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Abstract In addition to the well-established role of the mi-
tochondria in energy metabolism, regulation of cell death
has recently emerged as a second major function of these
organelles. This, in turn, seems to be intimately linked to
their role as the major intracellular source of reactive oxygen
species (ROS), which are mainly generated at Complex I and
III of the respiratory chain. Excessive ROS production can
lead to oxidation of macromolecules and has been implicated
in mtDNA mutations, ageing, and cell death. Mitochondria-
generated ROS play an important role in the release of cy-
tochrome c and other pro-apoptotic proteins, which can trig-
ger caspase activation and apoptosis. Cytochrome c release
occurs by a two-step process that is initiated by the disso-
ciation of the hemoprotein from its binding to cardiolipin,
which anchors it to the inner mitochondrial membrane. Ox-
idation of cardiolipin reduces cytochrome c binding and re-
sults in an increased level of “free” cytochrome c in the in-
termembrane space. Conversely, mitochondrial antioxidant
enzymes protect from apoptosis. Hence, there is accumulat-
ing evidence supporting a direct link between mitochondria,
oxidative stress and cell death.
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1 Introduction

Early in evolution, oxygen and its reactive metabolites were
a major threat to the primitive eukaryotic cell. The reactive
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nature of the oxygen species made it necessary to develop de-
fense mechanisms to protect cellular macromolecules from
damage. With the dangerous side of oxygen controlled,
molecular oxygen could be used to drive various essential
biochemical reactions, among them the process of oxidative
phosphorylation. However, under conditions when the for-
mation of reactive oxygen species (ROS) is enhanced, they
can still impair mitochondrial function and influence the vi-
ability of cells. Dependent on the impact, the cells can either
repair the damage or activate pathways leading to cellular
suicide. In fact, cells as different as neurons and yeast cells
can die by a similar mode of cell death, when exposed to
severe oxidative stress. The existence of an apoptosis-like
cell death phenotype in yeast suggests that ROS are highly
conserved signals to trigger cell death [1].

In humans, oxidative stress has been implicated in a
wide variety of pathologies, including cancer, type II dia-
betes, arteriosclerosis, chronic inflammatory processes, is-
chemia/reperfusion injury, and various neurodegenerative
diseases [2]. The mitochondrial respiratory chain is the major
source of intracellular ROS generation and, at the same time,
an important target for the damaging effects of ROS (Fig. 1).
Cellular metabolism depends on the continuous supply of
ATP from the mitochondria, which in most tissues account
for the bulk of ATP produced. Hence, any damage that im-
pairs the function of the respiratory chain might also have
an impact on cell viability. To protect cells from oxidative
insult, mitochondria contain an elaborate defense system to
detoxify ROS and repair ROS-induced damage.

Recent work on cell death mechanisms has placed mi-
tochondria in the focus of apoptosis regulation. Generation
of ROS, together with the release of pro-apoptotic proteins
from the intermembrane space of mitochondria, trigger the
activation of different modes of cell death. The effect of ROS
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Fig. 1 Effects of reactive oxygen species on cellular functions and the
induction of cell death. ROS induces DNA damage, oxidation of pro-
teins, impairs mitochondrial respiration, and dose-dependently either
stimulates or inhibits cellular proliferation

on cell viability and the induction of apoptosis is the topic
of this review.

2 Mitochondrial oxidative stress

2.1 Mitochondria—The main source of ROS generation
in aerobic cells

Oxidative stress is generally defined as an imbalance that fa-
vors the production of ROS over antioxidant defenses; how-
ever, the precise mechanisms by which ROS cause cellular
injury remain elusive. As mentioned above, the majority of
ROS are products of mitochondrial respiration. About 1–2%
of the molecular oxygen consumed during normal physio-
logical respiration is converted into superoxide radicals. The
one-electron reduction of molecular oxygen produces a rela-
tively stable intermediate, the superoxide anion (O.−

2 ), which
serves as the precursor of most ROS (Fig. 2). The dismuta-
tion of superoxide anions by superoxide dismutases results in
H2O2 production. Subsequent interaction of H2O2 and O.−

2 in
a Haber-Weiss reaction, or Fe2+- (or Cu2+)-driven cleavage
of H2O2 in a Fenton reaction, can generate the highly reactive
hydroxyl radical (OH). The mitochondrial electron transport

chain contains several redox centers that may leak electrons
to molecular oxygen, serving as the primary source of su-
peroxide production in most tissues. Superoxide-producing
sites and enzymes were recently analyzed in detail in a com-
prehensive review [3].

There is growing evidence that most of the O.−
2 generated

by intact mammalian mitochondria in vitro is produced by
complex I. This O.−

2 production occurs primarily on the ma-
trix side of the inner mitochondrial membrane (IMM) [4].
O.−

2 production by complex I was also found to be markedly
stimulated in the presence of succinate, the substrate of Com-
plex II [5]. In addition to Complex I, Complex III is regarded
as an important site of O.−

2 production [6, 7], especially when
mitochondrial respiration is suppressed by antimycin, an in-
hibitor of complex III. O.−

2 produced at this site appears on
both sides of the IMM [8]. Ubiquinone, a component of the
mitochondrial respiratory chain, linking Complex I with III,
and II with III, is regarded as a major player in the forma-
tion of O.−

2 by Complex III [9]. The oxidation of ubiquinone
proceeds in a set of reactions known as the Q-cycle, and
the unstable semiquinone is responsible for O.−

2 formation
[10].

2.2 Mitochondrial antioxidant defense systems

Hence, the mitochondrial respiratory chain serves as a ma-
jor source of ROS derived from the disproportionation of
superoxide anions. Within the mitochondrial matrix, Mn-
SOD converts superoxide to hydrogen peroxide, which can
be further metabolized by glutathione peroxidase (Gpx1)
and peroxiredoxin (PrxIII), or diffuse from the mitochon-
dria into the cytosol (Fig. 2). Mitochondria contribute 20–
30% of the cytosolic steady-state concentration of H2O2

[11]; O.−
2 can not cross biological membranes except in the

protonated form, which constitutes only a very small frac-
tion of the superoxide pool at physiological pH [12]. How-
ever, part of the O.−

2 generated during mitochondrial respira-
tion can also be vectorially released into the intermembrane
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Fig. 2 Formation, effects and
inactivation of reactive oxygen
species in mitochondria. GSH,
reduced glutathione; GSSG,
glutathione disulfide; Gpx,
glutathione peroxidase; Grx,
glutaredoxin; IDHm,
mitochondrial isocitrate
dehydrogenase; NADP,
nicotinamide adenine
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space [13]. At least in some cell types, CuZnSOD is present
in the mitochondrial intermembrane space, where it can con-
vert O.−

2 to H2O2 thus permitting further diffusion into the
cytosol. Alternatively, when present in the intermembrane
space, O.−

2 might be scavenged by cytochrome c or dif-
fuse into the cytosol through pores in the OMM, notably
the voltage-dependent anion channel, VDAC [14]. Finally,
under conditions of stimulated NO production O.−

2 might re-
act with nitric oxide to form highly reactive peroxynitrite,
ONOO−.

Most important for mitochondrial antioxidant protec-
tion is the tripeptide glutathione, GSH (L-γ -glutamyl-L-
cysteinylglycine), and multiple GSH-linked antioxidant en-
zymes (Fig. 2). Although there is no evidence for GSH
biosynthesis in mitochondria, these organelles have long
been known to have their own GSH pool, which was early
found to be critical for cell survival. Further support for
the importance of this pool is provided by the finding that
mitochondrial GSH was more resistant to depletion upon in-
hibition of GSH biosynthesis than the cytosolic GSH pool
[15]. Among GSH-linked enzymes involved in mitochon-
drial antioxidant defense are Gpx1 and 4. These enzymes
catalyze the reduction of H2O2, and of lipid hydroperoxides,
with GSH as the electron donor. Gpx1 is the major isoform
and is localized predominantly in the cytosol, but a small
fraction is also present within the mitochondrial matrix. In
contrast, Gpx4 (also known as phospholipid hydroperoxide
glutathione peroxidase) is membrane-associated with a frac-
tion localized to the mitochondria, possibly at the contact
sites of the two membranes [16]. Gpx4 reduces hydroperox-
ide groups on phospholipids, lipoproteins and cholesteryl es-
ters. Because of its small size and large hydrophobic surface
it can interact with, and detoxify, membrane lipid hydroper-
oxides and does so much more efficiently than the alternative
pathway, phospholipase A2 (PLA2)-Gpx1 [17]. Therefore,
Gpx4 is considered to be the primary enzymatic defense
mechanism against oxidative damage to cellular membranes
(Fig. 2). Finally, a newly discovered member of the fam-
ily of GSH-linked mitochondrial redox enzymes is glutare-
doxin 2 (Grx2), which was recently cloned and found to
be present as both mitochondrial and nuclear isoforms [18].
Glutaredoxins catalyze glutathione-dependent dithiol reac-
tion mechanisms, reducing protein disulfides, and monoth-
iol reactions, reducing mixed disulfides between proteins and
GSH (de/glutathionylation).

The mitochondrial thioredoxin system, which includes
thioredoxin 2 (Trx2) and thioredoxin reductase 2 (TrxR2),
is another potential source of disulfide reductase activity
required for maintaining mitochondrial proteins in their re-
duced state (Fig. 2). Thioredoxins catalyze reduction of pro-
tein disulfides at much higher rates than Grx [19]. The thiore-
doxin system can also interact with the peroxiredoxins (Prx),

which constitute a novel family of thiol-specific peroxidases
that rely on Trx as the hydrogen donor for the reduction
of hydrogen peroxide and lipid hydroperoxides [20]. One
Prx isoform, Prx III, is exclusively detected in mitochondria
[21].

3 Consequences of oxidative stress

Despite the presence of various antioxidants, e.g. ubiquinone
and vitamin E, and antioxidant enzymes, the mitochondria
appear to be the most powerful intracellular source of ROS;
according to one estimate the steady state concentration of
O.−

2 in the mitochondrial matrix is about 5- to 10-fold higher
than that in the cytosol or nucleus [22]. Therefore, mito-
chondria might also be a primary target for the damaging
effects of ROS. The interaction of diverse macromolecules
with ROS may impair the function of these organelles
and may directly influence cell viability and trigger cell
death.

3.1 Damage to DNA

Oxidative damage to DNA causes modification of the purine
and pyrimidine bases, the deoxyribose backbone, single
and double strand breaks, as well as cross-links to other
molecules (Fig. 1). DNA modifications are potentially mu-
tagenic, contributing to cancer, premature ageing and neu-
rodegenerative diseases [23].

One important target of ROS is the mitochondrial DNA
(mtDNA), which encodes thirteen polypeptides, twenty-two
transfer RNAs (tRNAs), and two ribosomal RNAs (rRNAs),
all of which are essential for electron transport and ATP
generation by oxidative phosphorylation [24]. This requires
the assembly of the protein products of both the mitochon-
drial and nuclear genomes into functional respiratory com-
plexes. mtDNA, therefore, represents a critical cellular tar-
get for oxidative damage that could lead to lethal cell injury
through the disruption of electron transport, mitochondrial
membrane potential, and ATP generation. mtDNA is espe-
cially susceptible to attack by ROS due to the close prox-
imity to the electron transport chain, the major locus for
free radical production, and the lack of protective histones.
For example, mitochondrially-generated ROS can trigger the
formation of 8-hydroxydeoxyguanosine, a lesion arising as
a result of oxidative DNA damage; the level of oxidatively
modified bases in mtDNA is 10- to 20-fold higher than
that in nuclear DNA. Oxidative damage induced by ROS
is probably a major source of mitochondrial genomic insta-
bility leading to respiratory dysfunction. This instability of
mtDNA is thought to be one of the most important factors in
ageing.
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3.2 Damage to proteins

An important mechanism of O.−
2 toxicity is the direct oxi-

dation and inactivation of iron-sulfur (Fe-S) proteins, such
as aconitases, and the associated release of iron [25] (Fig.
1). The inactivation of mitochondrial aconitase may have
at least two major consequences. First, the formation of an
inactive [3Fe-4S]+ cluster results in the simultaneous re-
lease of Fe2+ and H2O2. In fact, O.−

2 -mediated inactivation
of Fe-S-containing enzymes may pose a significant oxidative
burden, because it provides equimolar amounts of H2O2 per
mole of O.−

2 [26]. The release of Fe2+ and H2O2, ingredients
of the Haber-Weiss and Fenton reactions, can also result in
generation of the potent hydroxyl radical, which can oxidize
mitochondrial proteins, DNA, and lipids, thereby amplifying
O.−

2 -initiated oxidative damage. Whether aconitase inactiva-
tion results in free radical formation and toxicity in vivo
remains unknown.

Mitochondrial aconitase plays a key role in the Krebs
cycle, catalyzing the conversion of citrate to isocitrate. Inhi-
bition of mitochondrial aconitase, even partial, could result
in Krebs cycle dysfunction and have an impact on energy
production and cell viability. A recent study further docu-
ments that the mitochondrial aconitase is associated with
protein-mtDNA complexes, called nucleoids. In this novel
context, aconitase functions to stabilize mtDNA, perhaps by
reversibly remodeling nucleoids to directly influence mito-
chondrial gene expression in response to changing cellular
metabolism [27]. In addition, O.−

2 can inactivate several other
iron-sulphur proteins, such as Complex I NADH dehydro-
genase; O.−

2 revealed a mild efficiency towards succinate de-
hydrogenase [22, 28]. Oxidized proteins are recognized by
proteases and degraded; new replacement protein molecules
have then to be synthesized de novo.

3.3 Damage to lipids

ROS formation and stimulation of lipid peroxidation in
mitochondria can lead to suppression of mitochondrial
metabolism (Fig. 1). Lipid peroxides affect vital mitochon-
drial functions, such as respiration and oxidative phospho-
rylation, inner membrane barrier properties, maintenance
of mitochondrial membrane potential (�ψ), and mitochon-
drial Ca2+ buffering capacity [28–30]. Mitochondrial lipid
peroxidation products can impair the barrier function of
membranes by interacting either directly with the protein
and/or indirectly with the lipid moieties of the membrane
[31].

A potentially deleterious effect of ROS production in mi-
tochondria is facilitation of Ca2+-dependent mitochondrial
permeability transition (MPT), which plays a key role in
certain modes of cell death (Fig. 3). In addition to ATP pro-
duction in aerobic cells, mitochondria play a crucial role

Fig. 3 Role of reactive oxygen species in mitochondrial control of cell
death

in the regulation of intracellular Ca2+ homeostasis. Mito-
chondria can take up and retain Ca2+; however, the reten-
tion capacity is limited. If the accumulated Ca2+ exceeds a
certain threshold-concentration, it is subsequently released
from the mitochondria by the opening of a proteinaceous
channel, commonly known as the permeability transition
pore (PTP). The efflux of Ca2+ along with other matrix con-
stituents disrupts the solute homeostasis, and causes drastic
changes in mitochondrial ultrastructure and functional activ-
ity [32]. The Ca2+ threshold for MPT decreases when Ca2+

sequestration is accompanied by oxidative stress and deple-
tion of adenine nucleotides. As oxidative stress markedly
sensitizes mitochondria towards MPT induction, it was pro-
posed that mitochondrially-generated ROS are directly in-
volved in MPT induction [33]. Although not resolved in its
detailed molecular composition, the prevailing hypothesis
is that the MPT pore is a multimeric complex, composed
of VDAC-ANT-CyP-D (voltage-dependent anion channel—
adenine nucleotide translocase—cyclophilin D). This com-
plex is located at contact sites between the mitochondrial
inner and outer membranes [34]. In addition, other proteins
may bind to the pore complex, in particular kinases (e.g.
hexokinase, creatine kinase). Recent studies identified the
ANT as one important target for ROS induced by anticancer
drugs, such as doxorubicin and arsenic trioxide. In partic-
ular, it was demonstrated that doxorubicin-induced cardiac
toxicity correlates with oxidation of SH-groups in ANT and
a decrease in ANT protein concentration, with inhibition of
mitochondrial respiration and increased probability of MPT
pore formation as consequences thereof [35] (Fig. 3). The
role of VDAC as a target for ROS is less clear, although it
has been demonstrated recently that O.−

2 modulates opening
of VDAC reconstituted into liposomes, causing release of
entrapped FITC-cytochrome c [14].

Hence, oxidative stress and impaired Ca2+ homeosta-
sis both contribute to mitochondrially-mediated cellular
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damage. MPT results in mitochondrial failure, which can
lead to necrosis due to ATP depletion, or to caspase-mediated
apoptosis if MPT induction occurs in a subpopulation of mi-
tochondria and remaining organelles are still able to maintain
their membrane potential and produce enough ATP to sup-
port the apoptotic process.

3.4 Effect of cardiolipin peroxidation on cytochrome c
release

Cytochrome c is normally bound to the inner mitochondrial
membrane by an association with the anionic phospholipid
cardiolipin (Fig. 3). Cardiolipin is present only in mitochon-
dria and is found primarily in the IMM. Because of its unique
structure among phospholipids, cardiolipin confers fluidity
and stability to the mitochondrial membrane. The molec-
ular interaction between cardiolipin and cytochrome c in-
volves electrostatic interactions at the A-site of cytochrome
c, whereas hydrophobic interactions and hydrogen bonding
take place at its C-site. To explain the latter binding mode, it
was postulated that one of the acyl chains of cardiolipin may
be inserted into a hydrophobic pore in cytochrome c, while
the others extend into the phospholipid bilayer [36].

Since the bulk of cytochrome c is bound to the IMM, it
appears that the electrostatic and hydrophobic interactions
between cardiolipin and cytochrome c must be “breached”
in order for cytochrome c to leave the mitochondria. Ap-
parently, simple permeabilization of the outer mitochondrial
membrane (OMM) by oligomeric Bax in a low-ionic strength
medium is insufficient for cytochrome c release from mito-
chondria [37]. It was early found that cardiolipin oxidation
decreases its binding affinity for cytochrome c and, more
recently, that oxidative modification of cardiolipin facilitates
cytochrome c mobilization from the IMM. Based on these
results we hypothesized that cytochrome c release during
apoptosis occurs by a two-step process, involving first the
detachment of the hemoprotein from the IMM, followed
by permeabilization of the OMM and the release of cy-
tochrome c into the extramitochondrial milieu [37] (Fig. 3).
These findings indicate that cardiolipin plays an important
role not only in mitochondrial energy metabolism, but also
in the retention of cytochrome c within the intermembrane
space.

Accordingly, accumulating data suggest that ROS facil-
itate the detachment of cytochrome c from cardiolipin be-
fore its release into the soluble cytoplasm via pores in the
OMM formed by pro-apoptotic proteins. Indeed, early stud-
ies utilizing bovine heart submitochondrial particles showed
that mitochondrially-generated ROS decreased the content
of cardiolipin in the membrane, and that this was concomi-
tant with a decrease in the activity of cytochrome c oxi-
dase [38]. The cardiolipin content of the particles could be
restored with exogenously added cardiolipin, but not with

peroxidized cardiolipin. Studies of myocardial ischemia in
the perfused rabbit heart have also revealed that increased
ROS production leads to cardiolipin oxidation and deple-
tion, combined with inhibition of Complex IV activity in
subsarcolemmal mitochondria [39]. It is of interest to note
that PLA2-mediated generation of lysocardiolipin was a late
event, and that cardiolipin oxidation was primarily respon-
sible for the depletion of cardiolipin seen in this model. In
addition, Vogelstein’s group reported that oxidative degra-
dation of mitochondrial cardiolipin occurred during p53-
mediated apoptosis [40]. Furthermore, a model of glutamate
toxicity in neurons demonstrated that cytochrome c is re-
leased from mitochondria in a ROS-dependent fashion [41],
and a burst of ROS in growth factor-deprived neurons was
found to damage mitochondria by causing a profound loss
of cardiolipin [42]. A host of more recent studies have also
shown a correlation between preserved cardiolipin content
and resistance to apoptosis upon manipulation of various mi-
tochondrial antioxidant enzymes, such as PrxIII, Grx2 and
Gpx4 (see discussion below).

The two-step concept of cytochrome c release from mi-
tochondria during apoptosis has been confirmed in several
subsequent studies. For example, recent observations demon-
strated that, in the absence of Complex I inhibitors, recom-
binant oligomeric Bax protein elicited only minimal cy-
tochrome c release (∼18%) from brain mitochondria. How-
ever, when the mitochondria were incubated with both re-
combinant Bax and Complex I inhibitors, which were shown
to stimulate ROS production and, hence, cardiolipin oxi-
dation, up to 65% of the mitochondrial cytochrome c was
released. Thus, in accordance with the two-step concept,
neither ROS production via Complex I inhibition, nor per-
meabilization of the OMM with Bax, alone, triggered overt
release of cytochrome c, whereas their combination resulted
in a marked release of the hemoprotein [43]. In another
study, suppression of Complex I activity stimulated intrami-
tochondrial oxidative stress, which, in turn, increased the
releasable soluble pool of cytochrome c within the mito-
chondrial intermembrane space [44]. Upon mitochondrial
permeabilization by Bax, more cytochrome c was released
into the cytosol from brain mitochondria with impaired Com-
plex I activity. Based on these results, the authors proposed
a model in which defects in Complex I lower the thresh-
old for activation of mitochondrially-mediated apoptosis by
Bax, thereby rendering compromised neurons more prone to
degenerate.

Selective peroxidation of cardiolipin was recently demon-
strated by Kagan and colleagues to precede cytochrome
c release during apoptosis [45] (Fig. 3). Looking for the
mechanism of cardiolipin oxidation, the authors found that
cytochrome c, in complex with cardiolipin, catalyzes H2O2-
dependent cardiolipin peroxidation which, in turn, facili-
tates the detachment of cytochrome c from the outer surface
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of the IMM and its subsequent release into the cytosol
through pores in the OMM. Quantitative characterization
of the peroxidase activity of cytochrome c revealed that at
low ionic strength and high cardiolipin-cytochrome c ratio,
the peroxidase activity of the cardiolipin-cytochrome c com-
plex was increased more than 50-fold. This catalytic activity
correlates with partial unfolding of cytochrome c, and an
increase in the peroxidase activity preceded the loss of pro-
tein tertiary structure. It seems that electrostatic cardiolipin-
cytochrome c interactions are central to the initiation of the
peroxidase activity, while hydrophobic interactions are in-
volved when the tertiary structure of cytochrome c is lost
[46]. The finding that cytochrome c might change its struc-
ture during apoptosis was unexpected, since several groups
have shown that even small changes in the structure of cy-
tochrome c resulted in abrogation of its pro-apoptotic func-
tion [47]. When bound to cardiolipin-containing membranes,
in vitro cytochrome c peroxidase activity was stimulated at
lower hydrogen peroxide concentrations compared to what
was seen with cytochrome c in the absence of phospholipid
[46]. Altogether, this suggests that redistribution of cardi-
olipin within the mitochondrial membranes, combined with
increased production of hydrogen peroxide, can switch on
the peroxidase activity of cytochrome c in mitochondria,
and that cardiolipin oxidation might be a prerequisite step
in the execution of apoptosis. The peroxidase function of
the cardiolipin-cytochrome c complex is compatible with
the proposed two-step hypothesis of cytochrome c release
[37] and also provides an explanation for the anti-apoptotic
effects reported for multiple mitochondrial antioxidant
enzymes.

It is known that cells from Bax, Bak double-knockout
mice are resistant to most inducers of apoptosis, and that the
presence of these proteins is normally required for OMM
permeabilization. However, their exact role in cardiolipin
oxidation-mediated cytochrome c release is still unclear. It
was demonstrated, however, that mitochondrial production
of ROS increased in the presence of Bax plus a BH3-domain
peptide [48], apparently due to stimulated O.−

2 production
by the respiratory chain following cytochrome c release
[49]. Increased ROS production may further contribute to
cytochrome c release by activating lipid peroxidation [50],
thereby facilitating cytochrome c dissociation from cardi-
olipin [51]. Clearly, the precise mechanism(s) of interaction
of these proteins with oxidized cardiolipin remain to be in-
vestigated, as well as the nature of the promoting effect of
cardiolipin hydroperoxides on OMM permeabilization. The
interaction of tBid—the C-terminal cleavage fragment of
the pro-apoptotic Bcl-2 protein, Bid—with the cardiolipin-
cytochrome c complex also needs to be characterized
(Fig. 3).

4 Impact of oxidative stress on the regulation of
apoptosis

4.1 Pro-oxidant molecular modulators of ROS

One of the possible sources of ROS in mitochondria of apop-
totic cells is the p66Shc protein, a redox enzyme that utilizes
reducing equivalents derived from the mitochondrial electron
transfer chain through the oxidation of cytochrome c to pro-
duce H2O2 in the intermembrane space [52] (Fig. 3). Redox-
defective mutants of p66Shc are unable to induce mitochon-
drial ROS generation and swelling in vitro, or to mediate
mitochondrial apoptosis in vivo. Interestingly, a fraction of
this cytosolic enzyme localizes within mitochondria, where
it forms a complex with mitochondrial Hsp70. Upon induc-
tion of apoptosis, dissociation of this complex is followed
by the release of monomeric p66Shc and its interaction with
cytochrome c to generate hydrogen peroxide.

p53, a key player in the maintenance of genome integrity,
is involved also in cellular redox regulation. Interaction of
ROS with DNA can lead to DNA damage, which induces the
stabilization of p53. The resulting increase in p53 activity
triggers the expression of the Bcl-2 family proteins Bax and
PUMA, which target the mitochondria to induce cytochrome
c release and subsequent activation of the caspase cascade.
Mitochondria deficient in cytochrome c may then generate
ROS to amplify the initial insult. Taken together, p53 trans-
activation can lead to increased ROS production by engaging
the mitochondrial branch of the apoptotic machinery. In ad-
dition, the activation of p53 and the type of cell fate initiated
was shown to be influenced by the cellular redox state and
by mitochondrial activity [53]. Depending on the protein
level of p53, and on the level of PUMA and Bax, ROS ac-
cumulation may lead to the induction of either apoptosis or
senescence.

Recently, two other p53-regulated genes were discovered
and found to have an impact on cellular ROS homeostasis and
mitochondrial bioenergetics. TIGAR (Tp53-induced glycol-
ysis and apoptosis regulator), a homologue of fructose-2,6-
biphosphatase, was shown to be upregulated by p53 [54].
This, in turn, leads to inhibition of glycolysis, allowing a
higher flux of glucose into the pentose phosphate branch
with increases in intracellular NADPH and GSH levels as
a result. This sequence of events might serve as a mecha-
nism of protection against ROS and apoptosis. Accordingly,
downregulation of TIGAR expression by RNAi led to ac-
celerated cell death induced by ROS. These new findings
further contribute to our understanding of how redox modu-
lation influences cellular metabolism and apoptosis.

The other p53-regulated protein recently identified is
SCO2, an assembly factor for cytochrome oxidase that helps
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the mitochondrially-encoded subunit Cox2 to be incorpo-
rated into the COX complex [55]. Hence, p53 mutations can
lead to the suppression of mitochondrial respiration by direct
effects on the biogenesis of mitochondrial respiratory chain
components. This finding could also help explain how res-
piration is lowered in favor of glycolytic ATP generation in
cancer cells where p53 is often mutated. This phenomenon is
known since more than 80 years as the Warburg effect [56].

4.2 Antioxidant enzymes as anti-apoptotic devices

As discussed above, mitochondrial ROS production seems to
be an integrated part of both apoptotic and necrotic cell death.
Accordingly, protection from oxidative stress by administra-
tion of antioxidants, such as vitamin E and ubiquinone, has
been found to increase cell viability in multiple experimental
model systems [13]. Also under normal physiological con-
ditions cell viability and function are critically dependent on
the maintenance of a proper balance between mitochondrial
ROS generation and inactivation.

The importance of a tight regulation of the mitochondrial
redox balance is further emphasized by the broad spectrum
of antioxidant enzymes present in the mitochondria, and the
fact that deletion of several of these enzymes is incompat-
ible with cell viability and also causes embryonic lethality.
For example, disruption of the MnSOD gene results in early
postnatal lethality, while CuZnSOD−/− mice show no ap-
parent phenotypic alterations [57]. This difference seems to
be directly related to the different subcellular localization of
the SODs, since MnSOD deletion can be compensated for
by the targeting of CuZnSOD into the mitochondrial matrix.
Further, disruption of the mitochondrial thioredoxin system
(Trx2−/−) also confers embryonic lethality [58], whereas
Gpx1−/− mice are healthy, except under conditions of ex-
treme oxidative stress. The latter finding may be due to the
fact that PrxIII is more important for mitochondrial H2O2

catabolism than Gpx1. In contrast, disruption of the Gpx4
gene causes embryonic lethality, and cell lines from Gpx4+/−

mice are hypersensitive to H2O2 and other agents that cause
oxidative stress [59].

A large number of studies have been devoted to effects
of modulation of mitochondrial antioxidant enzymes on cell
viability and susceptibility to apoptotic cell death. Heterozy-
gous MnSOD knockout mice exhibit numerous alterations in
mitochondrial function, including inhibition of aconitase and
Complex I and II of the respiratory chain, enhanced suscep-
tibility to induction of MPT and increased lipid peroxidation
[60]. In contrast, overexpression of MnSOD attenuates mito-
chondrial ROS generation, protects respiratory function and
blocks apoptosis in some experimental models. Although
O.−

2 in the mitochondrial matrix has been proposed to activate
uncoupling proteins (UCP), thereby providing a feedback
mechanism that would limit further O.−

2 production by the

respiratory chain, studies of MnSOD transgenic mice have
failed to provide evidence for altered UCP activities [61].

As mentioned above, disruption of the Trx2 gene results in
a lethal embryonic phenotype that is associated with massive
apoptosis during early embryogenesis [58]. Trx2-deficient
chicken B-cells were also reported to undergo apoptosis in
the absence of exogenous triggers and to be hypersensitive
to treatment with agents that induce oxidative stress [62].
Similar results have been obtained in experiments with Grx2,
in which Grx2 overexpressing HeLa cells were found to
be less susceptible to mitochondrially-mediated apoptosis
[63], while glutaredoxin 2 deficient cells were hypersensitive
to triggers of oxidative cell damage [64]. The Grx system
has also recently been suggested to be involved in the anti-
apoptotic effect of 17-β-estradiol in H2O2-treated cardiac
H9c2 cells [65].

Mitochondrial PrxIII is also dependent on the mitochon-
drial thioredoxin system for activity and is probably the most
important H2O2 metabolizing system in these organelles. A
recent study in HeLa cells has shown that knockdown of
PrxIII using RNA interference technology resulted in in-
creased intracellular levels of H2O2 and sensitized the cells
to induction of mitochondrially-mediated apoptosis by stau-
rosporine or TNF [66]. These effects were reversed by ec-
topic expression of PrxIII or mitochondrially-targeted cata-
lase. PrxIII was found to be more abundant than Gpx1, and
the study supports the hypothesis that PrxIII is the most im-
portant H2O2 scavenging enzyme in the mitochondria.

Gpx4, also known as phospholipid hydroperoxide glu-
tathione peroxidase, represents the most extensively stud-
ied enzyme involved in mitochondrial antioxidant defense
and protection from apoptosis. Gpx4 null mice die in utero
by mid-gestation, and Gpx4+/− mice show reduced survival
upon γ -irradiation [59]. Cell lines from these animals are
extremely vulnerable to oxidative injury, whereas transgenic
mice overexpressing Gpx4 demonstrated increased resis-
tance to diquat-induced liver injury and to apoptosis induced
by oxidative stress [67]. Protection from apoptosis was early
reported to be specific for overexpression of the mitochon-
drial form of Gpx4 and to be related to suppression of the
mitochondrial pathway of apoptosis signaling [68]. More re-
cent findings have linked the inhibitory effect of Gpx4 on
apoptosis to a protection of the adenine nucleotide translo-
case from the loss of activity that is otherwise associated
with apoptosis, possibly by inhibition of cardiolipin oxida-
tion [69]. It is of interest to note that the anti-apoptotic effects
of PrxIII, Grx2, and Gpx4 have all been related to a possible
protection of cardiolipin from peroxidation during the early
stage of apoptosis [63, 66, 69].

Thus, it appears that the mitochondrial antioxidant de-
fense systems are of critical importance for the regulation
of apoptosis. Although further work is certainly required to
characterize the mechanism(s) of protection, inhibition of
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cardiolipin oxidation during the early apoptotic phase might
contribute to protection. It is also remarkable that there seems
to be so little functional overlap between the various systems,
and that modulation of the activity of one particular defense
system is directly reflected on cellular susceptibility to un-
dergo apoptosis.

5 Summary

Research during the last decades has revealed multiple de-
fense systems that allow the eukaryotic cell to deal with
the highly toxic oxygen radicals. Not surprisingly, oxidative
stress is a conserved signal for cell death and is involved in
a variety of cell death paradigms. Hence, small molecules
like ROS can impact on the complex networks of proteins
mediating the induction and execution of cell death (Fig. 1).
Molecular damage elicited by ROS challenges the cells to
either repair the damage or, if this is not possible, to acti-
vate the cell death programme. Mitochondria, which are the
switchboard of the apoptosis machinery, serve as the prime
source of ROS as well as a target for their damaging effects.
In fact, the respiratory chain generates the majority of cellu-
lar ROS, which can then interact directly with mitochondrial
proteins, lipids and DNA, obscuring their functions and the
operation of the organelles. Lipid peroxidation, notably the
peroxidation of cardiolipin, appears to be a critical early
event in apoptosis. Oxidatively modified cardiolipin looses
its affinity for cytochrome c binding, leading to the accumu-
lation of “free” cytochrome c in the intermembrane space,
which is subsequently released into the cytosol upon perme-
abilization of the OMM. To protect from oxidative damage,
mitochondria possess multiple antioxidant defense systems.
It has now been convincingly shown that modulation of these
systems directly affects the susceptibility of cells to undergo
apoptosis. The study of how ROS influence the activation of
the cell death programme may therefore continue to reveal
mechanisms, which might be used for therapeutic interven-
tion in major human diseases.
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