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Critical Review

The Mitochondrial Production of Reactive
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Summary

Mitochondria are major sources of reactive oxygen species
(ROS); the main sites of superoxide radical production in the respi-
ratory chain are Complexes III and I; however, other mitochondrial
enzymes, such as Complex II, glycerol-1-phosphate dehydrogenase,
and dihydroorotate dehydrogenase, are also involved in production
of ROS. ROS appear to be released both in the matrix and in the
intermembrane space; however, their appearance outside the mi-
tochondria may not be physiologically relevant. ROS production
is increased in State 4 and in all conditions when the respiratory
components are substantially in the reduced form. Accordingly,
defects inducing decrease of electron transfer in the respiratory
chain, as in many pathological conditions, are bound to enhance
ROS production.
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INTRODUCTION
Although it is currently assumed that mitochondria are the

major producers of reactive oxygen species (ROS) (1), a direct
unambiguous demonstration of the quantitative relevance of mi-
tochondrial ROS production within an intact normal cell is not
available.

The relevance of mitochondrial production of ROS within a
cell is indirectly revealed by the results of de� ciency of
mitochondrial antioxidant enzymes. Mitochondria contain
Mn-superoxide dismutase (SOD-2) and glutathione peroxidase
(GPx). The effect of knock-out of the SOD-2 gene in transgenic
mice is dramatic, with inability to survive for more than 2 weeks
after birth and development of a series of biochemical defects as-
cribed to oxidative stress (2). Similarly, the lack of mitochondrial
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GPx is deleterious in that the accumulation of hydrogen perox-
ide in presence of reduced metal ions leads to the extremely
toxic hydroxyl radical (3): formation of OH? in mitochondria
was directly detected by spin trapping (4).

The presence of anti-oxidant enzymes in the mitochondrial
matrix makes it dif� cult to localize the site(s) of ROS production
in intact mitochondria. Although the � rst product of oxygen re-
duction by the respiratory chain is superoxide, this radical has a
short life and is rapidly converted into hydrogen peroxide by mi-
tochondrial SOD, or can attack other molecules, such as lipids,
before being able to escape the mitochondrion. Although hydro-
gen peroxide is removed by GPx, it is much more stable than
superoxide, so that some molecules can escape the organelle. It
is currently assumed that most of superoxide is generated at the
matrix side of the inner membrane, largely on the observation
that superoxide is detected in submitochondrial particles (SMP),
which are inside-out with respect to mitochondria, whereas, in
intact mitochondria, only hydrogen peroxide is detectable. A re-
cent study with suitable spin traps, however, revealed superoxide
formation in mitoplasts (5).

As a general rule, physiological aspects of ROS production,
for example, depending on the state of coupling of the respira-
tory chain, are investigated in intact mitochondria, whereas the
total potential capacity and the identi� cation of the site(s) of
superoxide production can best be achieved in SMP, which are
devoid of matrix (anti-oxidant) enzymes and expose the respi-
ratory enzymes to the exterior.

SUPEROXIDE PRODUCTION
BY MITOCHONDRIAL COMPLEXES

The major sites of superoxide formation in the respiratory
chain lay within respiratory Complexes I and III, with a general
consensus that production at Complex I is about half of that at
Complex III (6). However, the relative importance and physio-
logical relevance of other sites might also be high. Mitochondria
from different tissues may vary conspicuously in their capacity

159



160 LENAZ

to produce ROS using different substrates (7), and this capacity
may also be related to membrane composition, animal species,
and age.

Complex III
Antimycin A is known not to completely inhibit electron � ow

from ubiquinol to cytochrome c: the antimycin-insensitive re-
duction of cytochrome c is mediated by superoxide radicals; this
was actually the � rst demonstration that Complex III produces
superoxide (8). In the Q-cycle scheme of electron transfer in
the bc1 complex (9), antimycin A blocks ubiquinone reduction
by cytochrome b562 at center i , at the inner or negative side of
the membrane. The antimycin-stimulated production of ROS is
inhibited by inhibitors acting at center o (outer or positive side),
such as myxothiazol and stigmatellin, where ubiquinol reduces
both the Rieske iron–sulfur cluster and cytochrome b566 (10).
According to the Q-cycle, the site of one-electron reduction of
oxygen in presence of antimycin is located at a component at
center o, thus explaining the inhibition of antimycin-stimulated
ROS production by center o inhibitors (Fig. 1). The source of
superoxide in the enzyme has been either assumed to be cy-
tochrome b566, or ubisemiquinone (SQ) or Rieske iron–sulfur
center (cf. 11). For a number of reasons, SQ at center o was
assumed as the most plausible candidate for univalent oxygen
reduction: CoQ may be transformed by a safe electron carrier
to a superoxide generator when protons are allowed to pene-
trate the inner membrane, as in toluene-treated mitochondria
(12). Although SQ is autooxidizable in liposomes under suit-
able conditions (13), no direct demonstration is available for the

Figure 1. Superoxide production by Complex III. The electron
pathway in the enzyme is depicted according to the Q-cycle (9).
The proton pathway is omitted for sake of clarity. The site of
superoxide release at center o is left undetermined by purpose.
AA, antimycin A.

role of SQ in reacting with oxygen at center o. If a SQ can be
a candidate for univalent oxygen reduction, and if SQ at cen-
ter o is too unstable to signi� cantly react with oxygen, why is
a stable SQ, as that present at center i , not been found to be
a source of ROS? A recent study with rat heart SMP, but not
intact mitochondria, showed superoxide formation in presence
of center o inhibitors (14); previous failure to detect superoxide
generation at center i was ascribed by the authors to the pres-
ence of Mn-SOD in intact mitochondria. This is in line with
the notion that center o is exposed to the outer side of the in-
ner membrane, and that superoxide generation stimulated by
antimycin is detectable in mitoplasts (5). The localization at
center i of univalent oxygen reduction in SMP respiring with
succinate and inhibited at center o is however not unambigu-
ous, because Complex II cannot be ruled out as a source of
electrons to oxygen. Indeed, using ubiquinol as a substrate, we
found that mucidin induced no superoxide formation in SMP
(15).

Complex I
Early experiments proved the involvement of Complex I in

ROS production (16); addition of either NADH at low concen-
tration or of NADPH, which feeds the electrons at decreased
rate into the Complex, led to copious ROS production detected
by lipid peroxidation; on the other hand, addition of NADH
at high concentration, but in presence of rotenone, also induced
peroxidation. In another study (17), water-soluble CoQ
homologs used as electron acceptors from isolated Complex
I stimulated H2O2 production; the rate of H2O2 production was
partly inhibited by rotenone, indicating that water-soluble
quinones react with oxygen when reduced at sites both up-
stream and downstream of the rotenone block. The one-electron
donor to oxygen in Complex I is a nonphysiological hydrophilic
site (11) that reduces several quinones to the corresponding
semiquinone forms, which are unstable and reduce oxygen to
superoxide. This mechanism is shared by several quinones, in-
cluding anthracyclines (18) and the CoQ analog, idebenone (19).
The hydrophilic, rotenone-insensitive, site can apparently re-
duce oxygen to superoxide in absence of intermediate acceptors
(16). Recent studies con� rmed that Complex I is a major source
of superoxide production in mitochondria from several sources
(20) and localized the oxygen-reducing site between the ferri-
cyanide and the quinone reduction sites (21).

The contribution of Complex I to ROS production may be
different under different redox pressure conditions (22); at low
NADH, rotenone appeared to inhibit ROS production in cou-
pled SMP from beef heart, thus excluding an important role of
Complex I in superoxide generation under low reduction state of
the iron–sulfur clusters of Complex I. However, at high NADH,
rotenone stimulated ROS production. Such condition simulates
the state of reduction of Complex I when the respiratory chain
is impaired.

We exploited the effects of different Complex I inhibitors
and quinone acceptors to dissect the mechanism of one-electron
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transfer to oxygen (15). In order to functionally isolate superox-
ide production by Complex I only, its formation by
Complex III was prevented using mucidin. Addition of NADH to
mucidin-inhibited SMP promoted superoxide formation that
was enhanced to similar extents by Complex I inhibitors be-
longing to all three classes among quinone antagonists described
by Degli Esposti (23) and acting at three different sites in the
hydrophobi c core of the Complex, and by combinations thereof.
Addition of short chain CoQ analogs and homologs enhanced
superoxide formation, and this enhancement was further stim-
ulated by Complex I inhibitors. Among the quinones tested,
idebenone was particularly effective in inducing a dramatic in-
crease of superoxide production. Because idebenone is clini-
cally used in mitochondrial cytopathies and neurodegenerative
diseases (19), its strong pro-oxidant effect raises doubts on its
safety as a drug. On the other hand, p-hydroxy-mercuribenzoate,
which inhibits Complex I at the level of iron–sulfur clusters,
inhibited superoxide production.

The fact that inhibitors acting on three quinone-binding sites
of the Complex enhance superoxide formation suggests that the
site of oxygen reduction lies upstream of the quinone-binding
sites. It is also known that the SQ EPR signal in Complex I is
rotenone-sensitive (24); the electron donor to the � rst molecule
of bound ubiquinone in the Complex is most probably the FeS
cluster N2 (24). It is likely that this center is also the electron
donor to oxygen either directly or via one-electron reduction of
exogenous quinones (Fig. 2). In agreement with this interpreta-
tion, studies in CoQ-depleted and reconstituted mitochondria in-

Figure 2. Superoxide production by Complex I. The electron
pathway in the enzyme follows the scheme of Degli Esposti (23).
The proton movements are omitted for sake of clarity. PHMB, p-
hydroxymercuribenzoate; ROT, rotenone; ROL, rolliniastatin-2;
MYX, myxothiazol.

dicated that endogenous CoQ is not required for superoxide gen-
eration (15). It is worth noting that reconstituted mitochondria,
containing a large excess of CoQ10, produce the same amount
of superoxide as CoQ-depleted mitochondria, indicating that
endogenous CoQ10 is not a source of ROS.

Complex II
The indirect evidence that often ROS production is higher

when electrons are channeled through Complex II than through
Complex I, while in both cases reaching Complex III, suggests
that Complex II may be a source of ROS (25). A mutation in
succinate dehydrogenase (SDH) cytochrome b of C. elegans
induces oxidative stress and aging (26). Recently, McLennan
and Degli Esposti (22) found evidence that in coupled SMP, the
Complex II inhibitor carboxin inhibits ROS production
stimulated by antimycin and ascribed this inhibition to destabi-
lization of the stable semiquinone SQs of Complex II. A similar
inhibition of ROS production by carboxin was found in COS-7
cells respiring on glucose (22), indicating that Complex II may
be a major source of ROS in intact cells.

Direct demonstration of ROS production by Complex II was
obtained in puri� ed SDH (27); auto-oxidation of � avin was the
source of the superoxide that was stimulated by the one-electron
acceptors cytochrome c and ferricyanide; reconstitution with the
bc1 Complex to yield an active succinate cytochrome c reductase
inhibited superoxide formation.

Glycerol-1-phosphate Dehydrogenase
A high rate of ROS production was detected in insect � ight

muscle mitochondria (28) and in brown adipose tissue mito-
chondria when glycerol-1-phosphate was used as the respira-
tory substrate. This suggested that mitochondrial glycerol-1-
phosphate dehydrogenase (mGPDH) could be the source of
ROS. A more recent study demonstrated that mGPDH in pres-
ence of antimycin is a powerful source of hydrogen peroxide,
that was strongly stimulated by addition of the one-electron ac-
ceptor ferricyanide (29). The ferricyanide-stimulated reaction
was a speci� c feature of mGPDH and was inhibited by CoQ
analogs.

The ferricyanide-induced H2O2 production reminds one of
the effect of ferricyanide of stimulating ROS production in iso-
lated SDH (27); however, the ferricyanide effect in SDH was
abolished by reconstitution with the bc1 Complex.

The difference between mGPDH and other � avoprotein-
linked respiratory chain enzymes in supporting ferricyanide-
stimulated H2O2 production indicates that transfer of electrons
between the � avin of this enzyme and the CoQ pool is differ-
ent in comparison with the other enzymes. It appears that the
CoQ-binding proteins detected in Complex II and in Complex I
are absent in mGPDH, and therefore the transfer of electrons
is directly from the � avin to the CoQ pool. It is reasonable that
ferricyanide takes up one electron and the other is used to reduce
oxygen, while excess CoQ competes with such a one-electron
transfer mechanism.
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Dihydroorotate Dehydrogenase
This enzyme of the pyrimidine biosynthetic pathway is lo-

cated as an integral protein of the inner membrane with the
substrate site exposed to the intermembrane space, the electron
acceptor is CoQ pool. The enzyme was found to be involved
in the production of superoxide in liver mitochondria (30) and
malarial parasite cells (31).

It is worth noting that the major domain of this enzyme,
carrying the carboxyl terminal, protrudes in the intermembrane
space, so that it is likely that superoxide is released in this
space and not in the matrix. The same consideration applies to
mGPDH.

PHYSIOLOGICAL MODULATION OF ROS
The � rst site of damage of the ROS produced by mitochondria

is the mitochondrion itself: superoxide dismutates to hydrogen
peroxide through the action of the Mn-SOD, and the hydroxyl
radical produced by hydrogen peroxide in presence of reduced
metal ions may damage several biomolecules in the inner mem-
brane and in the matrix (11). All of these oxidative changes occur
in intact cells, and ROS production by the respiratory chain is a
continuous normal process in living cells.

An important question is whether free radicals produced by
mitochondria are also physiologically released to the cytosol.
Staniek and Nohl (32), applying a noninvasive detecting sys-
tem for hydrogen peroxide, found that isolated rat heart mito-
chondria do not produce detectable H2O2. Hydrogen peroxide
formation by intact mitochondria could be detected after de-
pletion of endogenous anti-oxidants (33). It may be inferred
that under normal conditions, ROS are not exported out of
mitochondria.

Mitochondrial ROS production is enhanced in State 4 and in
all conditions when the rate of electron transfer is lowered (34).
The explanation is in a more reduced state of the respiratory
carriers capable of donating electrons to oxygen; in this sense,
moderate uncoupling and decrease of the membrane potential
may protect mitochondria from damage due to free radical pro-
duction. A threshold membrane potential exists below which
ROS are not formed (33); the threshold slightly exceeds the
State 3 level. In rat hepatocytes, the futile cycle of proton pump-
ing and proton leak may be responsible for 20–25% of respira-
tion; in perfused rat muscle, the value is even greater, measured
as 35% in contracting preparations and 50% in resting muscle
(35).

MITOCHONDRIAL ROS PRODUCTION
IN PATHOLOGY

Defects inducing decrease of electron transfer in the res-
piratory chain are bound to enhance ROS production; thus,
cytochrome oxidase (COX) defects may have similar effects
as addition of a respiratory inhibitor. The same would apply
for the decrease of COX activity due to mutations of mtDNA

in sporadic Alzheimer’s disease (36). Although oxygen tension
is usually considered not to be rate-limiting for electron trans-
fer, this is not any more true when nitric oxide competitively
inhibits COX; it is therefore plausible that NO keeps the res-
piratory chain more reduced, thus stimulating ROS production.
Likewise, control mechanisms acting at the COX level (37) may
also modulate ROS generation.

The mitochondrial origin of ROS production that appears to
shortly follow an apoptotic stimulus has been clari� ed in at least
two instances.

TNF®-induced apoptosis is accompanied by release of cer-
amide by hydrolysis of sphingomyelin at the plasma membarne.
Ceramide is incorporated in the mitochondria and inhibits
Complex III (38); even if ceramide appears to inhibit electron
transfer at center o, its effect resembles that of antimycin and
potentiates same.

Apoptosis is usually preceded by an early release of cy-
tochrome c from the mitochondrial intermembrane space to the
cytosol: cytosolic cytochrome c is an activator of the caspase re-
actions; however, its loss from the mitochondrion determines a
decrease of electron transfer coupled to ROS formation (39). It is
tempting to speculate that such a ROS production in cytochrome
c depleted mitochondria would give the “coup-de-grace” in the
cell commitment to apoptosis, by opening the permeability tran-
sition pore and depolarizing the mitochondria.

An excess of ROS are generated by mitochondria during is-
chemia followed by reperfusion of various tissues. Ischemia en-
hances the reduction state of respiratory chain redox carriers
so that re-oxygenation allows deleterious interaction of oxy-
gen with a reduced respiratory chain. Although this explanation
may apply to the early stages of reperfusion, Cocco et al. (40)
showed that arachidonic acid is a cause of ROS production: thus,
the release of ROS may be a consequence of direct inhibition
by arachidonic acid of both Complex I and Complex III. It is
noteworthy that arachidonic acid also causes a permeability tran-
sition and cytochrome c release both in vitro and in situ (41),
which could further increase production of the superoxide anion
(39).

Relations between ROS production and disease have been
mostly associated with Complex I. Complex I is statistically
much more likely to be affected by random mutations of mi-
tochondrial DNA or by the “common” 4977-base pair deletion
or other deletions. A decreased electron transfer in Complex I
may be mimicked by the action of such inhibitors as rotenone
or MPTP (a well-known drug inducing an animal model of
Parkinson’s disease) (25). MPTP induces massive damage in
brains of mice carrying a genetic de� ciency of mitochondrial
Mn-SOD, but not in mice that overexpress the enzyme (25). In
a study of partial Complex I inhibition, obtained by either a ge-
netic or a drug-induced model (42), a quantitative relation was
found between enzyme impairment and ROS production, indi-
cating that the pathogenesis of diseases affecting Complex I may
largely depend on ROS. Indeed in a series of nuclear-encoded
genetic defects of Complex I, ROS production was increased
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(43); an inverse correlation with Mn-SOD activity suggested
that this enzyme is induced in response to the cellular dam-
age. Moreover, cells carrying mtDNA pathogenic mutations are
more sensitive to an oxidative stress induced by H2O2 (44). In-
terestingly, hybrid lines created using mtDNA from Parkinson’s
disease patients showed Complex I de� ciency and increased
ROS production (45).

Another effect pertaining to Complex I is redox cycling by
quinone xenobiotics, drugs, and pollutants; this is such a general
phenomenon that Complex I redox cycling was proposed (46)
as a bio-sensor of environmental pollution leading to oxidative
stress.

CONCLUSIONS
We are aware today that ROS production is a physiological

event in the cell, involved in redox regulation of signal trans-
duction pathways; nevertheless, oxidative stress, that is, their
unbalanced release may be a dramatic event leading to cell death
and to several pathological conditions. A better understanding
of both physiological and pathological effects of ROS requires
knowledge of the sites of production and the conditions under
which their quantitative release may be varied. Mitochondria
represent a cross-way both in collecting signals leading to ROS
production and in transducing ROS into redox signals for cellu-
lar life and death.
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