Taghdiri InternationalJournalofArrhythmia (2024) 25:4 International Journal Of Arrhythmia
https://doi.org/10.1186/542444-024-00110-z

. . ®
Inflammation and arrhythmogenesis: iy

a narrative review of the complex relationship
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Abstract

Background A biological mechanism called inflammation is necessary for reacting to damaging stimuli, but it can
also, ironically, play a role in the formation of arrhythmias, or the group of disorders known as arrhythmogenesis. This
review delves into the intricate relationship that exists between localized and systemic inflammation and the electro-
physiological changes that result in abnormal heart rhythms.

Main body Through oxidative stress, autonomic dysfunction, electrolyte imbalances, and coagulation activation,
systemic inflammation may impact arrhythmogenicity. Similar to neuropathic alterations, direct cellular damage,

and structural remodeling, localized heart inflammation also predisposes to arrhythmias. Studies demonstrating

the impact of cytokines on ion channel expression and function, along with clinical associations between inflam-
matory indicators and arrhythmia incidence, offer the molecular insights. Immune cells like macrophages that alter
cardiac conduction are involved in the interaction between inflammation and electrophysiology, which further com-
plicates the situation. Clinical ramifications include the use of anti-inflammatory drugs to treat arrhythmic episodes
and the possible adjustment of arrhythmia treatment based on inflammatory condition. Even yet, further thorough
study is necessary to fully understand the efficacy of these medicines.

Conclusions Arrhythmogenesis and inflammation are inherently linked by a number of mechanisms that change
the electrical characteristics of the heart. Arrhythmia treatment and prevention may benefit from therapeutic
approaches that reduce inflammatory processes. The difficulties that still exist in applying this information to clinical
settings highlight the necessity of continuing studies to better comprehend the subtleties of inflammation-induced
electrical alterations. Progress in identifying biomarkers of inflammation and developing tailored therapies will

be crucial in enhancing the prognosis of individuals suffering from arrhythmogenic disorders that are aggravated
by inflammation.

Keywords Inflammation, Arrhythmogenesis, Cardiac inflammation, Systemic inflammation, lon channels and

cytokines, Electrophysiological properties, Anti-inflammatory therapies, Cardiovascular disease (CVD), Atrial fibrillation
(AF), Ventricular tachycardia (VT)
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Background

The body uses inflammation as a crucial biological reac-
tion to fight against dangerous stimuli like infections,
cellular damage, or poisonous chemicals [1]. Immune

system activation and the production of many media-
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tive or negative outcomes from inflammation depend on
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the particular circumstances and the ratio of pro- to anti-
inflammatory factors [2].

An increased risk of deadly infections has been linked
to systemic inflammation, which affects the entire body
[3]. Moreover, it has been connected to a number of can-
cers, including as gastric cancer, colorectal cancer, head
and neck cancer, oral squamous cell carcinoma, and
high-grade glioma [4]. On the other hand, pericardial dis-
ease, arrhythmias, myocardial infarction, atherosclerosis,
valvular heart disorders, cardiomyopathies, and heart
failure are among the cardiovascular diseases (CVDs) in
which localized cardiac inflammation plays a crucial role
[5].

Bradycardia and tachycardia are examples of
arrhythmogenesis, the process that results in arrhythmias
or disturbances in cardiac rhythm [6-8]. Tachycardia and
bradycardia involve improperly decreasing or increasing
the heart rate [8]. The atrioventricular node (AV node)
and sinoatrial node dysfunction, as well as other ill-
nesses, diseases, or disorders, may be the cause of these
anomalies [8]. Arrhythmias can be caused by external
causes like stress, drugs, or electrolyte imbalances, as
well as internal heart disorders such structural, electrical,
or metabolic difficulties [7, 9]. Palpitations, chest pain,
dyspnea, or syncope are some of the symptoms that may
occur; specific arrhythmias raise the risk of stroke, heart
failure, or sudden cardiac death [9].

Automaticity is one of the etiologies of arrhythmias,
resulting from changes in cellular ion exchange systems
that impact the action potential pattern [7]. Electrical
impulses that go around an impediment produce a reen-
trant channel, which facilitates reentry [7]. Abnormal
impulses are triggered by arrhythmias, which are infre-
quent events caused by medicines or diseases that change
cell action potentials [7].

Common arrhythmia atrial fibrillation (AF) is associ-
ated with increased rates of morbidity and mortality; it is
frequently brought on by inflammatory conditions such
myocarditis, autoimmune disorders, infections, and car-
diac surgery [10]. A potentially fatal ventricular arrhyth-
mia called ventricular tachycardia (VT) can cause sudden
cardiac death [11]. A slowing heartbeat, termed bradyar-
rhythmia, can cause syncope or cardiac arrest [12].

William Osler first identified the link between inflam-
mation and arrhythmogenesis in 1896 when he saw cases
of AF after rheumatic fever, a systemic inflammatory dis-
ease brought on by a streptococcal infection [9].

An increasing body of research indicates that inflam-
mation and arrhythmogenesis are influenced by one
another and affect one another’s trajectory. Arrhyth-
mias can be initiated or exacerbated by inflammation,
which can change the electrophysiological properties of
cardiac cells, such as ion channel expression, membrane
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potential, calcium handling, and gap junction coupling
[13]. Apoptosis, hypertrophy, and fibrosis are examples of
structural changes that inflammation may cause in car-
diac tissue [14]. It can also affect the autonomic nervous
system, which can have an influence on the neural regu-
lation of heart rhythm [15].

On the other hand, arrhythmias may cause or worsen
inflammation by injuring the heart through mechani-
cal strain, ischemia-reperfusion, or oxidative stress [16].
Arrhythmias can also impact the brain, kidneys, lungs,
and other organs in addition to the heart, which can
impact inflammatory pathways [17]. Moreover, arrhyth-
mias may delay the release of inflammatory mediators
from the circulation, so extending their systemic effects
[15].

The aim of this narrative review is to clarify the intri-
cate connection between inflammation and arrhythmo-
genesis, highlighting the numerous ways that both
localized and systemic inflammation can affect the onset
and course of different cardiac arrhythmias. The purpose
of the review is to highlight prospective treatment strate-
gies and emphasize the significance of taking inflamma-
tion into account as a critical aspect in the management
of arrhythmias by examining the relationship between
inflammatory mediators and cardiac electrophysiology.

Main body

Inflammation and arrhythmogenesis: mechanistic insights
There are several causes of systemic inflammation,
including sepsis, trauma, surgery, and long-term ill-
nesses. There are many ways in which systemic inflam-
mation might raise the risk of arrhythmias.

First, oxidative stress and cardiac cell damage from sys-
temic inflammation might result in decreased electrical
conduction and heightened vulnerability to reentry cir-
cuits [10]. Oxidative stress is the result of an imbalance
between the body’s generation of reactive oxygen species
(ROS) and antioxidants’ capacity to neutralize the detri-
mental effects of ROS [10, 18]. This oxidative stress can
lead to inflammation and damage to the heart’s tissue,
which can accelerate the development of heart failure
[10, 18].

Second, the autonomic nervous system (ANS) might
have its equilibrium upset by systemic inflammation [19,
20]. Arrhythmias may be brought on or made worse by
this imbalance [19, 20]. Through its sympathetic and
parasympathetic branches, the ANS controls both innate
and adaptive immunity. An imbalance in this system can
lead to an altered inflammatory response, which is com-
monly seen in long-term illnesses such systemic autoim-
mune disorders [20].

Third, since potassium, calcium, and magnesium
are necessary for a proper ventricular action potential,
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systemic inflammation may have an impact on these elec-
trolyte levels [13]. The most prevalent intracellular cat-
ion in the body, potassium keeps muscle and nerve cells
excitable [21]. Variations in potassium concentrations
can impact an action potential’s ability to conduct, which,
in severe cases, can result in ventricular tachycardia [21].

Fourth, systemic inflammation has the potential to trig-
ger the coagulation system and raise the risk of throm-
boembolism, both of which can result in myocardial
infarction and ischemia [13]. Increased thrombin pro-
duction, improved platelet activation, downregulation of
anticoagulant regulatory proteins, and elevation of pro-
coagulant factors such as tissue factor and cellular adhe-
sion molecules can all result from inflammation [22]. This
may lead to the creation of a blood clot, which may cause
ischemia, or the limitation of oxygen and blood flow, if it
breaks off and plugs an artery [22].

Systemic inflammatory markers were found to have
high correlations with the development of atrial fibrilla-
tion/flutter (AF), ventricular arrhythmia (VA), and brad-
yarrhythmia in a research including 478,524 participants
from the UK Biobank cohort [10] (Table 1). C-reactive
protein (CRP) levels were found to have an almost lin-
ear positive connection with the incidence of different
arrhythmias after correcting for all possible confounding
factors [10]. The greatest correlation was seen with VA,
and then AF and bradyarrhythmia in that order [10].

Specific infections include bacterial, fungal, or viral
infections as well as autoimmune disorders can result
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in localized inflammation. Arrhythmias can result
from localized inflammation through a number of
mechanisms:

First, there is a chance that localized inflammation will
cause structural remodeling in cardiovascular tissue, in
addition to processes like necrosis, apoptosis, and fibrosis
[5, 23]. These changes result in heterogeneous and ani-
sotropic regions by affecting the electrical connection
and propagation between cardiac cells [5, 23]. Increased
dispersion in conduction velocity (CV) and steeper CV
restitution slopes are two key outcomes of this structural
remodeling that affect the stability of reentry [5, 23]. The
accumulation of extra fibrous connective tissue within an
organ is known as fibrosis. This may cause arrhythmias,
alter the heart’s natural architecture, and hinder its func-
tionality [24].

Second, localized inflammation may result in inflam-
mation of the ganglia or cardiac nerves, which may
change how the heart’s autonomic nervous system regu-
lates itself [10]. It may have an impact on contractility,
arrhythmogenicity, heart rate, and conduction velocity
[25]. Neuropathic pain, which can result from inflam-
mation, can also set off cardiac arrhythmias and reflexes
[25].

Third, localized inflammation may directly harm the
heart’s cells, impairing their ability to handle calcium,
boosting their automaticity, or making them more sus-
ceptible to catecholamines [10]. A vital component of
cardiac muscle cell contraction is calcium. Increased

Table 1 Indicators of systemic inflammation and incident arrhythmia risk—observational study summary

Author Yang et al. (2023) [10]
Gender 46.75% male

Mean age 40-69 years

Study design Observational study
Study period 2006-2010

Study population

Statistical percentage
of developing arrhyth-
mias

Hazard ratio
Follow-up duration

Key findings

Conclusions

478,524 participants from the UK Biobank cohort

About 1in 50 Americans under 65 and 1 in 10 Americans over 65 suffer from atrial fibrillation. Ventricular arrhythmias vary
greatly in frequency. Ventricular arrhythmias affected 48 out of 100,000 individuals in one research, or around 1in 2,100
persons. Ventricular arrhythmias affect 2-3 out of 100 older persons without known risk factors and 15-16 out of 100 adults
with coronary artery disease

The likelihood of an incident in a treatment group compared to the probability in the control group over a given period
of time is called the hazard ratio, or HR. For time-to-event data, this ratio serves as a metric of impact magnitude

32,877 patients had arrhythmias throughout a mean follow-up of 12.2 years; these included 10,527 episodes of bradyar-
rhythmia, 24,484 cases of VA, and 3789 occurrences of AF

Following adjustment for possible confounders, the risk of different arrhythmias was shown to be positively correlated
with CRP levels; the risk was found to be negatively correlated with neutrophil count, monocyte count, and NLR; the risk
was found to be U-shaped with lymphocyte count, SlI, PLR, and LMR. The greatest correlation with markers of systemic
inflammation was shown in VA, then AF, and bradyarrhythmia

The development of AF, VA, and bradyarrhythmia was strongly correlated with a number of systemic inflammatory markers,
the latter two of which have not received much attention. More randomized controlled trials are required; however, active
systemic inflammation treatment may be beneficial in lowering the burden of arrhythmias

UKB UK Biobank, HR hazard ratio, VA ventricular arrhythmia, AF atrial fibrillation/flutter, CRP C-reactive protein, NLR neutrophil-to-lymphocyte ratio, SiI systemic
immune-inflammation index, PLR platelet-to-lymphocyte ratio, LMR lymphocyte-to-monocyte ratio
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sarcoplasmic reticulum (SR) calcium leak and reduced
SR calcium absorption brought on by inflammatory
cytokines can both lead to cytosolic calcium excess [26].
This capacity to induce spontaneous calcium waves
and delayed after-depolarizations (DADs) may lead to
arrhythmias [27].

Fourth, localized inflammation may compress or
infiltrate the cardiac conduction system, including the
His-Purkinje system, the atrioventricular node, and the
sinoatrial node, which may result in heart block or brad-
yarrhythmias [28].

Conditions like endocarditis, myocarditis, or pericar-
ditis may result from localized inflammation that targets
specific heart components [29]. Endocarditis can cause
valve destruction, leakage, or constriction. It is usu-
ally caused by bacterial or fungal infections that travel
through the circulation and cling to the valves. These
changes interfere with the heart’s electrical impulses as
well as blood flow [30, 31]. Furthermore, endocarditis
can result in vegetation or blood clots, which are masses
made of bacteria and cells that can separate and spread
to vital organs like the brain or lungs and cause danger-
ous consequences [32]. Myocarditis can also result from
autoimmune diseases, allergic responses, poisons, or par-
asites [33]. It is frequently caused by viral infections that
damage the heart. Myocarditis can also weaken the heart
muscle, impairing its ability to contract and relax, which
can affect blood pressure and the electrical activity of the
heart [34]. Arrhythmias may result from the obstruction
or slowing down of electrical impulses caused by scar tis-
sue growth in the heart as a result of myocarditis [34].
Although viral infections are usually the cause of peri-
carditis, other causes include renal failure, rheumatoid
arthritis, inflammatory disorders, trauma, radiation, or
drugs [35]. One of the effects of pericarditis is a buildup
of fluid in the pericardial region, which puts pressure on
the heart and reduces its functionality [36]. Additionally,
pericarditis may cause the pericardium to thicken and
harden, which would limit the heart’s motion and disrupt
electrical impulses [37].

Here are a few instances of both localized and systemic
cardiac inflammation, along with the corresponding
arrhythmias:

When the body’s reaction to an infection results in
widespread inflammation and organ malfunction, it can
lead to sepsis, a potentially fatal illness [38]. Myocardial
depression, or a reduction in the heart’s capacity to pump
blood, and systemic inflammatory response syndrome
(SIRS), a condition of hyperinflammation that can harm
heart tissue, are two ways that sepsis can impact the heart
[38]. In addition, hypoxia, hypotension, acid—base imbal-
ances, and electrolyte abnormalities can all result from
sepsis and disrupt the heart’s regular electrical activity,
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leading to arrhythmias [38]. An autoimmune condition
that damages and inflames joints is rheumatoid arthritis
(RA). The heart is among the numerous organs that RA
can impact [39]. Because RA can induce inflammation
of the heart’s muscle (myocarditis), lining (pericarditis),
or electrical system (conduction system), it can raise the
risk of arrhythmias, or irregular heartbeats [39]. In addi-
tion, RA can raise the risk of heart failure and coronary
artery disease by causing atherosclerosis, or the accu-
mulation of plaque in the arteries [39]. Another auto-
immune condition that can impact several organs, such
as the skin, kidneys, lungs, and heart, is systemic lupus
erythematosus (SLE) [40]. Heart muscle, pericardium,
blood arteries, and heart valves can all become inflamed
and damaged as a result of SLE [40]. Anti-phospholipid
syndrome, a disorder that makes blood clot more readily,
and an increased risk of heart attack and stroke can also
be brought on by SLE [40]. People with SLE may have
arrhythmias as a result of these causes [40].

Other complex and varied physiological and molecular
mechanisms that link arrhythmogenesis and inflamma-
tion include:

Cardiac ion channels, which include sodium, potas-
sium, calcium, and chloride, are impacted by inflam-
mation and control cardiac action potentials (APs) [41].
Inflammatory cytokines such as interleukin-1 beta (IL-
1-beta) and tumor necrosis factor alpha (TNF-alpha) play
a key role in altering the expression and functionality of
these ion channels [41, 42]. Specifically, these cytokines
can reduce the expression and function of sodium, cal-
cium, and potassium channels, resulting in a shorter
action potential (AP) duration and greater repolarization
dispersion [41, 42]. The impact extends to the facilita-
tion of early after-depolarizations (EADs) and the occur-
rence of reentrant arrhythmias [43]. Pro-inflammatory
cytokines such TNF-a, IL-1pB, and IL-6 also contribute
to longer action potential duration, decreased excitabil-
ity, and greater dispersion of repolarization in addition
to their direct effects on ion channels [41, 42]. These
cytokines also cause reactive oxygen species to be pro-
duced, which exacerbates ion channel dysfunction and
results in oxidative stress [41, 42]. They also have an
impact on how other cytokines, such as interleukin-10
(IL-10), which has anti-inflammatory and anti-arrhyth-
mic qualities, are expressed and activated [41, 42].

Another study that used a computational model of the
human ventricle showed that arrhythmogenic changes in
the action potential and the pseudo-electrocardiogram,
such as prolonged QT interval, early after-depolariza-
tions, and reentry, could be caused by the effects of TNF-
a, IL-1P, and IL-6 on the ion channels [13]. In patients
with a history of myocardial infarction and increased
C-reactive protein, the suppression of inflammation
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may lower the risk of cardiovascular events, including
arrhythmias, according to a randomized controlled trial
utilizing canakinumab, a monoclonal antibody that tar-
gets IL-1[3 [44].

The expression of connexin 43 (Cx43), a crucial part of
gap junctions that mediate intercellular communication,
can also be increased by inflammation [9]. Inflammatory
kinases including protein kinase C (PKC) and p38 mito-
gen-activated protein kinase (MAPK) have the ability to
phosphorylate Cx43, altering gap junction function and
distribution [9]. This may have an impact on the electri-
cal synchronization and coupling of heart cells [2].

The role of cardiac bitter taste receptors (TAS2Rs) in
the pathogenesis of heart diseases is discussed in a study
titled “Cellular mechanisms and molecular pathways
linking bitter taste receptor signalling to cardiac inflam-
mation, oxidative stress, arrhythmia, and contractile dys-
function in heart diseases” [43]. According to the study
by Menizibeya et al. [43], abnormal TAS2R signaling
may put people at risk for developing cardiac inflamma-
tory and oxidative stress diseases, which are marked by
arrhythmia and contractile dysfunction. According to the
same study, cardiac TAS2Rs serve as gateway surveillance
systems that monitor and identify toxins or pathogens,
including microbial components, and then launch reac-
tions that eventually result in the host being protected
against aggression [43].

Swelling in inflammation: implications for cardiac function

A coordinated reaction to tissue damage or infection,
inflammatory swelling is characterized by elevated blood
flow and enhanced capillary permeability [45]. White
blood cells, proteins, and fluid from the circulation may
migrate into the interstitial space thanks to this well
planned mechanism, which aids in infection prevention
and promotes healing. On the other hand, edema, or
an abnormal buildup of fluid in tissue spaces, can result
from excessive fluid leakage from capillaries [46].

Through a variety of processes, edema can then affect
the electrolyte balance as well as the mechanical and
electrical activities of the heart [47]. Edema’s modifica-
tion of the distribution and concentration of electrolytes
in bodily fluids can lead to either an excess or a short-
age of certain electrolytes, such as hyponatremia (low
sodium levels) or hyperkalemia (high potassium levels),
which can affect the heart and other nerve and muscle
functions [47].

Additionally, the electrical conduction system of the
heart, which controls heart rate and rhythm, may be
hampered by edema [48]. Hypoxia can result from ede-
ma’s buildup of fluid in the lungs, which can hinder gas
exchange [48]. In consequence, hypoxia reduces the
oxygen delivery to cardiac cells, which modifies their
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excitability and membrane potential [48]. Furthermore,
hypoxia can increase reactive oxygen species (ROS)
generation, which can harm cardiac cells and promote
arrhythmias [7, 48].

Arrhythmias can be facilitated by heterogeneity caused
by edema-induced changes in plasma volume and osmo-
larity, which can also affect blood and cardiac cells’ elec-
trolyte levels [7, 49]. Stretching cardiac cells mechanically
triggers mechanosensitive ion channels and receptors
[7, 50]. These elements alter intracellular calcium levels,
which has an impact on cardiac cells’ excitability and
contractility [7, 50]. Pro-arrhythmic effects are further
enhanced by the release of neurohormones and cytokines
generated by stretching [7, 50]. Stretch also modifies
extracellular matrix and gap junctions, affecting heart tis-
sue’s structural integrity and electrical coupling [7, 50].

Edema affects not only the cellular and electrical com-
ponents of cardiac function but also the mechanical
functions of the heart by raising heart rate and effort
[51]. Heart failure, a disease in which the heart is unable
to pump enough blood to fulfill the body’s demands, can
be caused by or result from this increased strain [51, 52].
Heart failure symptoms include exhaustion, swelling, and
shortness of breath. It can also present as a fluid buildup
in the legs and abdomen (peripheral edema) or in the
lungs (pulmonary edema) [51, 52].

Role ofimmune responses
Macrophages are a key player in the complex regula-
tion of immune cells in the setting of inflammation and
arrhythmogenesis. They are particularly important in
regulating the electrical characteristics of cardiomyo-
cytes, which are the main cells in charge of cardiac con-
traction and conduction [6, 53]. Based on their origin,
phenotype, and function, cardiac macrophages are a
heterogeneous population that may be categorized as
resident or recruited [6, 53]. Originating from embryonic
and fetal progenitors, resident macrophages regulate car-
diac electrophysiology by preserving tissue homeostasis
in steady-state settings [53, 54]. On the other hand, when
the heart is injured or infected, recruited macrophages
that are sourced from circulating monocytes enter the
heart and aid in tissue healing and inflammation [53, 54].
Myocardial infarction (MI), where a blood supply stop-
page results in tissue damage and necrosis, is a power-
ful example of the sequential activation of immune cells
in the setting of inflammation and arrhythmogenesis
[6]. Damaged cardiomyocytes after MI produce signals
of danger, which trigger the innate immune system and
start an inflammatory response [6]. The first immune
cells to reach the infarcted region are neutrophils, which
phagocytose dead cells and debris. This process releases
reactive oxygen species and proteases, which worsen
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tissue damage [6]. Granule protein production during
neutrophil degranulation has been linked to a number of
outcomes throughout the MI process [55]. Notably, car-
diac neutrophils raised the risk of arrhythmia in a mouse
model of ventricular tachycardia following MI, indicating
a connection between their presence and a pro-arrhyth-
mic milieu [56].

After that, monocytes infiltrate the tissue and differ-
entiate into macrophages, which polarize into pro- or
anti-inflammatory (M1) phenotypes depending on the
tissue [6]. By producing pro-inflammatory cytokines,
M1 macrophages lead to tissue damage, fibrosis, and
compromised heart function [6, 57]. On the other hand,
by generating growth factors and anti-inflammatory
cytokines, M2 macrophages aid in tissue regeneration
and repair [6, 57]. For infarcted tissue repair and inflam-
mation resolution, the delicate balance between M1 and
M2 macrophages is essential [6, 57].

Following MI, the remodeling and inflammatory
processes affect the electrical characteristics of the
heart as well, resulting in a pro-arrhythmic substrate
that increases the risk of ventricular arrhythmias [58].
Immune cells may affect arrhythmogenesis through a
variety of mechanisms, some of which are direct (via gap
junctions), indirect (through cytokines and chemokines
changing the function of ion channels in cardiomyo-
cytes), and macrophage-mediated modulation of cardiac
sympathetic nervous system (SNS) activity [6, 53, 57, 59].

An association between increased neutrophil, basophil,
and lymphocyte counts and atrial fibrillation was shown
in a Mendelian randomization research [60]. More spe-
cifically, an increased incidence of atrial fibrillation was
linked to genetically predicted elevations in CD4+ T cell
numbers [60]. These results emphasize even more the
complex interplay of immune cells, inflammation, and
arrhythmogenesis in a range of heart diseases.

Clinical implications
Arrhythmia management and therapy may be impacted
by inflammation in a number of different ways.

First, inflammation can alter how the body reacts to
anti-arrhythmic medications or device therapy, including
catheter ablation or implanted cardioverter defibrillators
(ICDs) [2]. For instance, in specific circumstances, such
as atrial fibrillation (AF) or postoperative arrhythmias,
some anti-inflammatory medications, such as corticos-
teroids or colchicine, may have anti-arrhythmic benefits
[2]. However, several anti-arrhythmic medications, like
amiodarone and sotalol, have the potential to promote
inflammation or interact with inflammatory markers [9].
In addition, inflammation could make it more likely that
device implantation or ablation procedures would result
in problems or infections [2].
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Second, arrhythmias can be diagnosed using inflam-
mation as a biomarker. It has been demonstrated that a
number of inflammatory markers, including C-reactive
protein (CRP), interleukin-6 (IL-6), tumor necrosis factor
alpha (TNF-alpha), and monocyte chemoattractant pro-
tein-1 (MCP-1), are linked to the occurrence or recur-
rence of arrhythmias, including atrial fibrillation (AF),
ventricular tachycardia (VT), and bradyarrhythmia [61].
These indicators can be tested in blood samples or found
using imaging methods like magnetic resonance imag-
ing (MRI) or positron emission tomography (PET) [62].
Inflammatory indicators can aid in identifying individu-
als who are at a high risk for arrhythmias or help with
therapy selection.

Third, new treatment approaches for arrhythmias may
address inflammation. For the prevention or treatment
of arrhythmias, a number of anti-inflammatory medica-
tions, including statins, omega-3 fatty acids, colchicine,
corticosteroids, and biologics, have undergone clinical
trials [63].

More research is required to identify the ideal timing,
dosage, duration, and safety of these therapies because
the outcomes thus far have been contradictory or
inconclusive.

Clinical consequences of inflammation-induced ECG
alterations include:

Heightened mortality and cardiovascular disease (CVD) risk
Atherosclerosis, endothelial dysfunction, and left ven-
tricular dysfunction are more common in patients with
chronic inflammatory illnesses. These conditions can
result in coronary heart disease, stroke, heart failure, and
sudden cardiac death [64].

Diagnostic challenges

In patients with chest discomfort and increased cardiac
biomarkers, in particular, inflammation-induced altera-
tions in the ECG may resemble acute coronary syn-
dromes [65, 66]. Therefore, it’s critical to employ further
testing, such as echocardiography, cardiac magnetic reso-
nance imaging, or coronary angiography, to distinguish
between ischemia and non-ischemic causes of ECG alter-
ations [65, 66].

Therapeutic implications

To lessen cardiac inflammation and stop more damage,
inflammation-induced alterations in ECG may point to
the need for anti-inflammatory therapy with corticos-
teroids, non-steroidal anti-inflammatory medications, or
biologic agents [67]. Furthermore, intensive care of clas-
sic CVD risk factors, such as dyslipidemia, hypertension,
smoking, and diabetes, may be beneficial for individuals
with chronic inflammatory illnesses [67].
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The following are the consequences of inflammation-
induced arrhythmogenesis in the electrocardiogram
(ECG):

Prolonged QT interval

Inflammation can impact cardiomyocytes’ ion chan-
nel function, resulting in a delayed repolarization and a
prolonged action potential duration (APD) [9, 13]. An
ECG manifestation of this might be a longer QT interval,
which raises the possibility of torsades de pointes (TdP), a
kind of ventricular tachycardia [68].

Enhanced heterogeneity

Inflammation can also result in transmural and regional
variations in the electrical characteristics of the heart
tissue, including dispersion of repolarization, refractori-
ness, and conduction velocity [9, 13]. As a common cause
of arrhythmias, this may enhance the heterogeneity of
the heart tissue and encourage the creation and mainte-
nance of reentrant circuits [68].

Reduced adaptability

When there is inflammation, the heart’s tissue may be
less able to adjust to variations in heart rate, which may
occur during stress or exercise [13]. This may lead to a
decreased rate adaptation of the QT and APD intervals,
which may make a person more vulnerable to arrhyth-
mias in either a physiological or pathological setting [68].

Therapeutic interventions

Atrial fibrillation (AF), ventricular tachycardia (VT), and
sudden cardiac death (SCD) are a few arrhythmias that
can be prevented or treated by reducing inflammation.
Several of these strategies include:

Anti-inflammatory drugs

These consist of corticosteroids, NSAIDs, colchicine,
statins, and biologics, among others. They may be used
to treat inflammatory cardiomyopathies that increase
the risk of arrhythmias, such as cardiac sarcoidosis, myo-
carditis, and rheumatic heart disease [16]. By modifying
the electrophysiological characteristics of cardiac cells,
such as ion channel function, calcium handling, and gap
junction coupling, they may also have anti-arrhythmic
effects [69]. Anti-inflammatory medicine effectiveness
and safety for the prevention or treatment of arrhyth-
mias, however, are only partially and inconsistently sup-
ported by data. Following cardiac surgery, corticosteroids
or colchicine have been demonstrated in certain trials
to be helpful in preventing AF [69], whereas NSAIDs
or biologics have been linked to an increased risk of AF
[69, 70]. Anti-inflammatory medications can also have
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negative side effects, including bleeding, infections, and
metabolic disturbances [69].

Lifestyle modifications

These include of reducing body weight, working out,
making dietary adjustments, quitting smoking, and man-
aging stress. They could assist in lowering blood pressure
and cholesterol levels, improving endothelial function
and autonomic balance, and reducing inflammation and
oxidative stress [20, 70]. The prevalence and burden of AF
in obese people can be decreased with lifestyle changes,
according to several research [70, 71]. Additionally, they
could enhance the results of catheter ablation for AF or
VT [70, 71]. However, lifestyle changes need long-term
compliance and behavioral adjustments, which may be
difficult for certain individuals. For best effects, they
might also need to be paired with pharmacological or
interventional therapy [70, 71].

Other interventions

These include implanted cardioverter defibrillators
(ICDs), catheter ablation, cardiac resynchronization
treatment (CRT), and anti-arrhythmic medications. The
underlying causes or initiators of arrhythmias, includ-
ing as ischemia, scar tissue, reentry circuits, or ectopic
foci, may be treated with them [69-71]. By changing
the generation of cytokines, immune cell infiltration, or
neuro-hormonal activation, they may also modify the
inflammatory response [69]. These procedures could be
restricted by procedural issues, device issues, infections,
recurrent arrhythmias, or pro-arrhythmic side effects
[69-71]. They might also be affected by the level of
inflammation or its presence. By increasing atrial fibro-
sis or electrical heterogeneity, inflammation, for instance,
may reduce the effectiveness of catheter ablation or anti-
arrhythmic medications [69].

The kind, etiology, and severity of the arrhythmias, as
well as the patient’s features and comorbidities, may all
affect how effective certain treatment techniques are. As
a result, it’s critical to customize the treatment plan based
on the risk—benefit analysis and patient preferences. Sev-
eral general ideas are:

Anti-inflammatory medications

They may be helpful for individuals with inflamma-
tory cardiomyopathies or postoperative AF in terms of
arrhythmia prevention or therapy [72]. In individuals
who may be at risk for drug interactions or for whom
there are contraindications, they should be taken with
caution [72]. Additionally, they need to be watched for
any negative effects and stopped as necessary [71].
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Lifestyle changes

The prevention or treatment of arrhythmias in people
with obesity, hypertension, diabetes mellitus, or meta-
bolic syndrome may be aided by lifestyle changes [73].
However, they must be used in conjunction with a
thorough program to lower cardiovascular risk, which
may also include, if needed, pharmacological or inter-
ventional therapy [73]. Additionally, behavioral therapy
and follow-up should be provided [70].

Other interventions

In patients with structural heart disease, ischemic heart
disease, heart failure, or refractory arrhythmias, they
may be beneficial in preventing or treating arrhythmias
[74]. However, they should be chosen in accordance
with evidence-based recommendations and guidelines
that take patient eligibility requirements and procedure
results into account [74]. Inflammatory indicators and
modifiable risk factors that might reduce their effec-
tiveness should also be addressed [70, 71].

In the area of cardiac electrophysiology, there are
a number of difficulties and constraints in applying
research findings from fundamental science to clinical
practice. Among them are:

Lack of relevant animal models [69, 75, 76]

Animal models are frequently employed to investi-
gate the workings of inflammation and how it affects
arrhythmogenesis. They might not, however, accu-
rately reflect human physiology, illness, or genetics.
They could also react differently to treatments or medi-
cations. Therefore, it’'s possible that the conclusions
drawn from research on animals cannot be applied to
or generalized to patients who are human.

Lack of standardized definitions and measurements [69, 75,
76]

The process of inflammation is intricate and multifac-
eted, including several cellular and molecular elements,
pathways, and interactions. On how to define, measure,
or quantify inflammation in connection to arrhythmias,
there is no agreement, though. Inflammation may be
measured using various biomarkers, imaging tech-
niques, or criteria depending on the study. As a result,
the findings from various research might not be compa-
rable or reliable.

Lack of large-scale clinical trials [69, 75, 76]

To assess the effectiveness and safety of therapy strat-
egies for arrhythmias, clinical trials are crucial. How-
ever, there aren’t many extensive clinical studies that
particularly discuss how inflammation plays a part in
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managing arrhythmias. The majority of currently con-
ducted studies are modest, observational, or retrospec-
tive. Additionally, they could contain methodological
flaws such bias in selection, confounding variables, or
heterogeneity in interventions or results.

Lack of multidisciplinary collaboration and communication
[75,77]

Collaboration and communication between research-
ers from several fields, including fundamental science,
clinical medicine, epidemiology, biostatistics, and bio-
informatics, are essential for translational research. The
knowledge transfer, feedback, or integration across dif-
ferent fields may, however, face obstacles or gaps. The
involvement or engagement of doctors, patients, or other
stakeholders in the study process may also be lacking.

Future directions and research gaps
Areas that require further study to broaden our compre-
hension include:

The ways in which cardiomyopathies and inflamma-
tory diseases cause cardiac electrical remodeling and
arrhythmogenesis [2, 54].

Modulation of cardiac ion channels, gap junctions,
calcium handling, and fibrosis by certain inflammatory
cytokines, chemokines, and immune cells [15, 54]; con-
nections between inflammation and other arrhythmia
risk factors, including oxidative stress, metabolic abnor-
malities, genetic mutations, and autonomic imbalance [9,
54]; and the ongoing impacts of anti-inflammatory medi-
cations on the detection and management of arrhythmias
in patients with inflammatory heart diseases [2, 54].

Future research approaches and possible directions
include:

Identifying biomarkers of inflammation and arrhyth-
mia risk in individuals with diverse inflammatory heart
diseases is the goal of prospective cohort studies [2, 9].

Randomized controlled studies to assess the effective-
ness and safety of new anti-inflammatory medications,
including colchicine, statins, glucocorticoids, and biolog-
ics, in lowering arrhythmia burden and improving out-
comes in patients with inflammatory heart diseases [2].

Preclinical animal models to examine novel treat-
ment approaches and unravel the molecular and cellular
underpinnings of inflammation-induced arrhythmogen-
esis [15, 54].

The effects of inflammation and anti-inflammatory
therapies on cardiac electrophysiology may be predicted
using computational models that include multi-scale data
from research on the genomic, proteomic, metabolomic,
and electrophysiological levels [9].

Addressing these deficiencies will have the following
effects on improving cardiac care:
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Utilizing innovative biomarkers and imaging tools to
enhance the diagnosis of inflammatory cardiac disorders
and the risk classification of patients with arrhythmias [2,
9].

Creating individualized and focused anti-inflammatory
treatments that can control the inflammatory pathways
implicated in arrhythmogenesis without endangering the
immune system or having negative effects [2].

Improving knowledge of the intricate connection
between arrhythmogenesis and inflammation as well as
the potential advantages of anti-inflammatory treatments
for other cardiovascular illnesses such atherosclerosis,
heart failure, and stroke [9, 54].

Conclusions

As a result, this narrative review has compiled a plethora
of information about inflammation and its complex con-
nection to arrhythmogenesis. Through a number of path-
ways, inflammation—whether systemic or localized—has
a significant impact on cardiac electrophysiology.
Arrhythmogenic events can be more likely as a result of
oxidative stress-induced damage to cardiac cells, changes
to the balance of the autonomic nervous system, imbal-
ances in electrolyte levels, and activation of the coagula-
tion system.

The review has also brought attention to the crucial
role that immune cells—particularly macrophages—play
in regulating the heart’s electrical characteristics, offering
fresh perspectives on the cellular and molecular mecha-
nisms that support the link between inflammation and
irregular heartbeats. It emphasized the importance of
cytokine profile disruptions, including IL-1B, TNF-a, and
IL-6, which can modify cardiac ion channel function and
connexin expression, which in turn shapes the ventricu-
lar action potential and increases the risk of arrhythmia.

It is clear from clinical implications to therapeutic
treatments that inflammation plays a critical role in the
onset, development, and control of many arrhythmias,
including as bradyarrhythmias, VT, and AF. In order to
reduce arrhythmogenesis, this study highlights the neces-
sity of increased clinical awareness and all-encompassing
techniques for managing inflammation. Although they
have been somewhat successful, anti-inflammatory medi-
cines have demonstrated potential, which emphasizes the
need for greater research into more specialized and effec-
tive treatments.

Furthermore, the results imply that improved patient
outcomes may result from taking anti-inflammatory
therapies into account and include inflammatory mark-
ers in risk assessment. A better understanding of inflam-
mation’s function in arrhythmias might lead to both
a decrease in the frequency of arrhythmias and an
improved method of treating those that already exist.
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By creating standardized techniques for assessing
inflammation, carrying out extensive clinical trials with
sound methodology, and encouraging multidisciplinary
partnerships that can convert lab results into clinical
practice, future research should try to close the exist-
ing gaps. By doing this, we might potentially usher in a
new age of cardiac treatment, one that better protects
patient health by efficiently combating the widespread
effects of inflammation on the heart’s rhythm.
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