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Introduction

It is now well known that a wide variety of signal  as well as cellular stresses to modify the struc-
transduction pathways are activated by different  ture and function of cardiomyocytes in health
extracellular (chemical and mechanical) stimuli ~ and disease.™ One of the common components
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of these signal transducing systems is a group of
several protein kinases, which not only transmit
the signals to their target sites but also regulate
the functions of different subcellular organelles
such as sarcolemma, sarcoplasmic reticulum, mi-
tochondria, myofibrils, nucleus and extracellular
matrix in the heart.!?!* Several types of protein
kinases are present in the myocardium and each
of these enzymes have two or more isoforms with
some overlapping structural characteristics but
distinct biological functions. Some of these sig-
nal transducing proteins include protein kinase
A (PKA), protein kinase C (PKC), Ca®*-calmodulin
dependent kinase (CaMK), phosphoinositide 3-ki-
nase (PI3K) and mitogen-activated protein Kki-
nase (MAPK). These protein kinases have been
demonstrated to regulate cation transport, cel-
lular growth, gene expression, cellular apoptosis
and fibrosis as well as myocardial metabolism?*>’
and are thus considered to play a major role in the
regulation of cardiac function.

It is pointed out that all protein kinases, upon ac-
tivation by diverse agents or interventions, evoke
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immediate biological actions for the regulation of
several subcellular protein activities. A schemat-
ic representation of different protein kinases and
their activators is shown in Figure 1 whereas that
for major sites and targets of the activated trans-
ducing proteins is given in Figure 2. The process
of activation involves the transfer of y-phosphate
group from ATP to hydroxyl group of serine/
threonine protein kinases or tyrosine residue of
tyrosine protein kinases. It should be noted that
most of these protein kinases exert both benefi-
cial and detrimental effects depending upon the
intensity and duration of the stimulus as well as
isoform of the enzyme involved in the process of
signal transduction. A few beneficial effects of
some inhibitors of the activated protein kinases
are shown in Figure 3. In the present article, the
existing information regarding some protein ki-
nases for their activation, actions as well as par-
ticipation in various signal transduction path-
ways in normal and diseased hearts is updated.
In view of the complex mode of involvement of
various protein kinases in diverse signal trans-
duction pathways, it is intended to briefly discuss
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Figure 1: Activation of different protein kinases in the heart by
some intracellularly produced complex factors and metabolites
as well as extracellular growth factors and agents

PPAR a, peroxisome proliferator-activated receptor a; G-ERB, G-protein cou-

pled estrogen receptor B; PMA, phorbol myristate acetate; TNF-a, tumor ne-
crosis factor -a; IL-1, interleukin-1; JNK, c-jun N-terminal protein Kinase;

Figure 2: Major sites and targets of some activated protein
kinases in the heart

PKA, protein kinase A; PKC, protein kinase C; CaMK, Ca®*- calmodulin protein
kinase; RyR2, ryanodine receptors; PI3K, phosphoinositide 3-kinase; ERK1/2, ex-
tracellular regulated protein kinase 1 and 2; JNK/p38K, cellular stress activated
MAP kinases; BARKT, B3-adrenergic receptor kinase 1; Akt, protein kinase B;
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Inhibitors of Some Protein Kinases and
Beneficial Actions on the Heart
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Figure 3: Beneficial effects of different inhibitors of some pro-
tein kinases in heart disease

PKA, protein kinase A; PKC, protein kinase C; CaMK, Ca®*- calmodulin protein
kinase; PI3K, phosphoinositide 3-kinase; p38-Kinase, cellular stress activated
MAP kinase;

the role of these signalling proteins in modifying
different biological processes. Since all protein
kinase are activated during the development of
heart disease, an attempt has also made to identi-
fy appropriate protein kinases as targets for drug
development for improving cardiac performance.

Role of Protein Kinase A

PKA is a tetramer holoenzyme, which consists of
two regulatory subunits and two catalytic sub-
units. The catalytic subunits harbour the active
site, a sequence of canonical amino acid residues
that bind and hydrolyse ATP and a domain that
binds the regulatory subunit. The regulatory
subunits have three domains - one that binds
cyclic AMP, another domain which interacts
with catalytic subunit and an autoinhibitory do-
main.'®* Upon binding of cyclic AMP to regulatory
subunits, dissociation and release of active reg-
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ulatory monomers occur for the transduction of
signal.' There are four types of PKA - Rla, PKA-
[la, PKA-I and PKA-IIB, which are expressed in
cardiomyocytes.?’ It is noteworthy that PKA is
responsible for phosphorylation of numerous
proteins involved in the regulation of myocardial
contraction and relaxation. The activation of PKA
has been reported to phosphorylate sarcolemma
(SL) Ca?* channels to increase the influx of Ca?
into cardiomyocytes for the occurrence of an in-
crease in cardiac contractibility. Several studies
addressing the interaction of PKA with sarcoplas-
mic reticulum (SR), at phospholamban (PLB) and
ryanodine receptor 2 (RyR,, Ca**- release chan-
nel proteins), have appeared in the literature to
promote Ca*-uptake and Ca?*-release activities
for the regulation of myofibrils for affecting the
overall cardiac performance.?’?* Furthermore, it
has been reported that PLB, a SERCA regulatory
protein, is phosphorylated by PKA in cardiomy-
ocytes in response to stimulation by (-adreno-
ceptor (B-AR) agonists, catecholamines, which
relieve the inhibitory effect of PLB on SERCA2
and thus increase the SR Ca?-pump activity.?*2®
PKA was also shown to phosphorylate and stim-
ulate the activity of RyR2 to release Ca?* from the
SR Ca?*-stores.?” PKA-dependent SR phosphory-
lation following -AR stimulation has also been
observed to produce an increase in the leakage
of SR Ca?*.*° In addition, to increasing the intra-
cellular concentration of Ca?*, phosphorylation of
myofibrillar proteins by PKA has been reported
to cause stimulation of cardiac filament change in
orientation and affect contractility of the heart.!
Moreover, stimulation of cardiomyocytes by 3-AR
is associated with phosphorylation of both my-
osin C protein and troponin [ (cTnl) by PKA in
thick myofilaments and thin myofilaments, re-
spectively.® It has also been reported that cTnl
phosphorylation by PKA increases cardiac rate of
relaxation and crossbridge cycle kinetics and is
associated with frequency and after-load depen-
dent enhancement of heart function.?33®

[t should be pointed out that phosphorylated PKA
in the cytoplasm also enters the nucleus to acti-
vate appropriate transcription factors to induce
cardiac hypotrophy and improve cardiac func-
tion." 217 Since PKA induced phosphorylation of
various subcellular proteins increases cardiac
function, inhibition of the PKA can be seen to de-
press heart performance. Such an effect of PKA in-
hibitors was demonstrated to reduce infarct size
and prevent complications following myocardial
infarction.?® 3¢ Because proteasome assembly is
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facilitated by PKA phosphorylation, this assem-
bly of proteasome is also blocked upon PKA inhi-
bition.?” It is noteworthy that PKA inhibition has
been reported to play a role in decreasing apopto-
sis in cardiomyocytes.3®3° Furthermore, PKA in-
hibition was shown to exert cardioprotective ef-
fect during ischaemic injury and promote growth
hormone induced cardioprotection during isch-
aemia reperfusion as well.?*° On the other hand,
prolonged activation of PKA invariably results in
cardiac dysfunction for the development of heart
failure. These observations are consistent with
the view that the activation of PKA not only in-
duces cardiac hypertrophy and improves cardi-
ac performance upon (-AR stimulation, but also
plays a role in cardioprotection under different
pathological situations such as ischaemia-reper-
fusion injury.

Role of Ca?*-Calmodulin
Dependent Protein Kinase

CaMK is a ubiquitous mediator of Ca®"-linked
signalling, which phosphorylates various sub-
strates to regulate Ca*-mediated modifications
in cardiac function.” CaMK exits in four isoforms
which are encoded by highly related genes a, f3,
y and 8.** Although, the activation of CaMK by
Ca*-calmodulin is brief in nature, the oligom-
erisation of CaMK subunits is associated with a
prolonged activation process.**** It may be not-
ed CaMKII is one of the main effector enzymes
involved in Ca®* signalling in eukaryotic cells but
the position of the catalytic domain, Ca? sensitiv-
ity and autophosphorylation are altered by hete-
ro-oligomerisation processes for a, 3 and & sub-
units of the variable domain spacers of CaMK I1.#2
The involvement of CaMKII in the modification
of excitation-contraction coupling by phosphor-
ylating RyR, PLB and SERCA2, makes it a major
player in modulating cardiac function and perfor-
mance.® *> 46 While the activation of CaMK for a
short period is known to improve cardiac perfor-
mance, a damaging effect on heart function has
been reported to be due to excessive or prolonged
activation of CaMKII in the myocardium, which is
associated with the development of hypertrophic
and apoptotic cardiomyopathy.*”*° It has been
demonstrated that reactive oxygen species (ROS)
increase the sensitivity of CaMKII to Ca®* and
this ROS-dependent CaMKII activation has been
shown to initiate angiotensin Il induced apoptot-
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ic cascade.®® Therefore, the positive and negative
effects of CaMKII activation are dependent on the
intensity and duration of stimulation. Different
CaMKII inhibitors have also reported to exert
both negative and positive effects on the heart.
Activation of CaMKII was observed to augment
oxidative stress and cause lethal ventricular ar-
rhythmias.5->®* CaMKII inhibition was also shown
to prevent maladaptive remodelling due to exces-
sive B-AR stimulation, Ca** handling abnormali-
ties, as well as arrhythmias under in vivo condi-
tions.>> %*5¢ An increase in RyR2-dependent Ca?
leakage due to increased phosphorylation of the
RyR2 has been suggested to explain the enhance-
ment of CaMKII activity in subjects susceptible to
atrial fibrillation®” and this effect of CaMKII was
also demonstrated to play arole in arrhythmias in
a mouse model of heart failure.>® Furthermore, it
has been shown that induction of CaMKII by pres-
sure overload may enhance protein synthesis and
cause hypertrophy, a process that is considered
to be adaptive initially but when prolonged it be-
comes pathological.>

It has been reported, that § isoform of CaMKII
plays a major role in the pathophysiological re-
modelling of the heart due to pressure overload.®”
61 In fact, various CaMKII isoforms has been
demonstrated to affect the heart function differ-
ently. It was shown that the levels of § and y iso-
forms of CaMKII were increased, following cardi-
ac hypertrophy induced by aortic constriction®%%3
and a substantial reduction in cardiac hypertro-
phy was observed when 6 isoform was inhibited
with a minimal disruption of CaMKII function.
Functionally, cardiac CaMKII-6B and &C are also
different as these isoforms are inversely regulat-
ed in response to IR injury and oxidative stress.
While, 8B inhibits myocyte apoptosis, 6C triggers
the opposite effect.®* %> Additionally, it has been
reported that CaMKII 6B overexpression is cardi-
oprotective against hypoxia, oxidative stress and
angiotensin-II induced apoptosis, probably as a
consequence of CaMKII 8C inhibition.®®¢” It has
been shown that acute overexpression of CaM-
KII 8C alters RyR function, leading to enhanced
SR Ca* leakage, which may cause ventricular ar-
rhythmia in mice.*”*® This damaging effect was
prevented when CaMKII inhibitors such as KN93
and autocamtide2-related inhibitory peptides
were used.®®7? Collectively, these reports support
the concept that both positive and negative ef-
fects of CaMKII signal transduction pathway de-
pend on the involvement of specific isoform of the
enzyme.
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While cardiomyocyte hypertrophy has been
shown to be induced by CaMKII 83 via the activa-
tion of apoptosis signal-regulating kinase 1 (ASK-
1), phosphorylation of Ca*-induced ASK-1 was
reported to be inhibited by KN93.”'72 Since nu-
merous studies have revealed that CaMKIl is a key
player in addition to CaMKI and CaMKIV for the
induction of hypertrophy in cardiomyocytes in
vivo,”*7* it has been suggested that CaMKII inhibi-
tion may reduce the development of hypertrophy
in the heart. Although, it was shown that the left
ventricular end-diastolic diameter is increased
and the fractional shortening is decreased upon
overexpression of CaMKIV in mice,’® 7* the ad-
vantage of CaMK inhibition in other pathological
settings is speculative. Nonetheless, it has been
reported that the recovery of cardiac function
after I/R is facilitated by ischaemic precondition-
ing and is inhibited by KN93; these findings pro-
vide evidence for the activation of CaMKII in the
preconditioning process.”®”7 The impairment in
the SR function in the myocardium has also been
shown to be due to modification in SR CaMK-fa-
cilitated phosphorylation, as well as due to re-
duction in the level of SR proteins and activity of
SR CaMKII.’® 7 Regardless of the involvement of
CaMKII 6C in the process of hypertrophy, it has
been reported to phosphorylate calcineurin and
cause inhibition of its activity. It was also shown
that cardiac hypertrophy, dysfunction and ar-
rhythmias are caused by calcineurin®® 8! indicat-
ing that inhibition by calcineurin of active CaMKII
0 is probably more efficient than inhibition of the
inactive form of CaMKII &§. These observations
support the view regarding the differential sig-
nificance of CaMK isoforms in affecting the car-
diac function.

Role of Protein Kinase C

PKC plays an important role in relaying informa-
tion for a variety of extracellular signals across
the membrane to regulate several Ca%*-linked
activities. The PKC family has many isoforms
that share a conserved kinase domain with an
ATP-binding site at the carboxyl terminal.* 82 Ma-
jor PKC isoforms expressed in hearts are a and 8
with a being more human specific.®®* Depending
upon the mode of activation, PKC is divided into 3
classes namely conventional (cPKC), novel (nPKC)
and atypical (aPKC). Conventional ones respond
to Ca?* and diacylglycerol (DAG) to express their
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activities and have a, BI, BII and y isoforms. The
novel ones are activated by DAG, independent of
Ca?* and exhibit §, €, 1 and 8 isoforms. Atypical
ones respond to phosphoinositide-dependent ki-
nase-1, independent of Ca* and show  and A iso-
forms.*8*85 [t has been reported that phorbol es-
ters increase the activity of PKC associated with
membranes to produce cardiac dysfunction.®¢ It
was shown that PKC isoforms «, 3, €, {and Ca**-in-
dependent activity are increased in cytosolic and
homogenate fractions of diabetic hearts; this
increase demonstrates a link between subcellu-
lar modifications and cardiac activity in these
hearts.?” Additionally, hormone induced hyper-
trophy in hearts was linked to PKC activation as it
was found that both membrane and nuclear cyto-
skeletal fractions of hypertrophied heart due to
pressure overload were associated with increase
in levels and activities of specific PKC isoforms,
PKC-B1,2 and PKC-£.22 Braun and coworkers®’
have also reported an increase in PKC §, unlike
PKC « or € isoforms, in the left ventricular hyper-
trophy induced by volume overload whereas an
increase in the activity and protein expression of
both a and 6 isoforms of PKC was observed in the
right ventricular hypertrophy. It was shown that
the left ventricular dilatation due to angiotensin
II was associated with the activation of phospho-
lipase C, causing phosphatidylinositol (PI) hydro-
lysis and PKCe activation. Similarly, an increase
in the autophosphorylation of PKC-§ was seen to
occur prior to the development of left ventricular
hypertrophy as well as during the transition to
heart failure. Although the expression of PKC-«a
was unchanged during the induction of cardi-
ac hypertrophy, it was augmented prior to the
development of left ventricular hypertrophy.®*
92 Therefore, it was concluded that activation of
specific PKC isoforms plays an important role in
either the positive or the negative effect of the
PKC signal transduction pathway. Nonetheless,
inhibition of PKC was reported to prevent the oc-
currence of abnormal myocyte mechanics in dia-
betes and improve contractility of the heart.8® 3
It is pointed out that an increased expression of
PKC-a and PKC-f isoforms was linked to the loss
of cardiac contractile function in diabetes, which
eventually caused heart failure because of the
regulatory effect on Ca*-cycling proteins.?% 9497

It has been reported that ruboxistaurin, an inhib-
itor of PKC-B, attenuates diastolic dysfunction,
myocyte hypertrophy, as well as collagen depo-
sition for preserving cardiac contractility in di-
abetic cardiomyopathy.’® °° Additionally, Boyle
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and coworkers!® reported that inhibition of PKC
with ruboxistaurin attenuated the pathological
fibrosis and impairment of cardiac function in
experimentally induced myocardial infarction.
Deterioration in cardiac contractility and depres-
sion of metabolic activities in the ischaemic heart
conditions were shown as an effect of aldoste-
rone induced vasoconstriction through PKC-de-
pendent pathways.!°* 192 Furthermore, Wang et
al’! reported a close association between the up-
regulation of PKC-a, PKC-f3 and PKC-¢ expressions
and the activity of PKC in cardiac dysfunction fol-
lowing MI. It was observed that inhibition of PKC
by ruboxistaurin decreased ventricular dilation,
improved ventricular performance and reduced
fibrosis in mice following 10 weeks of pres-
sure-overload.’® It was also shown that PKC-a
-/- mice were less vulnerable to heart failure,
while PKC-B/y -/- mice showed severe heart fail-
ure by a longstanding pressure overload.”® Upon
subjecting transgenic mice to inhibition with ru-
boxistaurin, an increase in cardiac contractility
was noticed in the PKC-B/y -/- model but not in
the PKC-a -/- model.”® These results provide fur-
ther evidence concerning the significance of PKC
isoform inhibitor specificity. It was also observed
that Ro-318110, a PKC-a selective inhibitor,
caused an increase in cardiac contractile func-
tion of the heart and improved the pump function
in heart failure in a mouse model.?* These stud-
ies also indicated the effectiveness of the specific
inhibition of PKC-a by Ro-320432 in improving
heart contractile function.

It was claimed that the compound G6 6983 pro-
vides better cardioprotection than other PKC
inhibitors when administered at the start of
reperfusion, because it averts intracellular Ca?*
overload following ischaemic reperfusion inju-
ry and in addition to PKCg inhibition, it also de-
pressed other PKC isoforms.1%® 1% [nhibition of
PKC-BII was shown to improve contractility fol-
lowing cardiac dysfunction due to the ischaemia
reperfusion induced by polymorphonuclear leu-
kocytes (PMN). This action was due to inhibition
of the release of PMN superoxide and the increase
in the nitric oxide release from the endotheli-
um.'5-107 Although the extent of inhibition of PKC
was found crucial, the expression level of 5-spe-
cific PKC as well as inhibition of its translocation
were also shown to impact heart function.®” In
fact, an improvement in heart dysfunction with-
out significant changes in heart structure, func-
tion or gene expression has been reported in the
presence of low levels of this inhibitor.’” On the
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other hand, severe consequences were observed
upon overexpression of PKC-6 V1, which were le-
thal with depressed cardiac contractile activity,
increased expression of foetal cardiac genes and
formation of myocyte protein aggregates.'%®

Inhibition of PKC attenuated the effects of isch-
aemic preconditioning on cardiac function and
lipid peroxidation indicating that cardiopro-
tection involving the activation of PKC may be
a consequence of the depression in the reactive
oxygen species (ROS) induced damage.!*® 1% In
fact, the activation of PKC has been reported to
play an important role in exercise-induced car-
dioprotection against ischaemia-reperfusion
injury.!'* 112 Furthermore, the activation of PKC
by angiotensin II, preceding ischaemia, was ob-
served to limit myocardial infarct size.!'® Since
the overexpression of the active cardiac-specific
PKCe mutant in transgenic mice has been shown
to cause concentric hypertrophy with normal in
vivo cardiac function!* > the association of car-
dioprotection and the activation of PKC, espe-
cially the isoform g, has been established during
ischaemia-reperfusion injury.!*¢- 17 While cardio-
protection by improving vascular endothelial ni-
tric oxide release was achieved when PKC-¢ was
activated upon the administration of a peptide
activator prior to ischaemia, but not during pre-
conditioning, a PKC-¢ inhibitor was observed to
eliminate the cardioprotective effects of PKC-¢
activator.!*® PKC-¢ translocation from the cytosol
to the membrane has also been shown to modi-
fy the cardioprotective effects of opioid receptor
stimulation, causing decrease in cellular injury
due to lethal ischaemia.'* 12° Since cardioprotec-
tion due to ischaemic preconditioning occurs in
two phases, the mechanisms for the involvement
of PKC in early and late phases of cardiopro-
tection have been shown to be of a complex na-
ture.!?"125 While cardioprotection in early phase
involves posttranslational modification of redox
sensitive proteins whereas the late phase is me-
diated by cardioprotection of gene expression.'?!
Furthermore, neither the activation and translo-
cation of any specific PKC isoforms nor the role of
associated signal transduction pathways involv-
ing mitochondrial KATP channels, formation of
oxyradicals species and generation of nitric oxide
in both phases of cardioprotection by ischaemic
preconditioning is fully understood.'?*'?* On
the other hand, translocation of PKC-¢ has been
demonstrated to be involved in exercise precon-
ditioning induced by both early and late phases of
cardioprotection.
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Different cardiac PKC isoforms were found to
modulate apoptosis induced by hyperglycaemia
and cardiac PKCe activation was observed to pro-
tect ventricular myocytes in rats from death sig-
nals induced by hyperglycaemia.’?” 128 [n addition,
cardiac specific expression of the PKC-¢ translo-
cation activator Ye-RACK (a PKC g-agonist) has
been reported to protect cardiomyocytes from
apoptosis signals induced by hyperglycaemia.'*”
129 Since PKC is an essential signalling component
for the fibroblast growth factor 2 (FGF2)-induced
cardioprotection, various interconnections be-
tween the MAPK and PKC pathways during
ischaemia-reperfusion injury are considered to
play a key role in cardioprotection produced by
FGF2.13% 131 Furthermore, Das and coworkers!3?
have reported that selective translocation of PKC
isoforms a, 6 and 6 from cytosol to membrane
fractions and have thus suggested their proba-
ble role in cardioprotection induced by sildenafil.
Accordingly, it is evident that not only there is a
great deal of specificity of PKC isoforms but the
selective transduction as well as translocation of
some PKC isoforms are also a special feature of
cardioprotection under various conditions.

Role of Phosphoinositide
3-Kinase

PI3K is a heterodimeric molecule which con-
sists of 2 subunits; a regulatory p85 subunit and
catalytic p110, subunit harbouring two SH2 do-
mains.!3% 13* These subunits form adaptor mo-
tifs connecting tyrosine kinases and their sub-
strates;!®® both catalytic p110 and regulatory
p85 form in vivo obligate heterodimers.!*® The
catalytic protein forms a bilobal structure with
an ATP-binding pocket between N-terminal and
C-terminal sections and the catalytic amino acid
residues in the phosphate-binding subsite.!3” 138
Various isoforms of PI3K are involved in the regu-
lation of different types of biological functions in
the heart. For instance, PI3Ka isoform mediates
changes in the size of cells whereas PI3Ky isoform
inhibits the production of cAMP and thus reduces
cardiac contractile activity.!3* *° PI3K inhibition
has also been reported to decrease cardiac ar-
rhythmias due to ischaemia as well as inflamma-
tion following MI.1*1-142 [t was shown in an animal
model with chronic pressure overload overex-
pressing PI3K that active endogenous PI3K was
replaced by inactive PI3K and this shift resulted
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in delay in the development of cardiac dysfunc-
tion'*® indicating the role of PI3K in heart failure.
Perrino and coworkers!** have reported that tar-
geting of PI3K at the site of activated AR plays a
central role in the downregulation of BAR. In this
regard, competitive removal of PI3K from fARK1
was found to conserve BAR signalling in heart
failure, defer cardiac dysfunction progression
and prolong lifespan of the genetic heart failure
animal model. These investigators have also re-
ported that adenovirus gene transfer of PI3K do-
main resulted in a decrease in the activity of the
receptor-localised PI3K and caused normalisa-
tion of contractility in failing pigs hearts.*> Nien-
aber et al'*® have shown that PI3K participates in
the regulation of the level as well as sensitivity of
BAR function in hearts and observed a significant
role of this kinase in BAR dysfunction in pressure
overload-induced heart failure. Therefore, it was
suggested that inhibition of PI3K may preserve
BAR signalling to avert heart failure.

A decline in cardiac function due to free radicals
has been linked to PI3Ky activation by tumour ne-
crosis factor-a (TNF-a) for causing remodelling
of the myocardium.'” Perrino et al'*® have also
reported that pathological pressure overload en-
hances gene expression of PI3Ky, suggesting that
its inhibition may attenuate cardiac hypertrophy.
Gene knockout animal models of PI3K regulatory
subunit p85 has also revealed a decrease in heart
size and preservation of cardiac contractility
and structure.”*® *° [t was observed that G pro-
tein-coupled oestrogen receptor was upregulated
in isolated rat hearts following ischaemia-reper-
fusion and thus may improve cardiac function re-
covery and reduce the infarct size; such positive
effects were eliminated when PI3K was subject-
ed to inhibition by wortmannin.’>* 152 [t should
be noted that PI3K inhibitor, wortmannin, elim-
inated the improvement in cardiac function re-
covery in epoxyeicosatrienoic acid treated hearts
but did not inhibit the recovery of rBNP-treated
hearts.’®® Furthermore, wortmannin has been
observed to attenuate adrenomedullin-induced
positive effects, such as infarct size reduction,
haemodynamic improvements and apoptosis in-
hibition and therefore it was suggested that ad-
renomedullin induces cardioprotective effects
through the PI3K/Akt pathway.'>*15° In a genet-
ic mouse model of atrial fibrillation associated
with heart failure, it was shown that a reduction
in PI3K (p110a) activity increases the suscepti-
bility to atrial fibrillation, whereas an increase in
the activity decreases atrial fibrosis and improve
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cardiac conduction.’® Additionally, contractile
defects have been reported in cardiac myocytes
lacking PI3K subunit p110a.'®” On the other hand,
it was observed that an increase in the activity of
PI3K p110a has positive effects on cardiac func-
tion in animal models of heart failure.!*® Absolute
deficiency of PI3K-f3 subunit was found to result
in dramatic reduction in myocardial contractile
performance, while absolute deficiency of PI3K-y
resulted in myocardial infarction in mice.** Thus,
PI3K can be seen to play an important regulatory
role in inducing both beneficial and detrimental
effects in heart function depending upon the in-
volvement of its isoforms and subunits, which are
activated by either by growth factors or by proin-
flammatory interventions.

Role of P38 Mitogen-Activated
Kinases

MAPKs are intracellular signalling molecules
which are activated by either growth factors or
by proinflammatory cytokines!® 1 16° and are
known to exert both beneficial and detrimental
effects on the heart. Cardiac dysfunction and
apoptosis have been linked to the activation of
p38-MAPK when changes in Ca? status (Ca? de-
pletion and Ca?* repletion) occur.!®* While apopto-
sis has been shown to occur upon the activation
of a-isoform of p38-MAPK, cardiac hypertrophy
has been observed when p38-MAPK [-isoform
was overexpressed.’®> Nonetheless, inhibition of
p38-MAPK has been reported to be cardioprotec-
tive against ischaemic damage.'**1%¢ Otsu and co-
workers!'®” have demonstrated that a p38-MAPK
knockout model was resistant to ischaemia/
reperfusion injury. ROS has been reported to in-
crease p38-MAPK activation and subsequently
results in myocardial damage.'®® It was reported
that rats treated with selective p38- MAPK in-
hibitors showed a decrease in angiotensin Il-in-
duced ROS production, hypertension and cardiac
hypertrophy.'®® Since cardiac dysfunction due
to inflammatory response has been associated
with p38-MAPK activation as well as expression
of inflammatory cytokines, the inhibition of p38-
MAPK with specific inhibitors has been reported
to avert the negative inflammatory effects on the
heart function.’”??’2 Li et al'”® have shown that
p38-MAPK-a inhibition in a rat model of acute
myocardial injury has a cardioprotective effect
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and substantially improved cardiac function. On
the other hand, P38-MAPK-knock-out hamster
model has been reported to develop early heart
failure and cardiac dysfunction in comparison
with the control group.}’? Although most of the
regulatory actions of JNK are similar to those
of p38-MAPK! 1! the effects of JNK and p38 in-
hibitors on cardiac dysfunction in hamsters are
opposite to each other.'’2 These observations are
consistent with the view that p38-MAPK and JNK
may exert both good and bad regulatory actions
in the heart.

It needs to be emphasised that in addition to p38-
MAPK and JNK, both ERKI and ERK2 belong to
MAPK family of serine-threonine specific protein
kinases.!% 11.16.17 These proteins and their differ-
ent isoforms and subunits share 60 to 70 % sim-
ilarity and thus a great of caution be used while
interpreting the effects of their inhibitors.'6% 162
Furthermore, it is pointed out that while p38-
MAPK and JNK are mainly concerned with the
regulation of transduction pathways for isch-
aemia-reperfusion injury, apoptosis and cardiac
dysfunction, both ERK1 and ERK2 are known
to play a major regulatory role in the processes
concerned with the development of cardioprotec-
tion and cardiac hypertrophy.'® ¢ 173 Upon acti-
vation by PKC in the cytosol, both ERK1/2 enter
the nucleus to phosphorylate different transcrip-
tion factors for the regulation of hypertrophic
response in the heart.!>* Activation of ERK1/2
upon the induction of pressure overload has been
reported to promote cardiomyocyte survival.l”®
Multiple circulating hormones and growth fac-
tors such as angiotensin II, insulin, platelet de-
rived growth factor and epidermal growth fac-
tor as well as tumour promoting phorbol esters
have been shown to activate ERK1/2 and induce
cardiac hypertrophy.}’¢17? It should be also point-
ed out that prolonged activation of ERK1/2 has
been demonstrated to result in the development
of heart failure'®® 18! and thus antihypertrophic
agents such as angiotensin Il antagonists and an-
giotensin converting enzyme inhibitors can be
seen to produce beneficial effects in heart failure
as a consequence of reduction in the activity of
ERK1/2.'#1* Tt should be noted that both p38-
MAPK and JNK are activated by the ischaemic in-
sult'® 183 whereas the effects of ischaemia-reper-
fusion on ERK1/2 activities are controversial.’®*
185 In fact, inhibition of ERK1/2 has been report-
ed to enhance ischaemia-reperfusion injury as
well as apoptosis.’®® Furthermore, ERK1/2 sig-
nal transduction pathway has been reported to
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induce compensated cardiac hypertrophy.'®” Not
only the effects of ERK1/2 activation on apopto-
sis are opposing to those p38K-JNK,!8¢ ERK1/2
signal transduction pathways have been report-
ed to play an antiapoptotic role in the cell surviv-
al.’®? These observations support the view that
ERK1/2 pathway is mainly cytoprotective.

Conclusion

rFrom the foregoing discussion, it is evident
thatthere are five major types of protein kinas-
es, which participate in different signal trans-
duction pathways for relaying information to
target sites at the subcellular organelles in the
heart. One group of these signal transducing
proteins includes PKA, PKC, CaMK and PI3K
(which are activated by various hormones and
mechanical stimuli) whereas the other group
(MAPK), includes two classes of proteins
namely ERK1 and ERK2 (which are activated
by growth factors) as well as p38-MAPK and
JNK (which are activated by proinflammatory
cytokines: TNF-a and IL-1). It is pointed out
that in spite of the presence of numerous pro-
tein kinases, which may participate in diverse
signal transduction pathways in the myocar-
dium, some protein kinases such as PKA, PKC
and CaMK are mainly involved in regulating
cardiac function, cardiac hypertrophy and ar-
rhythmias whereas PI3K is involved in induc-
ing inflammation as well as modifying (3-ad-
renoceptor-mediated pathway. Furthermore,
ERK1/2 mainly participate in the develop-
ment of cardiac hypertrophy and cytoprotec-
tion whereas p38-MAPK and JNK are involved
in cardiac dysfunction as well as cellular in-
jury. It also needs to be emphasised that all
these protein kinases have been demonstrat-
ed to participate in inducing both beneficial
and detrimental effects with respect to cation
transport, cellular injury, apoptosis, fibrosis,
cellular growth, gene expression, cardiac hy-
pertrophy and cardiac dysfunction. However,
these actions are of complex nature and are
dependent upon the intensity and duration of
stimulus. Accordingly, extensive work needs
to be carried out in order to establish which
effects is adaptive and which effect is harmful
in nature. Nonetheless, it appears that these

protein kinases are not only involved in the
transmission of signals to subcellular organ-
elles but are also involved in the regulation of
their activities.

It is noteworthy that each type of protein ki-
nase is expressed in the form of two to four
isozymes which have been shown to produce
distinctly different biological functions in the
myocardium. In fact, the activation of some
isoforms of a protein kinase have been re-
ported to induce opposite actions in response
to different interventions and thus both the
beneficial and detrimental effects of various
protein kinases upon their activation are dif-
ficult to interpret. Although a wide variety of
inhibitors are available, their isoform specific-
ity needs to be carefully determined during
the development of various cardiovascular
diseases. It is therefore suggested that time-
course studies for different isoforms of each
type of protein kinase be examined. Likewise,
appropriate genetic animal models for each
isoform of different protein kinases be devel-
oped to gain the information regarding their
exact functional significance in different dis-
eases. Since various protein kinases are ac-
tivated during the development of heart fail-
ure, the status of each isoform of these signal
transducing proteins be examined in order to
understand their role in the pathophysiology
of this major cardiac disorder as well as for the
development of isoform specific inhibitors for
the treatment of heart disease.
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