
This issue of Heart and Metabolism is dedicat-
ed to a discussion of interventions that pre-
serve myocardium following coronary artery
occlusion by influencing the changes in
metabolism and ion fluxes that accompany
ischemia and reperfusion. For such interven-
tions to have a clinical impact they must slow
the rate at which myocardium dies following
coronary artery occlusion, and/or must limit
lethal events occurring when infarct-related
artery patency is restored, so-called ‘reperfu-
sion injury’. The underlying premise is that
either intra- or postischemic protection saves
myocardium, maintaining contractile reserve,
thereby limiting maladaptive postinfarction
remodeling. The net effect of such protective
interventions would be to limit increases in
postinfarction end-systolic volume, the most
powerful predictor of subsequent mortality.1
The question therefore is, are there any meta-
bolic or ionic interventions that are able to
reduce mortality?

Agents that only slow necrosis

The first compelling problem is that discussed
by Drs Sack and Yellon. In the experimental
laboratory there are a number of interventions
that can slow the rate of myocardial death fol-
lowing coronary occlusion. However, most
investigators find that these treatments, which
include adenosine and sodium proton
exchange inhibitors, must be given before the
moment of coronary artery occlusion. One
reason why this is necessary is that the
amount of collateral support to the ischemic

zone is uncertain, and therefore to ensure that
the protective substance is in contact with the
myocardium it has to be delivered by ante-
grade flow. Another reason is that these inter-
ventions only slow the rate of necrosis, they
do not resurrect dead myocytes, and must
therefore be present when myocardial necro-
sis is threatened rather than established. In the
clinical arena, where presentation with chest
pain and ST-segment elevation is triggered by
coronary occlusion, there are few circum-
stances where such interventions are practical.
As Drs Avkiran, Cohen, and Downey point
out, it is exactly these sorts of issues that may
explain why the GUARDIAN2 and AMISTAD3

trials, though negative overall, suggested that
treatment with a sodium proton exchange
inhibitor or adenosine may still benefit certain
subgroups.

Agents that limit reperfusion injury

The concept of reperfusion injury is one that
we have always found difficult to grasp.
Unfortunately, despite decades of research it
remains controversial, with one camp believ-
ing that reperfusion merely unmasks myocytes
that died during ischemia, and the other
camp believing that reperfusion kills myocytes
that were still alive at the end of ischemia.
The most convincing way to unravel the con-
tribution of reperfusion is to find interventions
that limit ultimate infarct size only when given
during reperfusion. Unfortunately, most such
interventions have yielded dichotomous
results, with some investigators finding they
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do protect and others finding they do not.
Recently, however, the observation that the
process of apoptosis may continue during
reperfusion has provided a target for late
intervention. This allows strategies that are
closely allied to the treatment of patients pre-
senting with ST elevation, namely reperfusion
therapy.

In this issue Drs Sack and Yellon point out
that insulin may have antiapoptotic properties
thereby enabling it to limit infarct size even
when given during reperfusion. Together with
Drs Avkiran, Cohen, and Downey they argue
it is exactly these properties of insulin that
enabled the small pilot ECLA trial of glucose,
insulin, and potassium (GIK) to succeed4

where larger trials such as AMISTAD and
ESCAMI failed. Moreover, in the clinical study
described in this issue by Drs van Campen,
Klein, and Visser, GIK was also shown to
improve left ventricular function during the
reperfusion phase of myocardial infarction,
enabling the detection of viable but stunned
or hibernating myocardium. This is a signifi-
cant finding since it is exactly under these cir-
cumstances that dobutamine extends necrosis
in animal models.5

Hence it is the cheap metabolic strategy of
GIK, lacking patent protection, that receives
the greatest support from our contributors.
The GIK hypothesis is currently being tested in
the larger, noncommercial, ECLA 2 full-scale
trial. We urge those of you who are interested
to visit http://www.ecla.org.ar.

Summary

In patients with acute coronary artery occlu-
sion and ST elevation there is no proven inter-
vention other than reperfusion that definitely
reduces the volume of myocardium that
undergoes infarction. Further clinical investiga-
tion is necessary to determine whether meta-
bolic and other interventions are cardiopro-
tective at reperfusion. Whilst these studies are
ongoing, keep taking the aspirin, β-blockers,
ACE inhibitors, and statins! ■
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Introduction

Cardiovascular disease remains a leading
cause of death worldwide. For example, car-
diovascular mortality, arising principally from
ischemic heart disease, accounts for 40% of
all deaths before the age of 74 years in Euro-
pean countries.1 Despite the availability of
preventative treatments, patients often present
at an advanced stage of coronary artery dis-
ease, with atherosclerotic plaques that are
liable to cause abrupt coronary occlusion,
myocardial infarction, and death. Currently,
the most effective method of reducing mortal-
ity in patients who suffer such an abrupt coro-
nary occlusion is to achieve rapid reperfusion,
by thrombolysis or mechanical disruption of
the occlusive coronary thrombus and plaque.
However, it is well established that for reper-
fusion to be of optimal benefit (by salvaging
ischemic myocardium from necrosis and
thereby maintaining ventricular function), it
has to be achieved rapidly after the onset of
ischemia. Unfortunately, many patients with
acute myocardial infarction do not receive the
full benefit of reperfusion because they suffer
from delays in reporting to hospital and/or
receiving appropriate treatment.2 Further-
more, there is evidence that the phenomenon
of ‘reperfusion-induced injury’ may detract
from the undoubted benefits of coronary flow
restoration.3

There are currently no clinically proven
therapies that are used widely to enhance the
myocardium’s tolerance to ischemia and
thereby extend the time-window for tissue sal-
vage by reperfusion, or to further enhance the
benefits of reperfusion by attenuating reperfu-
sion-induced injury. If available, such thera-
pies would be expected to be of value not
only in the management of acute myocardial
infarction but also in cardiac surgery, where

the heart is often subjected to periods of glob-
al ischemia and reperfusion. In the surgical
setting, these may find application as adjuvant
therapies and be used in conjunction with
existing cardioprotective strategies, such as
cardioplegic arrest or intermittent ventricular
fibrillation, to enhance postischemic myocar-
dial viability and function.

From the above, it is apparent that the
development of effective treatments for the
direct protection of ischemic and reperfused
myocardium should provide cardiologists and
cardiac surgeons with novel therapeutic
options and would be expected to have a
beneficial impact on the mortality and mor-
bidity associated with ischemic heart disease.
The objective of this article is to highlight sev-
eral approaches to cardiac protection that
have received attention in recent years, some
of which have already reached the stage of
clinical evaluation. These approaches have
aimed to improve myocardial tolerance to
ischemia and improve its viability and func-
tion after reperfusion, by manipulating cellular
metabolism or ion transport and by under-
standing (and subsequently exploiting) the sig-
naling mechanisms that regulate myocardial
susceptibility to injury, in particular those that
are responsible for the powerful endogenous
protection afforded by adaptive phenomena
such as ischemic preconditioning (Figure 1).

Metabolic approaches

Under normal, aerobic conditions, the
myocardium can utilize a variety of substrates
(eg, free fatty acids, glucose, lactate) to pro-
duce the energy required to maintain its via-
bility and function, in the form of adenosine
triphosphate (ATP), primarily through oxida-
tive metabolism. In contrast, in ischemic

Different strategies for cardiac protection:
metabolic, ionic, signaling
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myocardium, the metabolism of glucose to
lactate by anaerobic glycolysis becomes the
main source of ATP generation.4

As reviewed recently,5,6 in myocardium sub-
jected to ischemia and reperfusion, significant
functional benefit may be obtained by using
interventions that inhibit fatty acid metabolism
and/or stimulate glucose metabolism, in par-
ticular glucose oxidation. This may be
achieved by the administration of glucose and
insulin, a concept which has received
renewed attention7 following encouraging
clinical findings with glucose-insulin-potassium
(GIK) treatment, from a metaanalysis8 and a
prospective, randomized clinical trial,9 in
patients with acute myocardial infarction.
Interestingly, recent experimental data suggest
that GIK therapy may also help maintain sys-
tolic and diastolic ventricular function follow-
ing transient ischemia that does not produce
irreversible myocardial injury.10 A likely mech-
anism for the benefits of GIK therapy is
reduced free fatty acid metabolism (through
decreases in both circulating fatty acids and
myocardial fatty acid uptake), although other
mechanisms such as increased glycolytic ATP
synthesis may also contribute.7 Alternatively,
glucose oxidation may be increased by phar-
macological stimulation of the rate-limiting
enzyme in this process, the pyruvate dehydro-
genase complex.5 For example, dichloroac-
etate, which stimulates pyruvate dehydroge-
nase activity, has been shown to enhance glu-
cose oxidation and thereby increase cardiac
work and efficiency during reperfusion of iso-

lated hearts subjected to global ischemia.11

However, a low potency and short in vivo
half-life limit the clinical utility of dichloroac-
etate.5

Another approach to alter the balance
between fatty acid oxidation and glucose oxi-
dation beneficially is to inhibit key enzymes in
the former process. The antianginal drug
trimetazidine has been shown recently to
inhibit mitochondrial long-chain 3-ketoacyl
coenzyme A thiolase, a critical enzyme in fatty
acid oxidation, and thereby increase glucose
oxidation.12 Presumably through such an
effect on myocardial metabolism, trimetazi-
dine has also been shown to attenuate the
intracellular acidosis and the intracellular
accumulation of sodium that develop in isolat-
ed hearts during ischemia, and to improve the
postischemic recovery of systolic and diastolic
function.13 It is clear, therefore, that myocar-
dial injury and dysfunction during ischemia
and reperfusion may be attenuated through a
variety of interventions targeted at myocardial
metabolism.

Ionic approaches

Ischemia is associated with a disruption of
myocardial ionic homeostasis, which results in
the intracellular accumulation of sodium and
calcium and the extracellular accumulation of
potassium. These ionic disturbances, some of
which (in particular the intracellular accumu-
lation of calcium, or ‘calcium overload’) may
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Figure 1. Potential approaches to cardiac protection. GIK, glucose-insulin-potassium; NHE, sodium/hydrogen
exchanger; p38 MAPK, p38 mitogen-activated protein kinase.
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be further exacerbated during early reperfu-
sion, have been linked causally with the unfa-
vorable consequences of ischemia and reper-
fusion, such as arrhythmias, contractile dys-
function, and myocardial necrosis.14 As such,
ion translocating proteins have been favored
targets for putative cardioprotective agents.
One ion translocating protein which has
received particular attention in recent years is
the sodium/hydrogen exchanger (NHE), which
is activated during ischemia and reperfusion15

and is believed to contribute to the intracellu-
lar accumulation of sodium, and consequently
calcium, in myocardial cells (Figure 2).16

Since the mid-1990s, several new drugs that
selectively target the cardiac NHE and inhibit
its activity have been developed and shown to
attenuate severe arrhythmias, limit the extent
of myocardial necrosis (ie, infarct size), and
preserve myocardial contractile function in a
variety of models of ischemia and
reperfusion.16,17 Interestingly, relative to

ischemic preconditioning, the magnitude of
the protection afforded by NHE inhibition
appears to be comparable or, if the ischemic
period is prolonged, even greater.18–20 One of
the new NHE inhibitors, cariporide, has also
been tested clinically in two recent studies.
Rupprecht et al21 have obtained data from a
cohort of 100 patients with acute anterior
myocardial infarction, which suggested that
cariporide could preserve tissue viability and
contractile function when used as in conjunc-
tion with direct coronary angioplasty. These
encouraging findings need to be confirmed by
larger clinical studies. Théroux et al22 have
determined the effects of cariporide in a
much larger, combined phase-II/phase-III
study (the GUARDIAN [Guard During
Ischemia Against Necrosis] study), which
involved patients in a variety of high-risk
ischemic situations. The results of this study
indicated no significant benefit of cariporide
in patients with unstable angina or non-ST-
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Figure 2. Putative mechanism of calcium overload during myocardial ischemia and reperfusion. Increased
activity of the sodium/hydrogen exchanger (NHE), primarily as a result of intracellular acidosis, occurs con-
comitantly with inhibition of the sodium/potassium pump (Na/K pump) and leads to the intracellular accumu-
lation of sodium. This in turn produces calcium influx through reverse-mode sodium/calcium exchange (NCE).
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elevation myocardial infarction and those
undergoing a high-risk percutaneous coronary
intervention.22 However, in patients undergo-
ing high-risk coronary artery bypass graft
surgery, there was a significant reduction in
the primary endpoint (incidence of death or
myocardial infarction), with the highest dose
of cariporide (12.1% [89/734] vs. 16.2%
[120/743] in the placebo group, P = 0.03).22

These data suggest that the experimental
promise of NHE inhibition may be fulfilled
clinically, at least in the setting of coronary
artery bypass graft surgery.

The interest in the intracellular accumula-
tion of sodium and calcium as potential causal
factors in ischemia and reperfusion-induced
injury has also led to recent studies with phar-
macological inhibitors of other ion translocat-
ing proteins, such as the sodium/calcium
exchanger23 and the sodium/bicarbonate sym-
porter,24 in cellular models of simulated
ischemia. However, there is inadequate whole
heart and in vivo data with such agents and
they have not reached the stage of clinical
evaluation.

Signaling

Until recently, for many cardiovascular investi-
gators, ‘signaling’ was something they occa-
sionally did while driving. However, the bur-
geoning interest in the mechanisms that
underlie the powerful cardioprotective adap-
tation that is initiated by ischemic precondi-
tioning25 has encouraged an intense interest in
the intracellular signaling pathways that oper-
ate in myocardial cells, particularly those that
are mediated through protein phosphorylation
reactions catalyzed by enzymes known as pro-
tein kinases.

There appears to be general agreement that
protein kinase C plays a pivotal role in initiat-
ing the adaptive signaling mechanisms that
underlie ischemic preconditioning.26–28 How-
ever, distal components of the relevant signal-
ing pathways have not been definitively iden-
tified. For example, considerable confusion
surrounds the role p38 mitogen-activated pro-
tein kinase (p38 MAPK) in preconditioning,29

since p38 MAPK has been suggested to be a
critical mediator of both the preconditioning
response30,31 and ischemic injury.32–34

The identity of the ‘end effector’ of
ischemic preconditioning also remains
unclear. Although the mitochondrial ATP-sen-
sitive potassium channel had been suggested
to serve such a function,35 more recent evi-
dence indicates a more proximal, triggering
role for this channel in the activation of the
relevant signaling pathways.36

Interest in the signaling pathways that deter-
mine myocardial susceptibility to injury during
ischemia and reperfusion has also included
those pathways that may regulate myocyte
loss through programmed cell death, or apop-
tosis. In this context, experiments in a variety
of models have suggested that activation of
antiapoptotic pathways, such as those mediat-
ed via extracellular signal-regulated kinase
(also known as p42/p44 MAPK)37 and Akt/pro-
tein kinase B,38,39 may provide functional ben-
efit during ischemia and reperfusion, by pre-
serving myocardial viability. Indeed, it has
been suggested that activation of such anti-
apoptotic pathways by growth factors may
present a promising new approach to the
attenuation of reperfusion-induced injury.40

It is likely that research into the intracellular
signaling pathways that mediate ischemic pre-
conditioning and those that modulate myocar-
dial susceptibility to injury and dysfunction
during ischemia and reperfusion (either by
mimicking or independently of precondition-
ing) will continue unabated for some years to
come. The hope is that such work will identify
critical pathways which subsequently can be
exploited to therapeutic benefit, through
either pharmacological or genetic manipula-
tion.

Conclusion

Exciting new data continue to emerge from
the search for metabolic, ionic, and signaling
strategies for the protection of the myocardi-
um during ischemia and reperfusion. Although
these strategies have been discussed under
separate headings in this article, it should be
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noted that the cellular processes manipulated
by such strategies impact upon each other. For
example, altered myocardial metabolism can
undoubtedly modulate cellular ionic balance
(eg, by altering the activity of ion translocating
proteins) and signal transduction (eg, by regu-
lating protein phosphorylation reactions). Sim-
ilarly, activation or inhibition of targeted sig-
naling molecules can produce responses by
positively or negatively affecting the activities
of metabolic enzymes or ion translocating pro-
teins. Greater understanding of the crossregu-
latory mechanisms that operate between dis-
tinct cellular processes and the consequences
of their manipulation during ischemia and
reperfusion is likely to lead the way in the
development of effective new cardioprotec-
tive therapies which will fulfill an important
void in the physicians’ arsenal in the battle
against ischemic heart disease. ■
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Coronary artery disease is still the leading
cause of death in the United States. Because
it is now well accepted that the formation of
an intracoronary thrombus is the final step in
the pathogenesis of coronary occlusion, early
reperfusion therapy is acknowledged to be a
very effective means of salvaging ischemic
myocardium. The introduction of thrombolytic
agents for the treatment of acute myocardial
infarction has strikingly altered the approach
to acute coronary thrombosis and has reduced
mortality. The current recommendation is
reperfusion within a period not exceeding 6 h
after onset of chest pain. Reperfusion may be
effected either pharmacologically with a
thrombolytic agent or mechanically with
angioplasty or bypass surgery.

However, it must be realized that despite
the on-call availability of interventional
catheterization teams in major clinical centers,
there is an unavoidable delay until the coro-
nary artery can be opened; and if thromboly-
sis is chosen, this process still may take 1–2 h.
When myocardium is deprived of arterial
blood delivering oxygen, reperfusion delays
translate into necrosis. Thus, while reperfusion
therapy has reduced the amount of infarction,
the latter has not been eliminated. Therefore,
there has been an intense effort to develop
strategies that will preserve viability of
ischemic tissue in the period before reperfu-
sion can be established.

There is also evidence that the very process
which rescues ischemic myocardium, ie,
reperfusion, may also be the cause of addi-
tional damage to the tissue, the so-called
reperfusion injury. When ischemic myocardi-
um is reperfused, its appearance rapidly
changes from that of normal tissue to one

characterized by obvious necrosis. It is unclear
whether this reflects additional necrosis result-
ing from reperfusion or whether it is simply
the expression of irreversible damage incurred
during ischemia. Many causes of this reperfu-
sion injury have been suggested: oxygen free
radicals, increases in intracellular Ca++ con-
tent, neutrophil recruitment, complement
activation, disturbed endothelial function
leading to the no-reflow phenomenon,
impaired cellular energetics, and damage to
the extracellular collagen matrix. Unfortunate-
ly, reperfusion injury has been difficult to
prove, and establishment of a mechanism has
been elusive.

There are a number of established interven-
tions which utilize the mechanism of ischemic
preconditioning to salvage ischemic myocardi-
um.1 Unfortunately, the majority of clinically
acceptable agents require pretreatment to be
effective. Obviously the need for pretreatment
limits this form of protection to patients
undergoing revascularization surgery or possi-
bly angioplasty, but would not be suitable for
patients admitted with acute myocardial
infarction.

Sodium-hydrogen exchange blockers:
theory and experimental data

Hence attention has focused on limitation of
reperfusion injury, since such interventions
could be administered after the onset of
ischemia. This would be practical in patients
with myocardial infarction in whom reperfu-
sion is being considered. In the myocardial
cell, acidosis exerts potent depressive effects
on cardiac function by interfering with excita-

Can pharmacologic treatment initiated
shortly before reperfusion salvage

ischemic myocardium?
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tion-contraction coupling. Accordingly, there
are two major alkalinizing exchangers in the
cell that protect against acidosis: the
sodium/hydrogen exchanger (NHE) and the
Na+/HCO3

− symporter. There are at least six
distinct NHE isoforms, although NHE1 is ubiq-
uitous and is the predominant one expressed
in the heart.2 An increase in intracellular pro-
tons activates the NHE. Na+ exchanges for H+

in a 1:1 stoichiometric relationship until the
intracellular pH is restored and then the
exchanger is again inhibited. The steep Na+

gradient across the membrane supplies energy
for extruding protons. During ischemia, excess
protons are produced as mitochondrial oxida-
tion is replaced with anaerobic glycolysis. As
protons accumulate in the cell, the NHE
extrudes H+ in favor of Na+ in an attempt to
restore pH. Because Na+,K+-ATPase is inhibit-
ed during ischemia, Na+ increases as a
byproduct of this process. Due to the pres-
ence of an Na+/Ca++ exchanger, some Na+ is
transported back out of the ischemic cell, but
at the expense of increasing intracellular
Ca++. The latter is felt to be particularly injuri-
ous to the cell because of activation of calci-
um-dependent proteases and enzymes gener-
ating free radicals. Acidification of the extra-
cellular fluid may limit NHE during ischemia.
At the time of reperfusion, however, the pH
of the extracellular fluid is quickly normalized.
Accordingly, there should be an increased
exchange of extracellular Na+ for the accumu-
lated intracellular H+. The former is then
exchanged for Ca++, resulting in accumulation
of potentially damaging Ca++ ions which can
uncouple oxidative phosphorylation in mito-
chondria,3 activate phospholipases leading to
membrane damage,3 produce abnormalities of
myofilament contraction and relaxation,3 and
initiate after-depolarizations leading to
arrhythmias.4 Indeed, direct ion measure-
ments5 and NMR studies6,7 have confirmed
these ion shifts in intact hearts. Hence, it was
reasoned that if the NHE could be blocked at
reperfusion, cellular Ca++ overload could be
attenuated, and perhaps cellular damage miti-
gated.

The first NHE blockers, the potassium-spar-
ing diuretic amiloride and its derivatives, were

indeed found to be protective in experimental
animals. They preserved postischemic ventric-
ular function3,5,6,8–10 and diminished myocar-
dial enzyme release.8–11 Although protection
was greatest when the drug was administered
before ischemia,3,5,6,8–12 in many studies pro-
tection was still evident even when treatment
was delayed until just before reperfu-
sion.5,9,10,12 Unfortunately, these drugs were
not specific for NHE. The newer NHE antago-
nists, however, are both potent and specific.
One of these is cariporide. In experimental
animals it decreases ischemic and reperfusion
arrhythmias,13–16 decreases enzyme release
following ischemia,13 diminishes infarct
size,15,17–20 and limits apoptosis.16,21 These car-
dioprotective effects were clearly seen when
cariporide was infused intravenously before
ischemia,13–19,21 and again, in some studies,
protection was also seen when infusion was
delayed until after the onset of ischemia20 and
even until shortly before reperfusion.15,19

NHE clinical trials: GUARDIAN and 
ESCAMI

Because of the solid theory behind the cardio-
protective effect of NHE blockers and the
impressive experimental data obtained with
cariporide, a clinical trial, GUARDIAN
(GUARD During Ischemia Against Necrosis),
was organized.22 This was an international,
combined phase-II/phase-III dosing, safety,
and efficacy trial in which 11,590 subjects
with acute coronary syndromes at risk for
myocardial infarction were enrolled. There
were three clinical arms: (1) unstable angina
or non-ST-segment elevation myocardial
infarction; (2) high-risk angioplasty; and (3)
urgent, repeat, or high-risk coronary revascu-
larization surgery. Patients were randomized
to receive either intravenous placebo or 20,
80, or 120 mg cariporide tid. Drug infusion
was initiated shortly before the procedure or
as soon as the clinical diagnosis was made and
was generally continued for 2–7 days. Primary
endpoints were the incidence of myocardial
infarction and mortality at 36 days after ran-
domization, while secondary endpoints were
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the appearance of events related to left ven-
tricular dysfunction such as heart failure and
shock at 6 months, and extent of infarction
assessed by peak levels of CK-MB. 

The results were disappointing. For all
patients there was no benefit of cariporide
over placebo for primary endpoints. Only one
of the nine cariporide subgroups showed
diminished risk. There was no effect at any
dose in the unstable angina subgroup. A 23%
decrease in risk in the angioplasty group treat-
ed with 20 mg tid barely missed significance
(P = 0.06), but there was no effect at the
higher doses. There was also no effect of 20
and 80 mg doses in the surgical group. Only
at 120 mg tid was the 25% decrease in risk of
myocardial infarction and death following
surgery significant (P = 0.027). Mortality by
itself was unaffected. Q-wave myocardial
infarctions were decreased in all groups. Non-
Q-wave infarctions were diminished by 47%
in the surgical subjects treated with 120 mg
tid (P = 0.005), but not in the other two sur-
gical subgroups. An encouraging note was the
absence of any significant clinical adverse
effects.

There are clearly some tantalizing observa-
tions. Because there was decreased risk in the
surgical subgroup treated with the highest
dose of 120 mg tid, it is reasonable to suspect
that the other subjects were underdosed. The
drug appeared to be safe at the doses used, so
higher doses could be explored. A likely
explanation for these results is that the most
significant portion of the sodium-hydrogen
exchange takes place during ischemia as
opposed to reperfusion. Thus, only groups
that had the luxury of pretreatment would
have benefitted. Furthermore it is unlikely that
the clinical group with unstable angina would
have derived any significant benefit from cari-
poride because of the absence of prolonged
ischemia and subsequent reperfusion. So the
question of the ultimate value of NHE block-
ers is still unanswered. Interestingly ESCAMI
(Evaluation of the Safety and Cardioprotective
Effects of Eniporide in Acute Myocardial
Infarction), a phase-II clinical trial with anoth-
er selective NHE blocker eniporide, also
showed no beneficial clinical effects in

patients with acute myocardial infarction, and
Merck KGaA has decided to discontinue
development of eniporide for this indication.

Adenosine at reperfusion – clinical
trial: AMISTAD

Adenosine has also been tested for its ability
to reduce clinical reperfusion injury. Pretreat-
ment with adenosine is known to protect the
heart through the preconditioning
mechanism.1,23 However, its effect on reperfu-
sion injury is controversial. Whereas some
investigators including ourselves have been
unable to demonstrate any effect of adenosine
or selective adenosine receptor agonists on
infarct size when administered shortly before
reperfusion,24–26 others have.27–29 Proponents
of an adenosine effect suggest this purine can
replenish high-energy phosphate stores in
endothelial cells and myocytes, inhibit oxygen
free radical production, inhibit neutrophil
activity and accumulation, and improve
microvascular function. On the basis of these
latter data a clinical trial AMISTAD (Acute
Myocardial Infarction Study of Adenosine) was
organized.30 This was a small, open-label trial
of thrombolysis in patients with myocardial
infarction and acute ST-segment elevation.
Patients were randomized to either placebo or
intravenous adenosine (70 µg/kg per min for 
3 h) starting shortly before or after infusion of
the thrombolytic agent. The primary endpoint
was infarct size measured with Tc-99m 
sestamibi SPECT 5–7 days after enrollment. 
A secondary endpoint was a composite of
in-hospital clinical outcomes (mortality, 
reinfarction, shock, heart failure, stroke).

Two hundred thirty-six patients were
enrolled and the results were mixed but
provocative. For all patients, the 33% relative
decrease in infarct size following treatment
with adenosine was not significant (P =
0.085); but when infarctions were subdivided
into anterior and nonanterior, differences
became apparent. The 67% relative decrease
in infarct size in those with anterior infarction
treated with adenosine was significant (P =
0.014), whereas infarct size was not affected
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by the presence of adenosine in those with
other than anterior infarction. On the negative
side, there was a nonsignificant excess of
deaths, reinfarctions, heart failure, and cardio-
genic shock in patients treated with adeno-
sine. The composite endpoint was reached in
18% of the adenosine group and 14% of the
placebo group (odds ratio 1.43).

Thus there was a likely benefit of adenosine
in reducing infarct size only in patients with
anterior infarction. Perhaps the larger size of
the anterior infarctions gave adenosine a bet-
ter chance to yield a positive effect. However,
the small size of the groups raises the specter
of a type II statistical error. It is also unsettling
that there was a tendency for those subjects
treated with adenosine to have more adverse
clinical events. A very small subset of the
patients had baseline perfusion scans to mea-
sure the size of the risk area. Only in these
patients could actual myocardial salvage be
estimated. Clearly, a measure of salvage would
be a better gauge of an antiinfarct effect than
determination of absolute infarct size. Medco
has undertaken a phase-III trial of adenosine
in acute myocardial infarction, AMISTAD II, in
which approximately 2100 patients will be
treated in 300 centers in the US and Canada.
Data should be available next year.

It is certainly much more difficult to prove
efficacy of a treatment in man than in experi-
mental animals. Clinical trials require hun-
dreds and even thousands of patients and are
costly. But this translational research is critical
if we are to continue to improve clinical
strategies for the care of patients with acute
coronary syndrome. Adjunctive reperfusion
therapy seems to be a good idea, but we have
yet to identify the ideal agent. ■
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Introduction

Recently, renewed interest has been shown in
the use of glucose-insulin-potassium (GIK) infu-
sion in acute myocardial infarction. A meta-
analysis of acute myocardial infarction studies
in the prethrombolytic era showed a reduction
in mortality by GIK.1 Also, a pilot study in
South America showed a significant reduction
in inhospital mortality in patients treated with
GIK and reperfusion therapy.2 In experimental
myocardial infarction and ischemia studies, GIK
preserved oxidative metabolism,3 reduced
infarct size,4 and improved recovery of left ven-
tricular function.5,6

The exact mechanism behind the potential
beneficial effect of GIK in acute myocardial
infarction is unclear. Proposed explanations
include reduction in plasma free fatty acid
levels, optimization of calcium handling, stim-
ulation of Na,K-ATPase, and improvement of
glucose availability, with effects on intracellu-
lar ATP levels.7

Because GIK and dobutamine may share a
similar mechanism of action, we hypothesized
that GIK infusion improves left ventricular
function and detects viable tissue to a similar
extent as dobutamine. We therefore studied
the use of GIK in comparison with dobuta-
mine in patients with recent myocardial
infarction.

Patients and methods

Twenty patients with acute myocardial infarc-
tion were enrolled in the study. Myocardial
infarction and its complications were treated
in a standard fashion. In the subacute phase,
patients underwent low-dose dobutamine
(LDD) and GIK echocardiography on the same
day. Exclusion criteria were severe ventricular

arrhythmias, atrial fibrillation, pacemaker
rhythm, overt heart failure, severe primary
valvular disease, and insulin-dependent dia-
betes mellitus.

Patients underwent LDD echocardiography
in the morning and GIK echocardiography in
the afternoon. This order was fixed to prevent
a possible carryover effect of GIK.

Echocardiography

A 2D echocardiogram was obtained including
the parasternal long- and short-axis views, and
the apical 2-, 3-, and 4-chamber long-axis
views, while simultaneously monitoring car-
diac rhythm.

LDD echocardiography
Echocardiograms were obtained at baseline
and at a dose of 15 µg/kg per min. None of
the patients experienced significant side
effects such as serious ventricular arrhythmias
or chest pain.

GIK echocardiography
Patients were studied during a hyperinsuline-
mic-euglycemic clamp as described previous-
ly.8 In brief, cannulas were introduced into the
left and right antecubital veins. One cannula
was used for GIK infusion, and the contralat-
eral cannula was used for blood sampling.
Twenty units of insulin (Human Velosulin, 100
U/mL; Novo Nordisk, Alphen a/d Rijn, The
Netherlands) were added to 50 mL 0.65%
NaCl and infused at a constant rate of 100
mU/kg per h. Glucose infusion (500 mL 20%
glucose with 20 mL 14.9% KCl to prevent
hypokalemia) was started at a rate of 6 mg/kg
per min and was adjusted to maintain normo-
glycemia, based on instantly determined plas-
ma glucose levels, using a GlucoTouch (Lifes-

Glucose-insulin-potassium imaging: 
the past and the future?

Heart and Metabolism 14 Number 12, 2001

C.M.C. van Campen, Lucas J. Klein, Frans C. Visser
Department of Cardiology, Vrije Universiteit Medical Center, Amsterdam, The Netherlands

Correspondence: Dr C.M.C. van Campen, Department of Cardiology, Vrije Universiteit Medical Center, 
De Boelelaan 1117, 1081 HV Amsterdam, The Netherlands. Tel: +31 20 4442244, fax: +31 20 4442446,

e-mail: cardiol@azvu.nl

METABOLIC IMAGING



can, Beerse, Belgium) apparatus, adjusted for
whole blood samples.

Echocardiography was performed prior to
and at 60 min of GIK infusion. Thereafter the
infusion was stopped. None of the patients
had signs or symptoms of heart failure during
or after the study.

Echocardiographic data analysis

The LDD and GIK echocardiograms were
scored by two independent observers,
unaware of the clinical data of patients and
type of intervention (LDD or GIK). Echocar-
diograms at baseline and after intervention
were reviewed side by side. The LDD and
GIK studies of the same patient were analyzed
on two separate occasions, at least 1 month
apart, and in random order. In case of dis-
agreement, consensus was obtained by com-
bined reading.

The left ventricle was divided into 13 seg-
ments (six basal, six distal, and one apical seg-
ment) as described previously.9 Each segment
was scored on a four-point scale assessing
both inward wall motion and wall thickening:
0 = normal contraction; 1 = hypokinesis
(decreased endocardial excursion and systolic
wall thickening); 2 = akinesis (absence of
endocardial excursion and systolic wall thick-
ening); and 3 = dyskinesias (paradoxic out-
ward movement during systole). This resulted
in the wall motion score. Contractile reserve
was considered present if the score of a dys-
functional segment at baseline decreased at
least one point during LDD or GIK infusion.
Dyskinetic segments at baseline had to show
at least hypokinesia to have contractile reserve
(decrease of the score by 2).10 In a similar
manner, functional recovery during follow-up
was identified by comparing the score of the
dysfunctional baseline segments with the
scores during follow-up.

Results

Twenty patients were enrolled in the study.
The mean age was 60 ± 15 years. There were

17 male and three female patients. The loca-
tion of the myocardial infarction was anterior
in nine patients (45%) and inferior in 11
patients (55%). Four patients had had a previ-
ous myocardial infarction. Nine patients were
treated conservatively, and 11 with revascular-
ization therapy (including three PTCA proce-
dures). All patients were treated with aspirin
or Coumadin derivates, and 85% of the
patients were treated with β-blockers. The
time between the myocardial infarction and
the echocardiography protocol was 6.1 ± 2.7
days.

Figure 1 shows the improvement of regional
function: the wall motion score improved
from 7.15 ± 3.65 to 4.70 ± 2.77 (P < 0.0001)
during LDD echocardiography, and from 7.30
± 3.66 to 4.65 ± 2.64 (P < 0.0001) during
GIK infusion. Table I shows the agreement
between LDD and GIK echocardiography (to
detect contractile reserve). During LDD
echocardiography, 50 dysfunctional segments
showed contractile reserve whereas 57 did
not. During GIK echocardiography, 53 showed
contractile reserve and 55 did not. Of the seg-
ments with contractile reserve, none showed a
biphasic response. Overall agreement was
87%, with a kappa value of 0.75.

Figure 2 shows an example of improvement of
left ventricular function during LDD and GIK
infusion.
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Figure 1. Improvement of regional left ventricular
function expressed by wall motion score (WMS)
before and after LDD echocardiography and GIK
infusion.*P <0.05.



Discussion

This study shows that GIK infusion results in
improvement of left ventricular function, and
that GIK echocardiography can detect con-
tractile reserve soon after myocardial infarc-
tion. These effects are not different from those
during LDD stimulation. In addition, GIK
administration was safe.

Our data are in line with those of previous
studies. In studies of experimental cardiac
ischemia, GIK exerted beneficial effects on
regional and global left ventricular function
peri- and post-ischemia.5,6,11,12 One study
attributed the salutary effect of GIK to insulin
alone.12 In patients undergoing cardiac
surgery, GIK infusion resulted in higher post-
operative cardiac indices.13,14 A comparison of
GIK and LDD infusion in postoperative
patients showed an increase in cardiac index
and stroke work index during both interven-
tions, but the rate-pressure product and the
tension-time index increased only in the
dobutamine group, suggesting that myocardial
oxygen consumption was not changed during
GIK.15 Furthermore, whole body oxygen con-
sumption was increased with LDD whereas it
was unchanged in GIK infusion.

LDD echocardiography is a well-established
technique to assess contractile reserve,16 and
can reliably predict left ventricular function
improvement in patients with acute myocar-
dial infarction17–19 irrespective of the treat-
ment strategy. Also, in patients with chronic
ischemic left ventricular dysfunction, LDD
echocardiography can predict improvement of
function after revascularization.16,20

The present study shows a high agreement
of GIK echocardiography with LDD echocar-
diography to detect contractile reserve, with a
kappa value of 0.75. The diagnostic value of
LDD echocardiography we observed is in line
with that of previously published studies.17–19

The positive effects of GIK have been attrib-
uted to several mechanisms. These include
enhanced availability of glucose to the cell,
reduction of plasma free fatty acid levels,
effects on Na+,K+-ATPase, decrease in
myocardial oxygen consumption, and
improved Ca2+ handling.7 As a result of GIK
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Table I. Agreement between LDD and GIK echocar-
diography to detect contractile reserve.

GIK echocardiography

Normal 150 2 0 152

CR  2 43 8 53

No CR  1 5 49 55

Total 153 50 57 260

CR, contractile reserve.

LDD echocardiography

Normal CR No CR Total

Figure 2. Example of global left ventricular function
improvement. The upper example is the end-dias-
tolic and end-systolic frame during baseline. The
middle example is the end-diastolic and end-sys-
tolic frame during dobutamine 15 µg/kg per min,
and the lower example is the end-diastolic and end-
systolic frame after 1 h of GIK infusion.



infusion, the availability of substrate for glycol-
ysis is enhanced in ischemic cells, with a pos-
sibility for, albeit low, anaerobic ATP produc-
tion.21 The ATP produced by glycolysis is pref-
erentially used to maintain membrane func-
tions, such as ATP-sensitive K+ channels22 and
the sarcolemmal Ca2+ pump,23 but may also
become available for contraction. The func-
tional impairment observed in postischemic
myocardium is related to cellular Ca2+ over-
load.23 In this view, GIK infusion with subse-
quent enhancement of glycolysis may reduce
the Ca2+ overload present in postischemic
myocardial cells. This reduction may be
responsible for the enhanced contractility of
dysfunctional myocardium observed in the
present study.

Methodological considerations

The dosage of GIK used in this study (100
mU/kg per h insulin) was higher than in GIK
interventions in acute myocardial infarction.1,2

It is, however, an accepted and widely used
dosage in diagnostic FDG imaging.8 In addi-
tion, it has been observed that low-dose GIK
infusion is not effective after acute myocardial
infarction.24

The order of the LDD and GIK echocardiog-
raphy was fixed in this study and performed on
the same day. The order was fixed because the
duration of the positive effects of GIK is not
known, in contrast to the short-lasting effects of
dobutamine. To avoid bias, the observers were
blinded to the intervention strategy (LDD or
GIK), and echocardiograms were reviewed in a
totally random order. The studies were per-
formed on the same day to avoid influence of
spontaneous recovery after the acute ischemic
event. The use of echocardiography to com-
pare LDD and GIK interventions rules out pos-
sible methodological differences between two
different imaging modalities.

GIK echocardiography proved to be safe in
this patient group, as no patients experienced
significant side effects of GIK infusion (eg,
signs of heart failure or ischemia, deterioration
of serum potassium levels, or severe hypo-
glycemia).

Summary

We clearly demonstrated that GIK infusion
results in improvement of left ventricular
function, and that the improvement is relat-
ed to the improvement of function of viable
segments. Moreover, the magnitude of
improvement is similar to that of dobuta-
mine infusion. Therefore GIK can be used
as an alternative to dobutamine both for
functional improvement and for the detec-
tion of viable tissue.

Its major advantage over dobutamine is
that GIK does not increase oxygen con-
sumption25 and the risk of ventricular
arrhythmias. ■
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Introduction

The concept that the metabolic cocktail, glu-
cose-insulin-potassium (GIK), may protect
ischemic cardiomyocytes was initially intro-
duced by Sodi-Pallares et al in 1962.1 The
rationale for the use of this metabolic therapy
was further delineated by Opie, in 1970,
when he described two chief mechanisms, ie,
the promotion of cardiac glycolysis and the
inhibition of free fatty acids (FFA) in the
serum.2 A number of early clinical studies
using this metabolic cocktail yielded promising
results and a subsequent metaanalysis suggest-
ed that GIK therapy might have an important
role in reducing inhospital mortality after
acute myocardial infarction.3 Two subsequent
randomized, controlled clinical studies have
been published. In the first of these, the Estu-
dios Cardiologicos Latinoamerica (ECLA)
study,4 subjects who underwent reperfusion
strategies showed a reduction in inhospital
mortality of 66% (2P = 0.008) when GIK was
coadministered with the reperfusion therapy.
In contrast, a Polish study by Ceremuzynski et
al5 did not show any beneficial effect of low-
dose GIK therapy. Apstein and Opie reviewed
the different GIK doses in these two studies6

and suggested that the ECLA study dose of
GIK was consistent with the previous studies
that showed benefit of high-dose GIK therapy
(see reference 7 for review).

Acceptance of the benefits and subsequent
use of this metabolic cocktail have not been
forthcoming despite almost four decades since
the therapy was proposed. The reasons for the
lack of enthusiasm are probably multifactorial
and include both the lack of large clinical
studies and a poor understanding of the basic

mechanisms of how this metabolic cocktail
acts. Although the progress towards a large
clinical study using GIK is uncertain, recent
research in our laboratories has begun to
delineate a possible novel hypothesis whereby
the insulin component of the GIK cocktail
may promote the cardioprotective effects of
GIK. These studies are described below in
conjunction with the clinical data obtained
from the ECLA study.

GIK at reperfusion (more practical in
the clinical arena!)

As the majority of GIK trials were performed
in the prethrombolytic era, it was assumed
that the benefit of this therapy may be less
applicable in the current aggressive throm-
bolytic era. However, as was shown in the
ECLA study, the only statistically significant
reduction in mortality was in acute myocardial
infarction in patients who received concomi-
tant reperfusion treatment.4 Interestingly, in
the 1-year follow-up data, only the subjects
who had received the high-dose GIK therapy
had a statistical survival advantage over the
control group.4 The decision to use a high-
dose GIK regimen was based on the pioneer-
ing dose-response studies of Rackley’s group,8
who determined the GIK infusion rates which
would result in the maximal suppression of
FFA levels, as well as the maximal myocardial
glucose uptake. Concurrent to the ECLA clini-
cal study, Jonassen and coworkers,9 in an
experimental study using rats, compared the
efficacy of administering GIK prior to an
ischemic insult or at the moment of reperfu-
sion following the ischemic insult. Interesting-
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ly, here GIK was demonstrated to be equally
effective in reducing the final infarct size
whether administered during the entire
ischemia/reperfusion period or solely during
the reperfusion period alone. Moreover, when
GIK was administered at reperfusion, the early
reperfusion FFA and glucose levels were
unchanged compared with vehicle-treated
controls. This was significantly different from
the FFA and glucose levels in the animals
treated with GIK throughout the
ischemia/reperfusion period.9 Taken together,
the ECLA clinical study and this experimental
study suggest that GIK may mediate a reperfu-
sion cardioprotective effect. Moreover, the
experimental data questioned the exclusivity
of the glucose/FFA hypothesis concerning
GIK’s cardioprotective effects!

Reperfusion injury and the potential
effects of GIK

Although reperfusion is a prerequisite for tis-
sue salvage following a myocardial infarction,
there is a price to pay in terms of distinct
reperfusion-associated pathologies (see refer-
ence 10 for review). One postulated aspect of
this pathology is the development of reperfu-
sion-induced myocyte loss beyond that sus-
tained as a consequence of ischemia alone. In
this regard it has recently been suggested that,
in addition to necrosis, a component of cell
death not previously considered in reperfu-
sion injury, ie, programmed cell death or
apoptosis, may play a biologically significant
role.11 Under experimental conditions, an
increase in apoptosis has been observed in
cardiac reperfusion models, suggesting that
the deleterious effects of reperfusion are, at
least in part, due to apoptosis.12,13 Taking
these data into consideration, we have sug-
gested that GIK, or a component therein
(insulin), may antagonize apoptosis during
reperfusion and hence result in cardioprotec-
tion.11 Recent experimental evidence has sug-
gested that insulin can indeed attenuate such
apoptotic processes in the brain.14 Collective-
ly, these data suggested to us that insulin may
be the appropriate candidate in the GIK cock-

tail which could promote a cardioprotective
effect at reperfusion, via an effect which may
be independent of the original ‘GIK hypothe-
sis’.

Insulin, the chief mediator of reperfu-
sion protection in the GIK cocktail

To test initially the hypothesis that insulin is
the major protagonist of cardioprotection
when administered at the time of reperfusion,
we studied insulin’s putative cardioprotective
effects in ischemia and reoxygenation experi-
ments in rat neonatal cardiomyocyte experi-
ments. The administration of insulin (0.3
mU/mL) at the moment of reoxygenation
enhanced myocardial cell viability by 20%
compared with vehicle-treated control car-
diomyocytes (P < 0.001).15 To evaluate the
putative role of insulin in the attenuation of
reperfusion apoptosis, markers of apoptosis
were ascertained in these experiments. Con-
sistent with the cell viability data, insulin
administration at reoxygenation reduced
apoptosis by approximately 20–30% com-
pared with vehicle-treated control cardiomy-
ocytes.15 As insulin is thought to confer anti-
apoptotic effects via the activation of tyrosine
kinase and phosphatidyl 3-kinase (PI3-kinase)-
mediated cell signaling pathways, we used
pharmacologic inhibitors of these signaling
transduction pathways. In these experiments
we demonstrated that the cardioprotective
and antiapoptotic effects of insulin were com-
pletely abolished by tyrosine kinase and PI3-
kinase inhibitors.15 Furthermore, we have
recently confirmed the cardioprotective
effects of insulin at reperfusion in the isolated
rat heart using infarct size as the endpoint.16

In these studies we showed that early admin-
istration of insulin during reoxygenation/reper-
fusion appears to be an effective modality to
reduce reoxygenation/reperfusion injury in the
myocardium, in part via the attenuation of
ischemia/reoxygenation-induced apoptosis.
Moreover, the cardioprotective and antiapop-
totic effects of insulin appear to be mediated
via tyrosine kinase and PI3-kinase signaling
pathways.
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Conclusion

For a number of years clinical data have sup-
ported a role of GIK in reducing morbidity
and mortality following myocardial infarction.
The encouraging data from the ECLA study
suggested that this cardioprotective effect of
GIK is achieved when reperfusion therapy is
administered. The recent experimental data
from our and other laboratories suggest that
this reperfusion effect of GIK may be indepen-
dent of the glucose/FFA hypothesis of GIK’s
cellular protective effects. Our subsequent
experimental data have further advanced the
mechanisms underlying this reperfusion car-
diac cell protection, ie, the effect seems to be
mediated by insulin alone and this effect may
be via the attenuation of the known pro-
grammed cell death associated with reperfu-
sion injury.10

Finally, our data begin to delineate the sig-
nal transduction pathways which may pro-
mote insulin-mediated cell survival effects.
Thus we are encouraged in that the laborato-
ry-based understanding of how GIK may pro-
mote cell survival is being actively pursued.
However, to paraphrase Apstein and Taegt-
meyer,17 the need to reevaluate the clinical
utilization of GIK is both timely and could
result in an effective and affordable addition
to the therapeutic armamentarium in the pre-
vention of myocardial reperfusion injury. We
hope the call for a larger, randomized, con-
trolled, clinical study will be seriously consid-
ered in the very near future. ■
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Rationale for metabolic cardioprotec-
tive intervention

Despite significant progress in recent years,
coronary artery disease remains a major
health problem worldwide. The therapeutic
approach to the patient with acute myocardial
infarction or unstable angina has radically
changed in recent times. The current strategy
is to consider reperfusion therapy, either
catheter-based or fibrinolytic (for myocardial
infarction only), and to initiate it as soon as
possible. Appropriate therapy with aspirin,
anticoagulants or β-blockers is prescribed to
the majority of patients, since these have
been proved through randomized clinical tri-
als to reduce mortality. The pathophysiological
mechanism is the acute rupture of an athero-
sclerotic plaque in an epicardial coronary
artery, exposing endothelial tissue to a throm-
bogenic response and leading to severe
obstruction of the vessel. While the vessel is
considered to be the main target, there are
multiple abnormalities in myocardial energy
metabolism that contribute to a poor progno-
sis, especially in diabetic patients, despite the
progress in revascularization procedures. Car-
diac metabolism has remained for many years
the lost child, despite accumulating evidence
of its benefits in maintaining myocardial via-
bility in acute coronary syndromes.

The metabolic approach to treating coro-
nary heart disease is based on the concept
that cardiac energy substrates can be manipu-
lated to optimize ATP production and
enhance cardiac output. The efficacy of this
metabolic modulation in acute coronary syn-
dromes has been confirmed in two random-
ized trials. The DIGAMI (Diabetes Mellitus
Insulin-Glucose Infusion in Acute Myocardial
Infarction) study aimed to evaluate the impact
on mortality of a glucose-insulin infusion fol-
lowed by multidose insulin treatment in dia-

betic patients with acute myocardial infarc-
tion.1 A total of 620 diabetic patients were
studied and the glucose-insulin infusion pro-
duced a significant reduction in mortality at 1-
year follow-up (relative mortality reduction
29%, P = 0.027).

The ECLA (Estudios Cardiologicos Latina
America) study was conducted in 407 nondia-
betic patients with suspected acute myocar-
dial infarction, who received either a glucose-
insulin-potassium infusion (GIK) or placebo.2
At 1-year follow-up, a statistically significant
reduction in mortality (relative risk 0.34, 95%
CI 0.15–0.78, 2P = 0.008) was observed in
the GIK group vs. placebo in patients who had
undergone reperfusion with fibrinolysis.

Although a large-scale trial is necessary to
reliably determine the precise benefits of
metabolic modulation, these studies have
highlighted the potential benefits of metabolic
cardiac protection.

Cardioprotection with metabolic
agents

Kantor et al3 have recently clarified the pre-
cise mechanism of action of Vastarel 20 mg,
the first in a new class of metabolic agents
known as 3-KAT inhibitors. Vastarel 20 mg
selectively inhibits a mitochondrial enzyme —
the long-chain 3-ketoacyl CoA thiolase 
(3-KAT) — thereby shifting cardiac metabolism
away from fatty acid β-oxidation and towards
glucose oxidation, thus optimizing energy pro-
duction in the myocardial cell (Figure 1).4 The
cardioprotective effect of Vastarel 20 mg was
first demonstrated in experimental studies
which confirmed that it restores myocyte via-
bility and ATP content in cardiomyocytes
exposed to hypoxia,5 preserves the electrical
activity of the myocardial cell under ischemic
conditions,6 reduces ischemic contracture,

Cardioprotection: a promising role for
metabolic agents
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and improves functional recovery.7 In vivo ani-
mal studies have demonstrated the additive
beneficial effects of Vastarel 20 mg. Pretreat-
ment with Vastarel 20 mg before coronary lig-
ation followed by reperfusion led to a reduc-
tion in mean ST shift, a decrease in the size of
the border area, and a significant reduction in
the extent of infarction.8,9

These encouraging results have been con-
firmed in several clinical studies. During
CABG, pretreatment with Vastarel 20 mg for 3
weeks, followed by the addition of a Vastarel
20 mg solution to cardioplegic solutions,
resulted in a significant limitation of myocar-
dial injury.10

In addition to thrombolysis, pretreatment
with Vastarel 20 mg in 81 patients with anterior
myocardial infarction recently produced a sig-
nificant reduction of ventricular arrhythmias (P
< 0.05), a smaller creatine kinase peak 
(P = 0.012), and a smaller end-systolic volume
(P = 0.037) compared with pretreatment with
placebo.11 During coronary angioplasty, intra-
coronary injection of Vastarel 20 mg led to a
marked reduction in ECG signs of ischemia and
anginal pain resulting from balloon inflation-
induced ischemia during angioplasty.12,13

Despite a higher initial value, an earlier and
more marked return to baseline ST-segment
was observed in the Vastarel 20 mg group 
(P = 0.014) in the LIST (Limitation of Infarct
Size by Trimetazidine Trial) (Figure 2).

These results suggest an earlier and proba-
bly more complete myocardial reperfusion
with Vastarel 20 mg. Although randomized
large-scale studies are needed to confirm
these promising results, the concept of meta-
bolic intervention in acute coronary syn-
dromes appears to be effective and is expect-
ed to improve the prognosis of patients with
coronary artery disease. ■
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Figure 1. Mechanism of action of Vastarel 20. PDH,
pyruvate dehydrogenase; β-OX, β-oxidation.

ST
-s

eg
m

en
t e

le
va

tio
n 

(
m

V
)

400
350
300
250
200
150
100

50
0

355

181

122
104 110

278

208
168

124 122

H0 H1 H2 H3 H6 H0 H1 H2 H3 H6

p<0.014

Vastarel n = 25
Placebo n = 26

Figure 2. Vectorcardiographic results obtained in the
LIST study.



5. Honore E, Adamantidis M, Challice CE, Dupuis
BA. Cardioprotection by calcium antagonists, piri-
doxilate and Vastarel 20 mg. IRCS Med Sci.
1986;14:938–939.

6. Drake-Holland AJ, Belcher PR, Hynd J, Noble
MIM. Infarct size in rabbits: a modified method
illustrated by the effects of propranolol and
Vastarel 20 mg. Basic Res Cardiol.
1993;88:250–258.

7. Williams FM, Tanda K, Williams TJ. Inhibition of
neutrophil accumulation after myocardial ischemia
and reperfusion in rabbits. J Cardiovasc Pharmacol.
1993;22:828–833.

8. Boucher FR, Hearse DJ, Opie LH. Effects of
Vastarel 20 mg on ischemic contracture in isolated
perfused rat hearts. J Cardiovasc Pharmacol.
1994;24:45–49.

9. Fabiani JN, Ponzio O, Emerit I, et al. Cardioprotec-
tive effect of Vastarel 20 mg during coronary artery
graft surgery. J Cardiovasc Surg.
1992;33(4):486–491.

10. Kober G, Buck T, Sievert H, Vallbracht C. Myocar-
dial protection during percutaneous transluminal
coronary angioplasty: effects of Vastarel 20 mg.
Eur Heart J. 1992;13:1109–1115.

11. Di Pasquale P, Lo Verso P, Bucca V, et al. Effects of
trimetazidine administration before thrombolysis
in patients with anterior myocardial infarction:
short-term and long-term results. Cardiovasc Drug
Ther. 1999;13:423–428.

12. Birand A, Kudaiberdieva GZ, Batyraliev TA, et al.
Effects of Vastarel 20 mg on heart rate variability
and left ventricular systolic performance in
patients with coronary artery disease after percuta-
neous transluminal angioplasty. Angiology.
1997;48:413–422.

13. Steg PG, Grollier G, Gallay P, et al. A randomized
double-blind trial of intravenous trimetazidine as
adjunctive therapy to primary angioplasty for acute
myocardial infarction. Int J Cardiol.
2001;77(2–3):263–273.

Heart and Metabolism 24 Number 12, 2001

FOCUS ON VASTAREL



We report a case of a 52-year-old man pre-
senting with incapacitating angina who is not
amenable to further percutaneous or surgical
intervention. Obstructive airways disease now
increases the operative risk of a limited thora-
cotomy for laser transmyocardial revascular-
ization (TMR). The patient is on maximal
medical management and is desperate for any
relief from his angina.

The risk factors for coronary artery disease
include hypertension, hypercholesterolemia,
and a very strong family history. A recent
angiogram shows severe left main stem dis-
ease with severe proximal disease of the left
anterior descending/diagonal territory. The cir-
cumflex system is diffusely diseased and the
previous saphenous vein graft to the lateral
circumflex branch is now occluded at its ori-
gin after a previously unsuccessful attempt at
disobliteration. The right coronary territory
was previously ungrafted but is now occluded
in the proximal third with some minor collat-
eral formation supplying the posterior
descending artery territory. The previous vein
graft to the diagonal system is also occluded at
its origin and again does not appear amenable
to percutaneous intervention. On injection of
the left internal mammary artery the graft is
found to be widely patent with major collater-
al formation to the diagonal territory and to a
lesser extent the circumflex and distal right
coronary artery territories. Despite this, the 

left ventricular function remains good overall 
with an inferobasal hypokinetic segment.

A thallium perfusion scan revealed a large
reversible defect in the inferolateral wall sug-
gesting that the collateral formation fed from
the left internal mammary artery graft is insuffi-
cient. A dilemma is therefore presented with a
relatively young patient in whom further surgery
would be difficult because of obstructive air-
ways disease. It would also jeopardize the wide-
ly patent internal mammary artery graft. In any
case the distal native vessels are poor and prob-
ably now impossible to graft or regraft.

The potential role of growth factors 
and direct myocardial revascularization
in patients with refractory myocardial

ischemia following coronary artery
bypass surgery with a patent internal

mammary artery graft
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CLINICAL CASE

Figure 1. BiosenseTM guidance allows accurate 
placing of DMR channels.



Discussion

There are a number of options available to
this patient involving a direct myocardial
revascularization (DMR) strategy. Several
methods have shown considerable promise in
pilot studies involving either the creation of
small channels in the myocardium, the admin-
istration of a growth factor, or gene transfec-
tion. The intention is to promote the forma-
tion of new blood vessels, ie, to stimulate
angiogenesis. Several of these studies are at an
early stage in their evaluation and have only
just begun phase-II clinical trials.

Surgical TMR

A variety of surgical approaches have been
used with a combination of different laser
types. The holes are created from the epicar-
dial through to the endocardial surface. These
channels quickly become occluded1 with the
fibrotic process, causing release of angiogenic
cytokines and hence promotion of angiogene-
sis. There is now widespread use of this
method and an accumulating body of evi-
dence. A recent trial from the UK,2 whilst
showing an improvement in two angina classes
in 25% of patients, showed there was no signif-
icant improvement in exercise time in the
laser-treated group compared with those 

on maximal medical management. The authors
concluded that overall the procedure could not
be recommended. One reason for this could
be the significant mortality associated with the
procedure. Other investigators would contend
that the patient group in this study does not
compare with that of other trials.

Horvath et al3 advocate surgical TMR as an
efficacious treatment strategy in patients with
refractory CCS class 3 or 4 angina. They ran-
domized 192 patients to laser TMR plus maxi-
mal medication, or to maximal medical man-
agement alone, and found a significant
improvement by at least two angina classes in
the TMR group (72% vs. 13%, P < 0.001).
Quality of life parameters also improved. At 1
year there was 15% mortality in the TMR
group, with no significant difference from the
medically treated arm.

Catheter-based DMR/percutaneous
TMR/PMR

A percutaneous approach to DMR obviates
the need for surgery and general anesthesia,
thus avoiding the significant perioperative
mortality reported in some surgical DMR
series.3 More recently, the development of a
novel electromechanical mapping system has
removed the need for prolonged fluoroscopic 
screening.4 Recently reported randomized clin-
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Figure 2. BiosenseTM magnetic voltage and shortening map.



ical trials have shown encouraging results. The
6-month results of the EclipseTM study using a
holmium:YAG laser would suggest significant
benefit in the laser-treated group. A group of
335 patients not amenable to other forms of
intervention were randomized to receive opti-
mal medical treatment alone, or percutaneous
DMR plus maximal medication. There was only
one death during the procedure and a risk of
tamponade of around 3%. At 6 months, the
mean exercise time had significantly increased
in the DMR group (381 vs. 529 s, P = 0.0002).
A significant symptomatic benefit was seen at 3
months. In the PACIFIC trial,6 70% of DMR-
treated patients were CCS class 0, 1, or 2.
Forty-six percent of DMR patients had
improvement by at least two angina classes
whilst only 6% of nonDMR patients had a simi-
lar improvement. Neither of these trials were
blinded, let alone double-blinded, and it must
be borne in mind that the placebo effect in this
group of patients can be considerable. The
Direct trial7 using the BiosenseTM 3D magnetic
guidance system enabled the procedure to be
blinded (with mapping alone or mapping plus
DMR). In a trial of 77 patients treated with per-
cutaneous DMR using a holmium:YAG laser
there was a significant improvement in exercise
duration at 1 and 6 months, with 74% of 
patients experiencing symptomatic improve-

ment for at least 3 months. There was a 2.6%
incidence of major inhospital events although
there were no deaths.

Angiogenic growth factors

Isner’s group in Boston8,9 reported the suc-
cessful transfection of peripheral arteries with
cDNA encoding for vascular endothelial
growth factor (VEGF)-165 using a hydrogel-
coated balloon. This experiment was proof of
concept and stimulated a rapidly growing
body of research, although the original experi-
ments have been criticized for lacking a con-
trol group.

Schumacher et al10 subsequently reported
the first clinical experience of direct intramy-
ocardial injection of fibroblast growth factor
(FGF)-I to stimulate the angiogenic response
as an adjunct to conventional bypass surgery.
They injected 0.01 mg/kg FGF-I close to the
LAD after completion of an internal mammary
artery anastomosis. Angiographically
detectable vessels were found in the treat-
ment group, but not in controls, with collater-
al growth around the injection site. Losordo et
al11 injected naked plasmid DNA encoding
phVEGF165 directly into ischemic myocardi-
um, and only a transient decrease into
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Figure 3. 3D generated pictures of map left ventricle using the BiosenseTM system.



ischemic myocardium of five patients using a
minithoracotomy approach. There was a tran-
sient decrease in cardiac output initially, but
all patients had a significant reduction in
ischemia. Perfusion and angiographic data
were also positive.

The use of growth factors in this context
remains the subject of much scrutiny until the
precise mechanism of angiogenesis is elucidat-
ed. There are several notes of caution regard-
ing their use. Atherectomy specimens have
been shown to demonstrate plaque neovascu-
larization, which has been associated with a
higher prevalence of plaque rupture, mural
hemorrhage, or unstable angina.12 Moulton13

has shown that prolonged treatment with
angiogenesis inhibitors reduces plaque growth
and intimal neovascularization in apolipopro-
tein E−/− mice. Although the mechanism is not
clear, it would suggest that angiogenesis may
actually promote atherogenesis

Combined DMR and growth factor 
treatment

Using the BiosenseTM system it would be pos-
sible to precisely target both the laser chan-
nels and growth factor injection via a catheter-
based route. Clinical studies are underway to
test the feasibility and safety of such an
approach. Data from animal studies have
been encouraging.13,14

Conclusions

The development of new transcatheter tech-
nologies coupled with a rapid growth in
knowledge of angiogenic mechanisms has
offered new hope to patients with refractory
myocardial ischemia who are not candidates
for further conventional intervention. The
encouraging 6-month results from the percu-
taneous trials of DMR suggest the need for
larger blinded, randomized trials. Perhaps the
addition of growth factor administration at the
same time as the laser procedure would give
even greater clinical benefit. ■
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