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Abstract The presence and supposed roles of reactive
oxygen species (ROS) were reported in literature in a
myriad of instances. However, the breadth and depth of
their involvement in cellular physiology and pathology, as
well as their relationship to the redox environment can
only be guessed from specialized reports. Whatever their
circumstances of formation or consequences, ROS seem
to be conspicuous components of intracellular milieu. We
sought to verify this assertion, by collecting the available
evidence derived from the most recent publications in the
biomedical field. Unlike other reviews with similar ob-
jectives, we centered our analysis on the subcellular
compartments, namely on organelles, grouped according
to their major functions. Thus, plasma membrane is a
major source of ROS through NAD(P)H oxidases located
on either side. Enzymes of the same class displaying low
activity, as well as their components, are also present free
in cytoplasm, regulating the actin cytoskeleton and cell
motility. Mitochondria can be a major source of ROS,
mainly in processes leading to apoptosis. The protein
synthetic pathway (endoplasmic reticulum and Golgi ap-
paratus), including the nucleus, as well as protein turn-
over, are all exquisitely sensitive to ROS-related redox
conditions. The same applies to the degradation pathways
represented by lysosomes and peroxisomes. Therefore,
ROS cannot be perceived anymore as a mere harmful
consequence of external factors, or byproducts of altered
cellular metabolism. This may explain why the indis-
criminate use of anti-oxidants did not produce the ex-
pected “beneficial” results in many medical applications
attempted so far, underlying the need for a deeper ap-
prehension of the biological roles of ROS, particularly in
the context of the higher cellular order of organelles.
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Introduction

Overview

Formation of reactive oxygen species (ROS), in particular
of superoxide (O2

·�), in many—if not all—cellular sys-
tems is now beyond doubt, but their raison d’Þtre remains
unclear. Proposed explanations for their occurrence range
from accidental byproducts of aerobic metabolism, to
highly regulated and sophisticated signaling mechanisms.
These rationalizations depend on the specific type of re-
action in which ROS are envisaged. However, no unitary
view emerged so far to provide a satisfactory explanatory
framework for the role of ROS in biology.

A remarkable attempt, in this respect, was done by the
late Manfred Saran who, in a posthumous hypothesis paper
(Saran 2003), suggested that superoxide may be a universal
cofactor of membrane functioning. Saran suggested that
the ubiquitous and necessarily delocalized, weakly reac-
tive, agent able to continuously alter the chemical and, not
so surprisingly, the biomechanical stability of phospho-
lipids, would be the NAD(P)H oxidase-derived O2

·�. This
would also explain the continuous production of low levels
of lipid peroxides, as part of the tighter controlled lipid-
based signaling machinery of membranes (Roberts and
Morrow 2002). This position could be considered at odds
with those that view ROS as the “evil” mediators of oxi-
dative stress (the list is long and therefore we will cite only
one recent example: Sadek et al. 2003), and complements
another hypothesis that links the stress and inflammatory
responses and ageing to life-long oxidative damage to
components of the cell (Lane 2003). As usual, the truth is
probably at the crossroads of these hypotheses.

Throughout the last decade, the role of ROS in con-
trolling vital cellular processes became apparent, as nec-
essary components in the normal functioning of cells
(Aslan and Ozben 2003; Chiarugi 2003; Nathan 2003).
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Alternatively, they might be byproducts of metabolic
processes. Regardless of their origin, when in too high an
amount, ROS may interfere with the structure and func-
tion of biomolecules. Despite their apparent simplicity,
ROS are thus many faceted chemical entities, from the
point of view of their role within cells.

In this review we focus on the role of ROS and redox
balance in the functions of cellular organelles. In looking
at each organelle, we ask whether this requires a specific
redox microenvironment, whether it is ROS-related, as
well as why and how this is achieved. We then review the
cellular consequences of the malfunction of organelles
redox system, where we could find one. Finally, we an-
alyze how increased “oxidative stress” inflicted upon cells
affects the organelles.

There are numerous natural sources of oxidative stress,
such as exposure to environmental oxidants or toxins
(heavy metals, for instance), ionizing and UV irradiation,
heat shock, and inflammation (Ermak and Davies 2002).
Abnormally high levels of ROS may indeed lead to
deregulation of redox-sensitive metabolic and signaling
pathways. The targets are often proteins with redox-sen-
sitive cysteine residues, which are oxidized to sulfenic
acid moieties and mixed disulfides, thereby altering the
signaling function of the protein (Droge 2003). We thus
acknowledge that each organelle has a specific need for
the reducing to oxidant balance, for its enzymes to work
properly and to fulfill their role. Since numerous reviews
have analyzed individual topics in higher detail, these will
be referred to throughout this paper.

As a self-imposed limitation for space reasons, some
fields in which ROS are known or supposed to be in-
volved, such as the formation of lipid signaling molecules,
the cellular effects of antioxidants, and the contributions to
highly specialized mechanisms (for example, functioning
of chromaffin granules), were intentionally omitted.

ROS biochemistry in a nutshell

The term “free radical” describes a chemical species that
has one or more unpaired electrons, a definition that
embraces the atom of hydrogen (one unpaired electron),
most transitional metal ions, and the oxygen molecule
(O2) (Halliwell 1991). O2, in its ground state, is in itself a
radical, having two unpaired electrons. O2 readily reacts
to form partially reduced species, which are generally
short-lived and highly reactive, hence the idiom “reactive
oxygen species” (not to be confused with “free radicals”).
Some relevant ROS include:

1. The superoxide anion (O2
·�), formed through one-

electron reduction of O2:

O2 þ e� ! O��2

2. Hydrogen peroxide (H2O2), which has no unpaired
electrons, and thus is not a radical (Halliwell 1991). It

is formed by several metabolic reactions, for instance
the dismutation reaction of O2

·� catalyzed by super-
oxide dismutases, and which has as intermediate the
hydroperoxyl radical:

O2�� þ Hþ ! HO2�

2HO2� ! H2O2 þ O2

3. The hydroxyl radical (·OH) that can be formed from
either the superoxide anion (Haber-Weiss reaction) or
from H2O2:

O��2 �þH2O2 ! O2 þ HO�þ �OH

Haber�Weissð Þ
Menþ þ H2O2 ! Me nþ1ð Þþ þ HO�þ �OH

where Men+ is a metal ion. Probably the most frequent
reaction in vivo is the Fe2+-catalyzed decomposition of
H2O2, i.e., the Fenton reaction. ·OH is, perhaps, the most
toxic form of oxygen. It is highly reactive, so it will react
indiscriminately at, or close to, the site of its formation
with most molecules it encounters. This is a reason for
which this radical is unlikely to function as a signaling
molecule, while both O2

·� and H2O2, which are less re-
active and therefore longer-lived, are more appropriate for
intra- and even intercellular signaling (Saran 2003; on the
specificity of reactive oxygen and nitrogen species as
signaling intermediates, see Nathan 2003).

The study of ROS is often associated with the notion
of “redox state” of cells. It has recently been pointed out
that this is a poorly defined term (Schafer and Buettner
2001). These authors recommend the use of the phrase
“redox environment” of a linked set of redox couples
as found in a biological fluid, organelle, cell, or tissue.
The redox environment would be defined as the summa-
tion of the products of reduction potential and reducing
capacity of the linked redox couples present (Schafer and
Buettner 2001). Such redox couples are NAD+/NADH,
NADP+/NADPH, oxidized glutathione/reduced glutathi-
one (GSSG/2GSH), oxidized thioredoxin/reduced thiore-
doxin, etc. The connection with ROS is the fact that the
abovementioned oxygen species, in particular H2O2, in-
teract with protein thiols or reduced glutathione (GSH),
and thus contribute to the defining of cellular redox en-
vironment (Saran 2003). Glutathione is considered the
major thiol-disulfide redox buffer of cells (Gilbert 1990),
and the ratio GSSG/GSH is used to estimate the redox
state of a given system (Schafer and Buettner 2001).
Notably, the presence of membrane-surrounded organelles
leads to compartmentation of the redox environment. We
will further pursue the most remarkable features of cellular
organelles in terms of their redox environment, as deter-
mined by ROS production and consumption, and how
these two processes influence the equilibrium of the redox
couples most relevant for each organelle.
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Cellular redox homeostasis and organelles

The gate-keeper: plasma membrane

The flow of electrons and/or protons is an essential
component of living state, and no component of the cell
could function without it. Thus, it is no surprise that the
plasma membrane (PM) is endowed with complex redox
and pH regulating abilities. The protons cross the PM
through numerous specialized molecules. Likewise, elec-
trons are conducted within the PM. They contribute to the
formation of transmembrane potential, a key element of
biological control and signaling, whose discussion is be-
yond the scope of this review. Instead, we will call
attention to the presence of molecular components of
multiple redox chains, which are present on the external
surface, attached to the internal face of the PM, or cross-
ing it. In general, the surface of mammalian cells is ex-
posed to an oxidizing environment, while the cytosol is
reducing. Therefore, the environmental redox state, which
in tissues could be fed with ROS from dysfunctional cells
if not promptly removed (Skulachev 1996), has the po-
tential to damage proteins, lipids, and carbohydrates,
unless tightly regulated mechanisms are operational, and
efficient anti-oxidant systems are in place.

Production of O2
·� by the membrane-bound enzyme

NADPH oxidase of phagocytes is a long-known phe-
nomenon, generally assumed to help in killing bacterial
intruders (Babior 1999). More than two decades ago, the
same author hypothesized that “other cells–perhaps all
cells–may contain an activable membrane oxidase whose
purpose is entirely unrelated to host defense” (Babior
1982). Indeed, isoforms of NADPH oxidase were found in
membranes of nearly every cell. In his hypothesis-based
review (Saran 2003), Saran suggested that O2

·� and its
conjugate acid, HO2

·, may have evolved under primordial
conditions as regulators of membrane mechanics: by
modifying cell membranes, they help other agents gain
access to the hydrophobic region of phospholipid bilayers
and hence contribute to lipid-dependent signaling cas-
cades. Thus, O2

·�/HO2
· are proposed as indispensable ad-

juvants for the generation of cellular signals, for mem-
brane transport, channel gating, and hence, in a global
sense, for cell viability and growth (Saran 2003).

While the veracity of this proposition remains to be
established, plasmalemmal NADH oxidoreductase- and
NADPH oxidase-derived ROS are definitely involved in
controlling PM functions, such as proton pumping and ion
channels (Baker and Lawen 2000). The study of PM re-
dox enzymes started by incidental use of artificial sub-
strates, without knowledge of their natural counterpart.
This is why to the present day some of these enzymes are
described as acting on compounds absent in the biological
environment, such as ferricyanide. Remarkable examples
are the cell surface NADH oxidases: these are PM en-
zymes which, using NADH as the intracellular electron
donor, are capable of reducing ferricyanide (Baker and
Lawen 2000). Interestingly, the yeast PM NADH:ferri-
cyanide reductase was found responsible for the transport

of ferrous iron across the membrane (Dancis et al. 1990).
This and several other yeast membrane proteins that have
a role in iron uptake also bear homology to the mam-
malian gp91-phox protein, the PM component of phago-
cyte NAD(P)H oxidase (Georgatsou and Alexandraki
1999). It is assumed that mammalian PM NADH:ferri-
cyanide reductase has many other roles: protection of
oxidative stress, proliferation, and apoptosis (Baker and
Lawen 2000). In fact, NAD(P)H-oxidase is more abun-
dant on rapidly proliferating cells than on resting cells
(Berridge and Tan 2000).

Trans-plasma membrane oxidoreductases that shift
electrons from cytosolic NADH to external electron ac-
ceptors, such as oxygen, are widely involved in cellular
redox control. In addition, external NAD(P)H oxidases
have been demonstrated on intact cells and as eluted
proteins, but the relationship between trans-plasma mem-
brane NADH oxidoreductases and cell surface NAD(P)H
oxidases is not known (Berridge and Tan 2000). The best-
characterized NAD(P)H oxidase is the phagocytic en-
zyme that mediates the oxidative burst of activated neu-
trophils (Babior 1999). This is a multicomponent mem-
brane complex, with flavocytochrome b558 in its catalytic
core. It consists of a large glycoprotein gp91phox (phox
for phagocyte oxidase; known as “beta subunit”) and a
small protein p22phox (“alpha subunit”). The other com-
ponents of the oxidase are water-soluble proteins of cy-
tosolic origin, namely p67phox, p47phox, p40phox, and
Rac1 (Rac2 is the counterpart in neutrophils). Upon stim-
ulation, these components assemble with the membrane-
bound flavocytochrome b558, become activated, and gen-
erate O2

·� (Vignais 2002). Non-phagocytic homologues of
gp91phox were found in endothelial cells (Al Mehdi et al.
1998; Bayraktutan et al. 2000; Hohler et al. 2000; Li and
Shah 2002; Meyer et al. 1999; Parinandi et al. 2003),
smooth muscle cells (Suh et al. 1999), and in other cells
and tissues (Cheng et al. 2001; Geiszt et al. 2000; Kikuchi
et al. 2000), including colon cancer cells (Geiszt et al.
2003a) and melanoma (Brar et al. 2001). These were
designated by the common name Nox (for review, see
Bokoch and Knaus 2003; Vignais 2002). Also, non-pha-
gocytic homologues of p67phox and p47phox were de-
scribed (Banfi et al. 2003; Geiszt et al. 2003b; Takeya et
al. 2003). As opposed to the oxidative burst oxidase, these
enzymes are constitutively active and seem to exist in
preassembled complexes (Li and Shah 2002), but the
amount of O2

·� produced is much less than in phagocytes
(Souza et al. 2002). In addition, while the phagocytic
oxidase reduces molecular oxygen to O2

·� using NADPH
as the electron donor, the non-phagocytic enzyme may
use either NADH or NADPH. The mechanism of O2

·�

production is better known from the study of the phago-
cytic oxidase: electrons pass from intracellular NADPH
through a redox chain within the enzyme, to reduce ex-
tracellular O2 to O2

·�. Electron flux is electrogenic, and
rapidly depolarizes the membrane potential. Excessive
depolarization can turn off electron transport by self-in-
hibition, but this is prevented by proton flux that balances
the electron flux (DeCoursey 2003). The O2

·� produced
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by these enzymes in non-phagocytic cells has potential
roles in signaling related to growth and angiogenesis,
immune function, hypoxic response, and oxidative mod-
ification of extracellular matrix proteins (for review, see
Lambeth 2002).

In addition to transmembrane NAD(P)H oxidases, a
family of cell surface NADH oxidases was described,
called ECTO-NOX (Morre and Morre 2003). These en-
zymes exhibit both oxidative and protein disulfide isom-
erase (PDI)-like activities. The physiological substrates
for the oxidative activity appear to be hydroquinones of
the PM, such as reduced coenzyme Q10. ECTO-NOX
proteins are growth-related and seem to regulate cellular
volume (Morre and Morre 2003).

The presence of ROS-producing enzymes associated
with PM means that a mechanism should be in place to
protect against possible oxidative damage to proteins and
lipidic components. PM, similar to mitochondria and
Golgi apparatus, contains the lipophilic molecule coen-
zyme Q (CoQ, ubiquinone; Villalba and Navas 2000).
CoQ is an intermediate electron carrier by shuttling them
from intracellular reduced pyridine nucleotides to external
impermeable oxidants (Crane et al. 1993). In addition,
CoQ can be considered a central component of the PM
antioxidant system (Villalba and Navas 2000). Oxidative
stress may induce apoptosis through the release of cera-
mide from PM, which, in turn, activates the cascade of
caspases, the enzymes responsible for the execution phase
of apoptosis. CoQ effectively inhibits stress-induced ap-
optosis by reducing ceramide release (Navas et al. 2002).

Another effect of ROS interaction with PM compo-
nents is the oxidation of PM proteins and lipids. Many of
the proteins affected (mostly inactivated) by oxidation are
involved in transmembrane transport of different ions and
molecules, for example Na+/Ca2+ exchanger from syn-
aptic membranes (Huschenbett et al. 1998), Ca2+-ATPase
in alveolar macrophages (Hoyal et al. 1996), non-selec-
tive cation channels in hepatoma cells (Feranchak et al.
2003), and Na+ channels in isolated cardiac myocytes
(Bhatnagar et al. 1990). Lipid peroxidation results in the
release of 4-hydroxy-2,3-trans-nonenal (4HN; Benedetti
et al. 1980), that has numerous damaging effects on
membrane proteins, for instance, impairment of glutamate
transport in cortical astrocytes (Blanc et al. 1998) or in-
hibition of several neutrophil PM ion transport ATPases
(Siems et al. 2003). Selective oxidation of phosphatidyl-
serine during apoptosis has an effect that is one of the
hallmarks of apoptosis, namely the translocation of this
phospholipid on the outer membrane leaflet. The mech-
anism involves inhibition of the enzyme responsible for
phosphatidylserine maintenance on the inner membrane
leaflet, the aminophospholipid transferase, by peroxidized
phosphatidylserine (Tyurina et al. 2000).

In summary, a large number of oxidoreductases that
use NADH or NADPH as electron donors are associated
with the PM. The final electron acceptor is O2, whose one
electron reduction leads to the formation of O2

·�. The role
of this ROS in phagocytes is to help kill invading bacteria,
but in non-phagocytic cells this is much less understood;

nevertheless it is associated with essential processes such
as proliferation and apoptosis. Maintenance of an effec-
tive PM barrier implies to prevent potential damaging
effects of ROS, a process in which CoQ plays a central
role. When the protective capacity of the PM is exceeded,
oxidant damage may result either directly, by inhibition of
transmembrane transporters and other membrane proteins,
or indirectly, mediated by lipid peroxidation products,
such as 4HN.

The synthetic pathway: endoplasmic reticulum
and Golgi apparatus

Endoplasmic reticulum (ER) is a continuous intracellular
compartment, which performs multiple functions, sup-
ported by specialized domains. The rough ER is studded
with ribosomes on the cytosolic surface and coordinates
synthesis and folding of proteins, thereafter exported to-
ward the Golgi apparatus by means of vesicle budding
from the transitional elements (Palade 1975). Phospho-
lipid and steroid synthesis takes place within the smooth
ER, a compartment that may have other functions as well
in different cells: detoxification (in the liver) or calcium
sequestration (in muscle cells, where it is called sarco-
plasmic reticulum) (for reviews, see, for example, Aridor
and Balch 1999; Voeltz et al. 2002). A most remarkable
characteristic of ER is the redox chemistry that takes
place within its lumen. Proteins synthesized in ER are
destined to either intracellular organelles, including ER
itself, or to export. Intramolecular disulfide bonds stabi-
lize the conformation of most of these proteins, a process
that requires oxidation of free sulfhydryl moieties.

It was believed that intraluminal ER milieu ensures the
feasibility of protein oxidative folding by maintaining a
ratio of oxidized (GSSG) to reduced (GSH) glutathione
higher than within the cytosol, in the ranges of approxi-
mately 1:1 to 3:1 versus approximately 30:1 to 100:1,
respectively (Braakman et al. 1992; Hwang et al. 1992).
The enzyme that catalyses formation, reduction, and iso-
merization of disulfide bonds in newly synthesized pro-
teins is protein disulphide isomerase (PDI), a member of
the thioredoxin family of proteins. The process of native
disulfide formation involves both the oxidation of dithiols
to disulfides as well as the rearrangement of non-native to
native disulfide bonds. PDI is involved in both these steps
(for a review of the mechanisms, see Kersteen and Raines
2003). Until recently, the source of oxidizing equivalents
necessary for these reactions remained elusive, until it
was found that in S. cerevisiae the native ER protein Ero1
transfers disulphide bonds to PDI (Frand and Kaiser 1998;
Pollard et al. 1998; for review, see Frand et al. 2000).
Human counterparts of the enzyme, Ero1-La and Ero1-
Lb, have similar roles (Mezghrani et al. 2001). Rat,
mouse, and human homologues of Ero1-La but not of the
isoform Ero1-Lb are stimulated by hypoxia in rats in vivo
and in rat, mouse, and human cell cultures. The temporal
pattern of both gene and protein expression is very similar
to that of genes triggered by the hypoxia-inducible tran-
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scription factor (HIF-1), thus placing Ero1-La among the
family of classic oxygen-regulated genes (Gess et al.
2003).

Ero1 functions as an oxidase for PDI: oxidizing
equivalents flow from Ero1p to substrate proteins via PDI,
through direct dithiol–disulfide exchange between PDI
and Ero1p (Frand and Kaiser 1999). This kinetic shuttling
of oxidizing equivalents allows ER to support rapid di-
sulfide formation while maintaining the ability to reduce
and rearrange incorrect disulfide bonds (Tu et al. 2000).
Thus, oxygen upregulation of Ero1-La expression is
likely to maintain the transfer rate of oxidizing equiva-
lents to PDI in situations of altered cellular redox state,
induced by changes in cellular oxygen (Gess et al. 2003).
In addition, Ero1 has a tightly associated flavin adenine
dinucleotide (FAD) moiety and is highly responsive to
small changes in physiological levels of free FAD (Tu and
Weissman 2002; Tu et al. 2000). Another distinct flavo-
protein, Erv2p, that can catalyze O2-dependent formation
of disulphide bonds, was recently discovered in yeast
(Sevier et al. 2001).

Ero1p-catalyzed disulfide formation is independent of
glutathione, both in vivo and in vitro (Cuozzo and Kaiser
1999; Tu et al. 2000). These two studies demonstrated
that, contrary to what it was believed, glutathione is not
the source of oxidizing equivalents for oxidative protein
folding within ER. Instead, it functions as a reductant of
both PDI and of folding proteins, during the stepwise
formation and re-formation of disulfide bonds, until the
correct conformation is achieved. This conclusion is also
supported by the finding of a bidirectional, saturable
transport system of GSH in rat liver microsomal vesicles,
while microsomal membranes were virtually non-perme-
able toward GSSG (Banhegyi et al. 1999). This result
ruled out a previous supposition that the high GSSG:GSH
ratio was obtained through preferential import of GSSG
from the cytosol. In the membranes of skeletal muscle
sarcoplasmic reticulum this transport was associated with
the ryanodine receptor, while a different, unrelated system
was postulated for ER-derived microsomes from other
cell types (Csala et al. 2001, 2003). In addition, it was
recently demonstrated by labeling with the thiol-specific
monobromobimane, and subsequent separation by re-
versed-phase high-performance liquid chromatography,
that more than half of the microsomal glutathione is
present in mixed disulfides with proteins, and only the
remainder is distributed between the reduced and oxidized
forms of glutathione in the known ratio of 3:1 (Bass et al.
2004).

Thus, it became clear that the process of oxidative
protein folding does not use GSSH as the source of oxi-
dizing equivalents. This role is played, in fact, by mo-
lecular oxygen, which is used by Ero1p as its preferred
terminal electron acceptor. Accordingly, Ero1p directly
couples disulfide formation to the consumption of mo-
lecular oxygen, while its activity is modulated by free
luminal FAD levels as well, potentially linking disulfide
formation to cellular nutritional or metabolic status (Tu
and Weissman 2002). However, this process may have as

a consequence the formation of ROS (Tu and Weissman
2004). These latter authors made an interesting calcula-
tion, the result of which was that Ero1p-mediated oxida-
tion could account for up to 25% of cellular ROS pro-
duced during protein synthesis (Tu and Weissman 2004).

Another important conclusion of these recent findings
is that the pro-oxidant environment within ER is not there
just to support, but also as a consequence of the oxidative
formation of disulfide bonds necessary for correct protein
folding. Moreover, the involvement in this process of both
oxidation and reduction of protein sulfhydryls under-
scores the importance of a tight regulation of the ER re-
dox milieu, since changes in either direction drastically
interfere with ER functions. We will further examine
some of the evidence that shows the effects of changes in
the cellular redox status upon ER, and how this altering of
ER functions affects, in return, cellular physiology.

A condition that has not been as widely studied as
oxidative stress is that of reductive stress, defined as “an
abnormally increased electron pressure or ‘reducing
power’” and characterized by increased NADH:NAD+

ratio (Ghyczy and Boros 2001; Lipinski 2002). While
misfolded proteins and unassembled chains of multimeric
proteins are normally degraded by ER proteases, even the
more stable, correctly folded proteins are degraded in
reducing conditions in CHO cells (Young et al. 1993).
Addition of dithiothreitol (DTT) or GSH to permeabilized
cells promoted degradation of newly synthesized proteins,
but not that of PDI or another major ER protein, GRP94,
thus suggesting a highly controlled and specific process
(Young et al. 1993). An unexpected player in the pro-
tection against reductive stress was found to be thiore-
doxin (Trotter and Grant 2002). Best known as antioxi-
dants (Carmel-Harel and Storz 2000), yeast thioredoxins
TRX1 and TRX2 were both required not only for resis-
tance to the oxidant diamide, but also to the reductive
agent DTT (Trotter and Grant 2002). Moreover, yeast
lacking either or both of the two thioredoxins, or thiore-
doxin reductase, contained elevated levels not only of
GSSG (expected), but also of GSH (unexpected). In turn,
this increased GSH level led to inhibition of oxidative
protein folding and accumulation of misfolded proteins,
an effect known to induce a complex cellular reaction
called the unfolded protein response (UPR; Gething and
Sambrook 1992; Trotter and Grant 2002).

The UPR is an efficient “quality control” mechanism
that has evolved within ER: only correctly folded mole-
cules are allowed to reach their final destination. Accu-
mulation of unfolded proteins triggers the UPR, which
consists of: (a) inhibition of the a subunit of translation
initiation factor 2 (eIF2a), thus shutting down translatio-
nal supply of proteins to ER (Harding et al. 2003), and (b)
induction of transcription of ER folding enzymes (Kohno
et al. 1993; Shamu et al. 1994; for reviews of the mech-
anisms, see, for example, Brown et al. 2000; Mori 2003;
Rutkowski and Kaufman 2004). Importantly, this com-
plex sequence of events is induced by oxidative stress as
well (Harding et al. 2003), and it was found that appli-
cation of H2O2 induces specific oxidation of several es-
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sential ER proteins: PDI, Grp78, Grp94, ER60, and cal-
nexin (van der Vlies et al. 2003a). Additionally, ER
protein oxidation was observed in ageing mouse liver
(Rabek et al. 2003), and was considered a mark of ageing
(van der Vlies et al. 2003b). Another pathological situa-
tion where UPR was implicated is Alzheimer’s disease
(Kudo et al. 2002).

Although some of the proteins synthesized in the rough
ER are destined to remain associated with ER for its own
functions, most of them travel further to the Golgi appa-
ratus, and from there to various cellular compartments or
to extracellular space (for excellent reviews and current
concepts on the transfer of proteins from ER to Golgi, and
Golgi structure and function, see Murshid and Presley
2004; Polishchuk and Mironov 2004; Ward and Brandizzi
2004). Interestingly, and contrary to what it is known
about how ER maintains its own redox homeostasis and
how it is affected by imbalances in the reducing:oxidizing
equivalents interplay, we found very few studies ad-
dressing these questions to the Golgi apparatus. A good
reason could be that processes within the Golgi com-
partment are simply independent of the redox state on the
secretory pathway (Losch and Koch-Brandt 1995). Traf-
ficking to, through, and from Golgi requires in fact a
precise pH gradient that decreases from ER to Golgi to
mature secretory granules, due to successive increases in
the density of active H+ vacuolar ATPase (Losch and
Koch-Brandt 1995; Machen et al. 2003). To our knowl-
edge there is no indication as yet of if and how this
ATPase may be affected by changes in the cellular redox
status.

In turn, there are numerous reports describing the
impact of high oxidative stress on the Golgi network in a
specific cell and pathologic situation: neurons from pa-
tients or animal models of amyotrophic lateral sclerosis.
This disease is characterized by a highly fragmented
Golgi apparatus, and by oxidative stress due to mutations
in Cu,Zn-superoxide dismutase (SOD; Fujita et al. 1999,
2000, 2002; Stieber et al. 1998, 2000). At the same time,
inflicting oxidative stress on cells by using menadione or
H2O2 reduces cell surface expression of the transferrin
and low-density lipoproteins receptors, due to their
blocking in the Golgi compartment (Malorni et al. 1993,
1998). In contrast, under similar conditions, namely use
of H2O2 to induce oxidative stress in astrocytoma cells,
the number and velocity of vesicles transporting apoE on
the secretory pathway are increased (Dekroon and Armati
2002). This suggests a high specificity in the way dif-
ferent proteins transiting the Golgi apparatus are pro-
cessed in pro-oxidant conditions, according to how their
change in expression would benefit the cell. It is a chal-
lenge to understand how this discrimination in the trans-
port of proteins from Golgi to the cell surface is achieved
in the conditions of oxidative stress.

In conclusion, much knowledge was recently acquired
about the role and maintenance of the pro-oxidant status
within the ER lumen. GSH is preferentially transported
through the ER membrane, and is used up in the redox
cycle that proteins undergo until correct folding is

achieved. PDI catalyses the oxidation of sulfhydryls and
formation of disulfide bonds, using O2 as terminal elec-
tron acceptor and Ero1p as an intermediary. All these
processes are regulated by oxygen availability and intra-
cellular redox equilibrium. Either oxidative or reductive
stress may affect protein synthesis and induce UPR, albeit
by different mechanisms. This appears to be an adaptive
response that helps cells to cope with an increased load of
misfolded proteins. However, in ageing and in some
pathological situations, such as Alzheimer’s disease, the
ability of ER to handle the redox imbalance is over-
whelmed. In contrast, Golgi apparatus may not depend, in
its functioning, on a specific redox status; instead it re-
quires a precise pH gradient. However, oxidative stress
does affect this organelle, by inducing fragmentation of
the Golgi network, as well as specific changes in the
transport of different proteins from Golgi vesicles to the
cell surface. The mechanism of these changes is not yet
known.

Life and death decisions: mitochondria
and the apoptosome

Mitochondria play a major role in both life and death of
cells. They are the site of fatty acid oxidation and the
citric acid cycle, which produce NADH and FADH2.
These molecules, in turn, transfer electrons to the respi-
ratory chain, and finally to oxygen, a process that gen-
erates ATP. Mitochondria are also the site of several
components which, when released into the cytosol, trigger
the apoptotic events. In certain circumstances, the very
process of respiration generates the ROS that elicit, di-
rectly or indirectly, cell death (Duchen 2004).

It has long been recognized that the mitochondrial
electron transport chain is a site of free radical generation
(Das et al. 1989). The two sites where this happens are
complex I (NADH-coQ reductase) and complex III (cy-
tochrome c oxidase), especially when electron transport
becomes slow. In such conditions, the half-life of reduced
electron transport chain components increases, resulting
in an increased likelihood of one electron reduction of O2
to O2

·� (Sadek et al. 2003). A pathological condition
where this mechanism occurs is ischemia, defined by
decreased levels of the terminal electron acceptor O2
(Baker and Kalyanaraman 1989; Grill et al. 1992). How-
ever, the normal functioning of mitochondria is also
characterized by electron leaks and formation of O2

·�.
Although in an aqueous environment O2

·� is only mod-
erately reactive, it can generate other more potent ROS:
H2O2 by direct dismutation, and indirectly the highly
oxidative and cytotoxic radical OH·, through reductive
homolytic cleavage of H2O2 (Fleury et al. 2002). O2

·�,
H2O2, and OH· all inactivate components of the respira-
tory chain, as well as some enzymes of the Krebs cycle
and other mitochondrial proteins. To prevent oxidative
damage to their own proteins, mitochondria contain a
complex antioxidant system that includes antioxidants
(GSH, NADH, and thioredoxin) and enzymatic activities:
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MnSOD, catalase, glutathione reductase, and glutathione
peroxidase (Bai and Cederbaum 2001; Fleury et al. 2002;
Tanaka et al. 2002). The importance of these systems is
even more evident in dysfunctional states. Such is the
case of MnSOD: in a mouse model of oxidative stress due
to lack of SOD2 (sod2�/� mice), proteomic and func-
tional analyses revealed a high and specific sensitivity of
some enzymes from the Krebs cycle, glutathione S-
transferase, peroxiredoxin 5, and electron transport com-
plexes I, II, III, and IV (but not complex V), to mito-
chondrial oxidative stress (Hinerfeld et al. 2004).

A consequence of oxidative stress in cells is the rise in
cytosolic Ca2+, due to influx from the extracellular space
through the PM, or release from intracellular stores such
as the endoplasmic/sarcoplasmic reticulum. Intracellular
calcium signaling responds in specific ways, with respect
to intracellular location, amplitude, and duration, to a
variety of stimuli (Ermak and Davies 2002). Mitochon-
dria, too, have a load of Ca2+ that depends on the cyto-
solic Ca2+ concentration (Gunter et al. 1998). Physio-
logical increases of intramitochondrial Ca2+ activate me-
tabolism. However, under oxidative stress this process
switches to become a death signal (Ermak and Davies
2002; for a review of Ca2+ effects on mitochondria, see
Duchen 2000). The major mechanism is considered to be
the formation of mitochondrial permeability transition
pores (mPTPs). The mPTP is a large conductance path-
way in the inner mitochondrial membrane, thought to be
generated by a conformational alteration of adenine nu-
cleotide translocase (ANT). mPTPs appear mostly at
contact sites between the inner and outer mitochondrial
membranes, where ANT as well as the voltage-dependent
anion channel (VDAC; an outer mitochondrial membrane
protein) are found (Duchen 2004). The mPTP is opened
not only by high cytosolic Ca2+, but also by oxidative
stress (by way of sulfhydryl oxidation; McStay et al.
2002) and by ATP depletion (Hagen et al. 2003).

There is not yet a consensus for what kind of cell
death is triggered by the opening of mPTPs: mostly ne-
crotic (Duchen 2004), or apoptotic as well (Newmeyer
and Ferguson-Miller 2003), and not even on the role of
ANT (Kokoszka et al. 2004). The hallmark of apoptosis
(“programmed cell death”), as opposed to necrosis, is its
active character, in that it requires the presence of a
functional mitochondrial respiratory chain (Fleury et al.
2002). Apoptosis is executed by a set of cystein proteases
(caspases), activated by signaling pathways initiated ei-
ther by ligation of cell surface death receptors (the ex-
trinsic pathway) or by mitochondria perturbation by
different stressors (intrinsic pathway) (Fumarola and
Guidotti 2004).

Perturbation of mitochondrial membrane integrity is
followed by release in the cytosol of a number of pro-
apoptotic proteins: cytochrome c, the flavoprotein apop-
tosis-inducing factor (AIF), endonuclease G, and others
(Fumarola and Guidotti 2004; Lorenzo et al. 1999; Susin
et al. 1999). In the cytosol, cytochrome c interacts with
the adaptor protein Apaf-1 (apoptosis protease activating
factor). As a result, a conformational change of Apaf-1 is

induced that allows stable binding of dATP/ATP and
formation of a complex (the “apoptosome”), and recruit-
ment and activation of procaspase-9 to caspase-9. This, in
turn, activates the downstream caspases-3, -6, and -7
(Acehan et al. 2002; Hengartner 1997; Li et al. 1997). It is
worth noting that almost every molecule and step in-
volved in this process is regulated by microenvironmental
redox status, more specifically thiol redox (Sato et al.
1995; Ueda et al. 2002), as shown, for instance, by ex-
periments with cells deficient in mitochondrial thiore-
doxin-2 gene (Tanaka et al. 2002). ANT may be activated
by thiol crosslinkers and lead to mitochondrial membrane
permeabilization independent of any other control or in-
teractions (Costantini et al. 2000). AIF is a flavoprotein
that bears homology, within FAD and NAD binding sites,
to human glutathione reductase. This suggests a bifunc-
tional protein with an electron acceptor/donor (oxidore-
ductase), as well as an apoptogenic function (Lorenzo et
al. 1999). The activity of caspases is also profoundly in-
fluenced by cytosolic redox state: oxidative stress shifts
apoptosis to necrosis (Hirsch et al. 1997), while mainte-
nance of a reducing environment by thioredoxin and
glutathione is required for caspase-3 activity (Ueda et al.
1998). Finally, oxidative stress induces molecules on
signaling pathways leading to apoptosis: ASK1, JNK, p38
MAP kinase, and p53 (Ueda et al. 2002).

The question is how is it possible that the same orga-
nelle that provides cells with critical energy is also the
source of death-triggering components? An interesting
hypothesis was put forward by Punj and Chakrabarty
(2003). It starts from the believed prokaryotic ancestry
of mitochondria, and the fact that some present-day
prokaryotes release redox proteins that induce apoptosis
in mammalian cells, through stabilization of the tumor
suppressor protein p53. It is conceivable that before mi-
tochondria became endosymbionts, their ancestors re-
leased redox proteins with the same final effect, and that
during their evolution the mitochondria maintained this
function, i.e., to program their own host cell death (Punj
and Chakrabarty 2003), to the benefit of the organism.

In summary, mitochondria are essential organelles that
provide cells with ATP, the “energy quanta”, through the
metabolic pathways and the respiratory chain they harbor.
However, these very processes may also result in oxida-
tive stress that attacks mitochondrial self-proteins. Whe-
ther intrinsic or extrinsic, oxidative stress may trigger
opening of mPTP and release into the cytosol of several
different molecules that form a macromolecular complex,
the apoptosome. This, in turn, activates a caspase cascade,
which eventually leads to programmed cell death. To
protect themselves from this byproduct of their own ac-
tivity, mitochondria contain a battery of antioxidant com-
ponents. Defects in the antioxidant capacity of mito-
chondria are involved in ageing and many pathological
situations defined by increased, mitochondria-derived,
oxidative stress.
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The degradation pathways: lysosomes and peroxisomes

Lysosomes were until recently viewed as sites for ter-
minal degradation of macromolecules derived either from
the extracellular space, through some form of endocyto-
sis, or from the cell itself, through autophagocytic recy-
cling (Sun-Wada et al. 2003). Lysosomes are involved in
many other functions, from bone remodeling (Goto et al.
2003; Li et al. 2004) to antigen presentation (Lizee et al.
2003; for recent reviews of lysosomal organization and
function, see Eskelinen et al. 2003; Sun-Wada et al.
2003). It was also found that some redox-active molecules
have roles in lysosomal function. A consequence of this
feature is that lysosomes may have, in certain circum-
stances, a significant role in the cellular redox homeo-
stasis and free radical-induced processes.

More than a decade ago flavins, ubiquinone, and a
b-type cytochrome were discovered as components of
purified lysosomal membranes (Arai et al. 1991). These
proteins actually form a functional electron transport
system, starting with the donor NADH, in the direction
NADH!FAD!cytochrome b!ubiquinone!O2 (Gille
and Nohl 2000). The role of this redox chain is to support
proton accumulation within lysosomes (Gille and Nohl
2000), in addition to the vacuolar-type proton ATPase,
thus maintaining the optimal pH for the acidic hydrolases
(Sun-Wada et al. 2003). Interestingly, a direct correlation
was found between lysosomal oxidative activity (increase
in O2

·� and H2O2) and pH rise (due to consumption of H+)
(Chen 2002).

A biochemical characteristic of this electron transport
chain is the promotion of a three-electron reduction of
O2, thus giving rise to the extremely reactive radical
hydroxyl (HO·; Nohl and Gille 2002). Although the
physiological relevance of this process is not yet under-
stood, it is thought to interfere with the redox-active iron
pool that accumulates as a result of lysosomal digestion
(Yu et al. 2003b). Inhibition of intralysosomal degrada-
tion (through the raising of pH with NH4Cl) had com-
parable effects with iron chelation by desferrioxamine or
alpha lipoic acid-plus, in terms of H2O2-induced forma-
tion of HO· (Persson et al. 2003; Yu et al. 2003b). The
Fenton reaction, in which Fe (II) reacts with H2O2 to
yield Fe (III) + HO·, was proposed to be at the origin of
this process (Fridovich 1997), although there is not yet a
consensus on its relevance in vivo (Saran et al. 2000).

A consequence of oxidative stress upon lysosomes is
destabilization of their membranes, due to peroxidation
(Nilsson et al. 1997). H2O2, an agent that induces oxi-
dative stress, also promotes lysosomal membrane rupture
(Antunes et al. 2001; Yu et al. 2003b), and so does ra-
diation (Ogawa et al. 2004). Moreover, lysosomal mem-
brane permeabilization per se, induced by different
chemicals such as the synthetic retinoid CD437 (Zang et
al. 2001), the antibiotics ciprofloxacin and norfloxacin
(Boya et al. 2003), 3-aminopropanal (Yu et al. 2003a), or
the lysosomotropic detergent O-methyl-serine dodecy-
lamide HCl (Zhao et al. 2003), triggers intracellular for-
mation of ROS. Some of the above processes were me-

diated by the action of lysosomal proteases that leaked
into the cytosol, notably cathepsins B and D. These en-
zymes affected mitochondria, further inducing cyto-
chrome c release and activation of caspase-mediated cell
death (Boya et al. 2003; Johansson et al. 2003; Yu et al.
2003a; Zhao et al. 2003). An alternative pathway, un-
veiled by blocking mPTPs by cyclosporin A, consists in a
concomitant generation of superoxide that leads to lyso-
somal damage and a regulated necrotic cell death, dif-
ferent from apoptosis (Raymond et al. 2003).

Thus it became apparent that lysosomal proteases are
involved in both apoptotic and necrotic cell death, via
either intrinsic or extrinsic oxidative perturbations in this
organelle’s membrane. The process is even more promi-
nent with age, when a new player enters the stage: lipo-
fuscin, formed of protein residues crosslinked due to iron-
catalyzed oxidative processes (Brunk and Terman 2002).
Several phenomena associated with lipofuscin predispose
the cells in which it is formed to even more damage.
Lipofuscin has as strong autofluorescence, and as such it
may sensitize cells to visible light, a process that impli-
cates it in cell dysfunction such as occurs in ageing and
retinal diseases (Davies et al. 2001). Lipofuscin may in-
terfere with proteolytic processes, both intralysosomal
(Brunk and Terman 2002) as well as proteasome-medi-
ated (Szweda et al. 2003).

Peroxisomes are other organelles involved in not only
catabolic but also synthetic biochemical pathways. Per-
oxisomes have an essential role in cellular metabolism,
and their functions include fatty acid beta- and alpha-
oxidation, amino acid metabolism, glyoxylate metabo-
lism, as well as the synthesis of various lipidic com-
pounds (plasmalogens, cholesterol, and dolichol) (Singh
1996, 1997). It is beyond our scope to review the rich
literature that refers to peroxisome biogenesis, functions,
signaling, genetic defects, or the role of peroxisome
proliferators and their receptors in the control of peroxi-
some functions and fate, for there are many available
reviews (Brown and Baker 2003; Masters 1996; Masters
and Crane 1995a; Michalik et al. 2004; Singh 1996, 1997;
van der Klei and Veenhuis 2002). Instead, we will focus
on the fact that these organelles also have a key role in
both the production and scavenging of ROS, in particular
H2O2.

Most of the metabolic reactions hosted by peroxisomes
consume oxygen, in amounts that are estimated between
10% and 30% of the total oxygen consumption by the
liver (De Duve and Baudhuin 1966). Among the ROS-
producing enzymes found in peroxisomes are cyto-
chrome B5 (Gutierrez et al. 1988), a cytochrome P-450-
dependent hydroxylation system (Singh et al. 1993), and
numerous oxidases (del Rio et al. 1992), of which we will
discuss in more detail xanthine oxidase (Angermuller et
al. 1987). Substrates of these enzymes are long-chain fatty
acids, hydroxyacids, amino acids, purines and pyrim-
idines, and uric acid (Masters and Crane 1995b). The
result of their activity is mostly the production of H2O2,
but also O2

·� and HO·. If uncontrolled, these ROS are
obviously very damaging. Therefore, peroxisomes also
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contain the “antidote”, i.e., antioxidant enzymes: catalase
(De Duve and Baudhuin 1966; Moreno et al. 1995),
Cu,Zn-SOD (Wanders and Denis 1992), and MnSOD
(Singh et al. 1999), as well as glutathione peroxidase
(Muse et al. 1994; Singh et al. 1994) and members of the
peroxiredoxin family (Fujii and Ikeda 2002).

As with all the other organelles discussed so far, the
peroxisome displays mechanisms to maintain the equi-
librium between production and scavenging of ROS,
which are inevitable byproducts of the oxidative-type
metabolic activity that takes place within this organelle.
There are, however, situations when the capacity of the
antioxidant machinery is overwhelmed. One such situa-
tion is the sharp increase in peroxisome numbers stimu-
lated by a heterogeneous class of chemicals, collectively
known as peroxisome proliferators. Their effects are
mediated by peroxisome proliferator-activated receptors
(PPARs). Their endogenous ligands are fatty acids and
fatty acid derivatives. Through the pathways they acti-
vate, PPARs can regulate cell proliferation, differentia-
tion, and survival, consequently controlling carcinogen-
esis in various tissues (Michalik et al. 2004). It is con-
sidered that one trigger of peroxisome proliferator-in-
duced carcinogenesis is the peroxisome-induced oxida-
tive stress, although in humans this process is different
from rodents, which are much more susceptible to this
process (Dzhekova-Stojkova et al. 2001; Jiao and Zhao
2002).

Xanthine dehydrogenase (XD) is a molybdenum hy-
droxylase flavoprotein located mostly in peroxisomes
(Frederiks and Vreeling-Sindelarova 2002), and the rate-
limiting enzyme in purine catabolism (Pritsos 2000). In
particular situations (most significant being hypoxia) it is
converted to an oxidase (XO; Terada et al. 1997; Xia and
Zweier 1995; Zweier et al. 1994). Both forms catalyze the
hydroxylation of hypoxanthine to xanthine, and of xan-
thine to urate, the difference being that XD used NAD+ as
electron acceptor, while XO uses O2, a reaction that
generates O2

·� (McManaman and Bain 2002). The patho-
logical significance of this finding consists in explain-
ing ROS generation that occurs during reperfusion after
ischemia in various organs, and which mediates exten-
sive, often irreversible, tissue damage (Canas 1999;
Frederiks and Bosch 1995; Hotter et al. 1995; Nilsson et
al. 1994; Tabuchi et al. 2001; Zhang et al. 1998; Zweier et
al. 1994).

Ageing is another situation where higher amounts of
peroxisome-derived ROS, especially H2O2, are detected.
This is due not mainly to their increased generation, as in
hypoxia-reperfusion, but rather to the decreased antioxi-
dant capacity of the peroxisomal milieu. Several defects
may account for this failure of antioxidant defense. First,
a progressive alteration of the catalase import system was
found (Legakis et al. 2002). Second, decrease of PPARa
availability (Iemitsu et al. 2002), and diminished levels
of retinoid X receptor (RXR) alpha, with which PPARa
forms heterodimers, were detected. These heterodimers
control expression of genes involved in oxidative stress,
which is decreased especially as a consequence of the

decline in availability of RXR alpha receptor (Chao et al.
2002).

Thus, lysosomes and peroxisomes are involved mostly
in catabolic processes, however both of them also have
other functions within cells. The enzymatic activities ac-
commodated by these organelles depend on pH and/or the
redox environment, and are mostly oxidative reactions.
The result of lysosomal and peroxisomal functioning in-
cludes damaging chemical species, either directly (H2O2)
or indirectly (iron stores and lipofuscin). Therefore, both
organelles have powerful defense mechanisms, but when
these mechanisms are overcome (for example, lysosomal
membrane destabilization or decrease in the antioxidant
potential of peroxisomes), oxidant stress results that leads
to apoptotic or necrotic cell death.

The headquarters: nucleus

The effect of ROS and oxidative stress on gene expression
and on DNA has been frequently and extensively re-
viewed (see, for example, Cadet et al. 2003; Izumi et al.
2003; Martinez et al. 2003; Slupphaug et al. 2003 for
redox damage of DNA; Mikkelsen and Wardman 2003;
Nguyen et al. 2003; Saran 2003 for ROS signaling and
proliferation). We will, therefore, not address these issues
and instead we will consider some other less-analyzed
roles and effects of the redox environment on the nucleus
as an organelle.

The nuclear content is separated from the cytoplasm by
a double membrane, the nuclear envelope. Nucleocyto-
plasmic exchanges take place through specialized “gate-
ways”, the nuclear pore complexes. Passage of molecules
in and out of nucleus through nuclear pores is not a
passive event, but an actively controlled process. A
mechanism of control is the activity of the enzyme NT-
Pase. This enzyme is modulated by the nuclear membrane
content in cholesterol, and it was found that oxidation of
cholesterol, especially in the internal leaflet of the enve-
lope, inhibits NTPase (Ramjiawan et al. 1997). Thus,
oxidative stress, which may certainly lead to cholesterol
oxidation, could also induce decreased nucleocytoplasmic
transport.

This raises the question whether there is an intranu-
clear defense mechanism against changes of redox status
in the vicinity of chromatin. At least two mechanisms
were found, namely glutathione and thioredoxin. The
cytosolic and nuclear concentrations of glutathione are at
near equilibrium, and protein-glutathione mixed disul-
fides were present in highest concentrations in the nuclear
area and in the perinuclear region (Soderdahl et al. 2003).
Monochlorbimane fluorescence microscopy revealed a
similar distribution of GSH (Bellomo et al. 1997). More-
over, these authors found a GSH-stimulated ATP hy-
drolysis and an ATP-stimulated GSH accumulation in
isolated nuclei. They consider that this active process may
modulate the thiol/disulfide redox status of nuclear pro-
teins and control chromatin compacting and deconden-
sation (Bellomo et al. 1997). In fact, it has previously
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been shown that about 50% of nuclear matrix proteins had
oxidized sulfhydryl groups, possibly stabilizing the nu-
clear matrix by disulfide bridges (Stuurman et al. 1992).
Even DNA–nuclear matrix anchoring may be achieved in
the same way, since DTT decreased and diamide in-
creased DNA association with the nuclear matrix, an ef-
fect mediated by a nuclear PDI (VanderWaal et al. 2002).
In addition to this distinct pool of GSH, a nuclear
thioredoxin pool was found as well, more reduced than
the cytosolic thioredoxin (Watson and Jones 2003).

It seems, thus, that despite the abundant knowledge
accumulated on redox control of specific transcription
factors and of gene expression, much less is known about
ROS and nuclear matrix redox status. The presence of
disulfide bridges suggests an ER-like environment, but
this is not clearly defined, nor is the control of nuclear
redox homeostasis or the physiological meaning of in-
tranuclear redox changes.

ROS and animal cell movement

Actin cytoskeleton, a “distributed” organelle

Cellular motility is a complex process, with numerous
points of control and feedback. Its central mechanism is
the actin cytoskeleton reorganization that has both regu-
lator and effector roles (Moldovan and Goldschmidt-
Clermont 1998). Through its interactions with the extra-
cellular matrix, via integrins and focal adhesions, actin
actually controls cell shape, motility, and proliferation
(Flusberg et al. 2001; Ingber 2002; Moldovan et al. 1997).
On the other hand, signaling to the numerous actin-
binding proteins induces changes in the rate, extent, and
site of actin polymerization/depolymerization, thus con-
trolling when, where, and how fast the cells move (Con-
deelis 1998; Defilippi et al. 1999). Comprising up to 10%
of the total cellular protein, there is no wonder that actin
is one of the most studied proteins. About half of the actin
pool in any non-muscle cell is unpolymerized (G-actin).
Upon polymerization actin monomers associate head-to-
tail and form filaments (F-actin), which associate in var-
ious higher-level structures (Pollard and Cooper 1986).
Many quiescent cells in culture, such as endothelial cells
and fibroblasts, display bundles of actin filaments asso-
ciated with actin-binding proteins, called stress fibers
(Byers and Fujiwara 1982; Gabbiani et al. 1983; Kreis
and Birchmeier 1980; Wong et al. 1983). At one or both
ends stress fibers come in tight contact with specialized
domains of the PM, named focal adhesions, through
which cells adhere to the extracellular matrix (Kano et al.
1996).

A dramatic change in the organization of actin cyto-
skeleton occurs when cells are induced to migrate. A re-
distribution of cortical actin filaments occurs, resulting in
an intense membrane activity known as “ruffling”, in
changes of cell shape, and in directional locomotion
(Small et al. 2002). Actin fibers are continuously as-
sembled at the PM, while depolymerization occurs at the

opposite end, toward the cytosol. A battery of actin-
binding proteins (ABPs) contribute to the organization of
F-actin, both in resting and motile cells; they differ ac-
cording to the cellular activity and to the intracellular
location (cell body, lamellipodia, filopodia, and mem-
brane ruffles; Small et al. 2002). Although the term “actin
cytoskeleton” has a connotation of rigidity, suggesting
that it mainly contributes to the mechanical support of the
cell, this is not entirely correct. The actin cytoskeleton is
highly dynamic, since only such dynamic interactions
between actin and binding proteins can support cellular
motile responses on time scales ranging from subseconds
to hours. The different steps of actin fiber assembly and
disassembly are controlled by ABPs through weak inter-
actions (Kd in the range of 10�5 M; Pollard 1986). An
obvious advantage of such weak interactions resides in
the rate with which they form and dissociate, which, in
turn, is essential for the dynamic properties of the actin
cytoskeleton and for the promptitude with which the cells
respond to stimuli. As a corollary, one would expect that
signaling pathways exert control upon the interactions
between actin and its regulatory proteins (Pollard 1988).
Capping, severing, and sequestering proteins regulate the
size of the pools of F-actin and unassembled G-actin by
affecting the steady-state concentration of ATP-G-actin
(Carlier and Pantaloni 1997).

The signaling transduction pathways that trigger cel-
lular motility operate by regulating actin reorganization.
A major role was ascribed to the small GTP-binding
proteins from the Rho family: Rho, Rac, and Cdc42. Each
has a particular role in specific motility states of cells.
Rho proteins mediate the lysophosphatidic acid and
bombesin-induced formation of focal adhesions and actin
stress fibers in quiescent cells (Ridley and Hall 1992).
Rac proteins are required for the platelet-derived growth
factor-, insulin-, bombesin-, and phorbol ester-stimulated
actin polymerization at the PM that results in membrane
ruffling in motile cells (Ridley et al. 1992). Cdc42 con-
trols the formation of filopodia induced, for example, by
bradykinin receptor activation (Kozma et al. 1995; Nobes
and Hall 1995). Moreover, in these cells, a sequential
activation of Cdc42!Rac!Rho was described (Nobes
and Hall 1995). Each of these mediators have activators
and inhibitors, and interacting proteins that act upstream
or downstream on the respective pathways, in a complex
network of interactions and with multiple points of con-
trol (Aspenstrom et al. 2004).

Role of ROS in cellular motility

Necessary components of the NAD(P)H oxidase func-
tional complex are two small GTPase isoforms also in-
volved in actin reorganization: Rac1 in macrophages
(Abo et al. 1991) and Rac2 in neutrophils (Knaus et al.
1991). Interestingly, although both roles of Rac have been
known for a decade and intensely studied, the two pro-
cesses—actin reorganization and NAD(P)H oxidase acti-
vation—were regarded until recently independently. In
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fact, there might be a crosstalk between O2
·� generation

by the activated NAD(P)H oxidase and actin cytoskeleton
remodeling, Rac1 being the “common denominator”
(Goldschmidt-Clermont and Moldovan 1999). In posthy-
poxic endothelial cells (EC), a condition known to induce
XO-mediated production of O2

·� (Zweier et al. 1994), the
pool of filamentous actin increased, and this effect was
reversed by overexpression of Cu,Zn-SOD (Crawford et
al. 1996). This suggested that O2

·� could be involved in
actin control. To further test this hypothesis, we used a
replication-deficient adenoviral vector to overexpress
the constitutively active form of Rac1, RacV12 in EC.
RacV12 induced an increase in ROS production by EC, as
well as actin reorganization and ruffles formation. Both
effects could be counteracted by either overexpressing
Cu,Zn-SOD or by other antioxidants (Moldovan et al.
1999).

One possible pathway for this effect was recently de-
scribed. Rac-mediated activation of NAD(P)H oxidase
and ROS generation would inhibit a low molecular weight
protein tyrosine phosphatase, which as a consequence
does not dephosphorylate p190Rho-GAP and therefore
maintains it in an activated state (Nimnual et al. 2003).
p190Rho-GAP is a Rho inhibitor, which means that Rac
downregulates Rho activity in a redox-dependent manner,
inhibits stress fibers formation, and thus allows actin re-
modeling (Nimnual et al. 2003). Another connection was
recently reported: the human immunodeficiency virus
type 1 Tat induces alterations in the actin cytoskele-
ton mediated by Pak1 and downstream activation of
NAD(P)H oxidase (Wu et al. 2004). Pak1 is a serine/
threonine kinase and a Rac-interacting protein, and al-
though the cited report does not focus on Rac, the cyto-
skeletal changes observed in the presence of Tat match
those specifically induced by Rac activation.

The physiological significance of these findings could
be the following: since (1) rapid actin reorganization
controls cellular migration and (2) intracellular O2

·�

generation is needed for Rac to exert its control on actin,
therefore, (3) O2

·� production, most probably due to Rac-
mediated NAD(P)H oxidase activation, may regulate cell
migration. Indeed, in an in vitro EC wounding model, we
found that either preventing the formation of O2

·� with the
NAD(P)H oxidase inhibitor diphenylene iodonium or
scavenging O2

·� with the SOD mimetic manganese (III)
tetrakis(1-methyl-4-pyridyl)porphyrin (MnTMPyP) con-
sistently reduced speed and directionality of otherwise
unstimulated EC migration into the wound (Moldovan et
al. 2000). These findings were confirmed by the fact that
inhibition of Rac-mediated ROS production blocked EC
VE-cadherin-mediated cell–cell adhesion and migration
(van Wetering et al. 2002).

In several other instances intracellular ROS were in-
volved in endothelial cell motility: ethanol-induced in
vitro angiogenesis (Qian et al. 2003), vascular endothelial
growth factor-induced migration of EC (Abid et al. 2000;
Ushio-Fukai et al. 2002) and of smooth muscle cells
(Wang et al. 2001), in vivo wound healing (Gordillo and
Sen 2003), and hypoxia/reoxygenation-induced Matrigel

invasion by EC (Lelkes et al. 1998). Likewise, ROS were
demonstrated to be necessary in other actin-based cellular
activities: human sperm acrosomal reaction (de Lami-
rande et al. 1998), low-density lipoprotein-induced stress
fiber formation (Holland et al. 2001), VCAM-1 signaling
upon engagement during lymphocyte migration (Cook-
Mills 2002), integrin engagement during cell adhesion
(Chiarugi et al. 2003), or migration of human fibrosar-
coma cells (Liu et al. 2003).

Although the actin cytoskeleton, unlike the organelles
discussed so far, does not seem to contain bound O2

·�,
H2O2, or other ROS-generating systems, it is profoundly
affected by the redox environment. For years, the regu-
lation of the actin cytoskeleton has been reconstituted in
vitro in privileged redox conditions, in which a large
excess of antioxidants, such as DTT, is added to protein
preparations (Moldovan et al. 2000; Pardee and Spudich
1982). The reason for this redox bias is that in the absence
of reducing agents, actin preparations are too unstable for
studies of protein–protein interaction (Xu et al. 1998).
However, until recently this redox sensitivity was not
investigated in terms of actin regulation, but in terms of
what damage ROS, and especially H2O2, may inflict upon
actin (see, for example, Milzani et al. 1997). This view
has changed as it became apparent that cytosolic redox
conditions do not just alter actin, but alter it in a physi-
ologically meaningful way (Goldschmidt-Clermont and
Moldovan 1999).

Another line of thinking on the actin–redox connection
started with the finding that glutathionylated actin is
present in vivo in various conditions of oxidative stress
(Fratelli et al. 2002; Pastore et al. 2003). Most impor-
tantly, actin glutathionylation is reversible, and so is its
decreased polymerizability in this condition (Dalle-Donne
et al. 2003). These authors suggested that S-thiolation of
actin may prevent irreversible organization of microfila-
ments within cells, also preventing excessive actin poly-
merization and crosslinking, thereby preserving actin dy-
namics under oxidative stress (Dalle-Donne et al. 2001).

The above findings do not explain yet the sequence of
events by which NAD(P)H oxidase-derived O2

·� controls
actin dynamics and cell motility. It could be either an
indirect mechanism (Nimnual et al. 2003), or by modu-
lating the activity of proteins that directly bind actin. An
example is cofilin, which was found to form revers-
ible disulfide-linked dimers and oligomers, with reduced
severing activity and instead increased actin bundling
(Pfannstiel et al. 2001). Alternatively, it could be a direct
interaction of ROS, O2

·� or H2O2, with actin. Although no
proof of such an interaction in vivo exists yet, it is not
inconceivable, because in both phagocytic (Tamura et al.
2000) and non-phagocytic cells (Gu et al. 2002; Li and
Shah 2002; Wu et al. 2003) NAD(P)H oxidase was found
associated with actin or with the F-actin binding protein
moesin (Wientjes et al. 2001). Moreover, this association
would not be a permanent one, but inducible, as suggested
by the fact that vascular endothelial growth factor stim-
ulation of EC triggers translocation of p47phox, together
with WAVE1, Rac, and Pak1, to the membrane ruffles
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(Wu et al. 2003). This is exactly where the most active
actin reorganization takes place.

In summary, ROS are “new” players in the physio-
logical control of actin cytoskeleton dynamics, besides
the 30+ families of ABPs. Actin is a very redox sensitive
protein, a fact that may be important for its control
through the cytosolic redox environment. Despite the fact
that more evidence is accumulating that links ROS gen-
eration with cellular motility, this process is not yet un-
derstood in detail.

Conclusions

In this review, we documented the likely presence and
roles of O2

·� and other ROS, as well as the redox envi-
ronment in membrane-bound compartments and mem-
brane-free structures of cells. We consider that organelles,
as well as other molecules and/or supramolecular en-
sembles, need a redox “activation”, which would increase
their biochemical and possibly their biomechanical reac-
tivity, making them suitable for the various processes to
which they contribute. In this respect, of particular rele-
vance is the highly dynamic actin cytoskeleton. On a
larger scale, any protein may benefit from the redox mi-
lieu in adopting an optimal functional three-dimensional
structure. While O2

·� might be a “hidden variable”, other
partners of the redox system, such as the concentrations of
thiols, are also involved in the maintenance of an optimal
redox (micro)environment.

The question remains whether it is possible to recon-
cile the apparently vital production of ROS with the also
largely documented deleterious effects of “oxidative
stress” (in other words: are ROS good or bad for cells?).
Probably there is no simple answer, but in any case this is
clearly a matter of what kind, where, when, and how
much ROS are produced. The intracellular oxidative
stress of significant consequences represents large quan-
tities of ROS, usually derived from mitochondria, either
acutely in specific pathophysiological reactions, or as
chronic, cumulative leakage. Given the evolutionary
symbiotic origin of mitochondria, these ROS might still
be viewed as “exogenous” to the host cell. Therefore, the
various types of ROS, namely those derived from
NAD(P)H oxidase and from mitochondria, as well as
those derived from or associated with the functioning of
lysosomes, peroxisomes, Fenton reactions, etc., would
represent different “physiological” entities, even though
chemically similar.
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