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SR Ca Regulation in Heart

Heart function vitally relies on precisely controlled intracellular Ca homeostasis

during each cardiac cycle. Abnormalities in Ca regulation cause contractile dys-

function and arrhythmias under different pathological conditions including heart

failure (HF). Playing a particularly important role in heart contraction is the

sarcoplasmic reticulum (SR). In adult ventricular myocytes, the SR forms a highly

interconnected network of tubules (free SR) and cisterns (junctional SR). Although

the SR occupies only 2–4 % of the total cell volume [1], it provides the major

portion of Ca that initiates contraction. The ability of the SR to accumulate large

amounts of Ca is ensured by the SR-specific low affinity and high capacity Ca

binding protein calsequestrin (CASQ) [2].

Ca is released from the SR as a result of activation of specialized Ca channels—

ryanodine receptors (RyRs; type 2 isoform). These Ca channels are activated by a

relatively small inward Ca current via L-type Ca channels (LTCCs) during an

action potential (AP). This mechanism which mediates cardiac excitation–con-

traction coupling (ECC) is known as Ca-induced Ca release (CICR) [3]. In ventric-

ular myocytes CICR occurs at specialized subcellular microdomains where a

T-tubule of the sarcolemma is proximal to a junction of the SR forming a dyad

(Fig. 1a). Dyadic junctional SR membrane contains clusters of ~100 RyRs [4] that

are strategically aligned with LTCCs by junctophilins [5] which ensure that the

dyadic cleft is narrow enough (~10–30 nm) to promote efficient signaling from the

T-tubule network to the SR. Each of these microdomains constitutes a SR Ca
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release unit [4, 6] or couplon [7]. The simultaneous activation of RyRs within the

release unit generates a locally restricted increase in cytosolic [Ca] ([Ca]i), or Ca

spark [8, 9]. Ca release during a spark causes partial depletion of intra-SR [Ca]

([Ca]SR) limited to a single SR junction, also known as a Ca blink [10–13]. During

ECC, the global SR Ca release that initiates contraction is the result of the spatio-

temporal summation of Ca release from thousands of these individual release sites

(Fig. 1b). Thus, the amplitude of the Ca transient is largely controlled at the local

subcellular level by gradual recruitment of these Ca release units [14]. In addition to

the RyRs organized in clusters, it has been proposed the existence of isolated

“rogue” RyRs localized in free SR [15].

Because CICR by definition is a self-regenerative process, it would be expected

to continue until SR Ca is fully exhausted. However, convincing results from

different laboratories have shown that during a physiological stimulus (action

potential or Ca current) [Ca]SR only partially depletes [10, 12, 16, 17]. Thus, a

robust termination mechanism must exist to counteract the positive feedback of

CICR and avoid “all-or-nothing” SR Ca release events [18]. Several possible

mechanisms that control Ca release termination have been suggested including

Fig. 1 Structure and function of the SR Ca release unit in ventricular myocytes. (a) The

organization of the main components of Ca regulation in ventricular myocytes at the subcellular

level. The diagram illustrates L-type Ca channels (LTCCs) in the T-tubule (TT) and ryanodine

receptor (RyR) clusters in the junctional sarcoplasmic reticulum (SR) form a Ca release unit.

Ca-ATPase (SERCA) pumps cytosolic Ca back into the SR and the Na–Ca exchanger (NCX)

removes Ca from the cell. The plasmalemmal Ca-ATPase (PMCA) and mitochondria play a minor

role in cardiac relaxation. The mitochondrial Ca uniporter (MCU) and the mitochondrial Na–Ca

exchanger (mtNCX) regulate mitochondrial Ca homeostasis. (b) A confocal image of diastolic Ca

sparks and an action potential-induced Ca transient recorded from rabbit ventricular myocyte.

Activation of a single Ca release unit generates a Ca spark (bottom inset), whereas simultaneous

activation of thousands of these individual release units generates a global Ca transient
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stochastic attrition, Ca-dependent inactivation, adaptation, and use-dependent

inactivation of the RyR [14, 19–21]. However, none of these mechanisms can

fully explain robust termination of Ca sparks in the intact cellular environment.

RyR gating is determined through complex regulation by both [Ca]i and [Ca]SR
[22]. During Ca release, the [Ca] in the cytosol increases from ~100 nM to 1 μM
reaching concentrations as high as 300 μM in the vicinity of the RyR [23], while

free [Ca]SR reciprocally drops from 1–1.5 mM to 300–400 μM [24, 25]. While an

increase of [Ca]i in the dyadic cleft is critical for triggering of CICR, partial

depletion of [Ca]SR seems to be more important for termination of CICR. Direct

experimental evidence demonstrates that Ca sparks cease when [Ca]SR falls to a

certain critical level (Fig. 2 and also see [10, 12, 26]) supporting the functional link

between partial [Ca]SR depletion and CICR termination [27, 28]. It has been

proposed that luminal Ca can regulate RyR by passing through an opened channel

and acting on the cytosolic Ca activation site of neighboring channels—a “feed-

through” mechanism [29, 30]. Therefore, local [Ca]SR depletion could terminate Ca

spark by reducing the unitary current of the RyR and thus breaking the positive

feedback of local CICR within a cluster [31]. In addition, several independent

groups found that the RyR can be directly activated by luminal [Ca] independent

of Ca release flux [32, 33]. These findings suggest that the RyR complex contains

low-affinity Ca binding site(s) accessible from the luminal side of the channel.

Dissociation of Ca from these sites during [Ca]SR decline leads to RyR deactivation

Fig. 2 Elementary SR Ca release events. (a) Averaged images of Ca sparks (top) and Ca blinks

(bottom) recorded in permeabilized ventricular myocytes. Ca sparks were measured using the

high-affinity Ca indicator Rhod-2 loaded into the cytosol. Ca blinks were measured with the

low-affinity Ca indicator Fluo-5N entrapper within the SR. For details see [11, 12]. Ca spark and

blink profiles were obtained by averaging fluorescence from the 0.8 μm wide regions marked by

black boxes. (b) Cartoon showing the relationship between the SR network and local SR Ca

release. Elementary SR Ca release events (spark and blink) arise from the simultaneous opening of

clustered RyRs in a single SR Ca release site. Ca blink recovery depended mainly on intra-SR Ca

diffusion rather than SR Ca uptake [12]. (c) Distribution of the [Ca]SR termination level of

Ca sparks. The spark termination level was measured as [Ca]SR at the nadir of blink
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and termination of CICR [27]. It has been suggested that the SR Ca buffering

protein CASQ together with auxiliary proteins triadin 1 and junctin form the

luminal Ca sensor of RyR [34]. Additionally, purified and recombinant RyRs

remain sensitive to [Ca]SR to some extent [35] suggesting that the RyR protein

itself contains additional luminal Ca sensor(s). Thus, the sensitivity of the RyR

to [Ca]SR is multifaceted, involving several Ca binding sites from both sides of

the channel.

Besides safety mechanisms to control inherently unstable CICR, efficient

regulatory mechanisms exist to allow CICR substantial flexibility, so that the

heart can adequately respond to changes in the metabolic demands of the body

during exercise or stress. The strength of cardiac contraction can be adjusted by at

least two different mechanisms—by changing sensitivity of the myofilaments to

Ca or by changing cytosolic Ca transient amplitude. β-Adrenergic receptor

(β-AR) stimulation produces the most important positive inotropic effect on

the heart. This effect is mainly mediated via activation of protein kinase A

(PKA) [1, 36] which subsequently phosphorylates several key Ca regulatory

systems, such as a SERCA regulatory protein phospholamban (PLB), LTCC,

and RyR. This results in an increase of Ca flux through LTCC, elevation of SR

Ca load, and greater synchronization of SR Ca release during systole

[37–40]. These modifications of the Ca transport systems play an important role

in increasing Ca transient amplitude and thereby cardiac contraction. We have

recently described a novel inotropic mechanism which involves alteration of the

CICR termination process [41]. During β-AR stimulation with isoproterenol SR

Ca release can be increased at individual release junctions by lowering the [Ca]SR
termination level (Fig. 3). Further studies are required to determine which post-

translation modifications of RyR are involved in this effect. β-AR stimulation is

also associated with increased heart rate (positive chronotropic effect) which by

Fig. 3 β-Adrenergic receptor (β-AR) stimulation increases SR Ca release amplitude by decreas-

ing the [Ca]SR termination level. Confocal images of [Ca]SR recorded in control conditions and

during β-AR stimulation with isoproterenol (ISO). [Ca]SR profiles were obtained by averaging

fluorescence from an individual SR Ca release junction (denoted by red bars to left of images).

[Ca]SR depletions were induced by action potentials. ISO decreased [Ca]SR at which individual SR

Ca release junctions terminate
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itself can increase Ca transient amplitude [42]. Among the many factors that

contribute to the positive force–frequency relationship (FFR) [1], Ca/calmodulin-

dependent kinase type II (CaMKII) seems to play a particularly important role by

phosphorylation of PLB [43] and RyR [44]. Thus, the increased SR Ca release

during β-AR stimulation is likely mediated by activation of two major protein

kinases, PKA and CaMKII [25, 45–47].

During diastole, the heart relaxes in preparation for refilling with circulating

blood. For relaxation to occur, CICR must terminate allowing the Ca-ATPase

(SERCA) to pump cytosolic Ca back into the SR and the Na–Ca exchanger (NCX)

to extrude Ca from the cell. Other Ca transport systems such as the plasmalemmal

Ca-ATPase (PMCA) and mitochondria play only a minor role in cardiac relaxation

[48] (Fig. 1a). Among many proteins (including histidine-rich Ca binding proteins

(HRC), calreticulin, S100A, sarcolipin) that regulate SERCA activity, the small

transmembrane protein PLB is particularly important [49]. Unphosphorylated PLB

inhibits SERCA activity, whereas phosphorylated PLB (by PKA and CaMKII)

relieves SERCA inhibition allowing Ca pumping into the SR. PLB phosphorylation

by PKA plays a major role in acceleration of SR Ca uptake and myocyte relaxation

(lusitropic effect) during β-AR stimulation.

After termination of systolic Ca release RyRs do not enter an absolute

refractory state. Instead, the decrease in luminal [Ca] reduces the sensitivity of

the RyR to CICR and, therefore, to the cytosolic Ca trigger [50]. This mechanism

has been suggested to play a protective role in the healthy heart by limiting

extrasystolic after contractions and preventing the occurrence of Ca-dependent

arrhythmias [51]. Therefore, RyRs are not completely closed during diastole and

spontaneous openings of RyRs can generate a substantial SR Ca efflux commonly

termed SR Ca leak [52, 53]. The SERCA-mediated Ca uptake and diastolic Ca

leak together determine SR Ca load and, therefore, the amplitude of Ca transients

that initiate contraction. Because the fractional SR Ca release steeply depends on

SR Ca load [54–56], a small shift in this balance can change SR Ca load and,

therefore, Ca transient amplitude. At normal physiological conditions, SR Ca leak

may also serve as an important protective mechanism against SR Ca overload

[25]. However, in certain pathological conditions associated with Ca overload, SR

Ca leak becomes exacerbated. The Ca released during a spontaneous spark

diffuses to neighboring release units, triggers CICR, and generates diastolic Ca

waves [8, 57]. Spontaneous Ca waves can generate delayed afterdepolarizations

(DADs), an effective trigger of cardiac arrhythmias [58]. After the discovery of

Ca sparks, it was proposed that the entire diastolic SR Ca leak can be mediated by

spontaneous Ca sparks [8, 59]. A Ca spark was considered a release event when a

cluster of RyRs is activated in “all-or-nothing” mode because Ca release flux

through spontaneous opening of RyR is enough to simultaneously activate all

neighboring channels (“cluster bomb effect”). However, this perception has been

recently changed. It has been shown that in ventricular myocytes a significant

portion of SR Ca leak occurs as undetectable openings of single RyRs or spark-

independent Ca leak [53, 60]. The spark-independent Ca leak is particularly

significant at low [Ca]SR [53]. The spark-independent leak can arise from the
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same RyR clusters responsible for Ca spark generation because at low [Ca]SR
the RyR openings are insufficient to recruit neighboring RyRs to form a spark

[61]. In addition, openings of unclustered RyRs can also contribute to SR Ca

leak [15].

Although some important steps of SR Ca regulation are not well understood, it

becomes increasingly clear that heart function highly relies on synchronized SR Ca

release with robust termination, well-balanced diastolic SR Ca leak, and effective

SR Ca uptake. In the following chapter, we will present an overview of the

structural and functional alterations of SR Ca transport systems in the failing

heart. We will also discuss how dysfunction of different components of the SR

Ca release machinery (mainly RyR and SERCA) causes abnormalities in SR Ca

regulation in failing heart.

Alteration of SR Ca Homeostasis in HF

Heart failure is a complex clinical syndrome which can be characterized in general

as a decreased ability of the heart to provide sufficient cardiac output to meet the

energy demand of the body. In addition to decreased pump function, HF is also

associated with an increased rate of sudden cardiac death due to ventricular

tachyarrhythmias [62]. The pioneering studies of intracellular Ca dynamics in

multicellular myocardial preparations from patients with HF exhibited significant

alteration of Ca homeostasis [63, 64]. Single cell studies of cardiomyocytes isolated

from human HF revealed elevated diastolic [Ca] and reduced Ca transients with a

slower decay kinetic [65, 66]. Henceforth, abnormal Ca handling has been consid-

ered a hallmark feature of myocytes from failing hearts that leads to contractile

dysfunction and arrhythmias.

To maintain proper Ca homeostasis during periodic electrical pacing, the amount

of Ca that enters the cell via LTCC during each cycle must be extruded by NCX and

Ca released during CICR must be pumped back into the SR by SERCA [67, 68]. In

the healthy human heart, the main portion of cytosolic Ca (~70 %) that activates

contraction is released from the SR, whereas the rest of Ca (~30 %) enters the cell

via LTCC [1]. During development of HF, however, this balance gradually changes

and cardiomyocytes become more dependent on Ca influx from the extracellular

space [1]. Although factors that cause this shift in the balance may vary (myocardial

infarction, energetic stress, changes in neurohumoral tone and pacing rate),

decreased ability of the SR to retain Ca seems to be a more consistent finding

that can explain depressed contraction of the failing heart. This SR Ca mishandling

occurs as a result of an alteration in expression and/or activity of several Ca

transporters, including SERCA and RyR. Furthermore, the dependence of myocytes

on the trans-sarcolemmal Ca fluxes has another important implication for HF

pathology—increased propensity to ventricular arrhythmias. Compelling experi-

mental evidence indicates that ventricular arrhythmias can be triggered by sponta-

neous SR Ca release events during diastole [58]. It has been suggested that in
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myocytes from failing hearts excessive SR Ca leak (particularly in the form of Ca

waves) increases diastolic Ca extrusion via the electrogenic NCX causing the

generation of DADs [69, 70].

Most studies showed that systolic SR Ca release is significantly depressed in

HF. From the perspective of SR Ca regulation, Ca transient amplitude can be

decreased in several ways (Fig. 4): (1) by diminishing SERCA pump function; (2)

by increasing RyR-mediated Ca leak; (3) by decreasing intra-SR Ca buffer

capacity; and (4) by decreasing the fidelity of the LTCC–RyR coupling resulting

in asynchronous activation of SR Ca release units. Results from different HF

models revealed that, with exception of the SR Ca buffer capacity, all these

aforementioned mechanisms can contribute to abnormal Ca regulation. The

total level of CASQ did not significantly change in HF [11, 24, 71]. However,

abnormal distribution of CASQ within the endoplasmic reticulum (ER) of the

failing heart has been reported previously [72]. Regarding the other explanations

it is ambiguous as to which holds the most central role. Some studies indicate that

downregulation of SERCA plays the essential role in depressing SR Ca release in

HF [73–77], while other studies explain these abnormalities by increased activity

of the RyR [11, 17, 70, 78]. There are also conflicting results about molecular

Fig. 4 Alteration of SR Ca regulation in failing heart. (a) In the healthy heart, SR Ca load is

maintained by SERCA-mediated Ca uptake which effectively counterbalances a small

RyR-mediated Ca leak. In failing heart, Ca transient amplitude can be decreased; (b) by

diminishing SERCA pump function; (c) by increasing RyR-mediated Ca leak; (d) by decreasing

intra-SR Ca buffer capacity; and (e) by decreasing the fidelity of the LTCC–RyR coupling

resulting in asynchronous activation of SR Ca release units
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mechanisms that lead to RyR overactivity in HF. Phosphorylation of RyR either

by PKA [78] or by CaMKII [79] has been suggested to be critical in increasing the

channel’s activity in HF. Furthermore, redox modification of the RyR is also an

important factor during progression of HF [80, 81]. Other studies showed that HF

is associated with remodeling of the T-tubular system leading to functional

uncoupling of plasmalemmal LTCCs and RyRs on junctional SR [82–86]. Accord-

ingly, the alteration of cell architecture has been suggested to play a critical role in

the abnormality of SR Ca release in failing myocytes [84, 87]. The relative

contributions of these different mechanisms may vary in different models of HF

and with different degrees of severity of failure. Also, differences in Ca regulation

between different species have to be taken into account [1].

Structure and Function of the RyR in HF

Properties of cardiac RyR (type 2) have been documented in several reviews [22,

88–90]. The RyR complex (~2,300 kDa) has an oligomeric structure formed by four

identical subunits. The channel exhibits high conductance and low selectivity for

Ca. The RyR is not only a Ca release channel but also a giant scaffolding protein on

which several regulatory proteins and enzymes are concentrated [78]. On the

cytosolic side, RyR interacts with calmodulin (CaM), FK-506 binding proteins

(FKBP), sorcin, and Homer-1. It has been shown that FKBP12.6 can affect RyR

by stabilizing the interaction between the channel subunits [91], whereas CaM and

sorcin affect the channel activity via Ca-dependent mechanisms [92, 93]. The RyR

also forms complex with two major protein kinases (PKA and CaMKII) and three

phosphatases (PP1 and PP2A and PP2B) indicating the importance of RyR regula-

tion by phosphorylation [88, 94]. The SR-membrane proteins, junctin and triadin,

are believed to be crucial for the RyR’s ability to sense changes in luminal [Ca] via

interactions with the major SR Ca-chelating protein CASQ [34] and HRC [95]. In

addition, RyR has multiple sites for regulation by ions and small molecules,

including Ca, Mg, and ATP. With so many associated proteins and regulators, a

proper arrangement and stoichiometry of the RyR complex is critical for normal SR

Ca regulation.

Structural Alteration of the RyR in HF

RyR expression. Numerous publications demonstrated a reduction of RyR expression

onmRNA and protein level in human and animal HF preparations [11, 79, 96–101]. It

has been shown that HF is associated with decreased binding of ryanodine to the

receptor [102, 103] suggesting either reduction in the RyR expression level, open

probability, or structural changes in the region of the protein responsible for ryanodine

binding. Decrease in RyR expression level may be involved in the development of

contractile dysfunction of the failing heart. The reduction in RyR level by itself would
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decrease SR Ca release. However, this effect can be partially compensated by

increased RyR activity as it was shown by several studies (see below). Conversely,

there are also several publications that did not find any significant difference in the

RyR level between normal and HF [75, 87, 104].

Sub-domain and domain–domain interactions. Emerging evidence demonstrates

significant rearrangements within the RyR macromolecular complex in HF

[94]. Defective interactions between regulatory domains within the RyR or disso-

ciation of key components from the RyR complex have been suggested to play a

critical role in dysfunction of the channel contributing to abnormal SR Ca regula-

tion. FKBP12.6 is one such component believed to be necessary for regulation of

RyR at many levels. It has been proposed that FKBP12.6 binds to the cytosolic

domain of RyR to stabilize the interaction among RyR subunits. This interaction

functionally translates into coupled gating, meaning that all subunits of the RyR

open and close simultaneously [96, 105]. FKBP12.6 may also be involved in

physical and functional coupling between neighboring tetramers [91, 105]. It has

been shown that during HF, chronic RyR hyperphosphorylation by PKA (Ser-2808)

causes dissociation of FKBP12.6 from the channel. This alteration in RyR structure

leads to increased SR Ca leak [99] as a result of prolonged subconductance

openings of the channel [78]. A similar alteration in the RyR complex structure

(but not in function) was reported by another group [79]. Furthermore, it has been

suggested that FKBP12.6 is also responsible for stabilizing intra-domain

interactions within the RyR subunit. In healthy hearts N-terminal and central

domains of the RyR interact [106]. This zipping between domains keeps the RyR

in closed state and prevents diastolic SR Ca leak. During HF, dissociation of

FKBP12.6 from the channel (due to PKA phosphorylation or oxidative stress)

causes domain unzipping and increases SR Ca leak [107, 108]. However, despite

many years of research, there is still controversy about the functional role of

FKBP12.6 and RyR phosphorylation. The role of FKBP12.6 in augmentation of

SR Ca leak has been challenged by several different laboratories. It has been shown

that level of FKBP12.6 associated with the RyR did not significantly change during

RyR phosphorylation by PKA [109, 110] or during HF [75].

RyR phosphorylation. The processes of phosphorylation and dephosphorylation are

posttranslational mechanisms utilized to rapidly change the function of many proteins

including ion channels. Rapid and robust control of phosphorylation state of the SR

Ca release channel is ensured by kinases PKA and CaMKII, phosphatases PP1,

PP2A, and PP2B, and phosphodiesterase 4D3, all of which are bound to the RyR

[88, 94, 111, 112]. In general, increased RyR phosphorylation in failing hearts can be

explained either by increased localized activity of kinases or by diminished activity of

phosphatases. In many animal HFmodels and also human HF, activity and expression

of CaMKII are increased [79, 113]. However, this does not always translate into

increased levels of CaMKII in the complex with the RyR [78, 114]. On the other hand,

several independent groups have suggested that an increased level of RyR phosphor-

ylation in HF can be explained by decreased levels of phosphatases PP1 and PP2A

[78, 79, 114] and phosphodiesterase 4D3 [111] associated with the RyR.
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It has been demonstrated that the RyR can be phosphorylated by serine–threonine

kinases at multiple sites [115]. Thus far only three sites on cardiac RyR were

suggested to be of functional relevance, namely PKA-specific sites Ser-2808

and Ser-2030 [78, 116, 117], and CaMKII-specific site Ser-2814 [118]. Func-

tional consequences of RyR phosphorylation have been recently summarized in

several reviews [119, 120]. Despite a major collective effort, the role of

PKA-dependent phosphorylation in modulation of RyR function in normal

and failing hearts remains a subject of heated debate [121, 122]. Studies

from different laboratories have yielded conflicting results regarding the role

of RyR phosphorylation at Ser-2808 in the progression of HF, which ranged

from having an essential role [78, 107, 123, 124] to having only a very limited

function [114, 125, 126]. On the contrary, increased RyR activity due to

enhanced phosphorylation of RyR at CaMKII site Ser-2814 appears to be a

more consistent finding. Hyperphosphorylation of RyR at the CaMKII site has

been demonstrated in numerous (but not all [44]) HF models, and CaMKII

inhibition was shown to attenuate abnormalities in Ca handling in myocytes

from failing hearts [70, 79, 113, 127, 128].

RyR redox modifications. Alteration of RyR phosphorylation status is not the only

type of posttranslational modification that could affect RyR function during devel-

opment of HF. Changes in cellular metabolism that occur during the progression of

HF can lead to depletion of the antioxidant defense and to an increase in reactive

oxygen species (ROS) production [129]. Oxidation of the RyR by ROS can enhance

the channel activity [130]. Accordingly, modulation of RyR activity by ROS in HF

has been suggested as a major cause of the observed abnormality in Ca regulation

[80, 81]. Cardiac RyR contains 89 reactive cysteine residues [131] and the number of

free thiols has been shown to be dramatically decreased in HF. Incubation of

myocytes isolated from canine failing hearts with ROS scavengers and antioxidants

was able, to a large degree, to restore Ca transient amplitude and reduce

RyR-mediated SR Ca leak [70]. ROS scavengers also normalized RyR sensitivity

to luminal Ca in lipid bilayer experiments [81]. It has also been suggested that

normalization of redox status of RyRs from failing hearts reverses inter-domain

unzipping, thereby stabilizing RyR function [80]. The major sources of ROS in

ventricular myocytes include NADPH oxidase (NOX), the mitochondria electron

transport chain, xanthine oxidase/reductase (XOR), and uncoupled nitric oxide

synthase (NOS). NOS1 and XOR were demonstrated to co-immunoprecipitate

with the RyR, and their levels in HF are generally increased (for review,

see [132, 133]). Activation of NOX2 residing in T-tubules was shown to increase

Ca spark activity [134], while attenuation of ROS production by mitochondria

stabilized SR Ca release during digitalis treatment [135] or β-AR stimulation [136].

Notably, no clinical studies have demonstrated beneficial effects of long-term

treatment with antioxidants (for review see [129]), as well as treatment with a XOR

inhibitor allopurinol [132, 133]. The failure of clinical trials can be a result of low

scavenging efficacy of the antioxidant, but not the antioxidant therapy per se.
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Because ROS have very limited diffusion distance, they predominantly affect closely

opposed targets. Therefore, it seems that a more beneficial strategywould be to design

antioxidants that can prevent ROS production locally.

RyR luminal Ca sensor. Abnormally high activity of the RyR in HF has been

attributed to increased sensitivity to luminal Ca [11]. This defect can be caused

by chronic dissociation of several auxiliary proteins (junctin, triadin, and CASQ)

that form the luminal Ca sensor of the channel [34, 137]. Although the total level of

CASQ does not change in HF [11, 24, 71], it has been suggested that abnormal

posttranslational processing of CASQ can cause its defective trafficking [72]. This

can potentially lead to a local depletion of CASQ in the junctional SR. Additionally,

it has been demonstrated that the level of another SR Ca buffer (HRC) that binds to

the RyR complex is significantly lower in failing myocytes from human and animal

models [138]. Finally, the levels of triadin and junctin were reported as being

dramatically reduced in human end stage HF [139]. Future studies are needed to

assess whether restoration of the levels of proteins that confer luminal Ca sensitivity

to RyR in failing heart will lead to normalization of SR Ca release channel function.

Calmodulin. It has been reported that failing hearts have a reduced amount of CaM

associated with the RyR complex [79, 140]. A molecular mechanism of CaM

dissociation may be a defective interaction between N-terminal and central

domains within the RyR [140]. However, it is not clear yet how CaM dissociation

from the RyR affects SR Ca release. Several studies showed that CaM decreases

single RyR channel activity and Ca spark frequency [92, 141], whereas other shows

that CaM can increase the channel and spark activity [142]. Such discrepancies can

be explained by the dual role of CaM: (1) it can serve as a stabilizer of RyR via

direct binding to the channel and (2) it can be involved in regulation of phosphor-

ylation–dephosphorylation balance of the RyR as an essential component for

activation of CaMKII and phosphatase PP2B (also known as calcineurin or PP3).

Regardless of the molecular mechanisms, it is clear that during HF many

important regulatory proteins detach from the RyR complex, and the channel

simultaneously becomes more phosphorylated and oxidized (Fig. 5). These

modifications of the RyR can cause SR Ca mishandling, contractile dysfunction,

and arrhythmias.

Functional Alteration of the RyR in HF

SR Ca release activation. Global SR Ca release is a summation of thousands of Ca

sparks activated during an AP. Thus, a greater Ca transient can be achieved by

more synchronized recruitment of individual SR Ca release units [39]. The

degree of synchronization of SR Ca release depends on the strength of the

trigger and the efficiency of coupling between the LTCC and RyR cluster. It has

been suggested that decreased SR Ca release in HF is a result of decreased

fidelity of LTCC–RyR coupling, leading to less organized and less synchronized

SR Ca release [87]. HF myocytes from a myocardial infarction model showed
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diminished Ca transients, which are associated with slow rising and decay

phases of the transient. It appears that on the subcellular level some RyR

clusters have a delayed response to the stimulus. This desynchronization of

SR Ca release in HF is due to downregulation of LTCC current [82, 143]. A

similar effect can be achieved in healthy myocytes by partially inhibiting LTCC

current [144]. However, in failing myocytes from spontaneously hypertensive

rats, desynchronization of SR Ca release was a result of remodeling of the

T-tubule system rather than a reduction in LTCC current [84, 87]. It appears

that the reorganization of the T-tubular system leads to a substantial mismatch

of the T-tubules with the junctional SR. Such spatial dissociation of triggering

LTCCs and RyRs has been attributed to downregulation of junctophilins [145],

proteins that tether T-tubules to the junctional SR [5]. It seems that this leaves

some RyR clusters without local control by LTCC. At these “orphaned” clusters,

Ca release is delayed because their activation depends on Ca diffusion from

intact SR Ca release units instead of LTCC. Reports that the T-tubule system is

significantly disorganized in cardiomyocytes from human [83, 85, 86] and

animal HF models provide compelling evidence for this theory [82, 85, 104,

145]. However, other studies found that the T-tubule system remains relatively

intact in HF [146].

Although the vast majority of SR Ca release during ECC is mediated by LTCC,

it has also been proposed that Ca influx via NCX can trigger CICR [147]. It has been

suggested that Ca entry via LTCC and NCX interacts synergistically to trigger

greater SR Ca release during β-AR stimulation and PKA activation [148].

Fig. 5 Alteration of the RyR complex structure in failing heart. On the cytosolic side, RyR

interacts with at least calmodulin (CaM), FKBP, nitric oxide synthase (NOS), two major protein

kinases (PKA and CaMKII), and two phosphatases (PP1 and PP2A). Moreover, triadin and

junction (Tr/Jn) form the luminal Ca sensor via interactions with the SR Ca-chelating protein

calsequestrin (CASQ). RyR also contains ~100 reactive cysteine residues (SH–). During heart

failure, CaM and phosphatases (PP1 and PP2A) dissociate from the RyR complex. The channel

becomes more phosphorylated at the CaMKII and the PKA sites. Cysteine residues become

oxidized forming the disulfide bonds. Dissociation of FKBP12.6 from the channel causes

N-terminal and central domain unzipping. CaMKII and PKA become more active and NOS

uncoupled
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In HF induced either by chronic administration of β-adrenergic agonist isoproterenol
or by volume overload, this mechanism has been found to be significantly

compromised. This alteration in Ca regulation could account for the reduced SR

Ca release and low response to β-AR stimulation in HF [148].

ECC gain. ECC gain quantifies the amplification strength of CICR. It is often

calculated as SR Ca release divided by the amplitude of LTCC current

[149]. Due to sensitivity of the RyR to luminal [Ca], ECC gain steeply depends

on SR Ca load [55]. Thus, a small decrease in [Ca]SR would lead to significant

decrease in Ca transient amplitude. Indeed, several studies of different HF models

showed that the decrease in Ca transient amplitude was mainly due to depletion of

the SR Ca load, but not to the LTCC current density [73–77]. Thus, it has been

concluded that diminished SR Ca uptake, but not ECC gain, plays a crucial role in

suppression of systolic SR Ca release in HF. However, experiments on HF

myocytes from hypertensive rats showed that Ca transient amplitude was signifi-

cantly reduced as a result of a decrease of ECC gain, not of SR Ca load [87]. The

decreased ECC gain in this HF model was explained by inefficient coupling

between LTCCs and RyRs, presumably due to loss of T-tubules. Additionally, a

study that analyzed the changes of Ca handling during progression of HF found a

significant increase in ECC gain at the early stage of HF, but diminished at

advanced stage [70].

Fractional SR Ca release and Ca release termination. Recent studies suggest that
depleted SR Ca load in HF would reduce Ca transient even more dramatically if it

were not compensated for by an increase in RyR activity. Local depletion of [Ca]SR
causes a decrease in the RyR open probability, and this mechanism is believed to be

responsible for termination of Ca sparks and for refractoriness of SR Ca release

[27,28]. As a result of the remodeling processes that occur in HF, the channel

becomes more sensitive to [Ca]SR [11, 81]. It has been shown that under conditions

of matched SR Ca load, the fraction of total [Ca]SR released to the cytosol (or

fractional SR Ca release) was significantly larger in HF when compared to normal

hearts [24, 41, 150]. This compensatory mechanism partially prevents reduction in

Ca transient amplitude at a lower SR Ca load. Figure 6 shows examples of cytosolic

Ca transients (red) and corresponding [Ca]SR depletions (green) recorded under

different experimental conditions. Partial inhibition of SERCA in non-failing

myocytes led to significant decrease of the Ca transient amplitude and fractional

SR Ca release as a result of depletion of SR Ca load (Fig. 6, second images).

Although SR Ca load was similarly decreased in myocytes from HF, the fractional

SR Ca release and, consequently, Ca transient amplitude was significantly larger

(Fig. 6, far right images). Similar to RyR activation with caffeine (Fig. 6, third

images), the modifications of the RyR that occur in HF increase SR Ca release

by decreasing the [Ca]SR level at which release terminates. It appears that during

the early stages of HF, sensitization of the RyR allows myocytes to maintain

Ca transients of nearly normal amplitude, despite the diminished SR Ca

load [41, 70]. However as a drawback, these RyR modifications increase

diastolic SR Ca leak (largely due to lowered SR [Ca] threshold for Ca spark
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activation and termination) and increase the propensity of cardiac arrhythmias

[53, 107, 150–152]. At more advanced stages of HF, severe dysfunctions of the

RyR cause a significant reduction of the Ca transient as a result of a massive loss of

SR Ca content [70].

SR Ca release refractoriness and RyR-mediated SR Ca leak. Abnormally high

activity of RyRs due to increased sensitivity to luminal Ca has also been linked

to shortened refractoriness of SR Ca release during diastole. Premature reopening

of RyRs slows relaxation, exacerbates reduction of SR Ca content, and promotes

generation of spontaneous Ca sparks which can ignite arrhythmogenic Ca waves

[51, 70] contributing to diastolic and systolic dysfunction of HF. A growing body of

evidence indicates that RyR-mediated Ca leak is significantly increased in the

failing heart [53, 70, 78, 79, 81, 99, 107, 150, 152]. Augmentation of SR Ca leak

is the one of the earliest alterations of Ca handling during the progression of HF that

precedes changes in the amplitude of the Ca transient [70]. Increased RyR-mediated

Ca leak can contribute to a reduction of SR Ca content and trigger Ca-dependent

arrhythmias. This also implies that during diastole SERCA cannot achieve its

maximal thermodynamic efficiency and more ATP must be consumed to balance

the increased SR Ca leak. Thus, SR Ca leak is energetically costly, particularly in

the metabolically compromised failing heart.

During diastole, Ca sparks serve as the main pathway for SR Ca leak [8, 53, 59].

Studies of Ca sparks in HF revealed varied results, ranging from decreased [41, 153]

Fig. 6 Cytosolic Ca transients, SR Ca load, and SR Ca release termination. From left to right:
Cytosolic Ca transients induced by action potentials (top) and corresponding global [Ca]SR
depletions (bottom) recorded in a non-failing myocyte at control conditions; in a non-failing

myocyte after partial SERCA inhibition with thapsigargin (0.5 μM); in a non-failing myocyte

after activation of the RyR with caffeine (200 μM); and in a myocyte from a failing heart.

Cytosolic Ca transients were measured using the high-affinity Ca indicator Rhod-2 loaded into

the cytosol. Global [Ca]SR depletions were measured with the low-affinity Ca indicator Fluo-5N

loaded into the SR
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to increased spark frequency [11, 70, 85, 113]. Such diversity can arise from

species- and model-specific differences in Ca regulation, and also from diffe-

rences in experimental conditions. For example, a study of myocytes from

human HF showed significantly lower Ca spark frequency compared to

non-failing cells [153]. When SR Ca load was elevated in HF cells, spark

frequency was increased to a level higher than control myocytes, suggesting

that RyR activity is increased in human HF. Similar results were obtained in a

study of rabbit HF induced by combined aortic insufficiency and stenosis

[41]. In a rabbit pacing-induced HF model Ca spark frequency was similar to

non-failing hearts, but the amplitude was significantly decreased [101]. Due to

the observed decrease in RyR and SERCA expression levels, the authors

concluded that alteration of spark properties was a result of combined defects

in SR Ca release and uptake. In a study of a canine rapid pacing-induced HF

model, Ca spark frequency was significantly higher in failing myocytes, despite

a decreased SR Ca load [11]. These seemingly contradicting results were

explained by increased sensitivity of the RyR to luminal [Ca] which was

directly confirmed by single RyR measurements. It appears that increased RyR

sensitivity to luminal [Ca] during HF contributes not only to the augmentation

of spark frequency but also to the augmentation of non-spark-mediated Ca leak.

It has been shown recently that in ventricular myocytes a significant portion of

SR Ca leak can occur as undetectable openings of the RyR, referred to as the spark-

independent SR Ca leak [53]. This component of Ca leak becomes particularly

predominant at low SR Ca loads. Because failing myocytes are characterized by

depleted SR Ca content, this would imply that a significant portion of SR Ca leak in

HF is mediated by spark-independent pathways. The specific role of increased

non-spark-mediated Ca leak in HF is yet to be elucidated.

Other Pathways for Ca Release from the SR

Although RyR is the major Ca release channel on the SR of adult ventricular

myocytes, contributions from other Ca pathways need to be considered. The

existence of RyR-independent Ca leak in ventricular myocytes has been suggested

before [53, 154], however the molecular mechanisms responsible for this Ca leak

have not yet been identified.

IP3 receptors. A potential candidate in this context is the inositol-1,4,5-

trisphosphate receptor (IP3R) SR Ca release channel. There are three IP3R isoforms

referred to as type 1, 2, and 3, encoded by three distinct genes. Type 2 is the primary

isoform of the IP3R expressed in ventricular myocytes [155]. Cardiac IP3R is more

sensitive to IP3 and almost insensitive to [Ca]i over the physiological range of [Ca]i
[156] suggesting that the channel acts purely as a IP3 sensor. Although expressed at

lower densities compared to RyRs, IP3R-dependent Ca release can facilitate CICR

and even trigger arrhythmogenic Ca waves in cardiomyocytes [157, 158]. It has

been shown that IP3Rs are upregulated during HF [79, 98]. Recently we have shown
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that activation of IP3Rs in normal myocytes nearly doubled RyR-independent Ca

leak [53]. These results suggest that activation of the IP3R can contribute to the

increased SR Ca leak during HF, particularly under conditions associated with

elevated neurohumoral tone (e.g., endothelin-1) and stimulation of the phospholi-

pase C-IP3 signaling pathway. Furthermore, it has been proposed that stimulation of

IP3R-mediated Ca leak can regulate gene transcription during development of

hypertrophy and HF [159]. Clearly more studies are needed to determine the

pathological role of the IP3R in HF.

Phospholamban (PLB). PLB is a small transmembrane protein that regulates

SERCA activity [49]. PLB exists in dynamic equilibrium between three different

forms: in complex with SERCA, as a single molecule, and as a pentamer. Phos-

phorylation of PLB by PKA (Ser-16) shifts this balance toward formation of PLB

pentamers [160]. It has been shown that PLB pentamers can function as Ca

channels in lipid bilayers [161] and thereby can contribute to SR Ca leak. Thus,

changes in PLB phosphorylation level that occur during HF [71, 79, 162, 163] can

potentially affect diastolic SR Ca leak. However, Ca leak measured from SR

vesicles isolated from wild-type and PLB-knockout mice was not significantly

different [164]. Some studies have even reported that the PLB pentamer does not

possess Ca channel activity [165]. Thus there is yet to be any conclusive evidence

on this theory.

Other pathways. Cardiac SR, besides being the major organelle to store Ca, is

responsible for other primary functions of endoplasmic reticulum as for any cell

type (such as protein folding). Therefore the same may be said for other Ca leak

pathways which exist in non-muscle cells. These pathways may include ATPase

back-flux, Ca leak mediated by a small apoptosis-related protein BCL2, and the

protein complex associated with the translocation of nascent polypeptides across

membranes called translocon [166]. In addition, the transient receptor canonical

type 1 (TRPC1) involved in capacitative Ca entry via sarcolemma was recently

found to reside on the SR membrane of skeletal muscle and overexpression of this

Ca channel led to accelerated loss of Ca from the SR [167]. Despite the potential

importance of the aforementioned pathways in health and disease their role in

cardiac Ca homeostasis has not been studied yet.

Structure and Function of SERCA in HF

Relaxation of cardiac muscle relies on removal of Ca from the cytosol. One

mechanism by which this is achieved is through re-sequestration of Ca into the

SR by SERCA. By hydrolyzing one ATP molecule, SERCA can transport two Ca

ions from the cytosol into the SR lumen. SERCA activity also plays a critical role

in setting of diastolic [Ca]i and SR Ca load. A specific SERCA isoform,

SERCA2a, is one of the most abundant proteins of the cardiac SR. This Ca

pump contains ten transmembrane domains (M1–M10) and several cytoplasmic
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domains, including a nucleotide binding (N) domain, an actuator (A) domain, and

a phosphorylation (P) domain [168]. SERCA is freely mobile in the SR membrane

[169], suggesting that the pump can be equally distributed throughout the SR

network. Although SERCA interacts with a wide array of proteins (including

HRC, PP1, calreticulin, S100A, and sarcolipin), PLB is the most important

regulator of the pump activity [49]. Under the basal (unphosphorylated) state,

PLB inhibits SERCA activity by lowering the apparent affinity of the pump for

Ca. Phosphorylation of PLB at Ser-16 by PKA [170] largely relieves this inhibi-

tion, increasing the pumping rate by several fold. Stimulation of SR Ca uptake by

PLB phosphorylation appears to be the major mechanism of acceleration of

relaxation (lusitropic effect) during β-AR stimulation. SERCA activity can also

be increased via phosphorylation of PLB by CaMKII at Thr-17 [170]. This

mechanism has been suggested to be responsible for a stimulation frequency-

dependent acceleration of SR Ca uptake. In addition to protein interactions,

SERCA is highly sensitive to changes in the metabolic status of the cytosol,

including the ATP/ADP ratio, pH, and the redox potential [1, 171].

Structural Alteration of the SERCA/PLB Complex in HF

SERCA and PLB expression. It is still a matter of debate whether the decreased SR

Ca uptake in HF is due to a decrease in SERCA expression level or in SERCA

activity. Downregulation of SERCA2a at the mRNA and protein levels has been

shown in numerous studies of human and animal HF models [74, 75, 97, 101, 163,

172–176]. All these studies highlight the critical role of SERCA in abnormal Ca

homeostasis and contractile dysfunction of the failing heart. For example, it has

been shown that the transition from hypertrophy (induced by aortic banding in rats)

to HF is associated with significant decrease in the SERCA mRNA level [172]. It

has also been shown that increasing the level of SERCA protein via adenoviral

infection can improve the function of hypertrophied hearts and can delay its

transition to HF [177]. However, there are a significant number of publications

that did not find any alteration in the SERCA expression level in human HF [162,

178–180] and animal HF models [11, 181].

It has been shown that HF is also associated with a decrease in the PLB

expression level [74, 75, 97, 101], but to a lesser degree than SERCA [175, 176,

182]. It has been suggested that the decreased SERCA–PLB ratio can lead to

inhibition of SR Ca uptake in HF, because an increased SERCA fraction would

be inhibited by PLB binding. On the contrary, the level of PLB remains unchanged

in HF models characterized by an unchanged SERCA level [11, 79, 162, 178, 179].

Posttranslational modifications of SERCA and PLB. In addition, the diminished SR

Ca uptake in HF can be a result of posttranslational modifications of the SERCA/

PLB complex. It has been shown that the responsiveness of SERCA to activation

either by cAMP or by PKA was significantly decreased in human failing heart

compared to non-failing myocardium [162]. Furthermore, the PLB phosphorylation
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level at the PKA-specific site was significantly decreased in HF. Another group

showed that SERCA activity and its Ca sensitivity were significantly decreased in

HF compared to normal heart [71, 180]. These changes in the pump’s activity were

associated with decreased PLB phosphorylation at both the PKA and the CaMKII

sites; however, the total level of SERCA and PLB remained unchanged [71, 180].

A decrease in PLB phosphorylation level can result from increased PP1 activity,

observed in failing hearts [183]. In contrast, another study showed that the total

level of PLB phosphorylation was higher in HF preparations [163]. Decreased SR

Ca uptake in failing heart was explained by downregulation of the SERCA expres-

sion level. Another study showed that PLB phosphorylation level was increased at

the CaMKII site but was decreased at the PKA site [79]. The authors suggested that

the overall PLB phosphorylation level in HF would have only a minor effect on

SERCA activity.

It has been recently established that several naturally occurring mutations of

PLB can give rise to human dilated cardiomyopathy. For example, the missense

mutation of Arg-9 to Cys (R9C) impairs SERCA regulation by preventing

PKA-mediated phosphorylation of PLB [184]. Moreover, this mutation may also

increase the sensitivity of PLB to oxidation, mediating disulfide bond formation

between adjacent proteins in the PLB pentamer [185]. Such cross-linking prevents

dissociation of PLB into the active monomers, and may increase association of

protein into nonphosphorylatable aggregates. Thus, the R9C mutation may cause

impairment of Ca handling leading to development of HF.

There is only a small amount of information regarding posttranslational

modifications of the SERCA protein that affect Ca handling in HF. It has been

reported that the contractile dysfunction in Gαq-induced cardiomyopathy was

mediated by inhibition of SERCA activity as a result of oxidation of cysteine

residue(s) on the pump [186]. Another study has shown that the depressed SR Ca

uptake of failing myocytes is associated with dissociation of the small ubiquitin-

related modifier 1 (SUMO1) from SERCA [187]. It has been suggested that

restoring the sumoylation level of SERCA can stabilize the pump structure and

improve SR Ca uptake in mouse and human failing hearts. However, these results

are controversial, since a protein of the molecular weight corresponding to the

sumoylated SERCA has never been detected in many previous immunoblotting

studies of normal and failed human hearts [188].

Alteration of SERCA Activity in HF

In human and different animal HF models, evidence from SR Ca uptake studies

indicates there is a reduction of SERCA activity [71, 75, 163, 178, 189, 190]. In

many cases (but not all), this effect was linked to the downregulation of SERCA at

the protein and mRNA levels. Furthermore, numerous studies of failing

cardiomyocytes showed that the decrease in Ca transient amplitude was
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associated with a depletion of the SR Ca load [73–77]. Based on these results, it

has been suggested that abnormal SR Ca uptake (rather than SR Ca release and Ca

current) is one of the primary causes of depressed SR Ca release and contraction

in failing heart. Decreased SR Ca uptake can also contribute to an increase in

diastolic [Ca]i. Thus, reduction in SERCA activity can cause the impairment of

both systolic and diastolic function in the failing myocardium. Studies by another

group showed that the decrease in SR Ca load was a result of a significant increase

in NCX activity and only a modest decrease in SERCA function [181, 191]. It has

been proposed that upregulation of NCX together with downregulation of SERCA

plays a key role in alteration of Ca regulation that leads to depletion of SR Ca load

in the failing heart [182, 192]. Notably, several recent publications showed no

significant alteration in SERCA-mediated Ca uptake during ECC in intact failing

myocytes as well as during rest in permeabilized cells [70, 152]. To explain a

similar HF phenotype, the authors reported significant augmentation of

RyR-mediated Ca leak which causes depletion in SR Ca load.

A normal heart responds to increased stimulation frequency by generating larger

force (positive FFR or the Bowditch effect). This mechanism allows increased

cardiac output, thereby, providing a sufficient energy supply to the body during

stresses. It has been shown that at low stimulation frequencies the failing myocar-

dium has similar contractile characteristics as the non-failing heart. However,

increasing the pacing rate causes contractility to decrease in HF [63]. The blunted

or negative FFR is one of the prominent characteristics of failing hearts [193]. It has

been suggested that the negative force–frequency response of the failing heart

stems from an inability of the SR to increase Ca load at increased stimulation

frequencies. This effect was explained by a decrease in SERCA activity and an

enhancement of NCX extrusion of Ca [189, 190, 194]. Furthermore, the same

mechanism was attributed to a decreased response to inotropic agents of human

failing heart at the end stage [195]. Alternatively, it has been proposed that

defective regulation of the RyR by CaMKII plays a critical role in the blunted

FFR of the failing heart [44].

SERCA is regulated thermodynamically (i.e., by ΔGATP) as well as kinetically

(i.e., via changes in ATP hydrolysis products) (for review see [1, 171]). The

dependence of cardiac SR Ca uptake on energy supply has been demonstrated in

different experimental conditions [196–198]. Furthermore, SERCA activity also

depends on the removal of ATP hydrolysis products, ADP and Pi [199]. Since SR

Ca uptake is highly dependent on the effective energy supply, SERCA activity can

be reduced as a result of metabolic imbalance that commonly occurs during HF

[200]. It has been demonstrated that a glycolytic metabolite pyruvate is able to

improve SERCA activity and the contractile performance of isolated failing human

myocardium [201]. It has also been proposed that an increase in phosphorylation

potential (i.e., the ratio of [ATP] to [ADP] � [Pi]) would improve the efficiency of

ATP-dependent processes, especially those participating in the ECC cycle, such as

the acto-myosin ATPase and the SR Ca-ATPase.
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Normalization of SERCA and RyR Function

as a Treatment Strategy in HF

Abnormalities in SR Ca regulation play a critical role in contractile dysfunction and

arrhythmogenesis of the failing heart, making the RyR and SERCA clinically

relevant sites for potential therapeutic interventions. Normalization of SR Ca

regulation in HF can be achieved in two conceptually different ways—either by

improving SR Ca uptake or by preventing loss of SR Ca during diastole.

An increase in SR Ca uptake can be achieved by overexpression of the SERCA

pump, knock-out of PLB, or overexpression of phospho-mimetic PLB. These

approaches have been demonstrated to improve contractile performance and

delay progression of HF in several animal HF models (for review see [202]). It

seems, however, that these approaches would be less beneficial for conditions of

HF that are associated with increased RyR sensitivity to luminal [Ca] [11, 70,

150]. An attempt to increase SR Ca load in these HF models would also enhance

SR Ca leak, thus increasing the likelihood of life-threatening arrhythmias. More-

over, increasing SERCA activity without reducing SR Ca leak would further

increase energy consumption in already energy compromised tissue. In support

of this reasoning, it has been shown that the loss-of-function PLB mutation has

been associated with the development of cardiomyopathy in humans [203]. Inter-

estingly, however, restoration of SERCA expression level in HF can stabilize SR

Ca load and prevent arrhythmias by decreasing SR Ca leak and normalizing RyR

phosphorylation [204]. It is possible that in this experimental setting the beneficial

effect of SERCA overexpression primarily stems from increased [Ca]i buffering,

as in the case of parvalbumin overexpression [205], and not due to increased SR

Ca uptake.

The therapeutic approaches that target RyR-mediated Ca leak are considered to

be another promising strategy to improve Ca homeostasis in the failing heart.

Initially, it seems counterintuitive since systolic Ca release is already reduced in

HF and inhibition of RyR may worsen systolic dysfunction. In practice, however,

moderate inhibition of RyR activity in HF was proven to restore Ca cycling to a

substantial degree. Partial RyR inhibition efficiently prevents diastolic loss of SR

Ca, thus increasing SR Ca content. Subsequently, increased [Ca]SR helps to override

RyR block during systole resulting in nearly normal Ca transients. Several groups

showed potential benefit of using dantrolene, an anti-malignant hyperthermia drug,

for normalization of cardiac RyR function in failing hearts. It has no effect on

cardiac RyR from normal hearts. However, in HF it has been demonstrated to

prevent arrhythmogenic Ca release and improve FFR and β-AR responsiveness

[206, 207]. The proposed mechanism of these beneficial effects is that dantrolene

stabilizes aberrant inter-domain interactions within the RyR from failing hearts,

similarly to another pharmacological agent, a 1,4-benzothiazepine derivative

JTV519 (K201) [208, 209]. It has been suggested that one of the beneficial effects

of beta-blockers is to reduce phosphorylation of the RyR by PKA, restore FKBP12.6

binding, and normalize SR Ca leak [78, 99]. More recently, inhibition of CaMKII

24 A.V. Zima and D. Terentyev



and restoration of the RyR redox status have emerged as promising strategies to

normalize RyR function in diseased hearts [79–81, 113, 127]. The apparent disad-

vantage of these approaches is that available pharmacological agents cannot reduce

phosphorylation or oxidation of the RyR specifically, without affecting other cellu-

lar systems and producing adverse effects.

Conclusion. Heart failure remains an incurable disease with the highest mortality

rate. Over the last 2 decades, significant progress has been made in the understand-

ing of mechanisms of SR Ca mishandling that leads to contractile dysfunction and

arrhythmogenesis of the failing heart. It has become increasingly clear that func-

tional impairment of two major Ca regulatory systems, the RyR and the SERCA/

PLB complexes, contributes in great degree to aberrant SR Ca homeostasis. How-

ever, the previous studies indicate that the role of RyR or SERCA malfunction in

SR Ca mishandling varies significantly, possibly depending on the stage and

etiology of HF. Therefore, the development of individualized therapeutic strategies

that specifically target the malfunctioning component of SR Ca machinery remains

the highest priority.
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