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Abstract

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) leads to coronavirus disease-2019
(COVID-19) which can cause severe cardiovascular complications including myocardial injury,
arrhythmias, acute coronary syndrome and others. Among these complications, arrhythmias are
considered serious and life-threatening. Although arrhythmias have been associated with factors such as
direct virus invasion leading to myocardial injury, myocarditis, immune response disorder, cytokine
storms, myocardial ischemia/hypoxia, electrolyte abnormalities, intravascular volume imbalances, drug
interactions, side effects of COVID-19 vaccines and autonomic nervous system dysfunction, the exact
mechanisms of arrhythmic complications in patients with COVID-19 are complex and not well
understood. In the present review, the literature was extensively searched to investigate the potential
mechanisms of arrhythmias in patients with COVID-19. The aim of the current review is to provide
clinicians with a comprehensive foundation for the prevention and treatment of arrhythmias associated
with long COVID-19.
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Introduction

The novel coronavirus disease-2019 (COVID-19)
is a severe acute respiratory syndrome caused by
coronavirus-2, also known as severe acute respiratory
syndrome coronavirus-2 (SARS-CoV-2) [1, 2]. Since
the first case was reported in Wuhan, China, in
December 2019, it has rapidly escalated into a global
pandemic [3], inflicting significant harm on people
around the world and placing an enormous burden
on healthcare workers [4]. Thanks to the concerted
efforts of people around the world, remarkable results
have been achieved in the prevention and control of
the novel coronavirus pneumonia epidemic [5]. The
widespread vaccination with the novel coronavirus
vaccine and the weakening of the virulence of the
novel coronavirus [6, 7], led to a more stable situation

[5, 8]. However, it is important to recognize that a risk
of increased infection rates remains [8, 9]. The
individuals who are particularly susceptible to the
virus include those with underlying health issues
such as cardiovascular diseases, diabetes, as well as
the elderly population [10, 11].

The primary system affected by COVID-19 is the
respiratory system, with respiratory symptoms being
prevalent [12]. The severity of the disease can range
from asymptomatic or mild upper respiratory tract
infections to life-threatening conditions such as acute
respiratory distress syndrome (ARDS) and respiratory
failure [2, 13]. It is noteworthy that respiratory failure
has emerged as a leading cause of mortality
associated with COVID-19 [13]. With the emergence
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of a large number of clinical cases, it has been shown
that the cardiovascular system is also vulnerable [14].
Numerous patients experience complications related
to serious heart diseases, such as myocardial injury,
arrhythmias, acute coronary syndrome and others [11,
14, 15]. Previous studies have indicated that 20-40% of
hospitalized cases exhibit evidence of myocardial
injury, such as cardiogenic chest pain, fulminant heart
failure, arrhythmias and cardiogenic death [16].
Studies have demonstrated that COVID-19 can
lead to myocardial damage and arrhythmia,
exacerbating the condition of patients with
pre-existing cardiovascular diseases, and resulting in
poor prognosis and increased mortality rates [11, 12,
17]. Among them, arrhythmia is a serious and
life-threatening condition following SARS-CoV-2
infection [10]. A survey of hospitalized patients with
COVID-19 revealed that 19.6% of patients with
COVID-19 experienced arrhythmias, which was a
major complication [18]. The prevalence of
arrhythmias in patients admitted to intensive care
units was even higher reaching 44.4% [18]. According
to a clinical bulletin issued by the American College of
Cardiology, the incidence of cardiac arrhythmias in
hospitalized patients with COVID-19 is about 16.7%
[19]. The exact mechanism of arrhythmic
complications in patients with COVID-19 is complex
and not well understood [20, 21]. Thus, in the present
comprehensive review, the literature was extensively
searched to investigate the mechanisms underlying
cardiac arrhythmias associated with COVID-19. The
aim of the current review is to provide clinicians with
valuable insights for optimizing treatment plans,
management strategies, including those for post-acute
COVID-19 syndrome, as well as exploring potential
targets and diagnostic markers associated with
cardiac arrhythmias in the context of COVID-19.

SARS-CoV-2 and angiotensin-converting
enzyme 2 (ACE2)

SARS-CoV-2 falls within the [ coronavirus
group and belongs to the larger coronavirus
subfamily [22]. This positive sense single-stranded
RNA virus consists of particles enclosed in an
envelope [16]. The morphology of the virus particles
is typically round or elliptical, with a diameter range
of 60-140 nm [23]. The primary components of these
particles are positive sense single-stranded RNA and
structural proteins [23]. Recent studies have revealed
the presence of four essential structural proteins
within the virus particles, including the spike protein
S, envelope protein E, membrane protein M and
nucleocapsid protein N (Figure 1) [22, 24]. The
nucleocapsid protein N encapsulates the viral RNA
forming the core part of the viral particle, known as

the nucleocapsid. The nucleocapsid is enclosed within
a lipid membrane consisting of two layers. The S, M
and E proteins of the novel coronavirus are embedded
within the lipid membrane [16, 23, 24]. Among these
proteins, the S protein plays a crucial role in
facilitating virus entry into host cells. It belongs to the
class I fusion glycoprotein family and exists as a
homotrimer. The S protein has two functional
subunits, named S1 and S2 [22]. The S1 subunit
comprises the N-terminal domain and the receptor
binding domain (RBD) [25]. The primary function of
the S1 subunit is binding site of receptors on host cells
[22, 26]. In the case of the novel coronavirus, the RBD
on the S1 subunit recognizes and interacts with the
ACE2 presented on host cells [27, 28]. The S2 subunit
facilitates the fusion of the viral and host membranes
following the binding of the S1 subunit to the ACE2,
primarily through its interaction with the trans
membrane protease serine 2 (TMPRSS2) [23, 24, 29].
To facilitate viral replication and proliferation within
the host, the presence of ACE2 and TMPRSS2
co-expression on the surface of host cells is a
prerequisite for SARS-CoV-2 to invade and infect
these cells [12]. Therefore, ACE2, TMPRSS2, S1 and S2
may be potential targets for the treatment of
COVID-19 [22, 30].

It is noteworthy that the novel coronavirus has
the ability to infect various mammalian species,
including humans [3, 31]. Bats likely serve as the
natural reservoir of SARS-CoV-2, while pangolins
may act as intermediate hosts [32]. Additionally,
golden hamsters have been found to be susceptible to
SARS-CoV-2 infection, whereas there is no evidence
suggesting that the virus can infect dogs, chickens,
ducks, or pigs [3, 16]. High temperatures (> 56 °C),
ultraviolet irradiation, 75% ethanol, 60% isopropanol,
diethyl ether, peracetic acid and chlorine-containing
disinfectants can effectively inactivate SARS-CoV-2
[33]. In both clinical settings and daily life, 75%
ethanol and chlorine-containing disinfectants are
commonly used to deactivate the novel coronavirus
[33]. However, it has been observed that
chlorhexidine does not effectively inactivate the virus
[33].

ACE2 serves as a crucial target for SARS-CoV-2
to invade host cells, and is involved in various
pathophysiological processes of COVID-19. It plays a
key role in the pathogenesis of SARS-CoV-2 [34, 35].
ACE2 is an important component of the
renin-angiotensin-aldosterone system (RAAS) and
acts as a protective factor in the body [16, 36]. ACE2 is
mainly found in type II lung cells, macrophages,
perivascular cells and cardiomyocytes [14, 16, 31]. In
RAAS, ACE2 primarily converts angiotensin I to
angiotensin 1-9 and angiotensin II to angiotensin 1-7
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[16, 36]. Angiotensin 1-9 and angiotensin 1-7 have a
protective effect on the body, promoting vasodilation,
exhibiting  anti-inflammatory and anti-fibrotic
properties which can counteract the inflammatory
effects of RAAS [12, 16]. By contrast, angiotensin II
activates inflammatory responses through angio-
tensin type 1 (AT1) receptors [21]. When SARS-CoV-2
infects host cells, it binds to ACE2 presented on the
host cell membrane (Figure 1) [29]. Viruses compete
for binding and inhibit ACE2 binding to cells [29],
resulting in decreased production of angiotensin 1-9
and angiotensin 1-7, while the levels of angiotensin II
accumulate [21, 29]. Such alterations can have
detrimental effects on the body, particularly on the
cardiovascular system [12, 13, 21]. The angiotensin
converting enzyme inhibitors (ACEls) and the
angiotensin receptor blockers (ARBs) are commonly
prescribed for the management of cardiovascular
diseases [37, 38]. They serve as secondary prevention
medications following conditions such as coronary

atherosclerotic heart disease, chronic heart failure,
and myocardial infarction [37]. These drugs block
angiotensin II, thereby promoting vasodilation,
reducing blood pressure, thus preventing further
heart damage [38, 39]. RAAS inhibitors primarily
inhibit the RAAS axis, which can potentially result in
the upregulation of the expression level of ACE2 and
increased ACE2 activity. This, in turn, may increase
the susceptibility of patients to COVID-19, posing
potential harm to the body [16]. However, there is
currently no evidence to support the notion that
ACEIs or ARBs can upregulate ACE2 levels in human
tissues or markedly impact the prognosis of patients
with COVID-19 [40]. By contrast, some studies
suggest that ACEIs or ARBs administration may even
have a protective effect by preventing the virus from
infecting cells. Consequently, the effects of RAAS
inhibitors on patients with COVID-19 remain
controversial, resembling a ‘double-edged sword’
scenario [40, 41].
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Figure 1. Mechanisms and pathophysiology of SARS-CoV-2. SARS-CoV-2 enters host cells through the interaction of the S1 subunit with ACE2 and the interaction of S2
with TMPRSS2; the virus then replicates and proliferates within host cells. After SARS-CoV-2 invades the body, the expression of ACE2 is downregulated, resulting in an
imbalance of the RASS system and an inflammatory environment. SARS-CoV-2: severe acute respiratory syndrome coronavirus-2; ACE: angiotensin-converting enzyme;

TMPRSS2: trans membrane protease serine 2; RBD: receptor binding domain.
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With an in-depth study of the infection
mechanism of COVID-19, Baggen et al. [42] found that
COVID-19 can also infect cells through other ways
that do not depend on the ACE2. In that study, it was
revealed that a lysosomal protein called TMEM106B
may be a new receptor for SARS-CoV-2. This protein
can mediate viral entry in cells with low or no ACE2
expression cells such as brain cells, immune cells and
lung adenocarcinoma cells, becoming a substitute
receptor for ACE2 [42]. This discovery may provide a
new approach to the treatment of COVID-19.
Understanding the pathophysiology of SARS-CoV-2
can enhance our knowledge of the pathogenic
mechanism of the virus and the potential mechanisms
underlying COVID-19-associated arrhythmia [43],
thereby aiding researchers and clinicians in
identifying novel targets for intervention and
strategies for preventing and treating arrhythmias
related to COVID-19.

Potential Mechanisms of Arrhythmias in
Patients with COVID-19

Arrhythmia is a frequent cardiovascular
complication in patients with COVID-19, posing a
potential threat to their lives [10, 14]. Arrhythmias
observed in patients with COVID-19 include various
types such as tachyarrhythmias and bradyarrhyth-
mias. Tachyarrhythmias can be further divided into
supraventricular and ventricular tachycardia. Supra-
ventricular tachycardia includes sinus tachycardia,
atrial premature beats, atrial flutter, atrial fibrillation
and paroxysmal supraventricular tachycardia. Ventri-
cular tachycardia includes ventricular premature
beats, non-sustained ventricular tachycardia,
sustained ventricular tachycardia, polymorphic
ventricular tachycardia or torsade de pointes (Tdp)
and ventricular fibrillation. Bradyarrhythmias include
sinus bradycardia and atrioventricular block, which
can be divided into first, second and third degree
atrioventricular block (complete heart block), bundle
branch block, no pulse electrical activity and cardiac
arrest [21, 44, 45]. According to studies conducted by
the Heart Rhythm Society, atrial fibrillation is the
most common tachyarrhythmia observed in patients
with COVID-19 (21%), while severe sinus bradycardia
(8%) and complete heart block (8%) are the most
frequent  chronic  arrhythmias observed in
hospitalized patients with COVID-19 [45]. Atrial
flutter and paroxysmal supraventricular tachycardia
accounted for 54 and 5.7% of COVID-19-related
arrhythmias, respectively. Frequent monomorphic
premature ventricular contractions and polymorphic
premature ventricular contracts represented 5.3 and
3.5% of COVID-19-related arrythmias, respectively.
Non-sustained ventricular tachycardia and sustained

ventricular tachycardia represented 6.3% and 3.8% of
COVID-19-related arrythmias, respectively. Poly-
morphic ventricular tachycardia or TdP, first or
second-degree AV block, bundle branch block,
pulseless electrical activity and ventricular fibrillation
or cardiac arrest represented 3.5, 5.9, 3.9, 5.6 and 4.8%
of COVID-19-related arrythmias, respectively [45].

At present, the exact mechanism behind the
occurrence of arrhythmia in patients with COVID-19
is not fully understood [20, 21]. However, numerous
studies suggest that it may be associated with factors
such as myocardial damage caused by direct invasion
of viruses, myocarditis, immune response dysregu-
lation and cytokine storm, myocardial ischemia/
hypoxia, electrolyte abnormalities, intravascular
volume imbalances, drug interactions, COVID-19
vaccines, and autonomic nervous dysfunction (Figure
2) [10, 12, 23, 46-48].

Myocardial damage caused by direct invasion
of viruses

Because ACE2 is expressed at high levels in lung
and heart tissue, SARS-CoV-2 can directly infect and
damage myocardial tissue as well as lung tissue [49].
Through autopsy case analysis, the presence of the
novel coronavirus was observed in the cardiac tissue
of patients with COVID-19. Similarly, electron
microscopy of endocardial tissue biopsy confirmed
the presence of SARS-CoV-2 particles in myocardial
tissue [50]. Han et al. [49] also found SARS-CoV-2
presented in hamster sinoatrial node cells. All of
results showed that SARS-CoV-2 may directly invade
and infect myocardial tissue. The myocardial injury
caused by direct invasion of the virus is mainly due to
the direct toxicity of the virus and the imbalance of
ACE2 expression [13, 16].

The virus enters the cell by binding to ACE2,
leading to imbalance of ACE2 expression,
accumulation of angiotensin II, and decrease of
angiotensin 1-7 and 1-9, resulting in RASS system
disorders and causing myocardial injury [50]. At the
same time, after the virus enters myocardial cells,
auxiliary proteins such as spike proteins can cause cell
degeneration and necrosis, leading to myocardial
damage [50]. Evidence shows that the prevalence of
arrhythmia in COVID-19 patients with myocardial
injury is far higher than that without myocardial
injury [10, 49]. Myocardial injury caused by direct
invasion of SARS-CoV-2 can lead to arrhythmia
through multiple ways. Studies have shown that
SARS-CoV-2 can directly damage cardiac conduction
cells and cardiac working cells [40, 47]. SARS-CoV-2
can invade cardiac conduction cells, such as sinoatrial
node cells with pacing function, cause iron apoptosis
in the cells and lead to sinoatrial node dysfunction,
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Figure 2. Potential mechanisms of arrhythmia in patients with COVID-19. Potential mechanisms of arrhythmia in patients with COVID-19 include myocardial damage
caused by direct invasion of viruses, myocarditis, immune response dysregulation and cytokine storm, myocardial ischemia/hypoxia, electrolyte abnormalities, intravascular
volume imbalances, drug interactions, COVID-19 vaccines and autonomic nervous dysfunction. ACE2: angiotensin-converting enzyme 2; IL-6: interleukin 6; COVID-19:

coronavirus disease-2019.

abnormal cardiac pacing rhythm and various
arrhythmias [51]. Myocardial injury can also cause
Ca?* influx in cardiac working cells, destroy the
normal circulating Ca?* influx peak, cause calcium
homeostasis imbalance in myocardial cells, lead to
calcium alternation and increase susceptibility to
arrhythmia [44]. At the same time, calcium
homeostasis imbalance can also induce delayed
depolarization, leading to arrhythmia [44].
Inflammation caused by RASS system disorders and
the toxic effects of the novel coronavirus can also
cause cardiac tissue fibrosis and atrial enlargement,
and myocardial structure reconstruction. It eventually
leads to abnormal conduction of electrical activity of
cardiomyocytes and promotes arrhythmia [13, 21, 44].
The mechanism of arrhythmia caused by myocardial
injury may be multifaceted and interactive requiring
additional investigation [13].

Dysregulated immune response and cytokine
storm

The immune response caused by the invasion of
the novel coronavirus is a notable link with the

pathogenesis of pneumonia [16]. After the novel
coronavirus invades the body, it first activates the
innate immune response, induces interferons, and the
production of proinflammatory cytokines and
chemokines, recruits immune cells to kill the virus
and initiates adaptive immune response to clear the
virus [23]. If the virus is not cleared in time, the
immune response is further activated leading to
lymphocytopenia, mainly including CD4*and CD8*T
lymphocytes, natural killer (NK) cells and B
lymphocytes, dysfunction of T lymphocytes and NK
cells, granulocyte and monocyte abnormalities
including increase in neutrophils and decrease in
eosinophils, basophils and monocytes, cytokine storm
generation and dependent antibody enhancement; it
eventually leads to immune system dysfunction
(Figure 3B) [23, 48, 52]. Among them, cytokine storm
is the central link of immune dysregulation and the
cause of multiple organ failure complicated by
COVID-19 [10]. After the novel coronavirus infects the
body, overactivated lymphocytes, macrophages,
neutrophils and dendritic cells secrete a large number
of cytokines such as interleukin (IL) 1,2, 6,7, 8, 10
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and 17, granulocyte colony-stimulating factor,
granulocyte macrophage colony-stimulating factor,
interferon-induced protein-10, monocyte chemotactic
protein 1, macrophage inflammatory protein-la,
interferon-y (IFN-y) and Tumor necrosis factor-a
(TNF-a); it puts the body in a state of high
inflammation, leading to cytokine storm [10, 23, 48,
52, 53].

Dysregulation of immune response and cytokine
storm are marked causes of arrhythmia in patients
with COVID-19 (Figure 3C) [23]. The excessive
production of inflammatory cytokines creates a state
of high inflammation in the body, which can
contribute to the occurrence of various arrhythmias,
such as atrial fibrillation, long QT syndrome, TdP and
atrioventricular block [54]. Previous studies have also
demonstrated the strong association between elevated
levels of inflammatory cytokines, particularly IL-6
and IL-10, in the bloodstream of hospitalized patients
with COVID-19 and the occurrence of atrial and
ventricular arrhythmias [54, 55]. Inflammatory
cytokines have been shown to be involved in
promoting the development of COVID-19 related
arrhythmias through various mechanisms [54].
Firstly, they can directly impact the function of ion
channels in cardiomyocytes, resulting in their
dysfunction and thereby promoting arrhythmias [54].
This phenomenon is also referred to as inflammatory
cardiac pathway diseases [55, 56]. Monnerat ef al. [10,
55, 57-60] demonstrated that inflammatory cytokines
such as IL-1, IL-6 and TNF-a can regulate the function
of ion channels such as K* channel and Ca?* channels
on the myocardial membrane using the whole cell
patch-clamp technique, resulting in the dysfunction of
ion channels in cardiomyocytes, causing changes the
duration of the action potential, leading to myocardial
electrical remodeling and promoting arrhythmia. IL-6
can inhibit the rapid activation of delayed rectified
potassium current (IKr) in cardiomyocytes, and IL-1
can inhibit its transient potassium outward current
(Ito). IKr and Ito are the main ionic currents of
myocardial repolarization. Inhibition of IKr and Ito
leads to prolonged cardiomyocyte repolarization,
which in turn causes prolonged action potential
duration (APD), leading to early after-depolarizations
(EAD) and triggering activity, ultimately inducing
arrhythmia [10, 55]. IL-6 and IL-1 also activate L-Ca2*
channels (ICal) on the myocardial membrane,
resulting in increased Ca?* inflow and prolonged
action potential plateau, which in turn leads to
prolonged APD [59, 61]. TNF-a can inhibit Ito and Ikr,
and slow delayed rectifying potassium channel (IKs),
resulting in prolonged APD or QT interval and
promoting arrhythmia [10, 55]. Secondly, inflam-
matory cytokines, especially IL-1, IL-6 and TNF-a, can

also lead to intracellular calmodulin dysfunction such
as ryanodine receptor 2 (RYR2) and sarcoplasmic
reticulum Ca?-ATPase (SERCA), resulting in
increased spontaneous calcium leakage, intracellular
calcium overload and abnormal intracellular calcium
processing during diastole, inducing delayed
after-depolarization (DAD) and arrhythmia [56].
Inflammatory cytokines, particularly TNF-a, have
been shown to induce abnormal expression and/or
distribution of gap junction proteins connexin (CX) 40
and 43 in cardiomyocytes. This disruption of the gap
junction proteins can lead to dysfunction in cell-to-cell
communication, affecting the conduction of cardiac
electrical activity [10, 55]. As a result, it can cause
delayed conduction and increased heterogeneity in
conduction, thereby promoting ectopic excitation or
re-entry, which are common mechanisms underlying
arrhythmias [55].

Cytokine storms can also lead to coagulation
dysfunction and fibrinolytic system imbalance,
causing pulmonary embolism, right heart overload
and right atrium enlargement, induced endothelial
injury, rupture of atherosclerotic plaque, formation of
microthrombus, myocardial ischemia, myocardial
microinfarction or infarction; meanwhile, inflamma-
tory cytokines can activate myofibroblasts to induce
the synthesis of extracellular matrix, thus leading to
myocardial fibrosis; all of these lead to cardiac
remodeling and increased susceptibility to
arrhythmia (Figure 3C) [54]. In addition, cytokines
can also affect the parasympathetic and sympathetic
nerves system, destroying electrical conduction in the
heart, and further leading to the development of
arrhythmia [10, 56]. Inflammatory cytokines such as
IL-1, IL-6 and IFN-y can also cause metabolic
disorders of liver cytochrome P450, affect the
clearance rate of the body, prolong the action time of
some antiviral drugs that prolong the QT interval,
resulting in a marked extension of the QT interval in
patients with COVID-19 and an increase in
susceptibility to TdP (Figure 3C) [10, 62].

Overall, dysregulation of immune response and
cytokine storm contribute to arrhythmia by causing
electrical and structural remodeling of the heart.
Cardiac electrical remodeling is caused by
dysfunction of myocardial ion channels, impaired gap
connections between cardiomyocytes, abnormal
calcium processing, autonomic dysfunction and drug
metabolic rate disorder [10, 55, 56]. Suppressing
immune response disorders and cytokine storm are
crucial for treating multiple organ dysfunction and
reducing the incidence of arrhythmia in patients with
COVID-19, which may play a role of ‘killing two birds
with one stone’ [10].
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Myocarditis

There are numerous studies showing that
SARS-CoV-2 can cause myocarditis [63, 64], however,
the specific mechanism remains unclear. It is
hypothesized that myocarditis may arise from both
direct viral destruction of cardiac cells and the
disruption of the inflammatory immune system of the
host [40, 50, 63, 65, 66]. The incidence of
COVID-19-related myocarditis is unknown because
definitive diagnosis of myocarditis relies on
myocardial biopsy and cardiac MRI, which are rarely
used in clinical diagnosis [67]. The Centers for Disease
Control and Prevention reported that the prevalence
of myocarditis in patients with COVID-19 is less than
02% of all cases [68], however, about 7% of
COVID-19-related deaths are due to myocarditis [69].

Arrhythmia is one of the clinical manifestations
of viral myocarditis, and the risk of arrhythmia in
COVID-19-related myocarditis is high. It has been
reported in the literature that 78.7% of patients with
myocarditis had arrhythmia [21, 63, 70]. Fulminant
myocarditis can induce various malignant
arrhythmias and threaten life [71]. COVID-19-related
myocarditis can induce arrhythmia through various
mechanisms. Firstly, disruption of the plasma
membrane may result in myocardial electrical
instability due to direct damage to cardiomyocytes.
Secondly, microvascular dysfunction can cause
damage to endothelial cells, leading to myocardial
ischemia. Additionally, dysfunction of intercellular
gap junctions and abnormal expression of connexin
due to myocardial cell injury can occur. It is
noteworthy that inflammation can contribute to the
formation of myocardial fibrosis or scar tissue,
thereby restructuring the myocardium. Lastly,
cytokines can disrupt calcium homeostasis and ion
channel function, resulting in prolonged action
potential repolarization, abnormal conduction and the
development of triggering activity or re-entry
formation [21, 66]. It is noteworthy that these
mechanisms are suggested possibilities, and further
research is required to fully understand the complex
relationship between COVID-19-related myocarditis
and arrhythmia development.

Myocardial ischemia and hypoxia

SARS-CoV-2 infects lung tissue by binding to
ACE2 receptors in type II alveolar epithelial cells,
resulting in lung injury, hypoxemia and acute
respiratory failure [12]. It has been reported that 32%
of patients with COVID-19 develop hypoxemia, and
76% require oxygen support, such as mask oxygen,
mechanical ventilation or even extracorporeal
oxygenation using membrane lungs [21, 40]. The
patient’s low oxygen saturation leads to myocardial

hypoxia and ischemia [12]. At the same time, the
body’s inflammatory response and immune system
are activated due to SARS-CoV-2 infection, resulting
in vascular endothelial cell damage and internal
dermatitis. This leads to the abnormal activation of
platelets and clotting factors, with the body entering a
hypercoagulable state and promoting thrombosis.
Thrombosis can potentially lead to myocardial
ischemia or even myocardial infarction [12, 27, 44, 72].

Myocardial ischemia and hypoxia can indeed
impair the function of various cardiac ion channels,
transporters and ion pumps, including sodium,
potassium and calcium ion channels, sodium-calcium
exchangers, and sodium-potassium ATPase. The
dysfunction of these critical components can lead to
disturbances in ion concentrations inside and outside
the cardiomyocytes, as well as changes in
transmembrane potential [73]. These alterations
disrupt the normal autorhythmicity, excitability and
conductivity of cardiomyocytes, ultimately resulting
in abnormal electrical activity within the heart. This
disruption of normal electrical activity markedly
increases the risk of developing arrhythmias [73, 74].
Hypoxemia can cause vasoconstriction of pulmonary
arteries, resulting in elevated pulmonary artery
pressure. The increased pulmonary artery pressure
further burdens the right heart, leading to right heart
dysfunction [75]. Long-term myocardial ischemia and
hypoxia can lead to the formation of scar tissue and
fibrosis within the myocardial tissue. These can cause
remodeling of cardiac structure, leading to cardiac
conduction dysfunction, promoting triggering activity
and re-entry [13, 21].

Electrolyte abnormalities and intravascular
volume imbalance

The arrhythmia effects of electrolyte abnormali-
ties have been studied extensively [40]. Electrolyte
disorders can disrupt the dynamics of ionic currents
in the heart, leading to changes in the concentration of
ions inside and outside the cardiomyocytes. These
changes can have a notable impact on the
electrophysiological function of cardiomyocytes,
potentially resulting in arrhythmias of varying
severity, some of which may be life-threatening [76].
Imbalance in ACE2 expression and overactivation of
the RAAS system caused by SARS-CoV-2 invasion,
along with gastrointestinal dysfunction, secondary
renal tubular dysfunction due to viral invasion and
excessive release of inflammatory factors, all of which
can potentially result in electrolyte abnormalities [77].
A case study involving 416 patients with COVID-19
revealed that 7.2% of them experienced electrolyte
disturbances [21]. In a retrospective analysis, it was
found that 27% of hospitalized patients with
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COVID-19 suffered from acute kidney injury, which
may cause electrolyte disturbance [40]. Electrolyte
abnormalities, including hypokalemia, hyponatremia
and hypocalcemia, are frequently observed in patients
with COVID-19 [21]. In patients with severe
COVID-19, intravascular volume imbalance is a
common clinical manifestation [21]. This imbalance
can be attributed to conditions such as acute
respiratory distress syndrome or sepsis-induced heart
failure [21]. Atrial fibrillation is the most commonly
observed type of arrhythmia in severe patients with
COVID-19 and its occurrence may be associated with
intravascular volume imbalance. Excessive volume
load can lead to atrial stretching and atrial structural
remodeling [76]. Intravascular volume imbalance can
also cause changes in plasma osmotic pressure, which
in turn leads to overactivation of sympathetic nerves
and increases susceptibility to arrhythmia [21].

Drug toxicity and interactions and new
coronary vaccine

The pharmacological treatments for COVID-19
include oral small molecule drugs such as azulfidine,
paxlovid, lopinavir/ritonavir, molnupiravir,
fabiprevir, baricitinib, as well as chloroquine
phosphate, monoclonal antibodies, glucocorticoids,
IL-6 inhibitors and antibacterial drugs [21, 77].
Lopinavir/ritonavir, chloroquine phosphate,
hydroxychloroquine, azithromycin (AZM) can inhibit
human ether-a-go-go related gene (hERG) channels,
lead to ventricular repolarization or QT interval
prolongation, and cause ventricular arrhythmias and
even ventricular fibrillation [78]. Chloroquine
phosphate, an antimalarial drug, is also used in the
treatment of COVID-19 [79]. However, it is
noteworthy that chloroquine has the potential to
prolong the QT interval, resulting in life-threatening
arrhythmias such as ventricular tachycardia or
ventricular fibrillation [16, 79]. Similarly, hydroxy-
chloroquine, another medication used for COVID-19
treatment, can induce alternating repolarization and
initiate polymorphic ventricular tachycardia [45].
Chloroquine and hydroxychloroquine can inhibit the
cytochrome P450 metabolic pathway, cause the
decrease of drug clearance, strengthen the action time
of drugs that prolong the QT interval and increase the
risk of arrhythmia [10, 21]. In a retrospective study, it
was observed that patients who received a
combination of hydroxychloroquine and AZM had
higher rates of the corrected QT(QTc) prolongation
(33%) compared with those patients who were treated
with hydroxychloroquine alone (5%) [56]. AZM
belongs to the macrolide class of antimicrobials and is
known to be associated with an increased risk of
arrhythmia and cardiac death when used alone or in

combination with lopinavir/ritonavir and chloro-
quine [80]. Long-term use of AZM has been shown to
increase the late cardiac sodium current and elevate
the concentration of sodium ions in cardiomyocytes.
This results in the extrusion of sodium ions out of the
cell through sodium-calcium exchanger on the cell
membrane, while simultaneously allowing an influx
of calcium ions into the cell. This sustained increase in
intracellular calcium can lead to calcium overload,
ultimately causing the prolongation of the QT interval
[45, 81]. COVID-19 vaccines, especially mRNA-based
ones, have been associated with vaccine-induced
myocarditis, leading to myocardial damage and
potential arrhythmias [21]. A global study on
COVID-19 vaccination revealed an increased risk of
myocarditis, pericarditis and arrhythmias in patients
who contracted SARS-CoV-2 after receiving the
vaccine [82].

Autonomic dysfunction

After SARS-CoV-2 infection, patients may
experience various stress-related conditions such as
mental stress, anxiety, fatigue, pain, quarantine and
sleep disorders [70]. These conditions, combined with
the effects of medications, can lead to dysfunction in
the autonomic nervous system [70]. This dysfunction,
along with the activation of the sympatho-adrenal
medulla axis and the hypothalamic-pituitary-adrenal
cortex axis, results in the release of large amounts of
catecholamines; consequently, vasoconstriction and
cardiotoxicity can occur, potentially leading to
myocardial damage or malignant arrhythmia [21, 70].
Additionally, the excessive activation of inflammatory
factors and the marked increase of IL-6 can stimulate
the central hypothalamus, leading to the over-
activation of the cardiac sympathetic system and
increasing the risk of developing arrhythmias [83].

Conclusion

At present, the situation of the COVID-19
epidemic is generally stable, with a notable decrease
in the number of people infected with SARS-CoV-2,
and severe or critically ill patients. However, the
severity of the disease should not be underestimated
and patients with underlying diseases are still at high
risk of contracting the virus. In the future, it is
possible that individuals will continue to coexist with
SARS-CoV-2, and may experience multiple infections
with the virus. Continued vigilance and adherence to
public health guidelines are required to prevent
COVID-19 and to mitigate virus-induced arrhyth-
mias. At the same time, controlling the underlying
disease status, early detection and treatment of
myocardial damage and other organ dysfunction,
avoiding hypoxia and using drugs to prolong the QT
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interval, avoiding systemic inflammation, and seeking
psychological treatment to relieve tension and anxiety
may be beneficial for alleviating COVID-19-related
arrhythmias. Exploring the mechanisms behind
COVID-19-related arrhythmias is crucial for clinicians
to enhance prevention efforts, monitor arrhythmias
more effectively, optimize treatment strategies and
improve the overall prognosis and survival rates of
patients with COVID-19. Conducting in-depth studies
on the pathophysiological mechanisms of COVID-19-
associated arrhythmias, such as exploring the direct
or indirect effects of ion channel or transporter
function, cellular oxidation and metabolic balance,
may provide valuable insights for identifying
potential targets and diagnostic markers for the
treatment of COVID-19-related arrhythmias. Finally,
it is anticipated that the present review will be useful
in raising clinicians’ awareness of arrhythmia in
patients with COVID-19, and in promoting related
research and clinical practice. Future in-depth studies
are required on the relationship between COVID-19
and arrhythmias to better protect and manage the
heart health in patients with COVID-19.
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