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Abstract Ribonucleic acid (RNA) molecules can be
easily attacked by reactive oxygen species (ROS),
which are produced during normal cellular metabolism
and under various oxidative stress conditions. Numer-
ous findings report that the amount of cellular 8-0xoG,
the most abundant RNA damage biomarker, is a prom-
ising target for the sensitive measurement of oxidative
stress and aging-associated diseases, including neuro-
psychiatric disorders. Most importantly, available data
suggest that RNA oxidation has important implications
for various signaling pathways and gene expression
regulation in aging-related diseases, highlighting the
necessity of using combinations of RNA oxidation ad-
ducts in both experimental studies and clinical trials. In
this review, we primarily describe evidence for the
effect of oxidative stress on RNA integrity modulation
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and possible quality control systems. Additionally, we
discuss the profiles and clinical implications of RNA
oxidation products that have been under intensive in-
vestigation in several aging-associated medical
disorders.
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Introduction

The components of the cell, especially ribonucleic acid
(RNA), are constantly exposed to various kinds of toxic
insults from endogenous and exogenous sources. RNA
oxidative modifications resulting from these insults
must be effectively handled to maintain genome integ-
rity and initiate translational fidelity (Poulsen et al.
2019). However, compared with deoxyribonucleic acid
(DNA) oxidation, RNA oxidation and its biological
impacts have only recently become apparent. Although
this is an area of ongoing investigation, it is speculated
that RNA quality control mechanisms have evolved to
clear or correct oxidative RNA damage.

These toxic assaults leading to RNA oxidative dam-
age include reactive oxygen species (ROS) and ultravi-
olet light. Unlike naturally occurring modifications of
specific nucleotides in RNA structures, unwanted oxi-
dative modifications generated from chemical reagents
typically have deleterious effects on multiple aspects of
RNA metabolism and promote RNA pathology (Yan
and Zaher 2019). For example, some adducts of RNA
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oxidation can alter base-pairing properties completely,
while others influence RNA-protein interactions.
Among the multiple adducts of nucleoside oxidation,
the guanosine oxidation products 8-hydroxyguanosine
(8-OHG) and 8-0x0-7,8-dihydroguanosine (8-0x0G)
are the most abundant and are the best-characterized
biomarkers for RNA oxidative lesions (Feyzi et al.
2007). To effectively ensure RNA integrity, cells must
have diverse defensive mechanisms to discriminate ox-
idatively damaged RNA from normal transcripts (Yan
et al. 2019a). In fact, there is considerable evidence
supporting the involvement of RNA damage in the
pathological cascade of human diseases, especially in
neuropsychiatric disorders. It has been revealed that
RNA oxidation may be a prominent feature in the early
stages of neurodegenerative diseases, as illustrated in
one recent study of familial Alzheimer’s disease (AD)
(Nunomura et al. 2004). Using a mouse model of amyo-
trophic lateral sclerosis (ALS), Chang et al. observed
that mRNA oxidation has been proved as a common
event preceding neuron degeneration, which leads to
obvious neurodegeneration (Chang et al. 2008). More-
over, the oxidized nucleoside 8-0x0G is routinely used
in the clinic as a measure of kidney function in patients.
Brown et al. studied brain sections of bipolar disorder
(BD) patients and demonstrated increased levels of 8-
OHG in all postmortem brain samples (Brown et al.
2014). Employing ultra-performance liquid chromatog-
raphy and mass spectrometry assays (UPLC-MS/MS),
Munkholm et al. (Munkholm et al. 2015) evaluated the
8-0x0G levels in urine from BD patients and found that
RNA damage is significantly increased in BD cases,
together with an upregulated urinary excretion of 8-
0x0G. In addition to these neuropsychiatric disorders,
RNA oxidative damage has also been noted in other
pathological states, including cancers (Fimognari 2015;
Gao et al. 2019). Indeed, these data support the roles of
RNA oxidation as potential molecular mechanisms con-
tributing to increased risk of human medical disorders.
It is not surprising that cells have different control
mechanisms against chemically altered RNA. Damaged
RNA was long thought to be degraded and not repaired.
However, although the detailed degradation mecha-
nisms have not been fully illuminated, it appears that
these processes are dependent on the ribosome
(Hosseini et al. 2018; Ishii and Sekiguchi 2019). Subse-
quent reports have established that some specific repair
mechanisms have evolved to cope with certain
oxidative-induced RNA injuries (Nunomura et al.
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2017). The findings from Aas’s group (Aas et al.
2003) emphasized the importance of RNA-repair path-
ways for maintaining cellular homeostasis, suggesting
that cells may have a greater instinctive behavior in
RNA protection than previously suspected.

In this review, we mainly provide an update on the
findings regarding the types of oxidized RNAs and their
corresponding quality control mechanisms. We also
discuss the well-investigated roles of RNA damage in
the pathogenesis and development of several aging-
associated human disorders (Fig. 1). Additionally, tech-
nologies for the evaluation of damaged RNA in tissues
or body fluids for assessing potential clinical implica-
tions are also be discussed.

Oxidized RNA damage

Oxidative damage to DNA nucleobases by such sources
as ROS and ultraviolet light is recognized as a major
threat to genomic stability and plasticity. The reaction of
oxygen-free radicals with free nucleobases or oligonu-
cleotides may lead to the generation of numerous dis-
tinct chemical modifications in DNA (Cadet and
Wagner 2013; Csiszar et al. 2019; Liu et al. 2018).
However, base damage by oxidative stress is not re-
stricted to DNA but also occurs in RNA. It is now
becoming evident that the base lesions in RNA are very
similar to those in DNA. During oxidative stress condi-
tions, cellular metabolic reactions promote ROS forma-
tion, resulting in oxidative damage to multiple cellular
components (Yang et al. 2018), including RNA. A
number of steps in the metabolic reactions involve
semiquinone anion radicals that can react with molecu-
lar oxygen to generate superoxide anion radicals. In
general, through the action of superoxide dismutase
(SOD), these superoxide radicals are catalyzed into
hydrogen peroxide and molecular oxygen, providing
cellular defense against ROS. Subsequently, hydrogen
peroxide can be further reduced to water by some spe-
cific reactions (Memar et al. 2018). However, in various
aging-associated pathologic processes, hydrogen perox-
ide oxidizes intracellular Fe** by the Fenton and Haber-
Weiss reactions to produce hydroxyl radicals and Fe'*,
thereby causing injurious ROS attack and formation
(Liguori et al. 2018). Since Fe** has the ability to bind
to multiple biomolecules, hydroxyl radicals can be
formed in the nucleosides, nucleotides, or nucleobases
in the immediate vicinity, thus leading to damaging
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Fig.1 Timeline of key events in understanding RNA oxidation modifications. Landmark discoveries and advances in the understanding of
RNA oxidation damage, together with its application in human pathophysiological processes
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effects (Wurtmann and Wolin 2009). For example, the
oxidized nucleoside 8-0x0G is generated from the reac-
tion of guanine with hydroxyl radicals followed by
oxidation (Cejvanovic et al. 2018a). Furthermore, stud-
ies of aging skeletal muscle demonstrating abnormal
iron homeostasis are consistent with the functions of
intracellular metal irons in generating ROS through
Fenton and Haber-Weiss chemistry, and in turn leading
to RNA oxidative damage (Hofer et al. 2008).

The reaction of ROS with free nucleosides, nucleo-
tides, or nucleobases generates multiple modifications
in RNA molecules. Certainly, in past studies, directly
oxidized RNA products, such as 8-0xoG, 8-oxo-7,8-
dihydroadenosine (8-0x0A), 5-hydroxycytidine (5-
HOC), and 5-hydroxyuridine (5-HOU), have been

identified in RNA by different detection methods
(Calabretta and Kupfer 2015; Simms and Zaher 2016)
(Fig. 2). Due to the particular reactivity of guanosine, 8-
0x0G has been demonstrated to be the main oxidation
product both in disease tissues and in experimental
models treated with oxidizing agents (Wurtmann and
Wolin 2009). More importantly, upon oxidative stress,
oxidized guanosine is able to pair with cytosine (8-
0x0G-C) but is more likely to form a mismatched base
pair with adenosine (8-0xoG-A) (Simms and Zaher
2016) (Fig. 3).

In fact, compared with DNA, cellular RNA is more
frequently vulnerable to oxidative insults in vitro and
in vivo. Moreover, it has even been shown that RNA has
higher degrees of damage than DNA in multiple studies
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Fig. 2 Oxidized RNA nucleobases and their potential biological
consequences. Under different oxidative stress conditions, oxi-
dized RNA nucleobases result in the formation of mismatched
base pairs, which ultimately impair RNA metabolism and promote
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properties. Due to the particular reactivity of guanosine, 8-0xoG
has been demonstrated to be a common oxidation product, both in
disease tissue and in experimental models treated with oxidizing

of oxidative damage. In one recent study, oxidation of
RNA and DNA was measured simultaneously using a
high-performance liquid chromatography (HPLC)—
based assay (Hofer et al. 2006). This study found that
in the hepatic tissue of rats, administration of the oxidant
generator doxorubicin leads to dramatically increased
RNA oxidation but no obvious increase in DNA oxida-
tion. The explanation for the higher degrees of RNA
oxidation damage might be that, unlike DNA, RNA is
largely a single-stranded structure without protection
from specific proteins. Moreover, intracellular RNA
molecules are abundantly located close to mitochondria,
a major source of free radicals (Kupfer and Leumann
2011; Wang et al. 2019). More importantly, because
ROS is mainly generated from the mitochondrial meta-
bolic response, abnormal mitochondrial pathways might
supply unavoidable factors for oxidative RNA damage.
Indeed, consistent with this hypothesis, feeding old rats
with metabolites that improve mitochondrial function
has been shown to lead to more predominantly oxidized
RNA in the hippocampus comparable to the effect in
younger rats (Liu et al. 2002b), suggesting a link be-
tween RNA oxidation and mitochondrial dysfunction.
Moreover, pretreatment with metabolites inhibits the
age-associated increase of oxidative damage to RNA,
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agents. It is well known that upon oxidative stress, oxidized
guanosine can pair with both cytosine and adenosine during poly-
merase chain reaction, thus giving rise to 8-0x0G-A mismatches

resulting in delayed stress-induced acceleration of the
senescence-like phenotype in human diploid fibroblast
cells and neuronal cells (Liu et al. 2002a).

The “oxidative stress theory of aging” has been pro-
posed for a long time, and oxidative stress is closely
related to cellular senescence and aging. Several studies
demonstrate that various factors and events in oxidative
stress, such as RNA oxidative damage, have been im-
plicated in the initiation, regulation, and progression of
the aging-associated biological behaviors (Kim et al.
2017). It was shown that oxidative stress induced by
ROS mediates cellular senescence phenotypes, includ-
ing enhanced senescence—associated [3-galactosidase
(SA-[3-gal) activity, a large flat morphology and perma-
nent cell growth arrest (Benameur et al. 2015). Recently,
Kuhnel et al. (Kuhnel et al. 2015) found that treatment
with the ROS inducer, abnormal savda munziq (ASMq),
dramatically induces RNA damage in rat fibroblasts and
upregulates the expression of p21, p53, and pl6—key
players in cellular senescence. Moreover, ASMq has a
strong ability to cause cell-cycle arrest and SA-[3-gal
staining. Inhibition of ROS generation prevents the age-
dependent accumulation of 8-0xoG in both nuclear and
mitochondrial RNA molecules, along with downregu-
lated SA-f3-gal activity (De Luca et al. 2013). Taken
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together, all these data suggest that under conditions of
oxidative stress, the accumulation of RNA oxidative
damage plays important role in aging processes.

Defective protein synthesis and cell signaling

It is currently widely accepted that impairment of tran-
scriptional or translational integrity is the main conse-
quence of RNA oxidation damage due to the altered
profile of oxidized mRNA or impaired function of some
noncoding RNA (ncRNA), such as transfer RNA
(tRNA) and ribosomal RNA (rRNA). The accumulation
of guanosine damage adducts such as 8-0xoG in bacte-
rial and eukaryotic extracts leads to dramatic effects on
mRNA decoding ability, resulting in protein misfolding
and short polypeptide formation (Dai et al. 2018;
Hudson and Zaher 2015). The oxidant manganese
porphyrin/oxone is able to selectively oxidize the gua-
nosine residue in the anticodon stem-loop of tRNA,
preventing the formation of a G-C base pair during
translation (Tomaszewska-Antczak et al. 2015). More-
over, trace metal-mediated oxidative injuries of 5S and
18S rRNA in the mussel Mytilus galloprovincialis dis-
turbed the structural integrity of large and small ribo-
somal subunits, respectively, posing dramatic hurdles in
protein biosynthesis (Kournoutou et al. 2017). Similar
findings were further certified in bacterial 23S rRNA
(Willi et al. 2018) and yeast 255/5.8S rRNAs (Mroczek
and Kufel 2008), which resulted in prominently im-
paired protein homeostasis. Using RNA
phosphoramidite chemistry methods, Kiipfer et al.
(Kupfer and Leumann 2011) incorporated the RNA
lesion product 5-HOC into a caged oligoribonucleotide
building block. Additionally, further melting curves
showed high levels of C-A mismatching when this
building block was paired against the complementary
sequence under lower temperature conditions. In brief,
these base-oxidized lesions might substantially interfere
with the homeostasis of protein synthesis.
Additionally, recent progress in genetics has revealed
an expanding landscape of RNA beyond its traditional
function as indispensable intermediates for the transfer
of genetic information from DNA to proteins (Haberle
and Stark 2018). Of particular note, some abundant
cellular ncRNAs, such as microRNAs, have gained
growing recognition for their emerging roles in control-
ling signaling dynamics (Li and Fu2019; Ou et al. 2019;
Yan etal. 2019b; Yan et al. 2019¢). Millan et al. (Millan
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2017) have reviewed rapidly accumulating evidence for
the roles of oxidative stress on microRNA regulation
involved in the pathophysiology of neuropsychiatric
disorders. However, several remaining issues need to
be addressed: (1) whether microRNAs are oxidatively
modified by oxidation stress; and (2) whether oxidative
modification actually influences the function of
microRNAs in pathophysiological behaviors. To eluci-
date these questions, a meaningful discovery from
Wang’s group (Wang et al. 2015a) has shown that
ROS remarkably cause oxidative modification of
microRNA and thereby alternate the microRNA-
mediated cellular functional signals. These authors
found that upon ROS stress oxidative microRNAs-184
misrecognized its non-native targets, Bel-xL and Bcel-w,
thereby initiating abnormal apoptosis in
cardiomyocytes.

RNA quality control mechanisms

Given their particular roles in genetic information trans-
fer and cell signaling modulation, a more thorough
investigation of the biological significance and control
mechanisms of RNA oxidative damage would be highly
welcome. Additionally, as the current survey explains,
cells are able to use distinct defense systems to maintain
RNA integrity (Aas et al. 2003; Burroughs and Aravind
2016), including degradation pathways or directed re-
pair mechanisms for certain forms of damage (Fig. 1).

RNA degradation systems

MutT-type Nudix hydrolase RNA degradation has been
shown to serve as an integral part of cellular RNA
homeostasis (Schmid and Jensen 2018). Sanitization of
the nucleotide pools is an important defense against the
mutagenic consequences of oxidized RNA precursors
(Freudenthal et al. 2015). It is well established that the
MutT-type Nudix hydrolase (nucleoside diphosphate-
linked moiety X motif) superfamily plays major roles
in the sanitization of the nucleotide pools in various
organisms. In Escherichia coli, the MutT protein spe-
cifically hydrolyzes and eliminates 8-oxoG-containing
nucleoside triphosphates such as 8-oxo-guanosine-5'-
triphosphate (8-oxo-GTP). MutT overexpression has
been shown to obviously diminish the misincorporation
of 8-0xo-GTP into mRNA by acting on the oxidized
ribonucleotide 8-oxoG with high affinity (Sekiguchi
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et al. 2013). This notion was further demonstrated by
increasing 8-oxo-GTP-containing RNA in MutT-
deficient cells upon oxidative stress (Taddei et al.
1997). Moreover, disruption of nucleotide pool homeo-
stasis via MutT inhibitors induced a remarkable increase
in cellular nucleotide damage (Huber et al. 2014). These
findings are of importance for RNA integrity and might
be relevant for eukaryotes, as MutT homologs have
been verified in several eukaryotic species. MutT ho-
mologous proteins, isolated from Arabidopsis
(Yoshimura et al. 2007), Zebrafish (Jemth et al. 2018),
or Saccharomyces cerevisiae (Nunoshiba et al. 2004),
function to eliminate transcriptional errors of genetic
information through the sanitization of modified nucle-
otide pools. MutT homologous enzymes (MTH) in hu-
man cells include three types: MTH1 (NUDT1), MTH2
(NUDT15), and MTH3 (NUDT18); and they possess
the ability to eliminate oxidized nucleotides from RNA
precursor pools (Ishii and Sekiguchi 2019; Takagi et al.
2012). All of these proteins participate in the error-
avoiding mechanism mentioned above, and their over-
production significantly suppresses the mutator pheno-
type in MutT-deficient cells (Lin et al. 2018). Mean-
while, hNUDT1 overexpression notably abolished the
senescence phenotype in cultured mouse embryonic
fibroblasts (MEFs) and provided a proliferative advan-
tage (De Luca et al. 2013). Thus, different organisms are
able to make use of MutT-dependent signaling to protect
themselves against RNA oxidative injuries.

PNPase Another conserved RNA-processing enzyme,
polynucleotide phosphorylase (PNPase), has recently
aroused widespread research interest due to its central
roles in RNA processing and degradation control
(Cameron et al. 2019). A previous report showed that
the PNPase from Escherichia coli preferentially recog-
nizes and binds a synthetic RNA sequence carrying 8-
oxoG (Hayakawa et al. 2001). Surprisingly, the follow-
ing findings demonstrated that PNPase binds not only
synthetic RNA molecules but also the natural RNA
sequence that is oxidatively modified upon hydrogen
peroxide exposure (Wu et al. 2009). Alternatively, a
phylogenetic analysis revealed that PNPase has a high
level of evolutionary conservation from bacterial spe-
cies to other species (Golzarroshan et al. 2018), suggest-
ing its intrinsic and comparable function in biological
processes. Similar to its bacterial homolog, human
PNPase (hPNPase) has also been identified to specifi-
cally bind 8-0xoG RNA with a higher affinity than

normal RNA (Hayakawa and Sekiguchi 2006).
SiRNA-mediated knockdown of hPNPase significantly
increase the 8-0xoG level and decrease cell viability
after exposure to hydrogen peroxide in the human cer-
vical cancer HeLa cell lines (Wu and Li 2008), provid-
ing direct evidence for cell death induced by RNA
damage. Additionally, PNPase is an exoribonuclease
from a multienzyme RNA degradosome complex. Stud-
ies have found that PNPase mediation of 8-0x0G-
containing RNA clearance is dependent on its
exoribonuclease activity (Stone et al. 2017) but not its
association with other members of the RNA
degradosome (Wu et al. 2009). Some factors, such as
the Krebs cycle metabolite citrate (Stone et al. 2017),
can interact with PNPase and inhibit its exoribonuclease
activity, which ultimately interferes with cellular RNA
metabolism. Therefore, in the future, it will be interest-
ing to elaborate on whether the critical roles of PNPase
in releasing 8-0xoG from RNA are through its own
action or are facilitated by other protein co-factors.
Moreover, it remains to be elucidated whether the abil-
ities of PNPase to recognize and bind damaged RNA are
solely due to its interaction with 8-0xoG specifically or
are also involved in other damaged RNA residues.

RNA-binding protein To date, emerging observations
have begun to indicate that cells possess other mech-
anisms that show a discriminatory activity for
destroying 8-oxoG-enriched nucleotides. Human
heterogeneous nuclear ribonucleoprotein D
(HNRPD), a RNA-binding protein (RBP), is able
to specifically bind to 8-oxoG-carrying mRNA, ul-
timately leading to selective degradation of this ox-
idized mRNA under mild oxidative stress (Ishii and
Sekiguchi 2019). Following hydrogen peroxide ex-
posure, due to the high level of cellular oxidized
mRNA, HNRPD-deficient human cancer cells ex-
hibit obvious growth retardation (Ishii et al. 2015).
For more severely oxidized mRNA, cells are able to
use poly(C)-binding protein PCBP1 to effectively
recognize the severely oxidized mRNA and further
reinforce apoptosis-related reactions to eliminate un-
needed cells, although the KHI1 domain of the
PCBP1 deletion mutant has totally lost its ability
to bind oxidized mRNA and is unable to trigger cell
apoptosis-associated reactions (Ishii et al. 2018).
However, the detailed mechanisms for RBPs
distinguishing oxidized nucleotides remain unknown
and need to be clarified in the future.
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Other pathways 1t is also known that oxidative RNA
fragments trigger the formation of cytosolic biomolecu-
lar condensates, such as stress granules and processing
bodies (P-bodies) (Youn et al. 2019), which benefit
cellular fitness by preventing the accumulation of dele-
terious intracellular products. Indeed, both stress gran-
ules and P-bodies are dynamic complexes whose assem-
bly is mainly dependent on the pool of nontranslating
mRNA. In yeast, nRNA degradation mainly occurs in
defined cytoplasmic P-bodies (Sheth and Parker 2003),
controlling translation in early development. The level
of oxidized RNAs is markedly increased in yeast cells
with the decapping Kllsm4 A1 mutant, a truncated form
of the KILSM4 subunit from the Lsm1-7 complex in P-
bodies (Stirpe et al. 2017). Moreover, P-bodies are
present in unstressed cells but are further increased in
response to various stresses that lead to mRNA degra-
dation and translation repression. P-bodies have been
shown to increase in number and size when mRNA
turnover is inhibited under different stress conditions
(Teixeira et al. 2005), including oxidative stress
(Mazzoni et al. 2007). An important area for future work
is to determine how mRNA processing in stress granules
or P-bodies is remodeled to affect the fate of mRNA and
how this biologic progress affects the translation mech-
anisms’ response to stress.

RNA-repair systems

RNA rendered dysfunctional by oxidative damage is
targeted for quality control in biological evolution by
several repair systems (Nandakumar et al. 2008; Yan
et al. 2019a), which have only recently become appar-
ent. Indeed, a considerable amount of evidence suggests
that cells have developed unique response mechanisms
against the detrimental consequences of oxidizing
nucleotides.

BER systems To date, many reports have pointed out a
tight linkage between the DNA damage response and
RNA quality control (Scott et al. 2017). Some DNA
repair factors, especially a large cohort of base-excision
repair (BER) members, have been implicated in RNA
integrity (Bisht et al. 2017), suggesting that the DNA
damage repair system and RNA modification are close-
ly inter-related. Elucidation of these detailed RNA-
repair mechanisms would enable interpretation of how
cells cope with oxidative-induced RNA damage to ef-
fectively prevent cellular dysfunction.
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The BER pathway has promising roles in eliminating
replicational and translational errors induced by the
products of oxidative damage to nucleotides. Several
core BER enzymes form an excision repair apparatus
capable of repairing damaged bases and abasic sites
(Jang et al. 2019). Emerging studies have revealed that
the BER enzymes remove lesions from oxidative sub-
strates, promoting the functional resumption of dam-
aged RNA (Antoniali et al. 2017a). This supports a
promising role for BER proteins in the RNA damage
response. Moreover, oxidative guanine in RNA can be
selectively recognized and repaired by specific BER
glycosylases, including 8-oxoguanine glycosylase
(OGG1) and apurinic/apyrimidinic
endodeoxyribonuclease 1 (APE1) (Antoniali et al.
2017a). Preliminary analysis from Manini’s group
found that reactive epoxide exposure enhanced the
OGGI level and enzymatic activity, which are closely
related to altered concentration of urine 8-0xoG in sty-
rene workers (Manini et al. 2009). Lovell et al. (Lovell
and Soman 2011) quantified 8-OHG and OGG1 in
neurons in the preclinical stage of AD subjects using
immunohistochemistry and demonstrated that OGG1-
mediated BER capacities are indispensable for the repair
of oxidized guanine 8-OHG. Additionally, APE1 has a
pivotal role in the cellular response to oxidative stress,
and its mutations are known to be part of the patholog-
ical progress (Antoniali et al. 2017b). Upon oxidative
stress, siRNA-mediated APE silencing decreases its
endonuclease activity, significantly leading to increased
8-OHG-containing rRNA and weakened cell growth
rates (Vascotto et al. 2009). Meanwhile, an interatomic
study highlighted that APE1 regulates gene expression
through its direct control of microRNA processing and
stability, participating in tumor development and che-
motherapeutic resistance (Antoniali et al. 2017b). Al-
though these data mentioned above have preliminarily
outlined a novel and potential role of the BER pathway
in RNA metabolism, there are still many open questions
regarding the exact composition of the RNA-repair
complex. Future investigations on the detailed mecha-
nisms of the BER-mediated RNA-repair system under
different oxidative stress conditions will extend our
knowledge of RNA homeostasis in both physiological
and pathological actions.

Novel identified pathways Interestingly, other RNA
quality control systems have been recently identified
in vivo and in vitro. Gaillard et al. (Gaillard and
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Aguilera 2008) identified a novel class of
polyadenylated (poly-A+) mRNA-containing granules
in the yeast S. cerevisiae, which were designated as UV-
induced mRNA granules (UVGs). UV irradiation leads
to a dose-dependent accumulation of potentially dam-
aged poly-A+ mRNA, significantly weakening mRNA
stabilization. To safeguard cell viability under UV irra-
diation conditions, the damaged mRNAs are temporar-
ily stored in UVG granules until the cell repairs or
degrades these damaged RNAs at a later time. Fluores-
cent in situ hybridization identified a small fraction of
poly-A+ UVGs colocalized with the P-body marker
Dhhl (Gaillard and Aguilera 2008), revealing that
UVGs and P-bodies might interact functionally to some
extent. Though these results are meaningful for cellular
homeostasis, further work will be required to identify
the regulatory signals associated with these granules and
whether they represent an extensive mechanism across
different species, including humans.

RNA oxidation in pathological disorders

While oxidative damage to RNA is less lethal for cells
than mutations in the genome, such moderate insults to
cells have been implicated in several aging-associated
disease states, especially neuropsychiatric diseases, can-
cers, and type 2 diabetes mellitus (T2DM) (Fig. 1).

Neuropsychiatric disorders

The mechanisms underlying the progression of nervous
system disorders are complex and varied. Recently, both
biochemical and immunocytochemical studies of RNA
oxidative modifications have provided new insights into
these disorders (Nunomura et al. 2009; Nunomura et al.
2017). Indeed, relative to healthy individuals, a signifi-
cantly increased level of the oxidative RNA damage
maker 8-0xoG has been reported in several neuropsy-
chiatric disorders, such as Parkinson’s disease (PD),
AD, and schizophrenia. It was shown that these diseases
are at least partially due to the occurrence of lesions in
RNA (Fimognari 2015; Nunomura et al. 2012a). Of
particular interest, it is now becoming evident that oxi-
dative RNA damage is a common characteristic in vul-
nerable neurons from early (Violet et al. 2015) to late
stages (Lovell and Soman 2011) of AD pathology. From
the clinical perspective, the involvement of RNA oxi-
dative damage in the etiology and pathogenesis of these

disorders would be of great importance for developing
valuable diagnostic and therapeutic targets.

Recent in situ and immunohistochemical staining
studies showed an obvious increase in cytoplasmic ox-
idized RNA nucleoside 8-OHG within the hippocampus
and temporal neocortex in the earliest stage of AD in
patients. Moreover, 8-OHG immunoreactivity was
greatly diminished by RNase pretreatment but not by
DNase pretreatment (Nunomura et al. 2009; Nunomura
et al. 2012b). Other reports also evaluated the concen-
trations of 8-OHG in cerebrospinal fluid (CSF) and the
serum of patients with AD using high-performance lig-
uid chromatography-tandem mass spectrometry
(HPLC-MS/MS) and found marked accumulation of 8-
OHG levels in CSF but not in the serum. Surprisingly,
the effect of 8-OHG on the progression of AD pathology
showed a negative correlation between 8-OHG concen-
trations in CSF and the duration of AD illness (Abe et al.
2002; Isobe et al. 2009). Studies have also suggested a
higher accumulation of oxidatively generated RNA
damage in urine specimens from patients with schizo-
phrenia (Jorgensen et al. 2013a) or depression
(Jorgensen et al. 2013b) compared with healthy sub-
jects. These findings collectively support the roles of
oxidized RNA within the onset and progression of neu-
ropsychiatric diseases.

However, the detailed scavenging mechanisms of 8-
OHG in neuropsychiatric disorders have not been clear-
ly investigated. One common feature might be the inac-
tivation of antioxidant enzymes. In fact, increased oxi-
dative RNA damage in such disorders is often accom-
panied by dysfunction of cellular antioxidative defense
mechanisms in the same subjects. It has previously been
shown that autopsied AD brains exhibit reduced enzy-
matic activity of SOD (Singh et al. 2017), an important
antioxidant enzyme for maintaining mitochondrial ho-
meostasis. The increase in oxidized RNA biomarkers
during neurodegeneration is significantly impaired by
treatment with a SOD mimetic (Sen et al. 2018), further
indicating that strong oxidative stress contributes to
neuronal dysfunctions. Additionally, other signaling
pathways have also been shown to protect nucleic acid
from oxidative damage. Lovell et al. demonstrated that
neurons in the AD brain exhibit diminished OGG1-
mediated BER capacities (Lovell and Soman 2011),
which are indispensable for the repair of oxidatively
modified guanine. Using mouse models of AD, Violet
et al. (Violet et al. 2014) found that Tau, a cellular
microtubule-stabilizing nuclear protein, also contributes
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to the continuous protection of neuronal RNA integrity
under oxidative stress. Indeed, investigations aimed at
understanding the molecular mechanisms related to
RNA oxidation regulation and its consequences would
provide crucial insights into the pathogenesis of neuro-
degenerative disorders and might thereby lead to better
therapeutic strategies in the future.

Cancers

Several studies have recently demonstrated that RNA
damage rendered by various agents is an important
mechanism of their anti-cancer activities (Bellacosa
and Moss 2003). The natural compound sulforaphane,
a well-characterized isothiocyanate derived from broc-
coli, induced a significantly high level of RNA damage
fragmentation and inhibited cell viability in several hu-
man leukemic cells. Meanwhile, coadministration of
sulforaphane enhanced the RNA-damaging properties
of conventional chemotherapy drugs, such as doxorubi-
cin (Fimognari et al. 2012). A recent study in HeLa cells
exposed to hydrogen peroxide revealed that elevated
hydrogen peroxide concentration reduces cell viability
and increases the 8-0xoG content, indicating RNA ox-
idative damage induced by oxidative stress (Wu and Li
2008). Although damaged RNA is obviously deleteri-
ous for cell survival, whether cell death directly caused
by RNA damage remains to be examined by future
exploration. To address this problem, Newton et al.
(Newton et al. 2001) showed that onconase, a cytotoxic
ribonuclease, targets tRNA specifically, and in so doing,
induces programmed cell death (apoptosis) through a
mitochondria-dependent pathway. Additionally, a xeno-
graft animal model demonstrated that onconase-based
therapeutics have few immunotoxic or other side effects.
Thus, the RNA damage response is a promising avenue
for further investigation to understand the precise mech-
anisms responsible for its curative effect in cancer
patients.

Type 2 diabetes mellitus

The current understanding of the onset and progression
of T2DM is complex and varied. It has been reported
that RNA oxidative stress provides a novel target
(Cejvanovic et al. 2018b; Schottker et al. 2020), al-
though the detailed mechanisms of oxidative damage
to RNA and its possible regulatory pathways are still
under investigation. To address the effect of the RNA
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damage marker 8-0xoG in diabetes-associated mortali-
ty, Broedbaek et al. (Broedbaek et al. 2011) carried out a
study with a population-based cohort of 1381 newly
diagnosed T2DM patients and examined their urinary
8-0x0G levels by a UPLC-MS/MS method. The authors
found that the 8-0x0G levels in freshly voided morning
urine samples predict the hazard radios of long-term all-
cause mortality for newly diagnosed T2DM patients.
The data also showed that the combined use of urinary
8-0x0G and other known clinical characteristics pro-
vides more comprehensive information about disease
risk and might be more useful for determining which
patients will have a better clinical response from inten-
sified treatment. For diabetic complications, which oc-
cur with poor glycemic control (Utumatwishima et al.
2018), another two separate population-based analyses
were carried out to characterize the association between
RNA oxidative damage and diabetic complications. The
findings of these studies unanimously demonstrated
significantly higher levels of urinary 8-0xoG in T2DM
patients with different complications, especially micro-
angiopathy (Liu et al. 2016) and psychiatric illness
(Jorgensen et al. 2018a), compared with the subjects
without complications. All of these studies together
indicate the clinical application of 8-0x0G as a potential
biomarker in patients with T2DM with or without com-
plications. Further elucidation of the exact mechanisms
of urinary 8-0x0oG and its associated potential functions
in diabetes might provide novel clues for diabetic etiol-
ogy, although its value as a potential biomarker needs to
be validated over a longer period.

Compounds that protect against RNA oxidative
damage

Oxidative stress provokes severe damage to all kinds of
cellular components, including nucleic acids, resulting
in abnormal cellular functions and human pathologies.
In recent years, examinations of the relationships of
exposure to various stimulus conditions with the RNA
damage response and human diseases have attracted
increasing attention. Highlighted evidence has demon-
strated that some noxious chemicals, such as bisphenol
A (Yan et al. 2019a), cause ROS upregulation, resulting
in significantly increased 8-0xoG in urine. Vitamins, as
potential antioxidant reagents in vivo and in vitro, show
attractive protection effects against ROS-induced RNA
damage. Molavi et al. (Molavi et al. 2014) found that



GeroScience (2021) 43:487-505

497

vitamin E administration blocks endogenous peroxidase
activity and promotes RNA-repair pathways in ovarian
cells, attenuating the cypermethrin-induced impaired
structure and function of the ovaries. Similarly,
phenylhydrazine exposure induces ROS generation in
testicular tissue, leading to poor sperm quality and de-
layed embryonic development in mammal models. Pre-
treatment with vitamin C prevents phenylhydrazine-
induced biochemical damage and further protects sperm
quality (Anbara et al. 2018). Apart from vitamins, nat-
ural polymeric compounds have also received increased
attention because of their pronounced antioxidant activ-
ity. Ginkgolide B, a functional natural component ex-
tracted from Ginkgo biloba, presents neuroprotective
potential through affecting multiple oxidative stress-
associated molecular targets and signaling pathways in
the human AD pathological process (Nabavi et al.
2015). Ginkgolide B treatment significantly reactivates
antioxidant enzymes (SOD and glutathione reductase,
among others) and ameliorates ROS production, ulti-
mately leading to genome homeostasis (Gill etal. 2017).
Moreover, data from Fragopoulou’s group
(Fragopoulou et al. 2018) provide further evidence that
supplementation with a combination of plant substances
and vitamins obviously counters the oxidative RNA
damage in urine samples, accompanied by increased
SOD enzyme activity in serum samples. In brief, low-
ering intracellular ROS levels by antioxidant com-
pounds, such as the natural products, restores nucleotide
pool homeostasis, including reducing the amount of
oxidized RNAs and decreasing cellular translational
errors (Palermo et al. 2010; Stirpe et al. 2017). All of
these reports point toward modulation of antioxidant
defense mechanisms by natural extracts and vitamins,
e.g., activating antioxidant enzymes (SOD, glutathione
reductase) or inhibiting the pro-oxidant enzymes (per-
oxidase), to significantly lessen oxidative RNA damage.

Biochemical approaches

Modern biomedical research has shed light on the gen-
eral view that environmental stress has adversely influ-
ence human health and accelerates aging-associated dis-
eases. For example, there is recent evidence suggesting
that under oxidative stress, elevated levels of the RNA
oxidation marker 8-0xoG dramatically increase the risk
of T2DM complications, especially diabetic
macrovascular complications (Liu et al. 2016). Thus,
to elucidate the underlying biological implications of

RNA damage, specific and sensitive detection methods
need to be developed. Additionally, these analytical
techniques for evaluating RNA damage levels might
yield information on disease predisposition and devel-
opment (Table 1).

PCR In arecent report, Gong et al. developed a method
using the quantitative real-time polymerase chain reac-
tion (QRT-PCR) to determine the level of damaged
rRNA induced by oxidative stress in the Escherichia
coli genome (Gong et al. 2006). Based on the sequence-
specific nature of RT-PCR technology, these authors
defined significant damage levels of a specific RNA
caused by oxidation or other modifications, such as
those to 16S rRNA. However, because of a high error
rate, QRT-PCR fails to identify all RNA modification
products, such as pyrimidine photohydrates produced
by photochemical reactions (Qiao and Wigginton
2016). A novel molecular beacon (MB) probe has been
developed to detect and quantify many RNA damage
sites as a result of various environmental stresses. Based
on sequence-specific hybridization features, the MB
approach forms unique damaged nucleic acid-MB du-
plexes by PCR to observe the cellular RNA damage
levels in vivo or in vitro with enhanced sensitivity
(Yarasi et al. 2005).

Chromatographic methods To date, chromatographic
analysis approaches, such as HPLC-MS/MS (Abe
et al. 2003), UPLC-MS/MS (Henriksen et al. 2009;
Jacoby et al. 2016), and isotope dilution high-
performance liquid chromatography-triple quadruple
mass spectrometry (IDLC-MS/MS) (Wang et al.
2015b), provide more accurate means for measuring
more than one kind of oxidative nucleic acid in complex
fluid samples, with LC-MS/MS having the highest spec-
ificity. Using an LC-MS/MS procedure, Joergensen
et al. (Joergensen et al. 2011) revealed an age-
dependent accumulation of oxidative RNA damage in
a population of elderly individuals. However, using the
same LC-MS/MS method, Marie’s group (Marie et al.
2009) found no obvious association between environ-
mental stress and urinary 8-0xoG levels. These discrep-
ant findings might be due to the extremely low concen-
trations of RNA damage makers in the urine from sub-
jects exposed to toxic chemicals, and reanalysis by a
more sensitive method such as isotope dilution UPLC-
MS/MS might be required. The lower limit of quantita-
tive detection in UPLC-MS/MS is nearly 1 nM for the
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Table 1 The methods for RNA damage evaluation in aging-associated disease processes

Methods Diseases Models Refs.

PCR reaction

qRT-PCR Cervical cancer, Aging-associated cancers HeLa, Nalm-6 Ishii et al. 2015

Leukemia cells
Chromatographic
methods

HPLC Cervical cancer Aging-associated cancers HeLa cells Wu and Li 2008

HPLC-MS/MS Alzheimer’s disease Aging-associated Cerebrospinal Abe et al. 2002
neuropsychiatric disorders fluid

UPLC-MS/MS Schizophrenia Aging-associated Urine Jorgensen et al. 2013a
neuropsychiatric disorders

UPLC-MS/MS Depression Aging-associated Urine Jorgensen et al. 2013b
neuropsychiatric disorders

UPLC-MS/MS Type 2 diabetes mellitus Aging-associated Urine Broedbacek et al. 2011
diabetes mellitus

UPLC-MS/MS Psychiatric illness Aging-associated Urine Jorgensen et al. 2018a
neuropsychiatric disorders

HPLC-MS/MS Parkinson’s disease Aging-associated neuropsychiatric Cerebrospinal Abe et al. 2003
disorders fluid

UPLC-MS/MS Bipolar disorder Aging-associated Urine Jacoby et al. 2016

Immunological techniques

Immunohistochemistry

Alzheimer’s disease

neuropsychiatric disorders

Aging-associated
neuropsychiatric disorders

neuropsychiatric disorders
neuropsychiatric disorders

neuropsychiatric disorders

Immunofluorescence ~ Alzheimer’s disease Aging-associated
Immunocytochemistry ~ Alzheimer’s disease Aging-associated
Immunohistochemistry Alzheimer’s disease Aging-associated
Immunohistochemistry Atherosclerosis Aging-associated
cardiovascular diseases
Immunofluorescence  Alzheimer’s disease Aging-associated

neuropsychiatric disorders

Brain samples

THY-Tau22
mice
Brain samples

Brain samples
Atherosclerotic

tissue
Brain samples

Lovell et al. 2011
Violet et al. 2015
Nunomura et al. 2012b
Sen et al. 2018
Martinet et al. 2005

Sen and Hongpaisan
2018

oxidized nucleoside 8-onoGuo in urine samples (Zhou
etal. 2019).

Immunological techniques Additionally, some immu-
nological techniques, such as ELISA, have been used
to quantify oxidized guanosine (8-0x0G) in different
body fluids, including urine (Fragopoulou et al. 2018)
and cerebrospinal fluid (Jorgensen et al. 2018b). Mean-
while, histological and immunofluorescence technolo-
gies have been applied to assess RNA oxidant status in
mammalian organic tissues directly. Several groups
have successfully performed immunohistochemical
staining of §8-oxoG in human carotid endarterectomy
specimens (Martinet et al. 2005) and breast cancer tis-
sues (Sova et al. 2010). With 8-0xoG antibody-mediated
immunofluorescence staining, Sen et al. demonstrated
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that the hippocampuses from AD patients are character-
ized by strong oxidative RNA damage (Sen and
Hongpaisan 2018). However, studies have found that
the 8-0xoG antibody used for immunological assays
sometimes displays probable cross-reactivity with other
biomolecules (Nie et al. 2013).

Fluorescence in situ staining To hamper cross-reac-
tivity, special florescent staining with acridine or-
ange dye was conducted to investigate the levels of
damaged nucleic acid in tissues. Under fennel-
derived essential oil treatment, the acridine orange
test precisely defined cells with damaged RNA,
which were marked with a yellowish and/or green
fluorescence, in testicular tissue from albino mice
(Minas et al. 2018).
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Conclusion and future remarks

To date, studies have clearly demonstrated that many
species of RNA damage can occur in vitro and in vivo
under oxidative stress conditions. Expectedly, ROS spe-
cies, categorized as toxic byproducts of various oxida-
tion stimuli, have been demonstrated to attack nucleic
acids and their precursor nucleotides with oxidizing
modifications. Accumulating evidence has begun to
indicate that oxidative damage interferes with RNA
function, leading to higher error rates in protein synthe-
sis and disturbances in gene regulation. These oxida-
tively damaged RNA molecules can impair cellular
function and ultimately trigger uncontrolled cell prolif-
eration or cell death possibly by error catastrophe. Most
importantly, the abnormal proliferation of cells in cer-
tain diseases also in turn interferes with the ability to
handle damaged RNA, leading to aggravation of dete-
rioration effects (Simms and Zaher 2016).

To maintain genome integrity, RNA stability must be
controlled properly in response to a variety of stimuli.
As reviewed here, the inability of cells to clear damaged
RNAs might contribute to the pathology and etiology of
human diseases, such as neurodegenerative disorders
and cancers. Recently, emerging studies have focused
on the biological significance of oxidative damage to
RNA in different physiological and pathological pro-
cesses and coincidentally have clarified that cells are
equipped with several quality control mechanisms for
counteracting such RNA modifications. Further re-
search should focus on the detailed functions of RNA
quality control mechanisms, in particular by identifying
probable macromolecular partners and additional sig-
naling targets of their activities.

Emerging evidence has suggested that oxidative
stress is a major causative agent of aging and a number
of aging-associated diseases. If oxidative stress exists
persistently over time, cellular senescence is a likely
consequence and a valuable landmark of aging
(Amaya-Montoya et al. 2020; Calcinotto et al. 2019).
It is possible that dysfunction of some cells, stemming
from the accumulation of oxidative RNA, may be ag-
gravated with increasing age (Hayakawa et al. 2010).
One typical model is aging rats, which reveal obvious
abnormal mitochondria respiratory functions. In the
hippocampus of such rats, the 8-0xoG levels in RNA
are higher than those in younger rats (Liu et al. 2002b).
Furthermore, the study of aged muscle in rats showing
aberrant iron homeostasis are coincident with the

function of intracellular metals in producing ROS
through Fenton and Haber-Weiss reactions, ultimately
leading to oxidative RNA damage (Hofer et al. 2008).
Therefore, elevated levels of oxidized RNA evaluated in
studies of aging models suggest that at least some frac-
tion of oxidized RNA accumulates in aging-associated
diseases. Intriguingly, RNA quality control systems are
mechanisms to rectify the purposeful breaks in multiple
RNA molecules that occur during cellular oxidative
stress and aging (Castellani et al. 2008). For example,
the removal of 8-0xoG from the nucleotide pools by the
hydrolase MutT precludes the incorporation of these
oxidized nucleosides into RNA (Gordon et al. 2014).
More importantly, MutT deficiency may be one of the
leading causes of accelerated aging (Zheng et al. 2009).
Consistent with this hypothesis, a previous study re-
vealed that age-related accumulation of 8-0x0G in
RNA is dramatically correlated with the downregulation
of MTH1, a MutT-related protein, in the hippocampi of
senescence-accelerated (SAMP8) mouse model and AD
patients (Song et al. 2011). Overexpression of MTH1 in
neurospheres derived from neural progenitor cells pre-
vents the age-dependent accumulation of 8-0x0G, there-
by preventing cellular senescence and enhancing prolif-
erative capacity (De Luca et al. 2013). These findings
suggest that RNA quality control mechanisms serve as
promising antidotes to cytotoxic RNA damage, thereby
relieving aging and age-related disorders. Thus, several
regulators of RNA oxidative damage involved in aging
have been determined so far; however, whether aging is
directly regulated by RNA oxidative damage is largely
unknown and deserves further investigation. Such im-
portant scientific issues may be addressed by pioneering
novel work on this topic in the future.

Clearly, the detailed functions of RNA oxidation in
clinical settings also need to be explored further in the
future. Despite the well-established evidence that oxi-
dative RNA damage is a definite factor in the pathology
of multiple human diseases, interventions such as the
administration of antioxidants have been only modestly
successful in clinical trials (Rasmussen et al. 2016).
Given the complexity of ROS metabolism, such treat-
ment methods might be too simplistic and demand more
rational strategies not only to carry out the exogenous
interventions but also to strengthen the endogenous
RNA control systems. Additionally, several other mean-
ingful issues in this emerging field of research also
require further clarification: (1) although numerous
studies have supported the roles of RNA insults in cell
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biology, information on potential biomarkers in human
health and disease is still limited; (2) with progress in
molecular biological techniques, LC-MS/MS has been
identified as a widely accepted technology to evaluate
the oxidation of RNA products in cells and tissue accu-
rately, but as LC-MS/MS is time-consuming and incon-
venient, the use of RNA damage products for diagnosis
and prognosis of diseases needs to be tested in much
simpler approaches.
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