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Forum Editorial

Targeting Oxidative Stress for Neuroprotection

Daniel A. Linseman

The Central Role of Oxidative Stress
in Neurodegeneration

THE GENERATION of reactive oxygen species (ROS) and re-
active nitrogen species (RNS) leads to oxidative or ni-
trosative damage or both to cellular proteins, lipids, and
DNA (a process collectively referred to here as oxidative
stress). During aging, oxidative stress increases because of an
aberrant generation of ROS/RNS and a gradual decline in
cellular antioxidant defense mechanisms. Consequently, ag-
ing and the associated increase in oxidative stress are major
risk factors for many neurodegenerative diseases. In addi-
tion, various genetic mutations and environmental expo-
sures can sensitize individuals to oxidative stress and neu-
rodegeneration. Within the cell, mitochondria are a major
source of oxidative stress. However, additional intracellular
sources of ROS and RNS exist, as well as extracellular sources
such as those resulting from inflammation or exposure to
toxins. A significant body of literature indicates that ROS or
RNS or both resulting from mitochondrial dysfunction, neu-
roinflammation, or toxicants are major factors in the oxida-
tive stress—dependent neuronal death that underlies various
neurodegenerative disorders, including Parkinson’s disease
(PD), Alzheimer’s disease (AD), Huntington’s disease (HD),
amyotrophic lateral sclerosis (ALS), and many others (1, 8,
9, 16, 18). Accordingly, the discovery of novel strategies to
mitigate oxidative stress is a principal focus of current ther-
apeutic development programs for neurodegenerative dis-
eases.

Cellular Targets of Oxidative Stress

If left unopposed, oxidative stress results in the accumu-
lation of dysfunctional proteins, lipid peroxidation products,
and damaged nuclear or mitochondrial DNA. Oxidative
damage to proteins is a major mechanism underlying neu-
rodegeneration, which occurs through a variety of pathways
including carbonylation, oxidation of critical sulfhydryl
groups, nitrosylation, and nitrotyrosination. For example,
PD cybrid cells show enhanced protein carbonylation and
sulfhydryl oxidation because of deficits in mitochondrial
complex I activity and consequent generation of ROS (5). In

particular, these types of oxidative damage are major con-
tributing factors to the dysfunctional aggregation of a-synu-
clein, a principal hallmark of PD. Nitrosative damage to pro-
teins also is capable of causing protein dysfunction. Several
examples include S-nitrosylation of peroxiredoxin 2, protein-
disulfide isomerase, and heat-shock protein 90 (12). The ni-
trosylation of each of these proteins results in a loss of their
respective protective functions and contributes to further ox-
idative stress and aberrant protein misfolding and aggrega-
tion in diseases such as PD and AD.

In addition to unique proteins becoming dysfunctional or
aggregated as a result of oxidation, damage to key compo-
nents of multiprotein complexes or principal regulators of
organelle structure and function can markedly exacerbate
the adverse effects of oxidative stress. For instance, oxida-
tive damage to complex I of the electron-transport chain,
which is commonly observed in PD, results in enhanced ROS
generation and subsequent oxidative damage within mito-
chondria. This organelle damage combined with the pro-
duction of nitric oxide and peroxynitrite can further result
in aberrant fission of mitochondria, ultimately triggering
Bax-dependent cytochrome c release and apoptosis (12). An-
other example is the S-nitrosylation of the E3 ubiquitin lig-
ase, parkin, which is observed in the MPTP mouse model of
PD and in patients with sporadic PD. The ensuing loss of the
parkin E3 ligase activity results in accumulation of a-synu-
clein, which, in turn, compromises function of the ubiqui-
tin—proteasome degradation pathway. Dysfunction of the
proteasome then acts as a positive-feedback mechanism to
exacerbate further the accumulation and aggregation of a-
synuclein (6). In a similar manner, the autophagy-lysosomal
degradation pathway is also susceptible to oxidative dam-
age. In AD, the toxic AB peptide may cause direct in-
tralysosomal oxidative stress and subsequent lysosomal
membrane permeabilization, causing the release of prote-
olytic cathepsins into the cytoplasm (13). In addition, the loss
of lysosomal integrity will compromise the degradation of
proteins through the autophagy pathway and may ulti-
mately exacerbate the accumulation of toxic protein aggre-
gates. Collectively, these findings indicate that the inhibition
of protein oxidation will likely be neuroprotective, not only
by preserving the function of unique proteins, but also by
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maintaining the functions of key degradation pathways like
the ubiquitin-proteasome and lysosomal-autophagy sys-
tems. In addition, reducing protein oxidation will help main-
tain mitochondrial structure and function.

Novel Antioxidant Strategies for Neuroprotection
Antioxidant supplementation and mitochondrial targeting

For the past several decades, antioxidant supplementation
has been intensely investigated as a possible therapeutic av-
enue for various neurodegenerative diseases. Antioxidants
such as vitamin E, vitamin C, N-acetylcysteine, and glu-
tathione (GSH) have been tested in a number of clinical tri-
als for neuroprotection. Unfortunately, most of these trials
have shown little to no benefit to patients (reviewed in 3).
Recently, research has focused on novel ways to target an-
tioxidants to particular organelles (e.g., mitochondria) that
are known to generate high levels of ROS. For instance, mi-
tochondrial-targeted antioxidant peptides, vitamin E, and
ubiquinone (MitoQ) are all being actively studied for their
neuroprotective properties (10, 15, 19). In addition, the de-
velopment of catalytic antioxidants, manipulation of en-
dogenous antioxidant pathways, and characterization of nat-
ural-product (“nutraceutical”) antioxidants are all active
research areas for neuroprotection.

Catalytic antioxidants

Novel chemical compounds that mimic the catalytic ac-
tivities of either superoxide dismutase or catalase are cur-
rently being evaluated in multiple in vitro and in vivo animal
models of neurodegeneration (7). These compounds have a
distinct advantage over most common antioxidants, in that
they act catalytically to detoxify free radicals rather than act-
ing stoichiometrically merely to scavenge ROS. Several
chemical classes of catalytic antioxidants are under devel-
opment, and their promising effects in animal models sug-
gest that they may produce tangible benefits to patients in
clinical trials of neurodegeneration.

Modulation of endogenous antioxidant
transcriptional regulators

Endogenous antioxidant pathways are tightly regulated at
the transcriptional level. One of the principal transcription
factors that modulates endogenous antioxidant expression is
nuclear factor E2-related factor 2 (Nrf2). Nrf2 turns on the
expression of a diverse array of antioxidant, detoxification,
and cytoprotective genes, including those involved in GSH
synthesis (reviewed in 2 and 4). Because of this pleiotropic
response downstream of Nrf2 activation, strategies to stim-
ulate Nrf2 transcriptional activity may be beneficial in neu-
rodegeneration. Several approaches could be used to stimu-
late Nrf2 activity in wvivo, such as administration of
small-molecule activators of Nrf2, overexpression of Nrf2, or
disruption of the activity of Keapl, an E3 ligase and en-
dogenous repressor of Nrf2 (2). Intriguingly, the ability of
Nrf2 overexpression to provide neuroprotection may not
even require Nrf2 delivery to neurons; rather, Nrf2 expres-
sion in astrocytes appears to be a viable strategy for pro-
tecting neighboring neurons (2).

Another transcriptional regulator of endogenous antioxi-
dant defense programs is peroxisome proliferator-activated
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receptor-vy co-activator-la (PGC-1a). PGC-1e is a pleiotropic
transcriptional coactivator that has some minimal overlap
with Nrf2 in the array of antioxidant genes that it regulates.
However, PGC-1a also modulates the expression of a num-
ber of antioxidant proteins within mitochondria (e.g., specific
peroxiredoxin isoforms) that are apparently not regulated by
Nrf2 (4). The induction of PGC-1a activity, by using strate-
gies similar to those outlined earlier for Nrf2, may result in
an antioxidant response that is complementary to that ob-
served with Nrf2 activation (4). Thus, one can envision a
novel approach of stimulating both Nrf2 and PGC-1« tran-
scriptional pathways as a potential combination therapy for
neurodegeneration.

Natural products (“nutraceuticals”)

Natural products in the diet have recently gained signifi-
cant attention as possible therapeutic candidates for neu-
rodegeneration. These nutraceuticals are found in a variety
of foods and spices and are chemically defined as flavonoids,
polyphenols, catechins, curcuminoids, etc.,, as well as
organosulfur compounds. Some of these compounds pro-
vide neuroprotection directly via free radical scavenging,
whereas others, such as the polyphenol resveratrol and the
organosulfur compound sulforaphane, activate Nrf2-depen-
dent transcription of endogenous antioxidant genes. An ex-
ample of the latter strategy to protect dorsal root ganglion
neurons from hyperglycemia-induced oxidative stress is re-
ported by Vincent et al. (17) in the current issue. In addition,
some natural polyphenols, such as the green tea catechin,
epigallocatechin 3-gallate (EGCG), show an innate capacity
to accumulate in mitochondria and protect neurons from mi-
tochondrial oxidative stress, which is a prominent cause of
neurodegeneration (14). Finally, some natural polyphenols
like curcumin have been chemically modified to produce de-
rivatives that display enhanced antioxidant, antiinflamma-
tory, and neuroprotective properties (11). These observations
demonstrate that nutraceuticals provide an abundant source
of potential therapeutic agents that could be used to mitigate
oxidative stress and inflammation in neurodegenerative dis-
eases.

Future Directions

Over the past several decades, substantial evidence has ac-
cumulated showing a causative role for oxidative stress in
neurodegeneration. This pathologic process occurs primar-
ily as a consequence of aging, but additional genetic and en-
vironmental factors clearly contribute to the aberrant gener-
ation of ROS and RNS. Although past trials with traditional
antioxidants have produced relatively little benefit in pa-
tients, novel approaches to enhance the therapeutic poten-
tial of antioxidants are actively being investigated. Among
these approaches is the modification of natural antioxidants
either selectively to target them to mitochondria or to en-
hance their free radical-scavenging and antiinflammatory
activities. In addition, the discovery and development of cat-
alytic antioxidants with increased potency and penetration
into the CNS are ongoing. Finally, a strategy that may hold
significant promise for neurodegeneration is the manipula-
tion of transcriptional regulators of the endogenous antiox-
idant response, such as Nrf2 and PGC-1a. In addition to the
further discovery and development of novel antioxidant
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strategies like those mentioned, future research also is nec-
essary to identify key molecular targets and pathways that
are substrates for oxidative stress and that must be preserved
to alter the course of neurodegenerative disease. The identi-
fication of these oxidative stress-sensitive molecules may
provide new opportunities for specifically targeting critical
proteins or pathways to protect them selectively from ox-
idative damage. Future clinical trials using novel antioxidant
approaches for neurodegeneration are on the horizon, and
the neuroscience community and patients with these debil-
itating diseases are anxiously hoping for positive outcomes.

References

1. Beal MF. Mitochondria and neurodegeneration. Novartis
Found Symp 287: 183-192, 2007.

2. Calkins M], Johnson DA, Townsend JA, Vargas MR, Dow-
ell JA, Williamson TP, Kraft AD, Lee J-M, Li ], and Johnson
JA. The Nrf2/ARE pathway as a potential therapeutic tar-
get in neurodegenerative disease. dutioxid RedasSigualiug
11: 497-508, 2009.

3. Casetta I, Govoni V, and Granieri E. Oxidative stress, an-
tioxidants and neurodegenerative diseases. Cugr Phagru Des
11: 2033-2052, 2005.

4. Clark J and Simon DK. Transcribe to survive: transcriptional
control of antioxidant defense programs for neuroprotection
in Parkinson’s disease. diatinadid-RedasSigualing 11: 509-528,
2009.

5. Esteves AR, Arduino DM, Swerdlow RH, Oliveira CR, and
Cardoso SM. Oxidative stress involvement in a-synuclein
oligomerization in Parkinson’s disease cybrids. Antioxid Re-
dox Signaling 11: 439-448, 2009.

6. Ethell DW and Fei Q. Parkinson-linked genes and toxins that
affect neuronal cell death through the Bcl-2 family. Antioxid

Redox Signaling 11: 529540, 2009.

7. Golden TR and Patel M. Catalytic antioxidants and neu-
rodegeneration. dutigaideRedasSigualiug 11: 555-569, 2009.

8. Halliwell B. Oxidative stress and neurodegeneration: where
are we now? | Neurochem 97: 1634-1658, 2006.

9. Hensley K, Mhatre M, Mou S, Pye QN, Stewart C, West M,
and Williamson KS. On the relation of oxidative stress to
neuroinflammation: lessons learned from the G93A-SOD1
mouse model of amyotrophic lateral sclerosis. Antioxid Re-
dox Signaling 8: 20752087, 2006.

10. Kelso GF, Porteous CM, Coulter CV, Hughes G, Porteous
WK, Ledgerwood EC, Smith RA, and Murphy MP. Selective
targeting of a redox-active ubiquinone to mitochondria
within cells: antioxidant and antiapoptotic properties. | Biol
Chem 276: 4588-4596, 2001.

423

11. Khanna S, Park H-A, Sen CK, Golakoti T, Sengupta K,
Venkateswarlu S, and Roy S. Neuroprotective and antiin-
flammatory properties of a novel demethylated curcumi-

noid. AutissidaRedasasigualiug 11: 449-468, 2009.
12. Knott AB and Bossy-Wetzel E. Nitric oxide in health and

disease of the nervous system. Ldubigadid RedasaSigualiug 11:
541-553, 2009.

13. Pivtoraiko VN, Stone SL, Roth KA, and Shacka JJ. Oxidative
stress and autophagy in the regulation of lysosome-depen-
dent neuron death. QdukigaidRedasnSigualiug 11: 481496,
2009.

14. Schroeder EK, Kelsey NA, Doyle ], Breed E, Bouchard R],
Loucks FA, Harbison RA, and Linseman DA. Green tea epi-
gallocatechin 3-gallate accumulates in mitochondria and dis-
plays a selective antiapoptotic effect against inducers of mi-
tochondrial oxidative stress in neurons. Apfioxid Redox

Signaling 11: 469-480, 2009.

15. Smith RA, Porteous CM, Coulter CV, and Murphy MP. Se-
lective targeting of an antioxidant to mitochondria. Eur |
Biochem 263: 709-716, 1999.

16. Tansey MG, Frank-Cannon TC, McCoy MK, Lee JK, Mar-
tinez TN, McAlpine FE, Ruhn KA, and Tran TA. Neuroin-
flammation in Parkinson’s disease: is there sufficient evi-
dence for mechanism-based interventional therapy? Front
Biosci 13: 709-717, 2008.

17. Vincent AM, Kato K, McLean LL, Soules ME, and Feldman
EL. Sensory neurons and Schwann cells respond to oxida-
tive stress by increasing antioxidant defense mechanisms.
Aukiouid Redar Siguglive 11: 425-438, 2009.

18. von Bernhardi R. Glial cell dysregulation: a new perspective
on Alzheimer disease. Neurotox Res 12: 215-232, 2007.

19. Zhao K, Zhao GM, Wu D, Soong Y, Birk AV, Schiller PW,
and Szeto HH. Cell-permeable peptide antioxidants targeted
to inner mitochondrial membrane inhibit mitochondrial
swelling, oxidative cell death, and reperfusion injury. | Biol
Chem 279: 34682-34690, 2004.

Address reprint requests to:

Daniel A. Linseman, Ph.D.

University of Denver

Department of Biological Sciences and Eleanor Roosevelt
Institute

Seeley G. Mudd Science Bldg., Rm. 130

2101 E. Wesley Ave.

Denver, CO 80208

E-mail: daniel.linseman@du.edu

Date of first submission to ARS Central, August 12, 2008;
date of acceptance August 20, 2008.






Thisarticle has been cited by:

1. S.P. Fernandes, R. Dringen, A. Lawen, S.R. Raobinson. 2011. Inactivation of astrocytic glutamine synthetase by hydrogen
peroxide requires iron. Neuroscience Letters 490:1, 27-30. [ CrossRef]

2.0lI'gaVan#tova, Ladidav Battiak, Svatava KaSparova, Jarmila Kucharskg, Hector H. Palacios, Jaromir Horecky, Gjumrakch

Aliev. 2010. In vivo and in vitro assessment of brain bioenergeticsin aging rats. Journal of Cellular and Molecular Medicine
14:11, 2667-2674. [CrossRef]

3. Marko Ercegovac, Nebojsa Jovic, Tatjana Simic, Ljiljana Beslac-Bumbasirevic, Dragoslav Sokic, Tatjana Djukic, Ana
Savic-Radojevic, Marija Matic, Jasmina Mimic-Oka, Marija Pljesa-Ercegovac. 2010. Byproducts of protein, lipid and DNA
oxidative damage and antioxidant enzyme activitiesin seizure. Seizure 19:4, 205-210. [ CrossRef]

4. Altaf S Darvesh, Richard T Carroll, Anupam Bishayee, Werner J Geldenhuys, Cornelis J Van der Schyf. 2010. Oxidative
stressand Alzheimer’ s disease: dietary polyphenols as potential therapeutic agents. Expert Review of Neurotherapeutics 10:5,
729-745. [CrossRef]

5. Bobby Thomas . 2009. Parkinson's Disease: From Molecular Pathways in Disease to Therapeutic Approaches. Antioxidants
& Redox Sgnaling 11:9, 2077-2082. [Abstract] [Full Text HTML] [Full Text PDF] [Full Text PDF with Links]


http://dx.doi.org/10.1016/j.neulet.2010.12.019
http://dx.doi.org/10.1111/j.1582-4934.2009.00879.x
http://dx.doi.org/10.1016/j.seizure.2010.02.002
http://dx.doi.org/10.1586/ern.10.42
http://dx.doi.org/10.1089/ars.2009.2697
http://online.liebertpub.com/doi/full/10.1089/ars.2009.2697
http://online.liebertpub.com/doi/pdf/10.1089/ars.2009.2697
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2009.2697

