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Forum Editorial

Oxidative Stress in Neurodegenerative Disorders

D. ALLAN BUTTERFIELD

INTRODUCTION AND OVERVIEW

OXYGEN IS ESSENTIAL TO NORMAL BRAIN FUNCTION, but
sometimes, like Kentucky bourbon, too much of a good
thing is detrimental. In particular, reactive oxygen species (ROS)
and reactive nitrogen species (RNS), although important in
neuronal signaling and physiology at low levels, can, at higher
levels, lead to neuronal dysfunction and death (4). Some as-
pects of free radical chemistry applicable to brain are dis-
cussed here and in the contributions of this Forum that follow.
It is the opinion of this Forum Editor that this collection of
comprehensive and thought-provoking reviews and primary
data articles will be of immense value to scientists and physi-
cians involved in research in and/or care of persons with neu-
rodegenerative disorders. Principles outlined here may be ap-
plicable to other neurodegenerative disorders not discussed in
this forum. As Forum Editor, I take responsibility for the
choice of persons invited to participate and topics covered in
this Forum but credit for only the research in my own Forum
Review article. I am truly grateful to the outstanding scien-
tists and physicians who have contributed to this exceptional
collection of articles.

OXIDATIVE STRESS: CAUSES AND
CONSEQUENCES

Free radicals can arise from numerous sources, including
but not limited to redox metal ion—catalyzed reactions, enzy-
matic reactions, mitochondrial-resident electron transport
chain function, and advanced glycation end products (4, 11).
However, other sources of oxidative stress in brain are emerg-
ing from recent research, among which is the unique chem-
istry associated with protein deposits in several neurodegen-
erative disorders (3). Oxidative stress (nitrosative stress
derived from RNS is likewise critically important in brain
dysfunction but is not explicitly discussed in this editorial)
arises when the production of free radicals is not balanced
equivalently by their scavenging or conversion to non—free
radical products. Oxidative stress is manifested by excess free
radical production, protein oxidation, lipid peroxidation,

DNA/RNA oxidation, loss of reductive potential of cells, and
other markers (4, 11). Common markers for oxidative stress
include those for protein oxidation (protein carbonyls; 3-
nitrotyrosine; protein glutathionylation; and others), lipid
peroxidation [free and protein-bound reactive alkenals such
as 4-hydroxy-2-nonenal (HNE) and 2-propen-1-al (acrolein);
isoprostanes and neuroprostanes derived from peroxidation
of arachidonic acid and docosohexanoic acid, respectively;
and thiobarbituric acid reactive substances, a less specific
index of lipid peroxidation], DNA oxidation (8-hydroxy-2-
deoxyguanosine), and advanced glycation end products
(formed via Amadori chemistry of initially formed reaction
products of reducing sugars with amines) (4, 11). In nearly
every case, oxidative modification of proteins leads to their
dysfunction (4, 22, 23, 26).

The brain is particularly susceptible to oxidative damage,
because this 1,300-gram organ consumes about one third of
the inspired oxygen in humans, is rich in polyunsaturated
fatty acids with their allylic hydrogens highly vulnerable to
free radical attack, and has a relatively high abundance of
redox-capable transition metal ions coupled with a relatively
low abundance of antioxidant defense systems (4). For exam-
ple, protein oxidation and lipid peroxidation are abundant in
the aging brain (4, 11). A series of reactions characteristic of
chain reactions is thought to occur:

L-H+R - L +R-H (1)
L'+0,—LO0O +0O,~ )
LOO"+L-H— LOOH +L- 3)
LOOH — HNE; Acrolein, etc. 4)
LOOH — L-H + O, 5)

Radical reaction with allylic hydrogens on lipid acyl
chains results in formation of lipid-centered carbon radicals
that immediately bind paramagnetic oxygen (which due to its
zero dipole moment is highly soluble in the hydrophobic lipid
domain of membranes) to form lipid peroxyl radicals. These
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latter radicals, in turn, react with other lipid-resident allylic
hydrogen atoms to form lipid hydroperoxides and additional
carbon-centered lipid radicals, propagating the chain reac-
tion. Lipid hydroperoxides can undergo decomposition to
HNE, acrolein, isoprostanes, and other molecules. Reactive
alkenals (HNE; acrolein) react with protein-resident cysteine,
histidine, and lysine residues by Michael addition (4, 8) to
form covalent adducts that affect the structure (25) and func-
tion (13) of modified brain proteins.

Oxidative stress also leads to loss of the reducing environ-
ment of cells, primarily loss of glutathione (GSH) and thiore-
doxin (TRX) levels to form the respective oxidative products.
Changes in redox environment of cells lead to cellular stress
responses, some of which are restorative (21) and some of
which are detrimental to the cell (18). For example, a de-
creased ratio of GSH to GSSG triggers liberation of the tran-
scription factor Nrf2 from Keapl, permitting translocation of
Nrf2 from the cytoplasm to the nucleus, where it binds to the
antioxidant response element (ARE) of DNA (6, 15). This, in
turn, leads to increased production of antioxidant-related en-
zymes, including those necessary to increase GSH produc-
tion. In contrast, changes in the redox status of neurons can
trigger death signals, resulting in apoptotic processes and
death of neurons (18).

The level of protein oxidation in cells is a consequence of
the interplay of the formation and removal of such oxidatively
modified proteins. For example, enzymes such as methionine
sulfoxide reductase, carbonyl reductase, and aldehyde reduc-
tase convert oxidatively modified proteins back to their na-
tive states (4, 11). Moreover, degradation of oxidatively mod-
ified or aggregated proteins is mostly accomplished via
action of the complex machinery of the proteasome (10). As
elegantly discussed in this issue by Halliwell, when the pro-
teasome itself is compromised, neurodegeneration can occur,
in part because of the effects of oxidative stress (10).

OXIDATIVE STRESS AND
NEURODEGENERATIVE DISORDERS

Oxidative damage to the central nervous system is ob-
served in a variety of neurodegenerative disorders, often, but
not always, associated with deposition of one or more pro-
teins in the brain (3). For example, amyloid B-peptide, o-
synuclein, huntingtin, and superoxide dismutase are de-
posited (sometimes with other proteins in addition) in
Alzheimer’s disease (AD), Parkinson disease (PD), Hunting-
ton’s disease (HD), and amyotrophic lateral sclerosis (ALS),
respectively. Among these oxidative stress—related neurode-
generative disorders, some are consequences of genetic muta-
tions (HD and rarely AD, PD, and ALS), whereas others may
have susceptibility factors that are genetic in origin (e.g.,
apolipoprotein E, allele 4 in AD). By far the largest propor-
tion of most neurodegenerative disorders results from non-
genetic factors, mostly unknown. However, viruses, particu-
larly the human immunodeficiency virus (HIV), can lead to
dementia, and is the single largest contributor to dementia in
persons younger than 35 years (20, 24). Multiple sclerosis
(MS) is arguably associated with viruses and is usually mani-
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fested by recurrent demyelination of axons with consequent
deficits in motor function. However, other aspects of the ner-
vous system, including cognitive deficits, are known in MS
patients (9).

Complete coverage of every oxidative stress—related neu-
rodegenerative disorder in this Forum on Oxidative Stress
and Neurodegeneration is simply not possible. Moreover, ox-
idative stress—related studies in less common neurodegenera-
tive disorders is often complicated by the scarcity of human
tissue obtained in a timely manner. Consequently, investiga-
tors have often resorted to animal models of these disorders.
In this Forum, models of ALS and MS are presented in in-
sightful articles by Hensley and co-workers and Lev and col-
leagues, respectively (12, 16). In contrast, 22 million persons
worldwide may be currently diagnosed with AD, the single
largest dementia-associated human condition known (13).
Consequently, studies on tissue obtained from AD patients is
more likely. In this Forum, studies on AD are represented ex-
tensively (1, 5, 17, 27). For example, studies related to ni-
trosative stress and thiol homeostasis in AD are presented by
Calabrese and colleagues (5). Martins and co-workers (1)
present a provocative review on the role of reproductive hor-
mones and oxidative stress in AD, whereas Markesbery and
Lovell (17) give an excellent review of DNA oxidation and its
consequences in AD brain. Butterfield and co-workers (27)
review protein oxidation and lipid peroxidation in brains of
subjects with AD and mild cognitive impairment (MCI), ar-
guably the earliest form of AD. These researchers also review
their redox proteomics studies relevant to AD and MCI. In
addition, studies relevant to HD brain and brain in persons
with HIV are presented in elegant articles by Browne and
Beal (2) and Nath and colleagues (24), respectively. Although
it is clear that PD also is associated with oxidative stress in
brain, this subject has been reviewed recently (19).

Mattson (18) and Halliwell (10) present intriguing reviews
of processes that may be relevant to many, if not all, oxidative
stress—related neurodegenerative disorders. Mattson reviews
signaling mechanisms relative to life-and-death decisions
made by neurons in response to various stresses, including
oxidative stress (18). Halliwell posits that proteasomal dys-
function may be a common feature of neurodegenerative dis-
orders and that environmental sources of proteasome inhibi-
tion may be involved to greater or lesser extents in nongenetic
mechanisms of neurodegeneration (10).

FUTURE STUDIES

That in brain of subjects with MCI, strong evidence of ox-
idative stress exists, suggests that oxidative stress in AD may be
associated with the progression of this dementing disorder and
not simply a consequence of this disorder. It is my opinion that
similar conclusions will be reached for other neurodegenerative
disorders as well: that oxidative stress, uniquely sourced in par-
ticular neurodegenerative disorders, will be determined to be of
fundamental importance in each disease and not simply conse-
quent to the disorder. If this opinion is correct, then it is my
view that new and emerging “omic” approaches to investigation
of oxidative stress in neurodegenerative disorders are going to
gain prominence in the future. For example, redox proteomics
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(7), lipidomics (29), and metabolomics and newer genomic ap-
proaches (28) will play an increasingly important role in the in-
vestigation of these disorders. Likewise, a prediction of this
opinion of the fundamental role of oxidative stress in neurode-
generative disorders is the emergence of new therapeutic strate-
gies based on restoration of the natural, endogenous redox bal-

ance of neurons,

perhaps coupled with multifunctional,

brain-accessible exogenous antioxidant compounds that target
specific organelles within neurons.

Understanding the causes and consequences of oxidative
stress in neurodegenerative disorders is, in my opinion, para-
mount to the better treatment and, one day, prevention of
these devastating diseases. This Forum is a good beginning in
this worthwhile endeavor.

REFERENCES

. Barron AM, Fuller SJ, Verdile G, and Martins RN. Reproductive

hormones modulate oxidative stress in Alzheimer’s disease. 4n-

ligxid Redax Siongl 8: 20472059, 2006.

. Browne SE and Beal MF. Oxidative damage in Huntington’s dis-

ease pathogenesis. dgtigxid Reday Siongl 8: 2061-2073, 2006.

. Butterfield DA and Kanski J. Brain protein oxidation in age-re-

lated neurodegenerative disorders that are associated with aggre-

gated proteins. Mech dgeino Doy 122: 945-962, 2001.

. Butterfield DA and Stadtman ER. Protein oxidation processes in

aging brain. Adv Cell Aging Gerontol xxx: 161-191, 1997.

. Calabrese V, Sultana R, Scapagnini G, Guagliano E, Sapienza M,

Bella R, Kanski J, Pennisi G, Mancuso C, Giuffrida Stella AM,
and Butterfield DA. Nitrosative stress, cellular stress response,
and thiol homeostasis in patients with Alzheimer’s disease. Anti-

auid Redax Signal 8: 1975-1986, 2006.

. Calabrese V, Ravagna A, Colombrita C, Guagliano E, Tomaselli

G, Giuffrida Stella AM, Calvani M, and Butterfield DA. Acetyl-
carnitine induces heme oxygenase in rat astrocytes and protects
against oxidative stress: involvement of the transcription factor

Nrf2. J Neurosci Res 79: 509521, 2005.

. Dalle-Donne I, Scaloni A, and Butterfield DA. Redox Proteomics.

John Wiley & Sons, New York, 2006.

. Esterbauer H, Schaur RJ, and Zollner H. Chemistry and biochem-

istry of 4-hydroxynonenal, malonaldehyde and related aldehydes.

CceRadicRiglled 11: 81-128, 1991

. Feinstein A. The neuropsychiatry of multiple sclerosis. Can J Psy-

chiatry 49: 157-163, 2004.

. Halliwell B. Proteasomal dysfunction: a common feature of neu-

rodegenerative diseases? Implications for the environmental origins
of neurodegeneration. 8:2007-2019, 2006.

. Halliwell B and Gutteridge JMC. Free Radicals in Biology and

Medicine, 3rd ed. Oxford University Press, New York, 1999.

. Hensley K, Mhatre M, Mou S, Pye QN, Stewart C, West M, and

Williamson K. On the relation of oxidative stress to neuroinflam-
mation: lessons learned from the G93A-SOD1 mouse model of

amyotrophic lateral sclerosis. dugioxd Redax Siong/ 8: 2075-2087,
2006.

. Katzman R. Luigi Amaducci memorial award winner’s paper

2003: A neurologist’s view of Alzheimer’s disease and dementia.
16:259-273, 2004.

. Lauderback CM, Hackett JM, Huang FF, Keller JN, Szweda LI,

Markesbery WR, and Butterfield DA. The glial glutamate trans-
porter, GLT-1, is oxidatively modified by 4-hydroxy-2-nonenal in
the Alzheimer’s disease brain: role of AR1-42. J Neurochem 78:
413-416,2001.

15.

16.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

1973

Lee JM, Li J, Johnson DA, Stein TD, Kraft AD, Calkins MJ, Jakel
RJ, and Johnson JA. Nrf2, a multi-organ protector? FASEB J 19:
1061-1066, 2005.

Lev N, Ickowicz D, Barhaum Y, Blondheim N, Melamed E, and
Offen D Experimental encephalomyelitis induces changes in DJ-
1: implications for oxidative stress in multiple sclerosis. Antioxid
Redox Signal 8: 1987-1995, 2006.

. Markesbery WR and Lovell MA. DNA oxidation in Alzheimer’s

disease. 8:2039-2045, 2006.

. Mattson MP. Neuronal life-and-death signaling, apoptosis, and

neurodegenerative disorders. Lggoxid Redar Sigual 8: 1997-

2006, 2006.

. McNaught KS, Olanow CW, Halliwell B, Isacson O, and Jenner P.

Failure of the ubiquitin-proteasome system in Parkinson’s disease.
[ 2:589,2001.
Pocernich CB, Sultana R, Mohmmad-Abdul H, Nath A, and But-
terfield DA. HIV-dementia, tat-induced oxidative stress and an-
tioxidant therapeutic considerations. Brgin Res Rev 50: 4-26,
2005.
Poon HF, Calabrese V, Scapagnini G, and Butterfield DA. Free
radicals: key to brain aging and heme oxygenase as a cellular re-
sponse to oxidative stress. J Gerontol 59: 478-493, 2004.
Perluigi M, Poon HF, Maragos W, Pierce WM, Klein JB, Cal-
abrese V, Cini C, De Marco C, and Butterfield DA. Proteomic
analysis of protein expression and oxidative modification in R6/2
transgenic mice: a model of Huntington’s disease. Mol Cell Pro-
teomics 4: 1849-1861, 2005.
Poon HF, Frasier M, Shreve N, Calabrese V, Wolozin B, and But-
terfield DA. Mitochondrial associated metabolic proteins are se-
lectively oxidized in A30P a-Synuclein mice: a model of familial
Parkinson’s disease. Neurohiol Dis 18: 492498, 2005.
Steiner J, Haughey N, Li W, Venkatesan A, Anderson C, Reid R,
Malpica T, Pocernich C, Butterfield DA, and Nath A. Oxidative
stress and therapeutic approaches in HIV dementia. Antioxid
Redox Signal 8: 2089-2100, 2006.
Subramaniam R, Roediger F, Jordan B, Mattson MP, Keller JN,
Waeg G, and Butterfield DA. The lipid peroxidation product, 4-
hydroxy-2-trans-nonenal, alters the conformation of cortical
synaptosomal membrane proteins. J Neurochem 69: 1161-1169
1997.
Sultana R, Boyd-Kimball D, Poon HF, Cai J, Pierce WM, Klein
JB, Markesbery WR, Zhou XZ, Lu KP, and Butterfield DA. Ox-
idative modification and down-regulation of pin 1 in Alzheimer’s
disease hippocampus: a redox proteomics analysis. Neurobiol
Aging 27: 918-925, 2006.
Sultana R, Perluigi M, and Butterfield DA. Protein oxidation and
lipid peroxidation in brain of subjects with Alzheimer’s disease:
insights into mechanism of neurodegeneration from redox pro-
teomics. dutiouid Redax Sicngl 8: 2021-2037, 2006.
Trujillo E, Davis C, and Milner J. Nutrigenomics, proteomics,
metabolomics, and the practice of dietetics. J4p Diet Assoc 106:
403-413,2006.
VanMeer G. Cellular lipidomics. EMBQO J 24: 3159-3165, 2005.

Address reprint requests to:

Professor D. Allan Butterfield

Department of Chemistry, Center of Membrane Sciences
and Sanders-Brown Center on Aging

University of Kentucky

Lexington, KY 40506-0055

E-mail: dabens@uky.edu

First submission to ARS Central, May 2, 2006; date of accep-
tance, May 27, 2006.






Thisarticle has been cited by:

1. Valérie Gautier, Hai-Tuong Le, Abderrahim Malki, Nadia Messaoudi, Teresa Cadas, Fatoum Kthiri, Ahmed Landoulsi,
Gilbert Richarme. 2012. Y gL, the Prokaryotic Homolog of the Parkinsonism-Associated Protein DJ-1, Protects Cells against
Protein Sulfenylation. Journal of Molecular Biology 421:4-5, 662-670. [ CrossRef]

2. Chantal Bazenet, Simon Lovestone. 2012. Plasma biomarkers for Alzheimer’'s disease: much needed but tough to find.
Biomarkersin Medicine 6:4, 441-454. [ CrossRef]

3.Toni Todorovski, Maria Fedorova, Ralf Hoffmann. 2012. Identification of isomeric 5-hydroxytryptophan- and
oxindolylalanine-containing peptides by mass spectrometry. Journal of Mass Spectrometry 47:4, 453-459. [ CrossRef]

4. Toni Todorovski, MariaFedorova, Ralf Hoffmann. 2011. Mass spectrometric characterization of peptides containing different
oxidized tryptophan residues. Journal of Mass Spectrometry 46:10, 1030-1038. [ CrossRef]

5.Toni Todorovski, Maria Fedorova, Lothar Hennig, Ralf Hoffmann. 2011. Synthesis of peptides containing 5-
hydroxytryptophan, oxindolylalanine, N-formylkynurenine and kynurenine. Journal of Peptide Science 17:4, 256-262.
[CrossRef]

6. Anuradha Vivekanandan-Giri, Jaeman Byun, Subramaniam PennathurQuantitative Analysis of Amino Acid Oxidation
Markers by Tandem Mass Spectrometry 491, 73-89. [ CrossRef]

7.Piler Mahaboob Basha, Narayanaswamy Madhusudhan. 2010. Pre and Post Natal Exposure of Fluoride Induced
Oxidative Macromolecular Alterations in Developing Central Nervous System of Rat and Amelioration by Antioxidants.
Neurochemical Research 35:7, 1017-1028. [CrossRef]

8. Frode FonnumNeurotoxicology . [ CrossRef]

9. Maria Fedorova, Nadezhda Kuleva, Ralf Hoffmann. 2009. Reversible and irreversible modifications of skeletal muscle
proteinsin arat model of acute oxidative stress. Biochimica et Biophysica Acta (BBA) - Molecular Basis of Disease 1792:12,
1185-1193. [CrossRef]

10. M. Margarita Behrens, Terrence J. Sejnowski. 2009. Does schizophrenia arise from oxidative dysregulation of parvalbumin-
interneurons in the devel oping cortex?. Neuropharmacology 57:3, 193-200. [ CrossRef]

11. Yifeng Du, Michael C. Wooten, Marie W. Wooten. 2009. Oxidative damage to the promoter region of SQSTM1/p62 is
common to neurodegenerative disease. Neurobiology of Disease 35:2, 302-310. [CrossRef]

12. Barry Halliwell. 2009. The wanderings of afreeradical. Free Radical Biology and Medicine 46:5, 531-542. [ CrossRef]

13. Kun DonYi, DouglasF. Covey, James W. Simpkins. 2009. M echanism of okadaic acid-induced neuronal death and the effect
of estrogens. Journal of Neurochemistry 108:3, 732-740. [ CrossRef]

14. Tanea T. Reed, Joshua Owen, William M. Pierce, Andrea Sebastian, Patrick G. Sullivan, D. Allan Butterfield. 2009.
Proteomic identification of nitrated brain proteins in traumatic brain-injured rats treated postinjury with gamma-
glutamylcysteine ethyl ester: Insightsinto the role of elevation of glutathione as a potential therapeutic strategy for traumatic
brain injury. Journal of Neuroscience Research 87:2, 408-417. [ CrossRef]

15. Alexander Semmler, Yvo Smulders, Eduard Struys, Desiree Smith, Susanna Moskau, Henk Blom, Michael Linnebank.
2008. Methionine metabolism in an animal model of sepsis. Clinical Chemistry and Laboratory Medicine 46:10, 1398-1402.
[CrossRef]

16. Maria A. Brito, Alexandra |. Rosa, Ana S. Falcdo, Adelaide Fernandes, Rui F.M. Silva, D. Allan Butterfield, Dora Brites.
2008. Unconjugated bilirubin differentially affectsthe redox status of neuronal and astroglial cells. Neurobiology of Disease
29:1, 30-40. [CrossRef]

17. Cherie E. Bond, Susan A. Greenfield. 2007. Multiple cascade effects of oxidative stress on astroglia. Glia 55:13, 1348-1361.
[CrossRef]

18. Ann-Louise Bergstrém, Joélle Chabry, Lone Bastholm, Peter M.H. Heegaard. 2007. Oxidation reduces the fibrillation but
not the neurotoxicity of the prion peptide PrP106-126. Biochimica et Biophysica Acta (BBA) - Proteins and Proteomics
1774:9, 1118-1127. [CrossRef]

19. M. Piroddi, I. Depunzio, V. Calabrese, C. Mancuso, C. M. Aisa, L. Binaglia, A. Minelli, A. D. Butterfield, F. Galli. 2007.

Oxidatively-modified and glycated proteins as candidate pro-inflammatory toxins in uremia and dialysis patients. Amino
Acids 32:4, 573-592. [ CrossRef]


http://dx.doi.org/10.1016/j.jmb.2012.01.047
http://dx.doi.org/10.2217/bmm.12.48
http://dx.doi.org/10.1002/jms.2058
http://dx.doi.org/10.1002/jms.1984
http://dx.doi.org/10.1002/psc.1322
http://dx.doi.org/10.1016/B978-0-12-385928-0.00005-5
http://dx.doi.org/10.1007/s11064-010-0150-2
http://dx.doi.org/10.1002/9780470744307.gat058
http://dx.doi.org/10.1016/j.bbadis.2009.09.011
http://dx.doi.org/10.1016/j.neuropharm.2009.06.002
http://dx.doi.org/10.1016/j.nbd.2009.05.015
http://dx.doi.org/10.1016/j.freeradbiomed.2008.11.008
http://dx.doi.org/10.1111/j.1471-4159.2008.05805.x
http://dx.doi.org/10.1002/jnr.21872
http://dx.doi.org/10.1515/CCLM.2008.277
http://dx.doi.org/10.1016/j.nbd.2007.07.023
http://dx.doi.org/10.1002/glia.20547
http://dx.doi.org/10.1016/j.bbapap.2007.06.016
http://dx.doi.org/10.1007/s00726-006-0433-8

