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Abstract 
 

Oxidative stress facilitates ventricular arrhythmia by increasing the intracellular 

calcium current, the late sodium current, and gap junctional remodeling. Oxidative stress 

also promotes other pathologic processes, such as inflammation and myocardial fibrosis 

that are arrhythmogenic. Numerous studies link oxidative stress to arrhythmia and other 

cardiovascular disorders, and clinical trials have shown that treatment with antioxidants 

such as vitamin E produces only a modest benefit. The main sources of cardiac oxidative 

stress are mitochondria, nicotinamide adenine dinucleotide phosphate oxidase, and 

endothelial nitric oxide synthase uncoupling, all of which produce a variety of reactive 

oxygen species (ROS). ROS are highly reactive molecules that interact with proteins and 

lipids, and they exert their arrhythmic effect via those lipid and protein modifications. 

Antioxidant therapy may target the sources of ROS production or scavenging oxygen 

radicals or they may work by preventing the key activation and modifications occurring 

downstream from ROS production that result in arrhythmia. In this chapter, the above-

mentioned concepts are discussed.  
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Introduction 
 

Sudden cardiac death (SCD), which prematurely claims the life of more than 300,000 

Americans and 7,000,000 people worldwide each year [1], occurs primarily in individuals 

with an underlying structural cardiac abnormality. Regardless of the type of that underlying 

pathologic condition (heart failure, dilated or hypertrophic cardiomyopathy, myocardial 

infarction, cardiac disorders associated with aging), death is almost always caused by 

ventricular tachycardia (VT), which rapidly degenerates into ventricular fibrillation (VF) [2; 

3]. The implantable cardioverter defibrillator (ICD) is an effective but relatively expensive 

therapy for preventing SCD that can abort arrhythmic death but does not address the 

underlying pathologic disorder. Understanding the cellular and molecular changes that 

typically precede VT or VF is critical in identifying patients who are at risk for those 

disorders and may require ICD implantation, and it is essential for the design of new 

treatments that can prevent SCD. 

A potentially important target of such therapies is oxidative stress and its effects on the 

electrical properties of individual myocytes as well as the propagation characteristics of 

action potential in cardiac tissue. The arrhythmogenic effects of oxidative stress are 

categorized as 1) effects that directly modulate ion channels and electrical properties of the 

heart and 2) arrhythmogenic effects that promote other important pathologic processes 

involved in the pathogenesis of VT and VF. Oxidative stress is associated with inflammation, 

fibrosis, and angiotensin signaling pathways, all of which are thought to be involved in the 

genesis of ventricular arrhythmia. This chapter will address the concept of oxidative stress, 

the mechanisms by which it contributes to cardiac arrhythmia and promotes other causes of 

arrhythmia, and possible therapeutic targets for the prevention of VT and VF. Further studies 

are required to provide a better understanding of the temporal and functional complexities of 

the sources and mechanisms of oxidative stress and its association with other causes of 

arrhythmia so that effective antioxidant therapies can be identified. 

 

 

Reactive Oxygen Species 
 

The term reactive oxygen species (ROS) refers to a class of low molecular weight 

molecules (superoxide radical anion O2
●-

, oxygen centered free radicals,peroxides) that are 

partially reduced derivatives of molecular oxygen. Most ROS react with multiple biomole-

cules (proteins, DNA [deoxyribonucleic acid], ribonucleic acid, lipids) and cause loss of 

enzyme function; breaks in DNA strands; DNA mutations; lipid peroxidation and cellular 

death, which produces widespread tissue damage . ROS that are thought to be involved in 

cardiac arrhythmogenesis include the superoxide radical anion (O2
●-

); hydrogen peroxide 

(H2O2); the hydroxyl radical (
●
OH); peroxynitrite (ONOO

–
), which is the product of the 

diffusion-controlled reaction between 
●
NO and O2

●-
; and the derived radicals 

●
NO2 and CO3

●-

. Superoxide, which exhibits limited direct redox signaling ability, behaves as a reducing 

agent rather than an oxidant in most cases. Superoxide radical anions can be converted into 

much more powerful oxidant species by reacting with nitric oxide (NO
.
) and transition metals. 

Superoxide is dismutated primarily to H2O2 in a reaction catalyzed by superoxide dismutase, 

as follows: 
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Nevertheless, the high reactivity of superoxide to 
●
NO and metal cations facilitates the 

formation of highly reactive species such as peroxynitrite and reduced metal cations, which 

are precursors of the oxidizing hydroxyl radical. 

H2O2, the product of superoxide radical anion dismutation, is perhaps the most important 

type of ROS in redox signaling. ROS and reactive nitrogen species (RNS) exert their general 

effects by inducing a series of chemical modifications in proteins. Protein cross-links, 

fragmentation, hydroxylation, nitration, halogenation, and carboxylation are common 

outcomes of the interaction of proteins with various oxidants. Of the amino acids, cysteine, 

methionine, tyrosine, and tryptophan are the most frequent targets of oxidative modification. 

One important way in which H2O2 exerts its action is by modifying the thiol group of proteins 

[4] often times interfering with signal transduction cascades what leads to low pKa thiol 

phosphatase inhibition with consequent augmentation of kinase activity [5; 6]. The 

carbonylation of proline, lysine, threonine, and arginine is another important protein 

modification by ROS. In failing explanted human hearts, an increase in the carbonylation of 

actin and tropomyosin and an increase in the dimerization and nitrosylation of tropomyosin 

have been reported [7] as evidence of the oxidative modifications of important cardiac 

proteins.  

With respect to lipids, ROS reactions lead to the formation of lipid hydroperoxides, 

which are oxygenated products of the primordial lipid radical. Lipid peroxidation is self-

perpetuating and thus amplifies several-fold the initial damage of ROS-induced oxidation. 

The accumulation of reactive lipid peroxides and lipid-derived aldehydes also contributes to 

oxidant-mediated signaling and cell damage. The most reliable indicator of lipid peroxidation 

is 4-hydroxy-2-nonenal (HNE)-modified protein [8; 9]. 

DNA is also a frequent target of ROS and ROS-induced reaction products. The most 

common ROS-induced modifications to DNA include single-strand breaks, which are easily 

repaired via the action of DNA repair enzymes. Double-strand breaks are potentially 

hazardous to cells and are repaired via 2 main pathways: homologous recombination and 

nonhomologous end-joining. In addition to strand breakage, other reported potentially 

mutagenic defects include hydroxylation, adduct formation, and the nitration of bases. Repair 

mechanisms have evolved to eliminate those potentially harmful species and are largely 

dependent on base excision, replacement, and relegation. 

In general, the amount of ROS produced is proportional to the extent of the ROS-induced 

damage or ROS-mediated signaling that occurs. It is also possible that some ROS effects are 

specific to the type of ROS molecule, the specific protein or lipid targets and occur under 

specific conditions. Methodological limitations render the study of specific ROS effects 

difficult. Low levels of ROS are necessary to mediate physiologic responses and to maintain 

homeostasis through the regulation of signal transduction events. Nevertheless, when cellular 

levels of ROS exceed the cell’s ability to reduce excess free radicals, oxidative stress 

develops.  
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Cardiac Sources of ROS 
 

Of the numerous cellular sources of ROS generation, mitochondria, the enzyme 

nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, and uncoupled eNOS are 

considered the major ROS production systems in the human heart (Figure 1). 

 

 

Figure 1. Schematic figure of the three main sources of cardiac ROS. There are positive feedbacks 

among these sources in a way that activation of one results in increased activity and ROS production of 

the others.  

One particular source of superoxide that has received considerable attention is the 

mitochondrial electron transport chain. When electrons flow from nicotinamide adenine 

dinucleotide (NADH) and flavin adenine dinucleotide to molecular oxygen via complex 

shuttle mechanisms, partially reduced semiquinone intermediates are produced and can react 

directly with O2 to produce O2
●-

. The coenzyme Q semi-quinone is believed to be the major 

point of electron leakage in mitochondria. It was recently demonstrated that mitochondrial 

function differentially modulates Nox expression and activity, and that finding highlights the 

existence of a functional interplay between mitochondrial- and angiotensin II-triggered 

oxidative stress [10;11].  

NADPH oxidase, the other important source of superoxide production, is an enzyme that 

uses NADPH to reduce molecular oxygen and produces large amounts of superoxide radicals. 

NADPH oxidase is composed of a membrane-bound cytochrome b558 catalytic unit that 

consists of Nox and p22phox subunits and multiple cytoplasmic accessory or signaling 

subunits (Rac, p47phox, p67phox) [12]. ROS are generated as a primary product of the 

NADPH oxidase system, rather than a byproduct as they are in the mitochondrial system. 

Although NADPH oxidase activity was first described in macrophages, a number of NADPH 

oxidase isoforms (the Nox family) have been discovered in variety of nonphagocytic cells and 

Nox1, Nox2, and Nox4 have been detected in the heart. Nox activity is regulated in part by 

angiotensin II [13].  

Uncoupled or dysfunctional nitric oxide synthases (NOSs) are other important sources of 

ROS. There are 3 major isoforms of NOS enzymes: inducible NOS (iNOS), eNOS, and 

neuronal NOS (nNOS). Their basic function is oxidizing the terminal guanidine nitrogen 

atom of L-arginine by using electrons from NADPH to produce NO
.
, as shown below:  
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NO
.
 has a short half-life of less than 1 to 2 seconds; however, it is easily dissolved in 

hydrophobic solvents and can therefore pass through the cell membranes to exert its effect in 

a paracrine manner. NO
.
. increases the cGMP level, which leads to smooth muscle relaxation; 

it reversibly binds to and inhibits complex IV in mitochondria [14], and it may nitrosate some 

thiols, which results in posttranslational modifications [15]. The autoxidation of NO
.
 leads to 

the formation of 
.
NO2, which is also believed to be involved in redox signaling and direct 

tissue damage.  

NO
.
 signaling is very diverse. One important interaction is the reaction of NO

.
 with 

superoxide, the product of which is peroxynitrite (ONOO
-
/ONOOH). The formation of 

ONOO
-
/ONOOH can directly or via the depletion of tetrahydrobiopterin (BH4) lead to eNOS 

uncoupling, which further reduces NO
.
 production. Increased superoxide production has been 

shown to reduce NO
.
 signaling with detrimental effects on endothelial cell homeostasis [16].  

In addition to mitochondria, NADPH oxidase, and NOS systems, there are other sources 

of oxidants or oxidant-dependent damage (eg, peroxidases, xanthine oxidase, aldehyde 

oxidase), the roles of which in cardiac oxidative stress are less prominent than those three 

sources. The function of cellular sources of oxidative stress is complex, and there are positive 

feedback loops among those three major sources of cardiac ROS production, and an increase 

in ROS production by one of those sources increases ROS production by the other sources. 

 

 

Effect of ROS on Ionic Currents 
 

Abnormalities in Calcium and Sodium Currents  
 

There are several plausible ways in which ROS can cause arrhythmia (Figure 2). The 

direct cardiac arrhythmogenic effect of ROS, specifically that of H2O2, was first observed in 

rat and guinea pig myocytes by Berecewicz and Horackova [17]. Those authors showed that 

the addition of H2O2 prolonged action potential duration (APD) and induced triggered activity 

(TA) via early afterdepolarization (EAD) and delayed afterdepolarization (DAD) mechanisms 

in myocytes [17]. Also perfusion of H2O2 (0.1 to 1 mM) into fibrotic rat and rabbit hearts in 

the Langendorff setting induces EAD and TA and subsequent ventricular arrhythmia [18]. 

One of the mechanisms of H2O2-induced APD prolongation and EAD formation is by the 

development of an enhanced late sodium (Na
+
) current [19]. Shang and colleagues expanded 

on this research by demonstrating that treatment with H2O2 and angiotensin II enhanced the 

late Na
+
 current but decreased the overall Na

+
 current in isolated myocytes through the down-

regulation of SCN5A transcription [20]. In addition, in an animal model of oxidative-stress–

mediated ventricular arrhythmia, arrhythmia can be effectively suppressed by ranolazine, a 

late Na
+
 current blocker [21] which supports a role for increased late Na+ current in ROS 

mediated EAD and arrhythmia. While increase in late Na
+
 current may result in arrhythmia 

via an EAD mechanism, the reduction in total Na
+
 current seen by ROS may cause a 

reduction in CV and provide substrate for reentry. We have shown that ROS can 

downregulate cardiac sodium channels and mitochondrial antioxidants can reverse this effect 

[22]. If this effect of ROS is not exerted homogenously in the heart, it can create a Brugada 

syndrome like effect with reduced Na
+
 current in some parts of the heart which can result in 

phase 2 reentry.  
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Figure 2. Schematic review of molecular and ionic mechanisms of ROS mediated arrhythmia. In 

summary, ROS increases late Na+ current although it may reduce the total Na+ current, it increases L-

type Ca2+ current, increases NCX activity, increases open probability of RyR and impair SERCA. 

Therefore the net effect of ROS is increased inward Na+ current and Ca2+ current which may facilitate 

EAD and DAD formation. A reduction in the total Na+ current may also contribute to the genesis of 

arrhythmia by decreasing conduction velocity. ROS also affects gap junction channels in myocytes and 

impairs gap junctional conduction by reducing Cx43 level. In addition, oxidative stress promotes other 

arrhythmogenic pathologic processes such as inflammation, angiotensin II activation and myocardial 

fibrosis.  

ROS such as H2O2 also directly stimulate the L-type Ca
2+

 current, which results in 

abnormal intracellular calcium cycling in myocytes and facilitates EAD [23]. 

In addition, hydroxyl radicals increase the open probability of cardiac ryanodine 

receptors, which control the Ca
2+

 release from the sarcoplasmic reticulum (SR) to the cyto-

plasm (Anzai 1998).  

A key factor in arrhythmogenesis is reduction of the repolarization reserve. This refers to 

the balance of Na
+
, Ca

2+
, and potassium (K

+
) in cardiac myocytes and its effect on the 

outward K
+
 current during the second phase of the cardiac action potential. An alteration in 

that balance changes the membrane potential of myocytes, which in certain situations results 

in decreased outward potassium current (IK+). This detrimental change to the membrane 

potential is referred to as decreasing the repolarization reserve. The decreased IK+ prolongs 

the action potential and increases the likelihood of EAD and TA. The repolarization reserve 

and the cytoplasmic Ca
2+

 level of cardiac myocytes are affected by the rate of Ca
2+

 uptake by 

the SR. Even a brief exposure to OH
-
 significantly decreases SR Ca

2+
 uptake, which leads to 

an increased Ca
2+

 level in myocytes during diastole [24]. This short-term effect on Ca
2+ 

transport is likely due to the OH
-
-mediated peroxidation of lipid membranes and protein 

sulfhydryl formation, which leads to an indirect effect on the SR Ca
2+

 transporter [24].  

ROS decrease the total Na
+
 current but increase the late Na+ current, the L-type Ca2+ 

current, and the open probability of SR ryanodine receptors and impair SERCA function. 

While ROS mediated reduction in the total Na
+
 current can reduce CV and facilitate reentry, 

other effects of ROS result in an increase in the inward current and the intracellular Ca
2+

 level 

and the facilitation of EAD and DAD.  
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Role of Ca2+/CaM-Dependent Kinase II  
 

Ca
2+

/CaM-dependent kinase II (CaMKII) is a protein kinase and its expression is up-

regulated in patients with an increased susceptibility to arrhythmic events [25]. That 

mechanism may be due to the increased activity of CaMKII, independent of its physiologic 

regulatory molecule Ca
2+

/CaM. If CaMKII is activated by Ca+/CaM under prooxidant 

conditions, two methionine residues become oxidized, and the sustained activation of 

CaMKII, independent of its binding to Ca+/CaM, occurs [26]. This nonphysiologic activation 

of CaMKII by oxidative stress leads to the phosphorylation of many proteins throughout the 

myocardium and can cause arrhythmia [26]. 

Hypertensive rat hearts treated with H2O2 develop EAD, DAD, and ventricular 

arrhythmias and subsequent administration of the commonly used CaMKII-inhibitor KN-93 

is successful in preventing those events (27). Those findings are supported by both patch-

clamp and Ca
2+

-imaging studies performed by Xie and colleagues [28], which demonstrated 

that the oxidative-stress–induced activation of CaMKII causes ventricular arrhythmias. 

CaMKII also appears to be a common pathway of arrhythmia for both β-adrenergic stress and 

oxidative stress. Several recent studies have linked the use of CaMKII inhibitors to a decrease 

in catecholaminergic polymorphic ventricular tachycardia; this suggests that CaMKII may be 

a target of pharmacologic therapy for both oxidative and adrenergic stress-induced ventricular 

arrhythmias [29;30]. 

Several proteins have been investigated as links between increased CaMKII activity and 

an increased incidence of arrhythmia. One of those proteins is the ryanodine receptor (RyR), 

an ion channel that is primarily responsible for mediating the release of Ca
2+

 from the SR 

[31]. The RyR undergoes phosphorylation by CaMKII at two separate sites [32; 32; 33], at 

least one of which directly activates the RyR Ca
2+

 channel (32). A study focusing on patients 

with heart failure found that the activation CaMKII causes a statistically significant increase 

in the opening probability of the RyR and increases the Ca
2+

 current leak from the SR [34]. 

That finding correlates well with previous research that tracked spontaneous Ca
2+

 release 

(calcium sparks) from the SR and found that the frequency of such events correlated directly 

with CaMKII activity [35].  

CaMKII has been shown to shift the voltage dependence of Na+ channel availability by 

approximately +5 mV, to hasten recovery from inactivation, and to increase late Na+ current 

[36] in myocytes. In addition CaMKII plays an important role in L-type Ca
2+

 channel 

(LCC) facilitation: the Ca
2+

-dependent augmentation of Ca
2+

 current (ICaL) exhibited 

during rapid repeated depolarization. Multiple mechanisms may underlie facilitation, 

including an increased rate of recovery from Ca
2+

-dependent inactivation and a shift in modal 

gating distribution from mode 1, the dominant mode of LCC gating, to mode 2, a mode in 

which openings are prolonged [37]. Because CaMKII is a relatively indiscriminate kinase, it 

is very possible that other mechanisms are involved in the genesis of arrhythmia by CaMKII 

activation. Nevertheless, it seems that a great portion of arrhythmogenic effects of ROS such 

as its effect on sodium and calcium currents are via activation of CaMKII. 
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Oxidative Stress and Gap Junctional Remodeling 
 

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 [38]. Of the more than 20 connexin proteins that have been 

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

myocytes [39]. Under normal conditions, connexin proteins form in the cytoplasm and are 

transported to the intercalated disk along microtubules. Once at the disk, hemichannels 

composed of those hexameric arrays of connexins organize and are inserted into the plasma 

membrane. A gap junction is formed when a hemichannel from one cell binds to an adjacent 

cell and forms a pathway connecting the cytoplasm of both cells [40]. 

A significant reduction in or lack of Cx43 can result in slow conduction velocity and 

ventricular arrhythmia [41]. In an animal model of myocardial infarction that the up-

regulation of c-Src tyrosine kinase and an increase in the level of phosphorylated Tyr 416 c-

Src (the active form of c-Src) resulted in the down-regulation of Cx43 via competition 

between phosphorylated c-Src and Cx43 for a binding site at zonula occludens-1, an 

intercalated disk scaffolding protein [42]. Other mechanisms for the reduction of CX43 via 

the up-regulation of c-Src have also been suggested; they include tyrosine phosphorylation of 

Cx43 by c-Src, which also impairs gap junction function [43].  

Treatment with H2O2 transiently (and concentration dependently) activates Src family 

tyrosine kinases in cardiac myocytes [44]. In a rat model of adult respiratory distress 

syndrome, oxidative stress produced an increased level of c-Src, which mediated the effects 

of ROS on the translocation of nuclear factor-kappa B (NF-κB) and the induction of 

inflammation [45]. Some studies support the existence of a positive feedback loop between 

ROS and c-Src in which an increase in ROS up-regulates c-Src, which in turn increases 

oxidative stress even further [46].  

We studied the effects of ROS and the renin-angiotensin system (RAS) on Cx43 and 

ventricular arrhythmia in a transgenic mouse model of cardiac-restricted angiotensin-

converting enzyme (ACE) inhibitor [47]. In that model, homozygous animals did not exhibit 

hypertension, and their left ventricular function and structure were within normal limits. 

Nevertheless, those animals had a high rate of SCD due to ventricular tachycardia, 

fibrillation, and bradyarrhythmia. Elevated level of ROS was suggested by an increase in 

carbonylated proteins in the homozygous animals [48]. Western blot analysis of the 

ventricular tissue of the homozygous animals revealed a higher level of c-Src and a reduction 

in the total amount of Cx43 in 30% of the controls, and a dye diffusion assay showed a 

significant reduction in gap junctional conduction. The administration of PP1, a c-Src 

inhibitor, reduced the total and phosphorylated form of c-Src, increased the total amount of 

Cx43, and corrected the gap junctional conduction impairment [48]. Those effects of PP1 

were associated with the correction of the phenotype and the prevention of sudden arrhythmic 

death. Mitochondria targeted antioxidant therapy produced similar results on Cx43 and 

prevention of SCD in those animals.  
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Oxidative Stress Promotes Fibrosis, Angiotensin 
II Activation, and Inflammation 

 

The causes of ventricular arrhythmias involve many different mechanisms that interact to 

produce an environment in which ectopic and reentrant electrical activity can flourish. Those 

mechanisms include but are not limited to oxidative stress, inflammation, gap junctional 

remodeling, and fibrosis, all of which are widely interconnected.  

 

 

Oxidative Stress and Myocardial Fibrosis 
 

In the presence of ROS, fibroblasts proliferate in the myocardium and undergo 

phenotypic changes [49]. They begin to produce alpha-smooth muscle actin and may form 

gap junctions as they transform into myofibroblasts [50]. Myofibroblasts also increase the 

production of collagen fibers, which insulate the myocytes. These insulating barriers lead to a 

heterogeneous reduction in the conduction velocity and facilitate reentry. Increase in collagen 

fibers also reduces the sink to source effect, and may facilitate the propagation of focal 

activities [51]. It has been suggested that fibroblasts may couple with myocytes and, because 

of the lower resting membrane potential of fibroblasts or their capacitor effect relative to the 

myocytes that are coupled with, may promote triggered activity formation in myocytes [18; 

52]. ROS have been shown to enhance fibroblast proliferation and type I collagen gene 

expression [53]. It has also been demonstrated that antioxidant therapy reduces fibrosis by 

decreasing the level of transforming growth factor-β, which is the major cytokine that 

promotes cardiac fibrosis [54], [55]. In addition, CaMKII has been recently identified as one 

of the mediators of fibroblast proliferation in response to angiotensin II [56]. Because 

CaMKII activity increases in the presence of oxidative stress, CaMKII activation may be a 

pathway by which oxidative stress stimulates fibroblast proliferation within the myocardium. 

 

 

Oxidative Stress and Angiotensin II 
 

Activation of the RAS is associated with an increase in cardiovascular death [57]. A 

critical component of the RAS is ACE, which cleaves the decapeptide angiotensin I to 

produce the 8 amino-acid peptide angiotensin II, a central signaling molecule of the RAS 

system. In humans, increased angiotensin II levels are associated with an increased risk of 

ventricular arrhythmia [58], and the use of ACE inhibitors reduces that risk [59], [60], [61; 

62].  
Angiotensin II, the level of which is increased in many patients with hypertension, 

directly influences superoxide production by the activation of membrane-bound 

NADH/NADPH-driven oxidases. Wang and colleagues showed that the effect of angiotensin 

II on superoxide production is dependent on the protein gp91
phox

 and that this protein and 

NADH/NADPH-dependent oxidases are in all layers of the vessel wall [63]. Superoxide 

dismutase can produce H2O2 from the superoxide produced by NADPH oxidase. H2O2 in turn 

can uncouple eNOS. Some studies suggest that ROS may result in an increase in the level of 
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angiotensin II and/or an increase in the expression of the angiotensin II type I receptor [64]; 

this creates a vicious cycle between angiotensin II and various ROS-producing sources.  

 

 

Oxidative Stress and Inflammation 
 

Activated myocytes, leukocytes, and macrophages produce ROS and lysosomal 

hydrolytic enzymes at sites of inflammation [65]. ROS enhance the inflammatory response 

via activation of signaling cascades that mediate the expression of various inflammatory 

genes, such as the critical element NF-κB [66] [67]. NF-κB, a family of related transcription 

factors that act as the principal regulators of inflammation, are activated by various stimuli 

(eg, ROS after myocardial infarction, ischemic states, reperfusion) [68] [69]. Inflammation, 

which can occur after procedures such as cardiac surgery or cardioversion, causes an increase 

in the level of C-reactive protein (CRP) [70] [71]. CRP has been directly associated with the 

risk of atrial fibrillation, and its role as a prognostic factor for SCD was examined in the C-

reactive Protein Assessment After Myocardial Infarction to Guide Implantation of 

Defibrillator (CAMI GUIDE) study [72] [73].  

 

 

Conclusion and Therapeutic Implications  
 

The biology of oxidative stress is complex. Numerous ROS molecules exist, and positive 

feedback occurs among several sources of cardiac ROS. In general, antioxidant therapeutic 

agents may be designed against three categories of targets: (1) the enzymes and sources of 

ROS production, (2) the ROS molecules, and (3) the key signaling molecules that mediate the 

arrhythmogenic effect of ROS (Figure 3).  

The NADPH oxidase inhibitor, apocynin, is an example of agentsthat may be used to 

reduce oxidative stress by inhibiting one of the sources of ROS production, and it may 

prevent the arrhythmogenic effect of ROS under certain conditions. The effectiveness of NOS 

inhibitors such as N
G
-Nitro-L-arginine methyl ester (L-NAME) in treating arrhythmias has 

been tested in various experiments.  

In a model of occlusion-reperfusion arrhythmia in cats, it was shown that repeated 

injections of L-NAME decreased the incidence of occlusion arrhythmias by 40%, eliminated 

reperfusion-induced ventricular fibrillation, and drastically reduced the latency of occlusion 

arrhythmias [74]. We have observed that Mito-Tempo (Alexis, San Diego, CA), a 

mitochondria-targeted antioxidant, prevented ventricular arrhythmia and SCD in a RAS-

activation animal model (unpublished data). There are a few important considerations in 

designing an antioxidant agent to inhibit sources of ROS. Various sources of ROS may be 

activated under different pathologic conditions and therefore an antioxidant against a specific 

source of ROS may be effective in prevention of arrhythmia only under certain conditions in 

which that specific source is over activated. Also, because of positive feedback loops among 

the sources of cardiac ROS, simultaneous targeting of several important sources of ROS may 

prove to be an effective therapy.  
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Figure 3. Antioxidant therapy may target the sources of ROS production such as mitochondria, NADPH 

oxidase and eNOS or it may be a radical scavenger for neutralizing the already formed ROS. To 

prevent the arrhythmia, it is also possible to identify and target the key molecules that mediate the 

arrhythmic effect of ROS. 

Mitochondria are the major oxidative machinery of the heart that occupy more than 30% 

of the myocyte volume [75]. Thus mitochondria-targeted antioxidants may be the most 

effective antioxidant therapy agains a single source of ROS production.  

A different therapeutic approach involves the use of oxygen-radical scavengers such as 

vitamin E and vitamin C, which neutralize ROS molecules. Carnes and colleagues showed 

that the administration of vitamin C reduced the incidence of postoperative AF and electrical 

remodeling [76]. Nevertheless, most studies have shown that oxygen radical scavengers are 

either not very effective in the treatment of cardiovascular disorders or produce only a modest 

benefit. This lack of benefit is perhaps because ROS are highly reactive molecules that react, 

immediately after their production, with proteins and lipids. Another reason for lack of 

efficiency of oxygen radical scavengers in treatment of cardiovascular disorders may be due 

to the numerous types of oxygen radicals that are produced while the scavengers usually 

neutralize only some of the produced radicals. Thus radial scavengers cannot prevent ROS-

mediated damage. 
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A third therapeutic strategy, which involves investigating the mechanisms by which ROS 

mediate arrhythmia, may require searching for therapeutic targets downstream from ROS that 

cause arrhythmia. For example, CaMKII inhibition may prevent many of the ROS-mediated 

effects on Ca
2+

 and Na
+
 channels or promotion of fibrosis that cause arrhythmia. Ranolazine, 

a late Na
+
 current blocker, may inhibit some of the arrhythmogenic effects of ROS. We have 

observed that the inhibition of c-Src tyrosine kinase prevents the effects of angiotensin II and 

ROS on Cx43 remodeling and also prevents SCD in a model of RAS overactivation [48]. 

Thus c-Src may be another example of antiarrhythmic therapeutic targets that are downstream 

from oxidative stress. 
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