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Abstract 
 

Current antiarrhythmic therapies, implantable defibrillators and catheter ablations 

have certain limitations for treatment of complex arrhythmias such as ventricular 

fibrillation and therefore new approaches for ventricular arrhythmia therapy are required. 

A review of the limitations of current treatment modalities can provide some guidance for 

designing new treatments.  

The major limitation of all currently available arrhythmia therapies is the fact that 

they often do not address the underlying pathologies which resulted in dysrhythmia. 

Some potential upstream therapeutic targets based on the current experimental and 

clinical studies include angiotensin, oxidative stress, myocardial fibrosis, myofilament 

Ca2+ sensitivity, increasing sodium current and micro RNAs. Search for better 

understanding of the mechanisms of complex arrhythmias should continue in order to 

design more effective antiarrhythmic treatments.  
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Introduction 
 

The ultimate goal of investigating various aspects of arrhythmia biology is to discover 

novel and better therapeutic options for patients. Finding a cure for arrhythmia, which is a 

complex biological disorder, has proven challenging. Current therapeutic options have 

significantly helped patients; however, many of those approaches are limited in effect. 

Therefore, new and more successful modalities for treating arrhythmias are required. An in-

depth understanding of the limitations of current therapies and the underlying patho-

physiology of arrhythmias can guide the discovery of new more effective treatments.  

Producing a normal rhythm in the heart involves several steps, starting with transcription 

of the genes, which are highly regulated by transcriptional factors. Next, the proteins must be 

constructed before they undergo posttranslational modifications; they must also be trafficked 

at the right time and rate to the membrane to create various ion channels. The finely orches-

trated work of several ion channels results in normal action potential in a myocyte. Many 

signaling molecules involved in regulating the function of the ion channels and those 

molecules themselves must be correctly transcribed, regulated, translated, and trafficked to 

produce a normal effect. The myocytes must also be connected to each other and must be 

embedded in a normal extracellular matrix so that the action potential propagates normally. 

An abnormality in any of the above-mentioned processes can potentially result in arrhythmia. 

Regardless of the type of underlying abnormal pathophysiology, the final presentation will be 

either abnormal focal activity or reentry. Therein lays the basis of some of the advantages and 

the limitations of currently available therapies. Many current therapies, such as catheter 

ablation for arrhythmia, are designed to suppress focal activity or block reentry without 

addressing the underlying pathophysiology of the disease. Other current therapies target only 

ion channels. As it has been shown that an abnormality in certain genes can cause ventricular 

tachycardia (VT) and ventricular fibrillation (VF) like that occurring in patients with long QT 

syndrome, it is plausible that abnormality in any subsequent steps of producing normal 

rhythm such as transcription regulation, trafficking or post-translational modification can 

potentially cause VT/VF. Nevertheless, most of current therapies address only the tip of the 

iceberg (Figure 1).  

In addition, ion channels are not the only elements involve in the genesis of cardiac 

rhythm. In fact, producing the normal cardiac rhythm seems to be the result of the finely 

orchestrated balance between several biological functions (figure 2). Those biological 

functions are very interrelated with each other that abnormality in one of them can potentially 

affect a number of other elements and result in imbalance. At the same system, other certain 

changes in an element may not result in the total imbalance. That very fine balance reminds 

us of the kinetic artistic sculptures of Alexander Calder * whose creative models of “mobiles” 

or “stabiles” became the symbol of the art that departed from static objects to the idea of 

harmonious motion. One can imagine a Calder Model of Cardiac Rhythm in which the fine 

balance between ionic currents, intracellular calcium handling, cellular metabolism, cell-cell 

communication and other cardiac matrix elements and cells with autonomic nervous system 

creates an aesthetic “stabile” of cardiac rhythm (figure 2). To significantly improve the 

treatments for arrhythmia, all the important aspects of producing a normal rhythm should 

considered with focus on the upstream targets.  
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Figure 1. Multiple steps of producing a normal ion channel as a membrane protein is shown 

schematically. Although any of those processes can potentially be impaired and produces abnormal 

ionic current, available therapies have only targeted the tip of the iceberg. 

 

 

Figure 2. A possible Calder Model of Cardiac Rhythm. Ion channels are not the only factor to affect the 

cardiac rhythm. Several other factors are important in producing a normal rhythm. In addition, the fine 

relation between those biological factors and functions should also be taken into consideration. 

Alexander Calder was an American artist who invented mobile sculptures which were called “mobiles” 

or “stablies” because of reflecting both motion and balance at the same time. Those concepts can be 

applied to the arrhythmia biology in order to provide a framework for better understanding of the 

relation between various factors involved in producing cardiac rhythm.  
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Limitations of Current Therapies 
 

The limitations of current therapies for arrhythmia include addressing a complex dynamic 

event like VT/VF with a fixed static treatment, having a narrow therapeutic index with too 

high or too low of an ion current being pathologic, and trying to correct one current while 

multiple abnormal currents exist. Most of those shortcomings can be improved if the 

upstream underlying pathophysiologic condition is understood, identified, and treated.  

 

 

Limitations of Ion Channel Blockade 
 

Current antiarrhythmic medications usually target one or a few ion channels and almost 

always block those channels. Table 1 of the chapter on pharmacological options of this book 

provides basic information about current antiarrhythmic medications and their adverse effect 

profiles. Proarrhythmia is an adverse effect of all current antiarrhythmic agents. This fact 

suggests that rather than focusing on one or few individual antiarrhythmic medications, 

reviewing and revising the use of antiarrhythmic therapies as a whole is necessary to achieve 

a better adverse effect profile. The Cardiac Arrhythmia Suppression Trial (CAST) was a land-

mark clinical trial in which class IC antiarrhythmic agents were used to suppress premature 

ventricular contractions (PVCs) after myocardial infarction (MI) to reduce the risk of VT/VF 

and sudden cardiac death (SCD), which are associated with a higher rate of PVCs after MI 

[1]. The study rationale was that PVCs are associated with a higher rate of VT/VF/SCD, and 

antiarrhythmic agents effectively suppress PVCs. The CAST results revealed the opposite 

finding, however. Treatment with an antiarrhythmic drug was associated with a higher 

cardiovascular mortality rate. Rather than simply implicating the proarrhythmic adverse effect 

profile of class IC antiarrhythmic drugs, the results of that study can guide us to important 

conclusions that will enable the design of more effective antiarrhythmic medications. The 

treatment strategy in CAST involved simply suppressing focal activity and blocking the 

sodium channel. Several years later, it was discovered that sodium channels are actually 

down-regulated in patients with heart failure [2] and therefore further blockade of those 

channels may promote an abnormality in conduction velocity (CV) and result in arrhythmia. 

The result of CAST trial supports that simple blockade of one or some ion channels without 

addressing the underlying pathophysiology will not provide an effective therapy. 

Ion currents that are too low or too high both are arrhythmogenic and that the correct 

balance of such currents is necessary to prevent arrhythmia. For example, it has been shown 

that the sodium current is down-regulated in heart failure (the most common cardiovascular 

disease associated with a high risk of SCD) [2]. The Brugada syndrome and the short QT 

syndrome are other examples of low-sodium–current conditions that are associated with an 

increased risk of VT/VF [3-5]. Abnormally high sodium currents (eg, long QT syndromes) 

have also been shown to be implicated in VT/VF [6]. Therefore, targeting ion channels as a 

therapeutic strategy carries the disadvantage of a narrow therapeutic index in which both low 

and high currents can cause arrhythmia (Figure 2). In particular, the blockade of an ion 

current that is already down-regulated increases the risk of proarrhythmia, as the CAST study 

results suggest. To keep the target ion current always within a low therapeutic index, an 

antiarrhythmic drug should have very good pharmacokinetic and pharmacodynamic profiles 
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and must remain at a constant level in the body throughout the day and night. Otherwise, the 

current level may become too low or too high, and proarrhythmia can develop. Nevertheless, 

current antiarrhythmic drugs often have complex metabolism, many drug interactions and 

sometimes large distribution volume which make keeping a steady level of the drug in the 

body a goal difficult to achieve. For example, amiodarone, which is 30% to 50% bioavailable, 

undergoes CYP3A4-mediated metabolism to form the active metabolite desethylamidarone. 

Amiodarone has a very large volume of distribution (66 L/kg), which results in a delayed 

onset of action (2 days to 3 weeks for oral therapy) and a long half-life. The therapeutic 

plasma range for both amiodarone and desethylamidarone is 0.5 to 2.5 µg/mL and it is a 

potent inhibitor of many drug-metabolizing and drug-transport systems (notably CYP3A4, 

CYP2C9, and P-glycoprotein), and measured levels of that agent do not correlate well with its 

efficacy or the adverse effects it produces [7].  

Another consideration in targeting the sodium current is that, although the total sodium 

current may be normal, sometimes a small sodium current that flows into the cells late in 

action potential phases (ie, a late sodium current) can cause VT/VF [8]. The blockade of other 

ion channels almost shares the same above limitations. For example, calcium channel 

blockade to the level that does not negatively affect cardiac contractility has not been shown 

to effectively suppress arrhythmia. In addition, in most patients with VT/VF, such as those 

with heart failure, upstream pathologic events affect more than one ion current and blockade 

of one current may even potentiate the current imbalance and become more proarrhythmic 

than antiarrhythmic. This may explain the relatively better efficacy and proarrhythmic 

adverse effect of amiodarone, which suppresses multiple ion channels. Finally, noncardiac 

adverse effects of antiarrhythmic drugs can limit their use.  

 

 

Limitations of Catheter Ablation 
 

Catheter ablation uses radiofrequency energy (or another modality such as cryoablation) 

to block the propagation of the sources of focal activity or to disrupt the reentrant circuit. 

Three-dimensional mapping and intracardiac echocardiography have enabled the 

development of endocardial and epicardial approaches, and considerable success has been 

achieved in treating certain types of arrhythmia with anatomically fixed circuits or sources of 

focal activity. Nevertheless, catheter ablation does not cure most complex arrhythmias, nor 

does it address the underlying cause of focal activity or reentry arrhythmia. Moreover, it may 

create substrates for arrhythmia. In addition, catheter ablation is an anatomically fixed 

treatment that may be the best choice for patients with an anatomically fixed substrate. For 

example, a bypass tract between the atria and the ventricles can be treated easily and 

permanently with catheter ablation. If the same arrhythmia is complicated by a more complex 

disorder such as atrial fibrillation, then catheter ablation offers limited benefits. VF is often a 

complex arrhythmia with some dynamic substrate. For example, it has been shown that the 

focal activities that trigger oxidative-stress–mediated VT/VF emerge in a dynamic fashion 

from multiple sites [9]. In addition, many of the arrhythmogenic pathologic processes that 

initially were thought to be static have been found to be dynamic. For example, myocardial 

fibrosis is a naturally dynamic process that can be also reversed by antifibrotic drugs and 

angiotensin blockade [10;11]. Thus a line of ablation that cuts the current reentrant circuit in 

the electrophysiology study may not be an effective treatment for future VT/VF in that heart 
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since the anatomical site of emergence of arrhythmia may change overtime. In addition, 

exerting fibrotic scar tissue by ablation may provide a substrate for further unidirectional 

block and arrhythmia. The paradox of exerting an arrhythmogenic substrate (ie the scar 

tissue) in the heart to prevent arrhythmia limits the efficacy of catheter ablation, regardless of 

the details of its method.  

 

 

Limitations of Using an Implantable Cardioverter Defibrillator 
 

Although focal activities and the wavefront of a reentrant circuit develop in abnormally 

depolarized tissues, they require adjacent repolarized tissue to propagate. Defibrillation of the 

heart depolarizes the whole heart simultaneously; therefore, the whole heart will repolarize 

simultaneously, and the arrhythmia will terminate. This allows the normal sinus rhythm to 

restart if no further critical substrate for VT/VF exists after defibrillation. That principle has 

been successfully used in the defibrillation of ventricular arrhythmias. Nevertheless, 

implantable cardioverter defibrillators (ICDs) have significant limitations. First, ICDs are 

relatively expensive. A study that evaluated data from the Coronary Artery Bypass Graft 

(CABG) Patch trial; the Defibrillator in Acute Myocardial Infarction Trial (DINAMIT); the 

Multicenter Automatic Defibrillator Implantation trials (MADIT I and MADIT II); the 

Multicenter Unsustained Tachycardia Trial (MUSTT); the Defibrillators in Nonischemic 

Cardiomyopathy Treatment Evaluation (DEFINITE) trial; the Comparison of Medical 

Therapy, Pacing, and Defibrillation in Heart Failure (COMPANION) trial; and the Sudden 

Cardiac Death in Heart Failure Trial (SCD-HeFT) estimated that the cost of the ICD-related 

primary prevention of SCD ranged from $34,000 to $70,200 for each life-year saved in all 

those studies except for the CABG Patch trial and the DINAMIT trial, because those two 

trials did not demonstrate a benefit from ICD implantation for the primary prevention of SCD 

in their study populations [12]. Nevertheless, problems with ICD therapy are not limited to its 

expense. Like catheter ablation, an ICD is a permanent treatment for a dynamic disease. The 

need for ICD implantation is often based on the patient’s having an ejection fraction of < 

35%; however, effective medical treatment can improve the EF over periods of time that is 

variable from a patient to a patient. According to the current criteria for risk stratification, 

only 30% of the patients who receive an ICD will experience an appropriate shock in their 

lifetime, and only about 20% of the patients who die from SCD each year had met the current 

clinical criteria for ICD implantation [13]. Other drawbacks of treatment with an ICD include 

ineffective defibrillation and the possible delivery of inappropriate shocks that are not without 

hazard. If the underlying pathophysiology of VT/VF is not addressed with the progression of 

the disease the patient will finally may experience severe remodeling of the heart associated 

with severe bradycardia and difficulty in capturing the rhythm of the heart which are 

problems that cannot be corrected by defibrillators. A better understanding of the underlying 

pathophysiology of VT/VF is required to develop more effective risk stratification methods 

and more effective upstream treatments.  
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Opportunities for Therapeutic Interventions 
 

In our opinion, upstream therapies for underlying pathologic cardiac events will guide the 

future treatment of complex arrhythmias, but unfolding the complex and multilevel 

pathophysiology of the upstream abnormalities that cause VT/VF presents the real challenge. 

In designing new therapies for VT/VF, addressing the central pathologic processes that differ 

in subsets of patients at risk for SCD is an important issue. For example, the major substrate 

for VT/VF may be ischemia and oxidative stress in the acute setting of MI, but myocardial 

fibrosis may be the main pathologic process that causes ventricular arrhythmia in chronic 

ischemic cardiomyopathy and the chronic phases after an MI. Therefore, antifibrotic agents 

may not be effective antiarrhythmic drugs in the acute setting of MI but could be effective in 

later stages when chronic ischemic cardiomyopathy develops. Thus, providing the correct 

therapy for VT/VF requires identifying the pathologic process that has the major role in each 

subset of patients at risk. Recent advances in molecular and cellular cardiology have resulted 

in the identification of a few potential therapeutic targets. 

 

 

Mitochondria-Targeted Antioxidant Therapy 
 

Oxidative and metabolic stress cause arrhythmia by directly modifying ion channels and 

gap junctions and by promoting other arrhythmogenic processes such as inflammation and 

myocardial fibrosis [14-17]. Despite considerable evidence from experimental and clinical 

studies that suggest a significant role for oxidative stress in arrhythmogenesis, conventional 

general scavengers of reactive oxygen species (ROS) have not been clinically effective in 

treating cardiovascular disorders [18]. The failure of general antioxidants in the treatment of 

cardiac disorders may result from the immediate reaction of ROS with their targets or because 

of the wide range of ROS molecules, which does not allow the complete and effective 

suppression of excess ROS when a single general antioxidant is used.  

Targeting sources of excess ROS production may be a more effective strategy than 

neutralizing already formed ROS molecules. Also important in designing effective 

antioxidants is the compartmentalization of ROS within myocytes.  

Approximately 30% of the volume of a ventricular cardiomyocyte is occupied by 

mitochondria [19;20]. We found that mitochondria-targeted antioxidants prevented VT/VF in 

a model of angiotensin-II activation by reversing gap junctional remodeling and conduction 

abnormality [19]. Mitochondria-targeted antioxidant therapy, which follows the principles of 

treating an important source of ROS and accumulating antioxidants in the cellular 

compartment with the highest ROS level, may therefore be an effective antiarrhythmic 

therapy during oxidative stress and may provide a practical solution to the problems 

associated with conventional antioxidant therapy. 

 

Increasing Ion Channel Levels and Improving Conduction 
 

Many current antiarrhythmic drugs decrease cardiac conduction, and some of them 

inhibit cardiac sodium channels. Nevertheless, in cardiomyopathies and heart failure 

associated with a great increase in the risk of VT/VF, both the conduction and the cardiac 
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sodium sodium current are decreased [2]. That paradox may explain the increased incidence 

of mortality and arrhythmia in patients with ischemic heart disease who were treated with a 

class IC antiarrhythmics [1]. In addition to the heart failure, the underlying pathologic 

condition in some primary ion channelopathies such as the Brugada syndrome involves a 

reduction in the cardiac sodium current. Thus, antiarrhythmic agents that increase the level of 

the cardiac sodium channels may prove to be effective in treating arrhythmic conditions 

characterized by reduced sodium current. To increase the sodium current, the mechanisms of 

reduction in the current in pathologic conditions should be better understood. It has been 

shown that in the mouse heart, mitochondrial oxidative stress and nicotinamide adenine 

dinucleotide hydride can reduce the cardiac sodium current and that mitochondria-targeted 

antioxidants and NAD(+) can restore that current [15]. If those treatments exert the same 

effects in the human heart, they may prove to be effective in preventing VT/VF by increasing 

the sodium current.  

 

 

Prevention and Reversal of Myocardial Fibrosis 
 

The most important basis for the current risk stratification for SCD is the association of 

contractile dysfunction and an increased risk of ventricular arrhythmia [21-23]. 

Understanding how a mechanical index of heart function can be used to predict the risk of 

abnormal cardiac rhythm may provide important insights into the mechanisms of VT/VF. 

Those insights will likely arise from investigations of the common underlying pathologic 

processes that link heart failure and arrhythmia. At the tissue level, an abnormally increased 

level of extracellular matrix proteins, such as the increased interstitial collagen deposition 

found in increased myocardial fibrosis, can cause contractile dysfunction and may explain 

systolic and diastolic heart failure [24;25]. Increased myocardial fibrosis may be an important 

link between structural heart disease and the risk of arrhythmia because a critical level of 

myocardial fibrosis can cause both heart failure [26] and VT/VF by promoting reentry and 

focal activity [9;27]. 

There are several plausible ways in which fibrosis can promote VT/VF. Fibrosis can 

create a conduction block and cause wavebreak and reentry, and it may be a source of focal 

activity and premature beats [28]. Most of the arrhythmogenic properties of excess fibrosis 

have been attributed to deposited collagen fibers. Recently, computer simulations and 

experimental studies have suggested that the coupling between myocytes and fibroblasts may 

facilitate early afterdepolarization (EAD) formation and ectopic beats [29;30]; however, that 

theory awaits the confirmation that heterocellular coupling actually occurs at the whole-heart 

level. If that theory is confirmed, then identifying drugs that uncouple myocytes and 

fibroblasts may be a therapeutic goal.  

Angiotensin-converting enzyme (ACE) inhibitors and angiotensin receptor blockers have 

been shown to prevent and even reverse collagen deposition and myocardial fibrosis to some 

degree [31-33]; however, antifibrotic drugs that completely prevent excess cardiac fibrosis 

must be identified. Transforming growth factor-β (TGF-β) is the major cytokine that 

promotes fibroblast proliferation and fibrosis in the heart [34]. Pirfenidone, which exerts its 

antifibrotic activity primarily by preventing the activation of TGF-β, has been tested as an 

antifibrotic agent for the reduction of dermal scarring and pulmonary fibrosis and for the 
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treatment of various nephropathies and a range of diseases in which increased fibrosis is the 

underlying pathophysiologic condition [35-37]. Anti–TGF-β drugs such as pirfenidone may 

prove to be effective in reducing myocardial fibrosis and preventing VT/VF. In addition, the 

detection of serum markers of fibrosis (eg, serum TGF-β, matrix metalloproteinases) and the 

accurate estimate of myocardial fibrosis revealed via cardiac magnetic resonance imaging 

have a great potential for use in risk stratification methods for SCD [34;38]. 

 

 

Improving Gap Junctional Conduction 
 

Gap junctions, which are channels in all compartments of the heart, form a syncytium 

through which electrical signals flow. Normal gap junction function is necessary for the 

normal conduction of the action potential. Gap junctions are formed of hexameric arrays of 

molecules called connexins [39]. Of the more than 20 connexin proteins that have been 

documented in humans, connexin43 (Cx43) is the predominant isoform in ventricular 

myocytes [40]. A significant reduction in or lack of Cx43 can result in slow CV and also in 

VT/VF [41]; however, it has been shown that the association between the amount of Cx43 

and CV is not linear [42;43]. A significant reduction in the Cx43 level to < 50% of the normal 

value is necessary to slow CV and become arrhythmogenic [43]. In an animal model of 

myocardial infarction, the up-regulation and phosphorylation (Tyr416) of c-Src tyrosine 

kinase resulted in the down-regulation of Cx43 via competition between phosphorylated c-Src 

and Cx43 for a binding site at zonula occludens-1, which is an intercalated disk scaffolding 

protein [44]. Other mechanisms for reducing the level of Cx43 via the up-regulation of c-Src 

have also been suggested; they include the tyrosine phosphorylation of Cx43 by c-Src, which 

also impairs gap junction function [45].  

We have observed that in an animal model of angiotensin-II activation (ACE 

overexpression) and in an animal model of mitochondrial ROS elevation (Manganese SOD 

knock out), the inhibition of c-Src with 4-amino-5-(4-methylphenyl)-7-(t-butyl)pyrazolo[3,4-

d]- pyrimidine prevented angiotensin II and oxidative stress from reducing the level of Cx43 

and also prevented spontaneous and pacing-induced VT/VF [19;46;47]. The inhibition of c-

Src has been tested as a strategy in the treatment of cancer-related diseases because c-Src is 

primarily a growth-promoting cytokine that is involved in the pathogenesis of some cancers 

[48-50]. At the time of this writing, the following inhibitors of c-Src have been tested for 

effectiveness in the treatment of various cancers: dasatinib (BMS354825; Bristol Meyers 

Squibb Oncology, Princeton, NY), AZD-0530 (AstraZeneca, Macclesfield, United Kingdom), 

and SKI-606 (Wyeth Research, Pearl River, NY) [51]. Those drugs may prove to be effective 

antiarrhythmic agents for the treatment of conditions that are associated with a significant 

reduction in the Cx43 level and an increased risk of VT/VF.  

 

 

Targeting Abnormal Intracellular Calcium Handling 
 

Intracellular calcium is the central molecule of excitation-contraction coupling, and the 

handling of intracellular calcium is closely associated with the electrophysiologic properties 

of myocytes. For example, the reactivation of the L-type calcium channel during 
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repolarization is an essential part of EAD formation via the prolongation of the action 

potential duration (APD) and the creation of an inward current through the Na
+
/Ca

2+
 

exchanger channel [52;53]. Although current calcium channel blockers do not exert a 

significant antiarrhythmic effect, severe inhibition of L-type calcium channel activity may 

eventually result in an antiarrhythmic effect. Nevertheless, severe inhibition of the calcium 

current may reduce cardiac contractility. An alternative antiarrhythmic approach to inhibiting 

the reactivation of the L-type calcium channel during repolarization may involve remodeling 

the structure of that channel to reduce the L-type calcium window current [54].  

Myofilament calcium sensitivity has been shown to have an important role in 

arrhythmogenesis by modifying calcium buffering properties as well as cardiac hemo-

dynamics. An increase in the calcium affinity of cardiac troponin C in a state of increased 

calcium sensitivity can reduce the peak free systolic calcium level and the calcium decay rate. 

Because of the close association between the calcium level and the APD, reducing the peak 

systolic calcium level can shorten the APD, which is arrhythmogenic [55]. In addition, the 

prolonged decay of calcium can result in calcium alternans with associated APD alternans 

and an increased diastolic intracellular calcium level, both of which are arrhythmogenic. 

Increased myofilament calcium sensitivity is also associated with increased oxygen demand 

and associated ischemia, which are arrhythmogenic. In addition, mechanical stress associated 

with the increased calcium sensitivity and resulted increased contractility force can cause 

arrhythmia via mechanoelectrical feedback, which produces changes in both the APD and 

triggered activity [55]. In several experimental models, inherited and acquired conditions 

characterized by increased myofilament calcium sensitivity were shown to be associated with 

an increased risk of arrhythmia [55-59], and correction of that increased calcium sensitivity 

by blebbistatin, an inhibitor of myosin II, prevented arrhythmia [55]. Levosimendan, a 

calcium sensitizer that is clinically available for use in patients with acute decompensated 

systolic heart failure, increases the risk of ventricular arrhythmia despite producing an 

improvement in the systolic function of the heart [60]. That finding and the results of studies 

demonstrating that calcium sensitivity is increased in human heart failure [61;62] suggest that 

increased calcium sensitization may be a closer link between heart failure and ventricular 

arrhythmia than is a reduction in the ejection fraction. To develop an effective antiarrhythmic 

therapeutic strategy, however, therapeutic targets downstream from calcium sensitization 

must be identified, because a simple approach to reducing calcium sensitization is usually 

associated with impairment of the systolic function of the heart.  

 

 

Transcriptional Factors and Microribonucleic Acids 
 

Microribonucleic acids (miRNAs) are single-stranded short endogenous noncoding 

ribonucleic (RNA) molecules that usually consist of 22 nucleotides. miRNAs have an 

important role in the posttranscriptional regulation of gene expression.  

They negatively regulate gene expression by binding to the noncoding 3’ end of 

messenger RNA (mRNA) and repressing translation or (occasionally) by degrading mRNA. 

MiRNA molecules are initially formed by RNA polymerase II as a type of precursor RNA 

termed pri-miRNA, which is processed by the RNase III enzymes Drosha and Dicer and is 

released into the cytosol, where 1 strand of the miRNA fades away. Occasionally, multiple 

mature miRNAs develop from 1 pri-miRNA [63]. The mature miRNA binds to the matched 
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mRNA in the cytoplasm and prevents translation. If the miRNA becomes a complete 

complementation to the mRNA, then the enzymes associated with the RNA-induced silencing 

complex may completely degrade the mRNA.  

Initially, miRNAs were thought to have a role primarily in the developmental processes, 

but recently they have been shown to have additional important roles in diseases such as 

cardiovascular disorders. For example, Yang and colleagues found that miRNA-1 was 

overexpressed in coronary artery disease [64].  

The overexpression of miRNA-1 in both healthy and infarcted rat hearts exacerbated 

ventricular arrhythmogenesis, and the elimination of miRNA-1 by an antisense inhibitor in 

infarcted rat hearts resolved arrhythmogenesis [65].  

The mechanisms of miRNA-1–induced arrhythmia involve, in part, decreasing 

conduction and depolarizing the cytoplasmic membrane by posttranscriptionally repressing 

both KCNJ2, which encodes the K(+) channel subunit Kir2.1, and GJA1, which encodes 

Cx43 [64]. The ectopic expression of miRNA-1 in cardiomyocytes also represses the 

expression level of protein phosphatase2 A; this affects the phosphorylation of L-type 

calcium channels and ryanodine receptor [66]. Similarly, miRNA-133 has been shown to 

target cardiac ion channels such as the ether a-go-go-related gene [67] and a subunit of the L-

type calcium channel [68]. Because cardiac cells other than myocytes may have a critical role 

in the pathogenesis of arrhythmias, miRNAs that regulate gene expression in other cardiac 

cells may also be important in arrhythmogenesis.  

For example, the inhibition of miRNA-29, which is controlled in part by TGF-β, 

increases the expression of extracellular matrix components by fibroblasts, and miR-29 

targets several mRNAs such as fibrillin-1, elastin, and collagens [69].  

Similarly, miRNA-21 is highly expressed in cardiac fibroblasts and represses the 

expression of SPRY1, an inhibitor of the extracellular signal-regulated kinase pathway, to 

promote the cell survival signal [70].  

The administration of miRNA in serum or blood is fairly easy and noninvasive, and 

miRNA is stable in body fluids under various physical conditions, which suggests that those 

molecules are very good candidates for the treatment of cardiac disorders [63;71].  

There are also several ways in which to inhibit endogenous miRNA from modulating 

genes that are associated with a disease. Such approaches rely primarily on the comple-

mentary interaction with miRNA molecules of interest.  

For example, an antagomir is composed of single-stranded chemically modified RNA 

that has a complementary sequence for a specific miRNA and therefore will bind to the target 

miRNA and prevent its effect. In a different approach, multiple binding sequences of a 

specific miRNA are introduced into the cell to trap all targeted miRNA [63] and various other 

approaches (eg, introducing a synthetic oligodeoxynucleotide into the cell to protect the 

mRNA from becoming the target of miRNA, designing gene-specific miRNA mimics) have 

also been developed. In addition, genomewide miRNA-expression–profiling studies of human 

heart failure suggest that ischemic heart disease and cardiomyopathy may be associated with 

the elevation of certain miRNA levels in the body, and those markers can be used for 

diagnostic and prognostic purposes. Thus miRNA detection and modulation may prove to be 

effective strategies for the risk stratification and prevention of sudden arrhythmic death. 
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Conclusion 
 

Although currently available therapies have been successful in treatment of certain types 

of arrhythmias, they have significant limitations in treatment of complex arrhythmias such as 

ventricular fibrillation. New approaches in treating complex arrhythmias with focus on 

identifying key regulators of the underlying and upstream pathologies of ventricular 

arrhythmias are required in order to design significantly more effective therapies. For 

designing effective therapies, the complex and fine balance between important determinant 

factors of cardiac rhythm which resembles the Calder mobile artistic sculptures, should also 

be taken into consideration. Alexander Calder (born 1898) was an American artist who is 

known for inventing mobile sculptures (http://calder.org/life/page/biography.html).  
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