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Abstract: Electrophysiological and structural disruptions in cardiac arrhythmias are closely related
to mitochondrial dysfunction. Mitochondria are an organelle generating ATP, thereby satisfying
the energy demand of the incessant electrical activity in the heart. In arrhythmias, the homeostatic
supply–demand relationship is impaired, which is often accompanied by progressive mitochondrial
dysfunction leading to reduced ATP production and elevated reactive oxidative species generation.
Furthermore, ion homeostasis, membrane excitability, and cardiac structure can be disrupted through
pathological changes in gap junctions and inflammatory signaling, which results in impaired cardiac
electrical homeostasis. Herein, we review the electrical and molecular mechanisms of cardiac ar-
rhythmias, with a particular focus on mitochondrial dysfunction in ionic regulation and gap junction
action. We provide an update on inherited and acquired mitochondrial dysfunction to explore the
pathophysiology of different types of arrhythmias. In addition, we highlight the role of mitochondria
in bradyarrhythmia, including sinus node dysfunction and atrioventricular node dysfunction. Finally,
we discuss how confounding factors, such as aging, gut microbiome, cardiac reperfusion injury, and
electrical stimulation, modulate mitochondrial function and cause tachyarrhythmia.

Keywords: mitochondrial dysfunction; arrhythmia; ATP supply; reactive oxygen species

1. Introduction

Cardiac arrhythmias are defined as disruption in the orderly electrical cycle of excita-
tion and recovery through the myocardium. Arrhythmias can be broadly categorized into
tachyarrhythmia and bradyarrhythmia based on the ventricular rate, although there are
other classification methods based on the origin, means of propagation, associated symp-
toms, etc. Arrhythmias are highly heterogenous in pathophysiology and severity and cause
substantial morbidity and mortality. Atrial fibrillation (AF) is the most frequent arrhythmia
and is associated with an increased risk of stroke and mortality, as well as decreased quality
of life [1]. A total of three to six million people in the US suffer from AF, leading to a
major healthcare burden [2,3]. Ventricular tachyarrhythmias are the major causes of sudden
cardiac death (SCD) in the US, accounting for 80% of cases [4,5]. Bradyarrhythmia and
conduction abnormalities can cause syncope and SCD, and patients may also experience
fatigue and decreased exercise capacity due to chronotropic incompetence [6].

Treatment of arrhythmias can be divided into medical therapies (e.g., anti-arrhythmic
drugs) and electrophysiological interventions (e.g., ablations). The currently available
treatment options, however, have limitations. For example, routine medical therapy and
catheter AF ablation are often plagued by treatment failures, recurrences, and adverse
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events. Therefore, basic and translational research is critical to advance our understanding
of pathophysiology and ultimately improve arrhythmia management through discovery of
novel therapeutics [7].

Cumulative studies showed that mitochondrial dysfunction in cardiomyocytes plays
an essential role in arrhythmogenesis in both humans and animal models. Mitochondria are
an organelle responsible for the synthesis of adenosine 5′-triphosphate (ATP) via oxidative
phosphorylation (OXPHOS) [8]. One-third of the cardiac ATP generated by mitochondria
is used for the maintenance of ion channels and transporters, which are imperative for the
rhythmic electrical activity of cardiomyocytes. Mitochondrial dysfunction adversely affects
aerobic respiration and energy production, leading to impairment in cardiac rhythm. In ad-
dition, dysfunctional mitochondria may generate excessive reactive oxygen species (ROS),
another factor contributing to ion channel and transporter abnormalities and membrane
excitability disturbances, which are all crucial players in the pathogenesis of arrhythmias.

Previous studies demonstrated that mitochondrial dysfunction is associated with
both tachyarrhythmia and bradyarrhythmia. Additional evidence points to mitochondrial
dysfunction as a causative factor of various arrhythmias. In this review, we summarize
pathophysiological relevance of mitochondrial dysfunction in the initiation, development,
and progression of arrhythmias, with a focus on underlying molecular mechanisms and
potential therapeutic explorations.

2. Basic Mechanisms of Arrhythmias

To better understand how mitochondrial dysfunction promotes cardiac arrhythmias,
we first describe the physiologic contributions of ions (e.g., Ca2+) to cardiac action potential
(AP). Several schemes have been proposed to classify arrhythmias, such as initiation and
maintenance factors of arrhythmias [9], cellular or tissue origin of arrhythmias [10], and
dynamics-based classification [11]. For example, based on the initiation and maintenance
factors, arrhythmias can be categorized into abnormal impulse formation and conduction
disturbances: Abnormal impulse formation covers automaticity disturbances and trig-
gered activity, whereas conduction disturbances cover reentry tachycardia and conduction
blocks [9] (Figure 1).

2.1. Phases of Action Potential (AP)

Cardiac AP results from the sequential opening and closing of ion channel proteins
that span the membrane of individual cardiomyocytes [12]. Cardiac AP consists of four
phases. Phase zero stands for the rapid depolarization caused by the fast sodium ions
(INa) diffusing down their electrochemical gradient from the extracellular space, across the
membrane, and into the cell. Phase one of AP represents the early rapid repolarization
resulting from activation of the fast and slow transient outward potassium currents (IK).
This is followed by a prolonged plateau mediated by a dynamic balance between the
inward currents by voltage-gated L-type calcium channel (ICaL) and Na+-Ca2+ exchanger
(NCX) and the outward currents by the rapid and slow potassium currents (IKr and IKs,
respectively) [13]. This plateau represents phase two of AP. As Ca2+ channels become
inactivated, the outward potassium currents dominate, causing further repolarization,
which is responsible for phase three of AP, and the time-dependent K+ current (IK1) may
be the principal current responsible for the final repolarization [14]. In phase four, the
Na+/K+ pump extrudes Na+ that has entered during depolarization and restores the K+

lost during repolarization.

2.2. Abnormal Impulse Formation
2.2.1. Automaticity Disturbances

Automaticity is the spontaneous depolarization caused by a net inward current dur-
ing phase four of AP. Automaticity is a property resulting from both voltage- and Ca2+-
dependent mechanisms, which is intrinsic to the sinoatrial node (SAN), the atria, the
atrioventricular node (AVN), the His bundle, and the Purkinje fiber network. The voltage-
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dependent mechanism involves the funny current (If), carried by both Na+ and K+, through
hyperpolarization-activated and cyclic nucleotide-gated (HCN) channels located at the
plasma membrane. The Ca2+-dependent mechanism (Ca2+ clock) involves the rhythmic
release of Ca2+ from the sarcoplasmic reticulum (SR), with subsequent reuptake of Ca2+ by
SR Ca2+-ATPase (SERCA) and extrusion via NCX. Normal automaticity allows cardiomy-
ocytes to generate spontaneous AP, whereas abnormal automaticity includes both enhanced
and decreased automaticity. Enhanced automaticity of pacemaker cells can increase the rate
of AP discharge through steepening phase four which leads to tachyarrhythmia (e.g., sinus
tachycardia, atrial tachycardia, accelerated AV junctional tachycardia), whereas decreased
automaticity can lead to bradyarrhythmia (e.g., sinus bradycardia) [9]. If cells do not nor-
mally possess the automaticity to obtain this property, premature ectopic heartbeats may
occur [9]. Alterations in HCN channel-mediated If and Ca2+ clock may induce abnormal
impulse formation to facilitate associated arrhythmias.

Cells 2023, 11, x FOR PEER REVIEW 3 of 29 
 

 

 
Figure 1. Summary of molecular mechanisms of arrhythmias. Cardiac arrhythmias can be divided 
to abnormal impulse formation (also termed as focal activity) and conduction disturbances. Auto-
maticity problems involve both enhanced and reduced automaticity, which are the etiology of sinus 
tachycardia and bradycardia, respectively. Early and late after depolarization is the common mech-
anism of both atrial and ventricular premature complexes. Reentrant tachyarrhythmias as a conduc-
tion disturbance usually involve both substrate (reduced conduction velocity) and trigger where an 
impulse circles back to re-excite the myocardium through retrograde conduction via the area of 
functional block. Conduction delay/block also belongs to conduction disturbances. 

2.1. Phases of Action Potential (AP) 
Cardiac AP results from the sequential opening and closing of ion channel proteins 

that span the membrane of individual cardiomyocytes [12]. Cardiac AP consists of four 
phases. Phase zero stands for the rapid depolarization caused by the fast sodium ions (INa) 
diffusing down their electrochemical gradient from the extracellular space, across the 
membrane, and into the cell. Phase one of AP represents the early rapid repolarization 
resulting from activation of the fast and slow transient outward potassium currents (IK). 
This is followed by a prolonged plateau mediated by a dynamic balance between the in-
ward currents by voltage-gated L-type calcium channel (ICaL) and Na+-Ca2+ exchanger 
(NCX) and the outward currents by the rapid and slow potassium currents (IKr and IKs, 
respectively) [13]. This plateau represents phase two of AP. As Ca2+ channels become in-
activated, the outward potassium currents dominate, causing further repolarization, 
which is responsible for phase three of AP, and the time-dependent K+ current (IK1) may 
be the principal current responsible for the final repolarization [14]. In phase four, the 
Na+/K+ pump extrudes Na+ that has entered during depolarization and restores the K+ lost 
during repolarization. 

2.2. Abnormal Impulse Formation 
2.2.1. Automaticity Disturbances 

Automaticity is the spontaneous depolarization caused by a net inward current dur-
ing phase four of AP. Automaticity is a property resulting from both voltage- and Ca2+-de-
pendent mechanisms, which is intrinsic to the sinoatrial node (SAN), the atria, the atrio-
ventricular node (AVN), the His bundle, and the Purkinje fiber network. The 

Figure 1. Summary of molecular mechanisms of arrhythmias. Cardiac arrhythmias can be divided
to abnormal impulse formation (also termed as focal activity) and conduction disturbances. Au-
tomaticity problems involve both enhanced and reduced automaticity, which are the etiology of
sinus tachycardia and bradycardia, respectively. Early and late after depolarization is the common
mechanism of both atrial and ventricular premature complexes. Reentrant tachyarrhythmias as a
conduction disturbance usually involve both substrate (reduced conduction velocity) and trigger
where an impulse circles back to re-excite the myocardium through retrograde conduction via the
area of functional block. Conduction delay/block also belongs to conduction disturbances.

2.2.2. Triggered Activity

Triggered activity, including early afterdepolarizations (EADs) and delayed afterde-
polarizations (DADs), is an impulse initiation disturbance that can evoke trains of APs.
EADs are caused by net inward currents in phases two/three of AP, induced by ICaL and
NCX [13]. EADs may also be caused by enhanced late sodium current [15]. EADs act as
a repolarization interruption and can cause lethal ventricular arrhythmias in the context
of action potential duration (APD) prolongation, such as long QT syndrome [16]. DADs
usually occur in the context of Ca2+ overload, where Ca2+ is spontaneously released from
SR after repolarization. Ca2+ efflux then exits the cell in exchange for Na+, generating a
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net inward depolarizing current [17,18]. The amplitude of DADs increases along with
decreasing cycle length, thereby leading to triggered activity. Details in Ca2+ homeostasis
will be discussed later in this review.

2.3. Conduction Disturbances
2.3.1. Reentry Tachycardia

Reentry is a self-sustaining cardiac rhythm abnormality in which AP propagates in a
manner analogous to a closed-loop circuit. Reentry is a disorder of impulse conduction
where a structural or functional obstacle around which an electrical activity can circulate
is required, making reentry distinct from disorders of impulse generation [19]. The sub-
strate of reentry is usually the areas of reduced conduction velocity and APD dispersion.
Cardiac conduction velocity is largely determined by the maximum rate of membrane
depolarization (dV/dt max) and physical properties of cardiomyocytes, along with their
interconnections. Correspondingly, reduced conduction velocity has been attributed to
alterations in Na+ channel and gap junction function, as well as fibrotic changes, providing
substrates for reentry arrhythmias. Reentry is an electrophysiologic mechanism responsible
for majority of clinically important arrhythmias [20]. Included among these arrhythmias
are AF, atrial flutter, atrioventricular (AV) nodal reentry tachycardia (AVNRT), AV reentry
tachycardia (AVRT) involving an accessory pathway, ventricular tachycardia (VT) involv-
ing ventricular scars, and ventricular fibrillation (VF). Liu et al. [16] showed that DADs
could trigger premature ventricular complexes (PVCs) and cause reentry in vulnerable
tissues with areas of unidirectional conduction block, called triggered activity with reentry,
a classic example of reentry initiation.

2.3.2. Conduction Block

In addition to reentry, heart block also belongs to conduction abnormalities and can
happen anywhere along the cardiac conduction system, including the SAN, the AVN, and
the bundle branches. Herein, we mainly discuss ion alterations of conduction disturbance
happening in the AVN, also called AV block. AV block is caused by alterations in the ion
channel expression of the AVN [13]. As mentioned before, If mediated by HCN channels
responsible for phase four depolarization, and Ca2+ clock is considered related to SAN
pacemaking. Recent studies emphasized the importance of HCN channels [21] and If

within the AVN [22] for AV conduction. In addition, knockout of voltage-dependent Ca2+

channels [23] was reported to slow or block AV conduction [21,24]. Although it is not well
characterized, the Ca2+ clock is considered to control AV conduction [25].

3. Mitochondrial Function and Dysfunction

Cardiomyocytes rely on OXPHOS in mitochondria to generate majority of cellular ATP
(80–90%). Fatty acids are the main and preferred energetic substrates for ATP production in
cardiac muscle. On the other hand, supply of ATP from glycolysis is restricted in the normal
heart. When energetic demands increase, however, the relative contribution of glucose uti-
lization increases for glycolytic ATP production. Glucose is converted into pyruvate in the
glycolytic pathway, which is a substrate for ATP synthesis in mitochondria. Both fatty acids
and glucose can produce acetyl-CoA to enter the TCA cycle, where nicotinamide adenine
dinucleotide (NADH) and flavin adenine dinucleotide (FADH2) are produced [26]. NADH
and FADH2 serve as electron donors for the mitochondrial electron transport chain (ETC),
including Complexes I–IV, as well as the electron transporters ubiquinone and cytochrome
c. There are two electron transport pathways in the ETC: Complex I/III/IV with NADH
as the substrate; Complex II/III/IV with FADH2 as the substrate [27]. As electrons flow
through the ETC, protons travel across the inner membrane from the mitochondrial matrix
into the intermembrane space, establishing the proton gradient and the strongly negative
mitochondrial membrane potential, ∆Ψm. The energy accumulated in the proton gradient
is used by Complex V (ATP synthase) to produce ATP [27]. Impaired OXPHOS leads to
mitochondrial dysfunction primarily due to defects in ETC enzymes (Complexes I–V) [28].
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In addition to producing ATP, mitochondria also generate ROS as a byproduct of OXPHOS:
A small part of electrons do not follow the normal transfer order but instead leak out of the
ETC and directly interact with O2 to generate ROS [29]. Since OXPHOS is not completely
coupled, mitochondrial uncoupling is defined as the dissociation between ∆Ψm generation
and its use for mitochondria-dependent ATP synthesis. Mild uncoupling can be a feedback
mechanism to prevent excessive ROS in mitochondria [30]. However, severe mitochon-
drial uncoupling may cause rapid cellular ATP depletion and excessive ROS production,
leading to mitochondrial dysfunction [31]. Mitochondrial ETC proteins are encoded by
both mitochondrial DNA (mtDNA) and nuclear DNA (nDNA). mtDNA encodes 13 major
respiratory chain proteins with the rest of them encoded by nDNA, 2 ribosomal RNAs,
and 22 transfer RNAs. In addition, mitochondria have other functions, including fatty acid
oxidation, regulation of Ca2+ homeostasis, and cell death, as well as redox control, mostly
carried out by nDNA-encoded proteins [32].

Mitochondrial dysfunction may be attributed to acquired factors, including aging,
imbalance of gut microbiome, various diseases, adverse effects of drugs and infections, and
inheritable factors such as mutations in mtDNA and nDNA (Table 1). All these adverse
changes may lead to abnormalities inside mitochondria, with the ultimate outcome of
mitochondrial dysfunction with diminished ATP production and excessive ROS generation.
Elevated levels of ROS can inhibit the activities of ETC complexes, redox enzymes, and
TCA cycle enzymes [32], which further exacerbates ROS production in a vicious circle
(ROS-induced ROS-release, RIRR) [33]. Moreover, mitochondria-derived ROS can affect
neighboring mitochondria and other organelles, finally propagating the surge of ROS to the
whole cell, which is how mitochondrial function deteriorates from a pathophysiological
perspective [34].

Table 1. Summary of inherited mitochondrial dysfunction mutations.

Inheritance Pattern Clinical Syndrome Mutations
Affected

Genes/Proteins
in Mitochondria

Arrhythmias
Involved

Cardiac
Manifestations

Other Systems
Involved

Maternally
Transmitted

Myoclonic epilepsy
with ragged

red fibers
(MERRF) [35,36]

m.8344 A to G,
m.8356 T to C,

m.8363 G to A, and
m.8361 G to A

MT-TK Pre-excitation
Dilated and
histiocytoid

cardiomyopathy

Myoclonus,
spasticity,
myopathy

Maternally
Transmitted

Leber hereditary
optic

neuropathy [37]

m.3460 G to A,
m.11778 G to A, and

m.14484 T to C

MT-ND1, MT-ND4,
MT-ND4L, or

MT-ND6
Sudden death Dilated cardiac

myopathy Loss of vision

Maternally Trans-
mitted/Sporadic

Neuropathy, ataxia,
and retinitis
pigmentosa

(NARP) [38,39]

m.8993 T to G MT-ATP6 Conduction block Cardiomyopathy

Psychomotor
retardation,

epilepsy, ataxia,
neuropathy, and

myopathy

Maternally
Transmitted

Leigh syndrome
(Mt DNA associated

subtype) [40]

More than 75
monogenic causes

MT-TL-1, MT-TK,
MT-TI Conduction block Hypertrophic

cardiomyopathy

Psychomotor
regression,

respiratory failure,
muscular and

movement disorder
(death at

young age)

Maternally Trans-
mitted/Sporadic

Mitochondrial en-
cephalomyopathy,
lactic acidosis and

stroke-like episodes
(MELAS) [41]

m.3243 A to G
mutation in

MT-TL-1

MT-TL1, MT-TK,
and MT-TE genes

provide instructions
for making tRNAs

Pre-excitation,
bundle branch

block

Dilated/hypertrophic
cardiomyopathy

Severe
encephalopathy,
lactic acidosis,

myoclonus
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Table 1. Cont.

Inheritance Pattern Clinical Syndrome Mutations
Affected

Genes/Proteins
in Mitochondria

Arrhythmias
Involved

Cardiac
Manifestations

Other Systems
Involved

Maternally Trans-
mitted/Sporadic

Kearns–Sayre
syndrome [42,43]

4.9 kb Mt DNA
deletion (12

genes)/point
mutation

Not determined,
involved in

mitochondrial
protein expression

and oxidative
phosphorylation

Atrioventricular
conduction defects

Cardiomyopathy,
syncope,

Adams–Stokes
syndrome, sudden

cardiac death

Anemia, myopathy,
lactic acidosis, CNS

abnormality,
endocrine

abnormality, renal
disease,

sensorineural
deafness, and

retinal involvement

X-Linked Recessive Barth syndrome [44]

Mutations or
deletions of the

highly conserved
Xq28 tafazzin (TAZ)

gene

Tafazzin protein is
essential for

remodeling of
cardiolipin, a

principal
phospholipid of the
inner mitochondrial

membrane

Ventricular
arrhythmia, sudden

cardiac death,
prolonged QTc

interval

Dilated/hypertrophic
cardiomyopathy,

endocardial
fibroelastosis (EFE),

left ventricular
non-compaction

(LVNC)

Skeletal myopathy,
growth delay,

neutropenia and
increased urinary

excretion of
3-methylglutaconic

acid (3-MGCA)

Autosomal
Recessive

Friedreich’s
Ataxia [45]

GAA triplet repeat
expansion in the

first intron Frataxin
(FXN) gene,

silencing the gene

Frataxin: expressed
in the mitochondria
of tissue with high

metabolic rates,
involved in
assembly of

iron-sulfur clusters

Conduction block,
atrial fibrillation,
atrial/ventricular
tachycardias, ECG

repolarization
abnormalities

Hypertrophic
cardiomyopathy,

heart failure

Gait and limb
ataxia, dysarthria,
loss of lower limb

reflexes, optic
neuropathy

Abbreviations: CNS, Central nervous system; ECG, Electrocardiography; MT, Mitochondria.

4. Mitochondrial Dysfunction in Arrhythmogenic Pathogenesis

Mitochondria-derived ATP can be used by sarcolemmal and organellar ion channels
and transporters, which are required for the electrical activity of cardiac cells. On the other
hand, excessive ROS can impact ion currents by modulating the expression of these channels
or altering their post-translational modifications. Therefore, mitochondrial dysfunction
(decreased ATP and increased ROS) can deteriorate cardiac electrical function, impair
intracellular ion homeostasis and membrane excitability, and elicit inflammatory signaling,
thus facilitating arrhythmias. Moreover, other mitochondria-associated proteins such as
uncoupling proteins (UCPs), mitochondrial connexin (Cx) proteins, mitochondrial renin–
angiotensin system (RAS), mitochondria-derived peptides (MDPs), and mitochondrial
GPCR kinases (GRKs) and β-arrestins, can regulate mitochondrial function and contribute
to the development of arrhythmias (see below).

4.1. Sarcolemmal and Intracellular Ion Balance (Ca2+, Na+, K+)

A holistic overview of sarcolemmal and intracellular ion balance in cardiomyocytes
and alterations under mitochondrial dysfunction can be found in Figure 2.

4.1.1. Ca2+

Cycling of Ca2+ in cardiomyocytes begins with the entry of Ca2+ into cells through
voltage-gated Ca2+ channels, including L-type (ICa-L) and T-type (ICa-T). ICa-L channel is
the predominant Ca2+ channel in cardiomyocytes participating in myocardial contraction,
whereas ICa-T channel is mainly expressed in pacemaker cells [46]. The main SR Ca2+

release channel in cardiomyocytes is ryanodine receptor 2 (RyR2). Its opening after a small
initial amount of Ca2+ entry via Ca2+ channels results in sarcomere contraction. During the
diastolic phase, around 70% of total cytosolic Ca2+ is taken up into SR by SERCA [47]. Ca2+

extrusion by NCX lowers intracellular Ca2+ and counterbalances the entry of Ca2+ through
sarcolemmal Ca2+ channels. Furthermore, communication between SR and mitochondria
impacts their functionality in a bidirectional manner [48]. Flux of Ca2+ in and out of mito-
chondria is essential for ATP generation during the constantly varying workloads of the
heart by stimulating OXPHOS and increasing NADH production via activation of Ca2+-
sensitive enzymes in the TCA cycle [49,50]. Mitochondrial Ca2+ influx is mainly mediated
by the mitochondrial Ca2+ uniporter (MCU) complex on the inner mitochondrial mem-
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brane [51]. MCU complex is not the only Ca2+ transporter in mitochondria. Mitochondrial
RyR1 [52], NCX, mitochondrial HCX leucine zipper EF hand-containing transmembrane
protein 1 (LETM1) [53], transient receptor potential canonical 3 (TRPC3) [54], uncoupling
proteins 2 and 3 (UCP2/3), and other Ca2+ transporters [55] are also present in the inner mi-
tochondrial membrane. Mitochondrial Ca2+ efflux is primarily mediated by mitochondrial
NCX [56,57]. In addition, mitochondrial HCX [53] and mPTP [58,59] are also implicated in
mitochondrial Ca2+ efflux.
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Figure 2. Holistic overview of sarcolemmal and intracellular ion balances in cardiomyocytes and
their alterations under mitochondrial dysfunction. Sarcoplasmic reticulum (SR) oversees Ca2+ storage
and releasing into the cytosol. The main Ca2+ release channel in cardiomyocytes is RyR2 while
SERCA recycles Ca2+ during diastole. ROS increase RyR opening and reduce SERCA recycling via
decreased ATP production, thereby causing Ca2+ overload. Increased inward Na+ from HCN channel
can reverse the Na+/Ca2+ exchanger activity and subsequently lead to intracellular Ca2+ overload
and arrhythmias. Moreover, under excessive ROS generation, a net decrease in K+ exit along with
increased inward late Na+ current can cause delayed repolarization and prolonged action potential
duration (APD). Sarcoplasmic reticulum mitochondrial contacts (SRMCs) are another important
location of calcium transport regulation. The IP3R/GRP75/VDAC complex interacts with MCU to
relocate Ca2+ into the mitochondria matrix. Brown dashed arrows represent directions of ion currents;
black solid arrows represent increased or suppressed channel activities.

Cardiomyocyte Ca2+ homeostasis is strongly influenced by cellular metabolism. In-
creased cellular ROS are known to cause a net increase in intracellular Ca2+ in cardiomy-
ocytes [60]. However, it is still controversial whether the activity of NCX is promoted or
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inhibited by ROS [61–63]. The effects of ROS on ICa-L in cardiomyocytes are also under
debate [64,65]. Besides sarcolemmal Ca2+ channels, excessive mitochondria-derived ROS
lead to increased opening of RyR2, which triggers RyR2 Ca2+ sparks and increases Ca2+

leak from SR [66]. Increased RyR2 activity can, in turn, modulate mitochondrial Ca2+ han-
dling, promote mitochondrial ROS emission, and alter channel activity in a pro-arrhythmic
feedback cycle [67]. In contrast to RyR2, the activity of SERCA is inhibited by increased ox-
idative stress [68], which may be attributed to decreased ATP supply for SERCA, secondary
to mitochondrial dysfunction [69]. High levels of ROS can also modulate the activity of
mitochondrial Ca2+-related proteins [70], leading to mitochondrial Ca2+ overload, which
favors opening of the mPTP and inner membrane anion channel (IMAC) to influence
∆Ψm [71,72] and increases RIRR function and ROS production [73]. As mentioned before,
∆Ψm depolarization reflects the decreased capacity of mitochondrial ATP production. In
addition, excessive mitochondrial ROS can cause oxidative damage to ETC components,
leading to impaired ATP production and increased ETC electron leak that further elevates
ROS generation. All these effects can be defined as mitochondrial dysfunction, which is
pro-arrhythmic and may cause Ca2+ alternans by affecting the capacity of mitochondria to
handle Ca2+ on a beat-to-beat basis [69].

4.1.2. Na+

Cardiac voltage-gated Na+ (Nav) channels are critical in membrane excitability of car-
diomyocytes by generating the rapid upstroke (phase 0) of AP. In addition, Nav channels,
together with cardiac gap junctions, control impulse conduction velocity in the myocardium.
In response to increased oxidative stress, the expression and function of Nav1.5 channel
can be modified, causing an increase in the late component of sodium current (late INa)
in cardiomyocytes, leading to APD prolongation and EADs. Increased intracellular Na+

caused by elevated late INa also reverses NCX activity and subsequently leads to intracel-
lular Ca2+ overload [33,74]. In addition, increased late INa-induced repolarization defects
promote transmural dispersion of repolarization arrhythmic substrate and spatiotemporal
heterogeneity, all of which are arrhythmogenic [75,76]. Cardiac conduction velocity is
largely determined by peak sodium current (peak INa) and conducted by Nav1.5 channel.
Importantly, mitochondrial dysfunction can also lead to reduced peak INa, resulting in
reduced conduction velocity and an increased propensity for reentry arrhythmias.

Na+/K+ pump generates a transmembrane current by pumping three Na+ out and
two K+ into the cell against their concentration gradients with the consumption of one ATP
during AP. As a major ion transporter balancing the trans-sarcolemmal Na+ and K+ gradient
and generating the resting membrane potential, Na+/K+ pump is prone to ATP insufficiency
due to its high energy demand [77,78]. In addition, ATP depletion due to mitochondrial
dysfunction may also affect Na+ clearance and detriment cellular excitability, which may
lead to cardiovascular pathologies such as arrhythmias. On one hand, dysfunction of
Na+/K+ pump represents prolonged APD90 and raises the AP plateau [79]. On the other
hand, buildup of intracellular Na+ hinders the concentration gradient that usually drives
NCX. Excessive Na+ buildup does not favor the extrusion of Ca2+ in exchange for Na+

entering [80]. This indirect inhibition of NCX further exacerbates Ca2+ overload and
contributes to arrhythmia-triggering and other detrimental consequences.

4.1.3. K+

There are two main types of Kv channels: transient outward Kv (Ito) and delayed
rectifier Kv (IK). Currents classified as Ito activate and inactivate rapidly upon membrane
depolarization. Ito underlies the early (phase one) repolarization of AP, which is mostly
attributed to Ito1 [81], whereas IK currents activate depolarization with variable kinetics and
underlie the late (phases two and three) repolarization of AP [82]. Similar to Kv channels,
multiple functionally distinct types of Kir channels have been identified. Among the Kir
channels expressed in mammalian hearts, IK1 contributes to the terminal phase of repolar-
ization and maintenance of resting membrane potentials in ventricular myocytes [83,84],



Cells 2023, 12, 679 9 of 27

whereas sarcolemmal ATP-sensitive potassium (sarcKATP) channels-mediated currents
(IKATP) play an important role in regulating electrophysiological responses under stresses
such as cardiac ischemia [85]. Opening of sarcKATP channels significantly promotes K+

efflux, shortens APD [86,87], and slows or blocks AV propagation [88], thereby promoting
arrhythmias. In addition to the plasma membrane, sarcKATP channels are also present
in the mitochondrial membrane. Transient opening of mitochondrial KATP may allow
K+ to enter mitochondria and slow down the oscillation of ∆Ψm. Under mitochondrial
dysfunction-induced oxidative stress, multiple repolarizing potassium currents (Ito, IK,
and IK1) are suppressed, which can cause delayed repolarization and prolonged APD. In
addition, an altered intracellular ATP/ADP ratio, also a consequence of mitochondrial
dysfunction, results in the opening of sarcKATP channels [89]. Further, excessive ROS
may also cause mitochondrial Ca2+ overload and mitochondrial KATP channel activation,
leading to increased K+ influx [90]. Taken together, these effects produce an inwardly
rectifying repolarizing K+ current and Ca2+ alternans, which are capable of slowing or
blocking cardiac electrical propagation, thereby fomenting arrhythmias [91,92].

4.2. Mitochondria-Associated Proteins

An overview of mitochondrial proteins and their roles in the heart under physiological
and pathophysiological conditions can be found in Figure 3.
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and allows mitochondrial Ca2+ overload, which contributes to ROS production. ROS, along with
related mitochondrial DNA damage, contribute to the activation of inflammasomes and subsequent
cell death. Structural remodeling induced by inflammatory cytokines produced by inflammasomes
follows. On the other hand, the increased level of nitric oxide via activation of angiotensin II type 2
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augmentation of humanin peptides all contribute to the mitigation of ROS.
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4.2.1. Mitochondrial Ca2+ Transport Proteins

Several Ca2+ transport proteins have been described above. Here, we focus on the
effects of MCU complex and UCPs in the regulation of mitochondrial Ca2+ uptake. Mi-
tochondrial Ca2+ uptake is mostly driven by MCU. UCPs are shown to regulate MCU
function and, for this reason, are suggested to influence mitochondrial Ca2+ handling.
Under basal conditions, mitochondrial Ca2+ uptake can prevent arrhythmias, but under
conditions of Ca2+ overload, this action may be pro-arrhythmic.

MCU complex includes pore-forming subunit MCU and auxiliary regulatory proteins
MICU1, MICU2, EMRE, MCUb, and MCUR1 [93]. MCU complex has been identified
as a highly selective Ca2+ channel on the inner mitochondrial membrane [94]. Under
pathological conditions, MCU is involved in EAD production [95]. MCU can also cause
abnormal repolarization at the cellular level, which is partly dependent on the activation of
CaMKII [96]. Knockdown of MCU was reported to inhibit Ca2+ uptake in mitochondria,
decrease NCX currents, and suppress EADs, thereby reducing arrhythmic risk [95]. At
the mechanistic level, ROS accumulation increases MCU activity, leading to mitochondrial
Ca2+ overload, which enhances the production of mitochondrial ROS, forming a positive
feedback loop [97]. On the contrary, another study reported that heart-specific loss of MCU
caused defects in both mitochondrial Ca2+ uptake and Ca2+-induced activation of the TCA
cycle, providing both trigger and substrate for arrhythmias [98]. Consistently, Liu et al.
found that moderate overexpression of MCU inhibited SR Ca2+ leak and thus exerted
an anti-arrhythmic effect [99]. The reason for this discrepancy is unclear. We speculate
that decreased mitochondrial Ca2+ uptake may either promote or inhibit arrhythmias,
depending on the severity of heart failure. The precise role of MCU in arrhythmias warrants
further study and clarification.

UCPs participate in the regulation of mitochondrial Ca2+ homeostasis [100] and mito-
chondrial ROS generation [101], which may be involved in arrhythmic pathophysiology.
To date, five UCPs, including UCP1-5, have been identified in the form of dimers on the
inner mitochondrial membrane in mammals [102]. UCP2 and UCP3 uncouple oxidative
phosphorylation and reduce ROS production [101,103]. UCP2 and UCP3 also belong to
a superfamily of mitochondrial ion transporters [104] and have been reported in Ca2+

regulation through MCU-related channel mCa1 and arrhythmia induction [105]. UCP2
overexpression markedly inhibits mitochondrial Ca2+ uptake, and UCP2 knockout mice
were shown to have a higher susceptibility to arrhythmias with decreased APD after ICa-L ac-
tivation and disturbed Ca2+ homeostasis [106]. However, another study suggests that UCP2
upregulation has a negative effect on mitochondrial Ca2+ uptake in excitable cells and dis-
rupts excitation-contraction coupling, which potentially causes arrhythmic initiation [107].
These discrepancies may be attributed to different cardiomyocytes used, one being primary
neonatal rat ventricular cardiomyocytes and the other being ventricular cardiomyocytes
from young adult mice. On the other hand, UCP3 was shown to protect mitochondria from
Ca2+ overload and propagation of arrhythmic initiation of calcium-induced calcium release
(CICR) [105].

4.2.2. Connexin (Cx) Proteins

Impulse conduction through the heart depends on cell-to-cell electrical coupling medi-
ated by gap junctions. Connexin is key to forming these gap junctions [108]. Connexin plays
a crucial role in cardiac impulse conduction through the regulation of cardiac conduction
velocity [109]. Connexin 43 (Cx43) is known to form gap junctions in ventricular myocytes
at the sarcolemmal level, which may play a role in the crosstalk between mitochondrial
dysfunction and arrhythmias. For example, mitochondrial ROS are suggested to affect the
function of gap junctions by activating c-Src to replace Cx43 [110]. Several studies reported
that downregulation of Cx43 results in abnormal conduction, impaired repolarization, pro-
longed APD, EADs, and DADs, and increased electrical heterogeneity to facilitate reentry
arrhythmias [111].
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Cx43 is also involved in mitochondrial function maintenance as hemichannels on
the inner mitochondrial membrane of subsarcolemmal cardiomyocytes (mitochondrial
Cx43) [112]. Mitochondrial Cx43 is an important Ca2+ regulator and has been shown to
be involved in cardioprotection by ischemic preconditioning, likely involving decreased
ROS formation [113]. Consistently, mitochondrial Cx43 deficiency depolarizes ∆Ψm and
increases Ca2+ within mitochondria, thereby augmenting Ca2+ spark frequency, ROS pro-
duction, and arrhythmia susceptibility [114]. The underlying mechanism may be attributed
to the modulation of mitochondrial KATP, of which the opening promotes ROS generation
and downstream pathological signaling [115].

4.2.3. Mitochondrial RAS

A growing amount of evidence suggests that intracellular RAS plays an important role
in mammalian cell function and is involved in the pathogenesis of arrhythmias. Notably,
Abadir et al. revealed the existence of functional mitochondrial RAS with colocalization
of angiotensin II (Ang II) and Ang II type 2 receptor (AT2-R) on the inner mitochondrial
membrane [116]. The presence of Ang II receptors, including AT1-R and AT2-R, in mito-
chondria was also identified in Percoll-purified samples [117]. In the presence of Ang II,
mitochondrial AT1-R activation may directly affect ROS production. On the other hand,
ROS may be generated through stimulation of mitochondrial respiratory chain activity
secondary to AT1-R activation [118,119]. Moreover, mitochondrial AT2-R is functionally
associated with nitric oxide (NO) production. AT2-R stimulation increased mitochondrial
NO generation, which was mitigated by AT2-R antagonist in isolated mitochondria [116].
These studies indicate that the protective AT2-R-mediated NO generation balances AT1-R-
mediated ROS generation. Therefore, mitochondrial AT1-R and AT2-R may play opposing
roles in maintaining a balance of mitochondrial function and cell survival. An imbalance
in mitochondrial RAS can increase AT1-R-mediated ROS, which may impair cardiac gap
junction with further cardiac fibrosis (structural remodeling). In addition, ROS can re-
duce cardiac gap junction expression and impair repolarization, evidenced by prolonged
APD, EADs, and DADs (electrical remodeling) [120]. These two types of remodeling may
ultimately lead to cardiac arrhythmias.

4.2.4. MDPs

MDPs are a group of peptides encoded by open reading frames of mtDNA [121]. Re-
cently, it has been demonstrated that MDPs play important roles in cardiovascular disease.
However, studies exploring the effects of MDPs on arrhythmias so far are scarce. Humanin,
one of the MDPs, is encoded in the 16S rRNA region of mtDNA. Humanin exists not only
in the circulating body fluids but also in metabolically active organs, such as the heart.
Thummasorn et al. found that humanin levels were decreased in the damaged myocardium
at the end of cardiac ischemia/reperfusion (I/R). Importantly, administration of a humanin
analog could increase humanin levels in the injured myocardium and reduce mitochondrial
dysfunction in rats, as indicated by decreases in ROS production, mitochondrial membrane
depolarization, mitochondrial swelling, and I/R-induced arrhythmias [122,123]. These
results provided novel insights into MDP-mediated cardiac arrhythmia prevention through
improving mitochondrial function.

4.2.5. Mitochondrial GRKs and β-Arrestins

GRKs and GPCR adapter proteins such as GRK2 and β-arrestins are crucial regulators
of GPCR signaling and mediate the functional crosstalk between mitochondria and other
cellular structures [124]. These proteins may move across different cellular compartments,
including mitochondria, and interact with various elements, thus affecting signaling trans-
duction in a GPCR-independent manner. Previous studies have uncovered a key role for
GRK2 as a regulator of mitochondrial function [124]. For example, ETC components were
shown to be regulated by GRK2, particularly the ATP synthase barrel of Complex V, which
is critical for ATP production [125]. Further, mitochondrial GRK2-mediated ATP synthe-
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sis may affect ROS production and fatty acid metabolism in failing hearts. In addition,
GRK2 is involved in mitochondrial fusion and fission via phosphorylating and activating
mitofusins [126]. Although several findings indicate that GRK2 is capable of controlling
ATP and ROS generation, metabolic stress, and mitochondrial dynamics, the precise role of
GRK2 in arrhythmias remains to be unraveled. β-arrestins can also interfere with key mito-
chondrial processes such as cell death, ROS production, and respiration [127]. Compared
with GRK2, the involvement of β-arrestins in the regulation of mitochondrial function in
cardiomyocytes requires more work. Although there have been no reports regarding the
role of mitochondrial GRKs and GPCR adapters in cardiac arrhythmias, future studies
may target these proteins to explore pro-arrhythmic or anti-arrhythmic effects through the
regulation of mitochondrial function.

4.3. Inflammatory Signaling

In addition to mitochondria-associated proteins, nucleotide-binding domain and
leucine-rich repeat pyrin 3 domain (NLRP3) inflammasome is also implicated in mito-
chondrial dysfunction to facilitate reentry arrhythmias. In cardiomyocytes, resting NLRP3
localizes to SR, whereas NLRP3 inflammasome activation redistributes NLRP3 to SR and
mitochondria [128]. Mitochondrial dysfunction plays an important role in the instigation
of NLRP3 inflammasome [129]. For example, excessive mitochondria-derived ROS fuel
NLRP3 inflammasomal assembly [130]. Mitochondrial ROS also potentiate the release of
oxidized mtDNA, which can trigger the assembly of NLRP3 inflammasome [130]. Conse-
quently, NLRP3 inflammasome, via activation of Caspase 1 and generation of interleukin
(IL)-1β/IL-18, may induce fibrosis and cause structural remodeling [131]. Moreover, NLRP3
inflammasome upregulation can produce reentry substrate for AF development and higher
frequency of spontaneous SR Ca2+ releases, which may cause DADs and trigger ectopic
activation [132–134].

4.4. Mitochondria-Associated ER Membranes (MAMs)

Mitochondria are in close proximity to the ER, and MAMs are the contact sites of the
membrane between mitochondria and the ER, which play an important role in organellar
communication, such as transport of ions. In cardiomyocytes, MAM contacts are more
specifically defined as SR-mitochondria contacts. MAM function depends on acetylated
microtubules to support efficient mitochondrial Ca2+ uptake during cardiac contraction
and relaxation. Mitochondrial Ca2+ is then able to boost activities of the TCA cycle and
the ETC to promote ATP production [93,135]. Major Ca2+ regulatory proteins known to
date include IP3R, GRP75, VDACs, Tespa1, Sig1R, SERCA, and RyRs [136]. Among them,
IP3R, GRP75, and VDACs form a complex that facilitates the release of Ca2+ from SR, Ca2+

transport between the two organelles, and uptake of Ca2+ by mitochondria [137]. Tespa1
binds GRP75 to help maintain MAM integrity and affect IP3R/GRP75/VDAC complex
function [138]. Sig1R forms complexes with another protein, BiP, to stabilize IP3R from the
SR side [139]. The imbalance of MAMs is associated with disrupted microtubules, which
may lead to abnormal mitochondrial Ca2+ uptake and ATP generation, thus facilitating
arrhythmia. Several studies found the important effects of MAMs on the development of
AF and SAN dysfunction. For example, Li et al. [140] identified a significant loss of MAMs
in experimental and clinical AF, and SAN dysfunction has been reported to be associated
with the loss of MAM contacts in SAN, which will be discussed in detail in the next section.

5. Mitochondrial Dysfunction in Different Arrhythmias

After describing the molecular and ionic alterations linking mitochondrial dysfunction
to cardiac arrhythmias, specific causes, including inherited factors, aging, gut microbiome,
and various disease that contribute to mitochondrial dysfunction and related arrhythmias,
are discussed below.
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5.1. mtDNA and nDNA Mutation Associated Arrhythmias

Primary mitochondrial respiratory chain diseases (RCD) are systemic disorders caused
by sporadic or inherited mutations in mtDNA or nDNA, which can affect genes encoding
respiratory chain proteins, characterized by mitochondrial respiratory chain defects and
subsequent energy-metabolism imbalance [141]. mtDNA mutations are the most common
cause of RCD in adults, identified in ~70% of patients with impaired OXPHOS [142]. The
clinical heterogeneity of mtDNA-based mitochondrial diseases is determined, in part, by
the type of mutations (protein-coding genes vs. transfer-RNA vs. mtDNA rearrange-
ment) [143]. Although the symptoms may involve nearly all organs, the most prone tissues
are the ones that have a high energy demand, such as the heart and skeletal muscle [144].
Electrocardiogram (ECG) abnormalities are seen in up to 70% of RCD patients [145] who are
manifested with conduction disturbances, ventricular pre-excitation, and tachyarrhythmias
such as AF and ventricular tachycardia.

Conduction disturbances are common in RCD (about 10%) [6,18,28], and their preva-
lence increases with age [5]. Kearns–Sayre syndrome (KSS) is a specific type of mitochon-
drial myopathy, with the most common abnormality being a 4.9 kb deletion from nucleotide
positions 8469 to 13,447 of mtDNA. Conduction disturbances are the most common symp-
tom occurring in KSS (84% prevalence), with AV block or bradycardia-related polymorphic
ventricular tachycardia (PMVT) being part of the criteria for KSS diagnosis [146,147]. PMVT,
principally torsade de pointes (TdP) in the setting of QT prolongation and progression to
AV block and cardiac arrest [148], has been described as relatively rare [149–151]. KSS has
also been reported with isolated, asymptomatic right bundle branch block (RBBB) [152].

Conduction disturbances occur less commonly in other forms of RCD with AV or intra-
ventricular conduction disturbances. These patients are mainly reported in association
with m.8344A > G and m.3243A > G mutations, which are responsible for most cases of
myoclonic epilepsy with ragged-red fibers (MERRF), mitochondrial encephalomyopathy,
lactic acidosis, and stroke-like episodes (MELAS) [153,154]. Pre-excitation and Wolff–
Parkinson–White syndrome (WPW), which can lead to reentry tachyarrhythmias, are
present in 15–20% of RCD patients [6,21,28]. They were first observed in Leber’s hereditary
optic neuropathy (LHON) patients [155] and may coexist with a type of cardiomyopathy,
left ventricular non-compaction (LVNC) [156]. Supraventricular arrhythmias have also
been reported in RCD patients, with AF being the most common type [148]. Different
types of RCD as the response to specific mtDNA and nDNA mutations are summarized in
Table 1.

In line with the findings from RCD patients, acquired mtDNA and nDNA mutations
have also been shown to cause mitochondrial dysfunction and associated arrhythmias in ro-
dent models. For example, using the K320E-TwinkleMyo mouse model with an accelerated
accumulation of mtDNA deletions in the heart, Baris et al. detected an increased rate of
AV block and spontaneous PVC under stress conditions [157]. In addition, cardiac-specific
deletion of mitochondrial transcription factor A (mtTFA), a nDNA-encoded key regulator
of mtDNA transcription, induced dilated cardiomyopathy with AV block in mice [158].
Moreover, mice with mitochondrial Complex I subunit Ndufs4 deficiency (Ndufs4−/−)
developed mitochondrial dysfunction and bradyarrhythmia resembling Leigh syndrome
(LS). The underlying molecular mechanisms are related to a reduced NAD+/NADH ratio,
leading to hyperacetylation of Nav1.5 and subsequent reduction of INa [159].

5.2. SAN Dysfunction and AVN Dysfunction

Since SAN cells are noncontractile and autorhythmic with a high density of mito-
chondria which are the fuel source for SAN automaticity, alterations in mitochondria or
mitochondria-SR connectomics may contribute to SAN dysfunction and associated ar-
rhythmias such as sick sinus syndrome. Heart blocks are variable and include prolonged
intraventricular conduction time, bundle branch blocks, and complete AV block, which
could cause deaths in 20% of patients [160]. Studies have also shown that heart blocks,
especially AVN abnormalities, have been linked to mitochondrial dysfunction.
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HCN channel expression is positively related to If current and the slow component of
IK current (IKs), which are involved in SAN automaticity and AVN function. Several studies
showed that mitochondrial dysfunction might play an essential role in the regulation of
cardiac automaticity and conduction by modulating HCN channels. Yang et al. found
that mitochondrial Trx2 cardiac specific deletion mice decreased HCN4 expression and
developed sinus bradycardia and AV block [161]. Since Trx2 counteracts oxidative stress by
reducing oxidized proteins and indirectly scavenging ROS, Trx2 cardiac specific deletion
increased mitochondria-derived ROS, which may lead to SAN and AVN abnormalities
through the regulation of HCN channel expression. In addition, cumulative studies demon-
strated that mitochondria regulate SAN’s automaticity through Ca2+ handling and energy
production. Since mitochondria are in close proximity to SR, microdomains between mi-
tochondria and SR in response to the beat-to-beat rise of intracellular Ca2+ may play a
crucial role in modulating Ca2+ cycling in cardiomyocytes [162]. Mitochondria-SR connec-
tomics in SAN ensures adequate ATP production, which is mediated by the Ca2+-regulated
cAMP/PKA signaling [163]. A recent study reported that impaired mitochondrial connec-
tomics, either through injury to mitochondria or disruption of their MAMs, can cause SAN
dysfunction [164]. Moreover, mitochondria-derived ROS bursts rapidly induce cytoso-
lic Ca2+ overload by stimulating RyR2 and inhibiting SERCA, which further exacerbates
Ca2+ dysregulation and leads to AP triggered by abnormal automaticity [162]. Although
aforementioned studies have not examined the role of mitochondria in regulating the Ca2+

clock in AVN cells, we speculate that mitochondrial dysfunction may also cause AV block
through Ca2+ clock, similar to the mechanism in SAN cells.

In addition to the studies showing mitochondrial dysfunction-associated ionic alter-
ations in the promotion of SAN and AVN abnormalities, there are reports focusing on other
mitochondrial abnormalities-induced bradycardia or heart block. For example, a recent
study reported the construction of ACE8/8 transgenic mice with increased cardiac ACE
and Ang II levels (mitochondrial RAS activation). These mice showed less severe brady-
cardia and conduction block through c-Src tyrosine kinase activation, Cx43 reduction, and
the impairment of gap junction conduction [165–167]. Peroxisome proliferator-activated
receptor γ coactivator-1 (PGC-1) is a crucial nuclear transcription co-activator, including
PGC-1α, PGC-1β, and PGC-1 related co-activator [168]. They are the major factors in the
transcriptional control of mitochondrial components. Whereas PGC-1α−/− or PGC-1β−/−

mice presented mild cardiac dysfunction, double deletion of PGC-1α/β caused neonatal
death with bradycardia, heart block, and cardiac dysfunction [169].

5.3. Reentrant Tachyarrhythmias
5.3.1. AF

AF is the most common arrhythmia in clinics; however, our understanding of the initi-
ation and maintenance of AF remains poor. In most AF patients, the reentry phenomenon
is the main pathological presentation. AF severity usually depends on atrial enlargement
and fibrosis (substrate), which are caused by systemic or cardiac disease [170]. Substrate
abnormality, together with premature atrial beats (trigger), promotes reentry and initiates
AF [171]. However, in rarer situations without significant cardiac morphological change,
rapid focal activity from pulmonary veins may be more important as the underlying mech-
anism to induce lone AF either via electrical remodeling or genetic susceptibility. Here,
arrhythmogenic foci may depend on SR Ca2+ leak due to RyR2 activation that promotes
DADs to induce AF [172]. Moreover, recent genome-wide association studies demonstrated
that relatively rare mutants in cardiac K+ and Na+ channels might be involved in AF
pathophysiology [173–176].

The association between mitochondrial dysfunction and AF has been investigated
over past decades. Energetic imbalance in AF patients may lead to mitochondrial dysfunc-
tion [177]: Frequent depolarization of the atrial myocardium increases ATP demands. In
paroxysmal or short-lasting persistent AF, mitochondria can increase ATP synthesis, but
over time the production of ATP decreases. As such, the reduced ATP/AMP ratio can
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activate adenosine monophosphate protein kinase (AMPK), which shifts the metabolic
pathway toward glycolysis, affects sarcKATP, and slows inward Ca2+ channels to impair
ion homeostasis and modify electrophysiological properties of cardiomyocytes [178,179].
In addition to ATP depletion, mitochondrial dysfunction-induced excessive ROS can oxi-
dize RyR2 of SR, leading to aberrant Ca2+ sparks, thus facilitating AF development. The
sarcolemmal inward Na+ channel can also be oxidized [180,181], which may directly al-
ter cardiomyocytes’ excitability and intercellular coupling and establish the functional
background to maintain reentry circuits. In addition to electrophysiological remodeling,
mitochondrial dysfunction also leads to structural remodeling by promoting cytokine re-
lease, activating fibroblasts, and depositing connective tissues to facilitate the development
of arrhythmias [182]. Therefore, a variety of factors can cause mitochondrial dysfunction
to induce AF. Here, we mainly focus on the role of novel factors, including burst-pacing,
aging, and gut microbiome-associated mitochondrial dysfunction, in the pathophysiology
of AF.

Electrical Stimulation-Induced AF

Burst pacing has been used to induce short episodes of AF in animals [183,184],
which is non-physiological but the most used approach in creating AF models in vivo. A
recent study has demonstrated that electrical stimulation regulates mitochondrial function
through the increase in ROS production [185]. Bukowska et al. applied human atrial
samples to rapid burst pacing to induce AF and found an increased number of swollen
and completely disrupted mitochondria. It is demonstrated that Ca2+ inward current via
ICa-L contributing to oxidative stress leads to mitochondrial ultrastructural changes [186].
In a rabbit model of pacing-induced AF, the expression of mtDNA-encoded proteins
and transcription factors involved in mitochondrial biogenesis was decreased, and the
atrial electrophysiological property APD was shortened [187]. Consistently, Shao et al.
found that amelioration of mitochondrial dysfunction can reduce burst pacing-induced AF
susceptibility through attenuation of ROS generation, systemic inflammation, and atrial
fibrosis [188].

Aging-Associated Mitochondrial Dysfunction in AF

AF is the most prevalent aging-related arrhythmia affecting millions of people world-
wide [189]. Alterations in mitochondrial function in senescent hearts have been docu-
mented. A clear link exists between aging and mitochondrial dysfunction in facilitating
AF. There have been various mechanisms by which aging causes the increased incidence
of AF, including mtDNA damage, clonal expansion of deleterious mutations in mtDNA,
transcriptional downregulation of genes in mitochondrial energetics, and deficiencies in
mitochondrial ETC enzymes [190,191], providing substrate for reduced energetic efficiency
in senescent human hearts [192]. As such, aging-associated dysfunctional mitochondria
result in reduced ATP production and high levels of ROS, which can facilitate AF through
structural and electrical remodeling. As mentioned before, PGC-1 plays an important
role in controlling the transcription of mitochondrial components. Studies showed that
the shortening of telomeres by aging [193] might inhibit PGC-1 and cause mitochondrial
dysfunction and a series of reactions, such as oxidative stress and intracellular Ca2+ over-
load, eventually inducing AF [194]. PGC-1α has been suggested as a key molecule of
mitochondrial function through the regulation of mitochondrial biogenesis and energy
metabolism. PGC-1α is also closely related to oxidative stress and inflammation [195,196].
Serum PGC-1α and ∆Ψm were found to be reduced in aging-related AF patients [197]. PGC-
1β has high sequence similarity to PGC-1α and is also believed to control mitochondrial
oxidative energy metabolism and conduction velocity, revealed by reduced voltage-gated
inward Na+ currents and gap junctions under PGC-1β deficiency. Young PGC-1β−/−

hearts developed electrophysiological features resembling aging hearts, which may explain
their increased propensity to AF. Moreover, PGC-1β−/− mice reflecting mitochondrial
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dysfunction showed reduced atrial Cx protein expression and increased cardiac fibrosis,
associated with a pro-arrhythmic phenotype progressing with age [198].

Gut Microbiota-Associated Mitochondrial Dysfunction in AF

Recent studies have reported that altered intestinal flora composition and fermentation
metabolites are implicated in arrhythmias, especially AF. Mitochondria are suggested as the
most responsive organelle to microbiotic signaling [199]. A growing amount of evidence
shows that gut microbiota can interact with mitochondria in a variety of ways. Moreover,
gut microbiome has emerged as a dynamic and central regulator of mitochondrial function
in immune and epithelial cells located in the intestine and has been shown to regulate
key transcriptional co-activators, transcription factors, and enzymes involved in mitochon-
drial biogenesis [200]. In addition, gut microbiome signaling to mitochondria has been
shown to alter mitochondrial metabolism, which can induce inflammasome signaling [201].
For example, mitochondrial alterations such as increased mitochondrial ROS, oxidized
mtDNA, extracellular ATP efflux, and ∆Ψm loss are emerging as key activators of NLRP3
inflammasome to promote atrial inflammation and fibrosis [128,201]. Not only the gut
microbiome itself but also its derived metabolites, including primary bile acids (BAs),
TMAO, indoxyl sulfate, LPS, and choline, are implicated in mitochondrial dysfunction and
AF development. For example, primary BAs can activate NADPH oxidase, promoting ROS
production and inducing ATP release, which results in NLRP3 inflammasome activation.
TMAO also leads to oxidative stress and activates NLRP3 inflammatory and TGFb1/Smad3
signaling pathways. Increased mitochondrial ROS are associated with mPTP opening
followed by mitochondrial Ca2+ disturbances, which leads to electrical remodeling [202]
or the release of pro-apoptotic cytochrome c, Apaf-1, Caspase 9, and Caspase 3, causing
cardiac fibrosis [203]. The effects of these gut microbiota and their derived metabolites
may increase the likelihood of AF-promoting ectopic firing and AF-maintaining reentry to
enhance the susceptibility and maintenance of AF.

Other Factors Induced AF

Emerging studies showed that direct ion alteration-induced AF models present mito-
chondrial dysfunction. For example, Wan et al. found that expression of a gain-of-function
mutant of Nav1.5 channel causing increased persistent Na+ current led to the development
of spontaneous and long-lasting episodes of AF in mice, which also exhibited EADs and
mitochondrial dysmorphology. All these pathologies could be attenuated by resolving
mitochondrial oxidative stress [204]. In addition, Avula et al. showed that transgenic
mice with increased persistent Na+ current caused both structural (atrial enlargement
and fibrosis) and electrophysiological (EADs) remodeling in atria, leading to AF through
modulating mitochondrial ROS [205].

5.3.2. Ventricular Arrhythmias (VAs)

SCD can often be the result of VAs, especially VT/VF, which remains one of the most
important public health concerns worldwide [206]. As mentioned earlier, reentry, together
with increased triggered activity, is the main mechanism of most tachyarrhythmias, includ-
ing VAs. Cardiac mitochondrial dysfunction-induced reentry and triggering during VAs
may share a similar reentry mechanism with AF. VA-associated mitochondrial dysfunction
may reduce ATP and energy production and cause the accumulation of ROS, which further
contributes to cardiomyocyte damage. Therefore, reentry circuit is maintained in promoting
VAs under stress conditions, such as cardiac I/R injury and direct electrical stimulation.

Cardiac Ischemia and I/R Injury-Induced VAs

Ischemia-induced ionic alteration may directly facilitate VAs. In cardiac ischemia
or during the ischemic period of I/R, impaired SERCA pump function was observed,
indicating that Ca2+ waves can be induced by impaired SERCA and thus give rise to Ca2+

alternans. These alterations can lead to an increased propensity for cardiac arrhythmias
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such as ventricular reentry and VFs [207]. On the other hand, ischemia-induced ionic
alteration can indirectly promote VAs through the regulation of mitochondrial function.
Under ischemia conditions, depletion of oxygen and other substrates greatly limits aerobic
respiration, causing the cytosol to become acidic. The increase in Na+/H+ exchange leads
to a high level of intracellular Na+, which causes the NCX to work in a reverse mode to
increase Ca2+ uptake and impair ATP synthesis [208]. These two mechanisms together
cause a loss of ion homeostasis, stimulation of ROS, mPTP opening, matrix swelling, OMM
rupture, and finally, cell death [209]. Upon reperfusion, intracellular pH is normalized,
and OXPHOS resumes in reoxygenated mitochondria, resulting in an increase in ROS
production [210]. Both in vitro and in vivo studies showed cellular and ionic alteration-
induced mitochondrial dysfunction in the pathophysiology of VAs under cardiac I/R.
For example, cardiac ischemia and tachypacing-induced VFs could lead to mitochondrial
∆Ψm loss [211]. In addition, cardiac I/R decreased the expression of mitochondrial ETC
components [212] and downregulated the ADP/oxygen ratio [213], which is related to
impaired ion channel function and post-I/R ventricular arrhythmogenesis. Interestingly,
cardiac I/R injury is suggested to induce VAs through the regulation of sarcKATP rather
than mitochondrial KATP [214]. In addition to I/R, ischemia combined with aging, the
latter showing a mosaic of normal cells and mitochondrial deficient cells in the heart, also
contributes to a higher susceptibility for VAs through regulation of mitochondrial function.
For example, Stöckigt et al. showed that aging-related cardiac mitochondrial dysfunction
facilitated the occurrence of spontaneous and inducible VAs after cardiac ischemia, which
was associated with the increase in phosphorylated Cx43 and slowing of electrical impulse
propagation in the infarct area [215].

Electrical Stimulation-Induced VAs

In line with I/R-induced VAs, electrically induced VAs have been shown to be re-
lated to mitochondrial ultrastructural alterations [216] and mitochondrial dysfunction,
such as mPTP opening and downregulation of mitochondrial ETC components COXBIII
and ATPS6 [212]. Furthermore, cardiomyocytes were observed to exhibit mitochondrial
abnormalities of cytosolic Na+ and mitochondrial Ca2+ overload during the recovery of
spontaneous circulation after electrical stimulation-induced VAs [217]. An in vitro study
also demonstrated that electrical stimulation of cardiomyocytes could disturb CaMKII-
dependent Ca2+ homeostasis and lead to mitochondrial stress, promoting both struc-
tural and electrophysiological remodeling and finally facilitating tachycardia-associated
SCD [218].

Other Factors Induced VA

Heart failure is accompanied by mitochondrial dysfunction. Similar to ischemia,
heart failure can also induce ionic or Ca2+ transport protein alteration to facilitate VAs
directly. In addition to prolonged APD, reduced Ca2+ transient, and elevated Na+ con-
centration, the lowered heart rate threshold for the onset of APD alternans is observed in
heart failure [219,220]. For example, Pogwizd et al. found enhanced NCX activity-induced
abnormal Ca2+ handling, DADs, and initiation of VTs in a heart failure model [221]. Heart
failure-induced ionic and electrical remodeling can also indirectly promote VAs through
the regulation of mitochondrial Ca2+ [95], which could be influenced by excessive ROS.
Moreover, combined factors such as heart failure following myocardial infarction are also
associated with a high incidence of arrhythmias through electrical remodeling. e.g., increas-
ing the heterogeneity of AP repolarization [222]. Other mitochondrial abnormalities, such
as mitochondrial RAS activation, can also promote VAs. Sovari et al. demonstrated that
RAS activation in the ACE8/8 mouse model could increase mitochondrial ROS production
and reduce conduction velocity via downregulation of Cx43 function and expression, which
further leads to an increased risk of VAs [215]. Additional studies showed that both MCU
alteration-associated insufficient and excessive mitochondrial Ca2+ uptake under the con-
text of heart failure or high-fat diet feeding could lead to excessive ROS generation, which
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plays a major role in VA pathophysiology. For example, a recent study by Liu et al. showed
that MCU overexpression in failing hearts reversed heat failure and prevented ectopic VAs
by inhibiting mitochondrial ROS-induced SR Ca2+ leak [99]. However, another study by
Joseph et al. reported that the presence of MCU promoted VAs during high-fat diet feeding,
while cardiac-specific deletion of MCU could be protective in a rodent model [96].

5.3.3. Hereditary Muscular Dystrophy-Associated Arrhythmias

Mitochondrial dysfunction also plays an important role in arrhythmia development
in hereditary muscular dystrophies, in particular, Duchenne muscular dystrophy (DMD).
Mitochondrial ROS production, as well as mitochondrial Ca2+ uptake, is believed to increase
in the DMD mdx mouse model, which may contribute to the pathogenesis of cardiac
remodeling and then arrhythmia induction [223,224]. The activity of cardiac ICaL, Cav1.2,
determines Ca2+ entry in phase two of AP in cardiomyocytes. In mdx cardiomyocytes,
Cav1.2 activation is significantly increased [225], which elevates Ca2+ influx during AP. In
addition, RyR2-mediated Ca2+ leak was reported to contribute to VAs in mdx mice [226].
Excessive Ca2+ in the cytoplasm and MAMs also increase mitochondrial Ca2+ uptake.
Dubinin et al. showed that the augmented mitochondrial Ca2+ uptake of mdx mice might
be due to an increase in the ratio of MCU and MCUb subunits, whereas the elevation of
Ca2+ efflux from mitochondria in mdx mice may be due to an increased NCLX level [223].
Moreover, cardiomyocyte mitochondria of mdx mice were more resistant to mPTP opening.
All these Ca2+ overload effects may disturb cardiac electrophysiology, thereby causing
arrhythmias in DMD.

6. Conclusions and Perspectives

Mitochondrial dysfunction characterized by reduced ATP synthesis and increased
ROS production can lead to cellular and ionic malfunction of the heart, including altered au-
tomaticity, triggered activity, reentry phenomenon, and conduction block, thereby causing
arrhythmias. Mechanistically, mitochondrial dysfunction is closely related to the pathogene-
sis of arrhythmias through regulation of the activities of sarcolemmal and mitochondrial ion
channels for Na+, K+, and Ca2+, thus leading to cardiac electrical remodeling. In addition,
mitochondria-associated proteins and inflammasome signaling, including mitochondrial
MCU complex, UCPs, Cx, RAS, MDPs, and NLRP3 inflammasome, are involved in mito-
chondrial dysfunction by triggering both electrical and structural remodeling. Moreover,
mitochondrial dysfunction is implicated in the pathophysiology of specific types of arrhyth-
mias, e.g., RCD-associated arrhythmia, SAN and AVN dysfunction, reentry arrhythmia
embracing AF, and VAs. Future studies may focus on exploring mitochondria-related
mechanisms in the onset and during progression and new treatments for arrhythmias.
Taken together, mitochondrial dysfunction plays an essential role in the etiology of various
arrhythmias, which may represent a unifying molecular mechanism and a promising target
to ameliorate clinical arrhythmias.
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