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Reactive oxygen species (ROS) are highly reactive oxygen-derived chemical compounds that are by-products of
aerobic cellular metabolism aswell as crucial secondmessengers in numerous signaling pathways. In excitation–
contraction-coupling (ECC), which links electrical signaling and coordinated cardiac contraction, ROS have a
severe impact on several key ion handling proteins such as ion channels and transporters, but also on regulating
proteins such as protein kinases (e.g. CaMKII, PKA or PKC), thereby pivotally influencing the delicate balance of
this finely tuned system. While essential as second messengers, ROS may be deleterious when excessively
produced due to a disturbed balance in Na+ and Ca2+ handling, resulting in Na+ and Ca2+ overload, SR Ca2+

loss and contractile dysfunction. Thismay, in the end, result in systolic and diastolic dysfunction and arrhythmias.
This review aims to provide an overview of the single targets of ROS in ECC and to outline the role of ROS inmajor
cardiac pathologies, such as heart failure and arrhythmogenesis.

© 2014 Elsevier Ltd. All rights reserved.
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1. Introduction

Reactive oxygen species (ROS) are highly reactive metabolites of
molecular oxygen (O2). In aerobic organisms, they are an inevitable
by-product of the reduction of O2 in the mitochondrial respiratory
chain [1,2]. Depending on the number of transferred electrons, several
intermediates may be generated, such as superoxidanion (O2

−) and
hydrogen peroxide (H2O2). These can be further reduced to water
(H2O), but in the presence of divalent metal ions, the highly reactive
hydroxyl radical (OH•) can be generated from molecular oxygen and
hydroxygen peroxide in the Haber-Weiss-reaction. In an aerobic cellu-
lar setting, ROS are constantly produced endogenously, not only in mi-
tochondria, but also by enzymatic systems such as NADPH oxidases,
xanthine oxidase or uncoupled nitric oxide synthases [3–5]. To prevent
cellular oxidative damage, there are numerous enzymatic scavenging
systems such as superoxide dismutase, catalase and glutathione perox-
idase or non-enzymatic scavenging systems, e.g. thioredoxin, vitamins
or flavenoids [6]. Under physiological conditions, ROS production and
scavenging capacity are balanced. A moderate increase of ROS alters
protein expression and function due to oxidative modification and
serves as an important second messenger [6–8]. This has been shown
to occur in several pathologies, e.g. the induction of adaptive processes
in hypoxia and reperfusion [9]. When the equilibrium is largely shifted
due to exogenous ROS infliction (e.g. due to administration of chemo-
therapy) or increased endogenous ROS production (e.g. in several cardi-
ac pathologies such as heart failure), antioxidant systems can no longer
prevent severe oxidative damage,which affects proteins, lipids andDNA
and may induce apoptosis [6,10,11]. This shift toward a pro-oxidative
milieu is referred to as oxidative stress.

In cardiomyocytes, there are many deleterious consequences of oxi-
dative stress, such as hypertrophy, fibrosis, apoptosis, inflammation and
structural cardiac remodeling [12–16]. In addition, cardiac excitation–
contraction coupling (ECC), which transduces electrical excitation into
a coordinated contraction, is also affected by oxidative stress. Upon
depolarization, voltage-gated sodium channels (Nav 1.5) open, leading
to the so-called up-stroke of the cardiac action potential, a fast depolar-
ization of the membrane potential due to a large Na+ inward current
[17,18]. This current lasts for only ~10 ms, until Nav closes again as a
result of open-state inactivation. Subsequently, voltage-gated Ca2+

channels (LTCC) open and initiate a Ca2+ inward current, which in
turn leads to Ca2+-induced opening of ryanodine receptors (RyR2),
the Ca2+ release channels of the sarcoplasmic reticulum [19]. This
Ca2+-induced Ca2+ release is responsible for a 10-fold increase of
cytosolic Ca2+ during systole and activates the myofilaments via tropo-
nin C-binding. Repolarization occurs as a result of inactivation of LTCC
and activation of delayed rectifying K+ currents. This finely tuned
process is regulated by a number of protein kinases and phosphatases,
including Ca2+/calmodulin-dependent protein kinase II (CaMKII),
cAMP-dependent protein kinase A (PKA) and protein kinase C (PKC)
as well as protein phosphatase 1 (PP1) and phosphatase 2A (PP2A)
[20–22]. Many of these proteins are sensitive to redox-modifications
and their functions have been reported to be altered in a pro-oxidant
milieu. ROS-induced cardiac damage, e.g. contractile dysfunction in
heart failure and cardiac arrhythmogenesis, are suspected to be con-
veyed by oxidation of key proteins in ECC on a posttranslational level.
This review highlights physiologically relevant effects of ROS on key
(regulating) proteins in ECC and aims to discuss their significance in
cardiac pathology.

This subject has recently been reviewed [23,24]. For a comprehen-
sive overview, we refer to these articles as well.

2. Modification of ion channels and transporters

2.1. Cardiac ryanodine receptor

The cardiac ryanodine receptor (RyR2), a sarcoplasmic Ca2+ chan-
nel, is crucially involved in ECC as the main effector of Ca2+-induced
Ca2+ release. RyR2 is co-localized with the LTCC in the t-tubule region
(see Fig. 2), and is activated by Ca2+ entering the cell through LTCC.
RyR2 activation in turn induces Ca2+ release from the SR, leading to
a large increase in cytosolic Ca2+ concentration, which activates the
contractile system.

The RyR2 complex is a tetrameric formation of four RyR2monomers
paired with four stabilizing proteins FKBP12.6. It is also co-localized
with protein kinases such as CaMKII and PKA and several other regula-
tory proteins (e.g. a cAMP-specific type 4 phosphodiesterase or triadin)
[25]. There are many known inhibitors of RyR2, e.g. Mg2+, as well as
activators, e.g. ATP [25,26]. These factors, as well as local [Ca2+]i and
[Ca2+]SR, have an impact on RyR2-mediated Ca2+ release and conse-
quently on systolic Ca2+ transient amplitude and cardiac contractile
force. RyR2 function is subject to redox-regulation, which is of physio-
logical and pathophysiological relevance (see Fig. 1). Oxidative stress
and ROS in particular have been shown to activate RyR2, presumably
due to formation of disulfide bonds [27]. In one RyR2 monomer, there
are 89 cysteine residues, approximately 21 of which are free [28],
and have effectively been shown to be subject to oxidative modifica-
tion [29]. Indeed it could be shown that under oxidative conditions
(e.g. upon 2,2′-dithiodipyridine, DTDP or H2O2 exposure or glutathione
deprivation), RyR2 open probability (Po) is increased, resulting in an in-
creased Ca2+ loss from the SR, especially during diastole. Consistently,
reducing agents, such as DTT or β-mercaptoethanol, lead to decreased
RyR2 activation [30–33]. Interestingly, application of scavengers

Fig. 1.When present in a low tomoderate concentration, ROS play a decisive role as second
messengers in cardiac homeostasis, here shown for cardiac RyR2. RyR2 oxidative activation
can be important in terms of fine tuning of cardiac contraction as well as relaxation, since
RyR2 activation sensitively influences local cytosolic Ca2+ concentration. However, when
excessively produced, ROS can induce arrhythmia by delayed afterdepolarization due to
Ca2+ sparks as a consequence of RyR2 activation and cause diastolic Ca2+ overload and
SR Ca2+ depletion, thereby impairing contractile force.
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