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OXYGEN RADICALS AND CANCER: FREE RADICAL GENERATION AND OXIDATIVE 

DAMAGE IN MITOCHONDRIA 

ROLF J MEHLHORN, JOHN J MAGUIRE, GRANT HARTZOG, AND LESTER PACKER 

Membrane Bioenergetics Group, Lawrence Berkeley Laboratory 
and Department of Physiology-Anatomy, University of California 
Berkeley, CA 94720 USA. 

SUMMARY 

Evidence is increasing that oxygen toxicity, through the for

mation of reactive oxygen radicals, plays a role in carcinogenesis 

and, possibly, aging. Mitochondria consume the bulk of cellular 

oxygen in a process that involves a series of electron transfer 

catalysts, which can potentially autoxidize with the release of 

superoxide radicals. We describe detection schemes for mitochon

drial radicals, which are being developed with ESR spin probe tech

niques, and which are designed to elucidate the pathways of oxida

tive damage. We also consider the activities of mitochondrial 

electron transport and isolated electron transport complexes in 

superoxide radical generation, transition metal catalysis of free 

radical formation and evidence for the formation of thiyl radicals 

and their possible involvement in oxidative damage. We conclude 

with a comprehensive hypothesis for the production and fate of 

mitochondrial oxygen radicals. 

INTRODUCTION 

"Active oxygen" species, including the free radicals superoxide 

and, perhaps, hydroxyl, appear to play major roles in the degrada

tion of aerobic biological cells. Most metabolic processes occur in 

the presence of oxygen and produce active oxygen species at low 

rates. These reactive molecules attack a var.iety of cellular tar

gets, which must be repaired to enable organisms to survive. Such 

repair of active oxygen-mediated damage is likely to impose signi

ficant limitations on the overall efficiencies of most biological 

processes. For example, the repair of oxygen radical photodamage 

may represent a significant energy drain on plants. In animals, 

some active oxygen-induced damage is not repaired and is implicated 

in carcinogenesis. Gradual accumulation of active oxygen damage 
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over a prolonged period of time may eventually cause the demise of 

an organism; this idea has been promoted in the "free radical 

theory of aging".l,2 

Both point mutations and gene rearrangements may lead to cancer. 

Since oxygen-radicals are clearly capable of inducing mutations, 3 •4 

they should be able to activate oncogenes. There is increasing evi-

dence that gross genetic rearrangements, transpositions, and ampli

fication play a role in the promotion phase of carcinogenesis, 5 

and it is quite probable that free radidal damage is also involved 

in these processes. Indeed, radicals apparently can cause chromo

somal strand breakage 6 and therefore should be able to participate 

in the gene rearrangements. There is other evidence implicating 

oxygen-derived radical~ in tumor promotion. 7 •8 Thus, phorbol 

esters, the well-characterized tumor promoters, produce extensive 

chromosomal damage 6 and are known to stimulate polymorphonuclear 

leukocytes to produce superoxide and peroxides. 9 Other compounds 

are known whose promotional efficiency correlates with radical

generating potentia1. 8 •10 Promoter-induced chromosomal damage is 

inhibited by superoxide dismutase, 9 The evidence for a causal 

relation between oxygen radical production and promotion is further 

supported by the efficacy of antioxidants as anticarcinogens. 7 In 

particular, vitamin E, 11 selenium, 12 glutathione, 13 ascorbic 

acid, 14 and beta carotene15 have proven effective in reducing tumor 

incidences 

Direct detection of reactive radicals has not been very success

ful in biologiqal systems, but the detection of primary reaction 

products from specific oxidative reactions has proven useful in 

determining the mechanisms of oxidative damage as in the detection 

of lipid peroxidation. 16 •17 This experimental approach is useful in 

assessing the accumulating effects of oxidative damage but is a 

weak method for identifying the mechanisms of radical formation. 

Spin trapping is a useful method for the identification and 

quantitation of radicals in complex systems. The technique utilizes 

a chemical trap that reacts with an unstable and reactive radical 

to form a stable free radica1. 18 Alternatively, a sensitive method 

for detecting free radicals is to observe the decay of an ESR 

signal of a "stable" free radica 1. Ni troxides are stable with 

)"1 
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respect to dismutation, i.e., reactions with each other, but they 

react rapidly with many other radicals, such as thiyls or carbon

centered radicals. We monitor the loss of nitroxide spectra and 

relate it to reactions of the nitroxide radicals with lipid and 

thiyl radicals, reactions whose products are nonparamagnetic mole

cules.19 Rates of superoxide production are inferred from studies 

with nitroxides in the presence of thiols,~0 or, if thiols are not 

present, oxidation of hydroxylamines, derived from nitroxides by 

one-electron reduction. 21 The latter assay is based on the fact 

that a nitroxide is formed when superoxide abstracts a hydrogen 

atom from the hydroxylamine. Supportive evidence for free radical 

formation is being sought with the complementary ESR technique of 

spin trapping. 18 Superoxide formation by mitochondria 22 is dis

cussed be low. 

In general, chemical reactivity of a radical correlates with its 

potential for oxidative damage• While active oxygen species like 

hydroxyl and singlet oxygen have been shown to be formed in some 

biological systems, the generation of other reactive species may 

have a substantial role in oxidative damage processes. Thiyl radi

cals may be generated at a significant rate because of the abun-. 

dance of thiols and the ease of formation of this species. The 

detection of thiyl radicals by spin trapping methods is also de

scribed. 

RESULTS AND DISCUSSION 

Superoxide and thiyl radical detection in.mitochondria and model 

systems: 

A procedure for detecting free radical species in biological 

environments has been elaborated. 17 The method consists of moni

toring the loss of ESR signal in a free radical-generating envi

ronment such as the respiring mitochondrial membrane and charac

terizing the reaction products, primarily by chromatographic me

thods. The significance of this assay is that it allows for the 

detection of free radical reactions within the membrane interior. 

We have noted that the lipid spin probes which are deeply imbedded 

in the mitochondrial membrane, e.g., the stearic acid nitroxides, 

suffer a very slow spin signal loss relative to aqueous spin 

probes 23 unless free radical processes are i~itiated within the 

membrane, and thus they are especially effective for the detection 
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of free radical reactions in these domains. 24 On the other hand, 

the occurrence of free radical processes in the aqueous mitochon

drial regions is amenable to study with conventional nitrone spin 

traps although the resulting adducts are so unstable that they do 

not accumulate significantly and therefore require high conc~ntra

tions of spin trapping agents to elicit an ESR-detectable signal. 

Electrical surface potentials at mitochondrial interfaces may be 

affected by oxidative free radical chemistry: 25 to develop measure- J 
ments of surface potentials for side-specific assays of membrane 

oxidations, we have studied conditions for specifically spin

labeling the inner and outer surfaces of the mitochondrial m~m

brane. We have found that the cationic spin probes used for surface 

potential measurements, designated as CATn, cross the inner mito

chondrial membrane at an appreciable rate at room temperature. As 

expected, the kinetics of internalization of the probes increase 

with increasing membrane binding, i.e. with increasing alkyl chain 

length n, and equilibration for CAT6 occurs within about two min

utes at room temperature. This information can be used when these 

nitroxides are employed as radical traps to infer whether radical 

reactions are occurring at the external or internal membrane inter

face. 

We ~ave used CAT 6 to detect superoxide in an as say where the spin 

probe is reduced by superoxide in the presence of thiols causing 

its EPR signal height to decrease, thus providing a measure of the 

rate of formation of superoxide.20 We have applied this assay to 

mitochondria, which contain millimolar concentrations of gluta

thione in the matrix space, a sufficient concentration for super

oxide detection in this assay. We observe that the probe is reduced 

significantly more rapidly in the presence of oxygen than with 

nitrogen and that reaction of thiols with N-ethyl maleimide (NEM) 

drastically decreases the rate of probe reduction. This experiment 

suggests a significant release of superoxide radicals into the 

interfacial region of mitochondrial membranes. The time scale of 

these observations is consistent with radical trapping at both 

internal and external membrane interfaces. In this superoxide assay 

CAT6 has the advantage over the nitrone spin trap 5,5-dimethyl-l

pyrroline N-oxide (DMPO) that it is effective at much lower concen

trations. It is noteworthy that we have never succeeded in obser-
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ving a DMPO-OOH adduct in mitochondria, suggesting that CAT6 sensi

tivity for this reaction exceeds that of DMPO very substantially. 

1201.1. M 
CATs 

2 min 

Fischer rat liver mitochondria 
Gas permeable tubing 
Endogenous substrates 

f-\,@ 
0-v~~ 

CATs 

0 2• 10 mM NEM 

XBL 847-107SO A 

Fig. l. Thiel- and oxygen-dependent ESR signal loss of CAT6 in 
mitochondrial membranes. The sample initially contained l mM CAT6 ; 
the NEM treatment was carried out for 10 min prior to the assay and 
did not inhibit electron transport activity. 

Superoxide production by complex I!= 
Superoxide has been shown to be produced in substantial quan

tities in isolated mitochondria and mitochondrial membrane frag

ments.22 Early estimates of this superoxide production were made by 

measuring hydrogen peroxide production, since superoxide dismutase 

that is present in both the mitochondrial matrix and in the cyto

plasm of the cell dismutates this radical to hydrogen peroxide. 

Hydrogen peroxide, however, can originate from many other sources 

in aerobic cells. 

Isolated electron transport complexes have been shown by numerous 

investigators to produce superoxide, and Complex I and III, in 
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particular, are known to produce significant quantities of this 

radica1. 26 • 27 Complex II had been shown in previous studies to 

produce small quantities of superoxide, 28 but the preparation used 

in these studies was not purified. We have recently obtained data 

showing that purified complex II (succinate dehydrogenase) can 

liberate superoxide radicals in the absence of ubiquinone, and that 

the rate of superoxide release is comparable to rates that have 

been published for the other two complexes. Complex II is an enzyme 

that is bound to the inner membrane of mitochondria and to the 

inner side of the membrane of aerobic bacteria. It is composed of 

two subunits and contains flavin adenine dinucleotide (FAD) and 

three iron-sulfur clusters. This enzyme is one of the Krebs cycle 

enzymes within the respiratory chain and was first isolated in a 

partially purified form over two decades ago. The technology for 

understanding how this enzyme is assembled and where the consti

tuents of the subunits are located was not available until genetic 

manipulations became possible.29 

Previous publications about mitochondrial superoxide production 

had claimed that no superoxide release occurred from mitochondrial 

membranes that had been depleted of ubiquinone and that repletion 

of ubiquinone restored the superoxide production. 30 Our studies 

with the purified enzyme have clearly shown that succinate dehydro

genase in vitro is a significant one-electron reductant of molecu

lar oxygen and, more importantly, that oxygen is reduced in the 

absence of quinones. These findings provide new insight into the 

problem of determining how and where oxygen is reduced in aerobic 

systems. The results may be relevant to oxidative damage mecha

nisms, but thus far we have not been able to convince ourselves 

that a similar phenomenon will occur when the enzyme is functioning 

in the intact mitochondrial membrane. It is certainly conceivable 

that the site of superoxide generation in the isolated enzyme 

complex will be masked in the intact membrane, e. g., by ubi

quinone. 

The thiyl radical can be formed by the oxidation of sulfhydryl 

groups by one electron abstraction. 31 We have shown that the thiyl 

radical formed by reaction of a thiol with superoxide can be detec

ted by EPR using the DMPO spin trap (Fig 2). The formation of the 

DMPO adduct is inhibited by catalase as was previously observed in 

( 
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an analogous experiment with cysteine autoxidation. 3 2 This suggests 

that the thiyl species detected with the DMPO arose from a Fenton 

reaction due to the presence of traces of transition metal ion 

complexes. This is a demonstration of the formation of a poten

tially reactive radical that is a secondary product of superoxide. 

0 
II N Nry\ V-' N 

Hypoxanthine 

0 

D
u N 

Xanthine 

Oxidase, o2 [)= 0 
0 N 

N 

Uric Acid 
Added tllioglycerol 

HHH 
HS.C-C.C-OH 

HOH 
H 

None 

1 mM 

10 mM 

100 mM 

Fig. 2. Detection of superoxide and thiyl radicals with DMPO, 
showing that increasing thioglycerol concentration causes the su
peroxide adduct to be replaced by the thiyl adduct. The sample 
contained 0.1 M DMPO, l mM hypoxanthine, 37 uU of xanthine oxidase, 
pH 7 .4. 

Transition metal catalysis of free radical formation: 

cMetal and metalloid effects on biomembranes are important in free 

radical damage because transition metal ions like copper and iron . 
may play a critical role in promoting metabolically initiated free-

radical chains by participating in Fenton reactions. 33 The produc

tion of hydrogen peroxide by mitochondria, microsomes, peroxisomes 

and certain cytoplasmic enzymes is well-documented. 34 In view of 

the considerable destructive potential of the hydroxyl radical, and 

the possibility that the Fenton reaction could be a source of these 
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radicals in biological environments, there is now a great interest 

in evaluating the possibility that "free iron", i.e., iron with an 

available coordinating site for binding reductants and hydrogen 

peroxide, 35 exists in aerobic cells. Our recent efforts have turned 

towards the detection of iron in mitochondria, and prelimin~ry 

indications are that iron release from mitochondria occurs as a func

tion of acidity and low reducing potentials. These conditions arise~ 
\ 

in ischemia and are likely to be important in disease and aging. We 

have recently succeeded in observing hydroxyl radicals in mitochon- J 
dria without adding powerful pro-oxidants like ascorbate and iron 

and are in the process of correlating spin trapping of the hydroxyl 

radical with iron assays, lipid peroxidation and loss of energy 

coupling. 

A scheme for mitochondrial free radical damage 

The release of superoxide radicals from the mitochondrial mem

brane and some subsequent reactions of these radicals are shown in 

Fig 3. Some estimates of the relative proportions of the most 

probable reactions are also given based on literature data about 

rate constants. The maximum rate of superoxide production has been 

estimated to correspond to about 2% of the overall mitochondrial 

oxygen consumption. 34 It has been inferred that these radicals 

arise primarily from reduced ubiquinone or semiquinone but little 

is known about the proportions of radicals entering the matrix 

relative to the intermembrane space and the diagram does not ad

dress this issue. We have assumed that most of the released super

oxide anions (98%) diffuse into the aqueous space and are intercep

ted by superoxide dismutases-- MnSOD in the matrix and CuSOD in the 

cytoplasmic phase. Assuming a rate constant of 2xl04M- 1sec-l for 

the reaction of superoxide with thiols, 3l we estimate that 1.6% of 

the superoxide reacts with glutathione to produce the thiyl radical 

and have outlined the further reactions that can occur with the 

thiyl species. However, the rate constant for the reaction of 

superoxide with thiols varies considerably among investigators36,3? 

and may well be substantially smaller than our assumed value,3 7 

implying that the formation of thiyls may be much less extensive 

than suggested by Fig 3. Protonation of the superoxide radical will 

produce a species that can enter the mitochondrial membrane and 

abstract a hydrogen atom from polyunsaturated lipids to initiate 

lipid peroxidation.38 We have made plausible assumptions about pH 

( 

~ 
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gradients in energized mitochondria to estimate that a maximum of 

0.002% of the released superoxide radicals will produce lipid 

radicals. Of course, this creation of lipid radicals could lead to 

more extensive peroxidation as a result of free radical chains. 

Mitochondrial free radical cascade 
Inner 
mitochondrial 
membrane 

lipid 
peroxidation 

XBL 655-26~9 

Fig. 3. Scheme of the mitochondrial free radical cascade. 
Ascorbate (AscH 2 } is arbitrarily shown as the reductant for the 
peroxysulfenyl radical. 

The hydrogen peroxide that is produced from superoxide dismutation 

has destructive potential and can participate in the Fenton reac

tion,31 provided that iron or copper are available. It is not 

necessary that transition metals be free; only one coordination 

site of a chelated metal species need be available to allow this 

reaction to proceed.3 5 The transition metal complex must be reduced 

to react with hydrogen peroxide and a variety of available reducing 

agents can accomplish this task, including superoxide, thiols and 

ascorbate. A major unresolved question about the occurrence of 

biological free radical chemistry is whether transition metal ions 

exist as chelates that will participate in the Fenton reaction in 

significant concentrations. However, it is noteworthy that iron can 

be released from its major storage site ferritin when ferritin 
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reacts with superoxide in vitro. 39 The major implication of the 

diagram we have presented is that activated species arising from 

thiyl radicals, such as the peroxysulfenyl species, 40 may represent 

the principal destructive mechanism of superoxide radicals. Such 

activated thiols appear to induce mutations in the Ames test and 

may therefore play a role in carcinogenesis (Mehlhorn, Sies and 

Packer, unpublished observations). 
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