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Abstract

The free radical theory of aging proposes the accumulation of altered, less active and toxic
molecules of DNA, RNA, proteins and lipids caused by reactive oxygen species and reactive
nitrogen species. Neurodegenerative disorders are characterized by an abnormal accumulation of
oxidatively damaged macromolecules inside cells and in the extracellular space. Proteins involved
in the formation of aggregates are p-amyloid, tau, a-synuclein, parkin, prion proteins and proteins
containing polyglutamine. These abnormal aggregated proteins influence normal cellular
metabolism. Additionally, deposition of abnormal proteins induces oxidative stress and
proteasomal as well as mitochondrial dysfunction that ultimately lead to neuronal cell death.

In this review we focus on the impact of oxidative and nitrative stress in the aging brain and,
consequently, on the generation of modified proteins, as these post-translational modifications are
assumed to play an important role in the development of neurodegenerative diseases.
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Introduction

Cellular exposure to irradiation, oxidant pollutants such as ozone and nitrogen species,
xenobiotics, drugs, or heavy metals are known to generate reactive oxygen species, reactive
nitrogen species and electrophiles that lead to oxidative stress (1,2). Reactive oxygen species
are also produced endogenously by a variety of enzymes and as by-products of cellular
respiration (3). Additionally, physiological responses such as the activation of neutrophils
during inflammation and infection are accompanied by the production of reactive oxygen
and reactive nitrogen species (4). There are several mechanisms for protection against
overwhelming reactive oxygen and reactive nitrogen species production; however, high
levels of reactive oxygen species production could shift the balance between oxidant
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production and defense mechanisms towards pro-oxidative conditions, a situation referred to
as oxidative stress. This leads to an enhanced macromolecular damage, mutations, apoptosis
and degeneration of tissues, premature aging, cellular transformation and cancer (5-7).

It has been reported that markers of oxidative and nitrative stress, like modified lipids, DNA
and proteins, are increased with aging (8). Especially the broad spectrum of diverse protein
modifications leads to abnormal and damaged proteins and protein aggregation. Abnormal
proteins can be produced by a multitude of events, including faulty post-translational
modifications, oxidation and/or nitration of amino acid residues by reactive oxygen or
reactive nitrogen species (9-11), halogenations of amino acid residues (12), modification of
proteins by lipid peroxidation products (e.g. HNE and isoketals), glycation/glycoxidation
(13) and chemical modifications like deamidation and racemisation (14,15). Abnormal
proteins can also be produced by non-post-translational mechanisms, for example, gene
mutations, aberrant mRNA splicing, or overexpression due to triplication of genes (16).

Studies on oxidatively, modified proteins have revealed an age-related increase in the
content of protein carbonyls (17), glycated proteins (13), oxidized methionine (11) and an
accumulation of enzymes that are impaired in their catalytic activity (18). However,
although a broad spectrum of protein modifications are known, the best studied marker for
age-related protein oxidation is currently protein carbonylation (17).

Beside the modifications made by oxidative/nitrative stress, it is also assumed that post-
translational modifications like ubiquitination and phosphorylation may also contribute to
the aggregation or fibrillization of proteins as this could be found in aggregates in diverse
neurodegenerative diseases (19,20).

The term neurodegeneration refers to a continuous neuronal damage often triggered by
protein aggregates formed of abnormally modified proteins (excessive misfolding). The
accumulation of these misfolded proteins leads to a progressive loss of neurons in an age-
dependent manner (21). Alzheimer, Parkinson, Prion, Huntington and motor neuron
disorders (amyotrophic lateral sclerosis) are all considered to emerge due to accumulation of
post-translationally modified, especially misfolded, proteins (22). The exact mechanisms of
abnormal folding are not fully understood, however, speculations lead to the presumption
that genetic and environmental factors (especially oxidative stress) are involved (22).

Neurodegenerative diseases have different symptoms and a multitude of causes. Frequently,
mitochondrial function is impaired and there is an increased oxidative damage accompanied
by defects in the ubiquitin-proteasome system and accumulation of abnormal, aggregated
proteins. However, some hereditary forms are caused by genetic mutations and many
sporadic cases are of unknown origin, perhaps due to environmental factors (23). This is
confirmed by growing evidence which supports the hypothesis that oxidative stress triggers
a cascade of events leading to cell death in multiple neurodegenerative diseases, such as
Parkinson disease, Alzheimer disease, Huntington disease and amyotrophic lateral sclerosis
(ALS).

There is considerable debate regarding the toxicity versus protective effects of protein
aggregates. However, there is consensus that under some circumstances, the toxicity
predominates. It is frequently reviewed that protein misfolding appears to be a common
feature in progressive neuronal dysfunction (24,25).

In this review we discuss the role of protein post-translational modifications in the
development of neurodegenerative diseases, mentioned above. In doing so, major emphasis
was placed on the aging process itself and two most prevalent diseases: Alzheimer and
Parkinson disease.
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Protein oxidation during aging

Aging is generally described as an increased risk of disease and death with time (26). Many
factors contribute to aging, including genetics and environment, leading to deleterious
changes in the organism over time. Aging is a highly complex progress and one of the many
problems in studying aging is the difficulty of separating the aging process itself from
abnormal processes involved in age-related diseases, since aging is often accompanied by
subclinical parameters involved in age-related diseases (e.g. plaque formation, local
inflammation, etc.).

One hypothesis of aging is often mentioned: the oxidative stress or free radical theory (27).
Oxidative stress or free radicals can damage molecules and if removal systems fail, these
damaged molecules accumulate and interfere with cellular and systemic systems (28). The
different hypotheses might interact with each other, for example, oxidative stress might be
involved in the mutation theory (27). Some investigations describe that mutations in single
genes can extend life span (29,30), however, most of the commonly accepted theories of
aging propose that aging involves some unrepaired molecular damage that affects
homeostasis in organisms (26). Mutations have the potential to affect essential functions in
cells and facilitate the formation of destabilizing macromolecules, metabolites and reactive
intermediates. Additionally, they can be involved in loss of function in protective enzymes
or they are responsible for destabilization of regulatory pathways (28). However, the
discussion of mutation accumulation in aging is a subject of debate and beyond the scope of
this review (for further details see (28,31,32).

One of the hallmarks of aging is the accumulation of oxidized and modified proteins,
resulting at least in part from a failure of protein maintenance (33,34). There is increasing
evidence that biological aging is accompanied by post-translational modifications of
proteins, like protein tyrosine nitration (reviewed in (35)). Some time ago it was proposed
that in older individuals one-third of proteins bear carbonyl groups (36). Amino acid side
chains and peptide backbones get oxidized in reactions with reactive oxygen and nitrogen
species. Oxidized protein degradation is accomplished by the proteasomal system, however,
it is now well established and described that proteasomal function is commonly impaired
with age (37-39). This age-related impairment in proteasomal function is believed to
contribute to the accumulation of oxidized proteins during aging (37,40). Presumably this is
due to decreased proteasomal subunit expression or alteration of proteasomal subunits and
therefore inactivation. Additionally highly oxidized and cross-linked proteins may act as
endogenous inhibitors of proteasomal activity (37,40). An accumulation of oxidized proteins
has been investigated in replicative and nonreplicative senescence of human fibroblasts (41—
44), a valid model for studying aging, and the proteasomal activity and oxidized protein-
repair enzymes like methionine sulfoxide reductases, that are also impaired in these cell
systems during senescence (45,46).

To gain further insight into the mechanisms that might be implicated in the reduced
proteasomal activity in replicative senescent cells, senescent WI-38 fibroblasts have been
investigated for their content of modified proteins. Indeed, oxidized proteins and proteins
modified by the lipid peroxidation product 4-hydroxy-2-nonenal were found to accumulate
with serial passaging of human fibroblasts and keratinocytes (39,47).

Other endogenously generated products, probably correlating with aging, are the so called
“age pigments”. These typically brown pigments are a highly heterogenous mixture of
substances, however, they can be distinguished in two types: lipofuscin and advanced
glycation end products (AGE) (13,48). AGEs are formed by reaction of amino acid side
chains with reactive intermediates from carbohydrates (reviewed in (13)). Lipofuscin is
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generated by an extensive adduct formation and protein cross-linking, sometimes mediated
by lipid peroxidation products, e.g. 4-hydroxy-2-nonenal, malondialdehyde and others (49).
Many age pigments are fluorescent products; therefore, they can be conveniently measured
and regarded as markers of aging. However, the question remains unsolved whether age
pigments are a consequence or a cause of aging. In the case of lipofuscin, it has been
traditionally assumed that this pigment is a by-product of the aging process (reviewed in
(48)), conversely the “lysosomal-mitochondrial axis” theory of aging postulates its
contribution to aging (50,51). It is known that lipofuscin accumulates in lysosomes leading
to their dysfunction and probably prevent efficient autophagy (52). Autophagy is described
as an important longevity assurance mechanism, therefore, lipofuscin may be linked to aging
(53).

Aging is still a complex barely understood phenomenon and more investigations are needed
to obtain detailed information. An important goal of research should be the identification
und characterization of post-translationally modified proteins in vivo to discover specific
biomarkers of aging for diagnostic purposes and for the development of therapies.

Of special importance is the accumulation of abnormal and modified proteins in so called
post-mitotic cells. Post-mitotic cells are not capable of cell division and therefore the
amount of post-translationally modified proteins cannot be divided and passed to daughter
cells in lower concentrations. Post-mitotic cells, like neurons or skeletal muscles, are
therefore especially prone to the build of protein aggregates during aging.

Evidence of oxidative and nitrative stress in the aging brain

In mammalian brain cells, reactive oxygen species and reactive nitrogen species are
continuously generated as a consequence of normal oxygen cellular metabolism. It is
assumed that some of the consumed oxygen is converted into superoxide. Responsible for
this fact are reactions catalyzed by NAD(P)H oxidase, xanthine oxidase, phospholipase A2
and neuronal nitric oxide synthase as well as redox-reactive compounds of the mitochondrial
electron transport chain leading to oxidative byproducts. Microglia, the macrophagial/
inflammatory cells of the brain, produce high amounts of nitric oxide (NO) and peroxynitrite
(ONOQ") if activated (54). To eliminate the damage induced by these highly reactive
species a multilevel antioxidative defense system composed of low-molecular weight
antioxidants and enzymes is present in cells. In the aging brain, it is suggested that the
antioxidant defense is somewhat weak, and a decline in the defense plays a role in increased
oxidative stress (55,56). Therefore, the products of protein oxidation can be readily detected
in the brain, especially, oxidized sensitive amino acids as histidine, methionine and cysteine
(57) and protein carbonyls were detected in the aging brain (58). Oxidation of proteins in the
presence of monosaccharides such as glucose and aldehydes, such as methylglyoxal, can
further result in the formation of irreversible advanced glycation endproducts (AGEs) via
the Maillard reaction (59). Advanced glycation endproducts (AGEs) and the deposition of
AGEs-cross-linked proteins occur in many degenerative diseases in an early state (60-62).

Lipid peroxidation occurs when hydrogen atoms are abstracted from polyunsaturated fatty
acids. The brain seems to have an excess of polyunsaturated fatty acids that are susceptible
to lipid peroxidation, therefore the brain is prone to oxidative stress. Due to this and the fact
that neurons, which are damaged cannot be renewed, as they are post-mitotic cells, it was
proposed that oxidative damage, including protein damage plays a dominant role in the
pathogenesis of several neurodegenerative diseases (63). Investigations of
neurodegenerative tissues revealed oxidative stress markers (e.g. protein oxidation and
nitration, lipid peroxidation and nucleic acid oxidation) in higher concentrations compared
to healthy tissues (23,64,65).
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Beside the modification in macromolecules, oxidative stress is also involved in several
cellular functions, such as apoptosis activation, excitotoxicity (glutameric over-stimulation),
ion transport and calcium mobilization (66). Excitotoxicity and apoptosis are the two main
causes of cell death in brain (67,68).

Oxidized or nitrated proteins are usually removed by the proteasome. However, inhibition of
the proteasome or decreasing proteasomal activity leads to an accumulation of abnormal
proteins (69). In a vicious cycle these abnormal proteins could overload the proteasome and
block it, or they may stimulate reactive species formation, e.g. via the activation of
microglia cells. It seems likely that all these events could contribute to the dramatic vicious
cycle: increased oxidative stress leads to modified proteins; these may inhibit proteasomal
activity which contributes to an accumulation of damaged proteins and these may increase
oxidative stress. A hypothetical pathway leading to oxidative stress and associated
neurodegeneration is shown in Fig. 1.

In summary, reactive oxygen or reactive nitrogen species may initiate neurodegeneration
due to damage to mitochondria, inhibition of the proteasome, rise in Ca2* and activation of a
series of enzymes, initiation of apoptosis and protein accumulation. Especially common
pathways in the pathogeneses of neurodegenerative diseases are mitochondrial dysfunction
and oxidative stress. In fact, genetic and non-genetic studies revealed the central role of
these pathways, accompanied by impairment in the protein degradation pathway, the
ubiquitin-proteasomal system.

Specific oxidative and nitrative post-translationally modified proteins in the

brain

In order to emphasize the role of oxidative and nitrative protein damage we have
summarized those which are most commonly monitored in human brains (Table 1). Proteins
modified by oxidative and/or nitrative reactive species tend to form aggregates that
frequently contain nitrated proteins, bear carbonyl groups, have attached aldehydes such as
HNE or carry AGE-products (70,71). Oxidized and nitrated proteins are usually removed by
the proteasome.

The degradation of many intracellular proteins, like cyclins, transcription factors and other
short lived regulatory proteins and some damaged proteins require an initial ubiquitination
as a recognition signal for the 26S proteasome (69,72,73). Ubiquitin, a 76-amino acid
protein, is generally attached to substrate proteins through the formation of a covalent
peptide bound by sequential enzymatic reactions, composed of ubiquitin-activating enzyme
(E1), ubiquitinconjugating enzyme (E2) and ubiquitin ligase (E3) (69).

It was shown that ubiquitin is not required for the degradation of oxidatively modified
proteins (74,75). This ubiquitin-independent degradation is carried out by the 20S
proteasome, as observations described that the 26S proteasome is decreased during oxidative
stress whereas the 20S proteasome is unaffected (74,75). Evidence exists that proteins can
be degraded by the 20S proteasome without the requirement of ubiquitin conjugation
(reviewed in Jariel-Encontre (76)).

Recently it was again suggested that as well ubiquitin as the 26S proteasome are involved in
the degradation of misfolded or damaged proteins due to oxidative stress (77). Whether this
is a contradiction or simply a special pathway of the degradation of oxidized protein should
be clarified in the future.
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Regardless this debate, it is a fact that inhibition of the proteasome leads to the accumulation
of oxidized, nitrated and ubiquitinated proteins that causes cellular damage. Additionally, if
mitochondria are damaged, this will influences ATP production which in turn interferes with
the degradation of proteins by the ubiquitin-proteasome system as the ubiquitin-degradation
process is ATP dependent.

Protein aggregates, listed in Table 1, are assumed to accumulate due to limited degradation,
which might be due to a failure of the proteasomal system, lack of ubiquitinylation,
extensive oxidation/modification or a mutation of the substrate protein. In any case it should
be considered that non-degraded accumulated protein aggregates undergo further oxidation.
It is still debated whether these protein aggregates are toxic to neurons. In general, it is
assumed that the early stage of aggregate formation is more toxic than the final insoluble
complexes. This can be based on the fact that toxic oligomers are sequestered into insoluble
molecules (78) on the other hand large aggregates may interfere with cellular metabolism,
including proteasome inhibition and oxidant formation (79,80).

Posttranslational modifications of proteins in neurodegenerative diseases

All diseases listed in Table 1 have in common that, in specific regions of the brain, proteins
or their fragments undergo changes in conformation and/or function and form aggregates.

Frequently, there are simultaneous appearances of different pathological lesions, suggesting
that there are similar mechanisms of cellular injury that may contribute to neurodegenerative
diseases. To recapitulate the main facts from the former sections it is important to remember
that the various neurodegenerative diseases have in common an impaired mitochondrial
function, increased oxidative damage, defects in ubiquitin-proteasome system, accumulation
of abnormal proteins, changes in metal metabolism, excitotoxicity and inflammation (25,81-
88).

Alzheimer disease

Alzheimer disease is the most common neurodegenerative disease in elderly people. It is
associated with progressive memory deficits, cognitive impairment and personality changes
including language communication, emotional reactions and other social functions.
Pathological features in Alzheimer disease are loss of neurons and synapses in the
neocortex, hippocampus and other subcortical regions of the brain (89). The main
histological features are extracellular protein deposits called senile B-amyloid plaques and
intraneuronal neurofibrillary tangles (89). Neurofibrillary tangles, one hallmark of
Alzheimer disease, consist of pairs of filaments, twisted around each other ("paired helical
filaments') and are built up from abnormal hyperphosphorylated microtubule associated
protein (MAP) tau (90). While normal tau stabilizes microtubules and promotes their
constitution, the abnormal phosphorylated tau does not stabilize microtubules.
Hyperphosphorylation of tau decreases its turnover and abets the self-assembly into tangles
of paired helical or straight filaments, neurophil threads and dystrophic plaque neuritis
(20,91). Finally, these modifications impair the axoplasmic flow and lead to a slow
progressive degeneration of the affected neurons. Phosphorylation of tau is regulated by
phosphatases, however, the activity of the major enzyme, protein phoshatase-2A (PP2A) is
down-regulated in Alzheimer diseased brains whereas its inhibitors, 1;PF2A and 1,FP2A are
overexpressed (90). Abnormal hyperphosphorylation does not only occur in Alzheimer
diseased brains, it is also found in other related neurodegeneration diseases, called
tauopathies (90). Mutation studies showed that there are some missense mutations in the tau
protein (R406W, G272V, P301L and V337M), which make tau a preferable substrate for
hyperphosphorylation (91). Hyperphosphorylated tau makes tau resistant to calcium
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activated proteases, calpains and the ubiquitin-proteasome pathway (92), however,
accumulated hyperphosphorylated tau becomes polyubiquitinated with time (19).

Senile plaques localized extracellular, consist of degenerating and frequently swollen axons,
neurites and glia cells. Although the main protein is the p-amyloid peptide, senile plaques
contain many different proteins, like hyperphosphorylated tau, ubiquitin, acetyl
cholinesterase, al-antichymotrypsin, proteoglycans, caspases, presenilin 1/2 and
apolipoprotein E (93). Apolipoprotein E plays a key role in brain lipid metabolism and it is
essential for brain development and maintenance. The primary cells involved in the
synthesis of apolipoprotein E are astrocytes, and after traumatic injury and in several
neurodegenerative diseases, the synthesis is increased (94). The gene encoding apoE is
located on chromosome 19 and possesses three alleles: ApoE2, ApoE3 and ApoE4. They
differ from each other by a single amino-acid substitution at position 112 and 158. Cysteine
residues on both positions in apoE2 are associated with impaired binding to apoE receptors.
ApoE4 has a cysteine at 158 and arginine at 112, whereas due to arginine at 112 apoE4
cannot form disulphide bonds with itself or with other proteins. This leads to the fact, that
apoE4 protein facilitates plaque formation and this allele is a risk factor for the development
of Alzheimer disease (94).

Senile plagues include a core of aggregated p-amyloid peptides (AB), and they are most
common in the amygdala, hippocampus, and cerebral cortex. Deposits of Ap that are not
accompanied by neurites and glia are often called diffuse or preamyloid plaques (95). These
protein aggregates, neurofibrillary tangles and plaques are detected in the brain of young
adults with Down syndrome and to a lesser extend in the normally aging brain (95).
However, in Alzheimer diseased brains, the concentration of soluble and insoluble,
precipitated Ap is significantly higher and the formation of plaques is considered to be an
earlier event in the pathogenesis of Alzheimer disease then the formation of neurofibrillary
tangles (95,96). However, correlation studies between cognitive impairment and
histopathological changes have demonstrated that neurofibrillary tangles correlate better
with the degree of dementia compared to plaques (97). Ap are peptides, produced by the
cleavage of larger proteins called amyloid precursor proteins (APPs). These APPs are
located in the membrane in most cells, consisting of a short intracellular C terminal region
and a larger N terminal region in the extracellular space (98). The exact function of APP is
still unknown, but it is assumed that in neurons, it is necessary for survival and growth
during brain development. APP exhibit a copper binding domain and it can be cleaved from
the cells surface by several secretases (98,99). The metabolism of APP is shown in Fig. 2.
Alpha-Secretase, a proteolytic enzyme, is involved in the normal turnover of APP. It
releases the N-terminal region of APP (called a.-APPs) in the extracellular space, whereas
the fragment in the membrane left as a residue and can be cleared by y-secretase to yield the
soluble small fragment P3. In contrast to a-secretase, the release of A involves B- and -y-
secretases (87). The brain is rich in non-esterified cholesterol and this is involved in the
cleavage of APP. In fact, statins which inhibit cholesterol synthesis, seems to decrease the
risk of Alzheimer disease by decreasing p- and y-secretase action and therefore by lowering
AP formation (87).

A closer look at the AB peptide shows, that it can be 39 to 43 amino acids long, depending
on where APP is cleaved. The most common structure of AR is AP1.49 Or AB1.42. AB is
cytotoxic and there are further modifications that may increase its neurotoxicity (100) but
the exact mechanism has still not been clearly defined. Additionally to direct neurotoxicity,
plagues can also activate an inflammatory response of microglia (101). Ap was described to
inhibit mitochondrial function and generate reactive oxygen species (81). The methionine
residue at position 35 can react with bound copper to generate a methionine radical. Copper
can further react with tyrosine residues to yield tyrosine radicals that cross-link Ap via bi-
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tyrosine formation. This pathological capacity of copper and A is regulated by APP. APP
may bind copper and influences neuronal copper metabolism, as APP knockout-mice show
increased copper concentration in brain (86). Thus metal chelating agents such as the drug
clioguinol (5-chloro-7-iodo-8-hydroxyquinoline) may have beneficial therapeutic effects;
however, in larger doses it is found to be neurotoxic (102,103). AB binds further Zn2* and
FeZ* and this metal binding capacity leads to peptide aggregation that can be avoided by
treatment with chelators such as EDTA (104). Ap metal complex may drive the Fenton-
reaction and can contribute to the generation of reactive oxygen species in Alzheimer
diseased brains (105,106). Another study showed that neurofibrillary tangles and senile
plagques in Alzheimer disease are major sites for redox reactions indicating the essential role
of metals for the generation of reactive oxygen species in these aggregates (107).

In addition to the direct generation of reactive oxygen species, Ap can further stimulate
intracellular pathways involved in the reactive oxygen species production as side-reactions.
AP can activate NADPH oxidase in astrocytes and it is associated with the mitochondrial
enzyme AB-binding alcohol dehydrogenase that catalyses oxidation (108). Coexistence of
AP and Ap-binding alcohol dehydrogenase causes mitochondrial reactive oxygen species
production, lipid peroxidation and cytotoxicity (108). Additionally, Ap can activate
microglia cells resulting in the induction of inflammatory response. Plaques can increase
cytokine production and activated microglia secrete proteases. Furthermore, markers for
inflammation, like iINOS, COX-2 and 12/15-lipoxygenase are increased in Alzheimer
disease (109,110). The role of mitochondrial degeneration should not be neglected, as this is
one of the earliest signs in Alzheimer's diseases, arising before neurofibrillary tangles are
evident (111).

Oxidative stress plays a major role in Alzheimer disease, believed to be stronger than in
other neurodegenerative diseases (112). Oxidative damage in Alzheimer disease is proved as
increased levels of DNA oxidation products like 8-hydroxydeoxyguanosine (80OHdG) in
mitochondria and nucleus, protein carbonyls, methionine sulfoxide, nitrotyrosine and 4-
HNE in brain tissues have been reported (84,113). Elevated levels of oxidized, nitrated and
glycated proteins are found in plaques, helical filaments and in the Liquor cerebrospinalis
from Alzheimer disease patients (114-116). This oxidative damage may result from
mitochondrial dysfunction (117,118), from A (119,120) and from glial activation
(121,122).

AGEs are found to accumulate in A (59) and NFTs and it could be shown that AGEs
induce the release of various potentially neurotoxic inflammatory mediators such as NO, 11-1
and TNF-a (123). Oxidative stress was shown to reduce the repair activity of methionine
sulfoxide reductase, an enzyme activity essential for repair of oxidized methionine residues
(124). Interestingly the activity of the proteasome is also impaired, as hyperphosphorylated
tau that is heavily ubiquitinated, forms cross-linked aggregates and inhibit the proteasome
(125,126). A summary of protein modifications found in Alzheimer disease is shown in Tab.
2.

It is necessary to mention that AB deposits are also found in several other diseases, like
macular degeneration and myositis (127,128). Additionally, “amyloid' is also deposited in
tuberculosis, rheumatoid arthritis and multiple myeloma (129-131). Therefore, the term
“amyloid' is rather unspecific. Amyloid means a starch-like structure, but this is rather
mistakable as it describes here a deposit protein-containing material and not carbohydrates.
The term "B’ refers to the p-sheet conformation that the Ap is able to form.
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Parkinson disease

Parkinson disease is associated with progressive loss of dopaminergic neurons in the
substantia nigra pars compacta, and with deterioration of neurons in the locus coeruleus
(132,133). It is the most common movement disorder in elderly people and the second most
common neurodegenerative disease after Alzheimer disease. In general, Parkinson disease is
characterized by tremor, bradykinesia, rigidity and finally postural instability (134) as well
as decreased activity of mitochondrial complex | and increased lipid, protein and DNA
oxidation are found in Parkinson disease (82,135,136).

Parkinson disease is associated with the appearance of round, intracytoplasmic
proteinaceous inclusions termed Lewy bodies and dystrophic neuritis (Lewy neuritis). Lewy
bodies have a characteristic electron-dense core from which filaments radiate and they are
usually located in the cytoplasm. These aggregates are not specific in Parkinson disease,
they have also been observed in other dementia disorders like dementia with Lewy bodies,
in Alzheimer disease (about 15%) and in healthy people above the age of 60 (approximately
10%) (137,138). Lewy bodies consist of amino acids, but a precise biochemical composition
has yet not been identified. Several cellular components have been found in Lewy bodies
including structural elements, neurofilaments, synphilin-1, and constituents from the
ubiquitin-proteasome system, phosphorylated proteins, a-synuclein, parkin and others (139).

Synphilin-1 is a a-synuclein binding protein whose function is unknown, however it is
localized close to synaptic vesicles suggesting a role in synaptic vesicle transmission
(140,141). Parkin, another protein found in Lewy bodies, is an ubiquitin ligase (E3) enzyme.
It may be involved in the normal turnover of a-synuclein (142). The major cause of juvenile
Parkinson disease results from mutations in this parkin gene (143) and this autosomal
recessive hereditary disorder disrupts this specific E3 activity (110,144). The major
constituent of Lewy bodies is a-synuclein, a 140-amino-acid protein of unknown function.
It is highly expressed in the mammalian brain and associates with membrane and vesicular
structures in presynaptic nerve termi (145). Limited studies with a-synuclein knockout mice
display increased dopamine release after stimulation (146). Moreover, a-synuclein may
inhibit dopamine synthesis, therefore a-synuclein may be a negative regulator of dopamine
neurotransmission (147). Interestingly, in cultured cells, the toxic effects of a-synuclein
appear to be selective for dopamine neurons as the accumulation of a-synuclein selectively
degenerates dopaminergic neurons, but not non-dopaminergic neurons. Under this aspect, a
selective role of a-synuclein in the metabolism of dopamine is suggested (148).

Mutations in a-synuclein have been demonstrated to lead to a greater aggregation-tendency
compared to wild-type synuclein and to the formation of fibrils (149). Three rare mutations
in the a-synuclein gene (A53T, A30P, E46K) are found to cause autosomal dominant
familial Parkinson disease (150,151).

Early onset of Parkinson disease cases is caused by mutations in parkin. These mutations are
therefore common in familial Parkinson disease. Familial Parkinson disease is furthermore
induced by a genomic triplication of a-synuclein. This is found to double the expression of
the protein and increase the propensity to self-aggregate (149,150). Overexpression of the
mutant synuclein in the nigrostriatal areas of monkeys is associated with some cases of
familial Parkinson disease (152). An overexpression of the wild-type gene had the same
effect; however, chromosome abnormality of the gene encoding a-synuclein is a rare cause
of familial Parkinson disease (149). Consequently, too much normal, as well as mutant a.-
synuclein has a negative effect. It is reported that cells transfected with mutant a-synuclein
are more sensitive to apoptosis triggered by toxins, like hydrogen peroxide and iron. These
cells show increased levels of oxidative damage and protein aggregates (153). a-Synuclein
overexpression, mutant or normal form, has been linked to mitochondrial deficits (153) and
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apoptosis (154). However, data on the effect of overexpressed normal a-synuclein are not
consistent. It protects in some studies the cells against toxins, in others not (153-155). A
dependence on the cell lines used in different studies can be assumed, also there is a
difference between the levels of overexpression, as a very high level of any protein may
disturb neuronal metabolism.

The a-synuclein protein is natively unfolded (interestingly, as is the tau protein). In the
aggregation process it forms oligomers that comprise heterogeneous structures and that are
the precursors of higher-ordered aggregates. Some investigators propose that these
oligomeric structures, also termed protofibrils, are rather pathogenic compared to the later
formed fibrils (156). It was hypothesized that these annular protofibrils resemble pore-
forming bacterial toxins and permeabilize cellular membranes (157). The fibrils are stable,
amyloid-like structures and eventually form Lewy bodies in vivo. AP (described under
“Alzheimer disease”) can also enhance the fibrillization of a-synuclein and the interaction
of tau and a-synuclein promotes the fibrillization of both proteins which is supported by the
co-occurrence of them in diverse neurodegenerative diseases (85,158).

Significant evidence exists to show enhanced oxidative stress in Parkinson disease
(23,65,116,135,159), including markers of oxidative damage to biological structures (Table
3). For instance, proteins in Lewy bodies are generally oxidized, nitrated and contain
products from lipid peroxidation that all promote aggregation (23). Especially selective
tyrosine nitration of a-synuclein may play a role in fibril formation of unfolded native
synuclein and decrease the rate of degradation by the proteasome (160). Brain tissue from
patients died from Parkinson disease revealed increase oxidative damage and defective
mitochondrial function like an impaired complex I activity. Investigations demonstrated that
inhibitors of mitochondrial complex-1 lead to aggregation of a-synuclein in vitro as well as
in animal models (161,162).

Alpha-Synuclein has been also shown to bind copper and iron, therefore, a redox catalyzed
reaction as described under Alzheimer disease and the binding of metals by Ap can take
place (86) with the result of a-synuclein aggregation. Interestingly, a decrease in ubiquitin-
carboxy-terminal hydrolase L1 (UCHL1) activity is found in sporadic Parkinson disease
(163). Mice with a knockout in the UCHL1 gene show widespread neurodegeneration,
increase oxidative damage and protein aggregates (164). Due to all these facts, apoptosis and
caspases chain activation are also described to be involved in cellular death in Parkinson
disease (165).

To summarize, it seems that oxidative and nitrative stress promotes a-synuclein aggregation
and accumulation (23).

Amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis (ALS) is the most common chronic progressive degeneration
of mator neurons in the spinal cord, brainstem and motor cortex. The etiology of most ALS
cases remains unknown, however approximately 10 % are inherited and thus have an early
age of onset. Pathological features in ALS are progressive muscle weakness, atrophy and
spasticity, followed by problems with speech and swallowing. The exact mechanisms
underlying the development of ALS are unknown, however mutations in the Cu/Zn-
superoxide dismutase 1 (CuzZnSOD) contribute to the onset of this disease (166). SOD1 is an
important antioxidant enzyme which converts the superoxide anion (O,.) to hydrogen
peroxide (H205). Amino acid residues in the mutant SOD1 are less affected in the active
site, instead, amino-acid residues which are necessary for protein stabilization, access to the
active site and dimer interaction are often altered in the disease (167). Most of the mutants
exhibit decreased enzyme activity, but the activity is rarely below 30 %, perhaps a more
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drastic loss of SOD1 activity is a lethal mutation. More important is that mutant CuZnSOD
molecules are generally less stable and form aggregated fibrils that can be toxic (but this has
until yet not been proven). This less stable and misfolded protein releases Zn2* and probably
Cu2*, Because Zn2* is held less tightly than Cu2* the mutations favor the generation of zinc-
deficient CuZnSODs (168). It is described that the copper in zinc-deficient CuZnSODs is
more accessible, transferring electrons to oxygen to produce superoxide, therefore zinc-
deficient CuzZnSODs rapidly oxidizes many intracellular components. On the other hand,
knock-out of the gene for the copper chaperone of CuZnSOD shows no effect in the disease
development in transgenic mice models, overexpressing mutant CuZnSODs (169). Although
the zinc-deficient CuZnSODs hypothesis is controversial, it shows how oxidative and
nitrative stress can contribute to neurodegenerative diseases. In this disease, motor neurons
are strongly affected, as they possess a lot of CuZnSOD (166). CuZnSOD is not only present
in the cytosol but also in the mitochondrial intermembrane space. Mutant CuZnSOD can
therefore influence mitochondrial function and indeed, this is observed in ALS (170).
Oxidative biomarkers, like 8OHdG, protein carbonyls, glycated proteins, HNE and 3-
nitrotyrosin are elevated in the spinal cord of ALS patients (171).

Motor neuron dysfunction is accompanied by neurofilament abnormalities and ubiquitin-
positive inclusion bodies. The term “amyotrophic' indicates the muscle wasting, associated
with the disease. There are several nomenclatures for this disease: Lou Gehrig's disease
(named after the New York Yankees baseball player who got ALS in 1938), Charcot's
disease (after the French neurologist who first described this disease in 1874) and motor
neuron disease, but ALS refers only to one form of motor neuron disease, as others are also
known. In all motor neuron diseases, patients usually die within a few years, due to
pneumonia or respiratory failure and muscle paralysis (170).

Huntington disease

Huntington disease is an autosomal dominant neurodegenerative disorder that emerges as a
consequence from a polyglutamine repeat expansion in the huntingtin gene. It is also known
as Huntington's chorea. Chorea relates to the Latin choreus or Greek choros and means
dancing. Accordingly, it describes the abnormal movement, observed in this disease. The
pathological features characterizing this disease are cognitive impairment, neuropsychiatric
symptoms and premature death (64). Usually these symptoms are accompanied by
uncontrollable twitching, spasms and other motor skill impairments. Often this disease is
related to degeneration of striatal neurons and astrocytosis (64). The exact mechanism of the
pathogeneses remains unknown, but it has been suggested to be caused by the effect of
mutant huntingtin on mitochondrial function (172,173).

The gene for huntingtin is located on chromosome 4 and is expressed in many tissues,
especially in neurons and lungs. This gene is characterized for its repeated trinucleotide
CAG, which encodes glutamine at the N-terminus of the protein. In the normal gene, this
trinucleotide is repeated 9-39 times (on average: 19 times), however, in mutant genes, the
trinucleotide repeat frequency is higher (36-121 times, on average: 43 times) (174).
Therefore, in mutant genes, the polyglutamine sequence is longer. The abnormal huntingtin
with very high repeat lengths gains a toxic function as it makes the protein more susceptible
for aggregation and formation of inclusion bodies. These inclusion bodies are the typical
histological markers of Huntington disease and it could be shown that they interact with
proteins of the ubiquitin-proteasomal system like 20S core proteasome, the 19S proteasome
regulator and ubiquitin (175). As demonstrated in transgenic mice, this abnormal protein is
cleaved in fragments and these fragments are conjugated with ubiquitin. However, they are
not efficiently degraded by the proteasome, therefore, leading to accumulation of aggregates
forming neuronal inclusion bodies (175,176).

Free Radic Res. Author manuscript; available in PMC 2013 June 07.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Grimm et al.

Page 12

Increased oxidative stress markers are found in a transgenic mouse model of Huntington
disease (R6/2), for example 80OHdG, lipid peroxidation, nitrotyrosine and mitochondrial
dysfunction (83,173,177). Defects in energy metabolism due to mitochondrial dysfunction
are described in Huntington diseased patients, possibly because mutant huntingtin has an
influence on mitochondria (172,173).

Friedreich's ataxia

Friedreich's ataxia is the most common hereditary (autosomal recessive) ataxia, which
means an impaired movement due to loss of motor co-ordination. It affects usually neurons
with long neuritis receiving a death signal from the periphery. The pathological event is a
mutation in a gene on chromosome 9, encoding the 210-amino acid protein frataxin which is
involved in mitochondrial iron metabolism. It is known that an expansion of the
trinucleotide (GAA) in the first intron leads to a decreased transcription of the gene.
Therefore, the formation of Fe/S clusters in complexes I, Il and 111 and in aconitase is not
sufficient (178). It is assumed that less incorporation of Fe in Fe/S clusters leads to a raise of
“free' iron in mitochondria, thus free radical reactions may be initiated. Frataxin expression
and accumulation is elevated in several tissues, like cerebellum, spinal cord and heart. It is
known, that premature death of Friedreich's ataxia patients are often associated with cardiac
problems (178). The tissue specific increase in expression may explain the pathology.

Prion diseases

These diseases are all thought to be caused by prions. Prions are proteinaceous infectious
particles, glycoproteins, with approximately 230 amino acids. They are found in all
mammals in several tissues, especially in high concentrations in the brain. This “normal’
prion protein is a glycoprotein located outside the cell by a glycosylphosphatidylinositol
anchor. The N-terminal domain is associated with the binding of copper (179).

The “normal’ prion protein is thought to be innocuous; however, it becomes “abnormal’ when
changing its conformation. This “abnormal’ protein is a poor substrate for degradation and
therefore accumulates in tissues. Accumulated proteins are known to influence cellular
metabolism, induce neuronal dysfunction and cell death (180).

Prion diseases include Creutzfeldt-Jakob disease (CJD, a human neurodegenerative disease),
bovine spongiform encephalopathy (BSE) and scrapie, a neurodegenerative disease of goats,
sheep and others. It is assumed that “abnormal’ prion proteins can trigger the disease when it
gets access to neuronal tissue. It may alter the conformation of “normal’ prion protein to
generate more “abnormal’ prion proteins. Studies with prion protein knockout mice show
that they cannot develop the disease when infected with “abnormal’ prion proteins; however,
they show various abnormalities indicating an important role for “normal’ prion protein
(180). One possibility is that “normal’ prion protein binds copper and therefore prevents
oxidative damage in cells (181). In fact, prion protein knockout mice showed increase
oxidative stress markers, like protein carbonyls and MDA (181).

Neuronal ceroid lipofuscinoses

Neuronal ceroid lipofuscinoses are inherited, autosomal recessive disorders emerging
throughout lifetime. Some patients develop symptoms during infancy, early childhood and
late childhood or after adolescence. Battan's disease is developed during childhood and
Kuf's disease is called for the adult form of Neuronal ceroid lipofuscinoses. The pathological
features include impaired vision and speech, muscular and mental degeneration. Neuronal
ceroid lipofuscinoses can occur by inherited defects in lysosomal proteases, e.g. by an
impaired palmitoyl protein thioesterase, that removes fatty acid from lipoproteins or by a
defect in tripeptidyl peptidase (182-184).
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Neuronal ceroid lipofuscinoses is accompanied by an accumulation of fluorescent pigments
called ceroids in the cortex and cerebellum. These pigments are usually located in
lysosomes, as lysosomes normally engulf cytoplasmic components in a process called
autophagy and degrade them. In neuronal ceroid lipofuscinoses, however, engulfment
continues but degradation of the material is impaired and, therefore, the material
accumulates in lysosomes (184).

Conclusion

Despite numerous studies that have investigated the role of diverse aggregates, the formation
of aggregates and their effects are still under debate. However, it does seem to clear that
aggregates which are not degraded will extensively accumulate within cells. Indeed, such
accumulation may be so extensive that they detract from the functional volume of the cell by
gradually filling the whole cytosol. Post-mitotic cells, like neurons, cannot divide and
therefore cannot dilute protein aggregates by passing aggregated material on to their
daughter cells. Therefore, cell death is a likely outcome of the accumulation of oxidatively
damaged and cross-linked protein aggregates in post-mitotic cells.

In most diseases it is still unsure, which pathogenic effect occurs first. Impaired proteasomal
and/or mitochondrial function are regarded to have major roles in the pathogenesis of
neurodegenerative diseases. Impaired proteasomal function leads to accumulation of
aggregated materials. Aggregated proteins can bind directly to proteasomal subunits and
impair the overall proteolytic activity of the proteasome complex. Moreover, aggregated
proteins may overwhelm the degradation capacity of the proteasome, leading to further
impairment. Currently, there seems to be sufficient data to put oxidative and nitrative stress
in the center of mechanisms leading to neuronal loss and neurodegeneration. Additionally, a
number of pathways and substances have been identified as potential contributors, including
NAPDH oxidase, mitochondrial electron-transport chain, dopamine, iron and other metals,
diverse protein aggregates, etc.

To summarize, a great deal of data exist to support the concept that the accumulation of
protein aggregates contributes to neurodegenerative diseases. Accumulation apparently
occurs in the aged brain due to both impaired clearance and increased formation. Protein
aggregate formations seem to result from mitochondrial dysfunction, oxidative stress,
defects in lysosomal system and impairment of the ubiquitin-proteasomal system. Protein
studies on aggregates associated with neurodegenerative diseases have shown many
similarities between aggregates in different diseases. They all seem to be oxidized and cross-
linked, and to have the capacity to bind metals and to influence the redox state in brain
tissues. Currently, no prevention or treatments for neurodegenerative diseases are known;
we only have a limited arsenal of drugs to ease some disease symptoms and (sometimes)
pain. However, animal models for ALS (165,185), Alzheimer disease (186), Parkinson
disease (187) and aging brain (188) now allow the testing of potential therapeutic
compounds and targets to prevent the occurrence of these diseases. Among them,
therapeutic interventions targeted against oxidative stress may be a promising step in
diminishing the burden of neurodegeneration.

Nonstandard abbreviations used

Ap B-amyloid
AGE advanced glycation endproducts
ALS amyotrophic lateral sclerosis
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APP amyloid precursor protein

ATP adenosine trisphosphate

80dG 8-hydoxydeoxyguanosine

4-HNE 4-hydroxy-nonenal

MDA malondialdehyde

SOD superoxide dismutase

UCHL1 ubiquitin carboxyl-terminal hydrolase L1
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Fig. 2.

Amyloid precursor protein (APP) processing
The “amyloidogenic pathway”: APP is cleaved sequentially by p-secretase and y-secretase
to produce AB. In the first step, the transmembrane protein APP is cleaved by p-secretase to
yield B-APPs (“s” for soluble). The remaining protein is then cleaved by y-secretase,
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releasing the amyloid beta fragment (Ap) with 40 or 42 amino acids whereas Ap42 shows

stronger aggregation capacity (69).
The “non-amyloidogenic pathway”: Alternatively, APP is cleaved by a-secretase to yield

the a-APPs (“s” for soluble)-fragment. The remaining protein is cleaved by y-secretase to
produce the P3 fragment (69).
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Protein aggregates in selected neurodegenerative diseases
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Characteristic protein aggregates; Inclusions

Genes

References

Alzheimer disease

Parkinson disease

Amyotrophic lateral sclerosis

Huntington disease

Friedreich's ataxia
Prion disease

Ceroid lipofuscinoses

Amyloid plaques (senile plagues, extracellular)

Diffuse amyloid deposits, neurofibrillary tangels
(intracellular)

Lewy bodies consisting of a-synuclein, ubiquitin,
parkin, synphilin-1

Inclusion bodies consisting of superoxide
dismutase, ubiquitin, neurofilaments

Inclusion bodies consisting of huntingtin,
ubiquitin, proteasome, heat-shock proteins

Frataxin aggregates
Prion proteins

Lysosomal, fluorescent material

Presenilin 1 and 2, Apo E, APP

a- synuclein, parkin, UCHL1

Superoxide dismutase

Huntingtin

Frataxin
Prion

Lysosomal proteases

(90,93,94,98)

(93,139,147,151,153)

(170,171)

(93,175)

(93,178)
(180)
(182)
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Diverse molecular modifications observed in Alzheimer diseased brains
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Modificationsin Alzheimer disease Observation References
Oxidative protein modifications Increases in protein carbonyls and other protein oxidation products (glutamic and (84,112,115)
aminoadipic semialdehydes), increased levels of methionine sulfoxide
oxidized SOD, creatine kinase and glutamine synthetase
UCHL1 is heavily oxidized
Nitrative protein modifications Increased levels of nitrotyrosine neurofibrillary tangles (115)
other nitrated proteins are p-actin, a-enolase and triosephosphate isomerase
Lipid peroxidation Increased levels of HNE (84,112,113)
Oxidative DNA damage Increases in 8OHAG and other base oxidation products in mitochondria and nucleus (84,112)
Mitochondrial dysfunction Decreased activities of complex 1V, alpha-ketoglutarate dehydrogenase, pyruvate (114)
dehydrogenase
Proteasome dysfunction Decreased proteasomal activity, abnormal accumulation of proteins containing (116,163),

polyubiquitin
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Table 3

Diverse molecular modifications observed in Parkinson diseased brains
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Modificationsin Parkinson disease Observation References
Oxidative protein modifications Increased levels of protein carbonyls in substantia nigra, oxidized SOD1 (82)
Increased levels of oxidized dopamine (cysteinyl-DOPA and cysteinyl-dopamine)

Nitrative protein modifications Increased levels of nitrotyrosine in a-synuclein and Lewy bodies (135,159)
Lipid peroxidation HNE-products in Lewy bodies and increased peroxides (82)

Oxidative DNA damage Increased levels of DNA oxidation product 8OHdG in mitochondrial and total DNA (82,135)
Glutathione Decreased levels of GSH (159)
Mitochondrial dysfunction Decreased activities of complex | and alpha-ketoglutarate dehydrogenase (159)
Proteasome dysfunction Genetic defects in inherited Parkinson disease, decreased activities in sporadic (159)

Parkinson disease, decrease UCHL1 activity

oxidized Dopamine Auto-oxidation of free non-vesicle dopamine to quinone (159)
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