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Myocardial protection: The role of the KATP channel
R. Carroll, J. M. Walker, D. M. Yellon

Ischaemic preconditioning provides powerful protection to the ischaemic myocardium. The clinical problem has always
been how to trigger that protection in a non-injurious way. Good evidence now suggests the mitochondrial KATP channel may
be the end effector of preconditioning, and this protection can be mimicked by pharmacological opening of the KATP channel in
a variety of experimental situations. Clinical data exist that suggest the KATP channel is involved in human preconditioning, but
more extensive evidence will be needed before the true potential of preconditioning by KATP openers can be realised. J. Clin
Basic Cardiol 1999; 2: 8–11.
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Ischaemic heart disease and its clinical correlate of acute myo-
cardial infarction (AMI) remains the largest cause of death

in developed countries. Despite the great benefits seen in major
trials of the use of thrombolytic therapy and various adjunc-
tive treatments such as β-blocker therapy and ACE inhibi-
tors, which result in potentially important benefits for patients
with AMI, there remains an important clinical burden of dis-
ease and premature death [1]. Of the 180,000 patients admit-
ted with AMI in the United Kingdom, 10–15 % die during
hospitalisation and a further 15–20 % die in the following year.
For those with impairment of left ventricular performance,
even with ACE inhibitor therapy, the outlook remains guarded
[2].

Similarly, in patients with Unstable Angina (UA), despite
improvements in diagnosis and more aggressive management,
UA is still associated with significant morbidity and mortality.
More than 10 % of these patients die or go on to experience
myocardial infarction within six months [3]. Newer anti-
thrombin and antiplatelet agents offer hope for considerable
improvement, but again their impact on the burden of dis-
ease remains to be shown.

It is clear therefore that there is scope for agents capable of
directly protecting the myocardium during severe ischaemia
and thus lengthening the time available for rescue of myocar-
dium by reperfusion.

The Preconditioning Phenomenon

Background
It is now apparent that the heart possesses important innate
powers of adaptation capable of generating significant protec-
tion against lethal ischaemia. This phenomenon, originally
identified by Murry and co-workers has been termed ischae-
mic preconditioning [4]. In a canine model of myocardial in-
farction, they discovered that, prior to a normally lethal is-
chaemic insult, preceding short cycles of sublethal ischaemia
with intermittent reperfusion resulted in a 75 % reduction in
infarct size. Since this landmark paper, it has become clear
that other than direct reperfusion, ischaemic preconditioning
is the most potent and reproducible mode of cardioprotection
investigated to date, and has been demonstrated in every spe-
cies studied, including man (for review see [5]). The precon-
ditioned heart, when exposed to a subsequent prolonged and
potentially lethal ischaemia and reperfusion stress has a mark-
edly reduced infarct size, less ultrastructural damage, higher
ATP reserves, better recovery of mechanical function and

fewer episodes of reperfusion arrhythmia (for review see
[5]).

Classical Preconditioning versus the Second Window
of Protection
The initial protection provided by ischaemic precondition-
ing, although powerful, is short lived with the protection last-
ing a few hours in most of the species studied. Protection is
apparent immediately after the preconditioning stimulus but
disappears after one or two hours [6, 7]. However, 12 to 24
hours later a return of myocardial protection is observed [8,
9]. Although not as powerful as the early phase, this second
window of protection (SWOP) [10] is more prolonged and
lasts up to 72 hours [11]. It is likely that these two forms of
adaptation have different underlying mechanisms although
they share the same triggers, that are mediated via G-proteins
coupled to protein kinase C (PKC) [5]. For example, suble-
thal ischaemia, adenosine A1 receptor agonism, bradykinin B2
receptor stimulation and opioid agonists all are capable of trig-
gering preconditioning. In classical preconditioning, a variety
of end effectors have been proposed, such as hyperphos-
phorylation of the small heat shock protein Hsp27 [12] or
opening of the mitochondrial KATP channel [13]. In the sec-
ond window of protection, enhanced functional activity of
the antioxidant enzyme superoxide dismutase [14], increased
levels of the inducible 70 kDa heat shock protein, Hsp72i [8],
hyperphosphorylation of Hsp27 [15], induction of nitric ox-
ide synthetase [16], and indeed opening the KATP channel [17],
have been implicated. As can be seen, the KATP channel looks
to be an increasingly attractive candidate as the target or end-
effector for both forms of preconditioning.

The KATP Channel

What is it?
The KATP channel is a member of a family of membrane span-
ning proteins. The channel was first identified in cardiac tis-
sue by Noma in 1983 [18] who found it to be an intermediate
conduction channel gated by ATP. In the sarcolemma it acts
as an inward rectifier, existing as octamers of four pore-form-
ing subunits of the Kir6 family, coupled to four sulphonylu-
rea receptors (SUR) [19]. The probability of open state con-
figuration is dependent on intracellular ATP concentration,
such that with normal ATP levels, the channel is quiescent,
but as ATP levels fall, open probability is greatly increased
[20]. SUR is a member of the ATP binding cassette superfamily
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[21] and appears to gate KATP by direct secretion of ATP, which
modulates the channel via a local purinergic receptor effect.
This complex is inhibited by ATP and sulphonylurea drugs
and activated by agents such as diazoxide, cromakalim,
pinacidil and nicorandil. Normally, in vivo, the probability of
KATP channel opening is regulated by ATP concentrations in
the 25–200 micromole range. Activated PKC isoforms can
change the ATP sensitivity threshold for KATP opening to the
concentrations of ATP seen in early ischaemia (1–2 millimole),
by changing the stoichiometry of the ATP binding site [22].
Other mediators are thought to gate this channel such as ad-
enosine, pH and lactate, all of which show significant changes
during ischaemia. Cardioprotection produced by the PKC
activator dioctanoyl glycerol is abolished by glibenclamide in
human muscle, indicating that the KATP channel is likely to
be an end effector of the preconditioning response [23]. The
KATP channel has also been identified in the mitochondrion
[24], but again, in the cardiocyte, its precise role is unclear
(see below). The sarcolemmal KATP channel has been cloned
and work is currently underway to sequence the mitochon-
drial channel.

Initial experiments
Opening the sarcolemmal KATP channel results in a repo-
larising current that reduces the length of the cardiac action
potential duration (APD), causing reduced calcium entry to
the myocyte [25]. Cardiac workload is reduced and myocar-
dial viability enhanced, in effect, generating a pharmacologi-
cal cardioplegia in ischaemic cells. The majority of data sup-
porting the role for the KATP channel comes from animal stud-
ies in which blockade of these channels by sulphonylurea com-
pounds abolished the protective effect of preconditioning,
whereas pharmacologic activation of these channels clearly
mimics the protection (for review see [26] and [27]). Protec-
tion by KATP channel opening drugs can occur at doses that
do not cause shortening of the action potential duration, indi-
cating that the protective effect exists independent of any pos-
tulated “cardioplegic” effect. In one such study, Yao and Gross
showed that the KATP opener bimakalim provided protection
against infarction in the dog with minimal shortening of APD
[28]. Subsequently, Grover and colleagues demonstrated that
the class III antiarrhythmic agent dofetilide administered at a
dose that prevented the shortening of APD, could not abolish
the protective effects of ischaemic preconditioning [29]. Simi-
larly, other agents that affect inward potassium currents other
than those of the KATP channel, such as the inward rectifier
potassium channel (KIR) blocker terikalant do not abolish the
protection mediated by preconditioning, in keeping with a
protective function specific to the KATP channel [30]. In a
recent study, co-transfection of the genes coding for the KATP
channel combined with the SUR receptor (Kir6.2/SUR2A)
into native COS-7 cells (which do not possess an indigenous
KATP channel) transformed the cells from an ischaemia sensi-
tive phenotype to one which, in the presence of low dose
diazoxide, was profoundly resistant to ischaemia [31]. This
points strongly to the fact that the KATP channel complex may
possess inherent cytoprotective properties. However, not all
data support activation of the KATP channel as being protec-
tive. Recently, in a study using paced strips of perfused, guinea-
pig ventricular myocardium, Picard and colleagues measured
labelled arachidonic acid release as an index of lipid mem-
brane damage. Briefly, they found not only that cromakalim,
10uM, increased membrane damage, but that glyburide sig-
nificantly decreased it compared to controls. Of particular note
in this study, was a significant proarrhythmic effect of
cromakalim [32].

Mitochondrial KATP channels
The KATP channel in the inner mitochondrial membrane was
first identified in 1991, but its functional significance is un-
clear although it clearly allows K+ cycling across the inner
mitochondrial membrane. Regulation of mitochondrial vol-
ume and or membrane potential would seem likely roles, and
it is attractive to imagine the KATP channel as a link between a
cell’s metabolic status and contractile function [33]. One of
the most striking features of the mitochondrial KATP channel
compared to the sarcolemmal channel is its remarkable sensi-
tivity to the KATP channel opener diazoxide, which exceeds
the sensitivity of the sarcolemmal channel 2000-fold [34].
Administration of the KATP channel opener diazoxide at a con-
centration that does not open sarcolemmal but only mitochon-
drial KATP channels is highly protective against injury. In the
working rat heart, Garlid and colleagues showed prior admin-
istration of diazoxide at a mitochondrial specific concentra-
tion conferred strong protection against infarction, and that
this protection was abolished by either glyburide (gliben-
clamide) or 5-hydroxydecanoate sodium [13]. Although the
exact roles of the KATP channel in physiological states and
during ischaemia are unclear, opening of the mitochondrial
KATP channel will dissipate the electrochemical gradient es-
tablished across the inner mitochondrial membrane by the
proton pump. Feedback will therefore accelerate electron
transfer by the respiratory chain and lead to net oxidation of
the mitochondria. Mitochondrial redox state can be measured
by recording the fluorescence of FAD-linked enzyme systems
in the mitochondria, and would allow an indirect measure-
ment of electrochemical gradient if all other factors remained
constant. Using this technique, in a study on isolated rat
cardiomyocytes, Liu and colleagues demonstrated that
diazoxide reduced cardiomyocyte death by 50 % in a simu-
lated model of ischaemia, which involved pelleting cardio-
myocytes beneath a layer of mineral oil to produce an anoxic
environment. More importantly, they clearly showed that this
occurred at a concentration that did not activate the sarco-
lemmal KATP channel. They also demonstrated localisation of
the effect of diazoxide to the mitochondrion using confocal
imaging of fluorescence arising from oxidised flavoproteins
and the mitochondrial fluorophore tetramethyl rhodamine
ester (TMRE), which localises to negatively charged areas
in organelles such as the mitochondrial inner membrane
[35]. Once again, they showed that both the protection and
the redox changes conferred were abolished by 5-hydroxy-
decanoate sodium. A number of studies have now reported
the effects of KATP channel opening on isolated mitochon-
dria. This technique has the advantage of allowing control of
the ion concentrations in the mitochondrial buffer and using
the tetraphenylphosphonium (TPP+) electrode effectively to
derive an absolute value for mitochondrial membrane poten-
tial. In one such recent study, Holmuhamedov and colleagues
studied the relationship between cardiac mitochondrial mem-
brane potential, respiration, calcium loading, volume and in-
tegrity. Using the KATP channel openers pinacidil, cromakalim
and levcromakalim, they demonstrated that these agents
caused depolarisation of the membrane, acceleration of respi-
ration, decreased ATP production, release of preloaded cal-
cium and swelling of the mitochondrion. It is worth noting
that in the same study, the KATP channel openers also induced
a net efflux of mitochondrial proteins including cytochrome-c.
However, the functional significance of these changes remains
unclear, and may even be argued to be deleterious in the case
of increased cytochrome-c release, a known trigger of apoptosis
[36]. As discussed earlier, PKC isoforms seem to be key me-
diator in the signal transduction of the preconditioning stimu-
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lus. It also appears that PKC may specifically enhance the ef-
fects of KATP channel opening. Using the PKC activator
phorbol 12-myristate 13-acetate, Sato showed a synergistic en-
hancement of the protective and redox-potential effects of
diazoxide in cultured non-beating adult rabbit myocytes [37].

It may be reasonable then, to suppose that the effector is in
fact the mitochondrial KATP channel, independent of the sta-
tus of the sarcolemmal channel, although how opening this
channel directly protects the myocyte is at present unknown.
Many possibilities exist, for example, dissipation of the mito-
chondrial membrane potential decreases calcium influx
through the calcium uniporter. It is well established that inhi-
bition of the uniporter by agents such as ruthenium red is
highly protective, and this appears an attractive hypothesis.
Secondly, it has been shown that dissipation of the mitochon-
drial membrane potential enhances the binding of the F0F1
ATPase inhibitor, IF1, helping to conserve ATP during ischae-
mia [38].

Examining the role of KATP in human models
of preconditioning

There is good laboratory evidence that the human myocar-
dium is amenable to preconditioning [39]. Clinical correlates
include “warm up angina” [40] and a survival benefit seen in
studies on pre-infarct angina in myocardial infarction [41].
Furthermore, preconditioning activity in patients can be in-
ferred during coronary angioplasty and open heart surgery
[42]. It is therefore likely that classical preconditioning and
SWOP occur in man, as it has been shown in every other
animal species studied to date.

Basic science
Studies in isolated superfused human atrial trabeculae sug-
gest that simulated ischaemia can produce classical precondi-
tioning and that this effect may be modulated by signalling
pathways involving PKC and the KATP channel as the effector
[23]. More recently it appears that other agents which couple
to the PKC signalling pathway such as the delta opioid receptor
may also be involved in the initiation of the stimulus [43].
Interestingly, the beneficial effects of opioid receptor agonism
can be attenuated with 5-hydroxydecanoate sodium, yet again
implying a role for the KATP channel in the protection ob-
served. Similarly, isolated, cultured human ventricular myo-
cytes have been shown to be able to be preconditioned with
ischaemia [44, 45]. Furthermore, using a human cardiocyte
cell line, we have been able to demonstrate the SWOP, pro-
tection seeming to be mediated by the KATP channel [46].

Angioplasty studies
In the setting of PTCA, it is possible to subject regions of the
ventricular myocardium to controlled ischaemia and reper-
fusion in a repetitive way using specific balloon inflation
protocols. Myocardial ischaemia can be measured in a semi
quantitative manner using clinical, electrocardiographic, meta-
bolic or haemodynamic measurements. It has been shown that
when the duration of the initial inflation is beyond a certain
threshold of between 60 and 90 seconds, subsequent balloon
inflations produce less myocardial ischaemia as measured by
the above markers [47–49]. This effect appears independent
of recruitment of collaterals in the acute setting, even though
this is a difficult confounding factor to account for [47, 48].
Most importantly, preconditioning in the setting of balloon
inflation appears to be mediated by the KATP channel [50] via
stimulation of the adenosine A1 receptor [51].

Studies during open heart surgery
We have studied the possibility that the human heart could be
protected against the ischaemia induced by aortic cross clamp
fibrillation during coronary artery surgery. To achieve this, the
heart was preconditioned with two cycles of global ischaemia
consisting of 3 minutes cross clamping and pacing at 90 beats
per minute interspersed with 2 minutes of reperfusion prior
to a 10 minute episode of global ischaemia and ventricular
fibrillation. At various points during the protocol needle bi-
opsies were taken and analysed for ATP content. The precon-
ditioned group showed much improved preservation of myo-
cardial ATP than the control group [52]. A subsequent study
using the same protocol demonstrated decreased release of
Troponin-T measured in serum in the preconditioned group
[53].

Clinical correlates

Unstable angina
The only KATP channel opener in current clinical use is
nicorandil, the nitrate ester of nicotinamide. As such, nicorandil
possesses both nitrovenodilator properties and the ability to
open KATP channels. It has a proven track record in the man-
agement of both stable and variant angina and as such would
seem to be a logical choice in the clinical study of the myocar-
dial effects of KATP channel opening. Two important studies
have been reported in the setting of unstable angina. Firstly,
in a double blind manner, Kato studied the effects of intrave-
nous nicorandil [54] versus intravenous isosorbide dinitrate
on patients with unstable angina. The treatment group showed
a trend to fewer episodes of anginal rest pain. More interest-
ingly, in a recently reported study, Patel and colleagues [55],
have analysed the effects of nicorandil when administered
orally to patients with unstable angina. All patients were treated
with an aggressive, standardised antianginal therapy, which
included a beta-blocker, calcium channel blocker, nitrates and
heparin. The trial compared the group receiving oral nicorandil
versus placebo added to the therapy. The nicorandil treated
group had significantly less episodes of silent myocardial is-
chaemia than the control group. More importantly, the
nicorandil treated group had significantly less arrhythmic
events, allaying initial fears that opening the KATP channel may
be pro-arrhythmic.

Myocardial infarction
Limited data exist on the effects of nicorandil during early
myocardial infarction and are confounded by the potential of
coronary or collateral vasodilator effects. In one small study,
the administration of intracoronary nicorandil following
reperfusion by either thrombolysis or primary angioplasty
showed significant improvements in regional wall motion scor-
ing at one month; but this must be tempered by the fact that
the treatment group also showed improved myocardial blood
flow in the area in jeopardy on contrast echo [56]. Similarly,
when oral nicorandil was administered to patients early after
AMI, a reduction in arrhythmia was seen as well as a trend
against the development of Q-waves in the non-Q MI group
[57]. Clearly the mechanisms here are not those of precondi-
tioning per se, but these two studies, and those evaluating
unstable angina refute proarrhythmia due to opening the KATP
channel in the setting of ischaemia/reperfusion injury, and
strongly underline the need for further clinical evaluation of
nicorandil or other, novel KATP channel openers in the setting
of acute coronary syndromes.

Myocardial protection: The role of the KATP channel
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