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a b s t r a c t

Lipids, proteins and DNA in the central nervous system have a high sensitivity to oxidative
stress. Reactive oxygen species (ROS)-induced damage increases with aging, especially in
the last quarter of the life span. The so called base level of oxidative modification of lipids
could be important to cell signaling, and membrane remodeling, but the ROS-mediated
post translation modifications of proteins could be important to the homeostasis of protein
turnover. Low levels of 8-oxo-7,8-dihydroguanine (8-oxoG) might be necessary for tran-
scription. A high level of accumulation of lipid peroxidation, oxidative protein damage or
8-oxoG, on the other hand, accelerates the progress of aging and neurodegenerative dis-
eases. Therefore, agents that induce the activity of repair enzymes, such as Ca(2+)-indepen-
dent phospholipase A(2) (iPLA(2)beta), methionine sulfoxide reductase, and 8-oxoguanine
DNA glycosylase, or the activity of enzymes that could prevent the accumulation of oxi-
dized, toxic proteins, such as proteasome, Lon protease, neprilysin or insulin degrading
enzyme, may act as potential therapeutic tools to slow the aging process and the progress
of neurodegenerative diseases.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Respiration can release up to 2870 kJ from the complete oxidation of 1 mol glucose, whereas anaerobic metabolism re-
sults in just 197 kJ. The highly efficient aerobic metabolism burns substrates without direct substrate–oxygen interaction,
but it utilizes oxygen as a final electron acceptor. During this process, most probably not by coincidence but because of
the physiological means, the electron chain releases reactive oxygen intermediates. One of the important characteristics
of these reactive oxygen species (ROS) is that their outermost orbit contains an unpaired electron that has an independent
existence.

Some of the ROS, including nitric oxide, but mostly the less reactive hydrogen peroxide, can cross membranes and act as
activators for vital physiological processes. The redox signaling is important to inflammation via the activation of NF-kB and
AP1 (Bowie and O’Neill, 2000; Sen and Packer, 1996), vascularization via HIF-1–VEGF activation (Liu et al., 2006), mitochon-
drial biogenesis (Schroeder et al., 2007; Strobel et al., 2011), or different metabolic adaptations via SIRT1 (Puca et al., 2010).

Moreover, it appears that ROS are involved in neurogenesis, since neuronal precursor cells exhibit about four times higher
ROS levels than other cell types, and the concentration of ROS which is dependent on the density of precursor cells is asso-
ciated with the rate of proliferation (Limoli et al., 2004). Furthermore it has been suggested that ROS are important
messengers and activate, up to a certain concentration, the self-renewal multipotent neural progenitors and neurogenesis
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via P13K/Akt signaling (Le Belle et al., 2011). Generally it appears that elevated ROS levels (excluding the very reactive ones,
like hydroxyl radical) can stimulate a variety of physiological functions. However, after reaching a critical level, ROS can
jeopardize cell function and fate. Thus, the effects of ROS on biological systems can be described by the hormetic curve (Ra-
dak et al., 2005, 2008). It seems to be indisputable that ROS, above a cell dependent tolerance level, readily induce the oxi-
dative modification of macromolecules, and this process is generally referred to as oxidative damage.

Brain is an organ very sensitive to oxidative stress and this is partly due to the high metabolic rate and the large amount
of iron and copper found in the organ. These interact with the diffusible hydrogen peroxide and result in the generation of
the extremely reactive hydroxyl radical that yields damage to proteins, lipids and DNA (Halliwell, 2001; Nagy, 2001). Hydro-
gen peroxide is generated by a number of systems, including reactions catalyzed by monoamine oxidase A and B with a de-
scribed location of neuronal and glial mitochondrial membranes (Gershon et al., 1990). Besides the possible iron–hydrogen
peroxide interactions, Ca++-associated ROS generation is also a potent source of ROS in the brain. Both inhibition and acti-
vation of neurons activates Ca++-traffic, and the excess of glutamate could result in large increases in ROS production (But-
terfield, 2002; Chinopoulos and Adam-Vizi, 2006). Neuronal membranes are packed with phospholipids containing
polyunsaturated fatty acid esters, which are very sensitive to ROS attack, causing a chain reaction which generates lipid rad-
icals and extensive membrane damage. NADPH oxidases are potent cellular generators of superoxide including neurons and
glias (Lambeth, 2007). NADPH oxidase ROS generation can be influenced by free fatty acids especially mono and polyunsat-
urated long chain fatty acids, which could increase ROS production (Schonfeld and Wojtczak, 2008). Despite the fact that
brain is well protected by the blood–brain barrier, it is important to note that it cannot provide full protection against cir-
culating inflammatory agents that can generate radicals in the brain (Farkas et al., 2006).

It is well established that oxidative stress is closely linked to the pathology of a variety of neurodegenerative diseases,
including age-associated disorders (Jellinger, 2009; Koudinov et al., 2009; Radak et al., 2010). Due to this reactivity and short
lifespan, the direct detection of ROS is difficult, and hence, the amount is often judged from the alteration of antioxidant sta-
tus or the accumulation of relatively stable products of lipid, protein and DNA interactions. However, the levels of oxidative
damage, besides the concentration and reactivity of ROS, are also influenced by the activity of the repair systems.

The levels of oxidative modification of lipids, proteins and DNA are generally used as markers of oxidative damage, which
is increased with the neuropathology of aging, and in some cases it has even been suggested to be a causative factor of the
progress of specific diseases (Esiri, 2007; Head, 2009; Martin, 2008). In the present review the reasons and consequences of
the accumulation of oxidative damage in age-associated diseases, with a special focus on the repair process, have been eval-
uated. The activation of repair processes could serve as a potential therapeutic tool to attenuate the progress of certain
diseases.
2. Lipid peroxidation and neurodegenerative diseases

Cellular membranes that provide structural integrity for cells are composed of a variety of phospholipids, cholesterol,
cholesterol esters and fatty acids and a variety of proteins that have key roles for specific cellular functions (Catala,
2009). Cholesterol is an important regulator of the complete lipid architecture including the assembly of myelin structure
(Saher et al., 2005). In addition, phospholipids could serve as precursors for signaling such as arachidonic acids (ArAc), doco-
sahexaenoic acid (DHA) among others, which at low concentration can regulate signal transduction, gene expression, and
cell proliferation (Farooqui and Horrocks, 2006). ArAc is generated by phospholipase A2 and it is metabolized by cyclooxy-
genase, and lipoxygenase to bioactive eicosanoids (Fig. 1).

Mammalian cells contain 1500–2000 lipid species. Brain is particularly important in lipid metabolism, since this organ
has the highest concentration of lipids, excluding adipose tissue in mammalian bodies. Indeed, supplementation of certain
polyunsaturated fatty acids can attenuate the development of gliomas (Kyritsis et al., 2011), protect against the damage of
traumatic brain injury (Mills et al., 2011; Wu et al., 2004a), and improve synaptic plasticity (Wu et al., 2008). However, a high
fat diet containing saturated fatty acids could impair synaptic plasticity via cyclic AMP-response element-binding protein
(CREB), synapsin 1 systems (Wu et al., 2004b). Thus, lipids are important modulators of brain physiology that are also targets
of ROS.

Radicals, especially hydroxyl, alkoxyl, and peroxyl, can abstract a labile H atom from the methylene group of polyunsat-
urated fatty acids, generating carbon-centered free radicals. Thus, the initial reaction of hydroxyl radical with fatty acids pro-
duces a lipid radical which, with the reaction of oxygen, results in the lipid peroxyl radical, which further can react with fatty
acids to produce lipid hydroperoxide. This chain reaction could significantly alter the structure of membranes and other lip-
ids, resulting in altered fluidity, permeability, transport and metabolic processes. Fatty acid peroxides can give rise to a vari-
ety of aldehydes. Among the generated aldehydes, 4-hydroxy-2-nonenal (HNE) is considered to be one of the most toxic that
causes extensive damage and results in apoptosis (Dubinina and Dadali, 2010). HNE can be generated from ArAc or linoleic
acid after being attacked by peroxides and due to the lipophilic characteristics of HNE it can easily be associated with mem-
branes. However, HNE is also capable of disintegrating membranes and is able to travel between cell components. HNE inter-
acts with membranes and a wide array of amino acids residues that in receptors, chaperones, electron transport chain
proteins and oxidative damage repairing proteins (Dubinina and Dadali, 2010; Farooqui and Horrocks, 2006).

Accumulation of beta amyloid (Ab) in neurofibrillary plaques is a pathological characteristic of Alzheimer’s disease (AD)
and is associated with neuronal death. Moreover, addition of Ab has been shown to cause the generation of HNE (Mark et al.,



Fig. 1. Involvement of ROS in membrane lipids in pathophysiology of cells. ROS gives rise to lipid peroxides in the cell membrane resulting in either the
chain reaction of lipid peroxidation or generation of aldehydes such as HNE that are harmful to cellular functions via Ca2+ signaling, leading to pathologies
like inflammation. Beneficial sides of ROS are, if modest, roles in mitochondrial biogenesis, neurogenesis, metabolic adaptation, etc.
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1997), and hence a Ab is a potent generator of lipid peroxidation and acts as a neurotoxin. Microglial NADPH oxidase acti-
vation has been suggested to be one of the sources of Ab derived ROS (neuritic plaques are enriched in microglia). It is also
important to note Ab interacting with iron and copper could generate ROS. Indeed, a new analytical technique recently re-
vealed that there is an increased tissue concentration of iron, copper and zinc around Ab plaques (Rajendran et al., 2009) and
this suggests that metal chelators have the potential role to reduce oxidative stress during AD (Ellis et al., 2010).

A recent study suggest the requirement of Met35 residue of Ab peptide in ROS generation (Butterfield et al., 2010b). The
fact that Ab has been shown to be localized in mitochondrial membranes explains why AD patients suffer from the large
degree of lipid peroxidation and mitochondrial dysfunction (Hansson Petersen et al., 2008; Oppermann et al., 1999). Disin-
tegration of mitochondrial membranes and altered permeability impairs membrane potential and can readily cause leakage
of cytochrome c and lead to apoptosis (Kagan et al., 2009). HNE reactivity not only results in disintegration of membranes but
also modifies the structure and hence lowers the activity of some key housekeeping enzymes. Neprilysin, which is involved
in the degradation of Ab, is one of the targets of HNE and the modification that results in impaired activity and an increased
accumulation of Ab (Wang et al., 2009). A recent paper revealed that proteasome complex is also involved in the degradation
of Ab (Zhao and Yang, 2010). However, HNE can interact and deactivate proteasome resulting in accumulation of oxidized
and altered proteins, which leads to impaired function (Farout et al., 2006). Therefore, lipid peroxidation-mediated chain
reactions, especially HNE reactivity, could impair housekeeping enzyme structure and cause excessive increases in impaired
proteins (Farout et al., 2006).

Increased levels of thiobarbituric acid-reactive substances (TBARS) and malondialdehyde, isoprostane levels have been
reported in different regions of the brain, spinal cord, and body fluids of patients with AD (Butterfield et al., 2010a; Galbusera
et al., 2004; Singh et al., 2010). It is well known that AD is associated with elevated levels of lipid peroxidation. Moreover it
appears that patients with Parkinson diseases (PD) also suffer from the consequences of lipid peroxidation, since ROS are
produced to a higher extent in the substantia nigra during PD (Ben-Shachar et al., 1992; Jenner, 1991; Navarro and Boveris,
2009; Zarkovic, 2003). The fact that antioxidant treatments significantly reduce the infarct size and attenuate the damage,
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including lipid peroxidation in stroke, strongly suggests that ROS are heavily involved in the pathology of stroke (Deguchi
et al., 2008; Lapchak et al., 2007; Loh et al., 2010). Indeed, lipid peroxidation is a damaging process that has been shown
in a variety of neurodegenerative diseases, including AD, and other types of dementia, PD, stroke, Huntington disease,
Niemann–Pick diseases, etc. (Adibhatla and Hatcher, 2008a).

Our current understanding of the repair of lipid peroxidation is far less developed than that of oxidative protein damage
or DNA damage. Ca(2+)-independent phospholipase A(2) (iPLA(2)beta) appears to be one enzyme which could repair oxi-
dized cardiolipin which is a component of the mitochondrial membrane (Kinsey et al., 2008; Zhao et al., 2010b). However,
most of the enzymes in the family of phospholipase A2 are rather generators of oxidative stress and lipid peroxidation during
prostaglandin synthesis from ArAc, a products of PLA2 reaction than repair of lipid peroxidation (Adibhatla and Hatcher,
2008b). Thus, inhibitors of secretory phospholipase A2 emerged as a potential tool to decrease inflammation and associated
lipid peroxidation in addition to well-known inhibitors of cyclooxygenase 2 (COX2) (Hoda et al., 2009).

It is also important to note that phospholipase A2 generated lipid peroxidation is an enzymatic reaction. Thus this type of
lipid peroxidation is designed by nature and could have physiological meaning (Nigam and Schewe, 2000). The physiological
role of lipid peroxidation is enigmatic, but it could affect cell signaling such as proteasome-mediated degradation- associated
signaling (Rapoport and Schewe, 1986) and could be important in the physiological remodeling of cellular membranes. The
levels of lipid peroxidation in various organs, including brain (Martin et al., 1998; Michel et al., 2010), increase with aging.
However, not all the lipid peroxidation products present to the same degree or at the same time with aging. Lipid antioxi-
dants, especially lipid soluble vitamins and glutathione, glutathione-S-transferases and b-alanyl-L-histidine, which can
quench lipid oxidants including HNE, are a naturally occurring phenomenon. Albumin and apolipoproteins and maybe some
others with high intracellular concentration can bind and buffer HNE, resulting in detoxification of cellular milieu.

Taken together, brain contains a great deal of lipid material that is vulnerable to lipid peroxidation. The chain reaction
which occurs can disintegrate membranes, impair cellular function of a wide range of proteins involved in signaling, metab-
olism and housekeeping enzymes. The repair process of lipid peroxidation is very limited, and moderate levels of lipid per-
oxidation could have significant physiological meaning for cell signaling and membrane remodeling. It is clear that lipid
peroxidation is involved and associated with a variety of neurodegenerative diseases and aging. Thus, balance between these
opposing roles may be important for homeostasis.
3. Oxidative protein damage, degradation and repair

ROS induced post translation modification of proteins is a magnitude higher than that of lipids and DNA (Nakamoto et al.,
2007). The fragmentation of proteins due to the oxidation of the protein backbone is initiated by hydroxyl radical-mediated
abstraction of the a-hydrogen atom from the amino acid residues forming a carbon centered radical (Berlett and Stadtman,
1997). This radical further reacts with O2 and alkylperoxyl radical is formed, which, via intermediates (alkylperoxide, alkoxyl
radical) finally give rise to hydroxyl protein derivative (Berlett and Stadtman, 1997) (Fig. 2).

All amino acid residues can be modified by the attack of ROS generating oxidation of amino acid side chains, protein–
protein cross-linkages. Methionine and cysteine residues are even more prone to oxidation than others due to the presence
of sulfur. Cysteine residues are converted to disulfide by oxidation and reduced back to cysteine under mild conditions such
as in the presence of reducing agents like NADH without enzyme reaction. Methionine residues are transformed to methi-
onine sulfoxide, which in turn modification can be repaired by methionine sulfoxide reductases, which catalyze the reduc-
tion of methionine sulfoxide back to methionine residues (Lim et al., 2011). The fact that the oxidation of methionine
residues is reversible, points out that the modification of methionine residue could play a role in cellular regulation. Aging
results in accumulation of the ROS-induced damage in methionine resides, which could be due to age-associated decreases
in the activity of methionine sulfoxide reductases (Stadtman et al., 2005). The manipulation (depression or overexpression)
of the methionine sulfoxide reductases could significantly affect the sensitivity to oxidative stress (Salmon et al., 2009; Zhao
et al., 2010a), emphasizing the important role of housekeeping enzymes in the aging process.

Tyrosine is an important a-amino acid in the brain since it is precursors of neurotransmitters including dopamine, epi-
nephrine and norepinephrine, readily nitrated and nitrotyrosine is often used as a marker of nitrosative stress (Souza et al.,
2008). Tryptophan, which is an aromatic amino acid, is readily modified by ROS. Direct oxidation of lysine, arginine, proline
and threonine residues give rise to carbonyl derivatives, which, due to the easy detection of and the strong association with
aging, oxidative challenge is most often used as a marker of oxidative stress on proteins (Levine and Stadtman, 2001). It is
important to note that carbonyl derivatives can be formed by the protein reaction with aldehydes from lipid peroxides or by
glycation with glucose.

Elevated levels of protein carbonyls are linked to a variety of age-associated diseases and often correlate with the progress
of disorders and diseases (Stadtman, 2001). Carbonylation and other ROS-associated post translation modifications of pro-
teins readily inactivate proteins, and inactivated enzymes cannot catalyze biochemical processes. The accumulation of this
oxidative ‘‘junk’’ can jeopardize cellular functions and fate (Stadtman, 2006). However, oxidative damage of proteins renders
them susceptible to degradation by increasing the hydrophobicity of the surface of proteins (Chao et al., 1997), which could
serve as a tag for the proteasome system, that leads to degradation (Shringarpure et al., 2003). This process does not con-
sume ATP and is executed without ubiquitination and, interestingly, tau proteins, another hallmark of AD, are also degraded
in this way (Grune et al., 2010). The age-associated accumulation of oxidized proteins could be a result of the impaired



Fig. 2. Involvement of ROS in proteins in pathophysiology of cells. Proteins are major targets of ROS, amino acid residues such as Cys, Met, Arg, and Tyr
being either reversibly or irreversibly modified. While some of reversible modifications are physiological regulators, irreversible modifications such as
carbonylation are mostly harmful to cells but apparently not always. Irreversibly modified proteins are degraded by proteolytic enzymes such as
proteasomes and Lon to reduce detrimental consequenses.
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activity of the proteasome system. It has been suggested that during aging, as a result of a decreased rate of protein turnover,
the life span of proteins increases creating a lengthened time for ROS-mediated protein damage (Nakamura et al., 2010;
Terman et al., 2010). This finding could explain the reduced sensitivity and activity of the enzymes in aged organs as well
as the impaired function. Indeed, it has been shown that antioxidant treatment of aged gerbils resulted in improved results
in maze tests, increased the activity of glutamine synthase and proteases, and decreased levels of carbonyls (Carney et al.,
1991). Although age-related the accumulation of carbonyl groups in amino acid residues is a well known phenomenon it
is interesting to note that this is not always the case. Indeed, aging decreases the accumulation of carbonyl groups in histone,
and thereby increases the charge of basic amino acid residues, resulting in more compact chromatin structure that would
make transcription and repair of DNA less active. This is what exactly happening in aging (Sharma et al., 2006). Therefore,
it cannot be ruled out that controlled oxidative protein modifications play significant physiological roles. In fact, dietary
restriction that retards aging can increase histone carbonylation while the same regimen reduces carbonylation of other pro-
teins in general.

A large accumulation of oxidative modifications on amino acid residues readily impairs cellular function (Radak et al.,
2001a,b). The decreased activity of protein degrading systems with aging has also been observed and could significantly con-
tribute to the accumulation of oxidized proteins and cellular junk (Mao et al., 2010). Indeed, it seems that the activity of pro-
teasome is different in various cell types in the brain, E.G. lower in neurons than in glia and also lower in the nucleus than the
cytoplasm. This finding could account for the differences in the accumulation of misfolded proteins in different cell types and
organelles (Tydlacka et al., 2008). Impaired degradation of Ab and tau is one of the reasons for enhanced accumulation of
these proteins in the brain of patients with AD. The toxicity of Ab involves upregulation of FOXRED2, which is an endoplas-
mic reticulum associated protein and a potent inhibitor of proteasome complex (Shim et al., 2011). Therefore, treatments
that aim to increase the activity of Ab and tau protein degrading enzymes, such as proteasome, insulin degrading enzyme
or neprilysin is one of the most promising approaches to decrease the accumulation and toxicity of Ab (Crowe et al.,
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2009; Dahlmann, 2007; Himeno et al., 2011; Pritchard et al., 2011). The finding of a recent study nicely emphasizes the
importance of protein homeostasis, and degradation. Supplementation of Ab binding thioflavin, which interacts with Ab
to prevent aggregation, increased the life-span of Caenorhabditis elegans probably utilizing the beneficial effects on chaper-
ons, autophagy, and proteasome (Alavez et al., 2011).

It cannot be ruled out that decreased deacetylating activity of sirtuins, especially SIRT1 during aging, could affect the rate
of protein turnover. Acetylation of lysine residues could prevent the ubiquitination on the same residue and the degradation
by proteasome. With aging, there is a significant increase in lysine acetylation in cerebellum and hippocampus associated
with increased carbonylation (Koltai et al., in press; Sarga et al., unpublished). The acetylation related lack of ubiquitination
could increase the life-span of proteins, resulting in increased carbonylation. Therefore, methods which could decrease acet-
ylation, such as caloric restriction and physical exercise via the activation of SIRT1, might increase the rate of degradation.
Indeed, methods which aim to prevent the age-associated decrease in proteasome activity and maintain the level of protein
degradation appear to be useful in retarding aging and onset of neurodegenerative diseases (Crowe et al., 2009; Dahlmann,
2007).

The proteasome system is important, not just for studying the degradation of damaged proteins, as data indicate that it
can also influence memory and remodeling after traumatic brain injury (Fischer et al., 2009; Kuczera et al., 2011; Szabo et al.,
2010). The anaphase-promoting complex/cyclosome (APC/C) is an E3 ubiquitin ligase that targets proteins for proteasomal
degradation and lack of APC/C results is impaired memory (Kuczera et al., 2011). Therefore, it appears that the proteasome
system plays a complex role in the central nervous system. Mitochondrial protein quality control is mediated by Lon prote-
ase (Terman et al., 2010), which acts to prevent mitochondrial dysfunction during ischemia- induced oxidative stress in brain
(Hori et al., 2002). The activity of Lon protease significantly decreases as a function of age, suggesting a critical role of Lon
protease in the age-associated decrease in mitochondrial function (Ngo and Davies, 2007, 2009).
Fig. 3. Involvement of ROS in DNA in pathophysiology of cells. One of the most frequent oxidative modifications of DNA occurs on guanine base.
Mitochondrial DNA is much more susceptible to ROS than nuclear DNA, leading to age-related dysfunction of the organelle. OGG1 is a rate limiting enzyme
to repair the damage. The activity of the enzyme is apparently modulated by p300/CLB catalyzed acetylation and deacetylation by SIRT1. The fact that
guanine can easily be oxidized may have physiological implications.
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Oxidation of amino acid residues of proteins by ROS is an inevitable process, which could have a regulatory role in protein
homeostasis that could explain the relatively large degree of ROS-associated conformational changes. However, enhanced
accumulation of oxidized proteins could readily inhibit important cellular processes, and result in toxicity and cell death.
The retardation of the impairment of the degrading systems as a result of aging and neurodegenerative diseases could be
an important tool to decrease the rate of aging and modulate the consequences of neurodegenerative diseases.
4. DNA damage and repair in the brain during aging: neurodegenerative diseases

Age-associated increases in levels of ROS, especially during the last quarter of life, result in excessive oxidative damage to
macromolecules, including DNA (Kaneko et al., 1997). Guanine is prone to oxidation due to its low reduction potential
among DNA bases. It is modified primarily by the hydroxyl radical at or near diffusion-controlled rates (reviewed by
(Dizdaroglu et al., 2002, 2008; Kanvah et al., 2010; Radak and Boldogh, 2010; Sies and Menck, 1992; von Sonntag, 1987;
Wallace, 2002). More than 20 oxidation products of guanine base have been identified (Cooke et al., 2003) and among them
the most abundant and well studied is 8-oxo-7,8-dihydroguanine (8-oxoG) (Boiteux et al., 2002; Nishimura, 2002). This re-
view focuses on the physiology and pathology of 8-oxoG as well as on its repair. 8-oxoG levels in DNA increase with ische-
mia/reperfusion, acute exercise, neurodegenerative diseases and aging (Kaneko et al., 1996; Radak and Boldogh, 2010).
When 8-oxoG is not repaired it is mutagenic, as it has been shown to pair with adenine (A) instead of cytosine (C) inducing
G:C ? T:A transversions (Nishimura, 2002). 8-oxoG is excised from DNA by formamidopyrimidine-DNA glycosylase (Fpg) in
Escherichia coli and by its functional homolog 8-oxoguanine DNA glycosylase (OGG1) in mammals during base excision re-
pair (BER) (Hazra et al., 2001; Nakabeppu et al., 2004; Nishimura, 2001). Guanine-rich DNA regions and susceptibility of
guanine to ROS as the result of the low oxidation potential of guanine, reflect a natural strategy of the organism to adapt
and evolve and utilize or abuse 8-oxoG. A wide range of observations also raise the possibility that oxidation of guanine
in DNA and RNA might be described by a bell-shape dose–response curve (Radak and Boldogh, 2010), suggesting that a cer-
tain level of guanine oxidation might be necessary for normal physiological functions. The base level of 8-oxoG is estimated
to be 1–2 per 106 guanine residues in nuclear DNA and about 1–3 per 105 in mitochondrial DNA, suggesting that up to
100,000 8-oxoG lesions could be generated in DNA per cell daily (Lindahl, 1993; Nakamoto et al., 2007). We have recently
evaluated the complex physiological and pathophysiological roles of 8-oxoG, pointing out that a so called base level of
8-oxoG might be important for signaling and transcription (Radak and Boldogh, 2010) (Fig. 3).

Impaired function and accumulation of DNA damage in neurons have been suggested to be major factors related to brain
aging and neurodegenerative diseases (Bohr et al., 1998; Schmitz et al., 1999). Indeed, using a rodent model, there are num-
ber of investigation which show that aging results in significant elevations in DNA damage (Caro et al., 2009; Ochoa et al.,
2011; Swain and Subba Rao, 2011). Similar observation has been made from post mortem human brain samples.

Mecocci and co-workers have reported that aging results in significant increases in nuclear and mitochondrial 8-oxoG
levels in human cerebral cortex and cerebellum (Mecocci et al., 1993). They have also shown that the increase is more sig-
nificant in the brain of patients with AD (Mecocci et al., 1994). Neurons are specifically sensitive to accumulating 8-oxoG
(Wang and Michaelis, 2010) and it appears that the capacity to repair 8-oxoG is dependent on brain regions (Cardozo-Pelaez
et al., 2002), suggesting a link between the incidence of those neurodegenerative diseases where initiation occurs in a brain
region specific manner. Age-associated decreases in the DNA repair activity of synaptosomes is associated with reduction in
the levels of DNA repair enzymes and reduced mitochondrial axonal transport (Gredilla et al., 2010). Since upregulation of
DNA repair suppresses DNA damage (Cardozo-Pelaez et al., 2002) methods that can elevate the activity of OGG1 could poten-
tially decrease the pathology of certain diseases. It has been shown that during ischemic conditions OGG1 plays an important
role in reducing 8-oxoG levels in nuclear DNA (Liu et al., 2011). Mitochondrial DNA is more exposed to ROS and the age-asso-
ciated increase in 8-oxoG level is a magnitude higher in mtDNA compared to nDNA (Nakamoto et al., 2007). The failure of
mtDNA repair is associated with chronic recurrent seizures in rat brain (Lin et al., 2010) suggesting that the consequences of
seizures could impair mitochondrial function. Moreover, it was found that the failure of mitochondrial DNA repair acceler-
ates the aging process and causes impaired behavior and neurodegeneration (Lauritzen et al., 2010). Mutation of parkin gene
significantly increases the incidence of Parkinson Diseases (PD), which could be, at least partly, due to the fact that the parkin
mediated protection of mtDNA is impaired by mutation, thus leading to reduced mtDNA repair capacity of PD patients
(Rothfuss et al., 2009).

Brain is rich in metals and the concentration of metals is increases with aging (Mates et al., 2010). Li et al. (2009) noted
the relationship with metal levels and base excision repair. AD is associated with the accumulation of metals and decreased
levels of DNA repair (Coppede and Migliore, 2010; Obulesu and Rao, 2010). It has to be mentioned that OGG1 could induce
cytokine production which might be involved in the chronic inflammatory process observed during AD (Wu et al., 2009).
Therefore, the role of OGG1 in aging and age-associated neurodegenerative diseases appears to be very delicate (Radak
and Boldogh, 2010).

It is known, that the activity of certain DNA repair proteins, including OGG1 can be modified by acetylation. Therefore, the
effects of aging and neurodegenerative diseases on the protein acetyl transferases and/or protein deacetylases could be
important. Acetylation of OGG1 is mediated by p300/CBP (Bhakat et al., 2006; Radak et al., 2011), while the deacetylating
agents are not known. Preliminary data suggest that SIRT1 silencing increases the acetylation of OGG1 (Sarga et al., unpub-
lished observation) suggesting that SIRT1 I could be actively involved in DNA repair. Aging increases the content of OGG1 in
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the hippocampus of rats, but the acetylation of OGG1 is drastically decreased with aging, which could be the reason for the
age-associated increase in 8-oxoG level in old rats (Koltai et al., in press).

ROS mediated damage to nDNA and mtDNA accumulates with aging and could contribute to the progress of aging and
neurodegenerative diseases. Therefore, induction of DNA repair might be a potential tool to decelerate the aging process
and improve the conditions of those who are suffering from neurodegenerative diseases. Number of DNA repair enzymes,
including OGG1 is activated by acetylation and it appears that sirtuins are potent modulators of DNA repair.

5. Conclusion

ROS mediated oxidative damage to lipids, proteins and DNA is heavily involved in the progress of aging and neurodegen-
erative diseases. However, it appears that a certain level of lipid peroxidation, ROS-mediated post translational modifications
of proteins, and even DNA damage, could be necessary for cells to function normally, including physiological signaling. Mas-
sive increases in oxidative damage jeopardize cell fate and function. Up-regulation of housekeeping enzymes, which are in-
volved in the limited repair of lipids and proteins, are important means to decrease the rate of aging. Moreover, the increase
in the activity of damaged proteins (or those which accumulation observed in neurodegenerative diseases) degrading sys-
tems is a therapeutic tool to fight against neurodegeneration. Oxidative DNA damage, especially the large accumulation
of 8-oxoG is a hallmark of neurodegeneration and enhanced activity of repair enzymes, such as OGG1 could maintain normal
cellular and organ functions, including cognitive and behavioral processes. Taken together, the avoidance of the accumula-
tion of oxidative damage of lipids, proteins and DNA by the induction of repair processes is an important strategy to maintain
healthy brain functions. Finally, it should be emphasized that repair processes can be induced by modest oxidative stress
while extensive oxidative stress leads to harmful consequences in unprepared tissues, thus forming hormesis like effects
of ROS.

Acknowledgements

The authors are very grateful for the significant contribution of Albert W. Taylor. The present work was supported by
Hungarian grants from ETT 38388, OTKA (K75702) awarded to Z. Radak.

References

Adibhatla, R.M., Hatcher, J.F., 2008a. Altered lipid metabolism in brain injury and disorders. Subcell. Biochem. 49, 241–268.
Adibhatla, R.M., Hatcher, J.F., 2008b. Phospholipase A(2), reactive oxygen species, and lipid peroxidation in CNS pathologies. BMB Rep. 41 (8), 560–567.
Alavez, S., Vantipalli, M.C., Zucker, D.J., Klang, I.M., Lithgow, G.J., 2011. Amyloid-binding compounds maintain protein homeostasis during ageing and extend

lifespan. Nature 472 (7342), 226–229.
Ben-Shachar, D., Eshel, G., Riederer, P., Youdim, M.B., 1992. Role of iron and iron chelation in dopaminergic-induced neurodegeneration: implication for

Parkinson’s disease. Ann. Neurol. 32 (Suppl.), S105–S110.
Berlett, B.S., Stadtman, E.R., 1997. Protein oxidation in aging, disease, and oxidative stress. J. Biol. Chem. 272 (33), 20313–20316.
Bhakat, K.K., Mokkapati, S.K., Boldogh, I., Hazra, T.K., Mitra, S., 2006. Acetylation of human 8-oxoguanine-DNA glycosylase by p300 and its role in 8-

oxoguanine repair in vivo. Mol. Cell. Biol. 26 (5), 1654–1665.
Bohr, V., Anson, R.M., Mazur, S., Dianov, G., 1998. Oxidative DNA damage processing and changes with aging. Toxicol. Lett. 102–103, 47–52.
Boiteux, S., Gellon, L., Guibourt, N., 2002. Repair of 8-oxoguanine in Saccharomyces cerevisiae: interplay of DNA repair and replication mechanisms. Free

Radic. Biol. Med. 32 (12), 1244–1253.
Bowie, A., O’Neill, L.A., 2000. Oxidative stress and nuclear factor-kappaB activation: a reassessment of the evidence in the light of recent discoveries.

Biochem. Pharmacol. 59 (1), 13–23.
Butterfield, D.A., 2002. Amyloid beta-peptide (1–42)-induced oxidative stress and neurotoxicity: implications for neurodegeneration in Alzheimer’s disease

brain. A review. Free Radic. Res. 36 (12), 1307–1313.
Butterfield, D.A., Bader Lange, M.L., Sultana, R., 2010a. Involvements of the lipid peroxidation product, HNE, in the pathogenesis and progression of

Alzheimer’s disease. Biochim. Biophys. Acta 1801 (8), 924–929.
Butterfield, D.A., Galvan, V., Lange, M.B., Tang, H., Sowell, R.A., Spilman, P., Fombonne, J., Gorostiza, O., Zhang, J., Sultana, R., Bredesen, D.E., 2010b. In vivo

oxidative stress in brain of Alzheimer disease transgenic mice: requirement for methionine 35 in amyloid beta-peptide of APP. Free Radic. Biol. Med. 48
(1), 136–144.

Cardozo-Pelaez, F., Stedeford, T.J., Brooks, P.J., Song, S., Sanchez-Ramos, J.R., 2002. Effects of diethylmaleate on DNA damage and repair in the mouse brain.
Free Radic. Biol. Med. 33 (2), 292–298.

Carney, J.M., Starke-Reed, P.E., Oliver, C.N., Landum, R.W., Cheng, M.S., Wu, J.F., Floyd, R.A., 1991. Reversal of age-related increase in brain protein oxidation,
decrease in enzyme activity, and loss in temporal and spatial memory by chronic administration of the spin-trapping compound N-tert-butyl-alpha-
phenylnitrone. Proc. Natl. Acad. Sci. USA 88 (9), 3633–3636.

Caro, P., Gomez, J., Sanchez, I., Naudi, A., Ayala, V., Lopez-Torres, M., Pamplona, R., Barja, G., 2009. Forty percent methionine restriction decreases
mitochondrial oxygen radical production and leak at complex I during forward electron flow and lowers oxidative damage to proteins and
mitochondrial DNA in rat kidney and brain mitochondria. Rejuvenation Res. 12 (6), 421–434.

Catala, A., 2009. Lipid peroxidation of membrane phospholipids generates hydroxy-alkenals and oxidized phospholipids active in physiological and/or
pathological conditions. Chem. Phys. Lipids 157 (1), 1–11.

Chao, C.C., Ma, Y.S., Stadtman, E.R., 1997. Modification of protein surface hydrophobicity and methionine oxidation by oxidative systems. Proc. Natl. Acad.
Sci. USA 94 (7), 2969–2974.

Chinopoulos, C., Adam-Vizi, V., 2006. Calcium, mitochondria and oxidative stress in neuronal pathology. Novel aspects of an enduring theme. FEBS J. 273 (3),
433–450.

Cooke, M.S., Evans, M.D., Dizdaroglu, M., Lunec, J., 2003. Oxidative DNA damage: mechanisms, mutation, and disease. FASEB J. 17 (10), 1195–1214.
Coppede, F., Migliore, L., 2010. Evidence linking genetics, environment, and epigenetics to impaired DNA repair in Alzheimer’s disease. J. Alzheimers Dis. 20

(4), 953–966.
Crowe, E., Sell, C., Thomas, J.D., Johannes, G.J., Torres, C., 2009. Activation of proteasome by insulin-like growth factor-I may enhance clearance of oxidized

proteins in the brain. Mech. Ageing Dev. 130 (11–12), 793–800.



Z. Radak et al. / Molecular Aspects of Medicine 32 (2011) 305–315 313
Dahlmann, B., 2007. Role of proteasomes in disease. BMC Biochem. 8 (Suppl. 1), S3.
Deguchi, K., Hayashi, T., Nagotani, S., Sehara, Y., Zhang, H., Tsuchiya, A., Ohta, Y., Tomiyama, K., Morimoto, N., Miyazaki, M., Huh, N.H., Nakao, A., Kamiya, T.,

Abe, K., 2008. Reduction of cerebral infarction in rats by biliverdin associated with amelioration of oxidative stress. Brain Res. 1188, 1–8.
Dizdaroglu, M., Jaruga, P., Birincioglu, M., Rodriguez, H., 2002. Free radical-induced damage to DNA: mechanisms and measurement. Free Radic. Biol. Med.

32 (11), 1102–1115.
Dizdaroglu, M., Kirkali, G., Jaruga, P., 2008. Formamidopyrimidines in DNA: mechanisms of formation, repair, and biological effects. Free Radic. Biol. Med. 45

(12), 1610–1621.
Dubinina, E.E., Dadali, V.A., 2010. Role of 4-hydroxy-trans-2-nonenal in cell functions. Biochemistry (Mosc.) 75 (9), 1069–1087.
Ellis, G., Fang, E., Maheshwari, M., Roltsch, E., Holcomb, L., Zimmer, D., Martinez, D., Murray, I.V., 2010. Lipid oxidation and modification of amyloid-beta

(Abeta) in vitro and in vivo. J. Alzheimers Dis. 22 (2), 593–607.
Esiri, M.M., 2007. Ageing and the brain. J. Pathol. 211 (2), 181–187.
Farkas, E., Sule, Z., Toth-Szuki, V., Matyas, A., Antal, P., Farkas, I.G., Mihaly, A., Bari, F., 2006. Tumor necrosis factor-alpha increases cerebral blood flow and

ultrastructural capillary damage through the release of nitric oxide in the rat brain. Microvasc. Res. 72 (3), 113–119.
Farooqui, A.A., Horrocks, L.A., 2006. Phospholipase A2-generated lipid mediators in the brain: the good, the bad, and the ugly. Neuroscientist 12 (3), 245–

260.
Farout, L., Mary, J., Vinh, J., Szweda, L.I., Friguet, B., 2006. Inactivation of the proteasome by 4-hydroxy-2-nonenal is site specific and dependant on 20S

proteasome subtypes. Arch. Biochem. Biophys. 453 (1), 135–142.
Fischer, D.F., van Dijk, R., van Tijn, P., Hobo, B., Verhage, M.C., van der Schors, R.C., Li, K.W., van Minnen, J., Hol, E.M., van Leeuwen, F.W., 2009. Long-term

proteasome dysfunction in the mouse brain by expression of aberrant ubiquitin. Neurobiol. Aging 30 (6), 847–863.
Galbusera, C., Facheris, M., Magni, F., Galimberti, G., Sala, G., Tremolada, L., Isella, V., Guerini, F.R., Appollonio, I., Galli-Kienle, M., Ferrarese, C., 2004.

Increased susceptibility to plasma lipid peroxidation in Alzheimer disease patients. Curr. Alzheimer Res. 1 (2), 103–109.
Gershon, M.D., Sherman, D.L., Pintar, J.E., 1990. Type-specific localization of monoamine oxidase in the enteric nervous system: relationship to 5-

hydroxytryptamine, neuropeptides, and sympathetic nerves. J. Comp. Neurol. 301 (2), 191–213.
Gredilla, R., Weissman, L., Yang, J.L., Bohr, V.A., Stevnsner, T., 2010. Mitochondrial base excision repair in mouse synaptosomes during normal aging and in a

model of Alzheimer’s disease. Neurobiol. Aging, in press.
Grune, T., Botzen, D., Engels, M., Voss, P., Kaiser, B., Jung, T., Grimm, S., Ermak, G., Davies, K.J., 2010. Tau protein degradation is catalyzed by the ATP/

ubiquitin-independent 20S proteasome under normal cell conditions. Arch. Biochem. Biophys. 500 (2), 181–188.
Halliwell, B., 2001. Role of free radicals in the neurodegenerative diseases: therapeutic implications for antioxidant treatment. Drugs Aging 18 (9), 685–716.
Hansson Petersen, C.A., Alikhani, N., Behbahani, H., Wiehager, B., Pavlov, P.F., Alafuzoff, I., Leinonen, V., Ito, A., Winblad, B., Glaser, E., Ankarcrona, M., 2008.

The amyloid beta-peptide is imported into mitochondria via the TOM import machinery and localized to mitochondrial cristae. Proc. Natl. Acad. Sci. USA
105 (35), 13145–13150.

Hazra, T.K., Hill, J.W., Izumi, T., Mitra, S., 2001. Multiple DNA glycosylases for repair of 8-oxoguanine and their potential in vivo functions. Prog. Nucleic Acid
Res. Mol. Biol. 68, 193–205.

Head, E., 2009. Oxidative damage and cognitive dysfunction: antioxidant treatments to promote healthy brain aging. Neurochem. Res. 34 (4), 670–678.
Himeno, E., Ohyagi, Y., Ma, L., Nakamura, N., Miyoshi, K., Sakae, N., Motomura, K., Soejima, N., Yamasaki, R., Hashimoto, T., Tabira, T., LaFerla, F.M., Kira, J.,

2011. Apomorphine treatment in Alzheimer mice promoting amyloid-beta degradation. Ann. Neurol. 69 (2), 248–256.
Hoda, M.N., Singh, I., Singh, A.K., Khan, M., 2009. Reduction of lipoxidative load by secretory phospholipase A2 inhibition protects against neurovascular

injury following experimental stroke in rat. J. Neuroinflamm. 6, 21.
Hori, O., Ichinoda, F., Tamatani, T., Yamaguchi, A., Sato, N., Ozawa, K., Kitao, Y., Miyazaki, M., Harding, H.P., Ron, D., Tohyama, M., Stern, D.M., Ogawa, S., 2002.

Transmission of cell stress from endoplasmic reticulum to mitochondria: enhanced expression of Lon protease. J. Cell Biol. 157 (7), 1151–1160.
Jellinger, K.A., 2009. Recent advances in our understanding of neurodegeneration. J. Neural Transm. 116 (9), 1111–1162.
Jenner, P., 1991. Oxidative stress as a cause of Parkinson’s disease. Acta Neurol. Scand. Suppl. 136, 6–15.
Kagan, V.E., Bayir, H.A., Belikova, N.A., Kapralov, O., Tyurina, Y.Y., Tyurin, V.A., Jiang, J., Stoyanovsky, D.A., Wipf, P., Kochanek, P.M., Greenberger, J.S., Pitt, B.,

Shvedova, A.A., Borisenko, G., 2009. Cytochrome c/cardiolipin relations in mitochondria: a kiss of death. Free Radic. Biol. Med. 46 (11), 1439–1453.
Kaneko, T., Tahara, S., Matsuo, M., 1996. Non-linear accumulation of 8-hydroxy-20-deoxyguanosine, a marker of oxidized DNA damage, during aging. Mutat.

Res. 316 (5–6), 277–285.
Kaneko, T., Tahara, S., Matsuo, M., 1997. Retarding effect of dietary restriction on the accumulation of 8-hydroxy-20-deoxyguanosine in organs of Fischer 344

rats during aging. Free Radic. Biol. Med. 23 (1), 76–81.
Kanvah, S., Joseph, J., Schuster, G.B., Barnett, R.N., Cleveland, C.L., Landman, U., 2010. Oxidation of DNA: damage to nucleobases. Acc. Chem. Res. 43 (2), 280–

287.
Kinsey, G.R., Blum, J.L., Covington, M.D., Cummings, B.S., McHowat, J., Schnellmann, R.G., 2008. Decreased iPLA2gamma expression induces lipid

peroxidation and cell death and sensitizes cells to oxidant-induced apoptosis. J. Lipid Res. 49 (7), 1477–1487.
Koltai, E., Zhao, Z., Lacza, L., Cselenyak, A., Vacz, G., Nyakas, C., Boldogh, I., Ichinoseki-Sekine, N., Radak, Z., in press. Combined exercise and IGF-1

supplementation induces neurogenesis in old rats, but do not attenuate age-associated DNA damage. Rejuvenation Res.
Koudinov, A., Kezlya, E., Koudinova, N., Berezov, T., 2009. Amyloid-beta, tau protein, and oxidative changes as a physiological compensatory mechanism to

maintain CNS plasticity under Alzheimer’s disease and other neurodegenerative conditions. J. Alzheimers Dis. 18 (2), 381–400.
Kuczera, T., Stilling, R.M., Hsia, H.E., Bahari-Javan, S., Irniger, S., Nasmyth, K., Sananbenesi, F., Fischer, A., 2011. The anaphase promoting complex is required

for memory function in mice. Learn. Mem. 18 (1), 49–57.
Kyritsis, A.P., Bondy, M.L., Levin, V.A., 2011. Modulation of glioma risk and progression by dietary nutrients and antiinflammatory agents. Nutr. Cancer 63

(2), 174–184.
Lambeth, J.D., 2007. Nox enzymes, ROS, and chronic disease: an example of antagonistic pleiotropy. Free Radic. Biol. Med. 43 (3), 332–347.
Lapchak, P.A., Maher, P., Schubert, D., Zivin, J.A., 2007. Baicalein, an antioxidant 12/15-lipoxygenase inhibitor improves clinical rating scores following

multiple infarct embolic strokes. Neuroscience 150 (3), 585–591.
Lauritzen, K.H., Moldestad, O., Eide, L., Carlsen, H., Nesse, G., Storm, J.F., Mansuy, I.M., Bergersen, L.H., Klungland, A., 2010. Mitochondrial DNA toxicity in

forebrain neurons causes apoptosis, neurodegeneration, and impaired behavior. Mol. Cell. Biol. 30 (6), 1357–1367.
Le Belle, J.E., Orozco, N.M., Paucar, A.A., Saxe, J.P., Mottahedeh, J., Pyle, A.D., Wu, H., Kornblum, H.I., 2011. Proliferative neural stem cells have high

endogenous ROS levels that regulate self-renewal and neurogenesis in a PI3K/Akt-dependant manner. Cell Stem Cell 8 (1), 59–71.
Levine, R.L., Stadtman, E.R., 2001. Oxidative modification of proteins during aging. Exp. Gerontol. 36 (9), 1495–1502.
Li, H., Swiercz, R., Englander, E.W., 2009. Elevated metals compromise repair of oxidative DNA damage via the base excision repair pathway: implications of

pathologic iron overload in the brain on integrity of neuronal DNA. J. Neurochem. 110 (6), 1774–1783.
Lim, J.C., You, Z., Kim, G., Levine, R.L., 2011. Methionine sulfoxide reductase A is a stereospecific methionine oxidase. Proc. Natl. Acad. Sci. USA 108 (26),

10472–10477.
Limoli, C.L., Rola, R., Giedzinski, E., Mantha, S., Huang, T.T., Fike, J.R., 2004. Cell-density-dependent regulation of neural precursor cell function. Proc. Natl.

Acad. Sci. USA 101 (45), 16052–16057.
Lin, Y., Han, Y., Xu, J., Cao, L., Gao, J., Xie, N., Zhao, X., Jiang, H., Chi, Z., 2010. Mitochondrial DNA damage and the involvement of antioxidant defense and

repair system in hippocampi of rats with chronic seizures. Cell. Mol. Neurobiol. 30 (6), 947–954.
Lindahl, T., 1993. Instability and decay of the primary structure of DNA. Nature 362 (6422), 709–715.
Liu, D., Croteau, D.L., Souza-Pinto, N., Pitta, M., Tian, J., Wu, C., Jiang, H., Mustafa, K., Keijzers, G., Bohr, V.A., Mattson, M.P., 2011. Evidence that OGG1

glycosylase protects neurons against oxidative DNA damage and cell death under ischemic conditions. J. Cereb. Blood Flow Metab. 31 (2), 680–692.



314 Z. Radak et al. / Molecular Aspects of Medicine 32 (2011) 305–315
Liu, L.Z., Hu, X.W., Xia, C., He, J., Zhou, Q., Shi, X., Fang, J., Jiang, B.H., 2006. Reactive oxygen species regulate epidermal growth factor-induced vascular
endothelial growth factor and hypoxia-inducible factor-1alpha expression through activation of AKT and P70S6K1 in human ovarian cancer cells. Free
Radic. Biol. Med. 41 (10), 1521–1533.

Loh, K.P., Qi, J., Tan, B.K., Liu, X.H., Wei, B.G., Zhu, Y.Z., 2010. Leonurine protects middle cerebral artery occluded rats through antioxidant effect and
regulation of mitochondrial function. Stroke 41 (11), 2661–2668.

Mao, L., Romer, I., Nebrich, G., Klein, O., Koppelstatter, A., Hin, S.C., Hartl, D., Zabel, C., 2010. Aging in mouse brain is a cell/tissue-level phenomenon
exacerbated by proteasome loss. J. Proteome Res. 9 (7), 3551–3560.

Mark, R.J., Lovell, M.A., Markesbery, W.R., Uchida, K., Mattson, M.P., 1997. A role for 4-hydroxynonenal, an aldehydic product of lipid peroxidation, in
disruption of ion homeostasis and neuronal death induced by amyloid beta-peptide. J. Neurochem. 68 (1), 255–264.

Martin, L.J., 2008. DNA damage and repair: relevance to mechanisms of neurodegeneration. J. Neuropathol. Exp. Neurol. 67 (5), 377–387.
Martin, W.R., Ye, F.Q., Allen, P.S., 1998. Increasing striatal iron content associated with normal aging. Mov. Disord. 13 (2), 281–286.
Mates, J.M., Segura, J.A., Alonso, F.J., Marquez, J., 2010. Roles of dioxins and heavy metals in cancer and neurological diseases using ROS-mediated

mechanisms. Free Radic. Biol. Med. 49 (9), 1328–1341.
Mecocci, P., MacGarvey, U., Beal, M.F., 1994. Oxidative damage to mitochondrial DNA is increased in Alzheimer’s disease. Ann. Neurol. 36 (5), 747–751.
Mecocci, P., MacGarvey, U., Kaufman, A.E., Koontz, D., Shoffner, J.M., Wallace, D.C., Beal, M.F., 1993. Oxidative damage to mitochondrial DNA shows marked

age-dependent increases in human brain. Ann. Neurol. 34 (4), 609–616.
Michel, T.M., Gsell, W., Kasbauer, L., Tatschner, T., Sheldrick, A.J., Neuner, I., Schneider, F., Grunblatt, E., Riederer, P., 2010. Increased activity of mitochondrial

aldehyde dehydrogenase (ALDH) in the putamen of individuals with Alzheimer’s disease: a human postmortem study. J. Alzheimers Dis. 19 (4), 1295–
1301.

Mills, J.D., Bailes, J.E., Sedney, C.L., Hutchins, H., Sears, B., 2011. Omega-3 fatty acid supplementation and reduction of traumatic axonal injury in a rodent
head injury model. J. Neurosurg. 114 (1), 77–84.

Nagy, I.Z., 2001. On the true role of oxygen free radicals in the living state, aging, and degenerative disorders. Ann. N. Y. Acad. Sci. 928, 187–199.
Nakabeppu, Y., Tsuchimoto, D., Furuichi, M., Sakumi, K., 2004. The defense mechanisms in mammalian cells against oxidative damage in nucleic acids and

their involvement in the suppression of mutagenesis and cell death. Free Radic. Res. 38 (5), 423–429.
Nakamoto, H., Kaneko, T., Tahara, S., Hayashi, E., Naito, H., Radak, Z., Goto, S., 2007. Regular exercise reduces 8-oxodG in the nuclear and mitochondrial DNA

and modulates the DNA repair activity in the liver of old rats. Exp. Gerontol. 42 (4), 287–295.
Nakamura, A., Kawakami, K., Kametani, F., Nakamoto, H., Goto, S., 2010. Biological significance of protein modifications in aging and calorie restriction. Ann.

N. Y. Acad. Sci. 1197, 33–39.
Navarro, A., Boveris, A., 2009. Brain mitochondrial dysfunction and oxidative damage in Parkinson’s disease. J. Bioenerg. Biomembr. 41 (6), 517–521.
Ngo, J.K., Davies, K.J., 2007. Importance of the lon protease in mitochondrial maintenance and the significance of declining lon in aging. Ann. N. Y. Acad. Sci.

1119, 78–87.
Ngo, J.K., Davies, K.J., 2009. Mitochondrial Lon protease is a human stress protein. Free Radic. Biol. Med. 46 (8), 1042–1048.
Nigam, S., Schewe, T., 2000. Phospholipase A(2)s and lipid peroxidation. Biochim. Biophys. Acta 1488 (1–2), 167–181.
Nishimura, S., 2001. Mammalian Ogg1/Mmh gene plays a major role in repair of the 8-hydroxyguanine lesion in DNA. Prog. Nucleic Acid Res. Mol. Biol. 68,

107–123.
Nishimura, S., 2002. Involvement of mammalian OGG1(MMH) in excision of the 8-hydroxyguanine residue in DNA. Free Radic. Biol. Med. 32 (9), 813–821.
Obulesu, M., Rao, D.M., 2010. DNA damage and impairment of DNA repair in Alzheimer’s disease. Int. J. Neurosci. 120 (6), 397–403.
Ochoa, J.J., Pamplona, R., Ramirez-Tortosa, M.C., Granados-Principal, S., Perez-Lopez, P., Naudi, A., Portero-Otin, M., Lopez-Frias, M., Battino, M., Quiles, J.L.,

2011. Age-related changes in brain mitochondrial DNA deletion and oxidative stress are differentially modulated by dietary fat type and coenzyme Q.
Free Radic. Biol. Med. 50 (9), 1053–1064.

Oppermann, U.C., Salim, S., Tjernberg, L.O., Terenius, L., Jornvall, H., 1999. Binding of amyloid beta-peptide to mitochondrial hydroxyacyl-CoA
dehydrogenase (ERAB): regulation of an SDR enzyme activity with implications for apoptosis in Alzheimer’s disease. FEBS Lett. 451 (3), 238–242.

Pritchard, S.M., Dolan, P.J., Vitkus, A., Johnson, G.V., 2011. The toxicity of tau in Alzheimer disease: turnover, targets and potential therapeutics. J. Cell. Mol.
Med. 15 (8), 1621–1635.

Puca, R., Nardinocchi, L., Starace, G., Rechavi, G., Sacchi, A., Givol, D., D’Orazi, G., 2010. Nox1 is involved in p53 deacetylation and suppression of its
transcriptional activity and apoptosis. Free Radic. Biol. Med. 48 (10), 1338–1346.

Radak, Z., Boldogh, I., 2010. 8-Oxo-7,8-dihydroguanine: links to gene expression, aging, and defense against oxidative stress. Free Radic. Biol. Med. 49 (4),
587–596.

Radak, Z., Bori, Z., Koltai, E., Fatouros, I.G., Jamurtas, A.Z., Douroudos, I.I., Terzis, G., Nikolaidis, M.G., Chatzinikolaou, A., Sovatzidis, A., Kumagai, S., Naito, H.,
Boldogh, I., 2011. Age-dependent changes in 8-oxoguanine-DNA glycosylase activity are modulated by adaptive responses to physical exercise in
human skeletal muscle. Free Radic. Biol. Med. 51 (2), 417–423.

Radak, Z., Chung, H.Y., Goto, S., 2005. Exercise and hormesis: oxidative stress-related adaptation for successful aging. Biogerontology 6 (1), 71–75.
Radak, Z., Chung, H.Y., Koltai, E., Taylor, A.W., Goto, S., 2008. Exercise, oxidative stress and hormesis. Ageing Res. Rev. 7 (1), 34–42.
Radak, Z., Hart, N., Sarga, L., Koltai, E., Atalay, M., Ohno, H., Boldogh, I., 2010. Exercise plays a preventive role against Alzheimer’s disease. J. Alzheimers Dis.

20 (3), 777–783.
Radak, Z., Kaneko, T., Tahara, S., Nakamoto, H., Pucsok, J., Sasvari, M., Nyakas, C., Goto, S., 2001a. Regular exercise improves cognitive function and decreases

oxidative damage in rat brain. Neurochem. Int. 38 (1), 17–23.
Radak, Z., Sasvari, M., Nyakas, C., Kaneko, T., Tahara, S., Ohno, H., Goto, S., 2001b. Single bout of exercise eliminates the immobilization-induced oxidative

stress in rat brain. Neurochem. Int. 39 (1), 33–38.
Rajendran, R., Minqin, R., Ynsa, M.D., Casadesus, G., Smith, M.A., Perry, G., Halliwell, B., Watt, F., 2009. A novel approach to the identification and quantitative

elemental analysis of amyloid deposits – insights into the pathology of Alzheimer’s disease. Biochem. Biophys. Res. Commun. 382 (1), 91–95.
Rapoport, S.M., Schewe, T., 1986. The maturational breakdown of mitochondria in reticulocytes. Biochim. Biophys. Acta 864 (3–4), 471–495.
Rothfuss, O., Fischer, H., Hasegawa, T., Maisel, M., Leitner, P., Miesel, F., Sharma, M., Bornemann, A., Berg, D., Gasser, T., Patenge, N., 2009. Parkin protects

mitochondrial genome integrity and supports mitochondrial DNA repair. Hum. Mol. Genet. 18 (20), 3832–3850.
Saher, G., Brugger, B., Lappe-Siefke, C., Mobius, W., Tozawa, R., Wehr, M.C., Wieland, F., Ishibashi, S., Nave, K.A., 2005. High cholesterol level is essential for

myelin membrane growth. Nat. Neurosci. 8 (4), 468–475.
Salmon, A.B., Perez, V.I., Bokov, A., Jernigan, A., Kim, G., Zhao, H., Levine, R.L., Richardson, A., 2009. Lack of methionine sulfoxide reductase A in mice increases

sensitivity to oxidative stress but does not diminish life span. FASEB J. 23 (10), 3601–3608.
Schmitz, C., Axmacher, B., Zunker, U., Korr, H., 1999. Age-related changes of DNA repair and mitochondrial DNA synthesis in the mouse brain. Acta

Neuropathol. 97 (1), 71–81.
Schonfeld, P., Wojtczak, L., 2008. Fatty acids as modulators of the cellular production of reactive oxygen species. Free Radic. Biol. Med. 45 (3), 231–241.
Schroeder, P., Pohl, C., Calles, C., Marks, C., Wild, S., Krutmann, J., 2007. Cellular response to infrared radiation involves retrograde mitochondrial signaling.

Free Radic. Biol. Med. 43 (1), 128–135.
Sen, C.K., Packer, L., 1996. Antioxidant and redox regulation of gene transcription. FASEB J. 10 (7), 709–720.
Sharma, R., Nakamura, A., Takahashi, R., Nakamoto, H., Goto, S., 2006. Carbonyl modification in rat liver histones: decrease with age and increase by dietary

restriction. Free Radic. Biol. Med. 40 (7), 1179–1184.
Shim, S., Lee, W., Chung, H., Jung, Y.K., 2011. Amyloid beta-induced FOXRED2 mediates neuronal cell death via inhibition of proteasome activity. Cell. Mol.

Life Sci. 68 (12), 2115–2127.



Z. Radak et al. / Molecular Aspects of Medicine 32 (2011) 305–315 315
Shringarpure, R., Grune, T., Mehlhase, J., Davies, K.J., 2003. Ubiquitin conjugation is not required for the degradation of oxidized proteins by proteasome. J.
Biol. Chem. 278 (1), 311–318.

Sies, H., Menck, C.F., 1992. Singlet oxygen induced DNA damage. Mutat. Res. 275 (3–6), 367–375.
Singh, M., Nam, D.T., Arseneault, M., Ramassamy, C., 2010. Role of by-products of lipid oxidation in Alzheimer’s disease brain: a focus on acrolein. J.

Alzheimers Dis. 21 (3), 741–756.
Souza, J.M., Peluffo, G., Radi, R., 2008. Protein tyrosine nitration – functional alteration or just a biomarker? Free Radic. Biol. Med. 45 (4), 357–366.
Stadtman, E.R., 2001. Protein oxidation in aging and age-related diseases. Ann. N. Y. Acad. Sci. 928, 22–38.
Stadtman, E.R., 2006. Protein oxidation and aging. Free Radic. Res. 40 (12), 1250–1258.
Stadtman, E.R., Van Remmen, H., Richardson, A., Wehr, N.B., Levine, R.L., 2005. Methionine oxidation and aging. Biochim. Biophys. Acta 1703 (2), 135–140.
Strobel, N.A., Peake, J.M., Matsumoto, A., Marsh, S.A., Coombes, J.S., Wadley, G.D., 2011. Antioxidant supplementation reduces skeletal muscle mitochondrial

biogenesis. Med. Sci. Sports Exerc. 43 (6), 1017–1024.
Swain, U., Subba Rao, K., 2011. Study of DNA damage via the comet assay and base excision repair activities in rat brain neurons and astrocytes during aging.

Mech. Ageing Dev. 132 (8–9), 374–381.
Szabo, Z., Ying, Z., Radak, Z., Gomez-Pinilla, F., 2010. Voluntary exercise may engage proteasome function to benefit the brain after trauma. Brain Res. 1341,

25–31.
Terman, A., Kurz, T., Navratil, M., Arriaga, E.A., Brunk, U.T., 2010. Mitochondrial turnover and aging of long-lived postmitotic cells: the mitochondrial–

lysosomal axis theory of aging. Antioxid. Redox Signal. 12 (4), 503–535.
Tydlacka, S., Wang, C.E., Wang, X., Li, S., Li, X.J., 2008. Differential activities of the ubiquitin–proteasome system in neurons versus glia may account for the

preferential accumulation of misfolded proteins in neurons. J. Neurosci. 28 (49), 13285–13295.
von Sonntag, C., 1987. The Chemical Basis of Radiation Biology. Taylor and Francis, New York.
Wallace, S.S., 2002. Biological consequences of free radical-damaged DNA bases. Free Radic. Biol. Med. 33 (1), 1–14.
Wang, R., Wang, S., Malter, J.S., Wang, D.S., 2009. Effects of HNE-modification induced by Abeta on neprilysin expression and activity in SH-SY5Y cells. J.

Neurochem. 108 (4), 1072–1082.
Wang, X., Michaelis, E.K., 2010. Selective neuronal vulnerability to oxidative stress in the brain. Front. Aging Neurosci. 2, 12.
Wu, A., Ying, Z., Gomez-Pinilla, F., 2004a. Dietary omega-3 fatty acids normalize BDNF levels, reduce oxidative damage, and counteract learning disability

after traumatic brain injury in rats. J. Neurotrauma 21 (10), 1457–1467.
Wu, A., Ying, Z., Gomez-Pinilla, F., 2004b. The interplay between oxidative stress and brain-derived neurotrophic factor modulates the outcome of a

saturated fat diet on synaptic plasticity and cognition. Eur. J. Neurosci. 19 (7), 1699–1707.
Wu, A., Ying, Z., Gomez-Pinilla, F., 2008. Docosahexaenoic acid dietary supplementation enhances the effects of exercise on synaptic plasticity and cognition.

Neuroscience 155 (3), 751–759.
Wu, M., Audet, A., Cusic, J., Seeger, D., Cochran, R., Ghribi, O., 2009. Broad DNA repair responses in neural injury are associated with activation of the IL-6

pathway in cholesterol-fed rabbits. J. Neurochem. 111 (4), 1011–1021.
Zarkovic, K., 2003. 4-Hydroxynonenal and neurodegenerative diseases. Mol. Aspects Med. 24 (4–5), 293–303.
Zhao, H., Kim, G., Liu, C., Levine, R.L., 2010a. Transgenic mice overexpressing methionine sulfoxide reductase A: characterization of embryonic fibroblasts.

Free Radic. Biol. Med. 49 (4), 641–648.
Zhao, X., Yang, J., 2010. Amyloid-beta peptide is a substrate of the human 20S proteasome. ACS Chem. Neurosci. 1 (10), 655–660.
Zhao, Z., Zhang, X., Zhao, C., Choi, J., Shi, J., Song, K., Turk, J., Ma, Z.A., 2010b. Protection of pancreatic beta-cells by group VIA phospholipase A(2)-mediated

repair of mitochondrial membrane peroxidation. Endocrinology 151 (7), 3038–3048.


	Age-associated neurodegeneration and oxidative damage to lipids,  proteins and DNA
	1 Introduction
	2 Lipid peroxidation and neurodegenerative diseases
	3 Oxidative protein damage, degradation and repair
	4 DNA damage and repair in the brain during aging: neurodegenerative diseases
	5 Conclusion
	Acknowledgements
	References


