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Summary

Oxidative stress is an unavoidable consequence of life in an
oxygen-rich atmosphere. Oxygen radicals and other activated oxy -
gen species are generated as by-products of aerobic metabolism and
exposure to various natural and synthetic toxicants. The “Oxygen
Paradox” is that oxygen is dangerous to the very life-forms for
which it has become an essential component of energy produc-
tion. The first defense against oxygen toxicity is the sharp gradient
of oxygen tension, seen in all mammals, from the environmental
level of 20 % to a tissue concentration of only 3-4% oxygen. These
relatively low tissue levels of oxygen prevent most oxidative dam-
age from ever occurring. Cells, tissues, organs, and organisms uti-
lize multiple layers of antioxidant defenses and damage removal,
and replacement or repair systems in order to cope with the re-
maining stress and damage that oxygen engenders. The enzymes
comprising many of these protective systems are inducible under
conditions of oxidative stress adaptation, in which the expression
of over 40 mammalian genes is upregulated. Mitotic cells have the
additional defensive ability of entering a transient growth-arrested
state (in the first stages of adaptation) in which DNA is protected
by histone proteins, energy is conserved by diminished expression
of nonessential genes, and the expression of shock and stress pro-
teins is greatly increased. Failure to fully cope with an oxidative
stress can switch mitotic cells into a permanent growth-arrested,
senescence-like state in which they may survive for long periods.
Faced with even more severe oxidative stress, or the declining pro-
tective enzymes and adaptive capacity associated with aging, cells
may “sacrifice themselves” by apoptosis, which protects surround-
ing healthy tissue from further damage. Only under the most se-
vere oxidative stress conditions will cells undergo a necrotic death,
which exposes surrounding tissues to the further vicissitudes of an
inflammatory immune response. This remarkable array of systems
for defense; damage removal, replacement, and repair; adaptation;
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growth modulation; and apoptosis make it possible for us to enjoy
life in an oxygen-rich environment. .
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proteasome; proteolysis.

OXIDATIVE STRESS AND THE OXYGEN PARADOX

Several million years ago, unicellular organisms in the pri-
mordial seas began dumping a new toxic agent into the environ-
ment. In a remarkable show of evolutionary adaptability, other
organisms found ways to turn this toxicant to their own advan-
tage. Many organisms developed the ability to use the toxic agent
toincrease energy extraction from foodstuffs, while still clinging
tenaciously to archaic, but inherently safer, metabolic pathways.
In time, the benefits of this toxicant permitted the emergence of
new species whose very existence depended entirely on the poor
waste-management practices of their primitive relatives.

The toxic agent in question, of course, is oxygen that was (and
still is) produced as a metabolic waste product by simple aquatic
organisms such as the blue-green algae. Not to be outdone, ter-
restrial plant life has mimicked its water-dwelling relatives and
now contributes significantly to environmental oxygen levels.
Multicellular animal life evolved partly as a consequence of
the many-fold increase in cellular energy that can be extracted
from foods by enzymatic reduction of oxygen. If all this seems
like a perfect arrangement, it must always be remembered that
appearances can be deceptive. I began this discussion by intro-
ducing oxygen as a toxic waste product and although higher
animal species (obligate aerobes) cannot live without it, oxygen
remains an extremely dangerous agent with which to coexist.
This very basic dilemma has come to be known as “The Oxygen
Paradox” (1, 2).

Living with oxygen is basically unsafe. It has been said that,
“A disturbance in the pro-oxidant/antioxidant systems in favour
of the former may be denoted as an oxidative stress” (3). Thus,

279



280

oxidative stress can result from increased exposure to oxidants
or from decreased protection against oxidants, or even from
both problems occurring simultaneously (4). Oxidation reac-
tions cause iron to rust, potato chips to spoil, milk to go sour,
and oil or meat to turn rancid. We would spoil or go rancid,
too, except that we have numerous defenses to minimize ox-
idation. Our antioxidant defenses have been studied for many
years and are known to include renewable enzymes and com-
pounds that allow us to exist in a hostile oxygen environment.
In the late 1970s and early 1980s, however, advancing research
began to indicate that classical antioxidant defenses alone could
not explain our high tolerance for oxygen. Simply stated, the
antioxidant enzymes and compounds are not 100% effective in
preventing oxidation of vital cellular constituents, and damage
occurs continuously.

Estimates of damage to cells, based on laboratory experi-
ments, indicated that we should quickly die from oxidative dam-
age to vital cellular constituents if the antioxidant enzymes and
compounds were really our only means of protection. Because
death by oxidation is clearly not the norm, the existence of dam-
age removal and repair systems was proposed. Over the past
25 years, mounting evidence from several laboratories has con-
firmed the existence of damage removal and repair systems for
oxidized proteins, membrane lipids, and DNA. Furthermore, the
effective operation of several damage removal or repair systems
has been shown to be essential for survival in an oxygen-rich
environment, a concept that has long been accepted for key an-
tioxidant enzymes and compounds.

Dividing cells appear to be particularly sensitive to oxidative
damage, probably because their DNA is uncoiled and naked as
it undergoe s rapid replication. The simple expedient of entering
a transient growth-arrested state, until the oxidative stress is
(hopefully) over, now appears to be a very effective protection
in mitotic cells.

Perhaps one of the most exciting recent developments in the
field of Oxidative Stress has been the discovery that genes, which
encode antioxidant enzymes and repair enzymes, can actually
respond to changing levels of oxidative insult. We now know
that organisms from simple bacteria to complex mammals can
successfully adapt to oxidative stress by rapidly increasing their
production of antioxidant and repair enzymes. A battery of some
30-40 genes in bacteria, yeast, and mammals, are “turned on” in
arapid and highly coordinated response to oxidation. The aug-
mented defense and repair armory provided by this rapid genetic
response enables cells to survive oxidant exposures that would
normally be lethal. The importance of this adaptive response in
an ever-changing environment is suggested as a highly effective
countermeasure against the “Oxygen Paradox” (7, 2).

Oxidative stress causes a very wide spectrum of genetic,
metabolic, and cellular responses. Only necrosis, which is the
most extreme outcome, involves direct cell destruction. Most ox-
idative stress conditions that cells might actually encounter will
modulate gene expression, may stimulate cell growth, or may
cause a protective temporary growth-arrest and transient adap-
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tive response. Even the apoptotic response seen at high oxidant
exposures appears to protect surrounding cells and issues.

ANTIOXIDANT COMPOUNDS AND ENZYMES

Thankfully, we are not defenseless against the oxygen rad-
icals and other activated-oxygen species to which we are con-
stantly exposed. All aerobic organisms, including human beings,
utilize a series of primary antioxidant defenses in an attempt to
protect against oxidant damage.

Antioxidant Compounds

Our cells utilize a series of antioxidant compounds to directly
react with oxidizing agents and disarm them (5-7). Such an-
tioxidants are said to be “scavengers,” and their role is unavoid-
ably suicidal. Vitamin E (¢-tocopherol) is a major membrane-
bound antioxidant, and vitamin C (ascorbic acid) is a major
aqueous-phase antioxidant. The fact that these compounds are
both human vitamins underscores their vital importance in main-
taining health.

Other water-soluble antioxidant compounds include uric
acid, glutathione, and ceruloplasmin. Uric acid, the end product
of purine metabolism in humans, is particularly interesting be-
cause it may function both as a classic suicidal antioxidant and
as a chelator of transition metals. By binding iron and/or cop-
per, uric acid may inhibit metal-catalyzed oxidation reactions
without itself becoming oxidized. Other lipid-soluble agents,
including B-carotene and ubiquinone, may also play important
antioxidant roles in vivo.

Antioxidant Enzymes and Proteins

Aerobic organisms also synthesize numerous antioxidant en-
zymes and other proteins in an attempt to minimize oxidative
damage (6, 7). Perhaps the best known of these enzymes is super-
oxide dismutase. No single discovery was of greater significance
to the development of the free-radical field than the discovery
of the enzyme family of superoxide dismutases. The superoxide
dismutases (SOD) catalyze the reaction O, + O, — H,0,
+ O, and increase the rate constant of this important dismu-
tation reaction several-fold. All members of the SOD family
utilize transition metals at their active sites. Bacteria employ
an Fe-SOD and a Mn-SOD, whereas mammals utilize distinct
cytoplasmic and extracellular forms of Cu, Zn-SOD and a mito-
chondrial Mn-SOD that, in evolutionary terms, is closely related
to the bacterial Mn-SOD. Genetic deletion of SOD has been
shown to be a lethal mutation in lower organisms, underpinning
the essential importance of this enzyme family.

The product of SOD is H,O,, which is clearly toxic and must
be rapidly removed. In mammalian cells this is accomplished
by two enzyme families: the glutathione peroxidases and the
catalases. Both glutathione peroxidases and catalases detoxify
H,O, by reducing it to water and oxygen. Glutathione peroxi-
dases utilize the reducing power of glutathione (GSH), a tripep-
tide consisting of L-y-glutamyl-L-cysteinylglycine, to detox-
ify hydrogen peroxide. The sulfhydryl moiety of the cysteine
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residue supplies the actual reducing equivalents required for
glutathione peroxidase activity. Two molecules of GSH are ox-
idized to form the disulfide-bonded compound, GS-SG in the
reduction of a molecule of hydrogen peroxide. The companion
enzyme glutathione reductase utilizes NADPH to re-reduce one
molecule of GS-SG to two molecules of GSH, thus permitting
the continuous action of glutathione peroxidase. So important
are the roles of glutathione-utilizing enzymes to normal func-
tions that most cells contain concentrations of GSH in excess of
5 mM.

A good deal of interest has centered on the question of whe-
ther glutathione peroxidases or catalases are more important in
detoxifying intracellular hydrogen peroxide. In most mamma-
lian cell types, catalase is exclusively found within peroxisomes
where it has a clear function of removing the H,O, generated
by B-oxidation of long-chain fatty acids. Because catalase is not
generally found in the cytoplasm of most mammalian cells, and
because bulk H,O, diffusion from the cytoplasm into peroxi-
somes seems rather unlikely, it seems probable that glutathione
peroxidases largely deal with cytoplasmic H,O, and catalases
largely deal with peroxisomal H,O5.

Another important antioxidant enzyme is DT diaphorase,
which is also called quinone reductase. DT diaphorase is
able to catalyze the direct divalent reduction of many (dehy-
dro)quinones to (dihydro)quinols. By catalyzing a direct two-
electron reduction of substrate quinones, DT diaphorase avoids
production of reactive semiquinone radical intermediates (such
as Q*~and QHe). DT diaphorase may play an important role in
the detoxification of many quinonoid drugs and environmental
agents by stabilizing the relatively safe quinol form, prior to
conjugation and elimination by other enzyme systems.

Two nonenzymatic proteins, ferritin and ceruloplasmin, also
appear to play important roles in transition-metal storage and
antioxidant defense in vivo. Transition metals such as iron and
copper are involved in both metal-catalyzed (“auto”)oxidations
and reactions leading to hydroxy 1 radical production from su-
peroxide. Ferritin, which binds iron in the cytoplasm of mam-
malian cells, and ceruloplasmin, which binds copper in plasma,
are thought by many to contribute a significant antioxidant ca-
pacity to bodily fluids. Recently, despite the enormity of the task,
significant progress has been made in detailed and quantitative
analysis of the total antioxidant status of various bodily fluids.

TRANSIENT GROWTH-ARREST

One of the surprises to emerge from studies of cellular stress
responses is the observation that transient growth-arrest is uti-
lized by mitotic cells to protect against acute stress (I, 8-14).
Our current understanding or interpretation is that the DNA of
dividing cells is much more susceptible to damage than is that
of postmitotic cells. In postmitotic cells, DNA is, for the most
part, maintained in a supercoiled state and is further protected
by a coating of histone proteins. In contrast, the DNA of mi-
totic cells spends long periods of time in an uncoiled state, with
no histone protein coating, in order to undergo replication. This
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uncoiled and naked state of DNA in dividing cells makes them
especially susceptible to various forms of damage, including ox-
idative stress. The situation is further exacerbated by the heavy
metabolic demands of very high rates of transcription, transla-
tion, and the multiple processes leading to division in mitotic
cells. Thus, an early response of mitotic cells to oxidative stress
is to enter a transient growth-arrested state in which DNA is
largely supercoiled, replication is halted, and only a few shock
or stress genes are transcribed and translated (8-14). If the ox-
idative stress is not severe enough to cause apoptosis or necrosis,
mammalian cells will re-enter the growth cycle after some 3 to
4 hr of transient growth-arrest.

It is interesting to note that transient growth-arrest has been
overlooked as a protective mechanism for many years. This is
probably due to the widespread popularity of cell proliferation
assays as measures of toxicity. There are probably thousands
of published studies in the literature in which diminished cell
proliferation is used as a measure of toxicity. In many cases of
high oxidant stress, diminished proliferative capacity probably
does accurately reflect toxicity. In cases of mild stress, however,
cells entering a protective transient growth-arrest will often be
inadvertently included with permanently growth-arrested cells,
or even dead cells. As will be seen in the next section on adaptive
responses and inducible defenses, transiently growth-arrested
cells re-enter the growth cycle, undergo adaptive changes, and
actually exhibit increased tolerance to oxidative stress after sev-
eral hours.

At least three genes have been shown to be important in
oxidant-induced transient growth-arrest. These are gadd45,
gaddl53 discovered by Fornace and Holbrook (/2-14), and
adapt 15, discovered in our laboratory (10, 11). Expression
of these genes, by several methods, has been shown to induce
transient growth-arrest and to temporarily increase protection
against oxidative stress.

DIRECT REPAIR SYSTEMS

Damage repair systems may be classified as either direct or
indirect (I, 2, 15). Direct repair, about which we know only
a little, has so far only been demonstrated for a few classes
of oxidized molecules. One important direct repair process is
the re-reduction of oxidized sulthydryl groups on proteins. Cys-
teine residues in proteins are highly susceptible to autooxidation
and/or metal-catalyzed oxidation. When two nearby cysteine
residues within a protein oxidize, they often form a disulfide
bond, producing a more rigid protein. Disulfide bonds can also
form between two proteins, promoting the formation of large
supramolecular assemblies of inactivated enzymes and proteins;
this is called intermolecular cross-linking. Both intramolecular
disulfide cross-links and intermolecular disulfide cross-links can
be reversed to some extent by disulfide reductases within cells.
Our understanding of such enzymatic reactions is still at an early
stage. Another important sulfhydryl oxidation process is the
oxidation of methionine residues to methionine sulfoxide, which
may cause loss of enzyme/protein function, or which may protect
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other amino acid residues in the protein. The enzyme methionine
sulfoxide reductase can regenerate methionine residues within
such oxidized proteins and restore function. As with disulfide re-
ductases, our understanding of methionine sulfoxide reductases
is still in its infancy.

Direct repair of DNA hydroperoxides by glutathione peroxi-
dase has been reported from in vitro studies. The extent to which
DNA peroxides are actually formed in vivo, however, is not com-
pletely clear. Also, not yet studied is the extent to which DNA
peroxides may be directly repaired by glutathione peroxidases
in vivo. Other relatively straightforward mechanisms of DNA
repair are also being explored.

DAMAGE REMOVAL AND REPLACEMENT/REPAIR
SYSTEMS (INDIRECT REPAIR)

Although our knowledge of direct repair systems, as outlined
previously, is still rather rudimentary, a great deal more is known
about indirect repair systems. Indirect repair involves two dis-
tinct steps; first the damaged molecule (or the damaged part of
a molecule) must be recognized and excised, removed, or de-
graded. Next, a replacement of the entire damaged molecule
must be synthesized, or the excised portion of the damaged
molecule must be made and inserted.

Degradation and Replacement of Oxidized Proteins

Extensive studies have revealed that oxidized proteins are
recognized by proteases and completely degraded (to amino
acids); entirely new replacement protein molecules are then syn-
thesized de novo (1/5-20). It appears that oxidized amino acids
within oxidatively modified proteins are eliminated or used as
carbon sources for ATP synthesis. Because an oxidatively modi-
fied protein may contain only two or three oxidized amino acids,
itappears probable that most of the amino acids from an oxidized
and degraded protein are reutilized for protein synthesis. Thus,
during oxidative stress many proteins synthesized as damage
replacements are likely to contain a high percentage of recy-
cled amino acids. During periods of particularly high oxidative
stress, the proteolytic capacity of cells may not be sufficient to
cope with the number of oxidized protein molecules being gen-
erated. A similar problem may occur in aging, or with certain
disease states, when proteolytic capacity may decline below a
critical threshold of activity required to cope with normal oxida-
tive stress levels. Under such circumstances, oxidized proteins
may not undergo appropriate proteolytic digestion and may in-
stead cross-link with one another or form extensive hydrophobic
bonds. Such aggregates of damaged proteins are detrimental to
normal cell functions and lead to further problems.

In bacteria such as Escherichia coli, a series of proteolytic
enzymes act cooperatively in the recognition and degradation of
oxidatively modified soluble proteins. A similar series of prote-
olytic enzymes appear to conduct the degradation of oxidatively
modified soluble proteins in mammalian mitochondria. In the
cytoplasm and nucleus of eukaryotic cells, however, oxidized
soluble proteins largely appear to be recognized and degraded
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by the proteasome complex, which constitutes up to 1% of total
cellular protein. Proteasome is a 670-kDa multi-enzyme com-
plex that appears to be ubiquitously expressed in the cytoplasm
and nuclei of all eucaryotic cells. Some 14 individual polypep-
tides, each present in multiple copies, with molecular weights
ranging from approximately 20,000 daltons to 35,000 daltons
make up the proteasome complex; the exact composition varies
with species and cell type. Each of the component proteasome
polypeptides is encoded by a separate gene and many of these
genes have now been cloned and sequenced. The results of such
cloning and sequencing studies reveal that proteasome is a com-
pletely nonclassical protease complex. Indeed, the proteasome
subunits have no discernable sequence identity to any known
proteins, except for a small degree of sequence overlap with
some of the heat shock proteins.

Recognition of oxidized soluble proteins in the cell cytoplasm
and nucleus by proteasome appears to occur via binding to ex-
posed hydrophobic patches on the damaged proteins. Although
the process of protein oxidation (which, of course, means oxida-
tion of consistent amino acids) often involves changes that make
some amino acid residues more hydrophilic; changes in charge
relationships on a protein can cause significant unfolding or par-
tial denaturation. Such partial denaturation exposes previously
shielded stretches of primary sequence that are hydrophobic in
nature. Exposed hydrophobic patches on the surface of oxidized
proteins appear to act as recognition and binding sequences for
the 670-kDa core proteasome. Several lines of research now
indicate that gradually increasing proteasome inhibition, from
accumulation of nondegradable protein aggregates, may be a
significant factor in the overall aging process (20).

Degradation and Replacement/Repair of Oxidized
Membrane Lipids

Lipid peroxidation was the first type of oxidative damage to
be studied. Membrane phospholipids are continually subjected
to oxidant challenges. The process of lipid peroxidation is com-
prised of a set of chain reactions that are initiated by the abstrac-
tion of a hydrogen atom (from carbon) in an unsaturated fatty
acyl chain (/-4). In an aerobic environment, oxygen will add
to the fatty acid at the carbon centered lipid radical (L¢) to give
rise to a lipid peroxyl radical (LOO®). Once initiated, LOO* can
further propagate the peroxidation chain reaction by abstracting
a hydrogen atom from other vicinal unsaturated fatty acids. The
resulting lipid hydroperoxide (LOOH) can easily decompose
into several reactive species including: lipid alkoxyl radicals
(LO¢), aldehydes (e.g., malonyldialdehyde), alkanes, lipid epox-
ides, and alcohols. Cholesterol has also been shown to undergo
oxidation, to give rise to a variety of epoxides and alcohols.

Peroxidized membranes become rigid, lose selective perme-
ability, and under extreme conditions, can lose their integrity.
Water-soluble lipid peroxidation products (most notably the
aldehydes) have been shown to diffuse from membranes into
other subcellular compartments. Dialdehydes can act as cross-
linking reagents and are thought to play a role in the protein
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Figure 1. Oxidative stress, antioxidant defenses, and damage removal, repair, and replacement systems. Depicted here is the
conversion (by free radicals or other oxidants) of a normal, mitotic, eukaryotic cell into an oxidatively damaged cell, which may
then die by either apoptosis or necrosis. Acting against the conversion of a normal cell into an oxidatively damaged cell are the
antioxidant enzymes and compounds (primary defenses) and the facility of mitotic cells to enter a protective transient growth-
arrested state. Should these protections not prove sufficient, some of the damaged proteins, lipids, and DNA may undergo direct
repair, and other damaged proteins, lipids, and DNA will be partially or completely degraded and then repaired or completely
replaced. While repair, removal, and replacement mechanisms are underway, cells will begin a series of temporary adaptive
responses involving altered expression of at least 30-40 genes. Maximal adaptation (greatest induced resistance to oxidative stress)
is typically seen at 18-20 hr after stress exposure, and lasts for no more than 36 hr. If these multiple layers of defense, repair,
removal, replacement, and adaptation are insufficient to deal with an oxidative stress, the normal cell will become an oxidatively
damaged cell. The damaged cell may enter a permanently growth-arrested state from which it never truly recovers, or it may die
by apoptosis, which will protect surrounding cells and tissues. The other option of necrotic cell death, which typically only occurs
at very high oxidative stress levels, involves loss of membrane integrity and release of cellular constituents, which will cause an
inflammatory immune response that may also damage adjacent cells.

aggregation that forms the age pigment, lipofuscin. Several lab-
oratories are investigating the possibility that lipid peroxidation
products may form DNA adducts, thus giving rise to mutations
and altered patterns of gene expression. Others have noted inhi-
bition of enzyme function by lipid peroxidation products. It is
very clear that the process of lipid peroxidation, and its prod-
ucts, can be detrimental to cell viability. Cumulative effects of

lipid peroxidation have been implicated as underlying numerous
pathological conditions including: atherosclerosis, hemolytic
anemias, and ischemia reperfusion injuries.

Lipid bilayers that have been oxidized become better sub-
strates for phospholipase enzymes (15, 21). Phospholipase A,
acts at the sn-2 position of the phospholipid glycerol backbone to
generate a free fatty acid and a lysophospholipid. Phospholipase
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A, has been shown to preferentially hydrolyze fatty acids from
oxidized liposomes (21). Structural perturbations due to changes
in membrane microviscosity, and the increased hydrophilic na-
ture of oxidized lipids may be responsible for the increased sus-
ceptibility to phospholipase A, action. Removing fatty acid hy-
droperoxides from the membrane compartment will help prevent
further propagation reactions. Additionally, it has been demon-
strated that fatty acid hydroperoxides released into the cytosol
are substrates for glutathione peroxidase. Glutathione perox-
idase detoxifies fatty acid hydroperoxides by reducing them
to their corresponding hydroxy fatty acids. Lysophospholipids
left in the membrane posses potential detergent properties that
have been shown to disrupt membrane structure and function.
Lysophospholipids can serve as substrates for reacylation reac-
tions (readdition of fatty acids to the sn-2 position) to regenerate
intact phospholipids.

Recent work suggests that it is possible to reduce fatty acid
hydroperoxides (to their corresponding alcohols) without hy-
drolysis and release from the membrane compartment. A mem-
ber of the glutathione peroxidase family, phospholipid hydro-
peroxide glutathione peroxidase, which acts preferentially on
phospholipid hydroperoxide s has been characterized by Ursini,
Maiorino, and their coworkers (22). A glutathione transferase
with activity towards lipid hydroperoxides has also been ex-
tracted from nuclei.

Peroxidized membranes and lipid oxidation products repre-
sent a constant threat to aerobic cells. It is now widely held that
in addition to preventing initiation of peroxidation (with com-
pounds such as vitamin E), cells have also developed a variety
of mechanisms for maintaining membrane integrity and homeo-
stasis by repairing oxidatively damaged lipid components.

Repair of Oxidized DNA

Ribo- and deoxyribonucleic acids are also vulnerable to ox-
idative damage, and perhaps most importantly, DNA has been
shown to incur oxidative damage in vivo (/-4). Although DNA
is a relatively simple biopolymer made up of only four different
nucleic acids, its integrity is vital to cell division and survival.
Oxidative alterations to nucleic acid polymers has been shown
to disrupt transcription, translation, and DNA replication, and to
give rise to mutations and (ultimately) cell senescence or death.
Despite the precious nature of the genetic code, it also appears
to be a target for oxidative damage. The amount of oxidative
damage, even under normal physiological conditions, may be
quite extensive with estimates as high as 1 base modification
per 130,000 bases in nuclear DNA. Damage to mitochondrial
DNA is estimated to be even higher at 1 per 8,000 bases. Frag-
ments of oxidatively modified mitochondrial DNA have been
implicated in cancer and aging.

Oxidants can elicit a wide variety of DNA damage prod-
ucts, several of which have been carefully characterized. The
types of DNA damage can be grouped into: strand breaks (single
and double), sister chromatid exchange, DNA-DNA and DNA -
protein cross-links, and base modifications. All four DNA bases
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can be oxidatively modified; however, the pyrimidines (cytosine
and, especially, thymidine) appear to be most susceptible. Bases
undergo ring saturation, ring opening, ring contraction, and hy-
droxylation. These types of alterations usually result in a loss of
aromaticity and planarity, which can cause local distortions in
the double helix. Depending on the type and extent of damage,
the altered bases can be found either attached to, or dissoci-
ated from the DNA molecule to generate apurinic/apyrimidinic
(AP) sites.

Radical interactions with DNA appear to be fairly nonspe-
cific; hence, the phosphodiester backbone may also be oxida-
tively damaged. Damage to the sugar and phosphate moieties,
which form the backbone, may result in strand breaks. Depend-
ing on the site of radical attack, unusual 3’ and 5’ ends (i.e.,
non-3’-OH, non-5"-PO4) can be generated. These abnormal ends
are not substrates for DNA polymerases, and must be removed
before any repair can occur.

Reports of glutathione transferases and peroxidases using
thymidine hydroperoxide as a substrate have been published
(23-26). DNA may also undergo oxidative demethylation (23-
26). DNA methylases may play an important role in restoring
methylation patterns and maintaining epigenetic phenomena.
Inhibition of poly (ADP-ribose) polymerase has been shown to
exacerbate H,O, genotoxicity, although the mechanism for this
is not yet clear. There is ample evidence that several prokaryotic
and eukaryotic enzymes repair oxidatively damaged DNA by
both direct (23-26) and excision repair mechanisms (23-26).

Prokaryotic endonuclease IIT has been shown to cleave at the
3’ side of AP sites. Endonuclease IIT also appears to posses an
N-glycosylase activity for thymine glycol and urea residues;
two common products of oxidative damage to DNA. Exonu-
clease III possess a 3'- to 5'-nucleolytic activity, which may be
responsible for removing the sugar fragments generated during
oxidative strand breakage. Exonuclease IIl is really a poor name
for this enzyme, which actually expresses 85% of the 5" AP en-
donucleolytic activity in E. coli. Endonuclease IV is also a 5'-AP
endonuclease.

Several eukaryotic glycosylases that act on DNA oxidation
products have been characterized. A 3'-repair diesterase in yeast
is apparently responsible for removing damaged 3’ termini left
by free radical reactions. A mammalian endonuclease has been
isolated based on its specificity for oxidatively modified DNA.
It bears remarkable similarities to the bacterial endonuclease II1
including: molecular weight (~30 kDa), lack of divalent cation
requirement, and substrate specificity. The term “redoxyendonu -
cleases” has been proposed for all nucleases that participate in
repairing oxidatively damaged DNA.

There is substantial evidence for the vital role of redoxyen-
donucleases in higher eucaryotic cells. DNA damage that ap-
pears in cells as a result of an acute oxidant challenge (including
base damage and single-strand breaks) has been shown to dimin-
ish as a function of time. These results suggest that a removal of
lesions is being carried out by intracellular systems. Oxidatively
damaged bases (8-hydroxydeoxyguanosine , thymine glycol, and
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thymidine glycol) have been measured in animal urine. Again,
this suggests that there is systematic excision and excretion of
oxidized DNA in vivo. The vital importance of such DNA exci-
sionrepair processes was highlighted by the selection of DNA re-
pair as the “Molecule of the Year” for 1994 by Science magazine.

ADAPTIVE RESPONSES AND INDUCIBLE DEFENSES

One of the most exciting developments in the field of ox-
idative stress over the past two decades has been the discovery
that both prokaryotes and eukaryotes are able to dramatically
upregulate their armory of oxidant protections in response to an
oxidative stress. Many researchers have utilized a fairly common
cell-culture adaptive response protocol originally used in heat-
shock studies to study such phenomena. This approach involves
first finding an oxidant concentration that is lethal to most of the
cells. Next new cultures are exposed to much lower levels of the
same oxidant (pretreatment exposures) for various periods of
time before being exposed to the normally lethal concentration
(the challenge dose). It has now been widely found that, in cells
from E. coli to human hepatocytes, pretreatment conditions can
be found that will enable cells to survive the subsequent chal-
lenge dose. Such adaptive responses to oxidative stress have been
shown to involve widespread alterations in gene expression.

Vital early studies on temporary adaptation to oxidative stress
were performed by Spitz et al. (27) and by Laval (28). After
3-5 hr of transient growth-arrest, many cells exposed to mild
oxidative stress (e.g., uM levels of hydroge n peroxide) undergo
further changes that can be characterized as temporary adapta-
tion to oxidative stress. In mammalian fibroblasts, we (9-11, 29~
34), and others (27, 28) have studied, maximal adaptation is seen
approximately 18 hr after initial exposure to hydrogen peroxide;
i.e., some 13-15 hr after they exit from transient growth-arrest.
In bacteria such as E. Coli and Salmonella, maximal adaptation
is seen 20-30 min after oxidant exposure (29, 35, 36), whereas
yeast cells require some 45 min for maximal adaptation (29, 37).

It is important to note that the adaptation referred to in this
section simply means increased resistance to oxidative stress, as
measured by cell proliferation capacity. Furthermore, the adap-
tation is temporary, lasting some 18 hr in mammalian fibroblasts,
90 min in yeast, and only 60 min in E. coli. In our studies, we
have been especially careful to avoid selecting for pre-existing
resistant cell in the population by checking repeatedly that tran-
siently adapted cells can actually de-adapt.

In both prokaryotes and eukaryotes, temporary adaptation to
oxidative stress depends on transcription and translation. A large
number of genes undergo altered expression during the adaptive
response. Some genes are upregulated, some are downregulated,
some are modulated early in the adaptation, while the expression
of others is affected at later times. In mammalian fibroblasts, we
observe three broad “waves” of altered gene expression during
adaptation; one at 0-4 hr following H,O, exposure (which is the
expression of shock/stress genes during transient growth-arrest),
one at 4-8 hr, and one at 8-12 hr. Inhibiting either transcription
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or translation during the adaptive response greatly limits the de-
velopment of increased H,O, resistance. If both transcription
and translation are inhibited, little or no adaptation will occur.
Therefore, the transient adaptive response to oxidative stress de-
pends largely on altered gene expression but partly on increased
translation of pre-existing mRNAs. It further appears that mes-
sage stabilization (for some mRNAs), increased message degra-
dation (for other mRNAs), and altered precursor processing
are all involved in adaptive translational responses (I, 9-11,
29-34, 37).

Elegant studies in E. coli and Salmonella have shown that
two particular regulons are responsible for many of the bacterial
adaptive responses to oxidative stress: the oxyR regulon (38) and
the soxRS regulon (39). In mammalian cells, no “master regula-
tion molecules” have been found, but at least 40 gene products
are involved in the adaptive response. Several of the mammalian
adaptive genes are involved in antioxidant defenses and others
are damage removal or repair enzymes. Many classic shock or
stress genes are involved very early in adaptive responses, par-
ticularly during transient growth-arrest. As indicated earlier in
this review, transient growth-arrest is a very important early por-
tion of the early defensive response of divisionally competent
mammalian cells to oxidative stress. We now know that transient
growth-arrest itself is a very early part of adaptive responses, and
that the genes gaddl53, gadd45, and adaptl5 play important
roles in inducing transient growth-arrest (9, 10-14).

The transcription factor, adapt66 (a mafG homologue) is
probably responsible for inducing the expression of several other
adaptive genes and for coordinating expression of several mito-
chondrial proteins, the subunits of which are encoded by both the
nuclear genome and the mitochondrial genome (37). A number
of other “adapt” genes have recently been discovered but their
functions are not yet clear. One of these genes is the calcium-
dependent adapt33 (30), and another is adapt73, which ap-
pears to also be homologous to a cardiogenic shock gene called
PigHep3 (32). Adapt 78 (which is also called DSCR1) is strongly
induced during oxidative stress adaptation (33, 34). Adapt 78
contains a calcium response element, is highly inducible by
calcium ionophores alone, and may well be involved in pro-
tecting against the harmful effects of large calcium fluxes dur-
ing oxidative stress. More recent work indicates that adapt78
may also involved in Down Syndrome, Parkinson’s Disease,
and Alzheimer’s Disease (40).

Numerous other genes have been shown to be inducible in
mammalian cell lines following exposure to the relatively mild
level of hydrogen peroxide oxidative stress that we find will
cause transient adaptation. These include the protooncogenes
c-fos and c-myc (41), c-jun, egr, and JE (41-43). Similar onco-
gene induction has also been reported following exposure to
tert-butylhydroperoxide (43). The induction of heme oxygen-
ase by many oxidants, including mild peroxide stress, may have
a strong protective effect, as proposed by Keyse and Tyrrell
(44). Other gene products that have been reported to be in-
duced by relatively mild hydrogen peroxide stress in dividing
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mammalian cell cultures include: the CL100 phosphatase (45);
interleukin-8 (46); catalase, glutathione peroxidase, and mito-
chondrial mangano-superoxide dismutase (47); natural killer-
enhancing factor-B (48); mitogen-activated protein kinase (49);
and gamma-glutamyltranspeptidase (50). Relatively low levels
of nitric oxide have also been shown to induce expression of
c-jun (51), c-fos (51, 52), and zif/268 (52). The list of oxidant
stress-inducible genes is much longer than the space limitations
of this review article will allow; apologies are extended to those
investigators whose studies have not been cited here. It is, how-
ever, very important to note that many of the gene inductions
reported in this work have not actually been studied in an adap-
tive cell culture model. Thus, although many of the genes dis-
cussed here appear to be excellent candidates for involvement in
transient adaptation to oxidative stress, their actual importance
remains to be tested.

It is important to note that, although most work on adapta-
tion has been conducted in dividing cells (largely because of
the simplicity of proliferative studies), postmitotic cells also ex-
hibit significant protective adaptive responses to oxidative stress
(15). Although such adaptive responses do not include tran-
sient growth-arrest (postmitotic cells are permanently growth-
arrested), they do include increased expression of various an-
tioxidant enzymes, DNA repair enzymes, and other protective
proteins. Thus, adaptation to oxidative stress must also be an
important component of the defensive/protective repertoire
of cells in vital organs such as the brain, heart, and skeletal
muscle.

In concluding this section, a note must be made of important
studies involving permanent (or stable) oxidative stress resis-
tance. Investigators have chronically exposed cell lines to vari-
ous levels of oxidative stress over several generations, and have
selected for pre-existing or mutant phenotypes that confer ox-
idative stress resistance. Several such studies have reported dra-
matic increases in catalase activity (relative to the parent popu-
lation), such as the 20-fold higher levels reported by Spitz et al.
(53). Stable oxidative stress resistance may tell us a great deal
about the importance of individual genes to overall cellular sur-
vival, and the value of such cell lines should not be underesti-
mated. It should be clear, however, that transient adaptive re-
sponses in gene expression and stable stress resistance are quite
different entities.

APOPTOSIS PROTECTS SURROUNDING CELLS

A fraction of cells exposed to high levels of oxidative stress
will enter the apoptotic pathway. The mechanism of oxidative
stress-induced apoptosis appears to involve loss of mitochon-
drial transmembrane potential (54), release of cytochrome c
to the cytoplasm (55), loss of bc1-2 (56), downregulation and
degradation of mitochondrially encoded mRNA, rRNA, and
DNA (57-59), and diminished transcription of the mitochondrial
genome (60). Current thinking about toxicant-induced apoptosis
suggests that, in multicellular organisms, the repair of severely
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damaged cells represents a major drain on available resources.
To avoid this difficulty, it is suggested, individual cells within
organisms (or organs or tissues) will “sacrifice” themselves for
the common good of the many.

Apoptotic cells are characterized by “blebbing,” nuclear con-
densation, and DNA laddering (67). Such cells are engulfed
by phagocytes that prevent an immune reaction and recycle
usable nutrients (62, 63). Under high oxidative stress, some
cells will simply disintegrate or become necrotic. Unfortunately,
badly damaged cells that die by necrosis cause major immune
and inflammatory responses, which may cause further damage
to surrounding cells and tissues. Such secondary inflammation
(also an oxidant stress) may be particularly important in many
autoimmune diseases such as rheumatoid arthritis and lupus.
Oxidation-induced necrosis may also play a significant role in
ischemia-reperfussion injures such as heart attacks, strokes, is-
chemic bowel disease, and macular degeneration. Thus, for a
tissue, organ, or organism, removing badly damaged cells by
apoptosis represents a very real advantage (over necrosis) and
should be considered as one of the “defense mechanisms.”

The apoptotic pathway may be very important in several age-
related diseases such as Parkinson’s, Alzheimer’s, and sarcope-
nia. Importantly, many mitochondrial changes, including loss of
membrane potential (54) and downregulation and degradation
of mitochondrial polynucleotides (57-59), are common to apop-
tosis directly induced by oxidants and to apoptosis induced by
staurosporine or IL-2 withdrawal. Furthermore, over expression
of the pS3 gene has been seen to result in induction of multiple
“redox-related” gene products, and initiation of apoptosis (62).
These observations support a strong involvement of oxidative
stress mechanisms in general apoptotic pathways.

THE IMPORTANCE OF OXYGEN CONCENTRATION

Most laboratory studies of cells in culture have been, and still
are, conducted in open conditions that expose the cells to atmo-
spheric levels of approximately 20% oxygen. The only cells in
human or animal bodies to experience such high oxygen levels
are the lens cells of the eyes, and cells of the upper airways and
upper regions of the lungs. Most mammalian cells exist in vivo
at an oxygen tension of 4% or less; many would argue that 2% is
a better physiological estimate. In humans, there is, for example,
a gradient of oxygen tension (partial pressure) decreasing from
150 mm Hg in the environment, to aproximately 110 mm Hg
in the lungs, to 95 mm Hg in the arterial system, down to only
30 mm Hg in most tissues (64). The main tissue that experiences
dramatic changes in oxygen delivery in vivo is the skeletal mus-
cle, which during heavy exercise can undergo up to 100-fold
increases in blood flow. Interestingly, heavy exercise has been
shown to exert an oxidative stress in skeletal muscle (65, 66).
Thus, almost all cell culture studies that one reads are actually
experiments in oxidative stress!

Cultured cells grown in 20% oxygen are essentially pre-
adapted or preselected to survive under conditions of oxidative
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stress. If cells are instead grown in 3% oxygen, much closer to
physiological cellular levels, they are more sensitive to an ox-
idative challenge but exhibit far less accumulated oxidant dam-
age. Measures of accumulated protein oxidation, lipid oxida-
tion, and oxidative DNA damage are all lower in cells grown
at 3% O, than in cells grown at 20% oxygen. When compar-
ing cells grown at 3% O, with those grown at 20% O,, we
find that the 3% O, cells have quite low antioxidant enzyme
levels (and are sensitive to relatively low levels of H,O,) but ex-
hibit dramatic adaptive responses in the expression of defense,
repair, and adapt genes if exposed to adaptive levels of hydro-
gen peroxide. In contrast, cells grown at 20% O, already have
high levels of antioxidant enzyme activity (presumably so they
can survive the 20% O,) and exhibit much smaller adaptive in-
creases in gene expression than do cells grown at 3% O, (8-11,
29-34, 40).

Interestingly, if one goes to the other extreme of growing cells
at 40% O, (hyperoxia), one finds clear-cut examples of overt
oxidative damage and stress (20, 67, 68). Thus, cells grown
at 40% O, accumulate extensive protein aggregates, display
compromised proteolysis and proteasome activity, and exhibit
a senescence-like phenotype within 8-12 weeks. Of course, we
have long known that the toxicity of hyperbaric “normoxia” is
due to the increased oxygen solubility at high pressures, which
causes tissues to undergo oxidation-induced damage.

It seems appropriate to consider oxygen concentration or ten-
sion as a continuum. Physiological concentrations of 2-4% O,
appear to be well-tolerated by eukaryotic cells that keep in re-
serve a tremendous adaptive capacity for antioxidant, repair, and
adapt gene expression under these conditions. If grown at 20%
O,, cells significantly increase their expression of antioxidant,
repair, and adapt genes but eventually begin to exhibit signs of
oxidative stress, damage accumulation, and diminished func-
tion. At 40% O, (or under “normoxic” hyberbaric conditions),
both the defensive and adaptive capacities of cells are over-
whelmed and significant accumulation of oxidatively damaged
proteins, lipids, and DNA occurs, resulting in early senescence
or cell death.

An important conclusion from such observations is that we
have, heretofore, almost certainly underestimated the in vivo
cellular capacity to cope with oxidative stress. The limited adap-
tive capacity of cells grown at 20% O, (where antioxidant,
damage removal, and repair activities may already be almost
maximized for survival) can now clearly be seen as reflect-
ing only the last 20% of adaptive capabilities. Despite the in-
creased technical difficulties of performing cell culture at only
3-4% oxygen, it is important for many of our assumptions
about oxidative stress to be re-examined at physiological oxy-
gen levels. Furthermore, the term “normoxia” should be used
very carefully with respect to living organisms. Although seems
entirely appropriate to describe 20% oxygen as “environmental
normoxia,” we must always remember that “tissue normoxia”
really involves only 3-4% oxygen.

287

ACKNOWLEDGMENTS
K. J. A. D. was supported by grant ES03598 from the NIH/
NIEHS and by grant AG16256 from the NIH/NIA.

REFERENCES

1. Davies, K. J. A. (1995) Oxidative stress: the paradox of aerobic life.
Biochem. Soc. Symp. 61, 1-31.

2. Davies, K. J. A., and Ursini, F. (1995) The Oxygen Paradox. CLEUP Uni-
versity Press, ISBN 88-7178-374-3, Padova, Italy.

3. Sies, H. (1985) Oxidative stress: Introductory remarks: In Oxidative Stress
(Sies, H., ed). pp. 1-8, Academic Press, London.

4. Cadenas, E. (1989) Biochemistry of oxygen toxicity. Annu. Rev. Biochem.
58, 79-110.

5. Halliwell, B., and Gutteridge, J. M. C. (1989) Free Radicals in Biology and
Medicine. Oxford University Press, Oxford.

6. Fridovich, L. (1995) Superoxide radical and superoxide dismutases. Annu.
Rev. Biochem. 64, 97-112.

7. Ozben, T. (1998) Free Radicals, Oxidative Stress, and Antioxidants: Patho-
logical and Physiological Significance. (Nato ASI Series A, Vol. 296.)
Plenum Press, New York.

8. Wiese, A. G., Pacifici, R. E.,and Davies, K. J. A. (1995) Transient adaptation
to oxidative stress in mammalian cells. Arch. Biochem. Biophys. 318, 231-
240.

9. Crawford, D. R., Schools, G. P., Salmon, S. L., and Davies, K. J. A. (1996)
Hydrogen peroxide induces the expression of adapt15, a novel RNA asso-
ciated with polysomes in hamster HA-1 cells. Arch. Biochem. Biophys. 325,
256-264.

10. Crawford, D. R., Schools, G. P., and Davies, K. J. A. (1996) Oxidant-
inducible adaptl5 is associated with growth arrest and DNA damage-
inducible gaddl53 and gadd45. Arch. Biochem. Biophys. 329, 137-
144.

11. Davies, K. J. A. (1999) The broad spectrum of responses to oxidants in
proliferating cells: A new padigm for oxidative stress. [UBMB Life 48, 41—
47.

12. Fornace, A. J., Jr., Nebert, D. W., Hollander, M. C., Luethy, J. D.,
Papathanasiou, M., Fargnoli, J., and Holbrook, N. J. (1989) Mammalian
genes coordinately regulated by growth arrest signals and DNA-damaging
agents. Mol. Cell. Biol. 9, 4196-4203.

13. Bartlett, J. D., Luethy, J. D., Carlson, S. G., Sollott, S. J., and Holbrook, N. J.
(1992) Calcium ionophore A23187 induces expression of the growth arrest
and DNA damage inducible CCAAT/enhancer-bindin g protein (C/EBP)-
related gene, gadd 153. Ca2+ increases transcriptional activity and mRNA
stability. J. Biol. Chem. 267, 20465-20470.

14. Fornace, A. J., Jr., Jackman, J., Hollander, M. C., Hoffman-Liebermann,
B., and Liebermann, D. A. (1992) Genotoxic-stress-respons e genes and
growth-arrest genes. gadd, MyD, and other genes induced by treatments
eliciting growth arrest. Ann N.Y. Acad. Sci. 663, 139-153.

15. Pacifici, R. E., and Davies, K. J. A. (1991) Protein, lipid, and DNA re-
pair systems in oxidative stress: The free radical theory of aging revisited.
Gerontology 37, 166-180.

16. Grune, T., Reinheckel, T., and Davies, K. J. A. (1997) Degradation of oxi-
dized proteins in mammalian cells. FASEB J. 11, 526-534.

17. Ullrich, O., Reinheckel, T., Sitte, N., Hass, R., Grune, T., and Davies,
K. J. A. (1999) Poly-ADP ribose polymerase activates nuclear proteasome
to degrade oxidatively damaged histones. Proc. Natl. Acad. Sci. U.S.A. 96,
6223-6228.

18. Berlett, B., and Stadtman, E. R. (1997) Protein oxidation in aging, disease
and oxidative stress. J. Biol. Chem. 272, 20313-20316.

19. Taylor, A., Shang, E, and Obin, M. (1997) Relationships between stress,
protein damage, nutrition and age-related eye diseases. Mol. Aspects Med.
18, 305-414.



288

20.

21.

22.

23.
24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

DAVIES

Sitte, N., Huber, M., Grune, T., Ladhoff, A., Doecke, W.-D., von Zglinicki,
T., and Davies, K. J. A. (2000) Proteasome inhibition by lipofuscin/ceroid
during postmitotic aging of fibroblasts. FASEB J. 14, 1490-1498.

Van Kuijk, F. J. G. M., Sevanian, A., Handelman, G. J., and Dratz, E. A.
(1987) A new role for phospholipase A;: protection of membranes from
lipid peroxidation damage. Trends Biochem. Sci. 12, 31-34.

Ursini, F., Maiorino, M., and Gregolin, C. (1985) The selenoenzyme phos-
pholipid hydroperoxide glutathione peroxidase. Biochim. Biophys. Acta
839, 62-70.

Demple, B., and Halbrook, J. (1983) Inducible repair of oxidative DNA
damage in Escherichia coli. Nature 304, 466-468.

Keyse, S. M. (2000) Stress Response, Methods and Protocols. Methods in
Molecular Biology, Vol. 99. Humana Press, Totowa, New Jersey.

Wang, D., Kreutzer, D. A., and Essigmann, J. M. (1998) Mutagenicity and
repair of oxidative DNA damage : insights from studies using defined lesions.
Mutat. Res. 400, 99-115.

Halliwell, B., and Aruoma, O. I. (1993) DNA and Free Radicals. Ellis
Horwood (division of Simon and Schuster Intl.). Chichester, England.
Spitz, D. R., Dewey, W. C., and Li, G. C. (1987) Hydrogen peroxide or
heat shock induces resistance to hydrogen peroxide in Chinese hamster
fibroblasts. J. Cell Physiol. 131, 364-373.

Laval, F. (1988) Pretreatment with oxygen species increases the resistance
to hydrogen peroxide in Chinese hamster fibroblasts. J. Cell Physiol. 201,
73-79.

Crawford, D. R., Edbauer-Nechamen, C., Lowry, C. V., Salmon, S. L., Kim,
Y.K.,Davies,J. M. S.,and Davies, K. J. A. (1994) Assessing gene expression
during oxidative stress. Methods. Enzymol. 234, 175-217.

Wang, Y., Crawford, D. R., and Davies, K. J. A. (1996) Adapt33, a novel
oxidant-inducibl e RNA from Hamster HA- 1 cells. Arch. Biochem. Biophys.
332, 255-260.

Crawford, D. R., Leahy, K. P,, Wang, Y., Schools, G. P., Kochheiser, J. C.,
and Davies, K. J. A. (1996) Oxidative stress induces the levels of a mafG
homolog in Hamster HA-1 cells. Free Radic. Biol. Med. 21, 521-525.
Crawford, D. R., and Davies, K. J. A. (1997) Modulation of a cardiogenic
shock inducible RNA by chemical stress: adapt73/PigHep3. Surgery 121,
581-587.

Crawford, D. R., Leahy, K. P., Abramova, N., Lan, L., Wang, Y., and Davies,
K.J. A. (1997) Hamster adapt78, mRNA is a Down syndrome critical region
homologue that is inducible by oxidative stress. Arch. Biochem. Biophys.
342, 6-12.

Leahy, K. P, Davies, K. J. A., Dull, M., Kort, J. J., Lawrence, K. W., and
Crawford, D. A. (1999) Adapt78, a stress-inducible mRNA, is related to the
glucose-regulate d family of genes. Arch. Biochem. Biophys. 368, 67-74.
Demple, B., and Halbrook, J. (1983) Inducible repair of oxidative DNA
damage in Escherichia coli. Nature 304, 466-468.

Christman, M. F., Morgan, R. W., Jacobson, F. S., and Ames, B. N. (1985)
Positive control of a regulon for defense against oxidative stress and heat
shock proteins in Salmonella typhimurium. Cell 41, 753-762.

Davies, J. M. S., Lowry, C. V., and Davies, K. J. A. (1995) Transient adap-
tation to oxidative stress in yeast. Arch. Biochem. Biophys. 317, 1-6.
Storz, G., and Tartaglia, L. A. (1992) OxyR: aregulator of antioxidant genes.
J. Nutr. 122, 627-630.

Greenberg, J. T., Monach, P., Chou, J. H., Josephy, P. D., and Demple, B.
(1990) Positive control of a global antioxidant defense regulon activated
by superoxide-generatin g agents in Escherichia coli. Proc. Natl. Acad. Sci.
U.S.A. 87, 6181-6185.

Ermak, G., and Davies, K. J. A. (2000). Adapt 78 can protect cells against
stress damage. Free Radic. Biol. Med. 29, 555.

Crawford, D., Zbinden, 1., Amstad, P., and Cerutti, P. A. (1988) Oxidant
stress induces the proto-oncogenes c-fos and c-myc in mouse epidermal
cells. Oncogene 3, 27-32.

Shibanuma, M., Kuroki, T., and Nose, K. (1988) Induction of DNA
replication and expression of proto-oncogene c-myc and c-fos in
quiescent Balb/3T3 cells by xanthine/xanthine oxidase. Oncogene 3,
17-21.

43

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

. Nose, K., Shibanuma, M., Kikuchi, K., Kageyama, H., Sakiyama, S., and
Kuroki, T. (1991) Transcriptional activation of early-response genes by
hydrogen peroxide in a mouse osteoblastic cell line. Eur. J. Biochem. 201,
99-106.

. Keyse, S. M., and Tyrrell, R. M. (1989) Heme oxygenase is the major

32-kDa stress protein induced in human skin fibroblasts by UVA radiation,

hydrogen peroxide, and sodium arsenite. Proc. Natl. Acad. Sci. U.S.A. 86,

99-103.

Keyse, S. M., and Emslie, E. A. (1992) Oxidative stress and heat shock

induce a human gene encoding a protein-tyrosine phosphatase . Nature 359,

644-647.

DeForge, L, E., Preston, A. M., Takeuchi, E., Kenney, J., Boxer, L. A.,

and Remick, D. G. (1993) Regulation of interleukin 8 gene expression by

oxidant stress. J. Biol. Chem. 268, 25568-25576.

Shull, S., Heintz, N. H., Periasamy, M., Manohar, M., Janssen, Y. M., Marsh,

J. P, and Mossman, B. T. (1991) Differential regulation of antioxidant en-

zymes in response to oxidants. J. Biol. Chem. 266, 24398 -24403.

Kim, A. T., Sarafian, T. A., and Shau, H. (1997) Characterization of an-

tioxidant properties of natural killer-enhancing factor-B and induction of

its expression by hydrogen peroxide. Toxicol. Appl. Pharmacol. 147, 135-

142.

Guyton, K. Z., Liu, Y., Gorospe, M., Xu, Q., and Holbrook, N. J (1996) Ac-

tivation of mitogen-activated protein kinase by H,O;. Role in cell survival

following oxidant injury. J. Biol. Chem. 271, 4138-4142.

Kugelman, A., Choy, H. A., Liu, R., Shi, M. M., Gozal, E., and Forman,

H.J. (1994 ) gamma-Glutamy | transpepidase is increased by oxidative stress

in rat alveolar L2 epithelial cells. Am. J. Resp. Cell Mol. Biol. 11, 586~

592.

Janssen, Y. M., Matalon, S., and Mossman, B. T. (1997) Differential induc-

tion of c-fos, c-jun, and apoptosis in lung epithelial cells exposed to ROS

or RNS. Am. J. Phys. 273, L789-L796.

Morris, B. J. (1995) Stimulation of immediate early gene expression in

striatal neurons by nitric oxide. J. Biol. Chem. 270, 24740-24744.

Spitz, D. R., Elwell, J. H., Sun, Y., Oberley, L. W., Oberley, T. D., Sullivan,

S. J., and Roberts, R. J. (1990) Oxygen toxicity in control and hydrogen

H,O;-resistant Chinese hamster fibroblast cell lines. Arch. Biochem. Bio-

phys. 279, 249-260.

Zamzani, N. T., Hirsch, B., Dallaporta, P., Petit, X., and Kroemer, G. (1997)

Mitochondrial implication in accidental and programmed cell death: apop-

tosis and necrosis. J. Bioenerg. Biomembr. 29, 185-193.

Reed, J. C. (1997) Cytochrome c: can’t live with it—can’t live without it.

Cell 91, 559-562.

Kane, D. J., Sarafian, T. A., Anton, R., Hahn, H., Gralla, E. B., Valentine,

J. S., Ord, T., and Bredesen, D. E. (1993) Bcl-2 inhibition of neural cell

death: decreased generation of reactive oxygen species. Science 262, 1274~

1277.

Crawford, D. R., Wang, Y., Schools, G. P., Kochheiser, J., and Davies, K.

J. A. (1997) Down-regulation of mammalian mitochondrial RNA’s during

oxidative stress. Free Radic. Biol. Med. 22, 551-559.

Crawford, D. R., Lauzon, R. J., Wang, Y., Mazurkiewicz, J. E., Schools,

G. P, and Davies, K. J. A. (1997) 16S mitochondrial ribosomal RNA

degradation is associated with apoptosis. Free Radic. Biol. Med. 22, 1295~

1300.

Crawford, D. A., Abramova, N. E., and Davies, K. J. A. (1998) Oxidative

stress causes a general, calcium dependent degradation of mitochondrial

polynucleotides. Free Radic. Biol. Med. 25, 1106-1111.

Kristal, B. S., Chen, J., and Yu, B. P. (1994) Sensitivity of mitochondrial

transcription to different free radical species. Free Radic. Biol. Med. 16,

323-329.

Ankarcrona, M., Dypbukt, J. M., Bonfoco, E., Zhivotosky, B., Orrenius, S.,

Lipton, S., and Nicotera, P. (1995) Glutamate-induced neuronal death: a

succession of necrosis or apoptosis depending on mitochondrial function.

Neuron 15, 961-973.

Polyak, K., Xia, Y., Zweier, J. L., Kinzler, K. W., and Vogelstein, B. (1997)

A model for p53-induced apoptosis. Nature 389, 300-305.



63.

64.

65.

66.

OXIDATIVE STRESS, DEFENSE, AND REPAIR

Farber, J. L., Kyle, M. E., and Coleman, J. B. (1990) Mechanisms of cell
injury by activated oxygen species. Lab. Invest. 62, 670-679.

Ganong, W. F. (1977) Review of Medical Physiology, (8th edition, eds.)
Chapter 35, pp. 495-497, Lange Medical Publications, Los Altos, Califor-
nia.

Davies, K. J. A., Quintanilha, A. T., Brooks, G. A., and Packer, L. (1982)
Free radicals and tissue damage produced by exercise. Biochem. Biophys.
Res. Commun. 107, 1198-1205.

Salo, D. C., Donovan, C. M., and Davies, K. J. A. (1991) HSP70 and
other possible heat shock or oxidative stress proteins are induced in skeletal

67.

68.

289

muscle, heart, and liver during exercise. Free Radic. Biol. Med. 11, 239-
246.

Sitte, N., Merker, K., von Zglinicki, T., Grune, T., and Davies, K. J. A.
(2000) Protein oxidation and degradation during cellular senescence of
BJ-fibroblasts: Part 1. Effects of proliferative senescence. FASEB J.
14, 2503-2510.

Sitte, N., Merker, K., von Zglinicki, T., Davies, K. J. A., and Grune,
T. (2000) Protein oxidation and degradation during cellular senescence of
BJ-fibroblasts: Part II. Aging of non-dividing cells. FASEB J. 14, 2503 -
2510.



