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FOCUS ON KATP-CHANNELS

Some observations and pathophysiological considerations
concerning KATP-channels and coronary heart disease

R. Gasser, W. Klein

KATP-channels are involved in a multitude of cardioprotective mechanisms: The shortening of the cardiac action potential
with subsequent decrease of Ca-entry and reduction of contractile force (reduced O2-consumption), ischaemic K-efflux and
preconditioning. Myocardial hibernation, another cardioprotective mechanism, is also initially triggered by the opening of
KATP-channels. Drugs, like K-channel-openers, hence, are beneficial in coronary heart disease. They support the physiological
mechanisms of anti-ischaemic protection. This article describes the various phenomena of anti-ischaemic protection in great
detail. J Clin Basic Cardiol 1999; 2: 15–8.
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Figure 1. Research laboratory of the working group of experimen-
tal cardiology at the Department of Medicine, University of Graz-
Austria. In this laboratory, most of the KATP-channel work quoted
has been conducted.

Figure 2. Experimental set-up, which has been used since 1988 in
order to conduct the key-experiments on KATP-channel opening
(original graph from [2] with kind permission of PhySoc London)

ATP-dependent potassium channels constitute a subpopu-
lation of transmembrane potassium channels. Opening

of the latter results from a decrease of cytoplasmatic ATP. There
are, however, various other causes for the opening of these
ion channels, for example changes in the relationship between
cytoplasmatic ATP and ADP, changes of intracellular pH,
adenosin as well as various nucleotides and, in particular, KATP-
channel openers such as diazoxide, nicorandil and others. The
discovery of the KATP-channel was made by Akinori Noma in
1983 [1]. Until 1990, however, the function of those chan-
nels in the heart had remained unknown. We were the first to
describe their function in the context of myocardial ischae-
mia [2], and Daut and co-workers described simultaneously
the function of those channels in the context of hypoxia in
vascular smooth muscle [3].

In the meantime, a multitude of single channel analyses as
well as molecular investigations were conducted. The exact
molecular structure of those channels was revealed, and the
channel was cloned [4]. Extensive investigations of our own
group as well as other groups have shown that the opening of
KATP-channels constitutes a vital mechanism in the context of
ischaemia protection [5–7]. Sulfonylureas are specific blockers
of those channels and possibly interact thus with vital protec-
tive mechanisms of the heart. Hence, their use in type II dia-
betic patients with concomitant coronary heart disease is still
a matter of discussion [4–7]. This could explain the high car-
diovascular mortality, which had been seen in the seventies in
UGPD-study in patients treated with sulfonylureas [8]. In
contrast, in patients with coronary heart disease, KATP-chan-
nel opening would constitute a supportive measure in the
body’s battle against ischaemia. The following chapters shall
explain the vital cardioprotective mechanisms, which are me-
diated by KATP-channel opening.

Electrophysiological investigations

We used conventional as well as ion-selective microelectrodes
in our experiments on isolated papillary muscle-strips and
vascular smooth muscle, we also used voltage clamp and iso-
lated perfused “Langendorff ”-hearts, isolated superfused
guinea-pig aorta, pig coronary arteries as well as bovine coro-
naries. Figure 1 shows our Laboratory of Experimental Car-
diology in Graz. Figure 2 shows an isolated guinea-pig papil-
lary-muscle which is immersed in a layer of paraffin-oil, simu-
lating myocardial ischaemia. Reperfusion is then simulated

by lifting the paraffin-oil layer electronically and reperfusing
the preparation with normal Tyrode. Several microelectrodes
measure ionic changes on the cell surface as well as in the
cytoplasm. This model allows the exact simulation of the sali-
ent characteristics of ischaemia. These are: reduction of con-
tractile force, rising of extracellular potassium, depolarisation
of the cell membrane, shortening of the action potential, acidi-
fication of the cell surface and acidification of the intercellu-
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Figure 3. Effect of simulated ischaemia on a Purkinje fiber (original
graph from [2] with kind permission of PhySoc London):
A: Tolbutamide inhibits the accumulation of potassium on the
surface of the preparation, while an increase of the concentration of
protons still occurs.
B: Tolbutamide inhibits the action potential shortening as well as
the reduction of contractile force. The ischaemia induced opening
of KATP-channels leads to liberation of potassium from the myo-
cardial cells (leading to angina pain) and at the same time to
shortening the action potential duration (local reduction contractile
force resulting in a decrease of myocardium oxygen consumption).

Figure 4. Liberation of atrionatriuretic peptide after a short
ischaemic episode (PTCA of LAD) in patients with coronary heart
disease. The inset shows the concentrations of ANP in the coronary
sinus. The curve with open symbols shows the ANP-concentrations
of patients from the antecubital vene. The fast rise of ANP leads to
peripheral vasodilation, coronary dilatation and elimination of
volume by strong diuresis. These mechanisms are cardioprotective
by reducing pre- and afterload.

lar spaces. It is noteworthy that myocardial ischaemia appears
in three different forms: acute ischaemia, repetitive ischaemia
and chronic ischaemia.

Acute ischaemia

In acute ischaemia, there are four salient mechanisms, which
bring the heart from the ischaemic state back to the non-is-
chaemic state. These are:

1. The local reduction of contractile force in the ischaemic
area and thus a reduction of oxygen consumption in this par-
ticular part of the myocardium

2. Reduction of pre- and afterload resulting from the lib-
eration of the atrionatriuretic peptide (the strongest diuretic
substance so far known in nature as well as a strong vasodila-
tor which leads to the elimination of volume and simultane-
ously reduces peripheral resistance by vasodilation)

3. Pain, as seen as in angina which leads to an instantane-
ous cessation of physical activity by the patient

4. The hypoxic-ischaemic reactive coronary dilation which
leads to an improvement of myocardial perfusion

1. Local reduction of contractile force in the myocardium
This phenomenon has been known for many years and oc-
curs in the early phase of acute myocardial ischaemia. It leads
to an acute reduction of contractile force within seconds after
the occurance of ischaemia. This local phenomenon protects
the heart from oxygen and energy consumption. There are
numerous cellular and molecular mechanisms which are in-
volved in this phenomenon: predominantly, it is the shorten-
ing of the action potential with a shortening of the plateau
phase. The latter leads to a reduction of the net calcium in-
flux which per se reduces contractility. Other mechanisms,
like cellular acidification and subsequent desensibilisation of
the contractile apparatus towards calcium as well as the in-
crease of cellular magnesium competing with calcium ions
on the contractile apparatus and the fall of cytoplasmic high-
energy phosphate also constitute mechanisms, but lead to lo-
cal reduction of contractile force in the myocardium. How-
ever, the main part is played by the shortening of the action
potential which has been described as early as in the forties.
Our own investigations [2] (fig. 3) have shown that the short-
ening of the action potential is caused by an increase of trans-
membrane potassium conduction which is exclusively medi-
ated by the opening of KATP-channels. This increased trans-
membrane potassium conduction leads to a faster repolari-
sation. Figure 3 shows in panel B that a decrease in contractile
force occurs early in acute ischaemia: the left part of panel B
shows the shortening of the action potential and its relation
to contractile force. The right part of the panel shows that in
the presence of tolbutamide, a specific blocker of KATP-chan-
nels, the action potential shortening does not occur. Likewise,
the fall in contractile force is much less pronounced. Thus, a
blockade of KATP-channels would have an unfavourable ef-
fect on the local reduction of contractile force which, in turn,
would lead to more oxygen consumption of the ischaemic
myocardial tissue. While the latter would enhance the progress
to necrosis, one could argue that the application of low dose
potassium channel openers in this context would lead to a
faster shortening of the action potential and improve ischae-
mia protection.

2. Decrease of pre- and afterload secondary to the lib-
eration of ANP
Despite the fact that this particular article is devoted to KATP-
channel opening, it is noteworthy that acute ischaemia also

leads – by a loss of contractile force of the left ventricle – to an
increase of enddiastolic pressure and, via the pulmonary cir-
culation, to a subsequent increase in the right atrium. This
leads to a liberation of atrionatriuretic peptide. It also has been
shown that atrionatriuretic peptide can be liberated from is-
chaemic myocardium itself. Figure 4 shows an increase of ANP
after a short ischaemic phase which has been caused by tran-
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Figure 5. Pig coronary artery precontracted with potassium-rich
Tyrode solution:
A: When 100 % oxygen is switched to 100 % nitrogen in the
perfusate (simulation of ischaemia) and instantaneous dilation of
the artery occurs.
B: Tolbutamide, a specific blocker of KATP-channels leads to an
inhibition of these mechanisms, hypoxic vasodilation is inhibited.
C: Serial experiments on the inhibition of hypoxy coronary dilation
using glibenclamide and other specific blockers of KATP-channels.

Figure 6. Phenomenon of autopreconditioning. During the early
phase of acute myocardial infarction, various parameters of
ischaemia are subject to changes: ST-elevation, CK-MB, myoglobin
as well as ANP rise and fall in an episodic manner. They reflect
alternating phases of coronary artery occlusion and spontaneous
reperfusion. PTCA, in contrast, only causes one peak in the ANP-
concentration curve, as we see only one occlusion and one
reperfusion (see figure 4).

sient ischaemia secondary to percutaneous transluminal coro-
nary angioplasty (PTCA) (see also fig. 6). Even short periods
of ischaemia like 1.5 minutes are enough in order to cause a
drastic rise of atrionatriuretic peptide [9].

In our animal experiments, we used exactly the same con-
centration of ANP in isolated “Langendorff ”-perfused guinea-
pig hearts and we could show a quick fall in the coronary
perfusion pressure which is equivalent to coronary dilation
[10]. ANP thus is not only a dilator of peripheral arteries, but
also improves perfusion in the coronary arteries themselves.
It also enhances renal elimination of volume by its strong diu-
retic effect and thus reduces preload. Therefore, ANP will
lead to an improved coronary perfusion, a decreased pre- and
afterload and hence to a decreased workload of the heart.

3. Pain
It has been known for a long time that acute myocardial is-
chaemia causes anginal pain. This type of pain is mediated by

various factors, in particular, by the accumulation of extracel-
lular potassium ions (fig. 3) which is one of the salient char-
acteristics of ischaemia. The increase of extracellular potas-
sium leads to a depolarisation of free nerve endings and these,
in turn, lead to anginal pain which subsequently causes in-
stantaneous cessation of physical activity. The latter is invari-
ably related to a reduction of cardiac workload. As a result,
oxygen and high-energy consumption of the myocardium
decreases, which is pivotal for anti-ischaemic myocardial pro-
tection. Figure 3 shows that this extracellular rise of potas-
sium in the early phase of myocardial ischaemia is mediated
by KATP-channels. The presence of tolbutamide, a specific
blocker of KATP-channels completely abolishes the extracel-
lular potassium accumulation in the early phase of myocar-
dial ischaemia.

4. Myocardial ischaemia and reflectory coronary artery
dilation
The so called reflectory coronary artery dilation, which occurs
as a result of hypoxia or ischaemia, has been known for many
years. In this context, many hypotheses have been put forward
concerning the mechanisms involved in this phenomenon.
One of them is the adenosin-hypothesis. Reference 7 gives an
overview on this hypothetical concept. Many factors have been
claimed to play an important role in this context, such as lac-
tic acid, adenosin, prostaglandines, EDRF, a rise of extracel-
lular potassium, the local acidification as well as the rise of
free CO². It was shown by Daut in 1989 that the main part in
coronary artery dilation is played by the opening of KATP-chan-
nels.

Figure 5A shows an experiment on a pig coronary artery
which is exposed to hypoxia (100 % oxygen replaced by 100 %
nitrogen in the perfusate). One can see a quick dilation of the
coronary artery during hypoxia. In the presence of a specific
blocker of KATP-channels, one can see (fig. 5) immediate in-
hibition of hypoxic coronary dilation. Figure 5C shows re-
sults from several experiments where hypoxic coronary ar-
tery dilation is inhibited by glibenclamide, a specific blocker
of KATP-channels [11]. Experiments have been conducted with
and without endothelium and showed that, in this particular
setting, the endothelium plays just a minor role.

KATP-channels and coronary heart disease
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In summary, one can say that in acute ischaemia three
mechanisms play an important role in anti-ischaemic myo-
cardial protection: anginal pain, reflectory coronary artery di-
lation and local reduction of contractile force.

Repetitive ischaemia

1. Preconditioning
Preconditioning is a myocardial protective mechanism that
follows a short ischaemic episode of several minutes. This is
equivalent to a short anginal attack. If that short period of is-
chaemia is followed by a prolonged ischaemic episode, the
myocardium is protected against ischaemic damage: contrac-
tile force returns to normal much faster and necrosis devel-
ops later. Recent works have shown that preconditioning is
also mediated by KATP-channels. However, various second
messengers in the cytoplasm induce the synthesis of protec-
tive proteins, like the heat-shock-protein and others. Precon-
ditioning can be prevented by blocking KATP-channels. In
contrast, the pharmacological opening of KATP-channels in-
duces myocardial preconditioning [6]. There are also investi-
gations on human myocardium that confirm these observa-
tions. It could be shown that patients who have been treated
by specific openers of KATP-channels, in particular, nicorandil,
indeed show preconditioning in the myocardium [6]. Necrosis
occurs later in such patients. Hence, nicorandil and other
KATP-channel openers show a cardioprotective action in addi-
tion to the ones already mentioned.

2. Autopreconditioning
Years of investigations in our laboratories have shown that the
early phase of myocardial infarction is phasic in its nature and
shows waves of autoreperfusion alternating with coronary
thrombosis and spasm [12]. Figure 6 shows different phasic
phenomenon as occuring in early myocardial infarction, rep-
resenting waves of spontaneous reperfusion. Likely, the waves
of reperfusion – similar to preinfarction syndrome and pre-
infarction angina – have been designed to precondition the
myocardium in order to prevent severe ischaemic damage from
the subsequent myocardial infarction. Thus, the phasic na-
ture of early myocardial infarction with the waves of reper-
fusion very likely cause a phenomenon which could be called
autopreconditioning.

Chronic ischaemia

Hibernation
Hibernation is a constitutive state of underperfused myocar-
dium in which its contractile function is transiently reduced.

a. Acute hibernation
In order to understand the pathophysiology of hibernation,
one has to distinguish between acute and chronic hiberna-
tion. The acute form of hibernation is induced by the open-
ing of KATP-channels and the subsequent shortening of the
action potential [13] (figure 3). The latter leads to a decreased
net calcium influx which, as a second messenger, like other
factors, leads to a molecular restructuring of the myocardium.

b. Chronic hibernation
Resulting from a. acute hibernation, molecular structural changes
occur in the myocardium likely as a result of decreased inter-
cellular calcium (which acts as a second messenger), and itself
results from a shortening of the action potential as described
above. In principle, the myocardium becomes hypotrophic.
This hypotrophy is based on a complex mechanism, which

results from numerous molecular changes. It is important to
reiterate that the ionic bases of chronic hiberation are  consti-
tuted by the reduced net calcium influx.

In summary, hibernation constitutes a protective mecha-
nism in which the myocardium is somehow switched off or
reduced in its contractile function and thus protected from
damage which could result from the reduced perfusion. Hi-
bernation is confined to the underperfused myocardial re-
gions and is reversible. Why does the heart hibernate? In real
life, reduced coronary perfusion in a local area of the myocar-
dium also leads to increased collateralisation and once the
collateral vessels are sufficient to support the hibernating
myocardium it reinstitutes its original contractile function.
Hibernation plays an important part in the context of surgical
revascularisation. Some authors even state that ischaemic car-
diomyopathy with globally decreased left ventricular ejection
fraction constitutes, a form of hibernation and therefore re-
vascularisation of such patients is useful.

Conclusion

However, from the importance of KATP-channels in the con-
text of ischaemia prevention one can deduce that KATP-chan-
nel opening is certainly beneficial for patients with coronary
heart disease. The pharmacological inhibition of these chan-
nels, however, may be fatal for patients with coronary heart
disease. Therefore, one should pay attention when using oral
antidiabetic drugs on patients with coronary heart disease.
Nicorandil, as well as all the KATP-channel openers, have
proven beneficial  in several clinical settings for patients with
coronary heart disease. A large trial particularly designed on
the investigation of nicorandils effect on mortality and mor-
bidity is on the way.
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