ATP-dependent potassium channels as a key target for
the treatment of myocardial and vascular dysfunction
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Purpose of review

The aim of this review is to highlight the most recent and
interesting articles on the physiologic properties and functions
of ATP-dependent potassium channels in the cardiovascular
system and on the role of the potassium channel openers for
the treatment of cardiovascular dysfunction.

Recent findings

The initial efforts in the development of potassium channel
openers focused on the management of systemic
hypertension. Lately, the range of possible indications for
potassium channel openers has increased to include
pulmonary hypertension and stable angina pectoris. The
discovery of a connection between the mitochondrial
ATP-dependent potassium channels and the phenomenon of
cardiac preconditioning created potential new uses for
potassium channel openers in myocardial ischemia, inn
unstable angina, in preoperative and perioperative settings,
and for the preservation of organs for transplant.

Summary

The most recent data on the physiologic roles of sarcolemmal
and mitochondrial ATP-dependent potassium channels and the
pharmacology of potassium channel openers in the
cardiovascular system are summarized and discussed. Finally,
the effects of potassium channel opener drugs including
minoxidil, nicorandil, pinacidil, bimakalin, and levosimendan, a
dual-action potassium channel opener and calcium sensitizer
with inodilator and cardioprotective activity, are discussed.
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Abbreviations

AMI acute myocardial infarction

Katp ATP-dependent potassium channels

sarcKyrp  sarcolemmal ATP-dependent potassium channels
mitoK,rp  mitochondrial ATP-dependent potassium channels

KCO potassium channel opener
PCWP pulmonary capillary wedge pressure
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Introduction

A'TP-dependent potassium channels (K, p) are inward
rectifying channels inhibited by physiologic intracellular
ATP levels. These channels are present in tissue-
specific phenotypes in several tissues in the central ner-
vous system, heart and vasculature, lungs, pancreas, and
urinary bladder. K,p activity was initially detected at
the level of sarcolemmal membrane (sarcK,p) and also
recently at the mitochondrial level (mitoK,p). Potas-
sium channel openers (KCOs) are a class of chemically
diverse agents sharing Ky p as their common target.
Their structure-activity relations and therapeutic poten-
tial were recently reviewed by Mannhold [1ee], and cur-
rent knowledge on their regulation has been summarized
by Campbell ¢z /. [2¢]. Experimental studies have iden-
tified a wide range of possible clinical uses for KCOs,
including roles as bronchodilators, vasodilators, and blad-
der relaxants [3]. The discovery of the effect of KCOs on
cardiac mitochondria and the hypothesis of a connection
with the phenomenon of cardiac preconditioning created
further possibilities for the development of cardioprotec-
tive applications [4e®]. We provide an overview of the
most recent literature in the field and discuss experi-
ences in the use of KCOs for the treatment of myocardial
and vascular dysfunctions. We also discuss examples of
the use of drugs such as nicorandil and pinacidil as car-
diovascular therapies. Special attention is given to levo-
simendan, a novel inotropic drug, which, in addition to a
calcium sensitizer effect viz binding to troponin C, opens
both sarcolemmal and mitochondrial K, p [5,6].

Physiologic roles of K,1p in the
cardiovascular system

Kurp play important roles in many cellular functions.
Such channel activity has been described in the vascu-
lature muscle cells and in cardiomyocytes at both the
sarcolemmal and the mitochondrial levels.

Sarcolemmal K,;p

There is strong evidence that sarcK,p in the vascula-
ture muscle cells are involved in the maintenance of the
basal vascular tone in the coronary and mesenteric arter-
ies and arterioles [7,8]. Furthermore, in conditions of
hypoxia, sarcK ,1p contribute to the regulation of vascu-



lar tone in renal, cerebral, and pulmonary arteries [9].
These channels were rapidly recognized by researchers
as physiologically important entities and possible phar-
macologic targets for manipulating the function of vas-
cular smooth muscle [10,11]. In fact, all the drugs in
clinical use that are described primarily as KCOs (nico-
randil, diazoxide, minoxidil, and pinacidil) have hyper-
tension among their therapeutic uses [3].

K,1p 1s present also on the sarcolemmal membrane of
cardiomyocytes. However, 20 years after the discovery of
such channels, many questions about their physiologic or
pathophysiologic roles in the cardiac cells remain unre-
solved, despite the availability of detailed structural in-
formation and the existence of a broad consensus that
they bridge bioenergetics to cellular electrical excitabil-
ity [120¢,13-16]. Authors generally agree that sarcK,p
provide a means of linking the electrical activity of the
cardiomyocyte to its metabolic state. In particular, these
channels modulate the duration of the cardiac action po-
tential [17].

A brief but comprehensive commentary on recent ad-
vances in the identification and function of these chan-
nels in the cardiac tissue is available [18]. The gating
mechanism of K, p and their function-to-form relation
was also recently reviewed [19].

Mitochondrial K,1p

Structural information is lacking for mitoK yp, but there
is ample evidence linking channel opening to protection
against ischemia-reperfusion injury or apoptosis in car-
diac myocytes. In their recent review, Garlid ez al. [4ee]
discuss the role of the mitoK - in cardiac function and
cardioprotection. The authors conclude that in low-
energy states, the opening of the channels triggers in-
creased mitochondrial reactive oxygen species produc-
tion, thereby amplifying a cell-signaling pathway that
leads to gene transcription and cell growth. In high-
energy states, the opening of mitoK,p prevents the ma-
trix contraction that would otherwise occur during high
rates of electron transport. MitoK,p-mediated mito-
chondrial volume regulation, in turn, prevents disruption
of mitochondrial structure and function and facilitates
efficient energy transfers between mitochondria and
myofibrillar ATPases.

Reperfusion of the heart after a period of ischemia leads
to the opening of a nonspecific pore in the inner mi-
tochondrial membrane, known as the mitochondrial
permeability transition pore. This transition causes
mitochondria to become uncoupled and capable of
hydrolyzing rather than synthesizing A'TP. Recent data
suggest the involvement of mitoK,p in the indirect
regulation of the pore and in ensuring that, in case of
prolonged ischemia, cell death continues down an apo-
ptotic, rather than a necrotic, pathway [20e].
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Pharmacology of potassium channel

openers in the cardiovascular system

The KCOs activate sarcK y-p on vascular smooth muscle
cells and cardiac myocytes, leading to potassium ion ef-
flux and membrane hyperpolarization, which in turn re-
duce calcium influx and shorten the duration of the ac-
tion potential. This results in a negative inotropic effect
in cardiomyocytes and vasodilatation of blood vessels
[21-23].

Vasodilatation

The KCOs have an unusual chemical and structural di-
versity [1ee,24 250 26]. Nevertheless, all have a similar
pharmacologic profile with regard to their vasorelaxant
effect, as studied 7z vitro in aorta or coronary artery
preparations. KCO activities 7z vivo have been reviewed
comprehensively, with particular emphasis on their an-
tihypertensive effects [24]. Members of the first genera-
tion of drugs such as cromakalim and pinacidil were in-
tended for the treatment of hypertension but failed to
show clear advantages over angiotensin-converting en-
zyme inhibitors or calcium antagonists.

An active drug discovery effort in the field and develop-
ments in the chemistry of KCOs led to the discovery of
new cromakalin analogues and benzothiazidine deriva-
tives, which were shown to be potent vasorelaxant
agents. Studies of the vasodilation effect of the KCO
minoxidil have been reviewed [25¢-27].

Levosimendan, an inodilator recently introduced for
acute congestive heart failure, opens sarcK,p in vascu-
lar smooth muscle, among other effects. The drug has
been shown to be an active vasodilator in arteries, arte-
rioles, and veins by opening sarcK,p, thereby exerting
an effect on systemic vascular resistance and organ mi-
crocirculation [28-33]. Interestingly, a comparison be-
tween levosimendan and pinacidil on their beneficial ef-
fect on diastolic coronary flow in isolated perfused heart
showed that the two drugs are inhibited by gliben-
clamide but in different modes. The authors hypoth-
esized that the two drugs do not share the same binding
side on sarcKp [28].

Antiarrhythmic effects

Whether or not opening K,p (either sarcK,p or
mitoK ,p, selectively or otherwise) contributes to an an-
tiarrhythmic effect in ischemia or during reperfusion re-
mains unresolved at present. In a recent study by Fisch-
bach ez al. [34e], sclective opening of sarcK,p was
associated with some potential for ventricular arrhyth-
mia, whereas no similar hazard attached to the opening of
mitoKp.

Separately, it has been reported that activation of
mitoK,p by nicorandil and 3-pyridyl pinacidil was as-
sociated with an antiarrhythmic effect in an anesthetized
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rabbit model of myocardial ischemia-reperfusion [35].
Horinaka ¢z a/. [36] have also demonstrated that nicoran-
dil protects against lethal ischemic ventricular arrhyth-
mias in conscious rats with acute myocardial infarction
(AMI). These data were confirmed in human by Ueda ez
al. [37], who showed that intravenous nicorandil can re-
duce the occurrence of ventricular fibrillation and QT
dispersion in AMI patients who undergo successful coro-
nary angioplasty.

Similarly, both short-term and long-term treatment
with levosimendan, which opens both sarcK,p and
mitoK yp, has favorable effects on cardiac arrhythmias
during coronary artery occlusion in conscious rats [38].

Preconditioning effects

There i1s strong evidence for an involvement of
mitoK,p in ischemic or myocardial preconditioning—
the phenomenon whereby brief periods of ischemia pro-
tect the myocardium against a more sustained ischemic
insult. The effect of preconditioning may be manifested
as a marked reduction in infarct size, amelioration of
myocardial stunning, or reduced incidence of cardiac ar-
rhythmias. A recent review has summarized the evidence
that opening of mitoK,p acts as a trigger and/or down-
stream mediator in the phenomenon of ischemic phar-
macologically induced preconditioning [39e].

Baczko ez al. [40°] reported recently that opening cardiac
sarcK, p may also protect the heart against ischemia-
reperfusion injury. The basis of this effect is currently
thought to be prevention of reoxygenation-induced Ca**
overload viz a mechanism linked to hyperpolarization of
the membrane potential during diastole. L.evosimendan
opens both sarcK,p and mitoK,p [31,41-45]. This
drug mitigates infarct size, myocardial stunning, ische-
mia, and the incidence of cardiac arrhythmias in animal
models [38,46—48,]. Levosimendan has been shown in
controlled trials to reduce mortality in patients with se-
vere low-output heart failure and those with left ven-
tricular failure after AMI [49,50].

It has been proposed that a volatile anesthetic such as
isoflurane may also directly activate mitoK,p or influ-
ence sarcK,p and thus induce preconditioning [51,52,
53e]. Stowe and Kevin [54ee] have recently reviewed
cardiac preconditioning by volatile anesthetics such as
halothane, isoflurane, and sevoflurane. Although such
drugs have long been known to provide protection
against the effects of cardiac ischemia and reperfusion,
the mechanism of action behind such cardioprotection is
still unclear. In fact, in addition to the preconditioning
effect, the use of volatile anesthetics may result in a
cardioprotective effect by inducing coronary vasodila-
tion, reducing contractility with corresponding decreased
metabolic demand, and also by a direct decrease in myo-
cardial Ca** entry through L-type Ca** channels [54ee].

Therapeutic effects of potassium channel
openers in the cardiovascular system

The value of KCOs in protecting the ischemic myocar-
dium resides in their vasodilator effect on coronary ar-
teries and in their property of mimicking the endogenous
cardioprotective phenomenon of ischemic precondition-
ing. KCOs can therefore be used in several critical clini-
cal situations such as angina and AMI and their conse-
quences, including left ventricular dysfunction. In
addition, KCOs may be increasingly used in interven-
tional cardiology and cardiac surgery to protect organs
such as the heart and the lung from ischemic injury.

Angina

The Impact of Nicorandil in Angina (IONA) study
evaluated the effect of nicorandil in patients with stable
angina. Nicorandil was effective in reducing the rates of
the combined primary endpoint of coronary heart disease
mortality, myocardial infarction, or admission for chest
pain, and the secondary endpoint of coronary heart dis-
ease mortality, myocardial infarction, or unstable angina
as well as the rates of cardiovascular events [55]. It has
been suggested that these beneficial effects originated
from the inhibition of oxidative stress-induced apoptosis
in cardiac myocytes through activation of mitoKp [56].
An update on the clinical data available on the use of
nicorandil in angina was published recently [57].

By contrast, the results of a recent study of bimakalin in
patients with exercise-induced angina pectoris due to
coronary artery disease did not support the use of such a
drug for this particular therapeutic intent [58]. The au-
thors reported in fact that bimakalin had a dose-
dependent vasodilatory activity but did not exert any
anti-ischemic benefits in patients.

Myocardial ischemia (ischemic heart disease)

Recent preclinical studies show that the KCO nicorandil
induces late preconditioning against myocardial infarc-
tion in conscious rabbits [59]. The early administration of
nicorandil as an adjunct to reperfusion in patients with
AMI proved beneficial for cardioprotection, whereas in-
travenous magnesium was not [60]. Furthermore, intra-
venous nicorandil administered in conjunction with coro-
nary reperfusion therapy was associated with better
clinical and functional outcomes in patients with AMI
[37,61e]. Similarly, the inodilator levosimendan has been
shown to reduce the risk of worsening heart failure and
death in patients with left ventricular failure complicat-
ing AMI [50,62].

Beneficial effect on left ventricular diastolic function

Coronary hypoperfusion has been extensively known to
first alter left ventricular diastolic function and therefore
increase left atrial pressure and pulmonary capillary
wedge pressure (PCWP). Interestingly, a significant re-
duction in PCWP was noted during studies of the he-



modynamic effects of hypotension induced by KRN2391
in isoflurane-anesthetized dogs [63]. A sustained de-
crease in PCWP has also been reported in response to
nicorandil treatment of patients with congestive heart
failure [64]. Similarly, the inodilator levosimendan has
been shown to cause a marked reduction in PCWP in
patients with severe low-output heart failure, after car-
diac surgery, and in a case of peripartum cardiomyopathy
[49,65,66].

Beneficial effects on pulmonary hypertension

The KCOs inhibit hypoxic pulmonary vasoconstriction
and have been advocated for the management of pulmo-
nary hypertension [67]. In a porcine model of endotox-
emia, pretreatment with levosimendan substantially
ameliorated pulmonary hypertension with no adverse ef-
fects on gas exchange [68].

In a recent report, an infant with myocardial infarction
due to congenital stenosis of the left coronary artery and
with consecutive left ventricular dysfunction and mitral
regurgitation experienced refractory pulmonary hyper-
tension and recurrent refractory pulmonary hypertension
crises [69]. Catecholamines to support cardiac function,
or pulmonary vasodilators such as inhaled nitric oxide,
had no effect. Treatment with levosimendan improved
left ventricular dysfunction, increased cardiac index, and
decreased pulmonary vascular resistance. The authors
suggested the use of levosimendan as a long-term ino-
tropic agent and pulmonary vasodilator in infants with
depressed cardiac function.

Perioperative cardioprotection

The benefits of percutaneous coronary intervention in
AMI can be limited by reperfusion injury. Nicorandil
reduces infarct size in animal models. The Japan-
Working Groups of Acute Myocardial Infarction for the
Reduction of Necrotic Damage by a KCO (J-WIND-
KATP) designed a prospective, randomized, multicenter
study to evaluate whether nicorandil reduced myocardial
infarct size and improved regional wall motion when
used as adjunctive therapy for AMI [70]. The primary
endpoints were estimated infarct size and left ventricular
function. The results of the study have not yet been
published.

A possible additional use for KCOs is in the relief of pain
related to the first inflation of an intraaortic balloon in
coronary angioplasty. This hypothesis is corroborated by
studies and clinical experience showing that precondi-
tioning has an effect on the severity of cardiac pain
[71,72]. For example, intracoronary administration of
nicorandil has been used for the treatment of spontane-
ous microvascular spasm with ST segment elevation and
attenuated the delayed contrast medium washout seen in
right coronary angioplasty [73].
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The KCOs have also been proposed for reducing the risk
of ischemic adverse events after coronary artery bypass
grafting [74,75@¢]. The potential of mitoK, - as a target
in surgical cardioprotection was reviewed recently by
McCully and Levitsky [76].

Effects on organ perfusion and preservation

for transplant

The KCOs do not promote the “steal” phenomenon and
therefore improve blood flow and oxygen availability to
ischemic tissues. For instance, in a canine model, levo-
simendan increased blood flow to the renal medulla, de-
creased renal medullary and cortical vascular resistance,
increased blood flow to the small intestine and liver, and
reduced vascular resistance in these organs; it increased
hepatic blood flow; reduced cerebral vascular resistance,
and reduced skeletal muscle vascular resistance [33].

Regarding organ preservation for transplant, the addition
of pinacidil to the cardioplegic solution in a heart pres-
ervation study demonstrated that hyperpolarized arrest
with KCOs improves donor heart preservation when ad-
ministered in a histidine-buffered lactobionate-enriched
vehicle [77].

In a complementary study published recently, it was
demonstrated that pinacidil protects the lungs during
warm ischemia in the course of lung transplantation, thus
avoiding the metabolic derangements often seen with
traditional hyperkalemic preservation solutions [78]. The
authors of this report recorded significantly improved
graft function and reduced histologic injury with pinaci-
dil protection compared with the warm ischemia control
isolated lungs.

Conclusion

The K,p have attracted wide-ranging therapeutic inter-
est as potential targets in a range of cardiovascular con-
ditions. The first generation of drugs such as cromakalim
and pinacidil were intended for the treatment of hyper-
tension but failed to show clear advantages over angio-
tensin-converting enzyme inhibitors or calcium antago-
nists. Since then, however, the emergence of new
chemical entities with better tissue selectivity and better
pharmacokinetic and pharmacodynamic profiles has cre-
ated additional possible clinical applications for this
class.

In particular, the discovery of a connection between the
mitoK yp and the phenomenon of cardiac precondition-
ing has created potential new uses for KCOs in myocar-
dial ischemia, in unstable angina, and in preoperative
and perioperative settings. Nicorandil has been tested
successfully in angina.

Levosimendan may be one of the more promising com-
pounds in this field, given that it was construed as a
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dual-action KCO and calcium sensitizer that exerts at the
same time positive inotropic, vasodilatory, and cardiopro-
tective effects [79¢]. This drug has been approved in 30
countries for the treatment of acute and decompensated
heart failure and is currently being tested in preopera-
tive, perioperative, and postoperative settings. The re-
sults of these studies are expected in the relatively near
future.
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