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A coordinated electrical propagation throughout the heart is necessary for appropriate 

cardiac function. When such coordination in cardiac action potential (AP) fails, cardiac 

arrhythmias occur [1]. Several sub-cellular factors contribute to AP heterogeneity, mainly 

related to sarcolemmal ion channels; however, a growing attention is focused on the action 

of mitochondria on cell excitability. Indeed, albeit the mitochondrial role in energy 

production and apoptotic pathways has been determined, the contribution of this highly 

dynamic organelle in the regulation of excitation–contraction coupling is less clear.

Mitochondria form a functional network within the cardiomyocyte that represents 20–30% 

of myocardial volume and produces over 95% of cellular ATP. ATP production is made 

possible by mitochondrial membrane potential (ΔΨm) that generate a proton motive force 

liberating the energy necessary to phosphorylate ADP to ATP [2]. This mechanism is also 

one of the main sources of reactive oxygen species (ROS) in the cell. In physiological 

conditions ΔΨm is highly regulated, so that ATP production sufficiently responds to energy 
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demand and ROS does not exceed cell-detoxifying capacity. In response to pathological 

stimuli, including ischemia and structural injury, alterations of ΔΨm cause reduction of ATP 

generation, and increase of ROS production that once exceeds the detoxifying capacity, 

leads to oxidative stress.

The involvement of mitochondria in arrhythmogenesis derives from their ability to produce 

both ATP and ROS; indeed, on one side, mitochondrial dysfunction can affect electrical 

function of the heart through reduced ATP production, altering sarcolemmal K+ fluxes via 

ATP-sensitive potassium channels. On the other side, excessive mitochondrial ROS 

production can introduce heterogeneity into cardiac action potential since during oxidative 

stress the oxidation of mitochondrial ion channels can alter their kinetic opening loading to 

current dispersion and eventually collapse of ΔΨm. The ATP- and ROS-based mechanisms 

are part of the same cellular response: during mitochondrial dysfunction ΔΨm reduction 

occurs, resulting in attenuated ATP production and increased ROS level; the latter, in turn, 

induces further mitochondrial dysfunction, with ΔΨm reduction and consequent reduced 

ATP generation. This vicious cycle, in which different responses act in synergic manner, 

causes electrophysiological alterations, thereby conferring a central role to mitochondria in 

arrhythmogenesis.

Functional Role of Mitochondria in Linking Metabolism and Cell Excitability

Several studies have shown the influence of mitochondrial energetic status on the 

sarcolemmal action potential and heart excitability. The first experimental evidence derives 

from simultaneous detection of ΔΨm and AP. ΔΨm oscillations, induced by photo-

oxidation, coincide with AP oscillations: in particular, during ΔΨm collapse also AP 

collapses until a cell non-excitable state, while ΔΨm recovery is mirrored by AP recovery. 

The impact of mitochondria on cellular excitability is mainly mediated by a class of ion 

channels abundant in cardiac tissue: energy sensing, ATP sensitive K+ channels on 

sarcolemmal membrane (sarcKATP). These channels are heteromultimers inhibited by 

intracellular ATP and activated by ADP, Pi, Mg2+ and extremely sensitive to oxidation. 

Therefore, sarcKATP channels represent a crucial link between electrical function and 

metabolism, a dynamic relationship that has been confirmed by independent investigators [3, 

4] (Fig. 10.1). During metabolic stress, oscillations of sarcKATP current occur in phase with 

variation of NADH concentration, with losses of ΔΨm, and that these oscillations are 

responsible of reduced length of AP [5]. Therefore, metabolic stress like nutrient deprivation 

can impair mitochondrial function, with reduction of ΔΨm and consequent diminished 

production of ATP, which in physiological conditions inhibits sarKATP channels. The result 

is the activation of these channels with K+ dispersion and reduction of cell excitability, 

allowing mitochondria to indirectly affect the AP [6]. Such effect has a citoprotective role 

for myocytes during ischemia, when mitochondria cannot provide adequate ATP to support 

cardiac energy demand; thus, the sarKATP-mediated reduction in excitability and calcium 

(Ca2+) transients attenuates cell death during metabolic stress [7–10].

Mounting evidence supports the mechanistic role of sarKATP in arrhythmogenesis as a 

sensor of metabolic condition of the cell. Importantly, a reduction in ventricular arrhythmia 

development after blocking sarcKATP channels using HMR1883 has been reported in 

Gambardella et al. Page 2

Adv Exp Med Biol. Author manuscript; available in PMC 2019 August 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



studies in both animal and human studies [11–14]. However, other studies have shown that 

the blocking of these channels with glibenclamide is not enough to rescue an arrhythmic 

phenotype [15]. Because of these conflicting findings further studies are necessary to 

elucidate the molecular mechanisms that occur before and after activation of these channels, 

and to clarify the role of several mitochondrial ion channels that could modify their kinetics 

in response to metabolic stress. The correct dynamic activity of cellular ion channels is 

synergistically linked to mitochondria, not only for ATP demand but also for mitochondrial 

ROS generation.

Role of Mitochondrial ROS in the Pathogenesis of Cardiac Arrhythmias

If reduced ATP production as consequence of mitochondrial dysfunction can directly affect 

the activity of several ion channels, concomitant ROS generation can activate a complex 

response which in turn amplifies ΔΨm alterations that further inhibit ATP production and 

increase ROS generation. Sallott and colleagues demonstrated a ROS-dependent oscillation 

of ΔΨm, with collapse of ΔΨm prevented by ROS scavenger [16, 17]. As mentioned above, 

given that ΔΨm oscillations promote alterations of myocyte AP, the ability of ROS to affect 

mitochondrial membrane potential confers them a pro-arrhythmogenic role. In particular 

such arrhythmogenic effect of ROS depends on complex and multifactorial response of 

cardiac mitochondria, named ROS-induced ROS release (RIRR), an autocatalytic process by 

which high levels of ROS induce further ROS release from mitochondria [17]. 

Mitochondrial-dependent RIRR regulates electro-chemical equilibrium, through oxidation of 

several proteins that control current fluxes inside the myocyte; the main consequences of 

oxidative stress are: activation of sarcKATP channels (that are sensible to oxidation, too), 

with reduction of Na+ and K+ currents [18]; altered kinetic of L-Type Ca2+ channels; 

increase of intracellular Ca2+ leak from RyR on the sarcoplasmic reticulum [19]. The 

functional role of mitochondria-dependent RIRR in arrhythmogenesis has been 

demonstrated also in whole heart, in ex-vivo experiments; stimulation of the heart with 

H2O2 leads to a two-phase ROS production: the first pick of ROS is directly linked to H2O2 

action, while the second pick corresponds to ROS of endogenous production derived by 

mitochondrial RIRR and is associated with arrhythmia [20]. The mechanism of RIRR 

represents a concerted response mediated by different mitochondrial channels, that are 

sensitive to ROS concentration, including internal Mitochondria Anion Channel (IMAC), 

Permeability Transition Pore (PTP), Translocator Protein (TSPO), Mitochondrial Ca2+ 

Uniporter (MCU), and mitochondrial ATP- sensitive K+ channel (mKATP channel). These 

channels change their activities in response to crescent levels of ROS and then activate 

RIRR. Despite the specific contribute of each of these channels to RIRR is not fully 

understood, the important evidence is that mitochondrial ion channels have a central role in 

the regulation of electrophysiology equilibrium; indeed through them cell excitability is 

affected by metabolic status of the cell; therefore, they could represent new and innovative 

therapeutic target for pathological conditions characterized by electrical alterations, typically 

arrhythmias, mostly in response to metabolic stress.
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Mitochondrial Channels and Arrhythmogenesis

The metabolism-excitation axis is finely regulated by several mitochondrial channels 

including the inner membrane anion channel (IMAC), the mitochondrial permeability 

transition pore (mPTP) and the translocator protein (TSPO), and by their crosstalk.

IMAC is a channel deputed to anion efflux from mitochondria [21]. Although its chemical 

structure is not completely determined, it is known to be one of the channels proposed to 

participate in energy dissipation in mitochondria, determining ΔΨm collapse and 

consequent AP reduction [22–24]. In vitro, the blockade of IMAC during metabolic stress 

stabilizes ΔΨm and determines recovery of AP; on the other hand, activation of IMAC 

accelerates the shortening of AP through RIRR [10]. These results are confirmed in intact 

mammalian hearts [10, 25, 26]. Indeed, in guinea pig hearts IMAC inhibition reduces the 

ischemia-induced AP shortening and coincides with decreased tachycardia/fibrillation 

during reperfusion [10]. This evidence opens the possibility to target IMAC as a primary 

mitochondrial mediator of ROS amplification, ΔΨm reduction, and AP oscillations, for 

novel anti-arrhythmic therapeutic strategies.

The electrochemical equilibrium in mitochondria is finely orchestrated by mPTP, a large 

conductance channel located on the inner mitochondrial membrane that plays a crucial role 

in the regulation of cell death [27]. Although some studies demonstrate that the inhibition of 

mPTP is protective for cardiac cells during ischemia, there are controversial results about the 

role of this channel in determining arrhythmia. In isolated cells, the collapse of ΔΨm 

induced by laser flash is not inhibited by mPTP blocker, cyclosporine A [4, 16, 28]. A non-

protective effect of cyclosporine on arrhythmia was confirmed in rat, pig, and rabbit [10, 25, 

29]. However, mPTP is directly involved in RIRR; therefore this channel contributes to the 

effects of metabolism on the cell excitability, but its inhibition is not enough to prevent 

arrhythmia [30].

Interestingly, IMAC-mediated RIRR and mPTP-mediated RIRR are both regulated by a 

third protein, located on the outer mitochondrial membrane, TSPO. Altered expression and 

activity of this translocator protein have been reported in ischemia/reperfusion injury and 

myocardial infarction, both of which are considered mayor risk factors for arrhythmias. 

Growing evidence suggests that TSPO can affect arrhythmic response regulating RIRR, 

directly through IMAC and indirectly through mPTP. TSPO ligands abolish metabolic and 

electrophysiological oscillations induced by oxidative stress, and reduce ROS levels in 

cardiomyocytes [31]; moreover, TSPO inhibition abolishes the second pick of ROS 

production in response to H2O2 that represents the RIRR- derived ROS, suppressing 

ventricular fibrillation and the frequency of arrhythmogenic triggers [20]. This ability of 

TSPO to promote RIRR with consequent pro-arrhythmogenic effect, is mediated mainly by 

its action on IMAC. IMAC is tight regulated by several TSPO -acting -ligands, suggesting a 

direct interaction between pore- forming subunit of IMAC in the inner-mitochondria-

membrane, and the regulatory protein TSPO in out mitochondrial membrane [32–34]. 

Several studies, demonstrate that TSPO is able to regulate mPTP too, indirectly through 

interaction with VDAC and ANT [35, 36]. Indeed, TSPO block results in inhibition of ΔΨm 

depolarization after ROS production, but at the same time also in increase of the cell survival 
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in response to oxidative stress, with reduction of cytochrome C release, caspase-3 activation 

and DNA fragmentation [37]. This evidence suggests a hierarchal activation pattern of 

mitochondrial ion channels, with TSPO playing a key regulatory role. In response to 

moderate levels of ROS, TSPO could mediate activation of IMAC with initial energy 

dissipation that results in RIRR activation, ΔΨm partial depolarization and consequent AP 

reduction, ensuring a protective status for the cell characterized by reduced excitability to 

lower energy demand. When metabolic stress is persistent and ROS levels, derived also from 

RIRR, mediate extreme oxidative stress, TSPO oxidation leads to the activation of the large 

conductance mPTP and eventually to irreversible mitochondrial membrane potential 

depolarization, promoting cell dysfunction and death (Fig. 10.2). This hypothesis confers to 

mitochondria a central role in determining cell destiny: on one hand this organelle activates 

cardio-protection at the expense of cell excitability; on the other hand, mitochondrial 

dysfunction can cause cell death. In this complex response TSPO acts as a sensor of 

metabolic stress tolerability; not surprisingly, TSPO ligands are promising in preventing 

ischemia-induced ventricular fibrillation [38].

mitoKATP Channels

A crucial role in arrhythmogenesis is played by a specific class of mitochondrial channels, 

initially identified in hepatic mitochondria and then found also in the heart: mitochondrial 

ATP-sensitive potassium channels (mitoKATP) [39]. Little is known about these channels 

and some studies yielded conflicting results, probably because of the low specificity of the 

compounds used to target mitoKATP [40–43]. Nevertheless, recent evidence supports a 

protective role of these channels against arrhythmia, since their opening before metabolic 

stress (ischemia) induces partial dissipation of ΔΨm, reducing the drive force for 

mitochondrial Ca2+ uptake and improving cellular respiration. The ATP sensibility of these 

channels allow them to behave as sensors of metabolic stress [40–42].

Mechanistic Role of Mitochondrial Ca2+ in Arrhythmogenesis

Ca2+ homeostasis in mitochondria is mainly ensured by Ca2+ influx through MCU (see 

Chap. 2), and Ca2+ efflux through mitochondrial Na+/Ca2+ exchanger [44]. The 

administration of MCU blockers reduces the incidence of ventricular fibrillation in 

anesthetized rats [45]. Most likely, the inhibition of MCU opening plays a protective role 

keeping mitochondrial Ca2+ concentration low. Indeed, mitochondrial Ca2+ overload can 

induce mitochondrial dysfunction with increase of open probability of mPTP [45].

Mitochondrial Ca2+ overload might trigger opening of the mPTP, causing uncoupling of 

oxidative phosphorylation, swelling of the mitochondria, and rupture of the mitochondrial 

outer membrane. It is not easy to define precisely the role of MCU in arrhythmogenesis 

given the non-specific effects of the compounds used as blockers (ruthenium red and 

Ru360); however, mitochondrial dysfunction as result of Ca2+ overload suggests that these 

organelles can contribute also indirectly to arrhythmogenesis, through ROS production and 

ΔΨm collapse in response to high Ca2+ influx. In cardiac myocytes, mitochondria and SR 

are structurally and functionally related, co-localizing in the so-called mitochondrial 

microdomain; mitochondrial Ca2+ influx through MCU is tightly linked to SR Ca2+ release 
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[46]. Alterations of RyR2 on SR, and consequent increase of Ca2+ leak in the cytosol, are 

among the causes of cardiac arrhythmias [47]. Mitochondria, while not representing the 

primary cause, can contribute strongly to the arrhythmic phenotype, being a key component 

of the following vicious cycle (Fig. 10.3):

RyR alterations → increased Ca2+ leak → mitochondrial Ca2+ overload → mitochondrial 

dysfunction → ROS production → RyR2 oxidation → further increase of Ca2+ leak.

We have shown the importance of this vicious cycle, indicating that mitochondrial Ca2+ 

overload plays a key role in atrial fibrillation [48], one of the most common arrhythmias [49, 

50]. We used murine models characterized by RyR2 mutations causing SR Ca2+ leak, and 

these mice exhibited mitochondrial dysfunction, RyR2 oxidation, high ROS level and atrial 

fibrillation. The most important evidence is that not only RyR2 pharmacological block, but 

also inhibition of mitochondrial ROS production, can prevent arrhythmias in these models 

[48]. Therefore, Ca2+ mediated crosstalk between mitochondria and SR represents an 

interesting field of investigation to identify new and innovative therapeutic strategies for 

prevention and treatment of arrhythmia.

Mitochondria as Therapeutic Target

As mentioned above, the role of mitochondria in cardiac arrhythmia is the result of a 

complex network between mitochondrial environment and extramitochondrial environment 

(cytosol, SR, plasmatic membrane). In particular, these dynamic organelles can contribute to 

electrical alterations in different circumstances, both when excitability dysregulation is a 

consequence of metabolic alterations, and when electrical dysfunction is the result of altered 

Ca2+ homeostasis.

Approximately 80% of clinical arrhythmia are consequence of alterations of coronary 

circulation that induce ischemic events, resulting in mitochondrial metabolic dysfunction 

[51, 52]. During these events, the mechanisms of RIRR orchestrated by mitochondria are 

essential, eventually inducing opening of sarcKATP channels with inhomogeneous AP 

alterations and consequent arrhythmia. After ischemia, restoration of normal blood flow 

results in additional cardiac damage known as reperfusion injury, with high ROS production 

that promotes mechano- electrical dysfunction. In these circumstances, the possibility to 

modulate mitochondrial response could represent an efficient strategy of intervention to 

prevent or to treat arrhythmia; for instance, the block of IMAC to inhibit RIRR and prevent 

AP oscillations, or increasing the anti-oxidant capacity of mitochondria in order to neutralize 

the first ROS production induced by deprivation of oxygen and metabolite during ischemia, 

preventing RIRR.

Left ventricular hypertrophy (LVH) is another pathological condition where mitochondrial 

dysfunction is essential for arrhythmogenesis. During LVH, an increase in ΔΨm occurs, 

with reduction of apoptosis and bioenergetic alterations since high ΔΨm can interfere with 

the transport of substrates inside mitochondria with consequent metabolic shift from fatty 

acid to glucose utilization [53]. The modifications of ΔΨm during LVH, could be attributed 

to altered expression of mitochondrial uncoupling protein (UCP) that is observed in 
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hypertrophy [54]. Indeed, UCP regulates ΔΨm and ROS production, and mice with low 

UCP3 develop arrhythmia [55]. Therefore, mitochondrial uncoupling via UCP alterations 

can induce ventricular fibrillation through AP heterogeneity as consequence of ΔΨm 

dependent sarcKATP activation [56]. Also in this case, mitochondria can be exploited as 

therapeutic targets, with possibility to modulate UCP activity to prevent hypertrophy 

dependent arrhythmia. Moreover, IMAC blockers show to produce beneficial effects in 

isoproterenol-dependent hypertrophy, most likely via inhibition of RIRR after ROS 

production, as result of UCP alterations [57].

All these findings indicate that mitochondria could offer several molecular targets for 

prevention and/or treatment of a broad spectrum of arrhythmic conditions, from ion channels 

involved in RIRR (IMAC, mPTP), regulatory proteins (TPSO), to channels directly involved 

in mitochondrial electrical homeostasis and energetic coupling (MCU, UCP). The main 

problems are represented by difficulties in realizing pharmacological compounds that are 

specific and efficient ligands of these mitochondrial proteins, since several are able to 

interact also with other substrates outside mitochondria.

Given the central role of mitochondrial ROS production and RIRR mechanism as primary or 

secondary cause of cardiac arrhythmias, many investigators are focused on the development 

of compounds with ROS- scavenger properties, or at least with the ability to increase the 

anti-oxidant capacity of mitochondria (see Chap. 32). For instance, treatment with 

superoxide dismutase mimics or mitochondrial-targeted anti-oxidant peptides has been 

successful in decreasing incidence of arrhythmia [58, 59]. Moreover, administration of N-

acetylcysteine to humans after cardiac surgery significantly decreases the probability of 

arrhythmia development [60].

Further studies are necessary to expand our knowledge on the molecular composition and 

regulation of mitochondrial targets, in order to develop selective pharmacological 

compounds able to suppress cardiac arrhythmias.
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Fig. 10.1. 
Role of sarcKATP channels in linking cell metabolic status and cell excitability. 

Mitochondrial dysfunction lead to increase of ROS and reduction of mitochondrial potential 

with consequent decrease of ATP production. ATP decrease, ATP and Pi activate sarcKATP 

channel, with K dissipating current and reduction of AP that predispose to arrhythmia
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Fig. 10.2. 
TSPO regulates mitochondrial dissipating energy channel. In presence of low levels of ROS, 

TSPO is able to activate IMAC with consequent RIRR response that can induce arrhythmia. 

In presence of high levels of ROS, TSPO becomes able to activate mPTP with terminal 

collapse of mitochondrial potential and cell death
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Fig. 10.3. 
Ca2+ dependent pathways and mitochondrial function in arrhythmogenesis. Alterations of 

Ca2+ release from sarcoplasmic reticulum can induce mitochondrial dysfunction as 

consequence of mitochondrial Ca2+ overload. Mitochondrial dysfunction in turn, through 

means of oxidative stress, can mediate further alterations with increase of Ca2+ leak from SR
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