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Abstract
Diabetes mellitus significantly increases the risk of cardiovascular disease and heart failure in patients. Independent of hypertension and coronary artery disease, diabetes is associated with a specific cardio​myopathy, known as diabetic cardiomyopathy (DCM). Four decades of research in experimental animal models and advances in clinical imaging techniques suggest that DCM is a progressive disease, beginning early after the onset of type 1 and type 2 diabetes, ahead of left ventricular remodeling and overt diastolic dysfunction. Although the molecular pathogenesis of early DCM still remains largely unclear, activation of protein kinase C appears to be central in driving the oxidative stress dependent and independent pathways in the development of contractile dysfunction. Multiple subcellular alterations to the cardiomyocyte are now being highlighted as critical events in the early changes to the rate of force development, relaxation and stability under pathophysiological stresses. These changes include perturbed calcium handling, suppressed activity of aerobic energy producing enzymes, altered transcriptional and posttranslational modification of membrane and sarcomeric cytoskeletal proteins, reduced actin-myosin cross-bridge cycling and dynamics, and changed myofila​ment calcium sensitivity. In this review, we will present and discuss novel aspects of the molecular pathogenesis of early DCM, with a special focus on the sarcomeric contractile apparatus. 

Key words: Diabetes; Prediabetes; Insulin resistance; Myocardium; Sarcomere; Protein kinase C; Rho kinase
© The Author(s) 2015. Published by Baishideng Publishing Group Inc. All rights reserved.

Waddingham MT, Edgley AJ, Tsuchimochi H, Kelly DJ, Shirai M, Pearson JT. Contractile apparatus dysfunction early in the pathophysiology of diabetic cardiomyopathy. World J Diabetes 2015; 6(7): 943-960  Available from: URL: http://www.wjgnet.com/1948-9358/full/v6/i7/943.htm  DOI: http://dx.doi.org/10.4239/wjd.v6.i7.943
Core tip: Pathological changes in cardiac muscle under​lie diabetic cardiomyopathy (DCM) independent of hypertension and atherosclerosis. In advanced diabetes, fibrosis, hypertrophy and apoptosis, reduce myocardial compliance, which leads to increased diastolic filling pressures and overt left ventricular diastolic dysfunction. However, detrimental changes in sarcomeric and other cytoskeletal proteins in the cardiomyocytes of animal models of diabetes precede remodeling of the cardiac extracellular matrix, which has until now been considered the main contributor to diabetic diastolic dysfunction. An important target for preventing early DCM are the protein kinase C/rho-kinase pathways that drive oxidative stress and reduce myosin head cycling and prolong Ca2+ transients.
INTRODUCTION
Diabetes mellitus is a rapidly escalating global epidemic with the International Diabetes Federation predicting that the incidence of diabetes will rise to 552 million people worldwide by 2030[1]. Diabetes is a metabolic disorder characterized by hyperglycemia, insulin defi​ciency and or resistance. Type 1 diabetes mellitus (T1DM) is triggered by an autoimmune mechanism and accounts for approximately 5%-10% of diabetes cases. Type 2 diabetes mellitus (T2DM) represents 90%-95% of diabetes cases and is initiated by the interaction of genetic, environmental and lifestyle factors[2]. 

Diabetes is associated with a number of compli​cations such as retinopathy[3], nephropathy[4], peripheral neuropathy[5] and cardiovascular disease, which are similar in their pathophysiological mechanisms in both T1DM and T2DM. Cardiovascular disease is the most common complication of diabetes and a leading cause of morbidity and mortality in patients[6]. Several lines of evidence have established that chronic diabetes is associated with pathological changes to the cardiac muscle[7-9], coronary vasculature[10-12] and cardiac autonomic nerves[13-15], all of which contribute to the increased risk of cardiovascular disease[16,17].

Independent of other cardiovascular complications, a large body of evidence indicates that diabetes is associated with a specific cardiomyopathy known as diabetic cardiomyopathy (DCM)[18-20]. In the long term, people with diabetes more frequently have cardiovascular complications and double the mortality rate[21]. Moreover, we have known for some time from the Framingham Heart study that diabetic men and women are 2 and 5 times more likely to develop heart failure respectively, independent of hypertension and coronary artery disease[22].

Initially, DCM was recognized by impaired myocardial relaxation and left ventricle (LV) stiffening with pro​gressive development of LV interstitial fibrosis and cardiomyocyte hypertrophy[23]. Although the natural history of DCM has never been directly studied, extensive research utilizing experimental animal models of T1DM and T2DM and advances in clinical cardiac imaging over the past four decades support the notion that DCM is a progressive disease, beginning in the early time course of diabetes[24]. 

Clinical investigations indicate that features of DCM are present early after the onset of T1DM. In T1DM patients, early DCM is identified by subtly reduced peak myocardial systolic velocity and early diastolic velocity preceding overt diastolic dysfunction[25]. Early abnormalities in diastolic function are also apparent in patients with well-controlled T2DM in the absence of LV hypertrophy[26]. Similarly, in one of the most common animal models, the streptozotocin (STZ) induced diabetic rat, depressed rates of pressure development and decay, reduced end systolic developed pressure and prolonged relaxation times are evident as early as 2-3 wk post diabetes induction[27,28], prior to LV remodeling[28]. 

In the advanced stages of diabetes, a myriad of cellular signaling pathways are chronically activated within the heart, leading to fibrosis, hypertrophy and apoptosis, resulting in inadequate myocardial compliance, increased diastolic filling pressures and the development of overt LV diastolic dysfunction[24]. There is strong evidence from prevention and intervention studies using animal models that specifically targeting the structural manifestations of advanced DCM improves LV function[29-31]. However, in the clinical setting, there is still uncertainty as to whether structural remodeling is a cause or consequence of DCM[32]. Functional abnormalities in isovolumetric contraction and relaxation rates, as well as reduced systolic developed pressure are common to both early and advanced DCM. Moreover, it is not easy to diagnose when structural change has occurred. As these cardiac indices reflect the functional status of mechanisms regulating intracellular events within cardiomyocytes including the initiation and regulation of contraction and relaxation, there is sufficient evidence that demonstrates that subcellular changes to the cardiomyocytes can account for the functional abnormalities observed in early DCM.

In this review, we will focus on and discuss the multiple cellular biochemical derangements, intracellular signaling cascades as well as the structural and fun​ctional changes to the cardiomyocyte and sarcomere that establish the beginnings of contractile dysfunction in DCM ahead of myocardial remodeling and overt LV diastolic dysfunction. 

EARLY BIOCHEMICAL DYSFUNCTION AND THE CELLULAR SIGNALING PATHWAYS INVOLVED IN DCM

Diabetes is associated with hyperglycemia, hyper​lipidemia, hyperinsulinemia and or insulin resistance. However, unlike T1DM, abnormal glucose homeostasis, hyperinsulinemia and insulin resistance frequently precede development of T2DM[33]. Regardless of the etiology of the disease, diabetes results in multiple cellular metabolic derangements, including increased production and accumulation of advanced glycation end-products in the extracellular space, increased polyol and hexosamine pathway flux and activation of various protein kinase C (PKC) isoforms[34] (Figure 1). In the myocardium, these biochemical derangements drive the generation of oxidative stress, a key contributor to the development of DCM[35] (Figure 1A). 

Oxidative stress 

The development of oxidative stress has long been recognized as a cardinal molecular event in the initiation and progression of DCM. Importantly, in the long-term, diabetes and insulin resistance induce myocardial oxidative stress from a number of sources leading to enhanced production of reactive oxygen species (ROS) and reactive nitrogen species, whilst also diminishing the heart’s antioxidant defense system (reviewed by[36]). The specific mechanisms of how each of these sources generate oxidative stress are beyond the scope of this review and are described in detail by Huynh et al[37].

In the setting of chronic experimental diabetes, oxidative stress has been consistently implicated in myocardial remodeling and diastolic dysfunction. Studies conducted by our group and others demonstrate that elevated ROS expression and compromised antioxidant defense are associated with myocardial fibrosis, hypertrophy and diastolic dysfunction in STZ induced T1DM rats[38,39]. Similar findings have been reported in genetic models of advanced T2DM including the db/db mouse[40], the Goto Kakizaki (GK) rat[38] and the Otsuka Long-Evans Tokushima Fatty (OLETF) rat[41]. 

A role for oxidative stress in the initiation of DCM has also been shown to occur early after the induction of diabetes in animals. One source of myocardial oxidative stress that certainly plays a role in early DCM is nicotinamide adenine dinucleotide phosphate (NADPH) oxidase. Inhibition of NADPH oxidase shortly after the onset of diabetes attenuates subsequent interstitial fibrosis and completely restores systolic and diastolic function in diabetic rats[42]. Three to five weeks post induction of diabetes in rats, there is a significant increase in myocardial oxidative stress (nitrotyrosine and lipid peroxidation), which is associated with con​tractile dysfunction[43,44]. Antioxidant treatment with N-acetylcystine (NAC) significantly improved the pro​longed rates of LV pressure decay, but not the rates of pressure development[43]. While myocardial remodeling was not directly assessed by Cheng et al[43], the improvements in LV diastolic indices they observed are most likely caused through actions on cardiomyocyte and sarcomeric function (Figure 1A). 

Oxidative stress has been widely reported to induce posttranslational modifications of a large variety of contractile proteins within the sarcomere with redox modifications of such proteins playing a pivotal role in the evolution of heart failure (reviewed extensively by references[45,46]). Therefore, in early DCM, cardiac contractile dysfunction is likely to arise in some part as a consequence of oxidative stress, through posttranslational modifications of contractile proteins as opposed to myocardial structural alterations derived from the in​creasing burden of chronic oxidative stress associated with advanced DCM. Two distinct cellular signaling cascades that drive generation of oxidative stress through NADPH production are the renin angiotensin aldosterone system (RAAS)[47,48] and the PKC2 pathway[49,50] (Figure 1A). Both have been implicated in the early pathogenesis of DCM.

RAAS 

It has been known for many years that the RAAS is a key contributor to the development and progression of renal[51], vascular[52] and cardiac[53] complications in diabetic patients, mainly by its effector molecule, angiotensin Ⅱ (ANGⅡ). Since systemic RAAS activity is unchanged or downregulated in diabetes[54,55], local RAAS in the heart is thought to be responsible for the local production of ANGⅡ. All the components of the classic RAAS have been identified in the heart including renin, angiotensinogen, ANGⅠ, angiotensin converting enzyme (ACE), ANGⅡ and ANGⅡ type 1 receptors (AT1R)[56]. Traditionally, it is accepted that chronic activation of the RAAS in advanced T1DM and T2DM diabetes increases myocardial levels of ANGⅡ. In addition to its potent vasoconstrictor actions, ANGⅡ promotes myocardial remodeling by driving collagen production, extracellular matrix protein accumulation[57], fibrosis, myocyte hyper​trophy, apoptosis, impaired calcium handling, myofibrillar dysfunction and oxidative stress, all of which combine to evoke overt LV diastolic dysfunction[48,58-65] (Figure 1B). Newer evidence suggests that in addition to the activation of classic RAAS, diabetes sequesters the activity of the cardiac ACE2-ANG-(1-7)-Mas receptor axis (Figure 1B), which opposes the pressor, fibrotic and hypertrophic effects of ANGⅡ (reviewed in references[66-68]). Although RAAS research in the context of DCM is in its infancy, the few studies conducted have reinforced the notion that diabetes suppresses cardiac ACE2-ANG-(1-7)-Mas receptor pathway in the hearts of rodents with chronic T1DM[58,69] and T2DM[62], resulting in myocardial remode​ling and diastolic dysfunction in the long term (Figure 1B). Therefore, restoring the balance of the pathological and cardioprotective arms of local RAAS in chronic DCM has been proposed as a novel and more effective therapeutic strategy[66,68]. 

In prediabetic, insulin resistant and early T1DM animal models, there is also a potential role for elevated myocardial ANGⅡ and activation of the classic RAAS arm in the initiation of cardiomyopathy. AT1R-dependent NADPH oxidase-mediated oxidative stress is apparent in the hearts of insulin resistant, prediabetic OLETF rats[70]. Normal myocardial nitric oxide production is restored after AT1R blockade in a dietary induced rat model of obesity and insulin resistance[71]. Moreover, one week of STZ diabetes in rats significantly increases intracellular ANGⅡ content in cardiomyocytes and is associated with myocardial oxidative stress and apoptosis[72]. Unfortunately, as cardiac function was not assessed in these studies, it is not possible to say if the activation of the classic RAAS is responsible for LV contractile dysfunction documented in these early stages of diabetes. However, in support of this possibility, other studies have shown that increased RAAS activity in the hearts of diabetic animals is associated with impaired calcium handling[60,73] and reduced myofibrillar ATPase activity[64]. Thus, there is a strong possibility for an early involvement of the RAAS in the pathogenesis of DCM as these subcellular alterations are often associated with early LV contractile dysfunction in diabetes (Figure 1A, broken line). Further studies are needed to clarify the involvement of classic RAAS and the ACE2-ANG-(1-7)-Mas receptor axis in contractile dysfunction at this time point, and if other angiotensin peptides[74] and the AT2R have any role in DCM development.

PKC2 pathway 

There are multiple PKC isoforms in existence (, 1, 2, , , , , , , ι/), which all regulate a large variety of cellular functions. In diabetes, hyperglycemia causes de novo synthesis of diacylglycerols, in turn activating several PKC isoforms in various tissues including the eye, kidney, vasculature and heart (reviewed extensively elsewhere[75,76]) (Figure 1A). Of particular interest is the PKC2 isoform, which is found in the right and left ventricles of the heart[77]. In rodent models of chronic STZ-induced T1DM, increased PKC2 expression and activity results in cardiomyocyte hypertrophy, fibrosis and impaired cardiomyocyte calcium handling capabilities, ultimately prolonging active diastolic relaxation and reducing passive compliance[78-81] (Figure 1B). Elevated myocardial PKC2 expression levels are also reported in a rat model of dietary induced insulin resistance and T2DM[82].

In the context of early DCM, one month after STZ induced diabetes in pigs, both cardiac PKC2 mRNA and protein expression is significantly increased compared to euglycemic controls[83]. Consistent with this finding, two weeks post STZ diabetes induction, PKC2 protein activity is significantly increased in the hearts of rats[84]. Furthermore, selective PKC2 inhibition from shortly after the onset of STZ diabetes prevented cardiomyocyte hypertrophy and NADPH oxidase mediated oxidative stress and thereby restored cardiac function to that of control rats[85]. A significant finding of that study was antioxidant treatment with NAC had comparable effects to PKC2 inhibition in attenuating NADPH induced myocardial oxidative stress and hypertrophy. However, PKC2 inhibition was superior in preventing cardiac dysfunction by completely restoring isovolumetric relaxation times[85]. This suggests that PKC2 also acts through oxidative stress independent pathways in the development of LV contractile dysfunction in early diabetes. 

The Rhoa/Rho kinase pathway axis - a possible mechanism for oxidative stress independent contractile dysfunction in early DCM

The Rho Kinases (ROCK), ROCK1 and ROCK2, are Rho-associated kinases activated by the small GTP-binding protein RhoA. ROCK1 is ubiquitously expressed, whereas ROCK2 appears to be brain and cardiac specific[86]. The RhoA/ROCK pathway controls a diverse range of cellular processes in the cardiovascular system (see review[87]), but primary actions of ROCK that are pertinent to this review are the regulation of actin-myosin interactions[88] and maintenance of cytoskeletal structure[89]. 

A large body of evidence has established that ROCK is a key mediator of diastolic dysfunction in various rodent models of heart disease including hypertensive cardiomyopathy[90-93], pressure-overload hypertrophy[94] and myocardial infarction in mice[95], as well as in patients with chronic heart failure[96]. As a consequence, ROCK has gained attention as a promising therapeutic target for diabetic patients with diastolic dysfunction and preserved ejection fraction[97]. In a small cohort of T2DM patients, daily administration of fasudil, a specific ROCK inhibitor, for two weeks significantly improved isovolumetric relaxation time, deceleration time, E/A wave ratio and E/e’ wave ratio in comparison to baseline measures and placebo treated patients[97]. Although not specifically identified in the aforementioned clinical study, elevated ROCK activity leads to diastolic dysfunction in chronic diabetes by inducing fibrosis, hypertrophy and cardiac ultrastructural remodeling[98,99]. However, considering that ROCK is pivotal in regulating contractility at the level of the sarcomere and given the marked improvement in active diastolic indices in patients treated with fasudil, we speculate that elevated ROCK activity primarily drives diastolic dysfunction by modulation of sarcomeric proteins. 

Early ROCK activation may also contribute to the initiation of DCM. Acute inhibition of ROCK in diabetic rats rapidly alleviates cardiac contractile dysfunction and increases developed force[100], confirming ROCK has a direct interaction with the cardiomyocyte’s contractile apparatus. Work conducted by our group demonstrates depressed actin-myosin dynamics and LV contractile dysfunction[101] is associated with modestly elevated myocardial ROCK1 and ROCK2 expression[102] suggesting that in the early diabetic rat heart, ROCK may drive contractile dysfunction by impairing actin-myosin interac​tion. Interestingly, we found all of these changes to occur largely independent of oxidative stress[102]. Given the recent studies describing complex interactions between PKC2 and ROCK in chronic experimental DCM[103,104] and the hypothesis that PKC2 is able to modulate cardiac function by oxidative stress independent mechanisms[85], it is conceivable that PKC2 may indeed be acting through ROCK to prolong diastolic relaxation times (Figure 1A). Thus, there is strong evidence that implicates the PKC2/RhoA/ROCK pathway in the pathogenesis and progression of DCM[104]. Future investigations that examine the roles of ROCK at the level of the sarcomere in early diabetes may provide a clearer understanding of the initiating factors involved in DCM. 

EARLY STRUCTURAL AND FUNCTIONAL CHANGES TO THE CONTRACTILE APPARATUS IN DCM

It has been widely held for some time that the diastolic dysfunction associated with DCM is primarily attributed to increased LV fibrosis and hypertrophy, causing sti​ffening of the myocardium. However, a growing number of research findings provide evidence that insulin resistance and hyperglycemia also alter cardiomyocyte intracellular processes responsible for initiating and regulating cardiac contraction and force development on a beat-to-beat basis (see reviews[105,106]). These include declines in cardiomyocyte calcium handling abilities, aerobic energy producing enzyme activity, integrity of cytoskeletal structures as well as sarcomeric dysfunction (Figure 2). In the following section we will discuss how all of these subcellular alterations contribute to contractile dysfunction in early DCM in both T1DM and T2DM (Table 1).

Alterations in calcium handling proteins and excitation-contraction coupling 

Sufficient and timely transport of calcium ions (Ca2+) in and out of the cardiomyocyte and sarcoplasmic reticulum (SR) is vital for the maintenance of normal cardiac function. During systole, Ca2+ enters through sarcolemma L-type Ca2+ channels and Ca2+ clusters are released spontaneously from the SR Ca2+ stores via the ryanodine receptor (RyR). The release of Ca2+ clusters causes Ca2+ sparks and initiates contraction by excitation-contraction coupling. In diastole, Ca2+ is pumped back into the SR via SR Ca2+-ATPase (SERCA) and out of the cytosolic spaces by the Na+/Ca2+ ex​changer, driving myocardial relaxation.

Systolic and diastolic Ca2+ handling impairment is characteristic of T1DM, even in the early stages. Three weeks post STZ, SR Ca2+ reuptake is prolonged and SERCA activity is decreased in comparison to the control group of normoglycemic rats[107]. Slowed rates of contraction and relaxation in diabetic rats were attributed to prolonged Ca2+ transients and SR reuptake in isolated papillary muscle preparations[108]. In the whole heart, Takeda et al[109] also reported that prolonged myocardial relaxation in early diabetes was associated with depressed sarcolemma Ca2+ extrusion and SR Ca2+ reuptake, and reduced SERCA activity. More recently, it has been demonstrated that a progressive loss of cardiomyocyte Ca2+ handling abilities occurs ahead of LV contractile dysfunction in diabetic rats[110]. 

Whether impaired Ca2+ handling is also an early event in the insulin resistant state and early T2DM is unclear. For example, in sucrose fed rats with insulin resistance[111] and early T2DM[112], impaired ventricular and cardiomyocyte relaxation is associated with de​creases in SERCA and RyR expression and prolonged SR Ca2+ reuptake. However, in young prediabetic GK rats, appreciable changes in gene expression of Ca2+ handling proteins only resulted in moderate prolongation of shortening and a slower decay of Ca2+ transients[113]. Similarly, in cardiomyocytes from young Zucker diabetic fatty (ZDF) rats, prolonged relaxation times cannot be fully explained by disruptions in Ca2+ handling[114]. In stark contrast, Fredersdorf et al[115] have reported increased SERCA expression and Ca2+ sequestration in ZDF rats with early DCM, suggesting enhanced Ca2+ handling capabilities may be a compensatory mechanism to preserve cardiac function in the presence of hyper​glycemia. Thus, subtle or moderately compromised cardiac contractile performance is not always attributable to changes in Ca2+ handling, except in early T1DM. Altered Ca2+ handling appears to be more important later in the course of diabetes. 

Myosin heavy chain, myofibrillar/myosin ATPases and energy depletion 

For cardiac contraction to occur, ATP bound to myosin must be hydrolysed to ADP and phosphate. Once the phosphate is released, ADP causes myosin to be strongly bound to actin and induces the force-producing power stroke. Therefore, the rate-limiting step of cardiac contraction is ATP hydrolysis by myofibrillar and myosin ATPase[116]. It has been known for several decades now that reduced myosin and myofibrillar ATPase activity is associated with contractile dysfunction in early diabetes. Three to four weeks post induction of T1DM, myosin and myofibrillar ATPase activities are significantly reduced in diabetic rats compared to normoglycemic, age-matched controls[117,118]. Other studies have demonstrated that decreased myosin and myofibrillar ATPase activity is associated with in vivo contractile dysfunction in early diabetes in rats[119] and reduced force development in isolated muscle preparations[120]. Depression of myosin and myofibrillar ATPase activity in the diabetic heart is due to myosin isozyme switching from V1 to V3. Myosin isozyme expression is determined by the predominant myosin heavy chain (MHC) dimer[121]. In the adult rodent heart, the V1 (MHC homodimer, -MHC) is present[105], however isozyme switching to the V3 (MHC homodimer, -MHC) is commonly exhibited in diabetic rodents. Such a V3 isozyme shift has been reported along with depressed myosin ATPase activity in early diabetic rats, with some demonstrating a concomitant prolongation of tension development (without change in net tension development) and contraction times in isolated papillary muscle preparations[117,122]. Notably, it has been shown that marked expression of -MHC slows actin-myosin kinetics and thereby contributes to contractile dysfunction in early diabetes[123,124]. 

Despite these convincing studies using animal models, clinical experiments utilizing phosphorus magnetic resonance spectroscopy in T2DM patients with early DCM have found no association between diastolic dysfunction and ATP turnover[125]. Thus, it is unclear if altered energetics of contraction is a cause or consequence of diabetes. 

Changes in the structural compliance and order of the cardiomyocyte cytoskeleton network 

The cardiomyocyte cytoskeleton is a highly organized and complex subcellular structure. The cytoskeleton can be divided into four main structures, this being the sarcomeric, extra-sarcomeric, membrane-sub​membrane and nuclear cytoskeleton[126]. Although the cytoskeleton is considered a unified structure throughout the cardio​myocyte, there is a clear functional division between the contractile part, the sarcomere, and the non-contractile parts that transmit the developed power and ensures structural integrity of the cell and the functional syncytium[127]. Arguably, the extra-sarcomeric cytoskeleton, comprising of microtubules, actin myofi​laments and intermediate desmin filaments are as important for myocyte contraction as the sarcomeres, since these structures transfer the power produced by the sarcomeres through tethering of the sarcomere at the Z-disc to the submembrane skeleton and sarcolemma. 

In the diabetic heart, there are inconsistent findings concerning the possible involvement of structural alterations to the sarcomere in the development of contractile dysfunction. One study using electron microscopy reported that hearts with advanced DCM exhibited disarray of normal sarcomeric order, which was associated with contractile dysfunction[128]. However, others have been unable to corroborate this finding. In contrast, ventricular ultrastructure, and especially the contractile apparatus, remained largely unchanged 8 mo post T1DM induction in rats[129]. Jackson et al[130] demonstrated that in the initial stages of DCM sarcomeric and myofibrillar assembly remain unchanged from that of age-matched, normoglycemic controls, despite depressed contractile function. A unique feature of the sarcomeric cytoskeleton is the interaction of a myriad of proteins that provide exceptional stability. One of the major scaffolding proteins within the sarcomere is titin, a giant protein that spans half of the sarcomere from the Z-disc to the M-line, which provides spring-like recoil of the sarcomere to its relaxed length and facilitates power transmission of the sarcomere through the Z-disc. Titin exists in two isoforms; the stiffer N2B and the more elastic N2BA[131]. The expression ratio and phosphorylation state of both isoforms are tightly controlled to regulate myocyte compliance and sarcomeric order[132]. In the adult heart, the N2B isoform is predominantly expressed[133], although a transition toward the N2BA isoform has been observed during the progression to heart failure[134]. Indeed, titin isoform switching from N2B to N2BA has been demonstrated in the hearts of rats with advanced T1DM and diastolic dysfunction[135]. Interestingly, in obese rats with T2DM, titin N2B hypophosphorylation contributes to contractile dysfunction in the absence of a change of isoform composition[136]. Nevertheless, it is plausible that changes in composition and or phosphorylation of sarcomeric cytoskeletal proteins may be more responsible for contractile dysfunction in diabetes as opposed to overt disruption of sarcomeric order and organization. 

Diabetes also affects microtubule function in the extra-sarcomeric compartment of the cytoskeleton. Microtubules are hollow protein cylinders created by the polymerization of  and  tubulin heterodimers. Amongst other functions, microtubules regulate the flexibility of the cytoskeleton and thus the contractile capacity[127]. In the hearts of diabetic rats, microtubule flexibility is diminished[137,138]. The lack of microtubule flexibility impedes adequate transfer of the power generated by the sarcomere and thus, contributes to contractile dysfunction[137,138]. Polymerization of cytoskeletal actin filaments is increased in diabetes and essential for activation of the PKC2/RhoA/ROCK pathways[104]. The contribution of the extra-sarcomeric cytoskeleton is commonly overlooked in the pathogenesis of DCM and warrants further investigation, not only in areas of mechanical power translation but signal transduction between the sarcolemma, sarcomeres and the nucleus.

Actin-myosin cross-bridge dysregulation 

The formation and dissociation of the actin-myosin cross-bridges (CBs) in the cardiac sarcomere is a pivotal determinant of force development and con​tractility. Various experimental approaches including X-ray diffrac​tion[139], simultaneous recording of heat generation[140] and the measurement of the work of isolated muscle[141] have been used to investigate cardiac performance at the level of the sarcomere and cardiomyocyte. These approaches show that impaired cyclic transfer of myosin heads to actin filaments contributes to contractile dysfunction at the sarcomere level at the onset of diabetes. Moreover, CB dysregulation is also observed in the prediabetic state in the heart of insulin resistant animals. 

A significant reduction in CB cycling has been reported in isolated cardiac muscle from early diabetic rats, due to a preferential shift to the less efficient -MHC isoform[123,124]. Indeed the time required for CB detachment is inversely related to the proportion of -MHC expression in isolated ferret papillary muscle, attesting to a clear role for -MHC content in prolonging CB kinetics[142]. Joseph et al[143] demonstrated a reduced rate of CB attachment and detachment due to diabetes in ex vivo papillary muscle, as well as a significant reduction in the total number of CBs recruited, without a change in force developed per CB. Impaired CB dynamics in this preparation was attributed to a slower myosin ATPase turnover[143]. Accordingly, T1DM is claimed to have no discernible effect on CB mechanical efficiency in isolated trabeculae from rats[144]. Although it is important to recognize that in contrast to Joseph et al[143], the estimated number of CBs attached during contraction did not differ between control and diabetic rats in the study of Han et al[144]. Recent X-ray diffraction studies conducted by our group affirm these previous findings when CB dynamics are determined across the different layers of the ventricular muscle in situ, in the hearts of early diabetic[101] and prediabetic insulin resistant rats[139]. We demonstrated significant myosin head displacement from actin filaments throughout the cardiac cycle, but especially at end diastole, in the rat heart three weeks post STZ induction[101]. Reduction in the proximity of myosin heads to actin filaments at end diastole was directly correlated with a prolonged LV pressure decay rate in diabetic rats. Further, a transmural gradient was found in actin-myosin separation, being most pronounced in the deeper subendocardial layer[101]. However, we also found that the change in CB transfer to actin under -adrenergic stimulation was comparable in control and diabetic rats suggesting that the impairment of the contractile apparatus precedes that of the -adrenoceptor signaling[101]. In young prediabetic GK rats, we also found significant myosin head displacement from actin at end diastole in the subendocardial layer of the LV wall[139]. It is still unclear if these altered CB dynamics translate to significant LV dysfunction, but fiber shortening and Ca2+ transients are reported to be more prolonged in young GK rats[113]. 

It is noteworthy that X-ray diffraction recordings from the in situ beating heart demonstrate in both STZ induced diabetic rats and young prediabetic GK rats that myosin-myosin separation (interfilament spacing) does not differ from that of controls, and therefore altered myosin head distribution cannot be explained by a difference in sarcomere length[101]. Since alterations in thin filament complex cannot explain changes in myosin head extension (despite being a critical determinant of Ca2+ sensitivity and CB cycling rates), this implies that modifications to thick filament proteins that regulate myosin head extension are likely to be involved in the impaired CB dynamics and contractile dysfunction in early DCM. 

The thick filament accessory proteins - regulators of myosin head extension 

Two major proteins reside within the myosin thick filament complex that regulate myosin head extension, namely myosin light chain-2 (MLC2), otherwise known as regulatory light chain and cardiac myosin binding protein-C (cMyBP-C) (Figure 3). Detailed information on the complex molecular structure and broader phy​siological functions of both these proteins is beyond the scope of this paper but has been reviewed extensively by others (see reviews[145-149]).

It is well accepted that MLC2 and cMyBP-C regu​late myosin head extension by means of kinase phosphorylation. In the case of MLC2, phosphorylation is tightly regulated by MLC kinase and Ca2+/calmodulin-dependent protein kinase (CaMK), and is dephos​phorylated by MLC phosphatase (see review[150]). X-ray diffraction experiments conducted by Colson et al[151] reveal that the negative charge created on the myosin neck when MLC2 is phosphorylated, repels the negative charge of the myosin backbone and thus, subsequently the myosin heads are displaced toward the actin filament. 

cMyBP-C is a multifunctional protein within the sarcomere that is primarily involved in the regulation of contractility[152-155] and the organization and structural maintenance of the sarcomere[156-158]. cMyBP-C prevents myosin head projection toward actin by a “tethering” mechanism[159], however, upon phosphorylation, the molecular tether mechanism is released and myosin heads are freed to be displaced towards actin[160,161]. As protein kinase A (PKA) is the primary kinase that phosphorylates cMyBP-C, it is thought that under -adrenergic stimulation, cMyBP-C works in cooperation with the troponin complex to maintain force development and adequate relaxation and LV filling at higher heart rates[151]. In support of this proposed role, cMyBP-C phosphorylation by PKA evokes radial displacement of myosin heads toward actin in isolated cardiac muscle[162]. To date, seventeen phosphorylation sites have been identified on cMyBP-C[163], however three (Ser273, Ser282, Ser302)[164] have been identified as crucial regulators of contractility, which are all located within the M-domain of cMyBP-C (Figure 3). CaMK is also able to phosphorylate cMyBP-C at these sites in a Ca2+ dependent manner and thereby play a potentially important role in regulating contractile function independent of changes in intracellular Ca2+ transients[165,166]. 

Several studies have demonstrated diminished phosphorylation of cMyBP-C in experimental[167,168] and human[163,168,169] non-diabetic cardiac disease. Although there is paucity of information in the literature, some evidence suggests that MLC2 and cMyBP-C phosph​orylation are also reduced in DCM. In the hearts of diabetic rats, a significant depression of MLC2 phospho​rylation is reported, accompanied by prolonged LV pressure development and decay rates[170]. Diabetic swine also exhibit significantly reduced cMyBP-C phosphorylation[171]. Most recently, in a rat model of early DCM, MLC2 phosphorylation was significantly reduced in comparison to normoglycemic controls while cMyBP-C phosphorylation remained unchanged[123]. 

It should also be appreciated that other kinases including PKC2 and ROCK can directly phosphorylate cMyBP-C, and thus, potentially impact on contractile function, without appreciably altering pan phosphory​lation state. In isolated rat cardiomyocytes, increased PKC2 expression did not change pan phosphorylation of cMyBP-C despite prolonging rates of shortening and relaxation, but phosphorylation of Ser302 in particular was significantly increased[172]. Taken together with the finding that phosphorylation Ser302 on cMyBP-C modulates CB kinetics[173], this suggests that the contractile dysfunction observed in the isolated cardio​myocytes may, in part, be a result of altered CB dy​namics. Others have also demonstrated active ROCK directly phosphorylates cMyBP-C in cardiomyocytes[174]. Therefore, it is possible that cMyBP-C phosphorylation by PKC2 and ROCK may not alter pan phosphorylation, but may indeed impair CB dynamics by displacing myosin heads from the thin filaments and slowing rates of CB attachment and detachment. At the very least, thick filament accessory proteins probably play a role in contractile dysfunction in early DCM, although this requires further investigation. 

The actin thin filament troponin complex-could changes in calcium sensitivity contribute to early DCM? 

Much of our previous discussion has focused on diabetes impact on the myosin thick filament, however we cannot overlook the importance of the actin thin filament in modulating cardiac contractile properties. The hetero-trimeric cardiac troponin (cTn) complex is comprised of cTnC (Ca2+ reception site), cTnT and cTnI, the latter two are involved in the transduction of the Ca2+-binding signal (Figure 3). The multiple interactions of cTnI and cTnT with actin and tropomyosin regulate CB kinetics and the number of recruited CBs (reviewed in[175]) (Figure 3).

cTnI is widely recognized to be the principle regulator of CB kinetics and myofilament sensitivity of the thin filament. Under physiological conditions, increased cTnI phosphorylation at Ser23/24 by PKA (which usually occurs under -adrenergic stimulation) leads to decreased myofilament Ca2+ sensitivity and accelerated CB dissociation, and thus hastened relaxation[176]. However, under pathophysiological conditions when expression and activity of PKC isoforms are elevated, PKC rather than PKA predominantly phosphorylates cTnI[177]. Ca2+ sensitivity is decreased by PKC phosphorylation at Ser23/24 of cTnI in a manner similar to physiological phosphorylation by PKA, but in contrast, phosphorylation of other sites (Ser44/45 and Thr144) slow CB cycling and sliding velocity and impair relaxation[176]. Thus, PKC-mediated phosphorylation of cTnI may partly explain contractile dysfunction in advanced DCM. Many studies have demonstrated that depressed myofilament Ca2+ sensitivity and PKC-induced increases in cTnI phosphorylation are observed in the hearts of rats after eight to twelve weeks of T1DM[178-180].

In early DCM however, there are some conflicting findings regarding the contribution of cTnI. One study found that cellular PKC translocation paralleled a 5-fold increase in cTnI phosphorylation[181]. Importantly, neither cardiomyocyte function nor myofilament Ca2+ sensitivity was examined in this study. Conversely, others reported no changes in cTnI phosphorylation or myofilament calcium sensitivity four weeks post T1DM induction[123]. Therefore, there are some uncertainties as to the role of cTnI changes in early DCM. Given the strong evidence implicating cTnI in chronic diabetes models, this may only be a prominent driver of contractile dysfunction in the advanced stages of DCM.

Interestingly, ROCK is able to phosphorylate multiple sarcomeric proteins. Vahebi et al[174] revealed a direct role for ROCK activation in depressing myofilament tension development and ATPase activity via phosphorylation of cTnT of the thin filament complex, independent of MLC2 phosphorylation. A possible limitation of these findings is that the authors used constitutively active ROCK2, and whilst many other studies have demonstrated functional changes in diabetes with selective ROCK inhibition, not all have found an increase in ROCK phos​phorylation[102,182]. Nonetheless, there is evidence to suggest an increase in ROCK activation in diabetes could contribute to reduced CB cycling through modulation of the thin filament, as well as the thick filament. 

OTHER EXACERBATING RISK FACTORS OF DCM 

In the clinical setting, DCM is rarely diagnosed inde​pendent of any additional risk factors, however, the cumulative effects of multiple risk factors in insulin resistance and diabetes has been rarely considered in preclinical studies. Risk factors that have been shown to exacerbate these disease states include hypertension and obesity, both commonly present with T2DM in pa​tients (reviewed by reference[183]). Hypertension alone is a serious risk factor for the development of diastolic heart failure. Raised systolic blood pressure associated with hypertension evokes an increase in cardiac afterload and accordingly, vascular remodeling and LV hypertrophy ensue as pathophysiological adaptations to maintain cardiac output. Several decades earlier, Factor et al[184] showed that diabetes combined with hypertension increased microvessel tortuosity, microaneurysms and focal constrictions more than either disease state alone, which would increase the risk of myocardial ischemia. Activation of the RAAS and sympathetic nervous system (SNS) in the hypertensive state leads to fibrosis and cardiomyocyte hypertrophy, ultimately leading to diastolic dysfunction (see review[185]). In the context of early DCM where LV structural remodeling is normally absent, the additive effect of hypertension may acce​lerate cardiomyocyte subcellular dysfunction. Jeong et al[186] have demonstrated that diastolic dysfunction in deoxycorticosterone acetate treated hypertensive mice is driven by oxidative stress modifications to cMyBP-C, which subsequently suppresses CB kinetics[186]. Further, chronic activation of ROCK plays a central role in most forms of hypertension and diabetic coronary dysfunction[87,102]. Thus, hypertension may exacerbate the development of cardiac dysfunction in early DCM by redox modifications of various sarcomeric proteins, disturbed CB dynamics and increased oxidative stress. 

Obesity (in particular abdominal obesity) is a risk factor for the development cardiac dysfunction and heart failure, independent of diabetes[187]. Several metabolic and neurohormonal mechanisms have been postulated to contribute to obesity-induced cardio​myopathy (see review[188]). Of particular interest, is the interplay of the SNS and the RAAS, which occurs during obesity[189,190]. Classically, obesity leads to activation of the SNS, which in turn rapidly activates the production of renin from the renal juxtaglomerular apparatus as well as angiotensinogen from adipocytes and thus, promotes the excessive production of ANGⅡ. Consequently, systemic hypertension ensues (reviewed in[189]). Given our previous discussion on hypertension-induced modulation of sarcomeric proteins leading to diastolic dysfunction[186], it is plausible that obesity may exacerbate DCM in patients via the promotion of systemic hypertension. On the other hand, obesity may also exacerbate DCM by directly increasing SNS outflow to the heart. In normotensive obese patients, increased LV mass correlates with elevated cardiac SNS activity[191]. Considering the hypertrophic and fibrotic actions of ANGⅡ, elevated local RAAS activity driven by activation of the cardiac SNS could, in part, explain increased LV mass in obese patients. In addition, one study has shown that a high fat diet induced mitochondrial lesions and depressed mitochondrial density in the hearts of GK rats[192]. Therefore, obesity induced activation of the SNS in combination with diabetes may indeed exacerbate DCM.

Lastly, gender must also be considered as an additional risk factor for the development, progression and severity of DCM (reviewed in detail by[193]). Indeed, the Framingham Heart study revealed that diabetic women had twice the frequency of heart failure in comparison to diabetic men[22]. More recent clinical evidence suggests that although non-diabetic women appear to have more pronounced endothelium-mediated dilation (due to higher rates of nitric oxide production), T2DM abrogates these sex differences in vascular function[194]. Female mice also lose this vascular protection with T2DM[182]. Although, similar vascular dysfunction is observed in both sexes, the molecular mechanisms underlying this dysfunction in males appears to be elevated ROCK activity, however this does not appear to be the case in female mice[182]. The impact of sex on myocardial function in diabetes is less clear. Early in the time course of experimental T1DM, it appears that male rats are more vulnerable to cardiac dysfunction. Five to six weeks of STZ induced diabetes in rats caused greater prolongation of the rates of pressure development and decay in diabetic male rats in comparison to their female counterparts[195-197]. However, others have demonstrated that female rats after four weeks from STZ induction exhibit significantly lower MLC2 phosphorylation compared to diabetic males despite equivalent impairment in cardiac muscle tension development in both male and female diabetic rats[123]. Sex differences in the loss of cardiomyocytes may contribute to differential changes in contractile function in diabetes. Females respond to metabolic stresses with greater myocardial glycogen accumulation and elevated glycogen-induced autophagy than males[198,199]. Thus, the underlying mechanisms of sex differences in DCM require a great deal of research to appreciate which of the factors we have identified in this review differ between sexes and how the pathophysiology of diabetes might be compounded by other risk factors in females. 

CONCLUSION
In summary, DCM is a progressive disease beginning with contractile dysfunction ahead of LV remodeling. A number of subcellular alterations to the cardiomyocyte contribute to contractile dysfunction in early DCM. While changes in Ca2+ handling protein expressions are evident and likely contribute to the prolongation of systole and relaxation, diminished intracellular Ca2+ transients appear to be associated only with advanced DCM. Diastolic LV dysfunction has its origins in changes in sarcomeric and other cytoskeletal proteins, both due to transcription and posttranslation changes. Upregulation of PKC2 activity is proposed as a central factor in the development of DCM, promoting the activity of both oxidative stress dependent and independent pathways to drive contractile dysfunction in early DCM. Independent of oxidative stress we suggest that hyperglycemia alters modulation of the sarcomeric thick-thin filaments through PKC2/ROCK activation. It is not known if any of these pathological changes in sarcomere function are exacerbated by other risk factors such as hypertension and obesity.
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Figure Legends
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Figure 1  Cellular signaling pathways. A: Cellular signaling pathways driving contractile dysfunction in early diabetic cardiomyopathy; B: Cellular signaling pathways involved in the development of overt LV diastolic dysfunction in diabetes. ANGⅡ: Angiotensin Ⅱ; DAG: Diacylglycerol; NADPH: Nicotinamide adenine dinucleotide phosphate; PKC: Protein kinase C; RAAS: Renin angiotensin aldosterone system; ROCK: Rho kinase; AGE: Advanced glycation end products; ANG1-7: Angiotensin 1-7; ETC: Electron transport chain; iNOS: Inducible nitric oxide synthase; NF-B: Nuclear factor-B; NO: Nitric oxide; SOD: Superoxide dismutase; LV: Left ventricle.

[image: image2.png]Extracellular Sarcolemma
Space

O ey Sub(ellularallemhnnsm
A Blicrotubule diabetic cardiomyopathy

(1) Reduced SERCA expression and activity

(2) Reduced RyR receptor expression and activity

(4) Myosin heavy chain isoform switching

(6) Loss of microtubule flexibilty
(7) Impaired actin-myosin cross-bridge dynanics

(8) Reduced myofilament calcium sensitivity





Figure 2  Subcellular alterations in various compartments of the cardiomyocyte in diabetic cardiomyopathy. PLB: Phospholamban; SERCA: Sarcoplasmic reticulum Ca2+-ATPase; SR: Sarcoplasmic reticulum; RyR: Ryanodine receptor.
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Figure 3  Illustration of the cardiac sarcomere indicating the location of actin thin-filament and myosin thick-filament accessory proteins involved in the regulation of actin-myosin cross-bridge dynamics and kinetics. C0-C10: Immunoglobulin-like and fibronectin-like domains of myosin binding protein C; MD: M-domain of myosin binding protein C containing protein kinase phosphorylation sites.
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Table 1  Reported subcellular alterations to cardiomyocyte structure and function in early type 1 and type 2 diabetes and gaps in our current knowledge


Cardiomyocyte function change


�
Type 1 diabetes


�
Type 2 diabetes


�
�
Excitation-contraction 


�
(-) ↑


�
↑↑ cTnI phosphorylation[181]


�
↑ Ca2+ transient times[113]


�
�
coupling, calcium release-


�
�
(-) cTnI phosphorylation, Ca2+ sensitivity[123]


�
↑ SERCA expression, SR Ca2+ reuptake[115]


�
�
reuptake and calcium 


�
↓


�
↑ PKC2 mediated AGE increase, Ca2+ release[50]  


�
↓ SERCA, RyR expression[111,112]


�
�
sensitivity


�
�
↓ SERCA activity[107,109,110]


�
↑ SR Ca2+ reuptake time[111,112]


�
�
�
�
↓ SERCA and RyR expression[110]


�
�
�
�
�
↓ Diastolic Ca2+ extrusion[109]


�
�
�
�
�
↑ SR Ca2+ reuptake time[108,109]


�
�
�
Aerobic energy production


�
(-)


�
(-) ATP turnover1[125]


�
?


�
�
Sarcomere organization


�
�
(-) Myofibrillar, sarcomeric order[130] 


�
?


�
�
Contractile force development


�
(-)


�
�
↑ Systolic LV pressure, CB formation[139]


�
�
�
↓


�
↓ Myosin, myofibrillar ATPase activity[117-120,143]


�
?


�
�
�
�
↓ CB cycling, myosin-actin proximity[101,123,124]


�
�
�
�
�
↓ MLC2 phosphorylation, (-) cMyBP-C phosphorylation[123]


�
�
�
�
�
↑ ROCK expression, (-) nitrosylation[102]


�
�
�
Contractile force transmission, 


�
↓


�
↑ V3 myosin isozyme expression[117,122-124]


�
↑ Diastolic myosin head separation[139]


�
�
sliding velocity and 


�
�
↓ Myosin head extension[101] 


�
↑ Ventricular, myocyte relaxation[111,112]


�
�
compliance 


�
�
↓ Relaxation rate[101,123,124]


�
↑ Shortening time[113]


�
�
�
�
↓ MLC2 phosphorylation, (-) cMyBP-C phosphorylation[123]


�
↑ Relaxation time[114]


�
�
�
�
↑ Nitrosylation, lipid peroxidation, prolonged relaxation[43,44]


�
�
�
Cardiomyocyte hypertrophy 


�
↑


�
↑ ANGⅡ mediated oxidative stress[72]


�
↑ ANGII mediated NADPH Ox[70]


�
�
and apoptosis


�
�
↑ PKC2 mediated oxidative stress, apoptosis[50]


�
�
�
�
�
↑ PKC2 mediated oxidative stress, hypertrophy[85]


�
�
�
References quoted as they appear in text. 1Study conducted in humans; (-): No change compared to controls; AGE: Advanced glycation endproducts; ANGⅡ: Angiotensin Ⅱ; CB: Cross-bridge; cMyBP-C: Cardiac myosin binding protein C; cTnI: Cardiac troponin I; MLC2: Myosin light chain 2; NADPH Ox: Nicotinamide adenine dinucleotide phosphate oxidase; PKC: Protein kinase C; ROCK: Rho kinase; RyR: Ryanodine receptor; SERCA: Sarcoplasmic reticulum Ca2+-ATPase; SR: Sarcoplasmic reticulum;  LV: Left ventricle.














