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Abstract The aim of the present study was to assess
whether the protective effects of ischemic precondition-
ing (PC) are associated with activation of the mitochon-
drial ATP-sensitive potassium channels (mitoKATP) and
if there is any relationship between the activity of these
channels and the mitochondrial permeability transition
pore (MPTP) opening in ischemic-reperfused rat hearts
under different nutritional conditions. Langendorff-
perfused hearts of fed and 24-h fasted rats were exposed
to 25 min of no-flow global ischemia plus 30 min of
reperfusion. Fasting accelerated functional recovery and
attenuated MPTP opening. The mitoKATP blocker, 5-
hydroxydecanoic (HD), did not influence functional re-
covery and MPTP opening induced by ischemia–reper-
fusion in the fed hearts but partially reversed the benefi-
cial effects of fasting. PC and the mitoKATP opener,
diazoxide (DZ), improved functional recovery, preserved
cell viability, and inhibited MPTP opening in both fed
and fasted hearts. The protection elicited by PC and DZ
on contractile recovery and MPTP opening was reversed

by HD, which did not affect cell viability. Altogether,
these results argue for a role of mitoKATP and its impact
on preservation mitochondrial inner membrane perme-
ability as a relevant factor in the improvement of con-
tractile function in the ischemic-reperfused rat heart.
They also suggest that the functional protection elicited
by PC may be related to this mechanism.
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Abbreviations
ANT Adenine nucleotide transporter
C Control
DMSO Dimethyl sulfoxide
DZ Diazoxide
HD 5-Hydroxydecanoic
[3H]-2-
DG

2-Deoxy-[3H]-glucose

mitoKATP Mitochondrial ATP-sensitive potassium
channels

MPTP Mitochondrial permeability transition pore
PC Ischemic preconditioning

Introduction

Brief intermittent ischemic periods separated by reper-
fusion prior to prolonged ischemia result in improved
postischemic function and a highly significant reduction
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in infarct size. Although the protective effects of this
phenomenon, called ischemic preconditioning (PC),
have been amply described, the mechanisms involved
are very complex, with mitochondria playing a key role,
as critical mediators of cell survival and death in the
setting of cardiac ischemia–reperfusion [4, 23, 35].
Specifically, many of the complex networks of intracel-
lular signaling pathways recruited by PC converge on
the mitochondrial permeability transition pore (MPTP),
whose irreversible opening at the onset of myocardial
reperfusion is a critical event recognized to be important
in both necrotic and apoptotic cell death [14, 31, 35]. It
is well known that the mitochondrial inner membrane is
impermeable to almost all metabolites and ions under
physiological conditions, and the MPTP is in a closed
conformation. High concentrations of matrix calcium,
coupled with oxidative stress, high inorganic phosphate,
and adenine nucleotide depletion, conditions that are
present in the ischemic-reperfused heart, promote
MPTP opening and equilibration of molecules smaller
than 1,500 Da, resulting in collapse of the potential
difference across the inner mitochondrial membrane that
is required to drive oxidative phosphorylation and lead-
ing to the impairment of ATP synthesis and necrotic cell
death. Osmotic force also results in matrix swelling and
ultimately in the rupture of the outer membrane, release
of cytochrome c, and apoptotic cell death [4]. Although
the structure of the MPTP remains a matter of debate, it
is traditionally thought to be formed by an arrangement
of the voltage-dependent anion channel in the outer
mitochondrial membrane, the adenine nucleotide trans-
porter in the inner membrane, and cyclophilin-D in the
matrix. However, evidence has also been reported that
ascribes the formation of the pore component to the
mitochondrial phosphate carrier. In this model, the ade-
nine nucleotide transporter (ANT) and cyclophilin-D
may play a regulatory role. MPTP opening seems to
be triggered by Ca2+, which may operate through a
conformational change of ANT, facilitated by the bind-
ing of mitochondrial cyclophilin-D or through interac-
tion of ANT and the phosphate carrier [33]. The mech-
anism through which MPTP opening is inhibited by PC
remains unclear, although several potential mechanisms
have been proposed including opening of mitochondrial
ATP-sensitive potassium channels (mitoKATP) [7, 10,
32] and reduced cellular Ca2+ overload, this last effect
attributed, at least in part, to inhibition of glycolysis [2,
8]. Similar changes in glucose metabolism may contrib-
ute to the beneficial effects of fasting [25]. In this

respect, it has been shown that previous fasting, which
enhanced triglyceride stores and accelerated oxidation
of fatty acids derived from endogenous lipolysis,
inhibited glycolysis during ischemia, accelerated con-
tractile recovery, and decreased the extent of MPTP
opening in the Langendorff-perfused rat heart subjected
to no-flow global ischemia and reperfusion [19]. It has
also been reported that PC, which lowered lactate pro-
duction during ischemia in the hearts of rats fed ad
libitum, elicited a more thorough functional protection
in this nutritional condition as compared with the fasted
hearts. Since the protective effect of PC could be ob-
served in the absence of any change in anaerobic gly-
colysis in the fasted rats, it appears likely that the effects
of PC could also depend on some other mechanisms
[34]. On the other hand, it has been demonstrated that
the beneficial effects of diazoxide (DZ), which selec-
tively opens mitoKATP in a micromolar range, showed
a fairly close similarity to the reported effects of PC.
This agent improved the postischemic mechanical func-
tion in both nutritional conditions, although this effect
was more pronounced in the fed rat hearts where it was
accompanied by a decrease in lactate accumulation dur-
ing ischemia. It preserved cell viability in the fed as well
as in the fasted hearts, and interestingly, this
cytoprotection was equivalent to that of PC [18].

On the basis of these observations and in order to
gain a deeper insight into the mechanisms involved in
the protective effects of PC under different nutritional
conditions, the goal of the present study was to assess
whether the protective effects of PC are associated with
activation of the mitoKATP and if there is any relation-
ship between the activity of these channels and the
MPTP opening in hearts from fed and fasted rats. The
effects of the mitoKATP blocker, 5-hydroxydecanoic
(HD), on the cardioprotective actions of PC and DZ in
Langendorff ischemic-reperfused hearts from fed and
fasted rats were determined in the present study.

Materials and methods

Experimental protocol

The present study conformed to the Guide for the Care
and Use of Laboratory Animals (1996, published by
National Academy Press, 2101 Constitution Ave. NW,
Washington, DC 20055, USA) and Argentine Law No.
14346 concerning animal protection. FemaleWistar rats
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weighing 250–350 g were maintained on a 12-h dark-
light cycle and were fed ad libitum or fasted for 24 h.
Rats were anesthetized with diethylether, and heparin
(250 IU) was injected into the jugular vein. Hearts were
excised quickly and cooled in ice-cold saline until con-
tractions stopped. Hearts were then mounted on a mod-
ified Langendorff apparatus (Hugo Sachs Elektronik,
March-Hugste t ten , Germany) and per fused
isovolumically at a constant pressure of 70 mmHg with
a non-recirculating Krebs–Ringer bicarbonate solution
of the following composition (in mmol/L): NaCl, 120;
HNaCO3, 25; KCl, 4.8; MgSO4, 1.33; KH2PO4, 1.2;
CaCl2, 1.6; Na2EDTA, 0.02; and glucose, 10. The per-
fusate was gassed with 95 % O2 and 5 % CO2 (pH 7.4)
and kept at a constant temperature of 37 °C. After
instrumentation, each heart was randomly assigned to
one of the following groups: control (C), after a 30-min
equilibration period, hearts were subjected to 25 min of
global ischemia and 30 min of reperfusion (ischemia
was started by shutting off the perfusate flow); PC, PC
consisted of 3-min ischemia and 5 min of reperfusion
before sustained ischemia; PC + HD, 100 μM HD
(Sigma, St Louis,MO, USA) was added to the perfusion
medium 7 min before application of PC and maintained
throughout the experiment; DZ, 10 μM DZ (Sigma, St
Louis, MO, USA) dissolved in dimethyl sulfoxide
(DMSO) was added to the perfusion medium 10 min
before sustained ischemia and maintained throughout
the experiment (the final concentration of DMSO was
0.01 %); DZ + HD, 100 μM HD was added to the
perfusion medium 5 min before administration of
10 μM DZ and maintained throughout the experiment;
DMSO, 0.01 % DMSO was added to the perfusion
medium 10 min before sustained ischemia and main-
tained throughout the experiment; HD, 100 μMHDwas
added to the perfusion medium 15 min before sustained
ischemia and maintained throughout the experiment.

Measurement of heart function

For measurement of left ventricular pressures, the left
atrium was removed, and a latex balloon connected to a
pressure transducer was inserted into the left ventricle
through the mitral valve. The volume of the balloon was
adjusted to obtain left ventricular end-diastolic pressure
of 10 mmHg. Values for left ventricular that developed
pressure, peak rate of contraction, and peak rate of
relaxation were obtained using a digital data acquisition
system (Unkel Scope Configuration Program for the

PCLabCard Data Acquisition Boards from Advantec,
USA; this program was adapted and modified by the
technical assistant). Heart rate was measured by means
of a counter triggered by the left ventricular-developed
pressure pulse. Rate-pressure product was determined
by multiplying heart rate by the left ventricular-
developed pressure. Only hearts with left ventricular-
developed pressure >60 mmHg and heart rate >200 bpm
at the end of the equilibration period were included in
the study (n=8/group).

Measurement of cell viability

The hearts were removed at the end of the reperfusion
period, frozen, and then cut into six to eight slices
(approximately 0.8–1 mm). Following defrosting, slices
were incubated at room temperature with 1 % triphenyl-
tetrazolium chloride in phosphate buffer (100 mmol/L,
pH 7.4) for 90min and then fixed in 10% formaldehyde
solution to clearly distinguish stained viable tissue from
unstained necrotic tissue. The areas of viable tissue were
determined by means of computer morphometry (Scion
Image B4, Frederick, MD, USA). Because the hearts
had been exposed to global ischemia, the risk area was
the total ventricular area minus cavities. Cellular viabil-
ity was calculated as a percentage of risk area (n=8/
group). For measurement of heart function and cell
viability, 96 hearts were successfully perfused and 8
hearts were excluded. One heart was excluded from
the C group, two hearts from the PC group, one heart
from the HD group, one heart from the PC + HD group,
two hearts from the DZ group, and one heart from the
DZ + HD group.

Assessment of MPT in situ using mitochondrial
2-deoxy-[3H]-glucose entrapment

This study was performed as described by Griffiths and
Halestrap [9]. MPTP opening was assessed using a
technique that involved mitochondrial entrapment of
2-deoxy-[3H]-glucose ([3H]-2-DG). [3H]-2-DG enters
cells via the glucose transporter and is metabolized to
2-deoxyglucose-6-phosphate, which remains entrapped
in the cytosol. This compound does not enter the mito-
chondria unless the MPTP opens, whereupon it equili-
brates rapidly between the cytosol and mitochondrial
matrix compartments. Consequently, the extent to which
[3H]-2-DG is entrapped within the mitochondria is a
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reliable indicator of the number of mitochondria that
have undergone MPTP opening.

After the stabilization period, hearts (n=8/group)
were perfused for 30 min in the recirculating mode with
40 mL Krebs–Ringer bicarbonate solution that
contained 0.5 mmol/L [3H]-2-DG, 370 TBq/mL.
Perfusion was then returned to non-recirculating mode
with normal medium and was continued in the presence
or absence of the different treatments and continued for
15 min before induction of sustained ischemia. This
method washes the extracellular [3H]-2-DG from the
heart, while cytosolic [3H]-2-DG remains entrapped.
At the end of reperfusion, the ventricles were rapidly
removed from the hearts, weighed, and homogenized in
ice-cold sucrose buffer solution (300 mmol/L sucrose,
10 mmol/L Tris-Cl, 2 mmol/L EGTA, 5 mg/mL bovine
serum albumin, pH 7.4). A sample of the homogenate
was retained for measurement of the total number of
[3H] disintegrations per minute (dpm); this was deter-
mined after precipitation of the protein by addition of an
equal volume of 5 % (w/v) HClO4. The rest of the
homogenate was used for isolation of mitochondria by
centrifugation for 2 min at 2,000g to remove cell debris,
followed by centrifugation of the supernatant at 10,000g
for 5 min to sediment the mitochondria. The mitochon-
drial pellet was then washed three times in sucrose
isolation buffer solution without bovine serum albumin
and resuspended in a final volume of 2.5 mL isolation
buffer solution. A 100-μL portion of the mitochondrial
suspension was retained for performance of the citrate
synthase assay, and 0.4 mL of 0.5 % HClO4 was added
to the remainder to release entrapped [3H]. Protein was
precipitated by centrifugation at 8,000g for 2 min, and
the resulting supernatant was counted for radioactivity
in 2.5-mL scintillant liquid (Ecolite; MP Biomedicals,
Irvine CA, USA). The mitochondrial uptake of [3H]-2-
DG was calculated on the basis of the number of dpm
measured in the mitochondrial extract. In order to cor-
rect for variation between experiments in the loading of
hearts with [3H]-2-DG between experiments, dpm/g wet
weight of tissue was determined for total homogenate.
To correct for variations in the recovery of mitochondria
between experiments, the citrate synthase activity in the
mitochondrial inner membrane was measured in the
mitochondrial fraction using spectrophotometry [30].
Mitochondrial dpm was expressed per unit of this
enzyme.

The uptake of [3H]-2-DG, in dpm/unit citrate syn-
thase, was expressed as the ratio with respect to dpm for

the entire tissue sample. This ratio should be indepen-
dent of both the loading of cells with [3H]-2-DG and the
recovery of mitochondria.

Two hundred twenty-four hearts were successfully
perfused and 19 hearts were excluded. Two hearts were
excluded from the C group, three hearts from the PC
group, three hearts from the HD group, four hearts from
the PC +HD group, three hearts from the DZ group, and
four hearts from the DZ + HD group.

Statistical analysis

Values are mean ± SEM. Changes in ventricular con-
tractile functions were compared statistically using a
factorial ANOVA followed by the Tukey’s test.
Significance was set at p<0.05.

Results

In agreement with previous reports [18], the baseline
values of heart rate, rate-pressure product, peak rate of
contraction, and peak rate of relaxation were similar in
hearts from fed and fasted rats. The exposure to 25 min
no-flow global ischemia led to complete cessation of
spontaneous contractions in both fed and fasted rat
hearts, and heart rate returned to preischemic values
during the 30-min reperfusion. Neither PC nor DZ or
HD had any effects on heart rate during ischemia or
reperfusion (data not shown). As indicated by rate-
pressure product, peak rate of contraction, peak rate of
relaxation, and left ventricular end-diastolic pressure
(Table 1), the left ventricle function recovered faster in
the fasted than in the fed rat hearts, although the recov-
ery reached similar values in both groups toward the end
of the experiment. The beneficial effects of fasting were
abolished by HD.

Table 1 also shows that PC improved the recovery of
all functional parameters, which reached similar values
in both nutritional groups. HD abolished protection by
PC in both fed and fasted hearts. DMSO did not show
effects by itself in a separate experimental test carried
out with hearts from fed rats (data not shown). The DZ
treatment produced a similar but less dramatic improve-
ment in recovery, and administration of the mitoKATP
blocker to DZ-treated hearts abolished this functional
protection in both nutritional groups.

Figures 1 and 2 represent mitochondrial entrapment
of [3H]-2-DG as an estimate of MPTP opening. In
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agreement with a previous study [19, 20], exposure to
ischemia–reperfusion resulted in an increase in the en-
trapment of [3H]-2-DG, which was reduced by previous
fasting. Given alone, HD did not influence MPTP open-
ing induced by ischemia–reperfusion in the fed hearts
but partially reversed the protection afforded by fasting
on MPTP opening (Fig. 1). Mitochondrial retention of
[3H]-2-DG was significantly reduced by the PC (Fig. 1)
and DZ (Fig. 2) treatments in both nutritional

conditions. The mitoKATP blocker partially reversed
the effect of PC and fully reversed the effect of DZ on
the MPTP.

DMSO did not show effects by itself on cell viability
in a separate experimental test carried out with hearts
from fed rats (data not shown). Consistent with data
showing no difference in the percentage of viable
myocytes after ischemia–reperfusion between hearts
from fed and fasted rats (Fig. 5), retention of cellular

Table 1 Functional parameters of experimental groups

Fed Fasted

10-min
reperfusion

30-min
reperfusion

10-min
reperfusion

30-min
reperfusion

C Rate-pressure product 23±3*,*** 82±8# 66±7*,**,### 80±9#

Peak rate of contraction 35±4*,*** 91±5# 83±10*,**,### 105±15

Peak rate of relaxation 44±5*,*** 82±9# 81±10*,**,### 89±9

Left ventricular left diastolic pressure 25±3** 0 3±2 0

PC Rate-pressure product 103±9*** 109±8 112±11 109±8

Peak rate of contraction 110±12*** 116±11 117±9 113±12

Peak rate of relaxation 118±15*** 115±13 116±11 111±9

Left ventricular left diastolic pressure 4±4 0 3±2 0

HD Rate-pressure product 31±8*,*** 75±9# 32±4*,** 75±9#

Peak rate of contraction 40±7*,*** 74±11# 38±8*,** 83±5#

Peak rate of relaxation 56±8*,*** 76±10# 36±5*,** 84±9#

Left ventricular left diastolic pressure 33±5** 0 12±3 0

PC + HD Rate-pressure product 20±4*,*** 75±7# 40±4*,**,### 78±11#

Peak rate of contraction 27±5*,*** 78±10# 54±6*,**,### 84±10#

Peak rate of relaxation 35±7*,*** 82±5# 60±7*,**,### 74±9#

Left ventricular left diastolic pressure 22±2** 0 3±5 0

DZ Rate-pressure product 54±4 89±4# 117±8### 102±14

Peak rate of contraction 70±6 100±7 98±11### 106±12

Peak rate of relaxation 69±7 95±8 99±12### 111±14

Left ventricular left diastolic pressure 1±1 0 3±5 0

DZ + HD Rate-pressure product 19±4*,*** 71±5#,## 69±5*,**,### 91±11###

Peak rate of contraction 38±6*,*** 73±7#,## 73±4*,**,### 101±12###

Peak rate of relaxation 42±8*,*** 73±7#,## 76±7*,**,### 90±5

Left ventricular left diastolic pressure 23±4** 5±3 6±2 0

C control hearts, PC preconditioned hearts, HD 5-hydroxydecanoic, DZ diazoxide

*p<0.05 vs PC 10-min reperfusion, same nutritional condition

**p<0.05 vs PC, DZ in fed hearts and vs DZ in fasted hearts 10-min reperfusion

**p<0.05 vs DZ 10-min reperfusion, same nutritional condition

#p<0.05 vs PC 30-min reperfusion, same nutritional condition

##p<0.05 vs DZ, 30-min reperfusion, same nutritional condition

###p<0.05 vs fed, same treatment
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[3H]-2-DG (Figs. 3 and 4) and the intact mitochondrial
yield assessed by measurement of citrate synthase ac-
tivity (Table 2) were similar in both nutritional groups.
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Fig. 1 Effects of preconditioning and 5-hydroxydecanoate
(100 μM) (HD) on mitochondrial permeability transition pore
opening, measured in situ by [3H]-2-DG entrapment. Open bars
indicate end of the 30-min equilibration period; filled bars indicate
end of the 30-min reperfusion period. C non-preconditioned
hearts, PC preconditioned hearts, ischemic preconditioning
consisted of 3-min ischemia and 5-min reperfusion before
sustained ischemia. HD was given 15 min before the onset of
sustained ischemia and remained for the duration of the experi-
ment. Values (means ± SEM, n=8) are expressed as 105×ratio of
mitochondrial [3H] dpm per unit of citrate synthase to total heart
[3H] dpm/g wet weight. *p<0.05 vs end of the 30-min equilibra-
tion period, same treatment, same nutritional state; **p<0.01 vs
end of the 30-min equilibration period, same treatment, same
nutritional state; +p<0.05 vs PC and vs HD end of the 30-min
reperfusion period, same nutritional state; ++p<0.01 vs PC and vs
HD end of the 30-min reperfusion period, same nutritional state;
&p<0.05 vs C fed end of the 30-min reperfusion period
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Fig. 2 The effects of diazoxide 10 μM (DZ) on mitochondrial
permeability transition pore opening, measured in situ by [3H]-2-
DG entrapment. Open bars indicate end of the 30-min equilibra-
tion period; filled bars indicate end of the 30-min reperfusion
period. C dimethyl sulfoxide (DMSO) was added to the perfusion
medium 10 min before sustained ischemia and remained all over
the experiment (the final concentration of DMSOwas 0.01%). DZ
was given 10 min before the onset of sustained ischemia and
remained for the duration of the experiment. HD was given
15 min before the onset of sustained ischemia and remained for
the duration of the experiment. Values (means ± SEM, n=8) are
expressed as 105×ratio of mitochondrial [3H] dpm per unit of
citrate synthase to total heart [3H] dpm/g wet weight. **p<0.01
vs end of the 30-min equilibration period, same treatment, same
nutritional state; ##p<0.01 vs C and DZ/HD end of the 30-min
reperfusion period, same nutritional state; &p<0.05 vs C fed end
of the 30-min reperfusion period
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Given alone, HD did not modify any of these parame-
ters. Coinciding with the preservation of cell viability by
PC and DZ (Fig. 5) in the hearts from fed and fasted rats,
cellular retention of [3H]-2-DG (Figs. 3 and 4) and intact
mitochondrial yield (Table 2) were significantly higher
in the preconditioned and DZ-treated hearts than in the
control ischemic-reperfused hearts in both nutritional
groups. These findings were anticipated because all

[3H]-2-DG potentially entrapped in the cytosol and mi-
tochondria would have been released from necrotic
cells. None of these effects were altered by HD.

Discussion

The present data confirm the previously reported pro-
tective effects of PC on myocardial performance in the
ischemic-reperfused hearts from fed and fasted rats [34].
Consistently also with earlier findings, the DZ treatment
produced a similar but less dramatic improvement in
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Fig. 3 The effects of preconditioning and 5-hydroxydecanoate
(100 μM) (HD) on total [3H]-2-DG content. Conditions and ex-
planations are the same as in Fig. 1. Values (means ± SEM, n=8)
are expressed as total [3H]-2-DG uptake 103×dpm/g wet weight.
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Fig. 4 The effects of diazoxide 10 μM (DZ) on total [3H]-2-DG
content. Conditions and explanations are the same as in Fig. 2.
Values (means ± SEM, n=8) are expressed as total [3H]-2-DG
uptake 103×dpm/g wet weight. **p<0.01 vs end of the 30-min
equilibration period, same treatment, same nutritional state;
#p<0.05 vs DZ and DZ/HD end of the 30-min reperfusion period,
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recovery [18]. Furthermore, the functional protection
elicited by PC and DZ was accompanied by significant
inhibition of MPTP opening. It is worth noting that
fasting itself elicited improvement of functional recov-
ery and attenuation of MPTP opening [19], while pro-
tection by PC and DZ was similar in absolute values in
both nutritional conditions, thus the effects appear to be
proportionally greater in the fed rat hearts. Regarding
the effects of fasting, it should be noted that in contrast
to previous investigations [18–21, 26, 27], a recent
study has demonstrated detrimental effects of previous
fasting on the postischemic recovery of isolated rat heart
subjected to no-flow global ischemia–reperfusion [17].
While the latter investigation used buffers supplemented
with glucose, insulin, and fatty acids at concentrations
that mimic the blood plasma levels found in the fed and
fasted states, the others used glucose, fatty acids, and
insulin in concentrations similar to fed conditions or

glucose as the only energy substrate, suggesting that
the disagreements might be explained by the composi-
tion of the perfusate solution and the important role of
glucose in the recovery of contractile function.
Regardless of these discrepancies, present findings pro-
vide further support to the idea that interventions that
inhibit the opening of the MPTP improve postischemic
contractile recovery.

Although the [3H]-2-DG entrapment technique used
in this study to evaluate the opening of the MPTP does
not measure this opening in the cells that have under-
gone necrosis during ischemia–reperfusion and have
consequently released the [3H]-2-DG trapped in the
cytosol and mitochondria to the perfusion medium, thus
leading to underestimation of the evaluated phenome-
non, it has the advantage of measuring “in situ” the
magnitude of the opening of the MPTP occurred in the
viable cells remaining at the end of the reperfusion
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Fig. 5 Effects of
preconditioning, diazoxide, and
5-hydroxydecanoate on cell
viability. % cellular viability is
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risk area. Conditions and
explanations are the same as
Table 1. **p<0.01 vs C and HD,
same nutritional condition

Table 2 Effects of preconditioning, diazoxide, and 5-hydroxydecanoate on mitochondrial yield

Fed Fasted

Preischemic Reperfusion Preischemic Reperfusion

C 22.81±2.66 14.85±1.06* 23.9±1.75 15.77±1.01*

PC 20.80±0.43 19.49±1.08 22.00±1.73 19.75±1.10

PC + HD 20.30±0.85 18.86±0.65 21.60±1.14 19.20±1.16

HD 21.53±1.57 15.64±1.45* 22.6±2.69 14.75±0.99*

DMSO 21.98±2.66 15.96±1.06* 22.9±1.75 14.9±1.02*

DZ 19.75±0.86 18.13±1.75 21.51±1.14 18.63±1.26

DZ + HD 19.27±0.85 18.28±1.49 20.89±2.19 17.89±0.17

Preischemic refers to the end of the 30-min equilibration period. Reperfusion refers to the end of the 30-min reperfusion period. Values
(means ± SEM, n=8) are expressed as citrate synthase units/g wet weight

C control hearts, PC preconditioned hearts, HD 5-hydroxydecanoic, DMSO dimethyl sulfoxide, DZ diazoxide

*p<0.05 vs all preischemic fed and fasted experimental groups and vs fed and fasted PC, PC + HD, DZ, and DZ + HD
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period. This measurement provides valuable informa-
tion since mitochondria cannot synthesize ATP during
the opening of the MPTP due to the free diffusion of H+

and the collapse of the potential difference across the
inner mitochondrial membrane, which is accompanied
by the hydrolysis of ATP by operation in reverse form of
the FoF1ATP synthase [3, 12, 13]. Because the heart
depends almost entirely on mitochondrial supply of
ATP for the maintenance of reperfusion, inhibition of
MPTP opening would improve functional recovery
when reperfusion occurs. Both protective effects of PC
and DZ were reversed by HD, arguing for a role of
mitoKATP and its impact onmitochondrial permeability
as a relevant factor in the improvement of contractile
function elicited by PC in the ischemic-reperfused rat
heart. Although it was not proved in this study, induc-
tion of inner membrane depolarization, which in turn
would reduce the driving force for Ca2+ uptake by
mitochondria and thereby prevent mitochondrial matrix
Ca2+ overload, may explain how mitoKATP activation
reduces MPTP opening [5, 16, 22, 24, 35]. Reinforcing
this idea, Abdallah et al. [1] found that pretreatment of
isolated myocytes with DZ generated a slight depolari-
zation of the mitochondrial membrane, which could
limit the influx of Ca2+ and thus reduce mitochondrial
Ca2+ overload during ischemia–reperfusion.

The present data show similar preservation of cell
viability together with similar total cellular retention of
[3H]-2-DG and mitochondrial yield, either in the pres-
ence or absence of HD in both nutritional groups. On the
other hand, PC and DZ treatments were associated with
the preservation of cell viability and an increase in total
tissue content of [3H]-2-DG, together with a higher yield
of intact mitochondria. In contrast with other studies that
show that HD reversed the reduction of infarct size by
PC and DZ [6, 10, 28], but in agreement with those who
found that this agent did not reverse such effect [11, 29],
the present data show that HD did not affect the preser-
vation of cell viability or modified cell retention of [3H]-
2-DG in the preconditioned and DZ-treated hearts, de-
spite reversing the beneficial effects of these treatments
on the MPTP. If the MPTP opens and then subsequently
closes, the [3H]-2-DG will remain entrapped even
though the mitochondria are resealed [15]. However,
while the pore stays open, not only prevents ATP syn-
thesis but also the ATP synthesis, machinery actually
goes into reverse and catalyses the hydrolysis of ATP
produced by glycolysis or “healthy” mitochondria.
Thus, transient opening of MPTP under the present

experimental conditions could explain a lower function-
al recovery without modifications in cell viability or
mitochondrial recovery, suggesting that the protection
against irreversible cell damage generated by PC and
DZ would not be mediated by inhibition of the opening
of the MPTP nor would require activation of the
mitoKATP in this experimental model. Since MPTP is
not only related to necrotic cell death, but its opening
also contributes to the activation of apoptosis and au-
tophagy, further studies are required to determine acti-
vation of apoptosis-effector caspases and autophagic
markers in the ischemic-reperfused heart and the effects
of PC and DZ.

In conclusion, these results lend support to the idea
that mitoKATP are, at least in part, involved in the
inhibition of MPTP opening elicited by fasting and PC
and that this is associated with an improvement in
functional recovery under the present experimental
conditions.
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