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A B S T R A C T   

The prevalence of metabolic diseases -such as obesity, prediabetes, metabolic syndrome or diabetes-has increased 
globally over the years. These diseases, mainly diabetes mellitus (DM), are among the leading causes of mortality 
and morbidity worldwide, with increased risk of diabetic cardiomyopathy (DC), cardiac arrhythmias, and heart 
failure (HF). 

In metabolic diseases several steps and proteins involved in excitation-contraction coupling (ECC) are 
compromised, precluding an efficient and rhythmic cardiac contraction; moreover, calcium/calmodulin- 
dependent protein kinase II (CaMKII) a kinase involved in ECC, is upregulated in several metabolic maladies 
and significantly contributes to cardiac remodeling and arrhythmias, among which are calcium (Ca2+)-triggered 
arrhythmias. CaMKII activation is canonically produced by an increase and binding of Ca2+-calmodulin followed 
by auto-phosphorylation; furthermore, it may occur as a result of several post-translational modifications, 
including oxidation and O-GlcNAcylation that are usually present in metabolic illnesses and support chronic 
CaMKII upregulation and ECC impairment. 

The aim of the present review is to summarize what is known about the different pathways modifying CaMKII 
activity and Ca2+ handling in metabolic disorders and may promote Ca2+-triggered arrhythmias even at the early 
stages of metabolic alterations. Future challenges in this field may encompass unraveling the precise mechanisms 
by which metabolic disturbances modulate CaMKII activity and its downstream effects on cardiac electrophys
iology among different species. This would allow the development of robust and valid preclinical human models 
that can accurately recapitulate the pathophysiology of the human heart. Additionally, investigating the impact 
of targeted interventions, such as pharmacological inhibitors or gene therapies, could provide valuable insights 
into the feasibility and efficacy of manipulating CaMKII signaling to prevent or treat arrhythmias in metabolic 
disorders.   

1. Introduction 

Metabolic diseases are a group of illnesses that disrupt normal 
metabolism. They include obesity, metabolic syndrome (MS), predia
betes, and diabetes mellitus (DM). 

Obesity estimates suggest that over one-third of the world population 
is overweight or obese (World Health Organization, 2022). Obesity is 
closely associated with MS, a constellation of comorbid conditions, 
including impaired fasting glucose, insulin resistance, hypertension, 
dyslipidemias, and central obesity. The Joint Scientific Declaration, 
published in 2009, characterizes MS as a complex of risk factors related 
to DM and the cardiovascular system (Saeedi et al., 2019). Indeed, all 
these conditions have been linked to adverse cardiovascular prognoses 

with an increased risk of arrhythmias and mortality (See below and 
(Grisanti, 2018; Narayanan et al., 2015)). 

DM is a chronic metabolic disorder commonly characterized by high 
blood glucose levels. It results from defects in insulin production, insulin 
resistance, or both. DM affects millions of people worldwide and its 
prevalence is increasing exponentially (Cho et al., 2018). It has been 
early recognized that one of the more important complications of DM 
resides at the heart level, with the development of diabetic cardiomy
opathy (DC) (Kannel et al., 1974). 

DC usually initiates with diastolic dysfunction, which is HF with 
preserved ejection fraction, HFpEF (EF ≥ 50%). Later systolic dysfunc
tion develops which eventually leads to systolic HF with EF<40% 
(Ponikowski et al., 2016). The underlying mechanisms of these 
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alterations are complex; however, it is known that impaired Ca2+

handling is one of the main players in the electrical and mechanical 
dysregulations that culminate in ventricular arrhythmias and HF in this 
disease (Shao et al., 2007a; Stølen et al., 2009). 

Arrhythmias may originate through different mechanisms like re
polarizations or conduction defects, systemic factors, or alterations in 
Ca2+ handling, which leads to Ca2+-triggered arrhythmias. This holds 
true for several cardiac pathologies of various origins (Chelu et al., 2009; 
Luo et al., 2013; Pogwizd and Bers, 2004; Said et al., 2008, 2011), 
among which is DC (Stølen et al., 2009; Shao et al., 2007b) (Fig. 1). In 
this context, CaMKII is a serine/threonine kinase that mediates physi
ological responses upon acute β-adrenergic activation (Ai et al., 2005; 
Lindemann and Watanabe, 1985; Mundiña-Weilenmann et al., 1996). 
However, it also plays a pathological role under situations of cardiac 
stress, including DC. In DC CaMKII is upregulated and significantly 
contributes to detrimental effects of the disease (See below). 

In this review, we will first give a brief overview of Ca2+ handling in 
cardiomyocytes and the main characteristics of CaMKII. We will then 
discuss the mechanisms of Ca2+-triggered cardiac arrhythmias in 
metabolic disorders, with a special focus on CaMKII acting on cardiac 
myocytes. We will also briefly refer to the possible contribution to 
triggered arrhythmias of non-myocyte cardiac cells, which are also 
affected in these diseases. The understanding of CaMKII signaling and 
arrhythmia mechanisms may reveal new therapeutic targets and ulti
mately better treatment in diabetic cardiomyopathy and related meta
bolic diseases. 

1.1. Excitation-contraction coupling (ECC) and the regulation of 
sarcoplasmic reticulum -Ca2+ handling proteins 

In each cardiac cycle, depolarization of the cardiomyocyte mem
brane allows Ca2+ entry through the L-type Ca2+ channels (LTCCs). Ca2+

ions bind to the ryanodine receptors (RyR2s) inducing a larger release of 
Ca2+ from the sarcoplasmic reticulum (SR) that evokes contraction of 
the myofilaments. Ca2+ is then re-uptaken by the Ca2+-ATPase of the SR 
(SERCA2a), and a small amount is extruded from the cell through the 
sodium (Na+)-Ca2+ exchange mechanism (NCX) and the plasma mem
brane Ca2+ pump (PMCA), leading to relaxation (Fig. 2). Approximately 
1% of the systolic Ca2+ is re-uptaken by the mitochondria (Bers, 2002). 

Worth mentioning, 1. Under conditions of intracellular Ca2+ balance, 
the extrusion mechanisms draw out of the cell the same amount of Ca2+

that enters through the LTCCs; 2. SR Ca2+ uptake is a key process in the 
relaxation of cardiomyocytes and in the proper storage of SR Ca2+

content for the next contraction. For instance, a decrease in SR Ca2+

uptake in HF due to a decrease in the expression and activity of SER
CA2a, is a main responsible for the diastolic and systolic deficiencies, 
typical of this illness (de la Bastie et al., 1990); 3. The NCX is electro
genic, i.e., it pumps one Ca2+ out in exchange for the influx of three Na +

ions into the cell. As will be discussed below, exacerbation of Ca2+ efflux 
through the NCX, by increasing Na+ influx and depolarizing cell mem
brane, may favor ectopic beats and Ca2+-triggered arrhythmias. 

Both SERCA2a and RyR2 are under the tight control of different 
proteins. Phospholamban (PLN) is the main and first discovered SER
CA2a regulator (Tada et al., 1975). PLN inhibits SERCA2a tonically and 
reversibly, and in vivo PLN phosphorylation, either by PKA, at Ser16 site, 
or CaMKII at Thr17 site, relieves this inhibition, increasing SERCA2a 
activity, SR Ca2+ reuptake and cardiomyocytes relaxation. In turn, the 
increase in SR Ca2+ reuptake, increases SR Ca2+ load and SR Ca2+

release, enhancing cardiomyocytes contractility (Mundiña-Weilenmann 
et al., 1996; Luo et al., 1994). After the discovery of PLN, several other 
regulatory proteins have emerged, which interact with and/or produce 
post-translational modifications of the SERCA2a-PLN duet, revealing a 
fine and tight tuning of the reuptake process (See for review (Federico 
et al., 2020; Kranias and Hajjar, 2012)). 

RyR2s are also highly controlled by proteins assembled in a macro
molecular complex that includes several regulatory molecules, such as 

calmodulin (CaM), calsequestrin-2 (CASQ2), Junctin, Triadin, and FK- 
506 binding proteins (FKBP12/12.6). Other proteins in the RyR2 com
plex regulate the level of RyR2 phosphorylation, like protein phospha
tases and kinases, including CaMKII. Indeed, RyR2 are phosphorylated 
by PKA, at Ser2808/09 and Ser2030/31 residues, by CaMKII, at Ser2808/09 

and more importantly at Ser2814/15 site, and by PKG at Ser2808/09 site. 
Whereas there are numerous evidences supporting that phosphorylation 
of Ser2814 by CaMKII enhances RyR2 activity (Ai et al., 2005), the results 
remain controversial about the role of PKA-dependent phosphorylation 
at Ser2808 and Ser2030 under both, physiological and pathological con
ditions (Carter et al., 2006; Kushnir et al., 2018; Marx et al., 2000; 
Wehrens et al., 2006; Wei et al., 2021; Xiao et al., 2006). In the last few 
years, a new kinase regulator of RyR2 emerged, the striated muscle 
preferentially expressed protein (SPEG). Unlike phosphorylation by 
other kinases, SPEG phosphorylation of RyR2 at Ser2367 site reduces 
RyR2 activity (Campbell et al., 2020; Quick et al., 2017). The RyR2s are 
also regulated by S-nitrosylation and oxidation (Marengo et al., 1998; 
Sun et al., 2008) (See for review (Federico et al., 2020)). Interestingly, 
some of these regulatory proteins, like histidine-rich Ca2+ binding pro
tein (HRC) (Arvanitis et al., 2018), c-Jun N-terminal kinase isoform 2 
(JUNK2) (Yan et al., 2021), and SPEG, interact with both, SERCA2a and 
RyR2. 

The high regulatory control of each step of ECC allows for a fine- 
tuning of myocyte Ca2+ handling, revealing the importance of main
taining intracellular Ca2+ homeostasis for cardiac function. Any 
disruption of this delicate balance may compromise the precise coordi
nation required for optimal cardiac performance. As will be discussed 
below, it is known that some of these regulations are broken in several 
cardiomyopathies, including DC, playing a significant role in Ca2+- 
triggered arrhythmias. 

1.2. Ca2+-calmodulin-dependent protein kinase (CaMKII) 

The reversible phosphorylation of proteins is one of the most 
important mechanisms in the regulation of cellular function. Virtually 
every biochemical process in eukaryotic cells is under the control of 
post-translational modifications via phosphorylation of key regulatory 
proteins, which in turn trigger the functional response to a variety of 
stimuli. 

Although c-AMP–dependent processes have hystorically attracted 
the most attention as modulators of cardiac protein phosphorylation, 
several other kinases emerged with strong physiological and patholog
ical roles, among which is CaMKII. 

CaMKII is a multimeric holoenzyme composed of 6–12 subunits that 
exists in four isoforms encoded by four separate conserved genes; α, β, γ, 
and δ (Braun and Schulman, 1995). Whereas the α and β isoforms are 
expressed predominantly in neuronal tissue, the δ isoform of the enzyme 
predominates in the heart. Two major splice variants of CaMKIIδ are 
expressed in the adult heart, CaMKIIδB and CaMKIIδC. The former, 
which contains an 11 amino acid nuclear localization sequence, is 
therefore predominantly, although not exclusively, located at the nu
cleus (Mishra et al., 2011). 

Each of the dozen CaMKII monomers that compose the holoenzyme 
consists of three distinct domains: the association domain which directs 
holoenzyme assembly, the regulatory domain, which controls activation 
of the enzyme, and the catalytic domain which associates with sub
strates and performs the kinase function. CaMKII indirectly senses the 
increase in intracellular Ca2+ by binding of Ca2+–CaM at the CaM- 
binding region in the regulatory domain. The binding of the 
Ca2+–CaM complex disrupts autoinhibitory interactions, allowing sub
strates and ATP to gain access to the catalytic domain. Simultaneous 
Ca2+–CaM binding to adjacent subunits within the same holoenzyme, 
results in the rapid autophosphorylation of Thr287 or Thr286 site, ac
cording to the isoform. Autophosphorylation of CaMKII increases the 
affinity of the kinase to Ca2+ and CaM and results in autonomous ac
tivity, independent of intracellular Ca2+ (Ca2+

i ). Therefore, transient 
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elevations of Ca2+
i can generate a prolonged response through the 

constitutive activity of autophosphorylated CaMKII, which confers the 
unique property of “memory” to this enzyme. CaMKII autonomous ac
tivity is also produced by conditions favoring oxidation of a pair of 
methionine residues (Met281/282), nitrosylation of Cys272/290 sites and 
glycosylation of Ser280 residue (Erickson et al., 2008, 2013; Hegyi et al., 
2021a) (Fig. 3). Interestingly, the close disposition of the 
post-translational modification sites at the regulatory CaMKII domain 
may facilitate their interaction. Moreover, it is shown that increased 
oxidation shifts the Ca2+ dependence for CaMKII activation to extremely 
low levels of Ca2+, which would favor CaMKII activation even under 
basal or subdiastolic intracellular Ca2+ levels (Palomeque et al., 2009). 

Phosphorylation of CaMKII is also greatly dependent on the activity 
of CaMKII-specific phosphatases. Four species of protein phosphatases, 
PP1, PP2A, PP2C and a novel family of specific CaMKII phosphatases, 
have been reported to dephosphorylate and negatively regulate CaMKII 
(Ishida et al., 2003). Among the phosphorylation targets of CaMKII there 
are several Ca2+ handling proteins, such as the LTCC (Anderson et al., 
1994), the RyR2 (Ferrero et al., 2007; Wehrens et al., 2004), and PLN 
(Mundiña-Weilenmann et al., 1996). 

It has been shown that CaMKII plays a physiological or beneficial 
role, such as during β-adrenoceptor stimulation (Lindemann and Wata
nabe, 1985; Mundiña-Weilenmann et al., 1996), pH regulation (Vila-
Petroff et al., 2010) or the recovery of contractility during stunning and 
acidosis (Mundiña-Weilenmann et al., 2005; Said et al., 2003; Valverde 
et al., 2006). However, a review of the literature indicated that 
enhanced CaMKII activity is mainly associated with detrimental effects 
such as cardiac inflammation (Rusciano et al., 2019; Singh and Ander
son, 2011), hypertrophy (Anderson et al., 2011; Backs et al., 2009; Velez 
Rueda et al., 2012) ischemia/reperfusion injury (Di Carlo et al., 2014; 
Salas et al., 2010; Vila-Petroff et al., 2007), HF (Ai et al., 2005; Bossuyt 
et al., 2008) and Ca2+-triggered arrhythmias under different patholog
ical conditions that include DM, prediabetes and obesity (Chelu et al., 
2009; Said et al., 2008, 2011; Shao et al., 2007b; Ai et al., 2005; Erickson 
et al., 2013; Hegyi et al., 2021a; Gonano et al., 2011; Lascano et al., 
2013; Mazzocchi et al., 2016; Santalla et al., 2014; Sepúlveda et al., 
2017; Sommese et al., 2016; Tse et al., 2016; Valverde et al., 2019; 
Joseph et al., 2019; Chan et al., 2019). In summary, CaMKII activity is 
enhanced by increasing intracellular Ca2+, but also by oxidation, 
nitrosylation, and glycosylation. These multiple stimuli which are usu
ally activated under pathological conditions, may explain why the 
negative effects of this kinase often overshadow its physiological or 
beneficial actions. 

1.3. Ca2+-triggered arrhythmias 

Altered ionic currents and enhanced SR Ca2+ leak increase the sus
ceptibility for early and delayed afterdepolarizations (EADs, DADs) as 
well as spontaneous action potentials (AP), representing the arrhyth
mogenic trigger. EADs are defined as a slowing or reversal of normal 
repolarization that occurs before the completion of an AP, usually dur
ing phase 2 or 3 of human AP, whereas DADs occur after AP completion 
(Fig. 4A). 

1.3.1. Early afterdepolarizations 
EADs occurs usually in the setting of prolonged repolarization and 

are classically attributed to the reactivation of Ca2+ current (ICa) (Nuss 
et al., 1999). A second major current that facilitates EADs formation is 
NCX. The late component of the Na+ current (INaL) has been recognized 
as an important player to set up the conditions for EADs, by producing 
SR Ca2+ overload, via the reduction of repolarization reserve and the 
increase in intracellular Na+ concentration. CaMKII significantly en
hances INaL, which represents a tiny fraction of Na+ channels that may 
remain open/reopen to produce a non-inactivating or persistent Na+

current under a sustained depolarization such as the plateau phase of AP 
in ventricular cardiomyocytes (Sato et al., 2017). 

1.3.2. Delay afterdepolarizations 
SR Ca2+ release in the intact cardiomyocytes occurs via local events 

referred to as Ca2+ sparks (Cheng et al., 1993),. These events are visu
alized as small, localized increases in cytosolic Ca2+ and they occur at a 
very low frequency during rest, in a stochastic manner, even in the 
absence of cell membrane depolarization and Ca2+ influx (Fig. 4B). 
However, when the SR Ca2+ load exceeds a threshold, which is largely 
determined by the state of the RyR2, an increase in SR Ca2+ sparks (Ca2+

leak) may occur. These abnormal spontaneous Ca2+ discharges from the 
SR may propagate as regenerative Ca2+ waves through cardiac cells 
(Laurita and Rosenbaum, 2008) (Fig. 4A and C). Spontaneous Ca2+

waves are arrhythmogenic because they activate inward membrane 
currents, mainly through the electrogenic NCX working in the forward 
mode. Na+ influx through the NCX depolarizes the cell membrane 
(DAD). If this depolarization reaches the excitability threshold, an 
ectopic beat (an extrasystole) may occur (Luo et al., 2013; Pogwizd and 
Bers, 2004; Laurita and Rosenbaum, 2008) (Fig. 4A). 

At the cell level, one limitation for arrhythmias occurrence is that SR 
Ca2+ leak can only persist if there is a simultaneous increase in SR Ca2+

uptake. This is because the SR must maintain a certain Ca2+ level (SR 
Ca2+ threshold) to support Ca2+ sparks. As previously shown by Eisner’s 
group (Trafford et al., 2000), increasing the P0 of RyR2 by the appli
cation of low caffeine concentrations results in an increase in Ca2+

transient amplitude due to the increase in RyR2 P0. However, the in
crease in RyR2 P0 also increases SR Ca2+ leak, decreasing SR Ca2+

content and suppressing both, the increase in cytosolic Ca2+ transient 
and the enhanced diastolic Ca2+ leak, despite the increase in RyR2 P0 
was still present. Similarly, isolated cardiomyocytes in which Ser2814 site 
of RyR2 was constitutively pseudophosphorylated to produce a “leaky” 
SR (S2814D mice), did not show a higher frequency of Ca2+ sparks with 
respect to wild type (WT) cardiomyocytes consistent with the reduced 
SR Ca2+ content of S2814D cardiomyocytes (Mazzocchi et al., 2016; 
Valverde et al., 2019). Therefore, an increase in SR Ca2+ leak may only 
be arrhythmogenic when it is associated with an increase in SR Ca2+

uptake, able to maintain SR Ca2+ load (Fig. 4D). Several studies 
described an increase in SR Ca2+ uptake in DC and prediabetic heart, 
supporting the persistent nature of SR Ca2+ leak in this cardiomyopathy 
(See below). However, even if there is no associated permanent increase 
in SR Ca2+ uptake, the arrhythmic propensity of these myocytes would 
appear when they are submitted to stress conditions (Chelu et al., 2009; 
Gonano et al., 2011; Mazzocchi et al., 2016; Sommese et al., 2016; Van 
Oort et al., 2010) (Right panel of Fig. 4D). 

At the tissue level, a second important limitation for an extrasystole 
to occur is the number of neighbor cells experimenting DADs at the same 
time, i.e. the number of cells losing their capacity to act as an electro
tonic current provider for minimizing the voltage difference. Using a 
rabbit ventricular AP cell model, Xie et al. (2010), estimated that the 
number of cardiomyocytes required to reach the AP threshold exceeds 
800 thousand susceptible cells. This number decreases dramatically in 
the presence of fibrosis, gap junction uncoupling, HF-like remodeling, 
post-infarction scars, among others, favoring triggered activity (Xie 
et al., 2010). Although it will not be discussed in this review, these 
conditions are present in DC; for instance in diabetic hearts, there is a 
reduction of Connexin 43 (Cx43) expression, Cx43 subcellular redistri
bution and an increased fibrosis that significantly decreases cell-to-cell 
coupling, reducing conduction velocity and favoring arrhythmias 
occurrence (Pereira et al., 2014; Watanabe et al., 2012). 

In summary, the occurrence of Ca2+-triggered arrhythmias holds 
significant importance in the development and progression of cardiac 
arrhythmias. Aberrant Ca2+ handling disrupts the normal rhythm of the 
heart, leading to disturbances in cardiac conduction, increased risk of 
reentry circuits, and the potential for life-threatening arrhythmias. 

1.4. CaMKII and Ca2+ triggered arrhythmias in diabetic cardiomyopathy 

As already discussed, and shown in Fig. 1, different mechanisms may 
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contribute to the genesis of cardiac arrhythmias in metabolic disorders. 
Among these mechanisms, CaMKII increased activity plays a central 
role. Indeed, in DM several cellular signaling pathways that produce 
physiological stress and may activate CaMKII are significantly altered 
(Jia et al., 2018). 

In a recent review, Hegyi et al. (2019), discussed the involvement of 

CaMKII enhanced activity in several of the mechanisms of arrhythmias 
production during metabolic disturbances (described in Fig. 1) (Hegyi 
et al., 2019). We will concentrate here on the role of CaMKII on 
Ca2+-triggered arrhythmias, i.e. arrhythmias directly associated with 
Ca2+ handling alterations. However, it should be borne in mind that 
hyperglycemia and diabetes dysregulate different ion channels and 
produce a cardiac remodeling that contributes and/or acts as a substrate 
for the development of Ca2+-triggered arrhythmias. CaMKII activity is at 
least partially responsive of this remodeling (Hegyi et al., 2021b). 

1.4.1. Preclinical studies 
An increase in pro-arrhythmogenic SR Ca2+ leak/Ca2+ sparks has 

been described in DC models of type 1 and 2 of diabetes mellitus (T1DM, 
T2DM) (Belke et al., 2004; Yaras et al., 2005). In Streptozotocin (STZ) 
treated rats (T1DM), Yaras et al. (2005) observed that the enhanced SR 
Ca2+ leak occurs together with a decrease in RyR2 and FKBP12.6 ex
pressions and an enhancement of RyR2 Ser2809 site phosphorylation 
(Yaras et al., 2005). Shao et al. (2009), working in the same model 
supported the notion that SR Ca2+ leak was due to CaMKII activation by 
showing that the phosphorylation of Ser2808 and Ser2814 RyR2 sites was 
increased in DC in association with an increase in CaMKII activity and a 
decrease in basal PKA activity, without changes in its maximum 
achievable activity (Shao et al., 2009). Stølen et al. (2009), simulta
neously demonstrated that the increase in SR Ca2+ leak in a T2DM 
model, the db/db mice, was associated to an increase in Ser2814 site of 
RyR2 and of CaMKII activity. These authors also showed that there was a 
significant increase in Thr17 phosphorylation of PLN, which might have 
been responsible for the sustained SR Ca2+ leak observed in these mice 
(Stølen et al., 2009). Both Shao et al. (2009) and Stolen et al. (2009) 
associated, -for the first time to the best of our knowledge-, the 
CaMKII-induced increased SR Ca2+ leak with the increased propensity to 
arrhythmias in DC (Stølen et al., 2009; Shao et al., 2009). Working STZ 
mice, Monnerat et al. (2016), described an increased inflammatory 
response, involving toll-like receptor 2 (TLR2) and NLRP3 inflamma
some activation in cardiac macrophages with enhancement of inter
leukin 1 β (IL-1β) production (Monnerat et al., 2016). The authors 
further showed that treatment of isolated cardiomyocytes with IL-1β 
induced spontaneous contractile events that are associated with CaMKII 
oxidation and phosphorylation and were attenuated by CaMKII inhibi
tion. The link between IL-1β and CaMKII oxidation was not explored in 
these experiments. A possible pathway suggested by the authors in
volves TLR and the myeloid differentiation protein 88 (MyD88), known 
to produce cardiomyocytes CaMKII oxidation in cardiac inflammation 
processes (Singh et al., 2012). On the other hand, experiments by Nishio 
et al. (2012) in STZ-induced diabetic rat hearts suggest that activation of 
CaMKII induced by impaired intracellular Ca2+ metabolism stimulates 
reactive oxygen species (ROS) production in the diabetic heart associ
ated with upregulation of NAPDH oxidase, which was prevented by 
KN-93 treatment, a selective CaMKII-inhibitor (Nishio et al., 2012). 

Popescu et al., 2019, working with a rat model of late-onset T2DM 
(rats transgenic for human islet amyloid polypeptide (HIP) or HIP rats, 
(Butler et al., 2004)), showed both, a direct enhancement of RyR2 
oxidation and RyR2 phosphorylation at Ser2014 with a small but signif
icant increase in Ser2808 residue phosphorylation, associated with an 
increase in DADs. Interestingly, phosphorylation of Ser2808 residue was 
again attributed to PKA phosphorylation without considering the pos
sibility of CaMKII phosphorylation of the site. These authors also 
described an increase in phosphorylation of Thr17 of PLN (the CaMKII 
site) and an increased intracellular Na+ concentration which reduces 
Ca2+ extrusion through NCX allowing SERCA to compete better for 
cytosolic Ca2+, limiting the decrease in SR Ca2+ load, and keeping it 
above the threshold for generating and maintaining SR Ca2+ leak. 
(Popescu et al., 2019). Thus, direct RyR2 oxidation may add to phos
phorylation to increase the gain of function of RyR2. Intriguingly, Tian 
et al. (2011) demonstrated an increase of RyR2 gain of function which 
was independent of phosphorylation and oxidation of the channels in 

Fig. 1. Arrhythmias in metabolic disorders. 
Metabolic disorders like diabetes or obesity may lead to cardiac dysfunction 
that eventually culminates in heart failure and ventricular arrhythmias. Ven
tricular arrhythmias in diabetic cardiomyopathy may have multiple and even 
superimposed origins. 

Fig. 2. Scheme of the excitation-contraction coupling in cardiac myocytes. 
LTTC: L-type Ca2+ channels, SR: Sarcoplasmic reticulum, RyR2: Ryanodine 
Receptors, SERCA2a: Ca-ATPase of the SR, PLN: Phospholamban, NCX: Na+- 
Ca2+ exchanger, PMCA: plasma membrane Ca2+ pump. For details see text. 

Fig. 3. CaMKII structure 
The figure shows a schematic structure of the CaMKII monomer and different 
sites of CaMKII activation by different pathways (Glycosylation, Autophos
phorylation, Oxidation and Nitrosylation. Ca2+/CaM: calcium/Calmodulin. For 
details see text. 
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STZ-treated rats (Tian et al., 2011). These studies demonstrated that, 
besides CaMKII-dependent phosphorylation, several factors may influ
ence the activity of RyR2. 

Early studies associated an important role of O-GlcNAcylation of 
cytosolic and nuclear proteins with Cardiac dysfunction in T1DM and 
T2DM models (Fulop et al., 2007; Hu et al., 2005). Erickson et al. (2013) 
also associated the increase in CaMKII activity by O-GlcNAcylation with 
the enhanced SR Ca2+ leak and ventricular arrhythmias produced by 
hyperglycemia. These authors demonstrated that the higher frequency 
of arrhythmias and the enhancement of CaMKII activity in diabetic rats 
could be prevented not only by CaMKII inhibition by KN-93 but also by 
the inhibition of O-GlcNAc transferase (OGT). Moreover, CaM
KII-O-GlcNac expression was found to be doubled in HF patients and 
tripled in patients with HF and DM, promoting Ca2+ mishandling 
(Erickson et al., 2013). Recently it was shown that O-GlcNAcylation of 
CaMKII at Ser280 is the predominant mechanism for autonomous CaMKII 
activation in diabetic hyperglycemia. According to these results, 
oxidation of CaMKII at two neighboring methionine residues (281/2) 
appears to be mediated by an angiotensin II—NOX2 (NADPH oxidase 2) 
pathway, independently of hyperglycemia, although still playing a 
synergistic role in promoting autonomous kinase activity (Hegyi et al., 
2021a, 2021b). In contrast, the same authors described an enhanced 

O-GlcNAcylation of PLN which may explain the reduced phosphoryla
tion of Ser16 site and the fact that Thr17 residue phosphorylation does 
not change despite the increased activity of CaMKII. This combination 
would reduce SERCA2a activity, supporting the slowed relaxation 
observed in these diabetic rats. On the other hand, results by Mesubi 
et al. (2021) showed that oxidized CaMKII (Ox-CaMKII) is the primary 
mechanism that enhances triggered activity and RyR2 Ca2+ leak in atrial 
fibrillation observed in mice models of T1DM and T2DM, while 
O-GlcNAcylation would act by CaMKII-independent mechanism(s) 
(Mesubi et al., 2021). 

In summary, most of the experimental data support the notion that 
Ca2+-triggered arrhythmias occur in DC and other metabolic disorders 
according to the mechanism schematized in Fig. 5A. This mechanism 
involves a CaMKII-dependent increased SR Ca2+ leak which produces an 
enhancement of inward NCX current, which by depolarizing cell mem
brane promotes DADs and eventually ectopic beats. Direct post- 
translational modifications of RyR2, such as oxidation by ROS, may 
also contribute to altered RyR2 function as shown by different authors 
(Popescu et al., 2019; Tian et al., 2011). Of note, direct oxidation or 
CaMKII-induced phosphorylation of RyR2, promotes a vicious circle (in 
green) that contributes to maintain CaMKII activity and that may be 
strengthened by the phosphorylation of Thr17 of PLN. Fig. 5B 

Fig. 4. Early and Delay After- Depolarizations (EADs 
and DADs respectively) 
A. Cartoon representing the mechanisms of EADs and 
DADs. The scheme shows how an increase in SR Ca2+

leak propagates in the form of Ca2+ waves throughout 
the cytosol, producing DADs and potentially an 
ectopic beat. A prolongation of the AP, due for 
instance to a prolongation of late Na current (INaL), 
would reduce the repolarization reserve and promote 
EADs. B and C: Fluorescence signals showing Ca2+

sparks (B) and a Ca2+ wave (C). D. Schematic rep
resentation of the importance of the exacerbated SR 
Ca2+ reuptake to maintain SR Ca2+ leak. To the left, 
the figure shows that under stress conditions, SR Ca2+

can be recovered to reinstate SR Ca2+ leak. AP: Action 
Potential. LTCC: L-type Ca2+ channels, NCX: Na+/ 
Ca2+ exchanger, RyR2: Ryanodine Receptors, PLN: 
Phospholamban, SR: Sarcoplasmic reticulum, SER
CA2a: Ca2+-ATPase of the SR, late component of the 
Na+ current: INaL. Note that the excess Na+ entering 
through the INaL is extruded from the cell through 
the NCX working in the reverse mode (extruding Na+

and entering Ca2+).   

Fig. 5. Different pathways of CaMKII activation in 
metabolic diseases and proposed mechanisms of 
CaMKII-induced Ca2+ triggered arrhythmias. 
A. Scheme of the different mechanisms that may 
contribute to produce CaMKII-induced SR Ca2+ leak 
and Ca2+ triggered arrhythmias in metabolic diseases. 
B. Interaction among different pathways altered in 
metabolic diseases that produce CaMKII activation. 
Pink and green loops in the figures indicate the vi
cious circles formed by the enhanced SR Ca2+ leak 
and the increased CaMKII activity which further 
enhance its activity and the increase on CaMKII- 
induced activity of NOX2 that by enhancing ROS 
production, further increase CaMKII activity, respec
tively. To the right, the contribution of CaMKII 
induced changes in the extracellular matrix to pro
vide a substrate for Ca2+-triggered arrhythmias, is 
indicated. Abbreviations like in Figs. 2 and 4. NOX2: 
NADPH oxidase 2, PI3K: PI 3 kinase 2. (For inter
pretation of the references to color in this figure 
legend, the reader is referred to the Web version of 
this article.)   
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summarizes the different pathways compromised in DC and metabolic 
diseases that may converge to increase CaMKII activity by phosphory
lation, glycosylation, and oxidation. The figure indicates the vicious 
circle mentioned above (CaMKII-RyR2-CaMKII) and a second vicious 
circle that occurred due to ROS-induced activation of CaMKII and sub
sequent NOX2 activation. Moreover, whether ROS or O-GlcNAcylation 
(both increased in DC) is the key mechanism for CaMKII increased ac
tivity, cardiac remodeling and arrhythmias in DC remains unsettled. The 
experimental evidence suggests that although the predominant mecha
nism may differ between diabetes types and stages of the disease, the 
final activity of CaMKII is the consequence of the synergistic action of 
different pathways, such as autophosphorylation, glycosylation and 
oxidation (Fig. 3). 

So far, we have discussed mainly CaMKII-Ca2+-triggered arrhyth
mias that involve DADs. However, it is important to mention that 
additional mechanisms also dependent on CaMKII contribute to, and 
even might be necessary for, the occurrence of Ca2+-triggered arrhyth
mias in diabetic cardiac myocytes. For instance, recent experiments 
demonstrated that hyperglycemia is associated with an enhancement of 
INaL and a prolongation of the AP (Hegyi et al., 2021a). In this paper, 
the authors postulate that by reducing the repolarization reserve, the 
increase in INaL may constitute a second hit that greatly exacerbates 
diabetic hyperglycemia. As shown in Figs. 4 and 5A, a prolongation of 
INaL, previously reported in the ventricle of diabetic rats, may also 
evoke EADs that would contribute to triggered arrhythmias (Lu et al., 
2013) The mechanism of this increase seems to be a defective 
phosphoinositide-3-kinase (PI3K) signaling pathway, which is linked to 
QT prolongation of the diabetic heart (Lu et al., 2013). Although the 
authors did not investigate a possible role of CaMKII in this signaling 
pathway, previous results strongly suggested that PI3K/AKT signaling 
may negatively modulate CaMKII activity by nitrogen monoxide 
(NO)-dependent S-nitrosylation (Sepúlveda et al., 2013). Thus, a 
defective PI3K signaling might favor CaMKII activity produced by 
another mechanism. However, CaMKII δ has two known sites for 
nitrosylation, C290 and C273. Whereas S-nitrosylation of Cys290 on 
CaMKIIδ promotes kinase activity, S-nitrosylation of Cys273 suppresses 
activation by Ca2+–CaM (Erickson et al., 2015), which complicates the 
interpretation of these previous results. Further research is needed to 
evaluate the contribution of INaL increase in the enhanced triggered 
arrhythmias in the context of diabetes. 

1.4.2. Clinical findings 
As already discussed, cardiac arrhythmia propensity is a hallmark of 

DC, with an increased risk of sudden death (Movahed et al., 2007; 
Chaoul et al., 2023). Several altered pathways in DC may contribute to 
generate different types of arrhythmias (See for review Hegyi et al., 
2019 (Hegyi et al., 2019)). In the context of this review, it is important to 
mention that autonomic-nervous-system dysfunction and activation of 
hormonal systems including the renin-angiotensin-aldosterone system 
was found to be associated with T2DM and metabolic syndrome (Car
nethon et al., 2003; Brenner et al., 2001; Lindholm et al., 2002). These 
alterations contribute to increased oxidative stress and inflammation, 
which promote diabetic complications like cardiac arrhythmias and may 
involve autonomous CaMKII activation (Jungen et al., 2019; Romer
o-García et al., 2020). CaMKII may also be activated by ventricular 
remodeling which increases stress and strain on cardiac myocytes- This 
leads to the production of ROS and NO (Prosser et al., 2013; Jian et al., 
2014). Inflammatory cytokines have been shown to induce cardiac ar
rhythmias in diabetic mice (Monnerat et al., 2016). Indeed, ox-CaMKII 
was found to be higher in diabetic patients than in non-diabetic pa
tients (Luo et al., 2013), which is consistent with an increase in oxidative 
stress. Human atrial and ventricular samples from patients with T2DM 
also showed an increase in CaMKII O-GlcNAcylation (Erickson et al., 
2013; Hegyi et al., 2021a). This is consistent with the excessive intra
cellular O-GlcNAcylation of multiple proteins that is seen in DM. 
Importantly, both chronic and acute diabetic hyperglycemia have been 

shown to activate CaMKII and arrhythmias (Erickson et al., 2013). 
Indeed hyperglycemia is associated with an increase in the risk of ar
rhythmias in patients with DM (Hagelqvist et al., 2023). 

Prolongation of heart rate-corrected QT-interval (QTc) is frequently 
observed in diabetic patients (Ninkovic et al., 2016). This prolongation 
has been correlated with the increased AP duration in diabetic myo
cytes, which is generally associated with a decrease in K+ currents 
(Zhang et al., 2007; Meo et al., 2016). However, remodeling of other 
ionic currents may also be involved in AP and QTc prolongation in 
diabetes, as discussed above. 

Taken together, pre-clinical and clinical studies support a central 
role of CaMKII kinase in the exacerbated propensity to arrhythmias in 
DC. 

1.4.3. Non-myocyte cells may contribute to Ca2+-triggered arrhythmias in 
metabolic disorders 

Cardiac fibroblasts, the coronary vasculature, the autonomic nervous 
system, and even immune cells comprise a great part of the complex 
cardiac architecture and contribute to orchestrate cardiac function 
(Litviňuková et al., 2020). Emerging evidence suggests that these 
non-myocyte cells may play a significant role in the development of 
Ca2+-triggered arrhythmias during metabolic disorders. Although the 
role of these cells is out of the scope of this review, we feel that it is 
important to make a brief discussion about their possible contribution to 
cardiac remodeling and arrhythmias, since their importance is often 
overlooked in preclinical models of DC and other metabolic alterations. 

Cardiac fibroblasts, traditionally recognized for their structural 
support function in the myocardium, undergo phenotypic changes in 
metabolic disorders. In response to hyperglycemia, fibroblasts upregu
late and remodel cardiac extracellular matrix components (Frango
giannis, 2019), causing contractile dysfunction and fibrosis. These 
changes would contribute to the necessary arrhythmogenic substrate for 
arrhythmias to occur. However, and as we will discuss below, 
Ca2+-triggered arrhythmias occur in prediabetic models in the absence 
of evident fibrosis (Sommese et al., 2016; Federico et al., 2017). The 
pro-fibrotic activity of fibroblasts and myofibroblasts is further exacer
bated by growth factors such as transforming growth factor β-1 
(TGFβ-1), connective tissue growth factor, and various interleukins, all 
of which are upregulated in the diabetic myocardium (Souders et al., 
2009). Furthermore, immune cells, including macrophages and lym
phocytes, are increasingly recognized as important contributors to car
diac remodeling and inflammation during metabolic disorders 
(Lazzerini et al., 2018). These immune cells can release 
pro-inflammatory cytokines, activate signaling pathways involved in 
Ca2+ handling, and induce oxidative stress, all of which may disturb 
Ca2+ homeostasis and promote arrhythmia susceptibility. For example, 
TNF-α and IL-1β increase Ca2+ leak from the SR, which contributes to 
depressed systolic Ca2+ transients, resulting in cardiac contractile 
dysfunction and arrhythmias in rat ventricular myocytes (Lazzerini 
et al., 2018; Arbel, 2018). Dysfunction of endothelial cells in metabolic 
disorders can impair coronary blood flow and nutrient supply, further 
exacerbating Ca2+ dysregulation and promoting arrhythmogenesis (de 
Zeeuw et al., 2015; Jamwal and Sharma, 2018). 

The role of CaMKII in interstitial fibrosis is well-established in 
several cardiomyopathies (Willeford et al., 2018). It is known that 
CaMKII inhibition attenuates the inflammatory response and fibrosis by 
influencing NFκB and MAPK signaling following I/R injury (Gray et al., 
2017; Ling et al., 2013). Thus, increased CaMKII activity may also be 
involved in the mechanism by which non -myocytes cardiac cells 
contribute to Ca2+-triggered arrhythmias. Fig. 5B schematizes this 
possibility. Understanding the complex interactions among various 
cardiac cell types in the context of metabolic disorders is crucial for 
unraveling the intricate mechanisms underlying Ca2+-triggered ar
rhythmias and identifying potential therapeutic targets beyond cardiac 
myocytes. 
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1.5. CaMKII and arrhythmias at the earlier stages of DM and metabolic 
syndrome 

Surprisingly, despite the acknowledgment of the prolonged evolu
tion of DC and the rising prevalence of prediabetes (Lin et al., 2018; 
Shang et al., 2019), studies tracking the early stages of DC are scarce. 

In a mouse model of prediabetes (high fructose rich diet), Sommese 
et al. (2016), found an increase in ox- CaMKII activity in association with 
an increase in RyR2 and PLN phosphorylation at the CaMKII sites 
(Ser2814 and Thr17, respectively), and enhancement of SERCA2a activity 
(Sommese et al., 2016). The increase in RyR2 and PLN phosphorylation 
were associated with increases in SR Ca2+ leak, spontaneous contrac
tions, and arrhythmias. All of these spontaneous phenomena could be 
prevented by the CaMKII inhibitor KN-93, the ROS scavenger TEMPOL, 
and also in S2814A mice (Chelu et al., 2009; Van Oort et al., 2010), in 
which the CaMKII site of the RyR2 is replaced by Ala, an amino acid that 
cannot be phosphorylated. They were also prevented in SR-AIP mice (Ji 
et al., 2003), in which the CaMKII inhibitor autocamtide inhibitory 
peptide (AIP) is targeted to the SR (Sommese et al., 2016). These results 
indicated that the increase in ROS production activates CaMKII, 
increasing RyR2 and PLN phosphorylation, which enhances and main
tains SR Ca2+ leak. Although in these experiments RyR2 oxidation was 
not explored in these experiments, their possible contribution to ar
rhythmias can be discarded, since they were prevented by CaMKII in
hibition in the presence of increased ROS levels. 

Obesity and dietary saturated fat also promote arrhythmias associ
ated to CaMKII. In mice fed a high saturated diet, Joseph et al. (2019, 
2021) demonstrated an increase in ventricular ectopy susceptibility to 
induced ventricular tachycardia (Joseph et al., 2019, 2021). The elec
trophysiological abnormalities appeared before the onset of obesity and 
were associated with an increase in oxidative stress resulting from the 
activation of NOX2. Oxidation of RyR2 could enhance SR Ca2+ leak with 
a consequent increase in CaMKII which would further enhance SR Ca2+

leak (Joseph et al., 2019). The authors further associated the increase in 
SR Ca2+ leak with mitochondrial Ca2+ overload, since mitochondrial 
Ca2+ uniporter (MCU) deletion prevents ventricular arrhythmias, which 
were also prevented by CaMKII inhibition (Joseph et al., 2021). 

Sánchez et al. (2018) found an association between redox modifi
cations of RyR2 and arrhythmias in mice treated with a high-fat diet. 
Although no exploration of CaMKII activity or CaMKII-dependent 
phosphorylation of RyR2 was performed in this study, the results indi
cated that the increase in ROS activity that occurs in metabolic disorders 
may directly affect the redox state of different ECC proteins, including 
RyR2, and be responsible at least in part of the arrhythmias observed 
(Sánchez et al., 2018). 

The role of CaMKII has also been studied in rats with MS. Specif
ically, CaMKII autonomously activated was shown to be a contributing 
factor to the mechanism of abnormal diastolic Ca2+ leak, which can be 
further exacerbated under β-adrenergic stimulation (Romero-García 
et al., 2020). In recent experiments conducted on isolated car
diomyocytes, it was shown that exposure to high levels of extracellular 
glucose leads to an increase in O-GlcNac modification on CaMKII, which 
activates NOX2 and increases the production of ROS, initiating a 
self-perpetuating vicious cycle. As a result, CaMKII can be also activated 
by oxidation, increasing SR Ca2+ leak (Hegyi et al., 2021c). Moreover, 
experiments performed in mice that develop mild hyperglycemia and 
obesity after treatment with low-dose STZ and high-fat diet, have shown 
that O-GlcNAc levels increase as early as two months post-treatment 
(Fricovsky et al., 2012). Taken together, these data suggest that CaM
KII-O-GlcNac may also be an early phenomenon in the evolution of DC. 

The findings observed in obese and prediabetic models are of critical 
importance. Because cardiac defects in DM have a long progression 
before reaching the stage of DC with evident diastolic and systolic 
symptoms, knowledge of cellular and subcellular alterations occurring 
at the early stages of the disease is necessary and essential for setting the 
first steps in the evolution of this cardiac illness at this level. This 

knowledge may pave the way for the development of early diagnostic 
tools and preventive interventions, ultimately improving patient out
comes and reducing the burden of cardiovascular disease in this 
vulnerable population. 

2. Therapeutic approaches and future challenges 

Although the association of DC and metabolic disorders with 
increased arrhythmia risk is well established, effective therapies are still 
lacking (Cosentino et al., 2020). Due to the key role played by CaMKII, 
targeting this kinase has emerged as a potential and promising thera
peutic strategy to prevent or mitigate these types of arrhythmias. 
Indeed, as mentioned above, CaMKII inhibition has been found to be 
protective against arrhythmias in various diabetic animal models (Chelu 
et al., 2009; Carter et al., 2006; Kushnir et al., 2018; Marx et al., 2000; 
Sommese et al., 2016; Hegyi et al., 2021b; Popescu et al., 2019; Kado
saka et al., 2023). However, a significant gap remains between advances 
at the bench and new treatments in human patients. In recent years, 
efforts were made to develop new pharmacologic drugs for CaMKII in
hibition, based on the pyrimidine ATP-competitive class of CaMKII in
hibitors such as AS105 developed by Allosteros Therapeutics (Neef et al., 
2018) or GS-680, from Gilead Sciences (Lebek et al., 2023). The most 
recently designed compound named RA306 developed by Sanofi R&D 
(Beauverger et al., 2020), was found to be a potent inhibitor of human 
CaMKII δ and γ, the two main cardiac isoforms and has the unique 
characteristic of being an orally bioavailable agent, giving it a signifi
cant advantage for potential clinical investigation. A recent study tested 
the potential inhibitory action of a large number of compounds orally 
bioavailable and approved by the U.S. Food and Drug Administration. 
This yielded five previously unknown CaMKII inhibitors with clinically 
relevant potency: ruxolitinib, baricitinib, silmitasertib, crenolanib, and 
abemaciclib. It was found that ruxolitinib abolished arrhythmogenesis 
in mouse and patient-derived models of CaMKII-driven arrhythmias 
(Reyes Gaido et al., 2023). 

Peptide inhibitors of CaMKII offer several advantages over small 
molecules but face many challenges for human delivery. A relatively 
recent study showed that biocompatible and biodegradable calcium 
phosphate nanoparticles introduced by inhalation can be used to suc
cessfully deliver peptide cargo to the heart (Miragoli et al., 2018). This 
technique represents a potentially robust opportunity for delivering 
peptide inhibitors. 

Interfering RNA/DNAs have been widely used as a research tool, but 
their toxicity, off-target effects, and short half-lives due to nucleases 
activity prevented their clinical use. Recent improvements have over
come these difficulties, and an antisense nucleotide (ASO) against 
CaMKIIδ from Ionis Pharmaceuticals have been shown to reduce cardiac 
CaMKII and arrhythmic events in mice that had undergone myocardial 
infarction (Yeh et al., 2020). 

The use of CRISPR-Cas9 ABE system to edit the genome overcomes 
many of the limitations of previously described tools to target CaMKII. 
Lebek et al. (2023) recently showed that editing the CaMKIIδ gene to 
eliminate oxidation-sensitive methionine residues protects car
diomyocytes derived from human-induced pluripotent stem cells from 
ischemia/reperfusion injury, providing a novel and promising technique 
to permanently change the CaMKIIδ gene sequency (Lebek et al., 2023). 
Fig. 6 summarizes the different possible therapeutic approaches devel
oped to inhibit CaMKII. 

Another focus of current research and potential clinical therapies is 
to prevent the consequences of hyperglycemia and oxidative stress, 
which include post-translational modifications of CaMKII and its protein 
targets. Interestingly, recent experiments have shown a link between 
acute high glucose and the promotion of both, ROS production and 
CaMKII activation, forming an arrhythmogenic vicious cycle (Hegyi 
et al., 2021c). In connection with this, empagliflozin (EMPA), a drug 
that reduces both ROS and O-GlcNAc levels in diabetic hearts, signifi
cantly attenuated arrhythmia susceptibility and Ca2+ alterations in a 
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mouse model of T2DM. (Kadosaka et al., 2023). Although the effects of 
empagliflozin reveal a potential novel mechanism of action, the exact 
molecular target(s) of empagliflozin in cardiac myocytes is still to be 
determined. 

While the importance of CaMKII inhibition in metabolic disorders 
and arrhythmias is becoming clear, further research is required to 
optimize the therapeutic strategies. A crucial challenge is to develop 
selective and safe CaMKII inhibitors that specifically target the cardiac 
isoform of CaMKII and do not interfere with other essential cellular 
functions. Additionally, clinical trials are needed to evaluate the efficacy 
and long-term safety of CaMKII inhibition in patients with diabetic 
cardiomyopathy and other metabolic disorders. 

3. Concluding remarks 

Strong experimental evidence indicates that the increased activity of 
CaMKII is one of the prevailing mechanisms involved in Ca2+ mishan
dling that can lead to triggered arrhythmias in different pathologies, 
including metabolic disorders. The mechanistic understanding of CaM
KII signaling, and arrhythmia mechanisms may reveal new therapeutic 
targets and ultimately better treatment of DC and associated metabolic 
diseases. More important, these alterations can be detected at the very 
early stages of the progression to DC. These studies underscore the need 
for timely detection of the disease at the possibly unique stages at which 
reversal of Ca2+ handling alterations could be achieved, and sudden 
cardiac death could be prevented. 
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