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Abstract An age-associated increase in oxidative dam-
age to nucleic acids, predominantly to RNA, has been
recently demonstrated in neurons of human and rodent
brains, which may play a fundamental role in the devel-
opment of age-associated neurodegeneration. Indeed, more
prominent levels of neuronal RNA oxidation compared to
normal aging have been described in neurodegenerative
disorders including Alzheimer disease, Parkinson disease,
dementia with Lewy bodies, and amyotrophic lateral
sclerosis. Moreover, oxidative damage to RNA has been
found also in cellular and animal model of neurodegener-
ation. Oxidative RNA modification can occur not only in
protein-coding RNAs but also in non-coding RNAs that are
recently revealed to contribute towards the complexity of
the mammalian brain. It has been hypothesized that RNA
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oxidation causes aberrant expression of microRNAs and
proteins and subsequently initiates inappropriate cell fate
pathways. While less lethal than mutations in the genome
and not inheritable, such sublethal damage to cells might
be associated with underlying mechanisms of degeneration,
especially age-associated neurodegeneration. Of particular
interest, the accumulating evidence obtained from studies
on either human samples or experimental models coinci-
dentally suggests that RNA oxidation is a feature in neu-
rons of aging brain and more prominently observed in
vulnerable neurons at early-stage of age-associated neuro-
degenerative disorders, indicating that RNA oxidation
actively contributes to the background, the onset, and the
development of the disorders. Further investigations aimed
at understanding of the processing mechanisms related to
oxidative RNA damage and its consequences may provide
significant insights into the pathogenesis of neurodegen-
erative disorders and lead to better therapeutic strategies.
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Introduction

Neurodegenerative disorders are common in elderly pop-
ulation; for example, the prevalence in the United States
per 1,000 elderly is 67 for Alzheimer disease (AD) and 9.5
for Parkinson disease (PD) (Hirtz et al. 2007), the annual
incidence in Italy per 100,000 of general population is 1.7
for amyotrophic lateral sclerosis (ALS) with a peak
between 65 and 75 years of age (Logroscino et al. 2005);
the prevalence in Finland per 1,000 general population
aged 75 years and older is 106 for AD and 50 for dementia
with Lewy bodies (DLB) (Rahkonen et al. 2003). Many
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lines of evidence have indicated that oxidative damage is
involved not only in the process of brain aging (Gemma
et al. 2007) but also in the pathogenesis of neurodegener-
ative disorders including AD, PD, and ALS (Sayre et al.
2001; Ischiropoulos and Beckman 2003; Jenner 2003;
Andersen 2004; Barnham et al. 2004; Barber et al. 2006;
Lin and Beal 2006; Nunomura et al. 2006). Indeed, oxi-
datively modified products of nucleic acids and proteins, as
well as products by lipid peroxidation and glycoxidation,
all known markers of oxidative damage, have been dem-
onstrated in the affected lesions in the central nervous
system (CNS), cerebrospinal fluid (CSF), plasma or serum,
and urine from the patients with these disorders. The
increased levels of oxidative damage in such neurodegen-
erative disorders are often accompanied by the reduced
levels of anti-oxidative defense mechanisms in the same
subjects (Ischiropoulos and Beckman 2003; Andersen
2004). Remarkably, a number of known genetic and
environmental factors of the neurodegenerative disorders,
namely disease-specific gene mutations, risk-modifying
gene polymorphisms, and risk-modifying life-style factors
are closely associated with oxidative damage (Barnham
et al. 2004; Ischiropoulos and Beckman 2003; Nunomura
et al. 2006, 2007), which implicates a pathogenic role of
oxidative damage in the process of neurodegeneration.
Despite the abundant evidence for an involvement of
oxidative insults at an early-stage of the neurodegenerative
process, interventions such as the administration of one or a
few antioxidants have been, at best, modestly successful in
clinical trials. The complexity of the metabolism of reac-
tive oxygen species (ROS) suggests that such interventions
may be too simplistic and requires more integrated
approaches not only to enrich the exogenous antioxidants
but also to up-regulate the multilayered endogenous anti-
oxidative defense systems (Lin and Beal 2006; Nunomura
et al. 2006, 2007). Indeed, the pathomechanisms of neu-
rodegeneration may be better explained by an “age-based”
theory rather than a simple proteinopathy hypothesis
(Herrup 2010). Therefore, it is clear that there is a con-
siderable need for a better understanding of the association
among ROS metabolism, aging, and neurodegeneration,
which may constitute a breakthrough in the treatment of
neurodegenerative disorders (Mangialasche et al. 2010).

DNA and RNA Oxidation

Oxidative damage to DNA has been well studied and sev-
eral classes of products such as base oxidation and frag-
mentation products (e.g., single- and double-strand breaks),
inter/intra-strand cross-links, DNA—protein cross-links, and
sugar fragmentation products are identified (Evans et al.
2004; Cooke et al. 2006). Far fewer studies have focused on
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oxidative damage to RNA and only limited kinds of oxi-
datively modified bases in RNA have been reported previ-
ously (Kasai et al. 1986; Ames and Gold 1991; Yanagawa
et al. 1992; Schneider et al. 1993; Rhee et al. 1995; Bar-
ciszewski et al. 1999). Among multiple adducts of nucleo-
side oxidation, adducts of deoxyguanosine and guanosine,
i.e., 8-hydroxydeoxyguanosine (8-OHdG) and 8-hydroxygu-
anosine (8-OHG) are two of the best characterized and
studied forms of DNA and RNA oxidation, respectively
(Fiala et al. 1989; Wamer and Wei 1997; Shen et al. 2000;
Hofer et al. 2005, 2006, 2008b). Recently, detection and
quantification of oxidation-induced abasic (depurinated/
depyrimidinated) RNA have been reported by using an
aldehyde reactive probe (Tanaka et al. 2011a, b).

Although RNA should be subject to the same oxidative
insults as DNA and other cellular macromolecules, oxi-
dative damage to RNA has not been a major focus in
investigating the magnitude and the biological conse-
quences of ROS. Because RNA is largely single-stranded
and its bases are not protected by hydrogen bonding and is
probably less protected by specific proteins, RNA may be
more susceptible to oxidative insults than DNA (Nunomura
et al. 1999; Brégeon and Sarasin 2005; Li et al. 2006;
Moreira et al. 2008). That RNA is a vulnerable target is
also a reasonable proposition given the relative cellular
abundance of RNA and the subcellular distribution of RNA
that locates in the vicinity of mitochondria, the primary
source of ROS (Nunomura et al. 1999). Given these fac-
tors, it is not surprising that, using high-performance liquid
chromatography coupled with electrochemical detector
(HPLC-ECD) or with electrospray tandem mass spec-
trometry (HPLC-MS/MS), greater oxidation to RNA than
to DNA has been shown in an experiment with isolated
DNA and RNA (Hofer et al. 2006) as well as in cell lines
and tissue, namely, human leukocytes (Shen et al. 2000),
human skin fibroblasts (Wamer and Wei 1997), human
lung epithelial cells (Hofer et al. 2005), rat skeletal muscle
(Hofer et al. 2008b), rat liver (Fiala et al. 1989; Hofer et al.
2006). Urinary excretion of an oxidized form of ribonu-
cleoside in healthy humans and rats (Weimann et al. 2002)
not only suggests substantial RNA oxidation in normal
metabolism but also the existence of a repair mechanism
for the damaged RNA. Greater oxidation to RNA than to
DNA has been found also in human urine samples from
patients with hereditary hemochromatosis (Broedbaek et al.
2009) as well as workers exposed to styrene or benzene
(Manini et al. 2009, 2010). Furthermore, it has been shown
recently that a urinary marker of oxidative damage to RNA
but not DNA predicts long-term mortality of type 2
diabetic patients (Broedbaek et al. 2011). Indeed, higher
urinary levels of oxidized RNA in the patients are associ-
ated with higher all-cause mortality and higher diabetes-
related mortality, which is a good example showing an
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involvement of RNA oxidation in the pathophysiology of a
chronic disease.

It is now becoming evident that RNA molecules are not
only intermediates for the transfer of genetic information
from DNA to proteins but also key players in many
mechanisms controlling expression of genetic information
(Costa 2005; Szymanski et al. 2005; Cao et al. 2006;
Mehler and Mattick 2006, 2007). Given the view that
RNAs are undergoing a “renaissance”, we and others have
developed a hypothesis that RNA damage is involved in
the pathomechanisms of neurodegeneration (Brégeon and
Sarasin, 2005; Costa 2005; Cao et al. 2006; Li et al. 2006;
Mehler and Mattick 2006, 2007; Moreira et al. 2008).

RNA Oxidation and the Biological Consequence

Formation of Oxidized RNA Nucleosides and Strand
Scission from RNA Nucleobase Radical

More than 20 different types of oxidatively altered purine
and pyrimidine bases have been detected in nucleic acids

(Barciszewski et al. 1999; Evans et al. 2004; Ishibashi et al.
2005; Cooke et al. 2006). However, since guanine is the
most reactive of the nucleic acid bases (Yanagawa et al.
1992), it is not surprising that the oxidized base, 8-hy-
droxyguanine is the most abundant among the oxidized
bases (Brégeon and Sarasin 2005). The 8-hydroxyguanine-
containing nucleoside, 8-OHG, can be formed in RNA by
direct oxidation of the base and also by the incorporation of
the oxidized base from the cytosolic pool into RNA
through the normal action of RNA polymerase (Fig. 1)
(Yanagawa et al. 1992; Ishibashi et al. 2005). Not only
8-OHG but also 8-hydroxyadenosine, 5-hydroxycytidine,
and 5-hydroxyuridine have been identified in oxidized
RNA (Yanagawa et al. 1992), which may have altered
pairing capacity and thus be at the origin of erroneous
protein production. Indeed, the 8-hydroxyguanine can pair
with both adenine and cytosine, and thus oxidized RNA
compromises the accuracy of translation (Taddei et al.
1997, Ishibashi et al. 2005).

Recently, the chemical characterization of the pathway
for direct strand scission from RNA nucleobase radical
has been provided (Jacobs et al. 2010). One mechanism
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Fig. 1 Mode of formation of 8-OHG-containing RNA and surveil-
lance mechanism for oxidized RNA in mammalian cells. 8-OHG-
containing RNA can be generated by direct oxidation to RNA as well
as by incorporation of oxidized ribonucleotide, 8-hydroxy-guanosine-
triphosphate (8-OH-GTP), which can be generated by direct oxidation
of GTP as well as by phosphorylation of 8-hydroxy-guanosine-
diphosphate (8-OH-GDP) by NDK. Remarkably, several enzymes
involved in nucleotides metabolism show discriminating function
against incorporation of oxidized nucleotide into nucleic acids. GK,
an enzyme converts GMP to GDP, is inactive on 8-hydroxy-
guanosine-monophosphate (8-OH-GMP). Similarly, RNR, an enzyme
converts GDP to dGDP, is inactive on 8-OH-GDP, which avoid
incorporation of the oxidized nucleotide into DNA synthesis.
Additionally, RNA polymerase incorporates 8-OH-GTP into RNA

| containing

RNA

PNPase, YB-1 HNRNPDl

degradation

at much lower rate compared with the incorporation of GTP.
Furthermore, MutT homologue 1 (MTHI) has the potential to
hydrolyze 8-OH-GTP or 8-OH-GDP to 8-0xoGMP and Nudix type 5
(NUDTS) can hydrolyze 8-OH-GDP to 8-oxoGMP, which drastically
reduces the possibilities that the oxidized nucleotides are incorporated
into RNA. When 8-OHG is misincorporated into RNA, it may cause
direct errors in translation or inadequate regulation of protein
synthesis and cells may switch from translation to degradation by
sequestrating the oxidized RNA with specific binding proteins such as
polynucleotide phosphorylase (PNPase), Y-box binding protein 1
(YB-1), and heterogeneous nuclear ribonucleoprotein DO (HNRNPD).
The existence of repair mechanism for oxidized RNA remains to be
elucidated
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involves initial formation of a nucleobase radical and/or the
respective peroxyl radical which subsequently abstracts a
hydrogen atom from the ribose ring, ultimately resulting in
strand scission. Indeed, direct strand scission is proposed to
result from as many as 40 % of reactions of *OH with RNA
(Jacobs et al. 2010).

Defective Protein Synthesis Due to Oxidized RNA

The biological consequence of oxidatively damaged
mRNA species has been investigated in vitro by expressing
them in cell lines. Oxidized mRNAs lead to loss of normal
protein level and protein function, and potentially produce
defective proteins leading to protein aggregation, a com-
mon feature of neurodegenerative disorders (Shan et al.
2003). In a recent study, polyribosome analysis indicates
that oxidized bases in mRNAs cause ribosome stalling on
the transcripts or slow the translation process, which leads
to a decrease of protein expression (Shan et al. 2007).
When oxidized and non-oxidized luciferase RNAs were
subjected to translation in rabbit reticulocyte lysates and
the fractions were analyzed by northern blot, the oxidized
RNA samples showed a decreased amount of free mono-
somes and an increased amount of RNA-associated poly-
ribosomes compared to the non-oxidized RNA samples
(Shan et al. 2007). In another recent study, the translation
of oxidized mRNA in cell lines causes the accumulation of
short polypeptides, resulting from the premature termina-
tion of the translation process of the oxidized mRNA and/
or the proteolytic degradation of the modified protein
containing the translation errors due to the oxidized mRNA
(Tanaka et al. 2007). Coincidently, oxidative damage to
Escherichia coli 16S rRNA results in the formation of short
cDNA by the RT-PCR (Gong et al. 2006). The biological
consequence of ribosomal oxidation have also been
investigated in vitro using translation assays with oxidized
ribosomes from rabbit reticulocytes and show a significant
reduction of protein synthesis (Honda et al. 2005). Notably,
studies on brains of subjects with AD and MCI have
demonstrated ribosomal dysfunction associated with oxi-
dative RNA damage (Ding et al. 2005, 2006). Isolated
polyribosome complexes from AD and MCI brains show a
decreased rate and capability for protein synthesis without
alteration in the polyribosome content. Decreased rRNA
and tRNA levels and increased 8-OHG in total RNA pool,
especially in rRNA, are accompanied by the ribosomal
dysfunction, while there is no alteration in the level of
initiation factors (Ding et al. 2005).

These findings have indicated that RNA oxidation has
detrimental effects on cellular function whether the dam-
aged RNA species are coding for proteins (mRNA) or
performing translation (rRNA and tRNA). It is noteworthy
in this respect that studies on some anti-cancer agents have
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shown that RNA damage can lead to cell-cycle arrest and
cell death, much as DNA damage does. RNA damage may
cause cell death via either pathway involving p53-depen-
dent mechanism associated with inhibition of protein syn-
thesis or p53-independent mechanism different from
inhibition of protein synthesis (Bellacosa and Moss 2003).

Coping with RNA Damage
Ribonucleases

Degradation of RNA plays a central role in RNA metab-
olism and damaged RNA can be removed through degra-
dation by ribonucleases (RNase), but selective degradation
activity for oxidized RNA has not been established for
known RNases (Deutscher 2006; Li et al. 2006). Oxidative
stress induces cytoplasmic mRNA processing bodies (P-
bodies), the site of active degradation of mRNA (Sheth and
Parker 2003), which is linking with an induction of another
cytoplasmic structure called “stress granules” (Kedersha
et al. 2005). In contrast to mRNAs with rapid turnover,
stable RNAs, consisting primarily of rRNAs and tRNAs
and encompassing 98 % of total cellular RNA, may be
protected against RNase action by tertiary structure,
assembly into ribonucleoprotein complex, or even blocking
the RNA’s 3’ terminus (Deutscher 2006).

Repair Mechanisms

Until recently, it has been considered that damaged RNA
may be only degraded rather than repaired. However, Aas
et al. (2003) has suggested that the cells have at least one
specific mechanism to repair RNA damage, indicating that
cells may have a greater investment in the protection of
RNA than previously suspected (Bellacosa and Moss 2003;
Krokan et al. 2004; Brégeon and Sarasin 2005). Indeed,
alkylation damage in RNA is repaired by the same mech-
anism as a DNA-repair, catalyzed in the bacterium Esch-
erichia coli by the enzyme AlkB, and in humans by the
related protein (Aas et al. 2003). Alk B and its homologue
hABH3 cause hydroxylation of the methyl group on
damaged DNA and RNA bases, and thus directly reverse
alkylation damage. Alk B and hABH3, but not hABH2,
repair RNA, since Alk B and hABH3 prefer single-
stranded nucleic acids while hABH2 acts more efficiently
on double-stranded DNA (Aas et al. 2003).

DNA damage can be repaired not only by the mecha-
nism of direct reversal of the modified bases but also by a
base excision repair mechanism. Specific DNA glycosy-
lases excise the damaged base and DNA polymerases
replace the nucleotides (Bellacosa and Moss 2003; Nak-
abeppu et al. 2004). Defective DNA base excision repair is
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demonstrated in brain from subjects with AD and MCI
(Weissman et al. 2007; Shao et al. 2008). While it remains
unknown whether RNA damage can be repaired by base
excision, it has been considered that the mechanism is not
likely efficient at the RNA level, for the excision repair
generally requires a complementary strand (Krokan et al.
2004). However, it has recently been suggested that a
DNA-repair enzyme APE/Ref-1, acting as the major apu-
rinic/apyrimidinic endonuclease, is endowed with rRNA
quality control (Vascotto et al. 2009). Indeed, inability to
remove 8-hydroxyguanine-containing rRNA upon oxida-
tive stress is observed in APE/Ref-1-knocked-down cells,
in which impaired translation, lower intracellular protein
content, and decreased cell growth rate are also observed.

Avoidance of Oxidized Ribonucleotides Incorporation
into Translational Machinery

Cells have mechanisms of dealing with nucleotide damage
other than direct repair and excision repair, which seems to
be useful for defense against oxidative damage to both
DNA and RNA. Because oxidation of nucleotides can
occur in the cellular nucleotide pool and the oxidized
nucleotide can be incorporated into DNA and RNA, the
mechanism avoiding such incorporation of the oxidized
nucleotide is involved in coping with nucleic acid damage
(Fig. 1) (Bellacosa and Moss 2003; Brégeon and Sarasin
2005; Li et al. 2006). MutT protein in Escherichia coli and
its mammalian homologues MutT homologue 1 (MTHI1)
and Nudix type 5 (NUDTS5) proteins participate in this
error-avoiding mechanism by hydrolyzing the oxidized
nucleoside diphosphates and/or triphosphates to the
monophosphates (Taddei et al. 1997; Hayakawa et al.
1999; Nakabeppu et al. 2004, 2006; Ishibashi et al. 2005;
Ito et al. 2005). Indeed, the increase in the production of
erroneous proteins by oxidative damage is 28-fold over the
wild type cells in Escherichia coli mutT deficient cells,
which is reduced to 1.2- or 1.4-fold by the expression of
MTHI or NUDTS, respectively (Ishibashi et al. 2005).
Correspondingly, MTH1 deficiency augments the RNA
oxidation induced by kainic acid treatment in MTH1-null
mouse (Kajitani et al. 2006). Indeed, an increase in neu-
ronal RNA oxidation is correlated with decreased expres-
sion of MTHI in the hippocampus of senescence-
accelerated SAMP8 mice as well as patients with AD
(Song et al. 2011). However, in other studies, an increased
expression of MTHI1 in the vulnerable neuronal popula-
tions has been reported in the brains of AD (Furuta et al.
2001) and PD (Shimura-Miura et al. 1999), which may
indicate a compensatory up-regulation of the MTHI
against oxidative stress (Nakabeppu et al. 2006).

In addition to the degradative activity of MTHI1 and
NUDTS, several enzymes involved in nucleotide metabolism

show a discriminator activity against the oxidized nucleotides
(Fig. 1). Guanylate kinase (GK), an enzyme that converts
GMP to GDP, is inactive on 8-OH-GMP, while nucleotide
diphosphate kinase (NDK), an enzyme that converts GDP to
GTP, fails to show such discriminating function (Hayakawa
et al. 1999). Similarly, ribonucleotide reductase (RNR), an
enzyme that catalyzes reduction of four naturally occurring
ribonucleoside diphosphates, is inactive on conversion of
8-OH-GDP to 8-OH-dGDP, which avoids incorporation of the
oxidized nucleotide into DNA synthesis (Hayakawa et al.
1999). The final “gatekeeper” discriminating the oxidized
nucleotide from normal nucleotide is RNA polymerase that
incorporates 8-OH-GTP into RNA at a much lower rate
compared to the normal GTP incorporation (Taddei et al.
1997; Li et al. 2006). However, a recent study on MCF-7 cells
exposed to carbon-labeled 8-OHdG has revealed an incorpo-
ration of extracellular §-OHdG into RNA with 5-6-fold higher
levels compared to the incorporation into DNA (Mundt et al.
2008). The proposed mechanism of 8-OHdG metabolism
involves phosphorolysis of 8-OHdG to free 8-hydroxyguanine
and incorporation of the free 8-hydroxyguanine into RNA
synthesis. Therefore, some of the above-mentioned discrim-
inating mechanisms against the oxidized nucleotides may be
inefficient.

Proteins Binding Specifically to Oxidized RNA

Then, one important question is whether cells have
machinery to deal with oxidatively damaged nucleotides
that are contained in RNA, because RNA can be directly
oxidized even if the incorporation of oxidized nucleotides
into RNA is blocked. Recently, proteins that bind specifi-
cally to 8-OHG-containing RNA have been reported,
namely, Escherichia coli polynucleotide phosphorylase
(PNPase) protein and human PNPase (Hayakawa et al.
2001; Hayakawa and Sekiguchi 2006), human Y-box
binding protein 1 (YB-1) (Hayakawa et al. 2002), and
heterogeneous nuclear ribonucleoprotein DO (HNRNPD)
(Hayakawa et al. 2010). The binding of the specific protein
likely makes the 8-OHG-containing RNA resistant to
nuclease degradation (Hayakawa et al. 2001). However, it
has been proposed that these proteins may recognize and
discriminate the oxidized RNA molecule from normal
ones, thus contributing to the fidelity of translation in cells
by sequestrating the damaged RNA from the translational
machinery (Hayakawa et al. 2001, 2002, 2010; Hayakawa
and Sekiguchi 2006). The human PNPase binds to 8-OHG-
containing RNA preferentially and cellular amounts of
human PNPase decrease rapidly by exposure to agents
inducing oxidative stress, while amounts of other proteins
in the cells do not change after the treatments (Hayakawa
and Sekiguchi 2006). A recent study on HeLa cell exposed
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to H,O, has demonstrated that overexpression of human
PNPase reduces RNA oxidation and increases cell viability
against the oxidative insult, while human PNPase knock-
down increases RNA oxidation and decreases cell viability
(Wu and Li 2008). Responses of HNRNPD protein to
oxidative stress also have been demonstrated by using
HeLa cell. The amount of HNRNPD protein rapidly
decreases when cells are exposed to H,O,, and suppression
of HNRNPD expression by small interfering RNA causes
cells to exhibit an increased sensitivity to H,O, (Hayakawa
et al. 2010). Furthermore, human YB-1 has been elucidated
to be a component of P-bodies where active degradation of
mRNA occurs. YB-1 is translocated from P-bodies to stress
granules during oxidative stress, which suggests a dynamic
link between P-bodies and stress granules under oxidative
stress (Yang and Bloch 2007).

It is possible that the RNA quality control mechanisms
are defective or inefficient in cancer cells as well as cells of
neurodegenerative diseases. Further elucidation of the
mechanisms of repair or avoidance of RNA damage and
their potential role in preventing human diseases might
provide new approaches to a number issues of life science
that have evaded resolution, while it has not been the major
focus in investigation for a long period (Brégeon and
Sarasin 2005; Li et al. 2006; Yang and Bloch 2007).

Sublethal Damage to RNA and Its Possible Relevance
to Neurodegeneration

Recent progress in genetics has revealed an expanding
universe of RNA beyond its classical function as inter-
mediates in protein synthesis according to “Central
Dogma” that describes the transcription from DNA to
messenger RNA (mRNA) and translation from mRNA to
proteins. Indeed, it is now evident that only a minority of
genetic transcripts (2-3 % in the human) code for proteins.
Non-coding RNA (ncRNA), rather than being “junk”, can
function directly in structural and catalytic activities and
also appears to play a critical role in regulating the timing
and rate of gene expression (Costa 2005; Szymanski et al.
2005; Cao et al. 2006; Mehler and Mattick 2006, 2007). Of
particular note, the complexity of an organism correlates
poorly with the number of protein-coding genes, however,
complexity is highly correlated with the number of ncR-
NAs (Taft et al. 2007). Furthermore, the increasing variety
of ncRNAs being identified in the CNS suggests a strong
connection between the biogenesis, dynamics of action,
and combinational regulatory potential of ncRNAs and the
complexity of the CNS (Cao et al. 2006; Mehler and
Mattick 2006, 2007). Indeed, specific ncRNAs have been
shown to regulate dendritic spine development, neuronal
fate specification and differentiation, and synaptic protein
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synthesis (Satterlee et al. 2007). Therefore, further advan-
ces in studies on the mechanisms and consequences of
RNA damage and its surveillance may have a significant
impact on understanding of the pathophysiology of cur-
rently unresolved complex disorders including neurological
and psychiatric disorders (Perkins et al. 2005; Cao et al.
2006; Mehler and Mattick 2006, 2007; Satterlee et al.
2007; Taft et al. 2007).

MicroRNAs are small (~22 nucleotides) ncRNAs that
participate in mRNA translational regulation. Despite their
relatively recent discovery, it is already known that
microRNAs play important roles in neural development
(Mehler and Mattick 2006). They are also expressed at high
levels within mature and even the senescent brain and
function to orchestrate the maintenance of adult neural
traits, to promote cellular homeostasis against endogenous
and exogenous stress, and to modulate multiple parameters
associated with synaptic plasticity (Mehler and Mattick
2006). Nelson et al. (2008) have reviewed rapidly accu-
mulating evidence of the roles of microRNAs in neurode-
generative disorders including AD, PD, and triplet repeat
disorders. They have discussed a possible involvement of
microRNAs oxidation in the pathogenesis of the neurode-
generative disorders. It has been hypothesized that RNA
oxidation causes aberrant expression of microRNAs and
proteins and subsequently initiates inappropriate cell fate
pathways. Recently, Shi and Gibson (2011) have reported
that post-transcriptional up-regulation of a mitochondrial
enzyme, malate dehydrogenase, by oxidative stress in a
neuronal cell line is mediated by microRNA-743a, which
provides insights into possible roles of microRNAs in
oxidative stress and neurodegeneration. Specifically, sev-
eral questions remain to be elucidated: (1) whether oxida-
tive modification occurs exactly in microRNAs in
neurodegenerative disorders; (2) whether oxidative modi-
fication alters function of microRNAs; and (3) whether
oxidized microRNAs participate in the induction/promo-
tion of neurodegenerative pathway.

In two of the most frequent neurodegenerative disorders,
AD and PD (Hirtz et al. 2007), gene mutations cause
hereditary-forms of the disorders and the mutations are
associated with protein aggregates (e.g., amyloid-f aggre-
gation in senile plaques in AD and a-synuclein aggregation
in Lewy bodies in PD) that form hallmark pathologies in
the affected brains (Taylor et al. 2002; Lin and Beal 2006).
However, the majority of the patients with AD and PD
have sporadic disorder and the etiology of the disorders is
largely unknown. Indeed, there is recent evidence sug-
gesting that several known gene mutations in causing
familial AD (amyloid-f protein precursor, presenilin-1, or
presenilin-2 gene) and familial PD (Parkin, PINK-1, or DJ-
1 gene) are associated with increased oxidative stress.
Also, several known genetic (e.g., apolipoprotein Eg4
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variant) and environmental (e.g., metals or pesticides
exposure) risk factors of sporadic AD and/or PD are
associated with increased oxidative stress (Nunomura et al.
2007). As we have reviewed here, oxidative damage to
neuronal RNA is not only a common feature of AD, PD
and associated neurodegenerative disorders but also an
early-stage event in the pathological cascade of the disor-
ders, which suggests an involvement of RNA damage in
the pathogenic mechanisms of these neurodegenerative
disorders. While RNA damage would be less lethal for
cells than mutations in the genome, such moderate, sub-
lethal insults to cells might be associated with underlying
mechanisms of several human disorders, especially chronic
degeneration.

Age-Associated Increase in Oxidative Damage
to RNA (Table 1)

Recently, an age-associated increase in neuronal RNA
oxidation (8-OHG) has been demonstrated by immunocy-
tochemical detection accompanied with densitometric
semi-quantitative analysis on post-mortem human brain
samples (Nunomura et al. 2012). Experimental studies on
young and old rodents (Liu et al. 2002; Cui et al. 2009) and
a strain of senescence-accelerated mice (Song et al. 2011;
Shi et al. 2012) also have shown an age-associated increase
in neuronal 8-OHG in brain. Of note, antioxidants or

mitochondrial metabolites can reduce both oxidative
damage and the spatial memory deficit in old animals (Liu
et al. 2002). In the C57BL/6J mice, even young animals
(10-12 weeks old) show substantial levels of spontane-
ously oxidized RNA (8-OHG) in neurons of the hippo-
campus and the substantia nigra (Yamaguchi et al. 2006),
which contrasts the observations in human control brains
with no apparent level of RNA oxidation at younger ages
(Nunomura et al. 2012). It may be interesting to see if the
levels of RNA oxidation are different among diverse
mammalian species particularly with reference to the
maximum life spans of the species which negatively cor-
relates with the levels of DNA oxidation (Foksinski et al.
2004).

An age-associated increase in 8-OHG has been dem-
onstrated also by an analysis of urine from healthy
human individuals as a marker of systemic RNA oxida-
tion (Andreoli et al. 2011; Broedbaek et al. 2011). In
experimental animals, a recent study has demonstrated
that RNA, but not DNA, oxidation in skeletal muscle
increases with aging and muscle atrophy, which is related
to increased levels of non-heme iron (Hofer et al. 2008b).
Also, liver of rodents shows age-associated RNA oxida-
tion (Seo et al. 2006). Specifically, levels of mitochon-
drial RNA oxidation in skeletal muscle and liver increase
with age and correlate with levels of mitochondrial iron
(Seo et al. 2008). These findings further support the
concept that RNA oxidation is involved in chronic age-
associated degeneration.

Table 1 Summary of studies showing an age-associated increase in RNA oxidation

Human/experimental animals

Materials/procedures

Authors (year)

Aging in human

65 individuals without dementia (age range
0.3-86 years old)

300 healthy individuals (age range 21-85 years old)
198 elderly twins (age range 62-83 years old)

Aging in experimental animals
Fischer 344 rats (6 and 26 months old)
Fischer 344 rats (6 and 24 months old)
Senescence-accelerated SAMPS mice (8 and

12 months old)
Fischer 344/Brown Norway rats (6 and 32 months old)
Fischer 344 rats (6 and 24 months old)

Fischer 344/Brown Norway rats (8, 18, 29 and
37 months old)

Brain (hippocampus/cerebral cortex)/ICC
Urine (systemic oxidation)/HPLC-MS/MS

Urine (systemic oxidation)/UPLC-MS/MS

Brain (hippocampus)/ICC

Brain (cerebellum)/HPLC-ECD and ICC
Brain (hippocampus)/ICC

Brain (cerebral cortex)/ICC

Skeletal muscle (gastrocnemius)/HPLC-ECD
Liver/HPLC-ECD

Skeletal muscle (quadriceps) and Liver/HPLC-ECD
(mitochondrial RNA)

Nunomura et al.
(2012)

Andreoli et al.
(2011)

Broedbaek et al.
(2011)

Liu et al. (2002)
Cui et al. (2009)
Song et al. (2011)
Shi et al. (2012)
Hofer et al. (2008)
Seo et al. (2006)
Seo et al. (2008)

ECD electrochemical detection, HPLC high-performance liquid chromatography, /CC immunocytochemistry, MS/MS tandem mass spectrom-

etry, UPLC ultra-performance liquid chromatography
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RNA Oxidation in Various Neuropsychiatric Disorders

(Table 2)

RNA Oxidation in AD and PD

The disruption of transcriptional or translational fidelity in
neurons leads to the accumulation of aberrant or misfolded

Table 2 Summary of studies on neuronal RNA oxidation in human diseases

proteins and neuronal death (van Leeuwen et al. 1998; Lee
et al. 2006), which suggests a role of RNA damage in the
underlying mechanisms of neurological disorders. The
availability of highly specific antibodies with 8-OHdG/8-
OHG has enabled us to perform in situ approaches to examine
nucleoside oxidation in post-mortem brain samples taken
from patients with neurological disorders (Park et al. 1992;

Neuropsychiatric diseases

Materials/procedures

Authors (year)

Alzheimer disease and related disease states

Alzheimer disease

Familial Alzheimer disease
Mild cognitive impairment (MCI)

Preclinical Alzheimer disease

Down syndrome
Synucleinopathies

Parkinson disease

Parkinson disease/multiple system atrophy
Dementia with Lewy bodies (DLB)
Amyotrophic lateral sclerosis (ALS)
Familial/sporadic ALS

CAG-repeat disease
Dentaterubral-pallidoluisian atrophy (DRPLA)
Prion diseases

Familial/sporadic Creutzfeldt—Jakob disease
(CJD)

Gerstmann—Straussler—Scheinker disease (GSS)
Psychiatric diseases

Schizophrenia

Bipolar disorder

Major depression

Others

Subacute sclerosing panencephalitis (SSPE)
Xeroderma pigmentosum (group A)

Cirrhosis with hepatic encephalopathy

Fatal brain edema of diabetic ketoacidosis

Brain (hippocampus/cerebral cortex)/ICC

Brain (hippocampus/cerebral cortex)/IEM

Brain (hippocampus/cerebral cortex)/IB and RT-PCR

(mRNA)
Brain (hippocampus)/IB and RT-PCR (rRNA)
Brain (cerebral cortex)/IB and RT-PCR (rRNA)
Brain (hippocampus/cerebral cortex)/GC/MS
Cerebrospinal fluid/HPLC
Brain (cerebral cortex)/ICC
Brain (cerebral cortex)/IB and RT-PCR (rRNA)
Brain (hippocampus)/ICC

Brain (cerebral cortex)/ICC
Brain (hippocampus)/ICC

Brain (cerebral cortex)/ICC
Brain (cerebral cortex)/ICC

Brain (substantia nigra)/ICC
Cerebrospinal fluid/HPLC

Cerebrospinal fluid/ELISA

Brain (hippocampus/cerebral cortex)/ICC

Brain (motor cortex) and spinal cord/IB

Brain (lenticulate nucleus)/ICC

Brain (cerebral cortex)/ICC

Brain (hippocampus/cerebral cortex)/ICC

Brain (hippocampus)/ICC
Brain (hippocampus)/ICC
Brain (hippocampus)/ICC

Brain (cerebral cortex)/ICC

Brain (globus pallidus)/ICC

Brain (cerebral cortex)/IB

Brain (hippocampus/cerebellum)/ICC

Nunomura et al. (1999)
Song et al. (2011)
Nunomura et al. (2001)
Shan et al. (2003)

Honda et al. (2005)
Ding et al. (2005)
Weidner et al. (2011)
Abe et al. (2002)
Nunomura et al. (2004)
Ding et al. (2005)

Lovell & Markesbery
(2008)

Nunomura et al. (2012)
Lovell et al. (2011)

Nunomura et al. (2012)
Nunomura et al. (2000)

Zhang et al. (1999)
Abe et al. (2003)
Kikuchi et al. (2002)
Nunomura et al. (2002)

Chang et al. (2008)

Miyata et al. (2008)

Guentcheyv et al. (2002)

Petersen et al. (2005)

Che et al. (2010)
Che et al. (2010)
Che et al. (2010)

Hayashi et al. (2002)
Hayashi et al. (2005)
Gorg et al. (2010)

Hoffman et al. (2011)

ELISA enzyme-linked immunosorbent assay, GC/MS gas chromatography/mass spectrometry, HPLC high-performance liquid chromatography,

IB immunoblot, /CC immunocytochemistry, /EM immunoelectronmicroscopy, R7T-PCR reverse transcription polymerase chain reaction
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Yin et al. 1995). In 1999, increased levels of 8-OHdG/8-OHG
were demonstrated in the vulnerable neuronal populations in
post-mortem brains of patients with AD and PD (Nunomura
et al. 1999; Zhang et al. 1999). In AD and PD, the neuronal
8-OHdG/8-OHG showed cytoplasmic predominance, which
suggested that mitochondrial DNA and cytoplasmic RNA in
neurons were major targets of oxidative damage. However,
because the neuronal 8-OHdG/8-OHG immunoreactivity in
AD brain was diminished greatly by RNase pretreatment but
not by DNase pretreatment, we concluded that the oxidized
nucleoside was predominantly associated with RNA rather
than DNA (Nunomura et al. 1999). This notion was further
supported by the immunoelectron microscopic observation
that most of the oxidized nucleoside was localized to ribo-
somes (Nunomura et al. 2001).

RNA Oxidation in Other Neuropsychiatric Disorders

RNA oxidation was also found biochemically in tissue sam-
ples of the motor cortex and spinal cord from patients with
ALS (Chang et al. 2008). Similar RNA oxidation in neuronal
cytoplasm was observed in brain samples of patients with
Down syndrome (Nunomura et al. 2000), DLB (Nunomura
et al. 2002), dentaterubral-pallidoluisian atrophy (DRPLA)
(Miyata et al. 2008), Creutzfeldt-Jakob disease (CID)
(Guentcheyv et al. 2002), and subacute sclerosing panenceph-
alitis (SSPE) (Hayashi et al. 2002), as summarized in Table 2.
The oxidative damage to RNA was demonstrated not only in
sporadic-forms of the disorders but also in familial-forms of
AD (Nunomura et al. 2004), ALS (Chang et al. 2008), and
prion diseases, i.e., familial CJD and Gerstmann—Straussler—
Scheinker disease (GSS) (Guentchev et al. 2002; Petersen
et al. 2005). Furthermore, nuclear DNA oxidation and cyto-
plasmic RNA oxidation were observed in brains of patients
with a genetic defect of nucleotide excision repair mechanism,
xeroderma pigmentosum, showing cutaneous hypersensitivity
to sunlight and progressive neurological disturbances (Hay-
ashi et al. 2005). Recently, neuronal RNA oxidation has been
demonstrated also in psychiatric diseases and brain dysfunc-
tion due to severe somatic diseases; namely, schizophrenia
and mood disorders (Che et al. 2010), cirrhosis with hepatic
encephalopathy (Gorg et al. 2010) and, fatal brain edema of
diabetic ketoacidosis (Hoffman et al. 2011). These findings
may indicate that RNA oxidation is involved in the patho-
genesis of a wide variety of neuropsychiatric disorders
including not only progressive neurodegeneration but also
potentially reversible neuronal dysfunction.

RNA Oxidation in Extra-Neuronal Tissue in Human
Disorders

Additionally, we should pay attention to the fact that RNA
oxidation has been demonstrated also in extra-neuronal

tissue in human disorders; e.g., muscle cells of patients
with rimmed vacuole myopathy (Tateyama et al. 2003) as
well as in the smooth muscle cells and endothelial cells of
human atherosclerotic plaques (Martinet et al. 2004). It
remains to be elucidated whether such extra-neuronal RNA
oxidation in these disorders merely represents age-associ-
ated or metabolic alterations in each tissue or it specifically
represents pathogenic similarities or relevance of these
disorders with AD-type neurodegeneration as suggested by
previous studies (Tateyama et al. 2003; Honig et al. 2005;
Moreira et al. 2006a).

Biochemical Detection of RNA Oxidation

The immunocytochemical studies of neuronal RNA oxi-
dation were followed by biochemical detection of the
oxidized nucleoside in AD brain with immunoblot analyses
(Shan et al. 2003; Ding et al. 2005, 2006; Honda et al.
2005; Shan and Lin 2006). Shan et al. (2003) used north-
western blotting with a monoclonal anti-8-OHG antibody,
to isolate and identify oxidized RNA species and showed
that a significant amount of brain poly (A)" mRNA species
were oxidized in AD. The oxidation to mRNA was further
confirmed by cDNA synthesis and Southern blotting of the
immunoprecipitated mRNA species. Densitometric analy-
sis of the Southern blot results revealed that 30-70 % of
the mRNAs from AD frontal cortices were oxidized, while
only 2 % of the mRNAs were oxidized in age-matched
normal controls (Shan and Lin 2006). Interestingly, reverse
transcription polymerase chain reaction (RT-PCR) and
filter array analyses of the identified oxidized mRNAs
revealed that some species were more susceptible to oxi-
dative damage in AD. While it has been shown in vitro that
runs of guanines in RNA are relatively susceptible to
oxidation (Holcomb et al. 2010), no common motifs or
structures were found in the oxidatively susceptible mRNA
species in AD brain (Shan et al. 2003). Some of the
identified known oxidized transcripts were related to AD,
which included p2lras, mitogen-activated protein kinase
(MAPK) kinase 1, carbonyl reductase, copper/zinc super-
oxide dismutase (SOD1), apolipoprotein D, calpains, but
not amyloid-f protein precursor or tau (Shan et al. 2003).
The same research group reported that 3-10 % of the
mRNAs were oxidized in tissues of the motor cortex and
the spinal cord from subjects with ALS (Chang et al. 2008).
Although the above-mentioned studies (Shan et al. 2003;
Shan and Lin 2006; Chang et al. 2008) focused on mRNA
species that account for only a few percent of total cellular
RNA, Honda et al. (2005) and Ding et al. (2005, 2006)
reported that ribosomal RNA (rRNA), extremely abundant
in neurons, contained 8-OHG in AD brain. Remarkably,
rRNA showed higher binding capacity to redox-active iron
than transfer RNA (tRNA), and consequently the oxidation
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of rRNA by the Fenton reaction formed 13 times more
8-OHG than tRNA (Honda et al. 2005).

Recently, a direct detection of RNA oxidation has been
reported in brains affected with late-stage AD (Weidner et al.
2011). Among five RNA adducts quantified by gas chro-
matography/mass spectroscopy (GC/MS), only 8-hydrox-
yadenine was significantly increased in vulnerable brain
regions from AD cases compared to age-matched controls.

Selective Neuronal Vulnerability and RNA Oxidation

Of particular interest, both immunocytochemical (Nu-
nomura et al. 1999, 2002, 2012; Zhang et al. 1999) and
biochemical (Shan et al. 2003; Ding et al. 2005) studies
revealed that the regional distribution of RNA oxidation in
the brain was consistent with the selective neuronal vul-
nerability in each neurological disorder. There were
increased levels of 8-OHG in the hippocampus and cere-
bral neocortex in AD, in the substantia nigra in PD, as well
as in the motor cortex and spinal cord in ALS; while no
alteration in 8-OHG levels was found in the cerebellum in
AD, PD, and ALS compared with controls (Nunomura
et al. 1999, 2012; Zhang et al. 1999; Shan et al. 2003; Ding
et al. 2005; Chang et al. 2008). Immunocytochemical
approaches further enabled confirmation that the oxidized
RNAs were localized predominantly in neuronal cells
compared with glial cells (Nunomura et al. 1999, 2000,
2001, 2002, 2004; Zhang et al. 1999).

RNA Oxidation as a Possible Biomarker
for Neurodegenerative Disorders

In addition to the brain tissue, significantly increased levels
of the oxidized RNA nucleoside, 8-OHG, have been
identified in CSF collected from patients with AD and PD
(Abe et al. 2002, 2003; Kikuchi et al. 2002) as well as in
serum of PD patients (Kikuchi et al. 2002). Certainly,
further investigations with large sample size are required to
test whether 8-OHG detected in the peripheral materials is
a suitable biomarker of these disorders. As we describe in
the following section, 8-OHG may have diagnostic utility
as an early-stage marker of the disorders or a marker pre-
dicting conversion from the prodromal stage into early-
stage of the disorders. In this context, it is noteworthy that
levels of RNA oxidation in white blood cells of
50-60 years old subjects with body mass index between
23.5 and 29.9 are reduced by 12 months intervention of
caloric restriction or exercise (Hofer et al. 2008a). It has
been suggested that caloric restriction and exercise may be
efficacious strategies for the prevention of AD and related
neurodegenerative disorders through an enhancement of
endogenous antioxidant defenses (Nunomura et al. 20006,
2007). Indeed, activation of endogenous cellular defense

@ Springer

pathways including sirtuin and nuclear factor erythroid-2
related factor 2 (Nrf2)/antioxidant response element (ARE)
signaling potentially plays a preventive role against neu-
rodegeneration (Calabrese et al. 2010, 2012). An oxidized
RNA nucleoside is considered as a biomarker candidate for
the assessment of preventive interventions for neurode-
generative disorders.

Neuronal RNA Oxidation in Experimental Conditions
(Table 3)

RNA Oxidation in AD and ALS Human Mutant Animal
Models

A strong genetic link between oxidative damage and neu-
rodegeneration has been suggested by the finding that about
20 % of patients with familial ALS present a mutation in
SODI1, ametalloenzyme that catalyzes the dismutation of the
toxic superoxide (05 ") to hydrogen peroxide (H,O,) (Rosen
etal. 1993). Although several lines of evidence indicates that
the involvement of the SOD 1 mutation in neurodegeneration
seems to be a toxic gain of function rather than a loss in the
SOD1 activity (Andersen 2004), a transgenic mice model of
ALS expressing Gly93Ala-SOD1 mutation that develops an
ALS phenotype (Gurney et al. 1994) shows increased mRNA
oxidation in the motor neurons of the spinal cord (Chang
et al. 2008). Identification of oxidized mRNA species in this
animal model has revealed that some species are more vul-
nerable to oxidative damage. Importantly, many oxidized
mRNA species have been implicated specifically in the
pathogenesis of the disease (Chang et al. 2008), which is
demonstrated also in the study on oxidized mRNA species of
human AD brain (Shan et al. 2003). Of note, in the transgenic
mouse model of ALS, vitamin E reduces the level of mRNA
oxidation and delays the progressive loss of motor neurons
(Chang et al. 2008).

In double knock-in mice expressing familial AD-linked
mutations in amyloid precursor protein (APP) (Swedish
KM670/671NL mutation) and presenilin-1 (PS1) (P264L
mutation), remarkable RNA oxidation has been observed
immunocytochemically in neurons of the cerebral cortex
(Lovell et al. 2009). In this animal model, selenium sup-
plementation reduces the level of neuronal RNA oxidation
and amyloid-f plaque deposition, which is concomitant
with an increase in activity of an antioxidant enzyme,
glutathione peroxidase.

RNA Oxidation Induced by Hypoxia, Neurotoxin,
and Traumatic CNS Injury

Experimental studies with rodents have shown that neu-
ronal RNA oxidation and spatial memory deficit are
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Table 3 Summary of studies on neuronal RNA oxidation in experimental models

Experimental conditions

Materials/procedures

Authors (year)

Mutation

Human mutant APP/PS-1 double knock-in mouse, a model
of Alzheimer disease

Human mutant SODI transgenic mouse, a model of
amyotrophic lateral sclerosis

Hypoxia
Adult rat exposed to intermittent hypoxia
Neurotoxin

Mouse treated with MPTP, a model of Parkinson disease
Mouse treated with a excitotoxin, kainic acid
MTHI1-null mouse treated with kainic acid

Rat treated with ammonia, a model of hepatic
encephalopathy

Traumatic injury
Rat with hemisection spinal cord injury

Rat with compression spinal cord injury

Cell culture model
Culture neuron under proteasome inhibition

Culture neuron exposed to H,O,, glutamate, or amyloid-f8

Brain (cerebral cortex)/ICC

Brain (hippocampus)/ICC

Brain (substantia nigra)/ICC
Brain (hippocampus)/ICC
Brain (hippocampus)/ICC

Brain (cerebral cortex)/ICC, IB, and RT-PCR (mRNA and
rRNA)

Spinal cord (dorsal and ventral horn)/ICC
Spinal cord (ventral horn)/ICC

Mixed astrocyte and neuron cultures/ICC and IB

Primary rat cortical neuronal cultures/ICC, 1B, and RT-PCR
(mRNA)

Lovell et al.

(2009)
Spinal cord (motor neuron and oligodendrocyte)/ICC, IB,  Chang et al.
and RT-PCR (mRNA) (2008)

Row et al. (2003)

Yamaguchi et al.
(2006)

Kajitani et al.
(2006)
Kajitani
et al.(2006)
Gorg et al. (2008)

King et al. (2006)

Huang et al.
(2007)

Ding et al. (2004)
Shan et al. (2007)

APP amyloid precursor protein, /B immunoblot, /CC immunocytochemistry, MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine, MTHI MutT
homologue 1, PSI presenilin-1, RT-PCR reverse transcription polymerase chain reaction, SODI copper/zinc superoxide dismutase

observed in animals with intermittent hypoxia, where anti-
oxidants can reduce both oxidative damage and the spatial
memory deficit (Row et al. 2003). Animal models of neu-
rodegeneration exposed to neurotoxins demonstrate an
involvement of RNA oxidation in the degenerative pathway.
Animals treated with 1-methyl-4-phenyl-1,2,3,6-tetrahy-
dropyridine (MPTP) showing degeneration in nigrostriatal
dopaminergic neurons are widely used as an experimental
model of PD (Javitch et al. 1985). In MPTP-treated mice,
there is a significant increase in neuronal §-OHG in the
substantia nigra (Yamaguchi et al. 2006). Also, kainic acid-
mediated excitotoxicity, a model for neurodegeneration
(Wang et al. 2005) is also associated with increased levels
of 8-OHG in neurons and glial cells of the hippocampus
(Kajitani et al. 2006). Recently, an experimental model of
cerebral ammonia toxicity reveals that acute ammonia
intoxication causes a transient coma in rats and reversible
RNA oxidation in neurons and perivascular astrocytes of the
brain (Gorg et al. 2008). This study may indicate that RNA
oxidation is involved in the pathogenesis of a wide variety of
neurological disorders including progressive neurodegen-
eration and reversible neuronal dysfunction. The devastating
effects of traumatic CNS injury are a result not only of the
initial injury but also a process of secondary degeneration

associated with increased ROS formation (King et al. 2006;
Huang et al. 2007). Indeed, traumatic spinal cord injury by
hemisection (King et al. 2006) or compression (Huang et al.
2007) also causes RNA oxidation in ventral horn neurons of
rats, which is significantly reduced by treatment with doco-
sahexaenoic acid.

RNA Oxidation in Cell Culture Models
of Neurodegeneration

Cell culture experiments further suggest an association
between increased RNA oxidation and neurodegeneration
(Ding et al. 2004; Shan et al. 2007). In a mixed astrocyte
and neuron culture model (Ding et al. 2004), DNA and
RNA oxidation have been observed following proteasome
inhibition that is associated with several neurodegenerative
features such as protein aggregation, activated apoptotic
pathways, and induction of mitochondrial disturbances.
Interestingly, in this proteasome inhibition model, neurons
underwent larger increases in nucleic acid oxidation com-
pared to astrocyte cultures, and RNA appeared to undergo a
greater degree of oxidation than DNA, which was identi-
cally observed in AD brain (Nunomura et al. 1999). Var-
ious neurodegenerative disorders including AD, PD, and
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ALS are associated with compromises in the ubiquitin—
proteasome system that affect multiple aspects of RNA
metabolism and promote RNA pathology (Ding et al.
2007). Another recent study using primary rat cortical
cultures has shown that exposures to H,O, and other oxi-
dative insults cause neuronal RNA oxidation and sub-
sequent neuronal death (Shan et al. 2007). This model has
clearly demonstrated a chronological primacy of neuronal
RNA oxidation in the process of neurodegeneration.

RNA Oxidation: An Early-Stage Event
in Neurodegeneration

Chronological Primacy of RNA Oxidation in AD
and PD

Because RNA oxidation is involved in a wide variety of
neuropsychiatric disorders (Table 2), it may be considered
that RNA oxidation is a common feature in neuronal dys-
function that occurs in late stages of the disorders and is
simply epiphenomenal. However, that is not the case in AD
and PD, and probably in ALS. In fact, there is considerable
evidence supporting an early involvement of RNA oxida-
tion in the pathological cascade of neurodegeneration,
especially in AD. For instance, RNA oxidation has been
observed in post-mortem brains of cases with early-stage
AD (Nunomura et al. 2001, 2006), a presymptomatic case
with familial AD mutation (Nunomura et al. 2004), Down
syndrome cases with early-stage AD pathology (Nunomura
et al. 2000), and subjects with mild cognitive impairment
(MCI) who, at least in part, represent prodromal stage of
AD (Ding et al. 2005, 2006; Lovell and Markesbery 2008;
Nunomura et al. 2012). Indeed, intraneuronal amyloid-f
accumulation, an initial change of the AD pathology, and
RNA oxidation are observed in the same neuronal popu-
lation, while there is an inverse relationship between the
levels of them (Nunomura et al. 2010). Furthermore, the
increased level of RNA oxidation in CSF is more promi-
nent in cases with shorter duration of AD and PD (Abe
et al. 2002, 2003) as well as in AD cases with higher scores
on a cognitive scale (Abe et al. 2002). In addition, recent
studies on MCI subjects have also demonstrated increased
oxidation/nitration to protein, lipid peroxidation and DNA
oxidation in post-mortem brain (Keller et al. 2005; Wang
et al. 2006; Butterfield et al. 2007), increased lipid perox-
idation in CSF, plasma, and urine (Pratico et al. 2002), as
well as increased DNA oxidation in peripheral leukocytes
(Migliore et al. 2005). Decreased levels of defense mech-
anism against oxidative damage have been also reported in
MCI subjects; namely, decreased plasma antioxidant vita-
mins and enzymes (Rinaldi et al. 2003) and decreased
plasma total antioxidant capacity (Guidi et al. 2006).
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Recently, preclinical stage of AD has been described in
which subjects show no overt clinical manifestations but
demonstrate significant AD pathology (Sperling et al.
2011). Two recent studies on RNA oxidation in vulnerable
neurons of preclinical AD provide inconsistent results.
There is a significant increase in the level of 8-OHG
immunoreactions in subjects with preclinical AD compared
to controls in one study (Lovell et al. 2011), but not in the
other (Nunomura et al. 2012). Although the exact reason
for the discrepancy between these studies is not clear, it
may come from a difference in brain region studied.
Namely, there is a significantly increased level of RNA
oxidation in the hippocampus (Lovell et al. 2011) but not in
the cerebral neocortex (Nunomura et al. 2012). Indeed,
recent studies on preclinical AD brains have reported sig-
nificantly increased levels of lipid peroxidation products in
the hippocampus, but no significant changes in levels of
lipid peroxidation and protein oxidation in the cerebral
neocortex (Aluise et al. 2010, 2011; Bradley et al. 2010).
Clearly, further investigations are required to determine
whether a significant level of RNA oxidation is involved at
preclinical stage of AD, the earliest stage in transition from
normal aging to AD.

Chronological Primacy of RNA Oxidation in SSPE

An early-stage involvement of neuronal RNA oxidation is
not only evident in age-associated neurodegenerative dis-
orders, but also in cases with SSPE that is caused by per-
sistent measles virus infection in the CNS (Hayashi et al.
2002). Neuronal RNA oxidation is observed in post-mor-
tem brains of subjects with shorter disease duration.
Interestingly, SSPE is pathologically accompanied with
brain atrophy and the formation of neurofibrillary tangles
which are features of neurodegenerative disorders.

Chronological Primacy of RNA Oxidation
in a Transgenic Mouse Model of ALS

As for the transgenic mouse model of ALS, significantly
increased RNA oxidation has been observed in spinal cord
motor neurons of the familial ALS-linked SOD1 mutant
mice at an early, presymptomatic stage before motor neu-
ron death (Chang et al. 2008). In the animals expressing
Gly93Ala-SOD1 mutation, the increased neuronal RNA
oxidation is observed in the spinal cord motor neurons at
age of 60 days, when the neurons still appear to be healthy;
i.e., the neurons have normal nuclear and chromatin mor-
phology and have no ubiquitinated protein aggregation and
have only minor ultrastructural changes in mitochondria.
At the symptomatic stage (90—120 days of age), the dying
motor neurons of the mutant mice show abnormal
nuclear and chromatin morphology, ubiquitinated protein
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aggregation, as well as mitochondrial vacuolation, but less
neuronal RNA oxidation (Chang et al. 2008). This in vivo
model clearly indicates that RNA oxidation is an early-
stage event in the process of neurodegeneration.

Chronological Primacy of RNA Oxidation in Cell
Culture Models of Neurodegeneration

The chronological primacy of neuronal RNA oxidation in
the process of neurodegeneration has been clearly dem-
onstrated also in a model of primary rat cortical cultures
(Shan et al. 2007). In the time course after various oxida-
tive insults to the cultures, RNA oxidation occurs primarily
in a distinct group of neurons that die later. Together with
an observation of decreased protein synthesis due to the
oxidized RNA, this study suggests that neuronal RNA
oxidation is neither a consequence of dying neurons nor a
harmless epiphenomenon but is an early event that pre-
cedes neuronal death and contributes to it (Shan et al.
2007). Beyond the chronological issue, the cell culture
experiment may indicate that substantial levels of oxidative
RNA damage are sufficient to cause cell death via dys-
function of protein synthesis. From a clinical perspective,
the notion of an early involvement of oxidative damage in
the pathogenesis of these degenerative disorders should
have a great importance to the establishment of diagnostic
tools and therapeutic targets, as we have reviewed recently
(Nunomura et al. 2006, 2007; Liu et al. 2007; Moreira et al.
2006b).

RNA Oxidation as a “Steady-State” Marker
of Oxidative Damage Rather than History

While protein carbonyls, lipid peroxidation products, and
glycoxidation products are relatively stable at the site of
generation due to the formation of cross-links and conse-
quent resistant to degradation, oxidized RNAs are likely
turned over more rapidly compared to the other oxidatively
modified macromolecules. Therefore, the detection of most
oxidative markers using in situ approaches in tissues
affected by disease (protein carbonyls, lipid peroxidation
products or glycoxidation products) indicates the “history”
of oxidative damage. On the other hand, RNA oxidation
reflects the “steady-state balance” of oxidative damage at a
“snapshot” point (Nunomura et al. 1999; Sayre et al.
1999). In accordance with this concept, protein carbonyls,
lipid peroxidation products such as 4-hydroxynonenal and
F,-isoprostane, and a glycoxidation product carboxy-
methyl-lysine have been demonstrated in neurons with and
without associated pathology in AD brains (Smith et al.
1996; Sayre et al. 1997; Castellani et al. 2001; Casadesus
et al. 2007). These data likely reflect the occurrence of
damage throughout the early and advanced stages of

neurodegeneration (“history” of the damage). These
observations contrast remarkably with the pattern of the
RNA oxidation, a “steady-state” marker, which is promi-
nent in neurons without pathology and is present in lesser
amounts in neurons containing pathology (Nunomura et al.
2000, 2001). Among the markers for oxidative damage,
3-nitrotyrosine may be another steady-state marker of
oxidative damage. 3-Nitrotyrosine is formed by a modifi-
cation of tyrosine residue of proteins by an attack of per-
oxynitrite (ONOO™), a powerful oxidant produced from
the reaction of O3~ with nitric oxide (NO°®), and is not
known to accumulate in cells. As such, it is not surprising
that intracellular level of 3-nitrotyrosine parallels the level
of 8-OHG in AD and Down syndrome brains (Nunomura
et al. 2000, 2001).

Sources of Reactive Oxygen Species (ROS) Responsible
for RNA Oxidation

The brain is especially vulnerable to oxidative damage
because of its high content of easily peroxidizable unsat-
urated fatty acids, high oxygen consumption rate
(accounting for 20-25 % of total body oxygen consump-
tion but less than 2 % of total body weight), and relative
paucity of antioxidant enzymes compared with other
organs (e.g., the content of catalase in brain is only
10-20 % of liver and heart) (Coyle and Puttfarcken 1993;
Mattson et al. 2002). Given this environment, neurons are
continuously exposed to ROS such as 057, H,O,, and
hydroxyl radical ("OH) that are produced from the mito-
chondrial electron transport chain through normal cellular
metabolism (Halliwell 1992; Coyle and Puttfarcken 1993;
Mattson et al. 2002). *OH can diffuse through tissue only in
the order of several nanometers (Joenje 1989) and O3~ is
hardly permeable through cell membranes (Takahashi and
Asada 1983). In consideration of the widespread damage to
cytoplasmic RNA in neurodegenerative diseases, RNA
species are likely attacked by *OH, which is formed from
the reaction of highly diffusible H,O, (Schubert and Wil-
mer 1991) with redox-active metals through the Fenton
reaction (Honda et al. 2005). In the AD brain, disrupted
mitochondria likely play a central role in producing
abundant ROS as well as supplying redox-active iron into
the cytosol (Fig. 2) (Hirai et al. 2001; Perry et al. 2002a, b;
Lin and Beal 2006). Indeed, ribosomes purified from AD
hippocampus contain significantly higher levels of redox-
active iron compared to controls, and the iron is bound to
rRNA (Honda et al. 2005). Therefore, mitochondrial
abnormalities coupled with metal dysregulation of metal
homeostasis are key features closely associated with ROS
formation responsible for the RNA oxidation in AD (Smith
et al. 2000). Interestingly, mitochondrial abnormalities
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Disrupted Mitochondria
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Non-coding RNA Oxidation — D?/sregulation of timing and rate
of protein synthesis

Fig. 2 Hypothetical schema of upstream mediators and downstream
consequences of cellular RNA oxidation. Disrupted mitochondria
(Hirai et al. 2001) likely play a central role in producing ROS as well
as supplying redox-active metals (iron and copper) in the cytosol to
catalyze *OH production through the Fenton/Harber-Weiss reactions.
Oxidation of coding RNAs leads to reduced level of functional
proteins, and to formation of non-functional, truncated proteins or
mutated proteins. Non-coding RNAs could also be oxidized and their
complex regulatory functions in protein synthesis should be impeded,
while this interesting aspect still remains largely unexplored

(Schapira et al. 1990; Gu et al. 2002) and metal ion dys-
regulation (Sofic et al. 1988; Berg et al. 2002) are also
found in the substantia nigra of PD, making this mecha-
nism a common theme in neurodegenerative cascades.

Conclusion

Involvement of RNA oxidation in the process of aging
and neurodegeneration has been demonstrated in human
brain tissue and experimental models. Indeed, remarkable
RNA oxidation has been observed in vulnerable neuronal
population of AD, PD, DLB, ALS, DRPLA (a CAG-
repeat disease), and prion diseases (CJD and GSS). Par-
ticular emphasis should be placed on the early-stage
involvement of RNA oxidation in the process of neuro-
degeneration, which suggests a primary role of RNA
oxidation in the pathomechanisms. Indeed, oxidized RNA
is associated with a disturbance in protein synthesis in
vitro and in vivo. There are only a small number of
studies suggesting the existence of coping mechanisms
for RNA damage at present. Understanding of the con-
sequences and cellular handling mechanisms of the oxi-
dative RNA damage may provide clues to the underlying
mechanisms of aging as well as pathophysiology of
chronic degenerative disorders and lead to better anti-
aging and therapeutic strategies.
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