug on the hERG channel in vitro, and in electrocardiographic recordings to analyze ventricular repolarization (ICH S7B Guideline, 2005). The hERG channel encoded by the human ether-a-go-go-related gene conducts the IKr, the main repolarizing current in humans. The blockade of hERG channel is responsible for most of the drug-induced QT prolongations and TdPs because the protein has a peculiar site that effectively accommodates the binding of drugs and makes it particularly susceptible to blockade (Sanguinetti and Tristani-Firouzi, 2006). However, not all the hERG-channel blockers prolong the QT interval or induce TdP. Some drugs might have additional effects on other channels that counteract the lengthening of the repolarization, resulting in normal action potential and QT interval duration. Furthermore, QTc prolongation does not necessarily trigger TdP yet may discontinue compounds from development. Since 2013, the Comprehensive in vitro Proarrhythmia Assay (CiPA) initiative works in a new paradigm for assessment of TdP proarrhythmic risk of new drugs that is not focused exclusively in hERG blockage and QT prolongation (Sager et al., 2014). Instead, the CiPA initiative includes: the in vitro assessment of drug effects on multiple ion channels; the prediction of proarrhythmic risk using in silico models; the in vitro confirmation of proarrhythmicity in human stem cell derived ventricular cardiomyocytes; and electrocardiograms in phase 1 clinical trials (Vicente et al., 2018).
On the other hand, the clinical evaluation of potential proarrhythmic effects consists on the “Thorough QT/QTc” or TQT Study, usually performed before phase 3 clinical development to detect whether the drug has a threshold pharmacologic effect on prolonging repolarization. In the TQT studies, healthy voluntaries receive a negative control (placebo); a positive control (a drug that prolongs the QTc); the drug under development at the maximum recommended therapeutic dose; and the drug at supratherapeutic dose to explore the “worst-case scenario”, for instance, in an impaired clearance of the drug. The TQT study is negative if the drug does not prolong the mean QT/QTc interval more than 5 ms, which is considered the threshold of regulatory concern (ICH E14 Guideline, 2015). However, the TQT study is resource intensive and scientists and regulatory agencies are discussing alternatives that are more effective, such as the intensive assessment of ECG parameters in the first-in-human study (Darpo et al., 2014; ICH E14 Guideline, 2015).
Proarrhythmic Safety of Antidiabetic Drugs
Since metformin, insulin, sulfonylureas or thiazolidinedione were marketed years before the regulations about arrhythmic safety, TQT studies did not evaluate these classic antidiabetics. On the contrary, newer drugs approved after the ICH E14 guideline, such as semaglutide, have been examined in TQT studies (Demmel et al., 2018). However, evaluation of glucose lowering drugs is very challenging since, for instance, changes in blood glucose concentrations per se may correlate with prolonged QTc (Suys et al., 2006). The Cardiac Safety Research Consortium discussed these major confounding factors (Heller et al., 2015). Variations in glucose, insulin and potassium levels, fasted vs. fed state and the activation of the autonomous nervous system may all affect ventricular repolarization, as well as other ECG parameters like RR interval duration and the T-wave morphology. This complicates the design and interpretation of TQT studies for assessing antidiabetic compounds.
Glucose-Lowering Treatment for Patients at Cardiovascular Risk
On the other hand, although the incidence of cardiovascular disease (CVD) has declined in both adults with and without diabetes over the last few decades, diabetic patients still have 2-fold greater risk of CVD compared with the non-diabetic population (Fox et al., 2004; Preis et al., 2009). In addition, studies of the agonist of the peroxisome proliferator-activated receptor families alpha and gamma muraglitazar, an agonist of the peroxisome proliferator-activated receptor (PPAR), and the thiazolidinedione rosiglitazone, concluded an increase in the risk of death and in the incidence of major adverse cardiovascular events compared to standard therapy (Nissen et al., 2005; Nissen and Wolski, 2007). These concerning results precipitated that, in 2008, the FDA issued guidance for industry aimed to ensure that new antidiabetic therapies for T2D do not increase the CVD risk. As a result, during pharmacological development of new antidiabetic drugs, Cardiovascular Outcome Trials (CVOTs) must be performed on selected type 2 diabetic patients at higher risk of cardiovascular events (Food and Drug Administration, 2008). Primary outcome in CVOTs is typically a composite of death of cardiovascular cause, non-fatal myocardial infarction and non-fatal stroke. Secondary outcomes may include hospitalization for heart failure, acute coronary syndrome and revascularization (Schnell et al., 2016). Interestingly, diabetes is the only pathology where routine CVOTs in the absence of safety signals are mandatory.
As with the TQTs, CVOTs were not performed for the old antidiabetic drugs. Three groups of new drugs: dipeptidyl peptidase 4 (DPP-4) inhibitors, sodium-glucose cotransporter 2 (SGLT2) inhibitors and glucagon-like peptide 1 (GLP-1) receptor agonists have undertaken CVOTs. Detailed summaries of completed and ongoing studies have been recently published (Cefalu et al., 2018; Schnell et al., 2019; Schnell et al., 2020). Although some differences between drugs exist, CVOTs confirm that the tested drugs fulfill the FDA requirements because they are not associated with an unacceptable increase in cardiovascular risk; therefore, all of them are safe. The GLP1R agonist liraglutide and the SGLT2 inhibitors empagliflozin and, to a lower extent, canagliflozin, have yielded very positive results. Consequently, the American Diabetes Association recommended incorporating these drugs to the standard therapy in T2D patients with established atherosclerotic cardiovascular disease (Davies et al., 2018).
Furthermore, very recent studies have focused on the potential protective effect of SGLT2 inhibitors against developing arrhythmias. In newly diagnosed diabetic patients, SGTL2 inhibitors associates with a reduced risk of new onset arrhythmia (Chen et al., 2020). Similarly, recent meta-analysis examining arrhythmia outcomes, like atrial fibrillation and ventricular tachycardia, found that SGLT2 inhibitors treatment reduces the risk of cardiac arrhythmias in diabetic patients (Li et al., 2021). However, in most trials, information regarding pre-existing arrhythmia and anti-arrhythmic therapy were not available. More research will be required to determine the best treatment for those arrhythmic patients who develop diabetes. Currently, the ADA recommends the use of either an SGLT2 inhibitor or a GLP-1 receptor agonist to reduce cardiovascular risk because this treatment is appropriate for many patients (ADA, 2021). Although both SGLT2i and GLP-1R agonist could be used in patients with atherosclerotic cardiovascular disease, SGLT2 inhibitors are recommended in patients with heart failure or kidney disease (Dardano et al., 2020).
Among the proposed cardioprotective mechanisms are lowering blood pressure, which may lower cardiac afterload; improving cardiac metabolism increasing energy production; reducing inflammation and cytokine release; preventing adverse cardiac remodeling; reducing sympathetic nerve activity; improving renal function; improving mitochondrial dysfunction and improving ionic dyshomeostasis. Thus, the underlying cardioprotective mechanisms of SGLT2 inhibitors and GLP-1 receptor agonists remain unclear and might involve complementary systemic and direct cardiac effects (recently reviewed in Lahnwong et al., 2018; Dardano et al., 2020; Lopaschuk and Verma, 2020).
Regarding ionic dyshomeostasis and arrhythmic risk, (Na+) was elevated in the diabetic myocardium, directly increasing the risk of sudden arrhythmic death (Lambert et al., 2015). Empagliflocin inhibits the Na+/H+ exchanger and reduces the sodium and calcium concentration (Baartscheer et al., 2017). Another SGLT2 inhibitor, dapagliflozin, reduced the membrane expression of the Na+/H+ exchanger, the Na+/Ca2+ exchanger and the L-type calcium channel in db/db mice (Arow et al., 2020). The resulting reduction of the cytoplasmic (Na+) and (Ca2+) might reduce the risk of developing potentially lethal arrhythmias. Very interestingly, in insulin resistant rats dapagliflozin-treatment improved cardiac repolarization. Daplagliflozin supressed QT interval and AP prolongation, mainly by restoring the depressed potassium currents Ito and IK1, but also by reducing INa (Durak et al., 2018).
CONCLUSION AND FUTURE PRESPECTIVES
Both T1D and T2D induce a cardiac remodeling that leads to mechanical dysfunction and/or cardiac arrhythmias. Experiments with animal models have consistently shown that diabetes alters the expression and regulation of cardiac ion channels and transporters, which impairs impulse generation, conduction, excitation-contraction coupling and myocyte contractility.
Prolonged QTc interval duration persists in a number of treated diabetic patients, indicating that strict glycemic control is not sufficient to normalize the electrophysiological disturbances. Available glucose-lowering drugs that improve cardiovascular prognosis are crucial in the management of type 2 diabetic patients with established cardiovascular disease or at high cardiovascular risk. Further studies are needed to elucidate if cardioprotection includes electrical remodeling and prolonged repolarization. This could be of particular interest for patients with diabetes-associated complications that may increase the risk of arrhythmia.
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Diabetic cardiomyopathy (DCM) is a complication of diabetes mellitus which result in cardiac remodeling and subsequent heart failure. However, the role of P2X7 receptor (P2X7R) in DCM has yet to be elucidated. The principal objective of this study was to investigate whether P2X7R participates in the pathogenesis of DCM. In this study, the C57BL/6 diabetic mouse model was treated with a P2X7R inhibitor (A438079). Cardiac dysfunction and remodeling were attenuated by the intraperitoneal injection of A438079 or P2X7R deficiency. In vitro, A438079 reduced high glucose (HG) induced cell damage in H9c2 cells and primary rat cardiomyocytes. Furthermore, HG/streptozotocin (STZ)-induced P2X7R activation mediated downstream protein kinase C-β (PKCβ) and extracellular regulated protein kinases (ERK) activation. This study provided evidence that P2X7R plays an important role in the pathogenesis of STZ-induced diabetic cardiac damage and remodeling through the PKCβ/ERK axis and suggested that P2X7R might be a potential target in the treatment of diabetic cardiomyopathy.
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INTRODUCTION

Many patients are diagnosed with diabetes worldwide, and the complications caused by diabetes are also diverse, such as diabetic nephropathy, diabetic retinopathy, and diabetic heart diseases. Among these complications, diabetic cardiomyopathy (DCM) is a serious complication that results in a poor prognosis for patients with diabetes (Zhao et al., 2012; Forbes and Cooper, 2013; Ofstad, 2016; Ogurtsova et al., 2017). In individuals with diabetes mellitus, a high blood glucose level is an independent causal factor for cardiomyopathy, one of the leading causes of hospitalization and death worldwide (Wang et al., 2006). DCM is characterized by structural and functional disorders, including ventricular dysfunction, interstitial fibrosis, cardiomyocyte hypertrophy, myocardial apoptosis, and metabolic deregulation (Wang et al., 2006). These pathophysiological changes eventually lead to cardiac remodeling and decreased cardiac output, preventing the heart from adequately pumping blood. Thus, an effective drug or target to treat DCM must be identified.

The P2X7 receptor (P2X7R), which is composed of 595 amino acids, is a non-selective cationic gated channel that assembles into a trimeric complex and belongs to the P2X family (Surprenant et al., 1996). After binding to extracellular ATP, the ion channel opens and allows K+, Na+, and Ca2+ plasma permeation (predominantly Ca2+) (Surprenant et al., 1996). The P2X7R is widely expressed in vivo, including nerve cells, liver cells, cardiomyocytes, monocytes, and macrophages (Burnstock and Knight, 2004). According to recent studies, P2X7R inhibition attenuates liver and lung fibrosis (Riteau et al., 2010; Huang et al., 2014). Simultaneously, P2X7R inhibition (using a siRNA or a pharmacological inhibitor) prevents the progression of atherosclerosis and myocardial infarction (Mezzaroma et al., 2011; Peng et al., 2015; Stachon et al., 2017). In diabetic animal models, the increase in P2X7R activity is involved in the pathogenesis of diabetic nephropathy (Kreft et al., 2016). P2X7Ri has been suggested to exert specific anti-inflammatory and anti-macrophage effects on diabetic nephropathy, ameliorating glomerular damage and fibrosis (Menzies et al., 2017). However, the role of the P2X7R in DCM has not been systematically determined.

The aim of the present study was to elucidate the essential role of the P2X7R in regulating DCM and its underlying mechanisms. The P2X7R-selective inhibitor A438079 was used in a streptozotocin (STZ)-induced type I diabetes mouse model, cultured H9c2 cells, and primary rat cardiomyocytes. The expression of P2X7R was significantly upregulated in the STZ-induced diabetic mouse model and high glucose (HG)-treated cell model. Moreover, P2X7R inhibition dramatically relieved cardiac damage by ameliorating fibrosis, apoptosis, and cardiomyocyte hypertrophy in STZ- or HG-induced models in vivo and in vitro. In addition, we further described the crucial role of P2X7R in knockout mice with diabetes.



MATERIALS AND METHODS


Animal Experiments

Male C57BL/6 wild-type mice and male P2X7R–/– mice on a C57BL/6 background were provided by GemPharmatech Co., Ltd. (Nanjing, Jiangsu, China). Non-knockout male C57BL/6 mice were obtained from the Animal Center of Wenzhou Medical University. Animals were housed on a 12:12 h light–dark cycle at a constant room temperature and fed a standard rodent diet. The animals were acclimated to the laboratory for at least 2 weeks before initiating the studies. All operations were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Animal care and experimental protocols were approved by the Committee on Animal Care of Wenzhou Medical University.

Eight- to twelve-week-old mice weighing 23–25 g were used to develop the diabetes mellitus model. Diabetes mellitus was induced by a single intraperitoneal (i.p.) injection of STZ (Sigma Chemicals, St. Louis, MO, United States) at a dose of 50 mg/kg formulated in 100 mM citrate buffer (pH 4.5) for 5 consecutive days. After 1 week, blood samples were collected. Fasting blood glucose levels were measured using a glucometer after a 12 h fast. Mice with fasting blood glucose levels >12 mmol/L were considered diabetic and chosen for further experiments. C57BL/6 wild-type mice and P2X7R–/– mice were randomly divided into four groups: (i) non-treated C57BL/6 control mice that received buffered saline (WT group, n = 7); (ii) non-treated P2X7R–/–control mice that received buffered saline (P2X7R–/– group, n = 7); (iii) STZ-induced diabetic mice (WT + STZ group, n = 7); and (iv) P2X7R–/– mice that received an i.p. injection of STZ (STZ + P2X7R–/– group, n = 7). Non-knockout male C57BL/6 mice were randomly divided into four groups: (I) non-treated C57BL/6 control mice that received buffered saline (Ctrl group, n = 8); (II) STZ-induced diabetic mice without treatment (STZ group, n = 8); (III) STZ-induced diabetic mice that received an i.p. injection of 10 mg/kg A438079 every second day for 16 weeks (STZ + A-10MG group, n = 8); and (IV) STZ-induced diabetic mice that received an i.p. injection of 20 mg/kg A438079 every second day for 16 weeks (STZ + A-20MG group, n = 9). All animals were sacrificed by administering sodium pentobarbital anesthesia. The hearts were collected and weighed. In addition, heart tissues were placed in 4% paraformaldehyde for the pathological analysis and/or snap-frozen in liquid nitrogen for gene and protein expression analyses.



Cardiac Function

Systolic and diastolic cardiac function were determined non-invasively using transthoracic echocardiography in mice 2 h before sacrifice. Diastolic function was assessed by performing pulsed-wave Doppler imaging of the transmitral filling pattern. The ejection fraction (EF) was calculated from the left ventricle end-diastolic volume (LVEDV) and end-systolic volume (LVESV) using the following equation: (LVEDV−LVESV)/LVEDV× 100%. Fractional shortening (FS) was calculated using the following equation: FS = [(LVIDd−LVIDs)/LVIDd]×100%. The Tei index was determined based on the Doppler recordings of the left ventricular isovolumetric relaxation time (IRT), isovolumetric contraction time (ICT), and ejection time (ET):Tei=(IRT+ICT)/ET.



Isolation of Primary Rat Cardiomyocytes

Newborn (2–3 days old) SD rats were obtained from the Animal Center of Wenzhou Medical University. The incision on the sternal left margin was disinfected with 75% alcohol. The hearts were removed from the chest, washed twice with cold PBS, and gently dissected. The heart fragments were digested with 0.08% trypsin for 8 min at 37°C with magnetic stirring. This step was repeated approximately 16 times until the tissue organization was no longer visible. The supernatant was collected, and the digestion was terminated by an incubation with DMEM containing 10% FBS. All the collected liquid was centrifuged at 1000 rpm for 10 min. The cells were incubated for 1 h at 37°C after suspension. The non-adherent cells were primary cardiomyocytes, and the adhesive cells were fibroblasts, which were all collected and cultivated for the experiment.



H9c2 Cell and Primary Cardiomyocyte Culture and Treatment

The rat myocardium-derived cell line H9c2 was obtained from the Shanghai Institute of Biochemistry and Cell Biology (Shanghai, China). H9c2 cells or primary cardiomyocytes were maintained in DMEM (Gibco, Eggenstein, Germany) containing 5.5 mmol/L D-glucose, 10% FBS, 100 U/ml penicillin, and 100 mg/ml streptomycin at 37°C in a 5% CO2 incubator (Thermo Fisher Scientific, Waltham, MA, United States). Experiments were performed when the cell density is about 70–80%. In the HG-treated group, H9c2 cells or primary cardiomyocytes were incubated with DMEM containing 33 mmol/L glucose. A438079, LY317615, and PD98095 were dissolved in DMSO and added to the cells for 1 h. The final concentration of the three inhibitors was 10 μM. Afterward, the cells were exposed to HG for 24 h.



Reagents

The P2X7R inhibitor (A438079), PKC inhibitor (LY317615), and ERK-specific inhibitor (PD98095) were purchased from Selleck (Shanghai, China). A RevertAid First Strand cDNA Synthesis Kit was obtained from Thermo Fisher Scientific (Waltham, MA, United States). SYBR Premix Ex TaqTM (TliRnaseH Plus) was obtained from Takara (Dalian, China). The primary anti-P2X7R antibody (#APR-004) was obtained from Alomone Labs (Israel). Anti-collagen 1 (anti-COL-1, ab34710), anti-matrix metalloproteinase-9 (anti-MMP9, ab38898), and anti-heavy chain cardiac myosin (ab185967) antibodies were obtained from Abcam (Cambridge, United Kingdom). Moreover, antibodies against TGFβ (#3711), GAPDH (#5174), Caspase-3 (#9662), Bcl2 (#2870), phospho-PKCβII (Thr638/641) (#9375), Bax (#5023), and Phospho-p44/42 MAPK (ERK1/2) (Thr202/Tyr204; #4370) were obtained from Cell Signaling Technology (Danvers, MA, United States).



Western Blot Analysis

Protein isolation and western blot analyses were performed using methods described in the literature (Huang et al., 2008). Protein samples were loaded and separated on SDS-PAGE gels before being transferred to a PVDF membrane (Millipore, MA, United States). Membranes were blocked with a 5% fat-free milk solution in TBST (TBS containing 0.1% Tween-20) at room temperature for 1 h, followed by an overnight incubation at 4°C with the appropriate primary antibodies. Immunoreactive bands were incubated with a secondary antibody at room temperature for 1 h and labeled with horseradish peroxidase after three washes. Proteins were detected with the ECL reagent (Bio-Rad, United States).



Real-Time Quantitative PCR

Total RNA was extracted from H9c2 cells or heart tissues (20–50 mg) using TRIzol reagent according to the manufacturer’s protocol (Invitrogen Life Technologies). One microgram of total RNA from each sample was used to generate cDNAs using the RevertAid First Strand cDNA Synthesis Kit (#K1622; Thermo Fisher Scientific). The resulting cDNA templates were amplified using SYBR in a real-time polymerase chain reaction with primers from Sangon Biotech (Shanghai, China) (Table 1). PCR was directly monitored using CFX 96 (Bio-Rad, United States). All results were normalized to GAPDH.


TABLE 1. The primer sequences of each target gene.
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Terminal Deoxynucleotidyl Transferase-Mediated dUTP Nick End Labeling Staining

Paraffin tissue sections with a thickness of 5 μm were used for terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) staining of apoptotic cells using a One-Step TUNEL Apoptosis Assay Kit from Beyotime (Shanghai, China) according to the manufacturer’s instructions. TUNEL-positive cells were imaged under a fluorescence microscope (400× amplification; Nikon, Japan).



HISTOPATHOLOGICAL MASSON’S TRICHROME, SIRIUS RED AND RHODAMINE STAINING

Excised heart tissue specimens were fixed with 4% paraformaldehyde, processed in a graded series of alcohol and xylene solutions and then embedded in paraffin. Paraffin blocks were sliced into sections at a thickness of 5 μm. After rehydration, the sections were stained with hematoxylin and eosin (H&E). Images of each section were captured using a light microscope (400× amplification; Nikon, Japan) to evaluate the histopathological damage. Paraffin sections (5 μm) were stained with 0.1% Sirius Red and Masson’s trichrome (Sigma) to evaluate the level of collagen deposition and fibrosis, respectively. H9c2 cells were pretreated with HG (33 mM) for 24 h in the presence or absence of A438079. Then, the cells were stained with rhodamine (Beyotime; Shanghai, China) according to the manufacturer’s instructions. The stained sections or cells were then viewed under a Nikon fluorescence microscope (400× amplification; Nikon, Japan).


Flow Cytometry

H9c2 cells were pretreated with HG (33 mM) for 24 h before the level of apoptosis was measures using flow cytometry. An Annexin V-EGFP/PI Cell Apoptosis Detection Kit (KeyGen Biotech, Nanjing, China) was used for this experiment. Then, 0.25% trypsin without EDTA was used to digest cells, and the cells were centrifuged at 2000 rpm for 5 min. Pellets were washed twice with PBS. Binding buffer (500 μl) was added to suspend the cell pellets. After mixing the cells with 5 μl of Annexin V-FITC and 5 μl of propidium iodide and reacting for 5–15 min lucifugally, the cells were immediately analyzed using a FACSCalibur flow cytometer (Becton Dickinson & Co., United States).



Statistical Analysis

All data were obtained from three independent experiments and are presented as the means ± SEM. All statistical analyses were performed using GraphPad Pro Prism 5.01 software (GraphPad, San Diego, CA, United States). One-way ANOVA followed by the multiple comparisons test with the Bonferroni correction were employed to analyze the differences between sets of data. A p-value < 0.05 was considered statistically significant.



RESULTS


P2X7 Receptor Expression Was Substantially Increased in the STZ-Induced Type 1 Diabetes Model and HG-Treated Cell Model in vitro

In the diabetic mouse model induced by STZ, immunofluorescence staining was utilized to inspect P2X7R expression in the myocardial tissue of C57BL/6 mice (Figure 1A). The expression of P2X7R was significantly increased after the administration of STZ. However, the administration of A438079, a selective inhibitor of the P2X7R, significantly reduced the fluorescence intensity. Moreover, compared with the low-dose group (10 mg/kg), the decreasing trend observed in the high-dose group (20 mg/kg) was more evident based on the fluorescence intensity (Figure 1B). As expected, the results obtained for the protein and mRNA levels were consistent with the immunofluorescence double staining (Figures 1C–E). Collectively, the expression of the P2X7R was upregulated in the STZ-induced diabetic model.
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FIGURE 1. P2X7 receptor expression was increased in the STZ-induced type 1 diabetes model and HG-treated cell model in vitro. Representative images (A) and quantification (B) of immunofluorescence staining for P2X7R in myocardial tissues (400× magnification). The expression of the P2X7R mRNA (C) and protein (D) with the corresponding statistics (E) (data from three independent experiments were analyzed: *p < 0.05, **p < 0.01, and ***p < 0.001 compared with the Ctrl; #p < 0.05, ##p < 0.01, and ###p < 0.001 compared with STZ alone).


We used HG (33 mM) to stimulate H9c2 cells at different time points and evaluate whether the upregulation of the P2X7R in vitro was consistent with the changes observed in vivo. As shown in Supplementary Figures 1A,B, P2X7R levels increased and leveled off after 24 h. Thus, we chose 24 h as the time point for our subsequent experiments. In H9c2 cells and primary rat cardiomyocytes pretreated with A438079 for 1 h, P2X7R expression was significantly reduced at both the protein and mRNA levels (Supplementary Figures 1C,D). Interestingly, in primary fibroblasts, the expression of the P2X7R was not altered after HG stimulation (Supplementary Figures 1E,F). Based on this phenomenon, HG mainly altered the level of the P2X7R at the myocardial cell surface.



P2X7 Receptor Inhibition Alleviated STZ-Induced Cardiac Dysfunction

We performed additional experiments to detect the effect of P2X7R inhibition on the status and cardiac function of mice. The weight of C57BL/6 mice was decreased and fasting blood glucose levels increased significantly after the administration of STZ (Supplementary Figures 1G,H). However, a slight increase in body weight was detected in A438079-treated mice, and no change in fasting plasma glucose levels was observed (Supplementary Figures 1G,H) after treatment with A438079.

Non-invasive transthoracic echocardiography was used to examine the cardiac function of all experimental mice 2 h before sacrifice (Table 2). Echocardiography data revealed that the heart rate was not affected. Heart weight/body weight (HW/BW) was significantly increased in the STZ group compared with the other groups. Furthermore, STZ not only disrupted diastolic function (as observed in the IVSd, LVIDd, IRT, and Tei indices) but also reduced contraction function (EF% and FS%). As expected, these dysfunctions were substantially attenuated by the A438079 treatment.


TABLE 2. Biometric and echocardiographic parameters of the C57BL/6 experimental mice.
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Blockade of the P2X7 Receptor Attenuated STZ-Induced Cardiac Remodeling and Apoptosis in vivo

Although A438079 improved the cardiac function of diabetic mice, we were not sure whether it improved cardiac remodeling. Thus, H&E staining was used to detect the structural morphology. The hearts of STZ-challenged mice displayed structural abnormalities, such as disorganized myofibers. This disorder was improved in the other groups treated with the inhibitor (Figure 2A).
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FIGURE 2. Blockade of the P2X7 receptor attenuated STZ-induced cardiac remodeling. Representative images of hematoxylin-eosin staining (H&E) of the myocardial tissues (400× magnification), (A, upper panel). Myocardial fibrosis analysis was detected using Sirius Red staining (A, middle panel), and representative images of Masson’s trichrome staining (A, bottom panel) are shown (400× magnification). Bar graph showing the quantified interstitial fibrotic areas (%) in images of Sirius Red staining and Masson’s trichrome staining (C). Levels of the MyHC, TGF-β, MMP-9, and COL-1 proteins in myocardial tissues were measured using western blotting (B) (n = 3 per group). The mRNA expression of the hypertrophy markers MyHC and ANP (D,E) and fibrosis marker TGF-β (F) in the myocardial tissues is shown (data from three independent experiments were analyzed: *p < 0.05, **p < 0.01, and ***p < 0.001 compared with the Ctrl; #p < 0.05, ##p < 0.01, and ###p < 0.001 compared with STZ alone).


Fibrosis is also an important pathological variation observed in individuals with DCM (Wang et al., 2006). The connective tissue in the myocardium was examined using Masson’s trichrome and Sirius Red staining for collagen (Figure 2A). The hearts from the STZ group showed apparent collagen and fibrous tissue accumulation, which were suppressed by treatment with A438079 (Figures 2A,C). At the protein level, the expression of the profibrotic markers TGF-β, COL-1, and MMP-9 was increased in the hearts of STZ-induced diabetic mice (Figure 2B). The results of PCR for TGF-β showed the same trend (Figure 2F). These molecular biological changes were remarkably reversed by A438079 administration (Figures 2B,F). Moreover, higher expression of myosin heavy chain (MyHC), a biomarker of cardiac hypertrophy, was observed in the STZ-induced group than in the A438079 treatment groups (Figures 2B,E). Similar results were observed for the expression of the ANP mRNA (Figure 2D). Taken together, P2X7R inhibition significantly improved myocardial remodeling.

In addition, apoptosis plays an important role in DCM. As shown in images of TUNEL staining, A438079 played a role in preserving myocardial cell survival and reducing apoptosis caused by diabetes (Figures 3A,C). The levels of apoptosis-related proteins, such as Caspase-3 and Bax, were increased due to diabetes, and the level of the antiapoptotic protein Bcl-2 was decreased (Figures 3B,E). P2X7R inhibition led to changes in the levels of apoptotic proteins, and the Bax-to-Bcl-2 ratio was decreased (Figure 3D).
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FIGURE 3. Blockade of the P2X7 receptor improved STZ-induced cardiac apoptosis. Representative images (A) and quantification (C) of TUNEL staining in mouse myocardial tissues are shown (400× magnification). Levels of the apoptosis-related proteins Caspase-3, Bcl-2, and Bax were measured by western blot (B). (n = 3 per group). The ratio of the Bcl-2 protein to the Bax protein and the ratio of Caspase3/GAPDH proteins are shown (D,E) (data from three independent experiments were analyzed: *p < 0.05, **p < 0.01, and ***p < 0.001 compared with the Ctrl; #p < 0.05, ##p < 0.01, and ###p < 0.001 compared with STZ alone).




P2X7 Receptor Inhibition Prevented HG-Induced Phenotypic Changes in H9c2 Cells and Primary Rat Cardiomyocytes

The tests described below were performed to confirm whether P2X7R inhibition using A438079 protected the myocardium in vitro. H9c2 cells and primary rat cardiomyocytes were incubated with A438079 for 1 h prior to HG (33 mM) stimulation for 24 h. The protein levels of the hypertrophic marker MyHC and profibrotic proteins TGF-β, MMP-9, and COL-1 in the respective cells were remarkably decreased by the A438079 pretreatment (Figures 4A–D). The results of quantitative PCR showed that P2X7R inhibition alleviated HG-induced hypertrophy and fibrosis to varying degrees (Figures 4E,F). As intuitively observed from the rhodamine staining, the inhibition of the P2X7R improved the hypertrophic response of H9c2 cells to HG (Figure 4G). These phenotypic changes were consistent with the results obtained from the hearts of STZ-induced diabetic mice.
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FIGURE 4. P2X7 receptor inhibition prevented HG-induced phenotypic changes and apoptosis in H9c2 cells and rat primary cardiomyocytes. The levels of pro-fibrotic (MMP-9, TGF-β, and COL-1) and pro-hypertrophic proteins (MyHC) was examined using western blot analysis (A,B). (E) The bar graph shows the corresponding PCR data for TGF-β, MYHC, and ANP. The same process and analysis were performed for rat primary cardiac myocytes. (WB: C,D, PCR: F). Representative images of rhodamine staining in each group of H9c2 cells (G). The levels of the apoptosis-related proteins Caspase-3, Bcl-2, and Bax were measured on H9c2 cells and primary cardiac myocytes using western blotting (H,I). Flow cytometry analysis showing that A438079 reduced the apoptosis of HG-treated H9c2 cells (J). (Data from three independent experiments were analyzed: *p < 0.05, **p < 0.01, and ***p < 0.001 compared with the Ctrl; #p < 0.05, ##p < 0.01, and ###p < 0.001 compared with STZ alone).




Pharmacological Inhibition of the P2X7 Receptor Attenuated HG-Induced Apoptosis in H9c2 Cells and Rat Primary Cardiomyocytes

A selective inhibitor of the P2X7R was used in vitro to confirm the role of the P2X7R in HG-induced apoptosis. H9c2 cells and rat primary cardiomyocytes were pretreated with A438079 for 1 h and then exposed to HG (33 mM) for 24 h. As shown in Figures 4H,I, the expression of Bax and Caspase-3 was significantly increased in the HG group but was obviously downregulated by the A438079 treatment in H9c2 cells and rat primary cardiomyocytes. Similar trends in the ratio of Bax to Bcl-2 and the ratio of Caspase-3 to GAPDH were also observed (Supplementary Figures 2A–D). The flow cytometry results for H9c2 cells revealed a higher percentage of apoptotic cells in the HG stimulation group than in the normal group. In addition, the A438079 treatment significantly suppressed apoptosis, particularly late apoptosis (Figure 4J).



P2X7 Receptor Knockout Improved STZ-Induced Cardiac Dysfunction

Based on previous animal experiments and in vitro experiments, pharmacological inhibition of the myocardial P2X7R reduced cardiac remodeling and apoptosis in the STZ-induced model or HG-treated cells. P2X7R knockout mice (P2X7R–/–) were used as experimental models to better clarify its role. Figure 5C shows the expression of the P2X7R in cardiac tissue from P2X7R–/– mice.
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FIGURE 5. The P2X7 receptor was involved in STZ-induced cardiac damage. Representative images (A) of echocardiograms from each group of knockout mice. Representative images of hematoxylin-eosin staining (H&E) of the myocardial tissues from knockout mice (400× magnification), (B, upper panel). Myocardial fibrosis was analyzed using Masson’s trichrome staining, and representative images (B, bottom panel) are shown (400× magnification). Quantification of the interstitial fibrotic areas (%) in images of Masson’s trichrome staining are shown in the bar graph (D). The expression of the P2X7 receptor in myocardial tissues from knockout mice (C). The protein levels of fibrosis markers in myocardial tissues were measured using western blotting (E,F) (n = 3 animals per group). The levels of the apoptosis-related proteins Caspase-3, Bcl-2, and Bax were measured using western blotting (G). The ratio of the Bcl-2 protein to the Bax protein and the ratio of Caspase3/GAPDH proteins are shown (H). (Data from three independent experiments were analyzed: *p < 0.05, **p < 0.01, and ***p < 0.001 compared with WT mice; #p < 0.05, ##p < 0.01, and ###p < 0.001 compared with P2X7R–/– mice; §p < 0.05, §§p < 0.01, and §§§p < 0.001 compared to the WT + STZ group).


All mice were subjected to echocardiography 2 h before sacrifice. A significant difference in the heart rate was not observed among the four groups. Under basal conditions, P2X7R knockout alone had no effect on cardiac function (Figure 5A and Table 3). As shown in Table 3, STZ caused systolic dysfunction (as evidenced by the EF% and FS% indices). As expected, these dysfunctions improved in P2X7R–/– mice. Figure 5A shows a representative echocardiogram of each group, which presents the findings more intuitively.


TABLE 3. Biometric and echocardiographic parameters of the C57BL/6 gene knockout experimental mice.
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The P2X7 Receptor Was Involved in STZ-Induced Cardiac Remodeling and Apoptosis

P2X7R knockout mice were transformed into diabetic mouse models by administering them STZ, and then myocardial tissues were observed using histochemical staining. HE staining revealed that STZ-induced cardiomyocyte hypertrophy and histopathological alterations were alleviated by P2X7R knockout (Figure 5B). Masson’s trichrome staining showed that P2X7R–/– decreased cardiac fibrosis in STZ-induced mice (Figures 5B,D).

Strikingly, STZ-induced changes in the expression of the profibrotic proteins collagen I, MMP 9, and TGF-β were reversed in the P2X7R–/– mouse hearts (Figures 5E,F). Myocardial tissue apoptosis is shown in Figures 5G,H. The STZ treatment induced Caspase 3 and Bax expression and inhibited Bcl-2 expression. As expected, these abnormal changes were ameliorated by knockout of the P2X7R (Figures 5G,H). Based on these results, P2X7R enhanced STZ-induced remodeling and apoptosis in the mouse myocardial tissue.



P2X7R Regulated the Activation of the PKCβ/ERK Axis in High Glucose-Induced Cardiomyocytes

The underlying mechanism by which HG causes damage must be elucidated. By reviewing previous studies, the PKC/MAPK pathway participates in the development of DCM (Soetikno et al., 2012). A PKC phosphorylation site was identified in the short N terminus of P2X7R (Boue-Grabot et al., 2000). Among the many subtypes of PKC, protein kinase C-β (PKCβ) is stimulated by HG (Hayashi et al., 2017). Furthermore, PKCβ is involved in many heart diseases (Mochly-Rosen et al., 2012; Newton et al., 2016). Here, we measured the levels of phosphorylated and total PKC and ERK in HG (33 mM)-induced myocytes treated with or without A438079. As shown in Figures 6A,B, the levels of phosphorylated PKCβ and ERK were increased upon HG stimulation and were remarkably reduced after the addition of A438079, indicating that the P2X7R, an upstream regulator, may adjust PKCβ and ERK activation in HG-induced myocytes.
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FIGURE 6. P2X7R regulated the activation of the PKCβ/ERK pathway in high glucose-induced cardiomyocytes. Total protein was extracted and p-PKC/PKC and p-ERK/ERK levels were analyzed using western blot analyses (A,B). Levels of the P2X7R, p-PKC/PKC and p-ERK/ERK proteins were analyzed using western blotting (C), and the quantitative statistics are presented in graphs (D–F). The levels of pro-fibrotic, pro-apoptotic, and pro-hypertrophic proteins were determined using western blot analyses (G). A schematic illustrating the role of P2X7R in diabetes/HG-induced injury in cardiomyocytes, the preventative effect of A438079 and the role of P2X7R knockout. (H) (Data from three independent experiments were analyzed: *p < 0.05, **p < 0.01, and ***p < 0.001 compared with the Ctrl; #p < 0.05, ##p < 0.01, and ###p < 0.001 compared with HG alone).


We pretreated cells with inhibitors of these kinases (LY317615, an inhibitor of PKCβ, or PD98059, an inhibitor of ERK) for 1 h and then incubated them with HG to further elucidate the relationship between PKCβ and ERK. After the addition of PKCβ and ERK inhibitors, the expression of the P2X7R did not change upon HG stimulation (Figures 6C,D). In contrast, LY317615 not only inhibited PKCβ activity but also reduced the activity of ERK (Figures 6C,E). However, PD98059 did not affect P2X7R and phospho-PKCβ activation (Figures 6C,F). Additionally, the levels of the molecular markers of cardiac hypertrophy, fibrosis, and apoptosis (such as MyHC, Col-1, MMP-9, TGF-β, Bax, Bcl-2, and Caspase-3) were decreased by PD98059 or LY317615 (Figure 6G). Thus, the activation of PKCβ and ERK was involved in HG-induced myocardial injury.



DISCUSSION

Cardiovascular disease remains one of the main causes of death worldwide. In the present study, we systematically revealed the novel role of the P2X7R in DCM. The P2X7R was upregulated in the diabetic hearts and in HG-treated cardiomyocytes. The inhibition or knockout of the P2X7R significantly mitigated cardiac damage, including cardiomyocyte fibrosis, apoptosis, and hypertrophy, in vivo and in vitro. We confirmed that the suppression of P2X7R inhibited PKCβ and ERK activation and then decreased the hallmarks of HG-induced myocardial remodeling. In addition, PKCβ was identified as an upstream molecule that regulates the activation of ERK in this process. Figure 6H summarizes the graphical abstract.

Diabetic cardiomyopathy is caused by prolonged diabetes (Aneja et al., 2008). Diabetes mainly changes the structure and function of the myocardium. Hyperglycemia not only causes morphological changes in the myocardium, such as cardiomyocyte hypertrophy, but also affects the myocardial structure and induces interstitial and perivascular fibrosis, eventually leading to heart failure (Kannel and McGee, 1979; Mizushige et al., 2000; Singh et al., 2008; Bugger and Abel, 2009, 2014). Reversing these detrimental processes will improve the cardiac function of patients with diabetes mellitus.

The P2X7R was first cloned from a rat brain (Surprenant et al., 1996). With advances in research, the P2X7R was subsequently detected in all types of cells in vivo (Collo et al., 1997; Rassendren et al., 1997; Fountain and Burnstock, 2009). In addition, P2X7R expression was not obvious in the kidney under physiological conditions. However, in abnormal cases, such as diabetes and hypertension, P2X7R expression was significantly increased in rats (Vonend et al., 2004). Moreover, increased P2X7R activity may contribute to the pathogenesis of diabetic nephropathy, and P2X7R inhibition reduces renal macrophage accumulation and contributes to reducing the high prevalence of kidney disease observed in patients with diabetes (Kreft et al., 2016; Menzies et al., 2017). Thus, the P2X7R exerts detrimental effects and is associated with organ damage caused by high sugar levels. Additionally, the P2X7R also exerts important physiological and pathological effects on the cardiovascular system (Burnstock, 2017). For example, stimulation of the P2X7R regulates pro-inflammatory responses in endothelial cells (Sathanoori et al., 2015) and induces autoimmunity in individuals with dilated cardiomyopathy (Martinez et al., 2015). In the present study, the cardiac function of the STZ-induced groups was significantly worse, based on the echocardiography results (Tables 2, 3). Cardiac function and corresponding parameters were significantly improved in P2X7R knockout mice or in mice administered the P2X7R inhibitor. Meanwhile, P2X7R expression was substantially upregulated, and subsequently increased the expression of β-Myhc, Collagen I, and TGF-β in both animal models and cells exposed to HG, whereas P2X7R blockade significantly reversed myocardial fibrosis and reduced hypertrophy, indicating that high P2X7R expression is involved in cardiac remodeling by modulating fibrosis and hypertrophy in subjects with DCM. Notably, cell apoptosis contributes to the development of cardiac remodeling (Wang et al., 2014), and reducing the apoptosis of cardiac tissue may be an effective therapeutic strategy. Here, Caspase 3 and Bax levels increased, whereas the level of the antiapoptotic protein Bcl-2 was decreased, similar to the results from the TUNEL assay. However, the addition of the P2X7R inhibitor (A438079) or P2X7R–/– reversed these aberrant changes. Collectively, the P2X7R is involved in the process of fibrosis, hypertrophy, and apoptosis in heart tissues of diabetic mice, suggesting that the inhibition of P2X7R expression to prevent cardiac remodeling will be an effective cardioprotective strategy for abolishing DCM. Interestingly, the change in P2X7R expression only occurred in cardiomyocytes, but not in cultured rat primary fibroblasts (Supplementary Figure 1D), which is supported by the results showing that fibroblasts in the heart mostly mediate fibrosis through P2Y receptors (Certal et al., 2017). This phenomenon indicates that cardiomyocytes are the main sources of P2X7R expression leading to cardiac remodeling in DCM.

Based on the P2X7R structure, the N terminus contains a consensus PKC phosphorylation site (Boue-Grabot et al., 2000). Furthermore, P2X7R activation promotes calcium influx, which activates the PKC protein (Surprenant et al., 1996). Thus, various phenomena indicate a link between the P2X7R and PKC protein. Naturally, the PKC protein becomes the focus because of its important function in cells (Antal et al., 2015). Given its different structures, PKC is divided into three subfamilies. PKCβ is one of the conventional PKCs detected in heart tissue. Based on ample evidence, the PKCβ isoform is overactivated in the hearts of rats with diabetes mellitus (Disatnik et al., 1994; Connelly et al., 2009; Liu et al., 2012). Mice with specific overexpression of PKCβ in the myocardium exhibit left ventricular hypertrophy, cardiac myocyte necrosis, and multifocal fibrosis (Wakasaki et al., 1997). Therefore, we investigated whether the activation of PKCβ is involved in the mechanism by which the P2X7R in cardiomyocytes regulates hyperglycemia/STZ-induced cardiac remodeling. As expected, the phosphorylation of PKCβ was increased when H9c2 cells were stimulated with HG (Figure 6A). On the other hand, P2X7R inhibition decreased the phosphorylation of PKCβ (Figure 6A). We explored the possible downstream targets of PKCβ to further mechanistically investigate the effect of PKCβ on diabetes. Extracellular signal-regulated kinases (ERK) are an important subfamily of mitogen-activated protein kinases that control a broad range of cellular activities and physiological processes (Lu and Xu, 2006; Keshet and Seger, 2010; RoskoskiJr., 2012). P2X7R stimulation in HEK-293 cells leads to the activation of ERK1 and ERK2 independent of Ca2+ influx (Amstrup and Novak, 2003), and ERK1/2 are activated by similar PKC-dependent signaling pathways (Bradford and Soltoff, 2002). In the present study, the P2X7R inhibitor A438079 suppressed phospho-PKCβ activity and decreased phospho-ERK activity in HG-induced H9c2 cells (Figures 6A,B), indicating that P2X7R is a critical upstream molecule of PKCβ and ERK. However, when the inhibitor of PKCβ was added to the cells, P2X7R activity was not affected, but ERK phosphorylation was reduced (Figure 6C). Interestingly, neither PKCβ nor P2X7R activity was altered by the administration of the ERK inhibitor PD98059 (Figure 6C). Thus, PKCβ mediates ERK activation initiated by the P2X7R in HG-induced H9c2 cells. Similarly, the inhibition of PKC and ERK abolished HG-induced cell hypertrophy, fibrosis, and apoptosis (Figure 6G). Taken together, the P2X7R, which is upstream of PKC, subsequently regulates the ERK pathway to participate in the pathogenesis of DCM (Figure 6H).

In general, we described the role of the P2X7R in DCM using its specific inhibitors and P2X7R–/– mice. P2X7R inhibition or deficiency reduces myocardial hypertrophy, fibrosis, and apoptosis to subsequently improve cardiac function. Moreover, we further clarified that the P2X7R/PKCβ/ERK pathway is involved in the process and provided a new target for the treatment of DCM.
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Diabetes mellitus is a major debilitating disease whose global incidence is progressively increasing with currently over 463 million adult sufferers and this figure will likely reach over 700 million by the year 2045. It is the complications of diabetes such as cardiovascular, renal, neuronal and ocular dysfunction that lead to increased patient morbidity and mortality. Of these, cardiovascular complications that can result in stroke and cardiomyopathies are 2- to 5-fold more likely in diabetes but the underlying mechanisms involved in their development are not fully understood. Emerging research suggests that members of the Epidermal Growth Factor Receptor (EGFR/ErbB/HER) family of tyrosine kinases can have a dual role in that they are beneficially required for normal development and physiological functioning of the cardiovascular system (CVS) as well as in salvage pathways following acute cardiac ischemia/reperfusion injury but their chronic dysregulation may also be intricately involved in mediating diabetes-induced cardiovascular pathologies. Here we review the evidence for EGFR/ErbB/HER receptors in mediating these dual roles in the CVS and also discuss their potential interplay with the Renin-Angiotensin-Aldosterone System heptapeptide, Angiotensin-(1-7), as well the arachidonic acid metabolite, 20-HETE (20-hydroxy-5, 8, 11, 14-eicosatetraenoic acid). A greater understanding of the multi-faceted roles of EGFR/ErbB/HER family of tyrosine kinases and their interplay with other key modulators of cardiovascular function could facilitate the development of novel therapeutic strategies for treating diabetes-induced cardiovascular complications.
Keywords: epidermal growth factor receptor, ErbB2, ErbB3, ErbB4, diabetes, heart, cardiac dysfunction, vascular dysfunction
INTRODUCTION
Diabetes mellites (DM) is a set of metabolic disorders arising from defective insulin secretion and/or action in which hyperglycemia (HG) is a common feature. Type 1 diabetes mellitus (T1DM) results from the autoimmune-mediated destruction of pancreatic β cells. The infiltration of T lymphocytes, release of cytokines, and generation of reactive oxygen species (ROS) ultimately results in the dysfunction and apoptosis of pancreatic β cells (Morgan et al., 2014; Crevecoeur et al., 2015; Tan et al., 2019; Toi et al., 2020). In contrast, type 2 diabetes mellitus (T2DM) is characterized by target tissue resistance to the metabolic actions of insulin as well as pancreatic β cell dysfunction. Insulin resistance is strongly associated with visceral obesity and the resulting chronic low-grade inflammation as well as increased ectopic fat deposition (Saltiel, 2021; Tsatsoulis, et al., 2013).
The International Diabetes Federation declared that approximately 463 million adults are currently living with diabetes mellitus and this figure will likely reach over 700 million by the year 2045. Half of the sufferers are unaware of their condition and hence, prone to serious hyperglycemia/diabetes-related complications (IDF Diabetes Atlas, 2019). DM results in secondary pathophysiologic alterations in several organ systems that impose an immense burden on both the individual with diabetes and the public health system. Cardiovascular (CV) complications constitute the leading cause of morbidity and mortality in individuals with DM (Forbes and Cooper, 2013; Babel and Dandekar, 2021). These include microangiopathy, abnormal vascular reactivity, atherosclerosis, hypertension, cardiomyopathy, ischemic heart disease, and myocardial infarction (Akhtar and Benter, 2013; Babel and Dandekar, 2021). Moreover, the specific underlying mechanisms leading to the development of these CV complications are not fully understood and likely involve multiple intracellular signaling networks that can be activated by hyperglycemia (HG) and/or diabetes.
Epidermal growth factor receptor (EGFR/ErbB1/HER1), one of the most versatile signaling units in biology, plays a key role in regulating many cellular functions including growth, proliferation, motility, and survival (Kumagai et al., 2021; Sharifi et al., 2021). Perturbations in EGFR expression and signalling are implicated in several pathophysiological conditions including cancer and diabetes (Matroughi, 2010; Akhtar and Benter, 2013; Xu et al., 2017; Akhtar et al., 2018; Talukdar et al., 2020; Kumagai et al., 2021; Sharifi et al., 2021). Emerging research suggests that members of the Epidermal Growth Factor Receptor (EGFR/ErbB/HER) family of tyrosine kinases can have a dual role in that they are necessary (acting as “good guys”) for the normal development and physiological functioning of the cardiovascular system (CVS) but their dysregulation may also be intricately involved in mediating cardiovascular pathologies (i.e., acting as “bad guys”) (Matrougui, 2010; Akhtar and Benter, 2013; Schreier et al., 2014). In this article, we review the evidence for EGFR/ErbB/HER receptors in mediating these dual (“good guy” verses “bad guy”) roles in the heart and then in the vascular system followed by a discussion of their potential interplay with the Renin-Angiotensin-Aldosterone System heptapeptide, Angiotensin-(1–7), as well the arachidonic acid metabolite, 20-HETE-key players in the regulation of cardiovascular function.
EPIDERMAL GROWTH FACTOR RECEPTOR FAMILY OF RECEPTOR TYROSINE KINASES: AN OVERVIEW
EGFR (a/k/a ErbB1 or HER1) is a 180 kDa transmembrane glycoprotein made up of 1,186 amino acids that belongs to the broader family of receptor tyrosine kinases (RTKs) (Rayego-Mateos et al., 2018; Kumagai et al., 2021). It is made up of four conserved domains: an extracellular ligand-binding domain, a transmembrane domain, a cytoplasmic tyrosine kinase-containing domain, and a regulatory domain (Zheng et al., 2014 ). Moreover, there are three other homologous members that comprise the EGFR/ErbB/HER family of RTKs: ErbB2 (EGFR2/HER2/Neu), ErbB3 (EGFR3/HER3), and ErbB4 (EGFR4/HER4). EGFR members, with the exception of ErbB2, are activated by numerous growth factors or ligands such as epidermal growth factor (EGF), betacellulin, neuregulin-1 (NRG-1) and Heparin-binding EGF-like growth factor (HB-EGF). Upon ligand interaction with its cognate receptor, either homodimerization of the receptor or heterodimerization with other members of the EGFR family occurs. ErbB2 lacks a known ligand and depends on heterodimerization with other receptors of the EGFR family for activation. ErbB3 lacks a functional kinase domain and therefore also relies on heterodimerization with other EGFR/ErbB receptors for activity. Thus, EGFR and ErbB4 receptors are the only fully functioning homodimers (Kumagai et al., 2021; Sharifi et al., 2021). Next, phosphorylation of precisely defined tyrosine residues within the cytoplasmic kinase portion of the receptor dimer occurs, eventually leading to the activation of multiple downstream signaling cascades. Such cascades include p38 Mitogen-activated protein kinase (MAPKs), Extracellular-signal regulated kinase 1/2 (ERK1/2), Phosphatidylinositol 3-kinases (PI3Ks)/Protein kinase B (AKT), phospholipase C-gamma 1 (PLCγ1), and Janus kinase (JAK) (/Signal transducers and activation of transcription (STAT) pathways (Rayego-Mateos et al., 2018). Consequently, several cellular processes, such as angiogenesis, proliferation, differentiation, motility, survival, and apoptosis can take place (Akhtar and Benter, 2013; Kumagai et al., 2021; Sharifi et al., 2021; Zheng et al., 2014).
EGFR/ErbBs can also be activated via ligand-independent pathways through a process of “transactivation” such as by peptides of the Renin-Angiotensin-Aldosterone system (RAAS) and other G-protein coupled receptors (GPCRs) (Forrester et al., 2016). For example, EGFR transactivation can occur via Angiotensin II (Ang II) Norepinephrine (NE), (leptin, thrombin, and endothelin by mechanisms involving non-ligand associated Src family kinases, and/or mediated via matrix metalloproteases (MMP), and/or a disintegrin and metalloprotease (ADAM)-dependent shedding of cell surface bound EGF-like ligands (Matrougui, 2010; Akhtar et al., 2012a; Beltowski and Jazmroz-Wisniewska, 2014; Chen et al., 2015; Forrester et al., 2016; Reichelt et al., 2017). It should be noted that all ligands of the EGFR/ErbB family of receptors exist as membrane-anchored precursors that are released by enzymatic-cleavage by sheddases such as MMPs and ADAMs (Rayego-Mateos et al., 2018). EGFR/ErbB receptors are expressed widely in epithelial, neuronal and mesenchymal tissues (Yano et al., 2003; Chen et al., 2016). Hence, EGFR/ErbBs are key regulators of many cellular homeostatic functions and their dysregulation is associated with several pathological functions including diabetes-induced cardiovascular dysfunction.
DIABETES-INDUCED CARDIAC DYSFUNCTION: THE DUAL ROLE OF EPIDERMAL GROWTH FACTOR RECEPTOR FAMILY OF RECEPTOR TYROSINE KINASES AND THEIR LIGANDS IN THE HEART
Cardiac complications including diabetic cardiomyopathy and heart failure are 2- to 5-fold more likely in patients with diabetes (for a review see Kenny and Abel, 2019). This increased risk is dependent on blood glucose levels as higher HbA1c levels (indicating worsening hyperglycemia) are associated with increased likelihood of heart failure in patients with diabetes (Erquo et al., 2013). Even short-term episodes of hyperglycemia or “glycemic variability” such as those observed postprandially are thought to increase the risk of developing cardiovascular complications associated with diabetes (Ceriello, 2005; Brownlee and Hirsch, 2006). Interestingly, in long-term studies it has been shown that subsequent therapy-induced correction of hyperglycemia does not normalise the risk of developing cardiovascular complications back to baseline (Kenny and Abel, 2019) implying that even transient excursions into hyperglycemia may induce long-term adverse molecular or signaling changes in the cardiovascular system that can lead to cardiovascular complications. This phenomenon has been described as “glycemic” or “metabolic” memory (Chalmers and Cooper, 2008; Holman et al., 2008); though recently this concept has been challenged (Miller and Orchard, 2020). Diabetes-induced cardiac complications may arise from a direct effect of hyperglycemia-induced molecular changes in the cardiac muscle as observed in cardiac myopathy (hypertrophy and fibrosis) or in the microvasculature of the heart that manifest as atherosclerosis or coronary artery disease (Falcao-Pires and Leite-Moreira, 2012; Kenny and Abel, 2019; Babel and Dandekar, 2021). Patients with diabetes who develop cardiomyopathy initially exhibit a hidden subclinical phase of myocardial remodeling that leads to compromised diastolic function, followed by systolic dysfunction that can progress to eventual heart failure (Falcao-Pires and Leite-Moreira, 2012) The exact underlying mechanisms for the development of cardiac pathologies in diabetes are not fully understood but likely involve a wide array of cell signaling networks. These include generation of reactive oxygen species (ROS)/oxidative stress, endoplasmic reticulum (ER) stress, mitochondrial dysfunction, accumulation of advanced glycated end-products (see also section on vascular dysfunction), and hyperglycemia-induced alterations in signaling by growth factors, peptides of RAAS as well as other GPCRs that are known also to transactivate EGFR (for recent reviews see Babel and Dandekar, 2021; Kenny and Abel, 2019, Forrester et al., 2016). Emerging evidence suggests that not only do EGFR/ErbB/HER family of TK receptors play a key role in the development of diabetes-induced cardiac dysfunction but they may also represent a convergent point or “hub” and a “relay” for the multiple other signaling molecules or inputs leading to cardiac dysfunction. In fact, the current understanding is that ErbBs may play a dual role, whereby they can elicit beneficial as well as detrimental signaling in the heart. In the proceeding section, we will discuss studies highlighting the dual role of EGFR/ErbB/HER receptor signaling in the normal (physiological) and the diabetic (pathological) heart.
The Beneficial Role of Epidermal Growth Factor Receptors in the Normal and Diabetic Heart
EGFR/ErbB/HER receptors are vitally important in the physiological development of the heart irrespective of whether it is normal or diabetic. Indeed, the beneficial (good guy) role of ErbB receptors starts even before birth. These receptor tyrosine kinases (RTKs) are essential for normal cardiac morphogenesis during embryogenesis, and also in maintaining proper physiology of the adult heart (Sanchez-Soria and Camenisch, 2010; Fuller et al., 2008) see also Table 1. Observations in engineered knockout (KO) or mutant mice of ErbB1, ErbB2, ErbB3, ErbB4 highlighted the lethal phenotypes and heart defects that can arise as a result of a deficiency in the number or signaling of these receptors (for review see also Sanchez-Soria and Camenisch, 2010). ErbB1 KO and mutant mice displayed semilunar valve defects (Sibilia and Wagner, 1995; Chen et al., 2000) whilst disrupted endocardial cushion/heart valve mesenchyme formation was noted in ErbB3 KO mice that ultimately leads to death of embryos within 2 weeks (Erickson et al., 1997; Camenisch et al., 2002). ErbB2 and ErbB4 KO mice lack ventricular trabeculation-a key process in the maturation of ventricles and necessary for physical contractility and normal blood flow (Gassmann et al., 1995; Lee et al., 1995; Chan et al., 2002; Negro et al., 2004).
TABLE 1 | A summary of selected studies highlighting thebeneficialrole of EGFR signaling in the heart.
[image: Table 1]ErbB2 is also important for neural development and myelination of nerve fibres (Lee et al., 1995; Garratt et al., 2000). Not only does ErbB2 signaling participate in the development of the ventricular conduction system (Negro et al., 2004) but it is also required for cardiac atrial electrical activity during development of the atrial conduction system that if disrupted leads to premature death at mid-gestation (Tenin et al., 2014). Thus, activation of ErbB signaling has been proposed as a therapeutic strategy to reduce the mortality rate of congenital heart diseases and in the prevention of cardiac damage in adults (Sanchez-Soria and Camenisch, 2010). Collectively, these studies suggest that all four EGFR/ErbB/HER receptors are necessary for the proper physiological development of the heart-the first organ to form during embryogenesis. Furthermore, all EGFR/ErbB/HER receptors and several of their ligands are now also thought to be expressed in the adult heart (either in cardiac myocytes, fibroblasts, endothelial or vascular smooth muscle cells) and are required for normal physiological functioning of the post-natal heart (Camprecios et al., 2011; Kirabo et al., 2017; Sanchez-Soria and Camenisch, 2010). Of the EGFR/ErbB receptors, ErbB2 and ErbB4 appear to be the most abundant and of the ligands, EGF, HB-EGF and NRG-1 are thought to be most important in regulating heart function (Reichelt et al., 2017).
The EGFR/ErbB1 receptor and some of its ligands, especially EGF and HB-EGF, are expressed in the adult heart and thus, both ligand-activated signaling and ligand-independent transactivation of EGFR likely contribute to specific protective responses in the adult heart (for review see Reichelt et al., 2017). EGFR/ErbB1 receptor appears to be important in cardiomyocyte survival and contractile function with its cardiac-specific deletion in the adult heart resulting in cardiac dysfunction (Rajagopalan et al., 2008). In a recent study, cardiomyocyte-specific ErbB1 downregulation in mice led to impaired contractility (Guo et al., 2021). Similarly, conditional deletion of its ligand, HB-EGF, also resulted in cardiac contractile defects (Iwamoto et al., 2003) implying EGFR/ErbB1 receptors play a critical role in maintaining contractile homeostasis in the adult heart.
Endogenous or exogenously administered EGF-like ligands (e.g., EGF, HB-EGF, betacellulin and amphiregulin) and subsequent activation of EGFR/ErbB1, is thought to play a beneficial cytoprotective role in the heart against stress induced injury (Lorita et al., 2002; Pareja et al., 2003). For example, acute, high intensity stress can cause cardiac damage via elevated catecholamine release and cardiomyocyte death by apoptosis and/or necrosis (Liaudet et al., 2014). Administration of EGF can prevent the damage caused by intense and sustained β-adrenergic stimulation and catecholamine release in the heart by interfering with β -adrenergic signaling (Lorita et al., 2002; Pareja et al., 2003). Further, it was shown that activated EGFR/ErbB1 plays a critical role in the cardiac protection against the acute, high intensity stress induced in fighting mice (Pareja et al., 2003) and may also offer protection against cardiac stressors during hibernation (Childers et al., 2019). During hibernation, animals experience a reduction in blood circulation that makes the heart prone to multiple stressors. Increased EGFR phosphorylation (Y1086) was found to play a key role in activation of MAPK signaling, inhibition of downstream p-ELK1, and reduction in both p-BAD mediated pro-apoptotic signaling and caspase-9 apoptotic signaling in the heart of hibernating ground squirrels (Childers et al., 2019). Activation of cardioprotective EGFR signaling likely explains how these mammals cope with cardiac stresses during hibernation, which otherwise can lead to serious cardiac injury (Childers et al., 2019).
To examine the physiological role of ErbB2 signaling in the adult heart, rats with a ventricular-specific deletion of ErbB2 were generated (Crone et al., 2002). After physiological analysis, they discovered that these mutant mice hearts showed wall thinning, chamber dilation and decreased contractility indicative of dilated cardiomyopathy (Crone et al., 2002). Thus, increasing expression or activation of ErbB2 might prevent dilated cardiomyopathy and heart failure accordingly. Further, in a model of type 1 diabetes, the effect of acute activation or chronic inhibition of EGFR and ErbB2 signaling on heart function was also studied (Akhtar et al., 2012a). Recovery of cardiac function following I/R injury in diabetic hearts was significantly impaired, most likely as a result of reduced dimerization and signaling by cardiac ErbB2 and EGFR receptors. Chronic administration of selective pharmacological inhibitors of either ErbB2 or EGFR/ErbB1 in diabetic animals exacerbated cardiac recovery. In contrast, acute stimulation of EGFR/ErbB2 signaling with EGF improved cardiac recovery following I/R injury (Akhtar et al., 2012a). These findings confirmed the beneficial role or EGFR and ErbB2 receptors and downstream signaling via ERK1/2, p38 MAP kinase and AKT in mediating recovery of cardiac function that is normally impaired in diabetes (Akhtar et al., 2012b).
In another study using in H9c2 rat cardiomyoblasts, pretreatment with EGF attenuated H2O2-induced oxidative stress and inhibited ROS-induced cell death and H2O2-induced apoptosis through activating Nrf2 (Ma and Jin, 2019). In animal models of myocardial I/R, in vivo administration of EGF diminished infarct size and myocardial apoptosis (Ma and Jin, 2019). Taken together, these data demonstrate that EGF attenuates oxidative stress and cardiac I/R injury by reducing myocardial infarct size and improving cardiac function possibly via activation of Nrf2 (Akhtar et al., 2012b; Ma and Jin, 2019).
During cardiac I/R injury, the myocardium becomes depleted of zinc and the capacity to mobilise labile zinc is reduced indicative of zinc dyshomeostasis. Administration of zinc pyrithione can normalize zinc levels during I/R and also prevents apoptosis by increasing ErbB1/ErbB2 levels (Bodiga et al., 2015) further confirming the cardioprotective role of these ErbB receptors. Zinc pyrithione attenuated caspase activation, decreased the proteolytic degradation of ErbB2, enhanced activation and complexation (heterodimerization) of ErbB1/ErbB2 that resulted in increased myocyte survival after hypoxia/reoxygenation injury (Bodiga et al., 2015).
EGFR/ErbB receptors also mediate the beneficial effects of cardiac preconditioning (Benter et al., 2005c; Akhtar et al., 2012b). It is well known that ischemic preconditioning, which typically involves exposure of the heart to brief episodes of ischemia-reperfusion (I/R), protects the myocardium from the greater damaging effects of subsequent more prolonged I/R. In a rat model of type 1 diabetes, chronic in vivo administration of a specific pharmacological inhibitor of EGFR abrogated the cardiac benefits of preconditioning implying a critical role of EGFR/ErbB1 in cardiac preconditioning (Akhtar et al., 2012b). In models of cardiac preconditioning induced by pharmacological agents, the cardioprotective effects of GPCR agonists such as bradykinin, A1 adenosine receptors, apelin, acetylcholine and a δ-opioid peptide were found to be also mediated via transactivation of EGFR (Krieg et al., 2004; Cohen et al., 2007; Methner et al., 2009; Williams-Pritchard et al., 2011; Folino et al., 2018). For example, apelin-induced-reduction in infarct size and myocardial contracture via its GPCR (termed APJ) were prevented by the inhibition of EGFR, Src, MMP or RISK (reperfusion injury salvage kinase) pathways (Folino et al., 2018). Recently, the cardioprotective effects of myocyte-specific hypoxia-inducible factor 2A were additionally reported to be mediated via EGFR (Lee et al., 2020) further implicating EGFR/ErbB1 receptors in a protective role during myocardial I/R injury. Moreover, the fact that a pan-ErbB inhibitor, genistein, also blocked the cardioprotective effects of I/R preconditioning (Akhtar et al., 2012b), implied that other ErbBs receptors, beyond EGFR, might also be involved in mediating the beneficial effects of cardiac preconditioning.
Previously it was thought that only EGFR, ErbB2 and ErbB4 were expressed in the adult heart but subsequent studies have demonstrated that post-natal cardiomyocytes of mice express a functional ErbB3 protein as well (Camprecios et al., 2011). More recently ErbB3 gene expression has also been reported in normal human ventricular cardiac fibroblasts (Kirabo et al., 2017). Although methylation of ErbB3 gene has been reported in human dilated cardiomyopathy (Haas et al., 2013); the function of ErbB3 in the adult heart is only now being understood. For example the E3 ligase (or neuregulin receptor degradation protein-1; Nrdp1), that selectively targets ErbB3 (Diamonti et al., 2002), is upregulated following I/R injury. Mice over-expressing Nrdp1 in the heart exhibit higher infarct size as well as increased apoptosis and inflammatory cell influx following I/R (Zhang et al., 2011) implying that Nrdp1 is a pro-apoptotic signal in the heart during I/R injury and exerts its actions via degradation of ErbB3. More recently it was reported that ErbB3 is a cardioprotective/pro-survival factor against redox stress (Morano et al., 2017). ErbB3 gene expression was transiently increased in the adult heart after I/R injury (Morano et al., 2017). However, I/R reduced ErbB3 protein levels, whereas postconditioning (that was induced by brief cycles of I/R immediately after ischemia) prevented I/R-induced reduction in ErbB3 receptor protein. Furthermore, the transient over-expression of ErbB3 gene alone was able to enhance cell survival and attenuate mitochondrial dysfunction and apoptosis in H9c2 cells exposed to redox-stress (Morano et al., 2017). This study implied that ErbB3 acts beneficially as a cytoprotective and/or pro-survival factor in the heart (Morano et al., 2017).
A cardiomyocyte-specific conditional ErbB4 KO mouse model was also used to prove that ErbB4 is required for remodeling of cardiomyocytes and essential in maintaining myocardial contractile function in the post-natal heart (Garcia-Rivello et al., 2005). Despite the normal heart morphology evident at birth, conditional ErbB4 KO mice developed severe dilated cardiomyopathy and conduction abnormalities that lead to premature death (Garcia-Rivello et al., 2005).
The HB-EGF ligand binds to and triggers signaling via several ErbB receptors including EGFR/ErbB1 and ErbB4 receptors. In experiments with HB-EGF-null mice, over half of the mice lacking this ligand died within a week. The rest showed severe heart failure, enlarged cardiac valves and ventricular chambers with a resultant impairment of cardiac function. In contrast, administration of HB-EGF in WT mice increased phosphorylation of cardiac ErbB2, ErbB4, and to a lesser degree, of EGFR (Iwamoto et al., 2003) implying that HB-EGF-induced activation of multiple ErbB receptors is crucial for normal heart function.
The cardiac effects of NRG-1, another EGF-like ligand, have been extensively studied. The stimulation of ErbB signaling by NRG-1 appears crucial for cardiomyocyte survival and furthermore, is an important compensatory mechanism in the failing adult heart (De Keulenaer et al., 2019). Neuregulin ligand-mediated ErbB receptor signaling plays a key role in cellular functions such as proliferation, differentiation, migration and protection against cell death through controlling bcl-x splicing and bcl-2 family protein expression, as well as activation of the mammalian target of rapamycin (mTOR) that induces protein synthesis and hypertrophy (for reviews see Sanchez-Soria and Camenisch, 2010; De Keulenaer et al., 2019). Thus, through multiple effectors, NRG-1 induces pro-survival gene expression and enhances proliferation and survival of human cardiac fibroblasts (Fang et al., 2017; Kirabo et al., 2017; De Keulner et al., 2019). For example, NRG-1 counters the upregulation of endoplasmic reticulum (ER) stress markers like glucose-regulated protein 78 and cleaved caspase-12 in ventricular myocytes through ErbB4 receptors. Inhibition of EGFR/ErbB1 signaling or ErbB4 knockdown reversed the beneficial effects of NRG-1 in inhibiting ER stress in cultured neonatal cardiomyocytes (Fang et al., 2017). Moreover, in an in vivo rat model of cardiac I/R injury, intravenous NRG-1 administration significantly decreased ER stress and myocardial infarct size (Fang et al., 2017). Thus, NRG-1 has a protective role in I/R injury by inhibiting myocardial ER stress that is likely mediated by several ErbB receptors including ErbB4. Indeed, these pro-survival effects of NRG-1 have led to its consideration as a potential therapeutic agent for treatment of heart failure in pre-clinical and human clinical studies that have collectively shown that i. v., administration of this ligand significantly improved cardiac contractility and remodelling as well as attenuated mitochondrial dysfunction and apoptosis (Liu et al., 2006; Gao et al., 2010; Jabbour et al., 2011; Guo et al., 2012; Xiao et al., 2012; Hill et al., 2013; De Keulenaer et al., 2019). Additionally, and of relevance to the diabetic heart, is the potential glucose-lowering ability of NRG-1. Acute administration of this ligand decreased the glycaemic response to an oral glucose tolerance test in rats (Caillaud et al., 2016) implying that it might have added therapeutic value as a glucose-lowering agent in diabetic patients with heart failure.
Interestingly, monoclonal antibody and small molecule-based inhibitors of EGFR/ErbB receptors are now extensively used in the treatment of cancer (Roskoski, 2019; Kumagai et al., 2021). However, their use may lead to unwanted cardiac toxicities ranging from reduced LV ejection fraction to heart failure (Kenigsberg et al., 2017; Cuomo et al., 2019). In an early study, female (but strangely, not male) mice chronically administered either of two EGFR small molecule tyrosine kinase inhibitors, lead to physiological and pathological cardiac changes such as altered LV wall thickness and increased apoptosis (Barrick et al., 2008). Using a human-induced pluripotent stem cell-derived cardiomyocyte in vitro model, treatment with trastuzumab, a monoclonal antibody inhibitor of ErbB2, also aggravated cardiomyocyte damage, whereas activation of ErbB signaling with NRG-1 alleviated cardiomyocyte injury (Eldridge et al., 2014). In the clinic, trastuzumab is known to exhibit cardiac toxicity particularly in patients with abnormal LV function but cardiotoxicity with other ErbB inhibitors such as gefitinib (a small molecule EGFR-specific inhibitor) or even lapatinib (a dual EGFR-ErbB2 inhibitor) appears to be rare (Kenigsberg et al., 2017). Thus, studies on the cardiotoxicity of some ErbB receptor inhibitors are supportive of a cardioprotective role of ErbBs in the adult heart. However, since not all ErbB inhibitors exhibit cardiotoxicity, the possibility that the observed adverse effects on the heart might be due to other “off-target”, but drug-specific, effects remains to be elucidated.
The Detrimental Role of Epidermal Growth Factor Receptor in the Heart
The studies described in the preceding section (see also Table 1) clearly suggest a beneficial and necessary role of EGFR/ErbB/HER receptors in the developing heart. They further imply that acute or transient activation of EGFR/ErbB/HER receptor TKs and subsequent downstream activation of survival (or salvage/recovery) pathways such as PI3K/AKT/mTOR and RISK is required for mediating beneficial cardioprotective effects in I/R injury. In contrast, there is now a growing body of evidence that supports the notion that chronic or persistent overexpression/activation of EGFR/ErbB family of receptors can play a detrimental role (see Table 2) in the pathological heart including in cardiac hypertrophy, fibrosis and cardiac remodeling associated with diabetes (e.g., Kobayashi and Eguchi, 2012). As EGFR/ErbB/HER receptors are known drivers of cell growth and proliferation via mitogenic signaling through Ras/Raf/MAP kinases, AKT and ERK1/2, they play key role in mediating cardiac hypertrophy (Peng et al., 2016; Bi et al., 2020). For example, Ang II-mediated cardiac hypertrophy is reported to occur via Src-dependent EGFR transactivation through AKT and ERK pathways that can be reversed with pharmacological inhibitors of EGFR (Liang et al., 2015; Peng et al., 2016). In addition to Ang II, other members of the RAAS can also transactivate EGFR/ErbB receptors to impact cardiac function. In this regard, EGFR transactivation is known to be involved in aldosterone-induced NHE-1 (Na+/H+ Exchanger 1) stimulation that mediates oxidative stress and subsequent cardiovascular damage (De Giusti et al., 2011).
TABLE 2 | A summary of selected in vivo studies highlighting the detrimental role of EGFR/ErbB signaling in the heart.
[image: Table 2]Hyperglycemia associated with diabetes is known to lead to the generation of reactive oxygen species (ROS) such as via NADPH oxidase (NOX) activity (see also The Link Between Epidermal Growth Factor Receptor & Nicotinamide Adenine Dinucleotide Phosphate Oxidase in Diabetes-Induced Vascular Dysfunction) that can lead to cardiovascular complications (Brownlee, 2005; Zhang et al., 2020; Babel and Dandekar, 2021). There is emerging evidence that EGFR inhibitors can prevent ROS formation and development of oxidative stress that leads to cardiac dysfunction (Liang et al., 2015; Shah et al., 2018). EGFR inhibition with gefitinib decreased hyperglycemia-induced cardiac remodeling by preventing oxidative stress-induced changes in the diabetic heart (Shah et al., 2018). Administration of gefitinib (a selective EGFR inhibitor) in C57/BL6 mice, significantly prevented lipid peroxidation and damage of antioxidant enzymes like glutathione and thioredoxin reductase. It also prevented myocardial hypertrophy and attenuated the diabetes-induced alterations in collagen deposition and myocardial remodeling. Administration of gefitinib also prevented depletion of SERCA2a (sarcoplasmic endoplasmic reticulum Ca2+ ATPase2a) and NCX1 (sodium-calcium exchanger-1) in streptozotocin-induced cardiomyopathy-indicative of improved Ca2+ homeostasis during myocardial contractility (Shah et al., 2018). These findings suggest that inhibition of EGFR can reduce cardiac damage in diabetic cardiomyopathy through balancing oxidant-antioxidant systems and attenuating subsequent hypertrophy and remodeling in the diabetic heart. Thus, gefitinib, and other clinically approved EGFR inhibitors that do not exhibit cardiotoxicity, may be considered for the potential treatment of diabetic cardiomyopathy.
Emerging evidence supports the view that generation of ROS and oxidative stress is strongly associated with the occurrence of endoplasmic reticulum (ER) stress (Chong et al., 2017). The ER is responsible for the correct folding, processing and trafficking of secretory and membrane-bound proteins to the Golgi apparatus, but when the capacity of this sub-cellular organelle to fold proteins becomes saturated, such as in oxidative stress, ER stress ensues that can lead to multiple pathologies (Navid and Colbert, 2017) including diabetes-induced cardiovascular complications (Xu et al., 2012; Sankrityayan et al., 2019). In a mouse model of type 1 diabetes, upregulation of EGFR tyrosine kinase led to induction of ER stress that resulted in diabetes induced cardiovascular dysfunction (Galan et al., 2012). Pharmacological inhibition of EGFR attenuated receptor phosphorylation and reduced ER stress, cardiac fibrosis, and microvascular dysfunction (Galan et al., 2012) implying a key role of EGFR in mediating ER stress and subsequent cardiac pathology. The detrimental role of EGFR in the pathogenesis of diabetes-induced heart damage was further confirmed by Liang et al. (2015). They reported that Ang II-induced cardiac hypertrophy, fibrosis and remodeling was mediated via enhanced signaling through a Src-dependent EGFR/AKT pathway. The fact that significant attenuation of these pathological changes occurred after treatment with gene silencing shRNAs or EGFR inhibitors provided strong evidence that aberrent EGFR signaling plays a crucial role in the pathogenesis of cardiac dysfunction and remodeling in diabetes (Liang et al., 2015). Additionally, EGFR signaling and ER stress are also reported to play a role in inducing myocardial infarction in type 2 diabetes (Mali et al., 2018). To investigate this role, T2D mice were treated with AG1478 (a specific EGFR inhibitor) or TUDCA (an ER stress inhibitor) for 2 weeks. After that, acute myocardial I/R injury was induced. Treatment with EGFR and ER stress inhibitors in T2D mice significantly reduced the extent of the myocardial infarct size compared to untreated T2D mice. Inhibition of EGFR and ER stress was associated with reduced myocardium p38 and ERK1/2 MAP-kinases activity, increased pro-survival signaling via AKT, and reduced inflammatory cell infiltration and apoptosis (Mali et al., 2018). By suggesting that EGFR signaling was detrimental in acute myocardial I/R injury, this study (Mali et al., 2018) was at variance with multiple other reports showing that EGFR signaling is beneficial in the recovery of cardiac function following I/R injury (Ma and Jin 2019; Akhtar et al., 2012b; Pareja et al., 2003; Lorita et al., 2002). The precise reasons for this discrepancy are not known but the use of different animal models and experimental conditions may be possible explanations. For example, Mali et al. (2018) used a T2DM (db−/db−) mouse model with regional ischemia compared to a T1DM (streptozotocin-induced) rat model with global ischemia used by Akhtar et al. (2012b). How these potential variables precisely impact on EGFR/ErbB signaling requires further study. Nonetheless, collectively these studies suggest that targeting of EGFR and ER stress may represent novel therapeutic strategies in the potential treatment of diabetes-induced cardiac pathologies.
Obesity is a leading risk factor for the development of type 2 diabetes and its cardiovascular complications (Leitner et al., 2017; Drucker, 2021). In a study aiming to determine if EGFR mediates the pathogenesis of hyperlipidemia/obesity-related cardiac diseases, EGFR inhibition significantly ameliorated myocardial fibrosis, apoptosis, and inflammation in two rat models of obesity (Li et al., 2016). Thus, consistent with reports in models of diabetes, this study also demonstrated a harmful effect of EGFR activation in the pathogenesis of obesity-induced cardiac pathology (Li et al., 2016) and thus, potential use of EGFR inhibitors for the treatment for obesity-related cardiovascular complications may be warranted.
EGFR signaling is additionally thought to be important in the cardiac actions of osteoglycin (OGN), a small leucine-rich proteoglycan that also regulates bone and glucose homeostasis (Lee et al., 2018; Zuo et al., 2018). OGN negatively regulates cardiac fibrosis by attenuating cardiac myofibroblast (CMF) proliferation and migration through inhibition of EGFR signaling. Thus, OGN deficiency promoted EGFR and ERK1/2 phosphorylation in CMFs cultured from adult and neonate mice. In contrast, restoration of OGN in OGN-null CMFs resulted in inhibition of cell migration and proliferation through decreased EGFR signaling (Zuo et al., 2018). Stimulation of EGFR/ErbB receptors by amphiregulin (AR), another member of EGF family of ligands, induced cardiac fibrosis after myocardial infarction (Liu et al., 2018; Liu et al., 2020) highlighting the detrimental role of EGFR/ErbBs in cardiac pathology. EGFR transactivation was also involved in mediating the non-canonical, cardiomyocyte hypertrophy-promoting, effects of the death receptor 5 that normally mediates apoptosis (Tanner et al., 2019). Interestingly a very recent study showed that increased EGFR signalling in the rat brain, namely within the hypothalamic paraventricular nucleus (PVN), may also play a key role in mediating myocardial-infarction-induced heart failure through enhancing ERK1/2-induced sympathetic overactivity (Yu et al., 2021). Selective gene silencing of EGFR in the PVN led to a correction of multiple central and peripheral markers associated with heart failure (Yu et al., 2021) implying that targeting brain EGFR might represent a novel approach in the treatment of MI-induced HF. Collectively, the above studies suggest a critical role for both peripheral and central EGFR/ErbB signaling in the development of cardiac pathologies, and further imply that these RTKs may serve as a “hub” or “relay” for other signaling molecules/inputs that induce cardiac complications in diabetes.
As a summary of their cardiac actions, Figure 1 highlights the overall beneficial and detrimental actions of EGFR/ErbB2/HER receptors and downstream effector signaling in the heart (see also perspectives and concluding remarks section below).
[image: Figure 1]FIGURE 1 | A schematic highlighting the overall beneficial and detrimental actions of EGFR/ErbB receptors and their downstream signaling effectors in the diabetic heart. It appears that all four EGFR/ErbB receptors are necessary for the development of the heart during embryogenesis and beneficial for the proper functioning of the adult heart including a key role in maintenance of cardiac contractility. EGFR/ErbB2 signaling is also essential for normal cardiomyocyte function. Acute stimulation of EGFR/ErbB receptor signaling is also essential for activation of salvage pathways and cardiac recovery following I/R injury. In addition to these beneficial actions, EGFR/ErbB receptor signaling can also have detrimental outcomes. Persistent or chronic upregulation of EGFR/ErbB receptor signaling has been involved in the development of cardiac dysfunction and pathologies including fibrosis, remodelling and hypertrophy. Several key downstream effectors are involved in mediating both actions with some notable overlaps such as AKT and ERK1/2 (highlighted)- implying that they too can have dual actions depending on the pathophysiological context akin to the role of their upstream EGFR/ErbB receptors (see main text for further details and references).
DIABETES-INDUCED VASCULAR DYSFUNCTION
Both T1DM and T2DM can lead to potentially life-threatening microvascular and macrovascular complications such as retinopathy, neuropathy, nephropathy, as well as coronary heart disease and stroke (Kosiborod et al., 2018; Colom et al., 2021). Similar to that described in the heart (see above), diabetes-induced vascular complications generally result from chronic hyperglycemia (Van Wijngaarden et al., 2017) though repeated transient excursions into hyperglycemia and glycemic variability also increase the risk of developing vascular complications (Holman et al., 2008; Gray and Jandeleit-Dahm, 2014; Kenny and Abel, 2019; Babel and Dandekar, 2021). Correction of hyperglycemia in diabetic patients also does not completely restore the risk of developing vascular complications to baseline (Ceriello, 2005; Brownlee and Hirsch, 2006; Chalmers and Cooper, 2008; Kenny and Abel, 2019) implying that hyperglycemia-induced vascular changes, most likely at a molecular level, are long-lasting–a phenomenon termed “glycemic” or “metabolic memory”. Although there appears to be some differences in the pathology of micro-and macro-vascular dysfunction (e.g., the latter is most common in T2DM which comprises around 85–90% of all diabetic patients), both involve damage to the endothelium, the innermost lining of blood vessels, that is involved in many important vascular functions including maintenance of vascular tone (Shi and Vanhoutte, 2017); indeed, endothelial dysfunction represents a significant underlying cause of organ dysfunction and failure in several pathologies including diabetes and SARS-CoV2 (COVID19) infections (Shi and Vanhoutte, 2017; Jin et al., 2020; Nagele et al., 2020). In the vasculature, key dysfunctional changes of the tunica media such as increased vascular smooth muscle responsiveness to endothelium-dependent vasoconstrictors, are early features of diabetic vasculopathy (Cooper et al., 2001; Lee et al., 2012). Since diabetes-induced cardiac dysfunction also involves endothelial dysfunction, it is not surprising that endothelial dysfunction associated with micro- or macro-vascular complications most likely arises from a similar, though not necessarily identical, concoction of underlying biological mechanisms. Of note in the diabetic vasculature are increased intracellular Ca2+, diminished NO synthesis, increased polyol pathway flux, altered cellular redox state (ROS/oxidative and ER stress), prostanoid synthesis, accelerated nonenzymatic formation of advanced glycation end products (AGEs), increased formation of diacylglycerol and activation of specific protein kinase C (PKC) isoforms, inflammation and enhanced apoptosis (for review see Babel and Dandekar, 2021; Shi and Vanhoutte, 2017; Forbes and Cooper, 2013, Giacco and Brownlee, 2010; Brownlee, 2005). Since endothelial and vascular smooth muscle (VSM) cells (VSMCs) are closely linked functionally, many of the molecular pathways effecting endothelial dysfunction are also altered in VSMCs implying that a combination of endothelial and smooth muscle dysfunction is ultimately responsible for the abnormalities of vascular function in diabetes. Indeed, in patients with T2DM, VSM dysfunction was noted in both the micro- and macro-vasculature but was more pronounced in the microvasculature-i.e. blood vessels with diameter of  < 150 µm (Montero et al., 2013). In terms of mechanisms, in addition to ROS generation and oxidative stress, diabetes-induced alterations in signaling by growth factors, RTKs, peptides of RAAS as well as other GPCRs that exert significant influence on intracellular calcium levels, ROS, ER stress, inflammation and apoptosis appear to be involved in mediating VSMC dysfunction (Babel and Dandekar, 2021). For example, signalling via vascular endothelial growth factor (VEGF) appears important in mediating retinopathy in diabetes (reviewed in Wong et al., 2016), and hyperglycemia-induced up-regulation of GPCR signalling by the RAAS peptide, Ang II, has been reported in VSMCs (Montezano et al., 2014; Touyz et al., 2018). Since it is now known that GPCRs can initiate transactivation of the EGFR (e.g., Akhtar et al., 2015; Forrester et al., 2016), which is expressed in both endothelial cells and VSMCs (e.g., Akhtar et al., 2012a; Schreier et al., 2021), there is strong indications that EGFR signalling may also be a key player in mediating vascular pathology in diabetes (Akhtar and Benter, 2013; Matrougui, 2010; Schreier et al., 2014; Schreier et al., 2018).
Role of Epidermal Growth Factor Receptors in the Diabetic Vasculature
EGFR/ErbB receptor signaling that typically regulates cell growth, differentiation and proliferation is essential to the normal physiologically development and functioning of the vasculature (Forrester et al., 2016). However, its chronic dysregulation appears to have a detrimental role in mediating diabetes-induced vascular dysfunction and remodelling (Benter et al., 2005; Akhtar and Benter, 2013; Matrougui, 2010; Akhtar et al., 2019; Schreier, et al., 2014; Schreier et al., 2018) see also Table 3.
TABLE 3 | A summary of selected studies implicating EGFR signaling in diabetes-induced vascular dysfunction.
[image: Table 3]Probably the early clues to the involvement of EGFR/ErbB receptors in diabetes-induced complications were the observation that excretion of EGF ligand was abnormal in many patients with diabetes (Lev-Ran et al., 1990) and that EGF gene expression was elevated in the mesenteric artery of rats bearing type 1 diabetes (Gilbert et al., 2000). Further, since vascular proliferation and remodeling (e.g., via hypertrophy, hyperplasia and fibrosis) leads to altered vascular contractility in diabetes, of note were the studies showing a pro-contractile role for EGF/EGFR signaling (Berk et al., 1985; Florian and Watts, 1999). For example, EGF via stimulation of EGFR elicited potent vasoconstriction in aortic strips from a rat model of hypertension (Florian and Watts, 1999); and EGFR activation via MMP-2 reportedly increased ROS formation and facilitated contraction in non-diabetic aortas (Prado et al., 2018). Additionally, there is also evidence in the non-diabetic vasculature that acute EGFR signaling may mediate the contractions of GPCR ligands such as Ang II and endothelin (ET-1) (Kawanabe et al., 2004; Lucchesi et al., 2004) that also play an important role in mediating diabetes-induced vascular dysfunction. A recent study also suggests that dysregulation of vascular, as opposed to endothelial, EGFR might be the dominant factor in the development of vascular pathologies associated with obesity (Schreier et al., 2021) an important risk factor for developing T2DM.
The first in vivo reports demonstrating a direct link between EGFR signaling and diabetes-induced vascular dysfunction appeared in 2005 which showed that enhanced EGFR/ErbB1 signaling was a key mediator of diabetes-induced vascular dysfunction as pharmacological inhibition of this RTK was corrective of this pathology in the mesenteric vascular bed as well as in renal and carotid arteries (Benter et al., 2005a; Benter et al., 2005b; Yousif et al., 2005). This initial research on vascular EGFR was conducted in a preclinical model of type 1 diabetes (streptozotocin-induced diabetes in rats) and its findings were subsequently replicated in the vasculature of animal models of type 2 diabetes (Belmadani et al., 2008; Palen and Matrougui, 2008; Choi et al., 2012; Galan et al., 2012; Kassan et al., 2015a; Stern et al., 2020), implying that dysregulated EGFR/ErbB1/HER1 signaling was a common mediator of vascular complications in both Type 1 and Type 2 diabetes. Further, through gene expression profiling studies of diabetic mesenteric vasculature, it was demonstrated that EGFR1/ErbB1/HER1 inhibition could normalize approximately 90% of the transcriptomic changes that occurred during the development of diabetes-induced vascular abnormalities (Benter et al., 2009). In addition, increased gene expression of EGFR1/ErbB1/HER1 appeared to be a critical early mRNA change resulting in diabetes-induced vascular dysfunction (Benter et al., 2009). Studies from the same group on the underlying mechanisms, identified that EGFR1/HER1 did not act alone, rather heterodimerization with ErbB2 (its preferred dimerization partner) and subsequently signaling via multiple pathways including PI3K/AKT were key mediators of diabetes-induced vascular complications (Akhtar et al., 2013; Akhtar et al., 2015). More recently, these authors showed that all ErbB receptors are activated by hyperglycemia (Akhtar et al., 2015; Akhtar et al., 2020b) and that pan-ErbB inhibitors can reverse these changes and correct vascular dysfunction in a rat model of type 1 diabetes (Akhtar et al., 2020b; Akhtar et al., 2019) implying a possible role for all EGFR/ErbB receptors in mediating diabetes-induced vascular dysfunction.
Src family of non-receptor tyrosine kinases appear to be key upstream effectors of EGFR/ErbB RTKs as hyperglycemia/diabetes is known to induce EGFR/ErbB signaling via a Src-dependent mechanism (Akhtar et al., 2012a; Akhtar et al., 2015; see also The Interplay of Epidermal Growth Factor Receptor and Angiotensin 1-7, a Member of the Renin-Angiotensin-Aldosterone System, in Diabetes-Induced Vascular Dysfunction below). As to the downstream effectors of EGFR/ErbB signaling in the diabetic vasculature, several studies have now implied that multiple downstream pathways are likely involved including dysregulation of NO, Rho kinases (ROCKs), ERK1/2 and PI3K/AKT pathways (Akhtar and Benter, 2013; Benter et al., 2015; Matrougui, 2010; Schreier et al., 2014; Schreier et al., 2018). For example, diabetes enhances phosphorylation of EGFR1 and ErbB2, formation of EGFR/ErbB2 heterodimers and subsequent elevation in ERK1/2 and ROCK signaling leading to dysfunction in the mesenteric vasculature of T1DM rats (Akhtar et al., 2013; Benter et al., 2015). Administration of AG1478, a selective EGFR inhibitor, or AG825, a specific ErbB2 inhibitor, or Fasudil, a ROCK inhibitor, or PD98059, an ERK1/2 signaling inhibitor, all attenuated the observed changes associated with diabetes-induced vascular dysfunction (Akhtar et al., 2013) indicating the importance of these effectors in this pathology. Similarly, in a mouse model of T2DM, EGFR inhibition rescued abnormal ROCK activity and restored vascular function (Kassan et al., 2015b). Collectively, these results implied that EGFR/ErbB2-ERK1/2-ROCK pathway is an important mediator of diabetes-induced vascular dysfunction. The role of ROCK as a downstream effector of EGFR/ErbB2 heterodimers was also confirmed recently in a mouse model of high-fat diet induced obesity/type 2 diabetes bearing vascular smooth muscle-specific deletion of EGFR (Stern et al., 2020). This study showed that EGFR expressed in vascular smooth muscle cells mediates vascular remodeling via a ROCK-dependent activation of serum response factor - a transcription factor that regulates cell growth and proliferation (Stern et al., 2020). Interestingly, administration of the ROCK inhibitor, Fasudil, in the early stages of experimental diabetes was found to markedly suppress vascular hyperreactivity, increase tissue perfusion, and prevent organ damage whereas late-stage Fasudil administration had little or no effect (Li et al., 2015). This observation is suggestive of a threshold of vascular damage beyond which recovery of function is limited with ROCK inhibitors (Li et al., 2015) as well as possibly with other types of pharmacological interventions. Also of interest here is that EGF-ligand induced vasoconstriction is dependent on ROCK signaling. In rat aortic rings, EGF induced Ca2+ sensitization of VSMCs via a Rho-kinase-dependent inactivation of myosin light chain phosphatase (MLCP) mediated by the EGFR-MEK-ERK1/2 signaling pathway (Sasahara et al., 2015). Taken together, these studies suggest an important role of hyperglycemia-induced Src-dependent transactivation of EGFR/ErbB receptors and a downstream ROCK-dependent pro-contractile action in mediating diabetes-induced vascular dysfunction.
Endothelial Nitric Oxide Synthase as an Effector of Epidermal Growth Factor Receptor or ErbB2 in Diabetes-Induced Vascular Dysfunction
Endothelial and thereby vascular dysfunction is characterised by a decreased production of nitric oxide (NO). In the vasculature, NO is mainly produced from l-arginine by endothelial nitric oxide synthase (eNOS) in a Ca2+/calmodulin-dependent protein kinase II (CaMKII) dependent reaction (Forstermann and Sessa, 2012; Zhao et al., 2015; Murthy et al., 2017). NO-mediated signaling is fundamental in maintaining vascular function as it can potentially prevent vascular inflammation, thrombosis, and cell proliferation (Bian et al., 2008; Zhao et al., 2015). eNOS activity is controlled through multi-site phosphorylation. For instance, enhanced phosphorylation of eNOS at Thr495 and decreased phosphorylation at Ser1177 site in the vascular endothelium leads to inadequate NO synthesis and impaired endothelium-dependent relaxation (Long et al., 2007). Diabetes reduces eNOS Ser1177 phosphorylation, thereby decreasing NO levels in endothelial cells and VSMCs (Tousoulis et al., 2012; Benter et al., 2015). Additionally, several studies have now determined that eNOS is a downstream effector of EGFR or ErbB2 signaling in T1DM and T2DM (Belmadani et al., 2008; Galan et al., 2012; Benter et al., 2015), and that exaggerated ErbB2-EGFR heterodimerization in the diabetic vasculature leads to diminished NO activity (Benter et al., 2015). Administration of lapatinib, which is a dual inhibitor of EGFR and ErbB2 RTKs, ameliorates vascular dysfunction by normalizing the decreased NO levels in the diabetic vasculature (Benter et al., 2015). Regarding restoration of NO activity in the diabetic vasculature by selective EGFR inhibitors, studies have shown that chronic in vivo AG1478 treatment rescued eNOS phosphorylation and expression (Belmadani et al., 2008; Galan et al., 2012) whereas acute in vitro AG1478 treatment appeared not to (Kassan et al., 2015a). It is worth mentioning that ROS generation by NADPH oxidase accounts partly for the reduced NO bioavailability in the vascular bed (Kassan et al., 2015a), consequently inducing dysfunction of the vascular endothelium (Sena et al., 2008; Akar et al., 2011; Meyrelles et al., 2011). Interestingly, a CaMKII inhibitor, KN-93, was also able to prevent the development of abnormal vascular reactivity in a rat model of diabetes and hypertension (Yousif et al., 2008) implying that NO production might also involve CaMKII-independent pathways in such pathologies.
PI3K as an Effector of Epidermal Growth Factor Receptor in Diabetes-Induced Vascular Dysfunction
PI3Ks are lipid kinases that belong to a group of enzymes involved in the regulation of multiple signaling cascades that control multiple cellular processes including cell growth, proliferation, motility, and survival. It is well known that PI3K/AKT signaling is downstream of EGFR/ErbB signalling (Roskoski 2019) and also can activate eNOS and subsequent NO generation to regulate vascular function (Kobayashi et al., 2005). Impairment in PI3K signaling pathway has been demonstrated in aortas of diabetic mice (Kobayashi et al., 2004). The activated PI3K-Akt signaling pathway can also improve insulin sensitivity and protect the vascular endothelium (Feng et al., 2018).
Activation of P13K/Akt/eNos pathway, such as by components of green tea, has been reported to have beneficial effects on diabetes-induced vascular dysfunction (Bhardwaj et al., 2014; Zhang and Zhang, 2020). For example, (-)-Epigallocatechin-3-gallate (EGCG), a highly effective component in green tea that has anti-inflammatory as well as antioxidant and free radical scavenging properties, was able to inhibit eNOS uncoupling and prevent hyperglycemia-induced endothelial dysfunction and apoptosis by activating the PI3K/AKT/eNOS pathway (Zhang and Zhang, 2020). Similarly, in a rat model of T1DM, chronic administration of catechin, another key component of green tea, markedly attenuated diabetes-induced vascular dysfunction and vascular oxidative stress via activation of endothelial PI3K signaling and the subsequent downstream eNOS signaling system that generates NO (Bhardwaj et al., 2014). Although PI3K-eNOS signaling can be a downstream consequence of EGFR activation, the relationship between EGFR activation in diabetic vasculature and administration of green tea components was not investigated in these studies. Nonetheless, these studies suggest that PI3K signalling is beneficial in maintaining vascular function as its attenuation is associated with diabetes induced vascular complications.
In contrast to these studies, in a rat model of TIDM, chronic selective inhibition of PI3K with LY294002 significantly attenuated the development of diabetes-induced abnormal vascular reactivity in the carotid artery (Yousif et al., 2006) implying that that PI3K pathway might also mediate vascular dysfunction. The reasons for this discrepancy are not clear but several reports have now confirmed AKT, and by implication PI3K to which it often coupled, as a downstream player in ErbB receptor-dependent vascular dysfunction in models of diabetes (Benter et al., 2015; Kasan et al., 2015b; Amin et al., 2011). For example, in the diabetic mesenteric vascular bed, hyperglycemia-induced upregulation of Akt signaling was prevented by lapatinib, a dual inhibitor of EGFR and ErbB2 (Benter et al., 2015). With the caveat that AKT signaling does not always have to be coupled to PI3K, these studies are suggestive of a possible detrimental role of PI3K/AKT pathway in diabetes-induced vascular dysfunction. Supportive of this notion, is the finding that ANG II, that is known to be elevated in diabetes, increases aortic contractile responses via PI3-kinase pathway in a rat model of diabetes with systemic hyperinsulinemia (Kobayashi et al., 2006). Collectively, the data on the role of PI3K in mediating vascular dysfunction appears contradictory and may be indicative of a dual role for this molecule whereby depending on the context it too may behave as a good guy or a bad guy, akin to the role of EGFR/ErbB receptors in cardiovascular complications as discussed herein.
Interplay of Epidermal Growth Factor Receptor and Forkhead Transcription Factors in Diabetes-Induced Vascular Dysfunction
FOXO3 is a pro-apoptotic protein that belongs to the forkhead family of transcriptional regulators which are critical mediators of oxidative stress (Ponugoti, et al., 2012). FOXO activity, amongst others, is regulated via phosphorylation, whereby increased phosphorylation renders it inactive via mechanisms including nuclear exclusion, polyubiquitination, and degradation (Oellerich and Potente, 2012). ROS/oxidative stress can induce FOXO3 phosphorylation which results in its release from the 14–3-3 binding protein, and subsequent translocation to the nucleus where it modulates target gene expression (Ponugoti, et al., 2012). The role of FOXO3 as a downstream effector of EGFR/ErbB2 receptors was studied in the mesenteric vascular bed of T1DM rats (Benter et al., 2015). Diabetes-induced vascular dysfunction arising from enhanced EGFR/ErbB2 signaling also led to downstream activation of FOXO3 (as evidenced by reduced phosphorylation at Ser253) through an AKT-independent manner that ultimately leads to apoptosis and vascular dysfunction (Benter et al., 2015). Hyperglycemia-mediated decrease in FOXO3A phosphorylation and increased total FOXO3A levels could be reversed upon lapatinib treatment (a dual inhibitor of EGFR and ErbB2 receptors) (Benter et al., 2015). Thus, FOXO-mediated pro-apoptotic signaling is likely an important downstream contributor to EGFR/ErbB receptor-mediated vascular dysfunction in diabetes.
The Link Between Epidermal Growth Factor Receptor and NF-kB Transcription Factor in Diabetes-Induced Vascular Dysfunction
The Nuclear Factor Kappa B (NF-kB) transcription factor is a key player in the development of diabetes-induced vascular complications through regulation of many cellular processes such as inflammation, cell growth, proliferation, and apoptosis (Suryavanshi and Kulkarni., 2017; Taniguchi and Karin, 2018). In unstimulated cells, inactive NF-kB is bound in the cytoplasm to inhibitory proteins in the inhibitor of kB (IkB) family. Activation of NF-kB occurs via signal transduction pathways that stimulate the IkB kinase (IKK) complex resulting in a series of reactions that ultimately cause degradation of IkB and releasing of active NF-kB. Aberrant NF-kB activity has been implicated in many diseases including diabetes and its complications. Chronic hyperglycemia is known to activate NF-kB that triggers expression of pro-inflammatory cytokines and pro-apoptotic genes. It can also induce calcification of endothelial cells leading to endothelial and vascular dysfunction (Suryavanshi and Kulkarni., 2017). In the vasculature of T1DM rats, diabetes leads to the enhanced phosphorylation of IkB-α (Benter et al., 2015), a component of IKK complex and a universal marker of NF-kB activation. Data from this study illustrated that the increased ErbB2-EGFR hetero-dimerization in the vasculature leads to elevated NF-kB activation, which eventually induced apoptosis and vascular dysfunction (Benter et al., 2015). This was evidenced by in vivo and ex vivo lapatinib administration which attenuated the increased phosphorylation of IkB-α in VSMCs grown under high glucose conditions (Benter et al., 2015). Furthermore, administration of BAY 11–7,082, an NF-kB antagonist, corrected the altered vascular responsiveness to norephinephrine in the diabetic mesenteric vascular bed and hyperglycemia-induced apoptosis in VSMCs (Benter et al., 2015). Thus, it was determined from these results that NF-kB is downstream of EGFR-ErbB2 signaling in T1DM (Benter et al., 2015). These findings were also confirmed in coronary arteries of mice bearing T2DM (Kassan et al., 2015b). Intriguingly, it was determined that eNOS signaling was coupled with NF-kB activation in the diabetic mesenteric vasculature, where eNOS was shown to be upstream of NF-kB in mediating vascular dysfunction associated with diabetes (Benter et al., 2015).
The Link Between Epidermal Growth Factor Receptor & Nicotinamide Adenine Dinucleotide Phosphate Oxidase in Diabetes-Induced Vascular Dysfunction
Nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (NOX) enzyme complex comprises of several sub-units, namely, p22phox, NOX2; p47phox; p67phox; and p40phox; also known as NOX1, NOX2, NOX3, NOX4, and NOX5 respectively (Volpe et al., 2018). It is well established that the NOX family are major producers of reactive oxygen species that mediate cardiovascular complications associated with diabetes (Volpe et al., 2018; Iacobini et al., 2021). Several studies have now shown that EGFR inhibition leads to a reduction in NOX activity in models of diabetes-induced. cardiovascular complications (Belmadani et al., 2008; Choi et al., 2012; Galan et al., 2012; Kassan et al., 2015a)- implying that EGFR/ErbB receptor activation and subsequent NOX-mediated ROS/oxidative stress are critical in mediating vascular dysfunction associated with diabetes. In the mesenteric artery, mRNA levels of Nox2 and Nox4 and NADPH oxidase activity were upregulated in a mouse model of T1DM and reduced upon EGFR inhibition (Galan et al., 2012). Similarly, in an experimental model of TD2M, selective EGFR inhibition improved vascular function and reduced p22phox-NADPH expression (Kassan et al., 2015b). Collectively these studies provide a direct link between EGFR and NADPH oxidase in mediating oxidative stress that leads to diabetes-induced vascular dysfunction.
The Interplay of Epidermal Growth Factor Receptor and Angiotensin 1-7, a Member of the Renin-Angiotensin-Aldosterone System, in Diabetes-Induced Vascular Dysfunction
The renin-angiotensin-aldosterone system (RAAS) is a key regulator of homeostasis within the cardiovascular system (Ferrario et al., 2010; Akhtar et al., 2020a; Paz Ocaranza 2020). Its main peptide, Angiotensin II (Ang II), is known to be detrimental in the diabetic vasculature where it mediates oxidative stress, pro-inflammatory signaling and vasoconstriction. Enhanced signaling via this octapeptide in the diabetic vasculature involves transactivation and cross-talk with EGFR/ErbB/HER family of receptors (Akhtar et al., 2012a; Akhtar et al., 2015; Akhtar et al., 2016; Sur and Agrawal, 2014).
Ang II-mediated detrimental effects on the vasculature are exerted through the classical arm of the RAAS constituting angiotensin converting enzyme (ACE)/Ang II/Angiotensin II type 1 (AT1) receptors. The other arm of the RAAS that counter-regulates or opposes the actions of Ang II involves the heptapeptide, Angiotensin-(1–7) and comprises ACE2/Ang-(1–7)/Mas receptor (for recent review see Akhtar et al., 2020a). Ang-(1–7) can be derived from the catalytic metabolism of Ang II via the actions of angiotensin converting enzyme 2 (ACE2) (Ferrario et al., 2010). Ang-(1–7) induces vasodilation and attenuates Ang II-induced vasoconstriction in animal models (Benter et al., 1993). In humans, Ang-(1–7) also improves insulin-stimulated endothelium-dependent vasodilation and attenuates endothelin-1–dependent vasoconstrictor tone in obese patients (Schinzari et al., 2018). In endothelial cells Ang-(1–7) increases production of nitric oxide and prostacyclin and in vascular smooth muscle cells it inhibits pro-contractile and pro-inflammatory signalling (Benter et al., 1993; Benter et al., 1995a; Ferrario et al., 2010). It is known that Ang-(1–7) exhibits antihypertensive, antithrombotic and antiproliferative properties and can correct abnormal vascular reactivity including that observed in diabetes (Benter et al., 1995a; Benter et al., 1995b; Benter et al., 2006; Benter et al., 2007; Benter et al., 2008; Benter et al., 2011; Chappell et al., 2014; Dhaunsi et al., 2010; Patel et al., 2014; Yousif et al., 2012; Yousif et al., 2014). In animal models of diabetes, Ang-1-7 can attenuate NADPH oxidase and NF-kB activity and prevent vascular dysfunction without markedly correcting hyperglycemia (Benter et al., 2007; Benter et al., 2008; Al-Maghrebi et al., 2009; Yousif et al., 2014). Although the precise mechanistic details through which Ang-(1–7) exerts its beneficial actions are not yet fully elucidated, it appears that Ang-(1–7) prevents diabetes-induced vascular dysfunction, at least in part, via inhibiting Ang II-mediated transactivation of EGFR/ErbB family of receptor tyrosine kinases (Akhtar et al., 2012a; Akhtar et al., 2015). In addition to inhibiting EGFR phosphorylation at multiple tyrosine sites in the vasculature of diabetic animals, Ang-(1–7) inhibited ErbB2 phosphorylation at tyrosine residues Y1221/22, Y1248, Y877, with modulation of associated downstream signaling pathways involving ERK1/2, p38 MAPK, ROCK, eNOS, and lkB-α in the diabetic mesenteric vascular bed (Akhtar et al., 2015). Furthermore, high glucose- or diabetes-induced ErbB3, and Erbb4 transactivation could be ameliorated by Ang-(1–7) treatment thereby suggesting that Ang-(1–7) acts as a pan-inhibitor of the EGFR/ErbB/HER family of receptor tyrosine kinases (Akhtar et al., 2015). More recently other pan-ErbB inhibitors have been shown to be beneficial in reversing or preventing diabetes-induced vascular dysfunction (Akhtar et al., 2019; Akhtar et al., 2020b) and as such pan-ErbB inhibition might prove to be a useful strategy in the treatment of diabetes induced vascular complications.
As to the mechanism of diabetes-induced transactivation of ErbB receptors, high glucose-mediated ErbB2 transactivation occurred via a Src-dependent mechanism in VSMCs as evidenced by increased phosphorylation of Src at Y416. Ang-(1–7) acting via its MAS receptor blocked the phosphorylation of Src at this site-an upstream effector of ErbB2 transactivation (Akhtar et al., 2015). Thus, it was proposed that Ang-(1–7) inhibited diabetes or hyperglycemia induced transactivation of ErbB receptors in the diabetic vasculature by acting as an inhibitor of Src (Akhtar et al., 2012a; Akhtar et al., 2015). Subsequent studies in cardiac fibroblasts (Tao et al., 2014) and in activated macrophages (Souza and Costa-Neto, 2012) further supported the notion that Ang-(1–7) can inhibit Src phosphorylation. Recent studies in other disease models suggest that inhibition of Src-dependent EGFR transactivation by Ang-(1–7) may be a general mechanism of action of this heptapeptide (Kilarkaje et al., 2013; Yousif et al., 2014; El-Hashim et al., 2019) and may represent an important mechanism by which it may exert its beneficial effects in diabetes-induced vascular complications.
It is noteworthy that, despite its inhibitory effects on EGFR and other ErbB receptors (Akhtar et al., 2012b; Akhtar et al., 2015), Ang-(1–7) exerts considerable cardioprotective effects in models of diabetes (Dhaunsi et al., 2010; Yousif et al., 2012; Benter et al., 2014; Abwainy et al., 2016). Thus, the precise mechanisms underlying this phenomenon, especially as to how Ang-(1–7) interplays with the dual role of EGFR/ERbB signaling in the CVS, remain to be elucidated.
The Arachidonic Acid Metabolite, 20-HETE and Its Interplay With Epidermal Growth Factor Receptor in Diabetes-Induced Vascular Dysfunction
The arachidonic acid metabolite, 20-HETE (20-hydroxy-5, 8, 11, 14-eicosatetraenoic acid), plays an important role in controlling cardiovascular function (Rocic and Schwartzman, 2018; Yousif et al., 2009a; Yousif et al., 2009b). In blood vessels, it acts as a potent vasoconstrictor, regulates myogenic tone and also potentiates the vasoconstrictor response to peptides like angiotensin II and endothelin (Roman 2002; Fan et al., 2016). 20-HETE induces endothelial dysfunction and adverse vascular remodeling that leads to increased blood pressure (Fan et al., 2016). Its actions are most likely exerted through its newly discovered receptor, GPR75, an orphan G-protein (Gαq/11) coupled receptor (Garcia et al., 2017).
20-HETE is produced from arachidonic acid metabolism, not via the classical cyclooxygenase (COX) or lipoxygenase (LOX) pathways, but by a third pathway involving cytochrome P450-mediated ω-hydroxylation via CYP4A and CYP4F enzyme sub-families (Fan et al., 2016; Fan et al., 2015; Roman, 2002). Its presence has been reported in the microvasculature of the brain, lungs, kidneys, and the peripheral blood vessels (Miyata and Roman, 2005). There is accumulating evidence that CYP4A/4F and 20-HETE pathway play a major role in vascular dysfunction and changes in 20-HETE levels is implicated in many diseases like diabetes and hypertension (Fan et al., 2016; Miyata and Roman, 2005; Rocic and Schwartzman, 2018; Yousif et al., 2009a; Yousif et al., 2009b). For example, 20-HETE contributed to elevated vascular reactivity in renal and mesenteric vasculature of streptozotocin-induced diabetic mice (Yousif et al., 2009a). Moreover, 20-HETE stimulates mitogenic and angiogenic responses (in vivo and in vitro) to various growth factors such as EGF (Miyata and Roman, 2005). This was demonstrated in a study whereby inhibition of 20-HETE by HET0016 (an inhibitor of 20-HETE synthesis) almost completely abolished the angiogenic responses of EGF and other growth factors (Chen et al., 2005). Also, 20-HETE has been implicated as a key regulator of NO production and function. For instance, 20-HETE leads to eNOS uncoupling and impairs acetylcholine-induced relaxation through tyrosine kinase-, MAPK/ERK-, and IKK- dependent mechanisms that involve HSP90-eNOS dissociation and HSP90-IKKβ association (Cheng et al., 2010) leading to endothelial dysfunction. Moreover, 20-HETE stimulates NF-kB and increases levels of proinflammatory cytokines causing endothelial activation. This is partly mediated via MAPK-ERK1/2 signalling (Ishizuka et al., 2008).
Further studies on the mechanism by which 20-HETE exerts its actions in the vasculature (Chen, et al., 2012; Guo et al., 2007; Guo et al., 2009) showed that 20-HETE stimulates endothelial progenitor cell proliferation, migration and tube formation as well as enhancing release of proangiogenic factors such as VEGF. Importantly, these studies revealed the interplay with EGFR/ErbB receptors in that these vascular effects of 20-HETE were mediated through Src and EGFR with downstream activation of NADPH oxidases/reactive oxygen species (ROS) system, eNOS uncoupling and stimulation of MAPK and PI3K/Akt pathways (Chen, et al., 2012; Guo et al., 2007; Guo et al., 2009).
In VSMC, it was shown that norephinephrine (NE), Ang II, and EGF can activate the Ras/MAPK pathway through generation of 20-HETE (Muthalif et al., 1988). Since ACE/Ang II/AT1 receptor pathway is known to lead to transactivation of ErbBs in VSMC (Akhtar et al., 2015; Akhtar et al., 2016), the fact that 20-HETE is a potent activator of endothelial ACE expression and activity might represent another point of interplay between EGFR and 20-HETE signaling. Indeed, 20-HETE induces ACE expression through increased NF-κB binding to the ACE promoter (Cheng et al., 2012; Garcia et al., 2016). Endothelial ACE transcription is in turn mediated by EGFR via a MAPK/IkappaB kinase signaling cascade that ultimately results in increased ACE activity (Garcia et al., 2016). Furthermore, in parallel enhanced synthesis of 20-HETE in vivo leads to increased ACE expression in the vasculature (Garcia et al., 2015; Garcia et al., 2016; Garcia et al., 2017; Garcia and Schwartzman, 2017) as well as increased serum Ang II levels (Sodhi et al., 2010). Blocking 20-HETE synthesis prevented these changes, implicating 20-HETE in the regulation of ACE expression and AngII levels in vivo that indirectly could have an impact on ACE/AngII/AT1 receptor mediated transactivation of ErbBs. Thus, EGFR is likely involved in mediating the actions of 20-HETE in stimulating ACE expression and Ang II levels as well being involved in the downstream actions of ACE/AngII/AT1 receptor signaling possibly via Src phosphorylation. Collectively the above studies suggest that EGFR/ErbB receptor transactivation may represent an important signaling convergence point or “hub” by which many cardiovascular risk factors promote diabetes-induced vascular dysfunction and remodeling.
PERSPECTIVES AND CONCLUDING REMARKS
Signaling via EGFR/ErbB family of receptor tyrosine kinases appears to be a central hub or relay in mediating vital functions in the normal development and physiology of the cardiovascular system as well as in the development of cardiovascular complications and pathologies. All four members, ErbB1-4, appear to be expressed both in the normal and diabetic heart as well as normal and diabetic vasculature where EGFR/ErbB receptors appear to have a dual (or “good guy” v “bad guy”; “Jekyll and Hyde” or “Janus-faced”) role. EGFR/ErbB receptors generally have beneficial “good-guy” actions in normal physiological function of the cardiovascular system and in mediating key “salvage” or recovery pathways following cardiac ischemia-reperfusion injury. However, several studies highlighted in this review confirm also the detrimental “bad-guy” effect of upregulated EGFR/ErbB signaling in the pathogenesis of diabetic-induced cardiac pathologies (Galan et al., 2012; Liang et al., 2015). Further highlighting the dual role of EGFR/ErbB receptors, these findings apparently contradict those showing protective effects of EGFR/ErbBs following ischemia/reperfusion injury in diabetic animals (Akhtar et al., 2012a). In an attempt to reconcile this contradiction, it has been postulated that EGFR/ErbB activation could be protective in the context of acute injury such as acute ischemia/reperfusion injury, but detrimental in chronic pathologies where persistent upregulation of EGFR/ErbB receptor signaling is observed such as diabetes-induced cardiac fibrosis and remodeling (Xu and Cai, 2015).
Similarly, upregulation of all four ErbBs has been implicated in the development of diabetes-induced vascular dysfunction through mechanisms involving multiple downstream effectors such as ERK1/2, ROCKs, p38 MAPK, FOXO, AKT, eNOS, and NF-kB [see also Figure 2] (Akhtar et al., 2015; Akhtar et al., 2020a). Both in the vasculature and in the heart, much of the evidence suggests that EGFR/ErbB receptors might function as key relays for the actions of the RAAS especially in mediating the pathological actions of its detrimental arm comprising the ACE/Ang II/AT1 receptor signaling cascade-that is known to lead to transactivation of EGFR/ErbBs with subsequent development of cardiovascular pathologies. Similarly, EGFR/ErbB receptors appear to be a key target for the actions of the beneficial counter-regulatory, ACE2/Ang-(1–7)/Mas receptor, pathway or “arm” of the RAAS. For example, the vasculo-protective effects of Ang-(1–7)/Mas receptor appear to be mediated, at least in part, via blockade of a Src-dependent EGFR/ErbB receptor phosphorylation and attenuation of downstream effectors (Akhtar et al., 2012a; Akhtar et al., 2015).
[image: Figure 2]FIGURE 2 | A schematic of the likely signaling effectors of EGFR/ErbB receptors in mediating diabetes-induced vascular dysfunction. Although there is now evidence that all four ErbB receptors may be activated by hyperglycemia, the majority of the data suggests that diabetes induced vascular dysfucntion proceeds via phosphorylation and subsequent hetero-dimerization EGFR and ErbB2 receptors. This is turn begins a cascade of downstream signaling pathways including attenuation of eNOS that results in decreased NO production. Activation of P13K, such as by green tea components like catechin, can rescure eNOS and reduction in NO. eNOS appears to be upstream of NF-kB activation. Additionally, ERK1/2 activation leads to downstream ROCK signaling–a key driver of pro-contractile changes leading to vascular dysfunction. Interestingly, activation of AKT and FOXO occur independently of each other implying that uncoupling of AKT-FOXO axis is a key component in developing diabetes-induced vascular complications. There is also evidence that EGFR/ErbB2 signaling via NADPH-oxidase (NOX) leads to increased ROS/oxidative and ER stress in the diabetic cardiovascular system. The precise cross-talk and interplay between these and other pathways remains to be fully elucidated. Furthermore, since multiple gene expression changes are known to corrected by EGFR inhibition in the diabetic vasculature, it is very likely that the signaling pathways discussed here will act in concert with multiple other, as yet unconfirmed, signaling cascades that are downstream of EGFR/ErbB receptors to eventually lead to diabetes-induced vascular cell apoptosis and dysfunction. Some of the reported pharmacologic interventions used in the analyses of these pathways are also shown; red dead-end arrow indicates inhibition; green arrow indicates activation (refer to the main text for more details and references).
Interestingly, EGFR/ErbB receptor signaling also appears important in mediating the vascular effects of the arachidonic acid metabolite, 20-HETE-a key regulator of cardiovascular function that also exhibits significant cross-talk with RAAS. EGFR/ErbB receptors are likely involved in mediating the actions of 20-HETE especially those leading to enhancing ACE expression and serum Ang II levels. Further, EGFR/ErbB receptors are also likely be involved in the downstream actions of ACE/AngII/AT1 receptor signaling such as in the Src-dependent transactivation of EGFR/ErbB receptor family members that ultimately leads to diabetes-induced vascular complications. Therefore, EGFR/ErbBs might represent a key point of convergence for actions of the RAAS and other molecules that are involved in cross-talk with RAAS such as 20-HETE. Thus, targeting ErbB receptor might represent a novel strategy for the treatment of cardiovascular complications.
EGFR inhibition is reported to have several benefits in diabetes including normalization of cardiovascular function, reduction of blood pressure, lowering of blood glucose levels and reversing insulin resistance (Hao et al., 2004; Nagareddy et al., 2010; Akhtar et al., 2013; Kassan et al., 2015a; Akhtar et al., 2015; Benter et al., 2015; Fountas et al., 2015). Inhibitors of EGFR/ErbB receptors (e.g., lapatinib) are already clinically available for the treatment of several cancers but could also be repurposed for treatment of diabetes-induced cardiovascular complications (Akhtar et al., 2015). In contrast, inducers or activators of EGFR/ErbB receptors (e.g., NRG or EGF) might be useful in recovering hearts from ischemia-reperfusion injury especially in diabetes where cardiac function is already compromised. Interestingly, in this regard it was found that the beneficial actions of RAAS inhibitors such as the angiotensin receptor blockers (e.g., losartan), that are clinically approved for use in myocardial infarction/ischemic heart disease, might not be optimal and cardiac function recovery could be improved by co-administering ligands or activators of EGFR/ErbB signaling (Akhtar et al., 2012b). Consistent with losartan’s known inhibition of Angiotensin II-mediated transactivation of EGFR (e.g., Akhtar et al., 2016), reduced EGFR phosphorylation was observed in losartan-treated diabetic hearts following ischemia-reperfusion injury compared to untreated diabetic hearts. Co-treatment of losartan with EGF, a ligand for EGFR, prevented the inhibitory effects of losartan on EGFR transactivation with a parallel improvement in cardiac function recovery greater than either agent alone. These findings may have important clinical implications as they suggest that rescuing the EGFR inhibitory effect of AT1 receptor antagonists by activators of the EGFR/ErbB family of receptor tyrosine kinases may represent a novel clinical approach to improve protection against end-organ damage in diabetic hearts. However, future treatments targeting EGFR/ErbBs will need to balance their beneficial versus the detrimental effects in a given cardiovascular pathology as well as the differential expression of EGFR/ErbB receptors and their ligands in different tissues. A greater understanding of the multi-faceted roles of EGFR/ErbB/HER family of tyrosine kinases, their interplay with other key modulators of cardiovascular function, and the development of smart or intelligent drug delivery systems (e.g., Mitchel et al., 2021) that can spatially and temporally control delivery of EGFR/ErbB/HER receptor modulators for a specific application, could facilitate the development of novel therapeutic strategies/formulations for treating diabetes-induced cardiovascular complications. Indeed, engineered nanoparticles, that could potentially encapsulate and site-specifically deliver EGFR/ErbB receptor modulators for a specific purpose, are now in advanced stages of development (Mitchell et al., 2021). By controlling nanoparticle surface and nanomaterial properties, their size, shape and architecture, as well as through careful selection of cell or tissue-specific targeting moieties and built-in responsiveness to environmental cues such as hyperglycemia, nanoparticle delivery systems can now be produced with intelligent designs to tailor the delivery of EGFR/ErbB receptor drugs to a specific application or condition as new-age precision medicines. Such approaches may have broader application beyond diabetes-induced cardiovascular dysfunction as dysregulated EGFR/ErbB/HER signaling also leads to diabetes-induced retinal and corneal complications (Akhtar et al., 2009; Ju et al., 2019), diabetic foot ulcers (Qi et al., 2018; Yang et al., 2020) and renal pathologies (Harskamp et al., 2016; Rayego-Mateos et al., 2018; Sheng et al., 2021) implying that aberrant signalling via EGFR/ErbB/HER receptors and their ligands might represent a common underlying mechanism in the development of diabetes complications.
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People affected by diabetes are at an increased risk of developing heart failure than their non-diabetic counterparts, attributed in part to a distinct cardiac pathology termed diabetic cardiomyopathy. Mitochondrial dysfunction and excess reactive oxygen species (ROS) have been implicated in a range of diabetic complications and are a common feature of the diabetic heart. In this study, we sought to characterise impairments in mitochondrial structure and function in a recently described experimental mouse model of diabetic cardiomyopathy. Diabetes was induced in 6-week-old male FVB/N mice by the combination of three consecutive-daily injections of low-dose streptozotocin (STZ, each 55 mg/kg i.p.) and high-fat diet (42% fat from lipids) for 26 weeks. At study end, diabetic mice exhibited elevated blood glucose levels and impaired glucose tolerance, together with increases in both body weight gain and fat mass, replicating several aspects of human type 2 diabetes. The myocardial phenotype of diabetic mice included increased myocardial fibrosis and left ventricular (LV) diastolic dysfunction. Elevated LV superoxide levels were also evident. Diabetic mice exhibited a spectrum of LV mitochondrial changes, including decreased mitochondria area, increased levels of mitochondrial complex-III and complex-V protein abundance, and reduced complex-II oxygen consumption. In conclusion, these data suggest that the low-dose STZ-high fat experimental model replicates some of the mitochondrial changes seen in diabetes, and as such, this model may be useful to study treatments that target the mitochondria in diabetes.

Keywords: diabetes, heart, experimental – animal models, mitochondria, diabetic cardiomyopathy, mitochondrial function


INTRODUCTION

The global prevalence of diabetes mellitus in adults has increased from an estimated 108 million in 1980, to 422 million by 2014, and is projected to reach 693 million by 2045 (Cho et al., 2018). Type 2 diabetes is the predominant type, accounting for approximately 90% of cases in adults (Zhou et al., 2016). Heart failure incidence is roughly 3-times greater in patients with concomitant diabetes, compared to patients without diabetes (Nichols et al., 2004). Furthermore, diabetes patients have considerably worse clinical outcomes associated with heart failure, in contrast to those without diabetes (Jia et al., 2018). This is in part explained by a distinct form of heart failure that can manifest in diabetes patients, termed diabetic cardiomyopathy. Diabetic cardiomyopathy is typified by maladaptive changes in cardiac structure and function that occur independently of other cardiovascular risk factors, including hypertension, coronary artery disease, and atherosclerosis (Rubler et al., 1972; Ritchie and Abel, 2020). Despite our progress in understanding this disease process, there are currently no effective treatments that specifically target the underlying pathogenesis contributing to diabetic cardiomyopathy (Marwick et al., 2018).

Excess levels of reactive oxygen species (ROS) are a common feature of the diabetic heart, and are thought to accelerate the progression of diabetic cardiomyopathy (Teshima et al., 2014; Ritchie and Abel, 2020). In diabetes, as endogenous antioxidants become overwhelmed, there is typically an imbalance between ROS generation and ROS removal, leading to oxidative stress in the heart (Liu et al., 2014; Xu et al., 2017). Importantly, mitochondria are a major site of ROS generation in the heart, due to the high energy demand and oxygen consumption (Kaludercic and Di Lisa, 2020). This is further exacerbated by metabolic inflexibility in diabetes, where there is abnormal myocardial substrate utilisation (Amaral and Okonko, 2015). Ultimately, these conditions trigger mitochondrial dysfunction, leading to increased electron leakage from the mitochondrial respiratory chain, potentiating excessive levels of ROS (Fillmore et al., 2014).

Conventional, widely-used experimental models of type 2 diabetes, such as the db/db mouse and ob/ob mouse, display increased fatty acid oxidation in the cardiac mitochondria, leading to mitochondrial dysfunction and oxidative stress (Mazumder et al., 2004; Boudina et al., 2007). However, these models possess several confounding factors, including impaired leptin signalling and supra-pathological obesity, that represent important limitations (Barouch et al., 2003; Burke et al., 2017). In a previous study from our laboratory, we described an alternative model of diabetic cardiomyopathy, that combined low-dose streptozotocin (STZ) with high-fat diet (Tate et al., 2019). Importantly, this experimental model has a milder systemic phenotype than the genetic models described above, whilst replicating several of the key clinical features of diabetic cardiomyopathy, including robust diastolic dysfunction and characteristic changes in myocardial structure in the context of elevated body weight and impaired glucose tolerance (Tate et al., 2019). Whilst this earlier study reported changes in the expression of genes associated with left ventricular (LV) mitochondrial function (Tate et al., 2019), the direct impact on mitochondrial morphology was beyond its scope. Therefore, this study sought to investigate the structure and function of cardiac mitochondria in this murine model of diabetic cardiomyopathy.



MATERIALS AND METHODS


Animals

The use of mice for this study was approved by the Alfred Medical Research and Education Precinct (AMREP) Animal Ethics Committee. All research activities involving animals were in accordance with the guidelines provided by the National Health and Medical Research Council of Australia for animal experimentation. Mice were sourced, housed, and maintained in the AMREP Animal Centre under a 12-h light/dark cycle at 22°C ± 1°C with access to food and water.



Experimental Design and Assessment of Systemic Phenotype

The primary aim of this study was to characterise the structure and function of cardiac mitochondria in a model of diabetic cardiomyopathy that combines low-dose STZ and high-fat diet (and which replicates many aspects of human type 2 diabetes as a result; Tate et al., 2019). We have included flow charts for reporting animal use in all experiments (Supplementary Figure 1). FVB/N male mice (6-week-old) were randomly allocated to the non-diabetic or diabetes group. To induce diabetes, mice received three consecutive-daily intraperitoneal (i.p.) injections of STZ (55 mg/kg/day, in 0.1 mol/L citric acid vehicle dissolved in saline). STZ-administered mice were then placed on a high-fat diet (42% energy from lipids; SF04-001, Speciality Feeds) for the remainder of the study (to induce diabetes, impair glucose tolerance and elevate body weight). Control mice received citrate vehicle followed by a standard laboratory chow diet for the study duration. Fortnightly blood glucose measurements using a glucometer (Accu-Chek, Roche) were carried out to assess the presence of diabetes via the saphenous vein. Diabetic mice received daily monitoring and husbandry. Toward study end, mice were individually housed in Promethion metabolic cages for 24 h (Sable Systems International). Individual cages were thermally controlled and contained a ceiling-mounted food hopper and water bottle. Cages contained a lid-mounted house that records body mass. A running wheel was available for the duration of the experiment (Soto et al., 2019). Whole body composition was analysed using an Echo-MRITM 4-in-1 700 Analyzer one week before tissue collection, as previously described (Tate et al., 2019). Intraperitoneal glucose tolerance tests (IPGTT) were performed one week prior to tissue collection. Mice were fasted for 5 h before recording baseline blood glucose levels. After mice received a glucose challenge (25% i.p.), blood glucose levels were measured using a glucometer (Accu-Chek, Roche) at 15, 30, 45, 60, 90, and 120 min after collecting a drop of blood from the saphenous vein (Tate et al., 2019). Glucose clearance rate was later determined by calculating area-under-the-curve (AUC) using the baseline blood glucose concentration for each experimental group. A minimum 24-h rest period was included between experiments. At study endpoint, glycated haemoglobin (HbA1c) analysis was performed using the Cobas-b-101 POC system (Roche). Prior to tissue collection, mice were anaesthetised using ketamine/xylazine (85/8.5 mg/kg i.p.) followed by exsanguination via rapid removal of the heart. All mice were sacrificed for tissue collection at approximately the same time of each day (always between 9am and 12pm) to minimise any influence due to circadian effect. LV was dissected for immediate superoxide measurements, histological processing, morphological and functional assessment of mitochondria or snap-frozen in liquid nitrogen and stored at −80°C for subsequent biochemical analysis.



Assessment of Cardiac Phenotype: Fibrosis, ROS Detection, and LV Function


Myocardial Histology

LV tissues were placed in 10% neutral buffered formalin for 24 h before being embedded in paraffin. Paraffin-embedded LV tissues were cut (4 μm thick) and stained by the Monash University Histology Platform. Images were collected using an Olympus BX60 microscope. Picrosirius red stain was used to assess the level of LV interstitial collagen (polarised microscopy was used to specifically identify type I and III collagen). Scanned images were blinded then quantified using ImageJ software (picrosirius red at ×200 magnification, 10–32 images per sample; Tate et al., 2019).



Myocardial ROS Detection

LV superoxide levels were detected via lucigenin-enhanced chemiluminescence. During tissue collection, fresh LV sections (4 mm3 × 1 mm3 per sample) were placed into individual wells of an opaque 96-well optiplate (Perkin Elmer) containing 100 μL of Krebs-HEPES buffer. β-NADPH was added to three of the four tissue-containing wells, assigning one as the non-substrate control. After a 1-h incubation at 37°C, lucigenin (5 μM) was added to every well, before being placed into an EnSpire Plate reader (Perkin Elmer) for superoxide detection via chemiluminescence (Tate et al., 2019). An Amplex Red assay kit (Invitrogen) was used to assess LV hydrogen peroxide content, as per manufacturer’s instructions. Hydrogen peroxide standards and LV protein samples were added to a black 96-well plate (Sigma-Aldrich). Standards and samples were then incubated for 30 min with Amplex Red/horseradish peroxidase (0.1 mM/0.2 U/ml, respectively) in the dark, prior to hydrogen peroxide detection using a fluorescence CLARIOstar plate reader (530 nm/590 nm excitation/emission).



Myocardial Function

One week prior to tissue collection, echocardiography was carried out in anaesthetised mice (ketamine/xylazine/atropine; 80/8/0.96 mg/kg i.p.) using the Vevo 2100 ultrasound machine (VisualSonics). Echocardiography was performed (technicians were blinded to treatment group) and validated by the Baker Institute Preclinical Cardiology Platform (Donner et al., 2018). M-mode function was used to assess LV chamber dimensions and fractional shortening. The B-mode function was used to measure LV volume and area during the systolic and diastolic phase to quantify ejection fraction, and cardiac output. The transmitral Doppler flow function was used to assess LV filling (early [E] and late [A] filling), E/A ratio and deceleration time. Tissue Doppler echocardiography technique was used to evaluate tissue velocity (early [e’] and late [a’] filling) and the e’/a’ ratio.



Morphological Analysis of Mitochondria

At the time of tissue collection, fresh tissues were dissected (4 pieces each approximately 1 mm3) from the apex of LV and placed in microfuge tubes (Eppendorf) containing 1 mL of fixative (2% paraformaldehyde, 2.5 glutaraldehyde in 0.1 M sodium-cacodylate buffer), before being processed by the Monash Ramaciotti Centre for Cryo-Electron Microscopy. Imaging was carried out by the Monash Ramaciotti Centre for Cryo-Electron Microscopy. Only one of the four pieces was utilised for imaging by electron microscopy. From this we obtained 10 images per mouse heart sample and analysed them using ImageJ software with the investigator blinded to the experimental groups. Total number of mitochondria or lipid droplets per image were counted and averaged per sample. The mitochondrial width (Feret diameter), area, length and aspect ratio, and lipid droplet count, were analysed.



Abundance of Mitochondrial Respiratory Chain Proteins

The abundance of mitochondrial respiratory chain proteins was determined via Western blot analysis of key subunits in each of complexes I-V. Protein was homogenised in ice-cold RIPA buffer using the Tissue Lyser II machine (Qiagen) at 30 Hz for 1 min. 30 μg of protein was loaded into 4–15% Tris-glycine gradient gel (Cat. no. 4561026, Bio Rad; 4–15% Mini-PROTEAN® TGX Protein Gels) and separated by SDS-PAGE gel electrophoresis. To assess relative protein abundance of mitochondrial complexes I-V, the membrane was incubated overnight with the Total OXPHOS Rodent WB Antibody Cocktail (Cat. no. ab110413, Abcam; 1:1000 dilution) or Anti-Calnexin C-Terminal Rabbit Polyclonal Antibody housekeeper (Cat. no. 208880, Abcam; 1:1000) at 4°C. A 60-min incubation was then carried out using a polyclonal rabbit anti-mouse immunoglobulins/horseradish peroxidase secondary antibody (1:3000 dilution, Dako), prior to membrane imaging using the ChemiDoc imaging system (Bio-Rad), and quantification using Image Lab software.



Assessment of Myocardial Mitochondrial Respiration

At study end, freshly dissected LV tissue was permeabilised in saponin (50 μg/mL)/biopsy preservation solution (BIOPS: 10 mM Ca-EGTA buffer, 0.1 μM free calcium, 20 mM imidazole, 20 mM taurine, 50 mM K-MES, 0.5 mM DTT, 6.56 mM MgCl2, 5.77 mM adenosine triphosphate (ATP), 15 mM phosphocreatine, pH 7.1) for 20 min at 4°C with gentle rocking, as previously described (Horscroft et al., 2015). Tissues were washed three times (5-min intervals) with mitochondrial respiratory medium (MiR05: 0.5 mM EGTA, 3 mM MgCl2.6H2O, 60 mM K-lactobionate, 20 mM taurine, 10 mM KH2PO4, 20 mM HEPES, 110 mM sucrose, 1 g/L, defatted BSA, pH 7.4; (Horscroft et al., 2015). Samples (1–2 mg) were then placed in the Oxygraph-O2k (Oroboros Instruments, Innsbruck, Austria) chambers containing 2 mL MiR05 at 37°C. A substrate-uncoupler-inhibitor titration (SUIT) protocol (Pesta and Gnaiger, 2012) was used as follows: 5 mM Glutamate and 10 mM malate were added to assess leak respiration (L) in the absence of adenylates and limitation of flux by electron input through complex I (CILEAK); 1 mM adenosine diphosphate was added to asses OXPHOS capacity [P] with limitation of flux by electron input through CI (CIOXPHOS); complex I was then inhibited by addition of 0.5 μM rotenone, and 10 mM succinate were subsequently added to asses [P] with limitation of flux by electron input through CII (CIIOXPHOS); 10 μM cytochrome c was added to test for outer mitochondrial membrane integrity (not shown in representative trace), before final addition of 5 μM antimycin A to determine the residual non-mitochondrial oxygen consumption [ROX]. Oxygen concentration in the chambers was maintained between 250 and 400 μM. Data of mitochondrial respiration were normalised by wet tissue mass and are presented as [pmol O2/s/mg wet weight].



Gene Expression Analysis

RNA extraction was performed using the commercially-available GenEluteTM Mammalian Total RNA Miniprep Kit (Sigma-Aldrich) and reversed-transcribed using the high-capacity cDNA reverse-transcription kit (Thermo Fisher Scientific), both as per the manufacturer’s instructions. LV gene expression was carried out using real-time PCR with SYBR green chemistry (ThermoFisher). Primers were generated using Primer3 Plus from mouse sequences in PubMed gene database (Supplementary Table 1). Relative gene expression was detected and quantified via QuantStudio7 Flex system (Applied Biosystems), using the comparative delta-delta cycle threshold (ΔΔCT) method to determine fold-change relative to non-diabetic mice.



Statistical Analysis

Data analysis was performed using GraphPad Prism 9.0.0 statistical software. Comparisons between treatment groups were analysed using unpaired t-test. P < 0.05 was considered statistically significant.



RESULTS


Confirmation of Systemic Phenotype in Diabetic Mice

Patients with diabetes commonly exhibit an increase in blood glucose with altered glucose handling and weight gain (Ritchie and Abel, 2020). Hence, we first confirmed that diabetic mice receiving high-fat diet in combination with STZ in this study exhibited significantly higher weight gain throughout the 26 weeks of diabetes (Figure 1A), leading to an increase in body weight at study end (Figure 1B). No differences were seen in tibial length, a marker of animal size, between diabetic mice and non-diabetic mice (Supplementary Table 2). At study end, diabetic mice had elevated glycated haemoglobin (HbA1c) levels, a measure of long-term blood glucose levels (Figure 1C). Diabetic mice also exhibited a significant increase in blood glucose levels by the 2-week timepoint, and this remained elevated for the duration of the study (Figure 1D). Whole body composition analysis in conscious mice was assessed using Echo-MRI; this revealed a significantly increased fat mass in diabetic mice, compared to non-diabetic control mice (Figure 1E), however, there was no difference in lean mass between groups (Figure 1F). Glucose tolerance tests are a routine clinical method to assess glucose handling (Marwick et al., 2018). Glucose tolerance was significantly impaired in diabetic mice over the course of 150 min, as demonstrated by the larger area-under-the-curve (Figure 1G). Diabetic mice also exhibited larger liver and spleen weights (Supplementary Table 2) compared to their non-diabetic counterparts. The weights of individual fat pads, including peri-renal and inguinal fat, were also significantly elevated in diabetic mice (Supplementary Table 2).
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FIGURE 1. Characterisation of systemic phenotype in diabetic mice. (A) Body weight gain over time, (B) end-point body weight, (C) glycated haemoglobin (HbA1c), (D) blood glucose over time, (E) fat mass, (F) lean mass, (G) intraperitoneal glucose tolerance test (IPGTT); dotted line indicates basal glucose for each group where AUC is calculated. Data represented as mean ± SEM. n = 8–14 per group (note individual data points). Data analysis used unpaired t-test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. ND, non-diabetic; D, diabetes; AUC, area under curve.




Confirmation of Cardiac Phenotype in Diabetic Mice

As described previously, this model combining low-dose STZ superimposed on high-fat diet mimics several features of diabetic cardiomyopathy, including LV fibrosis and ROS generation, and most importantly, robust LV diastolic dysfunction at 26 weeks (Figure 2; Tate et al., 2019). Corroborating observations from our previous publication using a different cohort of mice (Tate et al., 2019), whole heart, LV, right ventricle, and atria weights were unchanged with diabetes (Supplementary Table 2). These observations corresponded with characteristic cardiac structural changes typically observed in diabetic cardiomyopathy, including an increase in myocardial fibrosis, as highlighted by an increase in LV interstitial collagen deposition (Figure 2A), and an increase in the mRNA expression of pro-fibrotic growth factor, connective tissue growth factor (CTGF; Figure 2A). As mentioned, diastolic dysfunction was present in diabetic mice as highlighted by several markers, including E/A ratio, deceleration time and e’/a’ ratio (Figure 2B). Importantly, heart rate was the same in both groups (Figure 2B).
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FIGURE 2. Cardiac phenotype of diabetic mice. (A) LV fibrosis: Total interstitial collagen, type 1 collagen and type 3 collagen analysis using polarised light in picrosirius-red stained LV sections, and gene expression of fibrosis marker connective tissue growth factor (CTGF). (B) LV diastolic function: Heart rate, peak E wave velocity, peak A wave velocity, E/A ratio, deceleration time, peak e’ wave velocity, peak a’ wave velocity, and e’/a’ ratio. Data represented as mean ± SEM. n = 9–14 per group (note individual data points). Data analysis used unpaired t-test. *P < 0.05, **P < 0.01. ND, non-diabetic; D, diabetes; H2O2, hydrogen peroxide; LV, left ventricle; NOX, NADPH oxidase; ROS, reactive oxygen species.




Impact of Diabetes on Systemic Energy Expenditure

Type 2 diabetes patients commonly have higher energy expenditure (Bitz et al., 2004). In this study, there was a tendency toward higher energy expenditure over 24 h in diabetic mice, however, this was not statistically different (Figure 3).
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FIGURE 3. Energy expenditure over 24 h in diabetic mice. Data represented as mean ± SEM. n = 9–14 per group (note individual data points). Data analysis used unpaired t-test. ND, non-diabetic; D, diabetes.




Impact of Diabetes on LV ROS Production

Diabetes-induced ROS generation and subsequent oxidative stress are contributing factors in the development and progression of diabetic cardiomyopathy (Jia et al., 2018). LV Superoxide levels were elevated in diabetic mice in this experimental model of diabetic cardiomyopathy (Figure 4A). There was also a trend toward a reduction in hydrogen peroxide levels in diabetic mice, compared to non-diabetic mice (Figure 4B). Accordingly, diabetic mice exhibited a significant increase in the LV superoxide/hydrogen peroxide ratio (Figure 4C). LV mRNA expression levels of superoxide dismutase-2 was significantly lower in diabetic mice, compared to non-diabetic mice (Figure 4D). No differences were observed in LV mRNA expression or protein abundance of the NADPH-oxidase subunit NOX4 (Figures 4E,F).
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FIGURE 4. LV ROS production in diabetic mice. (A) LV Superoxide generation, (B) LV H2O2 generation, (C) LV superoxide/H2O2 ratio. Markers of LV ROS generation; gene expression of (D) superoxide dismutase-2 and (E) NADPH oxidase-4 (NOX4), and (F) protein abundance of NOX4. Data represented as mean ± SEM. n = 8–14 per group (note individual data points). Data analysis used unpaired t-test. *P < 0.05. ND, non-diabetic; D, diabetes.




Abundance of Mitochondrial Respiratory Chain Proteins in Diabetic Mice

The mitochondria respiratory chain is a major contributor to excess ROS levels and the subsequent oxidative damage that is characteristic of the diabetic heart (Ding et al., 2019; Kaludercic and Di Lisa, 2020). There was a tendency toward an increase in complex-I protein abundance in diabetic mice (Figure 5A). No difference was observed in complex-II abundance between groups (Figure 5B). Diabetic mice exhibited a significant increase in complex-III protein abundance (Figure 5C), a tendency for elevated complex-IV protein abundance (Figure 5D), and a significantly elevated complex-V protein abundance (Figure 5E). Representative images of individual mitochondrial protein complex abundance in diabetic and non-diabetic mice are shown (Figure 5F).
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FIGURE 5. Protein abundance of mitochondria complexes in diabetic mice. Western blot quantification of (A) LV complex-I-subunit NDUFB8/calnexin, (B) LV complex-II-subunit SDHB/calnexin, (C) LV complex-III-subunit UQCRC2/calnexin, (D) LV complex-IV -subunit MTCO1/calnexin, (E) LV complex-V -subunit vATP5A/calnexin. (F) Representative blot images of mitochondria complexes. Data represented as mean ± SEM. n = 9–14 per group (note individual data points). Data analysis used unpaired t-test. *P < 0.05. ND, non-diabetic; D, diabetes; LV, left ventricle.




Characterisation of LV Mitochondrial Morphology in Diabetic Mice

Changes in mitochondrial ultrastructure have previously been observed in the diabetic heart, in both the clinical and experimental setting (Dabkowski et al., 2010; Montaigne et al., 2014; Daghistani et al., 2019). In the current study, no differences were observed in the total number of mitochondria, or in mitochondrial length between experimental groups (Figures 6A,B). Interestingly, diabetic mice showed a significant decrease in mitochondria width and area (Figures 6C,D). The mitochondrial aspect ratio was not altered by diabetes (ND: 0.646 ± 0.009; D: 0.616 ± 0.017, NS). The total number of lipid droplets was elevated in diabetic mice (Figure 6E). Accordingly, the lipid droplet number to mitochondria ratio was significantly higher in diabetic mice (Figure 6F). Representative electron microscopy images of cardiac mitochondria are displayed (Figure 6G). Western blot analysis showed no differences in the protein expression of LV dynamin-related protein 1 (DRP1) (Figure 6H), however, there was a tendency for diabetic mice to exhibit lower protein expression of LV Mitofusin 1 (MFN1) (Figure 6I), and a significant reduction in LV Mitofusin 2 (MFN2) (Figure 6J). Representative western blot images are presented (Figure 6K).
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FIGURE 6. LV mitochondria morphology in diabetic mice. Electron microscopy quantification of (A) total number of mitochondria, (B) mitochondria length, (C) mitochondria width, (D) mitochondria area, (E) total lipid droplet count, (F) lipid droplets/mitochondria ratio, (G) representative electron microscopy images of mitochondria structure (an enlarged image is available to view in Supplementary Figure 2). Regulators of mitochondrial morphology: (H) dynamin-related protein 1 (DRP1) and (I) Mitofusin 1 (MFN1), (J) Mitofusin 2 (MFN2), with (K) representative western blot images; Calnexin housekeeper are carried out separately for each protein of interest. Data represented as mean ± SEM. n = 5–14 per group (note individual data points). Data analysis used unpaired t-test. *P < 0.05, **P < 0.01. ND, non-diabetic; D, diabetes; LV, left ventricle.




Characterisation of Cardiac Mitochondrial Respiratory Function in Diabetic Mice

Changes in cardiac mitochondrial electron transport chain activity and mitochondrial respiration have previously been observed in patients with diabetes (Montaigne et al., 2014). In this study high resolution respirometry was carried out using the Oroboros Instruments Oxygraph-O2k to assess cardiac mitochondrial function. Figure 7A displays a representative trace of oxygen consumption over time in non-diabetic and diabetic mice. No differences were seen in [CI]LEAK between groups (Figure 7B), however, there was a tendency toward reduced CI-linked mitochondrial respiration [CI]OXPHOS in diabetic mice (Figure 7C). Diabetic mice also displayed a significant decrease in CII-linked mitochondrial respiration (Figure 7D). Gene expression analysis of LV tissue revealed a significant increase in mitochondrial uncoupled protein-3 in diabetic mice (UCP3; Figure 7E), compared to non-diabetic mice.
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FIGURE 7. LV mitochondria function in diabetic mice. (A) Representative mitochondrial oxygen consumption trace in diabetic mice (red line) and non-diabetic mice (blue line). Image has been cropped where lines are broken. Cytochrome C addition not shown. Oroboros high-resolution respirometry analysis of: (B) Complex-ILEAK respiration, (C) Complex-I oxygen consumption, (D) Complex-II oxygen consumption. LV gene expression of (E) mitochondrial uncoupling protein-3 (UCP3). Data represented as mean ± SEM. n = 9–14 per group (note individual data points). Data analysis was carried out using unpaired t-test. *P < 0.05, ***P < 0.001. ND, non-diabetic; D, diabetes; LV, left ventricle.




DISCUSSION

This study builds upon previous reports from our laboratory describing an experimental model of diabetic cardiomyopathy that recapitulates several of the clinical features of human disease, including robust diastolic dysfunction and myocardial structure changes. The model combines a low-dose STZ approach with high-fat diet (Tate et al., 2019). Mitochondrial dysfunction and an overproduction of ROS are common features of the diabetic heart, as well as major drivers of cardiac remodelling (Gollmer et al., 2020). In our previous study we noted changes in the expression of genes associated with LV mitochondrial respiratory function, providing a rationale to study mitochondria structure and function in more detail in this model (Tate et al., 2019). Mitochondrial dysfunction and oxidative stress are present in commonly-utilised experimental models of diabetes, including the db/db and ob/ob spontaneous genetic models (Mazumder et al., 2004; Boudina et al., 2007). However, these models have confounding factors, including impaired leptin signalling and supra-pathological obesity, that need to be taken into consideration when interpreting findings (Barouch et al., 2003; Burke et al., 2017). Therefore, introducing a new experimental model to the toolkit of biomedical scientists, with a milder phenotype, will help us to further understand the underlying mechanisms of diabetic cardiomyopathy.

In this study we followed mice for 26 weeks from the induction of diabetes. As expected, given the results of our previous work, diabetic mice gained weight progressively over the duration of the study, primarily due to an increase in fat mass. Mice had a mild elevation in blood glucose and glycated haemoglobin, as well as a tendency for higher energy expenditure. A study in type 2 diabetes patients reported an elevation in 24 h energy expenditure (Bitz et al., 2004). Interestingly, studies have also shown that insulin signalling in the brain can influence whole body energy expenditure (Dodd and Tiganis, 2017; Loh et al., 2017). In relation to cardiac changes, the most prominent functional change in clinical diabetic cardiomyopathy is the presence of LV diastolic dysfunction (Loncarevic et al., 2016). In this study, diastolic dysfunction was evident in diabetic mice after 26 weeks of diabetes. This impairment developed in conjunction with myocardial fibrosis, a characteristic that has been reported in cardiac biopsies of patients with type 2 diabetes (Shimizu et al., 1993), as well as in several experimental models of diabetes (Wang et al., 2017; Tsai et al., 2018; Zhao et al., 2019).

An overproduction of ROS is a major driver of pathological remodelling in the diabetic heart (Kaludercic and Di Lisa, 2020). Clinical studies revealed elevated mitochondrial ROS production in cardiac biopsies of patients with type 2 diabetes (Anderson et al., 2009). Furthermore, elevated ROS has been reported in several experimental models of diabetes (Al-Rasheed et al., 2017; Li et al., 2019), including in the genetic models of diabetes, the ob/ob mouse and db/db mouse (Saraiva et al., 2007; Huynh et al., 2012). In the current study, diabetic mice displayed a significant increase in LV superoxide production, coupled with a tendency toward a decrease in LV hydrogen peroxide levels. Reduced superoxide dismutase activity, an antioxidant enzyme that catalyses the dismutation of superoxide into hydrogen peroxide, has been implicated in the setting of diabetic cardiomyopathy (Tang et al., 2018). A preclinical study has demonstrated that the expression of cardiac superoxide dismutase-2 was reduced in db/db mice (Waldman et al., 2018). Similarly, diabetic mice in the present study also exhibited a reduction in the mRNA expression superoxide dismutase-2. Our findings suggest that there is an impairment in the processing of ROS in the hearts of diabetic mice, possibly due to a reduction in amount or activity in superoxide dismutase. Superoxide generating enzyme known as NADPH-oxidase is also thought to contribute to oxidative stress in diabetic cardiomyopathy (Liang et al., 2018). However, in this study there was no difference in the mRNA or protein levels of the NADPH-oxidase subunit NOX-4.

The mitochondria are of particular importance in the diabetic heart as they are the major site for ROS production (Kaludercic and Di Lisa, 2020). Previous studies have demonstrated that mitochondrial dysfunction contributes toward the progression of diabetic cardiomyopathy (Marciniak et al., 2014; Wang et al., 2015; Ni et al., 2020). Adverse cardiac mitochondrial remodelling has been reported in 12-week-old db/db mice exhibiting decreased diastolic function and fractional shortening (Hu et al., 2019). In a similar study using STZ-mice, cardiac contractile dysfunction was associated with mitochondrial cristae fusion and reduced levels of adenosine triphosphate (Li et al., 2018). In diabetic rabbits, depolarised cardiac mitochondrial membrane potential and mitochondrial swelling was associated with diastolic dysfunction (Zhang et al., 2018). Our primary objective was to assess mitochondria structure and function in the myocardium of this alternative mouse model of diabetic cardiomyopathy. No differences were seen in the total number of mitochondria in the myocardium, however, diabetic mice exhibited a significant reduction in mitochondria size and mitochondrial disorganisation. Other studies in STZ-induced diabetic rodents have reported a reduction in both total number of cardiac mitochondria and relative size (Zhou et al., 2018; Tao et al., 2019). In the hearts of db/db mice, a decrease in mitochondria size and an increase in the number of mitochondria was observed; this was associated with decreased expression of mitochondria morphological regulator MFN but not DRP1 (Hu et al., 2019). Consistent with the db/db model, the protein expression of MFN2, but not DRP1, was also increased in diabetic mice (Hu et al., 2019). The downregulation of MFN2 may be partly the cause of smaller mitochondria size exhibited in diabetic mice in this model. These findings suggest that although cardiac mitochondrial structural changes are evident in the diabetic heart, morphological differences vary depending on the specific model and/or species. Increased availability of localised lipid droplets can impact mitochondrial dynamics in the diabetic heart by increasing the level of mitochondrial lipid uptake (Mazumder et al., 2004; Verma et al., 2017). In one study investigating cardiac tissue from diabetic mice, morphological changes in the mitochondria were parallelled with elevated mitochondrial fatty acid oxidation (Li et al., 2018). In our study, electron microscopy revealed an increased lipid-to-mitochondria ratio in diabetic mice.

Diabetes-induced changes in mitochondrial substrate utilisation can increase mitochondrial activity at the level of the respiratory complexes, leading to leakage of unpaired electrons and the formation of ROS (Alejandra Sánchez-Muñoz et al., 2018; Ding et al., 2019; Kaludercic and Di Lisa, 2020). A recent study demonstrated elevated protein expression of myocardial electron transport chain complexes (CI, CII, and CV) in diabetic mice (Wang et al., 2020). In this study there was an increase in complex-III and complex-V protein abundance, and a non-significant increase in complex-I and complex-IV. These findings indicate that a compensatory response to diabetes-induced excessive influx of reducing equivalents (NADH and FADH2) entering the mitochondrial complexes may be at play (Wu et al., 2017). This suggests a mismatch in energy expenditure (ATP consumption) and respiratory activity (reduced flow of electrons through the ETC) which may reflect the smaller mitochondria in the diabetic heart. Mitochondrial dysfunction is a known contributor to the pathological remodelling in diabetic cardiomyopathy (Ormazabal et al., 2018; Gollmer et al., 2020). Clinical studies have demonstrated a lower mitochondrial respiratory rate in the cardiac tissues of patients with diabetes (Croston et al., 2014; Montaigne et al., 2014). These findings also extend to experimental models of diabetic cardiomyopathy (Pham et al., 2014; Qaed et al., 2019). Consistent with previous studies, diabetic mice in this study exhibited similar reductions in LV mitochondrial oxygen consumption, particularly when measuring mitochondrial respiration by electron input through CII. Mitochondrial uncoupling proteins contribute to the protection of the myocardium by inducing mitochondrial respiration in response to a diabetes-induced reduction in the mitochondrial proton gradient (Dludla et al., 2018; Li et al., 2018). Studies have shown that an increase in mitochondrial uncoupling proteins is associated with decreased oxygen consumption (Hidaka et al., 1999; Pham et al., 2014; Fang et al., 2018). In this study, mRNA expression of mitochondrial UCP3 was significantly elevated with diabetes, suggesting that this may be a compensation mechanism in response to the diabetes-induced changes in substrate utilisation (Dludla et al., 2018; Li et al., 2018).


Limitations and Future Considerations

We acknowledge that there were some limitations with our study which we discuss here. While only male mice were utilised in this study, we acknowledge the importance of investigating the pathological mechanisms of diabetic cardiomyopathy in female mice. We have previously demonstrated that STZ-induced female mice are more susceptible to diastolic dysfunction than male mice despite exhibiting lower degree of hyperglycaemia (Chandramouli et al., 2018). Further, female db/db mice exhibit at least as severe an adverse cardiac remodelling phenotype as male db/db mice (and indeed it may occur earlier) (Bowden et al., 2015). Another limitation of the present study was a lack of data reporting the respiratory exchange ratio (RER) which would have informed us about substrate utilisation and respiration. We attempted to measure this in our study, unfortunately, there was a failure of the data acquisition programme at the time of the Promethion metabolic cage recordings. The only data that we could retrieve for every mouse studied was the data for energy expenditure (Figure 3). Mitochondrial DNA copy number, which is a measure of the number of mitochondrial genomes per cell, can inform on mitochondrial function and has been associated with several disease states. Previous preclinical studies have shown that mitochondria DNA copy number is increased in diabetic heart (Boudina et al., 2007; Fang et al., 2018). After performing analysis on the mitochondria structure and function, the remaining heart tissue in this study was insufficient to carry out this analysis. This analysis however, is worthy of attention in future studies of mitochondrial function in the setting of diabetes. Previous studies using models of diabetic cardiomyopathy such as db/db mice and STZ-C57BL/6 mice have also demonstrated a decrease in ATP production with associated reduction in reducing equivalent (NAD + /NADPH ratio) (Boudina et al., 2007; Guan et al., 2015; Sun et al., 2019; Wang et al., 2020; Yao et al., 2021). Although our data demonstrated an increase protein abundance in ATP-synthase subunit (ATP-synthase-C5-subunit v) in diabetic mice (Figure 5), ATP levels and reducing equivalents were not measured as there was insufficient sample to carry out these analyses. There may be a maladaptive compensatory mechanism at play whereby defective ATP synthase is upregulated in the diabetic heart. Investigating these parameters in future studies may further elucidate the functional changes of cardiac mitochondria in this model of diabetic cardiomyopathy.

Despite these limitations and considerations, overall, our findings demonstrate the presence of mitochondrial dysfunction and excess ROS production in a mouse model that replicates several clinical features of diabetic cardiomyopathy. It is anticipated that this model which combines the low-dose STZ approach with high-fat diet, resulting in a milder phenotype compared to existing genetic models, can be used alongside existing models to study oxidative stress and mitochondrial function in the diabetic heart.
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Heart failure is an important manifestation of diabetic heart disease. Before the development of symptomatic heart failure, as much as 50% of patients with type 2 diabetes mellitus (T2DM) develop asymptomatic left ventricular dysfunction including left ventricular hypertrophy (LVH). Left ventricular hypertrophy (LVH) is highly prevalent in patients with T2DM and is a strong predictor of adverse cardiovascular outcomes including heart failure. Importantly regression of LVH with antihypertensive treatment especially renin angiotensin system blockers reduces cardiovascular morbidity and mortality. However, this approach is only partially effective since LVH persists in 20% of patients with hypertension who attain target blood pressure, implicating the role of other potential mechanisms in the development of LVH. Moreover, the pathophysiology of LVH in T2DM remains unclear and is not fully explained by the hyperglycemia-associated cellular alterations. There is a growing body of evidence that supports the role of inflammation, oxidative stress, AMP-activated kinase (AMPK) and insulin resistance in mediating the development of LVH. The recognition of asymptomatic LVH may offer an opportune target for intervention with cardio-protective therapy in these at-risk patients. In this article, we provide a review of some of the key clinical studies that evaluated the effects of allopurinol, SGLT2 inhibitor and metformin in regressing LVH in patients with and without T2DM.
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INTRODUCTION

Diabetic cardiomyopathy (DCM) is defined as cardiac dysfunction, characterised by abnormal structural, functional and metabolic changes in the myocardium, that occurs in the absence of significant coronary, valvular or hypertensive diseases in individuals with diabetes (1). Diabetic cardiomyopathy was first described five decades ago (2), and the higher incidence of heart failure (HF) in patients with type 2 diabetes mellitus (T2DM) was further confirmed in several epidemiological studies, including the Framingham Heart Study (3–5). The aetiology of DCM in the diabetic heart is complex and is likely to multifactorial (Figure 1). In the early stages of its progression, DCM is usually asymptomatic and is characterised by subclinical structural and functional abnormalities including left ventricular hypertrophy (LVH), reduced LV compliance, myocardial fibrosis and stiffness (6). These pathophysiological changes associated with subclinical cardiac dysfunction can be progressive and lead to HF symptoms and to the clinical syndrome of HF (7). Despite the success of various antihyperglycemic agents in the intensive management of hyperglycemia in people with T2DM in reducing the risk of cardiovascular (CV) complications, the high prevalence of HF persists (8–10), that might suggest the role of other non-hyperglycemia associated pathophysiological mechanisms that might contribute to the development of DCM and consequent higher risk of HF in T2DM.


[image: Figure 1]
FIGURE 1. A schematic diagram depicting multiple potential mechanisms that have been implicated in pathophysiology of diabetic cardiomyopathy. AGEs, advanced glycation end products; AMPK, AMP-activated protein kinase; RAAS, renin-angiotensin-aldosterone system.


LVH is defined by an elevated left ventricular mass (LVM), either due to an increase in wall thickness or due to left ventricular cavity enlargement, or both. Typically, the LV wall thickening manifests in response to hemodynamic pressure overload, and chamber dilatation occurs in response to volumetric burden, with the caveat that other molecular and metabolic mechanisms may play a synergistic and potentially independent role. Importantly, LVH is strong predictor of CV events (11, 12), and is a common feature in the diabetic myocardium (7, 13). The reason why LVH is predictive of CV events is because it precedes many potentially fatal CV sequelae of events. For instance, the presence of LVH can lead to adverse cardiovascular (CV) outcome—LVH impedes left ventricular (LV) filling and can lead to diastolic heart failure; it reduces coronary perfusion reserve and can induce ischemia; it can lead to left atrial enlargement and subsequent atrial fibrillation and it is intrinsically arrhythmogenic and can cause sudden cardiac death (14). The development of LVH in T2DM is not fully explained by the hyperglycemia-associated cellular alterations alone (15). Specifically, there is extensive body of clinical and experimental underpinnings that supports the role of inflammation, oxidative stress, insulin resistance and AMP-activated kinase (AMPK) in mediating the development of LVH in T2DM (15–18). While the pathophysiology of LVH in diabetes is not yet fully elucidated, the increasing recognition that LVH is an exquisite orchestration of a wide array of pathophysiological process, that are not limited to hyperglycemia, hypertension and valvular disease, provided new opportunities to examine new pharmacological therapies in LVH regression.

As defined by the American College of Cardiology/American Heart Association (ACC/AHA) guidelines, HF progresses as a clinical continuum of four stages (19). Stage B HF represents patients with structural heart disease including LVH, but with no current or prior symptoms of HF (19). To prevent progression to symptomatic HF (Stage C HF), it is important to identify the presence of DCM at the early stages of its development. While the electrocardiogram (ECG) is a widely used method to diagnose LVH, its diagnostic accuracy is limited due to its poor sensitivity in detecting LVH (20, 21). Echocardiography has been conventionally considered a test of choice to evaluate the presence of cardiac dysfunction and early structural changes of the heart including LVH (22). Its sensitivity is significantly higher than ECG in detecting LVH (23), and can also diagnosis other subclinical cardiac abnormalities and valvular heart disease. However, cardiac magnetic resonance imaging is considered the gold standard due to high precision and reproducibility in estimating LV mass (24) and other structural cardiac abnormalities, albeit its use is limited due to its high costs and limited availability.

In addition to multiple comorbidities and several molecular and metabolic mechanisms, several studies have reported that LVH is also influenced by various other factors such as age, gender, ethnicity and genetic factors. For instance, LVH is more prevalent in blacks compared with other race/ethnic groups (25, 26). The prevalence of LVH is not reported to be dissimilar between men and women, irrespective of diagnostic criteria applied (27). The prevalence of LVH also increased significantly with age, occurring in 33% of men and 49% of women over 70 (28). Furthermore, genome wide association studies (GWAS) have also reported substantial heritability for LVH in diverse populations including diabetic patients (29, 30).

In this mini-review, we summarise the epidemiology of LVH in T2DM and the key pathophysiological mechanisms and provide a review of some of the key studies that evaluated the effects of different classes drugs on LVH regression.



LEFT VENTRICULAR HYPERTROPHY IN DIABETIC CARDIOMYOPATHY


Prevalence and Economic Impact

It is becoming increasingly recognised that T2DM is an independent risk factor for LVH, even in the absence of overt cardiovascular diseases (CVD) (31, 32). T2DM is often associated with cardiomyopathy, manifested by LVH, and the reported prevalence of LVH in patients with T2DM ranges from 32 to 71% in different studies, depending on the criteria used for defining LVH (12, 33–36). Importantly, previous research has demonstrated that LVH regression per se independently reduces CV mortality and events (37, 38). Thus, routine screening of LVH, followed by targeted intervention could be a promising way of reducing CV events and mortality in people with T2DM. Furthermore, disability caused by CVD carries major health economic consequences at both individual levels, and the society as a whole, and this burden is expected to increase in the future. Therefore, routine screening of LVH and targeted treatment may have the potential to reduce the economic burden of CVD. While it is difficult to evaluate the economic value of saving life, the costs of screening for and treating LVH is anticipated to be low, primarily due to the high prevalence of the condition and the low unit cost of echocardiography (39).



Efficacy and Cost-Effectiveness of Screening

The efficacy and cost effectiveness of early screening for traditional CV risk factors has already been proven in the general population (40–42). However, an ongoing challenge is to develop adequate screening strategies that are cost-effective that can identify individuals at risk for future CV events, prior to developing overt CVD. Since people with T2DM are at a higher risk for future CV events than non-diabetic people, it may be more cost-effective to target subclinical cardiac abnormalities including LVH in diabetic population. Whilst this approach may initially increase healthcare costs, especially with the costs associated with CV imaging and treatment, such an approach may in the longer term reduce CV related mortality and morbidity in patients with T2DM. Witham et al. in a hypothetical analysis of the cost-effectiveness of screening LVH, suggested that this may indeed be a very cost-effective strategy to reduce CV events in high-risk people including those with T2DM (39). Biomarkers may prove to be an alternate tool that is even more cost-effective, when used in CVD risk prognostication (43). In this context, previous studies have utilised a biomarker-based approach for the identification of subclinical LV abnormalities in patients without CVD. For instance, in patients with T2DM and without HF, higher levels of B-type natriuretic peptide (BNP) associated with LVH and lower left ventricular ejection fraction (44). Another study of non-diabetic individuals without overt CVD, found that high sensitivity cardiac troponin T (hs-cTnT) and BNP may be suitable for (the c-statistic for screening with BNP ± hs-cTnT was 0·81) identifying asymptomatic cardiac diseases including LVH (45). If the results of these studies can be confirmed in future large studies, pre-screening of people with T2DM using the biomarker approach may offer a cost-effective modality in screening LVH. Further systematic health economics studies are warranted to assess the cost-effectiveness of screening T2DM patients for LVH, and then pre-emptive treatment.



Pathophysiology of LVH and Potential Targets


Inflammation

Inflammation is a prominent hallmark of LVH. Pro-inflammatory cytokines are found to modulate left ventricle LV structure and play a critical role in LV remodelling (46). Inflammatory mediators can result in changes in cardiac size, shapes, and composition, including myocyte hypertrophy, alterations in expression of foetal gene, and progressive myocyte loss through apoptosis (46). Pro-inflammatory cytokines such as IL-1, IL-6 and tumour necrosis factor-alpha (TNF-α) are normally not expressed in the heart, but they are activated and up regulated as response to myocardial injury or mechanical stress, contributing to cardiac remodelling (46). Soon after ischemic myocardial injury, TNF-α and IL-6 are elaborated and trigger additional cellular inflammatory responses (47). Chronically, to repair and remodelling, these cytokines activate matrix metalloproteinases and collagen formation, and regulate angiogenesis and progenitor cell mobilisation, resulting in development of myocardial hypertrophy, collagen deposition, and fibrosis (47). In macrophages, lipopolysaccharide (LPS), tumour necrosis factor-α, and interferon-γ, has been shown to be implicated in cardiac hypertrophy via their effects on the expression of microRNA-155 (miR-155) expression, a powerful mediator of cardiac hypertrophy (48). Notably, variable myocyte hypertrophy and inflammatory cell infiltration with activation of nuclear factor kappa B (NF-κB) have been identified in endomyocardial tissue of patients with Hypertrophic cardiomyopathy (HCM) while the levels of in interleukins (IL-1β, IL-1RA, IL-6, IL-10) and high-sensitivity C-reactive protein (hsCRP) have been found to be significantly higher in patients with HCM than in control subjects (49). These suggest that a low-grade inflammatory response may play an important role in the development of cardiac hypertrophy in patients with HCM and support the causative significance of inflammatory signalling in hypertrophic heart disease, demonstrating the feasibility of therapeutic targeting of inflammation in heart failure.



Oxidative Stress

Growing evidence points to the potential involvement of oxidative stress in the pathophysiology of cardiac hypertrophy via different possible mechanisms. Dysregulated expression of nitrogen oxides (NOX) proteins, which are predominant isoforms expressed in cardiac tissue, has been proposed to contribute to the development of cardiac hypertrophy and is believed to driven by eroxisome proliferator-activated receptor α (PPARα) downregulation (50). Upregulation of NOX4 by angiotensin II, which is primary in mitochondria of cardiomyocytes, can also result in inducing nuclear export of histone deacetylase 4 (HDAC4), a crucial precursor of cardiac hypertrophy (51). NOX2 and NOX4 have also been found to be associated with cardiac hypertrophy and fibrosis in diabetic rats, and the elevation of NOX2 has been shown to be associated with an increase in cardiomyocytes size in mice subjected to high fat diet (50). Furthermore, In an experimental guinea pig model of pressure-overload induced cardiac hypertrophy, increased oxidative stress can result in an increase in cardiac ROS production, which induces cardiac hypertrophy through activation of redox-sensitive protein kinases such as mitogen activated protein kinase (MAPK) (52). In neonatal cardiomyocytes, however, ROS has been found to active a wide variety of hypertrophic signalling kinases and transcription factors, including the tyrosine kinase Src, GTP-binding protein Ras, protein kinase C, mitogen-activated protein kinases (extracellular response kinase and extracellular signal–regulated kinase), and Jun-nuclear kinase, NK-KB and Phosphoinositol 3-kinase, which is required for H2O2-induced hypertrophy (53). Finally, in diabetic patients, it is hypothesised that myocardial kinases β isoform of protein kinase C (PKCβ), which is preferentially overexpressed in diabetic myocardium accompanied with increased upregulation of pro-oxidant enzyme NAPH oxidase, that is a major upstream moderator of oxidative stress and that inhibition of PKCβ can attenuate myocardial hypertrophy (54). All these observations support the role of oxidative stress in the pathophysiology of cardiac hypertrophy.





ROLE OF INSULIN SIGNALLING, MTOR, AND AMPK IN CARDIAC HYPERTROPHY

Insulin resistance has long been recognised as a common factor in and contributing towards the intersection between diagnosis of heart disease and diabetes in the same patient (55). In brief, development of insulin resistance over time, initially compensated by hyperinsulinemia, but ultimately resulting in beta cell failure, likely results in successive periods where there is first overstimulation and then under stimulation of anabolic insulin-sensitive signalling pathways in cardiomyocytes and other tissues, any of which, as well as the metabolic flexibility inherent in insulin resistance, may contribute to pathology. Many of the proteins mediating insulin signalling are encoded by more than one gene, which has complicated mechanistic genetic analysis. Consistent with the likely complex role of insulin signalling in heart disease, deletion of IRS1 and IRS2 docking proteins in liver results in heart failure in mice, whereas deletion of the same genes in cardiac tissue resulted in smaller ventricular mass (56). These findings also illustrate that insulin signalling in cardiac tissue and in non-cardiac tissue, are both likely to have an important impact on progression of heart disease. More work is required to determine the critical metabolic regulatory pathways underlying these effects.

One of the metabolic signalling pathways most studied in cardiac dysfunction is mammalian target of rapamycin (mTOR) signalling. The mTOR signalling pathways are at the crossroads of anabolic and catabolic cellular process (57). mammalian target of rapamycin complex 1 (mTORC1) promotes anabolic metabolism in response to growth factor signalling, nutrients (particularly amino acids), and increased energy supply. mTORC1 also suppresses autophagy (58). mTORC1 phosphorylates Unc-51 like autophagy activating kinase (ULK1), a kinase that forms a complex with ATG13, FIP2000, and ATG101 and drives autophagosome formation, disrupting the interaction between Ulk1 and AMPK and prevent Ulk1 activation by AMPK (59). At transcriptional level, mTORC1 can also regulate autophagy. It prevents nuclear transport of the transcription factor EB (TFEB), which drives genes expression for lysosomes biogenesis and the autophagy machinery (60). In these ways mTORC1 is understood largely to determine the extent of cellular anabolic and catabolic processes, whilst in contrast mTORC2 seems to function mainly as an effector of insulin/IGF-1 signalling ref 8. mTORC2 activates and phosphorylates protein kinase B (PKB), a key effector of insulin/PI3K signalling. Phosphorylation of PKB results in cell promotion and proliferation via activation and suppression of many key substrates including the transcription factors of FoxO1/3a, the metabolic regulator (GSK3β), and the mTORC1 inhibitor (TSC2) (58). mTORC2 is also regulated by mTORC1 through a negative feedback loop between mTORC1 and insulin PI3K signalling. mTORC1 activates (Grb10), a negative regulator of insulin/IGF-1 receptor signalling upstream of Akt and mTORC2 (58).

In the cardiovascular system, mTOR pathways are understood to be important regulators of the hypertrophic response (61). Loss of function genetic studies indicate that mTORC1 activation is indispensable for development of cardiac hypertrophy in response to pressure overload. An animal study showed that the deletion of Rheb 1, which mediates mTORC1 activation, in cardiomyocytes confers cardioprotection against pathological remodelling in pressure overload (62). The mTORC1 regulates cardiac function and myocyte survival through 4E-BP1 inhibition in mice. A study showed a significant improvement in apoptosis and heart function when Mtor and the gene encoding 4E-BP1, an mTOR-containing multiprotein complex-1 (mTORC1) substrate that inhibits translation initiation, was deleted together (63).

Furthermore, in mice, ablation of cardiac raptor, a gene required for normal cardiac physiological function and for heart adaptation to increased workload, is shown to impair adaptive hypertrophy, change metabolic gene expression, and causing heart failure (64). In raptor-cKO mice, pressure overload causes a significant cardiac dilatation and immediate reduction in ejection fraction (64).

Consistent with this, pharmacological inhibition of mTORC1 also suppresses hypertrophy. Rapamycin, a specific inhibitor of mTOR, inhibits established cardiac hypertrophy via a complete suppression the phosphorylation of S6K1 and S6 phosphorylation in response to pressure overload (65). This can explain the attenuation of the increase in myocyte cell size induced by aortic constriction after administering Rapamycin to mice (66). Rapamycin is also shown to extend lifespan of mice (67). However, although it is shown that rapamycin can reverse age-dependent defects in cardiac function (68) and can protect against the changes of atherosclerosis (69), it is still unclear if an increase in lifespan owes to effects on cardiovascular system (67).

AMPK is another protein kinase that regulates many aspects of cellular energy balance and is seen as a promising target for anti-hypertrophic drugs. AMPK activation reverses increased protein O-GlcNAcylation, which is associated with cardiac hypertrophy, mainly through controlling the glutamine: fructose-6-phosphate aminotransferase (GFAT) phosphorylation, resulting in a decrease in O-GlcNAcylation of proteins such as troponin T (70). In line with this, an increase in cellular O-GlcNAc levels in response to O-linked N-acetylglucosamine (O-GlcNAc) inducers completely supresses the anti-hypertrophic effect of AMPK (70).

Metformin and AICAR have each been shown in preclinical studies to inhibit cardiac hypertrophy. Long-term metformin treatment significantly increases AMPK phosphorylation and attenuates cardiac hypertrophy induced by Transverse aortic constriction (TAC) (71). Interestingly, the antihypertrophic effects of metformin were not observed in AMPKα2–/– mice (71), suggesting that the chronic activation of AMPK during the development of cardiac hypertrophy is an important mechanism that mediates the beneficial effect of metformin. Moreover, long-term activation of AMPK by AICAR has been shown to block load-induced calcineurin–NFAT pathway as calcineurin is also regulated by MAPK pathway. Thus, the activation of AMPK may counteract MAPK pathway though blocking calcineurin–NFAT pathway (72).

However, counterbalancing these promising findings is recent evidence that a pan-AMPK activator improves glucose homeostasis, but at the cost of increased hypertrophy. Chronic activation of MK-8722, pan-AMPK activator, increases glucose uptake into skeletal muscle, but it results in cardiac hypertrophy associated with increased cardiac glycogen contents (73). To determine which of these beneficial and less beneficial aspects of the drugs really do owe to AMPK, further genetic studies are required.


Role of Drug Repurposing in LVH Regression

Due to the high attrition rates, significant economic burden and lengthy new drug discovery process, repurposing of ‘old’ drugs (also known as drug repositioning, reprofiling or re-tasking) to treat both common and rare diseases is increasingly becoming a promising field in drug discovery. Drug repurposing identifies new therapeutic uses for already approved drugs that are outside the scope of the original use (74). This is an attractive proposition because it involves the use of existing compounds that have undergone rigorous testing with potentially lower overall development costs and shorter development timelines.

Hypertension is the most common causes of LVH and therefore, controlling blood pressure (BP) especially with drugs that blocks the renin-angiotensin system (RAS) is the standard approach to the management of LVH. However, this approach is only partially effective since LVH persists in 20% of hypertensives that attain target BP (75). Thus “normotensive LVH” is very common (12). Indeed, BP only contributes 25% to the variability in LV mass seen in a population (76). Despite a “normal” BP, normotensive LVH is just as risky as is hypertensive LVH (77). Nevertheless, regressing LVH irrespective of BP changes is an effective way to reduce the incidence of all major CV events including specifically sudden deaths, heart failure hospitalisations, new onset AF and strokes (37, 38, 78–83). The LIFE study demonstrates that LVH regression per se reduces future cardiovascular events irrespective of BP (84). Since controlling BP and using a RAS blocker is only partially effective at regressing LVH, we now need additional ways of regressing LVH. In addition to BP, as we have discussed above, the pathophysiology of LVH may involve a complex cocktail of various non-hemodynamic disease processes including inflammation, oxidative stress, obesity, and insulin resistance (15, 29, 31, 53, 85–90).

Below, we provide a narrative review of some of the key clinical trials that evaluated the effects of interventions targeting LVH in patients with and without T2DM, in the context of normal BP.



Targeting LVH With Allopurinol

Allopurinol, a xanthine oxidase (XO) inhibitor, has been the mainstay of treatment for patients with gout associated with hyperuricemia for several decades. In addition, there is mounting evidence to suggest cardioprotective effects of allopurinol (91–93). Allopurinol has been shown to exert its cardioprotective effects through three key mechanisms: (i) reduction of uric acid concentrations which has pro-inflammatory effects; (ii) inhibiting xanthine oxidase mediated production of reactive oxygen species (ROS) which aggravate endothelial dysfunction and atherosclerosis plaque instability; and (iii) increasing local tissue availability of adenosine triphosphate and oxygen by inhibiting purine metabolism (94).

Allopurinol has been shown to regress LVM in different cohorts along the cardiovascular spectrum with significant pre-existing disease, oxidative stress and inflammation. In a RCT of people with T2DM, 9 months treatment of allopurinol treatment significantly reduced absolute left ventricular mass (LVM) (allopurinol −2.65 ± 5.91 g vs. placebo group +1.21 ± 5.10 g; p = 0.012) and LVM indexed (LVMI) to body surface area (allopurinol −1.32 ± 2.84 g/m(2) vs. placebo group +0.65 ± 3.07 g/m(2); p = 0.017) (18). In another RCT of people with ischemic heart disease, allopurinol treatment significantly reduced LVM (allopurinol −5.2 ± 5.8 g vs. placebo −1.3 ± 4.48 g; p = 0.007) and LVMI (allopurinol −2.2 ± 2.78 g/m(2) vs. placebo −0.53 ± 2.5 g/m(2); p = 0.023) (17). Furthermore, Kao et al., in another RCT of patients with severe renal disease (CKD 3) reported significant reduction in LVM with 9 months allopurinol treatment (95). In contrast, a recent study by Gingles et al., reported that LVM regression was significantly reduced with allopurinol treatment than placebo, suggestive of a potential adverse effect (96). However, unlike other studies, in this RCT, the study population had well-controlled BP and were normouricemic with low oxidative stress. This may have negated any direct effect of allopurinol, who rely on urate for antioxidant defence, in reducing ROS generation by XO inhibition, and consequent null effect on LVH. Therefore, the regressive effect of allopurinol may not be observed universally in all study populations.


Targeting LVH With Metformin

Metformin is an oral antihyperglycemic agent that has been used widely for the treatment of T2DM for over many decades. Beyond its antihyperglycemic effects, there is now accumulating evidence to suggest that metformin is cardioprotective (97). While the exact mechanism of cardioprotective actions of metformin is not fully understood, several ancillary mechanisms have been proposed to explain the metformin induced LVH regression. First, as stated already, insulin resistance, inflammation, oxidative stress, endothelial dysfunction and obesity is understood to contribute to the development of LVH (15, 53, 85–89), and metformin has been shown to reduce insulin resistance (98), inflammation (99), oxidative stress (100–104), central obesity (105) and endothelial dysfunction (106), albeit the latter is not a consistent finding (107). Second, in vivo studies have reported activation of AMP-activated protein kinase (AMPK) as one of the putative mechanisms for the anti-hypertrophic effect of metformin (15), leading to the view that AMPK stimulation is a promising new strategy to prevent or reduce LVH (108–110).

For clinical trials, to date, only one study: The MET-REMODEL trial, has explicitly investigated the effect of metformin on LVH in non-diabetic CAD patients identified to have IR and/or diabetes. This study demonstrated that 12 months metformin treatment (2 g/day) significantly reduced LVMI (absolute mean difference −1.37 (95% CI: −2.63 to −0.12, P = 0.033) (111). In this study, metformin also significantly reduced LVM, systolic blood pressure, and oxidative stress. In line with these findings, few other clinical studies and a network analysis also reported anti-hypertrophic effects of metformin (112–114).




Targeting LVH With SGLT2 Inhibitors: Multipronged Approach

The sodium-glucose linked cotransporter type 2 (SGLT2) class of inhibitors was developed as a novel anti-diabetic agent that acts independent of the insulin-incretin pathway to lower blood sugar. Various classes of SGLT2 inhibitors such as empagliflozin, canagliflozin and dapagliflozin have been shown to reduce cardiovascular mortality in patients with diabetes mellitus (115–118), but its cardioprotective mechanism remains elusive. More recent evidence from RCTs, suggest the potential of dapagliflozin in reducing the risk of worsening heart failure or CV mortality, even in non-diabetic population (119, 120). However, it is not clear whether the cardioprotective effects of SGLT2 inhibition in non-diabetic patients is class effect or drug-specific effect (121–124). Unlike other antidiabetic agents that are dependent on pancreatic beta-cell function and insulin sensitivity for the glucose lowering effect, the principal mechanism by which SGLT2 inhibitors lower blood glucose is by excreting excess glucose by enhancing urinary glucose excretion. Part of the off-target effects that have been observed with this class of drugs include weight loss, improved glycemia/lipid profile, arterial stiffness, reduce preload and afterload (blood pressure) and diuresis (125, 126)—all of which are key risk factors implicated in the development of LVH (15).

The DAPA-LVH study was the first placebo controlled RCT to investigate the efficacy of dapagliflozin in regressing LVH in normotensive patients with T2DM, without pre-existing CVD (127). At 12 months, dapagliflozin treatment significantly reduced LVM in people with T2DM, as assessed by cardiac magnetic resonance imaging (128). In this study, dapagliflozin was also shown to significantly reduce systolic BP, body weight, abdominal obesity (both visceral and subcutaneous), insulin resistance, and hsCRP. A similar finding was observed in the EMPA-HEART study that reported anti-hypertrophic effect of empagliflozin (129). In the DAPA-LVH trial, LVH regression was greater in those with higher baseline LVM (128). It is to be noted that a recent subgroup analysis of the EMPA-REG OUTCOME trial reported lower incidence of CVD in patients with LVH compared with those without LVH (130). Furthermore, post-hoc exploratory analysis from DAPA-LVH trial suggest dapagliflozin may improve subclinical dysfunction, as evidenced by improved myocardial longitudinal function (131). Taken together, there is compelling evidence to suggest that SGLT2 have the potential to promote reverse LV remodelling in patients with diabetes, which may, at least in part, explain the cardioprotective effects observed in large outcome trials of SGLT2.




CONCLUSIONS

In this mini-review, we have argued that LVH is a good surrogate marker of diabetic cardiomyopathy and discussed the trials targeting LVH as a manifestation of Stage B Cardiomyopathy, and potential mechanisms behind LVH regression (Figure 2) in patients with T2DM or in insulin-resistant individuals. We believe that cardiovascular outcome trials are still needed to provide definitive evidence for the cardio-protective role of the proposed repurposed drugs. With respect to metformin, the results of the on-going outcome trials such as the VA IMPACT trial (VA IMPACTNCT02915198) and Glucose Lowering in Non-diabetic hyperglycaemia Trial (GLINT; ISRCTN34875079), will be informative and might provide the needed evidence for recommending metformin in these at risk patients.


[image: Figure 2]
FIGURE 2. Plausible mechanisms by which metformin (111), SGLT-2 inhibitor (128) and allopurinol (17, 18) regressed left ventricular hypertrophy.




FUTURE RESEARCH

All the clinical studies discussed in this manuscript were “proof of concept” studies, conducted in small sample size, to evaluate the possible mechanisms behind the purported cardio-protective effects of each drugs. Unlike, the LVH regression observed in previous hypertension trials, the magnitude of the LVH regression observed in these trials were small, which may be, at least in part due to the shorter follow-up period and treatment duration. The results of these proof-of-concept trials are encouraging and help underpin.future large cardiovascular outcome trials, with longer follow-up period, incorporating better hard end points. One such trial is the VA-IMPACT trial (VA IMPACT NCT−02915198) of metformin. Such trials will be informative and help provide the medical evidence to support the use these drugs in diabetic cardiomyopathy.
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Diabetes mellitus (DM) is an important lifestyle disease. Type 2 diabetes is one of the prime contributors to cardiovascular diseases (CVD) and diabetic cardiomyopathy (DbCM) and leads to increased morbidity and mortality in patients with DM. DbCM is a typical cardiac disease, characterized by cardiac remodeling in the presence of DM and in the absence of other comorbidities such as hypertension, valvular diseases, and coronary artery disease. DbCM is associated with defective cardiac metabolism, altered mitochondrial structure and function, and other physiological and pathophysiological signaling mechanisms such as oxidative stress, inflammation, myocardial apoptosis, and autophagy. Epigenetic modifiers are crucial players in the pathogenesis of DbCM. Thus, it is important to explore the role of epigenetic modifiers or modifications in regulating molecular pathways associated with DbCM. In this review, we have discussed the role of various epigenetic mechanisms such as histone modifications (acetylation and methylation), DNA methylation and non-coding RNAs in modulating molecular pathways involved in the pathophysiology of the DbCM.
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INTRODUCTION

Diabetic cardiomyopathy (DbCM) is a cardiac disease characterized by functional and structural abnormalities in cardiac tissue in patients having diabetes mellitus (DM) but no other comorbidities such as hypertension, valvular diseases, and coronary artery disease (1). Framingham Heart Study observed that women and men with DM have 5- and 2.4-fold higher incidence of heart failure (HF), respectively (2). Patients with diabetes have a high prevalence of HF ranging from 19 to 26% (3–5). A case-control study found that the prevalence of HF was 1.3 times higher in diabetic subjects in comparison with the non-diabetic subjects (6). In both type I diabetes (T1D) and type II diabetes (T2D), patients showed a strong correlation between glycated hemoglobin A(1c) (HbA1c) and HF. With every 1% increase in HbA1c, there is a 30 and 8% higher incidence of HF in T1D and T2D, respectively, independent of other risk factors (7, 8). The initial phase of DbCM is characterized by extensive cardiac hypertrophy and mild to moderate fibrosis, leading to defects in the systolic and diastolic function of the heart (9).

Experimental and clinical studies have identified sustained hyperglycemia (HG), insulin resistance, aberrant insulin signaling, impaired glucose metabolism, abnormal free fatty acid (FFA) uptake, oxidative stress, increased renin–angiotensin–aldosterone (RAAS) activity, cardiac inflammation, and aberrant mitochondrial function as the key determinants for biochemical alterations leading to a vicious cycle of disease. Cardiac fibrosis, left ventricular (LV) hypertrophy, and increased cardiomyocyte cell death are the most important mechanisms to explain the pathophysiology of the disease (10, 11). Multiple molecular mechanisms have been identified contributing to pathophysiological changes in DbCM (Figure 1), which include O-GlcNAcylation of cardiac proteins, decreased insulin and AMPK signaling, activated MAPK, peroxisome proliferator-activated receptors, and aberrant protein kinase C activity.


[image: Figure 1]
FIGURE 1. Schematic representation of the various mechanisms involved in diabetic cardiomyopathy. AGEs, advanced glycation end products.


Recent studies suggest that epigenetic regulatory mechanisms such as DNA methylation, histone modifications (acetylation and methylation), deregulated microRNAs (miRNAs), circular RNA (circRNAs), and long non-coding RNA (lncRNAs) play an important role in the pathogenesis of DbCM (12, 13). In this review, we provide a comprehensive overview of the role of epigenetic modifications in various molecular pathways associated with DbCM.



MOLECULAR MECHANISMS AND THEIR EPIGENETIC REGULATIONS IN DBCM


Cardiac Remodeling in DbCM

Cardiomyocyte hypertrophy and fibrosis are the important features of DbCM. Cardiac fibrosis is a dominant mechanism contributing to the disease pathology of the diabetic human heart. There is a very pronounced deposition of collagen in interstitial and perivascular spaces in diabetic cardiac tissues (14). The major contributing pathways for the aggravated deposition of collagen types I and III are transforming growth factor-β1 (TGF-β1) and wingless-related integration site (WNT) signaling pathways (15). Additionally, there is remodeling of matrix metalloproteinases (MMPs) leading to dysregulated degradation of extracellular matrix in diabetic hearts (15–18). Activation of the TGF-β1 pathway and accelerated extracellular matrix degradation are mainly consequences of stimulation of RAAS resulting in heightened advanced glycation end products (AGEs)-mediated signaling, HG, and insulin resistance (19). Decreased availability of nitric oxide (NO), oxidative stress, activation of TGF-β1 signaling pathway, in association with deregulated insulin signaling leads to high cardiac collagen deposition and fibronectin content, leading to interstitial fibrosis (20). Several clinical and animal studies provide substantial evidence of cardiac fibrosis in diabetes-induced heart failure (HF) (18, 21–23).

An increase in LV hypertrophy represented by high LV mass and its association with DM is well-established (24–26). Thickened LV is a major hallmark of cardiac hypertrophy in humans (27). Cardiac fibrosis, hypertrophy, and myocardial cell apoptosis must be taken into account for the overall increase in LV mass (27, 28). In DbCM, there are other contributors in addition to cardiac hypertrophy such as insulin resistance, HG in the milieu, and oxidative stress-activating cardiac hypertrophic genes, such as β-myosin heavy chain (ß-MHC), atrial natriuretic factor (ANP), and brain natriuretic factor (BNP) (29). Heightened insulin levels induce cardiac hypertrophy. Insulin-like growth factor (IGF-1) induces cardiomyocyte hypertrophy through activation of the mitogen-activated protein kinase 1 (Erk1/2) and phosphoinositide 3-kinases (PI3K) signaling pathways (30). Several studies in animal models of DbCM have also shown the role of DM in the development of cardiac or cardiomyocyte hypertrophy (31–33).


Epigenetic Regulation of Cardiac Remodeling in DbCM

MicroRNAs are small, non-coding RNAs, which regulate cellular gene expression. Aberrant expression of ~30% miRNAs (that is 300 out of 1,000 total miRNAs) has been observed in DM heart tissues (34). Several miRNAs have been found to regulate cardiac fibrosis and cardiac hypertrophy in DbCM. For example, miRNA-221 was shown to be highly upregulated in the cardiac tissue of diabetic mice (35). miRNA-212 was found to regulate the process of cardiac hypertrophy by directly regulating Forkhead box O3 (Foxo3) (35). Raut et al. reported that miRNA-30c mediates increased expression of hypertrophy genes, cell division control protein 42 homolog (Cdc42), and Rac1-activated kinase 1 (Pak1) in DbCM (36). Other miRNAs, such as 181a and 200c, were shown to play a pivotal role in cardiac remodeling (35, 37–39). The expression of miRNA-199a was elevated in cardiac hypertrophy (34). Recently, it was reported that silencing of miR-199a led to the reversal of cardiac hypertrophy by rescuing the mitochondrial fatty acid oxidation through targeting peroxisome proliferator-activated receptor-gamma coactivator (PGC-1α) (40). miRNA-30a, miRNA-1, and miRNA-29b levels were found to be downregulated in the diabetic heart (34). miRNA-144 and miRNA-133a are among the important key players, involved in the pathophysiology of diabetes-mediated HF (41, 42). Singh et al. showed that miRNA-200c promoted cardiac hypertrophy by modulating dual-specific phosphatase 1 (DUSP1) expression in DbCM (39).

Decreased levels of miRNA-133a were observed in the diabetic murine model (43). It was also seen that increase in miRNA-133a levels improved the systolic function and reduced fibrosis by decreasing the collagen (44). miRNA-21 has been established as a biomarker for cardiac fibrosis (45). Several groups including ours have shown upregulated miRNA-21 levels in rat cardiac fibroblasts in the hyperglycemic milieu and in diabetic hearts, which leads to advanced collagen synthesis and fibroblast proliferation (46, 47). miRNA-21 was also found to directly regulate dual-specific phosphatase 8 (DUSP8) by perturbing c-Jun N-terminal kinase (JNK) and p38 MAP kinase (MAPK) signaling pathways (46).

Long non-coding RNAs, a type of non-coding RNAs which are longer than miRNAs, have been implicated in various disease pathways (48). Nuclear lncRNAs act at the transcriptional level, and cytoplasmic lncRNAs often interact with miRNAs to regulate gene expression post-transcriptionally. Several lncRNAs have been recently shown to be involved in the pathophysiology of CVDs, including DbCM, contributing to cardiac hypertrophy and fibrosis. Myocardial infarction-associated transcript (MIAT) acts as prohypertrophic lncRNA as it has a sponging activity for antihypertrophic miRNAs, miRNA-150 (49), and miRNA-93 (50). Additionally, MIAT levels were higher in the myocardium and compete with miRNA-24 levels to regulate TGF-β1 expression and thus cardiac fibrosis (51). LncRNA Kcnq1ot1 ablation ameliorates TGF-β1 signaling and, thus, reduces fibrotic lesions in diabetic mice (52). The dysregulated ncRNAs, both miRNA and lncRNA, explain HG-related myocardial insult.

Histone modifications also have been found to play a crucial role in the cardiac remodeling in DbCM. Non-specific inhibitor-based silencing of histone deacetylases (HDACs) has been shown to attenuate cardiac hypertrophy and fibrosis, by increasing the glucose transporter 1 acetylation and MAPK-mediated phosphorylation in animal models of diabetic heart disease (53). The use of specific HDAC3 inhibitors such as RGFP966 also showed improved cardiac function and reversed DM-induced cardiac remodeling in diabetic mice. It was found that RGFP966 decreased cardiac hypertrophy by epigenetic modulation of the ERK1/2 pathway mediated by DUSP5 (54). In contrast, Sir2 is known to have a beneficial effect on DCM. It improves contractile dysfunction in leptin receptor-deficient db/db mice through a histone deacetylase Sir2-driven pathway (54), suggesting its potential as a therapeutic molecule in DbCM. (55).




Role of Epigenetics in Regulating Cell Death Mechanisms in DbCM

Diabetic cardiomyopathy has a strong association with high cardiomyocyte cell death. Apoptosis and autophagy are the important deregulated mechanisms responsible for this phenomenon (56). Several fold higher apoptosis rates have been reported in cardiomyocytes, fibroblasts, and endothelial cells in myocardial tissues of patients with DbCM. The death rate of cardiomyocytes was the highest, followed by that of endothelial cells and fibroblasts (57). Increased cardiomyocyte cell death results in cell loss in the heart, remodeling such as cardiac hypertrophy and fibrosis, leading to cardiomyopathy and cardiac failure (58).

Various mechanisms are proposed for increased cardiomyocyte cell death in diabetic hearts. HG, insulin resistance, lipid peroxidation, increased angiotensin II signaling, oxidative stress, and endoplasmic stress have been implicated as major triggers of cardiomyocyte apoptosis in the diabetic milieu. HG is the major causative factor for increased oxidative stress and endoplasmic stress mediating cardiomyocyte death in diabetic hearts (59). HG mediates these actions through localized increased angiotensin II (Ang II) (60). Kobayashi et al. have recently shown that HG may also induce cardiomyocyte cell death by inducing lysosomal membrane permeabilization and increased cathepsin D expression and lysosomal release in cardiomyocytes resulting in cell death (61).


Apoptosis and Its Epigenetic Regulation

The expression of several miRNAs was deregulated in HG-induced cardiomyocyte apoptosis and diabetic hearts (34). These include miRNA-30c, miRNA-181, miRNA-378, miRNA-34a, miRNA-1, miRNA-195, miRNA-144, and miRNA-483-3p. It was shown that miR-1 is upregulated in HG-treated H9c2 cardiomyocytes along with increased apoptosis. They reported that miR-1 promotes cardiomyocyte apoptosis by inhibiting IGF-1 expression; IGF-1 increased expression was shown to inhibit glucose-induced cytochrome c release and apoptosis, suggesting that miRNA-1 promotes apoptosis by regulating IGF-1 (62). miRNA-34a is highly expressed in cardiomyocytes and regulates the expression of several proteins including prosurvival protein, sirtuin 1 (SIRT1). miRNA-34a is upregulated in diabetic hearts and glucose-treated cardiomyocytes. Fomison-Nurse et al. reported that upregulation of miRNA-34a was associated with downregulation of SIRT1 and increased the activity of proapoptotic caspases in HG-treated cultured cardiomyocytes. Inhibition of miRNA-34a was found to reduce HG-induced cardiomyocyte apoptosis, indicating its potential therapeutic role (63). Qiao et al. showed that miRNA-483-3p was involved in HG-induced cardiomyocyte apoptosis by repressing the expression of its target gene, IGF-1. They reported elevated expression of this miRNA in diabetic mice and hyperglycemic cardiomyocytes (64). Downregulation of miRNA-30c and miRNA-181 was observed in diabetic hearts and hyperglycemic cardiomyocytes (38). These miRNAs promote cardiomyocyte apoptosis by deregulation of a p53-p21 axis (38). It was reported that miRNA-195 upregulation induces apoptosis in streptozotocin (STZ) and leptin receptor-deficient type 2 diabetic murine hearts via downregulation of SIRT1 and B cell leukemia 2 (Bcl2) (65). Altered expression of miRNA-144 was observed in hearts and also cardiomyocytes in hyperglycemic conditions. miRNA-144-3p was found to be upregulated in T2D (66). Karolina et al. reported that miRNA-144 controls the expression of IRS-1 in diabetes (66). Recently, Song et al. have reported increased miRNA-144 levels in HG-treated cardiomyocytes (67). They showed that miRNA-144-targeted C1q/TNF-related protein 3 (CTRP3)/JNK pathway and inhibition of miRNA-144 attenuated cardiomyocyte apoptosis. In another study, Tao et al. observed decreased miRNA-144 levels in HG-treated cardiomyocytes and diabetic hearts (68). Cellular overexpression of miRNA-144 resulted in improved mitochondrial function and decreased myocyte apoptosis by regulating Rac family small GTPase 1 (Rac-1) levels, which in turn regulated apoptosis via 5' AMP-activated protein kinase (AMPK) phosphorylation and PGC-1α deacetylation (68). Thus, the precise role of this miRNA remains to be fully elucidated. Altered PI3K/Akt signaling stimulates apoptosis, fibrosis, and hypertrophy of cardiomyocytes and leads to DbCM progression (69). It was reported that miRNA-203 overexpression inhibited PIK3CA and activated of PI3K/Akt signaling, thus inhibiting myocardial hypertrophy, fibrosis, and apoptosis (69). Recently, miRNA-532 has been shown to exhibit a positive association with cardiomyocyte apoptosis in diabetic heart disease. miRNA-532 was shown to be upregulated in cardiac tissues of patients with type 2 DM, thus decreasing the expression of its main target, the antiapoptotic protein (ARC). It was shown that miRNA-532 upregulation leads to the activation of proapoptotic caspases activity and vice versa in HG-treated cardiomyocytes (70). Another study showed decrease in expression of antiapoptotic protein, Hsp60 in the diabetic heart. miRNA-1 and miRNA-206 modulated myocardial Hsp60 post-transcriptionally and its downregulation was an important proapoptotic signal in the diabetic myocardium (71).

Besides miRNAs, several lncRNAs have been identified mediating cardiac cell death in hyperglycemic or diabetic conditions (72). Decreased expression of lncRNA H19 in DCM and HG-treated cardiomyocytes was observed and improved ventricular function by inhibiting reduced apoptosis in diabetic rats (73). H19 functions by inhibiting miR-675-mediated expression of voltage-dependent anion channel 1 (VDAC1), a proapoptotic molecule, which promotes cell death (73). Yang et al. showed escalated expression of another lncRNA Kcnq1ot, in the hearts of diabetic mice. They further showed that inhibition of Kcnq1ot1 improved cardiac function and attenuated pyroptosis (52). Metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) is another long non-coding RNA that regulates HG-induced cardiomyocyte apoptosis (74). MALAT1 was also shown to downregulate miR-141 or miR-181a-5p levels by sponging and inducing NLR family pyrin domain containing 3 (NLRP3) inflammasome activity and TGF-β1/Smad signaling (75). In a very recent study, MALAT1 has been shown to influence cardiomyocyte apoptosis by EZH2, a histone methyltransferase, and upregulating ATP-binding cassette transporter A1 (ABCA1) (76). HOTAIR is another lncRNA that has been shown to protect cardiac cell death in hyperglycemic conditions and DbCM. HOTAIR was decreased in the hearts of the diabetic mice, and its cardiac-specific overexpression attenuated cardiomyocyte death in STZ diabetic mice (77). It was shown to regulate miR-34a levels by acting as competing endogenous RNA (ceRNA) and increasing its target protein SIRT1, which has antiapoptotic activity (77). MEG3 is a lncRNA that is upregulated in HG-treated cardiomyocytes and induces apoptosis via sponging miR-145 and increasing proapoptotic programmed cell death 4 (PDCD4) levels (78). Recently, expression of Lnc NKILA (nuclear factor-κ B interacting long non-coding RNA) was found to be highly increased in patients with DbCM and its in vitro silencing decreased HG-induced cardiac cell death (79). Similarly, increased lncRNA LUCAT1 (lung cancer-associated transcript 1) levels were found in HG-treated AC 16 cardiomyocytes and its inhibition reduced HG-induced cardiomyocyte apoptosis by downregulating aldosterone synthase (CYP11B2) (80).

The DNA and histone methylation and acetylation are important epigenetic mechanisms that regulate gene expression and associated cellular mechanisms. The role of these mechanisms in diabetic cardiomyocyte cell death has not been well-investigated but emerging research suggests that they might have an important role. Yu et al. reported that HDAC1 mediates repression of IGF-1R in HG-treated cardiomyocytes (81). They showed that the association of histone 4 with p53-HDAC1 is increased and the association of histone 4 with IGF-1R is decreased (81). HDAC inhibition was later shown to inhibit HG-induced cardiac apoptosis by increasing GLUT1 acetylation and decreasing caspase 3 activity in diabetic mice (53).

Endoplasmic reticulum (ER) stress, an important mediator of DbCM, has also been implicated in the induction of apoptosis of cardiac cells (82). The role of epigenetic regulation of ER stress in DM-induced cardiac apoptosis was further confirmed by Guo et al. They reported that activation of SIRT1, a deacetylase, attenuates ER stress and apoptosis in cardiomyocytes of diabetic rats (83). Nitrosative stress induced by increased nitric oxide production resulting in nitrosylation of proteins has been found to induce apoptosis in heart of diabetic rats (84). Puthanveetil et al. reported that HC-induced iNOS expression in cardiomyocytes leads to increased nitrosylation of caspase 3 that facilitates apoptosis. They showed that nitrosylation of the proteins was mediated by Foxo1. Foxo1-mediated nitrosylation of caspase 3 resulted in increased cell death under HG conditions (84).



Autophagy and Its Epigenetic Regulation

Autophagy is a physiological process that removes or recycles damaged cell components such as organelles, proteins, and metabolites from the cell. It is an important process to maintain cell homeostasis. Both repression and augmentation of autophagy have been reported in diabetic hearts and HG-exposed cardiomyocytes (85–87). Mellor et al. reported increased autophagy (LC3B-II: LC3B-I ratio) in hearts of fructose-fed diabetic mice, suggesting myocardial autophagy activation in DbCM (88). However, Xie et al. reported repressed cardiac AMPK activity and autophagy in OVE26 diabetic mice (89). To date, there is no unequivocal consensus on the role of myocardial autophagy in the pathophysiology of DbCM. A recent review on autophagy in diabetic heart showed that autophagy might act as a double-edged sword, with initial activation helping in the removal of damaged mitochondria, peroxisomes, and protein aggregates and improving antioxidant mechanisms through the activation of antioxidant transcription factors such as nuclear factor erythroid 2-related factor 2 (Nrf2). However, this increased autophagy in the cell may result in self-digestion and enhanced reactive oxygen species (ROS) generation, causing cardiac damage (87).

Few reports suggest that miRNAs may regulate diabetes-induced autophagy. Chen et al. reported that circulatory miRNA-30c levels were highly reduced in patients with DM. Similar results have been found in an animal model of diabetes and cardiomyocytes. It was observed that miR-30c directly regulates Beclin-1 expression. Thus, downregulation of miR-30cenhanced autophagy by increasing proautophagic Beclin-1 expression in diabetic hearts. Further, miR-30c directly regulates Beclin-1, thus controlling autophagy in DM (90).

There are a few studies suggesting the involvement of LncRNAs in DbCM. Feng et al. showed a marked increase in expression of LncRNAs, DCM-related factor (DCRF) in DbCM in the diabetic mice model (91). They showed that DCRF increased cardiomyocyte autophagy by sponging miR-551b-5p, thereby increasing protocadherin 17 (PCDH17) expression (89). Similarly, Zhou et al. reported decreased expression of LncRNA H19 in DbCM. They observed that LncRNA H19 regulates GTP-binding protein Di-Ras3 (DIRAS3) expression and promotes mTOR phosphorylation, thus inhibiting autophagy in DbCM (92).



Pyroptosis and Its Epigenetic Regulation

Pyroptosis or inflammation-induced cell death has been shown to contribute to increased cardiomyocyte cell loss in DbCM (93). miRNA-30d promoted cardiomyocyte pyroptosis in hyperglycemic conditions by repressing Forkhead box O3 (Foxo3a) and its downstream effector activity regulated cytoskeleton-associated protein (ARC), an apoptotic repressor leading to caspase-1 activation and increasing proinflammatory molecules (94). Jeyabal et al. have also reported that miRNA-9 may have a role in HG-induced cardiomyocyte pyroptosis (95). They showed that expression of miRNA-9 was significantly decreased in HG-treated cardiomyocytes in vitro and in human diabetic hearts in vivo. The proinflammatory ELAV-like protein 1 (ELAVL1) was shown to be the target protein of miRNA-9. The authors reported that upregulation of miRNA-9 attenuated HG-induced cardiomyocyte pyroptosis by downregulating ELAVL1 expression, indicating that miRNA-9 has an antiapoptotic role in diabetic hearts (95).




Epigenetic Regulation of Mitochondrial Dysfunction in DbCM

Mitochondria play a vital role in the maintenance of cardiac function and metabolism. Loss of mitochondrial function is implicated in DbCM (96). In adult cardiomyocytes, oxidative phosphorylation is the major source of intracellular ATP production in mitochondria. During DM, there is a switch in the ATP production pathway from glucose to FFA oxidation in mitochondria (97). This impaired oxidative phosphorylation increases mitochondrial ROS generation (98). Further, faulty Ca2+ flux in mitochondria leads to apoptosis in cardiomyocytes (99). This dysregulated Ca2+ flux also induces permeability in mitochondrial membranes, resulting in increased cardiomyocyte autophagy (100).

MicroRNAs have a significant role in fatty acid metabolism in the diabetic heart tissues. miRNA-133a levels were decreased in the cardiac tissue of the diabetic murine model (43). Mechanistically, miRNA-133a controls the CD36 expression by directly regulating testicular protein 4 (101). This explains the increase in CD36 expression in diabetic rat hearts (102). Peroxisome proliferator-activated receptor alpha (PPAR-α) regulates the oxidation of fatty acids in cardiomyocytes (103). miRNA-29a directly regulates the coactivator of PPAR-α (104). It was also reported that miRNA-29a levels are decreased in diabetic rat hearts, and this explains the increased fatty acid oxidation mediated by PPAR-α (105). In another study, it was reported that miRNA-210 levels are 2.5 folds higher in human diabetic failing hearts compared with non-diabetic failing hearts (106). miRNA-210 is a direct regulator of ISCU1/2, iron sulfur complex protein, which drives the electron transport chain (ETC) by regulating the function of aconitase and complex I (107). Another group reported that there is an increase in miRNA-141 levels in type 1 diabetic hearts (108). miRNA-141 regulates inorganic phosphate transport in the mitochondria by regulating the solute carrier family 25 members 3 (SLC25A3), this, in turn, affects the ATP synthesis in mitochondria (108). Similarly, miRNA-378 that negatively regulates ATP synthase was found to be elevated in interfibrillar mitochondria in streptozotocin-induced diabetic hearts of mice (109). All studies suggest that miRNAs are important players in mitochondrial function and energy metabolism in the diabetic heart.

Histone modifiers such as deacetylases and acetyltransferases regulate global acetylation levels in various physiological states of the cell. They maintain homeostasis by acetylation or deacetylation of histone substrates (110). It was reported that increased HDAC activity leads to myocardial ischemia mediated by Foxo3a/Bim in the diabetic heart (111). Well-known cardiac protector resveratrol reduces mitochondrial dysfunction through regulation of SIRT1 activation in a murine model of DM and increased histone deacetylation of PGC-1α (112, 113). In the murine model of DM, HDAC inhibition resulted in elevated expression of cardiac PPAR-α and resulted in reduced expression of peroxisome proliferator-activated receptor gamma (PPAR-γ), suggesting the role of HDAC abrogation in regulating the fatty acid oxidation in DbCM (114).



Mitochondrial Oxidative Stress and Its Epigenetic Regulation in DbCM

Oxidative stress plays a crucial role in the pathogenesis and progression of DbCM by increasing insulin resistance in cardiomyocytes (Figure 2). During oxygen metabolism in mitochondria, ROS is produced as a by-product (97). Under abnormal conditions such as insulin resistance and HG, there is an increase in NADH in the mitochondrial respiratory chain leading to shunting of ETC at complex III and leading to tremendous ROS production (115). High NADPH oxidase activity is seen in cardiomyocytes of patients with obesity and cardiac insulin resistance (31). This increase in NADPH oxidase activity led to increased ROS generation. In DbCM, ROS levels also get elevated because of increased xanthine oxidase activity and NO synthase uncoupling (116). Mitochondrial dysfunction leads to increased ROS accumulation. Major ROS determinants are hydrogen peroxide, hydroxyl radical, superoxide molecules, and reduced oxygen in patients with DbCM (116–118).
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FIGURE 2. The molecular mechanisms interactome in the pathophysiology of diabetic cardiomyopathy (DbCM). AGEs, advanced glycation end products; LV, left ventricle; ROS, reactive oxygen species.


Several miRNAs such as miRNA-1, miRNA-19b, and miRNA-144 have been associated with oxidative stress (34, 41). It was shown that miR-1 levels decrease in cardiomyocytes treated with high glucose and treatment with N-acetylcysteine (NAC) leads to the rescue of cardiac phenotype proving the role of miRNA in oxidative stress-dependent DbCM (119). Similarly, miRNA-144 levels were found to be downregulated in hyperglycemic conditions. miRNA-144 is shown to regulate ROS levels directly through Nrf2 expression (41). Moreover, an increase in miRNA-141 in type I diabetic mice heart inhibited mitochondrial phosphate carrier (Slc25a) resulting in increased ROS and decreased mitochondrial ATP generation (108). Additionally, miRNA-210 has been reported to regulate mitochondrial metabolism by targeting the molecules involved in the ROS generation (120). Another report suggests that miRNA-373 levels were decreased in DbCM due to glucose-induced oxidative stress-mediated cardiac hypertrophy (121).

Few lncRNAs have been reported to regulate diabetes-induced oxidative stress. LncRNA H19 was shown to be downregulated in diabetic rat hearts, and enforced overexpression leads to attenuation of oxidative stress and thus, in turn, alleviates the LV dysfunction (73).

Epigenetic modulators such as histone DNA deacetylases have been also found to play an important role in oxidative stress-mediated pathophysiology of DbCM. Kumar et al. reported that dysregulated SIRT1 and methyltransferase 3b (Dnmt3b) activity resulted in increased histone H3 acetylation and CpG demethylation at the p66Shc (prooxidant adaptor protein) promoter in diabetes-induced vascular oxidative stress (122, 123). Similarly, Mortuza et al. looked into the mechanisms that decreased SIRT1 activity and suggested the role of SIRT1 and FOXO1 axis in ROS-mediated stress (124).



Electrical Remodeling and Its Epigenetic Regulation in the Progression of DbCM

Structural cues such as cardiac remodeling (fibrosis and hypertrophy) lead to functional abnormality (altered electrical activation) ultimately leading to electrical remodeling of the heart during HF. Electrical remodeling is characterized by compensatory or maladaptive prolonged disturbances in ion channels that might be reversible or irreversible, respectively. The remodeling of the electrical conduction system is considered to be the main reason for lethal arrhythmias (125). There are various etiologies of CVDs but delay in cardiac action potential repolarization is a common mechanism of electrical remodeling (125–127). Most electrophysiological studies suggest that a dip in the K+ currents plays a key role in electrical remodeling (126–129). There is experimental evidence suggesting that alterations in glucose metabolism in cardiomyocytes led to the remodeling of various channels in the ventricle. It will be interesting to learn that how the K+ channel gets altered in DM. Mechanisms behind the upregulation of K+ channel activity in cardiomyocytes of patients with DbCM have derailed insulin signaling and glucose utilization. It was shown in the streptozotocin-induced DM murine model that insulin treatment is quite promising in achieving the normal transient outward current (129–131).

In the case of DbCM (induced by type I or type II diabetes), prolonged QT is seen (132–135), increasing the risk of ventricular arrhythmia (136, 137). At the molecular level, this lengthening of the action potential is mainly driven by deregulated expression of various ion channel proteins and their properties (138–140).

Recently, it was found that epigenetic regulators such as miRNAs also participate in myocardial electrical remodeling (141). The expression of voltage-gated potassium channel Kv4.2 is regulated by miR-301a in diabetes (141). Overexpression of miRNA-29 in the diabetic murine model led to structural damage in the heart (142). In another study using a murine model of diabetes, it was seen that an increase in miRNA-141 levels affects ATP production by decreasing mitochondrial phosphate transport (108).

Various studies have underscored the role of HDACs in the regulation of ion channel expression but their exact function still needs to be elucidated. One such study elucidates the regulation of sodium–calcium exchanger (NCX)1 by HDAC5. The NCX1 is involved in Ca2+ efflux out of the cells and its expression is regulated by NK2 homeobox 5 (NKX2.5). It is involved in the recruitment of HDAC5 to the NCX gene promoter (143). Another study showed that acetylation of NKX2.5 increases its interaction with HDAC5, whereas deacetylation of NKX2.5 increases its affinity toward the p300 complex (144). Epigenetic regulation of HDACs affects Ca2+ flux in cardiomyocytes (145). In this study, the authors reported that the N-terminal of HDAC4 inhibits MEF2 activity, resulting in reduced expression of nuclear orphan receptor NR4A, suppressing the hexamine biosynthetic pathway (145). HDAC2 was downregulated in the porcine model of HF, affecting the potassium channel and prolonging the QT interval (146), leading to inhibition of HDAC2 and affecting the action potential. Inhibition of HDACs using class I inhibitor entinostat is a plausible therapeutic modality for HF that reduces the electrical and structural remodeling in HF (147).



Histone Deacetylases Inhibitors: A Prospective Therapeutic Modality for DbCM

Histone deacetylases are molecules with pleiotropic function and are involved in crucial homeostatic processes such as proliferation, cell death, and cell cycle. HDAC inhibitors (HDACIs) specifically block Zn2+-dependent HDAC enzymes involved in histone acetylation. Recently, the US FDA has approved HDACIs for cancer treatment in clinics (148). Moreover, few reports suggest that regulation of histone acetylation is a promising strategy for the treatment of cardiovascular disease in the preclinical model (149). HDACIs are divided into five categories based on their structure:

A) Hydroxamic acid derivates: (e.g., panobinostat, trichostatin A)

B) Short-chain fatty (aliphatic) acids (e.g., valproic acid (VPA), sodium butyrate)

C) Cyclic peptides (e.g., romidepsin)

D) Benzamides (e.g., entinostat)

E) Sirtuin inhibitors

These HDACIs have been approved by US FDA (150–152). To date, HDACIs are not used in clinical trials for fibrotic diseases, but they have been used in cardiac and lung fibrosis (153–155). The major player in the fibrotic condition is the transition of fibroblast into myofibroblasts (156). There are studies suggesting that HDACIs have reversed myofibroblasts activation in animal models of HF. VPA combated fibrosis in the hypertension murine model by regulating the acetylation of corticoid receptors (157). In the pressure overload mice model, VPA abrogated cardiac remodeling (158). VPA also ameliorated cardiac fibrosis by regulating the ERK1/2 phosphorylation (159). A recent study demonstrated that VPA decreased the remodeling process, therefore leading to the onset of atrial fibrillation (160). Similarly, pan-HDACIs also showed antifibrotic activities, MPT0E014 decreased the expression of Ang II and TGF-β receptors in a murine model of cardiomyopathy (161). Mocetinostat downregulated the expression of HDACs in an HF model mechanistically by increasing apoptosis and reducing the myofibroblast phenotype (162). HDAC6 silencing or inhibition using tubacin reduced the TGF-β1 expression and, thus, decreased cardiac fibrosis (163). There is a need for more comprehensive studies looking into the potential of selective HDACIs for DbCM treatment.




CONCLUSION AND FUTURE PROSPECTIVE

Diabetic cardiomyopathy is a pleiotropic metabolic disease, with complex etiology and cumulative effects of crosstalk between genetic and epigenetic factors. The diabetic milieu has several inducers of cardiomyopathy such as ROS-mediated oxidative stress, hyperglycemic conditions, cytokines-mediated inflammation, cell death (apoptosis, autophagy, and pyroptosis), and epigenetic regulation of the dysregulated molecular pathways induced by these mediators. Epigenetic modifications range from deregulated ncRNAs (miRNAs and lncRNAs), histone modifications (acetylation and methylation), and DNA promoter methylation, which regulates the expression of important molecules of various pathways mediating DbCM. In summary, previous studies showed that interaction between environmental and genetic factors strongly determine the pathogenesis of DbCM through epigenetic changes in cellular signaling pathways (Figure 3).


[image: Figure 3]
FIGURE 3. The crosstalk between epigenetic modulators and various mechanisms of DbCM. miRNAs, microRNAs; lncRNAs, long non-coding RNAs; HDACs, histone deacetylases; HMTs, histone methyltransferases; DNMT, DNA methyltransferases.


The past decade has shown that miRNAs and lncRNAs are important regulators of major molecular pathways such as cell death, oxidative stress, mitochondrial dysfunction, and electrical remodeling (Tables 1, 2). Cardiac fibrosis is an important phenomenon of the cardiac remodeling process in DbCM. There is substantial evidence that epigenetics plays a major role in diabetes-associated cell death. Epigenetic regulatory mechanisms such as histone changes, DNA methylation, miRNAs, and non-coding RNAs regulate cardiac cell death in the diabetic milieu. Similarly, other mechanisms such as mitochondrial dysfunction, oxidative stress, and electrical remodeling are also regulated by miRNAs and by HDACs. The elucidation of these epigenetic mechanisms can provide newer therapeutic strategies for the DbCM. miRNAs and lncRNAs have shown translational potential as diagnostic and prognostic biomarkers and therapeutic modalities for DbCM. It was also shown that HDACs are important regulators in the pathophysiology of DbCM. Inhibition of HDACs using inhibitors has shown promising data in the context of cardiac fibrosis. We have presented a detailed discussion on HDAC inhibitors as promising therapeutic targets for DbCM. However, there is a need to investigate regulatory mechanisms such as chromatin modifications and circular RNAs as contributors to DbCM.


Table 1. Deregulated miRNAs in diabetic cardiomyopathy (DbCM).
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Table 2. Deregulated lncRNAs in DbCM.
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With the advancement in genomics and molecular biology techniques, such as transposase-accessible chromatin (ATAC) sequencing, deep sequencing, and ChIP-sequencing, high-throughput data on DNA methylomes can be generated. This genome-wide data will provide a comprehensive picture of DbCM. The information, thus, acquired will help to understand the role of epigenetic modulators in DbCM in a pathway-specific manner. This review aims to help in understanding the role of various epigenetic factors in conjunction with specific pathways in DbCM.
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Diabetic cardiomyopathy (DCM) is a severe complication of diabetes developed mainly in poorly controlled patients. In DCM, several clinical manifestations as well as cellular and molecular mechanisms contribute to its phenotype. The production of reactive oxygen species (ROS), chronic low-grade inflammation, mitochondrial dysfunction, autophagic flux inhibition, altered metabolism, dysfunctional insulin signaling, cardiomyocyte hypertrophy, cardiac fibrosis, and increased myocardial cell death are described as the cardinal features involved in the genesis and development of DCM. However, many of these features can be associated with broader cellular processes such as inflammatory signaling, mitochondrial alterations, and autophagic flux inhibition. In this review, these mechanisms are critically discussed, highlighting the latest evidence and their contribution to the pathogenesis of DCM and their potential as pharmacological targets.
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INTRODUCTION

Diabetic cardiomyopathy (DCM) is one of the most severe complications of diabetes. DCM is phenotypically defined as the structural or functional changes of the heart occurring in a diabetic patient independent of other comorbidities such as hypertension, coronary disease, and valvular disease as well as independent of other conventional cardiovascular risk factors. Although the mentioned DCM definition is clear, the specific phenotyping of diagnosed patients is still a matter of discussion mainly due to the potential difference in clinical features among patients. An example of this could be the reported differences in the DCM clinical presentation for the South Asian population in respect to Europeans. Although diastolic impairment expressed as reduced E/A ratio (comparison between the early and late trans mitral flow) was similar, differences in hypertrophy expressed as left ventricular mass and myocardial lipid content were found (1, 2). Another fact pointing in the same direction is that poorly controlled DCM can progress to heart failure (HF). Furthermore, DCM can be featured by either the systolic or diastolic dysfunction, thus generating the so-called HF with reduced ejection fraction or HF with preserved ejection fraction, respectively, causing a substantial detriment to the patient's quality of life (3).

For the clinical presentation, the heart-related data obtained from preclinical animal models of diabetes are also a matter of discussion. One common strategy for generating a type 1 diabetes mellitus (T1DM) model is to induce pancreatic damage using streptozotocin (STZ). At the same time, the most usual approach to develop a T2DM model is to feed animals with a high-fat diet (HFD). HFD and STZ can be used together to mimic T2DM with a stronger hyperglycemic component because of a strong reduction in STZ-induced insulin secretion. Finally, several genetic models of obesity and T2DM, i.e., db/db mice, ob/ob mice, are also used (4).

Considering a variety of models of T1DM and T2DM, the difference in their etiologies generates different functional outcomes in DCM (5). Insulin may play a causal role in the difference. Myocardial insulin signaling in both types of diabetes is quite different as T1DM is characterized by insulin deficiency and T2DM is characterized by insulin resistance. However, in both types of diabetes, a key factor for preventing the progression of DCM to HF is an adequate glycemic control (6). Therefore, despite the different etiologies of both diabetes, several shared molecular alterations are taking place in the myocardium that will be presented as follows.

The aforementioned heterogeneity in the clinical presentation and in the preclinical models of DCM is also projected into the myocardial molecular and cellular physiopathology. Several molecular alterations, such as increased production of reactive oxygen species (ROS), chronic inflammation, fibrosis, mitochondrial dysfunction, autophagic flux inhibition, altered metabolic pathways, altered insulin signaling, cardiomyocyte hypertrophy, and increased myocardial cell death, among others, are described (7). Despite a variety of factors listed earlier, many of them could be subordinated as complementary mechanisms or consequences of broader cellular alterations. However, the approaches that intervene in some of these features, particularly inflammatory signaling, mitochondrial alterations, and autophagic flux, have been described, and hence modifies the DCM phenotype. Therefore, in this review, we focused on the last three mechanisms to outline an updated view of the key mediators in the pathophysiology of DCM. A particular focus is made to propose pharmacological targets to treat DCM. To this aim, we extensively reviewed the data mainly derived from preclinical models, identifying the novel molecular players in the DCM pathophysiology, which have been successfully intervened to achieve the goal of attenuating or improving the DCM phenotype in a structural or functional fashion. The mediators that met the mentioned criteria were considered as pharmacological targets, and the interventions on these pathways were considered as possible pharmacological strategies.



INFLAMMATION IN THE PATHOGENESIS OF DCM

Low-grade chronic inflammation is a main contributor to the pathogenesis of DCM. Different DCM-associated stimuli, such as hyperglycemia, hyperinsulinemia, and hyperlipidemia, induce inflammatory signaling pathways, including nuclear factor-kappa b (NF-κB), toll-like receptors (TLRs), inflammasome, and pyroptosis. Also, micro-RNAs (miRNA) and long noncoding RNAs (lncRNA) have been recognized as the regulators of inflammatory signaling in diabetic hearts. Moreover, searching for new targets to modulate the inflammatory response in DCM in cardiomyocytes, fibroblast, endothelium, and vascular smooth muscle cells (VSMCs) has become an interesting research area.


TLRs in the Pathogenesis of Cardiovascular Effects of Diabetes and Its Implications in DCM

Toll-like receptors have been associated with VSMC damage in cellular models of diabetes (8). Additionally, TLR2 and TLR4 are expressed in endothelial cells under diabetes-associated inflammation (9, 10). A T2DM model obtained by feeding LDL receptor-deficient (LDLR−/−) mice with HFD generates large atherosclerotic lesions with increased intimal layer, macrophage, collagen accumulation, and expression of pro-inflammatory cytokines. These alterations are strongly reduced by using the TLR4 antagonist Rhodobacter sphaeroides LPS (Rs-LPS) (11). Another inhibitor of TLR4, TAK242, a cell-permeable cyclohexanecarboxylate that directly binds to the Cys747 residue of TLR4 reduces infarct size, edema, hemorrhagic transformation index, and excess hemoglobin. These effects were described in a STZ plus HFD diabetes model, which was subjected to an induced neurovascular injury (12). Also, the viral inhibitory peptide (VIPER), a specific TLR4 blocker, has cardioprotective effects improving diastolic function in a rat model of hypertension induced by angiotensin II (13). Furthermore, in rat VSMC, saturated free fatty acids (FFAs), such as palmitate, activates TLR4 signaling pathway, triggering an inflammatory response, assessed as an increase in monocyte chemoattractant protein 1 (MCP-1) expression (14). Moreover, in human VSMCs, palmitate induces IL-8 expression through the activation of TLR4-NF-κB signaling (15), and also induces apoptosis and oxidative stress through TLR4 pathway (8).

In primary cultured aortic endothelial cells, the depletion of TLR-2 using siRNA prevents the palmitate-induced attenuation of insulin signaling, evaluated as Y612 phosphorylation of insulin receptor substrate 1 (p-IRS1-Y612), and blunted insulin-induced endothelial nitric oxide synthase (eNOS) phosphorylation (16). A similar phenomenon is described in wild-type mice fed with HFD for 10 weeks (16). Moreover, in TLR2-KO mice, the insulin-induced mesenteric artery vasorelaxation is unchanged even when fed with HFD (16).

On the other hand, high glucose also induces the TLR2 and TLR4 expression in human macrovascular aortic endothelial cells (HMAECs). This effect is prevented by ROS inhibitors such as N-acetyl cysteine or apocynin (17). Exposure of VSMC to high glucose also triggers TLR4 signaling by increasing the protein level and activity of TLR4, myeloid differentiation factor 88 (MyD88), and NF-κB, augmenting intracellular ROS production. The same findings are found in mesenteric arteries from STZ-induced diabetic rats (18).

In the heart of diabetic mice (STZ and db/db models), Wang et al. showed that advanced glycation end products (AGEs) induce the formation of a complex between myeloid differentiation 2 (MD2) and TLR4. Activated TLR4 triggers a signaling cascade that increases cytokine levels responsible for the development of DCM (19). In neonatal rat cardiomyocytes, oxidized low density lipoproteins (ox-LDL) also induce TLR4 and NF-κB-dependent apoptosis (20). Moreover, global silencing of TLR4, using a systemic administration of TLR4 siRNA, prevents a decline in the systolic function and the ventricular remodeling reported for STZ-treated mice (21). Therefore, TLRs can be considered as a molecule of interest in the pathophysiology of DCM. Although the specific cardiac effects of TLRs are still under investigation, more research is required to clarify the fundamental role of TLRs in the development of DCM. From a pharmacological point of view, it will be interesting to assess whether TLR inhibitors are safe and effective in preventing DCM in several animal models of diabetes.



Inflammasome Complexes in the Pathogenesis of DCM

Inflammasome complexes are composed of a receptor that is activated by pathogen-associated molecular patterns (PAMPs) or damage-associated molecular patterns (DAMPs), an adaptor protein, and effectors that initiate the inflammatory signaling (22). Nucleotide-binding oligomerization domain, leucine-rich repeat, and pyrin domain-containing protein (NLRP) subfamily are the receptors characterized by a pyrin-containing domain involved in the inflammasome formation. After the binding of PAMPs or DAMPs to NLRPs, the pyrin domain interacts with the pyrin domain of the apoptosis-associated speck-like protein (ASC), which activates bound pro-caspase-1 to caspase-1, leading to the secretion of IL-1β and IL-18, or pyroptosis activation (22).

NLRP3 inflammasome is activated in HFD + STZ diabetic rats (23), where there is an increase in NLRP3, ASC, pro-caspase-1, caspase-1, pro-IL-1β, and IL-1β protein levels (23). The expression of sirtuin 3 (SIRT3), a protein member of class III histone deacetylases dependent on nicotinamide adenine dinucleotide (NAD+), is decreased in the myocardial samples of STZ-induced diabetic mice, affecting cell energy metabolism and activating NLRP3 inflammasome. The SIRT3 KO animals display ventricular diastolic and systolic dysfunction, and necroptosis. Interestingly, cardiac dysfunction is prevented by inhibiting the NLRP3 inflammasome activation (24). The inhibition of miR-223, a miRNA expressed in diabetes, downregulates the markers of inflammation (NLRP3), fibrosis (collagens I and III), and apoptosis (caspase-3 and Bax), attenuating the cardiac effects as well in the systolic function and ventricular remodeling of STZ-induced diabetes (24). The same effect is obtained by metformin. In hearts from STZ-treated mice, metformin inhibits the increases in NLRP3, caspase-1, and IL-1β in an AMP-activated protein kinase/mammalian target of rapamycin (AMPK/mTOR-) dependent manner (25). Melatonin reduces cardiac fibrosis and improves cardiac systolic function in diabetic mice via inhibiting lncR-MALAT1/miR-141-mediated NLRP3 inflammasome activation (26). Another widely used treatment for T2DM is the combination of sodium-glucose cotransporter-2 inhibitors (SGLT2i) with dipeptidyl peptidase-4 (DPP-4) inhibitors (27). The treatment with dapagliflozin (an SGLT2i) and saxagliptin (a DPP-4 inhibitor) has an additive effect on the cardio protection of BTBR ob/ob diabetic mice by decreasing NLRP3 protein levels (28). In BTBR ob/ob mice, the combination of dapagliflozin with ticagrelor (P2Y12 receptor antagonist) also reduces cardiac hypertrophy, apoptosis, inflammation, fibrosis, and NLRP3 inflammasome markers associated with DCM (29).

Gypenosides (Gps), the main active compound in the herbaceous plant Gynostemma pentaphylla Makino, decrease the NLRP3 inflammasome activation in hearts from STZ + HFD-treated rats and exerts anti-inflammatory properties improving myocardial histological changes associated to DCM although there is a lack of cardiac functional data associated with the treatment (30). Visceral adipose tissue-derived serine protease inhibitor (vaspin) decreases NLRP3 levels in an autophagy-dependent mechanism in STZ-induced diabetes model, associated with the improvement of a systolic function (31). Finally, rosuvastatin, a 3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitor, can alleviate the consequences of diabetes in rat hearts through the downregulation of NLRP3 (32). Other modulators of NLRP3 expression in STZ-treated diabetic rats are Spleen tyrosine kinase (SYK) and c-Jun N-terminal kinase (JNK). The treatment with the JNK inhibitor (SP) and the SYK inhibitor (BAY61-3606) inhibits NLRP3 activation in cellular models (33).

Another subfamily of the inflammasome complex is absent in melanoma 2 (AIM2), a protein that participates in inflammasome formation in the presence of cytoplasmic DNA (34). AIM2 is increased in the heart from STZ rats, and AIM2 knockdown attenuates cardiac hypertrophy accompanied by improvements in the diastolic and systolic function (35).

Only a few studies have addressed the activation of NLRP3 inflammasome in human heart samples. Fender et al. showed that right atrial appendages from patients with T2DM display higher levels of PAR4 than nondiabetic atrial tissue, along with an increased abundance of cleaved caspase-1, IL-1β and the plasma membrane pore-forming protein N-terminal gasdermin D, a protein required for IL-1β secretion (36). Immunohistochemistry evaluation of heart tissue samples obtained from the failing human hearts at the time of transplantation shows an increase in caspase-1 expression in human diabetic hearts as compared to nondiabetic heart tissue sections. The increase in caspase-1 expression is associated with a higher infiltration of inflammatory cells into the myocardium of diabetic heart tissues (37). These results suggest that in human hearts, as in animal models, NLRP3 inflammasome is activated in DCM.

Despite a great variety of molecules used in several diabetes animal models to reduce NLRP3/AIM2 inflammasome activation (Figure 1), and hence, to prevent cardiac injury, clinical trials are still required to study the possible benefit of NRLP3 targeted therapies in humans.
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FIGURE 1. Novel inflammatory signaling pathways implicated in diabetic cardiomyopathy (DCM) pathogenesis and its possible pharmacological interventions. Inflammatory signaling has been proposed to be responsible for the development of DCM. It is activated by different pathways, including: (A) nuclear factor-kappa b (NF-κB) signaling activated by toll-like receptor 2 (TLR2), TLR4, and myeloid differentiation 2 (MD2)/TLR4 complex, (B) oxidative stress-induced autophagy, (C) oxidative stress, (D) activation of the NLR by pathogen-associated molecular patterns (PAMPs) or damage-associated molecular patterns (DAMPs). Moreover, some non-coding RNAs are described to (E) positively or (F) negatively regulate the inflammasome NLPR3. On the other hand, possible therapeutical strategies attenuating inflammatory signaling are illustrated as follows: (G) TLR2 depletion using siRNA TLR2 or TLR2-KO. (H) TLR4 depletion using siRNA TLR4 or TLR4-KO, TLR4 antagonist Rhodobacter sphaeroides LPS (Rs-LPS) and TLR4 blocker TAK242 and viral inhibitory peptide (VIPER), (I) decreasing NLRP3 by vaspin in an autophagy-dependent mechanism, (J) the inhibition of NLRP3 by metformin in an AMPK/mTOR-dependent manner, and (K) c-Jun N-terminal kinase (JNK) and spleen tyrosine kinase (SYK) inhibitor, melatonin, gypenosides (Gps), atorvastatin, SLGT2 inhibitor + P2Y12R antagonist, and SGLT2 inhibitor + DPP4 inhibitor.




Pyroptotic Cell Death in the Pathogenesis of DCM

Many of the studies have linked the different types of cell death to the development of DCM. Within the inflammatory context, the different types of programmed necrosis predominate, including pyroptosis (26, 38, 39). Several pharmacological interventions have been tested in DCM models (40). Exendin-4, an analog of the incretin GLP-1 used to treat diabetes, prevents the systolic dysfunction in HFD-fed mice, also reduces the markers of pyroptosis, such as caspase-1 activation and IL-1β and IL-18 release, in mice cardiomyocytes exposed to high glucose (33). Chemerin is an adipokine that is upregulated in obesity and diabetes and has been associated with cardiovascular disorders (41, 42). Chemerin and its receptor CMKLR1 are increased in the cardiac tissue of HFD + STZ rats, along with the markers of pyroptosis, such as NLRP3, cleaved caspase-1, and IL-1β (43). CMKLR1 knockdown reduces pyroptosis markers in the heart tissue of diabetic rats and reduces cardiac fibrosis and hypertrophy associated with an improvement in cardiac systolic and diastolic function (43).

In diabetic hearts, noncoding RNAs are described as the regulators of pyroptosis. Using neonatal rat cardiomyocytes treated with high glucose and hearts from STZ + HFD mice, Li et al. demonstrated the presence of pyroptosis, which was mediated by the upregulation of micro-RNA-30d (miR-30d) (44). miR-30d directly represses the expression of FoxO3, which in turn mediates the expression of an apoptosis repressor with caspase recruitment domain (ARC), an endogenous inhibitor of caspase activation. The consequent decrease in ARC levels in these DCM models activates caspase-1 and the pyroptotic pathway (44). miR-214-3p, which targets caspase-1, is also downregulated in diabetic mice and in human cardiomyocytes exposed to a high-glucose (HG) medium, leading to increased levels of caspase-1 and the activation of pyroptosis (45–47). A minimum of two noncoding RNAs endogenously regulate this microRNA, lncRNA Kcnq1ot1 (46, 47), and caspase-1-associated circular RNA (CACR) (45). These two noncoding RNAs are competitors for miRNA binding, generating a miRNA sponge effect. Kcnq1ot1 is upregulated in the serum of diabetic patients. Silencing this lncRNA reduces pyroptosis both in vitro and in vivo and ameliorates the systolic dysfunction in diabetic mice (46, 47). Similarly, CACR is also upregulated in HG-treated cardiomyocytes and serum of diabetic patients. Knockdown of CACR in cardiomyocytes reduces both caspase-1 activation and pyroptosis (45). Another example is miR-34b-3p, which is markedly upregulated in a DCM mice model. miR-34b-3p targets the aryl hydrocarbon receptor (AHR), a negative regulator of NLRP3 inflammasome and pyroptosis (48). miR-34b-3p also has an endogenous regulator, the lncRNA GAS5, whose expression is strongly diminished in the hearts of diabetic mice (48). Furthermore, the overexpression of GAS5 reduces pyroptosis markers in the heart tissue and improves a systolic function (48). miR-9 also regulates pyroptosis in the diabetic heart (37). This miRNA is markedly downregulated in human diabetic hearts and HG exposed human cardiomyocytes, leading to the increase of its target, the ELAV-like protein 1 (ELAVL1) (37). ELAVL1 is an RNA-binding protein that stabilizes mRNAs of inflammatory genes, including NLRP3 and caspase-1, causing increased IL-1β production in the cardiac tissue (37). Accordingly, human cardiomyocytes transfected with miR-9 mimics reduced ELAVL1, caspase-1, and IL-1β expression (37).

In total, these studies show that caspase-1-induced pyroptosis in the heart may be an essential mediator of DCM pathogenesis (Figure 1) and could be regulated by noncoding RNAs, offering new therapeutic targets for treating this disease.



MiRNAs as Regulators of DCM and Its Inflammatory Features

In addition to the role of the abovementioned miRNAs in cardiac pyroptosis, other miRNAs have been described to regulate the different aspects related to inflammation in DCM (49). miR-675, along with its precursor lncRNA H19, is downregulated in STZ rats and neonatal rat cardiomyocytes exposed to high glucose (50). miR-675 targets the mitochondrial protein VDAC, which is increased in the diabetic model, leading to apoptosis of cardiomyocytes. The overexpression of H19 normalizes VDAC levels to reduce apoptosis, inflammation, and oxidative stress of cardiac tissues and improves cardiac systolic and diastolic function (50). Cardiac levels of miR-146a are also decreased in STZ-treated mice, specifically in endothelial cells, but not in cardiomyocytes (51). Endothelial-specific overexpression of miR-146a in diabetic mice reduces inflammatory markers such as IL-6, IL-1β, TNF-α, and p65-NF-κB, reducing cardiac fibrosis and diastolic dysfunction (51). Furthermore, a downregulation of miR-181a-5p, due to its regulator KCNQ1OT1, in both HG-cultured cardiomyocytes and STZ-treated mice is observed. However, its overexpression decreases inflammatory cytokine levels, myocardial apoptosis, and fibrosis in vivo, thus improving the DCM phenotype.

Cardiac fibrosis is also a characteristic of DCM, where cardiac fibroblasts show an activated phenotype with a greater production of extracellular matrix, a process regulated by the TGF-β1 and Smad2/3 signaling pathway. Neonatal cardiac fibroblasts exposed to a HG medium show increased TGF-β1 signaling and the production of collagens I and III with a parallel increase in miR-150-5p levels (52). miR-150-5p reduces Smad7 expression, a protein that binds to a TGF-β1 receptor and prevents the activation of a Smad2/3 pathway. Silencing miR-150-5p in cardiac fibroblast restored Smad7 levels and prevented the increase in pro-fibrotic and pro-inflammatory markers in vitro (52). miR-223 has also been associated with cardiac inflammation and fibrosis in STZ-induced diabetic rats (24). The silencing of miR-223 reduces fibrosis, NLRP3 expression, and apoptosis and ameliorates cardiac function in diabetic rats (24).

Menopause has been shown to aggravate DCM in women. To simulate postmenopausal estrogen deficiency in older diabetic women, Jia et al. treated ovariectomized (OVX) mice with STZ. A worsening of cardiac function compared to mice subjected to STZ alone is found (53). This cardiac dysfunction is associated with an imbalance between pro-inflammatory type 1 macrophages (M1) and anti-inflammatory type 2 macrophages (M2) infiltrated in the heart tissue. miR-155, which has been previously linked to pro-inflammatory imbalance during viral myocarditis (54), is markedly upregulated in OVX/STZ mice (53). Interestingly, the delivery of gold nanoparticles containing antagomiR-155, which are preferentially phagocytosed by macrophages, counteracts M1/M2 imbalance and restores cardiac function, reducing cardiac hypertrophy, fibrosis, and apoptosis of cardiac cells (53).

A 5-year longitudinal study on patients with T2DM, compared with nondiabetic age-matched controls, showed an increase in cardiac hypertrophy associated with a progressive impairment in cardiac strain that was paralleled by the upregulation of miR122-5p (55). The miRNA regulates macrophage polarization (56) and mediates inflammation in a model of acute lung injury induced by lipopolysaccharide (57). Interestingly, miR-208a, described originally to be increased in a mouse model of cardiac hypertrophy (58), also regulates the synthesis of IL-10 in human macrophages (59). The miRNA is increased in atrial samples derived from diabetic patients (60), suggesting a possible cross-regulation between cardiac hypertrophy and inflammation in DCM hearts. Moreover, the use of an anti-miR-208a in Dahl hypertensive rats prevents cardiac remodeling while improving cardiac function (61).

In total, these studies show that various miRNAs regulate different aspects of inflammation in DCM (Figure 1), through the regulation of numerous target genes. In the near future, understanding how these miRNAs act on the pathogenesis of DCM will offer new therapeutic targets for the treatment of this disease.




MITOCHONDRIAL ALTERATIONS IN THE PATHOGENESIS OF DCM

Mitochondria have been a top research topic for decades. Dysfunctional mitochondria are involved in the pathogenesis of multiple chronic diseases from cancer to neurodegenerative disorders, and DCM is not an exception (62). Alterations in mitochondrial substrate utilization and mitochondrial dynamics have been described as pathological features in the diabetic heart (63). Several mitochondrial approaches to revert, prevent, or attenuate the DCM phenotype have been described. In the following sections, updated evidence about interventions targeting mitochondrial processes and their relevance in the DCM pathogenesis will be described.


Mitochondrial Substrate Utilization as a Pathological Feature in DCM

A healthy heart uses fatty acids as the main source of adenosine triphosphate (ATP) (70%). However, cardiomyocytes can also obtain acetyl-CoA from glucose, ketone bodies, lactate, and amino acids (64). Despite the increased availability of glucose due to the DCM-associated hyperglycemia, a decrease or loss in the capacity to oxidize glucose with a subsequent increase of fatty acid utilization is observed. Fatty acid oxidation uses 12% more oxygen than glucose oxidation (64). Left ventricular myocardium from patients with T2DM and nondiabetic patients undergoing coronary artery bypass graft surgery was obtained using subepicardial needle biopsy. The myocardium samples from patients with T2DM have a decreased mitochondrial respiration fueled by palmitoyl-carnitine. Diabetic myocardium also has a diminished activity of hydroxyacyl-CoA dehydrogenase and accumulates more lipid droplets (65). These results suggest that diabetic hearts exhibit a decreased mitochondrial capacity for β-oxidation with increased accumulation of intracellular lipids. This change in substrate utilization is believed to contribute to cardiac hypertrophy, along with ventricular dysfunction, both cardinal characteristics of DCM.

Recently, to promote glucose utilization in a model of diabetes induced by low-dose STZ, Wende et al. developed a mouse model with an inducible cardio-specific expression of GLUT4 (66). Surprisingly, despite the display of increased glucose uptake and utilization using the transgenic model, no improvement in the DCM phenotype is observed. Moreover, GLUT4 induction increases the diastolic dysfunction associated with the decrease of mitochondrial respiratory complex activity by O-GlcNAcylation (OGA) and reduces the transcript levels of electron transfer chain subunits (66). In STZ + HFD diabetes mice models, hyperglycemia is also associated with reduced cardiac expression of β-hydroxybutyrate-dehydrogenase (BDH1) and succinyl-CoA:3-oxoacid CoA transferase (OXCT1) due to OGA. This phenotype is recapitulated by a dominant-negative transgenic mouse for OGA enzyme responsible for OGA removal (67). Reliable and relevant data about OGA and its implications in the diabetic heart suggest that OGA could be targeted to design a protective intervention to prevent DCM. In this context, substantial attenuation of the structural and functional cardiac changes induced by diabetes is obtained by OGA overexpression (68) although its association with increased ketone utilization remains unclear. On the other hand, the overexpression of BDH1 increases ketone utilization by 1.7 folds and displays protective actions on cardiac structural and functional injury induced by transverse aortic constriction (TAC) surgery, suggesting that increasing ketone body uptake could be beneficial beyond DCM interventions (69). However, the link between ketone metabolism and DCM remains to be fully explored (68).

The CANVAS trial, which analyzed the efficacy and safety of canagliflozin (an SGLT2i) in 10,142 patients with T2DM and high cardiovascular risk, reported that SGLT2i significantly reduced cardiovascular risk and decreased hospitalization due to HF (70). Ferrannini et al. (71) analyzed the EMPA-REG OUTCOME clinical study (72) involving patients with T2DM and cardiovascular risk and found that empagliflozin modulated myocardial energy metabolism increasing the ketone body utilization. These ketone bodies are oxidized in preference to fatty acids, improving the efficiency of mitochondrial metabolism and oxygen consumption (71). These researchers propose SGLT2i as cardioprotective agents with hypoglycemic effects, which are beneficial for DCM (71). Furthermore, Li and Zhou summarize the beneficial impact of SGLT2i on DCM in preclinical studies, highlighting its metabolic, anti-fibrosis, and antioxidative functions (73).

Calpains are upregulated in the diabetic heart and directly affect the protein level and activity of ATP synthase (ATP5A1), decreasing mitochondrial ATP synthesis (74). Calpain inhibition increases the activity of ATP5A1, prevents the mitochondrial ROS, reduces cardiac hypertrophy markers, and improves the myocardial function determined by the increased fractional shortening and recovery of E/A ratio (74). Similarly, in STZ-induced diabetes model, the overexpression of calpastatin (endogenous calpain inhibitor) and the knockout capn4, a subunit required for calpain activity, prevents cardiomyocyte apoptosis and ventricular remodeling (75, 76).

In summary, more research is still required to perform pharmacological modulation of mitochondrial metabolism to slow down the progress and development of DCM. Furthermore, based on the recent evidence of ketone glucose utilization by cardiac cells, it remains to fully elucidate whether the metabolic changes are protective adaptations or whether those are the main problems in the pathogenesis of DCM.



Mitochondrial Oxidative Stress in DCM

Augmented ROS production in the diabetic heart is one of the leading factors in the development of DCM. Therefore, the strategies for reducing ROS or increasing antioxidant mechanisms to improve or maintain myocardial function in diabetes are of significant interest (77). There are several sources of cytosolic ROS, including NADPH oxidases (NOX), xanthine oxidases, and uncoupled nitric oxide synthases (NOS), most of which are involved in the development of DCM and have been reviewed previously (78–81). However, mitochondria are the primary sources of cellular ROS, specifically from complexes I and III of the electron transport chain, where the superoxide radical is generated by the transfer of electrons to molecular oxygen (62). Mitochondrial oxidative stress is triggered when the generation of superoxide increases and/or the defense capacity of the antioxidant system decreases (82, 83). Mitochondrial ROS increase in both STZ-induced T1DM and db/db T2DM models, indicating oxidative stress, which is associated with mitochondrial dysfunction, together with HF and DCM (84–86).

Several mechanisms that trigger mitochondrial oxidative stress associated with DCM have been described so far (82). TOM70 is an outer mitochondrial membrane (OMM) translocase that is downregulated in diabetic hearts. Knockdown of TOM70 generates an exacerbated DCM phenotype in db/db mice and increases cytosolic and mitochondrial ROS in vitro in HG/high-fat-treated neonatal mouse cardiomyocytes. Conversely, lentiviral overexpression of TOM70 prevents hypertrophy, fibrosis, and ventricular dysfunction (87). TOM70 participates in the import of several mitochondrial proteins with potential antioxidant effects; however, the mechanism by which TOM70 reduces ROS remains to be fully elucidated.

As mentioned earlier, the diabetic heart exhibits an increase in the oxidation of fatty acids, which leads to mitochondria overload, with the consequent overproduction of ROS (82). Forkhead box protein O 1 (FOXO1) is a transcription factor that participates in the expression of lipid uptake and lipid metabolism-related genes, and it is increased in the heart of genetic (db/db) and HFD-induced diabetes models (88). In STZ-treated mice, FOXO1 indirectly increases NADPH oxidases 4 (NOX4) expression, increasing cytosolic ROS, and increases peroxisome proliferator-activated receptor alpha (PPARα), promoting fatty acid uptake and mitochondrial overload, with a consequent increase in mitochondrial ROS production (89). Accordingly, one study has shown that micro-RNA 30c (miR-30c) is an interesting new therapeutic target for DCM as its overexpression reduces the levels of PGC-1β, which is an important coactivator of PPARα, thus reducing lipid accumulation and ROS production in the heart of db/db mice (90).

Thus, the studies concerning mitochondrial oxidative stress and DCM seem to involve the antioxidant defense systems and the modulation of upstream proteins involved in superoxide formation by the electron transport chain (Figure 2). However, the underlying mechanisms are still being investigated, but they are a growing source for new therapeutic targets for DCM.
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FIGURE 2. Novel differences between healthy and DCM mitochondrial function and its pharmacological targets. (A) Normally, the mitochondria used glucose, lipids, and ketones as the fuel to obtain adenosine triphosphate (ATP) in the oxidative phosphorylation (OXPHOS) according to the necessities of the cell, (B) but in DCM, there is an excess of available fuels, increasing glucose, palmitate, and advanced glycation end products (AGEs) that affect the flexibility in substrate use by the mitochondria triggering mitochondrial dysfunction. This process is evidenced by a lower mitochondrial membrane potential, decreased production of ATP by OXPHOS, and increased reactive oxygen species (ROS). The mechanisms of mitochondrial deterioration in DCM are illustrated as follows: (C) the decrease in OXPHOS activity by O-GlcNAcylation (OGA), (D) the upregulation of calpains in the diabetic heart, (E) the abnormal production of mitochondrial ROS, (F) the production of cytosolic ROS by an increase in the expression of NADPH oxidases 4 (NOX4) indirectly regulated by FOXO1, and (G) the downregulation of TOM70 in the diabetic heart. Thus, therapeutic strategies aiming to improve a mitochondrial function are represented as follows: (H,I) the overexpression of β-hydroxybutyrate-dehydrogenase (BDH1) and Canagliflozin or Empagliflozin to increase the use of ketones, (J) dominant-negative for OGA (O-GlcNAcase DN), (K) inhibition of calpain activity by calpastatin (endogenous calpain inhibitor) or capn4 knockout, and (L) micro-RNA 30c (miR-30c) reduces the proliferator-activated receptor alpha (PPARα) coactivator PGC-1β.




Mitochondrial Dynamics in the Pathogenesis of DCM

Mitochondria are highly dynamic organelles as they perform coordinated cycles of fission (mitochondrial fragmentation) and fusion (mitochondrial elongation) to regulate shape, size, subcellular distribution, and the number of mitochondria per cell (91). These processes, termed as mitochondrial dynamics, allow rapid and transitory morphological changes that regulate mitochondrial function and cellular processes related to apoptosis, metabolism, mitochondrial quality control, cell cycle, etc. (91). Mitochondrial fusion and fission are controlled by specific machinery. During mitochondrial fusion, mitofusins 1 and 2 (MFN1 and MFN2) and optic atrophic protein 1 (OPA1) maintain the fusion of the OMM and the IMM, respectively (91, 92). Mitochondrial fission depends on the recruitment of the Dynamin-related protein 1 (Drp1) GTPase from the cytosol of the GTPase Drp1 to the OMM by different surface receptor proteins. This binding allows the oligomerization of Drp1 and the constriction of mitochondria until the complete division into two-daughter mitochondria (92). The processes of mitochondrial fusion and fission need to be balanced to maintain a healthy mitochondrial population, which is essential for a normal heart function. Therefore, alterations in mitochondrial dynamics are considered to be one of the crucial mechanisms related to the development of DCM (93, 94).

Diabetic cardiomyopathy has been related to a largely fragmented mitochondrial phenotype. Westermeier et al. reviewed different diabetes models to address a direct relationship between mitochondrial fission/fusion and insulin resistance (63). Hyperglycemia induces mitochondrial fragmentation, increases ROS, and activates apoptotic pathways in neonatal rat ventricular myocytes and H9c2 cells. Hyperglycemia-dependent effects are prevented by a Drp1 dominant-negative, DRPK38A, demonstrating the involvement of mitochondrial fission (95, 96).

Recently, it was described in db/db mice models that the proportion of long and short isoforms of OPA1 (L-OPA1/S-OPA1) is decreased (97). The balance of long and short isoforms is necessary for the fusion of IMM. Therefore, an excess of S-OPA1 or a reduction in L-OPA1 prevents mitochondrial fusion. Moreover, Drp1 and Fis1, a Drp1 receptor protein, are also increased in hearts from db/db mice, which agrees with the observed mitochondrial fragmentation phenotype. Furthermore, as mitochondrial ATP production and oxygen consumption are decreased and ROS production is augmented, these mitochondria are also dysfunctional (97). These changes were prevented by feeding the mice with a ketogenic diet, accompanied by an increase in L-OPA1/S-OPA1 ratio, a drop in Fis-1, and no changes in Drp1 (97). Indeed, the restoration of OPA1 function also improves the systolic function in STZ diabetic rats (98). Therefore, the imbalance in mitochondrial dynamics triggered by an alteration in OPA1 contributes to the development of DCM.

Mitofusin 2 has also been shown to be a potential therapeutic strategy for DCM. In neonatal rat cardiomyocytes, PPARα positively regulates the expression of MFN2 by directly binding to its promoter. The expression of PPARα is decreased in cardiomyocytes cultured in high glucose/high lipid (OXO1) media producing a decrease in MFN2 levels and consequently inducing mitochondrial fission leading to mitochondrial dysfunction (99). In vivo, the restoration of MFN2 improved the systolic function and attenuated the diastolic changes associated with DCM (99).

In right atrial myocardium samples obtained from patients with T2DM, MFN1 levels are decreased and myofiber contractibility and oxygen consumption are reduced compared with obese individuals (100). However, this result must be taken cautiously because neither patients with obesity nor T2DM were affected by cardiomyopathy (100). Nevertheless, this result suggests that in the progression of obesity to diabetes, an alteration in mitochondria dynamics and function has taken place.

Therefore, regulating mitochondrial dynamics from the point of view of mitochondrial morphology seems to be an interesting therapeutic target in DCM (Figure 2). Restoring or preventing the downregulation of proteins involved in mitochondrial fusion could normalize the balance between mitochondrial fusion and fission, which is directly related to the improvement in mitochondrial activity and, consequently, in cardiac function.




AUTOPHAGY ALTERATIONS IN DCM

Autophagy is a cellular catabolic process responsible for recycling macromolecules and futile organelles as part of cellular homeostasis. This process is tightly regulated by autophagy-related genes (ATGs) (101). Three types of autophagy are described. Micro-autophagy occurs when proteins are degraded by direct entry into the lysosome. Chaperone-mediated autophagy, a process where proteins with the recognition sequence KFERQ binds to the chaperone 70 kDa heat shock protein (Hsp70) responsible for transporting these proteins to the lysosome in a lysosome-associated membrane protein 2- (LAMP2-) dependent fashion. Finally, macro-autophagy, commonly referred to as autophagy, implicates the formation of a phagophore, which is a nascent two-layered vesicle that encapsulates cytosolic components; the formed phagophore requires to be maturated and finally fused with the lysosome (101–103).

Several pieces of evidence suggest that autophagy dysregulation is involved in the pathogenesis of DCM (102). Most of the data show that autophagic flux is decreased or blunted in the heart of T2DM models and, conversely, increased in some models of T1DM (101, 104). Indeed, regarding T1DM, there is a recent report showing that FoxO1 mediates over-reactive autophagy, which has a causal role in the pathogenesis of DCM in STZ-treated mice. In these animals, the administration of angiotensin IV suppresses the increased autophagy and attenuates the pathological ventricular phenotype (105). It has been proposed that in T2DM, autophagy is a critical factor in the pathogenesis of DCM, while in T1DM, autophagy is a mechanism to limit the glucotoxicity damage in the heart (104). This dichotomy about the role of autophagy in diabetes is still a matter of discussion.


Decreased Autophagic Flux as a Feature of DCM

As described earlier, in STZ treatment-induced T1DM models, the autophagic flux in the heart is induced (104). However, chronic T1DM (6 months) also causes autophagic flux inhibition (106). The same authors reported that cardiomyocyte-specific ATG5 knockout imitates the autophagic inhibition of the long-standing STZ approach and accelerates the progression of the heart dysfunction through a nuclear factor-erythroid factor 2-related factor 2- (Nrf2-) dependent mechanism. Nrf2 knockout rescues the phenotype induced by the deletion of ATG5 gene, concluding that Nrf2 could exert deleterious aberrant signaling once autophagy is inhibited (106). The final results are very interesting as Nrf2 has been proposed to be a therapeutic strategy for DCM due to a plethora of antioxidant and anti-inflammatory genes transactivated by this transcriptional factor (107). To summarize, both T1DM and T2DM are featured by autophagic inhibition but at chronic stages of the disease.

AMP-activated protein kinase is an important sensor of cell energy status (101). AMPK activation by an increase in the AMP/ATP ratio stimulates autophagic flux (101). AMPK activity is inhibited in STZ + HFD-induced T2DM mice. Furthermore, in HFD-fed mice, AMPK activity is slightly inhibited and the decrease in AMPK activity is related to a decrease in autophagic flux, measured by the autophagic marker LC3 II (108, 109). Treatment with sulforaphane, a naturally occurring isothiocyanate in plants, positively regulates the expression of Nrf2 and its downstream genes. This compound prevents diabetes-induced AMPK inhibition associated with an increase in LC3 II (108). On the other hand, in STZ-induced T1DM mice model, the inhibition of autophagic flux by AMPK 6 months after the onset of diabetes is described (106). This finding is also observed in H9C2 cells when autophagic flux is evaluated using a mCherry-Gfp-Lc3 construct (106). All these findings support the idea that autophagy is inhibited in the chronic stages of both T1DM and T2DM (101, 110, 111). Because there is altered energy metabolism and dysfunctional insulin signaling, the accumulation of metabolic substrates produced by hyperlipidemia and hyperglycemia in the chronic stages of TD1M and T2DM can lead to the inhibition of AMPK activity with the consequent inhibition of autophagic flow. However, the use of LC3 II as the only marker of autophagy should be done cautiously (104). In hyperlipidemia-dependent T2DM mice models, such as those generated using HFD, LC3 II is also located on the surface of lipid droplets (112). Therefore, AMPK and LC3 II changes could be related to the selective degradation of lipid droplets in the cytoplasm of cardiac cells rather than associated to autophagosome formation.

Several cardioprotective molecules regulating the autophagic flux in DCM have been described. Lin-28 homolog A (Lin28a) is decreased in high glucose conditions and inhibits the mammalian sterile 20-like kinase 1 (Mst1) (113). Lin28a overexpression activates autophagy in cardiomyocytes (113). Interestingly, the Lin28a-dependent protective effect against high glucose conditions was abolished when autophagy was inhibited by 3-metil-adenine. This data suggest that autophagy is involved in in vitro cardio protection (113). miR34a is upregulated in the myocardial tissue of diabetic patients and mice, leading to DCM (114). Flavanol (dihydromyricetin) and astragaloside-IV (triterpenoid saponin) downregulate miR34a and ameliorate DCM in STZ-treated rats in an autophagy-dependent mechanism (114, 115). Although, in these papers, the exact mechanism by which miR34a affected the autophagic flux was not disclosed, Pang et al. described in other models that miR34a targeted autophagy-related 9 A (ATG9A) (116). miR207 that targets LAMP2 is also upregulated and inhibits the autophagic flux in DCM (117). However, the inhibition of miR207 or the overexpression of LAMP2 for reverting the DCM phenotype is still not examined in vivo (117).

Cardiokines, which are defined as peptides released from the heart (118), are also an emerging topic in DCM. IL-33, a known cardiokine downregulated in the diabetic heart, prevents the onset of diastolic dysfunction in db/db mice through autophagy and endoplasmic reticulum stress-dependent mechanisms (119). Moreover, fibroblast growth factor 21 (FGF21), another cardiokine, prevents the systolic dysfunction associated to DCM in STZ-treated animals (120, 121).

Despite the defective autophagic flux in DCM and the success achieved for some interventions aiming for restoration (Figure 3), it is still a matter of discussion, which are the main molecular targets downregulated among the many proteins participating in the autophagic process. Knowledge about the precise molecular targets could be an invaluable tool for the future development of therapies.
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FIGURE 3. Novel regulations of cellular catabolic pathways in DCM and its therapeutical strategies. The autophagic inhibition plays a critical role in the development and progression of DCM; therefore, different pathological mechanisms and their pharmacological strategies have been described. It can be illustrated as follows: (A) acceleration of cardiac dysfunction progression in type 1 diabetes mellitus (T1DM) with autophagy-related gene 5 (ATG5) KO, (B) the promotion of cardiac dysfunction by mammalian sterile 20-like kinase 1- (Mst1-) inhibited autophagic flow. Lin-28 homolog A (Lin28a) can inhibit Mst1 activating autophagy, (C) the inhibition of autophagic flow by the upregulation of miR-34a in the diabetic heart. As a pharmacological strategy, dihydromethicetin decreases the expression of miR-34a, restoring the impaired autophagy, (D) diabetic heart upregulates miR-207, which inhibits the autophagic flow in an LAPM2-dependent mechanism, and (E) miR-34a could inhibit the autophagic flux by targeting autophagy-related 9 A (ATG9A). Mitophagy, the mechanism by which damaged or defective mitochondria are eliminated, is strongly inhibited in DCM, being considered a pathological feature. For this reason, mechanisms and therapeutic strategies aiming at mitophagy recovery have also been included and represented as follows: (F) the inhibition of mitophagy by bromodomain-containing protein 4 (BRD4) that is restored by JQ1 in a PTEN-induced kinase 1- (PINK1-) dependent mechanism, (G) Mst1 decreases mitophagy using a PARKIN-dependent mechanism by inhibiting sirtuin 3 (SIRT3) expression; therefore, (H) SIRT3 KO reduces mitophagy also in a Parkin-dependent manner, and (I) Mst1 KO to induce mitophagy.


Moreover, according to the preclinical data, an increase of autophagy in human right atrial samples derived from patients with T2DM is also described. Electron microscopy shows a larger number of autophagosomes associated with increased levels of LC3B-2 and Beclin-1 (122). Conversely, a recent report using atrial samples derived from patients with T2DM who underwent cardiopulmonary bypass showed that autophagy was suppressed when compared with the samples from nondiabetic patients, measured using Beclin-1 and ATG4 levels (123). On the other hand, the samples from diabetic HF patients submitted to the left ventricle-assisted device (LVAD) have shown that several autophagic markers such as LC3B, ATG3, and Beclin-1 were upregulated and associated with a decrease in the levels of miR-133a when compared with non-diabetic HF patients (124). Therefore, most of the preclinical and clinical data show that autophagy plays a role in the pathogenesis of cardiac complications of diabetes. However, the controversy of whether it is upregulated or downregulated still remains to be elucidated. Furthermore, the available data have led us to think that the role of autophagy is far more complex than merely a regulation of activation level. It seems to be related to the physio-pathological stage.



Impaired Mitophagy as a Feature of DCM

Mitophagy is a specialized catabolic process aiming to eliminate defective or damaged mitochondria through autophagy. This process is triggered by a decrease in the mitochondrial membrane potential, which stabilizes in the OMM the serine-threonine kinase PTEN-induced kinase 1 (PINK1), which in turn recruits the cytosolic protein E3-ligase Parkin (102). The PINK1/Parkin pathway functions as a molecular tag for the removal of damaged mitochondria. Mitophagy is essential in the maintenance of healthy cardiomyocytes, and defective mitophagy is a feature of several cardiac diseases, including DCM (94).

PTEN-induced kinase 1-Parkin-mediated mitophagy was suppressed in DCM induced by HFD (125, 126). In diabetic mouse hearts, the upregulation of bromodomain-containing protein 4 (BRD4), a member of the BET family of epigenetic regulators, inhibits PINK1/Parkin-mediated mitophagy, triggering the accumulation of damaged mitochondria with the subsequent impairment of cardiac structure and function (125). The inhibition of BRD4 with JQ1 restores mitochondrial function, cardiac structure, and the systolic and diastolic function through a PINK1-dependent mechanism (125). In HFD mice, the deletion of Parkin partially inhibits mitophagy and triggers a worsening of myocardial lipid accumulation and diastolic dysfunction (126). Moreover, the restoration of Sirt3-Foxo3A-Parkin signaling upregulates mitophagy and protects the development of DCM in STZ mice (127). On the other hand, Mst1 can induce DCM in a Parkin-dependent mechanism. Mst1 inhibits Sirt3 expression leading to the downregulation of Parkin, cardiomyocyte mitophagy inhibition, and DCM development (128). Melatonin administration inhibits Mst1 and activates Parkin pathway. This treatment rescues the impairment of cardiac mitophagy and alleviates systolic disfunction associated with DCM (129). The role of Mst1 in the development of DCM is further corroborated in the Mst1 knockout mice. The deletion of Mst1 gene reduces mitochondrial fission and alleviates left ventricular remodeling and systolic dysfunction in diabetic mice (130). Most of the previous studies are conducted using STZ mice models. However, in a db/db mice model, Mst1 knockdown also alleviates cardiac lipotoxicity and inhibits the development of DCM (131). These data suggest that Mst1/Parkin is a common and general mechanism for developing DCM in both T1DM and T2DM. Furthermore, despite the interesting data from animal models (Figure 3), there is a lack of knowledge about the clinical relevance of mitophagy stimulation as a therapy in DCM.




DISCUSSION AND FUTURE PERSPECTIVES

Diabetic cardiomyopathy is characterized by several cellular and molecular features. The low-grade inflammation appears to be central as several experimental anti-inflammatory approaches, particularly involving the TLR4/MD2 pathway, prevent the development of DCM (19). Moreover, systemic interference of TLR4 expression using siRNA also prevents the development of DCM in STZ-treated mice (21). Despite these successful interventions, there are only a few articles linking TLR signaling with the pathogenesis of cardiac diseases. On the other hand, although most of the available data connect the NRLP3 inflammasome with the induction of DCM, probably other inflammasome complexes could also be involved in the DCM physiopathology, i.e., AIM2 inflammasome (35). Therefore, more research is required to clarify the role of all inflammasome complexes and their utility as a target for novel therapies for DCM. The increasing body of evidence, showing the strategies that successfully attenuated DCM by targeting inflammation (Figure 1), has converted this topic into a promising source for pharmacological interventions.

Despite the many functions described for miR presented earlier, other protective miR approaches have also been described in T1DM genetic models using the Akita mice. In these papers, the overexpression of miR-133a improves a systolic function and prevents structural remodeling, suggesting that miR-133a has protective actions in DCM (132, 133). However, it is also important to go deeper into the molecular mechanisms of the protective effects of miR-133a and is necessary to evaluate whether the intervention can successfully attenuate the DCM phenotype in other animal models.

The myocardial reprogramming on mitochondrial substrate utilization from glucose oxidation toward fatty acid oxidation has always been considered as a pathophysiological feature that could be responsible for the development of DCM. However, because of the latest information, this metabolic change is now seen as an adaptation to limit glucotoxicity in the heart (66). Currently, another change in myocardial substrate utilization, the ketone bodies, is becoming the main interest. Clinical trials using SGLT2i suggest that the increase of ketone body utilization in the diabetic heart could be protective. It remains to be elucidated if the modulation of OGA modifies the ketone body metabolism by preventing the OGA of key enzymes in the pathway. Although the pharmacological interest has clearly focused on the modulation of ketone metabolism, this evidence suggests that metabolic alterations have a causal role in the development of the DCM phenotype.

Regarding mitochondrial dynamics, OPA1 and Mfn2 are possible targets to prevent DCM development (97, 99). As several interventions modulating mitochondrial physiology achieved the goal of modifying the fate of the DCM phenotype, they could be considered as pharmacological strategies (Figure 2). However, pharmacological interventions to modulate mitochondrial dynamics suitable to perform clinical trials still need to be developed.

In DCM, the catabolic pathways such as autophagy or mitophagy are strongly suppressed (106). The mentioned suppression is probably propitiating the aberrant signaling of known cellular mediators like the cited example of Nrf2. That led us to think that there will be more examples of aberrant signaling implicated in DCM, once the inhibition of recycling pathways has taken place. For the mentioned reasons, more experimental interventions aiming to normalize autophagic flux are required in DCM. In the case of mitophagy, the evidence is strongly pointing to decreased PINK1/Parkin pathway (Figure 3), and future interventions aiming to recover its activity of improving mitochondrial quality control must be taken in consideration to look for a clinical application.

Cardiac delivery is a current challenge of DCM pharmacology. Several approaches are currently used to ensure the cardiac delivery of therapeutic agents, thus overcoming possible side effects produced by an untargeted distribution (134). However, the application of cardiac selective delivery to DCM is still not a widely used strategy. Conversely, accomplishing the criteria of attenuating or preventing the DCM phenotype is achieved in several examples. Nanotechnology has been used to selectively deliver the therapeutic molecules. For instance, liposomes loaded with a non-mitogenic acid fibroblast growth factor and associated to a microbubble are designed to be precisely destroyed with the targeted ultrasound. This approach led to an improved systolic function and milder structural remodeling in STZ-treated rats (135). Effective cardiac gene delivery using the natural tropism of adeno-associated virus serotypes 9 and 6 toward the DCM myocardium are described (89, 136, 137). The clinical safety of adeno-associated vectors has been tested in many clinical trials, and there are drugs using this technology on the market (138). For this reason, gene therapy using this technology is a promising tool to achieve the goal of cardiac specific delivery in DCM.

Several antidiabetic agents have been demonstrated to be cardioprotective in a clinical setup, including several ISGLT2 inhibitors, liraglutide, semaglutide, and metformin. However, the reported benefits of these molecules are in HF patients and there is scarce information available specifically for DCM. One of the available studies shows that dapagliflozin produces a regression in the increased left ventricular mass of patients with T2DM (139). A similar finding is reported for gliclazide when compared to other antidiabetic agents such as glyburide, voglibose, metformin, pioglitazone, rosiglitazone, and sitagliptin. A small clinical trial with liraglutide also shows the improvement of a diastolic function but is still not clear if this improvement delays the onset of symptomatic DCM (140, 141). Conversely, other drugs like exantenide and sitagliptin do not improve the systolic or diastolic dysfunction in patients with T2DM (142, 143). However, sitagliptin is used to prevent the exacerbation of DCM in T2DM when it is used together with other antidiabetic treatments (144). Finally, it is important to take a second look at the already approved therapies in the search for new DCM drugs because not only some of them can be useful but also the study of the mechanisms can lead to the discovery of new molecules with better therapeutical properties.

In total, the presented data led us to propose that for the case of DCM having a bunch of cellular and molecular alterations taking place at the same time in the myocardium, it is convenient to explore the health of broad cellular processes like the ones mentioned earlier because many of the cardinal features of the diabetic heart may be consequences of alterations of broad cellular pathways. Thus, the approaches capable of alleviating these alterations give us a better chance to achieve the goal of a new treatment.
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Both bisphenol A (BPA) and high-fat diet (HFD) exert unfavorable effects on animals and humans; moreover, they could affect the health of their offspring. BPA and HFD often coexist in modern lifestyles; however, the long-term effects of simultaneous exposure of mothers to BPA and HFD during the perinatal period on the cardiovascular and metabolic systems of the offspring remain unclear. This study aimed to examine the effect of simultaneous exposure of mothers to BPA and HFD on the risk of metabolic and cardiovascular abnormalities in offspring. Institute of Cancer Research female mice (F0) were exposed to BPA and fed with HFD before and during gestation until the end of lactation. F0 mice were mated with untreated males to produce the first generation (F1); subsequently, adult F1 males/females were mated with normal females/males to produce the second generation (F2). Combined maternal exposure to BPA and HFD caused myocardial hypertrophy and aortic tunica media thickening as well as increased the cross-sectional area of cardiomyocytes and blood pressure in the matrilineal F2 generation. These cardiovascular changes might be associated with reduced endothelial nitric oxide synthase (eNOS) levels. The patrilineal female F2 was more likely to be obese than the patrilineal male F2. Re-feeding with a HFD showed a more significant weight gain and reduced energy expenditure. However, the aforementioned effects were not observed with exposure to HFD or BPA alone during the perinatal period. Our findings suggest that perinatal combinational exposure to BPA and HFD could cause metabolic and cardiovascular disorders in the offspring, Further, our findings demonstrate that the synergistic effects of HFD and BPA could be transmitted to future generations in a sex-dependent manner.
Keywords: bisphenol A, cardiovascular system, obesity, offspring, transgenerational inheritance
INTRODUCTION
There has been a worldwide increase in the prevalence of cardiovascular and metabolic diseases, which have made them a grave public health concern (NCD Risk Factor Collaboration (NCD-RisC), 2017; Devos and Menard, 2020). In addition to genetic susceptibility, other risk factors for hypertension and metabolic diseases include lifestyle and environmental factors, especially nutrition (Riccardi et al., 2004; Bergman et al., 2012; Kataria et al., 2017; Dai et al., 2020; Hochsmann et al., 2021). Furthermore, exposure of rodents and humans (F0) to some adverse environmental factors can cause phenotype changes and increased susceptibility to diseases (Kolb and Martin, 2017; Di Ciaula and Portincasa, 2019), with these adverse outcomes being possibly passed down to future generations (F1, F2, etc.) even without direct exposure (Barua and Junaid, 2015). This is considered the transgenerational inheritance of the adverse effects of environmental factors (Krishnan et al., 2018; Schellong et al., 2020). Bisphenol A (BPA) is a typical endocrine-disrupting chemical (EDC) with estrogenic activity. It is the precursor of polycarbonate and epoxy resin and is widely used in food packaging, medical devices, and other daily products (Krishnan et al., 2018; Geens et al., 2021). BPA exerts intergenerational effects on neurodevelopmental abnormalities, hypertension, and metabolic disorders (Wolstenholme et al., 2013; Gawlinski et al., 2021). Exposure to BPA or a high-fat diet (HFD) during pregnancy has similar effects, which increases the risk of hypertension and obesity in offspring (Provvisiero et al., 2016; Bae et al., 2017; Lomas-Soria et al., 2018; Figueiredo et al., 2020). Several large epidemiological studies have demonstrated an association of high exposure levels to BPA or HFD with an increased risk of metabolic and cardiovascular diseases (Han and Hong, 2016; Bao et al., 2020; Choi et al., 2020).
People are often exposed to various adverse factors during their lifetime (Jeon et al., 2015); further, it is more realistic to examine the effects of exposure to multiple, rather than single, factors on health and the offspring (Di Ciaula and Portincasa, 2019). Since high energy diets are very common in modern society, there is a need to determine the effect of combined exposure to a high energy diet and EDCs on health. However, it remains unclear whether the symptoms caused by maternal perinatal period exposure to BPA or HFD in F0, including abnormal blood pressure regulation and metabolic abnormalities, could be passed down to F1, F2, or further generations even without direct exposure to BPA or HFD. Moreover, the effects of perinatal combined exposure to BPA and HFD on the offspring’s health remain unclear.
MATERIALS AND METHODS
Animals
We purchased 6-week-old Institute of Cancer Research female mice from the Experimental Animal Center of Chongqing Medical University. They adapted to the facility for 1 week before being transferred to the Specific Pathogen Free animal room. All experimental procedures were approved by the Institutional Animal Care and Use Committee of Chongqing Medical University. Based on our previous study, we selected a dose of 500 μg/kg/day (Lv et al., 2017). Mice randomly received four treatments: a control low-fat diet (LFD, with 10% of calories from fat, D12450B, Research Diet, New Brunswick, NJ, United States); BPA (500 μg/kg/day, > 99% purity, Sigma-Aldrich, St Louis, MO, United States); HFD (60% of calories from fat, D12492, Research Diet, New Brunswick, NJ, United States); HFD + BPA (500 μg/kg/day BPA combined with HFD). BPA was dissolved in ethanol, and serial dilutions by phosphate-buffered saline were then performed which allowed for BPA working solution in a final ethanol concentration of 0.01% (BPA final concentration: 50 μg/ml). The solution was freshly prepared for daily gavage. After treatment for 10 weeks, the female mice were mated with age-matched healthy males to produce F1 offspring. The same treatment was maintained during 3-week gestation and lactation periods. All F1 mice received an LFD. The F1 mice were mated with untreated 12-week-old males/females to produce F2 offspring. A vaginal plug indicated successful conception; subsequently, the pregnant mice were housed individually throughout the gestation period until postnatal day 21. The F2 mice received a HFD again at the age of 13 weeks to determine among-group differences in metabolic and cardiovascular phenotypes. Figure 1A shows the experimental design. F2 mice received an LFD for 12 weeks. Subsequently, some mice received a HFD from the 13th week to the 21st week, while the remaining mice received an LFD until the 21st week before being sacrificed. Blood and tissues were collected and stored at −80°C.
[image: Figure 1]FIGURE 1 | HFD, BPA and their combination affect weight gain, metabolic profile of F0 and F1. (A) Schematic diagram of experimental design and animal groups. (B) The body weight difference of F0 female exposed to LFD, BPA, HFD, and HFD plus BPA. (C,E) Body weight and GTT of F1 male offspring. (D,F) Body weight and GTT of F1 female offspring. Data were presented as mean ± SEM and were analyzed by two-way ANOVA with a post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001, BPA, HFD, BPA + HFD vs. LFD.
Determination of Serum Hormone Levels
Blood was collected from the retro-orbital sinus puncture before sacrifice. We obtained serum through centrifugation (3,000 g, 15 min, 4°C) for insulin measurement (CSB-E05071m, CUSABIO, Wuhan, China). Analyses were performed in duplicate following the manufacturer’s instructions. The detection range was 15.6–1,000 nIU/ml. In case the measurement was lower than the minimum detection limit, we used the minimum detection limit.
Measurement of Blood Pressure
We measured the blood pressure rate using a noninvasive computerized tail-cuff blood pressure system (Visitech Systems, Apex, NC, United States). Briefly, we allowed the adapted mice to calm down in a tunnel maintained at 37°C; subsequently, blood pressure was measured in triplicate. The final blood pressure and heart rate were determined by the mean values.
Echocardiography
Cardiac function was assessed using echocardiography (IE33; Philips, Amsterdam, Netherlands). Mice were anesthetized using 2% isoflurane in 100% oxygen; moreover, images were acquired in the short-axis view to evaluate cardiac function.
Glucose Tolerance Test
Following fasting (12 h deprivation of diet: 8:00 p.m. to 8:00 a.m.), these mice were intraperitoneally injected with a solution of D-glucose (2 g/kg body weight). We obtained blood samples from the tail vein of the mice at 0 min (just before glucose load), as well as 15, 30, 60, 90, and 120 min after glucose administration. Blood glucose levels were measured using the glucometer, followed by calculation of the area under the curve (AUC).
Histological Examination
F1 and F2 animals were euthanized at the age of 24 weeks, followed by collection of the aorta and heart after heart perfusion. The aorta and heart were embedded in paraffin and serially sectioned at 4-μm thickness for hematoxylin-eosin staining, followed by observation using the SLIDEVIEW VS200 (Olympus, Tokyo, Japan) under 20× conditions. For morphometric analysis of the aorta, the intima-media thickness was detected using OlyVIA V3.3 software (Olympus, Tokyo, Japan).
Wheat Germ Agglutinin Staining
The heart was harvested and fixed in 4% paraformaldehyde overnight at 4°C. Tissue sections (5-μm thickness) were stained with wheat germ agglutinin (WGA, L4895, Sigma-Aldrich, St Louis, MO, United States) to assess the cardiomyocyte cross-sectional area in myocardial sections.
Energy Expenditure
We determined O2 consumption, CO2 production, and energy expenditure using the PhenoMaster/LabMaster Caging System (TSE System, Bad Homburg, Germany). We individually monitored 22-week-old mice for 48 h; additionally, data were collected at 27-min intervals after being allowed to adapt for 1 day.
Western Blotting
Aortic rings were used for Western blot analysis. Briefly, we isolated intact aortic rings from the different treated offspring. Subsequently, the rings were homogenized in RIPA buffer containing protease and phosphatase inhibitors. The homogenates were ultrasonicated for 15 s, followed by centrifugation at 4°C for 10 min at 10,000 g. The supernatants were collected to determine the protein levels. Samples with equal protein were loaded and separated on 10% SDS-PAGE. The membranes were incubated with primary antibodies, followed by a secondary horseradish peroxidase-conjugated goat antirabbit antibody. We used the rabbit antibodies against eNOS (32027s, 1:1000, Cell Signaling Technology, Beverly, MA, United States) and anti-[image: image]-actin (BM5422, 1:10000, Boster, Wuhan, China). Signals were detected using ECL Western Blotting Detection reagent (Advansta, Menlo Park, CA, United States) and FUSION FX (Vilber Lourmat, Marne La Vallee, France). The band intensity was quantified using FusionCapt Advance FX5 software (Vilber Lourmat, Marne La Vallee, France).
Statistical Analysis
Results were expressed as the mean ± standard error of the mean. Statistical analyses were performed using GraphPad Prism software version 8 (GraphPad Prism Software Inc., La Jolla, CA, United States). Among-group differences were analyzed using the two-way analysis of variance (ANOVA). Statistical significance was set at p < 0.05.
RESULTS
HFD, BPA, and Their Combination Affect Weight Gain and Metabolic Profile of F0 and F1 Mice
Figure 1A shows the experimental design and animal groups. There was a significant increase in the bodyweight of female mice in the HFD and HFD + BPA group than of those in the LFD group; moreover, BPA had no direct effect on body weight in F0 mice (Figure 1B). In the F1 generations, males in the HFD, BPA, and HFD + BPA groups were heavier than those in the LFD group (Figure 1C). However, for F1 female mice, only the BPA group weighed heavier than the LFD group (Figure 1D). In the GTT, F1 male mice in the HFD + BPA group showed a significant increase in their glucose levels at 30 min after glucose loading when compared with those in the LFD group (Figure 1E). Contrastingly, F1 female mice in the HFD + BPA group showed a significant increase in glucose levels at 60 min after glucose loading compared with those in the LFD group (Figure 1F).
Effects of Combined Exposure to BPA and HFD on Body Weight, Glucose Tolerance, Blood Pressure, and Cardiac Structure of Matrilineal Male F2 Mice
There was no significant change in the body weight and glucose tolerance of matrilineal male F2 mice from the 4th week to the 21st week (Figures 2A,B). However, there was a significantly higher systolic blood pressure (SBP) in the L-O2-HFD + BPAfm group than in matrilineal male F2 mice in the LFD group (Figure 2C). Echocardiographical analysis revealed significantly higher interventricular septum thickness and left ventricular mass (Figures 2D,F) in the L-O2-HFD + BPAfm group than in matrilineal male F2 mice in the LFD group. WGA staining revealed a significant increase in the cardiomyocyte area in the L-O2-HFD + BPAfm group than in matrilineal male F2 mice in the LFD group (Figures 2E,G). Additionally, the arterial media thickness (Figures 2H,I) was significantly higher in the L-O2-HFD + BPAfm group than in matrilineal male F2 mice in the LFD group. Western blot analysis revealed significantly lower aortic eNOS expression in the L-O2-HFD + BPAfm group than in matrilineal male F2 mice in the LFD group (Figures 2J,K).
[image: Figure 2]FIGURE 2 | HFD, BPA and their combination affect weight gain, metabolic profile of matrilineal male F2. (A,B) The weight and glucose tolerance difference among the four groups of matrilineal male F2 from weaning to 21 weeks. (C) The SBP among the four groups of matrilineal male F2. (D,F) Echocardiograms among the four groups of matrilineal male F2. (E,G) Representative photomicrographs depicting WGA staining of cardiomyocytes and average cardiomyocyte area of matrilineal male F2. (H,I) Representative photomicrographs depicting hematoxylin eosin staining of aorta and arterial media thickness. (J,K) Western blotting results and quantitative analysis for aorta of matrilineal male F2. Data are mean ± SEM and were analyzed by two-way ANOVA with a posthoc test. *p < 0.05, **p < 0.01, BPA, HFD, BPA + HFD vs. LFD.
Effects of Combined Exposure to BPA and HFD on Body Weight, Glucose Tolerance, Blood Pressure, and Heart Structure of Matrilineal Female F2 Mice
There was no significant difference in body weight and glucose tolerance of matrilineal male F2 from weaning to 21 weeks (Figures 3A,B). SBP was significantly higher in the L-O2-HFD + BPAfm group than in matrilineal female F2 mice in the LFD group (Figure 3C). Echocardiography revealed significantly higher interventricular septum thickness and left ventricular posterior wall thickness (Figures 3D,F) were significantly thicker in the L-O2-HFD + BPAfm group than in matrilineal female F2 mice in the LFD group. WGA staining revealed a significantly higher cardiomyocyte area in the L-O2-HFD + BPAff group than in matrilineal female F2 mice in the LFD group (Figures 3E,G). The L-O2-HFD + BPAff group had a significantly higher arterial media thickness (Figures 3H,I) than matrilineal female F2 mice in the LFD group. Western blot analysis revealed significantly lower aortic eNOS expression in the L-O2-HFD + BPAff group than in matrilineal female F2 mice in the other three groups (Figures 3J,K).
[image: Figure 3]FIGURE 3 | HFD, BPA and their combination affect weight gain, metabolic profile of maternal female F2. (A,B) The weight and glucose tolerance difference among the four groups of matrilineal female F2 from weaning to 21 weeks. (C) The SBP among the four groups of matrilineal female F2. (D,F) Echocardiograms among the four groups of matrilineal female F2. (E,G) Representative photomicrographs depicting WGA staining of cardiomyocytes and Average cardiomyocyte area of matrilineal female F2. (H,I) Representative photomicrographs depicting hematoxylin eosin staining of aorta and arterial media thickness. (J,K) Western blotting results and quantitative analysis for aorta of matrilineal female F2. Data are mean ± SEM and were analyzed by two-way ANOVA with a posthoc test. *p < 0.05. **p < 0.01. ***p < 0.001, BPA, HFD, BPA + HFD vs LFD.
HFD, BPA, and Their Combination Affect Metabolic Profile and Blood Pressure of Patrilineal F2 Mice
There were no significant sex differences in body weight and glucose tolerance in adult patrilineal F2 mice (Figures 4A–D). Adult patrilineal F2 mice were fed a HFD from the 12th to 21st week to examine changes in metabolic or cardiovascular phenotypes after re-administration of a HFD. However, there were no significant changes in body weight and glucose tolerance in patrilineal male F2 mice (Figures 5A–C). However, there was a significant increase in the body weight and impaired glucose tolerance in HFD-fed adult patrilineal female F2 mice from ancestors exposed to both HFD and BPA compared with their counterparts from ancestors exposed to an LFD diet during the perinatal period (H-O2-HFD + BPAmf vs. H-O2-LFDmf, Figures 5D,E). There was no significant change in blood pressure among HFD-fed patrilineal female F2 mice (Figures 5C,F). Female patrilineal F2 mice showed significantly higher serum insulin levels and homeostatic model assessment–insulin resistance (HOMA-IR) in the H-O2-HFD + BPAmf group than in the LFD group (Figures 5G,H). Metabolic cage testing revealed significantly decreased energy expenditure, oxygen intake, and carbon dioxide production in the H-O2-HFD + BPAfm group than in the H-O2-LFDmf group (Figures 5I–K). These findings suggested that decreased energy expenditure may contribute to increased body weight, impaired glucose tolerance, and insulin resistance in the H-O2-HFD + BPAmf group.
[image: Figure 4]FIGURE 4 | HFD, BPA and their combination affect weight gain, glucose of patrilineal F2 with low fat diet. (A,B) Body weight and glucose tolerance of patrilineal male F2. (C,D) Body weight and glucose tolerance of patrilineal female F2. Data are mean ± SEM and were analyzed by two-way ANOVA with a posthoc test.
[image: Figure 5]FIGURE 5 | HFD, BPA and their combination affect weight gain, metabolic profile and blood pressure of patrilineal F2 with HFD. (A–C) Body weight, glucose tolerance and systolic blood pressure of patrilineal male F2 with HFD. (D–F) Body weight, glucose tolerance and systolic blood pressure of females and males of patrilineal female F2 with HFD. (G,H) Serum insulin concentration and HOMA-IR of patrilineal female F2 with HFD. (I–K) metabolism cage of patrilineal female F2 with HFD. Data are means ± SEMs and were analyzed by two-way ANOVA with a posthoc test. *p < 0.05, ***p < 0.001, BPA, HFD, BPA + HFD vs. LFD.
Effects of Combined Exposure to BPA and HFD on Insulin of Matrilineal F2 and Their Metabolic Profile for Exposing HFD Again
The L-O2-HFD + BPAff group showed significantly higher serum insulin levels and HOMA-IR in the LFD group (Figures 6A–D). Adult matrilineal F2 mice were fed a HFD from the 12th to 21st week to examine the metabolic profile, which revealed significantly increased body weight and impaired glucose tolerance. However, these effects were mainly attributed to BPA or HFD rather than their synergistic effect (Figures 6E,F). There was a significant increase in the bodyweight of HFD-fed adult matrilineal female F2 mice from ancestors exposed to both HFD and BPA compared with counterparts from ancestors exposed to an LFD diet during the perinatal period (Figure 6G). However, the AUC did not reveal a significant change in glucose tolerance; however, the H-O2-HFD + BPAff group showed a significant increase in glucose levels at 15 min after glucose loading (Figure 6H).
[image: Figure 6]FIGURE 6 | Effects of combined exposure to BPA and HFD on insulin of matrilineal F2 and their metabolic profile for exposing HFD again. (A–D) Serum insulin concentration and insulin resistance index. (E–H) Body weight and glucose tolerance of maternal F2 when exposed to HFD again. Data are means ± SEMs and were analyzed by two-way ANOVA with a posthoc test. *p < 0.05, **p < 0.01, BPA, HFD, BPA + HFD vs LFD.
DISCUSSION
This study examined the transgenerational inheritance of adverse outcomes after combinational exposure of female mice (F0) to BPA and HFD during the perinatal period, with a particular focus on metabolic and cardiovascular changes in F2. In contrast to studies on the direct toxicity of exposure to BPA or HFD (Lecoutre et al., 2016; Bansal et al., 2017; Tain et al., 2017; Lomas-Soria et al., 2018; Choi et al., 2020; Filardi et al., 2020), we examined the long-term and synergistic effects of BPA and HFD. Notably, we observed that patrilineal female F2 mice mainly showed metabolic dysfunction signs, including increased weight gain, impaired glucose tolerance, and insulin resistance. Contrastingly, matrilineal F2 mice primarily showed cardiovascular changes, including increased blood pressure, cardiac remodeling, and aorta intimal thickening. This suggests that the adverse effects of combined exposure to BPA and HFD during the perinatal period could be sex-specific. Other studies have reported these sex differences, which indicates that the outcomes of perinatal exposure to adverse factors could have sex-dependent effects on offspring (Tain et al., 2017; Lomas-Soria et al., 2018; Sarker et al., 2018). Additionally, compared with exposure to the LFD, HFD, or BPA, exposure to both BPA and HFD decreased aortic eNOS expression in F2 mice, which indicates a significant synergistic effect of combined exposure to HFD and BPA. Further, this demonstrates that exposure to multiple adverse factors during the perinatal period has a more profound impact than exposure to a single adverse factor (Hsu et al., 2019). Moreover, patrilineal female mice, as well as matrilineal female and male mice, showed increased serum insulin levels and insulin resistance, which is consistent with previous reports that BPA or HFD exposure can cause insulin resistance (Naville et al., 2019; Farrugia et al., 2021; Gao et al., 2021; Huang et al., 2021; Yang et al., 2021). This may in turn contribute to metabolic- and cardiovascular-related phenotypic changes. Finally, we found that exposure to HFD or BPA alone did not significantly affect F2 mice; however, combined exposure to BPA and HFD yielded a synergistic effect, which caused significant and long-term changes in metabolic and cardiovascular phenotypes. Our findings demonstrated that early-life exposure to multiple factors may synergistically lead to more severe adverse outcomes, with these changes being passed on to the future generation. In summary, the toxicity of BPA could be significantly aggravated by the co-presence of HFD, which suggests environmental pollutants with the high energy diets may exert more severe and longer adverse impacts on human health and therefore should be further addressed in future work.
The mechanisms underlying the induction of metabolic and cardiovascular changes after early-life exposure to BPA and HFD remain unclear. Maternal exposure to adverse factors during the perinatal period could alter the intrauterine environment, which increases the risk of chronic disease in offspring (Nivoit et al., 2009; Vickers, 2014; Argyraki et al., 2019). For example, in utero malnutrition can cause changes in the fetal conditions, which promote dysfunction of certain organs in later life. These effects could be multigenerational in some cases (Bale, 2014; Picton and Balen, 2019). Transgenerational transmission of metabolic dysfunction is potentially related to epigenetics. For example, maternal exposure to BPA causes pancreatic islet dysfunction in the next generation, which may be associated with methylation of pancreatic islet genes Igf2 and Esr1 (Bansal et al., 2017). Maternal exposure to a HFD causes metabolic disorders in the offspring through epigenetics (Fleming et al., 2018). Future studies should clarify the involvement of epigenetics in our model. Moreover, our findings demonstrated sexual dimorphism. Human and mouse studies have showed sexual dimorphism in susceptibility to metabolic disease (Mauvais-Jarvis, 2015; Kautzky-Willer et al., 2016; Monrroy et al., 2019; Lefebvre and Staels, 2021). These sex differences could be attributed to differences in energy metabolism and the actions of sex hormones (Xiao et al., 2008; Tramunt et al., 2020). Furthermore, prenatal effects may be affected by sex-specific differences. There are sex differences in epigenetic regulation of the fetus and placenta, which could contribute to the differential sensitiveness of males and females in metabolic and cardiovascular disease (Kautzky-Willer et al., 2016).
In our study, when only the F0 generation was directly exposed to unfavorable factors, compared with the LFD group, maternal F2 mice in the HFD + BPA group showed significant cardiovascular changes. Contrastingly, for patrilineal F2 female mice who were re-exposed to a HFD, the HFD + BPA group showed more obvious metabolic disorders. However, for matrilineal F2 mice, re-exposure to a HFD did not show a synergistic effect of exposure to HFD and BPA on the metabolic phenotype. Therefore, the weight gain, insulin resistance, hypertension, and cardiac hypertrophy in F2 may result from the direct transgenerational inheriting effects caused by the synergistic effects of BPA and HFD exposure in F0 generation. These results demonstrate that perinatal exposure of the F0 generation to BPA and HFD can cause harmful changes in metabolic and cardiovascular systems in their F2 offspring.
This study has several limitations. First, we mainly focused on the phenotype, and the mechanism should be further explored. Thus, our future studies will examine changes in mitochondrial function, reactive oxygen species (ROS) levels and global gene expression profile and clarify whether epigenetic mechanism, especially DNA methylation will influence the effect of maternal adverse factors exposure on metabolism and cardiovascular system of the offspring. Second, we did not explore the effects of different doses of BPA exposure on offspring to determine whether they would lead to different phenotypes in adult offspring.
Our findings demonstrated that combinational exposure of female mice to HFD and BPA during the perinatal period can cause susceptibility to insulin resistance, obesity, impaired glucose tolerance, increased blood pressure, cardiac hypertrophy, and impaired endothelial function in their F2 offspring. In addition, these inherited transgenerational abnormalities showed a sex-specific pattern. Our findings demonstrate the requirement of adjusting lifestyle and alleviating exposure to environmental EDSs during pregnancy to reduce the risk of metabolic and cardiovascular diseases in the offspring.
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Role of EGFR
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myocardial I/R injury
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R injury

NRG-1 receptor ErbB3 limits
apoptosis and improves cell
survival

NRG-1§ induces proliferation,
survival and paracrine signaling

NRG-1 inhibits ER stress and
protects against myocardial I/R
injury

ErbB activation alleviates
doxorubicin induced cardiac
toxicity

EGFR/ErbB2 improves T1D hearts
recovery from I/R injury

EGFR protects myocytes in
reperfused hearts

EGFR maintains normal cardiac
function and left ventricular
thickness

ErbB4 plays a major role in normal
cardiac conduction and
ventricular trabeculation

EGFR/ErbB1 activation protects
against stress-induced cardiac
injury

ErbB2 prevents dilated
cardiomyopathy

VR ischemia/raperfusion: NG, neureoul

Study model

Myocyte-specific Hif2a
or ErbB1 knockout mice

C57BL/6 (B6) mice

Wistar rats

Primary human cardiac
ventricular fioroblasts

Sprague-dawley and
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Stem cell derived
human cardiac

myocytes

Wistar rat

C57/BI6 mice

C57BL/6J (B6) mice

ErbB4 cardiac-
knockout mice

Adult Swiss-CD1 male
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C57BL/6J mice

Intervention

EGF

I/R injury and protective post-
conditioning procedure

NRG-1

NRG-1 ligand of
cardiomyocyte ErbB receptors

Trastuzumab and lapatinib

AG825 or AG1478

EGF and/or losartan

AG1478, GM6001, or
CRM197

EGFR small molecule TKIs,
irreversible EKB-569 and
reversible AG1478

EGF, AG1478

Results

o RNA-binding protein 4 suppression
attenuated hypoxia-inducible factor 2A-
dependent induction of ErbB1

o ErbB1 myosin Cre + mice suffered larger
infarctions and could not be saved by
amphiregulin

o EGF inhibits ROS and H0, induced cell
death and by Nrf2 activation

o EGF imited cardiac UR injury and
apoptosis in vivo

o ErbB3 expression increased after IR injury
(with and without post-conditioning)

o ErbB3 expression improved cell sunvival
and reduced mitochondrial dysfunction
and apoptosis

 NRG-1p improved prolferation and
survival of human cardiac fibroblasts by
inducing ErbB3-dependent activation of
ErbB2

 NRG-1 reduced cardiomyocyte ER stress,
hypoxia-reoxygenation induced apoptosis
and myocardial infarct size induced by I/R
injury

o ErbB activation with NRG protected
against doxorubicin-induced cardiac
myocyte injury, while inhibition with
trastuzumab exacerbated it

o Chronic AG1478 or AG825 treatment
decreased cardiac recovery in normal and
diabetic rats

o Acute EGF treatment pre or post ischemia
improved cardiac recovery and opposed
ischemic changes by EGFR/ErbB2
activation in T1D hearts

o EGFR inhibition limited CCPA-mediated
functional protection in reperfused hearts

o EGFR inhibition resulted in left ventricuiar
thickness and cardiac function changes
via increasing fibrosis and altering left
ventricular apoptotic gene expression

o ErbB4 deletion resulted in severe dilated
cardiomyopathy, abnormal conduction,
impaired ventricular trabeculation and
premature death

® EGF led to lower increase in total LDH,
LDH-1, and creatinine kinase activity, and
protected against stress-induced cardiac
injury (these effects were abolished by
simultaneous AG1478 administration)

o Ventrioular-restricted ErbB2 deletion
resulted in dilated cardiomyopathy with
impaired left ventricular contractility and
increased susceptibity of cardiomyocytes
to anthracydiine toxicity
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Role of EGFR

Amphiregulin via EGFR activation increases
cardiac fibrosis after myocardial infarction

EGFR contribute to myocardial infarction in T2D

EGFR plays a role cardiac fibrosis

EGFR increases cardiac remodeling in diabetic
cardiomyopathy

EGFR induces cardiac hypertrophy

EGFR contributes to cardiac inflammation and
injury associated with high fiber diet

EGFR role in cardiac damage and remodeling
through oxidative stress

EGFR and its downstream ER stress lead to
cardiac injury and microvascular dysfunction
in TID

EGFR contributes to ROS production and
cardiac damage

Study model

C57BL6 mice

T2D mice
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C57/BL6 mice
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mice
STZ-induced
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Group 1: Untreated
Group 2: AG1478
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Ang Il infusion

Gefitinib and ramipri

AG1478, 542 and 54

AG1478 and 542

AG1478 and 451

STZ only or in combination
with AG1478, tudca or
insulin

Aldosterone and EGF

Results

 Amphireguin, via EGFR activation, promoted
cardiac fibroblast migration, proliferation, and
collagen synthesis (gefitinib abrogated all these
effects)

 Amphireguiin deletion improved cardiac function
and increased survival rate

 EGFR and ER stress inhibitors reduced the cell
apoptoss, inflammation, and myocardal infarct
size in T2D mice after myocardial /R injury
induction

© OGN, via EGFR inhibition, negatively regulated
cardiac fiorosis by attenuating myofibroblast
proliferation and migration

o Chronic Ang Il infusion in OGN deficient mice
increased cardiac fibrosis and impaired cardiac
function

o Gefitinib, via EGFR inhibition, prevented ipid
peroxidation, antioxidant enzymes damage,
myocardial hypertrophy, myocardial damage and
improved Ca®* homeostasis in STZ-induced
cardiomyopathy

 AG1478, 542 and 543, via EGFR inhibition,
attenuated ang II- and EGF-induced cardiac
hypertrophy

 EGFR inhibitors attenuated palmitic acid and
hyperipidemia-induced cardiac injury and
inflammation in mice fed with high fat

© AG1478 and 451, via EGFR inhibition, decreased
diabetes-induced oxidative stress, cardiac
remodeling, hypertrophy, fibrosis and apoptosis

 AG1478, tudca, and insulin reduced cardiac
fibrosis, collagen type |, and plasminogen activator
inhibitor 1 and restored the impaired epithelium
dependent and independent relaxation responses
in T1D mice

 Aldosterone-induced NHE-1 stimulation, via
EGFR transactivation resulted in ROS production
and cardiac injury
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hydrogen exporter.
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Ctrl (n = 8) STZ

n=8 A-10MG (0 =8) A-20MG (n=9)
HR, bpm 525 + 79 489 +78 514 + 54 527 + 41
HW/BW, mg/g 5.78 +£0.26 6.61 + 0.36** 5.74 + 0.34*# 594 + 0.23%#
IVSD, mm 073+0.04 0754008 0.73+0.03 0.70 + 0.03
LVIDd, mm 2234010 2454006 217 +0.15% 216=+0.12%
IRT, ms 1414 £2.03 245+ 191" 16.67 £1.37 17.33 +£2.18%#*
Teiindex 070+£0.07 084+014  0.73+0.02 0.70 + 0.02
EF% 82.03+£2.94 73.26+ 1.45™ 7958 £2.11* 79.26 + 1.86*
FS% 44.09 +£2.37 36.85+2.25" 43.36+3.33% 42.99 + 3.22%

Ctrl, control; HR, heart rate; HW/BW, heart weight/body weight; IVSD, diastole
interventricular septal thickness; LVIDd, diastole left ventricle internal dimension;
IRT, isovolumic relaxation time; EF%, ejection fraction %, FS%, fractional shortening

%.

Data presented as Mean + SD, **p < 0.01, and ***p < 0.001, compared to Ctrl
group; ¥p < 0.05, #p < 0.01, and #*p < 0.001, compared to STZ group.
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WT WT +STZ P2X7R~/-
HR, bpm 460 + 41 400 + 63 460 + 67
HW/BW, mg/g 6.21 £0.27 6.59 £+ 0.56" 5.38 & 0.33
IVSD, mm 0.63+0.04 0.64+003 0.63+0.08
LVIDd, mm 3.55+0.32 3.8340.24* 3.4040.36
LVPWd, mm  0.62 £0.06 0.69 +£0.05* 0.63 £ 0.04
LVIDs, mm 223+027 2504035 215+0.25
EF% 76+£5.94 62 +7.59™* 77.96 £ 4.85
FS% 39.23 + 5.26 28.8 £ 5.35" 40.63 + 4.68

P2X7R~/~ + STZ

418 + 54
6.07 + 0.58*
0.63 £ 0.05

3.60 + 0.18"* 88
0.67 + 0.06*
2.39 + 0.20%#

71.23 + 3.91### §§§

35.52 + 2.66M## §§§

HR, heart rate; HW/BW, heart weight/body weight; IVSD, diastole interventricu-
lar septal thickness; LVIDd, diastole left ventricle internal dimension; LVPWd, left
ventricular diastole posterior wall thickness; LVIDs, systole left ventricle internal
dimension; EF%, ejection fraction %, FS%, fractional shortening %.

Data presented as Mean + SD, *p < 0.05, **p < 0.01, and ***p < 0.001,
compared to WT; *p < 0.05, ¥p < 0.01, and *#*p < 0.001, compared to
P2X7R~/~; $8p < 0.01, and $88p < 0.001, compared to WT + STZ.
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Role of EGFR

Endothelial EGFR compared to vascular
smooth muscle (VSM) EGFR plays a minor
role in obesity/DIVD

Vascular smooth muscle (VSM) specific
deletion of EGFR prevents obesity and DIVD
DIVD and vascular remodeling can be
corrected by inhibition of EGFR by novel
polymeric nanoparticles

Multiple downstream pathways are involved
in EGFR- ErB2 mediated DIVD

Src-dependent EGFR/ErbB2 transactivation
via ang Il leads to DIVD

Increased EGFR activity via NADPH-oxidase
leads to DIVD

EGFR-ErbB2 heterodimers via ERK1/2-
ROCKs lead to DVID

Elevated EGFR mRNA an early change in
development of DIVD

Elevated EGFR via reduced eNOS mediates
DIVD

EGFR and ErbB2 mediate DIVD in carotid
artery

Increased EGFR signaling leads to DIVD in
renal artery

Elevated EGFR phosphorylation leads to
DIVD in MVB

STZ, streptozocin; MVB, mesenteric vascular bed; VSMC, vascular smooth muscle cel; HG, hyperglycemia;

Study model

High-fat diet
T2DM mice

High-fat diet
T2DM mice
STZ-induced
T1DM wistar
rats
STZ-induced
T1DM wistar
rats

STZ-induced
T1DM wistar
rats

C57/BL6 and
do™/db™ T2D
mice

STZ-TIDM
wistar rats

STZ-TIDM
wistar rats

T2DM db/db
mice

STZ-T1IDM
wistar rats

STZ-T1IDM
wistar rats

STZ-TIDM
wistar rats

Intervention

Endothefal cel (EC)
specific EGFR
knockout

VSM-specific EGFR-
knockout (KO)
PAMAM dendrimers
AG1478

Lapatinio

Ang-(1-7)

AG1478, or exogenous
EGF, or gp-91 ds-tat

AG825
Anti-ErbB2 sIRNA
AG1478

AG1478

AG1478

AG1478
AG825

AG1478
Genistein diadzein

AG1478
Genistein

Results

o A comparison of vascular function parameters in EC
verus VSM-specific EGFR KO mice implied that EC-
EGFR plays a minor role in mediating obesity/T2DM-
induced vascular dysfunction

« VSM-speciic EGFR via ErbB2- ROCK-MRTF-SRF
signaling mediates vascular dysfunctiom

* AG1478 or PAMAMS (novel inhibitors of ErbBs)
corrected abnormal vascular reactivity and vascular
remodeling in diabetic MVB

o lapatinib inhibits EGFR & ErbB2 activity in diabetic
MVB and in VSMCs and reverses diabetes and
hyperglycemia-induced changes in ERKs, ROCK,
AKT, FOXO, eNOS, & NF-kB and prevents HG-
induced apoptosis in VSMCs

« Ang-{1-7) inhibits diabetes-induced transactivation
of ErbB receptors in isolated MVB and opposes
downstream signaling changes in ERK1/2, p38
MAPK, ROCK, eNOS, and kB-a

© T2DM or EGF alters vascular reactivity in MRA that
could be corrected by AG1478. EGF increased
ROCK expression inMRA that could be corrected by
NOX inhibition

 Chronic in vivo or acute ex vivo inhibition of ErbB2 or
EGFR corrected DIVD in MVB and attenuated
elevated ERK1/2 and ROCK signaling. First
evidence for EGFR-ErbB2 heterodimerization
presented in co-associationimmunoprecipitation
assays

« Diabetes altered expression of over 1,300 genes in
MVB. AG1478 treatment prevented 95% of these
changes implying that EGFR is a key early change in
the development of DIVD

o Altered vascular reactivity and reduced eNOS
expression in MRA and CA of diabetic mice could be
corrected by AG1478 treatment

o Altered vascular reactivity in diabetic carotid artery
could be corrected by AG1478 and AG825
impiicating EGFR and ErbB receptors in mediating
DVD

o Elevated EGFR and DIVD in renal artery could be
corrected by AG1478 and genistein but not by
diadzein

* Diabetes-induced abnormal vascular reactivity in
MVB was inked to increased EGFR phosphorylation
that could be corrected by AG178 treatment

Refs.

Schreier et al,
(2021)

Stem et al.
(2020)
Akhtar et al.
(2019)

Benter et al.
(2015)

Akhtar et al.
(2015)

Kassan et al.
(2015a)

Akhtar et al.
(2013)

Benter et al.
(2009)

Belmadani
et al. (2008)
Yousi et al
(2005)
Benter et al.

(2005b)

Benter et al.
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MRA, mesenteric resistance arteries, CA, coronary artery; DIVD, Diabetes

induced vascular dysfunction; AG1478, A selective EGFR Inhibitor; AG825, A selective ErbB2 inhibitor; lapatanib, A dual EGFR and ErbB2 inhibitor; Genistein, A pan ErbB/tyrosine kinase
inhibitor; Diadizein, an inactive analogue of genistein; Ang-(1-7), Angiotensin-(1~7); gp91 das-tat, specific inhibitor of NADPH oxidase (NOX); PAMAM, Polyamidoamine (as dendfimeric
nanoparticles): ROCK, Rho kinase: MRTF, actin-myocardin-related transcription factor: SRF. serum response factor.
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No. Gender Age (Years) Hypertension Hypercholesterolemia BMI (kg/m?) DM status

SCD victim 1 Mele 48 Yes No 376 Type 2
SCD victim 2 Male 70 Yes No 403 Type 2
SCD victim 3 Mele 7% No No 308 Type 2
SCD victim 4 Female 52 No No 768 Type 2
SCD victim & Male 69 No Yes 284 Type 2
SCD victim 6 Male 67 No No 317 Type 2
SCD victim 7 Male 64 Yes No 312 Type 2
SCD victim 8 Male 63 Yes No 274 Type 2
SCD victim 9 Male 73 Yes No 428 Type 2
Accidental death control 1 Male 70 No No 228 No
Accidental death control 2 Mele 46 No No 26.1 No
Accidental death control 3 Male 49 No No 32 No
Accidental death control 4 Male 71 Yes No 418 No
Accidental death control 5 Male 76 No No 283 No
Accidental death control 6 Male 64 No No 216 No
Accidental death control 7 Male 67 No No 342 No
Accidental death control 8 Male 69 Yes Yes 333 No
Accidental death control 9 Male 73 No No 289 No
Accidental death control 10 Male 62 No No 437 Type 1

BMI, Body Mass Index; SCD, Sudden Cardiac Death; DM, Diabetes Mellitus.
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