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I n the pathogenesis and evolution of
heart disease loss of myocardial in-
tegrity and functional deterioration

are prime determinants of cardiovascular
morbidity and mortality in both primary
myocardial and coronary artery disease. As
a consequence, myocardial protection has
acquired great significance. The last 20 years
have seen a great number of observations
from basic research, the “bench”, being ap-
plied to the “bedside”. However although
an impressive array of observations has e-
merged from basic cardiology, their appli-
cation to the bedside remains limited. 

Myocardial protection

Ischaemic preconditioning, first discovered
by Murry et al1 almost 20 years ago, is a very
potent protective mechanism. However, it
remains limited in the clinical setting for sev-
eral obvious reasons. It is difficult to quantify
its severity and duration in the clinical set-
ting. If it is too long or the episodes are too
many,2 preconditioning may be lost and
stunning may occur. In our experience it can
protect if applied as two short precondition-
ing cycles before two long ischaemic (20 min
duration) cycles. However, if the precondi-
tioning cycles are “sandwiched” between the
two long ischaemic cycles they are ineffec-
tive.3 Thus, it can reasonably be postulated
that if preceding angina is too long and se-
vere, it can lead not to preconditioning4 but
to stunning and necrosis.5
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Another very important factor is the con-
dition of the patient. The myocardium of
aged experimental animals and patients
cannot be adequately preconditioned.6 Ex-
ercise,7 nicorandil8 and probably thyroid
analogues (through inducing high metabo-
lism)9 have been found effective in revers-
ing this condition. 

Pre-existing diabetes mellitus of not too
long duration produces a “preconditioned-
like” state,10 with protection of the myocar-
dium, while diabetes of long duration in-
hibits preconditioning.11 Of course, it is easy
to appreciate that the length and severity of
diabetes are very difficult to determine.

Hypercholesterolaemia and athero-
sclerosis have also been found by many12

but not all13 authors to blunt precondition-
ing. They, too, are ubiquitous disorders in
the clinical setting.

Thyroid disorders present a greatly var-
ied array. We have found that hyperthyroi-
dism is protective against ischaemia: It in-
creases the protective protein chaperones
HSP70 and 27, decreases the noxious kinas-
es p38 MAPK and JNK and promotes the
phosphorylation of PKC‰, a cardioprotec-
tive kinase.14,15 After an acute myocardial
infarction, T3 causes normalisation of the
expression of many abnormal genes and im-
proves cardiac function16 while ameliorating
myocardial remodelling. 

Chronic heart failure, characterised by
a low fT3, is associated with a worse prog-



nosis17 and a low fT3/fT4 ratio, as well as a high TSH.
These are correlated with a low ejection fraction and
haemodynamic deterioration.18

Low output after cardiac surgery can be improved
by thyroid hormones or analogues,19 since cardiopul-
monary bypass is associated with marked and long-
lasting depression of circulation thyroid hormones.
Actually a larger prospective study (TRICC) is being
planned in children.20

Thyroid analogues may also be expected to re-
verse the aging process, as already mentioned. Hy-
pothyroidism was induced many years ago in the clini-
cal setting with a view to ameliorating chronic in-
tractable angina.21 With the modern array of antiangi-
nal treatment no one would use it today, especially
since it causes an elevation in plasma lipids,22 an in-
creased arterial resistance,23 and attenuates flow me-
diated dilatation24 and the response of the rat aorta to
‚2 vasodilatation.25 Still, it produces very strong pro-
tection against global ischaemia, with recovery values
up to 70% versus 40-50% seen in controls after 20
minutes of global ischaemia. Cardio-selective hypo-
thyroidism produced by drugs such as dronedarone,
which selectively inhibit the ·1T3 receptor, may find
clinical application.26 It should not be forgotten that
amiodarone was actually introduced many years ago
as an antianginal drug.

Myocardial hypertrophy is often seen in clinical
practice, since the prevalence of hypertension in pa-
tients with manifestations of coronary artery disease
is around 50%. A large percentage of patients show
this abnormality. Data concerning its influence on
myocardial protection are scant. Both in the experi-
mental and clinical setting the hypertrophied hearts
are more sensitive to ischaemic injury.27,28 The “stone
heart” after aortic valve replacement was the fear of
surgeons when the first author was training in cardiol-
ogy.29 However, both Speechly-Dick30 and our own
group31 have shown that preconditioning is also oper-
ative in myocardial hypertrophy.

Hypertrophy may of course evolve into heart fail-
ure. Failing rat hearts and the pathological human
myocardium cannot be adequately preconditioned. In
papillary muscles of rabbits with heart failure is-
chaemic preconditioning may actually be harmful and
not protective.32 However, in normal laboratory ani-
mals in which an area of myocardial necrosis has been
produced through ligation of a coronary artery, the
unaffected myocardium may otherwise be completely
healthy before remodelling occurs. We have found that
in these hearts a better recovery of function against glo-
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bal ischaemia is seen. The Na+/∏+ exchanger is in-
hibited, thus rendering the heart more resistant to
ischaemia.33 Moreover, thyroid a1T3 and ‚1T3 recep-
tors are downgraded. We have already discussed the
cardioprotective action of selective hypothyroidism.
This setting is of great importance and is seen very
often clinically. 

It is, however, very difficult to establish when the
healthy myocardium is starting to fail, thus losing its
preconditioning capacity.34 The interventions and drugs
which can be employed to reverse this process will be
discussed later. First, the additional clinical situations
where preconditioning or other means of myocardial
protection can be meaningfully employed will be enu-
merated.

Exercise testing

If a patient undergoes two consecutive exercise tests
within approximately one hour, the second test will
show less severe ischaemic manifestations and after a
longer exercise time.35 Exercise-induced ischaemia can
elicit both early and delayed preconditioning, which can
extend for up to 24-72 hours in animals36 and humans.37

It may constitute one of the beneficial effects of regular
exercise training.

Angioplasty

The second or third complete balloon occlusion has
been seen to produce a smaller ST elevation than the
first, and less anginal pain. This has been ascribed to
ischaemic preconditioning.38 Some authors have also
described preconditioning at a distance.39 This could
have applications in patients with compromised ven-
tricular function who are undergoing multivessel in-
terventions. 

Another very important aspect of preconditioning
is the obvious impracticability of its application in
acute myocardial infarction as “primary angioplasty”.
We are all very keen on achieving opening of the oc-
cluded artery as early as possible. However, we have
done very little to combat the reperfusion injury which
produces most of the necrosis/apoptosis after an acute
occlusion. The drugs that have shown some promise
will be discussed below. What must be appreciated is
that drugs are needed that are active also after ischae-
mia and during reperfusion. Luckily, many widely used
drugs can be regularly expected to be administered
before ischaemia in the clinical setting, as will be dis-
cussed.



Open heart operations

In this context two different situations have been seen in
the clinical setting. In many studies an early post-opera-
tive deterioration has been seen and has been ascribed
to stunning.40 Obviously in these patients pre-operative
protection would have been helpful. In fact, Yellon’s
group showed some years ago that preconditioning can
be applied clinically in the operative setting.41

An improvement in myocardial function early after
surgery has also been reported.42 It can be postulated
that in these patients an increase in coronary flow will
produce an improvement of myocardial function over-
riding any effects of coronary stunning. Of course, the
aforementioned conditions of the myocardium would
be expected to play a role.

Drugs

Adenosine

Adenosine has been widely used. Apart from the exper-
imental animal, it has been clinically tested during per-
cutaneous transluminal coronary angioplasty,43 in a
dose of 20 mg by the intracoronary route, with preven-
tion of the deterioration of left ventricular function. It
also diminishes the no-reflow phenomenon in the set-
ting of acute myocardial infarction,44 and has been given
successfully during aortocoronary bypass surgery.45

However, its routine use has not become established. 

KATP channel openers

Many of the drugs employed for this purpose have al-
so been used in the clinical setting. In the experimen-
tal setting they are the prototypes of preconditioning
mimickers.46 The main drawback of these drugs is that
they are effective only when given at the onset of is-
chaemia and not during reperfusion. However, they can
produce late preconditioning,47 which may prompt their
chronic use. 

Nicorandil is the most widely used drug. It has KATP

channel opening and nitrate-like effects and mimicks
preconditioning in the angioplasty setting.48 It can re-in-
state the preconditioning effect after the time interval
for its occurrence has elapsed,49 and in elderly patients,
as already mentioned.8 However, it is still used very spa-
ringly in chronic angina, although the encouraging find-
ings of the IONA trial50 would be expected to advance
its use.

Although many drugs, such as sulfonylureas, inhibit
their action, they have not been conclusively proven to

increase mortality. Brady and Terzie51 point out that
the mortality effect of oral hypoglycaemic therapy in
diabetic patients is still uncertain.

Na+/H+ exchanger inhibitors

These can prevent myocardial injury when given before
the onset of ischaemia. However, in the ESCAMI trial
cariporide, given at the time of hospital admission of
patients with acute myocardial infarction, gave disap-
pointing results.52 Aker et al53 very recently showed that
these drugs are beneficial in experimental heart failure.
Stagg and Terraciano give a pertinent outline of this
modality.54 Interestingly, hypothyroidism is also charac-
terised by diminished Na+/H+ exchange activity, which
is also seen in the healthy myocardium distant from my-
ocardial infarction. All these latter states are charac-
terised by a state of “hibernation”, which by reducing
oxygen needs may protect from necrosis. Preponder-
ance of ‚-myosin and downregulation of thyroid a1T3
and ‚1T3 receptors is a common denominator. Very
recently. Narolska et al55 showed that human ventri-
cles, in which ‚-myosin predominates (94.7%) manifest
a five times more economical contraction than the atria
(24.6%). However, it is not known for how long hiber-
nation continues to be protective before the myocardi-
um “sleeps to death”.

Nitrates

These drugs can cause delayed preconditioning.56

They are very widely used. However, their chronic use
has not been associated with a decrease in mortality. 

Hormones

Oestrogens have been shown to diminish infarct size
mostly due to a Ca2+-activated KATP channel opening.57

The “synthetic” oestrogen-action product raloxifene
has been found effective in the canine,58 but not in the
rabbit heart.59 However, surprisingly, testosterone im-
proved recovery of myocardial function after ischae-
mia/reperfusion injury in rats, also through a mitochon-
drial KATP channel opening effect.60 However, hormone
replacement in women has not found unequivocal ac-
ceptance.

ACE inhibitors, angiotensin receptor blockers (ARBs)

These drugs are currently used almost ubiquitously.
Hypertension, heart failure, and recently coronary
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artery disease are indeed very common indications.
The administration of valsartan was found to rein-
state preconditioning by preventing postinfarction re-
modelling at two weeks, in hearts that presumably
had not failed yet,61 while the acute administration of
quinaprilat protected the post-infarction failing rat
heart at 10 weeks against ischaemia.62 Angiotensin II
receptor antagonism can reduce infarct size, potenti-
ate the infarct size-limiting effects of preconditioning,
and also lower the threshold preconditioning stimu-
lus.63

ACE inhibition also potentiates preconditioning
through bradykinin ‚2-receptor activation. Leesar et al64

showed that in man intracoronary infusion of bradykinin
reproduces the cardioprotective effects of ischaemic
preconditioning. ‚-blockers are also used in angina,
heart failure and hypertension. They are potent anti-
apoptotic agents, thus diminishing the effects of ischae-
mia-reperfusion injury.65 It seems that not all ‚-blockers
are created equal. Carvedilol protects against ischae-
mia/reperfusion to a greater degree than propranolol,
probably through its additional anti-oxidant effects.66

Ca2+-blockers have also been widely used clinical-
ly. Experimentally they are very effective.67 They also
protect against oxidant stress,68 as will be further dis-
cussed. The very recent favorable results of nifedipine
in the ACTION trial69 thus may come as no surprise
to many clinicians.

Free fatty acid oxidation

The main fuel of the myocardium is free fatty acids.
However, they consume more oxygen to produce equal
amounts of ATP as compared to glucose, while in large
quantities they may actually be toxic. “Switch” medica-
tions cause the myocardium to preferentially use glu-
cose. Thus they may improve energy production char-
acteristics. 

The following substances have been used in clini-
cal practice:

Ranolazine has been protective in the isolated heart70

and has been employed successfully clinically in the
CARISA study.71 It has also been found to have an an-
tiarrhythmic action.

Etomoxir has given encouraging results in dilated
cardiomyopathies.72

Trimetazine is a very widely used drug. It is equi-
potent to propranolol in angina pectoris,73 and has been
found to be cardioprotective in the setting of angioplas-
ty and bypass surgery. Very recently we have found that
it protects the isolated rat heart against necrosis in is-

chaemia/reperfusion when given before the onset of
ischaemia, but only ameliorates stunning when given
after.74 The drug has consistently shown favorable re-
sults in trials of ischaemic cardiomyopathy.75 In view
of its low toxicity and lack of cardiovascular effects it
may be more widely studied.

The same can be stated for L-carnitine, which has
been used in idiopathic dilated cardiomyopathy in chil-
dren76 and adults,77 but may also hold promise after an
acute myocardial infarction.78

Statins are being used with greatly increasing fre-
quence. A few years ago Bell and Yellon79 showed that
they can be effective in reducing reperfusion injury. Di
Napoli et al80 also showed that simvastatin reduces re-
perfusion injury in the isolated working rat heart. In ad-
dition, statins may be beneficial in reversing the lipid
hydroperoxide modification of proteins—an unfavour-
able characteristic of ischaemia-reperfusion.81

It is interesting that diltiazem has also been found
to reduce lipid peroxidation in the reperfused heart.82

Eaton et al81 showed that lipid peroxidation products
are formed when omega-6 polyunsaturated fatty acids
react with free radical species. This finding may ex-
plain the protective effect of omega 3 fatty acids against
ischaemia reperfusion.83

Flaxseed, a rich plant source of alpha-linolenic acid
also protects against ventricular fibrillation induced by
ischaemia-reperfusion.84

Resveratrol,85 a natural antioxidant present in red
wine, has also been found to protect against ischaemia-
reperfusion arrhythmias and mortality in rats. This
may be another aspect of the French paradox.

The emergence of cross-tolerance has already
been described. Actually, regular exercise, apart from
protecting against ischaemia-reperfusion, has been
found to protect against the direct oxidative injury
produced by H2O2.

86 However, Adams et al87 found
that exercise may also induce H2O2 production, which
in turn causes eNOS upgrade, which is protective.
Thus, the variable effects of oxidant stress should be
reassessed. Although too great and abrupt reactive
oxygen species production, either endogenously at re-
perfusion injury or H2O2 given exogenously, can un-
doubtedly cause necrosis, their production in smaller
amounts can be beneficial by inducing precondition-
ing. This aspect is extremely interesting. A few years
ago Röth and Jaberansari88 showed that antioxidants
can actually inhibit preconditioning. In the clinical
setting, many antioxidants have been tried but none
has come into clinical prominence. n-acetylcysteine
has been found to be cardioprotective,89 as well as
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beneficial in protecting against renal damage during
coronary angiography/angioplasty,90 and we have
shown that vitamin C is also renoprotective.91 It would
be advisable to reexamine whether these substances
are also cardioprotective in the clinical context. 

It is not clear whether antioxidants can protect
when given after occlusion. Thus N-(2-mercaptopro-
pionyl)-glycine given 1 minute before reperfusion
enhanced myocardial recovery, but was ineffective
when given 1 minute after reperfusion.92 Nespereira
et al93 showed that antioxidants can prevent lipid peroxi-
dation.

Desferrioxamine has been found to be protective
for the myocardium perioperatively,94 while allopuri-
nol decreases experimental infarct size by improving
myocardial recovery,95 and also increases survival in
murine postischaemic cardiomyopathy, most proba-
bly by diminishing oxidative cardiac load.96

Other drugs which have shown promise in the ex-
perimental and clinical setting are: 

Cyclosporine and its many analogues, which can be
effective after the onset of ischaemia by reducing mi-
tochondrial pore opening.97

Levosimendan, a calcium sensitiser, is being in-
creasingly used in acute and intermittently in chronic
heart failure. In the isolated rat heart it has been shown
to be cardioprotective.98 This may render it preferable
to dobutamine for acute use in many aspects of heart
failure, since the latter drug may through many of its
actions be detrimental in the setting of ischaemia/reper-
fusion, as we have shown.99

The natriuretic peptide families have cardiopro-
tective properties.100 Neseritide is another analogue cur-
rently widely used in acute heart failure.

Two more drugs are gaining importance:
Erythropoietin, which is increasingly used in chronic

heart failure. It mimicks preconditioning in the ner-
vous and cardiac tissue.101

Melatonin has both cardioprotective and antioxi-
dant properties.102

The ease of administration and lack of side effects
of these agents suggests that they may find wide accep-
tance.

Preconditioning and the cardiac patient

After having enumerated all these interventions and
drugs, both old and new, one should contemplate the
situation of the patient with coronary artery disease
and the ways through which he may be helped in his
lifelong struggle against disability and death.

The patient with chronic stable angina may be en-
countering many episodes of ischaemia. If these are
short and not too severe, they may actually precondi-
tion/protect his heart, provided that his myocardium
stays healthy. The favorable effect of chronic exercise
has already been mentioned. Similarly, the favorable
effects of nitrates (late preconditioning), ACE inhi-
bitors (preconditioning inducers), ‚-blockers (cardio-
protective) have been described. Nicorandil may be
another promising drug, and also trimetazidine or ra-
nolazine, used as adjuvant therapy.

Other situations which may also abrogate precon-
ditioning are hypercholesterolaemia/atherosclerosis,
chronic long-standing diabetes mellitus, heart failure
and senility. Statins, ACE inhibitors and nitrodil have
been found successful in these not infrequent cate-
gories, by reversing the negative actions.

The patient with chronic angina may also need to
undergo a percutaneous coronary intervention and/or
revascularisation. The previously mentioned drugs,
especially statins, nicorandil, nitrates and adenosine
may prove helpful. Delayed preconditioning caused
by exercise may be an additional consideration. Mul-
tivessel angioplasty is being increasingly employed. It
may set into action the beneficial effect of remote pre-
conditioning.

Finally, what can be done to improve the plight of
the patient undergoing primary angioplasty in the al-
ways dramatic setting of acute myocardial infarction?
One can hope that he has already been receiving the
previously mentioned drugs, as often happens in pra-
ctice in the clinical setting. It is, of course, too late to
precondition him through exercise. Cyclosporine ana-
logues can limit reperfusion injury. Statins, ACE in-
hibitors, antioxidants, ‚-blockers and glucose “switch”
substances can diminish stunning and necrosis, while
Na+/H+ exchange inhibitors, ACE inhibitors and thy-
roid manipulation can diminish myocardial loss. In-
sulin remains a candidate103,104 despite the recent dis-
appointing results of CREATE-ECLA.105

In spite of the reservations mentioned earlier con-
cerning the deluge of reactive oxygen species after the
abrupt opening of the occluded artery, hyperoxaemic
reperfusion has actually been tried, without any clear-
cut benefit.106 In fact, Labruto et al recently reported
that hyperoxia produces preconditioning through TNFa
induction.107 This is another expression of the yin and
yang phenomenon.108

Inhibition of the Na/Ca2+ exchanger has also been
tried, with a benefit reported in anterior myocardial in-
farction.108 Hypothermia has been shown to preserve
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myocardial function during ischaemia reperfusion.109

Thus, it came as no surprise that an endovascular cool-
ing catheter has also been used, with a suggestion of a
reduction in infarct size.110

The loss of contractile function after cardiac sur-
gery has already been mentioned, and is still being
studied.112 How to prevent this phenomenon should
be the object of further studies. Pre-and postcondition-
ing are continuously being considered.

Most of the above medications retain their value
even when all primary protective mechanisms have
failed and the patient goes into post-necrotic heart
failure. It is very interesting however, that two cur-
rently used modalities have more than mechanical im-
plications:
ñ Synchronised pacing improves glucose utilisa-

tion,113 the beneficial effect of which has already
been described.

ñ Progenitor cell engraftment on the infarcted my-
ocardium has been found to be cardioprotective
through a preconditioning-like mechanism.114

Thus, one can see that adequate cardiac protec-
tion is the holy grail of contemporary cardiology. The
judicious integration of research inspiration and clini-
cal acuity is of paramount importance if we are to claim
the elusive chalice.
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