RTP, NC Sunrise Free Radical School Oxy 2001

Oxygen 2001

Sunrise Free Radical School

November 16-19, 2001
Research Triangle Park, NC

“Redox Regulation of Apoptosis and Proliferation”

The Spectrum of Responses of Oxidants in
Proliferating Cells: Concentration,
Concentration, Concentration

Kelvin J.A. Davies, Ph.D.

James E. Birren Chair and Assoc. Dean for Research
Ethel Percy Andrus Gerontology Center
University of Southern California
3715 McClintock Avenue, Room 306
Los Angeles, California 90089-0191
Tel: 213/740-8959
Fax: 213/740-6462
Email: Kelvin@usc.edu

Oxygen Society Annual Meeting, RTP, NC Nov 16-19, 2001 Kelvin Davies



RTP, NC Sunrise Free Radical School Oxy 2001

Overview

Proliferating mammalian cdllsexhibit abroad spectrum of responsesto oxidative stress, depending on
the stresslevel encountered. Very low levels of hydrogen peroxide, for example 3to 15 uM, or 0.1t0 0.5
pmol/10” cdls, cause a significant mitogenic response with 25 to 45% growth stimulation. Higher H,O,
concentrations of 120 to 150 UM, or 2 to 5 umol/10 cells, cause atemporary growth-arrest that appears
to protect cellsfrom excess energy usage and DNA damage. After 4-6 hoursof temporary growth-arrest
many cdlswill exhibit up to a40-fold trans ent adaptive responsein which genesfor oxidant protection and
damage repair are preferentidly expressed. After some 18 hours of H,O, adaptation (including the 4-6
hours of temporary growth arrest) cdls exhibit maxima protection againgt oxidative stress. The HO,
origindly added is metabolized within 30-40 minutes and if no moreis added the cdls will gradudly de-
adapt, so that at 36 hours after the initid H,O, simulus they have returned to their origind leve of H,O,
sensitivity. At levels of H,O, of 250 to 400 pM, or 9 to 14 umol/10” cells, mammdian fibroblasts are not
ableto adapt, but instead enter a permanently growth-arrested state in which they appear to perform most
normd cdl functions, but never divide again. Thisstate of permanent growth-arrest has often been confused
with “cell death” intoxicity sudiesthat haverdied solely on cdll proliferation assaysas measures of viahility.
If the oxidative stress leve is further increased to 0.5 to 1.0 mM H,0, , or 15 to 30 pmol/10’ cdls,
gpoptosis results. This oxidative stress-induced agpoptoss involves nuclear condensation, loss of
mitochondria transmembrane potentia, degradation/down regulation of mitochondrid mRNA'’s and
rRNA’s, and degradation/laddering of both nuclear and mitochondrid DNA. At very high H,O,
concentrations of 5.0 to 10.0 mM, or 150 to 300 pmol/10 cellsand above, call membranes disintegrate,
proteins and nucleic acids denature, and necrosis swiftly follows. Cultured cells grown in 20% oxygen are
essentialy pre-adapted or pre-sdected to survive under conditions of oxidative stress. If cdllsare instead
grown in 3% oxygen, much closer to physiologica cdlular levels, they are more sensitive to an oxidetive
chdlenge but exhibit far less accumulated oxidant damage. This broad spectrum of cellular oxidant stress
responses, depending on the level of oxidant gpplied and the level of oxygen in the cdll culture system,
provides for anew paradigm of cellular oxidative stress responses.

Introduction to Oxidative Stress

It has been said that, "adisturbance in the pro- oxidant/anti- oxidant sysemsin favor of theformer may
be denoted as an oxidative stress’ (1). Oxidative stress can result from increased exposure to oxidants or
from decreased protection againg oxidants; both problems may even occur smultaneoudy. Thisview of
oxidative stress as an imba ance between oxidant exposure and oxidant protection isstrongly supported by
an extensve literature (e.g. 1-6). Although oxygenisby no meanstheonly oxidizing agent towhich cdlsor
organisms are exposed, it is certainly the most ubiquitous.
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Ground-gate (or triplet) molecular oxygen is the mgor form of eement number 8 encountered
environmentdly, and it contains two unpaired eectrons. In other words, molecular oxygen isabi-radical
(2,3). A smdl percentage of the oxygen in our environment actudly exigtsin a snglet sate, caused by
absorption of eectromagnetic energy. Thetwo unpaired dectronsin triplet molecular oxygen have pardld
pins. Absorption of energy (eg. from UV light) trangently “flips’ one of these spins producing the short-
lived, spin-paired, snglet oxygen species. Ground state molecular oxygen is only a moderately active
oxidizing agent because the “spin redriction rule’ preventsits full reduction by two spin-paired eectrons
(2,3). Since singlet oxygen can directly accept two spin-paired dectronsit isamore powerful oxidizing
agent than ground- gtate oxygen (2,3). Singlet oxygen is thought to be a Sgnificant mediator of photo-
oxidative stress.

The spin-restriction rule causes most oxygen reduction reactions to proceed one-eectron at atime
(2,3). This series of one-electron oxygen reduction steps has become known (1-6) as the univaent
pathway for oxygen reduction (Scheme 1). In the univdent pathway, oxygen is first reduced to the
superoxideanion radica and then to hydrogen peroxide. A third éectron reduction (with water elimination)
producesthe extremely powerful oxidant, hydroxyl radica (‘OH). Thisdangerousunivaent pathway findly
grindsto ahdt with the production of water, following the fourth-electron reduction. Ground state oxygen
itsdf is amild oxidizing agent; whereas Snglet oxygen, hydrogen peroxide, and the hydroxyl radicd are
stronger oxidants. Superoxideisactualy amild reducing agent which can donate an unpaired electron to
sdlected cdlular condtituents, thus beginning a damaging free radicd cascade (5).

Other, related, oxygen-based oxidants are aso of hiologica importance (1-6). These include the
chlorinated oxygen products hypochlorous acid and hypochlorite (HOCI and OCI ) produced by

phagocytesas an antibacteria defense, and nitric oxide (NO') used for blood vessdl vasodilation; aswell as
the product of itsreaction with superoxide, peroxynitrite (ONOQ). Many of theinitid productsof cdlular
oxidation actualy act as more powerful propagators of oxidative damage; these include lipid peroxides,
oxidized proteins, and oxidized sugars. Findly, living organisms are exposed to many oxidizing
environmentd agents, foods, medicationsand drugs. Significant environmenta oxidantsinclude ozone (O5),
various oxides of nitrogen (NOy), numerous products of (industrid) partid combustion, and various
pesticidesand herbicides (e.g. paraquat). Somefood itemsaredirect oxidants produced by cooking, some
are strong cataysts of oxidation (e.g. iron and copper), while others ill may undergo dow oxidation by
oxygeninthebody (e.g. various sugars and sulfhydryls). Severd medications and drugs are metabolized to
form oxidizing agents (e.g. acetaminophen), while others actualy catalyze oxygen radica production by
mitochondria (e.g. doxorubicin or AdriamycinO).

The oxidative stress inducing agents and conditions discussed above can cause damageto proteins,
lipids, carbohydrates, and nucleic acids (1-6). Thuscdlular enzymesand structurd proteins, membranes,
sampleand complex sugars, and DNA and RNA are dl susceptibleto oxidative damage (1-6). Suvivingan
oxidizing environment is actudly one of the greatest chalenges faced

by living organisms. The concept that over time we eventudly surrender to aform of organic “rust” led to
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the free radica theory of aging (7,8).

Antioxidant Defense & Repair Systems

Thefirg-level of cdlular responsesto oxidative stressisto use antioxidant defense and repair system
to minimize the damage that actualy occurs, and to remove or repair whatever cellular components do get
damaged (1-6, 8-11). Although living organismsmay eventudly succumb to oxidant-induced aging, levels
of oxidatively damaged cdllular condtituents are actualy maintained a very low levels for most of the life
gpan. Minima damage accumulation is achieved by multipleinteracting systems of antioxidant compounds,
antioxidant enzymes, damageremova enzymes, and repair enzymes. |n addition aerobic organismsmaintain
very tight control of both oxygen perfusion and cellular/tissue oxygen concentration.

Antioxidant compounds include the well-known vitamins C and E, ubiquinone, uric acid, and many
others. Antioxidant compounds are “ sacrificed” to oxidation in order to directly protect more important
cdlular components (1-4,6). Antioxidant enzymes, such as superoxide dismutases, glutathione peroxidases
and quinone reductases, act catalyticaly to convert oxidants to less reactive species (5,6). The essentia
cytoplasmic and nuclear proteolytic enzyme, proteasome recognizes and selectively degrades oxidized
proteins(6,8,9). Oxidized membranelipidsare recognized and sdectively removed by lipases, particularly
phospholipase A; (6,8,10). Oxidatively modified DNA is subject to remova or excison repair by awide
series of DNA repair enzymes including endonucleases, glycosylases, polymerases, and ligases(6,8,11).

Lagt, but certainly not least, oxygen concentration is tightly controlled in multicdlular organisms,
directly limiting the possibility of oxidation. In human beingsthe respiratory and circulatory sysemscombine
to perfusetissueswith oxygen, and remove carbon dioxide. Nevertheless, oxygen concentration fallsfrom
atmospheric levels (20%) in the lungs to only 25% in the tissues. In addition the very low Ky of
mitochondria cytochrome oxidase for oxygen (12) assuresthat most oxygenin cdlsisactualy bound by the
cytochrome oxidase complex. Thus a mgor component of oxidative stress defenses is to keep actua
cdlular oxygen tenson to aminimum. This fact is often overlooked by scientists performing cdl culture
experimentsinwhich cdlsaredirectly exposed to amospheric oxygen levels. By definition such cdlshave
aready been sdlected or adapted to be able to grow under conditions of very high oxidative stress.

Mitogenic effects of L ow Oxidant Concentrations

Exposure of dividing mammadian cellsin culture to low concentrations of oxidants actualy stimulates
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cdll growth and divison (Scheme2). Thisfascinating mitogenic effect isseen, for example, with exposure of
fibroblasts to hydrogen peroxideat 3to 15 uM, or 0.1t0 0.5 umol/10’ cells (13-15). Presumably at such
low concentrations HO, does not cause atrue oxidative sress. In dl probability aleve of HO, inthis
range actudly acts as a Sgnding agent for mitos's, dthough the mechanism isunknown. Interegtingly, this
growth-simulatory effect of very low H,O, concentrationsis also seen with bacteria (16,17) and yesst cdlls
(18).

Temporary Growth-Arrest asa Defense Against Oxidative Stress

Although 3 M H,0, is mitogenic, 120 to 150 uM hydrogen peroxide, or 2 to 5 umol/10’ cdlls,
causes atemporary growth-arrest (Scheme 2) in mammdian fibroblasts (15). Thistemporary growth-arrest
lasts for some 3-6 hours, and appears to be caused by expression of thegadd45, gadd153 (19-21), and
adapt15 genes(22,23). Many investigators havetreated al growth arrest reponses astoxic outcomes of
oxidant exposure. | would like to suggest that temporary growth-arrest is actualy a defense mechaniam.
During peroxide-induced temporary growth-arrest, the expresson of many housekesping genesis halted,
while expression of a select group of shock or stress genesisinduced. This response can be viewed in
andogy, as the “Medieva Cadtle Defense Againg Toxicity.” When attacked by an invading arny the
inhabitants of castlesin medievad times would raise the draw bridge, lower the portcullis, conserve their
resources, and hope that they could outlast their attackers. Smilarly, | suggest, proliferative cells exposed
t0 10° M H,0, shut-off expression of dl but the most essential shock/stress genes, supercail their DNA to
protect it againgt oxidation, temporarily arrest divisonal processes, and conserve resourcesfor future use.

Interestingly, it does not matter which stage of the cell cyde fibroblasts are in, when a hydrogen
peroxide stressis gpplied. At any point inthe cell-cycle, gpplication of 120 to 150 uM hydrogen peroxide,
or 2to 5 umol/10’ cells, smply stops cdll-cycle progression for 3-6 hours (22,23); after which the cellsare
at least temporarily synchronized. Low UM leves of H,O, are easily metabolized (largdly by glutathione
peroxidases and catalases) during a 3-6 hour temporary growth-arrest period so that when cellsre-enter
the growth cycle there is no longer athreat to counter. | propose that temporary growth-arrest isused as
an effective counter measure againgt awide variety of toxic agents, not just hydrogen peroxide.

Transient Adaptation to Oxidative Stress

Very important early studies on trangent adaptation to oxidative stresswere performed by Spitz e al.
(24) and by Lava (25). After 4-6 hours of temporary growth-arrest many cells exposed to 120 to 150 uM
hydrogen peroxide, or 2 to 5 pumol/10 cells, undergo further changes that can be

characterized as transent adaptation to oxidative stress (Scheme 2).  In mammdian fibroblasts we
(15,22,23,26- 31) and others (24,25) have studied maximal adaptation isseen gpproximatdy 18 hoursafter
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initial exposureto hydrogen peroxide; i.e. some 12-14 hours after they exit from temporary growth-arrest.
In bacteria such as E. Coli and salmonella maxima adaptation is seen 20-30 minutes after oxidant
exposure (16,17,26), whereas yeast cdlls require some 45 minutes for maximal adaptation (18,26).

Itisimportant to note that the adaptation referred to in this section smply meansincreased resistance
to oxidative stress, as measured by cdl proliferation capacity. Furthermore, the adaptation is transent,
lagting some 18 hoursin mammadian fibroblasts, 90 minutesin yeast, and only 60 minutesin E. Coli. Inour
sudieswe have been especidly careful to avoid sdecting for pre-exiding resstant cellsinthepopulation, by
repestedly checking that trangently adapted cells can actudly de-adapt.

In both procaryotesand eucaryots, trans ent adaptation to oxidative stress depends upon transcription
and trandation. A large number of genes undergo dtered expression during the adaptive response. Some
genes are up-regulated, some are down-regulated, some are modulated early in the adaptation, while the
expression of othersisaffected at later times. I|n mammdian fibroblastswe observethree broad “waves’ of
atered gene expression during adaptation; one at 0-4 hours following H,O, exposure, oneat 4-8 hours,
and one at 8-12 hours. Inhibiting ether transcription or trandation during the adaptive response greetly
limits the development of increased H,O,, resistance. If both transcription and trandation areinhibited, little
or no adaptation will occur. Therefore, the transient adaptive response to oxidative stress dependslargdy
on dtered gene expresson but partly on increased trandation of pre-existing mRNA's. It further appears
that message stabilization (for some MRNA's), increased message degradation (for other mRNA’s), and
atered precursor processing, are al involved in dtered trandational responses (6,15,18,22,23,26-31).

Elegant SudiesinE. Coli and salmonella have shown that two particular regulonsare responsiblefor
many of the bacteria adaptive responsesto oxidative stress. the oxyR regulon (32) and the SoxRSregulon
(33). In mammdian cdls no “measter regulation molecules’ have been found but at least 40 gene products
areinvolvedin the adaptivereponse. Severd of the mammaian adaptive genesareinvolved in antioxidant
defenses and others are damage remova or repair enzymes. Many classic shock or stress genes are
involved very early in adaptive responses. As indicated in the section above, gadd153, gadd45, and
adapt15 play important rolesin inducing temporary growth-arrest, which isavery important early portion
of the adaptive response to oxidative stress (15,19-23). The transcription factor, adapt66 (a mafG
homologue) is probably responsible for inducing the expression of severd other adaptive genes (28). A
number of other “adapt” genes have recently been discovered but their functionsare not yet clear. One of
these genes is the calcium-dependent adapt33 (27), and another is adapt73 which appears to aso be
homologous to a cardiogenic shock gene caled PigHep3 (29). Adapt 78 has also been caled DSCR1
(30,32) and,

in addition to its induction during oxidetive stress adaptation, now appearsto adso be involved in Down
Syndrome, Parkinson’s Disease, and Alzheimer’s Diseese.

Numerous other genes have been shown to beinduciblein mammaian cdl linesfollowing exposureto
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the rlatively mild level of hydrogen peroxide oxidative stress that we find will cause transient adaptation.
These include the protooncogenes c-fos and c-myc (34), ¢-jun, egr, and JE (35-37). Smilar oncogene
induction has aso been reported following exposure totert - butyl- hydroperoxide (36,37). Theinductionof
heme oxygenase by many oxidants, including mild peroxide stress, may have a strong protective effect, as
proposed by Keyse and Tyrrell (38). Other gene products that have been reported to be induced by

relaively mild hydrogen peroxide stressin dividing mammdian cdl culturesindude: the CL 100 phosphetase
(39); interleukin-8 (40); catdase, glutathione peroxidase, and mitochondrid mangano- superoxidedismutase
(42); naturd killer-enhancing factor-B (42); mitogentactivated protein kinase (43); and gamma- Glutamyl

transpeptidase (44). Rdatively low levelsof nitric oxide have aso been shown to induce expresson of c-

jun (45), c-fos (45,46), and zif/268 (46). Thelist of oxidant stress-inducible genesis much longer than the
gpace limitations of thisreview articlewill alow; apologiesare extended to those investigatorswhose sudies
have not been cited here. It is, however, very important to note that many of the geneinductionsreportedin
this paragraph have not actualy been studied in an adaptive cdl culture modd. Thus, athough many of the
genesdiscussed in this paragraph gppear to be excdlent candidates for involvement in transient adaptation
to oxidative dtress, their actual importance remains to be tested.

In concdluding this section, a note must be made of important studies involving permanent (or
gable) oxidative stress resstance. Investigators have chronicaly exposed cdl lines to various levels of
oxidative stress over severd generations, and have sdlected for pre-existing or mutant phenotypes that
confer oxidative stress resstance. Severd such studies have reported dramatic increases in catalase
activity (relative to the parent population), such as the 20-fold higher levels reported by Spitz et al.
(47). Stable oxidative stress resstance may tell us agreat ded about the importance of individua genes
to overdl cdlular surviva, and the vaue of such cdl lines should not be underestimated. It should be
clear, however, that trandent adaptive responses in gene expression, and stable stress resistance are
quite different entities.

Per manent Growth-Arrest

If dividing mammadian cells are exposed to higher concentrations of HO, than those that cause
temporary growth-arrest and trang ent adaptation, they can be forced into apermanently growth-arrested
date (Scheme 2). Thus, cdlls exposed to H,O, concentrations of 250 to 400 puM, or 9 to 14 pmol/10’
cells will never divide again (15).

Countless cytotoxicity studies have measured “cell deeth” by loss of proliferative capacity. These
include sudies with oxidizing agents, akylating agents, heavy metds, various forms of radiation, etc. The
common assumption of such investigations is that loss of divisona competence equals cdl death. 1t is,
indeed, true that many cells exposed to sufficient stress will both stop dividing and die (see next two
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sections). Itisnow clearly incorrect to conclude, however, that al permanently growth-arrested cdllswill
dieasadirect consegquence of toxicant exposure. In other words, cellsmay survive an oxidative stressyet
be permanently growth-arrested (15,48).

Studies of both cdl populations and individud cdlls have reveded that cultured mammdian cdls
(normd doubling time of 24-26 hours) can survive for many weeks (at least) following exposure to 100-
200uM HO, without dividing again (15). In the past, Sudies estimating percent cdl viability by growth
curves or colony formation measurements alone have completedy missed this permanent growth-arrest
response. Arrested cells dtill exclude trypan blue, maintain membrane ionic gradients, utilize oxygen, and
make ATP. Interestingly, such permanently growth-arrested cells may make good cellular models for
certain aging processes (48). Whether the cessation of proliferation induced by oxidative stress (or other
sressful exposures) in someway mimicsthelossof divisond competencetypicd of termindly differentiated
cdlsremains to be seen.

Cell Suicide or Apoptosis

A fraction of cells exposed to higher H,O, concentrations of 0.5 to 1.0 mM, or 15 to 30 umol/10’
cdls, will enter the gpoptotic pathway (Scheme 2). The mechanism of oxidative stress-induced apoptoss
gppears to involve loss of mitochondrid transmembrane potentid (49), release of cytochrome ¢ to the
cytoplaam (50), | Lagt, but certainly not least, oxygen concentration is tightly controlled in multicdlular
organisms, directly limiting the possibility of oxidation. In human beings the respiratory and circulatory
systems combine to perfuse tissues with oxygen, and remove carbon dioxide. oss of bcl-2 (51), down-
regulation and degradation of mitochondrialy encoded mRNA, rRNA, and DNA (52-54), and diminished
transcription of the mitochondria genome (55). Current thinking about toxicant-induced apoptosi s suggests
that, in multicdlular organisms, the repair of severdy damaged cdlls represent amgjor drain on available
resources. Toavoidthisdifficulty, itissuggested, individua cellswithin organisms(or organsor tissues) will
“sacrificg’ themsdvesfor the common good of themany. Apoptotic cellsare characterized by “blebbing”,
nuclear condensation, and DNA laddering (56). Such cdlls are engulfed by phagocytes which prevent an
immune reaction and recycle usable nutrients (49-58).

Certain toxicants, such as staurosporine, can induce widespread apoptosisin fibroblast cell cultures,
with greater than 80% cdll suicide (53,55). Even higher levels of apoptosis (98% or more) are routingy
observed upon withdrawal of IL-2 fromin vitro culturesof T-lymphocytes(53,55). In contragt, the highest
levels of gpoptosiswe can inducein fibroblasts by H,O, exposure never exceed 30-40% (53). The cause
of such disparity isnot & dl clear but it may suggest ether dightly

divergent pathways to gpoptosis, or different efficiencies of repair processes for various toxicants. The
gpoptotic pathway may be very important in severd age-related diseases such asParkinson's, Alzheimer's,
and sarcopenia. Importantly, many mitochondria changes, including loss of membrane potentia (49) and
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down regulation and degradation of mitochondrid polynuclectides (52-54), are common to apoptosis
directly induced by oxidants and to gpoptosisinduced by staurosporine or I1L-2 withdrawa . Furthermore,
over expresson of the p53 gene has been seen to result in induction of multiple “redox-related” gene
products, and initiation of gpoptoss (57). These observations support a strong involvement of oxidative
mechanisms stress in genera gpoptotic pathways.

Céell Disintegration or Necrosis

At even higher concentrations of hydrogen peroxide, e.g. 5.0 to 10.0 mM, or 150 to 300 pmol/10°
cdls, celssmply disintegrate or become necrotic (Scheme 2). Membrane integrity breaks down at such
high oxidant stresslevelsand dl isthen lost (15,59). Studiesthat purport to examine cellular responsesto
10.0 mM H,O, in mammdian fibroblasts are redly not looking at the responses of cells, but rather at the
release of componentsthose cdlsoriginaly contained. At ahigh enough leve of oxidetive stress (e.g. over
10 mM H,0) dl mammdian cell cultureswill turninto anecrotic “mess’ (15). Oxidation induced necross
may play aggnificant role in ischemia-reperfussion injures such as heart attacks, strokes, ischemic bowel
disease, and macular degeneration.  Unfortunately, necrotic cdls cause inflammatory responses in
surrounding tissues. Such secondary inflammation (also an oxidant stress) may be particularly important in
many auto-immune diseases such as rheumatoid arthritis and lupus.

Summary

Oxidative stress causes a very wide spectrum of genetic, metabolic, and cellular responses, most of
which are designed to protect cells from damage and deterioration. These include Antioxidant Defenses,
Transgent Growth Arrest; Direct Repair Systems, Damage Removad, Repair, and Replacement Systems,
and Adaptive Responsesto Free Radicalsand Oxidative Stress. Only necros's, which isthe most extreme
outcome, involves direct cdl destruction. Mot oxidative stress conditions that cdls might actudly
encounter will modulate gene expression, may simulate cell growth, or may cause a protective temporary
growth-arrest and trangent adaptive response. Even the gpopitoti ¢ response seen a high oxidant exposures
appearsto protect surrounding cells and tissues.

Cultured cdls grown in 20% oxygen are essentidly pre-adapted or pre-selected to survive under
conditions of oxidative gress. If cdlsareingtead grown in 3% oxygen, much closer to physiologicd cdlular
levels, they are more sengtive to an oxidative chalenge but exhibit far less accumulated oxidant damage.

Cdlular redox gate is now wel-known asamediator of various Sgnd-transduction pathways (59).
Findly, it now appears that antioxidant compounds, such asvitamin E, may aso control the expresson of
severd genes involved in responses to oxidative dress, and regulate key, post-trandationd,
phosphorylation/dephosphorylation steps that regulate signd transduction pathways (60). Thisraisesthe
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exating possihility of avery finetuning of oxidant stress responses, by both positive and negative feedback
loops.

Naturdly, thefull spectrum of responses described in thisreview can only beseenin proliferating cells

such asthose from the liver, intestind lining, skin, etc. Neverthel ess, even non-proliferating cdlsfrom such
organsasbrain, heart, and skeletal musclewill exhibit atered gene express on and metabolism at tolerated
levelsof oxidative stress, and are subject to gpoptoss or necross at higher stressleves. Thefull spectrum
of cdlular responsesto oxidative stressmugt, therefore, be cons dered when gpplying the knowledge gained
in cdl-culture studies to human diseases, and aging.
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Scheme 1

The Univalent Pathway for Oxygen

Reduction
e e e e
™ ™ ™ \\
O, ® O, ® HO, ® OH ® H,O
2&1H+ SH' ﬁ*

O, " =superoxide, H,O, = hydrogen peroxide, "OH = hydroxyl radical
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Scheme 2
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Scheme 3
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Oxidative Stress, Antioxidant Defenses, and Damage Removal, Repair, and Replacement
Systems. Theschematic depicts, in cartoon fashion, the conversion (by freeradica s or other oxidants) of
anormd, mitotic, eucaryatic cell into an oxidatively damaged cdll, which may then die by either gpoptosisor
necross. Acting againgt the converson of anormd cell into an oxidatively damaged cell are the antioxidant
enzymes and compounds (primary defenses) and the facility of mitotic cellsto enter a protective trangent
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 partidly or
completely degraded and then repaired or completely replaced. While repair, removal, and replacement
mechanisms are underway, cdls will begin a series of temporary adaptive responses involving dtered

expression of at least 30-40 genes. Maximal adaptation (greatest induced resistance to oxidative Sress) is
typicaly seen at 18-20 hours after stress exposure, and lasts for no more than 36 hours. If these multiple
layers of defense, repair, remova, replacement, and adaptation are insufficient to ded with an oxidative
gress, the normd cell will become an oxidatively damaged cdll. The damaged cell may enter apermanently
growth-arrested state from which it never truly recovers, or it may die by apoptosis, which will protect
surrounding cellsand tissues. The other option of necrotic cdll deeth, which typicaly only occursat very high
oxidative dress levels, involves loss of membrane integrity and release of cdlular condtituents, which will

cause an inflammatory immune response tha may dso damage adjacent cdls
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