
INTRODUCTION

SUDDEN CARDIAC DEATH most frequently results from chronic
heart failure and malignant ventricular arrhythmias re-

lated to the short- and long-term effects of ischemic heart dis-
ease. These pathophysiological changes result from electro-
physiological and metabolic alterations due to acute ischemia,
as well as structural alterations related to previous infarction.
Since the discovery by Murry et al. (43), cardiac precondition-
ing (PC) of the myocardium has come to be emphasized as
one of the most consistently powerful and reproducible inter-
ventions of delaying the development of ischemic injury. The
cardiac protection associated with PC can be seen immediately,
the so-called “first window of protection,” but disappears
rapidly. A new concept has been later discovered, introduced,
and termed as the “second window of cardiac protection” (39).
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ABSTRACT

We studied the effects of various cycles of preconditioning (PC) (one cycle, 13PC; two cycles, 23PC; three cy-
cles, 33PC; and four cycles, 43PC) on cardiac function, infarct size, and the incidence of reperfusion-induced
arrhythmias in isolated hearts obtained from rabbits with hypercholesterolemia. After 8 weeks of hypercho-
lesterolemia, hearts were subjected to 30 min of ischemia followed by 120 min of reperfusion. Various cycles of
PC resulted in a “cycle-dependent” reduction in infarct size in the age-matched nonhypercholesterolemic
group. In the 8-week hypercholesterolemic group, increasing cycles of PC resulted in a significant increase in
infarct size from their nonpreconditioned ischemic/reperfused control value of 44 ± 5% to 45 ± 6%, 49 ± 5%,
59 ± 6% ( p < 0.05), and 58 ± 5% (p < 0.05), respectively. PC increased the vulnerability of the myocardium to
reperfusion-induced arrhythmias in hypercholesterolemics indicating that PC may be an “intact heart” phe-
nomenon. The effects of PC appear currently to be a dilemma in laboratories and clinics. The solution to the
problem of PC in intact and diseased myocardium requires further data from two different sources: (a) previ-
ously “diseased” animals, and (b) diseased human myocardium from clinics. Once these data are available,
then the effects under which PC will be beneficial rather than harmful could be established and the dilemma
solved. Antioxid. Redox Signal. 6, 325–333.
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Since the discovery of the f irst and second window of cardiac
protection, a considerable body of evidence has been accu-
mulated indicating that PC indeed offers a substantial cardiac
protection against ischemia-induced damage in intact myocar-
dium. Concerning the underlying mechanisms, the PC has been
suggested to promote the formation and release of various en-
dogenous protective substances, such as nitric oxide, bradykinin,
prostacyclin, and adenosine, that are supposed to mediate the
antiischemic and antiarrhythmic effects (7, 29, 33) in ischemic/
reperfused myocardium. However, PC and the great majority
of animal studies, as well as the proposed PC mechanisms,
have been done, without any preliminary coronary or myocar-
dial diseases, in intact rabbit, rat, dog, and pig myocardium. Thus,
the results obtained are of limited significant pathophysiolog-
ical and clinical relevance, leading to a laboratory and clini-
cal dilemma.



Hyperlipidemia and atherosclerosis and their major clini-
cal sequel, the ischemic heart disease, constitute the leading
cause of death in modern and industrialized society. The myo-
cardium of hyperlipidemic and atherosclerotic patients is hardly
capable of adapting to physical exercise and various kinds of
stress. The present study was designed to examine whether an
impaired capability of the myocardium to adapt to repeated
ischemic insults, the PC, was involved in the mechanisms re-
sponsible for the increased severity of ischemic attacks in rab-
bit hearts with hypercholesterolemia (HC) induced by expo-
sure to a cholesterol-enriched diet. Herein, the presented data
suggest that the protective effects of various cycles of PC are
lost with the development of HC, in previously diseased myo-
cardium, in hearts subjected to a prolonged period of myocar-
dial ischemia. Thus, the PC must be an “intact heart” phenom-
enon, and the adaptation of PC and its mechanisms to an actual
clinical situation should be carefully reevaluated.

MATERIALS AND METHODS

Animals and induction of HC

The experiments were carried out with adult male New
Zealand white rabbits weighing 2.2–2.6 kg. Animals received
humane care in compliance with the Principles of Laboratory
Animal Care formulated by the National Society for Medical
Research prepared by the National Academy of Sciences
(publication no. 86-23, revised 1985). Age-matched control
rabbits were fed ordinary laboratory chow, whereas in the hy-
percholesterolemic groups, rabbits received laboratory chow
enriched with 1.0% cholesterol for 8 weeks ad libitum (51).
Serum cholesterol levels were measured after 0, 2, 4, 6, and 8
weeks of the cholesterol-enriched diet by an automatic ana-
lyzer using Boehringer cholesterol kits (Ingelheim, Germany).

Isolated working rabbit hearts

At the end of the cholesterol-enriched diet period, intravenous
heparin (1,000 IU/kg) and ketamine/xylazine (40/5 mg/kg) were
intravenously injected. Following the thoracotomy, the heart was
excised and placed in ice-cold perfusion buffer. Immediately after
preparation, the aorta was cannulated, and the heart was perfused
according to the Langendorf method for a 5-min washout period
at a constant perfusion pressure equivalent to 100 cm of water (10
kPa). The perfusion medium consisted of a modified Krebs–
Henseleit bicarbonate buffer: 118 mM NaCl, 4.7 mM KCl, 1.7
mM CaCl2, 25 mM NaHCO3, 0.36 mM KH2PO4, 1.2 mM
MgSO4, and 10 mM glucose. The left atrium was cannulated, and
the Langendorff system was adapted and switched to the isolated
working rabbit heart, as initially described by Neely et al. (45) in
rat heart, with a left atrial filling pressure of 17 cm of buffer (1.7
kPa) and aortic afterload pressure of 100 cm (10 kPa) of buffer.
Aortic flow (AF) was measured by a calibrated flow meter (Gil-
mont Instruments, Barrington, IL, U.S.A.), and coronary flow
(CF) rate was measured by a timed collection of the coronary per-
fusate that dripped from the heart.

Induction of global ischemia and reperfusion

After a 10-min aerobic perfusion of the heart, the atrial in-
flow and aortic outflow lines were clamped at a point close

to the origin of the aortic cannula, and the peristaltic pump
(Masterflex) was stopped. Reperfusion was initiated by un-
clamping the atrial inflow and aortic outflow lines. To elimi-
nate the incidence of arrhythmias, the initial 10 min of reper-
fusion was carried out in Langendorff mode. To prevent the
myocardium from drying out during normothermic global isch-
emia, the thermostated glassware (in which hearts were sus-
pended) was covered and the vapor content was kept at a con-
stant level.

Ischemia and reperfusion in preconditioned hearts

In noncholesterolemic age-matched controls, and 8-week
hypercholesterolemic groups (n = 6 in each group), one, two,
three, and four cycles of PC (13PC, 23PC, 33PC, and
43PC, respectively), each consisting of 5 min of global isch-
emia followed by 5 min of reperfusion, were carried out be-
fore the induction of 30 min of normothermic global ischemia
followed by 120 min of reperfusion. One to four cycles of
ischemic PC were selected for our studies in the isolated work-
ing rabbit heart, because generally one to four PC cycles pro-
tected the ischemic myocardium, in various degree, against
the incidence of reperfusion-induced damage in the models of
PC in intact myocardium (10, 20, 26, 29, 41, 42, 55, 57, 58,
72). PC studies have been carried out after 8 weeks of choles-
terol diet, and comparisons were made with the age-matched
noncholesterolemic groups. Cardiac function was registered
before the induction of normothermic global ischemia, and
after 60 and 120 min of reperfusion.

Indices measured

Blood samples were obtained intravenously from all rab-
bits, and serum cholesterol was measured. An epicardial elec-
trocardiogram (ECG) was recorded by a polygraph through-
out the experimental period by two silver electrodes attached
directly to the heart. The ECGs were analyzed to determine
the incidence of reperfusion-induced ventricular fibrillation
(VF) and ventricular tachycardia (VT). The heart was consid-
ered to be in VF if an irregular undulating baseline was appar-
ent on the ECG. VT was defined as four or more consecutive
premature ventricular complexes. The heart was considered
to be in sinus rhythm if normal sinus complexes occurring in
a regular rhythm were apparent on the ECG. Before ischemia
and during reperfusion, heart rate (HR), CF, and AF rates were
registered. Left ventricular developed pressure (LVDP), which
was defined as the difference between left ventricular systolic
and end-diastolic pressure, was also recorded by the insertion
of a Millar catheter into the left ventricle via the left atria and
mitral valve.

Determination of infarct size

Hearts for infarct size measurement were perfused, at the
end of each experiment, with 100 ml of 1% triphenyltetrazolium
(TTC) solution in phosphate buffer (88 mM Na2HPO4, 1.8
mM NaH2PO4) via the side arm of the aortic cannula and then
stored at 270°C for later analysis. Frozen hearts were sliced
transversely (56) in a plane perpendicular to the apico-basal
axis into 2–3 mm thick sections, weighed, blotted dry, placed
between microscope slides, and scanned on a Hewlett–Packard
Scanjet 5p single-pass flat-bed scanner (Hewlett–Packard, Palo

326 JUHASZ ET AL.



Alto, CA, U.S.A.). Using the NIH Image 1.61 image process-
ing software, each digitized image was subjected to equiva-
lent degrees of background subtraction, brightness and con-
trast enhancement for improved clarity, and distinctness. Infarct
zones of each slice were traced, and the respective areas were
calculated in terms of pixels (15). The areas were measured
by computerized planimetry software; these areas were multi-
plied by the weight of each slice, and then the results summed
up to obtain the weight of the risk zone (total weight of the
left ventricle, in grams) and the infarct zone (in grams). In-
farct size was expressed as the ratio, in percent, of the infarct
zone to the risk zone (weight of the left ventricle).

Statistical analysis

Results are expressed as means ± SEM (n = 6 in each group).
One-way analysis of variance was first carried out to test any
differences between the mean values of different groups. If
differences were established, the results between two groups
were compared by Dunnett’s test. Because the incidence of
reperfusion-induced VT and VF followed a nonparametric dis-
tribution, therefore, a x2 test was used for the statistical analy-
sis of reperfusion-induced VT and VF. Results were consid-
ered to be significant if p < 0.05.

RESULTS

Serum cholesterol (Fig. 1) was monitored and significantly
increased (about sixfold) after 2 weeks of the cholesterol diet,
and reached a constant level (~12-fold) after 4-, 6-, and 8-
week periods in all groups. Table 1 shows the absolute values
for preischemic cardiac function in all nonhypercholesterolemic
and hypercholesterolemic groups. Thus, statistically signifi-
cant differences were found in cardiac function between the
nonhypercholesterolemic age-matched controls and rabbits
subjected to 8-week cholesterol diet (hypercholesterolemic
groups). Under aerobic conditions, all preischemic values in
HR, CF, AF, and LVDP were significantly reduced (Table 1,
†p < 0.05) in the 8-week hypercholesterolemic groups in com-

parison with the corresponding nonhypercholesterolemic age-
matched control groups, indicating the development of HC-
induced cardiac failure (Table 1).

Table 1 shows the postischemic recovery of cardiac func-
tion after 30 min of ischemia followed by 60 min and 120 min
of reperfusion, without PC, in nonhypercholesterolemics and
in rabbits subjected to 8-week cholesterol diet. Thus, 8-week
HC reduced the recovery of myocardial function upon reper-
fusion compared with the 8-week age-matched nonhyper-
cholesterolemics showing a reduced resistance to ischemia/
reperfusion injury in the previously diseased myocardium.

A further question was whether 13PC, 23PC, 33PC, and
43PC could protect the ischemic/reperfused myocardium ob-
tained from previously diseased (HC) animals in comparison
with the well known protection afforded by PC in intact myo-
cardium.  Hearts from age-matched nonhypercholesterolemic
controls and 8-week (Table 1) hypercholesterolemics were sub-
jected to one, two, three, and four cycles of PC before the in-
duction of 30 min of ischemia followed by 120 min of reper-
fusion, and cardiac function was monitored. Table 1 shows, in
agreement with many previous studies (5, 6, 15, 25, 30, 42,
57), that PC, independent of the numbers of PC cycles, does
attenuate the ischemia/reperfusion-induced damage during reper-
fusion in the hearts obtained from intact animals. In our stud-
ies, the data show (Table 1) and confirm the results of many
“preconditioning investigators” that 33PC and 43PC signif-
icantly improved (*p < 0.05) the recovery of CF, AF, and LVDP
in isolated hearts obtained from intact animals and subjected
to ischemia/reperfusion. However, in our studies, PC-induced
cardiac protection was not detected during reperfusion in hearts
obtained from intact rabbits and subjected to 13PC or 23PC.
Furthermore, in contrast with the positive results obtained
from previously intact myocardium subjected to various cycles
of PC and ischemia/reperfusion, in the 8-week hypercholes-
terolemic hearts, three or four cycles of PC significantly re-
duced (‡p < 0.05), instead of improved, the recovery of post-
ischemic cardiac function (AF and LVDP) in comparison with
the nonhypercholesterolemic or hypercholesterolemic age-
matched preconditioned (33PC and 43PC) myocardium (Table
1). Thus, our results clearly show that 13PC and 23PC did
not result in any cardiac protection, whereas 33PC and 43PC
increased the extent of ischemia/reperfusion-induced injury
in the hypercholesterolemic rabbit myocardium.

The experimental condition defined for PC studies, 30 min
of ischemia followed by 120 min of reperfusion, for infarct
size measurement in both nonhypercholesterolemic and hyper-
cholesterolemic hearts was selected. The results demonstrate
(Fig. 2A) that in hearts subjected to 13PC, 23PC, 33PC,
and 43PC followed by 30 min of ischemia and 120 min of
reperfusion, the infarct size was “cycle-dependently” reduced
from its nonhypercholesterolemic control value (Fig. 2A) of
39 ± 6% to 37 ± 5%, 25 ± 5%, 21 ± 7% (p < 0.05), and 20.0 ±
6% ( p < 0.05), respectively. With HC (after 8 weeks), this
PC-induced cardiac protection in infarct size was abolished,
and a significant “cycle-dependent” increase in infarct size was
observed in comparison with the nonpreconditioned hyper-
cholesterolemic control group (Fig. 2B). Thus, it is reasonable
to assume that the lack of PC-induced protective effect in the
8-week hypercholesterolemic ischemic/reperfused groups is
dependent on the state of myocardium (previously diseased or
not) and serum cholesterol levels.
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FIG. 1. Serum cholesterol during the 8-week cholesterol
diet. Data are means ± SEM (n = 6 in each group). *p < 0.05
compared with the age-matched nonhypercholesterolemic con-
trol values at each time point. V , nonhypercholesterolemic
controls; v , hypercholesterolemic groups.
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Figure 3 shows the incidence of arrhythmias, including VT
and VF, after 30 min of ischemia followed by 120 min of reperfu-
sion in nonhypercholesterolemic and hypercholesterolemic rab-
bit hearts. A very low incidence of VF (17%) and VT (33%) was
observed in control nonhypercholesterolemic and nonprecondi-
tioned hearts in our model, respectively. In hypercholesterolemic
and nonpreconditioned myocardium, the incidence of VT (50%)
and VF (50%) was increased (Fig. 3), indicating a higher vulner-
ability of the myocardium to arrhythmias in hypercholes-
terolemic subjects. The lack of statistical significance between
the nonhypercholesterolemic and hypercholesterolemic values
can be explained, because of the nonparametric distribution, by
the low numbers of animals (n = 6) used in each group. In the
43PC nonhypercholesterolemic group, the incidence of VT
(17%) and VF (8%) was at a low level, whereas in the 43PC hy-
percholesterolemic group, the incidence of reperfusion-induced
VT (67%) and VF (67%) was at a relatively high level.

DISCUSSION

About two decades after the discovery and intensive inves-
tigation of the “first” (43), and after a decade of the observa-

tion of the “second window protection” (4–6, 62, 75) of PC in
intact myocardium, relative little attention has been paid to
the PC phenomenon in previously diseased hearts. Indeed,
thousands of studies are now available and indicate the pow-
erful protective effect of PC against sustained myocardial
ischemia- and reperfusion-induced damage in various models
of intact myocardium (21, 50, 64, 68). Thus, as a consequence,
many pathways have been investigated and suggested as a
potential mechanism responsible for the adaptation of myo-
cardium to anaerobe conditions in healthy myocardium. How-
ever, it is highly probable that a number of interacting mecha-
nisms, rather than a single mechanism, combine to determine
the outcome of PC to ischemia/reperfusion-induced damage,
and a variety of such triggers have been postulated, including
a-adrenoceptor (3), protein tyrosine kinase signaling related
to nitric oxide production (40, 47, 64), stress-activated pro-
tein kinases (22), p38 mitogen-activated protein kinase (44),
heat shock protein 27 kinases (28), phospholipase D (11), pro-
tein kinase C (5, 13, 48), Gi/o proteins (24, 58), NF-kB (42, 53),
signal transducer activator of transcription (73, 74), bradykinin
(12, 30), opioid receptors (15, 59), free radicals (34, 46), pro-
stanoids (37, 68, 73), and angiotensin receptors (17).

Probably, the two most important mechanisms involved in
PC are ATP-sensitive K+ (KATP) channels and adenosine or
adenosine receptors. However, the roles and functions of KATP
channels and adenosine in PC are somehow controversial.
Thus, it has been suggested and stressed in many studies that
KATP channels may or may not play a central role in the mecha-
nism of PC-induced cardiac protection (2, 19, 34, 36, 46, 54,
56, 57, 60, 70). The same conclusion was reached with the
studies of adenosine and adenosine receptors in intact precon-
ditioned myocardium. Thus, it has been initially proposed that
adenosine and adenosine receptors could play a significant role
in PC (8, 36). However, later it was stressed by the same inves-
tigators that adenosine and adenosine receptors do not play an
important role in this phenomenon (9), and finally it was found
that the adenosine pathway is critical depending on the time of
initiation (65) of an adenosine antagonist. Recently, it has also
been suggested that adenosine does or does not trigger PC
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FIG. 2. Effects of PC on infarct size (%) in age-matched
nonhypercholesterolemic and 8-week hypercholesterolemic
rabbits. Hearts (n = 6 in each group) were subjected to 30 min
of ischemia followed by 120 min of reperfusion. Various cycles
of ischemic PC (13PC, 23PC, 33PC, and 43PC) “cycle-
dependently” reduced the extent of infarct size in the age-
matched nonhypercholesterolemic groups (A). Using the same
cycles of PC failed to reduce the infarct size in the 8-week hy-
percholesterolemic group (B), and a “cycle-dependent” signifi-
cant increase in the extent of infarct size was measured. Com-
parisons were made with the corresponding control (C) values
of nonpreconditioned hearts in the nonhypercholesterolemic
(A) and 8-week hypercholesterolemic (B) groups. *p < 0.05.

0

20

40

60

80

100

C          HC

In
ci

de
nc

e 
(%

) 
of

 a
rr

h
yt

h
m

ia
s VF

VT

FIG. 3. Effects of HC on the incidence (%) of reperfusion-
induced arrhythmias in isolated working rabbit hearts. A
nonsignificant increase was observed in the incidence of VT
and VF in the HC group in comparison with the nonhypercho-
lesterolemic control (C) values. n = 6 in each group.



through phosphatidylinositol 3-kinase and tyrosine kinase mech-
anisms (31, 49) in intact hearts. The same conclusions were
stressed regarding the importance or unimportance of adeno-
sine in both additional animal and human studies.

An important point could be that all aforementioned PC
studies have been done in various models of ischemia/reper-
fusion in intact and healthy myocardium instead of a diseased
heart. However, a previously diseased and preconditioned heart
may respond to ischemia/reperfusion in a completely differ-
ent way in comparison with the intact myocardium. Thus, the
clinical implication of PC from results obtained in previously
diseased and preconditioned myocardium could be much more
important in comparison with the data obtained in intact hearts.
Therefore, in the present study, we investigated whether PC
could protect the myocardium in previously diseased, hyper-
cholesterolemic hearts. It was not the aim of our experiments
to study and determine what could be the most important PC
mechanism(s), if there is any, in hypercholesterolemic myo-
cardium, but we studied the final outcome of PC including
cardiac function (HR, CF, AF, and LVDP), infarct size, and
arrhythmias as functional end points.

Although the effects and mechanisms of PC on cardiac per-
formance, in various aspects, have been extensively investigated
in intact myocardium, relatively little information is available
concerning this phenomenon in diseased hearts, e.g., diabetic,
aging, arteriosclerotic, hypertrophic, and failing ischemic/
reperfused hearts. For instance, the prognosis following in-
farction appears to be worse in diabetic patients, who exhibit
a higher incidence of congestive heart failure and death com-
pared with nondiabetics (61). It has been found that the prog-
ress of diabetes increases myocardial infarct size and abol-
ishes PC-induced cardiac protection in both rats and dogs
(27, 52, 66, 67). It is of interest to note the findings of Ghosh
et al. (18) in diabetic human myocardium, showing that fail-
ure to precondition the diabetic heart is due to the dysfunction
of the KATP channels, and this malfunction in KATP channels of
diabetic hearts lies in elements of the signal transduction
pathway different from KATP channels. It has been also em-
phasized that ischemic PC has detrimental effects in failing
and hypertrophied myocardium because it advances the mo-
ment of irreversible ischemic damage (14).

Another important factor in PC could be aging because
the pharmacotherapy and dosages of various drugs are differ-
ent in elderly patients in comparison with the young and mid-
dle age subjects. Therefore, it is also reasonable to investigate
the PC phenomenon in senescent patients. It has been found
and assessed by clinical, ECG, and metabolic evidence that is-
chemic PC failed to provide any protection in elderly patients
(35, 38). It has been also found that the protective effect of
ischemic PC is diminished in aged patients undergoing coro-
nary bypass surgery (71) and in senescent subjects suffering
from angina (1).

To determine how the HC affects PC-induced protection to
reperfusion-induced injury, we have compared heart function,
infarct size, and the incidence of reperfusion-induced VT and
VF in isolated hearts obtained from hypercholesterolemic and
nonhypercholesterolemic age-matched control rabbits. The re-
sults of our study show that HC resulted in a low recovery in
postischemic cardiac function and increased infarct size in the
isolated rabbit heart. With progressive HC (after 8 weeks),

the development of cardiac failure was observed before the
induction of PC and ischemia/reperfusion in our model. Al-
though the incidence of reperfusion-induced VF and VT was
very low in our isolated rabbit heart studies, HC increased the
incidence of VF and VT from their nonhypercholesterolemic
control values of 17% and 33% to 50% and 50%, respectively.
In the 43PC hypercholesterolemic ischemic/reperfused group,
the incidence of reperfusion-induced arrhythmias was further
increased. The effects of HC on cardiac performance have been
extensively investigated, but relatively little effort has been
made to study effects on infarct size and cardiac function of
PC in hypercholesterolemic ischemic and reperfused myocar-
dium. For instance, Szilvassy et al. (63) have observed that
the cardioprotection conferred by ischemic PC against myo-
cardial stunning and electrophysiological changes was lost when
rabbits developed HC and atherosclerosis after 8 weeks of ex-
posure to the cholesterol diet. The loss of f irst window pro-
tection in ischemic PC was subsequently confirmed in hearts
obtained from rats exposed to a cholesterol diet without de-
velopment of atherosclerosis (16). The loss of PC-induced
protection in hyperlipidemia has been confirmed in humans
undergoing repeated balloon inflations during coronary an-
gioplasty (32). The mechanism by which hyperlipidemia could
influence the outcome of cardiac ischemia and PC is currently
not known; however, the accumulation and redistribution of
tissue/membrane cholesterol and the resulting changes in mi-
tochondrial and sarcolemmal membrane microviscosity, rather
than a direct effect of high serum lipoprotein levels and coro-
nary atherosclerosis, may account for this phenomena (23, 69).

Thus, with progressive HC, the PC-induced protection is
abolished and cardiac failure with reduced function of the heart
due to ischemia/reperfusion was observed. Furthermore, our
results clearly show that the protective effect of ischemic PC
cannot be observed in hypercholesterolemic hearts, indicating
that the PC might be an “intact heart” phenomenon.

In summary, the mechanisms of PC, even the first and sec-
ond window protection and their implication for an actual
clinical situation, were studied mainly in intact myocardium.
Despite this, the effects of PC or its mechanisms appear cur-
rently to be controversial and a dilemma especially in previ-
ously diseased myocardium. The solution to the problem of
PC in intact and diseased myocardium requires further data
from two different sources: (a) in diseased animals from labo-
ratories, and (b) in diseased or aging human myocardium from
the clinic. Once the data are available in previously diseased
human or animal subjects, then the conditions and mecha-
nisms under which PC will be beneficial rather than harmful
could be established and the dilemma could be solved.
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