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Abstract
Vitamin E (VitE) is considered an antioxidant agent. One or more brief periods of ischemia (isc), followed by short reperfusion (rep), increase
the tolerance of the heart to a subsequent prolonged ischemia, a phenomenon known as ischemic preconditioning (PC). Mitochondrial KATP
channels (mitoKATP), cyclic-GMP (cGMP), and free radicals are involved in the mechanism of PC, whereas some antioxidants abolish this benefit.
The purpose of this study was to evaluate the effect of VitE on infarct size, PC, and the oxidative status in vivo. Male rabbits were divided into
seven groups and were subjected to myocardial ischemia (isc) and reperfusion (rep) with the following interventions: (1) control (no intervention);
(2) E150 (iv VitE at a dose of 150 mg/kg for 75 min, starting 40 min before index isc and lasting through 5 min of rep); (3) E300 (iv VitE 300 mg/kg
as previously described); (4) PC (two cycles of 5 min isc and 10 min rep), (5) combined E150–PC; and (6) combined E300–PC. In the last two
groups VitE was given 40 min before index ischemia. Blood samples were taken for malondialdehyde (MDA) and conjugated dienes (CDs)
measurement. In a second series of experiments heart tissue samples were taken at the time of long ischemia for MDA and CD determination and
for cGMP assay. In order to test whether combined treatment with VitE (as the E150 group) and the mitoKATP blocker 5-hydroxydecanoic acid (5HD) changes the infarct size, an additional group was assessed in the first series of experiments. Tissue VitE concentration was evaluated in
myocardium. VitE at both doses reduced the infarct size (19.7 ± 2.8% for E150 and 18.8 ± 4.9% for E300 vs 47.4 ± 2.6% in control, P < 0.05) without
attenuating the effect of PC (10.2 ± 3.1% for E150–PC, 12.4 ± 2.2% for E300–PC, vs 13.5 ± 3.3% for PC). Combined VitE and 5-HD treatment
abrogates this benefit (37.4 ± 6.5%, P < 0.05 vs E150 and NS vs control). VitE increases intracellular cGMP and CDs levels (P < 0.05 vs control) to
the same extent as PC (P < 0.05 vs control), with no effect on MDA (P = NS between all the groups). Peripheral markers of oxidative stress are
increased during reperfusion in all groups (P < 0.05 vs baseline). Overall, VitE limits infarct size via mitoKATP and cGMP, while preserving the
benefit of ischemic PC.
© 2006 Elsevier Inc. All rights reserved.
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Ischemic preconditioning is an endogenous protective
mechanism in which one or more brief periods of myocardial
ischemia and reperfusion render the heart resistant to a
subsequent potentially lethal ischemic insult [1]. Although the
hard end point of myocardial protection is the limitation of
infarct size [2], the mechanism of preconditioning still remains
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obscure with several unknown facts with respect to the
intracellular signaling pathways triggered [3]. The opening of
mitochondrial KATP channels, with subsequent generation of
reactive oxygen species (ROS), is considered to be a pivotal
step in the mechanism of preconditioning [4]. It is of interest
that NO, guanylate cyclase, cGMP, and PKG are significant
mediators, which result in the opening of mitoKATP channels
[3]. Infusion of free radical scavengers, superoxide dismutase
and N-2-mercaptopropionyl glycine, prevents the protection
from preconditioning in rabbits [5] and rats [6]. Ascorbic acid
which is known to scavenge oxygen-derived free radicals has
also been shown to abolish the benefit of ischemic preconditioning in pigs [7]. However, we have previously shown that the
administration of melatonin and N-acetylcysteine to rabbits
does not prevent the protection from ischemic preconditioning
via limiting the infarct size but it does protect from oxidative
damage during ischemia and reperfusion [8].
Vitamin E belongs to the most powerful group of lipidsoluble chain-breaking antioxidants that prevent lipid peroxidation and disruption of membrane integrity [9]. Epidemiologic
evidence supports an inverse relation between vitamin E intake
and risk of coronary artery disease [10]. However, this general
statement is much debated today, since previous epidemiologic
findings were not supported in a recent large, multicenter trial of
patients with increased risk of coronary artery disease [11].
Furthermore, the findings of a recent large trial do not support
vitamin E supplementation for cardiovascular disease or cancer
prevention among healthy woman [12].
In the present study we sought to determine the effect of
vitamin E as an antioxidant agent on (a) the beneficial effect of
ischemic preconditioning by reducing myocardial infarct size,
(b) lipid peroxidation and oxidative stress during ischemia
reperfusion, (c) the effect of vitamin E on tissue cGMP levels as
well as the effect of combined vitamin E and PC on cGMP
levels.
Materials and methods
Surgical preparation
New Zealand white male rabbits weighing between. 2.3 and
3.1 kg were used. All animals received proper care in
compliance with the Principles of Laboratory Animal Care,
published by the National Society for Medical Research, and the
Guide for the Care and Use of Laboratory Animals, prepared by
the Academy of Sciences and published by the National
Institutes of Health (Institute of Laboratory Animal Resources
Commission on Life Sciences, 1996).
All animals were anesthetized by slowly injecting pentobarbital (30 mg/kg) into an ear vein. They were then subjected
to tracheal incision and intubation for mechanical ventilation
with a respirator for small animals (MD Industries, Mobile,
AL). The ventilator was properly adjusted at a rate of
approximately 35 respirations/min, in order to maintain blood
gases and pH within the normal range. Two polyethylene
catheters were inserted; one was positioned in the carotid artery
for continuous blood pressure monitoring, and the other in the
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jugular vein for fluid infusion (1 ml of normal saline containing
1000 IU heparin/100 ml was administered every 30 min), drug
administration, and additional anesthesia when necessary. A
bipolar chest lead was used for continuous electrocardiographic
recording. Blood pressure and heart rate were continuously
monitored. The chest was opened via a left thoracotomy in the
fourth intercostal space and, after pericardiotomy, the beating
heart was exposed. A 3-0 silk thread was passed through the
myocardium around a prominent branch of the left coronary
artery and by pulling the ends of the suture through a small
segment of a soft tube induced regional ischemia; the tube was
then firmly attached against the artery with a clamp. The
successful induction of ischemia was verified by visual
inspection (cyanosis) and by ST elevation on the electrocardiogram. Reperfusion was achieved by unclamping the tube [13].
Experimental protocol
Forty six rabbits were randomly divided into seven groups;
all animals were subjected to the following interventions prior
to 30 min regional ischemia of the heart and 3 h reperfusion.
Control group (CTL) (n = 10); no intervention.
E150 group (n = 6): Vitamin E (DL-all-rac-α-tocopherol,
Sigma Aldrich Chemical Co., St. Louis, MO) was administered
intravenously as 10 ml of an oil-in-water emulsion containing
DL-all-rac-α-tocopherol with a few drops of Tween 80 in
normal saline at a total dose of 150 mg kg−1 for 75 min, starting
40 min before index ischemia and lasting up to 5 min of
reperfusion. Vitamin E has been previously administered
intravenously as an oil-in-water emulsion to humans [14].
E300 group (n = 5): Vitamin E was administered intravenously, as described before, at a total dose of 300 mg kg−1 for
75 min, starting 40 min before index ischemia and lasting up to
5 min of reperfusion. The 300 mg kg−1 dosage of vitamin E has
been administered intravenously to pigs in an earlier protocol
[15].
Preconditioning group (PC, n = 7): Two cycles of preconditioning, each including 5 min of regional ischemia and 10 min
of reperfusion.
Combined E150–PC group (n = 6): Vitamin E at a total dose
of 150 mg kg−1 was administered as in group E150, and all
animals were subjected to two cycles of preconditioning.
Combined E300–PC group (n = 6): Vitamin E at a total dose
of 300 mg kg−1 was administered as in group E300, and all
animals were subjected to two cycles of preconditioning.
In a second series of experiments 24 additional rabbits (four
in each group) were subjected to the above interventions up to
20 min of sustained ischemia and tissue samples were taken
from the ischemic and nonischemic regions for analysis of
tissue lipid peroxidation products (malondialdehyde (MDA)
and conjugated dienes (CDs)) and determination of cGMP
levels.
In order to investigate the role of mitoKATP channels on
infarct size, a final group (n = 6) was treated as the E150 group
but with the addition of the mitoKATP blocker 5-hydroxydecanoic acid (5-HD). 5-HD (Sigma Aldrich Chemical Co.) was
dissolved in normal saline (10 mg kg−1) and was given as a
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bolus dose of 5 mg kg−1 into the jugular vein 40 min before
sustained ischemia as previously described [16].
Blood samples were taken at different time points (baseline,
before sustained ischemia, and at 20 min of reperfusion), and
plasma was obtained for MDA and CD measurement as lipid
peroxidation markers.
Also, in order to determine the tissue concentrations of
vitamin E, 10 additional rabbits were treated with vitamin E 150
or 300 mg kg−1 (n = 5 in each group) as previously described
until 20 min of sustained ischemia while 5 rabbits were used as
controls. In total 90 rabbits were used to complete this study.
The experimental protocol is shown in Fig. 1.
Risk area and infarct size
At the end of the experiment, hearts were removed, mounted
on a perfusion apparatus, and perfused for 2 min retrogradely
via the aorta with normal saline (20 ml/min, 50 mm Hg, room
temperature). When all residual blood had been removed from
the arteries, the coronary ligature was retightened to the same
extent as before and 5 ml of green fluorescent microspheres (2–
9 μm diameter; Duke Scientific Corp., Palo Alto, CA,
suspended in saline) were slowly infused over 5 min for the
delineation of the normally perfused tissue from the risk zone.
Hearts were then frozen for 24 h at –20°C and sliced into 3-mmthick sections from the apex to the base. The slices were then
incubated in 1% triphenyl tetrazolium chloride solution (TTC)
for 20 min at 37°C and the infarcted area was defined as the
negatively stained region. The heart slices were then immersed
in 10% formaldehyde solution for 24 h to delineate the infarcted
(tetrazolium chloride negative) areas more clearly. To clarify the
borders between the risk zone and the normal area, slices were
examined under ultraviolet light (wavelength 366 nm).
Infarcted, risk, and normal areas were traced onto an acetate
sheet, photographically enlarged, and quantified by planimetry
(Scion Image Program, Epson Perfection 1200S scanner, Adobe

Photoshop 6.0). The areas of infarction and myocardial tissue at
risk for infarction were automatically transformed to volumes
by multiplying by the slice thickness (3 mm). Infarct and risk
area volumes were expressed in cubic centimeters and the
percentage of infarct to risk area (I/R) was calculated as
previously described [17].
Measurement of malondialdehyde
MDA plasma concentrations at different time points (under
basal conditions, before sustained ischemia, and at 20 min of
reperfusion) were determined spectrophotometrically and
expressed as micromolar using a commercial kit (Oxford
Biomedical Research Colorimetric Assay for lipid peroxidation)
with some modifications [8,18]. The method we used is based
on the reaction of the chromogenic reagent N-methyl-2phenylindole with MDA. One molecule of free MDA combines
with two molecules of the chromogenic agent to produce a
stable chromophore with a maximal absorbance at 586 nm.
Briefly, 0.65 ml of 10.3 mM N-methyl-2-phenylindole in
acetonitrile was added to 0.2 ml of plasma. After vortexing for
3–4 s and adding 0.15 ml of HCl 37%, samples were mixed well
and incubated at 45°C for 60 min. The samples were then
cooled on ice and centrifuged at 3500g for 20 min and the
absorbance at 586 nm was measured. A standard curve of an
accurately prepared standard MDA solution (from 2 to 20 μmol/
ml) was also run for quantitation. Measurements for each group
were performed in triplicate.
Conjugated dienes evaluation
Peroxidation of polyunsaturated fatty acids leads to the
formation of a conjugated diene system, with a characteristic UV
absorption maximum of 234 nm. Briefly, plasma (100 μl) was
mixed with 1 ml water, and 3 ml chloroform:methanol (2:1 v/v),
and was vortexed vigorously for 2 min. Samples were centrifuged

Fig. 1. Diagrammatic presentation of the experimental protocol used to evaluate the effect of acute administration of vitamin E and preconditioning on infarct size.
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for 5 min at 2000g; the lower organic layer was removed and
dried under nitrogen. The dry residue was solubilized in 1 ml
hexane and the absorbance was measured at 234 nm, with
hexane used as a blank. All measurements were performed in
duplicate [19,20]. The amount of plasma CDs was expressed as
ΔABS/ml.

(baseline until 20 min of reperfusion). All tests were two-sided
with a 95% significance level. Statistical analysis was carried
out using the statistical package SPSS ver 10.00 (Statistical
Package for the Social Sciences).

Determination of MDA and CDs in tissue preparation

Infarct size

Samples of the ischemic and nonischemic areas were
obtained at 20 min of sustained ischemia for each group,
frozen, and kept at −70°C until assay. On the day of analysis,
tissue samples were washed in ice-cold NaCl 0.9% (w/v),
blotted on absorbent paper, and weighed. Each sample was then
minced in a small volume of ice-cold 20 mM Tris-HCl buffer,
pH 7.4, and homogenized, in a ratio 1:10 (w/v), using a Teflon
pestle. After centrifugation at 3000g for 10 min at 4°C [20,21],
the clear homogenate supernatant was used for the biochemical
assays as described above. The results for MDA were expressed
as micromolar per milligram protein. For the determination of
CD the results were expressed as nanomole hydroperoxide per
milligram protein using εmax = 25,200 M−1 cm−1 [22]. Protein
concentrations were determined using the BioRad Bradford
assay.

The infarct-to-risk zone ratio, which is the most reliable
index of protection [4,7,8], was 47.4 ± 2.6% in the control
group as shown in Fig. 2. Administration of vitamin E at a
dosage of either 150 mg kg−1 or 300 mg/kg/BW reduced the
infarct size, to 19.7 ± 2.8 and 18.8 ± 4.9%, respectively
(P < 0.01 vs control). The PC group had a significantly smaller
infarct size 13.5 ± 3.3% (P < 0.01 vs control). Administration of
vitamin E did not affect the reduction in myocardial infarct
size obtained in the PC group: the mean infarct sizes in the
E150–PC group and the E300–PC group were 10.2 ± 3.1, and
12.4 ± 2.2%, respectively (P < 0.01 vs control), (Fig. 2).
Combined treatment with vitamin E and 5-HD abrogated the
benefit obtained by VitE treatment (37.4 ± 6.5%, P < 0.05 vs
E150 and NS vs control values).
Mean blood pressure and heart rate were not affected by
administration of 150 mg/kg BW or 300 mg/kg/BW vitamin E
and /or PC.

cGMP measurement
Heart powders were homogenized with 5 ml/g absolute
ethanol and extracted on ice for 10 min. The samples were
centrifuged (10,000 g, 5 min, 4°C) and supernatants were used
for cGMP determination by radioimmunoassay using the cGMP
[3 H] assay Biotrak system (TRK 500) according to the
manufacturer’s protocol (Amersham Biosciences, Buckinghamshire, HP7 9NA, England). cGMP concentration was normalized to tissue weight.

Results

Measurement of circulating MDA
MDA production at baseline, before sustained ischemia, and
at 20 min of reperfusion as an index of lipid peroxidation is
shown in Table 1. There were no significant differences
between the different study groups compared at each time
point. However, there were significant increases in MDA
concentration at 20 min of reperfusion when compared to

Vitamin E determination
Myocardial levels of vitamin E were determined with high
performance liquid chromatography (HPLC) using the method
of Good et al. [23] for tissue sample preparation and the method
of Talwar et al. [24] for HPLC analysis at a wavelength of
295 nm for concentrations between 1 and 90 μg/ml. Within- and
between-run precision was calculated to be <10%, while the
limit of detection and limit of quantification were found to be
0.553 and 1.675 μg/ml, respectively.
Data analysis and statistics
All results are presented as mean ± standard error (SE).
Comparisons of absolute values of variables from the groups
were analyzed using one-way analysis of variance model
(ANOVA) with Bonferroni correction and with Duncan post
hoc analysis. A calculated P value of less than 0.05 was
considered to be statistically significant.
A one-factor repeated measures ANOVA model was used to
compare each variable separately during the treatment period

Fig. 2. The effect of various interventions on infarct size (expressed as a
percentage of risk zone) in rabbit hearts following 30 min of ischemia and
180 min of reperfusion. CTL, control group; E150, group treated with vitamin E
150 mg/kg/BW; E300, group treated with vitamin E 300 mg/kg/BW; PC,
preconditioning with 2 cycles of 5 min ischemia–10 min reperfusion; E150-PC,
group treated with vitamin E 150 mg/kg/BW and subjected to preconditioning;
E300-PC, group treated with vitamin E 300 mg/kg/BW and subjected to
preconditioning; E150 + 5-HD, group treated with vitamin E150 mg/kg/BW and
5-HD 10 mg/kg/BW *P < 0.01 versus control group and E150 + 5-HD group.
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Table 1
Plasma malondialdehyde (MDA) assessed under basal conditions, at the time
before sustained ischemia, and at 20 min of reperfusion
Group

Baseline

Before ischemia

20 min rep

Control
E150
E300
PC
E150–PC
E300–PC
E150 + 5–HD

1.23 ± 0.11
1.28 ± 0.17
1.20 ± 0.44
1.30 ± 0.08
1.15 ± 0.37
1.02 ± 0.28
1.25 ± 0.29

1.49 ± 0.22
1.70 ± 0.40
1.75 ± 0.36
1.80 ± 0.47
1.69 ± 0.40
1.72 ± 0.07
1.93 ± 0.31

3.66 ± 0.28 ⁎
3.06 ± 0.33 ⁎
2.94 ± 0.61 ⁎
3.15 ± 0.89 ⁎
2.60 ± 0.45 ⁎
2.59 ± 0.34 ⁎
3.37 ± 0.57 ⁎

Data are means ± SE.
⁎ P < 0.05 compared to baseline values.

Fig. 3. The ratio of cardiac malondialdehyde (MDA) levels (μM/mg protein)
determined in the ischemic and nonischemic areas.

baseline values in all study groups (*P < 0.05 vs baseline values)
including those treated with vitamin E.

to the PC group and to the groups treated with different doses of
vitamin E (P < 0.05 vs CTL group).

Plasma-conjugated dienes
cGMP levels
Table 2 shows plasma CD concentrations at baseline, at the
time before sustained ischemia, and at 20 min of reperfusion.
There were significant increases in CD concentrations at
20 min of reperfusion when compared to baseline values in
the CTL and PC groups. Both doses of vitamin E resulted in
an increase in CDs at 20 min of reperfusion (P < 0.05 vs
baseline values).

Fig. 5 shows the ratio of cGMP levels in ischemic/
nonischemic areas. PC and vitamin E-treated groups or
combined PC with vitamin E was found to enhance the
cGMP levels in the ischemic myocardium after 20 min of
sustained ischemia (*P < 0.05 vs CTL group).
Concentration of vitamin E in myocardium

Cardiac MDA
The ratio of cardiac MDA levels (μM/mg protein) in
ischemic/nonischemic areas is shown in Fig. 3. Increased
MDA levels were noted in all areas at risk in all study groups.
Vitamin E and PC exhibited a tendency to increase MDA
concentrations during ischemia but not to a statistically
significant extent.

The myocardial concentration of vitamin E in the control
group was 0.150 ± 0.06 nmol/mg tissue. Acute intravenous
treatment with 150 mg kg−1 vitamin E increased the myocardial
vitamin E concentration to 11.46 ± 1.7 nmol/mg tissue, whereas
treatment with 300 mg kg −1 increased the vitamin E
concentration to 21.6 ± 5.8 nmol/mg tissue at 20 min of
sustained ischemia.

Cardiac-conjugated dienes

Discussion

Fig. 4 shows CD concentrations expressed as nanomole
hydroperoxide per milligram protein obtained in the different
study groups at 20 min of sustained ischemia. In the CTL group
a significant decrease in the ratio of CD concentrations in
ischemic and nonischemic areas was obtained when compared

The present study demonstrates that the acute administration
of vitamin E reduces infarct size and maintains the beneficial
effect of ischemic preconditioning without altering plasma
MDA or cardiac CDs during ischemia and reperfusion. Vitamin
E increases the levels of tissue cGMP in the ischemic

Table 2
Plasma-conjugated dienes (ΔABS/ml) assessed under basal conditions, at the
time before sustained ischemia, and at 20 min of reperfusion
Group

Baseline

Before ischemia

20 min rep

Control
E150
E300
PC
E150–PC
E300–PC
E150 + 5-HD

0.117 ± 0.02
0.129 ± 0.03
0.140 ± 0.02
0.120 ± 0.008
0.117 ± 0.01
0.145 ± 0.03
0.132 ± 0.02

0.12 ± 0.03
0.159 ± 0.02
0.144 ± 0.01
0.149 ± 0.04
0.122 ± 0.02
0.268 ± 0.04
0.188 ± 0.035

0.43 ± 0.05 ⁎
0.286 ± 0.08 ⁎
0.313 ± 0.02 ⁎
0.349 ± 0.08 ⁎
0.197 ± 0.09 ⁎
0.725 ± 0.09 ⁎, a
0.392 ± 0.05 ⁎

Data are means ± SE.
a
P < 0.05 compared to E150, E300, PC, and E150–PC groups at 20 min of
reperfusion.
⁎ P < 0.05 compared to baseline values.

Fig. 4. The ratio of cardiac-conjugated dienes (nmol hydroperoxide/mg protein)
determined in the ischemic and nonischemic areas. * P < 0.05 versus CTL
group.
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Fig. 5. The ratio of cGMP levels (pmol/g tissue) in the ischemic and
nonischemic areas. * P < 0.05 versus CTL group.

myocardium to the same extent that preconditioning does.
Finally, the coadministration of vitamin E with the mitoKATP
blocker 5-HD abrogates the reduction of infarct size.
The mediators involved in the mechanism of preconditioning
have been extensively investigated in many studies with the use
of different models [5,25,26]. However, regardless of the
experimental model, there is a great deal of evidence that
intracellular free radicals play a pivotal role, as triggers or
mediators, in the observed protection [27–29]. Vitamin E is
thought to exert its therapeutic properties against cardiovascular
diseases by means of its antioxidative properties, as it is
considered to be one of the most effective natural hydrophobic
scavengers of peroxyl radicals. Although lipid peroxidation
plays a central role in the development of atherosclerosis, the
ability of vitamin E to prevent this process and the progression
of in vivo lesions remains uncertain [30]. Apart from its
antioxidative properties, vitamin E alters several intracellular
agents, interferes in enzymatic activities, promotes apoptosis,
and contributes to novel gene expression as has been reported
recently [31–33]. Due to the above conflicting evidence and
considering the effect of vitamin E on free radicals, we tested its
effect on infarct size, on preconditioning, on several intracellular mediators, and on the oxidative status in anesthetized
rabbits.
Acute intravenous infusion of vitamin E at two different
doses was found to reduce the infarct size, in agreement with
previous studies [15,34,35]. Importantly, we noted for the first
time in vivo that vitamin E does not abolish the beneficial effect
of PC in limiting the infarct size. Vitamin E has no effect on the
antioxidant response element (ARE)—so signaling may be
different from thiols, etc. However, conflicting findings
regarding the antioxidant effects of vitamin E in animals and
humans have been reported in previous studies [36–40].
MDA [8,15,20] and CDs [20,41] are some of the most
widely used indexes for the evaluation of lipid peroxidation.
The measurement of MDA and CDs in plasma using a
photometric method has been criticized as notoriously unreliable [42,43]. However, it should be emphasized that the method
we used for MDA determination showed similar results when it
was compared with GC-MS measurements in previous studies
[43].
Based on the above one of the main purposes of the present
study was to evaluate the effect of vitamin E on intracellular
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lipid peroxidation. The large amount of MDA, found in the
ischemic area at the time of sustained ischemia, indicates the
development of damage mediated by free radicals. It is of
interest that pretreatment with vitamin E does not prevent lipid
peroxidation within the cardiac tissue under these conditions. In
particular, vitamin E and PC exhibited a tendency to increase
MDA concentrations during ischemia. The importance of
prooxidation reactions of α-tocopherol has been established in
previous studies [31]. Lipid peroxidation of LDL is faster in the
presence of α-tocopherol and is substantially accelerated by
enrichment of vitamin E in LDL in vitro [44,45]. It is assumed
that peroxidation is propagated by the vitamin E radical, αtocopheroxyl, if the latter is not reduced by vitamin C or
ubiquinol-10 [46]. However, there are no data to support the
role of vitamin E as a prooxidant in vivo.
Furthermore, there is a significant increase in the circulating
levels of the lipid peroxidation products MDA and CDs at
20 min of reperfusion in all study groups compared to baseline
values.
Tissue CDs may degrade and therefore decreased in the
myocardium of the control group during sustained ischemia
where a more extensive myocardial infarction was observed
compared to the PC and vitamin E-treated groups. Free radicals
and lipid peroxidation products, which are produced after shortlasting ischemia, generate reversible changes in cellular
unsaturated fatty acids responsible for activation of phospholipases and subsequent release of substrates for the lipoxygenase pathway [47]. Starkopf et al. [47] found that preconditioned
hearts had a significant content of free fatty acids at the end of a
sustained ischemic period compared to controls before
ischemia. Moreover, they also noted that with respect to
phosholipids, ischemic preconditioning with 5 min ischemia
and 5 min reperfusion increases hydroxyl-conjugated dienes
during ischemia. This is in agreement with our finding, since we
observed at the same time point a significant increase of CDs in
the myocardium of the PC group and furthermore, in the
vitamin E-treated groups.
Thus, with respect to free radical generation during PC, it
appears that vitamin E does not interfere with lipid peroxidation
products, which are elevated by the opening of mitochondrial
KATP channels, and therefore does not block the protective
effect of PC. Based on this finding and in order to further
investigate the hypothesis that vitamin E may possibly act
through mitochondrial KATP channels opening, we included in
our study a group in which vitamin E was coadministered with
the KATP channel blocker 5-HD. The addition of 5-HD
abrogated the beneficial effect of vitamin E, indicating that
the cardioprotective effect of vitamin E is probably related to the
opening of the mitoKATP channels.
Another source of free radical generation during PC springs
from the Akt-NO-PKG pathway. We have previously shown
that circulating cyclic-GMP levels increase in preconditioned
rabbit hearts in vivo [48]. Qin et al. [49] have shown that NO
triggers preconditioning through the guanylyl cyclase-GMP
cascade and these events reside upstream of the ROS-producing
event. Other studies have shown that sildenafil, which elevates
cGMP levels in cells, reduces infarct size in rabbit hearts [50]
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and α-tocopherol increases NO-dependent relaxation [51].
Moreover, the formation of cGMP increases when human
umbilical vein endothelial cells are pretreated with 10–200 μM
vitamin E for 24 h [52]. In addition, Watanabe et al. [53] have
demonstrated in a double-randomized clinical trial that the
response in forearm blood flow and production of platelet
cGMP after sublingual administration of nitroglycerin was
decreased in the placebo group but not in the vitamin E group.
Vitamin E was found to prevent the attenuation of the response
in vasodilation and the intracellular production of cGMP. Our
results support and extend these prior observations as we
demonstrated that acute administration of vitamin E preserves
NO bioavailability by enhancing cGMP levels in the ischemic
myocardium.
Furthermore, in order to determine whether the above results
are intra- or extracellular events due to vitamin E we evaluated
the myocardial concentration of vitamin E. Acute intravenous
treatment resulted in large increases in myocardial vitamin E
levels during sustained ischemia. This finding is in agreement
with previous studies that found high myocardial levels after
acute or pretreatment with vitamin E [15,54].
Vitamin E administration up to 20 min of ischemia does not
appear to interfere with lipid peroxidation products and increase
cGMP levels. These properties of vitamin E and its ability to
increase cGMP levels may induce and activate intracellular
signaling pathways, which subsequently mediate the protective
mechanism of ischemic preconditioning. Interestingly, the
coadministration with the mitoKATP channels blocker 5-HD
was observed to abrogate the reduction of infarct size,
indicating that vitamin E may exert its cardioprotective ability
by favoring the opening of mitoKATP channels.
Overall, acute intravenous administration of vitamin E was
found to maintain the effect of ischemic preconditioning in vivo
and reduce the infarct size but did not interfere with lipid
peroxidation marker generation during ischemia and reperfusion. The preservation of lipid peroxidation and the intracellular
increase in cGMP levels as well as the opening of mitoKATP
channels may probably contribute to the maintenance of the
protective mechanism of preconditioning.
References
[1] Qin, Q.; Downey, J. M.; Cohen, M. V. Acetylcholine but not adenosine
triggers preconditioning through PI3-kinase and a tyrosine kinase. Am. J.
Physiol. Heart Circ. Physiol. 284:H727–H734; 2003.
[2] Yellon, D. M.; Downey, J. M. Preconditioning the myocardium: from
cellular physiology to clinical cardiology. Physiol. Rev. 83:1113–1151;
2003.
[3] Oldenburg, O.; Qin, Q.; Krieg, T.; Yang, X. M.; Philipp, S.; Critz, S. D.;
Cohen, M. V.; Downey, J. M. Bradykinin induces mitochondrial ROS
generation via NO, cGMP, PKG, and mitoKATP channel opening and
leads to cardioprotection. Am. J. Physiol. Heart Circ. Physiol. 286:
H468–H476; 2004.
[4] Schulz, R.; Cohen, M. V.; Behrends, M.; Downey, J. M.; Heusch, G. Signal
transduction of ischemic preconditioning. Cardiovasc. Res. 52:181–198; 2001.
[5] Tanaka, M.; Fujiwara, H.; Yamasaki, K.; Sasayama, S. Superoxide
dismutase and N-2-mercaptopropionyl glycine attenuate infarct size
limitation effect of ischemic preconditioning in the rabbit. Cardiovasc.
Res. 28:980–986; 1994.

[6] Patel, H. H.; Hsu, A.; Moore, J.; Gross, G. J. BW373U86, a δ-opioid
agonist, partially mediates delayed cardioprotection via a free radical
mechanism that is independent of opioid receptor stimulation. J. Mol. Cell.
Cardiol. 33:1455–1465; 2001.
[7] Skyschally, A.; Schulz, R.; Gres, P.; Korth, H.; Heusch, G. Attenuation of
ischemic preconditioning in pigs by scavenging of free oxyradicals with
ascorbic acid. Am. J. Physiol. Heart Circ. Physiol. 284:H698–H703;
2003.
[8] Andreadou, I.; Iliodromitis, E. K.; Mikros, E.; Bofilis, E.; Zoga, A.;
Constantinou, M.; Tsantili-Kakoulidou, A.; Kremastinos, D. Th. Melatonin does not prevent the protection of ischemic preconditioning in vivo
despite its antioxidant effect against oxidative stress. Free Radic. Biol.
Med. 37:500–510; 2004.
[9] Ingold, K. U.; Webb, A. C.; Witter, D.; Burton, G. W.; Metcalfe, T. A.;
Muller, D. P. Vitamin E remains the major lipid-soluble, chain-breaking
antioxidant in human plasma even inindividuals suffering severe vitamin E
deficiency. Arch. Biochem. Biophys. 259:224–225; 1987.
[10] Rimm, E. B.; Stampfer, M. J.; Ascherio, A.; Giovanucci, E.; Colditz, G. A.;
Willett, W. C. Vitamin E consumption and the risk of coronary heart
disease in men. N. Engl. J. Med. 328:1450–1456; 1993.
[11] The Heart Outcomes Prevention Evaluation Study Investigators (HOPE)
Vitamin E supplementation and cardiovascular events in high-risk patients.
N. Engl. J. Med. 342:154–160; 2000.
[12] Lee, J. M.; Cook, N. R.; Gaziano, J. M.; Gordon, D.; Ridker, P. M.;
Manson, J. E.; Hennekens, C. H.; Buring, J. E. Vitamin E in the primary
prevention of cardiovascular disease and cancer: the Women’s Health
Study: a randomized controlled trial. JAMA 294:56–65; 2005.
[13] Iliodromitis, E. K.; Kremastinos, D. Th.; Katritsis, D. G.; Papadopoulos, C. C.; Hearse, D. J. Multiple cycles of preconditioning cause loss
of protection in open-chest rabbits. J. Mol. Cell. Cardiol. 29:915–920;
1997.
[14] Lassnigg, A.; Punz, A.; Barker, R.; Keznickl, P.; Manhart, N.; Roth, E.;
Hiesmayr, M. Influence of intravenous vitamin E supplementation in
cardiac surgery on oxidative stress: a double-blinded, randomized,
controlled study. Br. J. Anaesth. 90:148–154; 2003.
[15] Klein, H.; Pich, S.; Lindert, S.; Nebendahl, K.; Niedmann, P.; Kreuzer, H.
Combined treatment with vitamins E and C in experimental myocardial
infarction in pigs. Am. Heart J. 118:667–673; 1989.
[16] Iliodromitis, E. K.; Cokkinos, P.; Zoga, A.; Steliou, I.; Vrettou, A.;
Kremastinos, D. Th. Oral nicorandil recaptures the waned protection from
preconditioning in vivo. Br. J. Pharmacol. 138:1101–1106; 2003.
[17] Kremastinos, D. Th.; Bofilis, E.; Karavolias, G.; Papalois, A.; Kaklamanis,
L.; Iliodromitis, E. K. Preconditioning limits myocardial infarct size in
hypocholesterolemic rabbits. Atherosclerosis 150:81–89; 2000.
[18] Altavilla, D.; Deodato, B.; Campo, G. M.; Arlotta, M.; Miano, M.;
Squadrito, G.; Saitta, A.; Cucinotta, D.; Ceccarelli, S.; Farlito, M.;
Tringali, M.; Minutoli, L.; Caputi, A. P.; Squadrito, F. IRFI042, a novel
dual vitamin E-like antioxidant, inhibits activation of nuclear factor–kB
and reduces the inflammatory response in myocardial ischemiareperfusion injury. Cardiovasc. Res. 47:515–528; 2000.
[19] Geng, B.; Chang, L.; Pan, C.; Qi, Y.; Zhao, J.; Pang, Y.; Du, J.; Tang, C.
Endogenous hydrogen sulfide regulation of myocardial injury induced by
isoproterenol. Biochem. Biophys. Res. Commun. 318:756–763; 2004.
[20] Campo, G. M.; Squadrito, F.; Campo, S.; Altavilla, D.; Quartarone, C.;
Ceccarelli, S.; Ferlito, M.; Avenoso, A.; Squadrito, G.; Saitta, A.; Caputi,
A. P. Beneficial effect of raxofelast, an hydrophilic vitamin E analogue, in
the rat heart after ischemia and reperfusion injury. J. Mol. Cell. Cardiol.
30:1493–1503; 1998.
[21] Poussios, D.; Andreadou, I.; Papalois, A.; Rekka, E.; Gavalakis, N.; Aroni,
K.; Kourunakis, P. N.; Fotiadis, C.; Sechas, M. N. Protective effect of a
novel antioxidant non-steroidal anti-inflammatory agent (compound IA)
on intestinal viability after acute mesenteric ischemia and reperfusion. Eur.
J. Pharmacol. 465:275–280; 2003.
[22] Sahin, E.; Gumuslu, S. Alterations in brain antioxidant status, protein
oxidation and lipid peroxidation in response to different stress models.
Behav. Brain Res. 155:241–248; 2004.
[23] Good, R.; Roupe, K.; Fukuda, C.; Clifton, G. D.; Fariss, M.; Davies, N.
Direct high-performance liquid chromatographis analysis of D-tocopheryl

I. Andreadou et al. / Free Radical Biology & Medicine 41 (2006) 1092–1099

[24]

[25]

[26]

[27]
[28]

[29]

[30]
[31]
[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

acid succinate and derivatives. J. Pharmacol. Biomed. Anal. 39:33–38;
2005.
Talwar, D.; Ha, T.; Cooney, J.; Brownlee, C.; Reilly, D. A routine method
of simultaneous measurement of retinal, α-tocopherol and five carotenoids
in human plasma by reverse phase HPLC. Clin. Chim. Acta 270:85–100;
1998.
Murry, C. E.; Jennings, R. B.; Reimer, K. A. Preconditioning with
ischemia: a delay of lethal cell injury in ischemia myocardium. Circulation
74:1124–1136; 1986.
Sack, S.; Mohri, M.; Arras, M.; Schwarz, E. R.; Shaper, W. Ischemic
preconditioning—Time course of renewal in the pig. Cardiovasc. Res.
27:551–555; 1993.
Murphy, E.; Glaskow, W.; Fralix, T.; Steenbergen, C. Role of lipoxygenase
metabolites in ischemic preconditioning. Circ. Res. 76:457–467; 1995.
Goto, M.; Liu, Y.; Yang, X. M.; Ardell, J. L.; Cohen, M. V.; Downey, J. M.
Role of bradykinin in protection of ischemic preconditioning in rabbit
hearts. Circ. Res. 77:611–621; 1995.
Bolli, R.; Zughaib, M.; Li, X. Y.; Tang, X. L.; Sun, J. Z.; Triana, J. F.;
McCay, P. B. Recurrent ischemia in the canine heart causes recurrent
bursts of free radical production that have a cumulative effect on
contractile function. A pathophysiological basis for chronic myocardial
stunning. J. Clin. Invest. 96:1066–1084; 1995.
Munteanu, A.; Zingg, J. M.; Azzi, A. Anti-atherosclerotic effects of
vitamin E—Myth or reality? J. Cell. Mol. Med. 8:59–76; 2004.
Ricciarelli, R.; Zingg, J.; Azzi, A. Vitamin E: protective role of a Janus
molecule. FASEB J. 15:2314–2325; 2001.
Brigelius-Flohe, R.; Kelly, F. J.; Salonen, J. T.; Neuzil, J.; Zingg, J. M.;
Azzi, A. The European perspective on vitamin E: current knowledge and
future research. Am. J. Clin. Nutr. 76:703–716; 2002.
Rimbach, G.; Minihane, A. M.; Majewicz, J.; Fischer, A.; Pallauf, J.;
Virgli, F.; Weinberg, P. D. Regulation of cell signaling by vitamin E. Proc.
Nutr. Soc. 61:415–425; 2002.
Axford-Gately, R.; Wilson, G. J. Myocardial infarct size reduction by
single high dose or repeated low dose vitamin E supplementation in
rabbits. Can. J. Cardiol. 9:94–98; 1993.
Axford-Gately, R.; Wilson, G. J. Reduction of experimental myocardial
infarct size by oral administration of α-tocopherol. Cardiovasc. Res.
25:89–92; 1991.
Nayova, A.; Mongiellova, V.; Krivosikova, Z.; Blazicek, P.; Spustova, V.;
Gajdos, M.; Dzurik, R. Serum ex vivo lipoprotein oxidizability in patients
with ischemic heart disease supplement with vitamin E. Physiol. Res.
51:457–464; 2002.
Jorge, P. A. R.; Osaki, M. R.; de Almeida, E.; Neto, L. C.; Metze, K.
Effects of vitamin E on endothelium-dependent coronary flow in
hypercholesterolemic dogs. Atherosclerosis 126:43–51; 1996.
Motoyama, T.; Kawano, H.; Kugiyama, K.; Hirashima, O.; Ohgushi, M.;
Tsunoda, R.; Moriyama, Y.; Miyao, Y.; Yoshimura, M.; Ogawa, H.; Yasue,
H. Vitamin E administration improves impairment of endotheliumdependent vasodilatation in patients with coronary spastic angina. JACC
32:1672–1679; 1998.
Marchant, C. T.; Barron, D. M.; Wilson, S. M.; Jordan, L. R.; Willis, R. J.
No evidence of malondialdehyde formation during reoxygenation injury in
vitamin E-deficient rat heart. Basic Res. Cardiol. 88:314–320; 1993.
Keith, M.; Jeejeebhoy, K. N.; Langer, A.; Kurian, R.; Barr, A.; O’Kelly, B.;
Sole, M. J. A controlled clinical trial of vitamin E supplementation in
patients with congestive heart failure. Am. J. Clin. Nutr. 73:219–224;
2001.
Ambrosio, G.; Flaherty, J. T.; Duillio, C.; Tritto, I.; Santoro, G.; Elia, P. P.;
Condorelli, M.; Chiarriello, M. Oxygen radicals generated at reflow induce

[42]

[43]

[44]

[45]

[46]
[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

1099

peroxidation of membrane lipids in reperfused hearts. J. Clin. Invest.
87:2056–2066; 1991.
Kadiiska, M. B.; Gladen, B. C.; Baird, D. D.; Germolec, D.; Graham, L. B.;
Parker, C. E.; Nyska, A.; Wachsman, J. T.; Ames, B. N.; Basu, S.; Brot, N.;
FitzGerald, G. A.; Floyd, R. A.; George, M.; Heinecke, J. W.; Hatch, G. E.;
Hensley, K.; Lawson, J. A.; Marnett, L. J.; Morrow, J. D.; Murray, D. M.;
Plastaras, J.; Roberts II, L. J.; Rokach, J.; Shigenaga, M. K.; Sohal, R. S.;
Sun, J.; Tice, R. R.; Van Thiel, D. H.; Wellner, D.; Walter, P. B.; Tomer,
K. B.; Mason, R. P.; Barrett, J. C. Biomarkers of oxidative stress study II.
Are oxidations products of lipids, proteins and DNA markers of CCl4
poisoning? Free Radic. Biol. Med. 38:698–710; 2005.
Kadiiska, M. B.; Gladen, B. C.; Baird, D. D.; Graham, L. B.; Parker, C. E.;
Ames, B. N.; Basu, S.; FitzGerald, G. A.; Lawson, J. A.; Lawson, J. A.;
Morrow, J. D.; Murray, D. M.; Plastaras, J.; Roberts II, L. J.; Rokach, J.;
Shigenaga, M. K.; Sun, J.; Walter, P. B.; Tomer, K. B.; Barrett, J. C.;
Mason, R. P. Biomarkers of oxidative stress study III. Effects of the
nonsteroidal anti-inflammatory agents indomethacin and meclofenamic
acid on measurements of oxidative products of lipids in CCl4 poisoning.
Free Radic. Biol. Med. 38:711–718; 2005.
Bowry, V. W.; Ingold, K. U.; Stocker, R. Vitamin E in human lowdensity lipoprotein. When and how this antioxidant becomes a prooxidant. Biochem. J. 288:341–344; 1992.
Upston, J. M.; Terentis, A. C.; Stocker, R. Tocopherol-mediated
peroxidation of lipoproteins: implications for vitamin E as a potential
antiatherogenic supplement. FASEB J. 13:977–994; 1999.
Stocker, R. The ambivalence of vitamin E in atherogenesis. Trends
Biochem. Sci. 24:219–223; 1999.
Starkopf, J.; Andreasen, T. V.; Bugge, E.; Ytrehtus, K. Lipid peroxidation,
arachidonic acid and products of the lipoxygenase pathway in ischemic
preconditioning of rat heart. Cardiovasc. Res. 37:66–75; 1998.
Iliodromitis, E. K.; Papadopoulos, C. C.; Paraskevaidis, I. A.; Kyriakides,
Z. S.; Flessa, C.; Kremastinos, D. T. Alterations in circulating cyclic
guanosine monophosphate (cGMP) during short and long ischemia in
preconditioning. Basic Res. Cardiol. 91:234–249; 1996.
Qin, Q.; Yang, X. M.; Cui, L.; Critz, S. D.; Cohen, M. V.; Browner, N. C.;
Lincoln, T. M.; Downey, J. M. Exogenous NO triggers preconditioning via
a cGMP- and mito KATP-dependent mechanism. Am. J. Physiol. Heart
Circ. Physiol. 287:H712–H718; 2004.
Ockaili, R.; Salloum, F.; Hawkins, J.; Kukreja, R. C. Sildenafil (Viagra)
induces powerful cardioprotective effect via opening of mitochondrial
KATP channels in rabbits. Am. J. Physiol. Heart Circ. Physiol. 283:
H1263–H1269; 2002.
Car, A. C.; Zhu, B. Z.; Frei, B. Potential antiatherogenic mechanisms of
ascorbate (vitamin C) and alpha-tocopherol (vitamin E). Circ. Res.
87:335–349; 2000.
Heller, R.; Hecker, M.; Stahmann, N.; Thiele, J. J.; Werner-Felmayer,
G.; Werner, E. α-Tocopherol amplifies phosphorylation of endothelial
nitric oxide synthase at serine 1177 and its short-chain derivative
trolox stabilizes tetrahydrobiopterin. Free Radic. Biol. Med.
37:620–631; 2004.
Watanabe, H.; Kakihana, M.; Ohtsuka, S.; Sugishita, Y. Randomized,
double-blind, placebo-controlled study of supplemental vitamin e on
attenuation of the development of nitrate tolerance. Circulation
96:2545–2550; 1997.
Coombes, J. S.; Powers, S. K.; Demirel, H. A.; Jessup, J.; Vincent, H. K.;
Hamilton, K. L.; Naito, H.; Shanely, R. A.; Sen, C. K.; Packer, L.; Ji, L. L.
Effect of combined supplementation with vitamin E and alpha-lipoic acid
on myocardial performance during in vivo ischemia-reperfusion. Acta
Physiol. Scand. 169:261–269; 2000.

