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Cardiac Calmodulin Kinase: A Potential Target for Drug Design
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Abstract: Therapeutic strategy for cardiac arrhythmias has undergone a remarkable change during the last decades. Currently
implantable cardioverter defibrillator therapy is considered to be the most effective therapeutic method to treat malignant arrhythmias.
Some even argue that there is no room for antiarrhythmic drug therapy in the age of implantable cardioverter defibrillators. However, in
clinical practice, antiarrhythmic drug therapies are frequently needed, because implantable cardioverter defibrillators are not effective in
certain types of arrhythmias (i.e. premature ventricular beats or atrial fibrillation). Furthermore, given the staggering cost of device
therapy, it is economically imperative to develop alternative effective treatments.

Cardiac ion channels are the target of a number of current treatment strategies, but therapies based on ion channel blockers only resulted
in moderate success. Furthermore, these drugs are associated with an increased risk of proarrhythmia, systemic toxicity, and increased
defibrillation threshold. In many cases, certain ion channel blockers were found to increase mortality. Other drug classes such as R-
blockers, angiotensin-converting enzyme inhibitors, aldosterone antagonists, and statins appear to have proven efficacy for reducing
cardiac mortality. These facts forced researchers to shift the focus of their research to molecular targets that act upstream of ion channels.
One of these potential targets is calcium/calmodulin-dependent kinase Il (CaMKII).

Several lines of evidence converge to suggest that CaMKII inhibition may provide an effective treatment strategy for heart diseases. (1)
Recent studies have elucidated that CaMKII plays a key role in modulating cardiac function and regulating hypertrophy development. (2)
CaMKII activity has been found elevated in the failing hearts from human patients and animal models. (3) Inhibition of CaMKI|I activity
has been shown to mitigate hypertrophy, prevent functional remodeling and reduce arrhythmogenic activity.

In this review, we will discuss the structural and functional properties of CaMKII, the modes of its activation and the functional

consequences of CaMKI| activity on ion channels.
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1. BACKGROUND

Cardiac arrhythmias are the leading cause of death in the West-
ern world. The prevalence of lethal arrhythmias is not precisely
known but can be estimated from the incidence of cardiac arrest and
sudden cardiac death. According to the American Heart Association
statistics, sudden cardiac death caused by malignant ventricular
arrhythmias is responsible for more than 300,000 mortalities in the
United States alone. The risk for malignant ventricular arrhythmias
is higher in patients with structural heart disease or heart failure.
Although not all forms of arrhythmias are lethal, some can be de-
bilitating. Atrial fibrillations are linked to high incidence of stroke,
and the risk increases with aging. Atrial fibrillations and ventricular
ectopies are common in patients who have myocardial ischemia,
cardiomyopathy or heart failure. Sometimes arrhythmias also sud-
denly occur in people without any known pathological background.
The prevalence of the non-malignant arrhythmias is surprisingly
high. In a study conducted in 1992, 33% of subjects who had no
previously known heart disease presented premature ventricular
complexes.

Arrhythmias have been in the focus of cardiovascular research
for several decades, yet the mechanisms underlying the generation
of premature heartbeats remain unclear. Earlier studies focused on
individual ion channels to identify the factor(s) responsible for ir-
regular heartbeats. However, the therapeutic strategies based on
single channel targeting have proven to be ineffective or even
proarrhythmic. Therefore new therapeutic strategies are urgently
needed.

One promising candidate for new therapeutic target is
Ca’*/calmodulin dependent protein kinase 11 (CaMKII). CaMKII
plays a pivotal role in many regulatory processes of cardiac
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myocyte. In this article we provide a succinct review of the current
state of knowledge on the physiologic and pathologic role of CaM-
KIl as well as its therapeutic potential.

2. MOLECULAR BIOLOGY OF CaMKII

CaMKlls are serine/threonine kinases that modulate many sub-
strates. CaMKI13 is the predominant isoform in the heart [1]. Two
splice variants 6B and 3C have been detected at the protein level in
the adult mammalian myocardium [2, 3]. The 8B isoform contains
an 11 amino acid Nucleus Localization Signal that is absent from
8C; hence, 8B is localized in the nucleus and 8C is localized in
cytosol and cell membrane. Recent studies also suggest that both
isoforms can be found in the nucleus and the cytosol compartments,
due to heteromultimerization of the different isoforms into the
holoenzyme (each composed of 6-12 CaMKII monomers) [4]. Both
8B and &C are activated by the Ca?*/calmodulin binding that trigger
the autophosphorylation of CaMKI118 at Thr286/287 [5].

2.1. Structure and Function

CaMKII forms a three dimensional cogwheel or cartwheel like
superstructure in the cell built from 8-12 monomers linked by the C
terminus [1, 6]. Each monomer consists (from N terminus to C) of a
catalytic region with ATP and substrate binding site, a regulatory
region with a calmodulin binding, an autoinhibitory domain and an
association region [7]. Without activation, the autoinhibitory do-
main blocks the catalytic domain preventing it from substrate bind-
ing. When it is activated, the conformation change will free the
catalytic region to transfer phosphate from ATP to substrates. Sus-
tained activation signal can induce intersubunit autophosphoryla-
tion of the enzyme allowing for maintained activity even after acti-
vation signal is ceased. The autophosphorylated enzyme shows
marked differences in deactivation kinetics. When CaMKII is not
autophosphorylated, the enzyme releases the Ca**/calmodulin com-
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plex and inactivates rapidly when cytosolic Ca®* concentration
drops down to resting level. In contrast to this rapid inactivation,
calmodulin stays bound to the autophosphorylated enzyme
(calmodulin trapped state) for long time independently from the
Ca’* concentration [5, 8]. This sustained activity in the absence of
stimulatory signal (diastolic cytosolic Ca®* concentration) explains
why CaMKIl is called a “memory molecule’ [1]. CaMKII integrates
stimulatory signals and maintains its activity according to the Ca**
concentration it was exposed to previously (‘remembers’). Auto-
phosphorylated CaMKII can be dephosphorylated by phosphatases
PP2A and PP1 [9].

Activated CaMKII can phosphorylate, thus modulate the func-
tion of wide array of proteins. According to their differential local-
ization, 3B modulates gene transcription and hypertrophic growth,
and 5C modulates ion channels and Ca?* handling molecules in the
E-C coupling machinery of cardiac muscle.

2.2. Regulation of CaMKII

Ca?*/Calmodulin dependent activation is the central pathway to
activate CaMK 1. Ca?*/Calmodulin complex binds to the regulatory
region of the monomer and induces conformation changes which
will remove the inhibitory effect of the regulatory domain on the
kinase domain resulting in activation of the enzyme. The activated
enzyme can phosphorylate various target proteins including other
subunits of the same holoenzyme. CaMKII is shown to be localized
in close proximity of L-type Ca?* channels in cardiac myocardium
[10-12]. The role of Ca®" entering via L-type channel in activation
of CaMKII is not completely understood. CaMKII activation has
been shown to be independent from extracellular Ca** concentra-
tion in guinea pig heart [13, 14]. On the other hand, activation of L-
type Ca** channels by S(-)-Bay K8644 was shown to activate
CaMKII in cultured neonatal rat cardiomyocytes [15]. This activa-
tion is attenuated by depletion of intracellular Ca* stores, which
indicate that Ca®* entry via L-type channels can be an initial event
in the activation of CaMKII but Ca®* release from sarcoplasmic
reticulum is also required [15]. Cytosolic Ca®* concentration is
influenced by several factors (channels, pumps, Ca2* stores) in car-
diac myocytes. CaMKII responding to both magnitude and fre-
quency of Ca®" signal integrates these signals targeting numerous
cytosolic and membrane bound proteins.

The 6B isoform of CaMKI|I is localized in the nucleus and has
been implicated in the regulation of various transcription factors
leading to structural heart disease. The nucleus, surrounded by a
double membrane (nuclear envelope) is separated from the cyto-
plasm. This nuclear envelope contains nuclear pores having diame-
ter of 9 nm, which is relatively large compared to the ionic radius of
Ca’* allowing for free diffusion. However, experimental evidences
show that conductance through pores can be significantly reduced
by nuclear accumulation of Ca** or by macromolecules blocking
pores [16]. The significant diffusion barrier may explain that why
nuclear Ca®* changes much slower than the cytosolic Ca®* concen-
tration [17-19]. The concentration of Ca®* in the cytosol and nu-
cleus might be similar in non excitable cells or at resting state ex-
citable cell, but can become very different during excitation in car-
diac myocytes. Since the elements of the machinery required for
independent control of nuclear Ca** concentration has been shown
to exist in the nuclear membrane in several cell types [21, 201, it is
likely that the nucleus of cardiac myocytes forms a Ca®" microdo-
main which is linked to the cytoplasm, but regulated by independ-
ent mechanisms.

Situated at the pivotal point of Ca®" signaling pathway CaMKII
is a mediator of several intracellular signaling pathways upstream to
Ca?*, including catecholamine or angiotensin receptor signaling.
During R-adrenergic stimulation Ca*" concentration increases in
both dyadic cleft and nuclear envelope, which may activate CaM-
KII [21, 22]. Other observations suggest that CaMKII can be acti-
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vated by cAMP activated exchange protein (EPAC) in PKA/Ca**
independent manner [23, 24]. CaMKII also targets many of the
same proteins as PKA (L-type Ca®* channel, phospholamban, rya-
nodine receptor... etc), and hence forms a signaling pathway in
parallel with PKA. The details of this parallel signaling are not yet
completely understood, but complexity of the system is shown by
the observations that although CaMKII inhibition or gene deletion
has very little (if any) effects on physiologic cardiac function it can
prevent cardiac diseases induced by R-adrenergic stimulation [25].
CaMKII was also shown to mediate a-adrenergic signaling. KN-93,
an inhibitor of CaMKII, was reported to prevent phenylephrine
induced reduction of lg; in canine myocardium [26], indicating a
role of CaMKII in cathecolaminergic signalization.

CaMKII was found to play a critical role in renin-angiotensin-
aldosterone signaling pathway in non cardiac cells [27]. Recently
Zhao et al. reported that Angiotensin Il activated CaMKII and in-
duced KN-93 suppressible afterdepolarizations in rabbit ventricular
cells [28].

Besides these signaling pathways other factors can also activate
CaMKII. Acidification of the cytoplasma has been associated with
elelvated CaMKII activity [29, 30] and inhibition of CaMKII re-
duced ventricular tachycardia and spontaneous action potentials in
Langendorff-perfused heart [31]. Importantly, changes in the redox
state of the cell can activate CaMKII as well. Oxidation of Met
residues (Met281/282) located in the regulatory domains results in
persistent activation of the enzyme similar to that seen in autophos-
phorylated state [32, 33]. CaMKII activation by oxidation requires
initial Ca®*/calmodulin binding, but can shift the Ca®* dependence
to low levels even towards the diastolic Ca** concentration [34].
This would cause elevated basal level CaMKII activity under oxida-
tive stress.

Endocrine state has been reported to modulate CaMKII in non
cardiac tissues. Downregulation of the expression and function of
the enzyme was observed in skeletal muscle of hyperthyroid rabbits
[35], while elevated expression level with increased activity was
reported from diabetic rat brain [36].

2.3. Pharmacology of CaMKII

The great potential of using CaMKIIl as a therapeutic target
stems from the central position that CaMKII occupies in the cell
signaling network. CaMKII is a Ca* signal transducer situated at a
converging point for multiple signaling pathways that are known to
induce cardiac hypertrophy, arrhythmias and heart failure [1, 7].
CaMKII inhibition has shown beneficial effects on mitigating heart
disease development and arrhythmias in animal models suggesting
a promising and powerful new strategy for further exploration of
drug treatment.

However, the number of drugs available for modulating CaM-
KII activity is surprisingly low. Fig. (1) and Table 1 summarize the
pharmacological agents used in experiments to modify CaMKII
activity. The only drug reported to increase CaMKII activity in
cardiac myocyte is cocaine [1], but cocaine is not a “pure” activator
of CaMKI|, it also has several other effects on cardiac myocytes.

CaMKII inhibitors successfully prevented development of car-
diac structural remodeling [37, 38] and arrhythmia [39] in heart
disease models. Unfortunately, the number of membrane permeable
CaMKII inhibitors is very low (see Fig. 1 and Table 1). KN-93 is
the most frequently used organic CaMKII inhibitor which has pro-
vided essential information on the physiological and pathological
role of CaMKII in the heart.

Nevertheless, KN-93 was found to block several voltage gated
K* channels in the heart [31, 40]. Hence, the effect of KN-93 on the
action potential cannot be solely attributed to CaMKII inhibition.
The regulatory role of CaMKII on sarcolemmal ionic channels and
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Fig. (1). Structures of organic compounds that modulate CaMKI|I.
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Table 1. List of Organic Compounds Used in Cardiac Research Modulating CaMKII activity. Cocaine is the Only Known Exogenous Activator;

all other Listed Compounds are Inhibitors. Amino Acid Sequence of Peptide Inhibitors are Shown in Brackets. KN-92 and AC3-C are
Inactive (Non Inhibitory) Analogues of KN-93 and AC3-1 Respectively

Drug Effective concentration

cocaine 1 pmol/L [1]

KN-62 10 umol/L [79]

KN-92 1 umol/L [80]

KN-93 1 umol/L [39], [80]

AIP (Auto-camtide-2-related inhibitory peptide) [KRKALRRQEAVDAL]

2 umol/L [44]

CK291-317* [RKKRNARRKLKGAILTTMLATRNFSVGK]

10-20 pmol/L [45],[1]

CK281-302* [MHRQETVDCLKKRNARRKLKGA]

10-20 pmol/L [45],[1]

AC3-1* (Auto-camtide-3-inhibitor) [KKALHRQEAVDCL]

10-20 pmol/L [45],[46]

AC3-C* (Auto-camtide-3-control) [KKALHAQERVDAL]

10-20 pmol/L [45]

*denotes non membrane permeable agents.

action potential need to be further studied using more specific in-
hibitors of CaMKII.

In recent publications in Bioorganic and Medicinal Chemistry
Letters synthesis of a new class of CaMKI|I inhibitors was reported
[42, 43]. Using KN-93 (one of the most popular CaMKI|I inhibitor)
as starting point, a new putative structure (5,6,7,8-tetrahydro-
pyrido[4,3-d]pyrimidin) was identified by high throughput screen-
ing, then more than 30 daughter derivatives tested with enzyme
assays against other kinases. Several derivatives of this new class
were found to be highly selective to CaMKII in these reports, but
further studies and tests are needed to examine the side effects of
the new compounds.

A different approach was used in studies utilizing highly spe-
cific peptide-based inhibitors to investigate CaMKII function [1,
44-46]. In most cases these small peptides are impermeable to cell
membrane and difficult to deliver into the cell. Myristoylation
makes AIP membrane permeable [44], but all other inhibitory pep-

tides require microinjection or microporation for delivering into the
cell. To circumvent this difficulty, transgenic mice expressing AlP,
AC3-1 (both of them are inhibitory peptides) and AC3-C (inactive
analog of AC3-1) have been used to provide valuable information
on the role of CaMKII in structural heart diseases and arrhythmia
[37, 47].

3. ALTERED CaMKII FUNCTION IN CARDIAC DISEASE

Increases in CaMKII expression and activity were reported
from different structural and functional heart diseases in human and
animal models [7, 48]. CaMKII modulates many proteins and plays
an integrative role in the adaptation and remodeling of cardiac
myocytes during heart disease development. Excessive activation of
signaling pathways upstream to CaMKII (e.g. catecholaminergic or
renin-angiotensin systems) are known to be detrimental and R
blockers or angiotensin converting enzyme (ACE) inhibitors are
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proven to ameliorate heart diseases. CaMKII inhibition is also
shown to prevent pathologic remodeling of the heart.

3.1. Structural Heart Diseases and Heart Failure

The chronic effects of CaMKI| activation are more complicated
than the acute effects, because many changes in Ca** handling
molecules and modulators occur during prolonged exposure to ele-
vated CaMKII activity. Localized in the nucleus, CaMKI13g causes
HDAC phosphorylation and translocation [4,49] which modulates
transcription factors including MEF2 [4], NFxB [50] and CREB
[51] to trigger gene transcription and hypertrophic growth in car-
diomyocytes. Over-expression of CaMKIlI8g in transgenic mouse is
sufficient to cause cardiac hypertrophy, chamber dilation and im-
paired heart function [52]. CaMKIlI3¢, although preferentially ex-
pressed in the cytosol, can also cause HDAC4 translocation and
MEF?2 activation and induction of hypertrophic gene expression [4].
It is hypothesized that CaMKI18c might form heteromultimer with
CaMKII8g and thus enter the nucleus. Alternatively, CaMKII3¢
might phosphorylate HDAC in the cytosol and activate MEF2.
CaMKII is also implicated in cardiac remodeling leading to ven-
tricular dilation and abnormal contractile function [53]. Abnormal
activation of B-adrenergic pathway via EPAC can lead to necrotic
and apoptotic cell death [54, 55]. This signaling cascade involves
CaMKII dependent phosphorylation of proteins in the sarcoplasmic
reticulum (SR), Ca?* overload of mitochondria and caspase 3 acti-
vation [54]. The resultant cardiomyopathy and heart failure is char-
acterized by impaired contractility and reduced ejection fraction.
Experimental data show that contractility of failing myocardium
can be improved by inhibition of CaMKII [56].

3.2. Cardiac Arrhythmias

Cardiac electric activity is governed by concerted action of
more than twenty ion channels in cardiac cells. Disruption of the
delicate balance of these ionic currents can lead to cardiac arrhyth-
mias. Many of the ion channels are modulated by CaMKII. Apart
from modulating ion channel activities, CaMKII also regulates the
expression of channel subunits. CaMKII (and CaMKIV) upregula-
tion is associated with increased propensity of arrhythmias in struc-
tural heart diseases. Inhibition of CaMKII has been shown to at-
tenuate the development of structural heart disease and arrhythmias
[37,39].

3.2.1. Voltage Gated Calcium Channel

In cardiac muscle, Ca** entry through the sarcolemmal L-type
Ca’* channel (LTCC) during the action potential triggers Ca* re-
lease from sarcoplasmic reticulum (SR) via the ryanodine receptor,
causing muscle contraction. The L-type Ca?* current (I, is the
main depolarizing current for maintaining action potential plateau;
it also plays a central role in regulating the Ca?* homeostasis of
cardiac myocytes in both physiologic and pathologic conditions.
LTCC is regulated by numerous signaling pathways, including
PKA, PKC and CaMKI|I [57].

CaMKII binds to the a;c and By, subunits of LTCC and phos-
phorylates multiple sites. This phosphorylation profoundly alters
the gating of LTCC. Rate of recovery from inactivation of the
channel determines its response to frequency changes. Without
CaMKII phosphorylation, high frequency (>1 Hz) activation of
LTCC results in reduction of the magnitude of I, (called negative
staircase phenomenon). When LTCC is phosphorylated by CaM-
KII, the channel switches to a high activity mode (mode-2) [58]. In
this mode high frequency stimulation results in enhancement of the
magnitude of e, , a phenomenon called Ca?* induced (or use de-
pendent) facilitation of LTCC [44]. This facilitation causes in-
creased magnitude of g, during consecutive stimulation (called
positive staircase phenomenon) [59].

Therefore, increased CaMKII activitzy in cardiac diseases can
increase the Ca®" influx and cause SR Ca®* overload. Increased lcaL
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and maximal activation of LTCC by CaMKII were reported in ani-
mal model of heart failure [59]. SR Ca?* overload is known to in-
crease the spontaneous Ca®* waves giving rise to delayed afterdepo-
larizations (DAD) [60]. Prolonged opening of LTCC due to mode-2
gating and/or accelerated recovery from inactivation can increase
the probability of early afterdepolarization (EAD) [61]. Both EAD
and DAD are known to induce triggered action potentials and pre-
mature beats, leading to arrhythmogenic activity in the heart.
Hence, CaMKII modulation of I, plays an important role in the
genesis of cardiac arrhythmias.

3.2.2. Voltage Activated Sodium Channel

Voltage activated Na* channel is responsible for the upstroke of
action potential (AP). Following activation, most channels inacti-
vate within milliseconds, resulting in a rapid decay of the current.
Although most channels remain in non-conductive state after inac-
tivation, a small percentage of channels may remain open or re-
cover from inactivation, causing a sustained ‘late Na" current’ dur-
ing the AP plateau phase. The molecular mechanism underlying the
late Na* current is not completely understood, however the pres-
ence of late Na" current has been reported in a number of mammal-
ian species including human heart [62-65]. The late Na current is
small under physiological conditions, and its role in normal heart
function is unclear. However, increased late Na" current was ob-
served in diseased hearts [66-68]. Recent experimental data suggest
its possible involvement in arrhythmias. Increased Na* influx may
elevate the intracellular Na™ concentration which reduces the for-
ward mode Na*/Ca®** exchanger current, leading to SR Ca** over-
load and arrhythmias in failing hearts [65]. This inward Na" current
during the AP plateau phase may also contribute to prolonging the
action potential and leading to arrhythmias.

Na* channel is known to be modulated by CaMKII [69]. CaM-
KIl phosphorylation exerts complex effects on the Na channel:
steady state inactivation of the current is shifted to more negative
potentials; recovery from inactivation is delayed and intermediate
inactivation is facilitated. Importantly, CaMKII phosphrylation of
Na* channel slows down its fast inactivation, enhances the late Na*
current, and elevates the cytosolic Na" concentration [69]. These
changes have been observed in the failing hearts, and can be attrib-
uted to an upregulation of CaMKII in these hearts. Not surprisingly,
inhibition of the late Na current has been proposed as a therapeutic
strategy to preventing arrhythmias and normalizing E-C coupling in
the heart [63-70].

3.2.3. Potassium Channels

Several K* channels contribute to repolarizing the cardiac ac-
tion potential. CaMKII is known to modulate the expression level
and the gating kinetics of Iy, Ix; and Ix arp [71-73]. In a transgenic
mouse model of CaMKII inhibition (with AC3-1 peptide expres-
sion), lx; and I, were found to be upregulated and their current
densities elevated. Upregulation of K* channels was shown to
shorten the action potential duration and the QT interval on ECG.
Interestingly, these changes were not seen when AC3-l was ex-
pressed in phospholamban knock out mouse [72].

CaMKIl modulates the two components of l,, Kv4.3 and
Kv4.2, with different Ca®" sensitivity. Elevated cytosolic Ca®* con-
centration facilitates the association between these channels and
CaMKII with resultant channel phosporylation. CaMKII can phos-
phorylate Kv4.3 at both diastolic and systolic Ca** concentration.
However, Kv4.2 does not associate with CaMKII at diastolic Ca®*
concentration. Phosphorylation slows down channel inactivation in
both types of channels. Inhibition of CaMKII with KN-93 acceler-
ates inactivation of the fast component of Iy, [74]. CaMKII can also
modulate K* channel function by interfering the regulatory path-
ways upstream to a given K* channel. al-adrenoceptor stimulation
is known to reduce l;, and lx; in cardiac myocytes. Inhibition of
CaMKII with KN-93 was found to abolish al-adrenoceptor induced
reduction of Iy, but not Iy, [26]. Special caution is needed in inter-
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preting these data, because KN93 also directly affects several volt-
age gated channels besides inhibiting CaMKII [40, 41].

Karp channels serve pivotal function in the adaptation of car-
diac myocytes to hypoxic conditions. Upregulation of Ix arp Was
reported from transgenic mice with genetic inhibition (AC3-I) of
CaMKII, which resulted in an improved cardiomyocyte survival
after ischemia [75]. Furthermore, CaMKII was shown to mediate
the effects of hypoxia in increasing Ik are [71].

3.2.4. Chloride Channels

Cardiac chloride channels, apart from contributing to shaping
AP, are involved in regulating a large repertoire of cellular func-
tions, including the intracellular pH, the cell volume, as well as
apoptosis, differentiation and proliferation. Nevertheless, chloride
channels are probably the least studied ion channels of the heart.
Several subtypes of chloride channels were identified in the heart
including CFTR, CIC-2, CIC-3, CICA-1, Bestrophin and TMEM16,
but the exact physiologic roles of these channels remain unclear.
Since the equilibrium potential for chloride ion is estimated to be
somewhere between -40 to -65 mV, chloride channels have the
unique ability to generate both inward and outward currents de-
pending on the membrane potential during AP [76]. When mem-
brane potential is depolarized, chloride current is outward and con-
tributes to repolarization; when membrane potential is close to the
resting potential, chloride current turns inward and can depolarize
the membrane.

Chloride channels are modulated by several signaling pathways
including PKA, PKC, cAMP and Ca**, suggesting their involve-
ment in pathological conditions when changes occur in these signal-
ing cascades. Ca®* activated chloride channels are gated directly by
Ca®*, but evidence (from non cardiac cells) also suggest involve-
ment of CaMKII in modulating the channel gating [77]. CaMKII
has been shown to be important in the recovery of contraction rate
following inhibition of CFTR chloride channel in cultured neonatal
cardiac myocytes [78]. The need for better understanding the role
and the regulation of chloride channels in heart diseases will make
cardiac chloride channels an exciting area of research in the coming
years.

4. CONCLUDING REMARKS

In conclusion, experimental data and clinical observations show
that abnormal activation of CaMKII plays a critically important role
in the pathologic remodeling of the heart. Still, many questions on
CaMKII function and modulation have yet to be answered. The role
of altered CaMKII activity is well supported by studies of various
heart diseases, but only sporadic reports are available regarding the
benefits of targeting CaMKII as therapeutic strategy. The lack of
specific inhibitors of CaMKII is unquestionably an important factor
limiting the progress in the field. Another limiting factor comes
from the tremendous complexity of the signaling pathways and
regulatory processes that involve CaMKIIl. However, the urgent
need to solve one of the greatest public health problems of the
western world — cardiac arrhythmias and heart failure — will keep
CaMKII in the focus of research in the forthcoming years.
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