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Abstract. We investigated the effects of ischemia dura-
tion on the functional response of mitochondria to reper-
fusion and its relationship with changes in mitochondrial
susceptibility to oxidative stress. Mitochondria were iso-
lated from hearts perfused by the Langendorff technique
immediately after different periods of global ischemia or
reperfusion following such ischemia periods. Rates of O,
consumption and H,0, release with complex I- and com-
plex Il-linked substrates, lipid peroxidation, overall an-
tioxidant capacity, capacity to remove H,0,, and suscep-
tibility to oxidative stress were determined. The effects of
ischemia on some parameters were time dependent so
that the changes were greater after 45 than after 20 min of
ischemia, or were significantly different to the nonisch-
emic control only after 45 min of ischemia. Thus, suc-
cinate-supported state 3 respiration exhibited a signifi-
cant decrease after 20 min of ischemia and a greater de-
crease after 45 min, while pyruvate malate-supported

respiration showed a significant decrease only after 45
min of ischemia, indicating an ischemia-induced early in-
hibition of complex II and a late inhibition of complex I.
Furthermore, both succinate and pyruvate malate-sup-
ported H,O, release showed significant increases only af-
ter 45 min of ischemia. Similarly, whole antioxidant ca-
pacity significantly increased and susceptibility to oxi-
dants significantly decreased after 45 min of ischemia.
Such changes were likely due to the accumulation of re-
ducing equivalents, which are able to remove peroxides
and maintain thiols in a reduced state. This condition,
which protects mitochondria against oxidants, increases
mitochondrial production of oxyradicals and oxidative
damage during reperfusion. This could explain the
smaller functional recovery of the tissue and the further
decline of the mitochondrial function after reperfusion
following the longer period of oxygen deprivation.

Key words. Ischemia-reperfusion; oxidative stress; hydrogen peroxide release; antioxidant capacity; mitochondrial

function.

Although restoration of blood flow is necessary to sal-
vage ischemic tissues, oxidative damage may occur dur-
ing reoxygenation and contributes to ischemia-reperfu-
sion injury. Intracellular calcium overload, contracture,
and cellular necrosis, instead of the expected improve-
ment in cardiac function, are found after reperfusion of
ischemic hearts [1]. To date, mechanisms of cellular and
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subcellular derangement and its contribution to myocar-
dial ischemia-reperfusion injury have not been well es-
tablished. Mitochondria are a likely site of ischemia-
reperfusion damage, because loss of mitochondrial func-
tion inevitably leads to cell death, whereas optimal
energy metabolism is required to preserve cell viability.
In fact, mitochondrial structure and function are altered
by prolonged periods of ischemia. Functional changes in-
clude a decreased rate of state 3 (ADP-stimulated) respi-
ration [2] associated with normal or slightly reduced ca-



CMLS, Cell. Mol. Life Sci.  Vol. 58, 2001

pacity for ATP production [3, 4]. Reperfusion has been
reported to cause an extension of mitochondrial damage
[5, 6], no change [7, 8], or an increase in the oxidative
phosphorylation rate [9, 10]. The discrepancies in find-
ings are attributable to differences in the age of the ani-
mals and in the protocols, in particular the duration of
ischemia. Cardiac mitochondria exhibit an age-related in-
crease in susceptibility to reperfusion-induced dysfunc-
tion [11]. Furthermore, ischemia reperfusion-induced in-
creases in oxidative phosphorylation rate have been
found especially after short periods of ischemia [9, 10].
The mechanisms underlying the functional response of
mitochondria to ischemia-reperfusion are not yet known,
but the involvement of reactive oxygen species (ROS),
which are able to elicit specific damage to respiratory
chain components [12], is likely. ROS production in-
creases in mitochondria harvested from ischemic hearts
[13] and signs of oxidative damage are present in mito-
chondria exhibiting reperfusion-induced functional de-
cline [11]. Therefore, long-lasting ischemia may produce
biochemical changes that predispose the mitochondria to
free radical-mediated injury.

The aim of the present study was to assess the effects of
ischemia duration on the functional response of mito-
chondria to reperfusion and to determine whether greater
alteration of mitochondrial characteristics determining
susceptibility to oxidative stress occurs as a result of
long-lasting ischemia.

Materials and methods

Materials

All chemicals used were of the highest grade available,
purchased from Sigma (Milan, Italy). Antioxidant capac-
ity and response to oxidative stress were determined by
reagents and instrumentation of the commercially avail-
able Amerlite System (Johnson & Johnson, Cinisello
Balsamo, Italy).

Animals

Male Wistar rats (60 days old) were used in the experi-
ments. The animals, purchased at weaning from Nossan
(Correzzana, Italy) were housed in separate cages at
24+1°C, with an artificial lighting cycle (lights on
0800—2000 hours). All animals were provided with water
ad libitum and a commercial chow diet (Nossan). The rats
were maintained in compliance with the ‘Principles of
Laboratory Animal Care,” published by the National In-
stitutes of Health (publication No. 85—23, revised 1985)
and with current Italian laws.

Isolated heart preparation and perfusion protocol
The rats were anesthetized by intraperitoneal injection of
chloral hydrate (40 mg/100 g body weight) combined with
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ether and subjected to electrocardiographic recording. Af-
ter heparinization, a rapid thoracotomy was performed
and the aorta cannulated retrogradely. The hearts were ex-
cised and to remove blood they were flushed for 1 min
with Krebs-Henseilet (KH) buffer containing (mmol/l):
NaCl 118, KCl1 4.7, CaCl, 2.5, MgSO, 1.2, KH,PO, 1.2,
NaHCO; 25, EDTA 0.5, glucose 11, pH 7.4, and gassed
with 5% CO, in O,. The hearts, paced at a fixed rate of 240
beats/min using a square-wave stimulator, were perfused
with KH at 37°C under 70 mm Hg pressure according to
Langendorff [14] for a 20-min equilibration period before
any experiment. Then the hearts were subjected to: no
ischemia (I,)); 20 min ischemia (I,); 45 min ischemia (I,5);
no ischemia and 25 min normoxic perfusion (I,-R); 20
min ischemia and 25 min reperfusion (I,,-R); 45 min
ischemia and 25 min reperfusion (I,5-R). Ischemia was
induced by global normothermic flow interruption. I,
hearts, perfused only for the equilibration period, and I ,-R
hearts, perfused for an additional 25 min period were used
as controls for ischemic (I,, and I,5) and reperfused (I,,-R
and I,5-R) hearts, respectively.

Functional performance was determined at the end of the
equilibration and perfusion periods as previously de-
scribed [15].

Preparation of mitochondrial fraction

At the end of the experiments, large heart vessels, valves,
and atria were trimmed away and the ventricles were cut
open, rinsed free of liquid, and weighed. The ventricles
were placed into isolation buffer (IB) (220 mM mannitol,
70 mM sucrose, | mM EDTA, 20 mM Tris, pH 7.4) con-
taining 0.1 mg/ml nagarse and 0.1 % fatty acid-free albu-
min. Then the ventricles were finely minced, washed with
IB, and homogenized in the same solution (10 % w/v) us-
ing a glass Potter-Elvehjem homogenizer set at a standard
velocity for 1 min. The homogenates were freed from de-
bris and nuclei by centrifugation at 500 g for 10 min at
4°C and the resulting supernatants were centrifuged at
3000 g for 10 min. The mitochondrial pellets were resus-
pended in IB and centrifuged at the same sedimentation
velocity. Mitochondrial preparations were washed in this
manner twice before final suspension in IB.

Basically, mitochondria were prepared by the procedure
described by Tyler and Gonze [16], but the mitochon-
drial pellet was obtained at lower speed (3000 instead of
8000 g) to reduce both the contamination by cytoplasmic
and microsomal material and the amount of damaged
mitochondria.

Mitochondrial protein content was determined, upon
solubilization in 0.5% deoxycholate, by the biuret me-
thod [17] with bovine serum albumin as standard.

Mitochondrial oxygen consumption
Mitochondrial respiration was monitored at 30°C by a
Gilson glass respirometer equipped with a Clark oxygen
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electrode (Yellow Springs Instrument, Yellow Springs,
Ohio) in 1.6 ml of incubation medium (145 mM KCl,
30 mM Hepes, 5 mM KH,PO4, 3 mM MgCl,, 0.1 mM
EGTA, pH 7.4) with 0.5 mg of mitochondrial protein per
milliliter. Succinate (10 mM) (plus rotenone 5 pM) or
pyruvate/malate (10/2.5 mM) were used as substrates, in
the absence (state 4) and in the presence (state 3) of
500 pM ADP.

Mitochondrial H,O, release

The rate of mitochondrial H,O, release was measured at
30°C following the linear increase in fluorescence (exci-
tation at 320 nm, emission at 400 nm) due to oxidation of
p-hydroxyphenylacetate by H,O, in the presence of
horseradish peroxidase [18] in a computer-controlled
Jasko fluorometer. The reaction mixture consisted of
0.1 mg/ml mitochondrial proteins, 6 U/ml horseradish
peroxidase, 200 pg/ml p-hydroxyphenyl-acetate, and
10 mM succinate (plus rotenone 5 pM) or 10 mM pyru-
vate/2.5 mM malate added at the end to start the reaction
in the same incubation buffer used for oxygen consump-
tion measurements. Measurements with the different sub-
strates in the presence of 10 pM antimycin A were also
performed. Known concentrations of H,0, were used to
establish the standard concentration curve.

ROS generation is generally accepted to rise with the con-
centration and the reduction degree of autoxidisable res-
piratory carriers, occurring at complex I and complex II1
[19]. In the presence of antimycin A, both autoxidisable
electron carriers become completely reduced and their
concentration is the only factor affecting ROS production
rate.

Lipid peroxidation, response to oxidative stress, and
whole antioxidant capacity

The extent of peroxidative reactions was determined by
measuring hydroperoxides (HPs) according to Heath and
Tappel [20].

Response to oxidative stress was determined as previously
described [21]. Briefly, several dilutions of the mitochon-
drial suspensions in a protein concentration range from 20
to 0.005 mg/ml were prepared with 15 mM Tris (pH 8.5).
The assays were performed in microtiter plates. Enhanced
chemiluminescence reactions were initiated by adding
250 pl of the reaction mixture to 25 pl of the samples. The
reaction mixture was obtained by dissolving a tablet con-
taining substrate in excess (sodium perborate) and signal-
generating reagents (sodium benzoate, indophenol, and
luminol) (Amerlite Signal Reagent Tablets) in buffer at pH
8.6 (Amerlite Signal Reagent Buffer). The plates were in-
cubated at 37°C for 30 s under continuous shaking and
then transferred to a luminescence analyzer (Amerlite An-
alyzer). The emission values were fitted to dose-response
curves using the statistical facilities of the Fig.P graphic
program (Biosoft, Cambridge, UK).
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Determination of the overall antioxidant capacity (CA)
was performed according to Di Meo et al. [22]. Briefly,
250 pl of the above reaction mixture was added to 10 pl
of 110 ng/ml peroxidase plus 15 pl of either desferrioxa-
mine, at concentrations ranging from 0.01 to 3 mM, in 15
mM Tris (pH 8.5), or buffer alone. Equal volumes of re-
action mixture were also added to both 10 pl of 110 ng/ml
peroxidase plus 15 pl of mitochondrial samples (5 mg of
protein per milliliter) (samples) and 10 pl of 15 mM Tris
(pH 8.5) plus 15 pl of the same mitochondrial samples
(blanks). The emission values obtained from the mixture
of peroxidase and desferrioxamine were reported against
the desferrioxamine concentration on logarithmic coordi-
nates supplying a standard curve. The differences be-
tween the emission values obtained from the samples and
those obtained from the relative blanks were referred to
those of the standard curve, allowing the mitochondrial
antioxidant capacity to be expressed as equivalent desfer-
rioxamine concentration.

Capacity to remove H,0,

The capacity to remove H,0, (CR) was determined by
comparing the ability of mitochondrial samples to reduce
H,0,-linked fluorescent emission with that of desfer-
rioxamine solutions [23]. H,O, was generated by glucose
oxidation catalyzed by glucose oxidase (GOX). The non-
fluorescent substrate p-hydroxyphenylacetate (PHPA)
was oxidized to the stable fluorescent product 2,2’-dihy-
droxy-biphenyl-5,5"-diacetate (PHPA), [18] by the enzy-
matic reduction of H,O, catalyzed by horseradish perox-
idase (HRP).

The fluorescence was monitored on a Jasko fluorometer
(excitation wavelength 320 nm, emission wavelength
400 nm), equipped with a thermostatically controlled cell-
holder and interfaced with an IBM-compatible PC. As-
says were performed in quartz fluorometer cuvettes con-
taining a magnetic stirrer and maintained at 30 °C. The re-
action was started by adding 10 pl of 80 pg/ml GOX to a
mixture containing 0.2 mg/ml PHPA, 6 U/ml HRP, 5 mM
glucose in 145 mM KCl, 30 mM Hepes, 5 mM KH,PO,,
3 mM MgCl,, 0.1 mM EGTA, pH 7.4. After 100 s, 10 pl
of desferrioxamine solution (containing between 1 and
12 nmol), or mitochondrial samples (containing from 0.1
to 1 mg of mitochondrial proteins) was added to 2.0 ml fi-
nal volume. The additions were made to the cuvettes via
externally mounted syringes. The values of fluorescence
change for unit of time obtained after addition of desfer-
rioxamine or mitochondria were converted to relative
percentage of the values obtained before the addition. The
values for desferrioxamine were used to fit standard
curves by the Fig.P program (Biosoft). The values for
samples plotted on standard curves were used to evaluate
their capacity to remove H,O,, expressed as equivalent
desferrioxamine concentration.



CMLS, Cell. Mol. Life Sci.  Vol. 58, 2001

Statistical analysis

The data obtained from eight different experiments are
expressed as mean values = SE. Data were analyzed with
two-way analysis of variance (ANOVA). When a signifi-
cant F ratio was found, the Student-Newman-Keuls mul-
tiple-range test was used to determine the statistical sig-
nificance of differences between mean values. The level
of significance was chosen as p <0.05. In figure 3, the re-
sults of at least six experiments are presented as sample
curves.

Results

Functional recovery from ischemia-reperfusion
Functional recovery of the Langendorff preparations after
ischemia-reperfusion was evaluated in terms of coronary
flow and inotropic parameters such as left ventricular de-
veloped pressure (LVDP) and maximal rate of developing
left ventricular pressure (dP/dt,,,) after 5 and 25 min
reperfusion following the different periods of ischemia.
The duration of ischemia significantly affected the func-
tional recovery during reperfusion (fig. 1). Within 5 min
of reperfusion, the values of all parameters were inde-
pendent of ischemia duration, although they were lower
than those seen in nonischemic hearts. However, after
25 min of reperfusion, in the hearts made ischemic for
20 min, the coronary flow and inotropic parameters were
no different from preischemic and control values, while
in the hearts made ischemic for 45 min, they remained
significantly lower.

Oxygen consumption

Using succinate or pyruvate/malate as substrates, the
rates of the state 4 oxygen consumption of mitochondria
were not dependent on either treatment or time. In con-
trast, differences were shown in the rates of state 3 oxy-
gen consumption (table 1). In the presence of succinate,
the ischemia produced a reduction in this rate only after a
period of 45 min. Reperfusion led to a further reduction
in the respiration rates which were lower than that in mi-
tochondria from nonreperfused hearts subjected to an
equal period of ischemia. Furthermore, the lowest rate
was found in mitochondria from hearts reperfused after
45 min of ischemia.

In the presence of pyruvate/malate, a similar trend was
shown, but the respiration rate was not significantly differ-
ent in mitochondria from I,,-R and I,5-R hearts. With both
substrates, changes in the ratio between state 3 and state 4
respiration rates (respiratory control ratio, RCR) were
found, reflecting changes in the state 3 respiration rates.

Mitochondrial H,O, release
The rate of mitochondrial H,O, release in the presence of
succinate alone (state 4) was not affected by 20 min of
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Figure 1. Coronary flow and left ventricular performance of Lan-
gendorff preparations. Coronary flow, left ventricular developed
pressure (LVDP), and maximal rate of developing left ventricular
pressure (dP/dt,,,) were measured during the preischemic phase
and after 5 or 25 min of reperfusion in hearts subjected to periods
of ischemia lasting 0, 20 or 45 min. a, significant (p < 0.05) vs their
respective nonischemic control; b, significant vs hearts made isch-
emic for less time; c, significant versus preischemic values.

ischemia, but was significantly increased by 45 min of
ischemia. A similar pattern was found after reperfusion,
because this did not significantly modify the rates ob-
tained after the different periods of ischemia (table 2).
When pyruvate/malate were used as substrates, the rate of
H,0, release was not affected by 20 min of ischemia and
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Ischemia-reperfusion and heart mitochondria

Table 1. Effect of ischemia and reperfusion on oxygen consumption in mitochondria from rat heart.

Group Oxygen consumption rate (ng atoms O,/min/per milligram protein)

succinate pyruvate/malate

State 4 State 3 RCR State 4 State 3 RCR
I, 110+ 4 336 +9 32+0.1 40+ 4 162+5 41+£0.1
| 104 +£3 290 + 6° 29+0.1 42 +4 149 £38 3.2+0.22
Is 100 + 6 222 +9ab 23+£0.1%b 45+3 123 + 8ab 2.8+0.2¢°
I,-R 110 £3 324+7 3.0+0.1 42 +4 164+ 7 40+£0.1
I,-R 1115 240 £ 8¢ 22+0.1%¢ 48 +4 117 £ 72¢ 22£0.1%¢
I,s-R 101 +3 186 + 10%b 1.8 £0.13b¢ 48 +5 97 + 7»¢ 1.8 £0.1%¢

Data represent the mean *+ SE of eight different experiments. Hearts subjected to: no ischemia (I;); 20 min ischemia (I,,); 45 min
ischemia (I,5); no ischemia and 25 min normoxic perfusion (I,-R); 20 min ischemia and 25 min reperfusion (I,,-R); 45 min ischemia and
25 min reperfusion (I,5-R). RCR (respiratory control ratio), ratio between state 3 respiration rate and state 4 respiration rate.

a Significant vs their respective nonischemic control; ® significant vs hearts made ischemic for less time; ° significant vs hearts made

ischemic for the same time. Level of significance, p < 0.05.

Table 2. Effect of ischemia and reperfusion on H,O, release by mitochondria from rat heart.

Groups H,O0, release (pmoles/min/per milligram protein)
succinate succinate + AA pyruvate/malate pyruvate/malate + AA

I, 106 £6 1328 £ 54 13512 1370 £ 72
L, 110£3 1359 £ 71 1496 1429 = 85
Is 141 £ 7+b 1414 £ 47 174 £ 6¢ 1431 £ 65
I-R 113£6 1343 £49 138 £11 1314 £ 57
LR 1287 1364 =70 168 = 6° 1384 + 48
Is-R 151 £ 500 1526 £53 205 £ 62 1546 £ 30

Data represent the mean + SE of eight different experiments. AA, antimycin A. Hearts subjected to: no ischemia (I,); 20 min ischemia (1,);
45 min ischemia (I,5); no ischemia and 25 min normoxic perfusion (I,-R); 20 min ischemia and 25 min reperfusion (I,,-R); 45 min

ischemia and 25 min reperfusion (I,5-R).

a Significant vs their respective nonischemic control; ® significant vs hearts made ischemic for less time; ° significant vs hearts made

ischemic for the same time. Level of significance, p < 0.05.

was significantly increased by 45 min of ischemia. How-
ever, after reperfusion, mitochondria from hearts sub-
jected to both 20 and 45 min of ischemia exhibited a
higher rate of H,O, release compared with their control
(Iy-R). Neither ischemia nor reperfusion modified the
antimycin-stimulated rates in the presence of either suc-
cinate or pyruvate/malate.

The release of H,0, and O, consumption were measured
in the same buffer, using the same concentrations of sub-
strates and were assayed at the same temperature. This al-
lowed us to calculate the fraction of the O, turned into
H,0, instead of being reduced to water. Although the sta-
tistical analysis showed that the effect of ischemia dura-
tion on such a fraction was significant during both succi-
nate- and pyruvate/malate-supported respiration, signifi-
cant differences between groups were found only when
succinate was used as substrate. In particular, after both
ischemia and reperfusion, the fraction of O, converted
into H,O, was higher in mitochondria from hearts made
ischemic for 45 min than in those from both control and
20-min ischemic hearts (fig. 2).

Lipid peroxidation, whole antioxidant capacity and
capacity to remove H,0,

As shown in table 3, the ischemia-reperfusion protocol
significantly affected lipid peroxidation. HP levels re-
mained unchanged with ischemia, but increased after
reperfusion compared with controls and hearts subjected
to the same period of ischemia. Moreover, lipid peroxida-
tion after reperfusion was higher in hearts made ischemic
for 45 min.

Whole antioxidant capacities of mitochondria from I,
and I,-R hearts were not significantly different from
their respective controls. Mitochondrial CA was higher in
I,s hearts than in I, hearts, while it was lower in I,-R
hearts than in both I,-R and 1,5 hearts.

The mitochondria from I,5-R hearts were less able to re-
move H,0,.

Response to oxidative stress
The relationship between light emission (E) and protein
concentration (C) of mitochondria stressed with sodium
perborate was described by the same equation [E
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Figure 2. Effect of ischemia and reperfusion on the percentage of
total oxygen released as H,0, by heart mitochondria supplemented
with complex I- or somplex Il-linked substrates during state 4
(ADP-independent) respiration. Values are means = SE of eight
different experiments. Mitochondrial preparations from hearts
subjected to: no ischemia, 20 min ischemia, 45 min ischemia
(Ischemic) or to the same periods of ischemia and then to 25 min of
normoxic perfusion (Reperfused). a, significant (p < 0.05) vs their
respective not ischemic control; b, significant vs hearts made
ischemic for less time; c, significant vs hearts made ischemic for
the same time.

a x C/exp (b x C)] used for mitochondria isolated from
hearts not subjected to the ischemia-reperfusion protocol
[22]. In such an equation, the a value depends on the cy-
tochrome content, the b value on the antioxidant level,
while the emission maximum (E,,, = a/e X b) can indi-
cate the susceptibility of the preparations to oxidative
challenge. The curves in figure 3 show that the suscepti-
bility to oxidative stress of the I, mitochondria is the high-
est and the ischemia-linked reduction in such a suscepti-
bility depends on the duration of ischemia. Interestingly,
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Figure 3. Effect of ischemia and reperfusion on response to oxida-
tive stress in vitro of mitochondria from rat heart. The susceptibil-
ity to stress was evaluated by determining the variations with mito-
chondrial protein concentrations (C) of light emission (E) from a lu-
minescent reaction. Emission values are given as a percentage of an
arbitrary standard (22 ng/ml peroxidase). The curves are computed
from experimental data using the equation: E =a x C/exp (b x C).
Mitochondrial preparations from hearts subjected to: no ischemia,
20 min ischemia, 45 min ischemia (Ischemic) or to the same periods
ofischemia and then to 25 min of normoxic perfusion (Reperfused).

the pattern is changed by reperfusion, so that the suscep-
tibility of I -R mitochondria is the lowest and that of I,5-
R mitochondria is the highest. This qualitative evaluation
was confirmed by the E,,, values reported in table 4. Ex-
amination of the other data in the table shows that differ-
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Table 3. Effect of ischemia and reperfusion on lipid peroxidation,
antioxidant capacity, and capacity to remove H,O, of mitochondria
from rat heart.

Groups Parameters
HPs CA CR

I, 192+ 1.6 31326 2.56 £0.10
L, 18,7+ 0.8 379+27 2.76 £0.26
Ius 172+ 1.1 447 £3.02 2.75+0.14
I,-R 18.7+1.5 30922 2,68 £0.12
LR 30.4 £ 1.48¢ 299+2.0 243 +0.14
Is-R 41.3 £ 1.7%b¢ 23.1 £ 1.82¢ 2,13 +£0.112¢

Data represent the mean + SE of eight different experiments. Hearts
subjected to: no ischemia (Iy); 20 min ischemia (I,y); 45 min
ischemia (I,5); no ischemia and 25 min normoxic perfusion (I,-R);
20 min ischemia and 25 min reperfusion (I,,-R); 45 min ischemia
and 25 min reperfusion (I,5-R). Hydroperoxides (HPs) were mea-
sured in nmol NADP/min/per milligram mitochondrial proteins.
Whole antioxidant capacity (CA) was expressed as equivalent con-
centration of desferrioxamine (pmol/l). Capacity to remove H,O,
(CR) was expressed as equivalent level of desferrioxamine
(nmol/mg mitochondrial proteins).

a Significant vs their respective nonischemic control; ® significant
vs hearts made ischemic for less time; © significant vs hearts made
ischemic for the same time. Level of significance, p < 0.05.

Table 4. Effect of ischemia and reperfusion on parameters charac-
terizing susceptibility to oxidants of mitochondria from rat heart.

Groups Parameters
a b ElTABX

I, I.1x1.1 0.13 £0.01 320£26

L, 11.2+£1.0 0.17£0.01* 24220

Is 102£09 0.18 £0.01° 20.8 £1.82
I,-R 11.3+1.0 0.14 £ 0.01 29.1+£23

LR 98+04 0.12 £0.02° 285+22

I,s-R 10.0 £ 1.0 0.10 £0.01° 36.8 £2.8°

Data represent the mean + SE of eight different experiments. Hearts
subjected to: no ischemia (I;); 20 min ischemia (I,y); 45 min
ischemia (I 5); no ischemia and 25 min normoxic perfusion (I,-R);
20 min ischemia and 25 min reperfusion (I,,-R); 45 min ischemia
and 25 min reperfusion (I,5-R).The relationship between light emis-
sion (E) and protein concentration (C) of mitochondria is described
by the equation: E =a x C/exp (b x C). E,,,, = a/e X b).

a Significant vs their respective nonischemic control; ¢ significant
vs hearts made ischemic for the same time. Level of significance,
p <0.05.

ences in the emission curves and in the emission peak are
due to different b values, which, at least in part, reflect
changes induced by ischemia and reperfusion in antioxi-
dant content in mitochondrial preparations.

Discussion

Our results show that 20 min of myocardial ischemia sig-
nificantly reduces state 3 mitochondrial oxygen con-
sumption when succinate is used as the substrate. In con-
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trast, 45 min of ischemia reduces this consumption, re-
gardless of whether pyruvate/malate or succinate are used
as substrates.

There are controversial results concerning ischemia ef-
fects on mitochondrial function of isolated hearts.
Jennings et al. [2] showed that mitochondria from
ischemic dog hearts are unable to utilize pyruvate and a-
ketoglutarate, whereas succinate oxidation is almost un-
affected. Subsequent studies on pig [24] and dog [25]
hearts supported the observation that complex I is espe-
cially sensitive to ischemic injury. Moreover, the finding
that mitochondrial ATPase activity decreases during sus-
tained ischemia of pig heart [24] suggested that complex
V is an important site of cellular injury in ischemic pig
heart. However, an inhibition of complex II-dependent
respiration was found after 20 [7] or 25 min [11] of rat
heart ischemia and 1 h of rabbit heart ischemia [26]. Fur-
thermore, inhibition of mitochondrial ATPase did not ap-
pear to contribute significantly to the decline in mito-
chondrial respiration rate induced by rat heart ischemia
[7, 11]. The differences in the ischemia effects on the dif-
ferent sites of the respiratory chain and the influence of
the duration of oxygen deprivation may be attributed to
species-linked differences. Therefore, our finding that rat
heart ischemia produces an impairment of mitochondrial
respiration due to early inhibition of complex II and late
inhibition of complex I is not in contrast with previous re-
ports. The causes for the different time course of the in-
hibition of the respiratory complexes in ischemic heart
are not yet known. However, during global ischemia of rat
heart, the rate of glutamate/malate oxidation exhibits an
early increase followed by a progressive decline owing to
the destruction of a component subsequent to the NADH
dehydrogenase [27].

Although ischemia-induced alterations in mitochondrial
function have long been known [2], the causes for im-
pairment of the respiratory complexes are still unclear.
Ca?" overload occurs during myocardium ischemia [28]
and mitochondrial Ca?* rises in parallel with cytosolic
Ca?* following hypoxia-induced contracture in isolated
cardiomyocytes [29]. Because Ca>" mitochondrial accu-
mulation depresses mitochondrial function [30], the
above results suggest that failure of mitochondrial func-
tion could result from a disturbance of cellular calcium
homeostasis.

Signs of increased radical formation were found in is-
chemic hearts [31, 32]. Because ROS are able to damage
respiratory chain components [12], this has suggested an-
other possible mechanism for impairment of the respira-
tory chain [33]. However, although ROS production can
increase in hypoxic heart [34], this seems unlikely to hap-
pen during global ischemia. Moreover, evidence of mito-
chondrial oxidative damage in ischemic heart is poor. An
electron spin resonance study indicated increased ROS
production in submitochondrial particles prepared from



CMLS, Cell. Mol. Life Sci.  Vol. 58, 2001

subsarcolemmal mitochondria from an ischemic region
of the myocardium [35]. However, during ischemia there
is likely not enough oxygen to enhance the ROS genera-
tion by intermyofibrillar mitochondria. This view is sup-
ported by the finding that 4-hydroxy-2-nonenal, a pro-
duct of lipid peroxidation, does not increase in a whole
mitochondrial population upon cardiac ischemia [11].
Further support is supplied by our results which show that
signs of oxidative stress are lacking in mitochondria from
ischemic hearts. The mitochondrial levels of HP after 20
or 45 min of ischemia were no different from controls.
Furthermore, gradual increases in whole antioxidant ca-
pacities of mitochondria and decreases in their suscep-
tibility to oxidants are associated with an increase in
ischemia duration. It is not clear whether changes in
antioxidant enzyme activities contribute to the above
changes, because opposite changes in glutathione peroxi-
dase and superoxide dismutase mitochondrial activities
have been reported after ischemia [36]. In contrast, the in-
creased mitochondrial capacity to oppose oxidative stress
is likely due to accumulation of reduced pyridine nu-
cleotides occurring during prolonged ischemia [34].
These may provide a source of reducing equivalents
needed to remove peroxides and to maintain thiols, such
as glutathione, in a reduced state [34]. The high state of
reduction of mitochondrial components may be protec-
tive against an oxidative challenge but, at the same time,
can lead to detrimental effects on mitochondrial function
during reoxygenation. In effect, we are inclined to think
that the further functional decline found in mitochondria
from reperfused hearts is due to ROS production strictly
related to the accumulation of reducing equivalents in-
duced by ischemia in mitochondria. In turn, altered mito-
chondrial function may be responsible for the irreversible
changes that take place in reperfused myocardium after
prolonged periods of ischemia.

Growing evidence indicates that mitochondrial produc-
tion of ROS contributes to the deleterious effects of reper-
fusion of ischemic myocardium. Oxygen radicals in-
crease in concentration upon reperfusion of ischemic car-
diac tissue [37-39]. Although ROS may be produced
through the operation of xanthine oxidase which is acti-
vated during hypoxia [40, 41] the respiratory chain repre-
sents a major source of oxygen radicals during reperfu-
sion of ischemic myocardium [13, 42]. Because mito-
chondrial ROS generation depends on reduction of
mitochondrial components [19], the increased reduction
of the respiratory chain associated with ischemia is cur-
rently assumed to promote ROS generation upon the re-
sumption of respiration. It has also been proposed that
ROS generation is induced by interaction of O, with
ubisemiquinone, which accumulates in ischemic mito-
chondria as a result of respiratory chain inhibition [43].
ROS generation ends rapidly as the electron carriers of
the respiratory chain are reoxidized, but it is long-lasting
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in mitochondria that have accumulated large amounts of
reducing equivalents. Our finding that, in the absence of
changes in CR, H,0O, mitochondrial release increases sig-
nificantly after 45 min of ischemia, whereas no difference
is found among antimycin-treated mitochondria, supports
this view. Further support is supplied by reperfusion-in-
duced changes in parameters which can be considered in-
dices of oxidative damage. ROS can interact with and
damage various cellular components [44], but oxyradi-
cals, such as “OH, which are highly reactive and short-
lived species, would be expected to cause damage at or
near the site of their formation. Thus, mitochondria are a
likely site of reperfusion-induced oxidative damage, the
severity of which might increase with ischemia duration.
Our results show that in mitochondria from reperfused
hearts, the hydroperoxide levels increase gradually with
the ischemia duration. Moreover, whole antioxidant ca-
pacity, capacity to remove H,O,, and resistance to oxi-
dants exhibit significant decreases, likely due to glu-
tathione and reducing equivalents depletion, only after
reperfusion following 45 min of ischemia. In addition, the
above changes are well related to a gradual decline in mi-
tochondrial respiration, which reflects damage to elec-
tron transport chain components.

Because of the multifactorial nature of ischemia-reperfu-
sion injury, the mechanisms by which ROS mediate the
decline in mitochondrial function are not entirely clear.
Recent reports support the hypothesis that such a decline
is due, at least in part, to modification of specific mito-
chondrial proteins by 4-hydroxy-2-nonenal, a product of
the lipid peroxidation [11]. Nitric oxide (NO) is another
putative species responsible for altered mitochondrial
function in myocardial ischemia-reperfusion. NO induces
reversible inhibition of respiration in isolated mitochon-
dria [45, 46], and recent reports suggest that NO gener-
ated on reperfusion causes mitochondrial dysfunction,
damaging complexes I and II of the respiratory chain [7].
High concentrations of or long-term exposure to NO [47]
induce irreversible inhibition of respiration, even though
it is unclear whether this inhibition is due to NO or per-
oxynitrite [48], a potent oxidant in which NO may be con-
verted by mitochondria-generated superoxide [49]. Inhi-
bition of mitochondrial function could also be due to a
combination of oxidative stress with an increase in Ca?*
concentration that happens in myocardial cells during is-
chemia-reperfusion [50]. In the presence of Ca?’, oxida-
tive alterations of mitochondrial inner membrane protein
thiols promote an inner membrane permeabilization re-
ferred to as mitochondrial permeability transition [51,
52] that leads to cytochrome c release and then to inhibi-
tion of the respiratory chain [53]. Such effects could ex-
plain the CR decrease and H,O, generation increase, re-
spectively, found after reperfusion following 45 min of
ischemia. It is worth noting that release of cytochrome c
from mitochondria to the cytoplasm appears to be an
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early event in the apoptotic pathway of cell death [54]. On
the other hand, if the insult caused by oxygen deprivation
is not very great, because of the short ischemic phase, mi-
tochondrial pores which open in the early phase of reper-
fusion can rapidly reseal [50], allowing mitochondrial
function and heart performance to recover. However,
whatever the mechanisms by which ROS impair mito-
chondrial function, our results suggest that the depen-
dence of the mitochondrial alterations on the ischemia
duration can be due to the degree of reductive stress as-
sociated with the different periods of oxygen deprivation.
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