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Abstract

Protein kinases, a family of enzymes responsible for regulating various cellular processes, have been
implicated in the development and progression of various heart diseases, making them attractive
therapeutic targets. This review focuses on the role of protein kinases induced phosphorylation and protein
phosphatase-induced dephosphorylation in cardiovascular disorders, including heart failure, ischemic
heart disease, arrhythmias, hypertension, and diabetic cardiomyopathy. This paper explores the potential
of novel kinase-targeted therapies and emerging technologies for the prevention and treatment of these
conditions. It also discusses the involvement of protein kinase A (PKA), protein kinase C (PKC),
phosphoinositide 3-kinases (PI3Ks), mitogen-activated protein kinases (MAPKs), and Ca*/calmodulin-
dependent protein kinase II (CaMKII) in heart dysfunction and alterations in their function that contribute
to their respective cardiac disorders. Furthermore, this article presents a comprehensive overview of
protein kinases in cardiac disorders and the potential of innovative kinase-targeted therapies, advanced
technologies, and multidisciplinary approaches for the effective prevention and treatment of cardiovascular
diseases, ultimately aiming to improve patient outcomes and quality of life.
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Introduction

Protein kinases are highly regulated enzymes that are capable of adding phosphate groups to their
substrates for phosphorylation in an adenosine triphosphate (ATP)-dependent fashion [1]. The enzymes
such as protein kinase A (PKA), Ca?*/calmodulin-dependent protein kinase (CaMK), protein kinase C (PKC),
phosphoinositide 3-kinase (PI3K), and mitogen-activated protein kinase (MAPK) are involved in
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augmenting various cellular and metabolic activities in both healthy and ailing cardiac conditions [2, 3].
These kinases have been shown to play a role in the development of heart failure, cardiac hypertrophy,
myocardial infarction, and diabetic cardiomyopathy [2, 3]. Inhibition of these kinases has been reported to
improve cardiac function, making them viable targets for drug development; however, the effects of these
pathways depend on the duration and strength of the stimulus, as well as the type of kinase isoform [4, 5].
One such example is PKC-f inhibition by the drug ruboxistaurin, which not only was observed to reduce
diastolic dysfunction and myocyte hypertrophy but was also shown to maintain contractility in diabetic
cardiomyopathy [4]. Furthermore, it demonstrated the capacity to mitigate pathological fibrosis and
alleviate impaired cardiac function subsequent to myocardial infarction [4]. It is therefore important to
consider that cardiac protein kinases derived from different sources may not account for the specific
kinases expressed in cardiomyocytes; however, some novel kinases have been identified which could serve
as potential therapeutic targets for failing human hearts [3]. Another example in this regard is related to the
activation of MAPK in response to diverse extracellular stimuli and the involvement in both cell growth and
cell death as well as in both ischemia-reperfusion injury and cardioprotection due to ischemic
preconditioning [5]. It was pointed out that the complexities involved in understanding the role of MAPK in
both cardiac physiological and pathophysiological processes are due to the presence of several members of
the MAPK family and their isoforms, which show different activation/inactivation characteristics, as well as
differences in the signal transduction pathways in response to various extracellular stimuli [5]. In fact, the
spectrum of various kinases expressed in cardiomyocytes has been categorized, and it has been suggested
that understanding the input of several kinases into the cardiomyocyte signaling network is essential for
fine-tuning therapeutic approaches for heart disease [3, 4].

Generally, protein kinases are composed of a catalytic subunit and a regulatory subunit, and exist in a
dormant state unless activated by a regulatory stimulus [6]. In addition, up to 50 gene products lack
important catalytic residues and are thus referred to as protein pseudokinases [6]. There are 518 members
of the human protein kinase gene family and 106 pseudogenes (genes that do not code for proteins) while
phosphorylating these proteins can enhance or decrease enzyme catalysis and change other internal
regulation such as transcription and/or translation [7]. Furthermore, kinases and pseudokinases can
interact allosterically with other proteins and add an important regulatory feature to the protein kinase
family group [7]. These enzymes require a divalent cation such as Mg?* for their reaction to occur, and the
phosphorylation sites on a protein can be stimulatory or inhibitory [7]. As such, protein Kinases are known
to play a vital role in many cellular processes, such as metabolism, transcription, cell division, and
movement, programmed cell death, and immune response, as well as nervous system function [7].

It is now well established that various protein kinases are intimately involved during the activation of a
wide variety of signal transduction pathways by both extracellular stimuli and intracellular stresses for
modifying the structure and function of the heart [3, 5, 8-15]. The extracellular mechanical signals include
ventricular stretch and an increase in ventricular wall tension due to pressure or volume overload whereas
the extracellular chemical signals include various hormones such as norepinephrine, angiotensin II (AnglI),
endothelin-1, insulin, and adrenomedullin as well as other growth factors. On the other hand, the
intracellular stress signals for the activation of some protein kinases include hydrogen peroxide (H,0,),
inflammatory cytokines such as tumor necrosis factor-a (TNF-a) and interleukin-1 (IL-1), peroxisome
proliferator-activated receptor-a (PPAR-a) and G-protein coupled estrogen receptor beta (G-ERp). It is
pointed out that several protein kinases including PKA, PKC, CaMK, P13K, and MAPK have two or more
isoforms with some overlapping characteristics but distinct biological functions [3, 5, 12-20]. General
characteristics of some protein kinases and their involvement in some cardiovascular functions in health
and disease are depicted in Table 1 [21-33]. Furthermore, these protein kinases have been shown to exert
both beneficial and detrimental effects depending upon the intensity and duration of the stimulus as well as
the isoform of the kinase involved in the process of signal transduction. Since most protein kinases are
activated during the development of different types of cardiovascular diseases, the beneficial effects of their
inhibition in some cardiovascular pathologies are shown in Table 2 [11, 34-41]. Although some activators
and several inhibitors for each of these protein kinases have been identified, none of these agents are
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specific in nature because of the presence of various isoforms of each enzyme in the myocardium [2-8]. It is
also noteworthy that different protein phosphatases have been reported to be present in the heart and are
involved in dephosphorylating the phosphorylated target sites as a consequence of each protein kinase [2-
5]. In fact, the process of dephosphorylation by protein phosphatases is considered to regulate and
maintain the balance of phosphorylation activity of protein kinases in health and disease [42-44]. Some
protein phosphatases, extracellular, and intracellular activators as well as inhibitors for different protein
kinases are shown in Table 3 [2, 3, 5, 7, 16, 45-47].

Table 1. Protein kinases and their general functions

Kinases Function in the heart Activation mechanism Common heart Alteration of protein kinase function

problems

PKA Regulates cation Activated by B- Heart failure, Prolonged activation due to sympathetic
channels, intracellular  adrenergic receptor arrhythmias nervous system activity; can contribute to
Ca? handling, and signaling and cAMP cardiac dysfunction [22]
contractility [21] production [22]

PKC Regulates cation Activated by various Heart failure, Increased activation due to various signaling
channels, contractility, signaling molecules arrhythmias, molecules such as Angll; can contribute to
and gene expression such as Angll [24] cardiomyopathy cardiac dysfunction [25]

[23]

PI3Ks  Regulates cardiac Signaling molecules Coronary artery Increased activation due to various signaling
hypertrophy, including growth factors disease, heart failure, molecules such as growth factors and
angiogenesis, and and cytokines [26] cardiomyopathy cytokines; can contribute to cardiac
glucose metabolism [26] dysfunction [27]

MAPKs Regulates cardiac Activated by various Coronary artery Increased activation due to various signaling
hypertrophy, signaling molecules disease, heart failure, molecules such as oxidative stress and
inflammation, and including growth factors cardiomyopathy inflammation; can contribute to cardiac
apoptosis [28] and cytokines [29] dysfunction [30]

CaMKIl Regulates ion channels, Activated by increases Heart failure, Increased activation due to various signaling
intracellular Ca** in intracellular Ca* arrhythmias, molecules such as 3-adrenergic receptor
handling, and gene levels [32] myocardial infarction  signaling and changes in intracellular Ca®*
expression [31] levels; can contribute to cardiac dysfunction

and arrhythmias [33]

cAMP: cyclic adenosine monophosphate

Table 2. Pathologies of the heart and how protein kinases are involved

Ailment Mechanism of heart Protein Drug effects on protein Heart problem alleviation
dysregulation kinases kinases
affected
Heart failure Impaired contractility, Ca** PKA, PKC, Inhibition of protein kinases Improved contractility and
handling, and gene CaMKII [34] [35] relaxation, reduced heart rate
expression [34] and blood pressure [36, 37]
Ischemic heart Reduced blood flow to the PKC [39] Vasodilation, reduced oxygen Improved blood flow and
disease heart, oxidative stress, and demand [40] decreased ischemia-induced
inflammation [38] damage [41]
Atherosclerosis  Plaque buildup in arteries, PKC, Lowering of cholesterol and Improved endothelial function
inflammation, and oxidative =~ MAPKSs, NF- lipid levels, anti-inflammatory [11]
stress [39] kB [11] effects [41]
Arrhythmias Abnormal heart rhythms and PKA, PKC, Inhibition of protein kinases Improved ion channel function
altered ion channel function  CaMKII [34] [35] and rhythm control [40]
[40]
Diabetic Altered glucose and lipid PKC, Akt, Improved glucose and lipid Improved cardiac function [41]
cardiomyopathy = metabolism, and oxidative PKD [41] metabolism, reduced oxidative
stress [41] stress [41]
Hypertension High blood pressure and PKC, CaMKII Inhibition of protein kinases, Reduced blood pressure,
increased cardiac workload  [11] reduced cardiac workload and improved cardiac function [11]
[38] blood pressure [11]

NF-kB: nuclear factor kappa B; Akt: protein kinase B; PKD: protein kinase D
In this review, it is planned to discuss the role of various protein kinases and their associated

phosphorylation activities in maintaining cardiovascular function in both health and disease. In particular,
the regulatory role of some protein kinases such as PKA, CaMK, PKC, PI3K, and MAPK in modifying diverse
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Table 3. Activators, inhibitors, and respective phosphatases for protein kinases

Kinases Activators Inhibitors Phosphatases

PKA Norepinephrine, epinephrine, Compound H89, compound KT572-2A, protein Protein phosphatase-2A
isoproterenol, vasopressin, cAMP [2, 3, 16] kinase inhibitor peptide [2, 3, 16] [2, 3, 16]

PKC Norepinephrine, Angll, 5- Breviscapine, chelerythrine, ruboxistaurin, Protein phosphatase-1
hydroxytryptamine, endothelin, DAG [2, 3, compound G 6983 [2, 3, 45] (PHLPP) [7, 45]
7]

PI3Ks  Catecholamines, PPARa, G-ER [3, 7] Wortmannin [3, 7] PIP3-PTEN [3, 7, 46]

MAPKs TNF-q, IL-1 (for p38 MAPK), growth Compound 5820580, compound 58202190, MKP-1 [2, 3, 5]
factors, PMA (for ERK1/2) [2, 3, 5] compound FR167653 (for p38 MAPK) [2, 3, 5]

CaMKIl Ca*-calmodulin [31, 32, 47] Compound KN93 [31, 32, 47] Calcineurin [31, 32, 47]

PHLPP: PH domain and leucine rich repeat protein phosphatase 1; DAG: diacylglycerol; PIP3: phosphatidylinositol 3,4,5-
trisphosphate; PTEN: phosphatase and tensin homolog; PMA: phorbol 12-myristate 13-acetate; ERK1/2: extracellular signal-
regulated protein kinase 1 and 2; MKP-1: MAPK phosphatase-1

subcellular functions in the heart will be emphasized. Some general characteristics of these protein kinases
will also be described to identify them as targets for drug development for the improvement of heart
function in cardiovascular disorders. Furthermore, the involvement of different protein kinases in some
diseases such as heart failure, atherosclerosis, myocardial infarction, ischemia-reperfusion injury,
arrhythmias, hypertension, and diabetic cardiomyopathy will be indicated to describe their functional
significance. In addition, this paper will highlight recent advancements in gene therapy, stem cell-based
disease modeling, tissue engineering, and regenerative medicine approaches for the treatment of heart
disease, involving protein kinases as targets. There is also an emphasis on the importance of early detection
and prevention strategies, including the application of artificial intelligence, machine learning, wearable
devices, and precision medicine for personalized therapeutic interventions. Thus, this article is intended to
provide an updated state of knowledge concerning the role of some protein kinases in the pathogenesis and
therapeutics of cardiovascular disease.

Protein Kkinases and signal transduction pathways

PKA is a member of the human protein kinase gene family [8] which was the first protein kinase discovered
as a part of the cascade/signaling pathway for catalyzing the phosphorylation of phosphorylase kinase [9].
Phosphorylation and dephosphorylation processes are one of the major ways by which proteins are
regulated and serve an important role in the signal transduction pathways of PKA [10]. The activity of these
proteins is regulated by the interconversion of two forms of a molecule, one of which is phosphorylated and
the other is dephosphorylated [47]. The interconversion of these two forms is controlled by a protein
kinase that is activated by a ligand namely cAMP [48]. This process is reversible, allowing for the rapid and
efficient transduction of signals [49]. The signal transduction pathway of PKA in the heart involves the
activation of (-adrenergic receptors by catecholamines (such as epinephrine and norepinephrine) [22].
This triggers the dissociation of G proteins, which then activates adenylyl cyclase to produce cAMP [50].
Increased cAMP levels activate PKA, which in turn phosphorylates downstream targets including L-type
Ca®* channels, ryanodine receptors (RyRs), and phospholamban [21]. This results in an increase in Ca**
influx into the cell, release of Ca?* from the sarcoplasmic reticulum, and enhanced uptake of Ca®* into the
sarcoplasmic reticulum. The elevated cytoplasmic Ca?* levels also activate the thin filament via troponin C,
which then leads to contraction of the heart muscle [51]. Other protein kinases namely protein kinase G and
Akt have been suggested to be involved in signal transduction for cardioprotection by nitric oxide [52, 53].
Accordingly, cyclic guanosine monophosphate (cGMP) formed upon stimulation of guanylate cyclase by
nitric oxide, activates protein kinase G for activating big conductance potassium channels in mitochondria.
Such an effect of nitric oxide on mitochondria is associated with reduced production of reactive oxygen
species and activation of cardioprotective Akt as well as ERK1/2. Such a mechanism is consistent with the
view that different protein kinases exert their actions by affecting different targets in the heart.

PKC is a family of phosphotransferases that are involved in a wide range of physiological processes
including differentiation, proliferation, membrane transport, and gene expression [23]. This group of
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kinases is activated by DAG produced in response to agonist-induced hydrolysis of inositol phospholipids
[54]. It is capable of translocating to the plasma membrane or cytoplasmic organelles, or even the nucleus,
upon cellular activation [55]. The signal transduction pathway of PKC in the heart involves the activation of
G protein-coupled receptors (GPCRs) by various stimuli, such as hormones or neurotransmitters [24]. This
leads to the activation of phospholipase C, which cleaves phosphatidylinositol 4,5-bisphosphate (PIP2) into
DAG and inositol 1,4,5-trisphosphate (IP3) [56]. DAG, together with Ca%, activates PKC, which
phosphorylates downstream targets such as L-type Ca** channels, phospholamban, and RyRs similar to PKA
[57]. This results in an increase in Ca?* influx into the cell, release of Ca?* from the sarcoplasmic reticulum,
and enhanced uptake of Ca?* into its lumen. The elevated cytoplasmic Ca?* also activates thin filaments via
troponin C, leading to heart muscle contraction [25].

The signal transduction pathway of CaMK in the heart involves the binding of Ca?* to calmodulin
(protein that binds Ca?*) and activates CaMK [47]. The activated CaMK also phosphorylates various targets
which include L-type Ca?* channels, phospholamban, and sarco/endoplasmic reticulum Ca%*-adenosine
triphosphatase (SERCA) [31]. This results in an increase in Ca?* influx into the cell, as well as release from
the sarcoplasmic reticulum, and enhanced uptake of Ca?* into this membrane tubule network [32]. High
cytoplasmic Ca?* levels cause troponin C to activate the thin filament, leading to contraction of the heart. It
is important to mention that CaMK also has non-contractile functions in cardiac muscle, such as regulating
gene expression and cell growth [46].

PI3K is another signaling molecule that is known to have a dual role in heart disease, with both
maladaptive and adaptive roles [58]. The signal transduction pathway of PI3K in the heart starts with the
binding of growth factors or insulin to their respective receptors, leading to the activation of receptor
tyrosine kinases (RTKs) as well as recruitment and activation of PI3K [59]. PI3K then converts PIP2 to PIP3,
which then recruits and activates downstream signaling molecules, including Akt and phosphoinositide-
dependent kinase 1 (PDK1) [60]. Akt phosphorylates and regulates a variety of targets involved in cardiac
growth, metabolism, and survival transcription factors such as mechanistic target of rapamycin (mTOR),
glycogen synthase kinase 3 beta (GSK3), and forkhead box class O (FOXO) [26]. The downstream targets of
Akt and its associated signaling pathways help to regulate various cellular processes, such as protein
synthesis, glucose uptake, and apoptosis, to maintain normal cardiac function [26].

MAPKs are enzymes that play a pivotal role in regulating cardiac contractility by affecting the
expression and activity of the SERCAZ gene [61]. The signaling pathway for MAPK begins with various
external signals like cytokines, growth factors, and/or even stress [29]. These signals bind to specific
receptors on the cell membrane, which triggers a chain reaction of kinases [29]. This begins with the
activation of small G proteins, such as rat sarcoma (Ras), which then activates rapidly accelerated
fibrosarcoma (Raf) [62]. Raf, in turn, activates MAPK kinase (MEK), which phosphorylates and activates
MAPK’s ERK1/2 [63]. Once activated, ERK1/2 can move into the nucleus, where these interact with
transcription factors [such as Ets transcription factor Elk-1 (Elk-1) and cellular oncogene c-Fos (c-Fos])]
leading to changes in gene expression and resulting in various cellular responses, such as cell proliferation,
differentiation, and survival [63]. It is also important to mention that the MAPK signal pathway also
consists of two other branches: the p38 and c-Jun N-terminal kinase (JNK) pathway [28]. Activation of p38
reduces SERCA2 gene expression and protein levels, as well as the activity of the SERCA2 gene promoter
leading to cell differentiation and survival [26]. The JNK pathway on the other hand is responsible for the
regulation of cell death and inflammation [28].

Protein kinases in heart failure

Heart failure is a complex cardiovascular disease that is invariably associated with a diminished capacity of
the heart to pump blood efficiently to meet the body’s metabolic needs [64]. This can be caused by various
underlying disorders, including coronary artery disease, hypertension, diabetes, valvular heart disease, and
myocardial infarction [64]. As heart failure develops, it induces a variety of symptoms, including dyspnea,
fatigue, swelling, and a decreased capacity to exercise, all of which have a negative effect on the patient’s
quality of life [64]. Furthermore, this disease is linked to cardiac remodeling, metabolic abnormalities, and
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Ca?*-handling defects dysregulation in heart function [45]. It is pointed out that B,-adrenergic signaling
pathway is often impaired in heart failure and there occur alterations in PKA activity and downstream
effects [65]. Such a defect leads to a decreased ability of cardiomyocytes to handle Ca?*, which contributes
to the progression of heart failure [66]. Particularly, the levels of cAMP and PKA activity are depressed,
leading to hypophosphorylation of the contractile proteins and alterations in Ca?* handling by the
sarcoplasmic reticulum, which impair cardiac function [66]. It is also noteworthy that several PKC isoforms
participate in different aspects of cardiac remodeling and these diverse processes also contribute to the
development of heart failure [66]. In this regard, it is pointed out that activation of PKC has been
demonstrated to cause cardiomyocyte hypertrophy and fibrosis, which leads to cardiac dysfunction and
contribute to arrhythmias and sudden death in patients with heart failure [66].

The PI3K/Akt signaling pathway has also been shown to be crucial for cardiac growth, metabolism, and
survival, and its dysregulation has been linked to the pathogenesis of heart failure [46]. Disruption of PI3K/
Akt signaling has been demonstrated to result in a decreased capacity for glucose uptake, impaired
mitochondrial function, and an increased propensity for cell death in cardiomyocytes [46]. On the other
hand, MAPKs including ERK1/2, JNK, and p38, are involved in various cardiac processes including
remodeling, apoptosis, and inflammation [67]. The dysregulation of JNK and p38 signaling has been linked
to heart failure, however, ERK1/2 has been shown to have protective cardiac effects [67]. In fact, reactive
oxygen species have been shown to be involved in the oxidation of myofilaments, and p38 MAPK is
considered to be involved in the progression of heart failure [68]. Since CaMKII is crucial to the regulation
of excitation-contraction coupling and gene expression in the heart, a decrease in CaMKII signaling has also
been linked to the development of heart failure [69]. Thus, the occurrence of cardiac dysfunction in heart
failure seems to involve changes in various protein kinases and associated signal transduction defects [70].

Protein kinases in ischemic heart disease

Ischemia is a medical condition that occurs due to reduced blood supply to organs, which can lead to tissue
damage and cell death as a consequence of hypoxia and substrate lack [5, 71, 72]. When it occurs in the
heart it is referred to as ischemic heart disease, which is a cardiovascular defect induced by the narrowing/
blockage of the heart’s own coronary arteries. The reduced blood flow and oxygen supply to the heart can
cause angina, heart attack, and myocardial infarction [73]. Reperfusion of the ischemic heart on the other
hand, refers to the restoration of blood flow to an ischemic area after a period of reduced blood supply;
however, this restoration of blood flow, if instituted after some delay, can cause additional harm to the
tissue due to the generation of reactive oxygen species and inflammation, leading to ischemic reperfusion
injury (I/R injury) [74, 75]. Short episodes of ischemia followed by reperfusion (ischemic preconditioning)
have been found to be protective for the heart and improve cardiac function by reducing proteolysis and
cytokine levels [75, 76]. It is pointed out that alterations in various isoforms of PKC have been shown to be
associated with different effects in ischemic heart disease. PKC§ was observed to promote I/R injury after
ischemia, but PKCe was seen as protective [27]. PKC§ downregulates SERCAZ and activates JNK as well as
p38 MAPK due to I/R injury. Activation of JNK and p38 was shown to affect the phosphorylation of PKC’s
downstream products, as well as increase the susceptibility to reactive oxygen species-induced apoptosis
[77]- During ischemic preconditioning PKA was seen as protective by reducing the activity of calpain, a
protease which hydrolyzes structural proteins [78]. The protective effects of PKA include decreases in
sarcolemma sensitivity, cytoskeleton protein breakdown, and apoptosis during ischemic preconditioning.
However, opposite effects were observed when beta-blockers were administered, while beta-agonists
enhanced PKA cardioprotection [73, 78].

It should be mentioned that the role of PKC in cardioprotection due to ischemic preconditioning is
controversial as it is species-dependent. This view is supported by the fact that, unlike rats and rabbits, the
cardioprotective effect of ischemic preconditioning in pigs was not attenuated by staurosporine, an
inhibitor of PKC or genistein, an inhibitor of tyrosine kinase [79, 80]. However, combined inhibition of PKC
and tyrosine kinase by staurosporine and genistein was observed to attenuate the cardioprotective effect of
ischemic preconditioning in pigs [80]. These observations indicate that a complex signaling cascade
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involving both PKC and tyrosine kinase may be involved in preventing cardioprotection by ischemic
preconditioning. It is also noteworthy that connexin 43, which is co-localized with PKCa and p38 MAPKa
and is phosphorylated by these kinases, has been reported to play a role in cardioprotection by ischemic
preconditioning [81, 82]. Such a role of connexin in ischemic preconditioning was not found to involve
intracellular communication through gap junctions but instead was a consequence of increased co-
localization of protein kinases with connexin 43 during ischemic preconditioning [81, 82].

By virtue of the presence of different types and isoforms in the hearts, MAPKs are known to participate
in both physiological and pathological processes [2, 3, 5]. MAPK is activated during ischemic heart diseases
such as angina, myocardial infarction, and I/R injury [83] and thus MAPK signaling plays a critical role in
cell survival and proliferation as well as cell death and apoptosis [84]. In fact, p38 MAPK has been
demonstrated to serve as a mediator of ischemic preconditioning [85]. However, during myocardial
infarction and angina, activation of MAPK signaling leads to increased cardiac damage and dysfunction,
while specific activation of the p38 MAPK pathway has been implicated in the development of myocardial
hypertrophy and fibrosis, which result in heart failure [86]. Recently, p38 MAPK has been shown to
suppress neutrophil-heart-adipose tissue crosstalk and act as a switch in cardiac adaptation to cardiac
dysfunction during the development of heart failure [87]. While PI3K signaling is also an important cardio-
protective survival pathway, the expression of PI3K and Akt1/2 is down-regulated in ischemic heart
disease [88]. In fact, during myocardial infarction, opposite effects are observed as activation of PI3K
signaling has been shown to protect against myocardial injury and promote cardiac cell survival [89]. CaMK
dysregulation was also seen in I/R injury and ischemic heart disease by altering Ca?* handling, but the
CaMKII-69 isoform was seen as having a protective effect by inhibiting inflammation of the heart [90]. It is
thus evident the pathogenic or protective actions of various protein kinases in ischemic heart disease are
dependent upon the activation of their specific isoforms.

Protein kinases in atherosclerosis

Atherosclerosis is a common condition of the cardiovascular system that is characterized by the buildup of
plaque such as cholesterol, fats, macrophages, and other substances/minerals in arterial walls, and results
in reduced blood flow to vital organs including the heart, brain, and kidneys [91]. Over time, the plaques
become calcified, which will lead to a greater degree of arterial constriction and other atherosclerotic
lesions, involving cytokines and oxidized lipoproteins, that lead to endothelial damage [91, 92].
Atherosclerosis is caused by multiple risk factors, including high blood pressure, smoking, high cholesterol,
diabetes, a sedentary lifestyle, and obesity. As a result, decreasing the risk factors through lifestyle changes
and medications can help prevent or slow the progression of atherosclerosis [92]. It is pointed out that PKA
has been demonstrated to be one of the main regulators of macrophage inflammatory responses, and is
believed to contribute to the development of atherosclerosis [93]. In particular, PKA modulates the Toll-like
receptor 4 (TLR4) inflammatory responses, which are involved in the progression of atherosclerosis [93]. It
has been proposed that PKA activity is linked to a protein that is involved in cholesterol transport and
metabolism called ATP-binding cassette subfamily A member 1 (ABCA1) [94]. ABCA1 promotes the efflux of
cholesterol from cells to form high-density lipoprotein (HDL) particles, also known as “good cholesterol”
[95]. The regulation of ABCA1l-mediated cholesterol efflux is carried out by sphingosine kinase upon
activation by sphingosine-1-phosphate [96]. In the state of atherosclerosis, PKA activity is suppressed and
lower levels of phosphorylated signaling molecules like cAMP-response element binding protein (CREB)
and IL-10 were discovered, while higher levels of TNF-a had increased [94]. Different PKC isoforms have
been reported to be involved in steps leading to atherosclerosis, and depending on the systems and tissue
cells examined, PKC isoforms can be either pro- or anti-inflammatory [95]. PKCa and PKCC regulate
macrophage cholesterol efflux, while PKCS is the main isoform that regulates smooth muscle cell apoptosis
and plays an essential role in regulating smooth muscle functions during atherosclerosis [95]. To add, both
PKCp and PKCS$ are involved in receptor-mediated uptake of oxidized LDLs (low-density lipoproteins) by
macrophages, leading to foam cell formation [95].
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Current research also indicates both PKC3 and PKC& should be therapeutic targets for mitigating
atherosclerosis [97]. It should also be noted that MAPK activation is involved in oxidized LDL-induced
macrophage proliferation, granulocyte-macrophage colony-stimulating factor (GM-CSF) production, and
apoptotic signals [98]. MAPKs such as JNK, p38, and MKP-1 are known to be involved in the formation of
foam cells as well as in the growth of atherosclerotic lesions [99]. More importantly, p38 is recognized as an
active, inflammation-driven process in both atherosclerosis and aortic valve sclerosis [100] and it was
concluded that p38 MAPK signaling in different cell types is associated with these two cardiovascular
diseases [100]. It is also pointed out that PI3K plays an important role in the regulation of leukocyte
recruitment, monocyte migration, reactive oxygen species production, and endothelial cell apoptosis [101].
More specifically, the isoform PI3Ky primarily controls leukocyte infiltration in the myocardium and
arteries, which is a key factor in atherosclerosis [102]. Inhibition of PI3K, on the other hand, can weaken
endocytic clearance mechanisms leading to increased plaque necrosis, inflammatory response, and more
vascular vulnerabilities [102]. Several studies have also demonstrated that calmodulin and CaMKs
contribute to the development of atherosclerosis, and suppressing calmodulin or CaMKs with inhibitors or
genetic manipulation has been shown to alleviate atherosclerotic severity [103]. In particular, CaMKII&
binds to CREB and myocyte enhancer factor 2 (MEF2), inducing their phosphorylation and inducing
transcription of the target genes [103]. These elevated levels of transcription factors promote cell
proliferation in atherosclerosis and should be important targets when it comes to drug and gene therapy as
well [103].

Involvement of protein kinases in arrhythmias

An arrhythmia is an irregular heartbeat pattern, which can be caused by heart disease, electrolyte
imbalances, and side effects from medication [104]. Ventricular arrhythmias are the most serious and
include ventricular premature complexes (VPCs) and sustained ventricular tachycardia [104]. Sudden
cardiac death can be caused by ventricular arrhythmias, particularly fatal ones like ventricular tachycardia
and fibrillation [105]. These types of arrhythmias are usually triggered by cardiac injury due to chronic
ischemia, acute myocardial infarction, and various stressful conditions that cause elevated levels of
circulating catecholamines and Angll [105]. The common way to classify arrhythmias is based on the rate of
conduction and is usually divided into bradyarrhythmia [a heart rate less than 60 beats per minute (bpm)]
and tachyarrhythmia (heart rate that is higher than 100 bpm) [106]. In arrhythmias, different studies have
shown that the activity and expression of PKA and PKC isoforms can be altered, leading to changes in
cardiac ion channel function and excitation-contraction coupling [107, 108]. PKA activity was increased in
ventricular arrhythmias induced by ischemia/reperfusion injury. Increased PKA activity leads to abnormal
Ca?* handling and contractile dysfunction in the heart muscle, which contributes to the development of
ventricular arrhythmias [107]. In another study, it was shown that PKC expression was upregulated in a rat
model of atrial fibrillation [108]. Upregulation of PKC led to changes in the expression and function of ion
channels involved in regulating atrial repolarization, which contributed to the development and
maintenance of the arrhythmia [108].

In addition to PKA and PKC, other protein kinases such as MAPK, PI3K, and CaMK have also been
identified to be involved in the development of arrhythmias [109]. Activation of PI3K has been linked to
arrhythmia in diabetic hearts, as well as in conditions of heart failure [110]. The PI3K pathway is involved
in the regulation of cardiac growth, and its disruption has been linked to the development of fibrous
scarring which can interfere with normal electrical function and reduced contractility, both of which can
lead to arrhythmia [111]. Furthermore, there is evidence to suggest that the PI3K and MAPK pathways
interact to influence the development of arrhythmias [112]. This interaction is involved in the regulation of
NF-kB nuclear translocation, reactive oxygen species generation, and MAPKs [113-115]. It has also been
shown that CaMK activity is upregulated in patients with atrial fibrillation and that inhibition of CaMK can
prevent the development of atrial fibrillation in animal models [33]. In spite of the extensive work which
has been carried out to establish the involvement of different protein kinases in various types of
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arrhythmias, the exact mechanisms of their participation in the induction of arrhythmias are not fully
understood.

Protein Kkinases in hypertension

Hypertension is a condition in which the blood pressure in vascular walls is increased. It is associated with
numerous cellular signaling pathways, including the renin-angiotensin-aldosterone system (RAAS) and
Angll type 1 receptor (AT-1) signaling [116, 117]. The RAAS involves the production of a peptide called
Angll which binds to two major GPCRs: AT-1 and the Angll type 2 receptor (AT-2) [117]. Angll is
responsible for various intracellular signaling pathways which, when dysregulated, can lead to
hypertension [117]. This serious condition is known to result in kidney disease, heart disease, and stroke if
left untreated [116]. Treatment of hypertension can be modulated with lifestyle changes such as exercise,
diet, stress reduction, and medications to control blood pressure if lifestyle changes are not effective [118].
Several studies have demonstrated that both PKA and PKC play an important role in the development of
hypertension [119]. PKC activation directly phosphorylates myofilament proteins that control cardiac
function, and plays a key role in the hypertensive heart/failure process [119]. Furthermore, it has been
observed that enzyme hyperactivation of different intracellular targets due to the phosphorylation by PKA
and PKC leads to abnormally high cAMP levels, resulting in hypertensive cardiac hypertrophy [119] and
alterations in contractile peak tension [120]. Furthermore, MAPK, PI3K, and CaMK levels have been shown
to be increased during hypertension [121-123]. An increase in PI3K activity was shown to increase Rho
activity [121]. It is pointed out that, Rho is a small guanosine triphosphatase (GTPase, with many isoforms)
that plays a crucial role in the regulation of vascular smooth muscle tone and blood pressure. Activation of
Rho leads to vasoconstriction and contributes to the development of hypertension [124]. Additionally,
upregulated CaMK activity in hypertension has been implicated in the development of endothelial
dysfunction, hypertension-induced cardiac hypertrophy, and vasoconstriction [123]. Inhibition of CaMK has
been shown to improve endothelial function and reduce blood pressure in animal models with
hypertension [123]. Lastly, MAPK has also been linked to the function of vascular smooth muscle tone,
endothelial dysfunction, and cardiac hypertrophy by promoting oxidative stress and inflammation [122].
Inhibition of MAPK activity however reduced high blood pressure and improved endothelial function in
hypertensive animal models. Therefore, targeting the MAPK pathway may represent a promising strategy
for the development of antihypertensive therapies and the improvement of cardiac function in
hypertension [125].

Protein kinases in diabetic cardiomyopathy

Chronic diabetes is normally associated with diabetic cardiomyopathy, which is characterized by a decline
in cardiac function and an increased risk of heart failure [126]. Although the causes of diabetic
cardiomyopathy are not fully understood, it is thought to involve structural, functional, and metabolic
changes in the heart [126]. High blood sugar levels cause damage to the heart muscle over time and lead to
impaired cardiac function [127]. Furthermore, it has been shown that hyperglycemia is not only a central
factor in the pathogenesis of cardiac dysfunction in chronic diabetes but it also can trigger a series of
maladaptive events such as cardiomyocyte apoptosis, collagen deposition, and cardiac fibrosis [127].
Additionally, diabetes-induced hyperglycemia and hyperinsulinemia can result in capillary damage and
myocardial hypertrophy with mitochondrial dysfunction [126]. Insulin resistance, inflammation, and
oxidation products of catecholamine such as aminochrome and oxyradicals have also contributed to the
development of diabetic cardiomyopathy [126, 127]. Some of the cellular defects in diabetic
cardiomyopathy include low myosin adenosine triphosphatase (ATPase) activity, dysregulation of Ca®*
homeostasis, reduced rate of cardiac contraction/relaxation, and altered flow of ionic current within the
heart muscle [128]. In addition, hyperglycemia and subsequent increases in oxidative stress led to
alterations in PKA and PKC signaling pathways, contributing to the pathogenesis of diabetic
cardiomyopathy [127]. In particular, PKA activity has been reported to be reduced in the hearts of diabetic
animals [129]; the decrease in PKA activity contributes to impaired B-adrenergic signaling, which is crucial
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for regulating cardiac contractility and function, ultimately leading to diminished cardiac performance
[130]. On the other hand, PKC activation is generally enhanced in diabetic cardiomyopathy [131].
Specifically, the activation of the PKCf isoform has been implicated in the development of myocardial
dysfunction [132]. Increased activation of PKCp in diabetic cardiomyopathy leads to alterations in the
phosphorylation status of several downstream targets, such as troponin I, which results in impaired
myocardial contractility [132]. Moreover, elevated PKC activity has been linked to increased fibrosis,
apoptosis, and inflammation in the diabetic myocardium, further exacerbating the progression of diabetic
cardiomyopathy [133].

It is noteworthy that CaMKII has been reported to be hyperactivated in the diabetic myocardium [134].
This hyperactivation leads to increased phosphorylation of its downstream targets, such as RyR2, which in
turn results in impaired Ca?* handling and reduced myocardial contractility [134]. Additionally, CaMKII
hyperactivation has been associated with increased oxidative stress, mitochondrial dysfunction, and
apoptosis further exacerbating the progression of diabetic cardiomyopathy [135]. PI3K signaling, on the
other hand, particularly the PI3K/Akt pathway, which is essential for regulating cardiac cell survival,
growth, and metabolism [135], is often dysregulated, leading to impaired insulin signaling and reduced
glucose uptake in cardiomyocytes in diabetic cardiomyopathy [136]. Moreover, the decreased activation of
Akt has been linked to increased apoptosis and cardiac dysfunction in chronic diabetes [137]. Lastly, the
activation of JNK and p38 MAPK is generally enhanced, leading to increased inflammation, fibrosis, and
apoptosis in the diabetic myocardium [138]. Conversely, the activation of ERK, which is known to promote
cell survival, is often impaired in diabetic cardiomyopathy, further contributing to myocardial dysfunction
[139]. These observations provide compelling evidence for the involvement of different changes in various
protein kinases in the development of cardiac dysfunction in chronic diabetes.

Protein Kinases and investigational methods

As we continue to discover and understand new protein kinases and their roles in heart dysfunction, the
future of research should focus on developing targeted therapies to modulate their activities. Small
molecule inhibitors, gene therapy, and RNA-based therapeutics such as antisense oligonucleotides and RNA
interference have shown promise in preclinical models for treating heart diseases [140-142]. Additionally,
the use of pluripotent stem cells for disease modeling and drug discovery has become a very valuable tool
for understanding cardiac disorders and testing new therapeutic strategies [143, 144]. By combining these
advanced techniques and focusing on newly discovered protein kinases, it is possible to develop innovative
treatments to alleviate cardiac disorders and improve patient outcomes. Furthermore, building on the
advancements in targeted therapies and the use of stem cells, it would be prudent to explore the potential
of combining these approaches with tissue engineering and regenerative medicine to alleviate heart
disease. Tissue engineering techniques, such as 3D bioprinting and scaffold-based approaches, have shown
great promise in creating functional cardiac tissue for transplantation and repairing damaged heart tissue
[145]. In particular, 3D bioprinting with patient-derived stem cells can help to overcome immune rejection
and other challenges associated with traditional heart transplantation surgeries [146].

In addition to the development of novel therapies, early detection and prevention of heart disorders
will play a crucial role in reducing the burden of cardiovascular disease [147]. The development of brand-
new disruptive technologies such as artificial intelligence, machine learning, and wearable devices can help
to identify individuals at high risk and monitor patients in real-time for early intervention and disease
prevention [148]. For example, artificial intelligence algorithms can analyze electrocardiograms and other
medical data to predict the onset of cardiac events and guide personalized therapeutic strategies [149].
Furthermore, the advancement of precision medicine, which focuses on tailoring treatments based on a
person’s genes, environment, and lifestyle choices, can help optimize patient care and improve outcomes
[150, 151]. Thus, by combining knowledge of both the existing and new protein kinases with high
throughput genomics, transcriptomics (study of transcription genomes), and proteomics data (proteomes
and their functions), it has been suggested to develop personalized, specific therapies to prevent and treat
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heart diseases more effectively [150]. Since none of the existing inhibitors is specific for any protein kinase,
there is a real need for developing agents which are kinase isoform-specific. Furthermore, extensive
research needs to be carried out to establish the exact function of each protein kinase isoform. It is
suggested that a combination therapy with inhibitors of different protein kinases be investigated for
optimal beneficial effects in cardiovascular diseases. It is emphasized that the future of researching protein
kinases and heart diseases involves combining different approaches like molecular biology, tissue
engineering, regenerative medicine, artificial intelligence, and precision medicine. By using these advanced
technologies together, it is likely to improve our knowledge of how protein kinases impact cardiac
disorders, create new treatments, and enhance early detection and prevention methods. These
breakthroughs are really promising and will have the potential to help millions of patients around the
world by easing their cardiovascular problems and improving their quality of life.

Conclusions

From the foregoing discussion, it is evident that different protein kinases, including PKA, PKC, MAPK, PI3K,
and CaMK, play a pivotal role in the pathophysiology of various cardiovascular diseases such as heart
failure, myocardial infarction, atherosclerosis, arrhythmias, hypertension, and diabetic cardiomyopathy.
These kinases are involved in multiple signaling pathways that modulate cellular processes including
inflammation, oxidative stress, endothelial function, vascular smooth muscle tone, and cardiac contractility.
As the understanding of the molecular mechanisms underlying these diseases continues to grow, it has
become increasingly clear that targeting these protein kinases and their associated signaling pathways may
provide novel therapeutic strategies for the treatment and prevention of cardiovascular disorders.
Furthermore, the future of cardiovascular research will likely involve a multidisciplinary approach,
combining the development of targeted therapies, stem cell technology, tissue engineering, regenerative
medicine, artificial intelligence, and precision medicine, the goal is to advance knowledge of protein kinases
and their roles in cardiac disorders. By employing these advanced technologies, it should be possible to
create new treatments, improve early detection and prevention methods, and develop personalized
therapeutic strategies to better address the unique needs of individual patients. Moreover, leveraging
artificial intelligence and machine learning algorithms in conjunction with genomics, transcriptomics, and
proteomics data will facilitate the identification of novel protein kinase targets and the development of
innovative therapies tailored to specific patient populations. Furthermore, the study of protein kinases and
their involvement in cardiovascular diseases offers a promising avenue for the development of novel,
targeted therapies that have the potential to significantly improve patient outcomes. By harnessing the
power of advanced technologies and multidisciplinary approaches, it is likely to make substantial progress
in understanding the molecular mechanisms driving heart problems and translate these findings into
effective clinical interventions. As the complex roles of protein kinases in cardiovascular disorders continue
to be elucidated, the prospect of reducing the global burden of heart disease becomes increasingly
attainable, ultimately improving the quality of life for millions of patients worldwide.
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