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Summary: We occluded the left anterior descending coronary artery of anesthetized, open-chest
dogs, for 1 or 2 h. Some hearts werc reperfused for 1 h after 1 h of ischemia. We isolated mitochondria
from the central ischemic zone (CIZ) and a surrounding nonischemic zone (N1Z) of the left ventricle,
and assayed H,O, production using a horseradish peroxidase-dual wavelength spectrophotometric
technique. Mitochondria, studied in the absence of exogenous respiratory chain inhibitors, generated
H,O, during State 4 respiration with succinate as the substrate. NIZ mitochondria in all groups
produced ca. 1.5 nmols H,O,/min/mg protein (no significant diffcrences between groups). The State 4
O, consumption rates of NIZ mitochondria from hearts subjected to 1 h ischemia plus reperfusion, or
2 h of ischemia (ca. 30 nmols/min/mg) were significantly higher than that of NIZ mitochondria of hearts
subjected to only 1 h of ischemia (23 nmols/min/mg). Thus, the ratio between H,O, produced and
State 4 O, consumption fell from 6.5% to 5%. Mitochondria from all C1Z samples had State 4 O,
consumption rates that werc not different from corresponding NIZ values. However CIZ mitochondria
of hearts subjected to 1 h ischemia without reperfusion produced less H,O» (1.1 + 0.1 nmols/min/mg),
and had a slightly reduccd H,O»/O; ratio (4.4 £0.7 %), compared with their NIZ samples (1.5 +0.1
nmols/min/mg; 5.3 % ). Reperfusion after 1 h of ischemia abolished thesc regional differences. The CI1Z
mitochondria from hearts subjected to 2 h ischemia produced only 0.75 +0.22 nmols H,O,/min/mg
(2.5% of Statc 4 O, consumption). These values were 50% of corresponding NIZ values, and werc
significantly less than for any other group or tissue region. If similar phenomena occur in conscious
animals subjected to incomplete regional ischemia, especially of relatively brief duration or if accom-
panied by reduced intracellular defenses against oxidants such as H,O,, they suggest that mitochondria
persist as H,O, sources and so may contribute to the oxidant load and myocardial dysfunction.
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Introduction

Many studies implicate univalent reduction products of molecular oxygen — particularly
superoxide anion (O, -), hydrogen peroxide (H,O,), and hydroxyl radical (-OH) - as
contributors to myocardial hypoxic or ischemic damage. Neutrophils are one source of
oxidants in blood-perfused hearts (32), but administration of drugs or enzymes that affect
oxygen radical generation or reactivity (17, 37, 38, 44) can reduce ischemic or hypoxic
damage to hearts studied under asanguineous conditions. This suggests that the myocardium
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has endogenous sources of damaging oxygen metabolites. One potential endogenous source
is xanthine oxidase (8, 34). However, this enzyme is absent, or at least is minimally active, in
rabbit (10, 20, 21) and human (11, 19) hearts.

Mitochondria normally produce small amounts of H,O, (4, 9, 16, 29, 48), largely via
dismutation of O, -, and these organelles are ubiquitous. Although H,O; is not a free
radical, studies with isolated hearts (36-38) suggest that it contributes importantly to
ischemic or hypoxic damage, whether directly or through its reaction with O, to form
-OH. Previously (45), we found that mitochondria isolated from rabbit hearts that were
made globally and completely ischemic continued to generate H,O;, although at rates much
lower than those obtained with mitochondria isolated from nonischemic controls. In this
study we assessed the effects of 1 or 2 h of regional ischemia (induced by left anterior
descending coronary artery ligation in dogs) on mitochondrial H,O, generation. Regional
ischemia is generally associated with a reduction of local blood flow and oxygen delivery that
is not complete, yet is sufficient to cause contractile dysfunction. Based on this assumption,
we assessed the hypothesis that regional ischemia would be accompanied by lesser reduc-
tions of mitochondrial H,O, generation than those mcasured with complete, global
ischemia. The mcthods used allowed simultaneous isolation and study of mitochondria from
both ischemic and nonischemic zones of each heart. The data we obtained, especially with
regional ischemia lasting no more than 1 h, support the hypothesis.

Materials and methods
Regional ischemia

Healthy mongrel dogs weighing approximately 25 kg were anesthetized with an intravenous injection
of 30 mg/kg sodium pentobarbital, then intubated and ventilated with room air using a Harvard
respirator. The chest was opened and the lcft anterior descending (LAD) coronary artery was occluded
with a 2-0 silk ligaturc. Seven dogs were subjected to 1 h of LAD occlusion, at which time the hearts
were excised and sampled as discussed below. Eight others were subjected to 1 h of ischemia followed
by 1 h of reperfusion, caused by releasing the ligature. Seven more dogs were subjected to 2 h of LAD
occlusion without reperfusion.

At the end of cach experiment the hearts were excised quickly and samples of the central ischemic
zone (CIZ; the area rendered cyanotic by occlusion) and a distant nonischemic zone (NIZ: perfused by
the circumflex artery) were removed and placed in 4 °C bath of 0.9 % NaCl for further processing,

Mitochondrial isolation

Samples from the NIZ and CIZ were processed and analyzed simultancously. All of the following
preparative steps were performed at 4 °C. The tissue was quickly rinsed in fresh 0.9 % NaCl to remove
blood, then placed in a beaker of homogenizing medium (0.18 M KCI, 10 mM Tris-EDTA, 0.5 % w/v
bovine serum albumin; pH 7.4 at 4 °C). Fat, conncctive tissue, large blood vesscls, and a few millimeters
of epicardial and endocardial surfaces were removed with scissors, and the remaining tissue was
weighed wet. The samples were minced finely with scissors, transferred to separate centrifuge tubes,
and additional homogenizing medium (4 ml/g wet tissue weight) was added. The mince was
homogenized with three 5-s bursts of a Tekmar Tissucmizer (Tckmar Instruments, Cincinnati, Ohio,
USA). Mitochondria were isolated by differential centrifugation as described previously (45). Isolation
did not involve limited protease digestion because our earlier work (435) showed that cither protocol
yiclded mitochondria with qualitatively similar O, consumption and H,O, generation values as affected
by ischemia.

The final mitochondrial preparation was resuspended in a medium identical to that used for isolation
except for omission of EDTA. Protein concentration in the suspension was assayed (Biuret) and the
amount of protein contributed by the albumin in the medium, measured in mitochondria-frec blanks,
was subtracted. Additional EDTA-free medium was added to give a final mitochondrial protcin
concentration of 10 mg/ml. This preparation was placed on ice and assaycd immediately.
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Mitochondrial oxygen consumption

Oxygen consumption was measured polarographically (Gilson Oxygraph, Clark Electrode) in a
medium containing final concentrations of 250 mM sucrose, 15 mM morpholinopropane sulfonic acid
(pH 7.4), 5 mM K,HPO, and 0.1 mM Tris-EDTA (30 °C). Mitochondrial protein concentration was 0.5
mg/ml in a total cuvette volume of 1.725 ml. Substrates used were Tris salts of glutamate, malate (3 mM
each, studied alone or in combination), and succinate (10 mM). State 4 respiratory rates were measured
for approximately 1.5 min, at which time Na,ADP (310 uM final concentration; determined spec-
trophotometrically in stock solutions using the extinction coefficient) was added to induce State 3
respiration. When glutamate and/or malate were uscd as substrates, a second ADP addition was made
after the mitochondria returncd to stable State 4 respiration. ADP was added only once when succinate
was the substrate.

Respiratory rates are expressed as natoms O or nmols Oy/min per mg of mitochondrial protcin.
Oxygen solubility in the medium was corrected for temperature and ambient barometric pressure.
Respiratory control ratios (RCR) were calculated as the quotient of the State 3 respiratory ratc and the
subsequent State 4 ratc. The ADP:O ratio was calculated from the amount of ADP added and the
amount of oxygen consumed during the State 4— 34 transition.

Calibration and measurement of hydrogen peroxide generation

Glucose plus glucose oxidase, in the absence of mitochondria, was used to generate H,O, for
calibrating subsequent assays of mitochondrial H,O, production (49). The medium described above was
supplemented with 1 mM glucose, 13 units/ml horseradish peroxidase (HRP; Sigma Type VI), and
0.5-3.2 units/ml of glucose oxidase (Sigma Type X). Oxygen consumption during this calibration was
measured polarographically with a vibrating platinum electrode (SLM-Aminco, Urbana, Illinois,
USA). This electrode was used instead of the Clark clectrode because it was small cnough to fit into the
spectrophotometer (SLM-Aminco DW-2¢) cuvette to be used for measuring H,O, production. The
same media were used to quantify formation of an H,O,-HRP complex using dual-wavclength
spectrophotometry (417-402 nm; extinction coefficicnt of the complex, 50 mM™lem™1). Prior compari-
son (45) of oxygen consumption and absorbance changes using these methods and the glucose-glucose
oxidase systcm indicated that the assay detected 69 = 1% of H,O, formed. This value was used to
correct measurements of mitochondrial H,O, formation, assessed in the presence of 0.5 mg/ml
mitochondrial protein and 13 U/ml HRP. Oxygen consumption was measured simultaneously. The
HRP did not affect mitochondrial function. We did not assess the effect of exogenous respiratory chain
inhibitors such as antimycin or rotenonc.

Cytochrome a+a; assay

Cytochrome activity was determined using the method of Williams (51).

Statistics

Data from each assay condition from each heart sample werc obtained, at the least, in duplicate.
Values reported are arithmetic means = one standard crror of the mean (SEM). Data for mitochondria
isolated from nonischemic and ischemic zones of the same hcart were compared using paired t-tests.
Between-group differences were analyzed first using analysis of variancc (ANOVA). If ANOVA
revealed a statistically significant difference (p < 0.05), Student’s ¢-tests with a Bonferroni correction (to
account for multiple comparisons) were used to compare data between groups.

Results
Mitochondrial protein yields and cytochrome activities

Table 1 summarizes the yields and cytochrome a-a; activities of mitochondria isolated
from NIZ and CIZ left ventricular tissue in each of the three groups. The poolcd mean yield
for NIZ mitochondria was 5.1 + 0.4 mg protein/g wet weight (no significant between-group
differences, ANOVA). Mitochondrial yields from the CIZ samples were less than those
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Table 1. Yiclds and cytochrome a + a3 activities of mitochondria from regionally ischemic or ischemic
reperfused canine hearts.

Group Yield (mg protein/g Cytochrome a + a;
ventricle wet weight) (nmols/mg protein)

1-h ischemia, no reperfusion

NIz 4.17+£0.32 0.53+0.05
Clz 3.16x£0.43 0.59 £0.05
I-h ischemia plus 1-h reperfusion

NIZ 5.94+0.69 0.70 £0.04
CIZ 3.78 £ 0.43* 0.81+0.05
2-h ischemia, no reperfusion

NIZ 5.19+£0.91 0.66 £ 0.05
C1z 3.53+0.36 0.65 £0.09

Overall group means for NIZ samples
5.10x0.38 0.62+0.03

(NIZ = nonischemic zone of left ventricle; CIZ = central ischemic zone.)
* = Significant difference ( p < 0.05) from value in NIZ samplcs in same group, based on paircd t-tests.

Table 2. Oxidative phosphorylation parameters (glutamate plus malatc as substrates) of mitochondria
isolated from regionally ischemic or ischemic reperfused canine hearts.

Oxygen consumption Respiratory
(nAtoms O/min/mg) control ADP:O
Group State 3 State 4 ratio ratio

I-h ischemia, no reperfusion

NIZ 231 %11 14+2 19.5+3.3 2.87 +0.05
Cl1z 185 + 15* 16+3 13.8 £ 3.1* 2.81+0.06
1-h ischemia plus I-h reperfusion

NIZ 225+ 8 28 + 21 9.3 +1.3 2.81 +£0.06
ciz 215 +30 27+ 2t 8.4+1.2" 2.71 +0.08
2-h ischemia, no reperfusion

NIZ 248 + 31 26+ 5" 11.6 £ 2.0 2.61 £0.07*
Clz 151 +27* 24 +4° 8.5+2.3% F 2.39+0.15¢

Overall group means for NIZ samples
234+ 11 23+2% 13.3£1.6% 2.77£0.4%

(NIZ = nonischemic zone of left ventricle; CIZ = central ischemic zone.)

* Significantly different (p < 0.05) from corresponding value for NIZ samples in same group, based on
paired t-tests.

' Significantly different (p < 0.05) from corresponding NIZ or CIZ value in 1-h ischemia no reperfusion
group, based on nonpaired t-tests corrected for repeated measures.

*# Significant difference (p <0.05) was detected among values in NIZ samples, bascd on analysis of
variance.
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Table 3. Oxidative phosphorylation parameters (succinatc as substrate) of mitochondria isolated from
regionally ischemic or ischemic-reperfused canine hearts.

Oxygen consumption Respiratory
(nAtoms O/min/mg) control ADP:O
Group State 3 State 4 ratio ratio

1-h ischemia, no reperfusion

NIZ 248 + 18 40+3 6.6+0.7 1.66 = 0.05
ClZ 201 = 16* 45+3 4.8 +0.6% 1.58 £0.02
1-h ischemia plus 1-h reperfusion
NIZ 257+ 16 56 + 3% 47+03" 1.60+0.03
ClZz 225434 56 + 47 4.0+04 1.48 +0.08
2-h ischemia, no reperfusion
NIZ 255+22 52447 4.7+03" 1.52+£0.04
CIZ 173 £29* 516 3.3£03% 1 1.33 £ 0.08*
Overall group means for NIZ samples

25410 49 + 2% 5.3+0.3% 1.59+0.3

(NIZ = nonischemic zone of left ventricle; CIZ = central ischemic zone.)

* Significantly different (p < 0.05) from corresponding value for NIZ samples in same group, based on
paired t-tests.

T Significantly different (p <0.05) from corresponding NIZ or CIZ value in 1-h ischemia, no reperfu-
sion group, based on nonpaired t-tests corrccted for repeated measures.

# Significant difference (p<0.05) was detected among values in NIZ samples, based on analysis of
variance.

from corresponding nonischemic samples, but the difference was statistically significant
(p <0.05, paired t-tests) only for hearts subjected to 1 h of ischemia plus reperfusion. The
pooled mean value for mitochondrial cytochrome a+a; activity was 0.62 * 0.03 nmols/mg
protein, with no statistically significant differences between values for any group or between
ischemic and nonischemic zones.

Mitochondrial oxygen consumption, respiratory control, and ADP:O ratios

Table 2 summarizes mitochondrial oxygen consumption rates, and the respiratory control
and ADP:O ratios, obtained when glutamate plus malate were used as substrates. Table 3
shows comparable data for succinate.

We observed several trends in mitochondrial performance within and across tissue regions
of hearts subjected to the various protocols. Mitochondria isolated from the NIZ of hearts
subjected to only 1 h of ischemia were tightly coupled. With glutamate plus malate, for
example, the mean RCR was 19.5 = 3.3. In this group, and with either substrate(s) used, the
State 3 oxygen consumption rates of CIZ mitochondria were significantly lower (p <0.05,
paired t-tests) than those of NIZ mitochondria. This accounted for significantly lower RCR
values. Reperfusion after 1 h of ischemia reduced RC ratios further, compared with data
obtained from hearts not reperfused after the same ischemia duration. This was because
State 4 oxygen consumption rates increased to values that were significantly greater than
those obtained with mitochondria in the 1 h ischemia-no reperfusion group. State 3 rates
were not different between the same tissue regions of these two groups.

The increased State 4 rates measured with mitochondria of hearts reperfuscd aftcr 1 h of
ischemia persisted in hearts made ischemic for 2 h but not reperfused. In the latter group,
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Fig. 1. Succinate-supported, State 4 oxygen consumption by mitochondria isolated from nonischemic
zones (NIZ) and central ischemic zones (CIZ) of the three groups. Bar height indicates arithmetic mean
+ 1SEM. Units are nmols O, consumed/min per mg protcin, rather than nAtoms O (cf. Table 3), to
facilitate comparison with H,O, production data in Fig. 2. Rates shown here are not preciscly onc-half
the corresponding values in Table 3 because oxygen consumption during the assay of H,O, production
was measured by a slightly different mcthod (see text). Numbers inside each bar indicate the ratio
(mean + 1SEM) H,0, produced/oxygen consumed, expressed as a percent. Note that within a group,
mitochondrial oxygen consumption rates in the two tissuc zones did not differ. Symbols: T significantly
different (p < 0.05, t-tests adjusted for repeated measures) from value measured in same zone of hearts
subjected to 1-h ischemia, no reperfusion. * Significantly different (p < 0.05, paired t-tests) from NIZ
data in samc group.
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Fig. 2. Hydrogen peroxide production by mitochondria isolated from nonischemic zones (N1Z) and
central ischemic zones (CIZ) of the three groups. Symbols: 1 significantly diffcrent (p<0.05, r-test)
from value measured in same zone of hearts subjected to 1-h ischemia, no reperfusion. * Significantly
different (p <0.05, paired t-tests) from NIZ data in same group.
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however, CIZ mitochondrial State 3 oxygen consumption rates were significantly lower than
those of the NIZ mitochondria. This, CIZ mitochondria had significantly lower RCR values.
Significant changes of ADP:O ratios were detected only with mitochondria isolated from
hearts made ischemic for 2 h.

Mitochondrial H,O, production

Under the conditions we used, mitochondrial H,O, generation was detected only in the
presence of succinate and only under State 4 conditions (i.e., before the addition of ADP).
Adding ADP caused rapid disappearance of the spectral complex, based on the absorbance
change.

Figurc 1 summarizes data for succinate-linked State 4 oxygen consumption rates, and its
percentage relationship to H;O, production. Figure 2 summarizes the rates of H,O,
production. Oxygen consumption data in Fig. 1 are expressed in nmols/O,/min/mg, rather
than units reported in the Tables, to facilitate comparison with units for HO, production
shown in Fig. 2. When expressed in the same units, data for succinate-supported oxygen
consumption measured with the platinum electrode during H,O, assays were qualitatively
and quantitatively similar to those obtained with the Clark electrode used for oxidative
phosphorylation studies.

Although there were no significant within-group differences of State 4 oxygen consump-
tion by NIZ and CIZ mitochondria, in hearts that were made ischemic but not reperfused
there were regional differences of H,O, production rates under these conditions. When
hearts were subjected to 1 h of ischemia without rcperfusion, succinate-linked State 4
oxygen consumption by NIZ mitochondria was 23.1+ 1.0 nmols/min/mg. The amount of
H, 0, produced concomitantly was 1.52 + 0.14 nmols/min/mg, or approximately 6.5 % of the
State 4 oxygen consumption rate. Despite identical oxygen consumption rates, however,
CIZ mitochondria in this group produced only 1.11 % 0.13 nmols H>O,/min/mg (p < 0.05 vs
data for NIZ samples, paired t-tests). Thus, the ratio between H,O, produced and O,
consumed fell.

With 1 h of ischemia plus 1 h of reperfusion, State 4 oxygen consumption for both NIZ
and CIZ mitochondria was approximately 30 nmols/min/mg. These values were significantly
greater than those for mitochondria from corresponding regions of hearts subjected to 1 h of
ischemia without reperfusion. With reperfusion following ischemia, however, the mean rate
of H,O, production by NIZ mitochondria (1.61 + 0.14 nmols/min/mg) did not differ signifi-
cantly from that of CIZ mitochondria (1.41 £ 0.24 nmols/min/mg). These H,0O, production
rates were not significantly different from values measured in corresponding tissue regions
of the 1-h ischemia-no reperfusion group (nonpaired #-tests). With reperfusion, the ratio of
H,0, produced to oxygen consumed was 5.3 £ 0.4 % for NIZ mitochondria, and 4.4+ 0.7 %
for CIZ samples (not significantly different from one another or from values for the 1-h
ischemia-no reperfusion group).

Prolonging ischemia duration to 2 h did not change H,O, production rates by NIZ
mitochondria, although the H,0, produced/O, consumed ratio fell, compared with data
from the 1-h ischemia-no reperfusion group. However 2 h of ischemia did significantly
reduce H,O, production by CIZ mitochondria, to 0.75 £ 0.22 nmols/min/mg. This value was
roughly half that of corresponding NIZ samples in the same group, and of other samples in
other groups. Such reduced H;O, production by CIZ mitochondria occurred despite
maintenance of State 4 oxygen consumption at rates not different from those of NIZ
mitochondria from the same hearts. Thus, only 2.5% of oxygen consumed during State 4,
succinate-supported respiration, was associated with production of detectable H,0,
(p < 0.05 vs NIZ value in same group and vs NIZ or CIZ values in other groups).
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Discussion

One essential functional role of the mitochondrion is to generate ATP. Our data show
that 1 or 2 h of ischemia, with or without reperfusion, alters oxidative phosphorylation
parameters in both ischemic and nonischemic heart regions. Although ischemic conditions
and mitochondrial isolation and assay mecthods differ from study to study, qualitatively
similar changes, including those affecting ostensibly nonischemic regions, have been
reported before (7, 28, 33, 46, 52).

Mitochondria also divert a small fraction of oxygen flux through the electron transport
system to form oxygen metabolites that are potentially cytotoxic. With intact mitochondria
the H,O, that can be detected extramitochondrially arises (5, 31) from dismutation of O;™-,
largely by Mn-superoxide dismutase (SOD) within the mitochondrial matrix. The rate of
extramitochondrial H,O, release reflects stoichiometrically the rate of intramitochondrial
O, production (9, 48). Although there is some species-dependency (4, 47) for the in vitro
conditions required to demonstrate H,O, production by intact mitochondria, the depend-
ence on the presence of succinate and on the absence of ADP (i.e., State 4 conditions) has
been reported before (29, 41, 45). Ischemia, depending on its severity, is associated with
depletion of cellular ADP levels and reduction of the respiratory chain components. Such
changes are mimicked by State 4 conditions in vitro, and could therefore be associated with
increased mitochondrial generation of activated oxygen metabolites (3, 6, 30, 41, 47),
particularly once the heart is reperfused and the oxygen supply is reestablished.

With the longest duration of regional ischemia we studied, 2 h, we found that H,O,
formation by NIZ mitochondria was reduced by half. This large and significant change
suggests that with such prolonged or severe ischemic conditions, mitochondrial H,O,
formation might not be an important contributor to overall tissue damage and dysfunction.
In both absolute and relative terms, however, the suppression of H,O, formation by
mitochondria isolated from ischemic regions of canine hearts subjected to 2 h of regional
ischemia was less than that observed with rabbit hearts subjected to only 1 h of global,
complete (zero flow) ischemia (45). When the effects of identical ischemic times, 1 h, are
compared, regional ischemia appeared to have much less of an effect on mitochondrial H,O;
production than did global ischemia. These differences could be due to species-related
factors, even though H,0O; production rates by mitochondria from nonischemic samples of
rabbit (45) and canine hearts (present study) did not differ. Thus, another explanation is that
with regional and incomplete ischemia, collateral blood flow renders portions of the affected
tissue only partially ischemic. This could provide reduced but nonetheless sufficient amounts
of oxygen to support production of intermediates such as H,O,, and might be associated
with lesser disruption of pathways responsible for H,O, production or degradation. We did
not measure collateral blood flow or the region-at-risk in this study. Using a similar model of
proximal left anterior descending coronary artery occlusion, however, we (43) found that
after 1 h of ischemia mean transmural blood flow in the CIZ averaged 0.14 + 0.09 ml/min/g.
This was 12% of preischemic values, a significant reduction, but not total cessation, of
ischemic zone flow. The region-at-risk ranged from 27.8% to 37.0 % of the left ventriclc.
Other investigators (1, 12, 18, 39, 42) using similar protocols obtained comparable data.

Of more importance, perhaps, are our data with 1 h of ischemia. Such a time is consistent
with clinically encountercd episodes of coronary occlusion and subsequent intervention to
restore flow and salvage tissue. Compared with data for ischemia alone, reperfusion
significantly increased succinate-dependent State 4 oxygen consumption rates by compa-
rable amounts in both the ischemic and nonischemic zones. However reperfusion did not
change the concomitant rate of H,O, production significantly. As noted in Table 3, the
increased State 4 oxygen consumption rate was not accompanicd by a change of the State 3
rate. Thus, there was also evidence of reduced respiratory control.
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The mechanism for increases of State 4 oxygen consumption, yet decreases of H,O,
formation and of the H,0,/O; consumed, may involve ischemia-induced reductions of Mn-
SOD levels (2, 13, 14) or activities. Such changes were particularly apparent in mitochondria
isolated from the CIZ of hearts subjected to 2 h of ischemia. In that group, for example, we
found no significant differences between CIZ and NIZ succinate-supported State 4 oxygen
consumption rates. However, there was a reduced H,0,/0O, ratio because of reduced H;O,
production by NIZ mitochondria. Our findings would be consistent with such an explana-
tion. Related to this is the possibility that a greater fraction of mitochondrially generated
O, escapes enzymatic dismutation, and so may be able exert adverse effects directly or via
interaction with lesser yet sufficient amounts of H,O, to form hydroxyl radical.

Data from other experimental approaches support biochemical evidence favoring the
postulate that mitochondria can produce H,O, following ischemia. Vandeplassche et al. (50)
used an in situ electron microscopic-histochemical technique, applied to portions of canine
hearts subjected to regional ischemia (left anterior descending coronary artery ligation), to
assess mitochondrial H,O, generation by a cyanide-independent, NADH-oxidase-depend-
ent system (40) that functions independent of the overall mitochondrial coupling state. They
found evidence of increased H,O, generation in areas of myocardium that were ischemically
damaged but still viable, compared with data obtained from areas that were nonischemic or
irreversibly damaged owing to ischemia. Such damaged but potentially viable regions are
likely to be those in which respiratory chain activity is depressed, and oxidation of NADH
and reduction of molecular oxygen are inhibited. Thus, one pathway for H;O, production
may take over when conditions are unfavorable for another, yet the tissue is still viable.

Considered alone, the ability of mitochondria to generate H,O, under the conditions we
imposed does not prove that they or any source of H;O, contribute to or account for
ischemic cardiac dysfunction. However, a simultaneously diminished capacity to degrade
H,0, (or O;7-), even if generated in “normal” amounts, may strengthen the potential
biologic importance of this concept. Such changes have been documented. For example,
ischemia reduces mitochondrial levels or activities of SOD (2, 13, 14, 45) and glutathione
peroxidase (45). There are also more generalized (cellular or cytosolic) ischemia- or
hypoxia-induced losses in the myocyte content or activity of glutathione peroxidase,
catalase, SOD, and other compounds with antioxidative properties (14, 17, 22, 23, 27, 35,
45). Mitochondrial function is also vulnerable to the effects of cytotoxic oxygen metabolites
(15, 24-26, 41). Therefore, mitochondria may not only be sources of damaging oxidants, but
also targets of their effects, regardless of from where the oxidants arise.

If the current data apply to intact hearts of conscious animals subjected to regional but
incomplete ischemia, especially of relatively brief duration, they would suggest that
mitochondria continue as a source of H,O,, and in doing so they may contribute to the
myocyte’s oxidant load and the resulting dysfunction.
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