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Abstract
The multifunctional Ca2+ and calmodulin-dependent protein kinase II (CaMKII) is now
recognized to play a central role in pathological events in the cardiovascular system. CaMKII has
diverse downstream targets that promote vascular disease, heart failure and arrhythmias, so
improved understanding of CaMKII signaling has the potential to lead to new therapies for
cardiovascular disease. CaMKII is a multimeric serine-threonine kinase that is initially activated
by binding calcified calmodulin (Ca2+/CaM). Under conditions of sustained exposure to elevated
Ca2+/CaM CaMKII transitions into a Ca2+/CaM-autonomous enzyme by two distinct but parallel
processes. Autophosphorylation of threonine 287 in the CaMKII regulatory domain ‘traps’
CaMKII into an open configuration even after Ca2+/CaM unbinding. More recently, our group
identified a pair of methionines (281/282) in the CaMKII regulatory domain that undergo a
partially reversible oxidation which, like autophosphorylation, prevents CaMKII from inactivating
after Ca2+/CaM unbinding. Here we review roles of CaMKII in cardiovascular disease with an eye
to understanding how CaMKII may act as a transduction signal to connect pro-oxidant conditions
into specific downstream pathological effects that are relevant to rare and common forms of
cardiovascular disease.

Introduction
Protein phosphorylation helps to determine membrane excitability, cellular Ca2+

homeostasis, metabolism, vesicle secretion, gene transcription, protein trafficking and cell
survival. The multifunctional Ca2+ and calmodulin-dependent protein kinase II (CaMKII) is
a serine/threonine kinase that modulates each of these biological functions in diverse cell
types. The CaMKII holoenzyme is configured to coordinate ‘upstream’ Ca2+ (98) and
reactive oxygen species (ROS) (62) signals into ‘downstream’ responses that are now
known to play important roles in cardiovascular physiology and disease. Recently CaMKII
has emerged as a central signal for coordinating ion channels and Ca2+ homeostatic proteins
involved in excitation-contraction and excitation-transcription coupling in myocardium (45).
Excessively activated CaMKII in myocardium promotes hypertrophic (286) and apoptotic
cardiomyopathy (271, 290) and distorts normal excitation-contraction-coupling (5, 152). All
of these processes can contribute to reduced mechanical performance of myocardium and
the clinical syndrome of heart failure. Hyperactive CaMKII leads to proarrhythmic electrical
remodeling (286) that is a probable cause of enhanced susceptibility to sudden death in
patients with heart failure. Thus, the pathological consequences of CaMKII activity in
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myocardium provide a conceptual framework for understanding why patients with
mechanically dysfunctional myocardium are also at risk for arrhythmia-triggered sudden
cardiac death. Increased ROS (12, 219) and CaMKII hyperactivity have been understood to
occur in patients with atherosclerosis, heart failure and arrhythmias for some time, but the
mechanism for ROS activation of CaMKII is recent. In contrast to a relatively developed
understanding of the role of CaMKII in cardiovascular disease, the physiological
requirements for CaMKII have been more elusive. Mice lacking a major myocardial
CaMKII isoform (CaMKIIδ) (15, 142) and mice with myocardial expression of a CaMKII
inhibitory peptide appear to have normal baseline ventricular function and excitation-
contraction coupling parameters (282), although CaMKII inhibition reduces the heart rate
response to catecholamine stimulation by actions at sinoatrial nodal pacemaker cells (261).
We will review the data at hand, which presently provide more insight into cardiovascular
disease than cardiovascular physiology.

ROS are linked to a wide array of processes that lead to heart failure, including myocardial
hypertrophy (54, 121), apoptosis (62), increased matrix metalloproteinase activity (121),
inflammation (211), fibrosis (54, 121), and left ventricular (LV) cavity dilation (54, 62).
However, understanding of discrete molecular pathways and mechanisms by which ROS
influences these disease processes is underdeveloped (7). The use of currently available lipid
and water soluble anti-oxidant supplements (vitamin E and vitamin C) have not shown
therapeutic efficacy (1-3, 51, 187, 200, 277, 278), while anti-oxidants engineered for local
action (109) appear to show benefit in preliminary studies. One potential hypothesis to
explain the differential effects of broad spectrum versus targeted anti-oxidants is that the
geographic or temporal distribution of broad spectrum supplements does not match the
localization of ROS signaling. Indeed, many physiological effects of enhanced oxidative
stress are likely to be highly localized. The comparatively greater efficacy of targeted anti-
oxidant treatment motivates studies aiming to improve molecular understanding of ROS-
responsive disease pathways.

We recently discovered one such potential pathway in which ROS activates CaMKII, a
kinase that is critically linked to structural remodeling, ionic homeostasis, and cell death in
the heart. Oxidized CaMKII (ox-CaMKII) is reduced and inactivated by methionine
sulfoxide reductase A (MsrA) (62). Identification of the ox-CaMKII/MsrA signaling
pathway provides new insights into how ROS may cause cardiovascular injury, and we
hypothesize that the balance between ox-CaMKII and Met-reduced CaMKII determines
fundamental aspects of myocardial disease related to ROS.

Intracellular Ca2+ elevations are sensed by the EF hand domain-containing protein
calmodulin (CaM). When calcified CaM (Ca2+/CaM) binds to CaMKII, it releases the
catalytic domain from constraint by a pseudosubstrate sequence embedded within the
CaMKII regulatory domain. Oxidation and autophosphorylation both convert CaMKII into a
Ca2+/CaM-independent enzyme by modification of defined CaMKII regulatory domain
amino acids (Fig 1). Most evidence suggests that excessive, constitutively active CaMKII
contributes to cardiovascular disease. Conditions in which Ca2+/CaM elevations are
sustained favor transition of CaMKII to a constitutively active, Ca2+/CaM-independent
conformation by a process termed autophosphorylation. Autophosphorylation is favored by
intersubunit interactions within the CaMKII holoenzyme. Oxidized methionine residues
(Met 281/282) and autophosphorylated threonine 287 (Thr 287, the specific numbering
varies slightly between isoforms) reduce the efficacy of pseudosubstrate and kinase domain
reassociation that is required for CaMKII inactivation. However, Thr 287
autophosphorylation is reversed by phosphatases, while Met 281/282 oxidation is reduced
by MsrA. Cellular studies show that ROS-activated CaMKII can occur under conditions of
low Ca2+ (97, 174), suggesting that high ROS conditions may reset the Ca2+ dependence of
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CaMKII activation. Adequate MsrA activity may be required for a normal lifespan in mice
(166), while MsrA over-expression increases lifespan in Drosophila (197). Additionally, loss
of MsrA increases oxidized CaMKII and worsens mortality and myocardial dysfunction
after myocardial infarction (MI) (62), suggesting that MsrA activity is necessary to constrain
pathological CaMKII hyperactivity. Because a molecular understanding of CaMKII
activation by oxidation is new, we will highlight the findings specific to ox-CaMKII.
However, we will also consider CaMKII actions at various downstream targets, in some
cases where oxidation has not been studied, because there is no evidence (that we know of)
to suggest that oxidized and autophosphorylated CaMKII have distinct targets. However, it
is possible that ox-CaMKII and autophosphorylated CaMKII participate in distinct
functions. For example, ROS may disable phosphatases, disturb CaMKII binding to target
proteins, or affect the physiological or pathophysiological consequences of CaMKII-
dependent phosphorylation by oxidation of CaMKII target proteins.

Regulation of CaMKII activity
CaMKII represents a particularly elegant example of the interrelationship between protein
structure and function. The kinase is a multimeric protein typically composed of twelve
subunits. Each subunit contains three distinct domains: an association domain that directs
holoenzyme assembly, a regulatory domain that controls activation of the enzyme, and a
catalytic domain that associates with substrates and performs the kinase function of
CaMKII.

Under resting conditions, the regulatory and catalytic domains are closely associated with
one another, blocking substrate binding and resulting in autoinhibition of the kinase.
Inspection of the crystal structure of the autoinhibited kinase reveals that neighboring
regulatory domains form dimeric coiled-coil pairs that block substrate and ATP binding
(195). If intracellular calcium concentration rises (half maximal activation requires [Ca2+] ~
1.0μM) (196), calcified calmodulin (Ca2+/CaM) binds to CaMKII at the regulatory domain.
Ca2+/CaM binding disrupts the association of the regulatory and catalytic domains, causing
a conformational shift that exposes the catalytic domain for substrate binding and relieves
autoinhibition (189). While other mechanisms of CaMKII activation are discussed in this
review, it is critical to note that all known activation mechanisms require this initial
interaction with Ca2+/CaM.

If CaMKII activity is sustained by lengthy or frequent calcium transients in the presence of
ATP, CaMKII undergoes intersubunit autophosphorylation at Thr287. The addition of a
phosphate group at this residue within the regulatory domain increases the affinity of Ca2+/
CaM for CaMKII over 1000 fold (161). Moreover, phosphorylation at Thr287 prevents
reassociation with the catalytic domain. As a result, Thr287 phosphorylation can permit
persistent CaMKII activity even after the dissociation of Ca2+/CaM from the kinase.

Autophosphorylation at Thr287 is a critical feature of CaMKII function, as it allows the
kinase to translate changes in calcium concentration or transient frequency into sustained
enzyme activity. Indeed, CaMKII is known as the “memory molecule” in part because
recent calcium conditions within the cell are reflected in the shift between Ca2+/CaM-
dependent and Ca2+/CaM-independent activity. Interestingly, new evidence from computer
modeling and CaMKII crystal structure indicates that activation via autophosphorylation
may be cooperative (34), a function of intersubunit capture of regulatory domains rather
than simple coincidence detection. To return to basal inactivation, Thr287 phosphorylation
must be removed by the action of phosphatases, including PP1 and PP2A (220). As protein
phosphatases are themselves subject to complex regulation, for instance by oxidative stress
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(97), it becomes clear that a number of mechanisms work in tandem to modulate CaMKII
activity in vivo.

Recently our group described a previously unknown mechanism of CaMKII activation by
redox (62). Increased levels of ROS cause oxidative modification of the Met281/282 pair
within the regulatory domain, blocking reassociation with the catalytic domain and
preserving kinase activity via a similar but parallel mechanism to Thr287
autophosphorylation. This model is further supported by observations of CaMKII crystal
structure, which show the influence of Met281/282 oxidation on CaMKII dynamics (189).
Mutation of this methionine pair ablates redox-dependent CaMKII activity while leaving
Ca2+/CaM-dependent and phosphorylation-dependent activation unaltered.

An antiserum designed to detect oxidized Met281/282 allows visualization of CaMKII redox
modification in vitro. Using our custom antiserum, we have shown that (1) CaMKII
oxidation occurs in cardiac tissue, (2) redox modification is inducible by treatment with
specific agonists (e.g. angiotensin II), and (3) the extent of CaMKII oxidation is directly
related to oxidative stress levels in the heart. These observations point to Met281/282
oxidation as a novel regulatory mechanism for CaMKII in vivo and position redox
modification of CaMKII as a sensor of oxidative stress in the heart.

Like phosphorylation, oxidation represents a potential modulatory pathway for CaMKII
within the context of cardiac physiology and pathophysiology. We present evidence below
that some cellular process are specifically regulated by Met281/282 oxidation of CaMKII.
Methionine sulfoxide reductase, the enzyme that catalyzes the reversal of methionine
oxidation, is abundant in cardiac tissue (129). This enzyme has an important
cardioprotective role during conditions of increased oxidative stress, and may have
significant interaction with CaMKII after ROS-mediated activation. This topic is explored
more thoroughly in Sections V and VI.

Pathways for CaMKII activation in the heart
Angiotensin and CaMKII

The renin-angiotensin II-aldosterone system (RAAS) is a major pro-oxidant and pro-
inflammatory “stress” neurohormonal system that is overactivated in cardiac disease. For a
more thorough discussion of RAAS pathophysiology, the reader is directed elsewhere (76).
The octapeptide angiotensin II (AngII) is the most studied component of the RAAS cascade
especially in context of renal, cardiac, and vascular diseases. AngII is the cleavage product
of angiotensin I, a decapeptide product from the enzymatic action of circulating renin. Since
its discovery in 1940 as a potent vasoconstrictor (29, 173), AngII is known to regulate
volume and electrolyte balance. AngII exerts vasopressor action through smooth muscle
contraction (46) and contributes to hypertension. In addition to systemic actions, AngII
directly stimulates cardiac cell signaling and affects myocyte contractility. AT1 receptors
are implicated in AngII-induced inotropic effect on cardiac myocytes (106, 207). AT1
receptors couple to phospholipase Cβ (PLCβ) and result in the hydrolysis of
phosphatidylinositol 4,5-bisphosphate into diacylglycerol (DAG) and inositol triphosphate
(IP3) (205). Both positive and negative inotropic effects have been reported for AT1
receptor stimulation, suggesting complexity in downstream signaling. Positive inotropy is
primarily achieved through DAG stimulated PKC activation and stimulation of LTCCs
(227). Low AngII levels can also induce positive inotropy through a different mechanism
involving endothelin stimulated ROS and the Na+/Ca2+ exchanger (40). Therefore, AngII
seems to stimulate fluctuations in intracellular calcium and ROS. CaMKII, as a downstream
sensor of both signals, can likely mediate a coordinated response to AngII.
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Experimental evidence implicates CaMKII in AngII-induced pathology, particularly cell
death (62, 174) and vascular hypertrophy (137). In cat and rat myocytes where AngII exerts
opposite inotropic effects, pharmacologic CaMKII inhibition attenuated AngII induced
apoptosis (174). CaMKII seemed to result in p38MAPK activation, and the pathway was
dependent on ROS. Our group showed that NADPH oxidase derived ROS directly activated
CaMKII through methionine oxidation and that this oxidation mediated kinase activation
was crucial to AngII-induced cardiac apoptosis (62). Despite AngII-stimulated changes in
intracellular Ca2+ the principle mode for AngII-directed CaMKII activation, at least in
disease states, seems to depend on intracellular ROS. This is in contrast to βAR stimulated
CaMKII that relies on autophosphorylation but not methionine oxidation. CaMKII exerts
pro-apoptotic effects of AngII regardless of effects on inotropy.

β-adrenergic signaling and CaMKII
The major β adrenergic receptor (βAR) in myocardium is thought to be the βAR1 isoform,
with an approximate 70:30 ratio in non-failing rat hearts (164). More than a decade ago,
Baltas et al. first showed βAR agonists can increase autonomous CaMKII activity using
Langendorff-perfused rat hearts (16). βAR stimulation enhances [Ca2+]i by several
mechanisms including Ca2+ entry by L-type Ca2+ channels (LTCC), Ca2+ release by
ryanodine receptors (RyR), and PKA-enhanced intracellular Ca2+ flux (27). βAR
stimulation can also activate CaMKII through the guanine nucleotide exchange factor Epac
(Exchange protein directly activated by cAMP), which associates with CaMKII and β-
arrestin at the type 1 βAR (156). The association of CaMKII with the type 1 βAR and lack
of association with the type 2 βAR may explain why catecholamine-mediated myocardial
toxicity signals through the type 1 βAR. Whereas short-term βAR agonist exposure evokes
PKA activation, long-term treatment predominantly stimulates CaMKII in cardiac myocytes.
Likewise phosphorylation of phospholamban (PLN) switches from the PKA regulated to
CaMKII regulated site with increasing time of exposure to βAR agonist treatment in vitro
(251). βAR activated PKA may underlie the “fight or flight” response. In contrast, CaMKII
activation by chronic exposure to a βAR agonist seems to dominate under pathologic
conditions. Overexpression of a CaMKII inhibitory peptide in transgenic mice affords
protection from chronic βAR stimulation (282), supporting the functional importance of
CaMKII in pathologic βAR signaling. While βAR stimulation increases autonomous
CaMKII activity and phosphorylation of CaMKII targets (in particular RyR2 Ser2815 and
PLN Thr17) the βAR agonist isoproterenol does not seem to have an effect on Met281/282
oxidation mediated CaMKII activation (62). βAR contributes to cardiac oxidative stress
(280), suggesting that there may be requirements for the source and/or spatiotemporal
generation of ROS in oxidizing CaMKII.

Distribution and characterization of cardiac CaMKII
CaMKII exhibits complex patterns of expression due to multiple encoding genes, splice
variants, and post-translational modifications. CaMKII exists in four known isoforms
encoded by different but highly conserved genes (α, β, γ, δ). Whereas the α and β isoforms
are expressed predominantly in neuronal tissue (162), the δ isoform is the major isoform
expressed in heart (59). Several alternatively spliced variants exist for each CaMKII
isoform, allowing for differential expression and subcellular targeting. Notably, the δ
isoform has the greatest number of splice variants, eight total, making it the major known
contributor to CaMKII diversity in the cardiovascular system. In particular, the δB (or δ3)
isoform allows for nuclear localization by virtue of an eleven amino acid nuclear
localization signal found in the hypervariable region (217). In co-transfection experiments
with CaMKI or CaMKIV, it was found that phosphorylation of a serine residue in the
nuclear localization signal of CaMKIIδB prevented nuclear targeting (88). In contrast, the
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δC (or δ2) isoform has predominant cytoplasmic localization, and transgenic mice
overexpressing CaMKIIδC have increased RyR phosphorylation, dilated cardiomyopathy,
heart failure, and premature death (286). Subcellular targeting likely allows strategic
positioning along different signaling pathways and, together with its heteromultimeric
construction, CaMKII can transmit a gradient of sensitivity to Ca2+/CaM. Finally, isoform
expression changes differentially in diseased states. In failing human hearts, CaMKIIδB
isoform expression preferentially increases (93). CaMKII is found in virtually every
subcellular locale, including the cytoplasm, the nucleus, and the ER. CaMKII interacts with
membrane proteins, allowing it to be in proximity to sites of ROS generation. This
ubiquitous expression presumably allows CaMKII to function as a sensor and effective
transmitter of cellular oxidant stress signals.

CaMKII and oxidation in cardiac excitation-contraction coupling
Excitation-contraction coupling (ECC) is the mechanism where membrane excitation
induces release of Ca2+ from the sarcoplasmic reticulum (SR) intracellular Ca2+ store by a
Ca2+-induced Ca2+ release process. L-type Ca2+ channel (CaV1) current enhances the
probability of ryanodine receptor (type 2 in myocardium, RyR2) opening. RyR2 opening
releases Ca2+ stored in the SR into the cytoplasm. The rise in free cytoplasmic Ca2+ drives
myofilament crossbridge formation, causing contraction and mechanical systole. Active
reuptake of cytoplasmic Ca2+ into the SR facilitates a reversal of myofilament interactions,
allowing for myocardial relaxation during diastole. CaMKII participates in regulating each
component of the ECC process and excessively activated CaMKII is implicated in ECC
dysfunction that underlies heart failure and arrhythmias. The recent recognition that
oxidation can directly activate CaMKII provides a potential explanation for earlier studies
showing ROS effects on action potential and RyR2 physiology and disease.

Each cardiac action potential is initiated by a voltage-gated inward current that causes cell
membrane depolarization. Most myocardial cells rely on the voltage-gated Na+ channel
(mostly NaV1.5) for action potential initiation, but myocardial-derived cells specialized for
pacing in the sinoatrial node (SAN) and the atrioventricular node (AVN) depend on voltage-
gated Ca2+ current (a combination of CaV1.2 and CaV1.3) for initiating action potentials
(157, 182). The depolarized cell membrane potential is restored on a millisecond time scale
to the physiological diastolic resting potential by coordinated responses of repolarizing (net
outward) currents. The electrochemical gradient required to maintain a negative resting cell
membrane potential is energetically expensive and is supported by the activity of the Na+/
K+ ATPase. We are unaware of any evidence linking CaMKII with Na+/K+ ATPase activity
in heart (133). However, the ion channels that determine membrane depolarization and
repolarization are specific to particular cell types in the cardiovascular system, and a
growing body of evidence suggests that CaMKII directly and indirectly regulates many, or
even most, of these ionic currents. Given the interdependence of ion channels and Ca2+

homeostatic proteins in the ECC process, it is appealing to consider that CaMKII is a
coordinating signal that helps to orchestrate the interrelationships between membrane
excitation and SR Ca2+ release. Because ROS are a physiological consequence of working
cardiac muscle, a tissue with high metabolic demands, it seems likely (though to our
knowledge unproven) that ROS activation of CaMKII is an important, regulated event that
enables physiological adjustments to various ECC proteins. CaMKII catalyzes the
phosphorylation of several ion channel proteins, including voltage-gated Ca2+ channels and
RyR2 (45, 151). In general, CaMKII phosphorylation sites increase the probability of ion
channel opening. What follows is a discussion of CaMKII and ROS actions at specific ion
channels and Ca2+ homeostatic proteins involved in myocardial ECC. We refer the reader to
recent reviews that focus on CaMKII in heart (45), Ca2+ homeostasis and ECC (22, 151),
and the role of ROS in myocardial (12) and atherosclerotic vascular disease (219).
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Action potentials
Action potentials (AP) embody membrane excitability and repolarization, and so represent
the integrated readout of a complicated assembly of inward and outward currents. The open,
closed and inactivated states of ion channels that contribute to action potentials in heart are
mostly responsive to membrane potential, and so are designated voltage-gated ion channels.
However, various signals add to the effect of membrane voltage, including phosphorylation
and oxidation. Furthermore, ion channel trafficking to the cell membrane and assembly into
a fully formed macromolecular complex can also be regulated by phosphorylation and
oxidation. It is now clear from experimental and computer modeling studies that CaMKII is
a pleiotropic transduction signal that couples changes in cellular Ca2+ to sculpt action
potentials by affecting a wide variety of inward and outward, voltage-gated ion channels in
the cardiovascular system (78, 101, 143). Some early clues strongly suggest that ox-CaMKII
may be important for transduction of proarrhythmic actions of ROS on action potentials in
cells (266) and tissue (39, 266). Surprisingly, the effects of CaMKII and ROS on the AP
duration are not clear. Chronic transgenic over-expression of the primary myocardial
CaMKII isoform (CaMKIIδ) causes AP prolongation, proarrhythmic oscillations in
membrane potential called afterdepolarizations (ADs), arrhythmias and sudden death (152,
198). Studies in cultured adult ventricular myocytes over-expressing wild type CaMKIIδ do
not show increased AP duration (125), and modeling suggests that a lack of AP prolongation
is due to a net balancing act between competing inward and outward currents (78). Our
group recently reported that over-expression of a constitutively active mutant CaMKIIδ
(T287D) mimicking autophosphorylation prolonged AP duration and induced ADs in
cultured adult rabbit ventricular myocytes. Computer modeling and measurements of ionic
currents suggested AP prolongation was due to frequent and prolonged (mode 2) openings
of Cav1.2 and increased SR Ca2+ release from RyR2 (128). Taken together, we interpret
these various results to suggest that excessive and prolonged CaMKII activity does cause AP
prolongation and ADs by actions at a number of target proteins, while shorter exposure to
more moderate elevation in CaMKII activity does not necessarily increase AP duration. Like
CaMKII, ROS affects multiple processes that influence AP duration. Computational
simulation of ROS increases due to ischemia suggest that mitochondrial ROS contributes to
ventricular myocyte AP shortening by coupled activation of ATP-sensitive K+ channels
(288). Membrane depolarization and AP duration shortening was also observed in guinea
pig papillary muscles in a lipid peroxidation model of increased ROS (235). ROS generated
by photoinjury caused acute AP prolongation but later AP shortening in frog atrial
cardiomyocytes (229). Application of H2O2 to rat and rabbit hearts induced ADs and
ventricular fibrillation preferentially in older animals, but without a significant effect on AP
duration (165). Arrhythmias were suppressed by the CaMKII inhibitor KN-93 or by the
ROS scavenger N-acetyl cysteine. H2O2 increased AP duration in isolated rabbit ventricular
myocytes leading to ADs that were suppressed by CaMKII inhibition (266). Ultimately,
simple statements about the effect of CaMKII and/or ROS on AP duration can be
unintentionally misleading, because action potential duration is dependent upon many
factors, including species (250), age (165), location within the myocardium (e.g. epicardium,
endocardium, base, apex), temperature and stimulation frequency (78).

Intracellular calcium transients
Disordered intracellular Ca2+ homeostasis, reflected in the beat-by-beat intracellular Ca2+

transient in myocardial cells, is a hallmark of heart failure in humans (83) and in animal
models (282). The heart failure Ca2+ transient is reduced in amplitude and prolonged, a
phenocopy of the effect of transgenic CaMKIIδ over-expression (152). CaMKII
phosphorylates many of the proteins involved in intracellular Ca2+ homeostasis, including
the main point of Ca2+ entry (Cav1.2) and proteins involved in SR Ca2+ uptake
(phospholamban) and release (RyR2) (45). Voltage-clamped ventricular myocytes from
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mice with CaMKII inhibition due to transgenic expression of a CaMKII inhibitory peptide
(AC3-I) show reduced ‘beat-to-beat’ variability of the intracellular Ca2+ transient (263).
Chronic CaMKII inhibition in AC3-I transgenic mice led to increased peak ICa (282) and an
increased peak intracellular Ca2+ transient. Phospholamban is a negative regulator of
CaMKII and CaMKII phosphorylation of phospholamban reduces the negative regulatory
effects of phospholamban on the SR Ca2+ ATPase (mostly SERCA2a), allowing increased
uptake of cytoplasmic Ca2+ into the SR. Loss of phospholamban reduced dynamic
variability of ICa (i.e. facilitation) and of the intracellular Ca2+ transient. Thus,
phospholamban knock out partially mimicked and prevented additional effects of CaMKII
inhibition on dynamic properties of the intracellular Ca2+ transient. Knock-in mice lacking
an important CaMKII phosphorylation site on RyR2 (254) show reduced stimulation
frequency-dependent increases in peak intracellular Ca2+ (130). We interpret these findings
to indicate that both phospholamban and RyR2, key control proteins for SR Ca2+ flux, are
important for CaMKII effects on intracellular Ca2+ transients in ventricular myocytes.

Limitations of available reagents for electrophysiological studies
At this point, it is worth noting that interpretation of much of the published
electrophysiological data is complicated due to limitations of available reagents for CaMKII
inhibition. The CaMKII inhibitory drugs KN-62 (91) and KN-93 (222) are more specific for
CaMKII over other serine-threonine kinases, compared to predecessor inhibitors such as
calmidozolium or W-7. These original kinase inhibitory agents were known to have
troublesome off-target actions that made them undesirable for electrophysiological studies
(9, 79). However, KN-93 and KN-62 are also limited because of CaMKII-independent
actions at voltage-gated ion channels important for the cardiovascular system. KN-93 (10)
and KN-62 (136, 209) are direct ICa antagonists. Importantly, the concentrations for off-
target and CaMKII inhibitory actions of the KN drugs overlap (10). KN-92 is a KN-93
congener marketed as a control agent. Unfortunately, KN-92 does not share the CaMKII-
independent ICa antagonist actions of KN-93. KN-93 is also a CaMKII-independent
antagonist for a variety of voltage-gated K+ currents (10, 132, 191), including the transient
outward current (Ito), inward rectifier current (IK1) and the rapid component of the delayed
rectifier (IKr). In our opinion, these limitations mean that electrophysiological studies where
KN drugs are the only approaches to establishing a role for CaMKII are inadequate. CaMKII
inhibitory peptides, such as AC3-I (282) and CaMKIIN (33), are potent and effective
CaMKII inhibitory agents for cellular electrophysiology studies. These peptides can be
dialyzed via the patch pipette. Unfortunately, cell membrane permeant formulations of these
peptides are effective for transferring peptides across cellular membranes, but result in
profound non-specific disruption of membrane excitability (261). Fortunately, genetic
approaches such as transgenic expression of inhibitory peptides (211, 282), CaMKII over-
expression (125, 286), gene deletion (15, 142) and siRNAs (62, 237) provide highly
selective methods for manipulating CaMKII activity without the off-target actions of
currently available small molecule inhibitory agents.

Sodium current
NaV1.5 is the primary voltage-gated Na channel in myocardium. Inward NaV1.5 current
(INa) determines membrane excitability in all atrial and ventricular myocytes, with the
exception of specialized pacing and conduction cells in the SAN and AVN where CaV1.2
and CaV1.3 serve this purpose. INa is composed of a massive peak inward current that drives
the action potential upstroke and a much smaller slow or non-inactivating component that
contributes to action potential duration during the action potential plateau (Fig 2). Excessive
increases in the non-inactivating component of INa are the primary arrhythmia mechanism in
long QT syndrome 3 (21) and may contribute substantially to arrhythmia mechanisms in
heart failure (155). The increased inward current contributes to AP prolongation and
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subsarcolemmal Na+ loading that reduces the efficacy of the Na+/Ca2+ exchanger (NCX),
leading to secondary Ca2+ overload. Increased INa during the AP plateau and intracellular
Ca2+ overload both support ADs. It has recently become clear that NaV1.5 is a target for
CaMKII (249). On one hand, transgenic chronic over-expression in mouse cardiomyocytes
or transient virally mediated CaMKIIδ over-expression in adult rabbit ventricular myocytes
cause a left shift (~−6 mV) in INa availability and slow recovery from inactivation, processes
that reduce INa availability during rapid heart rate and that may contribute to QRS
prolongation (249). On the other hand, acute or chronic CaMKII over-expression slows the
rate of INa inactivation and preferentially enhances the persistent non-inactivating
component of INa. These properties and increased NaV1.5 expression in mice with
transgenic CaMKIIδ over-expression, likely contribute to increased cytoplasmic Na+

loading and increased susceptibility to ventricular arrhythmias due to myocardial CaMKIIδ
over-expression (249). Interestingly, the increased cytoplasmic Na+ and increased non-
inactivating INa were reversed by KN-93 and a CaMKII inhibitory peptide in ventricular
myocytes with acute, but not with chronic (transgenic) CaMKIIδ over-expression. These
data, together with the finding that CaMKII phosphorylates the pore-forming NaV1.5 alpha
subunit (6) support a view that NaV1.5 is an important CaMKII target, but raise questions
about the nature and identity of adaptations to NaV1.5 that occur in heart failure due to
CaMKIIδ over-expression. Our group recently found that CaMKII is targeted to NaV1.5 in
myocardium and in neurons by βIV spectrin. βIV spectrin is necessary for CaMKII to
efficiently phosphorylate a key site (S571) on the I-II cytoplasmic linker of NaV1.5 that
controls the biophysical effects of CaMKII on INa. Cardiomyocytes isolated from mice with
a mutation in βIV spectrin (qv3J) lacking the CaMKII binding domain were resistant to
CaMKII actions on INa and to isoproterenol-triggered afterdepolarizations (100). These data
show that CaMKII affects on NaV1.5 occur by phosphorylation of a specific α subunit
residue and require targeting by a defined molecular platform that appears to be important in
diverse excitable tissues. Additionally, elevated intracellular [Na+], as is observed in heart
failure, promotes enhanced mitochondrial ROS production (124), leading to a potential
increased in oxidized CaMKII. CaMKII activation and ROS production result in
phenotypically similar changes in INa in guinea pig, rabbit and dog ventricular myocytes,
including enhancement of the peak and non-inactivating components (154, 214). It is
interesting that CaMKII inhibition and Ranolazine, a new INa antagonist with diverse
actions, both appear to show antiarrhythmic activity by suppressing the non-inactivating
component of INa (214). We interpret the presently available data to suggest that NaV1.5 is a
phosphorylation substrate for CaMKII and that at least some of the ROS effects on INa are
due to activation of CaMKII. On the other hand, oxidation of Met residues also affects
gating in a variety of Na+ channels, including NaV1.5 (115), suggesting that oxidation also
has CaMKII-independent effects on INa in the cardiovascular system.

Calcium currents
Voltage-gated Ca2+ channels are the primary transsarcolemmal pathway for Ca2+ entry into
the excitable cells of the cardiovascular system. The high voltage-activated or long-lasting,
so called ‘L-type’, Ca2+ channels are CaV1.2 and CaV1.3. CaV1.2 is the most important and
most abundant voltage-gated Ca2+ channel in adult mammalian ventricular myocardium.
CaV1.2 channels are enriched in T-tubular sarcolemmal invaginations, and this localization
positions CaV1.2 to face off against the RyR Ca2+ release channels of the SR. CaV1.2
current (ICa1.2) triggers SR Ca2+ release from type 2 RyR (RyR2) as part of the Ca2+-
induced, Ca2+ release mechanism supporting ECC.

CaMKII is required for a dynamic property of ICa1.2 called facilitation (9, 265, 274) that is
thought to be important for contractility. Facilitation consists of a transient increase in peak
ICa1.2 and a concomitant slowing of ICa1.2 inactivation (Fig 2). Experimental studies (58)
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and computational modeling (87) suggest that a high activity CaV1.2 channel gating mode
(mode 2) with frequent and prolonged openings is the biophysical mechanism for ICa1.2
facilitation. Surprisingly, CaMKII activation by Ca2+/CaM that supports ICa1.2 depends on
activator Ca2+ release from RyR2 instead of ICa1.2, as evidenced by the fact that preventing
SR Ca2+ release eliminates ICa1.2 facilitation, but expression of a mutant, constitutively
active (T286D) CaMKIIδ mutant rescues ICa1.2 facilitation and enhances CaV1.2 channel
mode 2 gating even in the absence of SR Ca2+ release (128). CaMKII can phosphorylate the
CaV1.2 pore-forming α subunit, but (in our opinion) the best evidence shows that a CaMKII
phosphorylation site that is conserved across the four major β subunit isoforms is required
for CaMKII-dependent ICa1.2 facilitation and mode 2 gating (80, 81, 128).

Increasing ROS by addition of H2O2 increases ICa1.2 facilitation in rat ventricular myocytes
by a process that is prevented by assiduous Ca2+ buffering, KN-93 or a CaMKII inhibitory
peptide (215). H2O2 also increases peak ICa1.2 and slows ICa1.2 inactivation by a process
that is reversed by KN-93 or a CaMKII inhibitory peptide (266). Similar increases in ICa1.2
with H2O2 were reversed or prevented by adenosine receptor or protein kinase C inhibitor
drugs (236), and at least one report found that H2O2 reduced peak ICa1.2 in isolated adult
guinea pig ventricular myocytes (73). Although H2O2 is useful as an experimental approach
for increasing ROS, the H2O2 activity in cells under physiological or disease conditions is
not known precisely. However, agonists such as endothelin 1 (279) and aldosterone (248)
with the potential to activate NADPH oxidase (see section VII) and thereby elevate ROS,
including H2O2, also result in increased ICa1.2 and increased CaV1.2 channel opening
probability. We interpret most published findings to suggest that increasing ROS by direct
addition of H2O2 or by NADPH oxidase-coupled agonist stimulation causes a phenocopy of
CaMKII actions at CaV1.2. The findings by several groups showing ROS actions are
reversed by CaMKII inhibitors are thus consistent with a model where ROS activates
CaMKII and oxidized CaMKII increases CaV1.2 mode 2 gating and ICa1.2 facilitation.

CaV1.3 is important in atrium and specialized conduction tissue, but little is known about
CaMKII or ROS effects on CaV1.3 in cardiovascular tissue. There is evidence for a
functionally important CaMKII phosphorylation site on the CaV1.3 pore-forming α subunit
(at the intracellular C terminus near an EF hand domain) that increases peak current (69).
Based on the high homology of the β subunit binding alpha interacting domain between
CaV1.2 and 1.3 it is likely that 1.2 and 1.3 share the same β subunits. Thus, it is possible
(though unproven) that ROS and CaMKII binding and phosphorylation of β subunits will
increase ICa1.3 and ICa1.2 by similar biophysical mechanisms. L-type (CaV1.x) and low
voltage-activated or transient, so called T-type (CaV3.x) channels are activated over more
negative voltage ranges and appear to communicate Ca2+ via different microdomains.
Transgenic over-expression of CaV1.2 causes myocardial hypertrophy, heart failure and
apoptosis (168), while over-expression of CaV3.1 did not contribute to SR Ca2+ overload or
lead to pathological outcomes (108). CaV1.2 are preferentially expressed in the T-tubules
(adjacent to RyR2), while CaV3.1 expression is relatively more abundant on non-T-tubular
sarcolemma. CaV3.1 Ca2+ contributes to anti-hypertrophic actions by activation of a NOS3-
cGMP kinase (type 1) pathway (168). CaMKII increases T-type current by CaV3.2 during
aldosterone stimulation, suggesting that ROS may be a component of this signaling pathway
(38). CaMKII increases CaV3.2, but not CaV3.1 current by a phosphorylation site on an
intracellular domain (II-III linker) of the pore-forming alpha subunit (255). Taken together,
these findings suggest that CaMKII can increase CaV1.2, CaV1.3 and CaV3.1 by distinct
mechanisms. ROS effects on CaV1.2 appear to involve CaMKII, and ROS and CaMKII may
also be involved in augmenting CaV3.2 current. The potential involvement of ROS in
CaMKII signaling to CaV1.3 is uncertain, while CaV3.1 does not appear to be a CaMKII
target. Thus, we anticipate that increased ROS will activate CaMKII and preferentially
enhance CaV1.2, CaV1.3 and CaV3.2 currents.
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Potassium currents
CaMKII has complex effects on a variety of K+ currents important for the cardiovascular
system (8). CaMKII can affect K currents by phosphorylation (e.g. KV4.3) (60), by effects
on SR Ca2+ (139) by transcriptional regulation (250), and by decreasing trafficking to
sarcolemmal compartments (138). At this point, in our view, there is no simple unifying
concept for the effects of CaMKII on repolarizing K+ currents. ROS effects are well
recognized to affect various K+ currents and in some cases these effects potentially overlap
with the effects of CaMKII. We found that CaMKII inhibition restricted to myocardium
enhanced the efficacy of ischemic preconditioning to reduce cardiomyocyte death resulting
from ischemia-reperfusion injury. This beneficial effect of CaMKII inhibition was due, at
least in part, to increased membrane expression of the ATP-sensitive K+ channels, but
without changes in ATP-dependent gating or in Kir6.2, SUR1 or SUR2 encoding mRNA or
total protein (138). Ventricular myocytes treated with H2O2 (73) showed increased IKATP
that was reversed by various kinase inhibitory drugs, including KN-62 and KN-93 (268),
potentially consistent with a role for oxidized CaMKII in IKATP regulation. However,
oxidation also has complex effects, only a portion of which likely involve CaMKII. For
example, chloramine-T preferentially oxidizes Met residues and reduces IKr in HEK cells
heterologously expressing the human ether à go-go related gene 1 (hERG1), and
chloramine-T effects were reversed by MsrA (221). Chloramine-T also increased
availability and slowed deactivation of the K+ channel hSlo (features that will increase
current) even in the near absence of Ca2+. The chloramine T effects on hSlo were partially
reversed by MsrA (228). Because most cells used for heterologous expression studies have
low CaMKII, these data suggest ROS effects on IKr and hSlo current may not require
CaMKII. However, oxidation of Met residues suggests the possibility of coordinate
regulation of oxidized CaMKII and certain ion channel proteins by MsrA.

K+ currents are an important determinant of action potential repolarization in myocardium.
CaMKII affects AP repolarization, in part by actions at K+ currents. Action potentials from
mice with chronic myocardial CaMKII inhibition due to transgenic expression of an
inhibitory peptide (AC3-I) have increased peak ICa, but shortened AP duration (282), due to
upregulation of the repolarizing fast transient outward K+ current (Ito,f) and the inward
rectifier K+ current (IK1) (139). These findings suggest that CaMKII may somehow couple
intracellular Ca2+ and ROS to AP repolarization in myocardium. The hypothesis that
CaMKII effects on repolarization are tied to intracellular Ca2+ homeostasis appear to be
supported by our finding that AP abbreviation and the increase in Ito,f and IK1 were reversed
to baseline when AC3-I mice were interbred into a phospholamban knock out background.
We did not find evidence that CaMKII-mediated increases in Ito,f and IK1 were due to
increased transcription or cellular expression of candidate ion channel proteins, because we
found no difference in expression of KCND2 (encodes KV4.2), KCND3 (encodes KV4.3),
KCNJ2 (encodes Kir2.1), or KCNJ12 (encodes Kir2.2) between AC3-I and control mice.
Subsequent studies showed that AC3-I mice also had increased expression of IKATP, which
contributed to myocardial protection during ischemia-reperfusion injury, without evidence
of changes in mRNA (ABCC8, encodes SUR1, ABCC9, encodes SUR2, KCNJ8, encodes
Kir6.1 or KCNJ11, encodes Kir6.2) but that sarcolemmal Kir6.2 protein was selectively
increased by CaMKII inhibition, leading us to conclude that CaMKII was important for
trafficking of Kir6.2 and, perhaps, other K+ channels (138). Mice with chronic CaMKIIδ
over-expression have delayed ventricular myocyte AP repolarization, compared to WT
littermates, and down-regulation of Ito,f, KV4.2 and KChIP2, in contrast, Ito,slow and KV1.4
are increased. These effects were not reversed by acute CaMKII inhibition, potentially
consistent with a differential CaMKII-mediated effect on K+ channel trafficking. In contrast,
CaMKIIδ over-expression (in transgenic mice or virally-infected cultured rabbit ventricular
myocytes) induced gating changes in both Ito,f and Ito,s (accelerated recovery from
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inactivation) that were reversible by acute CaMKII inhibition. Finally, mRNA for IK1 and
Kir2.1 were both reduced by CaMKII over-expression. Taken together, these data suggest
that CaMKII contributes to multiple aspects of K+ channel biology, including trafficking,
gating and transcription. It remains to be seen which of these processes will be affected by
ROS through a CaMKII pathway.

Ryanodine receptors
Increased RyR2 leak is due to increased channel opening probability (Po), and is associated
with arrhythmias in heart failure (159) and in patients with genetically diseased RyR2
(catecholaminergic VT) (134, 184). Both PKA and CaMKII (254) can phosphorylate RyR2
leading to increased Po and SR Ca2+ leak. Although this remains a highly controversial area,
recent evidence suggests that CaMKII plays an important and, perhaps, preeminent role in
promoting RyR2 leak (5, 48, 64, 231). RyR2 Po is also increased by H2O2 (13, 24, 116,
292). ROS modification of RyR2 increases the steepness of the leak/load relationship and
promotes SR Ca2+ leak and arrhythmias in dogs with post MI VF (19). These findings show
that ROS and CaMKII produce phenotypically similar effects on RyR2, suggesting the
hypothesis that ROS may affect RyR2 Po at least partly by activating CaMKII. The
relationship between RyR2, the related inositol 1,4,5-trisphosphate receptors (InsP3R) and
CaMKII is further complicated by the fact that CaMKII is uniquely activated in distinct
subcellular environments by intracellular Ca2+ release. For example, CaMKII at CaV1.2 in
ventricular myocyte T-tubules is primarily activated by Ca2+ from the SR (128), while
CaMKII on the nuclear envelope is primarily activated by Ca2+ released from InsP3R (260).
At this point it is unknown if ROS affects local CaMKII signaling to RyR2 or InsP3R.

Recently RyR2 phosphorylation by CaMKII has been implicated in the myocardial force-
frequency relationship (130). The Marks group studied mice lacking a bona fide CaMKII
site on RyR2 (S2814A) (254) to show that loss of this site reduced the normally observed
enhancement of frequency-dependent intracellular Ca2+ release and developed left
ventricular pressure, but without providing protection against loss of left ventricular ejection
fraction after myocardial infarction surgery, potentially suggesting that the RyR2 site
contributes to physiology, but not disease responses. These same mice show resistance to
atrial fibrillation (36) and reduced SR Ca2+ leak after myocardial infarction or isoproterenol
toxicity (unpublished), suggesting that the role of this site may vary depending significantly
by model and myocardial cell type.

Excitation-transcription coupling
Recent evidence supports a concept related to ECC, termed excitation-transcription coupling
(260), where increases in intracellular Ca2+ (contributed at least in part by CaV1 current)
lead to activation of Ca2+ regulated transcription factors (55, 75). Myocyte enhancer factor 2
(MEF2) is a transcription factor that is required for muscle differentiation and growth, but
also contributes to pathological hypertrophy in adult hearts (176). MEF2 activity is
repressed by class II histone deacetylases (HDACs) types 4 and 5 under basal conditions
(14). CaMKII can phosphorylate HDACs 4 and 5 to create a 14-3-3 protein recognition site.
CaMKII-phosphorylated HDAC is removed by 14-3-3 proteins leading to increased MEF2
transcriptional activity. The inositol tris-phosphate receptor (IP3R) in the nuclear membrane
is a source of Ca2+ for CaMKII activation and excitation-transcription coupling in heart.
IP3R and RyR2 are homologous proteins. In ventricular myocardium IP3R are enriched in
the nuclear membranes, while RyR2 expression is most evident in the junctional SR that
closely approximates cell membrane invaginations called T tubules. T tubules are enriched
in various ion channel proteins, including those contributing to CaV1.2. Recent evidence
supports a view that the nuclear and SR lumens are continuous (259), suggesting that
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CaMKII can affect ECC and excitation-transcription coupling by targeting distinct but
homologous proteins through macromembrane structures.

Heart failure pathophysiology
Ischemic heart disease is the leading cause of death worldwide and poses a significant
economic and public health burden (146). Patients with ischemic heart disease usually
present with myocardial infarction, after which the heart undergoes a pathological
remodeling process involving functional and morphologic changes, namely hypertrophy,
cell death, and cardiac dilation. Increasing evidence suggests that CaMKII activation plays a
central role in signaling pathways mediating these disease phenotypes. Cardiac CaMKII
activity increases in mice with ischemic heart disease induced by MI or isoproterenol. Our
group recently showed that methionine oxidation plays an integral component to activated
CaMKII after MI, suggesting that cellular redox balance and oxidized CaMKII is part of the
pathological response pattern to MI.

Apoptosis
Cardiac cell death is a prominent pathologic cellular response to injury and stress and
underlies the morphologic changes seen in dilated cardiomyopathy. Cardiac cell loss is
usually considered irreversible because cardiomyocytes are terminally differentiated.
Apoptotic cell death contributes to heart disease pathogenesis in patients with myocardial
infarction (202) and end-stage heart failure (169). Triggers to cardiac apoptosis include
neurohormones, mechanical stress, and sarcoplasmic reticulum (SR) Ca2+ overload;
CaMKII inhibition is beneficial in these situations. An imbalance of phosphatase/kinase
activity can also contribute to apoptosis, and CaMKII inhibition can protect from apoptosis
induced by phosphatase inhibitors (66). Overexpression of wildtype CaMKII or
constitutively active CaMKII induces apoptosis in COS-1 cells, whereas overexpression of a
catalytically inactive mutant CaMKII did not. βAR stimulation increases apoptosis in
cultured adult ventricular myocytes, but this effect is prevented by pharmacologic CaMKII
inhibition (290). When CaMKII inhibitory transgenic mice were interbred to PLN−/− mice,
the mice became less resistant to ischemia-induced apoptosis (271), while CaMKIIδ over-
expressing mice interbred with PLN−/− mice showed markedly enhanced myocardial
apoptosis (283). These studies with CaMKII inhibition or overexpression demonstrate the
relevance of CaMKII activation in apoptotic cell death.

Using isolated feline cardiomyocytes as a model of SR Ca2+ overload through
overexpression of LTCC, CaMKII activation increased along with myocyte apoptosis
through a mitochondrial related process (37). More than one CaMKII isoform may be
involved, as Timmins et al. recently showed that activation of CaMKIIγ increases
mitochondrial Ca2+ and modulates cytochrome c release and apoptosis (237). In addition,
cholesterol-induced ER stress induced CaMKII oxidation. Our group showed that oxidation
mediated CaMKII activation downstream of Ang II can also increase cardiac apoptosis, with
corresponding increase in caspase-3 activity (62). Using Langendorff-perfused mouse hearts
with transgenic overexpression of a CaMKII inhibitory peptide targeted to the SR, Salas et
al showed decreased mitochondrial swelling and cytochrome c release after ischemia/
reperfusion injury (199). Adenoviral overexpression of CaMKIIδC appears sufficient to
drive mitochondrial activated apoptosis in cultured adult rat cardiomyocytes (289). These
observations suggest that CaMKII can stimulate cardiac apoptosis, particularly during pro-
oxidant conditions, by a pathway that involves mitochondria.

ROS are strongly implicated in apoptotic pathways (41, 210). ROS can induce DNA damage
but can also be effectors of apoptosis. For instance, p53 overexpression leads to enhanced
intracellular ROS, a requirement for p53-induced apoptosis (110). Given that CaMKII, an
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important signal transduction molecule in heart muscle, is sensitive to ROS, ox-CaMKII
may potentially relay ROS regulated cellular survival and death triggers into appropriate,
cellular responses. The downstream mechanism of CaMKII-dependent apoptosis is not
clearly defined but has been linked to activation of pro-apoptotic proteases. For instance, in
a cellular model of apoptosis induced by UV light or tumor necrosis factor α CaMKII leads
to activation of AP24, a protease that stimulates DNA fragmentation (258). In a separate
model of cultured adult cardiomyocytes, CaMKII inhibition protects from oubain-induced
apoptosis and increases in caspase-3 activity (201). CaMKII inhibition can normalize
caspase-3 activity levels in other models of cell death such as ischemia/reperfusion injury
(199, 245) and Ang II treatment in cultured cardiomyocytes (174). Conversely, CaMKII
activation enhances caspase-3 activity (150). CaMKII can also directly phosphorylate the
pro-apoptotic factor Bcl10 (105), which can promote apoptosis when hyperphosphorylated
(276). Whether CaMKII mediated activation of the pro-apoptotic proteases is correlated or
required for CaMKII induced apoptosis warrants further research.

Although the actions of CaMKII are largely post-translational, CaMKII also exerts
transcriptional control on pro-apoptotic pathways. CaMKII can activate the stress-activated
and proapoptotic mitogen activated protein kinases (MAPKs). For instance, CaMKII can
directly phosphorylate MAPK kinase kinase TAK1 (107) and ASK1 (225), which lead to
activation of JNK and p38MAPK, respectively. JNK activates the c-jun/AP-1 pathway (52),
known to upregulate pro-apoptotic genes. CaMKIIδ can also activate the AP-1 transcription
factor family independent of the JNK pathway (158), suggesting direct regulation of AP-1
directed gene transcription by CaMKII. CaMKIIγ-dependent phosphorylation of JNK
occurs downstream of ER stress and was found to induce the Fas death receptor (237).
Alternatively, JNK can directly phosphorylate and stabilize p53 to induce programmed cell
death (67). Likewise, p38MAPK is required for p53 mediated hypoxic cell death (291).
CaMKII can also directly modulate the expression of p53. In a transgenic mouse model of
dilated cardiomyopathy, there is increased cardiomyocyte apoptosis and elevated p53
protein, normalized by pharmacologic or transgenic CaMKII inhibition (239). Therefore,
CaMKII can regulate pro-apoptotic gene transcription either directly or through the JNK
pathway.

Hypertrophy
A wealth of literature supports a view that CaMKII promotes myocardial hypertrophy.
Myocyte hypertrophy is initially a compensatory response to cardiac injury. When
hypertrophy becomes decompensated, the heart transitions to heart failure through a process
that is not entirely understood. A hallmark feature of pathologic hypertrophy is the gene
expression switch to a “fetal” profile that is more adaptive to a relatively hypoxic
environment (185). CaMKII is implicated in the cellular hypertrophic response through up-
regulation of the “fetal” gene program. Through cell transfection studies and luciferase
reporter assays, Ramierz et al found that CaMKIIδB isoform transcriptionally upregulated
the promoter activity of the fetal gene encoding atrial natriuretic factor (ANF) (186). ANF
promoter activity increases in vivo in response to CaMKII activation via transgenic
overexpression of calmodulin (44). In the Ren-2 transgenic rat model of hypertension-
induced hypertrophy, CaMKIIδ isoforms are differentially expressed, with increased SR-
associated expression (84). The fetal CaMKIIδ4 isoform also increases in expression (84,
89). In these animal models of spontaneous hypertension or in models of pressure overload
(43), it is likely that the increase in CaMKII is both a byproduct and effector of hypertrophy.

ROS production increases concurrently with hypertrophic stimuli and plays a key role in
mediating cardiac hypertrophy by relaying mechanical stimuli and stress to second
messengers. Studies evaluating the type of ROS important in the hypertrophic response have
examined superoxide, hydrogen peroxide, nitric oxide, and hydroxyl radicals (see Section
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VII) (113). In mouse models of pressure overload-induced cardiac hypertrophy, measures of
hypertrophy normalize with several antioxidants including N-2-mercaptopropionyl glycine
(50), tetrahydroneopterin (226), dimethylthiourea (121), and a pharmacologic mimetic for
superoxide dismutase and catalase (243). In a mouse model of impaired expression of major
antioxidant enzymes, mice showed enhanced ROS and developed pathological phenotypes
including cardiac hypertrophy, which was rescued by SOD administration (206). Studies
have also investigated the subcellular generation of cardiac ROS. Cardiac hypertrophy can
be reduced by inhibiting ROS generation at NADPH oxidase (287), nitric oxide synthase
(226, 281), or within mitochondria (77).

Studies on CaMKII and pathologic hypertrophy have also evaluated the role of the
phosphatase calcineurin, a Ca2+-sensing, pro-hypertrophic signal that recruits nuclear
translocation of nuclear factor activated in T cells (NFAT) (163). In cultured primary rat
myocytes, the nuclear CaMKIIδ isoform can increase the transcription of the calcineurin A
β subunit (147). Whereas the nuclear CaMKIIδ isoform seems to synergize with the pro-
hypertrophic calcineurin pathway, the cytoplasmic isoform can phosphorylate and inhibit
calcineurin (150). Our group found that CaMKII inhibition in calcineurin overexpressing
mice did not block hypertrophy but improved survival and reduced arrhythmia susceptibility
(117). CaMKII appears to crosstalk with the calcineurin pathway to affect myocardial
hypertrophy and apoptosis. Calcineurin activation can inhibit H2O2-induced apoptosis in
neonatal rat ventricular myocytes (114). Since CaMKII is likely activated in this context of
enhanced oxidant stress, the protective role of calcineurin may be partially mediated through
CaMKII inhibition. Calcineurin itself is redox regulated, and superoxide dismutase can
protect calcineurin from inactivation (252). Several oxidant species can inhibit calcineurin’s
phosphatase activity including H2O2 (32), superoxide, and glutathione disulfide, whereas
some antioxidants enhanced but others blocked activity, which may depend on in vivo,
cellular context (213). AngII stimulates superoxide production through NADPH oxidase, but
AngII predominantly leads to enhanced calcineurin activity, which is necessary for AngII
induced myocyte hypertrophy in cultured myocytes (163, 224) and in vivo (74). The role of
redox balance in coordinately regulating calcineurin and CaMKII activity will require
further investigation.

Whereas earlier studies suggest that the nuclear-targeted CaMKIIδB (or CaMKIIδ3) splice
variant of the δ isoform alone directs transcriptional regulation, more recent studies outlined
a role for cytoplasmic CaMKIIδC isoform. CaMKIIδB transgenic mice develop spontaneous
cardiac hypertrophy (284), while CaMKIIδC transgenic mice exhibit heart failure due to a
hypertrophic and dilated cardiomyopathic phenotype (286). However, both isoforms seem
capable of initiating hypertrophic gene expression through phosphorylation of the class II
HDACs and subsequent derepression of the pro-hypertrophic transcription factor MEF2
(285). CaMKII inhibition in vivo protects against isoproterenol-induced myocyte
hypertrophy (282). Two independent CaMKIIδ knockout mouse models drew different
conclusions on the requirement of CaMKIIδ in pathologic hypertrophy. While the Olson
laboratory showed resistance to pressure overload-induced hypertrophy in their CaMKIIδ
knockout mice (15), Ling et al found their knockout model maintained susceptibility to
pressure overload-induced hypertrophy, but later resisted development of chamber dilation
and heart failure (142). These seemingly conflicting findings may be explained by
differences in the deleted exons, surgical technique, and/or mouse genetic backgrounds.
When taken together with findings from other groups, both studies reinforce the importance
of CaMKII and redox balance in the spectrum of myocardial disease phenotypes leading to
heart failure.
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Arrhythmias
CaMKII mediates ECC, and its hyperactivation is proarrhythmic. Cardiac pacemaking
activity sets the rate and rhythm of cardiac contractions. Pacemaker cells have an intrinsic
property known as automaticity, which refers to the spontaneous generation of action
potentials. These “automatic” cells exhibit a gradual, spontaneous depolarization during
diastole. Cells in the SA node, the AV node, and the His bundle and Purkinje system display
automaticity. Heart rate is determined by the fastest depolarizing, “automatic” cells,
normally the SA nodal cells. Rhythm abnormalities can result from sinus nodal dysfunction
or in presence of ectopic pacemaker cells that depolarize faster than sinus nodal cells. Both
CaMKII and ROS are implicated in SA nodal firing. In rabbit SA nodal cells, firing rate
increases after treatment with hydrogen peroxide (82) and t-butyl hydroperoxide (203).
CaMKII activation also contributes to increased SA nodal cell firing frequency. CaMKII
inhibition reduces L-type Ca2+ current in isolated SA nodal cells, reducing the rate of firing
(192, 246). Furthermore, CaMKII mediates SA nodal response to increased β-adrenergic
signaling (261). These findings suggest important roles for ROS and CaMKII signaling in
sinus node dysfunction and related rhythm abnormalities.

Atrial fibrillation is the most common presenting arrhythmia (256). A self-propagating
phenomenon, atrial fibrillation is increasingly linked to redox imbalance. In a porcine model
of induced atrial fibrillation, there is a correlational increase in NADPH oxidase- and
xanthine oxidase-derived superoxide levels in left atrium and left atrial appendage (57). In
patients with atrial fibrillation the right atrial appendage tissue exhibits more NADPH
oxidase-derived superoxide than tissue from patients with sinus rhythm (120). Human atrial
tissue from patients with atrial fibrillation shows increased CaMKII expression (232) and
autophosphorylation (36). One proposed molecular mechanism for atrial fibrillation is
downregulation of ion channels required for cell-to-cell communication and action potential
propagation, or so-called proarrhythmic electrical remodeling (275). Redox imbalance can
contribute to this phenotype as was recently shown by Smyth et al. Their studies revealed
oxidant stress in human and mouse hearts can lead to microtubule dysfunction and decreased
delivery of connexon 43, the primary gap junction channel in cardiac myocytes, to the cell
membrane (212). Another proarrhythmic mechanism in atrial fibrillation models is increased
SR Ca2+ leak from RyR2. CaMKII increases RyR2 Po and SR Ca2+ release is a candidate
mechanism for CaMKII promoting atrial fibrillation (36, 144). Becuase CaMKII can couple
cellular redox state to ECC, CaMKII may mediate redox-dependent arrhythmias, including
atrial fibrillation.

When an action potential triggers an additional depolarization inappropriately, this may also
lead to an arrhythmia. Two cellular mechanisms underlie these extra depolarizations, called
early afterdepolarizations (EADs) and delayed afterdepolarizations (DADs). EADs occur
before full repolarization and are more likely in disease states with prolonged action
potentials, such as in heart failure and long Q-T syndromes. Sustained EADs may engage re-
entry pathways and lead to the severe ventricular arrhythmia torsades de pointes (267). In
contrast to EADs, DADs occur after full repolarization and under conditions of elevated
intracellular Ca2+ from an overloaded SR. DADs have been documented in failing heart
tissue from dogs (94), rabbits, and humans (244).

Transgenic mice with CaMKIV over-expression have moderate left ventricular hypertrophy,
increased myocardial CaMKII expression and activity and prominent proarrhythmic
electrical remodeling, including QT interval and action potential duration prolongation.
CaMKIV transgenic mice had frequent, spontaneous polymorphic ventricular tachycardia.
Ventricular myocytes isolated from these mice had spontaneous EADs and enhanced CaV1.2
channel Po. CaMKII inhibition prevented arrhythmias, suppressed EADs and reduced
CaV1.2 Po to baseline (264). Abnormal Ca2+ leak from the SR may also contribute to
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arrhythmogenesis. Myocytes from nonischemic heart failure show increased CaMKII
expression along with enhanced phosphorylation of Ca2+ handling SR proteins. CaMKII
inhibition by the pharmacologic agent KN-93 decreased SR Ca2+ leak and increased SR
Ca2+ content (5). CaMKII regulation of SR Ca2+ was studied in vivo through a transgenic
mouse model with SR targeted CaMKII inhibitory peptide AIP. These transgenic mice had
decreased CaMKII-dependent RyR phosphorylation and SR Ca2+ leak compared to wild
type mice or mice over-expressing a nuclear targeted variant CaMKII inhibitory peptide,
AIP (181). In addition to Ca2+ handling proteins, CaMKII can phosphorylate cardiac sodium
channels and alter channel gating properties, leading to enhanced non-inactivating current
(Fig 2) prolonged QRS and QT intervals, EADs and predisposing to ventricular arrhythmias
(249). Although the complete list of triggers is too long to detail here, it is striking that
CaMKII inhibition appears to be beneficial in all known pro-arrhythmogenic conditions (5,
10, 36, 128, 250, 262, 264). In one recent example we found that CaMKII was critical for
the proarrhythmic properties of a rare genetic disease of the CaV1.2 channel called Timothy
Syndrome (234).

Oxidative stress can trigger EADs in guinea pig and rabbit ventricular myocytes by
increasing the delayed sodium current (214). CaMKII inhibition either through KN-93 (or
AIP) prevents (or delays) H2O2-induced both EADs and DADs in rabbit ventricular
myocytes (266). Spontaneous arrhythmias can also be induced during metabolic acidosis. In
a confocal microscopy study with Fluo-4, acidification in isolated adult mouse myocytes led
to SR Ca2+ waves that were abolished with KN-93 (178). In a mouse model expressing a
gain-of-function mutation in RyR2, which leads to an enhanced vulnerability to developing
atrial fibrillation, either pharmacologic or genetic CaMKII inhibition is protective (36). In
human right atrial myocytes isolated from patients with atrial fibrillation, Neef et al. found
increased RyR2 phosphorylation at the CaMKII site and increased SR Ca2+ leak that was
reversed with KN-93 (170). Finally, the post-myocardial infarction state is especially prone
to arrhythmias. In a canine model of myocardial infarction, analysis of the infarct border
zones reveals increased CaMKII phosphorylation (99) and oxidation (39). Mathematical
modeling further suggested proarrhythmic conduction slowing is redox and CaMKII
dependent. Thus, CaMKII activation by ROS may be critical to many pro-arrhythmogenic
disease states, and CaMKII inhibition represents a potential alternative to antioxidant
approaches seeking to normalize conduction abnormalities.

Redox signaling in the heart
Production of reactive oxygen species in cardiac tissue

A number of mechanisms contribute to the production of ROS in cardiac tissue under both
baseline and pathophysiological conditions (Fig 3). One source of cardiovascular ROS that
has received intense scrutiny is the Nox family of NADPH oxidases. While the majority of
pro-oxidant cellular processes create ROS as a byproduct, the Nox enzymes are unique in
that they produce elevated levels of ROS in the form of superoxide and hydrogen peroxide
as their primary function (18). The endogenous activity of NADPH oxidases is low in
cardiac tissue at basal conditions but is potently activated by a number of cardiovascular
agonists, including AngII (141, 149), endothelin (56), thrombin (90), and TNF-α (270).
Both expression and activity of NAPDH oxidase were increased in a guinea pig model of
cardiac hypertrophy and heart failure (140).

Xanthine oxidase, an enzyme in the purine catabolism pathway in mammalian species,
constitutes another source of superoxide production in the heart. Contemporaneous co-
activation of Nox family enzymes and xanthine oxidase occur in the heart in response to
mechanical stress. Further, NAPDH oxidase and xanthine oxidase activities were up-
regulated in a porcine model of atrial fibrillation (57). While the overall contribution of
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xanthine oxidase to oxidative stress in the heart remains unclear, these observations indicate
that xanthine oxidase may contribute alongside NADPH oxidase as an important source of
ROS in pathophysiological conditions.

Mitochondrial-derived ROS is thought to play a critical role in cardiac physiology.
Superoxide is generated at several points within the electron transport chain during oxidative
phosphorylation (11, 104). Chronic stimulation of mitochondrial activity leads to uncoupling
of the electron transport chain and greatly increased production of ROS, a process which
contributes to myocardial dysfunction (204). A rat model of right ventricular failure had
greatly increased activity of key electron transport enzymes as well as elevated
mitochondria-derived ROS (188). Mitochondrial morphology and protein composition are
altered significantly during myocardial remodeling and may be partly responsible for
progression to heart failure (53).

Complicating matters, several mitochondrial targets are critically sensitive to redox damage
in conditions of high oxidative stress, such as during heart failure (131). Mitochondrial DNA
(mtDNA) is more susceptible to oxidation than nuclear DNA (72), resulting in reduced
mtDNA transcription, reduced metabolic activity, and increased ROS production in strongly
pro-oxidant conditions (102). Left unchecked, the cycle of ROS production and
mitochondrial damage can induce severe cellular injury (241).

A final source of ROS that has received much attention in the context of cardiovascular
health is the family of nitric oxide synthases (NOSs). Nitric oxide plays a key regulatory
role in vascular physiology, particularly in vasodilation and vasoprotection (23, 42). Of
particular note is the seemingly paradoxical nature of nitric oxide mediated effects in the
induction of heart disease. For example, elevated nitric oxide in the heart promotes caspase
activation, a precursor event in the apoptosis pathway, in a dose dependent manner (257).
Conversely, nitric oxide has been shown to inhibit the calcineurin/NFAT signaling pathway,
blocking cardiac hypertrophy (65). A comprehensive treatment of the role of nitric oxide is
beyond the scope of this review, and this topic has been reviewed recently (112).

It is also important to note in the context of CaMKII, a kinase that is acutely sensitive to
both intracellular calcium and ROS, that calcium signaling plays an important role in the
modulation of oxidative stress. Indeed, significant cross-talk is believed to exist between
calcium and ROS levels in cardiac myocytes (Fig 4). We have already noted some of the
known effects of increased oxidative stress on calcium handling (see section on RyR, for
example). Increased intracellular calcium enhances ROS production by the mitochondria
(49, 85), though the mechanism for this enhancement is not well understood. NADPH
oxidase activity is also modulated in part by calcium (17). Cross-talk mechanisms linking
calcium and ROS signaling in the heart could play a significant role in the regulation of
CaMKII activity, particularly in failing myocardium. For further review of this topic, we
direct the reader to a pair of recent reviews (63, 269).

Oxidative stress and heart failure
A large body of evidence indicates that heart failure is accompanied by increased production
of ROS. Patients with heart failure have elevated levels of 8-iso-prostaglandin F2alpha, a
key biomarker for oxidative stress, in their pericardial fluid (153). Biopsy samples from
human subjects with heart disease showed increased oxidative DNA damage (127) and
xanthine oxidase expression (4) in patients suffering from heart disease. Additionally, left
ventricular glutathione oxidation and lipid peroxidation were significantly increased in a rat
model of heart failure (92), while electron spin resonance spectroscopy has been used to
directly demonstrate increased levels of hydroxyl radicals in failing myocardium (103).
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Models of heart failure initiated by AngII are characterized by acutely pro-redox conditions
(238). AngII is known to stimulate ROS production through the NADPH oxidases (149), a
critical step in the development of AngII-induced cardiac hypertrophy (20). In fact,
increased levels of oxidized CaMKII were found in immunohistological stains of heart
sections from mice after treatment with AngII and after myocardial infarction (62),
demonstrating that heart failure is accompanied by sufficient generation of ROS to cause
biochemical alterations of specific proteins involved in cardiac physiology.

A number of cardiac proteins are functionally sensitive to pro-oxidant conditions. For
example, oxidation of thiol residues in the ATP-binding pocket inhibits MEK kinase 1
activity (47). Conversely, increased oxidative stress activates ERK1/2 signaling (61).
Redox-dependent changes in protein activity can have broad, indirect effects on cardiac
kinase function. Increased generation of ROS in the heart directly inactivates protein
phosphatases (240) while simultaneously activating protein kinase kinases, such as IKK-β
(190). One key relationship between CaMKII and ROS appears to be one in which NADPH
oxidase-derived ROS oxidizes regulatory domain methionines to increase ox-CaMKII and
CaMKII activity, without evidence for activity disabling actions at other domains.

Moreover, increased oxidative stress contributes directly to cellular damage and remodeling
during heart failure. Both apoptosis and hypertrophic remodeling were associated with
increased expression and activity of key redox proteins in a model of congestive heart
failure (216). Increased NOS activity has been implicated in functional remodeling and β-
adrenergic signaling sensitivity in volume overload-induced heart failure (70). Importantly,
individual ROS pathways are associated with specific mechanisms of heart failure. For
example, activation of the NADPH oxidase isoform Nox2 is implicated in AngII-induced
hypertrophy, while pressure overload-induced hypertrophy is associated with Nox4
activation (30). This finding suggests that clinical treatments tailored to specific redox
pathways may be more effective in reducing the pathological processes associated with heart
failure than broad-based antioxidant approaches.

Biochemical protection against oxidative stress
The production of ROS is a routine and unavoidable consequence of many physiological
processes in aerobic organisms. It is therefore not surprising that complementary defense
mechanisms have evolved to protect critical cellular components from irreversible damage
by oxidative stress. Two general mechanisms exist to cope with the effects of ROS
generation: conversion of ROS to more innocuous waste products and reversal of
biomolecular oxidation.

One of the most broadly characterized groups of enzymes involved with ROS conversion is
the superoxide dismutase (SOD) family. First identified from erythrocyte lysates by Mann
and Keilin in 1938, SODs are now known to be a ubiquitous enzyme in eukaryotic cells.
Three broad classes of SOD have been described (of which two are present in mammalian
species), differentiated by the metal cofactors associated with the enzyme. These include
Cu,Zn SOD (SOD1 and SOD3 in humans), Mn,Fe SOD (SOD2), and Ni SOD, the latter of
which is only recently discovered and only present in bacteria (272). All three classes of
SOD share a similar catalytic function: the conversion of highly reactive superoxide
molecules to molecular oxygen and H2O2. Interestingly, SODs have unique structural
features that result in near diffusion-limited rate of catalysis (180), evidence of the precise
molecular tuning common to this family of enzymes. Indeed, even a single point mutation
can be sufficient to drastically reduce the rate of catalysis for Cu,Zn SOD and result in
severe pathophysiology, most notably amyotrophic lateral sclerosis (ALS) (194).
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Another group of enzymes involved with the removal of ROS are the catalases. Numbering
well over 300 distinct members, this enzyme family is broadly responsible for the
conversion of H2O2 to water and molecular oxygen. Working in tandem with SOD, these
two enzyme families are largely responsible for eliminating oxidative stress in cells (35).
Like SOD, catalases contain a variety of metallic cofactors and have been observed to
achieve very high turnover rates of catalysis. For further review of the catalase enzyme
family, see (122).

Elimination of potentially harmful ROS by SOD and catalase can attenuate a number of
physiological and pathophysiological processes. Perhaps the most widely known example is
in aging, as simultaneous overexpression of Cu/Zn SOD and catalase results in significantly
increased lifespan in D. melanogaster (172), while deficiency in SOD activity significantly
reduces lifespan in yeast (145). However, the role of SOD/catalase in mammalian aging
remains contentious (179).

Many biological targets of oxidation are simply eliminated and replaced to prevent the
accumulation of damaged subcellular components. However, turnover of these molecules
cannot fully compensate for the frequent modification of proteins and nucleotides by ROS.
A number of enzymes are tasked with reversing oxidative damage in cells, including exo-
and endonucleases for repairing DNA damage and thioredoxin for reducing peptide
oxidation. For this review, we will highlight an enzyme that reverses methionine oxidation,
MsrA, due to the observation that CaMKII is susceptible to redox modification at the
Met281/282 residues.

Oxidation of methionine leads to both S and R diasteroisomeric forms of methionine
sulfoxide, which can be subsequently reduced by MsrA and MsrB, respectively. Much like
CaMKII, Msr is distributed throughout the cell, including in the cytosol, mitochondria, and
nucleus (118, 247). Initial observations in bacteria demonstrated the antioxidant properties
of Msr, as the addition of MsrA to E. coli increased resistance of the bacteria to ROS-
mediated growth inhibition (218). Subsequent studies in mammalian models have pointed to
a role for MsrA as a protective agent against redox-mediated brain disorders (68), cancer
(135), and aging (123).

In the context of the heart, MsrA activity is strongly linked to resistance against disease
phenotypes associated with increased oxidative stress, such as in ischemia-reperfusion and
after myocardial infarction (MI). Cardiac cells overexpressing MsrA were more resistant to
cell death after being subjected to hypoxia/reoxygenation than those expressing basal levels
of the enzyme (183). Moreover, functional remodeling and mortality after MI were
significantly increased in mice lacking MsrA (62). Taken together, these observations point
to MsrA as an important cardio-protective enzyme, one that reduces cell death, pathologic
remodeling, and mortaility in conditions of elevated oxidative stress.

Oxidation of CaMKII in the heart
CaMKII oxidation at Met281/282 is a marker for oxidative stress

Redox-dependent CaMKII activation is triggered by oxidative modification of the
Met281/282 site located in the regulatory domain of the kinase (62). Thus, oxidation at this
site serves as a marker for elevated oxidative stress in cardiac tissue. Our group developed
an antiserum against a peptide matching the CaMKII regulatory domain that had been
subjected to oxidation, allowing us to assess the extent of redox-dependent CaMKII
activation after subjecting cardiomyocytes to elevated oxidative stress. Treatment of either
purified CaMKII protein or isolated cardiomyocytes with 100nM H2O2 resulted in a
significant increase in oxidized CaMKII.
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Elevated circulating AngII stimulates Nox activity and results in increased ROS production
(62, 149). It follows that chronic stimulation of cardiomyocytes with AngII should coincide
with a greater proportion of oxidized CaMKII. Indeed, isolated cardiomyocytes treated with
100nM AngII for 24 hours had unchanged expression of CaMKII but significantly greater
oxidized CaMKII compared to cells treated with saline or isoproterenol. Likewise, mice
implanted with mini-pumps to administer AngII had significantly increased oxidized
CaMKII after two weeks compared to animals treated with saline or isoproterenol.

Cardiac pathophysiology after MI is characterized in part by elevated oxidative stress (121).
To test the efficacy of CaMKII oxidation as a marker for oxidative stress, we used a custom
oxidized CaMKII antiserum to probe heart sections from mice six weeks after MI or sham
treatment. Mice that underwent MI showed significantly increased oxidized CaMKII,
consistent with the hypothesis that redox-dependent CaMKII activation may contribute to
cell death and functional remodeling in the post-MI heart. Taken together, these
observations demonstrate that CaMKII oxidation at Met281/282 translates a broad range of
pro-redox stimuli and represents a viable marker for elevated oxidative stress in the heart
(Fig 5).

Oxidation of CaMKII plays a key role in cardiomyocyte apoptosis
Activation of CaMKII is a critical step for the induction of cell death in the heart by a
variety of stimuli (289). To determine whether redox-dependent CaMKII activity plays a
role in apoptosis, we used shRNA to silence endogenous CaMKII expression in isolated
cardiomyocytes. We then used lentiviral constructs to restore either wild type CaMKII or a
mutant version of the kinase lacking the Met281/282 pair. While cells expressing the wild
type construct had a normal apoptotic response to AngII, cells expressing the redox-resistant
mutant did not undergo programmed death after 24 hours of AngII treatment. Treatment
with isoproterenol, which activates CaMKII through Thr287 autophosphorylation rather
than redox modification, resulted in significant apoptosis regardless of which construct was
used.

Elevated oxidative stress is closely associated with the failing human heart (86), and AngII-
induced ROS production has been implicated in promoting heart failure (238). Not
surprisingly, AngII-mediated apoptosis can be reduced by inhibition of ROS formation or
CaMKII activity, while we found that isoproterenol-mediated apoptosis is unaffected by
blocking oxidative stress (62). These observations support the hypothesis that redox
modification of CaMKII activity translates oxidative stress into apoptosis in the heart.

MsrA protects the heart from redox-dependent CaMKII activity
MsrA plays a critical role in preventing the accumulation of oxidative damage by reversing
redox modification of methionine residues. Because redox modification of Met281/282 on
CaMKII is the central mechanism for inducing ROS-dependent CaMKII activity, we
hypothesize that MsrA directly regulates CaMKII function during pro-redox conditions. It is
not surprising then, that MsrA overexpression protects against cell death after ischemia/
reperfusion in the heart (183), a process that has been linked to CaMKII activity (138, 273).

Increased circulating AngII stimulates production of ROS (149) and induces apoptosis in
cardiomyocytes via ox-CaMKII (62). Heart sections from MsrA−/− mice showed more
pronounced levels of CaMKII oxidation and greater susceptibility to apoptosis after chronic
treatment with AngII compared to WT littermates. Ox-CaMKII and cardiomyocyte
apoptosis were increased significantly more in MsrA−/− mice compared to wild-type
controls after MI, a condition characterized by greatly increased oxidative stress (95). Of
particular note, myocardial apoptosis, adverse functional remodeling and mortality were
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significantly increased in MsrA−/− mice post-MI compared to controls, underlining the
cardioprotective role of MsrA in pro-redox conditions. We found that oxidation of CaMKII
served as a clear marker for elevated oxidative stress and redox-mediated cardiac injury.

CaMKII and oxidation in vascular tissue
Oxidant stress is a common mechanism of injury in vascular tissue (175), and excessive
ROS is implicated in the pathogenesis of hypertension, atherosclerosis and stroke (208).
CaMKII is expressed in arterial endothelium and media, but in comparison to more
extensive studies in the myocardium, the function of CaMKII in the vasculature remains
relatively less studied. CaMKII mediates smooth muscle cell proliferation (111),
hypertrophy (137), migration (160) and contraction (119, 193). While these smooth muscle
phenotypes are important mechanisms of atherosclerosis and hypertension, there is to date
only emerging evidence for CaMKII as mediator of vascular pathology in vivo (96, 137,
167). Given the important role of ROS in smooth muscle migration (223, 230, 253) and
proliferation (126, 177, 223), it is tempting to speculate that CaMKII is oxidized in the
vasculature and contributes to vascular pathology (Fig 6).

Oxidized CaMKII is detectable in proliferating smooth muscle cells. However, its function
and significance are unknown at this point. In contrast, several studies have reported an
increase in autophosphorylated CaMKII in response to oxidative stress in vascular smooth
muscle (148, 242). After endothelial oxidative injury, the L-type calcium channels were
activated and CaMKII maximally phosphorylated after 5 min in the medial smooth muscle
cells in murine posterior cerebral arteries (71). CaMKII inhibitors KN-62 and -93 prevented
CaMKII autophosphorylation and decreased the expression of the vascular cell adhesion
molecule-1 (VCAM-1) (148). As the binding of Ca2+/CaM is also a prerequisite for
oxidation of CaMKII Met 281/282 (62), it seems likely that oxidized CaMKII is present in
these models (148, 242). Another study provided indirect evidence for CaMKII activation as
mediator of H2O2-induced proliferative responses in vascular smooth muscle. Application of
H2O2 increased the phosphorylation of protein kinase B and Erk1/2, Pyk-2 and IGF.
Pretreatment with the calmodulin inhibitor calmidazolium, the CaMKII inhibitor KN93 or
CaMKII knock down with siRNA decreased these phosphorylations (28).

CaMKII is present in vascular endothelium. However, our understanding of endothelium-
specific CaMKII signaling is nascent. In aortic endothelial cells, H2O2 induced CaMKII
autophosphorylation and increased its enzymatic activity. H2O2 is an extremely potent
stimulus for endothelial NO synthase (eNOS) gene expression, and both the CaMKII
inhibitor KN-93 and the calmodulin antagonist W-7 can attenuate eNOS mRNA induction
by H2O2 (31).

Treatment of bovine aortic endothelial cells with H2O2 increased ERK1/2 and p38 MAPK
phosphorylation and activity. This effect was attenuated by KN-93 and transfection with a
CaMKII inhibitory peptide modeled on the CaMKII regulatory domain. Furthermore,
CaMKII inhibition reduced the H2O2_mediated activation of HSP27 and attenuated H2O2-
induced formation of actin stress fibers (171).

Thrombin induces NADPH oxidase-dependent reactive oxygen species production in
endothelial and smooth muscle cells (233) and increased CaMKII activity (25, 26).
Pretreatment with KN-93 attenuated both thrombin-induced increases in monolayer
permeability to albumin and decreased transendothelial electrical resistance (26). Thrombin
caused translocation and significant phosphorylation of nonmuscle filamin (ABP-280),
which was attenuated by KN-93. Together, these studies indicate that oxidation, CaMKII
activation, and filamin phosphorylation may participate in thrombin-induced cytoskeletal
reorganization and endothelial barrier dysfunction. These accumulating data demonstrate
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that CaMKII is activated by oxidative stress in vascular tissue and that ox-CaMKII regulates
the MAP kinases Erk1/2 and p38 that are central to many ROS-induced cellular activities. A
detailed dissection of the activation of CaMKII by oxidation of Met 281/282 versus
autophosphorylation of Thr 287 is missing at this time.

Concluding Remarks
The discovery that CaMKII is configured to coordinate and transduce upstream Ca2+ and
ROS signals into physiological and pathophysiological downstream responses has
potentially broad implications for understanding cardiovascular biology and disease.
Because the identification of the ox-CaMKII/MsrA pathway is new, there remains much to
do before we know to what extent ox-CaMKII and autophosphorylated CaMKII behave
similarly. What is clear is that in many cases there is an intriguing overlap between ROS and
CaMKII responses at Ca2+ homeostatic proteins, ion channels, signaling molecules and gene
transcription. In a much smaller number of studies, direct evidence supports the concept that
ROS modification of CaMKII is the molecular mechanism for ROS-triggered cardiovascular
disease phenotypes. Because ROS and CaMKII are important in neurobiology, cell survival
and cell cycle control, it is possible that the relationship between ROS and CaMKII will be
important for understanding and treating neurological diseases and cancer. Future research
in this area will allow us to parse the contributions of the various CaMKII activation
mechanisms to specific physiological processes in the heart and beyond.

Acknowledgments
We thank Mr. Shawn Roach for graphic design assistance. This work was funded in part by NIH R01 HL 079031,
R01 HL 62494, and R01 HL 70250 and supported by a grant from the Fondation Leducq for the Alliance for
CaMKII Signaling (M.E.A.); NIH T32 HL86350 Cardiovascular Training Fellowship (J.R.E.); AHA grant
0930086N, Carver Trust Medical Initiative Grant, and VA Merit Award (I.M.G); and NRSA (B.J.H.).

References
1. Gruppo Italiano per lo Studio della Sopravvivenza nell’Infarto miocardico. Dietary supplementation

with n-3 polyunsaturated fatty acids and vitamin E after myocardial infarction: results of the GISSI-
Prevenzione trial. Lancet. 1999; 354:447–455. [PubMed: 10465168]

2. The Alpha-Tocopherol, Beta Carotene Cancer Prevention Study Group. The effect of vitamin E and
beta carotene on the incidence of lung cancer and other cancers in male smokers. N Engl J Med.
1994; 330:1029–1035. [PubMed: 8127329]

3. MRC/BHF Heart Protection Study of antioxidant vitamin supplementation in 20,536 high-risk
individuals: a randomised placebo-controlled trial. Lancet. 2002; 360:23–33. [PubMed: 12114037]

4. Ahmed MI, Gladden JD, Litovsky SH, Lloyd SG, Gupta H, Inusah S, Denney T Jr. Powell P,
McGiffin DC, Dell’Italia LJ. Increased oxidative stress and cardiomyocyte myofibrillar
degeneration in patients with chronic isolated mitral regurgitation and ejection fraction >60%. J Am
Coll Cardiol. 2010; 55:671–679. [PubMed: 20170794]

5. Ai X, Curran JW, Shannon TR, Bers DM, Pogwizd SM. Ca2+/calmodulin-dependent protein kinase
modulates cardiac ryanodine receptor phosphorylation and sarcoplasmic reticulum Ca2+ leak in
heart failure. Circ Res. 2005; 97:1314–1322. [PubMed: 16269653]

6. Aiba T, Hesketh GG, Liu T, Carlisle R, Villa-Abrille MC, O’Rourke B, Akar FG, Tomaselli GF. Na
+ channel regulation by Ca2+/calmodulin and Ca2+/calmodulin-dependent protein kinase II in
guinea-pig ventricular myocytes. Cardiovasc Res. 2010; 85:454, 463. [PubMed: 19797425]

7. Anders MW, Robotham JL, Sheu SS. Mitochondria: new drug targets for oxidative stress-induced
diseases. Expert Opin Drug Metab Toxicol. 2006; 2:71–79. [PubMed: 16863469]

8. Anderson ME. Sticky fingers: CaMKII finds a home on another ion channel. Circ Res. 2009;
104:712–714. [PubMed: 19325157]

Erickson et al. Page 23

Physiol Rev. Author manuscript; available in PMC 2013 August 04.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



9. Anderson ME, Braun AP, Schulman H, Premack BA. Multifunctional Ca2+/calmodulin-dependent
protein kinase mediates Ca(2+)-induced enhancement of the L-type Ca2+ current in rabbit
ventricular myocytes. Circ Res. 1994; 75:854–861. [PubMed: 7923631]

10. Anderson ME, Braun AP, Wu Y, Lu T, Schulman H, Sung RJ. KN-93, an inhibitor of
multifunctional Ca++/calmodulin-dependent protein kinase, decreases early afterdepolarizations in
rabbit heart. J Pharmacol Exp Ther. 1998; 287:996–1006. [PubMed: 9864285]

11. Andreyev AY, Kushnareva YE, Starkov AA. Mitochondrial metabolism of reactive oxygen
species. Biochemistry (Mosc). 2005; 70:200–214. [PubMed: 15807660]

12. Anilkumar N, Sirker A, Shah AM. Redox sensitive signaling pathways in cardiac remodeling,
hypertrophy and failure. Front Biosci. 2009; 14:3168–3187.

13. Anzai K, Ogawa K, Kuniyasu A, Ozawa T, Yamamoto H, Nakayama H. Effects of hydroxyl
radical and sulfhydryl reagents on the open probability of the purified cardiac ryanodine receptor
channel incorporated into planar lipid bilayers. Biochem Biophys Res Commun. 1998; 249:938–
942. [PubMed: 9731240]

14. Backs J, Backs T, Bezprozvannaya S, McKinsey TA, Olson EN. Histone deacetylase 5 acquires
calcium/calmodulin-dependent kinase II responsiveness by oligomerization with histone
deacetylase 4. Mol Cell Biol. 2008; 28:3437–3445. [PubMed: 18332106]

15. Backs J, Backs T, Neef S, Kreusser MM, Lehmann LH, Patrick DM, Grueter CE, Qi X,
Richardson JA, Hill JA, Katus HA, Bassel-Duby R, Maier LS, Olson EN. The delta isoform of
CaM kinase II is required for pathological cardiac hypertrophy and remodeling after pressure
overload. Proc Natl Acad Sci U S A. 2009; 106:2342–2347. [PubMed: 19179290]

16. Baltas LG, Karczewski P, Bartel S, Krause EG. The endogenous cardiac sarcoplasmic reticulum
Ca2+/calmodulin-dependent kinase is activated in response to beta-adrenergic stimulation and
becomes Ca2+-independent in intact beating hearts. FEBS Lett. 1997; 409:131–136. [PubMed:
9202132]

17. Banfi B, Tirone F, Durussel I, Knisz J, Moskwa P, Molnar GZ, Krause KH, Cox JA. Mechanism of
Ca2+ activation of the NADPH oxidase 5 (NOX5). J Biol Chem. 2004; 279:18583–18591.
[PubMed: 14982937]

18. Bedard K, Krause KH. The NOX family of ROS-generating NADPH oxidases: physiology and
pathophysiology. Physiol Rev. 2007; 87:245–313. [PubMed: 17237347]

19. Belevych AE, Terentyev D, Viatchenko-Karpinski S, Terentyeva R, Sridhar A, Nishijima Y,
Wilson LD, Cardounel AJ, Laurita KR, Carnes CA, Billman GE, Gyorke S. Redox modification of
ryanodine receptors underlies calcium alternans in a canine model of sudden cardiac death.
Cardiovasc Res. 2009; 84:387–395. [PubMed: 19617226]

20. Bendall JK, Cave AC, Heymes C, Gall N, Shah AM. Pivotal role of a gp91(phox)-containing
NADPH oxidase in angiotensin II-induced cardiac hypertrophy in mice. Circulation. 2002;
105:293–296. [PubMed: 11804982]

21. Bennett PB, Yazawa K, Makita N, George AL Jr. Molecular mechanism for an inherited cardiac
arrhythmia. Nature. 1995; 376:683–685. [PubMed: 7651517]

22. Bers DM. Calcium cycling and signaling in cardiac myocytes. Annu Rev Physiol. 2008; 70:23–49.
[PubMed: 17988210]

23. Bolotina VM, Najibi S, Palacino JJ, Pagano PJ, Cohen RA. Nitric oxide directly activates calcium-
dependent potassium channels in vascular smooth muscle. Nature. 1994; 368:850–853. [PubMed:
7512692]

24. Boraso A, Williams AJ. Modification of the gating of the cardiac sarcoplasmic reticulum Ca(2+)-
release channel by H2O2 and dithiothreitol. Am J Physiol. 1994; 267:H1010–1016. [PubMed:
8092267]

25. Borbiev T, Verin AD, Birukova A, Liu F, Crow MT, Garcia JG. Role of CaM kinase II and ERK
activation in thrombin-induced endothelial cell barrier dysfunction. Am J Physiol Lung Cell Mol
Physiol. 2003; 285:L43–54. [PubMed: 12788788]

26. Borbiev T, Verin AD, Shi S, Liu F, Garcia JG. Regulation of endothelial cell barrier function by
calcium/calmodulin-dependent protein kinase II. Am J Physiol Lung Cell Mol Physiol. 2001;
280:L983–990. [PubMed: 11290523]

Erickson et al. Page 24

Physiol Rev. Author manuscript; available in PMC 2013 August 04.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



27. Boron, WF.; Boulpaep, EL. Medical physiology: a molecular and cellular approach. Elsevier
Saunders; Philadelphia, PA: 2005. p. 1319

28. Bouallegue A, Pandey NR, Srivastava AK. CaMKII knockdown attenuates H2O2-induced
phosphorylation of ERK1/2, PKB/Akt, and IGF-1R in vascular smooth muscle cells. Free Radic
Biol Med. 2009; 47:858–866. [PubMed: 19545622]

29. Braun-Menendez E, Fasciolo JC, Leloir LF, Muñoz JM. The substance causing renal hypertension.
J Physiol. 1940; 98:283–298. [PubMed: 16995204]

30. Byrne JA, Grieve DJ, Bendall JK, Li JM, Gove C, Lambeth JD, Cave AC, Shah AM. Contrasting
roles of NADPH oxidase isoforms in pressure-overload versus angiotensin II-induced cardiac
hypertrophy. Circ Res. 2003; 93:802–805. [PubMed: 14551238]

31. Cai H, Davis ME, Drummond GR, Harrison DG. Induction of endothelial NO synthase by
hydrogen peroxide via a Ca(2+)/calmodulin-dependent protein kinase II/janus kinase 2-dependent
pathway. Arterioscler Thromb Vasc Biol. 2001; 21:1571–1576. [PubMed: 11597928]

32. Carballo M, Marquez G, Conde M, Martin-Nieto J, Monteseirin J, Conde J, Pintado E, Sobrino F.
Characterization of calcineurin in human neutrophils. Inhibitory effect of hydrogen peroxide on its
enzyme activity and on NF-kappaB DNA binding. J Biol Chem. 1999; 274:93–100. [PubMed:
9867815]

33. Chang BH, Mukherji S, Soderling TR. Characterization of a calmodulin kinase II inhibitor protein
in brain. Proc Natl Acad Sci U S A. 1998; 95:10890–10895. [PubMed: 9724800]

34. Chao LH, Pellicena P, Deindl S, Barclay LA, Schulman H, Kuriyan J. Intersubunit capture of
regulatory segments is a component of cooperative CaMKII activation. Nat Struct Mol Biol. 2010;
17:264–272. [PubMed: 20139983]

35. Chelikani P, Fita I, Loewen PC. Diversity of structures and properties among catalases. Cell Mol
Life Sci. 2004; 61:192–208. [PubMed: 14745498]

36. Chelu MG, Sarma S, Sood S, Wang S, van Oort RJ, Skapura DG, Li N, Santonastasi M, Muller
FU, Schmitz W, Schotten U, Anderson ME, Valderrabano M, Dobrev D, Wehrens XH.
Calmodulin kinase II-mediated sarcoplasmic reticulum Ca2+ leak promotes atrial fibrillation in
mice. J Clin Invest. 2009; 119:1940–1951. [PubMed: 19603549]

37. Chen X, Zhang X, Kubo H, Harris DM, Mills GD, Moyer J, Berretta R, Potts ST, Marsh JD,
Houser SR. Ca2+ influx-induced sarcoplasmic reticulum Ca2+ overload causes mitochondrial-
dependent apoptosis in ventricular myocytes. Circ Res. 2005; 97:1009–1017. [PubMed:
16210547]

38. Chen XL, Bayliss DA, Fern RJ, Barrett PQ. A role for T-type Ca2+ channels in the synergistic
control of aldosterone production by ANG II and K+ Am J Physiol. 1999; 276:F674–683.
[PubMed: 10330049]

39. Christensen MD, Dun W, Boyden PA, Anderson ME, Mohler PJ, Hund TJ. Oxidized calmodulin
kinase II regulates conduction following myocardial infarction: a computational analysis. PLoS
Comput Biol. 2009; 5:e1000583. [PubMed: 19997488]

40. Cingolani HE, Villa-Abrille MC, Cornelli M, Nolly A, Ennis IL, Garciarena C, Suburo AM,
Torbidoni V, Correa MV, Camilionde Hurtado MC, Aiello EA. The positive inotropic effect of
angiotensin II: role of endothelin-1 and reactive oxygen species. Hypertension. 2006; 47:727–734.
[PubMed: 16505203]

41. Circu ML, Aw TY. Reactive oxygen species, cellular redox systems, and apoptosis. Free Radic
Biol Med. 2010; 48:749–762. [PubMed: 20045723]

42. Cohen RA, Weisbrod RM, Gericke M, Yaghoubi M, Bierl C, Bolotina VM. Mechanism of nitric
oxide-induced vasodilatation: refilling of intracellular stores by sarcoplasmic reticulum Ca2+
ATPase and inhibition of store-operated Ca2+ influx. Circ Res. 1999; 84:210–219. [PubMed:
9933253]

43. Colomer JM, Mao L, Rockman HA, Means AR. Pressure overload selectively up-regulates Ca2+/
calmodulin-dependent protein kinase II in vivo. Mol Endocrinol. 2003; 17:183–192. [PubMed:
12554746]

44. Colomer JM, Means AR. Chronic elevation of calmodulin in the ventricles of transgenic mice
increases the autonomous activity of calmodulin-dependent protein kinase II, which regulates

Erickson et al. Page 25

Physiol Rev. Author manuscript; available in PMC 2013 August 04.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



atrial natriuretic factor gene expression. Mol Endocrinol. 2000; 14:1125–1136. [PubMed:
10935538]

45. Couchonnal LF, Anderson ME. The role of calmodulin kinase II in myocardial physiology and
disease. Physiology (Bethesda). 2008; 23:151–159. [PubMed: 18556468]

46. Crocker AD, Wilson KA. A further investigation into the energy dependence of angiotensin II-
induced contractions of isolated smooth muscle preparations. Br J Pharmacol. 1975; 53:59–66.
[PubMed: 1125492]

47. Cross JV, Templeton DJ. Oxidative stress inhibits MEKK1 by site-specific glutathionylation in the
ATP-binding domain. Biochem J. 2004; 381:675–683. [PubMed: 15139849]

48. Curran J, Hinton MJ, Rios E, Bers DM, Shannon TR. Beta-adrenergic enhancement of
sarcoplasmic reticulum calcium leak in cardiac myocytes is mediated by calcium/calmodulin-
dependent protein kinase. Circ Res. 2007; 100:391–398. [PubMed: 17234966]

49. Das AM, Harris DA. Control of mitochondrial ATP synthase in heart cells: inactive to active
transitions caused by beating or positive inotropic agents. Cardiovasc Res. 1990; 24:411–417.
[PubMed: 1695547]

50. Date MO, Morita T, Yamashita N, Nishida K, Yamaguchi O, Higuchi Y, Hirotani S, Matsumura
Y, Hori M, Tada M, Otsu K. The antioxidant N-2-mercaptopropionyl glycine attenuates left
ventricular hypertrophy in in vivo murine pressure-overload model. J Am Coll Cardiol. 2002;
39:907–912. [PubMed: 11869860]

51. de Gaetano G. Low-dose aspirin and vitamin E in people at cardiovascular risk: a randomised trial
in general practice. Collaborative Group of the Primary Prevention Project. Lancet. 2001; 357:89–
95. [PubMed: 11197445]

52. Derijard B, Hibi M, Wu IH, Barrett T, Su B, Deng T, Karin M, Davis RJ. JNK1: a protein kinase
stimulated by UV light and Ha-Ras that binds and phosphorylates the c-Jun activation domain.
Cell. 1994; 76:1025–1037. [PubMed: 8137421]

53. Dhalla NS, Saini-Chohan HK, Rodriguez-Leyva D, Elimban V, Dent MR, Tappia PS. Subcellular
remodelling may induce cardiac dysfunction in congestive heart failure. Cardiovasc Res. 2009;
81:429–438. [PubMed: 18852252]

54. Doerries C, Grote K, Hilfiker-Kleiner D, Luchtefeld M, Schaefer A, Holland SM, Sorrentino S,
Manes C, Schieffer B, Drexler H, Landmesser U. Critical role of the NAD(P)H oxidase subunit
p47phox for left ventricular remodeling/dysfunction and survival after myocardial infarction. Circ
Res. 2007; 100:894–903. [PubMed: 17332431]

55. Dolmetsch RE, Pajvani U, Fife K, Spotts JM, Greenberg ME. Signaling to the nucleus by an L-
type calcium channel-calmodulin complex through the MAP kinase pathway. Science. 2001;
294:333–339. [PubMed: 11598293]

56. Dong F, Zhang X, Ren J. Leptin regulates cardiomyocyte contractile function through endothelin-1
receptor-NADPH oxidase pathway. Hypertension. 2006; 47:222–229. [PubMed: 16380530]

57. Dudley SC Jr. Hoch NE, McCann LA, Honeycutt C, Diamandopoulos L, Fukai T, Harrison DG,
Dikalov SI, Langberg J. Atrial fibrillation increases production of superoxide by the left atrium
and left atrial appendage: role of the NADPH and xanthine oxidases. Circulation. 2005; 112:1266–
1273. [PubMed: 16129811]

58. Dzhura I, Wu Y, Colbran RJ, Balser JR, Anderson ME. Calmodulin kinase determines calcium-
dependent facilitation of L-type calcium channels. Nat Cell Biol. 2000; 2:173–177. [PubMed:
10707089]

59. Edman CF, Schulman H. Identification and characterization of delta B-CaM kinase and delta C-
CaM kinase from rat heart, two new multifunctional Ca2+/calmodulin-dependent protein kinase
isoforms. Biochim Biophys Acta. 1994; 1221:89–101. [PubMed: 8130281]

60. El-Haou S, Balse E, Neyroud N, Dilanian G, Gavillet B, Abriel H, Coulombe A, Jeromin A, Hatem
SN. Kv4 potassium channels form a tripartite complex with the anchoring protein SAP97 and
CaMKII in cardiac myocytes. Circ Res. 2009; 104:758–769. [PubMed: 19213956]

61. Engers R, Springer E, Kehren V, Simic T, Young DA, Beier J, Klotz LO, Clark IM, Sies H,
Gabbert HE. Rac upregulates tissue inhibitor of metalloproteinase-1 expression by redox-
dependent activation of extracellular signal-regulated kinase signaling. FEBS J. 2006; 273:4754–
4769. [PubMed: 16984397]

Erickson et al. Page 26

Physiol Rev. Author manuscript; available in PMC 2013 August 04.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



62. Erickson JR, Joiner ML, Guan X, Kutschke W, Yang J, Oddis CV, Bartlett RK, Lowe JS,
O’Donnell SE, Aykin-Burns N, Zimmerman MC, Zimmerman K, Ham AJ, Weiss RM, Spitz DR,
Shea MA, Colbran RJ, Mohler PJ, Anderson ME. A dynamic pathway for calcium-independent
activation of CaMKII by methionine oxidation. Cell. 2008; 133:462–474. [PubMed: 18455987]

63. Feissner RF, Skalska J, Gaum WE, Sheu SS. Crosstalk signaling between mitochondrial Ca2+ and
ROS. Front Biosci. 2009; 14:1197–1218.

64. Ferrero P, Said M, Sanchez G, Vittone L, Valverde C, Donoso P, Mattiazzi A, Mundina-
Weilenmann C. Ca2+/calmodulin kinase II increases ryanodine binding and Ca2+-induced
sarcoplasmic reticulum Ca2+ release kinetics during beta-adrenergic stimulation. J Mol Cell
Cardiol. 2007; 43:281–291. [PubMed: 17643448]

65. Fiedler B, Lohmann SM, Smolenski A, Linnemuller S, Pieske B, Schroder F, Molkentin JD,
Drexler H, Wollert KC. Inhibition of calcineurin-NFAT hypertrophy signaling by cGMP-
dependent protein kinase type I in cardiac myocytes. Proc Natl Acad Sci U S A. 2002; 99:11363–
11368. [PubMed: 12177418]

66. Fladmark KE, Brustugun OT, Mellgren G, Krakstad C, Boe R, Vintermyr OK, Schulman H,
Doskeland SO. Ca2+/calmodulin-dependent protein kinase II is required for microcystin-induced
apoptosis. J Biol Chem. 2002; 277:2804–2811. [PubMed: 11713251]

67. Fuchs SY, Adler V, Pincus MR, Ronai Z. MEKK1/JNK signaling stabilizes and activates p53.
Proc Natl Acad Sci U S A. 1998; 95:10541–10546. [PubMed: 9724739]

68. Gabbita SP, Aksenov MY, Lovell MA, Markesbery WR. Decrease in peptide methionine sulfoxide
reductase in Alzheimer’s disease brain. J Neurochem. 1999; 73:1660–1666. [PubMed: 10501213]

69. Gao L, Blair LA, Salinas GD, Needleman LA, Marshall J. Insulin-like growth factor-1 modulation
of CaV1.3 calcium channels depends on Ca2+ release from IP3-sensitive stores and calcium/
calmodulin kinase II phosphorylation of the alpha1 subunit EF hand. J Neurosci. 2006; 26:6259–
6268. [PubMed: 16763033]

70. Gealekman O, Abassi Z, Rubinstein I, Winaver J, Binah O. Role of myocardial inducible nitric
oxide synthase in contractile dysfunction and beta-adrenergic hyporesponsiveness in rats with
experimental volume-overload heart failure. Circulation. 2002; 105:236–243. [PubMed:
11790707]

71. Gerzanich V, Ivanova S, van der Heijden MS, Zhou H, Simard JM. Trans-cellular proliferating cell
nuclear antigen gene activation in cerebral vascular smooth muscle by endothelial oxidative injury
in vivo. Arterioscler Thromb Vasc Biol. 2003; 23:2048–2054. [PubMed: 12969989]

72. Giulivi C, Cadenas E. The role of mitochondrial glutathione in DNA base oxidation. Biochim
Biophys Acta. 1998; 1366:265–274. [PubMed: 9814840]

73. Goldhaber JI, Liu E. Excitation-contraction coupling in single guinea-pig ventricular myocytes
exposed to hydrogen peroxide. J Physiol. 1994; 477(Pt 1):135–147. [PubMed: 8071880]

74. Goldspink PH, McKinney RD, Kimball VA, Geenen DL, Buttrick PM. Angiotensin II induced
cardiac hypertrophy in vivo is inhibited by cyclosporin A in adult rats. Mol Cell Biochem. 2001;
226:83–88. [PubMed: 11768242]

75. Gomez-Ospina N, Tsuruta F, Barreto-Chang O, Hu L, Dolmetsch R. The C terminus of the L-type
voltage-gated calcium channel Ca(V)1.2 encodes a transcription factor. Cell. 2006; 127:591–606.
[PubMed: 17081980]

76. Gradman AH. Evolving understanding of the renin-angiotensin-aldosterone system:
pathophysiology and targets for therapeutic intervention. Am Heart J. 2009; 157:S1–6. [PubMed:
19450719]

77. Graham D, Huynh NN, Hamilton CA, Beattie E, Smith RA, Cocheme HM, Murphy MP,
Dominiczak AF. Mitochondria-targeted antioxidant MitoQ10 improves endothelial function and
attenuates cardiac hypertrophy. Hypertension. 2009; 54:322–328. [PubMed: 19581509]

78. Grandi E, Puglisi JL, Wagner S, Maier LS, Severi S, Bers DM. Simulation of Ca-calmodulin-
dependent protein kinase II on rabbit ventricular myocyte ion currents and action potentials.
Biophys J. 2007; 93:3835–3847. [PubMed: 17704163]

79. Greenberg DA, Carpenter CL, Messing RO. Interaction of calmodulin inhibitors and protein kinase
C inhibitors with voltage-dependent calcium channels. Brain Res. 1987; 404:401–404. [PubMed:
2436710]

Erickson et al. Page 27

Physiol Rev. Author manuscript; available in PMC 2013 August 04.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



80. Grueter CE, Abiria SA, Dzhura I, Wu Y, Ham AJ, Mohler PJ, Anderson ME, Colbran RJ. L-type
Ca2+ channel facilitation mediated by phosphorylation of the beta subunit by CaMKII. Mol Cell.
2006; 23:641–650. [PubMed: 16949361]

81. Grueter CE, Abiria SA, Wu Y, Anderson ME, Colbran RJ. Differential regulated interactions of
calcium/calmodulin-dependent protein kinase II with isoforms of voltage-gated calcium channel
beta subunits. Biochemistry. 2008; 47:1760–1767. [PubMed: 18205403]

82. Guo J, Giles WR, Ward CA. Effect of hydrogen peroxide on the membrane currents of sinoatrial
node cells from rabbit heart. Am J Physiol Heart Circ Physiol. 2000; 279:H992–999. [PubMed:
10993760]

83. Gwathmey JK, Copelas L, MacKinnon R, Schoen FJ, Feldman MD, Grossman W, Morgan JP.
Abnormal intracellular calcium handling in myocardium from patients with end-stage heart failure.
Circ Res. 1987; 61:70–76. [PubMed: 3608112]

84. Hagemann D, Bohlender J, Hoch B, Krause EG, Karczewski P. Expression of Ca2+/calmodulin-
dependent protein kinase II delta-subunit isoforms in rats with hypertensive cardiac hypertrophy.
Mol Cell Biochem. 2001; 220:69–76. [PubMed: 11451385]

85. Hansford RG, Zorov D. Role of mitochondrial calcium transport in the control of substrate
oxidation. Mol Cell Biochem. 1998; 184:359–369. [PubMed: 9746330]

86. Hare JM. Oxidative stress and apoptosis in heart failure progression. Circ Res. 2001; 89:198–200.
[PubMed: 11485969]

87. Hashambhoy YL, Winslow RL, Greenstein JL. CaMKII-induced shift in modal gating explains L-
type Ca(2+) current facilitation: a modeling study. Biophys J. 2009; 96:1770–1785. [PubMed:
19254537]

88. Heist EK, Srinivasan M, Schulman H. Phosphorylation at the nuclear localization signal of Ca2+/
calmodulin-dependent protein kinase II blocks its nuclear targeting. J Biol Chem. 1998;
273:19763–19771. [PubMed: 9677407]

89. Hempel P, Hoch B, Bartel S, Karczewski P. Hypertrophic phenotype of cardiac calcium/
calmodulin-dependent protein kinase II is reversed by angiotensin converting enzyme inhibition.
Basic Res Cardiol. 2002; 97(Suppl 1):I96–101. [PubMed: 12479242]

90. Herkert O, Diebold I, Brandes RP, Hess J, Busse R, Gorlach A. NADPH oxidase mediates tissue
factor-dependent surface procoagulant activity by thrombin in human vascular smooth muscle
cells. Circulation. 2002; 105:2030–2036. [PubMed: 11980681]

91. Hidaka H, Hagiwara M, Tokumitsu H. Novel and selective inhibitors of CaM-kinase II and other
calmodulin-dependent enzymes. Adv Exp Med Biol. 1990; 269:159–162. [PubMed: 2162135]

92. Hill MF, Singal PK. Right and left myocardial antioxidant responses during heart failure
subsequent to myocardial infarction. Circulation. 1997; 96:2414–2420. [PubMed: 9337218]

93. Hoch B, Meyer R, Hetzer R, Krause EG, Karczewski P. Identification and expression of delta-
isoforms of the multifunctional Ca2+/calmodulin-dependent protein kinase in failing and
nonfailing human myocardium. Circ Res. 1999; 84:713–721. [PubMed: 10189359]

94. Hoeker GS, Katra RP, Wilson LD, Plummer BN, Laurita KR. Spontaneous calcium release in
tissue from the failing canine heart. Am J Physiol Heart Circ Physiol. 2009; 297:H1235–1242.
[PubMed: 19648256]

95. Hori M, Nishida K. Oxidative stress and left ventricular remodelling after myocardial infarction.
Cardiovasc Res. 2009; 81:457–464. [PubMed: 19047340]

96. House SJ, Singer HA. CaMKII-delta isoform regulation of neointima formation after vascular
injury. Arterioscler Thromb Vasc Biol. 2008; 28:441–447. [PubMed: 18096823]

97. Howe CJ, Lahair MM, McCubrey JA, Franklin RA. Redox regulation of the calcium/calmodulin-
dependent protein kinases. J Biol Chem. 2004; 279:44573–44581. [PubMed: 15294913]

98. Hudmon A, Schulman H. Structure-function of the multifunctional Ca2+/calmodulin-dependent
protein kinase II. Biochem J. 2002; 364:593–611. [PubMed: 11931644]

99. Hund TJ, Decker KF, Kanter E, Mohler PJ, Boyden PA, Schuessler RB, Yamada KA, Rudy Y.
Role of activated CaMKII in abnormal calcium homeostasis and I(Na) remodeling after
myocardial infarction: insights from mathematical modeling. J Mol Cell Cardiol. 2008; 45:420–
428. [PubMed: 18639555]

Erickson et al. Page 28

Physiol Rev. Author manuscript; available in PMC 2013 August 04.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



100. Hund TJ, Koval OM, Li J, Wright PJ, Qian L, Snyder JS, Gudmundsson H, Kline CF, Davidson
NP, Cardona N, Rasband MN, Anderson ME, Mohler PJ. A beta(IV)-spectrin/CaMKII signaling
complex is essential for membrane excitability in mice. J Clin Invest. 2010; 120:3508–3519.
[PubMed: 20877009]

101. Hund TJ, Rudy Y. Rate dependence and regulation of action potential and calcium transient in a
canine cardiac ventricular cell model. Circulation. 2004; 110:3168–3174. [PubMed: 15505083]

102. Ide T, Tsutsui H, Hayashidani S, Kang D, Suematsu N, Nakamura K, Utsumi H, Hamasaki N,
Takeshita A. Mitochondrial DNA damage and dysfunction associated with oxidative stress in
failing hearts after myocardial infarction. Circ Res. 2001; 88:529–535. [PubMed: 11249877]

103. Ide T, Tsutsui H, Kinugawa S, Suematsu N, Hayashidani S, Ichikawa K, Utsumi H, Machida Y,
Egashira K, Takeshita A. Direct evidence for increased hydroxyl radicals originating from
superoxide in the failing myocardium. Circ Res. 2000; 86:152–157. [PubMed: 10666410]

104. Ide T, Tsutsui H, Kinugawa S, Utsumi H, Kang D, Hattori N, Uchida K, Arimura K, Egashira K,
Takeshita A. Mitochondrial electron transport complex I is a potential source of oxygen free
radicals in the failing myocardium. Circ Res. 1999; 85:357–363. [PubMed: 10455064]

105. Ishiguro K, Ando T, Goto H, Xavier R. Bcl10 is phosphorylated on Ser138 by Ca2+/calmodulin-
dependent protein kinase II. Mol Immunol. 2007; 44:2095–2100. [PubMed: 17052756]

106. Ishihata A, Endoh M. Pharmacological characteristics of the positive inotropic effect of
angiotensin II in the rabbit ventricular myocardium. Br J Pharmacol. 1993; 108:999–1005.
[PubMed: 8387388]

107. Ishitani T, Kishida S, Hyodo-Miura J, Ueno N, Yasuda J, Waterman M, Shibuya H, Moon RT,
Ninomiya-Tsuji J, Matsumoto K. The TAK1-NLK mitogen-activated protein kinase cascade
functions in the Wnt-5a/Ca(2+) pathway to antagonize Wnt/beta-catenin signaling. Mol Cell
Biol. 2003; 23:131–139. [PubMed: 12482967]

108. Jaleel N, Nakayama H, Chen X, Kubo H, MacDonnell S, Zhang H, Berretta R, Robbins J, Cribbs
L, Molkentin JD, Houser SR. Ca2+ influx through T- and L-type Ca2+ channels have different
effects on myocyte contractility and induce unique cardiac phenotypes. Circ Res. 2008;
103:1109–1119. [PubMed: 18832749]

109. Jauslin ML, Meier T, Smith RA, Murphy MP. Mitochondria-targeted antioxidants protect
Friedreich Ataxia fibroblasts from endogenous oxidative stress more effectively than untargeted
antioxidants. FASEB J. 2003; 17:1972–1974. [PubMed: 12923074]

110. Johnson TM, Yu ZX, Ferrans VJ, Lowenstein RA, Finkel T. Reactive oxygen species are
downstream mediators of p53-dependent apoptosis. Proc Natl Acad Sci U S A. 1996; 93:11848–
11852. [PubMed: 8876226]

111. Jones RJ, Jourd’heuil D, Salerno JC, Smith SM, Singer HA. iNOS regulation by calcium/
calmodulin-dependent protein kinase II in vascular smooth muscle. Am J Physiol Heart Circ
Physiol. 2007; 292:H2634–2642. [PubMed: 17293490]

112. Jugdutt, BI. The role of nitric oxide in heart failure. Kluwer Academic Publishers; Norwell,
Massachuseets: 2004. p. 250

113. Kakishita M, Nakamura K, Asanuma M, Morita H, Saito H, Kusano K, Nakamura Y, Emori T,
Matsubara H, Sugaya T, Ogawa N, Ohe T. Direct evidence for increased hydroxyl radicals in
angiotensin II-induced cardiac hypertrophy through angiotensin II type 1a receptor. J Cardiovasc
Pharmacol. 2003; 42(Suppl 1):S67–70. [PubMed: 14871032]

114. Kakita T, Hasegawa K, Iwai-Kanai E, Adachi S, Morimoto T, Wada H, Kawamura T, Yanazume
T, Sasayama S. Calcineurin pathway is required for endothelin-1-mediated protection against
oxidant stress-induced apoptosis in cardiac myocytes. Circ Res. 2001; 88:1239–1246. [PubMed:
11420299]

115. Kassmann M, Hansel A, Leipold E, Birkenbeil J, Lu SQ, Hoshi T, Heinemann SH. Oxidation of
multiple methionine residues impairs rapid sodium channel inactivation. Pflugers Arch. 2008;
456:1085–1095. [PubMed: 18369661]

116. Kawakami M, Okabe E. Superoxide anion radical-triggered Ca2+ release from cardiac
sarcoplasmic reticulum through ryanodine receptor Ca2+ channel. Mol Pharmacol. 1998;
53:497–503. [PubMed: 9495817]

Erickson et al. Page 29

Physiol Rev. Author manuscript; available in PMC 2013 August 04.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



117. Khoo MS, Li J, Singh MV, Yang Y, Kannankeril P, Wu Y, Grueter CE, Guan X, Oddis CV,
Zhang R, Mendes L, Ni G, Madu EC, Yang J, Bass M, Gomez RJ, Wadzinski BE, Olson EN,
Colbran RJ, Anderson ME. Death, cardiac dysfunction, and arrhythmias are increased by
calmodulin kinase II in calcineurin cardiomyopathy. Circulation. 2006; 114:1352–1359.
[PubMed: 16982937]

118. Kim HY, Gladyshev VN. Role of structural and functional elements of mouse methionine-S-
sulfoxide reductase in its subcellular distribution. Biochemistry. 2005; 44:8059–8067. [PubMed:
15924425]

119. Kim I, Je HD, Gallant C, Zhan Q, Riper DV, Badwey JA, Singer HA, Morgan KG. Ca2+-
calmodulin-dependent protein kinase II-dependent activation of contractility in ferret aorta. J
Physiol. 2000; 526(Pt 2):367–374. [PubMed: 10896725]

120. Kim YM, Guzik TJ, Zhang YH, Zhang MH, Kattach H, Ratnatunga C, Pillai R, Channon KM,
Casadei B. A myocardial Nox2 containing NAD(P)H oxidase contributes to oxidative stress in
human atrial fibrillation. Circ Res. 2005; 97:629–636. [PubMed: 16123335]

121. Kinugawa S, Tsutsui H, Hayashidani S, Ide T, Suematsu N, Satoh S, Utsumi H, Takeshita A.
Treatment with dimethylthiourea prevents left ventricular remodeling and failure after
experimental myocardial infarction in mice: role of oxidative stress. Circ Res. 2000; 87:392–398.
[PubMed: 10969037]

122. Kirkman HN, Gaetani GF. Catalase: a tetrameric enzyme with four tightly bound molecules of
NADPH. Proc Natl Acad Sci U S A. 1984; 81:4343–4347. [PubMed: 6589599]

123. Koc A, Gladyshev VN. Methionine sulfoxide reduction and the aging process. Ann N Y Acad
Sci. 2007; 1100:383–386. [PubMed: 17460202]

124. Kohlhaas M, Liu T, Knopp A, Zeller T, Ong MF, Bohm M, O’Rourke B, Maack C. Elevated
cytosolic Na+ increases mitochondrial formation of reactive oxygen species in failing cardiac
myocytes. Circulation. 2010; 121:1606–1613. [PubMed: 20351235]

125. Kohlhaas M, Zhang T, Seidler T, Zibrova D, Dybkova N, Steen A, Wagner S, Chen L, Brown JH,
Bers DM, Maier LS. Increased sarcoplasmic reticulum calcium leak but unaltered contractility by
acute CaMKII overexpression in isolated rabbit cardiac myocytes. Circ Res. 2006; 98:235–244.
[PubMed: 16373600]

126. Kong G, Lee S, Kim KS. Inhibition of rac1 reduces PDGF-induced reactive oxygen species and
proliferation in vascular smooth muscle cells. J Korean Med Sci. 2001; 16:712–718. [PubMed:
11748350]

127. Kono Y, Nakamura K, Kimura H, Nishii N, Watanabe A, Banba K, Miura A, Nagase S, Sakuragi
S, Kusano KF, Matsubara H, Ohe T. Elevated levels of oxidative DNA damage in serum and
myocardium of patients with heart failure. Circ J. 2006; 70:1001–1005. [PubMed: 16864932]

128. Koval OM, Guan X, Wu Y, Joiner ML, Gao Z, Chen B, Grumbach IM, Luczak ED, Colbran RJ,
Song LS, Hund TJ, Mohler PJ, Anderson ME. CaV1.2 beta-subunit coordinates CaMKII-
triggered cardiomyocyte death and afterdepolarizations. Proc Natl Acad Sci U S A. 2010;
107:4996–5000. [PubMed: 20194790]

129. Kuschel L, Hansel A, Schonherr R, Weissbach H, Brot N, Hoshi T, Heinemann SH. Molecular
cloning and functional expression of a human peptide methionine sulfoxide reductase (hMsrA).
FEBS Lett. 1999; 456:17–21. [PubMed: 10452521]

130. Kushnir A, Shan J, Betzenhauser MJ, Reiken S, Marks AR. Role of CaMKIIdelta
phosphorylation of the cardiac ryanodine receptor in the force frequency relationship and heart
failure. Proc Natl Acad Sci U S A. 2010; 107:10274–10279. [PubMed: 20479242]

131. Lebrecht D, Setzer B, Ketelsen UP, Haberstroh J, Walker UA. Time-dependent and tissue-
specific accumulation of mtDNA and respiratory chain defects in chronic doxorubicin
cardiomyopathy. Circulation. 2003; 108:2423–2429. [PubMed: 14568902]

132. Ledoux J, Chartier D, Leblanc N. Inhibitors of calmodulin-dependent protein kinase are
nonspecific blockers of voltage-dependent K+ channels in vascular myocytes. J Pharmacol Exp
Ther. 1999; 290:1165–1174. [PubMed: 10454491]

133. Lee DI, Klein MG, Zhu W, Xiao RP, Gerzanich V, Xu KY. Activation of (Na+ + K+)-ATPase
modulates cardiac L-type Ca2+ channel function. Mol Pharmacol. 2009; 75:774–781. [PubMed:
19122004]

Erickson et al. Page 30

Physiol Rev. Author manuscript; available in PMC 2013 August 04.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



134. Lehnart SE, Wehrens XH, Laitinen PJ, Reiken SR, Deng SX, Cheng Z, Landry DW, Kontula K,
Swan H, Marks AR. Sudden death in familial polymorphic ventricular tachycardia associated
with calcium release channel (ryanodine receptor) leak. Circulation. 2004; 109:3208–3214.
[PubMed: 15197150]

135. Lei KF, Wang YF, Zhu XQ, Lu PC, Sun BS, Jia HL, Ren N, Ye QH, Sun HC, Wang L, Tang ZY,
Qin LX. Identification of MSRA gene on chromosome 8p as a candidate metastasis suppressor
for human hepatitis B virus-positive hepatocellular carcinoma. BMC Cancer. 2007; 7:172.
[PubMed: 17784942]

136. Li G, Hidaka H, Wollheim CB. Inhibition of voltage-gated Ca2+ channels and insulin secretion in
HIT cells by the Ca2+/calmodulin-dependent protein kinase II inhibitor KN-62: comparison with
antagonists of calmodulin and L-type Ca2+ channels. Mol Pharmacol. 1992; 42:489–488.
[PubMed: 1328847]

137. Li H, Li W, Gupta AK, Mohler PJ, Anderson ME, Grumbach IM. Calmodulin kinase II is
required for angiotensin II-mediated vascular smooth muscle hypertrophy. Am J Physiol Heart
Circ Physiol. 2010; 298:H688–698. [PubMed: 20023119]

138. Li J, Marionneau C, Koval O, Zingman L, Mohler PJ, Nerbonne JM, Anderson ME. Calmodulin
kinase II inhibition enhances ischemic preconditioning by augmenting ATP-sensitive K+ current.
Channels (Austin). 2007; 1:387–394. [PubMed: 18690039]

139. Li J, Marionneau C, Zhang R, Shah V, Hell JW, Nerbonne JM, Anderson ME. Calmodulin kinase
II inhibition shortens action potential duration by upregulation of K+ currents. Circ Res. 2006;
99:1092–1099. [PubMed: 17038644]

140. Li JM, Gall NP, Grieve DJ, Chen M, Shah AM. Activation of NADPH oxidase during
progression of cardiac hypertrophy to failure. Hypertension. 2002; 40:477–484. [PubMed:
12364350]

141. Li YL, Gao L, Zucker IH, Schultz HD. NADPH oxidase-derived superoxide anion mediates
angiotensin II-enhanced carotid body chemoreceptor sensitivity in heart failure rabbits.
Cardiovasc Res. 2007; 75:546–554. [PubMed: 17499230]

142. Ling H, Zhang T, Pereira L, Means CK, Cheng H, Gu Y, Dalton ND, Peterson KL, Chen J, Bers
D, Heller Brown J. Requirement for Ca2+/calmodulin-dependent kinase II in the transition from
pressure overload-induced cardiac hypertrophy to heart failure in mice. J Clin Invest. 2009;
119:1230–1240. [PubMed: 19381018]

143. Livshitz LM, Rudy Y. Regulation of Ca2+ and electrical alternans in cardiac myocytes: role of
CAMKII and repolarizing currents. Am J Physiol Heart Circ Physiol. 2007; 292:H2854–2866.
[PubMed: 17277017]

144. Lo LW, Chen YC, Chen YJ, Wongcharoen W, Lin CI, Chen SA. Calmodulin kinase II inhibition
prevents arrhythmic activity induced by alpha and beta adrenergic agonists in rabbit pulmonary
veins. Eur J Pharmacol. 2007; 571:197–208. [PubMed: 17612522]

145. Longo VD, Gralla EB, Valentine JS. Superoxide dismutase activity is essential for stationary
phase survival in Saccharomyces cerevisiae. Mitochondrial production of toxic oxygen species in
vivo. J Biol Chem. 1996; 271:12275–12280. [PubMed: 8647826]

146. Lopez AD, Mathers CD, Ezzati M, Jamison DT, Murray CJ. Global and regional burden of
disease and risk factors, 2001: systematic analysis of population health data. Lancet. 2006;
367:1747–1757. [PubMed: 16731270]

147. Lu YM, Shioda N, Yamamoto Y, Han F, Fukunaga K. Transcriptional upregulation of calcineurin
Abeta by endothelin-1 is partially mediated by calcium/calmodulin-dependent protein kinase
IIdelta3 in rat cardiomyocytes. Biochim Biophys Acta. 2010; 1799:429–441. [PubMed:
20215061]

148. Luo SF, Chang CC, Lee IT, Lee CW, Lin WN, Lin CC, Yang CM. Activation of ROS/NF-
kappaB and Ca2+/CaM kinase II are necessary for VCAM-1 induction in IL-1beta-treated human
tracheal smooth muscle cells. Toxicol Appl Pharmacol. 2009; 237:8–21. [PubMed: 19281832]

149. Lyle AN, Griendling KK. Modulation of vascular smooth muscle signaling by reactive oxygen
species. Physiology (Bethesda). 2006; 21:269–280. [PubMed: 16868316]

Erickson et al. Page 31

Physiol Rev. Author manuscript; available in PMC 2013 August 04.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



150. MacDonnell SM, Weisser-Thomas J, Kubo H, Hanscome M, Liu Q, Jaleel N, Berretta R, Chen X,
Brown JH, Sabri AK, Molkentin JD, Houser SR. CaMKII negatively regulates calcineurin-NFAT
signaling in cardiac myocytes. Circ Res. 2009; 105:316–325. [PubMed: 19608982]

151. Maier LS, Bers DM. Role of Ca2+/calmodulin-dependent protein kinase (CaMK) in excitation-
contraction coupling in the heart. Cardiovasc Res. 2007; 73:631–640. [PubMed: 17157285]

152. Maier LS, Zhang T, Chen L, DeSantiago J, Brown JH, Bers DM. Transgenic CaMKIIdeltaC
overexpression uniquely alters cardiac myocyte Ca2+ handling: reduced SR Ca2+ load and
activated SR Ca2+ release. Circ Res. 2003; 92:904–911. [PubMed: 12676813]

153. Mallat Z, Philip I, Lebret M, Chatel D, Maclouf J, Tedgui A. Elevated levels of 8-iso-
prostaglandin F2alpha in pericardial fluid of patients with heart failure: a potential role for in
vivo oxidant stress in ventricular dilatation and progression to heart failure. Circulation. 1998;
97:1536–1539. [PubMed: 9593557]

154. Maltsev VA, Reznikov V, Undrovinas NA, Sabbah HN, Undrovinas A. Modulation of late
sodium current by Ca2+, calmodulin, and CaMKII in normal and failing dog cardiomyocytes:
similarities and differences. Am J Physiol Heart Circ Physiol. 2008; 294:H1597–1608. [PubMed:
18203851]

155. Maltsev VA, Silverman N, Sabbah HN, Undrovinas AI. Chronic heart failure slows late sodium
current in human and canine ventricular myocytes: implications for repolarization variability. Eur
J Heart Fail. 2007; 9:219–227. [PubMed: 17067855]

156. Mangmool S, Shukla AK, Rockman HA. beta-Arrestin-dependent activation of Ca(2+)/
calmodulin kinase II after beta(1)-adrenergic receptor stimulation. J Cell Biol. 2010; 189:573–
587. [PubMed: 20421423]

157. Mangoni ME, Couette B, Bourinet E, Platzer J, Reimer D, Striessnig J, Nargeot J. Functional role
of L-type Cav1.3 Ca2+ channels in cardiac pacemaker activity. Proc Natl Acad Sci U S A. 2003;
100:5543–5548. [PubMed: 12700358]

158. Mani SK, Egan EA, Addy BK, Grimm M, Kasiganesan H, Thiyagarajan T, Renaud L, Brown JH,
Kern CB, Menick DR. beta-Adrenergic receptor stimulated Ncx1 upregulation is mediated via a
CaMKII/AP-1 signaling pathway in adult cardiomyocytes. J Mol Cell Cardiol. 2010; 48:342–
351. [PubMed: 19945464]

159. Marx SO, Reiken S, Hisamatsu Y, Jayaraman T, Burkhoff D, Rosemblit N, Marks AR. PKA
phosphorylation dissociates FKBP12.6 from the calcium release channel (ryanodine receptor):
defective regulation in failing hearts. Cell. 2000; 101:365–376. [PubMed: 10830164]

160. Mercure MZ, Ginnan R, Singer HA. CaM kinase II delta2-dependent regulation of vascular
smooth muscle cell polarization and migration. Am J Physiol Cell Physiol. 2008; 294:C1465–
1475. [PubMed: 18385282]

161. Meyer T, Hanson PI, Stryer L, Schulman H. Calmodulin trapping by calcium-calmodulin-
dependent protein kinase. Science. 1992; 256:1199–1202. [PubMed: 1317063]

162. Miller SG, Kennedy MB. Distinct forebrain and cerebellar isozymes of type II Ca2+/calmodulin-
dependent protein kinase associate differently with the postsynaptic density fraction. J Biol
Chem. 1985; 260:9039–9046. [PubMed: 4019461]

163. Molkentin JD, Lu JR, Antos CL, Markham B, Richardson J, Robbins J, Grant SR, Olson EN. A
calcineurin-dependent transcriptional pathway for cardiac hypertrophy. Cell. 1998; 93:215–228.
[PubMed: 9568714]

164. Morisco C, Zebrowski DC, Vatner DE, Vatner SF, Sadoshima J. Beta-adrenergic cardiac
hypertrophy is mediated primarily by the beta(1)-subtype in the rat heart. J Mol Cell Cardiol.
2001; 33:561–573. [PubMed: 11181023]

165. Morita N, Sovari AA, Xie Y, Fishbein MC, Mandel WJ, Garfinkel A, Lin SF, Chen PS, Xie LH,
Chen F, Qu Z, Weiss JN, Karagueuzian HS. Increased susceptibility of aged hearts to ventricular
fibrillation during oxidative stress. Am J Physiol Heart Circ Physiol. 2009; 297:H1594–1605.
[PubMed: 19767530]

166. Moskovitz J, Bar-Noy S, Williams WM, Requena J, Berlett BS, Stadtman ER. Methionine
sulfoxide reductase (MsrA) is a regulator of antioxidant defense and lifespan in mammals. Proc
Natl Acad Sci U S A. 2001; 98:12920–12925. [PubMed: 11606777]

Erickson et al. Page 32

Physiol Rev. Author manuscript; available in PMC 2013 August 04.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



167. Muthalif MM, Karzoun NA, Benter IF, Gaber L, Ljuca F, Uddin MR, Khandekar Z, Estes A,
Malik KU. Functional significance of activation of calcium/calmodulin-dependent protein kinase
II in angiotensin II--induced vascular hyperplasia and hypertension. Hypertension. 2002; 39:704–
709. [PubMed: 11882635]

168. Nakayama H, Bodi I, Correll RN, Chen X, Lorenz J, Houser SR, Robbins J, Schwartz A,
Molkentin JD. alpha1G-dependent T-type Ca2+ current antagonizes cardiac hypertrophy through
a NOS3-dependent mechanism in mice. J Clin Invest. 2009; 119:3787–3796. [PubMed:
19920353]

169. Narula J, Haider N, Virmani R, DiSalvo TG, Kolodgie FD, Hajjar RJ, Schmidt U, Semigran MJ,
Dec GW, Khaw BA. Apoptosis in myocytes in end-stage heart failure. N Engl J Med. 1996;
335:1182–1189. [PubMed: 8815940]

170. Neef S, Dybkova N, Sossalla S, Ort KR, Fluschnik N, Neumann K, Seipelt R, Schondube FA,
Hasenfuss G, Maier LS. CaMKII-dependent diastolic SR Ca2+ leak and elevated diastolic Ca2+
levels in right atrial myocardium of patients with atrial fibrillation. Circ Res. 2010; 106:1134–
1144. [PubMed: 20056922]

171. Nguyen A, Chen P, Cai H. Role of CaMKII in hydrogen peroxide activation of ERK1/2, p38
MAPK, HSP27 and actin reorganization in endothelial cells. FEBS Lett. 2004; 572:307–313.
[PubMed: 15304367]

172. Orr WC, Sohal RS. Extension of life-span by overexpression of superoxide dismutase and
catalase in Drosophila melanogaster. Science. 1994; 263:1128–1130. [PubMed: 8108730]

173. Page IH, Helmer OM. A crystalline pressor substance (angiotonin) resulting from the reaction
between renin and renin-activator. J Exp Med. 1940; 71:29–42. [PubMed: 19870942]

174. Palomeque J, Rueda OV, Sapia L, Valverde CA, Salas M, Petroff MV, Mattiazzi A. Angiotensin
II-induced oxidative stress resets the Ca2+ dependence of Ca2+-calmodulin protein kinase II and
promotes a death pathway conserved across different species. Circ Res. 2009; 105:1204–1212.
[PubMed: 19850941]

175. Papaharalambus CA, Griendling KK. Basic mechanisms of oxidative stress and reactive oxygen
species in cardiovascular injury. Trends Cardiovasc Med. 2007; 17:48–54. [PubMed: 17292046]

176. Passier R, Zeng H, Frey N, Naya FJ, Nicol RL, McKinsey TA, Overbeek P, Richardson JA, Grant
SR, Olson EN. CaM kinase signaling induces cardiac hypertrophy and activates the MEF2
transcription factor in vivo. J Clin Invest. 2000; 105:1395–1406. [PubMed: 10811847]

177. Patterson C, Ruef J, Madamanchi NR, Barry-Lane P, Hu Z, Horaist C, Ballinger CA, Brasier AR,
Bode C, Runge MS. Stimulation of a vascular smooth muscle cell NAD(P)H oxidase by
thrombin. Evidence that p47(phox) may participate in forming this oxidase in vitro and in vivo. J
Biol Chem. 1999; 274:19814–19822. [PubMed: 10391925]

178. Pedersen TH, Gurung IS, Grace A, Huang CL. Calmodulin kinase II initiates arrhythmogenicity
during metabolic acidification in murine hearts. Acta Physiol (Oxf). 2009; 197:13–25. [PubMed:
19416122]

179. Perez VI, Bokov A, Van Remmen H, Mele J, Ran Q, Ikeno Y, Richardson A. Is the oxidative
stress theory of aging dead? Biochim Biophys Acta. 2009; 1790:1005–1014. [PubMed:
19524016]

180. Perry JJ, Shin DS, Getzoff ED, Tainer JA. The structural biochemistry of the superoxide
dismutases. Biochim Biophys Acta. 2010; 1804:245–262. [PubMed: 19914407]

181. Picht E, DeSantiago J, Huke S, Kaetzel MA, Dedman JR, Bers DM. CaMKII inhibition targeted
to the sarcoplasmic reticulum inhibits frequency-dependent acceleration of relaxation and Ca2+
current facilitation. J Mol Cell Cardiol. 2007; 42:196–205. [PubMed: 17052727]

182. Platzer J, Engel J, Schrott-Fischer A, Stephan K, Bova S, Chen H, Zheng H, Striessnig J.
Congenital deafness and sinoatrial node dysfunction in mice lacking class D L-type Ca2+
channels. Cell. 2000; 102:89–97. [PubMed: 10929716]

183. Prentice HM, Moench IA, Rickaway ZT, Dougherty CJ, Webster KA, Weissbach H. MsrA
protects cardiac myocytes against hypoxia/reoxygenation induced cell death. Biochem Biophys
Res Commun. 2008; 366:775–778. [PubMed: 18083115]

184. Priori SG, Napolitano C, Memmi M, Colombi B, Drago F, Gasparini M, DeSimone L, Coltorti F,
Bloise R, Keegan R, Cruz Filho FE, Vignati G, Benatar A, DeLogu A. Clinical and molecular

Erickson et al. Page 33

Physiol Rev. Author manuscript; available in PMC 2013 August 04.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



characterization of patients with catecholaminergic polymorphic ventricular tachycardia.
Circulation. 2002; 106:69–74. [PubMed: 12093772]

185. Rajabi M, Kassiotis C, Razeghi P, Taegtmeyer H. Return to the fetal gene program protects the
stressed heart: a strong hypothesis. Heart Fail Rev. 2007; 12:331–343. [PubMed: 17516164]

186. Ramirez MT, Zhao XL, Schulman H, Brown JH. The nuclear deltaB isoform of Ca2+/
calmodulin-dependent protein kinase II regulates atrial natriuretic factor gene expression in
ventricular myocytes. J Biol Chem. 1997; 272:31203–31208. [PubMed: 9388275]

187. Rapola JM, Virtamo J, Ripatti S, Huttunen JK, Albanes D, Taylor PR, Heinonen OP. Randomised
trial of alpha-tocopherol and beta-carotene supplements on incidence of major coronary events in
men with previous myocardial infarction. Lancet. 1997; 349:1715–1720. [PubMed: 9193380]

188. Redout EM, Wagner MJ, Zuidwijk MJ, Boer C, Musters RJ, van Hardeveld C, Paulus WJ,
Simonides WS. Right-ventricular failure is associated with increased mitochondrial complex II
activity and production of reactive oxygen species. Cardiovasc Res. 2007; 75:770–781.
[PubMed: 17582388]

189. Rellos P, Pike AC, Niesen FH, Salah E, Lee WH, von Delft F, Knapp S. Structure of the
CaMKIIdelta/calmodulin complex reveals the molecular mechanism of CaMKII kinase
activation. PLoS Biol. 2010; 8:e1000426. [PubMed: 20668654]

190. Reynaert NL, van der Vliet A, Guala AS, McGovern T, Hristova M, Pantano C, Heintz NH, Heim
J, Ho YS, Matthews DE, Wouters EF, Janssen-Heininger YM. Dynamic redox control of NF-
kappaB through glutaredoxin-regulated S-glutathionylation of inhibitory kappaB kinase beta.
Proc Natl Acad Sci U S A. 2006; 103:13086–13091. [PubMed: 16916935]

191. Rezazadeh S, Claydon TW, Fedida D. KN-93 (2-[N-(2-hydroxyethyl)]-N-(4-
methoxybenzenesulfonyl)]amino-N-(4-chlorocinn amyl)-N-methylbenzylamine), a calcium/
calmodulin-dependent protein kinase II inhibitor, is a direct extracellular blocker of voltage-gated
potassium channels. J Pharmacol Exp Ther. 2006; 317:292–299. [PubMed: 16368898]

192. Rigg L, Mattick PA, Heath BM, Terrar DA. Modulation of the hyperpolarization-activated
current (I(f)) by calcium and calmodulin in the guinea-pig sino-atrial node. Cardiovasc Res.
2003; 57:497–504. [PubMed: 12566122]

193. Rokolya A, Singer HA. Inhibition of CaM kinase II activation and force maintenance by KN-93
in arterial smooth muscle. Am J Physiol Cell Physiol. 2000; 278:C537–545. [PubMed:
10712242]

194. Rosen DR, Siddique T, Patterson D, Figlewicz DA, Sapp P, Hentati A, Donaldson D, Goto J,
O’Regan JP, Deng HX, et al. Mutations in Cu/Zn superoxide dismutase gene are associated with
familial amyotrophic lateral sclerosis. Nature. 1993; 362:59–62. [PubMed: 8446170]

195. Rosenberg OS, Deindl S, Sung RJ, Nairn AC, Kuriyan J. Structure of the autoinhibited kinase
domain of CaMKII and SAXS analysis of the holoenzyme. Cell. 2005; 123:849–860. [PubMed:
16325579]

196. Rostas JA, Dunkley PR. Multiple forms and distribution of calcium/calmodulin-stimulated
protein kinase II in brain. J Neurochem. 1992; 59:1191–1202. [PubMed: 1328514]

197. Ruan H, Tang XD, Chen ML, Joiner ML, Sun G, Brot N, Weissbach H, Heinemann SH, Iverson
L, Wu CF, Hoshi T. High-quality life extension by the enzyme peptide methionine sulfoxide
reductase. Proc Natl Acad Sci U S A. 2002; 99:2748–2753. [PubMed: 11867705]

198. Sag CM, Wadsack DP, Khabbazzadeh S, Abesser M, Grefe C, Neumann K, Opiela MK, Backs J,
Olson EN, Brown JH, Neef S, Maier SK, Maier LS. Calcium/calmodulin-dependent protein
kinase II contributes to cardiac arrhythmogenesis in heart failure. Circ Heart Fail. 2009; 2:664–
675. [PubMed: 19919992]

199. Salas MA, Valverde CA, Sanchez G, Said M, Rodriguez JS, Portiansky EL, Kaetzel MA,
Dedman JR, Donoso P, Kranias EG, Mattiazzi A. The signalling pathway of CaMKII-mediated
apoptosis and necrosis in the ischemia/reperfusion injury. J Mol Cell Cardiol. 2010; 48:1298–
1306. [PubMed: 20060004]

200. Salonen JT, Nyyssonen K, Salonen R, Lakka HM, Kaikkonen J, Porkkala-Sarataho E,
Voutilainen S, Lakka TA, Rissanen T, Leskinen L, Tuomainen TP, Valkonen VP, Ristonmaa U,
Poulsen HE. Antioxidant Supplementation in Atherosclerosis Prevention (ASAP) study: a

Erickson et al. Page 34

Physiol Rev. Author manuscript; available in PMC 2013 August 04.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



randomized trial of the effect of vitamins E and C on 3-year progression of carotid
atherosclerosis. J Intern Med. 2000; 248:377–386. [PubMed: 11123502]

201. Sapia L, Palomeque J, Mattiazzi A, Petroff MV. Na+/K+-ATPase inhibition by ouabain induces
CaMKII-dependent apoptosis in adult rat cardiac myocytes. J Mol Cell Cardiol. 2010; 49:459–
468. [PubMed: 20435043]

202. Saraste A, Pulkki K, Kallajoki M, Henriksen K, Parvinen M, Voipio-Pulkki LM. Apoptosis in
human acute myocardial infarction. Circulation. 1997; 95:320–323. [PubMed: 9008443]

203. Satoh N, Nishimura M, Watanabe Y. Electrophysiologic alterations in the rabbit nodal cells
induced by membrane lipid peroxidation. Eur J Pharmacol. 1995; 292:233–240. [PubMed:
7540980]

204. Sawyer DB, Colucci WS. Mitochondrial oxidative stress in heart failure: “oxygen wastage”
revisited. Circ Res. 2000; 86:119–120. [PubMed: 10666404]

205. Schelling JR, Nkemere N, Konieczkowski M, Martin KA, Dubyak GR. Angiotensin II activates
the beta 1 isoform of phospholipase C in vascular smooth muscle cells. Am J Physiol. 1997;
272:C1558–1566. [PubMed: 9176147]

206. Scortegagna M, Ding K, Oktay Y, Gaur A, Thurmond F, Yan LJ, Marck BT, Matsumoto AM,
Shelton JM, Richardson JA, Bennett MJ, Garcia JA. Multiple organ pathology, metabolic
abnormalities and impaired homeostasis of reactive oxygen species in Epas1−/− mice. Nat Genet.
2003; 35:331–340. [PubMed: 14608355]

207. Scott AL, Chang RS, Lotti VJ, Siegl PK. Cardiac angiotensin receptors: effects of selective
angiotensin II receptor antagonists, DUP 753 and PD 121981, in rabbit heart. J Pharmacol Exp
Ther. 1992; 261:931–935. [PubMed: 1602398]

208. Sedeek M, Hebert RL, Kennedy CR, Burns KD, Touyz RM. Molecular mechanisms of
hypertension: role of Nox family NADPH oxidases. Curr Opin Nephrol Hypertens. 2009;
18:122–127. [PubMed: 19430333]

209. Sihra TS, Pearson HA. Ca/calmodulin-dependent kinase II inhibitor KN62 attenuates glutamate
release by inhibiting voltage-dependent Ca(2+)-channels. Neuropharmacology. 1995; 34:731–
741. [PubMed: 8532140]

210. Simon HU, Haj-Yehia A, Levi-Schaffer F. Role of reactive oxygen species (ROS) in apoptosis
induction. Apoptosis. 2000; 5:415–418. [PubMed: 11256882]

211. Singh MV, Kapoun A, Higgins L, Kutschke W, Thurman JM, Zhang R, Singh M, Yang J, Guan
X, Lowe JS, Weiss RM, Zimmermann K, Yull FE, Blackwell TS, Mohler PJ, Anderson ME.
Ca2+/calmodulin-dependent kinase II triggers cell membrane injury by inducing complement
factor B gene expression in the mouse heart. J Clin Invest. 2009; 119:986–996. [PubMed:
19273909]

212. Smyth JW, Hong TT, Gao D, Vogan JM, Jensen BC, Fong TS, Simpson PC, Stainier DY, Chi
NC, Shaw RM. Limited forward trafficking of connexin 43 reduces cell-cell coupling in stressed
human and mouse myocardium. J Clin Invest. 2010; 120:266–279. [PubMed: 20038810]

213. Sommer D, Fakata KL, Swanson SA, Stemmer PM. Modulation of the phosphatase activity of
calcineurin by oxidants and antioxidants in vitro. Eur J Biochem. 2000; 267:2312–2322.
[PubMed: 10759856]

214. Song Y, Shryock JC, Wagner S, Maier LS, Belardinelli L. Blocking late sodium current reduces
hydrogen peroxide-induced arrhythmogenic activity and contractile dysfunction. J Pharmacol
Exp Ther. 2006; 318:214–222. [PubMed: 16565163]

215. Song YH, Cho H, Ryu SY, Yoon JY, Park SH, Noh CI, Lee SH, Ho WK. L-type Ca(2+) channel
facilitation mediated by H(2)O(2)-induced activation of CaMKII in rat ventricular myocytes. J
Mol Cell Cardiol. 2010; 48:773–780. [PubMed: 19883656]

216. Spinale FG, Coker ML, Thomas CV, Walker JD, Mukherjee R, Hebbar L. Time-dependent
changes in matrix metalloproteinase activity and expression during the progression of congestive
heart failure: relation to ventricular and myocyte function. Circ Res. 1998; 82:482–495.
[PubMed: 9506709]

217. Srinivasan M, Edman CF, Schulman H. Alternative splicing introduces a nuclear localization
signal that targets multifunctional CaM kinase to the nucleus. J Cell Biol. 1994; 126:839–852.
[PubMed: 7519621]

Erickson et al. Page 35

Physiol Rev. Author manuscript; available in PMC 2013 August 04.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



218. John G, Brot N, Ruan J, Erdjument-Bromage H, Tempst P, Weissbach H, Nathan C. Peptide
methionine sulfoxide reductase from Escherichia coli and Mycobacterium tuberculosis protects
bacteria against oxidative damage from reactive nitrogen intermediates. Proc Natl Acad Sci U S
A. 2001; 98:9901–9906. [PubMed: 11481433]

219. Stocker R, Keaney JF Jr. Role of oxidative modifications in atherosclerosis. Physiol Rev. 2004;
84:1381–1478. [PubMed: 15383655]

220. Strack S, Barban MA, Wadzinski BE, Colbran RJ. Differential inactivation of postsynaptic
density-associated and soluble Ca2+/calmodulin-dependent protein kinase II by protein
phosphatases 1 and 2A. J Neurochem. 1997; 68:2119–2128. [PubMed: 9109540]

221. Su Z, Limberis J, Martin RL, Xu R, Kolbe K, Heinemann SH, Hoshi T, Cox BF, Gintant GA.
Functional consequences of methionine oxidation of hERG potassium channels. Biochem
Pharmacol. 2007; 74:702–711. [PubMed: 17624316]

222. Sumi M, Kiuchi K, Ishikawa T, Ishii A, Hagiwara M, Nagatsu T, Hidaka H. The newly
synthesized selective Ca2+/calmodulin dependent protein kinase II inhibitor KN-93 reduces
dopamine contents in PC12h cells. Biochem Biophys Res Commun. 1991; 181:968–975.
[PubMed: 1662507]

223. Sundaresan M, Yu ZX, Ferrans VJ, Irani K, Finkel T. Requirement for generation of H2O2 for
platelet-derived growth factor signal transduction. Science. 1995; 270:296–299. [PubMed:
7569979]

224. Taigen T, De Windt LJ, Lim HW, Molkentin JD. Targeted inhibition of calcineurin prevents
agonist-induced cardiomyocyte hypertrophy. Proc Natl Acad Sci U S A. 2000; 97:1196–1201.
[PubMed: 10655507]

225. Takeda K, Matsuzawa A, Nishitoh H, Tobiume K, Kishida S, Ninomiya-Tsuji J, Matsumoto K,
Ichijo H. Involvement of ASK1 in Ca2+-induced p38 MAP kinase activation. EMBO Rep. 2004;
5:161–166. [PubMed: 14749717]

226. Takimoto E, Champion HC, Li M, Ren S, Rodriguez ER, Tavazzi B, Lazzarino G, Paolocci N,
Gabrielson KL, Wang Y, Kass DA. Oxidant stress from nitric oxide synthase-3 uncoupling
stimulates cardiac pathologic remodeling from chronic pressure load. J Clin Invest. 2005;
115:1221–1231. [PubMed: 15841206]

227. Talukder MA, Endoh M. Pharmacological differentiation of synergistic contribution of L-type
Ca2+ channels and Na+/H+ exchange to the positive inotropic effect of phenylephrine,
endothelin-3 and angiotensin II in rabbit ventricular myocardium. Naunyn Schmiedebergs Arch
Pharmacol. 1997; 355:87–96. [PubMed: 9007847]

228. Tang XD, Daggett H, Hanner M, Garcia ML, McManus OB, Brot N, Weissbach H, Heinemann
SH, Hoshi T. Oxidative regulation of large conductance calcium-activated potassium channels. J
Gen Physiol. 2001; 117:253–274. [PubMed: 11222629]

229. Tarr M, Valenzeno DP. Modification of cardiac ionic currents by photosensitizer-generated
reactive oxygen. J Mol Cell Cardiol. 1991; 23:639–649. [PubMed: 1886141]

230. ten Freyhaus H, Huntgeburth M, Wingler K, Schnitker J, Baumer AT, Vantler M, Bekhite MM,
Wartenberg M, Sauer H, Rosenkranz S. Novel Nox inhibitor VAS2870 attenuates PDGF-
dependent smooth muscle cell chemotaxis, but not proliferation. Cardiovasc Res. 2006; 71:331–
341. [PubMed: 16545786]

231. Terentyev D, Belevych AE, Terentyeva R, Martin MM, Malana GE, Kuhn DE, Abdellatif M,
Feldman DS, Elton TS, Gyorke S. miR-1 overexpression enhances Ca(2+) release and promotes
cardiac arrhythmogenesis by targeting PP2A regulatory subunit B56alpha and causing CaMKII-
dependent hyperphosphorylation of RyR2. Circ Res. 2009; 104:514–521. [PubMed: 19131648]

232. Tessier S, Karczewski P, Krause EG, Pansard Y, Acar C, Lang-Lazdunski M, Mercadier JJ,
Hatem SN. Regulation of the transient outward K(+) current by Ca(2+)/calmodulin-dependent
protein kinases II in human atrial myocytes. Circ Res. 1999; 85:810–819. [PubMed: 10532949]

233. Thannickal VJ, Fanburg BL. Reactive oxygen species in cell signaling. Am J Physiol Lung Cell
Mol Physiol. 2000; 279:L1005–1028. [PubMed: 11076791]

234. Thiel WH, Chen B, Hund TJ, Koval OM, Purohit A, Song LS, Mohler PJ, Anderson ME.
Proarrhythmic defects in Timothy syndrome require calmodulin kinase II. Circulation. 2008;
118:2225–2234. [PubMed: 19001023]

Erickson et al. Page 36

Physiol Rev. Author manuscript; available in PMC 2013 August 04.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



235. Thollon C, Iliou JP, Cambarrat C, Robin F, Vilaine JP. Nature of the cardiomyocyte injury
induced by lipid hydroperoxides. Cardiovasc Res. 1995; 30:648–655. [PubMed: 8595608]

236. Thomas GP, Sims SM, Cook MA, Karmazyn M. Hydrogen peroxide-induced stimulation of L-
type calcium current in guinea pig ventricular myocytes and its inhibition by adenosine A1
receptor activation. J Pharmacol Exp Ther. 1998; 286:1208–1214. [PubMed: 9732380]

237. Timmins JM, Ozcan L, Seimon TA, Li G, Malagelada C, Backs J, Backs T, Bassel-Duby R,
Olson EN, Anderson ME, Tabas I. Calcium/calmodulin-dependent protein kinase II links ER
stress with Fas and mitochondrial apoptosis pathways. J Clin Invest. 2009; 119:2925–2941.
[PubMed: 19741297]

238. Tojo A, Onozato ML, Kobayashi N, Goto A, Matsuoka H, Fujita T. Angiotensin II and oxidative
stress in Dahl Salt-sensitive rat with heart failure. Hypertension. 2002; 40:834–839. [PubMed:
12468566]

239. Toko H, Takahashi H, Kayama Y, Oka T, Minamino T, Okada S, Morimoto S, Zhan DY,
Terasaki F, Anderson ME, Inoue M, Yao A, Nagai R, Kitaura Y, Sasaguri T, Komuro I. Ca2+/
calmodulin-dependent kinase IIdelta causes heart failure by accumulation of p53 in dilated
cardiomyopathy. Circulation. 2010; 122:891–899. [PubMed: 20713897]

240. Tonks NK. Protein tyrosine phosphatases: from genes, to function, to disease. Nat Rev Mol Cell
Biol. 2006; 7:833–846. [PubMed: 17057753]

241. Tsutsui H, Ide T, Kinugawa S. Mitochondrial oxidative stress, DNA damage, and heart failure.
Antioxid Redox Signal. 2006; 8:1737–1744. [PubMed: 16987026]

242. Upmacis RK, Deeb RS, Resnick MJ, Lindenbaum R, Gamss C, Mittar D, Hajjar DP. Involvement
of the mitogen-activated protein kinase cascade in peroxynitrite-mediated arachidonic acid
release in vascular smooth muscle cells. Am J Physiol Cell Physiol. 2004; 286:C1271–1280.
[PubMed: 14749211]

243. van Empel VP, Bertrand AT, van Oort RJ, van der Nagel R, Engelen M, van Rijen HV,
Doevendans PA, Crijns HJ, Ackerman SL, Sluiter W, De Windt LJ. EUK-8, a superoxide
dismutase and catalase mimetic, reduces cardiac oxidative stress and ameliorates pressure
overload-induced heart failure in the harlequin mouse mutant. J Am Coll Cardiol. 2006; 48:824–
832. [PubMed: 16904556]

244. Vermeulen JT, McGuire MA, Opthof T, Coronel R, de Bakker JM, Klopping C, Janse MJ.
Triggered activity and automaticity in ventricular trabeculae of failing human and rabbit hearts.
Cardiovasc Res. 1994; 28:1547–1554. [PubMed: 8001044]

245. Vila-Petroff M, Salas MA, Said M, Valverde CA, Sapia L, Portiansky E, Hajjar RJ, Kranias EG,
Mundina-Weilenmann C, Mattiazzi A. CaMKII inhibition protects against necrosis and apoptosis
in irreversible ischemia-reperfusion injury. Cardiovasc Res. 2007; 73:689–698. [PubMed:
17217936]

246. Vinogradova TM, Zhou YY, Bogdanov KY, Yang D, Kuschel M, Cheng H, Xiao RP. Sinoatrial
node pacemaker activity requires Ca(2+)/calmodulin-dependent protein kinase II activation. Circ
Res. 2000; 87:760–767. [PubMed: 11055979]

247. Vougier S, Mary J, Friguet B. Subcellular localization of methionine sulphoxide reductase A
(MsrA): evidence for mitochondrial and cytosolic isoforms in rat liver cells. Biochem J. 2003;
373:531–537. [PubMed: 12693988]

248. Wagner M, Rudakova E, Volk T. Aldosterone-induced changes in the cardiac L-type Ca(2+)
current can be prevented by antioxidants in vitro and are absent in rats on low salt diet. Pflugers
Arch. 2008; 457:339–349. [PubMed: 18504604]

249. Wagner S, Dybkova N, Rasenack EC, Jacobshagen C, Fabritz L, Kirchhof P, Maier SK, Zhang T,
Hasenfuss G, Brown JH, Bers DM, Maier LS. Ca2+/calmodulin-dependent protein kinase II
regulates cardiac Na+ channels. J Clin Invest. 2006; 116:3127–3138. [PubMed: 17124532]

250. Wagner S, Hacker E, Grandi E, Weber SL, Dybkova N, Sossalla S, Sowa T, Fabritz L, Kirchhof
P, Bers DM, Maier LS. Ca/calmodulin kinase II differentially modulates potassium currents. Circ
Arrhythm Electrophysiol. 2009; 2:285–294. [PubMed: 19808479]

251. Wang W, Zhu W, Wang S, Yang D, Crow MT, Xiao RP, Cheng H. Sustained beta1-adrenergic
stimulation modulates cardiac contractility by Ca2+/calmodulin kinase signaling pathway. Circ
Res. 2004; 95:798–806. [PubMed: 15375008]

Erickson et al. Page 37

Physiol Rev. Author manuscript; available in PMC 2013 August 04.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



252. Wang X, Culotta VC, Klee CB. Superoxide dismutase protects calcineurin from inactivation.
Nature. 1996; 383:434–437. [PubMed: 8837775]

253. Weber DS, Taniyama Y, Rocic P, Seshiah PN, Dechert MA, Gerthoffer WT, Griendling KK.
Phosphoinositide-dependent kinase 1 and p21-activated protein kinase mediate reactive oxygen
species-dependent regulation of platelet-derived growth factor-induced smooth muscle cell
migration. Circ Res. 2004; 94:1219–1226. [PubMed: 15059930]

254. Wehrens XH, Lehnart SE, Reiken SR, Marks AR. Ca2+/calmodulin-dependent protein kinase II
phosphorylation regulates the cardiac ryanodine receptor. Circ Res. 2004; 94:e61–70. [PubMed:
15016728]

255. Welsby PJ, Wang H, Wolfe JT, Colbran RJ, Johnson ML, Barrett PQ. A mechanism for the direct
regulation of T-type calcium channels by Ca2+/calmodulin-dependent kinase II. J Neurosci.
2003; 23:10116–10121. [PubMed: 14602827]

256. Wolf PA, Abbott RD, Kannel WB. Atrial fibrillation as an independent risk factor for stroke: the
Framingham Study. Stroke. 1991; 22:983–988. [PubMed: 1866765]

257. Wollert KC, Fiedler B, Gambaryan S, Smolenski A, Heineke J, Butt E, Trautwein C, Lohmann
SM, Drexler H. Gene transfer of cGMP-dependent protein kinase I enhances the antihypertrophic
effects of nitric oxide in cardiomyocytes. Hypertension. 2002; 39:87–92. [PubMed: 11799084]

258. Wright SC, Schellenberger U, Ji L, Wang H, Larrick JW. Calmodulin-dependent protein kinase II
mediates signal transduction in apoptosis. FASEB J. 1997; 11:843–849. [PubMed: 9285482]

259. Wu X, Bers DM. Sarcoplasmic reticulum and nuclear envelope are one highly interconnected
Ca2+ store throughout cardiac myocyte. Circ Res. 2006; 99:283–291. [PubMed: 16794184]

260. Wu X, Zhang T, Bossuyt J, Li X, McKinsey TA, Dedman JR, Olson EN, Chen J, Brown JH, Bers
DM. Local InsP3-dependent perinuclear Ca2+ signaling in cardiac myocyte excitation-
transcription coupling. J Clin Invest. 2006; 116:675–682. [PubMed: 16511602]

261. Wu Y, Gao Z, Chen B, Koval OM, Singh MV, Guan X, Hund TJ, Kutschke W, Sarma S,
Grumbach IM, Wehrens XH, Mohler PJ, Song LS, Anderson ME. Calmodulin kinase II is
required for fight or flight sinoatrial node physiology. Proc Natl Acad Sci U S A. 2009;
106:5972–5977. [PubMed: 19276108]

262. Wu Y, MacMillan LB, McNeill RB, Colbran RJ, Anderson ME. CaM kinase augments cardiac L-
type Ca2+ current: a cellular mechanism for long Q-T arrhythmias. Am J Physiol. 1999;
276:H2168–2178. [PubMed: 10362701]

263. Wu Y, Shintani A, Grueter C, Zhang R, Hou Y, Yang J, Kranias EG, Colbran RJ, Anderson ME.
Suppression of dynamic Ca(2+) transient responses to pacing in ventricular myocytes from mice
with genetic calmodulin kinase II inhibition. J Mol Cell Cardiol. 2006; 40:213–223. [PubMed:
16413575]

264. Wu Y, Temple J, Zhang R, Dzhura I, Zhang W, Trimble R, Roden DM, Passier R, Olson EN,
Colbran RJ, Anderson ME. Calmodulin kinase II and arrhythmias in a mouse model of cardiac
hypertrophy. Circulation. 2002; 106:1288–1293. [PubMed: 12208807]

265. Xiao RP, Cheng H, Lederer WJ, Suzuki T, Lakatta EG. Dual regulation of Ca2+/calmodulin-
dependent kinase II activity by membrane voltage and by calcium influx. Proc Natl Acad Sci U S
A. 1994; 91:9659–9663. [PubMed: 7937825]

266. Xie LH, Chen F, Karagueuzian HS, Weiss JN. Oxidative-stress-induced afterdepolarizations and
calmodulin kinase II signaling. Circ Res. 2009; 104:79–86. [PubMed: 19038865]

267. Yan GX, Wu Y, Liu T, Wang J, Marinchak RA, Kowey PR. Phase 2 early afterdepolarization as a
trigger of polymorphic ventricular tachycardia in acquired long-QT syndrome: direct evidence
from intracellular recordings in the intact left ventricular wall. Circulation. 2001; 103:2851–
2856. [PubMed: 11401944]

268. Yan XS, Ma JH, Zhang PH. Modulation of K(ATP) currents in rat ventricular myocytes by
hypoxia and a redox reaction. Acta Pharmacol Sin. 2009; 30:1399–1414. [PubMed: 19801996]

269. Yan Y, Wei CL, Zhang WR, Cheng HP, Liu J. Cross-talk between calcium and reactive oxygen
species signaling. Acta Pharmacol Sin. 2006; 27:821–826. [PubMed: 16787564]

270. Yang B, Rizzo V. TNF-alpha potentiates protein-tyrosine nitration through activation of NADPH
oxidase and eNOS localized in membrane rafts and caveolae of bovine aortic endothelial cells.
Am J Physiol Heart Circ Physiol. 2007; 292:H954–962. [PubMed: 17028163]

Erickson et al. Page 38

Physiol Rev. Author manuscript; available in PMC 2013 August 04.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



271. Yang Y, Zhu WZ, Joiner ML, Zhang R, Oddis CV, Hou Y, Yang J, Price EE, Gleaves L, Eren M,
Ni G, Vaughan DE, Xiao RP, Anderson ME. Calmodulin kinase II inhibition protects against
myocardial cell apoptosis in vivo. Am J Physiol Heart Circ Physiol. 2006; 291:H3065–3075.
[PubMed: 16861697]

272. Youn HD, Kim EJ, Roe JH, Hah YC, Kang SO. A novel nickel-containing superoxide dismutase
from Streptomyces spp. Biochem J. 1996; 318(Pt 3):889–896. [PubMed: 8836134]

273. Yu Z, Wang ZH, Yang HT. Calcium/calmodulin-dependent protein kinase II mediates
cardioprotection of intermittent hypoxia against ischemic-reperfusion-induced cardiac
dysfunction. Am J Physiol Heart Circ Physiol. 2009; 297:H735–742. [PubMed: 19525372]

274. Yuan W, Bers DM. Ca-dependent facilitation of cardiac Ca current is due to Ca-calmodulin-
dependent protein kinase. Am J Physiol. 1994; 267:H982–993. [PubMed: 8092302]

275. Yue L, Melnyk P, Gaspo R, Wang Z, Nattel S. Molecular mechanisms underlying ionic
remodeling in a dog model of atrial fibrillation. Circ Res. 1999; 84:776–784. [PubMed:
10205145]

276. Yui D, Yoneda T, Oono K, Katayama T, Imaizumi K, Tohyama M. Interchangeable binding of
Bcl10 to TRAF2 and cIAPs regulates apoptosis signaling. Oncogene. 2001; 20:4317–4323.
[PubMed: 11466612]

277. Yusuf S, Dagenais G, Pogue J, Bosch J, Sleight P. Vitamin E supplementation and cardiovascular
events in high-risk patients. The Heart Outcomes Prevention Evaluation Study Investigators. N
Engl J Med. 2000; 342:154–160. [PubMed: 10639540]

278. Yusuf S, Sleight P, Pogue J, Bosch J, Davies R, Dagenais G. Effects of an angiotensin-
converting-enzyme inhibitor, ramipril, on cardiovascular events in high-risk patients. The Heart
Outcomes Prevention Evaluation Study Investigators. N Engl J Med. 2000; 342:145–153.
[PubMed: 10639539]

279. Zeng Q, Zhou Q, Yao F, O’Rourke ST, Sun C. Endothelin-1 regulates cardiac L-type calcium
channels via NAD(P)H oxidase-derived superoxide. J Pharmacol Exp Ther. 2008; 326:732–738.
[PubMed: 18539650]

280. Zhang GX, Kimura S, Nishiyama A, Shokoji T, Rahman M, Yao L, Nagai Y, Fujisawa Y,
Miyatake A, Abe Y. Cardiac oxidative stress in acute and chronic isoproterenol-infused rats.
Cardiovasc Res. 2005; 65:230–238. [PubMed: 15621051]

281. Zhang P, Xu X, Hu X, van Deel ED, Zhu G, Chen Y. Inducible nitric oxide synthase deficiency
protects the heart from systolic overload-induced ventricular hypertrophy and congestive heart
failure. Circ Res. 2007; 100:1089–1098. [PubMed: 17363700]

282. Zhang R, Khoo MS, Wu Y, Yang Y, Grueter CE, Ni G, Price EE Jr. Thiel W, Guatimosim S,
Song LS, Madu EC, Shah AN, Vishnivetskaya TA, Atkinson JB, Gurevich VV, Salama G,
Lederer WJ, Colbran RJ, Anderson ME. Calmodulin kinase II inhibition protects against
structural heart disease. Nat Med. 2005; 11:409–417. [PubMed: 15793582]

283. Zhang T, Guo T, Mishra S, Dalton ND, Kranias EG, Peterson KL, Bers DM, Brown JH.
Phospholamban ablation rescues sarcoplasmic reticulum Ca(2+) handling but exacerbates cardiac
dysfunction in CaMKIIdelta(C) transgenic mice. Circ Res. 106:354–362. [PubMed: 19959778]

284. Zhang T, Johnson EN, Gu Y, Morissette MR, Sah VP, Gigena MS, Belke DD, Dillmann WH,
Rogers TB, Schulman H, Ross J Jr. Brown JH. The cardiac-specific nuclear delta(B) isoform of
Ca2+/calmodulin-dependent protein kinase II induces hypertrophy and dilated cardiomyopathy
associated with increased protein phosphatase 2A activity. J Biol Chem. 2002; 277:1261–1267.
[PubMed: 11694533]

285. Zhang T, Kohlhaas M, Backs J, Mishra S, Phillips W, Dybkova N, Chang S, Ling H, Bers DM,
Maier LS, Olson EN, Brown JH. CaMKIIdelta isoforms differentially affect calcium handling
but similarly regulate HDAC/MEF2 transcriptional responses. J Biol Chem. 2007; 282:35078–
35087. [PubMed: 17923476]

286. Zhang T, Maier LS, Dalton ND, Miyamoto S, Ross J Jr. Bers DM, Brown JH. The deltaC isoform
of CaMKII is activated in cardiac hypertrophy and induces dilated cardiomyopathy and heart
failure. Circ Res. 2003; 92:912–919. [PubMed: 12676814]

287. Zhao W, Zhao D, Yan R, Sun Y. Cardiac oxidative stress and remodeling following infarction:
role of NADPH oxidase. Cardiovasc Pathol. 2009; 18:156–166. [PubMed: 18402834]

Erickson et al. Page 39

Physiol Rev. Author manuscript; available in PMC 2013 August 04.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



288. Zhou L, Cortassa S, Wei AC, Aon MA, Winslow RL, O’Rourke B. Modeling cardiac action
potential shortening driven by oxidative stress-induced mitochondrial oscillations in guinea pig
cardiomyocytes. Biophys J. 2009; 97:1843–1852. [PubMed: 19804714]

289. Zhu W, Woo AY, Yang D, Cheng H, Crow MT, Xiao RP. Activation of CaMKIIdeltaC is a
common intermediate of diverse death stimuli-induced heart muscle cell apoptosis. J Biol Chem.
2007; 282:10833–10839. [PubMed: 17296607]

290. Zhu WZ, Wang SQ, Chakir K, Yang D, Zhang T, Brown JH, Devic E, Kobilka BK, Cheng H,
Xiao RP. Linkage of beta1-adrenergic stimulation to apoptotic heart cell death through protein
kinase A-independent activation of Ca2+/calmodulin kinase II. J Clin Invest. 2003; 111:617–625.
[PubMed: 12618516]

291. Zhu Y, Mao XO, Sun Y, Xia Z, Greenberg DA. p38 Mitogen-activated protein kinase mediates
hypoxic regulation of Mdm2 and p53 in neurons. J Biol Chem. 2002; 277:22909–22914.
[PubMed: 11948180]

292. Zima AV, Copello JA, Blatter LA. Effects of cytosolic NADH/NAD(+) levels on sarcoplasmic
reticulum Ca(2+) release in permeabilized rat ventricular myocytes. J Physiol. 2004; 555:727–
741. [PubMed: 14724208]

Erickson et al. Page 40

Physiol Rev. Author manuscript; available in PMC 2013 August 04.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
Oxidation and autophosphorylation both convert CaMKII into a Ca2+/CaM-independent
enzyme by modification of defined CaMKII regulatory domain amino acids.
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Figure 2.
ROS and CaMKII both increase the slowly inactivating component of INa and enhance ICa
facilitation, leading to action potential duration (APD) prolongation and early (EADs) and
delayed (DADs) afterdepolarizations.
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Figure 3.
Reactive oxygen species and CaMKII in cardiomyocytes.
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Figure 4.
CaMKII is a likely participant in complex intercellular crosstalk between calcium and ROS
signaling mechanisms.
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Figure 5.
The oxidation state of CaMKII is acutely sensitive to balance between ROS producing and
ROS ablating processes
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Figure 6.
Mechanical and biological factors increase the production of ROS and activate CaMKII in
vascular smooth muscle cells, resulting in impaired vessel tone, enhanced inflammatory
response, and increased SMC migration, proliferation, and apoptosis.
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