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Abstract In adapting to disease and loss of tissue, the heart shows great phenotypic plasticity
that involves changes to its structure, composition and electrophysiology. Together with parallel
whole body cardiovascular adaptations, the initial decline in cardiac function resulting from the
insult is compensated. However, in the long term, the heart muscle begins to fail and patients with
this condition have a very poor prognosis, with many dying from disturbances of rhythm. The
surviving myocytes of these hearts gain Na+, which is positively inotropic because of alterations
to Ca2+ fluxes mediated by the Na+/Ca2+ exchange, but compromises Ca2+-dependent energy
metabolism in mitochondria. Uptake of Ca2+ into the sarcoplasmic reticulum (SR) is reduced
because of diminished function of SR Ca2+ ATPases. The result of increased Ca2+ influx and
reduced SR Ca2+ uptake is an increase in the diastolic cytosolic Ca2+ concentration, which
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promotes spontaneous SRCa2+ release and induces delayed afterdepolarisations. Action potential
duration prolongs because of increased late Na+ current and changes in expression and function
of other ion channels and transporters increasing the probability of the formation of early after-
depolarisations. There is a reduction in T-tubule density and so the normal spatial arrangements
required for efficient excitation–contraction coupling are compromised and lead to temporal
delays in Ca2+ release from the SR. Therefore, the structural and electrophysiological responses
that occur to provide compensation do so at the expense of (1) increasing the likelihood of
arrhythmogenesis; (2) activating hypertrophic, apoptotic and Ca2+ signalling pathways; and (3)
decreasing the efficiency of SR Ca2+ release.
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Abstract figure legend In adapting to the loss of functioning tissue, the heart changes its structure, composition and
electrophysiology at whole organ and cell level and the body activates its neurohormonal systems that adjust its vascular
function and blood volume. These adaptations provide compensation for the loss of functioning tissue helping to
maintain cardiac output but can precipitate sequelae that, over time, become pro-arrhythmic.

Introduction

Things sweet to taste prove in digestion sour.
William Shakespeare

‘Richard II’ (1595) act 1, sc. 3, l. 236
John of Gaunt, Duke of Lancaster

The heart has phenotypic plasticity in adapting to disease
and loss of tissue. An example is increasing the size of
its muscle cells to overcome the loss of working myo-
cardium following an ischaemic episode. This is a hyper-
trophic response of the remote tissue to the formation
of non-functional scar tissue at the site of the infarction.
The response mechanisms, dubbed ‘plastic rescue’ by
evolutionary biologists (Snell-Rood et al., 2018), usually
enable the organ, and us, to survive the cardiac insult.
However, plastic rescue can be troublesome. Changes to
the function of cardiac muscle ion channels and proteins
involved inCa2+ homeostasis that are initially beneficial to
function can becomemaladaptive, often setting inmotion
a cascade of events that, in the heart, provides a setting for
disorders of rhythm to manifest themselves.
The primary aims of the present review are (1) to

illustrate how the plastic heart modifies mechanisms
controlling intracellular Na+, Ca2+, and K+ to initially
support better function and (2) to explain how these
changes can become detrimental to function in the longer
term.The regulation of these ions is intertwined and forms
homeostatic centre-points at which the electrical events
work harmoniously with the changes in intracellular ion
activities governing contraction and relaxation.When this
series of reference points becomes disorganised because of
activated stress responses, the result is costly for the organ

and organism in the longer term. There will be no attempt
to review all that is known about cardiac arrhythmias but,
instead, an explanation is provided of our current under-
standing of the remodelling responses and how they may
form a pro-arrhythmic substrate. Secondary aims are to
inform a general readership of the changes taking place in
cardiacmyocytes during the transition to heart failure and
to entice enterprising and interested scientists of various
disciplines to investigate avenues of the processes thatmay
lead to the development of rational and novel therapies.

Heart failure (HF)

Following cardiac injury of some sort (usually myo-
cardial infarction stemming from coronary artery
disease, but also insults that increase afterload,
such as hypertension and valve disease), a series
of physiological responses is initiated that involves
activation of the sympathetic nervous system (SNS),
the renin–angiotensin–aldosterone system (RAAS) and
release of natriuretic peptides, together with structural,
contractile and electrophysiological changes to the
heart itself. The increased contractility and heart rate
following SNS activation and retention of salt and water
combined with peripheral arterial vasoconstriction
resulting from RAAS activation provide initial cardio-
vascular compensation for a decline in cardiac function
(Hartupee & Mann, 2017). However, this neurohormonal
response does not support the long-term maintenance of
sufficient cardiac output to meet the body’s requirements
for oxygen and nutrients. Sustained SNS and RAAS
activation becomes damaging through (1) the gradual
retention of salt and water leading to volume and pressure
overload on the heart and (2) changes to arterial and

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society
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myocardial stiffness in part triggered by the increase in
angiotensin II levels that encourages perivascular and
interstitial collagen proliferation. The release of atrial and
brain natriuretic peptides increases in response to the
volume and pressure overloads and, normally, they act
as antagonists to the effects of angiotensin II, reducing
vascular tone, aldosterone secretion and renal tubule
sodium reabsorption. However, despite an increase in the
levels of these peptides, their effects become diminished.
Over time, the sustained pressure and/or volume over-
loads increase protein synthesis and generate a hyper-
trophic response characterised by cardiac enlargement
with rearrangement and growth of the sarcomeres,
activation of intracellular signalling cascades, fibrosis
development producing areas of scar tissue, progressive
loss of parasympathetic tone and complex inflammatory
responses. At the cellular level, there is β-adrenergic
receptor desensitisation, together with changes to myo-
cyte biology, structure and mitochondrial energetics. All
these systems play a role in the overall ‘remodelling’ of the
heart (Dobaczewski et al., 2011; Heger et al., 2016; Riehle
& Bauersachs, 2019) and produce a complex syndrome
with considerable system interactions.

Activation of the SNS and RAAS is why β-adrenergic
receptor blockers, angiotensin-converting enzyme
inhibitors, angiotensin receptor blockers and aldosterone
antagonists are first-line therapeutic interventions. The
reduced effects of the natriuretic peptides as heart failure
develops have also encouraged the development of
neprilysin or neutral endopeptidase inhibitors that reduce
the degradation of the peptides.

Irrespective of the myriad of factors triggered in
response to the initial insult, when the heart starts to fail,
it inexorably follows the path of a chronic, progressive
condition with very poor prognosis. Approximately 60%
of people diagnosed with HF are dead within 5 years
(Groenewegen et al., 2020; McMurray & Stewart, 2000).

Despite a much better understanding of the
elements involved in the disease process and more
targeted symptomatic treatments, there is no cure and,
unfortunately, HF is becoming more common. Although
there is a lack of consensus on precise clinical values
that determine its diagnosis, its prevalence in the general
population is estimated to be between 1% and 3% and it
is more common in people aged >60 years. In this group,
the prevalence of left ventricular diastolic dysfunction
(HF with preserved ejection fraction; HFpEF) ranges
from 16% to 53%, and left ventricular systolic dysfunction
(HF with reduced ejection fraction; HFrEF) ranges from
3% to 9% (van Riet et al., 2016).

Arrhythmia in HF. Although there may be fewer deaths as
a result of arrhythmia in patients with HFpEF, about half
of those with HF will die from a disturbance of rhythm
(Mozaffarian et al., 2007; Vaduganathan et al., 2018).

The question arises: what causes these abnormal
rhythms? It is highly probable that the multiplicity
of alterations to structure, mechanical and electrical
processes play individual parts. Because the concentration
of Ca2+ ions in the cytosol drives contraction and
relaxation, it seems sensible to start with a short review of
how this ion is controlled and how this control is modified
as the heart fails.

Ca influx, release, uptake and efflux

In the normal heart, the coupling of electrical excitation
to contraction (EC coupling) involves the interaction
of a number of cellular proteins concerned with Ca2+
homeostasis. Ca2+ influx through L-type Ca2+ channels
(LTCCs) located in the surface membrane (sarcolemma)
promotes further release of stored Ca2+ from the
sarcoplasmic reticulum (SR) via the SR Ca2+-release
channel (the ryanodine receptor, RyR) by a process known
as Ca2+-induced Ca2+ release (CICR) (Fabiato, 1985).
Both fluxes of Ca2+ combine to initiate contraction. Two
main systems are involved in removing Ca2+ from the
cytoplasm and so inducing relaxation. Ca2+ is pumped
back into the SR by the phospholamban-regulated SR
Ca2+ ATPase (SERCA2a) and extruded from the cell by
the sarcolemmal Na+/Ca2+ exchange (NCX) (Bers, 2002,
2008). Although there are species differences, SERCA and
NCX contribute ∼70% and 25%, respectively, towards
relaxation (Bers, 2001). In steady state conditions, the
amount of Ca2+ leaving the cell is the same as the amount
entering it (Bridge et al., 1990) so that precise intra-
cellular Ca2+ homeostasis is achieved. The phasic increase
and decrease of Ca2+ that gives rise to the elements
of contraction and relaxation, respectively, is generally
termed the ‘Ca2+ transient’.
Various elements of the EC coupling system can be

modulated by a variety of signalling molecules (Terrar,
2020) but one that has been shown to have particular
relevance in HF is calcium/calmodulin-dependent kinase
II (CaMKII). This is a serine/threonine protein kinase
expressed in many tissues including the heart. Ca2+
binding to calmodulin increases its affinity for theCaMKII
binding site and subsequent binding increases the activity
of CaMKII (Jiang & Wang, 2020), which then catalyses
the phosphorylation ofmany proteins. This series of inter-
actions provides a subtly responsive and physiologically
important link between cytosolic Ca2+ concentration and
the activity of proteins involved in Ca2+ influx, release,
uptake and efflux. The functions of the main proteins
involved in EC coupling are modulated by CaMKII. It can
catalyse the phosphorylation of phospholamban to release
its inhibition of SERCA2a, therefore increasing Ca2+
uptake into the SR. It can catalyse the phosphorylation of
RyR, sensitising these channels to Ca2+ and so enhancing
SR Ca2+ release, and, by catalysing the phosphorylation

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society
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of LTCCs, it can promote Ca2+-dependent facilitation
of the Ca2+ current, increasing its size and slowing
its inactivation. This enhanced Ca2+ influx leads to an
increase in SR Ca2+ content (Maier & Bers, 2007) (Fig. 1).
CaMKII can also target other ion channels. For

example, it can catalyse the phosphorylation of the main
isoform of the Na+ channel expressed in the heart
(Nav1.5) and this leads to a leftward shift in its voltage
dependence of inactivation. This has the effect of slowing
the recovery of the channel from inactivation (Takla et al.,
2020).
Hypertrophied and failing cardiac tissue displays

poorer contraction and slower relaxation (Bing et al., 1971;
Gwathmey et al., 1987; Gwathmey et al., 1990; Schouten
et al., 1990) than the normal heart. These features are
observed in isolated myocytes, implying that at least a
portion of the poorer function is a consequence of systems
failing at the cellular level (Beuckelmann et al., 1992;
Pogwizd et al., 2001; Siri et al., 1991). Ca2+ transients are
smaller and slower to decay and diastolic Ca2+ levels are
increased.
The underlying reasons for the changes to Ca2+

regulation are now better understood and involve (1)
the loss of transverse (t) tubules (Dibb et al., 2009; Lyon
et al., 2009; Oyehaug et al., 2013; Song et al., 2005) that
provide a structural framework for the close apposition
of sarcolemmal LTCCs with the RyR clusters in the SR
membrane and produce a microarchitecture vital for
the effective conversion of excitation to contraction
(synchronous EC coupling); (2) post-translational

modifications to RyRs that change their function (Benitah
et al., 2021; Houser, 2014b) resulting in more Ca2+ leak
from the SR and loss of RyRs that reduce release (Lachnit
et al., 1994; Milnes & MacLeod, 2001; Vatner et al., 1994),
which, in combination, lead to a reduction in SR Ca2+
content and less efficacious release; (3) reduced function
of SR Ca2+ ATPase (i.e. SERCA2a) protein that results in
slower and reduced Ca2+ reuptake into the SR (Arai et al.,
1993, 1994; de la Bastie et al., 1990; Hasenfuss et al., 1994;
Kiss et al., 1995); and (4) increased expression of NCX
that alters the competition between Ca2+ uptake into the
SR and Ca2+ efflux (Hobai & O’Rourke, 2000; Reinecke
et al., 1996; Studer et al., 1997).
Although the release, uptake and efflux of Ca2+ are

compromised in HF, the trigger for release (i.e. Ca2+
influx via LTCCs) remains, although this may change in
size. Some studies report that peak values of the current
measured in cells from failing hearts are no different
compared to control myocytes (Beuckelmann et al., 1991;
Mewes & Ravens, 1994), whereas others report that the
current is reduced (Terracciano et al., 2003) or dependent
on phosphorylation (Chen et al., 2002).

T-tubules. Although there is debate about the size of the
Ca2+ trigger changing in HF, the efficiency with which
it stimulates release from the SR may be compromised
because of disruption to the t-tubule network. T-tubule
disruption is becoming a more common observation
in a variety of cardiac pathologies. Transverse tubules

Figure 1. Signalling pathways and
effector proteins modulated by CaMKII
Showing some of the signalling pathways
and effector proteins modulated by
CaMKII. The inset illustrates the steps
leading to CaMKII activation.

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society
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(i.e. t-tubules) are invaginations of the cardiac myocyte
surface membrane that penetrate the cytoplasm and form
a network by connecting with longitudinal (axial) tubules.
Many ion channels and receptors are located in the
t-tubules but they have particular importance in ensuring
the optimum microarchitecture is obtained between
LTCCs (in the surfacemembrane) and the SRCa2+ release
channels (RyR) (in the underlying SR membrane). The
t-tubules allow LTCCs to be closely positioned to a cluster
of RyRs so that synchronous SR release can be controlled
by the incoming Ca2+ flux (Fig. 2). Optimum spacing
and positioning is vital to the efficacy and stability of the
CICR process. HF is characterised by a reduction in the
number and organisation of t-tubules in parts of the cells
and this leads to delays in Ca2+ release in these areas
resulting in poor synchronisation of RyR firing, withmany
clusters being activated later by Ca2+ released from their
neighbours (Litwin et al., 2000; Louch et al., 2006). The
result is a slowing in the rising phase of the Ca2+ transient.
The disorganisation of cell structure that coincides with
the remodelling processes leaves some parts of the cells
with a broken signalling link between LTCCs and RyRs,
such that some clusters of RyRs are stranded without the
trigger command and cannot respond synchronously.

Stranded clusters or unclustered RyRs (termed
orphaned and rogue RyRs, respectively) (Sobie et al., 2006;
Song et al., 2006) probably gate differently in response
to local changes in Ca2+ concentration, particularly
if they undergo phosphorylation mediated through

PKA and CaMKII pathways that occur because of the
breakdown in local signalling as a result of t-tubule
and caveolae disorganisation. Co-operativity or coupled
gating between clusters also appears to decrease, so
encouraging less synchronous andmore disorganised RyR
firing. The modelling work by Lu et al. (2010) suggests
that Ca2+ concentrations in the vicinity of orphaned
RyR clusters and rogue RyRs are poorly controlled with
the result that orphaned clusters may activate, thereby
increasing the local Ca2+ concentration that nearby rogue
RyRs augment. The rogue RyRs increase the opening
probability of neighbouring clusters allowing Ca2+ sparks
to coalesce and improve the chances of Ca2+ wave
formation and propagation (Chen et al., 2018).

Modifications to RyRs. The failure of the SR to release
Ca2+ may effectively be a result not only of variations in
RyR location, but also changes in their density or the ratio
of the receptors to LTCCs (Lachnit et al., 1994; Milnes
& MacLeod, 2001; Vatner et al., 1994). Furthermore,
post-translational modifications to RyRs in the failing
heart may cause them to behave abnormally. There has
been controversy over the nature of these modifications
(Houser, 2014a; Benitah et al., 2021) that continues
(Alvarado & Valdivia 2020; Dridi et al. 2020). However,
many studies have allowed a consensus to be built with
respect to CaMKII-mediated phosphorylation (Fischer
et al., 2013) and decreased S-nitrosylation (Gonzalez et al.,

Figure 2. Comparison of Ca2+ and Na+ regulation in the normal and failing cardiac myocyte
Key differences are: (1) the loss of transverse (t) tubules and caveoli breaking signalling links importantly between
L-type Ca2+ channels (LTCCs) and ryanodine receptors (RyRs); (2) post-translational modifications to RyRs that
result in more Ca2+ leak from the SR; (3) reduced function of SR Ca2+ ATPase (SERCA2a); (4) increased expression
of Na+/Ca2+ exchange (NCX); (5) an increase in intracellular Na+ concentration altering mitochondrial function
and increasing reverse mode NCX.

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society
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2007) of RyRs increasing the channel open time, leading to
diastolic Ca2+ leak in HF (Figs 1 and 2)

Caveolae. In addition to t-tubules, there are smaller
invaginations of the surface membranes of cardiac myo-
cytes of between 50 and 100 nm in diameter known
as caveolae. The protein responsible for their formation
is caveolin, which co-ordinates the membrane lipid
to form small pouches that have extracellular access.
Caveolae essentially act as domains that gather together
certain proteins involved in initiating signalling cascades,
allowing spatially-confined interactions. Parts of the beta
adrenergic signalling system are located in caveolae, as are
some ion transporters (Na+, Ca2+ and K+ channels and
the Na+/K+ ATPase) (Gorelik et al., 2013; Gratton et al.,
2004). Caveolae help maintain normal cell physiology and
are probably involved in stress responses (Schilling et al.,
2018) and EC coupling in the heart (Calaghan & White,
2006).
There is evidence in HF that the expression of

caveolin-3 protein and its coding mRNA decrease, with
the amount of decrease closely related to the degree
of left ventricular dysfunction (Feiner et al., 2011).
Correspondingly, transgenic mice with cardiac-specific
overexpression of caveolin-3 that are subjected to trans-
verse aortic constriction have better cardiac function, less
hypertrophy and overall better survival than control mice
with the same aortic insult (Horikawa et al., 2011).

Reduced function of SERCA. Not only is there reduced
efficiency of the CICR process, but also there is less Ca2+
in the SR to be released. SR Ca2+ content is decreased
in HF. Defective operation of the RyRs in the form of
increased leak from the receptors can partially account for
the lower SRCa2+ content in diseased hearts (Litwin et al.,
2000; Shannon et al., 2003). The other mechanism that is
defective and can explain the decreased SRCa2+ content is
the reduced function of SERCA2a. Many studies find that
failing hearts have lower levels of SERCA2a protein and its
mRNA (Arai et al., 1994; de la Bastie et al., 1990;Hasenfuss
et al., 1994; Matsui et al., 1995; Qi et al., 1997), although
attention has also been directed to changes in the way that
the protein is regulated.
SERCA2a function is regulated by phospholamban

that normally exerts a tonic inhibition on the molecule.
When phosphorylated, either by cAMP-dependent
or Ca2+/calmodulin-dependent protein kinase, the
inhibitory action of phospholamban is relieved. This
type of action allows SERCA2a activity to be modulated
depending on the activities of these kinases and, for
example, allows it to play a key role in loading the SR
with Ca2+ to produce the positive inotropic and lusitropic
effects of beta adeno-receptor agonists. Most studies
find that the amount of phospholamban is not altered

in HF (MacLennan & Kranias, 2003) but, because of the
decrease in the amounts of SERCA2a, there is a relative
increase in the ratio of phospholamban to SERCA2a and
this would cause increased inhibition of the SR Ca2+
ATPase, reducing SR Ca2+ content and prolonging the
declining phase of the Ca2+ transient.
Of note, rescue of function has been achieved by

adenoviral gene transfer of SERCA2a into isolated cardiac
myocytes from failing human hearts and intowhole hearts
in vivo (del Monte et al., 1999; Miyamoto et al., 2000). The
Ca2+ transients and contraction profiles were restored in
the former study and there was significant improvement
in left ventricular function in the latter. Modifying
cellular Ca2+ regulation by overexpressing SERCA2a also
reduces ventricular arrhythmias (Prunier et al., 2008)
and improves haemodynamic, echocardiographic and
molecular biology assessments of cardiac function (Byrne
et al., 2008).

Na+/Ca2+ exchange. Reduced SR Ca2+ content can be
caused not only by decreased SERCA2a activity or
expression or increased leak though RyRs, but also
by increased expression of the NCX because the two
transporters compete for intracellular Ca2+ at the same
time as bringing about relaxation. Usually Na+ influx
is coupled to the efflux of Ca2+ (forward mode of the
exchange) but the direction of ionmovement is dependent
on membrane potential, as well as the extracellular
and intracellular concentrations of Na+ and Ca2+. The
potential at which ion movement switches direction
(reversemode) is called the reversal potential. The reversal
potential is readily encountered under physiological
conditions and so factors that influence intracellular
Na+ concentration will ultimately affect the intracellular
Ca2+ concentration and consequently twitch and passive
(tonic) force production, in turn, determinants of cardiac
output and ventricular filling. The intracellular Na+
concentration increases in HF and the action potential
prolongs and so overexpression of the NCX protein on
the one hand may aid Ca2+ efflux but, on the other,
may support more Ca2+ influx, adding to the increased
diastolic Ca2+ concentration caused by poorer SERCA2a
uptake and enhanced RyR leak (Fig. 3). Evidence of
increased expression of the NCX in HF is inconsistent
(Sipido et al., 2002), although several studies do report
enhanced amounts of transporter protein (Hasenfuss
et al., 1999; Hobai & O’Rourke, 2000; O’Rourke et al.,
1999; Studer et al., 1994).

Intracellular Na+ homeostasis

The concentration of intracellular Na+ in cardiac myo-
cytes is determined by the leak of the ion into the cells
and the expulsion of the ion from the cells: the pump/leak

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society
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balance. TheNa+/K+-ATPase (orNa+/K+ pump) has two
main functions, conserving both (1) the transmembrane
K+ ion concentration difference upon which the diastolic
membrane potential largely depends and (2) the trans-
membrane Na+ ion concentration difference, so enabling
its influx through activated channels and sustaining trans-
port processes that couple its movement with other ions,
amino acids and metabolites.

Inhibiting the Na+/K+ pump increases the intra-
cellular Na+ concentration (Deitmer & Ellis, 1977, 1978;
Eisner, 1990; Eisner & Lederer, 1980a, 1980b) and
alters the balance of Ca2+ flux generated by the NCX
during the entire cardiac cycle, both systole and diastole
(Bers, 1987; Bennett et al., 1999). The time spent in
reverse mode increases, thus augmenting Ca2+ influx and
reducing exchange-mediated Ca2+ efflux. A portion of
the augmented influx is taken up into the SR (Bennett
et al., 1999) by SERCA2a, increasing SR Ca2+ load so
that more Ca2+ is available for release at the next beat,
thereby strengthening the next and subsequent contra-
ctions. In this way, inhibitors of the pump, notably the
cardiac glycosides, have a positive inotropic action on
ventricular muscle. Indeed, glycosides such as digoxin
were the earliest treatments for the failing heart, following
the work of Withering in 1785, who described the
advantages of administering extracts of the foxglove,
Digitalis purpurea, to patients with HF, particularly if their
heart rhythm was irregular (Hauptman & Kelly, 1999).
Two hundred and thirty-seven years later, digoxin is still

in clinical use and reduces hospitalisations in patients with
chronic HF, particularly when combined with β-blockers
(Gheorghiade et al., 2006). However, the improved contra-
ctility offered by Na+/K+ pump inhibition comes at
a price, particularly in the vast majority of patients
with coronary atheroma who are admitted to hospital
with poor ventricular function following acute myo-
cardial infarction. In this group of patients, digoxin use
is associated with an increased risk of sudden death
(Bigger et al., 1985; Spargias et al., 1999). Digoxin
also increases vagal activity by acting on central and
peripheral components of the parasympathetic nervous
system (Watanabe, 1985). This reduces atrioventricular
node conduction and shortens atrial refractory periods,
rendering the atria more susceptible to atrial fibrillation.
Although Na+/K+ pump inhibition improves contra-

ctility, the increase in intracellular Na+ concentration
can establish a pro-arrhythmic substrate that develops
in several ways. Because cellular Ca2+ efflux over the
cardiac cycle is compromised, both the cytoplasmic
Ca2+ concentration and SR Ca2+ content increase. These
conditions can promote spontaneous release of Ca2+ from
the SR often in the form of Ca2+ waves that activate
the NCX and, in some species, stimulate Ca2+-activated
Cl– current (Trafford et al., 1995, 1998; Wier et al.,
1987). Ca2+ waves also cause cell alternans (where the
amplitude of the Ca2+ transient alternates out of phase
in different regions of the same cell) that trigger sudden
repolarisation changes affecting action potential duration

Figure 3. Changes to ion homeostatic mechanisms and formation of scar tissue
How changes to the function of ion homeostatic mechanisms and formation of scar tissue may provoke
proarrhythmic cardiac electrophysiology.

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society
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(Xie & Weiss, 2009; Xie et al., 2010). In both cases, early
and delayed afterdepolarisations (EADs and DADs) form
and, if they are sufficiently large, membrane potential may
reach a voltage range that activates Na+ channels and
a premature upstroke may ensue (Schlotthauer & Bers,
2000) (Fig. 3).
If repolarising currents are reduced, as occurs in HF

(see below), the action potential duration increases and
the diastolic membrane potential may become less stable
and so the likelihood of DADs initiating larger premature
excitatory events increases (Pogwizd et al., 2001).

The Na+/K+ pump in HF. Most studies measuring the
intracellular Na+ concentration find that it increases in
cardiac hypertrophy (Grey et al., 2001; Jelicks & Siri,
1995) and HF (Baartscheer et al., 2003; Despa et al., 2002;
Pieske et al., 2002; Schillinger et al., 2006). The increases
in intracellular Na+ may be the result of an increase in
Na+ leak into the cells or a reduction in Na+/K+ pump
function or both (Baartscheer et al., 2003; Despa et al.,
2002; Semb et al., 1998; Verdonck et al., 2003) (Ke et al.,
2020; N¢rgaard et al., 1988; Schwinger et al., 1999). The
reduction in pump function may be a result of decreased
expression levels of the alpha subunits (the main catalytic
sites) of the ATPase, relative changes in the various
forms of alpha subunit expression (isoform switches)
and/or alterations in the pump activity, but experimental
work aimed at differentiating between these possibilities
gives an inconsistent picture of their relative importance.
One part of the pump protein that has received more
recent attention is its regulatory subunit, phospholemman
(PLM), which belongs to the FXYD protein family
(FXYD1). Unphosphorylated PLM tonically inhibits the
Na+/K+ ATPase by reducing its affinity for Na+. The
inhibition is removedwhen it is phosphorylated by protein
kinases A and C and imparted on dephosphorylation
by protein phosphatases (particularly PP-1 and PP-2A)
(Fuller et al., 2013; Fuller et al., 2004). In this way, the
activity of the Na+/K+ ATPase, and therefore the cyto-
solic Na+ concentration, is regulated by the balance of
phosphorylation and dephosphorylation events.
What happens in HF to this regulatory mechanism is

not clear. There is evidence for increased PLM protein
levels following infarction in rat hearts that results in
reduced pump activity (Mirza et al., 2012). Cardiac
PLM hypophosphorylation has been noted following
aortic constriction in the mouse and can account for
the observed decline in Na+/K+ ATPase current. In
the same study, knock-in mice, in which PLM cannot
be phosphorylated, given the same amount of aortic
constriction, have poorer cardiac function and greater
inhibition of pump current compared to wild-type
mice (Boguslavskyi et al., 2014). PLM phosphorylation
at Ser-68 is decreased in failing human hearts as a

result of dilated cardiomyopathy (El-Armouche et al.,
2011). These observations generally point to more PLM
being unphosphorylated in HF so that the ratio of
unphosphorylated PLM to Na+/K+ ATPase increases and
pump activity decreases.However, in a rabbitmodel ofHF,
a decrease in both Na+/K+ ATPase and PLM expression
was found but with PLM expression showing the greater
reduction. The result was that the PLM toNa+/K+ ATPase
ratio decreases and it was suggested that this rescued
possible pump inhibition (Bossuyt et al., 2005).
An alternative, but not mutually exclusive, explanation

for reduced function the Na+/K+ ATPase is linked to
the location of its beta subunit. The beta subunit of
the Na+/K+ ATPase is needed to form fully functioning
Na+/K+ pumps. Evidence suggests that this subunit is
confined almost entirely to caveolae (Liu & Askari, 2006)
implying that functioning pumps are also located in
these cell microdomains. Caveolin-3 levels are reduced
in failing hearts (Feiner et al., 2011) and this loss
will disrupt caveolae structure and probably reduce the
number of these important signalling microdomains with
abnormal function of the Na+/K+ ATPases as a possible
consequence. Although the regulatory mechanisms of
the Na+/K+ ATPase in HF are still to be clarified, the
consensus is that there is decreased activity of the pump
and increased intracellular Na+ concentration.

Na influx in HF. The main routes of Na+ entry into
cardiac myocytes are Na+ channels (mainly Nav1.5),
Na/Ca exchange and the two transporter systems that
play a role in intracellular pH regulation, the Na+/H+
exchange and Na+/HCO3

– symport. Other transporters
such as the Na+/Mg2+ exchanger (Handy et al., 1996;
Tashiro et al., 2014) and the Na+/K+/2Cl– cotransporter
(Anderson et al., 1996) may mediate some Na+ influx
but the sizes of their contributions are uncertain. There is
good evidence for there being a larger TTX-sensitive Na+
influx occurring in HF (Despa et al., 2001, 2002) and a
probable routemay be increased lateNa+ current (Maltsev
&Undrovinas, 2008; Valdivia et al., 2005). This Na+ influx
is associated with action potential prolongation, which is
a widely found feature of myocytes isolated from failing
hearts. It is becoming apparent that the processes that lead
to an increase in late Na+ current are complex but they are
gradually being unravelled.
There is now increasing evidence that the modulatory

role of CaMKII can become overactive in HF and this
can have deleterious consequences for intracellular Na+
(Grandi & Herren, 2014) and Ca2+ regulation (Mattiazzi
et al., 2015) and be proarrhythmic (Hund & Mohler,
2015). The expression and activity of CaMKII is increased
in animalmodels ofHF and in failing humanhearts (Hoch
et al., 1999; Kirchhefer et al., 1999; Zhang et al., 2003).
The overactivity appears to be a result of enhanced

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society
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autophosphorylation or oxidation arising as a
consequence of an increase in reactive oxygen species
(Swaminathan et al., 2012). The effect of enhanced
CaMKII activity on Ca2+ handling proteins has been
described earlier but equally significant are the findings
indicating that CaMKII augments late Na+ current
and so may promote the increase in intracellular Na+
concentration (Wagner et al., 2006). A fascinating
development of this investigative focus on late Na+
current and CaMKII is the observation that CaMKIIδc
interacts with the neuronal form of the Na+ channel
(Nav1.8) normally expressed in human ventricular
cardiomyocytes at low levels but upregulated several fold
in HF (Dybkova et al., 2018). In healthy myocytes, Nav1.8
appears to have negligible influence on depolarisation but
contributes significantly to action potential prolongation
in failing cells (Dybkova et al., 2018). Recent work using
cardiac myocytes isolated from patients with HF shows
that the increase in Na+ influx via Nav1.8 is dependent on
CaMKIIδc (Bengel et al., 2021) (Figs 2 and 3).

Sodium-glucose co-transporter-2 (SGLT2) inhibitors
(the gliflozin class of drugs) are used for treating type
2 diabetes. They inhibit the reabsorption of glucose in
the renal tubule and so increase its excretion. Evidence
obtained from a number of cardiovascular trials (Anker
et al., 2021; Fitchett et al., 2019) demonstrates that SGLT2
inhibitors reduce the incidence of HF in patients with
diabetes by ∼40% and also indicates that the drugs
have significant cardioprotective effects in the absence
of diabetes. This suggests they have additional actions
independent of glucose control but the mechanisms at
play are very unclear, although some have parallels with
neurohormonal antagonists (Packer, 2020). Some groups
have obtained evidence that the drugsmay directly reduce
the intracellular Na+ concentration in cardiac myocytes
by inhibiting the Na+/H+ exchange (Zuurbier et al.,
2021), although this is controversial (Chung et al., 2021),
whereas other studies provide evidence that they inhibit
the late Na+ current (Philippaert et al., 2021). Therefore,
although their underlying mechanism of action remains
unresolved, the drugs appear to link cardioprotection in
diabetic and non-diabetic patients with aspects of Na+
regulation (Fig. 2).

Action potential duration

The most consistent electrophysiological finding in
cardiac hypertrophy and HF is a prolongation of the
ventricular cell action potential (Ahmmed et al., 2000;
Beuckelmann et al., 1993; Kaab et al., 1996; Rose et al.,
2005; Pogwizd & Bers, 2004; Pogwizd et al., 2001) caused
by a change in the expression and function of ion channels
and transporters. The ionic currents most consistently
shown to change are the main repolarising K+ currents

(IKr, IKs, Ito and IK1) that decrease in density (Ahmmed
et al., 2000; Li et al., 2004; Pogwizd & Bers, 2004; Pogwizd
et al., 2001; Rose et al., 2005) and the late Na+ current
that increases in density (Maltsev & Undrovinas, 2008;
Valdivia et al., 2005).
The decrease in K+ currents will lead to a prolongation

of the repolarising processes and less stable diastolic
membrane potentials, which will present a more
arrhythmogenic substrate because the chances of EADs
and DADs initiating depolarisations that reach threshold
are increased. Action potential prolongation normally
increases SR Ca2+ content, although this will only happen
if SERCA2a Ca2+ uptake into the SR is not compromised
(Terracciano et al., 1997). If SERCA2a cannot function
optimally, then the increased Ca2+ influx will cause
an increase in diastolic Ca2+ concentration that could
induce activation of RyR clusters and rogue RyRs leading
to unsynchronised SR Ca2+ release and DAD formation.
There could be a teleological argument made to suggest
that action potential prolongation provides compensatory
inotropy but this is at the expense of increasing the
likelihood of arrhythmogenesis (Pogwizd et al., 1999;
Pogwizd et al., 2001) and activation of hypertrophic and
apoptotic signalling (Molkentin, 2004; Sapia et al., 2010).
Caveolae may also play a role in the electrophysiological
changes. The inward rectifying K+ channel Kir2 that
carries IK1 appears to co-localise with caveolin-3 and
mutations in caveolin-3 cause an increase in late Na+
current (Vaidyanathan et al., 2018) and so any disruption
of caveolae may precipitate changes to depolarisation and
repolarisation currents (Fig. 3).

Na+ and mitochondrial function

The potential aggravating effects of increased intracellular
Na+ concentration are not limited to sarcolemmal
ion movements. Studies have demonstrated that such
increases affect mitochondrial function (Iwai, Tanonaka,
Inoue, Kasahara, Kamo et al., 2002; Iwai, Tanonaka,
Inoue, Kasahara, Motegi et al., 2002; Kohlhaas et al.,
2010; Maack et al., 2006). Increases and decreases in
myocyte cytoplasmic Ca2+ are mirrored in changes of
mitochondrial matrix Ca2+ concentration. Increases in
matrix Ca2+ concentration activate dehydrogenases and
phosphorylation enzymes and match cell respiratory
capacity and oxidative phosphorylation to energy
requirements on a beat-to-beat basis. Mitochondrial
Ca2+ homeostasis is a balance of Ca2+ influx through
the mitochondrial uniporter and efflux through the
mitochondrial NCX. An increase in cytoplasmic
(extramitochondrial) Na+ concentration causes a
decrease in mitochondrial matrix Ca2+ concentration
and reduces oxidative phosphorylation during periods
of increased work. Whether this mechanism causes

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society
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metabolic changes in HF remains to be shown definitively
and the heart may be sufficiently adept to remodel its
metabolism to oppose the effects of reductions in oxidative
phosphorylation (Aksentijević & Shattock, 2021). Even if
ATP delivery is not compromised, increases in cytosolic
Na+ concentration lead to net oxidation of NADPH and
increases in intracellular reactive oxygen species (ROS)
that contribute to cell damage (Bay et al., 2013; Bertero
& Maack, 2018; Kohlhaas et al., 2010; Liu et al., 2010;
Maack et al., 2006). There is evidence that inhibiting the
mitochondrial NCX maintains cardiac function, slowing
hypertrophic remodelling and lessening mortality from
sudden cardiac death (Liu et al., 2014).
Two other aspects of mitochondrial Ca2+ regulation

should be noted here. Although mitochondrial Ca2+
concentration is important inmodifying ATP supply, high
concentrations are known to causemitochondrial swelling
and dysfunction. As described earlier, RyR-mediated
SR Ca2+ leak increases in HF (Litwin et al., 2000;
Marx et al., 2000; Shannon et al., 2003) and some
findings suggest that these leaks are responsible for
pathologically-elevatedmitochondrial Ca2+ and excessive
ROS production (Santulli et al., 2015).
Second, there are a converse series of processes

originating from chronic neurohormonal activation
that results in persistently raised angiotensin II levels.
These increased levels encourage unregulated ROS
production (Zablocki & Sadoshima, 2013) that stems
from stimulation of NADPH oxidase (Li et al., 2002).
The increased ROS levels damage Ca2+ handling proteins
and signalling molecules and open the mitochondrial
permeability transition pores that stimulate apoptotic
pathways. Hence, mitochondrial Ca2+ is linked to cell life
support and cell death.

Conclusions

It is difficult to determine which of the many physio-
logical mechanisms disturbed by HF precipitates the
other events, and so pinpointing potential targets for
therapies is not straightforward. It is doubtful that
there is a single initiating factor because the heart
has a spectrum of adaptations that it invokes to boost
function. Most HF is preceded by a period during which
function, although perhaps still impaired, is reasonably
sustained and provides compensation for the initial
insult. However, there are some results that signpost
avenues for possible future investigation and therapeutic
targeting. First, it has been demonstrated that SERCA2a
gene transfer into myocytes from failing hearts increased
SR Ca2+ content and reduced Ca2+ spark-mediated SR
leak thereby preventing arrhythmogenic DADs (Lyon
et al., 2011). Surprisingly, re-introducing SERCA2a to
failing cells also partially restored the t-tubule network,
improved the synchronisation of SR Ca2+ release and

redistributed β-adrenoreceptors leading to more effective
signalling (Lyon et al., 2012), suggesting that some reverse
remodelling may be possible through improvements in
Ca2+ regulation. Second, a pervasive feature of HF is
the increased expression and activity of CaMKII, which
promotes many deleterious changes in Ca2+ regulation.
CaMKII inhibitors have the potential to have therapeutic
effects in HF also by improving Ca2+ homeostasis. Third,
the increase in intracellular Na+ concentration appears
to be critical in modulating a number of processes
involved in inotropic compensation but it clearly plays an
important part in arrhythmogenesis: plasticity coming at
a price. It is pertinent to note that angiotensin-converting
enzyme inhibitors, drugs with well-established benefit in
the treatment of HF, stimulate the Na+/K+ ATPase by an
unknown mechanism (Hool et al., 1995) and this leads to
a lower intracellular Na+ concentration. Finding ways to
reduce intracellular theNa+ concentration is a therapeutic
route worth considering (Shattock, 2009) and a new target
could be a reduction in late Na+ current achieved through
inhibition of the cardiac disease dependent Nav1.8. In
this review, the emphasis has been on global cytosolic
changes in Na+, although local ion gradients and control
pathways doubtless trigger disturbances in cellular ionic
homeostasis. This highlights the importance of structural
alterations to t-tubules and caveolae with the intertwined
nature of Na+, Ca2+ and K+ regulation that was indicated
in the Introduction to this review.
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Aksentijević, D., & Shattock, M. J. (2021). With a grain of
salt: Sodium elevation and metabolic remodelling in heart
failure. Journal of Molecular and Cellular Cardiology, 161,
106–115.

Alvarado, F. J., & Valdivia, H. H. (2020). Mechanisms of
ryanodine receptor 2 dysfunction in heart failure. Nature
Reviews Cardiology, 17, 748. https://doi.org/10.1038/
s41569-020-00443-x

Anderson, S. E., Dickinson, C. Z., Liu, H., & Cala, P. M.
(1996). Effects of Na-K-2Cl cotransport inhibition on
myocardial Na and Ca during ischemia and reperfusion.
American Journal of Physiology, 270(2), C608-C618.

Anker, S. D., Butler, J., Filippatos, G., Ferreira, J. P., Bocchi, E.,
Böhm, M., Brunner-La Rocca, H. P., Choi, D. J., Chopra, V.,
Chuquiure-Valenzuela, E., Giannetti, N., Gomez-Mesa, J. E.,
Janssens, S., Januzzi, J. L., Gonzalez-Juanatey, J. R., Merkely,
B., Nicholls, S. J., Perrone, S. V., Piña, I. L., …, & Packer,
M. (2021). Empagliflozin in heart failure with a preserved
ejection fraction. New England Journal of Medicine, 385(16),
1451–1461.

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society

 14697793, 2023, 5, D
ow

nloaded from
 https://physoc.onlinelibrary.w

iley.com
/doi/10.1113/JP283082 by Im

perial C
ollege L

ondon, W
iley O

nline L
ibrary on [09/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1038/s41569-020-00443-x
https://doi.org/10.1038/s41569-020-00443-x


J Physiol 601.5 Ca2+ and Na+ regulation in heart failure 915

Arai, M., Alpert, N. R., Maclennan, D. H., Barton, P.,
& Periasamy, M. (1993). Alterations in sarcoplasmic
reticulum gene expression in human heart failure. A
possible mechanism for alterations in systolic and diastolic
properties of the failing myocardium. Circulation Research,
72(2), 463–469.

Arai, M., Matsui, H., & Periasamy, M. (1994). Sarcoplasmic
reticulum gene expression in cardiac hypertrophy and heart
failure. Circulation Research, 74(4), 555–564.

Baartscheer, A., Schumacher, C. A., Van Borren, M. M. G.
J., Belterman, C. N. W., Coronel, R., & Fiolet, J. W. T.
(2003). Increased Na+/H+-exchange activity is the cause
of increased [Na+]i and underlies disturbed calcium
handling in the rabbit pressure and volume overloaded
heart failure model. Cardiovascular Research, 57(4),
1015–1024.

Bay, J., Kohlhaas, M., & Maack, C. (2013). Intracellular Na+
and cardiac metabolism. Journal of Molecular and Cellular
Cardiology, 61, 20–27.

Bengel, P., Dybkova, N., Tirilomis, P., Ahmad, S., Hartmann,
N., Mohamed, B. A., Krekeler, M. C., Maurer, W., Pabel,
S., Trum, M., Mustroph, J., Gummert, J., Milting, H.,
Wagner, S., Ljubojevic-Holzer, S., Toischer, K., Maier,
L. S., Hasenfuss, G., Streckfuss-Bömeke, K., & Sossalla,
S. (2021). Detrimental proarrhythmogenic interaction of
Ca2+/calmodulin-dependent protein kinase II and Nav1.8
in heart failure. Nature Communication, 12(1), 6586.

Benitah, J.-P., Perrier, R., Mercadier, J.-J., Pereira, L., & Gómez,
A. M. (2021). RyR2 and calcium release in heart failure.
Frontiers in Physiology, 12, 734210.

Bennett, D. L., O’neill, S. C., & Eisner, D. A. (1999).
Strophanthidin-induced gain of Ca2+ occurs during diastole
and not systole in guinea-pig ventricular myocytes. Pflugers
Archiv, 437(5), 731–736.

Bers, D. M. (1987). Mechanisms contributing to the cardiac
inotropic effect of Na pump inhibition and reduction
of extracellular Na. Journal of General Physiology, 90(4),
479–504.

Bers, D. M. (2001). Excitation-contraction coupling and cardiac
contractile force, Dordrecht, Kluwer Academic.

Bers, D. M. (2002). Cardiac excitation-contraction coupling.
Nature, 415(6868), 198–205.

Bers, D. M. (2008). Calcium cycling and signaling in cardiac
myocytes. Annual Review of Physiology, 70(1), 23–49.

Bertero, E., & Maack, C. (2018). Calcium signaling and
reactive oxygen species in mitochondria. Circulation
Research, 122(10), 1460–1478.

Beuckelmann, D. J., Näbauer, M., & Erdmann, E. (1991).
Characteristics of calcium-current in isolated human
ventricular myocytes from patients with terminal heart
failure. Journal of Molecular and Cellular Cardiology, 23(8),
929–937.

Beuckelmann, D. J., Näbauer, M., & Erdmann, E. (1992).
Intracellular calcium handling in isolated ventricular myo-
cytes from patients with terminal heart failure. Circulation,
85(3), 1046–1055.

Beuckelmann, D. J., Näbauer, M., & Erdmann, E. (1993).
Alterations of K+ currents in isolated human ventricular
myocytes from patients with terminal heart failure.
Circulation Research, 73(2), 379–385.

Bigger, J. T., Fleiss, J. L., Rolnitzky, L. M., Merab, J. P., &
Ferrick, K. J. (1985). Effect of digitalis treatment on survival
after acute myocardial infarction. American Journal of
Cardiology, 55(6), 623–630.

Bing, O. H. L., Matsushita, S., Fanburg, B. L., & Levine, H. J.
(1971). Mechanical properties of rat cardiac muscle during
experimental hypertrophy. Circulation Research, 28(2),
234–245.

Boguslavskyi, A., Pavlovic, D., Aughton, K., Clark, J. E., Howie,
J., Fuller, W., & Shattock, M. J. (2014). Cardiac hypertrophy
in mice expressing unphosphorylatable phospholemman.
Cardiovascular Research, 104(1), 72–82.

Bossuyt, J., Ai, X., R, J., Moorman, J., Moorman, A., Pogwizd,
S., & Bers, D. (2005). Expression and phosphorylation of
the na-pump regulatory subunit phospholemman in heart
failure. Circulation Research, 97(6), 558–565.

Bridge, J. H. B., Smolley, J. R., & Spitzer, K. W. (1990). The
relationship between charge movements associated with I
Ca and I Na-Ca in cardiac myocytes. Science, 248(4953),
376–378.

Byrne, M., Power, J., Preovolos, A., Mariani, J., Hajjar, R.,
& Kaye, D. (2008). Recirculating cardiac delivery of
AAV2/1SERCA2a improves myocardial function in an
experimental model of heart failure in large animals. Gene
Therapy, 15(23), 1550–1557.

Calaghan, S., & White, E. (2006). Caveolae modulate
excitation–contraction coupling and β2-adrenergic
signalling in adult rat ventricular myocytes. Cardiovascular
Research, 69(4), 816–824.

Chen, X., Feng, Y., Huo, Y., & Tan, W. (2018). The interplay
of rogue and clustered ryanodine receptors regulates Ca2+
waves in cardiac myocytes. Frontiers in Physiology, 9, 393.

Chen, X., Piacentino, V., Furukawa, S., Goldman, B.,
Margulies, K. B., & Houser, S. R. (2002). L-type Ca2+
channel density and regulation are altered in failing human
ventricular myocytes and recover after support with mecha-
nical assist devices. Circulation Research, 91(6), 517–524.

Chung, Y. J., Park, K. C., Tokar, S., Eykyn, T. R., Fuller, W.,
Pavlovic, D., Swietach, P., & Shattock, M. J. (2021). SGLT2
inhibitors and the cardiac Na+/H+ exchanger-1: The plot
thickens. Cardiovascular Research, 117(14), 2702–2704.

De La Bastie, D., Levitsky, D., Rappaport, L., Mercadier, J.
J., Marotte, F., Wisnewsky, K., Brovkovich, V., Schwartz,
K., & Lompre, A. M. (1990). Function of the sarcoplasmic
reticulum and expression of its Ca 2+ -ATPase gene in
pressure overload-induced cardiac hypertrophy in the rat.
Circulation Research, 66(2), 554–564.

Deitmer, J. W., & Ellis, D. (1977). The effect of stimulation and
inhibition of the sodium pump on the intracelullar sodiium
ion concentration of sheep heart purkinje fibres. Pflügers
Archiv, 368, R3-R3.

Deitmer, J. W., & Ellis, D. (1978). The intracellular sodium
activity of cardiac Purkinje fibres during inhibition and
re-activation of the Na-K pump. Journal of Physiology,
284(1), 241–259.

Del Monte, F., Harding, S. E., Schmidt, U., Matsui, T., Kang, Z.
B., Dec, G. W., Gwathmey, J. K., Rosenzweig, A., & Hajjar,
R. J. (1999). Restoration of contractile function in isolated
cardiomyocytes from failing human hearts by gene transfer
of SERCA2a. Circulation, 100(23), 2308–2311.

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society

 14697793, 2023, 5, D
ow

nloaded from
 https://physoc.onlinelibrary.w

iley.com
/doi/10.1113/JP283082 by Im

perial C
ollege L

ondon, W
iley O

nline L
ibrary on [09/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



916 K. T. MacLeod J Physiol 601.5

Despa, S., Islam, M. A., Pogwizd, S. M., & Bers, D. M. (2001).
Intracellular [Na+] and Na+ -pump rate in rat and rabbit
ventricular myocytes. Journal of Physiology, 539(1),
133–143.

Despa, S., Islam, M. A., Weber, C. R., Pogwizd, S. M., & Bers,
D. M. (2002). Intracellular Na+ concentration is elevated
in heart failure but Na/K pump function is unchanged.
Circulation, 105(21), 2543–2548.

Dibb, K., Clarke, J., Horn, M., Richards, M., Graham, H.,
Eisner, D., & Trafford, A. (2009). Characterization of an
extensive transverse tubular network in sheep atrial myo-
cytes and its depletion in heart failure. Circulation: Heart
Failure, 2, 482–489.

Dobaczewski, M., Chen, W., & Frangogiannis, N. G. (2011).
Transforming growth factor (TGF)-β signaling in cardiac
remodeling. Journal of Molecular and Cellular Cardiology,
51(4), 600–606.

Dridi, H., Kushnir, A., Zalk, R., Yuan, Q., Melville, Z., &
Marks, A. R. (2020). Intracellular calcium leak in heart
failure and atrial fibrillation: a unifying mechanism and
therapeutic target. Nature Reviews Cardiology, 17, 732–747.
https://doi.org/10.1038/s41569-020-0394-8

Dybkova, N., Ahmad, S., Pabel, S., Tirilomis, P., Hartmann,
N., Fischer, T. H., Bengel, P., Tirilomis, T., Ljubojevic, S.,
Renner, A., Gummert, J., Ellenberger, D., Wagner, S., Frey,
N., Maier, L. S., Streckfuss-Bömeke, K., Hasenfuss, G.,
& Sossalla, S. (2018). Differential regulation of sodium
channels as a novel proarrhythmic mechanism in the
human failing heart. Cardiovascular Research, 114(13),
1728–1737.

Eisner, D. A. (1990). Intracellular sodium in cardiac muscle:
Effects on contraction. Quarterly Journal of Experimental
Physiology (Cambridge, England), 75, 437–457.

Eisner, D. A., & Lederer, W. J. (1980a). Characterization of
the electrogenic sodium pump in cardiac Purkinje fibres.
Journal of Physiology, 303(1), 441–474.

Eisner, D. A., & Lederer, W. J. (1980b). The relationship
between sodium pump activity and twitch tension in
cardiac Purkinje fibres. Journal of Physiology, 303(1),
475–494.

El-Armouche, A., Wittköpper, K., Fuller, W.,
Howie, J., Shattock, M. J., & Pavlovic, D. (2011).
Phospholemman-dependent regulation of the cardiac
Na/K-ATPase activity is modulated by inhibitor-1
sensitive type-1 phosphatase. Faseb Journal, 25(12),
4467–4475.

Fabiato, A. (1985). Time and calcium dependence of activation
and inactivation of calcium-induced release of calcium
from the sarcoplasmic reticulum of a skinned canine
cardiac Purkinje cell. Journal of General Physiology, 85(2),
247–289.

Feiner, E. C., Chung, P., Jasmin, J. F., Zhang, J.,
Whitaker-Menezes, D., Myers, V., Song, J., Feldman, E.
W., Funakoshi, H., Degeorge, B. R., Jr., Y., R, V., Koch, W.
J., Lisanti, M. P., Mctiernan, C. F., Cheung, J. Y., Bristow, M.
R., Chan, T. O., & Feldman, A. M. (2011). Left ventricular
dysfunction in murine models of heart failure and in failing
human heart is associated with a selective decrease in the
expression of caveolin-3. Journal of Cardiac Failure, 17(3),
253–263.

Fischer, T. H., Herting, J., Tirilomis, T., Renner, A., Neef,
S., Toischer, K., Ellenberger, D., Förster, A., Schmitto, J.
D., Gummert, J., Schöndube, F. A., Hasenfuss, G., Maier,
L. S., & Sossalla, S. (2013). Ca2+ calmodulin-dependent
protein kinase II and protein kinase A differentially regulate
sarcoplasmic reticulum Ca2+ leak in human cardiac
pathology. Circulation, 128(9), 970–981.

Fitchett, D., Inzucchi, S. E., Cannon, C. P., Mcguire,
D. K., Scirica, B. M., Johansen, O. E., Sambevski, S.,
Kaspers, S., Pfarr, E., George, J. T., & Zinman, B. (2019).
Empagliflozin reduced mortality and hospitalization for
heart failure across the spectrum of cardiovascular risk in
the EMPA-REG OUTCOME trial. Circulation, 139(11),
1384–1395.

Fuller, W., Eaton, P., Bell, J. R., & Shattock, M. J. (2004).
Ischemia-induced phosphorylation of phospholemman
directly activates rat cardiac Na/K-ATPase. Faseb Journal,
18(1), 197–199.

Fuller, W., Tulloch, L. B., Shattock, M. J., Calaghan, S. C.,
Howie, J., & Wypijewski, K. J. (2013). Regulation of the
cardiac sodium pump. Cellular and Molecular Life Sciences,
70(8), 1357–1380.

Gheorghiade, M., Van Veldhuisen, D. J., & Colucci, W. S.
(2006). Contemporary use of digoxin in the management of
cardiovascular disorders. Circulation, 113(21), 2556–2564.

Gonzalez, D. R., Beigi, F., Treuer, A. V., & Hare, J. M. (2007).
Deficient ryanodine receptor S-nitrosylation increases
sarcoplasmic reticulum calcium leak and arrhythmogenesis
in cardiomyocytes. Proceedings of the National Academy of
Sciences, 104(51), 20612–20617.

Gorelik, J., Wright, P. T., Lyon, A. R., & Harding, S. E. (2013).
Spatial control of the βAR system in heart failure: The
transverse tubule and beyond. Cardiovascular Research,
98(2), 216–224.

Grandi, E., & Herren, A. W. (2014). CaMKII-dependent
regulation of cardiac Na+ homeostasis. Frontiers in
pharmacology, 5, 41.

Gratton, J. P., Bernatchez, P., & Sessa, W. C. (2004). Caveolae
and caveolins in the cardiovascular system. Circulation
Research, 94(11), 1408–1417.

Gray, R. P., Mcintyre, H., Sheridan, D. S., & Fry, C. H. (2001).
Intracellular sodium and contractile function in hyper-
trophied human and guinea-pig myocardium. Pflügers
Archiv, 442(1), 117–123.

Groenewegen, A., Rutten, F. H., Mosterd, A., & Hoes, A. W.
(2020). Epidemiology of heart failure. European Journal of
Heart Failure, 22(8), 1342–1356.

Gwathmey, J. K., Copelas, L., Mackinnon, R., Schoen, F. J.,
Feldman, M. D., Grossman, W., & Morgan, J. P. (1987).
Abnormal intracellular calcium handling in the myo-
cardium from patients with end-stage heart failure.
Circulation Research, 61(1), 70–76.

Gwathmey, J. K., Slawsky, M. T., Hajjar, R. J., Briggs, G. M., &
Morgan, J. P. (1990). Role of intracellular calcium handling
in force-interval relationships of human ventricular myo-
cardium. Journal of Clinical Investigation, 85(5), 1599–1613.

Handy, R. D., Gow, I. F., Ellis, D., & Flatman, P. W. (1996).
Na-dependent regulation of intracellular free magnesium
concentration in isolated rat ventricular myocytes. Journal
of Molecular and Cellular Cardiology, 28(8), 1641–1651.

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society

 14697793, 2023, 5, D
ow

nloaded from
 https://physoc.onlinelibrary.w

iley.com
/doi/10.1113/JP283082 by Im

perial C
ollege L

ondon, W
iley O

nline L
ibrary on [09/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1038/s41569-020-0394-8


J Physiol 601.5 Ca2+ and Na+ regulation in heart failure 917

Hartupee, J., & Mann, D. L. (2017). Neurohormonal activation
in heart failure with reduced ejection fraction. Nature
Reviews Cardiology, 14(1), 30–38.

Hasenfuss, G., Reinecke, H., Studer, R., Meyer, M., Pieske, B.,
Holtz, J., Holubarsch, C., Posival, H., Just, H., & Drexler,
H. (1994). Relation between myocardial function and
expression of sarcoplasmic reticulum Ca2+-ATPase in
failing and nonfailing human myocardium. Circulation
Research, 75(3), 434–442.

Hasenfuss, G., Schillinger, W., Lehnart, S. E., Preuss, M.,
Pieske, B., Maier, L. S., Prestle, J., Minami, K., & Just, H.
(1999). Relationship between Na+-Ca2+-exchanger protein
levels and diastolic function of failing human myocardium.
Circulation, 99(5), 641–648.

Hauptman, P. J., & Kelly, R. A. (1999). Digitalis. Circulation,
99(9), 1265–1270.

Heger, J., Schulz, R., & Euler, G. (2016). Molecular switches
under TGFβ signalling during progression from
cardiac hypertrophy to heart failure. British Journal of
Pharmacology, 173(1), 3–14.

Hobai, I. A., & O’rourke, B. (2000). Enhanced Ca2+-activated
Na+-Ca2+ exchange activity in canine pacing-induced heart
failure. Circulation Research, 87(8), 690–698.

Hoch, B., Meyer, R., Hetzer, R., Krause, E.-G., & Karczewski,
P. (1999). Identification and expression of d-isoforms of
the multifunctional Ca2+/Calmodulin-dependent protein
kinase in failing and nonfailing human myocardium.
Circulation Research, 84(6), 713–721.

Hool, L. C., Whalley, D. W., Doohan, M. M., & Rasmussen,
H. H. (1995). Angiotensin-converting enzyme inhibition,
intracellular Na+, and Na+-K+ pumping in cardiac myocy-
tes. The American Journal of Physiology, 268(2), C366-C375.

Horikawa, Y. T., Panneerselvam, M., Kawaraguchi, Y.,
Tsutsumi, Y. M., Ali, S. S., Balijepalli, R. C., Murray, F.,
Head, B. P., Niesman, I. R., Rieg, T., Vallon, V., Insel, P.
A., Patel, H. H., & Roth, D. M. (2011). Cardiac-specific
overexpression of caveolin-3 attenuates cardiac hyper-
trophy and increases natriuretic peptide expression and
signaling. Journal of the American College of Cardiology,
57(22), 2273–2283.

Houser, S. R. (2014a). Controversies in Cardiovascular
Research: Role of protein kinase A mediated hyper-
phosphorylation of the ryanodine receptor at serine 2808 in
heart failure and arrhythmias. Circulation Research, 114(8),
1320–1327.

Houser, S. R. (2014b). Role of RyR2 phosphorylation in heart
failure and arrhythmias. Circulation Research, 114(8),
1320–1327.

Hund, T. J., & Mohler, P. J. (2015). Role of CaMKII in cardiac
arrhythmias. Trends in Cardiovascular Medicine, 25(5),
392–397.

Iwai, T., Tanonaka, K., Inoue, R., Kasahara, S., Kamo, N., &
Takeo, S. (2002a). Mitochondrial damage during ischemia
determines post-ischemic contractile dysfunction in
perfused rat heart. Journal of Molecular and Cellular Cardio-
logy, 34(7), 725–738.

Iwai, T., Tanonaka, K., Inoue, R., Kasahara, S., Motegi, K.,
Nagaya, S., & Takeo, S. (2002b). Sodium accumulation
during ischemia induces mitochondrial damage in perfused
rat hearts. Cardiovascular Research, 55(1), 141–149.

Jelicks, L., & Siri, F. (1995). Effects of hypertrophy and
heart failure on [Na+]i in pressure-overloaded guinea
pig heart. American Journal of Hypertension, 8(9),
934–943.

Jiang, S. J., & Wang, W. (2020). Research progress on the role
of CaMKII in heart disease. American Journal of Trans-
lational Research, 12, 7625–7639.

Kaab, S., Nuss, H. B., Chiamvimonvat, N., O’rourke, B., Pak, P.
H., Kass, D. A., Marban, E., & Tomaselli, G. F. (1996). Ionic
mechanism of action potential prolongation in ventricular
myocytes from dogs with pacing-induced heart failure.
Circulation Research, 78(2), 262–273.

Ke, H. Y., Yang, H. S., Francis, A. J., Collins, T. P., Surendran,
H., Alvarez-Laviada, A., Firth, J. M., & Macleod, K. T.
(2020). Changes in cellular Ca2+ and Na+ regulation during
the progression towards heart failure in the guinea pig.
Journal of Physiology, 598(7), 1339–1359.

Kirchhefer, U., Schmitz, W., Scholz, H., & Neumann, J.
(1999). Activity of cAMP-dependent protein kinase and
Ca2+/calmodulin-dependent protein kinase in failing and
nonfailing human hearts. Cardiovascular Research, 42(1),
254–261.

Kiss, E., Ball, N. A., Kranias, E. G., & Walsh, R. A. (1995).
Differential changes in cardiac phospholamban and
sarcoplasmic reticular Ca-ATPase protein levels. Circulation
Research, 77(4), 759–764.

Kohlhaas, M., Liu, T., Knopp, A., Zeller, T., Ong, M. F., Böhm,
M., O’rourke, B., & Maack, C. (2010). Elevated cytosolic
Na+ increases mitochondrial formation of reactive oxygen
species in failing cardiac myocytes. Circulation, 121(14),
1606–1613.

Lachnit, W. G., Phillips, M., Gayman, K. J., & Pessah, I. N.
(1994). Ryanodine and dihydropyridine binding patterns
and ryanodine receptor mRNA levels in myopathic
hamster heart. The American Journal of Physiology, 267,
H1205-H1213.

Li, G. R., Lau, C. P., Leung, T. K., & Nattel, S. (2004). Ionic
current abnormalities associated with prolonged action
potentials in cardiomyocytes from diseased human right
ventricles. Heart rhythm, 1(4), 460–468.

Li, J.-M., Gall, N. P., Grieve, D. J., Chen, M., & Shah, A. M.
(2002). Activation of NADPH oxidase during progression
of cardiac hypertrophy to failure. Hypertension, 40(4),
477–484.

Litwin, S. E., Zhang, D., & Bridge, J. H. B. (2000).
Dyssynchronous Ca2+ sparks in myocytes from infarcted
hearts. Circulation Research, 87(11), 1040–1047.

Liu, L., & Askari, A. (2006). Beta-subunit of cardiac
Na+-K+-ATPase dictates the concentration of the
functional enzyme in caveolae. American Journal of Physio-
logy, 291(4), C569-C578.

Liu, T., Brown, D. A., & O’rourke, B. (2010). Role of
mitochondrial dysfunction in cardiac glycoside toxicity.
Journal of Molecular and Cellular Cardiology, 49(5),
728–736.

Liu, T., Takimoto, E., Dimaano, V. L., Demazumder, D.,
Kettlewell, S., Smith, G., Sidor, A., Abraham, T. P., &
O’rourke, B. (2014). Inhibiting mitochondrial Na+ /Ca2+
exchange prevents sudden death in a guinea pig model of
heart failure. Circulation Research, 115(1), 44–54.

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society

 14697793, 2023, 5, D
ow

nloaded from
 https://physoc.onlinelibrary.w

iley.com
/doi/10.1113/JP283082 by Im

perial C
ollege L

ondon, W
iley O

nline L
ibrary on [09/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



918 K. T. MacLeod J Physiol 601.5

Louch, W., M¢Rk, H., Sexton, J., Str¢Mme, T., Laake, P.,
Sjaastad, I., & Sejersted, O. (2006). T-tubule disorganization
and reduced synchrony of Ca2+ release in murine cardio-
myocytes following myocardial infarction. Journal of Physio-
logy, 574(2), 519–533.

Lu, L., Xia, L., Ye, X., & Cheng, H. (2010). Simulation of the
effect of rogue ryanodine receptors on a calcium wave in
ventricular myocytes with heart failure. Physical Biology,
7(2), 026005.

Lyon, A., Bannister, M., Collins, T., Pearce, E., Sepehripour,
A., Dubb, S., Garcia, E., O’gara, P., Liang, L., Kohlbrenner,
E., Hajjar, R., Peters, N., Poole-Wilson, P., Macleod,
K., & Harding, S. (2011). SERCA2a gene trans-
fer decreases sarcoplasmic reticulum calcium leak
and reduces ventricular arrhythmias in a model of
chronic heart failure. Circulation Arrhythmia, 4(3),
362–372.

Lyon, A., Macleod, K., Zhang, Y., Hayward, C., Kanda, G.,
Lab, M., Korchev, Y., Harding, S., & Gorelik, J. (2009). Loss
of T-tubules and other changes to surface topography in
ventricular myocytes from failing human and rat heart.
Proceedings of the National Academy of Sciences, 106(16),
6854–6859.

Lyon, A., Nikolaev, V., Miragoli, M., Sikkel, M., Paur, H.,
Benard, L., Hulot, J. S., Kohlbrenner, E., Hajjar, R., Peters,
N., Korchev, Y., Macleod, K., Harding, S., & Gorelik, J.
(2012). Plasticity of surface structures and ß2-adrenergic
receptor localization in failing ventricular cardiomyocytes
during recovery from heart failure. Circulation Heart
Failure, 5(3), 357–365.

Maack, C., Cortassa, S., Aon, M. A., Ganesan, A. N., Liu, T.,
& O’rourke, B. (2006). Elevated cytosolic Na+ decreases
mitochondrial Ca2+ uptake during excitation-contraction
coupling and impairs energetic adaptation in cardiac myo-
cytes. Circulation Research, 99(2), 172–182.

Maclennan, D. H., & Kranias, E. G. (2003). Phospholamban:
a crucial regulator of cardiac contractility. Nature reviews
Molecular Cell Biology, 4(7), 566–577.

Maier, L. S., & Bers, D. M. (2007). Role of
Ca2+/calmodulin-dependent protein kinase (CaMK) in
excitation-contraction coupling in the heart. Cardiovascular
Research, 73(4), 631–640.

Maltsev, V., & Undrovinas, A. (2008). Late sodium current
in failing heart: Friend or foe? Progress in Biophysics and
Molecular Biology, 96(1–3), 421–451.

Marx, S. O., Reiken, S., Hisamatsu, Y., Jayaraman, T.,
Burkhoff, D., Rosernblit, N., & Marks, A. R. (2000). PKA
phosphorylation dissociates FKBP12.6 from the calcium
release channel (ryanodine receptor): Defective regulation
in failing hearts. Cell, 101(4), 365–376.

Matsui, H., Maclennan, D. H., Alpert, N. R., & Periasamy,
M. (1995). Sarcoplasmic reticulum gene expression
in pressure overload- induced cardiac hypertrophy in
rabbit. The American Journal of Physiology, 268(1),
C252-C258.

Mattiazzi, A., Bassani, R. A., Escobar, A. L., Palomeque, J.,
Valverde, C. A., Vila Petroff, M., & Bers, D. M. (2015).
Chasing cardiac physiology and pathology down the
CaMKII cascade. The American Journal of Physiology, 308,
H1177-91.

Mcmurray, J. J., & Stewart, S. (2000). Epidemiology, aetiology,
and prognosis of heart failure. Heart, 83(5), 596–602.

Mewes, T., & Ravens, U. (1994). L-type calcium currents of
human myocytes from ventricle of non- failing and failing
hearts and from atrium. Journal of Molecular and Cellular
Cardiology, 26(10), 1307–1320.

Milnes, J. T., & Macleod, K. T. (2001). Reduced ryanodine
receptor to dihydropyridine receptor ratio may underlie
slowed contraction in a rabbit model of cardiac hyper-
trophy. Journal of Molecular and Cellular Cardiology, 33(3),
473–485.

Mirza, M. A., Lane, S., Yang, Z., Karaoli, T., Akosah, K.,
Hossack, J., Mcduffie, M., Wang, J., Zhang, X. Q., Song,
J., Cheung, J. Y., & Tucker, A. L. (2012). Phospholemman
deficiency in postinfarct hearts: Enhanced contractility but
increased mortality. Clinical and Translational Science, 5(3),
235–242.

Miyamoto, M. I., Del Monte, F., Schmidt, U., Disalvo, T.
S., Kang, Z. B., Matsui, T., Guerrero, J. L., Gwathmey,
J. K., Rosenzweig, A., & Hajjar, R. J. (2000). Adenoviral
gene transfer of SERCA2a improves left-ventricular
function in aortic-banded rats in transition to heart failure.
Proceedings of the National Academy of Sciences, 97(2),
793–798.

Molkentin, J. (2004). Calcineurin-NFAT signaling regulates
the cardiac hypertrophic response in coordination with the
MAPKs. Cardiovascular Research, 63(3), 467–475.

Mozaffarian, D., Anker, S. D., Anand, I., Linker, D. T.,
Sullivan, M. D., Cleland, J. G. F., Carson, P. E., Maggioni,
A. P., Mann, D. L., Pitt, B., Poole-Wilson, P. A., & Levy, W.
C. (2007). Prediction of mode of death in heart failure: The
Seattle heart failure model. Circulation, 116(4), 392–398.

N¢Rgaard, A., Bagger, J. P., Bjerregaard, P., Baandrup, U.,
Kjeldsen, K., & Thomsen, P. E. B. (1988). Relation of LV
function and Na/K pump concentration in suspected
idiopathic dilated cardiomyopathy. American Journal of
Cardiology, 61(15), 1312–1315.

O’rourke, B., Kass, D., Tomaselli, G. F., Marban, E.,
Tunin, R., & Marban, E. (1999). Mechanisms of
altered excitation-contraction coupling in canine
tachycardia-induced heart failure I. Circulation Research,
84(5), 562–570.

Oyehaug, L., Loose, K., Jolle, G., Roe, Å., Sjaastad, I.,
Christensen, G., Sejersted, O., & Louch, W. (2013).
Synchrony of cardiomyocyte Ca2+ release is controlled by
T-tubule organization, SR Ca2+ content, and ryanodine
receptor Ca2+ sensitivity. Biophysical Journal, 104(8),
1685–1697.

Packer, M. (2020). Molecular, cellular, and clinical evidence
that sodium-glucose cotransporter 2 inhibitors act as
neurohormonal antagonists when used for the treatment
of chronic heart failure. Journal of the American Heart
Association, 9(16), e016270.

Philippaert, K., Kalyaanamoorthy, S., Fatehi, M., Long, W.,
Soni, S., Byrne, N. J., Barr, A., Singh, J., Wong, J., Palechuk,
T., Schneider, C., Darwesh, A. M., Maayah, Z. H., Seubert, J.
M., Barakat, K., Dyck, J. R. B., & Light, P. E. (2021). Cardiac
late sodium channel current Is a molecular target for the
sodium/glucose cotransporter 2 Inhibitor empagliflozin.
Circulation, 143(22), 2188–2204.

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society

 14697793, 2023, 5, D
ow

nloaded from
 https://physoc.onlinelibrary.w

iley.com
/doi/10.1113/JP283082 by Im

perial C
ollege L

ondon, W
iley O

nline L
ibrary on [09/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



J Physiol 601.5 Ca2+ and Na+ regulation in heart failure 919

Pieske, B., Maier, L. S., Piacentino, V., III, Weisser, J.,
Hasenfuss, G., & Houser, S. R. (2002). Rate dependence
of [Na+]i and contractility in nonfailing and failing human
myocardium. Circulation, 106(4), 447–453.

Pogwizd, S. M., & Bers, D. M. (2004). Cellular basis of
triggered arrhythmias in heart failure. Trends in Cardio-
vascular Medicine, 14(2), 61–66.

Pogwizd, S. M., Qi, M., Yuan, W., Samarel, A. M., & Bers, D.
M. (1999). Upregulation of Na+/Ca2+ exchanger expression
and function in an arrhythmogenic rabbit model of heart
failure. Circulation Research, 85(11), 1009–1019.

Pogwizd, S. M., Schlotthauer, K., Li, L., Yuan, W., &
Bers, D. M. (2001). Arrhythmogenesis and contractile
dysfunction in heart failure: Roles of sodium-calcium
exchange, inward rectifier potassium current, and residual
ß-adrenergic responsiveness. Circulation Research, 88(11),
1159–1167.

Prunier, F., Kawase, Y., Gianni, D., Scapin, C., Danik,
S., Ellinor, P., Hajjar, R., & Monte, F. (2008). Pre-
vention of ventricular arrhythmias with sarcoplasmic
reticulum Ca2+ ATPase pump overexpression in a porcine
model of ischemia reperfusion. Circulation, 118(6),
614–624.

Qi, M., Shannon, T. R., Euler, D. E., Bers, D. M., & Samarel,
A. M. (1997). Downregulation of sarcoplasmic reticulum
Ca-ATPase during progression of left ventricular
hypertrophy. The American Journal of Physiology, 272,
H2416-H2424.

Reinecke, H., Studer, R., Vetter, R., Holtz, J., & Drexler, H.
(1996). Cardiac Na + /Ca 2+ exchange activity in patients
with end-stage heart failure. Cardiovascular Research, 31(1),
48–54.

Riehle, C., & Bauersachs, J. (2019). Key inflammatory
mechanisms underlying heart failure. Herz, 44(2),
96–106.

Rose, J., Armoundas, A., Tian, Y., Disilvestre, D., Burysek,
M., Halperin, V., O’rourke, B., Kass, D., Marban, E., &
Tomaselli, G. (2005). Molecular correlates of altered
expression of potassium currents in failing rabbit myo-
cardium. The American Journal of Physiology, 288,
H2077-H2087.

Santulli, G., Xie, W., Reiken, S. R., & Marks, A. R. (2015).
Mitochondrial calcium overload is a key determinant
in heart failure. Proceedings of the National Academy of
Sciences, 112(36), 11389–11394.

Sapia, L., Palomeque, J., Mattiazzi, A., & Petroff, M. V.
(2010). Na+/K+-ATPase inhibition by ouabain induces
CaMKII-dependent apoptosis in adult rat cardiac myo-
cytes. Journal of Molecular and Cellular Cardiology, 49(3),
459–468.

Schilling, J. M., Head, B. P., & Patel, H. H. (2018). Caveolins
as regulators of stress adaptation. Molecular Pharmacology,
93(4), 277–285.

Schillinger, W., Teucher, N., Christians, C., Kohlhaas, M.,
Sossalla, S., Van Nguyen, P., Schmidt, A. G., Schunck,
O., Nebendahl, K., Maier, L. S., Zeitz, O., & Hasenfuss,
G. (2006). High intracellular Na+ preserves myocardial
function at low heart rates in isolated myocardium from
failing hearts. European Journal of Heart Failure, 8(7),
673–680.

Schlotthauer, K., & Bers, D. M. (2000). Sarcoplasmic reticulum
Ca2+ release causes myocyte depolarization: Underlying
mechanism and threshold for triggered action potential.
Circulation Research, 87(9), 774–780.

Schouten, V. J. A., Vliegen, H. W., Van Der Laarse, A., &
Huysmans, H. A. (1990). Altered calcium handling at
normal contractility in hypertrophied rat heart. Journal
of Molecular and Cellular Cardiology, 22(9), 987–998.

Schwinger, R. H. G., Wang, J., Frank, K., Muller-Ehmsen, J.,
Brixius, K., Mcdonough, A. A., & Erdmann, E. (1999).
Reduced sodium pump α 1, α 3 and ß 1 isoform protein
levels and Na+,K+-ATPase activity but unchanged Na+
-Ca2+ exchanger protein levels in human heart failure.
Circulation, 99(16), 2105–2112.

Semb, S. O., Lunde, P. K., Holt, E., Tonnessen, T., Christensen,
G., & Sejersted, O. M. (1998). Reduced myocardial
Na+,K+-pump capacity in congestive heart failure following
myocardial infarction in rats. Journal of Molecular and
Cellular Cardiology, 30(7), 1311–1328.

Shannon, T. R., Pogwizd, S. M., & Bers, D. M. (2003). Elevated
sarcoplasmic reticulum Ca2+ leak in intact ventricular myo-
cytes from rabbits in heart failure. Circulation Research,
93(7), 592–594.

Shattock, M. J. (2009). Phospholemman: Its role in normal
cardiac physiology and potential as a drugable target in
disease. Current Opin Pharmacol, 9(2), 160–166.

Sipido, K. R., Volders, P. G. A., Vos, M. A., & Verdonck, F.
(2002). Altered Na/Ca exchange activity in cardiac hyper-
trophy and heart failure: A new target for therapy? Cardio-
vascular Research, 53(4), 782–805.

Siri, F. M., Krueger, J., Nordin, C., Ming, Z., & Aronson, R.
S. (1991). Depressed intracellular calcium transients and
contraction in myocytes from hypertrophied and failing
guinea pig hearts. The American Journal of Physiology, 261,
H514-H530.

Snell-Rood, E. C., Kobiela, M. E., K. L. Sikkink, & Shephard,
A. M. (2018). Mechanisms of plastic rescue in novel
environments. Annual Review of Ecology, Evolution, and
Systematics, 49(1), 331–354.

Sobie, E. A., Guatimosim, S., Gómez-Viquez, L., Song, L.
S., Hartmann, H., Saleet, J., M., & Lederer, W. J. (2006).
The Ca2+ leak paradox and rogue ryanodine receptors: SR
Ca2+ efflux theory and practice. Progress in Biophysics and
Molecular Biology, 90(1–3), 172–185.

Song, L. S., Guatimosim, S., Gomez-Viquez, L., Sobie, E.,
Ziman, A., Hartmann, H., & Lederer, W. J. (2005). Calcium
biology of the transverse tubules in heart. Annals of the New
York Academy of Sciences, 1047(1), 99–111.

Song, L. S., Sobie, E., Mcculle, S., Lederer, W., Balke, C.,
& Cheng, H. (2006). Orphaned ryanodine receptors in
the failing heart. Proceedings of the National Academy of
Sciences, 103(11), 4305–4310.

Spargias, K. S., Hall, A. S., & Ball, S. G. (1999). Safety concerns
about digoxin after acute myocardial infarction. Lancet,
354(9176), 391–392.

Studer, R., Reinecke, H., Bilger, J., Eschenhagen, T., Bohm,
M., Hasenfuss, G., Just, H., Holtz, J., & Drexler, H. (1994).
Gene expression of the cardiac Na+-Ca2+ exchanger in
end-stage human heart failure. Circulation Research, 75(3),
443–453.

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society

 14697793, 2023, 5, D
ow

nloaded from
 https://physoc.onlinelibrary.w

iley.com
/doi/10.1113/JP283082 by Im

perial C
ollege L

ondon, W
iley O

nline L
ibrary on [09/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



920 K. T. MacLeod J Physiol 601.5

Studer, R., Reinecke, H., Vetter, R., Holtz, J., & Drexler,
H. (1997). Expression and function of the cardiac
Na+/Ca2+ exchanger in postnatal development of the
rat, in experimental-induced cardiac hypertrophy and
in the failing human heart. Basic Research in Cardiology,
92(Suppl(S1) ), 53–58.

Swaminathan, P. D., Purohit, A., Hund, T. J., & Anderson, M.
E. (2012). Calmodulin-dependent protein kinase II: Linking
heart failure and arrhythmias. Circulation Research, 110(12),
1661–1677.

Takla, M., Huang, C. L., & Jeevaratnam, K. (2020). The
cardiac CaMKII-Nav1.5 relationship: From physiology to
pathology. Journal of Molecular and Cellular Cardiology,
139, 190–200.

Tashiro, M., Inoue, H., & Konishi, M. (2014). Physiological
pathway of magnesium influx in rat ventricular myocytes.
Biophysical Journal, 107(9), 2049–2058.

Terracciano, C. M. N., Harding, S. E., Adamson, D., Koban,
M., Tansley, P., Birks, E. J., Barton, P. J. R., & Yacoub, M. H.
(2003). Changes in sarcolemmal Ca entry and sarcoplasmic
reticulum Ca content in ventricular myocytes from
patients with end-stage heart failure following myocardial
recovery after combined pharmacological and ventricular
assist device therapy. European Heart Journal, 24(14),
1329–1339.

Terracciano, C. M. N., Tweedie, D., & Macleod, K. T. (1997).
The effects of changes to action potential duration on the
calcium content of the sarcoplasmic reticulum in isolated
guinea-pig ventricular myocytes. Pflügers Archiv, 433(4),
542–544.

Terrar, D. A. (2020). Calcium signaling in the heart.
Advances in Experimental Medicine and Biology, 1131,
395–443.

Trafford, A. W., Diaz, M. E., & Eisner, D. A. (1998).
Ca-activated chloride current and Na-Ca exchange have
different timecourses during sarcoplasmic reticulum Ca
release in ferret ventricular myocytes. European Journal of
Physiology, 435(5), 743–745.

Trafford, A. W., Lipp, P., O’neill, S. C., Niggli, E., & Eisner,
D. A. (1995). Propagating calcium waves initiated by local
caffeine application in rat ventricular myocytes. Journal of
Physiology, 489(2), 319–326.

Vaduganathan, M., Claggett, B. L., Chatterjee, N. A., Anand,
I. S., Sweitzer, N. K., Fang, J. C., O’meara, E., Shah, S.
J., Hegde, S. M., Desai, A. S., Lewis, E. F., Rouleau, J.,
Pitt, B., Pfeffer, M. A., & Solomon, S. D. (2018). Sudden
death in heart failure with preserved ejection fraction: A
competing risks analysis from the TOPCAT trial. Journal
of the American College of Cardiology Heart Failure, 6,
653–661.

Vaidyanathan, R., Reilly, L., & Eckhardt, L. L. (2018).
Caveolin-3 microdomain: Arrhythmia implications for
potassium inward rectifier and cardiac sodium channel.
Frontiers in Physiology, 9, 1548.

Valdivia, C., Chu, W., Pu, J., Foell, J., Haworth, R., Wolff, M.,
Kamp, T., & Makielski, J. (2005). Increased late sodium
current in myocytes from a canine heart failure model and
from failing human heart. Journal of Molecular and Cellular
Cardiology, 38(3), 475–483.

Van Riet, E. E., Hoes, A. W., Wagenaar, K. P., Limburg, A.,
Landman, M. A., & Rutten, F. H. (2016). Epidemiology of
heart failure: The prevalence of heart failure and ventricular
dysfunction in older adults over time. A systematic review.
European Journal of Heart Failure, 18(3), 242–252.

Vatner, D. E., Sato, N., Kiuchi, K., Shannon, R. P., & Vatner,
S. F. (1994). Decrease in myocardial ryanodine receptors
and altered excitation- contraction coupling early in the
development of heart failure. Circulation, 90(3), 1423–1430.

Verdonck, F., Volders, P. G. A., Vos, M. A., & Sipido, K. R.
(2003). Increased Na+ concentration and altered Na/K
pump activity in hypertrophied canine ventricular cells.
Cardiovascular Research, 57(4), 1035–1043.

Wagner, S., Dybkova, N., Rasenack, E. C., Jacobshagen, C.,
Fabritz, L., Kirchhof, P., Maier, S. K., Zhang, T., Hasenfuss,
G., Brown, J. H., Bers, D. M., & Maier, L. S. (2006).
Ca2+/calmodulin-dependent protein kinase II regulates
cardiac Na+ channels. Journal of Clinical Investigation,
116(12), 3127–3138.

Watanabe, A. M. (1985). Digitalis and the autonomic nervous
system. Journal of the American College of Cardiology, 5(5),
35A-42A.

Wier, W. G., Cannell, M. B., Berlin, J. R., Marban, E., &
Lederer, W. J. (1987). Cellular and subcellular heterogeneity
of [Ca2+]i in single heart cells revealed by fura-2. Science,
235(4786), 325–328.

Xie, L. H., & Weiss, J. N. (2009). Arrhythmogenic
consequences of intracellular calcium waves. The American
Journal of Physiology, 297, H997-H1002.

Xie, Y., Sato, D., Garfinkel, A., Qu, Z., & Weiss, J. N. (2010).
So little source, so much sink: Requirements for after-
depolarizations to propagate in tissue. Biophysical Journal,
99(5), 1408–1415.

Zablocki, D., & Sadoshima, J. (2013). Angiotensin II and
oxidative stress in the failing heart. Antioxidants & Redox
Signaling, 19(10), 1095–1109.

Zhang, T., Maier, L. S., Dalton, N. D., Miyamoto, S., Ross, J.,
Jr., Bers, D. M., & Brown, J. H. (2003). The δC isoform of
CaMKII is activated in cardiac hypertrophy and induces
dilated cardiomyopathy and heart failure. Circulation
Research, 92(8), 912–919.

Zuurbier, C. J., Baartscheer, A., Schumacher, C. A.,
Fiolet, J. W. T., & coronel, R. (2021). Sodium-glucose
co-transporter 2 inhibitor empagliflozin inhibits the cardiac
Na+/H+ exchanger 1: Persistent inhibition under various
experimental conditions. Cardiovascular Research, 117(14),
2699–2701.

Additional information

Competing interests

The author declares that he has no competing interests.

Author contributions

K.M. was responsibe for the conception or design of the
work, as well as drafting the work or revising it critically for
important intellectual content. K.M. approved the final version

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society

 14697793, 2023, 5, D
ow

nloaded from
 https://physoc.onlinelibrary.w

iley.com
/doi/10.1113/JP283082 by Im

perial C
ollege L

ondon, W
iley O

nline L
ibrary on [09/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



J Physiol 601.5 Ca2+ and Na+ regulation in heart failure 921

of the manuscript submitted for publication. KM agrees to be
accountable for all aspects of the work.

Funding

This work was funded by the British Heart Foundation (BHF)
N/A.

Acknowledgements

Kenneth T. MacLeod is supported by the British Heart
Foundation

Keywords

calcium influx, heart failure, Na+/Ca2+ exchange, Na+/K+

pump, sodium homeostasis

Supporting information

Additional supporting information can be found online in the
Supporting Information section at the end of the HTML view of
the article. Supporting information files available:

Peer Review History

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society

 14697793, 2023, 5, D
ow

nloaded from
 https://physoc.onlinelibrary.w

iley.com
/doi/10.1113/JP283082 by Im

perial C
ollege L

ondon, W
iley O

nline L
ibrary on [09/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense


