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ABSTRACT

The generation of O} and its toxic effects were studied with rat brain mitochondria.
The production of O, from mitochondria in the presence of succinate and antimycin was
demonstrated by SOD-inhibitable reduction of NBT. Although succinate can support the -
O; formation, the highest rate needs antimycin indicating that blockade of electron flow
in the respiratory chain augments the univalent reduction of miolecular oxygen. Under
this condition, H,O, was also observed to be produced. But its formation appears to be
derived from the dismutation of the primary product, O; since the rate of H,O, produc-
tion was markedly decreased by NBT and ferricytochrome ¢. The O} and H,O. produced
were able to cause toxic actions to mitochondrial and extra-mitochondrial components as
shown by lipid peroxidation of mitochondrial membrane, and inactivation and lysis of
isocitrate dehydrogenase and erythrocytes added to the medium, respectively. In all the
toxic actions observed, Fe** was required. It appears that in the toxic actions OH:
generated from the iron-catalyzed Haber-Weiss reaction acts as a mediator. This was sup-
ported by the finding that mitochondria in the presence of succinate and antimycin pro-
duced ethylene from methional, and Fe** added increased the ethylene production. The
observed toxic actions of mitochondrial O; may provide evidence supporting a potential

role of mitochondria as a source of oxygen radicals to cause tissue damage.
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INTRODUCTION

Univalent reduction of molecular oxygen (O,) produces superoxide radical (O;) and occurs in a wide
range of biological reactions involved in the metabolism of O, (Fridovich, 1975). Because of its high
reactivity enough to alter most types of cellular macromolecules (McCord, 1974; Kellogg & Fridovich,
1977; Lesko et al., 1980), Oy is expected to have deleterious effects to living cells. Its potential danger
to all respiring cells can be further supported by the facts that superoxide dismutase (SOD), an enzyme
which breaks down Q7 is an essential constituent of all organisms that utilize O, and it has been shown
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to inhibit a number of O} mediated adverse reactions (Fridovich, 1975).

Since Nohl and Hegner(1978), and Nohl ef a/.(1978) demonstrated the production of O; from
mitochondria, O, metabolism in mitochondrial respiratory chain has been established as one of the im-
portant sources of O, in cellular metabolism, Detailed studies on the effects of various respiratory
chain inhibitors and uncouplers of oxidative phosphorylation have shown that among the carriers, one
between rotenone- and antimycin-sensitive sites, most likely ubiquinone reacts in its reduced form with
O, to produce O3 (Boveris et al., 1976; Tadenas et al., 1977). Under the conditions where O;- is
generated, H,O, was also detected through dismutation of O, by intra-mitochondrial SOD (Boveris et
al., 1976; Nohl & Hegner, 1978)

Most of O} and its product, H,O, can be removed by antioxidant enzymes, SOD, catalase and
glutathione (GSH) peroxidase (Nohl & Jordan, 1980). But when the equilibrium between their produc-
tion and removal is disturbed, the species unremoved are expected to cause cellular damage. In fact,
there has been implication that destructive processes in some pathological conditions are attributable to
the unbalance of O3+ metabolism in mitochondria, for examples, aging (Nohl & Hegner, 1978), and
tissue injury in hypoxia (Demopoulos e? al., 1980). However, studies have not much done to show the
toxic effects mediated by O3 generated from mitochondria, which can serve as direct evidence supporting
the role of this organelle as a source of the toxic oxygen species.

In the present study, an attempt was made to demonstrate the toxic effects of O generated from
mitochondria by observing the destruction of mitochondrial and extra-mitochondrial structures in the
system where brain mitochondria were stimulated to genreate O by succinte and antimycin. Lipid
peroxidation of mitochondrial membrane was observed, and when added to the system, enzyme
(isocitrate dehydrogenase) and erythrocytes were inactivated and lyzed, respectively. In the toxic effect-
observed, it appears that OH- generated by iron-catalyzed Haber-Weiss reaction was responsible.

MATERIALS AND METHODS

Chemicals

Superoxide dismutase, catalase, horse-radish peroxidase, antimycin, scopoletin, rotenone, fer-
ricytochrome ¢, nitroblue tetrazolium, thiobarbituric acid and Chromosorb 102 were purchased from
Sigma Chemical Co.; hydrogen peroxide from Shinyo Pure Chem. Co.; ferrous sulfate (FeSO,. 7TH,0O)
from Ishizu Pharmaceut. Co.; carbon monoxide (2860 ppm in air) from Korea Standard Research In-
stitute. Other chemicals were of reagent grade. Pure ethylene was a kind gift from Dr. Kyung-Hoon
Chung, Korea Advanced Institute of Science and Technology. ’

Preparation of brain mitochondria

Male Sprague-Dawley rats, weighing 200 to 250g were used as the source of brain tissue. Mitochon-
dria were isolated as described by Schneider and Hogeboom (1950) with a little modification. Protein
content of the mitochondrial preparation was determined by the method of Lowry et al. (1951). The
preparation was freshly made in every experiment.

Preparation of human erythrocytes

Heparinized 5.0 ml of fresh human blood was mixed with 9 volumes of 150 mM KCl and centrifuged
at 3000 g for 15 min. Packed erythrocytes obtained were washed 3 times with 9 volumes of the isotonic
solution with centrifugation as above, and then suspended in an equal volume of 150 mM KCI. The
suspension was used in the experiments.
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Incubation systems

Generation of the reactive oxygen species was performed through the incubation of mitochondria in
the presence of substrates and respiratory-chain inhibitors. As a typical reaction mixture, mitochondria
(1.0 mg protein/ml) were mixed with 5 mM succinate and 6.7uM antimycin in O,-saturated solution of
0.15 M KCl and 50 mM HEPES-KOH, pH 7.4. The reaction otherwise specified was started by addition
of succinate. Other components were added to the reaction mixture depending upon the experimental
purposes; nitroblue tetrazolium (NBT) was added for determination of O3+, scopoletin and horse-radish
peroxidase for H;O,, and methional for OH- To demonstrate the molecular and cellular damaging ef-
fects of the oxygen species generated, isocitrate dehydrogenase or erythrocytes were added to the above
system. When the effect of the oxygen species was observed on lipids, mitochondrial membrane was us-
ed as a target material. Fe*+ was also added to the systems to increase the reactivity of the oxygen
species.

Analytical procedures

Determination of superoxide radical: The inhibitory effect of SOD on the O;- -induced reduction of
NBT to purple formazan was used to demonstrate the generation of this oxygen species (Bachner,
1975). NBT (100 uM) was incubated with mitochondria in the presence or absence of SOD (details are
described in the legend of Table 1). After incubation was carried out, the reaction was stopped with the
addition of 1.0 ml of 1.0 N HCI. The purple color was then solubilized with 2.0 ml of pyridine. Samples
were read at 560 nm against the medium containing only mitochondria and NBT undergoing the same
procedure. The absorbance values were compared to a standard curve prepared by using 20 to 400 uM
of NBT solutions which were reduced with 0.2 mg ascorbic acid and then resuspended in the HCI and
pyridine solution as described above. From the curve, the extinction coefficient of formazan was found
to be 4.22/mM/cm. With the value, the amount of SOD-inhibitable reduction of NBT was calculated
and used to estimate the rate of O} production based upon the following stoichiometry (Baehner et al.,
1976):
205 + 2H* + NBT ———— NBTH,(formazan) + 20,

Determination of hydrogen peroxide: Changes in the fluorescence of scopoletin oxidized by hydrogen
peroxide in the presence of horse-radish peroxidase (Loschen et al., 1971) were followed in a Perkin

+Elmer fluorescence spectrophotometer, Model 1000. The excitation wavelength was 343 nm; the emis-
sion wavelength, 460 nm. The calibration was performed with H,O, solution of known concentra-
tion which was assayed by the method of Allen et al. (1952). The resulting decrease in fluorescence was
used as a standard. Other details are given in the graph and legend of Fig. 2.

Determination of ethylene: To demonstrate the generation of OH-, production of ethylene from
methional was determined by the gas chromatographic method of Beauchamp and Fridovich (1970).
They showed that oxidation of methional by OH- produced ethylene gas as one of the end products.
The reaction mixtures (2.0 ml) containing methional, mitochondria and other components (see the
legend of Table 7 for more details) were incubated in 12.5 ml glass vials sealed with rubber caps in a
water bath with vigorous shaking. Gas-tight syringes were used to sample the gas phase above the reac-
tion mixtures. One ml of aliquots of the gas phase were analyzed for ethylene on a gas chromatograph
(GC V, Pye-Unicam) equipped with a 1/8 inch x 3 meter stainless column of Chromosorb 102 and a
flame ionization detector. The details of chromatographic conditions were described in the previous
report (Kim ef al., 1984). Amounts of ethylene production was calculated from integrated areas of
chromatogram of pure ethylene gas.

Determination of Malondialdehyde: Malondialdehyde (MDA) formed as a result of lipid peroxidation of
mitochondrial membrane was determined by the thiobarbitureic acid method (Bidlack and Tappel,
1973). The amount of MDA produced was calculated using the molar extinction coefficient of 1.52 x



10°/M/cm (Placer e? al., 1966).

Activity of isocitrate dehydrogenase: The enzyme activity was assayed by following the increase of ab-
sorbance at 340 nm which was caused by reduction of NADP to NADPH in the presence of isocitrate.
Aliquots (0.1ml) of the reaction mixture (details are given in the legend of Tables 5 and 6) were taken to
a cuvette containing 0.85 ml of 4.4 mM isocitrate in 50 mM NaCl and 50 mM HEPES-KOH, pH7.4.
The cuvette was then transferred to the temperature controlled chamber of a Unicam SP 1750 spec-
trophotometer at 25°C. After 5 min incubation, reaction was started with addition of 30 pl of 30 mM

NADP and 0.12 M MnSO,. The enzyme activity was expressed as an increase of absorbance at 340
nm/min (A;4/min).

Erythrocyte hemolysis: Fresh erythrocyte suspension (20 pl) prepared as described earlier was incubated
in total volume of 3.0 ml reaction mixture (see the legend of Table 8). Hemolysis was determined spec-
trophotometrically in two ways. One was to read the decrease in turbidity of the reaction mixture at
740 nm (Goldbery & Stern, 1977) and the other was to measure the color of hemoglobin released in the

medium (Bauer, 1982). In the latter, the reaction mixture was centrifuged at 3,000 g for 10 min and
the supernatant was read at 540 nm.

RESULTS

Generation of superoxide radical

Brain mitochondria were investigated for their capacity to generate O, by observing the SOD-
inhibitable reduction of NBT. The results are shown in Table 1. When NBT was incubated for 30 min
with mitochondria in the presence of antimycin, a respiratory chain inhibitor, and succinate as a
substrate, the compound was reduced as indicated by marked increase in absorbance at 560 nm. The in-
crease in absorbance, however, was inhibited by 100 ug/ml SOD from 0.322 to 0.267(17% inhibition)
and the inhibition was dependent on the dose of SOD with labelling off at 100 ug/ml (inset of Fig. 1). In
contrast, bovine serum albumin even at 250 ug/ml showed almost negligible effect on the NBT reduc-
tion (data not shown). These observations indicate that some of the electrons from the respiratory chain
were transferred to molecular oxygen to form O3, while most electrons reduced NBT directly. The pro-
duction rate of O} was increased linearly up to 30 min and then approached the plateau level (Fig. 1).

Table 1. SOD-inhijbitable NBT reduction by mitochondria

NBT reduction (A,g,)

Additions
without SOD with SOD Difference
None 0.085 £0.0032 0.086 = 0.0046 —0.0008 = 0.0017
Antimycin (6.7 uM) 0.098 = 0.0035 0.097 £ 0.0053 0.0012 £ 0.0032
Succinate (5 mM) 0.127 = 0.0023 0.113 + 0.0036 0.014 = 0.0026
Antimycin (6.7 uM) 0.322 + 0.0176 0.267 + 0.0209 0.055 =+ 0.0036

+ Succinate (5 mM)

The reaction mixtures containing 1.0 mg protein of mitochondria, 100 uM NBT, 150 mM KCl and 50 mM HEPES-
KOH, pH 7.4 were incubated with the additions shown in the table in the presence or absence of 100 ug SOD. Total
volume was 1.0 ml. The incubation was performed for 30 min with vigorous shaking in a water bath at 25°C.

Determination of NBT reduction was done as described in the Materials and Methods. The numbers indicate
mean + S.E.M. from five experiments.
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Fig. 1. SOD-inhibitable NBT reduction with time. The experiments were performed under the same conditions as in
Table 1. NBT reduction inhibited by SOD was plotted against the incubation time. Inset shows effect of SOD
concentrations on the NBT reduction in the presence of 5 mM succinate and 6.7 pM antimycin.

@ 5 mM succinate and 6.7 uM antimycin, O; 5 mM succinate, W; 6.7 uM antimycin and 0J; with no addition.

Using the extinction coefficient, 4.22/mM/cm of reduced NBT dissolved in pyridine (see the Materials
and Methods), the production rate in the linear phase was 0.87 nmoles/mg protein/min. As shown in
Table 1 and Fig. 1, the rate of O;- production was highest in the presence of the substrate and inhibitor.
O;- was produced by succinate alone but the rate was only one fourth of the observed with both. Of no
significance was the production with antimycin alone.

Generation of hydrogen peroxide

The production of H,O, was followed with scopoletin method in the same system where O;- produc-
tion was induced. The results are shown in Fig. 2 where the traces indicate the changes in fluorescence
corresponding to each experimental step in sequence.

Addition of scopoletin to the reaction mixture presented the increase in fluorescence. When addition
of antimycin was followed, there was no change in fluorescence (the slight increase observed was due to
intrinsic fluorescence of antimycin). But the fluorescence was rapidly decreased with addition of suc-
cinate. The same decrease was observed when the substrate was added first and then the inhibitor was
followed. Although succinate itself was able to cause the decrease in fluorescence, the rate of decrease
was much lower (data not shown). The observed findings demonstrate that H,O, was also detected when
the substrate was added to the respiratory chain-blocked mitochondria with antimycin. The production
of H,0, was further supported by the observation that the trace was stopped completely when catalase
was added during the reaction (Fig. 2). Using the calibrated deflection in the trace, the rate of procuc-
tion was calculated to be 0.25 nmoles/mg protein/min.
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Fig. 2. Production of hydrogen peroxide from mitochondria. Mitochondria (1.0 mg/ml) were incubated in the reac-
tion mixtures containing 5 ug/ml horse-radish peroxidase, 150 mM KCl, 50 mM HEPES-KOH, pH 7.4 at
25°C for 10 min, and then various components were added as indicated by arrows in the graph. The traces
show change in fluorescence resulting from each addition at excitation 343 nm and emssion 460 nm. Total
volume was 3.0 ml when all the components were added with final concentrations shown.

Table 2. Effects of NBT and ferricytochrome ¢ on the production of hydrogen peroxide from

mitochondria
i H.,O, produced
Additions (nmoles/mg protein/min)
None 0.21
NBT
33 uM 0.13
133 uM 0.04
Ferricytochrome ¢
13 M 0.08
27 M 0.03

Mitochondria were incubated with 5 mM succinate and 6.7 uM antimycin in the presence of different concentrations

of NBT and ferricytochrome ¢. Other conditions were the same as in Fig. 2. The rate of hydrogen peroxide produc-
tion was calculated as described in the Materials and Methods.
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Fig. 3. Production of hydrogen peroxide from mitochondria in the presence of various inhibitors of the respiratory
chain. The experimental conditions were the same as in Fig. 2 but each inhibitor was added last.
a: When CO was used as an inhibitor, mitochondrial preparation (see the Materials and Methods) was bub-

bled with 2860 ppm CO in air for 30 min, suspended in the reaction mixture and then reaction was started
with the addition of succinate.

In the generation of the two oxygen species, the highest rate of production was observed under the
same condition; presence of both the substrate and inhibitor. In additions, the rate of H,O, production
was inhibited by the compounds which can interact with Oz- As shown in table 2, NBT and fer-
ricytochrome c inhibited the H,O, production to 80%. Boveris ef al. (1976) observed that the rate of
H.O. production by succinate and antimycin from unwashed SOD-containing submitochondrial par-
ticles was higher than that from washed SOD-free ones, and the rate of O production from the SOD-
free particles was decreased with addition of exogenous SOD, and concomitantly H,O, production was
increased to the same extent. Thus, it is suggested that the H,O, produced from the whole mitochondria
comes from the dismutation of O3 involving intra-mitochondrial SOD.

Various combinations of substrates and inhibitors were compared for their capacity to induce the
univalent reduction of O, from the mitochondria; succinate, a-ketoglutamate, malate and isocitrate
were employed as substrates, and antimycin, rotenone, carbon monoxide (CO), cyanide, and azide as
inhibitors. The highest rate of H,O, production was observed with succinate and antimycin. With an-
timycin as a inhibitor, increasing order of potency was malate, glutamate, a-ketoglutarate and suc-
cinate (data not shown). When succinate was used as a substrate, only antimycin stimulated the H,O, pro-



duction and others showed almost negligible stimulation (Fig. 3). But rotenone showed some effect
when a NAD-linked intermediate, a-ketoglutarate was used as substrate; the rate was 20% of that
observed with succinate and antimycin. Because of the highest activity, antimycin and succinate were

used in the following experiments to demonstrate the toxic effects of O- and H,O, generated from the
mitochondria.

Lipid peroxidation by the oxygen species

O and H,0, were produced from the brain mitochondria. Because of their reactivity, it is expected
that the species cause the break-down of cellular macromoleculss adjacent to the site of generation. The
membrane lipids of mitochondria may be the components to be attacked first. As expected, lipid perox-
idation was observed but Fe** was required for the peroxidation (Table 3). Even in the presence of

Table 3. Production of malondialdehyde from mitochondria

Additions MDgnlz::;;;d
None 2.60 + 0.032(2)b
Antimycin (6.7 uM) 2.47 +£0.10 (2)
Succinate (5 uM) 2.83+£0.53 2)
Antimycin (6.7 uM) + Succinate (5 mM) 2.63+£0.23 (5)
Antimycin (6.7 uM) + Succinate (5 mM) + Fe++ (10 uM) 20.63 +0.34 (8)
Fe++ (10 uM) 12.61 £0.31 (6)

The reaction mixtures (2.0 ml) containing mitochondria (1.0 mg protein/ml), 150 mM KCI, 50 mM HEPES-KOH,
pH 7.4 were incubated with the components shown in the table at 37°C. After incubation for 1 h, aliquots were
assayed for MDA (see the Materials and Methods).

a: Values shown are mean + S.E.M.

b: Figures in the parentheses indicate number of experiments.

Table 4. Effects of SOD and catalase on the production of malondialdehyde from mitochondria in the
presence of ferrous ion.

. - MDA produced®
Experimental conditions (n moles/h)
(A+S+Fet+)—(Fet+) 7.55 +0.30°
(A+S+Fet+ +SOD)— (Fet+ + SOD) 4.51 + 0.86 (40%)°
(A +8S+Fet+ + CAT) — (Fe*+ + CAT) 0.35 + 0.25 (95%)

Mitochondria were incubated with 10 uM Fe++ and other components shown in the table under the same condi-

tions as in table 3. Abbreviations: A; 6.7 uM antimycin, S; 5 mM succinate, CAT; 150 ug/ml catalase, and SOD;

100 pug/ml superoxide dismtase.

a:Differences in the amount of MDA produced from the experiments between in the presence and the absence of
antimycin and succinate.

b: Values shown are mean +S.E.M. from four experiments.

¢:Numbers in the parentheses indicate % inhibition by the enzymes added.



Table 5. Inhibition of isocitrate dehydrogenase activity by mitochondria

Additions A340/min
None 0
Antimycin (6.7 uM) 0
Succinate (5 mM) 0
Antimycin (6.7 uM) + Succinate (5 mM) 0
Antimycin (6.7 uM) + Succinate (5.5 mM) + Fe*+ (10 uM) 0.52
Fe++ (10 uM) 0.07

Isocitrate dehydrogenase (0.2 mg/ml) was incubated for 2.5 h with mitochondria (1.0 mg protein/ml) in the
presence of the components shown in the table at 37 °C. Total volume was 1.2 ml and other conditions were the same
as in Table 1. The enzyme activity was measured as an increase in absorbance at 340 nm per min as described in the
Meterials and Methods. The values shown are the decrease in the enzyme activities (A 340/min)for 2.5 h incuba-

tion,

Table 6. Effects of SOD and catalase on the inactivation of isocitrate dehydrogenase by mitochondiia

A340/min (% inhibition)

Control? 0.45( 0)b
SOD (67 ug/ml) 0.22(51)
Catalase (160 ug/ml) 0.16(64)
Albumin (250 ug/ml) 0.45( 0)

\

Isocitrate dehydrogenase was treated in the reaction mixtures containing mitochondria in the presence of SOD,
catalase or bovine serum albumin under the same conditions as in Table 5.
a: With no addition of the enzymes or albumin.

b: Numbers in the parentheses indicate % inhibition against the control which is A,,/min for 2.5 h obtained in the
absence of the enzymes added.

Table 7. Ethylene production from methional by mitochontria

Ethylene produced in 10 min (pmoles)

Additions

Experiments: 1 2 3 Mean
None 136 111 108 188.3
A+S 436 417 — 426.5(238.2)2
A+S+Fet+ 809 827 591 742.3(554.0)
Fe++ 324 254 226 268.0( 79.9)
A +S+Fe+* +SOD 290 321 351 320.7(132.4)
A+S+Fet+ +CAT 128 105 — 117.5(-70.8)

Mitochondria (1.0 mg protein/ml) were mixed with the components shown in the table in 3.0 ml buffer of 150 mM
KCl and 50 mM HEPES-KOH, pH 7.4. After 10 min incubation at 37 °C, 5 ul of methional was added and the vials
were sealed with rubber caps. After further 10 min incubation, 1.0 ml aliquots from the gas phase were assayed
for ethylene as described in the Materials and Methods. Abbreviations were the same as in Table 4 and the concen-

tration of Fe++ was 10 uM.
a: Values in the parentheses are the amount of ethylene produced obtained by substracting that observed
with no additions.
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succinate and antimycin, production of MDA was in the range of the basal level without the metal ion.
When 10 uM Fe** was added, there was a marked increase in MDA production (20.63+0.34
nmoles/h).

But it was found that a considerable portion of the lipid peroxidation observed (about 60%) was not
due to the action of the oxygen species but to the direct action of Fe +*, since the peroxidation occurred
with the metal ion alone (12.61 + 0.31 nmoles/h). Further, the Fe++ -induced peroxidation was not in-
hibited by SOD or catalase (date not shown). Therefore, it is thought that about 40% of the total perox-
idation was caused by the action of the oxygen species with an aid of Fe ++ as a catalyst. This was fur-
ther supported by the results in Table 4 showing that this portaion of lipid peroxidation was indeed in-
hibited by SOD and catalase.

Effect of the oxygen species on the isocitrate dehydrogenase

Effect of O;- and H,O, was also tested on the extra-mitochondrial component with an enzyme,
isocitrate dehydrogenase added to the medium as a target molecule. Essentially, the same characteristics
was found as observed in the lipid peroxidation. As shown in Table 5, the enzyme activity was decreased
only in the presence of Fe++, One thing different from the lipid peroxidation is that there was no
significant direct action of Fe** on the enzyme activity. Therefore, this system shows more clearly the
oxidative action exerted by interaction between the oxygen species and the metal ion. Table 6 shows
that the decrease in the enzyme activity was also inhibited by SOD and catalase whereas no inhibition
was found with albumin. All the results indicate that O3+ and H,O, released in the medium attacked
the enzyme leading to the inactivation with aid of Fe'* as a catalyst.

Evidence for OH- production

In the previous experiments, it was shown that O3- and H,O, required Fe*+ in their oxidative ac-
tions. It has been reported that either O;- or H,O, is not so reactive, rather depends in their oxidative
actions upon OH - generated from the interaction between O3+ and H,Q, catalyzed by metal ions, par-
ticularly Fe ++ (Fridovich, 1978). So OH- is also expected to be generated. Thus, an attempt was made
to detect this radical using the assay of ethylene, a product of methional on its oxidation by OH-
(Beauchamp & Fridovich, 1970). Table 7 shows the ethylene production from methional in the various
experimental conditions.

Ethylene was detected from methional even in the absence of the substrate and inhibitor. That was
possibly due to self-decomposition of the compound (Weiss et al., 1978). When succinate and an-
timycin were added, the production of ethylene was increased. As expected, further increase was
observed with addition of Fe ++. But Fe ++ itself did not have any significant effect on ethylene produc-
tion from methional. Here again the ethylene production was also inhibited by either SOD or catalase
(80% and 100% inhibition, respectively). The results shown support that OH- was produced from the in-
teraction between O7- and H,O, which was catalyzed by Fe++. Without Fe+* added, there was also
production on ethylene (238.2 pmoles). It may be ascribed to a trace amount of Fe *+ or other metals

contaminated since the inhibition by SOD or catalase exceeded the amount stimulated by the added
Fe++.

Hemolysis of human erythrocytes

The toxic effect of oxygen radicals was extended to cellular damage. Hemolysis was observed as an
index of cytotoxicity. On exposure to the oxygen species, erythrocytes were lysed as indicated by both
the decrease of light scattering on the reaction mixture (30% hemolysis) and the release of hemoglobin in
the mixture (20% hemolysis) (Table 8). The lysis also required Fe++. In the absence of succinate and
antimycin, Fe++ showed essentially no effect. The lower extent of hemolysis was observed with the
assay of released hemoglobin. Possibly, the former method may give an overestimate since lysis of



Table 8. Hemolysis of human erythrocytes by mitochondria

A A

. 140 540
Additions {whole medium) (supernatant)
None 1.824 0.073

A+S 1.882 0.068
A+S+Fet+ 1.278(29.9%) 0.389(19.9%)"
Fe++ 1.872 0.100

Mitochondria (1.0 mg protein/ml) and 20 ul of human erythrocyte suspension (see the Materials and Methods) were
incubated at 37 °C with components added as shown in the table with constant stirring. The abbreviations were the
same as in Table 4. Total volume was 3.0 mi. After incubation for 16 h, either the reaction mixture was read at 740 nm
or supernatant obtained after centrifuging at 3,000 g for 15 min was read at 540 nm. % hemolysis was caiculated
against A, of the medium with no additionsa or against A, of the solution of the completely lysed erythrocytes
in 150 mM KCl and 50 mM HEPES-KOH, pH 7.4b.

mitochomdria that may occur as well during the incubation will be an additional contribution to the
decrease in light scattering at 740 nm.

DISCUSSION

In the present study, the respiratory chain-linked production of the reactive oxygen species was also
confirmed in the isolated brain mitochondria. O3- was produced when electron flow was supported by
succinate, but with blockade of the flow by antimycin, its production of O3- was markedly stimulated
(Table 1 and Fig. 1). Under the same condition, H,O, was also produced and again its rate of produc-
tion was maximal when the inhibitor was added (Fig. 2). The H,O, production was suppressed to 80% by
cytochrome ¢ and NBT which can interact with Q7 (Table. 2), indicating that O7- was formed first and
acted as a precursor for H,0, via intra-mitochondrial SOD reaction. Among inhibitors used, only an-
timycin showed increased production of H,Q,. Essentially no stimulation was observed with other in-
hibitors (Fig. 3). The rates of O;- and H,O, production were 0.87 and 0.25 nmoles/mg protein/min,
respectively, which are comparable to those observed in rat heart mitochondria (Nohl et al., 1978). Ac-
tual rate of the production of each species, however, would be much higher than the value detected in
the medium. Nohl and Hegner (1978) reported that in rat heart mitochondria, 20% of O; produced
escaped quenching by intra-mitochondrial SOD and the remainder was decomposed into H,O, by the
SOD. It was also estimated that of the H,O. produced, only 20% escaped catalase and GSH peroxidase
of the mitochondrial matrix and was released into the medium (Nohl & Jordan, 1980).

The oxyen species that survive the quenching were shown to attack mitochondrial and ex-
tra-mitochondrial structures as demonstrated by lipid peroxidation of mitochondrial membrane and in-
activation of isocitrated dehydrogenase present in the medium, respectively (Tables 3 and 5). The toxic
actions observed were maximal when both succinate and antimycin were present. In the damage observ-
ed, both O and H,O, are considered to be involved since the lipid peroxidation and enzyme inactivation
were prevented by SOD or catalase (Table 4 and 6). But in their toxic effects, Fe*+ was essentially re-
quired. Under the same condition, hemolysis of erythrocyte was also demonstrated indicating that the
oxygen species are capable of causing cytotoxicity (Table 8).

It has been shown that by itself O7 or H,0; is not so reactive, rather they act as precursors more
reactive species, most likely OH- (Fridovich, 1975; Kellogg & Fridovich, 1977; Weiss et al., 1978). In the
presence of traces of iron or its salt, O and H,O, can react together in vitro to form OH-, which can at-
tack and destroy almost all known biomolecules (Halliwell, 79782, b; McCord & Day, 1978; Gutteridge



et al., 1970). It has been suggested that most, if not all, of toxic effects of O} are due to the formation of
OH- from it in vivo (Fridovich, 1978; Halliwell 1978a, b; Deguiseppi & Fridovich, 1980). Consequently,
the toxic effects observed in the present study are highly suggested to be mediated by OH- generated by
so called iron-catalyzed Haber-Weiss reaction:

Fe++
O, +H;0, —— OH-+OH-+0,

In support of this, stimulation of ethylene production from methional was observed by Fe ++ added in-
to the medium (Table 7).

But Fe ** by itself caused lipid peroxidation of mitochondrial membranes even with no addition of
succinate and antimycin (Table 3). It seems that this action of Fe ++ was not related to the reactive ox-
ygen species. Peroxidation of lipids of microsomes and other subcellular organelles including
mitochondria was also observed to be promoted by Fe*+* alone (Beloff-Chain et af., 1965; Ot-
tohenghi, 1959; McKnight et al., 1965). In this case, the peroxidation was not inhibited by scavengers
of 07, H,0; or OH-. Pederson and Aust (1975) have suggested that Fe * + catalyzes the lipid peroxidation
by decomposing the pre-existing hydroperoxides to generate aikoxyl radicals. In the present study, MDA
was also detected from freshly prepared mitochondria indicating the presence of hydroperoxides.
Possibly, the observed peroxidation may be due to the interaction of Fe * + and the hydroperoxides.

The destructive actions of O3 and H,0, through the Haber-Weiss reaction have already been ac-
cepted as one of the mechanisms to explain the oxygen-induced tissue damage. Free Fe++ concentra-
tion of body fluids was found to be in micromolar range sufficient to promote the OH- formation from
O3 and H, 0, (Gutteridge et at., 1981), and the role of Fe++ as a catalyst was also proved in the perox-
idative processes in vivo (Rowley et al., 1984). Therefore, once O; and subsequently H,O, are formed,
they are expected to generate OH-. Stimulated neutrophils produce O3+ and H,O; at inflamed sites and
the resulting OH- attacks the tissue components (Greenwald & Moy, 1980). This has been known as one
of mechanisms of tissue damage mediated by neutrophils in inflammation (Fridovich, 1978; Fantone &
Ward, 1982). In this respect, mitochondrial generation of O3 and its toxic actions are expected to have
a potential role as a mechanism of tissue damage.

The toxic effects demonstrated in this study may provide an explanation at molecular level for tissue
damage in ischemic brain for which primarily disturbance in O, metabolism in mitochondria has been
implicated to be responsible (Demopoulos ef al., 1979). In brain ischemia, evidence has been obtained
that lipids of nerve cell membranes undergo degradation by free radical reactions presumably initiated
by O; from mitochondria. It includes the appearance of increased level of MDA (Milvy ef al., 1973),
destructive loss of polyunsaturated fatty acids (Demopoulos et al., 1979) and consumption of a major
CNS antioxidant,. ascorbic acid (Flamm ef a., 1978). The enhanced production of OF- by antimycin
may be background supporting the increased generation of O7- from mitochondria in hypoxic condi-
tion. According to this hypothesis (Demopoulos et al., 1979 & 1980), in the presence of adequate O,,
elections are transferred enzymatically to O,, reduce it into H,O. But when O, is diminished abruptly as
in ischemia, the capacity to accept the ongoing flow of electrons is decreased and electrons are piled up
resulting in the reduction of all the factors of the chain. In this situation, electrons leak through possibly
CoQ and reduce O; univalently to form O} (Boveris et al., 1976; Cadenas ef al., 1977).

But one finding observed in this study does not seem to be consistent with the above explanation. As
showing Fig. 3, any increase in H,0, production was not demonstrated with the inhibitors tested except
antimycin. If this hypothesis is true, blockade of any sites to O, side after CoQ should increase the
univalent reduction of O,. But it was not the case even in the O, -saturated medium. Thus, the results
make it hard to expect that simple hypoxia in vivo could lead to increase the univalent reduction of O,. An
alternative mechanism may also exist as a source of O5- to initiate the free radical damage of membrane
lipids in this pathological condition. In hypoxic condition, xanthine oxidase was converted from pre-ex-



isting D type (NAD-reducing dehydrogenase) to O type (McCord & Roy, 1982). Both types oxidize
hypoxanthine to uric acid but only latter can produce O;-. The substrate, hypoxanthine also accumulates
during ischemia as a result of ATP catabolism (Granger & Parks, 1983). This ‘“D-to-O conversion
hypothesis’’ was supported in ischemic injuries of intestine (Parks et al., 1982) and heart (Chambers et al.,
1983) since ischemic changes in the organs were limited by allopurinal and SOD. But the role of xan-
thine oxidase in brain ischemia is not studied and remains to be explored.

In the present study, O3- production from mitochondria was carried in the O, -saturated medium.
With replacement of air, the rate was decreased to 30% (data not shown). Thus, the toxic actions of
O3 observed may also provide a biochemical mechanism of tissue injury in O, poisoning.

The result observed in this study may also support degenerative changes that lead to celtular aging
processes. Antimycin was used to demonstrate the capacity of mitochondria to generate Oy . But
univalent reduction of O, can occur during the normal electron flow through the respiratory chain. It
was estimated that about 5% of O, consumed in mitochondria was linked with the reduction to O;-
(Fridovich, 1979). Although most of O, and H,O, produced in vivo is removed by scavenging enzymes,
the mitochondrial membrane as well as other extra-mitochondrial structures are constantly subjected to
the action of the oxygen species and may undergo progressive destructive changes. Increasing degree of
peroxidative damage in mitochondrial membranes were observed with a function of age (Nohl and
Hegner, 1978). The structural of features of mitochondrial membranes were closely related to decreased
functional activities of many of respiratory enzymes (Nohl ef al., 1978). The involvement of mitochon-
dria in these aging processes may be further supported by higher rate of O3 and H,O, production from
mitochondria of aged rat than young rat (Nohl & Hegner, 1978; Nohl ef al., 1978).
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