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Oxidatively generated damage to DNA has been implicated in the pathogenesis of a wide variety of diseases.
Increasingly, interest is also focusing upon the effects of damage to the other nucleic acids, RNA and the (2′ deoxy-)ribonucleotide pools, and evidence is growing that these too may have an important role in disease. LCMS/MS has the ability to provide absolute quantification of specific biomarkers, such as 8-oxo-7,8-dihydro-2′ deoxyGuo (8-oxodG), in both nuclear and mitochondrial DNA, and 8-oxoGuo in RNA. However, significant
quantities of tissue are needed, limiting its use in human biomonitoring studies. In contrast, the comet assay
requires much less material, and as little as 5 μL of blood may be used, offering a minimally invasive means of
assessing oxidative stress in vivo, but this is restricted to nuclear DNA damage only. Urine is an ideal matrix in
which to non-invasively study nucleic acid-derived biomarkers of oxidative stress, and considerable progress has
been made towards robustly validating these measurements, not least through the efforts of the European
Standards Committee on Urinary (DNA) Lesion Analysis. For urine, LC-MS/MS is considered the gold standard
approach, and although there have been improvements to the ELISA methodology, this is largely limited to 8oxodG. Emerging DNA adductomics approaches, which either comprehensively assess the totality of adducts
in DNA, or map DNA damage across the nuclear and mitochondrial genomes, offer the potential to considerably
advance our understanding of the mechanistic role of oxidatively damaged nucleic acids in disease.

1. Introduction
Normal cellular metabolism, and exposure to the ambient, external
environmental, leads to the production of reactive oxygen species (ROS
[1,2]). This results in a physiological oxidative stress, recently termed
oxidative eustress [3]. Over-production of ROS, depletion of antioxidant
defences, or a combination of both, may occur following exposure to
xenobiotics, radiation etc, resulting in oxidative stress, or oxidative
distress [4]. Interestingly, the concept of physiological and pathological
oxidative stress has been used previously in the context of pregnancy, in
which pregnancy itself results in a physiological oxidative stress, but
levels elevated beyond this may have pathological consequences, such

as that associated with fetal growth restriction [5]. At the other end of
the lifespan, ageing is linked to oxidative stress in the form of a vicious
cycle where oxidative stress may accelerate the ageing process, and
older individuals may be more susceptible to oxidative stress due to
decreased activity of protective factors such as the antioxidant defence
system and DNA repair activity [6]. A consequence of physiological
production of ROS is damage to cellular macromolecules, as some ROS
will always evade the antioxidant defenses. Levels of damage can be
elevated further if exposure to the stressors is increased, or sustained,
and/or the antioxidant defenses depleted. Whilst these macromolecules
can include lipids and proteins, nucleic acids [7] are of particular in
terest because, in the case of DNA at least, they must be repaired rather
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Fig. 1. Structures of representative DNA nucleobase adducts analyzed in urine. A. 1,N2-εGua, B. N2,3-εGua, C. M1Gua, D. 8-oxoGua, E. 8-oxoAde, F. 1,N6-εAde, G. 5OHUra, H. 5-HMeUra, I. Tg, J. 3,N4-εCyt, K. 2-deoxyribose which forms a N-glycosidic bond with the N9 in purines and N1 in pyrimidines to form the 2′ -deoxy
ribonucleoside analogues of these nucleobase modifications.

than replaced. For the purpose of this review, “nucleic acids” is defined
as DNA, RNA and their precursor 2′ -deoxyribonucleotide and ribonu
cleotide pools.

searches.
2. Formation, repair and consequences of damage to nucleic
acids

1.1. Nomenclature

2.1. Formation and consequences of oxidatively generated damage to
DNA

In this review we adhere to previous recommendations for termi
nology describing oxidative stress-induced damage to nucleic acids [8,
9]. The term oxidative [insert name of biomolecule] damage is widespread
within the literature e.g., oxidative DNA damage, but the increasingly
preferred term is oxidatively damaged [insert name of biomolecule], or
oxidatively generated [insert name of biomolecule] damage e.g., oxida
tively damaged DNA, or oxidatively generated DNA damage. The reason
for this is that oxidative damage implies that the damage itself has the
ability to oxidise other substrates, and most forms of damage do not.
Also, the widely studied oxidatively modified nucleobase, 8-oxo-7,
8-dihydroguanine is abbreviated to 8-oxoGua, and its corresponding
ribonucleoside (8-oxo-7,8-dihydroguanosine; 8-oxoGuo) and 2′ -deoxy
ribonucleoside (8-oxo-7,8-dihydro-2′ -deoxyguanosine; abbreviated to
8-oxodG, or 8-oxodGuo). Further explanation of this rationale, and other
points of accuracy, are outlined by Cooke et al. [8], and in further detail
by Cadet et al. [9]. The aim is to achieve greater standardization within
the literature, to improve accuracy, clarity, and aid in literature

The interaction of ROS with DNA leads to the formation of at least 30
nucleobase modifications [10], and over 70 DNA lesions have been
identified [11]. This includes single pyrimidine and purine nucleobase
lesions, intra- and interstrand cross-links, and DNA-protein adducts,
formed by the reactions of either the nucleobases or the 2-deoxyribose
moiety with the hydroxyl radical (although a recent report has ques
tioned the importance of •OH, in favour of the carbonate radical cation
[12]), one-electron oxidants, singlet oxygen, and hypochlorous acid
[11]. Of the nucleobase-derived lesions, 8-oxoGua, and 8-oxodG (Fig. 1)
are most frequently measured.
The number of DNA adducts increases further when consideration is
given to those adducts formed via the interaction between DNA and
reactive intermediates, arising from the ROS modification of lipids and
proteins, so-called secondary DNA products of oxidation reactions.
These processes give rise to such adducts as 1,N6-etheno-2′ 2
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deoxyadenosine (εdA), 3-(2-deoxy-β-D-erythro-pentofuranosyl)pyrimido
[1,2-α]purin-10(3H)-one (M1dG; Fig. 1), together with DNA-DNA, and
DNA-protein cross-links [13].
Classically, oxidatively generated damage to DNA is thought to be of
particular importance simply because it can lead to mutations [14], and
hence cancer. However, the effects of non-mutational events, such as the
promotion of microsatellite instability, and loss of heterozygosity, in
fluence on gene expression through the interaction with transcription
factors, and the acceleration of telomere shortening have also been
highlighted [15]. Consequently ROS-induced DNA damage, and its
repair, has been implicated in a wide variety of pathological conditions,
such as cancer (reviewed in Kasai [16], neurodegenerative and cardio
vascular disease, together with aging, reviewed in Ref. [17]), or see the
collection of articles referred to by Nelson and Dizdaroglu (2002) [18].
The reported human levels of oxidatively generated damage to nucleic
acids in disease and health is explored further under the ‘nucleic acid
oxidation in human health and disease’ section.
Most recently attention has focused upon possible epigenetic effects
arising from the oxidatively generated modification of nucleobases
[19–21] perhaps, in part, mediated by their repair [22,23], and which
has been considered in detail elsewhere [24–26].
By giving consideration to the above, various mechanisms together,
we are building a better picture of how ‘damage’, or perhaps more
accurately ‘modifications’, are involved in the disease process. This is
leading to a better understanding of how oxidative stress, DNA damage/
genomic instability, gene regulatory mechanisms and DNA repair, can
influence the cellular redox status, maintain homeostasis, or contribute
to, or prevent, the development or progression of various diseases
(discussed in Mikhed et al. [27], and Gorinin et al. [28]), which include
cancer [29,30], Alzheimer’s disease [31], and other neurodegenerative
diseases [32], and also ageing [33,34].

Wauchope et al. reported that M1dG is equally distributed across the
mitochondrial genome, with no specific sites of enrichment, compared
to untreated cells [50]. In contrast, differential levels of ROS-induced
damage were noted across four mitochondrial DNA sites (D-Loop,
COII/ATPase6/8, ND4/5, and ND1) [51], although levels of oxidised
purines appear to be the same across three mitochondrial DNA regions
(D-loop, Ori-L, and ND1) [52]. Levels of M1dG were higher in mtDNA,
than nuclear DNA, likely reflecting the greater sensitivity of the mito
chondrial genome, and/or less effective repair [50]. Global levels of
M1dG persisted in mtDNA for at least 24 h; however, a mitochondrial
genome-wide analysis was not performed for this part of the study, so it
cannot be evaluated whether or not a sequence-specific loss of M1dG
occurs. Despite the likely importance of damage to mtDNA, and indeed
the crosstalk between the nuclear and mitochondrial genomes [53,54],
damage to mtDNA is still not assessed as routinely as nuclear DNA
damage.
2.3. Formation and consequences of oxidatively generated damage to the
(2’-deoxy)ribonucleotide pools
The nucleic acid precursor (d)NTP pools do not possess the protec
tive features of DNA, such as location in the nucleus, away from primary
sources of ROS, nucleohistones, the higher orders of structure, and
multiple, overlapping repair pathways – plus free (2′ -deoxy)nucleotides
are more prone to oxidation than paired polynucleotides [55]. Conse
quently, the (d)NTP pools, located in both the nucleus/cytosol and
mitochondria, and with greater concentrations in the mitochondria [56]
represent significant targets for oxidants. Furthermore, the ribonucleo
tide (NTP) pool is considerably larger than the 2′ -deoxyribonucleotide
(dNTP) pool (800.8 pmol/cell vs. 10.8 pmol/cell [56]), and hence would
be expected to represent a greater target (see below).
Oxidation of the dGTP, for example, can lead to mis-incorporation of
8-oxodGTP into nuclear [57] and mitochondrial DNA [58], and it has
been recently shown that 8-oxoGTP can also be mis-incorporated [59],
both of which cause replication errors, such as mutations. As noted
below, there are mechanisms to prevent this erroneous incorporation (e.
g., 8-oxodGTPases), but if this fails, misincorporation into genomic DNA
will lead to an increase in levels of the oxidised nucleobase [60], and can
result in strand breaks, and cell death [61]. Indeed, this process has
focused interest on using inhibition of 8-oxodGTPases as a therapeutic
target in cancer [62] as, due to their faster rate of proliferation, and
increased intracellular ROS, cancer cells are thought to have greater
reliance on enzymes, such as the 8-oxodGTPases [63–65]. However, the
results from the various studies exploring this area have been mixed
between positive [66–68] and negative [69,70], although this may arise
from differences in the inhibitors, the experimental systems being used
[71], and redundancy in the pathways being inhibited [72].
Although the role of the (deoxyribo)nucleotide pool has also been
studied in cancer [63], and neurodegenerative disease [73] for some
time, increasingly it has been implicated in numerous other diseases,
such as pulmonary arterial hypertension [74] – and with the current
interest in compounds which inhibit the enzymes which sanitise the (d)
NTP pools, and their potential application to diseases other than cancer,
this area appears to be highly active.
With the focus on the oxidation of dGTP, there has been relatively
limited investigation of oxidation of other DNA and RNA synthesis
precursors, and their biological impact, and hence the literature is
limited, but worth attention. A prime example is the reported 2-OHdAT
Pase activity of hMTH1 [75] which might suggest an anti-mutagenic role
in this context, in light of the mis-paring/mis-incorporation potential of
2-OHAde (isoguanine) [76]. Similarly, overexpression of MTH1 also
prevents 2-OH-Ado-induced cytotoxicity, and limits the intracellular
accumulation of both 2-OH-ATP and 2-OH-Ado in RNA [77]. Addi
tionally, the activity of MTH1 towards modified, and potentially muta
genic, substrates has recently expanded beyond the oxidatively
generated lesions, to include alkylation products (e.g., O6-methyl-dGTP

2.2. Nuclear vs. mitochondrial DNA
To date, the majority of reports have focused upon the measurement
of oxidatively damaged nuclear DNA, particularly in human studies.
However, the proximity of mitochondrial DNA (mtDNA) to sources of
ROS production, together with the protection afforded by higher order
levels of structure associated with nuclear DNA, makes mtDNA partic
ularly vulnerable to the formation of damage from endogenous and
exogenous sources [35,36], despite protective pathways, such as DNA
repair [37]. Furthermore, it is well established that such damage to
mtDNA, leads to mitochondrial dysfunction, which is a hallmark of a
variety of diseases [38], such as Parkinson’s Disease [37–39], and other
neurological diseases (reviewed in Ref. [40]), together with ageing [41],
possibly via mechanisms involving epigenetic regulation [42], for
example, via mitochondrial dysfunction influencing the epigenetic
profile of the nuclear genome [43]. Due to the small size of the mito
chondrial genome, PCR has generally been the approach to study
damage in individual and multiple genes in mtDNA [44]. The concept is
that during PCR amplification, the presence of a damaged nucleobase, or
abasic site, or strand break, will halt the polymerase, resulting in a
prematurely truncated PCR product. The result is then corrected for
mtDNA contents or mtDNA copy number. The concept of mtDNA con
tent analysis is to determine the relative copy number using the
single-copy gene of damaged nDNA and mtDNA versus undamaged
[45]. Greater sensitivity can be achieved by using a longer amplicon,
thereby increasing the likelihood of the polymerase identifying a lesion,
using so-called long-range PCR [44,46], and this is capable of evaluating
both deletion mutations, and damage in human mtDNA [47]. However,
some forms of DNA damage are not detectable because the polymerase
bypasses the damage, rather than being blocked by it [48].
Most recently, there have been two reports of genome-wide mapping
approaches which have been applied to study the distribution of damage
in both the nuclear and mitochondrial genomes, although one did not
study oxidatively generated damage to mtDNA [49]. In the other,
3
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Fig. 2. The “Gua Oxidation” (GO), and the “Guo Oxidation” (GuoO) Systems for preventing the presence and persistence of 8-oxoGua in DNA and RNA, respectively,
together with potential sources of urinary 8-oxoGua, 8-oxodG, and 8-oxoGuo. 8-oxoGua may occur in DNA and RNA either by direct oxidation of Gua in situ, or misincorporation of 8-oxodGTP, or 8-oxoGTP, respectively, from the 2′ -deoxyribonucleotide, and ribonucleotide pools, respectively.

and N6-methyl-dATP) [78,79], suggesting a potential role for this
enzyme in the production of extracellular alkylated 2′ -deoxy
ribonucleosides. In addition to 8-oxodGTP, the study of the activity of
the Nudix hydrolases towards other modifications [80] is clearly war
ranted, and sanitisation of the (2′ -deoxy)ribonucleotide pool is an
important, but still largely overlooked, process to prevent the intro
duction of damage into the nucleic acids.

functions associated with transcriptional and translational control and
responses to stress [90]. Specifically, the YB-1 protein can bind 8-oxo
Gua-containing RNA, extracting it from the pool and preventing the
production of aberrant proteins [91]. AUF1, and PCBP1 are human
proteins which bind to RNA which contains a single 8-oxoGuo, or more
than two 8-oxoGuo, respectively, for the purpose of triggering degra
dation of the RNA or apoptosis, respectively (reviewed in Ref. [89];
Fig. 2). PCBP2, also binds to heavily oxidised RNA but, unlike PCBP1,
suppresses apoptosis during oxidative stress [92]. In addition to the
direct formation of 8-oxoGuo by oxidation in situ in RNA, 8-oxoGTP can
be mis-incorporated into RNA, at least in Escherichia coli, but this can be
prevented by MTH1 hydrolysis of 8-oxoGTP [93].
A key role for RNA oxidation in disease is becoming clear. For
example, there is significant RNA oxidation in affected neurones in
Alzheimer’s disease [94,95], and other neurodegenerative diseases,
such as amyotrophic lateral sclerosis [96]. There is evidence that some
mRNA species are more susceptible to oxidation than others, in partic
ular [poly(A)+] mRNA, and rRNA [97–99]. In vitro studies with primary
cultures, further demonstrated that the presence of oxidised nucleobases
in mRNA cause ribosome stalling on the transcripts, resulting in a
decrease in protein expression, and neuronal deterioration, providing a
mechanistic link [100]. These earlier findings are confirmed by recent
data using an exciting new methodology, 8-oxoGua-RNA-immunopreci
pitation and RNA sequencing which, given the functional relevance of
the oxidised transcripts, led the authors to propose that RNA oxidation is
an additional driver of cell physiology, health, and disease [101].
Supportive this proposal there is an increasing number of medical
conditions in which 8-oxoGuo in extracellular matrices (mainly urine)
has been measured in humans, as a biomarker of RNA oxidation. These
include: aging, and related disorders (summarised in Ref. [102]), he
mochromatosis [103], diabetes [104–110], and a number of psychiatric
disorders, such as schizophrenia [111], depression [112], bipolar dis
order [113], psychosis [114], liver injury associated with Hepatitis B
virus infection [115], sepsis [116], cerebral infarction [117], traumatic
brain injury [118], and spontaneous intra-cerebral haemorrhage [119].

2.4. Formation and consequences of oxidatively generated damage to
RNA and the NTP pools
Until relatively recently, oxidatively generated damage to RNA has
received little attention [81], although we highlighted it as an emerging
area of importance in 2004 [15]. Due to its abundance, single-stranded
structure, relative lack of physically associated proteins, and location,
RNA is more easily oxidised than DNA [82,83], and the detection of
urinary 8-oxoGuo and 8-oxoGua, suggests that this oxidation does occur
in some form in vivo [84].
Previously it was speculated that the persistence of damaged RNA
could lead to the formation of error-containing proteins, with the au
thors reporting that 8-oxoguanine-containing RNA is sequestered to
prevent entry into the process of translation [85]. More recently, it has
been shown that the accumulation of 8-oxoGua in RNA can indeed alter
protein synthesis, and lead to increased cellular production of β amyloid
[86], which illustrates just how important RNA oxidation might be in
pathogenesis. Supporting the notion that damage to RNA has important
consequences for cell function, is evidence for the repair of RNA, for
example the repair of alkylated RNA by the AlkB homologues [87,88].
However, the repair of oxidatively generated damage to RNA, in a
manner analogous to the hOGG1 repair of DNA, does not yet seem to be
have been reported, given their absence from a recent review [89], and
our search of the literature. In contrast, an alternative mechanism exists
which acts via limiting the cellular availability of oxidised transcripts to
the translation machinery. This has been reported to occur via the
human Y-box-binding protein 1 (YB-1), which serves a variety of
4
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Unfortunately, to date, the mechanistic studies to explain the potential
role of RNA oxidation in the above conditions, is less well advanced
compared to these observational studies.

enzyme-sensitive sites, usually with more specific reference to the type
of enzyme that has been used. The most widely used enzymes are for
mamidopyrimidine DNA glycosylase (Fpg) from bacteria and hOGG1.
Both enzymes excise 8-oxoGua from DNA.
The enzyme-modified comet assay has been widely employed to
measure levels of oxidatively damaged DNA in cells from animals and
humans. An important advantage of the comet assay is that it can be
performed on very few cells. For instance, one drop of blood from a
finger prick contains enough cells to measure levels of oxidatively
damaged DNA by the comet assay. In general, the comet assay is widely
used in research fields where oxidative stress is considered to be
implicated in health effects, including aging, dietary antioxidants/phy
tochemicals, air pollution and nanomaterials [144–146].
The standard comet assay was first described in the 1980s [147].
However, the Fpg-modified comet assay came into use in the middle of
the 1990s [148], and the hOGG1-modified version a decade later [149].
Importantly, the Fpg-modified comet assay was used in ESCODD in an
effort to determine the background level of 8-oxodG in human cells
[130]. These studies demonstrated that the enzymic detection of 8-oxo
Gua by the comet assay, alkaline unwinding and alkaline elution gave
similar background levels of 8-oxoGua, whereas this level of 8-oxoGua
was approximately one-order of magnitude lower than the levels
measured by chromatographic assays [131,132]. The discrepancy was
attributed to spurious oxidation of DNA during the processing or anal
ysis of samples in the chromatographic assays, which is not a method
ological issue in the comet assay because DNA is not isolated as such.
The ESCODD project demonstrated that the Fpg-modified comet
assay worked reasonably well in most laboratories i.e., they were able to
detect a difference between cells with high levels of DNA damage (i.e., 8oxoGua generated by the photosensitizer Ro19-8022 plus visible light)
and unexposed cells with low level of 8-oxoGua [132]. However, only
three out of ten laboratories could detect a monotonic relationship be
tween Ro19-8022 plus light exposure and Fpg-sensitive sites in cells
[132]. Another disturbing observation was that the levels of
Fpg-sensitive sites in peripheral blood mononuclear cells (PBMCs) from
humans in different laboratories seemed to depend on the comet assay
protocol used. This issue was dealt with by the subsequent European
Comet Assay Validation Group (ECVAG) study that focused on assess
ment and reduction in variation related to DNA damage and repair ac
tivity in PBMCs [150–152]. Building on the experience gained from the
ESCODD ring-trials, the ECVAG studies confirmed that the main source
of variation in levels of Fpg-sensitive sites in different laboratories was
assay procedures, and implementation of a standard assay procedure in
all participating laboratories actually decreased the variation in levels of
Fpg-sensitive sites in test samples that had been treated with Ro19-8022
and white light [153,154]. However, the inter-laboratory variation in
Fpg-sensitive sites in human PBMCs from different laboratories was not
substantially different in the ECVAG study as compared to a similar type
of assessment in the ESCODD trial ten years earlier [155]. Currently, the
assessment of oxidatively damaged DNA by the enzyme-modified comet
assay is quite robust in individual laboratories, but it is still a challenge
(and limitation) that a consensus on background levels of DNA damage
has not been reached. In fact, the discussion about “realistic levels” of
DNA damage by the comet assay has mainly pertained to various pri
mary descriptors such as whether or not the % tail DNA descriptor is
more informative than tail length or tail moment, two alternative end
points. However, one needs to be an expert in the comet assay to
interpret this kind of difference, whereas reporting the levels of 8-oxo
Gua relative to unaltered guanines or base pairs is much easier to un
derstand [156]. Actually, the conversion of primary comet assay
descriptors to lesions per million unaltered 2′ -dG (or base pairs) were
used in both the ESCODD and ECVAG projects by use of calibration using
ionizing radiation [157]. It could be argued that one of the failures of the
ESCODD and ECVAG projects is they have not been able to convince
fellow researchers that the true numerical value of DNA damage is more
informative than a comet assay-specific descriptor. However, the

3. Methods for measuring nucleic acid biomarkers of oxidative
stress
3.1. Artefactual formation of damage
To fully understand the extent to which such DNA lesions are
involved in disease, methods for their analysis are essential. Numerous
approaches have been applied to the study of oxidatively damaged DNA,
including gas chromatography with mass spectrometry (GC/MS [120]),
LC with electrochemical detection (LC-EC [121]), LC with single- [122],
or tandem [123] mass spectrometry, 32P-post-labelling [124], immu
noassay [125,126], alkaline elution [127] and the Comet assay [128],
plus other methods based upon the nicking of DNA at oxidised nucleo
bases [129], using repair enzymes [130]. However, following the pub
lication of a series of findings from the European Standards Committee
on Oxidative DNA Damage (ESCODD [130–134]) and others [135,136],
DNA extraction and sample workup (e.g., DNA hydrolysis and/or deri
vatisation) were identified as possible sources for the artefactual for
mation of damage, and a number of these techniques fell out of favour
(reviewed by Guetens et al. [137]), and while the possibility of adven
titious oxidation during sample storage and DNA extraction may not
have been ruled out entirely, a number of procedures have been opti
mised to minimise the risk [138]. For example, drying under vacuum or
pre-purification of the analyte using manual SPE (e.g., C18 cartridges)
could lead to a significant, up to three-fold, increase in the levels of
8-oxodG (from 13 to 42 8-oxodG/106 dG in mouse liver DNA). To
effectively prevent the artifacts formed during sample workup, the
simplest approach is to use a direct measurement method involving an
online enrichment/purification technique (e.g., online solid phase
extraction; SPE) [139]. At present, the most widely used assays for the
measurement of oxidatively damaged DNA are LC-MS/MS, the comet
assay, and various immunochemical formats, e.g., ELISA.
4. Measurement of oxidation damage present in cellular nucleic
acids
4.1. LC-MS (/MS)
Although already growing in popularity before ESCODD [140–142],
the ESCODD studies demonstrated that liquid chromatography, coupled
with mass spectrometry is a promising platform with which to study
oxidatively damaged DNA [130]. Strengths of this technique include the
use of stable, isotopically-labelled internal standards, which could ac
count for matrix effects, and provide internal standardization, for more
accurate quantification; the use of quantifier and qualifier ions to pro
vide more reliable identification of the target molecule; a wide range of
potential analytes [143]. Weaknesses of the approach include the
requirement for significant amounts of biological material e.g., tissue, to
obtain sufficient DNA for analysis; the need for extraction and hydrolysis
of DNA, with attendant risks of artefact formation, although these have
been largely addressed [138].
4.2. The comet assay
The comet assay is a single cell gel electrophoresis technique. The
migration of DNA in agarose gels is considered to occur by relaxation of
supercoiled DNA due to strand breaks. Importantly, the comet assay is
adapted to measure oxidatively damaged DNA in mammalian cells by
treatment of the gel-embedded nucleoids with base excision repair en
zymes from either bacteria or human cells. As the repair enzymes excise
the nucleobase lesions, strand breaks are created and thus add to the
DNA migration in the comet assay. These additional lesions are called
5
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contributions and achievements that both ESCODD and ECVAG have
made to the field are considered later on in this article.

cells/tissues.
A more recent antibody application is the mapping 8-oxodG loca
tions in genomic DNA. When this approach was first described, anti
bodies were used for immunodetection of 8-oxodG in metaphase
chromosomes, spread on microscope slides and evaluated using fluo
rescence microscopy [161]. Although this method allowed mapping of
the distribution of 8-oxodG in the genome, the results were limited by
the low resolution of optical microscopy. However, technological ad
vances have led to an improved approach for the detection of modified
nucleobases in genomic DNA, utilizing next generation sequencing after
immunoprecipitation of the damaged regions using anti-8-oxodG anti
body (reviewed in Ref. [162], and considered more in “The Future”
section of this review).
In summary, while immunochemical methods represent a relatively
cheap, fast and potentially high-throughput means of detecting oxida
tively damaged DNA, they are limited by availability of suitable anti
bodies, coupled with their specificity and detection limits, which may
substantially affect quality of the experimental data.

4.3. Methods for the immunochemical detection of oxidatively damaged
DNA
The application of immunochemical methods for the detection of
oxidatively damaged DNA depends upon the availability of antibodies
against the oxidised nucleobases (and/or their corresponding 2′ -dN
moieties) and their optimization for the various types of immuno
chemical approaches. Although numerous types of oxidatively damaged
nucleobases have been described, most of the commercially available
antibodies recognize 8-oxodG and/or 8-oxoGua, and in some cases also
the corresponding ribonucleoside (8-oxoGuo). Therefore, we shall focus
on application of these antibodies, and use the term anti-8-oxodG
antibodies.
Two forms of immunochemical detection methods are most
commonly used: immunohistochemistry/cytochemistry and microplatebased approaches (enzyme-linked immunosorbent assay, ELISA).
Immunohistochemistry/cytochemistry requires fixation of the tissue or
a cell suspension using formaldehyde or a similar fixative. The samples
are then mounted on a microscope slide and permeabilized using de
tergents (e.g., Triton X-100, Tween 20). Proteins and RNA are digested
with proteinases and RNases, and non-specific, antibody binding
blocked using a suitable agent [e.g., fetal calf serum (FCS), or bovine
serum albumin]. The recognition of oxidised nucleobases in DNA is
performed using an appropriate, specific primary antibody. In the case
of 8-oxodG, at least, it is important to denature both the chromatin, and
the nuclear DNA, to allow the primary antibody access to the lesion
[158]. This step is particularly important for cultured cells, and frozen
tissue sections, although not formalin-fixed, paraffin-embedded sections
[158]. An enzyme-conjugated secondary antibody which leads to the
generation of colour/fluorescence. The samples are subsequently
analyzed under a microscope [159]. Although this method allows for the
localization of oxidised DNA in the samples, it is not suitable for precise
quantification of the target/signal and is rather regarded as
qualitative/semi-quantitative.
For quantification of oxidised nucleobases in DNA, ELISA is the
immunochemical method of choice. Commercially available ELISA kits
mostly use the competitive format, in which the competitor, i.e., the
compound recognized by the primary antibody (e.g., 8-oxodG), is bound
to the bottom of the ELISA plate (plate coating). The plate is blocked
with FCS and equal volumes of the samples and the primary anti-8oxodG antibody are added to the wells. Competition for antibody
binding occurs between the 8-oxodG in the sample, and that coating the
plate. After incubation and washing off the unbound samples/primary
antibody, the secondary, enzyme-conjugated antibody is added to the
plate. The detection of the antigen is performed by incubation with a
suitable chromogenic substrate and measurement of the signal using a
microplate reader. The intensity of the signal is inversely proportional to
the concentration of antigen in the sample. The ELISA kits include a
calibration curve, comprised of a range of concentrations of 8-oxodG,
which are added as competitors for the anti-8-oxodG antibody, and
provide greater quantification. In some ELISA experimental protocols,
the DNA to be analyzed is hydrolysed to free 2′ -dN, e.g., 8-oxodG, prior
to incubation with the primary antibody [160], rather than simply using
extracted DNA. Given that the calibration curve is in the format of free
2′ -dN, inclusion of this step is highly recommended. Using unhydro
lyzed, double-, or even single-stranded DNA in the ELISA is unlikely to
provide accurate results, as it is not certain that primary antibody will
have access to every lesion. Additional accuracy can be provided by
separately quantifying the free dG (e.g., by LC-UV), and expressing the
8-oxodG results relative to dG, taking into account the efficiency of
hydrolysis, instead of simply ng/mL of 8-oxodG [160]. Finally, as dis
cussed elsewhere in this review, caution must be taken to avoid arte
factual oxidation of the samples, particularly when extracting DNA from

4.4. Limitations of, and alternatives to, the measurement of solid tissuederived, nucleic acid biomarkers of oxidative stress
Assessment of damage to DNA by methods requiring invasive pro
cedures, e.g., venepuncture to obtain blood samples or tissue biopsy,
imposes severe limitations in (large-scale) human studies, requiring staff
with specialist training, decreasing the likelihood of consent, and
decreasing access to vulnerable populations, such as the very young, or
very old. Furthermore, in the case of whole blood, the blood needs to be
diluted, prior to isolation of the PBMCs by density gradient separation
(preparation of the buffy coat) – which is a time-consuming process. In
an effort to address this, and understanding that the comet assay re
quires a relatively low number of cells per gel (~30,000 cells are added
to the agarose, but only 50–100 comets per gel are scored), we
demonstrated that it is possible to add a pin-prick of blood (5 μL) directly
to the agarose, and score the leukocytes present in the gel [163].
Furthermore, we discovered that, unlike isolated PBMCs, a cry
opreservative did not need to be added to these small volumes of blood
(<250 μL) to prevent the formation of artefactual DNA oxidation
products upon freezing for up to one month [163]. Longer cryopreser
vation periods have not been tested for specific DNA oxidation products,
although the results show that background levels of DNA strand break in
the cells of whole blood samples are not affected after up to five years of
storage in the freezer [164,165]. This work led to further investigations
on applicability of stored, frozen blood samples to the comet assay.
Ladeira et al. (2019) showed that whilst long-term storage of frozen
buffy coat samples in cryostraws, with no cryopreservative was not
suitable for subsequent comet assay analysis, frozen whole blood sam
ples stored in cryostraws, without cryoprotection (the sample storage
method of choice for many biobanks), resists efficiently freezing/th
awing artefact, with minimal increases in strand breaks (but no other
lesion), for at least three months [166]. Taken together, this indicates
that the comet assay and small volumes of whole blood are well suited to
human biomonitoring.
5. Measurement of oxidised nucleic acid products in
extracellular biological matrices
Examining the products of oxidatively generated damage to nucleic
acids in extracellular matrices offers a means by which oxidative stress
may be assessed non-, or at least minimally-invasively, and circumvents
extraction and the associated risk of artefact formation, offering a
number of advantages over examining levels of damage in cellular
nucleic acids. To date, the extracellular matrices in which these bio
markers have been studied include: serum/plasma [167,168], saliva
[167], amniotic fluid [168], seminal plasma [168], follicular fluid [169,
170], breast milk [168], cerebrospinal fluid [171], and, most widely
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Table 1
Overview and basic characteristics of 8-oxodG ELISA kits currently available on the market. Information obtained from webpages of individual manufacturers. N.B.,
We have largely retained the nomenclature used by the manufacturer to describe the kit, which may not be accurate, or indeed correct. Furthermore, the same kit may
be distributed by multiple companies, but it is often impossible to establish whether this is the case, if the kit has been re-branded. Where possible, we have aimed to
identify this.
Kit name

Sample type

Sensitivity

Specificity/cross-reactivity/other
note

Manufacturer

Kit
price

Comment

8-oxo-dG ELISA Kit

DNA, plasma,
urine, saliva
samples

0.57 ng/
mL

Creative
Diagnostics, New
York, NY, USA

Upon
inquiry

No information on experimental
protocol was available at the
manufacturer’s website

New 8-OHdG Check ELISA

Urine from human
and animals

0.5 ng/mL

Japan Institute for
the Control of
Aging (JaICA),
Fukuroi,
Shizuoka, Japan

US$
450

A commonly used kit that includes
the well characterized antibody
N45.1. Manufacturer recommends
for analysis of urine samples, and
was used with our improved
methodology for urine.

Highly sensitive 8-OHdG
Check ELISA

Urine, serum,
tissue and cultured
cells

0.125 ng/
mL

Japan Institute for
the Control of
Aging (JaICA),
Fukuroi,
Shizuoka, Japan

US$
450

A kit similar to the “New 8-OHdG
Check ELISA”, but with higher
sensitivity, manufacturer
specifically recommends for
analysis of serum, tissue and
cultured cells.

High Sensitivity 8-Hydroxy
deoxyguanosine (8-OHdG)
ELISA Assay Kit

Plasma and DNA
extracts from cells
or tissue

0.125 ng/
mL

Cross-reactivity: 8-hydroxydeoxy
guanosine 100%, 8-hydroxyguano
sine ~30%, 8-hydroxyguanine
~20%, 8-mercatoguanosine ~4%,
8-bromoguanosine CMP, guanosine
(Guo), guanine (Gua), 2′ deoxyinosine, N2-methylguanosine
Antibody N45.1. Specific for 8OHdG, tested against 8-OHdG
analogues: Guo, 7-methyl-G, 6-SHG, 8-bromo-G, dA, dC, dT, dI, dU,
dG, O6-methyl-dG, 8-OHdA, Gua,
O6-methyl-Gua, 8-OH-Gua, uric
acid, urea, creatine, creatinine, 8sulfhydryl-G, 8-OH-G.
Antibody N45.1. Specific for 8OHdG, tested against 8-OHdG
analogues: Guo, 7-methyl-G, 6-SHG, 8-bromo-G, dA, dC, dT, dI, dU,
dG, O6-methyl-dG, 8-OHdA, Gua,
O6-methyl-Gua, 8-OH-Gua, uric
acid, urea, creatine, creatinine, 8sulfhydryl-G, 8-OH-G.
Antibody N45.1 (see above).

US$
945

This kit appears to be similar/
identical to “Highly sensitive 8OHdG Check ELISA” by JaICA

DNA Damage (8-OHdG)
ELISA kit

Cell lysates,
plasma, urine

0.59 ng/
mL

Cross-reactivity: 8-hydroxy-2deoxyguanosine (8-OHdG): 100%.
8-hydroxyguanosine (8-OHG):
23%. 8-hydroxyguanine (8-oxoG):
23%. guanosine: <0.01%.

Northwest Life
Science
Specialities,
Vancouver, WA,
USA
StressMarq
Biosciences Inc.,
Victoria, BC,
Canada

US$
399

DNA/RNA Oxidative Damage
(High Sensitivity) ELISA Kit

Urine, plasma,
serum, culture
media, cell lysates,
tissue samples,
saliva

0.30 ng/
mL

Cross Reactivity: 8-hydroxy-2′ deoxyguanosine: 100%, 8-hydrox
yguanosine: 38%, 8-hydroxygua
nine: 23%, guanosine: <0.01%

Cayman Chemical
Ann Arbor, MI,
USA

Upon
inquiry

8-hydroxy 2 deoxyguanosine
ELISA Kit

Cell culture
supernatant, cell
lysate, plasma,
saliva, serum,
tissue extracts,
urine

0.59 ng/
mL

8-OHdG antibody used in this assay
recognizes both free 8-OHdG and
DNA-incorporated 8-OHdG,
concentrations of 8-OHdG reported
by ELISA methodology will not
coincide with those reported by LCMS

Abcam,
Cambridge, UK

€ 795

DNA Damage (8-OHdG)
ELISA kit

Urine, cell culture,
plasma and other
sample matrices.

0.59 ng/
mL

Agrisera, Vännäs,
Sweden

€ 669

8 Hydroxyguanosine (8OHdG) ELISA Kit

Urine, cell culture
supernatant,
serum, plasma,

0.59 ng/
mL

8-OHdG antibody used in this assay
recognizes both free 8-OHdG and 8OHdG incorporated into DNA.
Since complex samples such as
plasma, cell lysates, and tissues are
comprised of mixtures of DNA
fragments and free 8-OHdG,
concentrations of 8-OHdG reported
by ELISA methodology will not
coincide with those reported by LCMS where the single nucleoside is
typically measured. This should be
kept in mind when analyzing and
interpreting experimental results.
8-OHdG antibody used in this assay
recognizes both free 8-OHdG and
DNA-incorporated 8-OHdG. Since

No information on the primary
antibody. No detailed protocol
available. Incubation time of the
samples 1 h, but temperature is not
specified (probably room
temperature).
This kit is also recommended, by the
manufacturer, for detection of
oxidatively damaged RNA. A
competitive ELISA that uses 8-OHdG-acetylcholinesterase conjugate.
No information on primary antibody
provided.
No information on primary
antibody. The manufacturer
explicitly mentions discrepancy
between ELISA and
chromatography. Incubation of the
samples with primary antibody 1 h
at room temperature. (N.B.
Evidence suggests that this will
decrease the kit’s potential
specificity, as incubation at 4 ◦ C
overnight improves Ab binding
specificity.)
The kit’s description suggests
similarity with “8-hydroxy 2
deoxyguanosine ELISA Kit” by
Abcam. Incubation of the samples
with primary antibody 1 h at room
temperature (see above comment).

Arigobio, Hsinchu
City, ROC, Taiwan

Upon
inquiry

The kit description suggests
similarity with “8-hydroxy 2
deoxyguanosine ELISA Kit” by
(continued on next page)
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Table 1 (continued )
Kit name

Sample type

Sensitivity

saliva and cell/
tissue lysate

DNA damage ELISA kit

Plasma, seminal
fluids, cell lysates,
culture
supernatants and
DNA extracts

0.59 ng/
mL

ELISA Kit for 8-Hydroxy
deoxyguanosine (8-OHdG)

Serum, plasma and
other biological
fluids

0.74 ng/
mL

8-hydroxy-2′ deoxyguanosine (8-OHdG)
ELISA Kit

Serum, plasma,
tissue
homogenates,
culture
supernatants and
other biological
fluids
Serum, plasma and
other biological
fluids

0.469 ng/
mL

HT 8-oxo-dG ELISA Kit II

Plasma, urine,
saliva samples and
cultured cells

0.57 ng/
mL

The HT 8-oxo-dG ELISA Kit II
quantifies 8-hydroxy-2′ deoxyguanosine (8-OHdG)
HT 8-oxo-dG ELISA Kit II

DNA, plasma,
urine and saliva
samples
DNA, plasma,
urine and saliva
samples
Serum, plasma,
cell culture
supernatants, cell
lysates, tissue
homogenates
Urine, serum, cells
or tissues

Serum, plasma,
tissue
homogenates, cell
culture
supernatants and
other biological
fluids
Serum, plasma and
other biological
fluids

ELISA Kit for 8-Hydroxy
deoxyguanosine (8-OHdG)

Human 8-Hydroxyguanine
(8-oxo-dG) ELISA Kit

8-OHdG DNA Damage ELISA

8OHDG ELISA Kit

8-OHdG (8Hydroxydeoxyguanosine)
ELISA Kit

Specificity/cross-reactivity/other
note
complex samples such as plasma,
cell lysates, and tissues are
comprised of mixtures of DNA
fragments and free 8-OHdG,
concentrations of 8-OHdG reported
by ELISA methodology will not
coincide with those reported by LCMS where the single nucleoside is
typically measured. This should be
kept in mind when analyzing and
interpreting experimental results.
The DNA Damage ELISA also
detects 8-hydroxyguanosine
(product of oxidative RNA damage)
and 8-hydroxyguanine (product of
oxidative DNA damage by hydroxyl
radicals).
This assay has high sensitivity and
excellent specificity for detection of
8-Hydroxydeoxyguanosine (8OHdG). No significant crossreactivity or interference between
8-Hydroxydeoxyguanosine (8OHdG) and analogues was
observed.
Cross Reactivity: No significant
cross-reactivity or interference
between this analyte and its
analogues was observed.

Manufacturer

Kit
price

Comment
Abcam. Incubation of the samples
with primary antibody 1 h at room
temperature (see above comment).

Enzo Life
Sciences, Inc.,
New York, NY,
USA

Upon
inquiry

No information on primary
antibody. Incubation of the samples
with primary antibody for 1 h at
room temperature (see above
comment).

Cloud-Clone
Corp., Katy, TX,
USA

US$
796

Primary antibody not specified.
Requires incubation of the samples
with primary antibody 1 h at 37 ◦ C
(see above comment).

BioTrend,
BioVision Inc.,
Köln, Germany

Upon
inquiry

No information on primary
antibody. The samples are
incubated with the primary
antibody for 45 min at 37 ◦ C (see
above comment).

This assay has high sensitivity and
excellent specificity for detection of
8-Hydroxydeoxyguanosine (8OHdG). No significant crossreactivity or interference between
8-Hydroxydeoxyguanosine (8OHdG) and analogues was
observed.
N/A

USCN, Wuhan
USCN Business
Co., Ltd., Hubei,
China

US$
796

The kit appears to be identical to
“ELISA Kit for 8-Hydroxydeoxygua
nosine (8-OHdG)” by Cloud-Clone
Corp.

R&D Systems,
Inc., Minneapolis,
MN, USA

US$
962

0.57 ng/
mL

N/A

US$
962

0.57 ng/
mL

N/A

US$
962

The kit is identical to “HT 8-oxo-dG
ELISA Kit II” by R&D Systems, Inc.

2.89 ng/
mL

N/A

Trevigen,
Gaithersburg,
MD, USA
Bio-Techne,
Minneapolis, MN,
USA
MyBioSource, San
Diego, CA, USA

Primary antibody not specified.
Information on possible interference
with “factors” in the samples
compromising the assay. Samples
incubated with primary antibody 1
h at room temperature (see above
comment).
The kit is identical to “HT 8-oxo-dG
ELISA Kit II” by R&D Systems, Inc.

US$
405

0.10 ng/
mL

N/A

Cell Biolabs Inc.,
San Diego, CA,
USA

US$
820

0.27 ng/
mL

N/A

CliniSciences,
Nanterre, France

Upon
inquiry

A non-standard sandwich ELISA. No
information on anti-8-oxodG
antibodies provided. Samples
incubation 1 h at 37 ◦ C (see above
comment).
No information on primary
antibody, no specific samples pretreatment recommended. Samples
should be incubated with primary
antibody for 1 h at room
temperature (see above comment).
The kit is manufactured by Aviva
Systems Biology – see below for
more information.

0.94 ng/
mL

N/A

Elabscience,
Houston, TX, USA

US$
495

0.74 ng/
mL

A competitive format that uses
biotin-avidin-horseradish
peroxidase for detection. Samples
(continued on next page)
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Table 1 (continued )
Kit name

Sample type

Sensitivity

Specificity/cross-reactivity/other
note

Manufacturer

Kit
price

8-Hydroxy-2’
-Deoxyguanosine (8-OHdG)
ELISA Kit

Serum, plasma and
other biological
fluids.

0.94 ng/
mL

N/A

Abbexa Ltd,
Cambridge, UK

€ 669

Human 8-Hydroxydeoxygua
nosine (8-OHdG) ELISA kit

Serum, urine

3.12 ng/
mL

N/A

CUSABIO,
Houston, TX, USA

Upon
inquiry

DNA Damage (8-OHdG)
ELISA Kit

Cell lysates,
plasma, urine

0.59 ng/
mL

BOSTERBIO,
Pleasanton, CA,
USA

US$
390

8OHDG ELISA Kit

Serum, plasma,
tissue
homogenates, cell
culture
supernatants and
other biological
fluids
Tissue, serum,
plasma or urine
samples

0.27 ng/
mL

8-OHdG antibody used in this assay
recognizes both free 8-OHdG and
DNA-incorporated 8-OHdG. Since
complex samples such as plasma,
cell lysates, and tissues are
comprised of mixtures of DNA
fragments and free 8-OHdG,
concentrations of 8-OHdG reported
by ELISA methodology will not
coincide with those reported by LCMS where the single nucleoside is
typically measured. This should be
kept in mind when analyzing and
interpreting experimental results.
N/A

Aviva Systems
Biology, San
Diego, CA, USA

US$
559

N/A

Oxford
Biomedical
Research, Oxford,
MI, UK

US$
1130

8-OHdG Assay Kit

NA

Comment
incubation: 45 min at 37 ◦ C (see
above comment).
The kit appears to be identical with
“8-OHdG(8Hydroxydeoxyguanosine) ELISA
Kit” by Elabscience
No information on primary
antibody. Np specific instructions
for urine samples processing, apart
from centrifugation. The samples
are incubated with primary
antibody for 30 min at 37 ◦ C (see
above comment).
The kit description suggests
similarity with “8-hydroxy 2
deoxyguanosine ELISA Kit” by
Abcam.

The clone of primary antibody not
specified. No specific information
on urine samples processing. Kit
uses 8-OHdG-biotin complex that
should be incubated with samples
for 1 h at room temperature (see
above comment).
No information on experimental
protocol available at the
manufacturer’s website

N/A, information not available.

used of all, urine (reviewed in Refs. [172,173]). LC-MS/MS is the main
methodology for the majority of these matrices, emphasizing the
strength of this approach, although ELISA has been used for serum [125,
174,175], saliva [176–179], sputum [180], follicular fluid [169,170],
and urine [181–184] (for others, see the ELISA section below).

back to thymine and thymidine prior to analysis by HPLC with UV
detection [187]. However, 8-oxodG offered a one thousand-fold greater
detection sensitivity over ThyGly, using LC-EC, plus higher levels in
urine [188], which meant that urinary measurements of ThyGly were
quickly superseded by 8-oxodG, using a variety of LC-EC formats [185,
189–192].
The popularity of LC-EC largely remained, until the development of
mass spectrometry, with its benefits of the use of isotopically-labelled
internal standards, simplifying quantification and accounting for loss
during sample workup (and storage), differences in ionization effi
ciencies due to matrix effects, and confirmation of analyte identity. Also,
more than one analyte could be studied in the same run by LC-MS/MS e.
g., 8-oxoGua, 8-oxoGuo and 8-oxodG, together with the native moieties
(Gua, Guo and dG) [84]. Alternatively, LC-GC/MS could also be used,
with similar benefits to LC-MS/MS e.g., the simultaneous analysis of five
urinary, oxidatively modified DNA products including 8-oxoGua,
5-(hydroxymethy)luracil (5-HMUra), 5-hydroxyuracil (5-OHUra),
8-oxodG, and 8-oxo-7,8-dihydroadenine (8-oxoAde) [193], but also
Gua, and dG [194,195]. Analysis of 8-oxodG using manual SPE prior to
LC-MS/MS [196–198] proved effective, but is time-consuming, and has
been largely replaced by online SPE, which offers automation, and
higher throughput [199], and is suitable for application to other extra
cellular matrices, such as plasma and saliva [200]. It is worth noting
that, while offline SPE for the analysis of 8-oxodG in DNA has a risk of
artefactual formation of 8-oxodG, this is not the case for offline SPE of
urine. More recently, (5′ R)- and (5′ S)-8,5′ -cyclo-2′ -deoxyadenosines
have been identified in urine [201], extending further the repertoire of
oxidatively generated lesions present in urine.

5.1. Measurement of oxidised nucleic acid products in urine
The methods that have been applied primarily to the analysis of
oxidatively damaged DNA lesions in urine are either chromatographic
[e.g., LC-GC/MS (liquid chromatography pre-purification prior to GCMS), LC-MC/MS LC-EC, GC-MS], or immunochemical. The majority of
assays focus upon 8-oxodG as the analyte of choice, although the others
lesions have been reported to be present in urine, either as nucleobase
adducts, or as the corresponding modified 2′ -deoxyribonucleoside.
5.1.1. Chromatographic techniques
Urine is a complex matrix, and therefore the common challenge for
all chromatographic techniques has been to clean-up the urine suffi
ciently to simplify analysis, plus this also extends instrument life. At its
simplest, column switching has meant that, following chromatographic
separation of the urine’s constituents, only the fraction containing the
compound of interest (e.g., 8-oxodG) is applied to the final separation
column and detector, either EC [185,186] or MS [84], and the remaining
material is diverted to waste.
Early studies focused upon urinary thymine glycol (ThyGly), using
boronate, SPE columns to isolate ThyGly and thymidine glycol
(dThyGly) from urine, after which the lesions were chemically reduced
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5.1.2. Immunoassay
For the detection of oxidatively generated lesions, specifically 8oxodG, in extracellular matrices, competitive ELISA represents the
optimal approach. A diverse range of types of samples can be analyzed
by 8-oxodG ELISA. Depending on the ELISA manufacturer, these include
e.g., blood plasma, serum, cell lysates, tissue homogenates, urine, and
DNA extracted from biological material and other matrices. In the
literature, the origin of the ELISAs used has been described either as “inhouse”, or as a ready-to use commercial kit. For the in-house assay, a
microplate is coated with a suitable antigen-protein conjugate usually
prepared by the investigator, and the primary anti-8-oxodG antibody is
obtained from a commercial supplier, or other source [202,203]. Com
mercial kits come with the plates already pre-coated with an
antigen-protein conjugate and thus the experimental protocol is usually
relatively short, consisting of adding the analyzed samples and the pri
mary antibody to the wells, their incubation, washing, adding the sec
ondary antibody conjugated with an enzyme, then developing, and
quantifying the colour, after pipetting substrate into the plate.
Although the in-house ELISA format represents a cost-effective
variant of the assay, comparison of the data generated by this
approach with chromatographic methods shows rather poor agreement
[204,205]. It is therefore advisable to use commercial ELISA kits that
provide better standardization and consistency in the results, not least
derived from the rigours of the manufacturing process. Currently,
8-oxodG ELISA kits are available from over 25 manufacturers/dis
tributors, including the Japanese Institute for the Control of Ageing
(JaICA), Trevigen, R&D Systems, Abcam, Cell Biolabs, Cayman Chemi
cal, Enzo, Oxford Biomedical Research, MyBioSource, Creative Di
agnostics, and StressMarq Biosciences. The kits appear to differ in the
types of samples recommended as being suitable for analysis (serum,
plasma, urine, culture medium, cell lysates, saliva, DNA) and detection
limits (ranging from 0.1 ng mL to 3.12 ng/mL) (summarised in Table 1).
Cross-reactivity of the primary antibody with other compounds is re
ported by some, but not all manufacturers. These interfering compounds
include e.g., 8-oxoGuo, 8-oxoGua and other 8-oxodG analogues, uric
acid, urea, creatinine or creatine. Interestingly, some companies report
no significant cross-reactivity with 8-oxodG analogues, whereas others
note that the primary antibody recognizes not only free 8-oxodG, but
also the nucleoside incorporated in DNA fragments present in complex
matrices (e.g., cell lysates, plasma, tissue homogenates). Some kit in
structions stress that ELISA data do not agree with that reported by
LC-MS/MS. Unfortunately, the name of the clone from which the pri
mary antibody was derived is often not specified, making it difficult to
obtain critical information on the specificity and cross-reactivity of the
assay. However, given differences in the matrices, structures recognized
by the kits’ antibodies and the detection limits, it is reasonable to
conclude that several different primary antibodies are used in the kits.
The kits manufactured by JaICA (i.e., the “New 8-oxodG Check
ELISA”, and the “Highly sensitive 8-oxodG Check ELISA”) use an anti
body named N45.1, which was initially characterized by Toyokuni et al.
[203]. The specificity and usefulness of this antibody has been studied in
a number of individual, and interlaboratory comparisons between ELISA
and chromatographic methods [197,198,204–209]. Thus, kits based on
the N45.1 antibody have known, but well characterized, limitations
which make them the best candidates for studies in which a reasonable
agreement with chromatographic techniques is required.
When compared with chromatographic methods, in particular those
utilizing mass spectrometry, the ELISA has several advantages. It is easy
to perform, does not require expensive equipment, and allows the
detection of DNA lesions in various matrices, usually without the need
for any specific pre-treatment, other than centrifugation to remove
larger contaminants (although, as we note elsewhere in this review,
under ‘Thawing’, the use of centrifugation should be adopted with some
caution). Finally, the method is high throughput allowing analysis of a
significant number of samples per day.
The greatest limitation of ELISA stems from antibody cross-reactivity

with components structurally similar to the target molecule. This applies
not only to urine (see ‘Inter-laboratory comparisons and best practice’,
below), but also to other matrices. Thus, although ELISA appears to
detect 8-oxodG in many matrices, without proper identification of crossreacting compounds, the data should be interpreted with some caution.
5.2. Analysis of secondary DNA products of oxidation reactions in urine
Methodology for analysing secondary products of DNA oxidation
reaction have developed alongside those for primary products, and have
shared similar challenges. For example, the origins of these modified 2′ dN in urine has not been fully demonstrated (discussed in the section
entitled: ‘Improve our understanding of the source(s) of adducts in the
urine’). A number of methods have been developed for the measurement
of lipid peroxidation-induced etheno-DNA adducts in human urine.
These include LC-electrospray ionization (ESI)-MS/MS, and isotope
dilution-gas chromatography-negative ion chemical ionization/mass
spectrometry (GC-NICI/MS) for urinary 1,N6-ethenoadenine (ϵAde)
[210], and the corresponding 2′ dN (εdA), using LC-fluorescence detec
tion [211,212], and LC-MS/MS [213].
3,N4-ethenocytosine (ϵCyt), 3,N4-ethenodeoxycytidine (ϵdC) have
been detected using GC-NICI/MS [214,215], with LC-MS/MS also
detecting ϵdC [216]. Low levels of 1,N2-ethenoguanine have been
detected in the urine of healthy individuals, using LC-ESI-MS/MS, with
higher levels reported in cigarette smokers [217]. There is some evi
dence to suggest that the principal metabolite of M1dG, 6-oxo-M1dG,
might be a suitable urinary biomarker of in vivo oxidative stress [218],
although a recent search of the literature failed to identify a report of its
measurement in urine. However, there is one report of urinary M1dG,
using immune-affinity purification, prior to chemical reduction with
NaBH4 and LC combined with atmospheric pressure chemical ionization
MS/MS [219]. In a limited number of individuals (n = 5), the authors
reported an average 24 h excretion rate of M1dG is about 12±3.8
fmol/kg.
To date, urinary 8-oxodG remains the most widely studied, noninvasive biomarker of oxidative stress-induced damage to nucleic
acids, and in light of this, it will be the basis for much of the discussion to
come, as it is the matrix and biomarker about which most is known. It
may be considered prototypical for other nucleic acid-derived bio
markers in extracellular matrices.
5.3. Risk of artefact formation and stability of nucleic acid biomarkers in
urine
The analysis of biomarkers in extracellular matrices circumvents the
risk of artefactual production of damage, largely through avoiding DNA
extraction, minimising sample workup. Furthermore, other sources of
artefact, such as exposure of nucleic acids, or their constituents, to
metabolic enzymes, or other oxidants, after release into the systemic
circulation, or in the urine (as significant concentrations of hydrogen
peroxide have been reported to be present in urine [220]), appear not to
occur (at least for the DNA moieties studied: dG, 8-oxodG, ThyGly, and
dThyGly) [187,196,221,222]. In contrast, M1G and M1dG both appear
to undergo further oxidative metabolism in rat liver cytosol, with the
nucleobase adduct being a better substrate for such enzymic oxidation
than the 2′ -deoxyribonucleoside adduct [223–225]. There is also some
evidence to suggest that M1G is further oxidised when administered
intravenously, although M1dG was not examined [223].
Urine samples are widely stored, as part of biobanks, and other ap
plications, and as such represent a significant resource for studying
oxidative stress – if 8-oxodG (and other biomarkers) are stable. This
stability was confirmed in a study where urine samples, stored at − 20
◦
C, underwent repeat measurements over a 15 y period, with no
observable increase in 8-oxodG [226]. Also reported is that 8-oxodG is
stable in urine at 25 ◦ C for up to 24 h [227], a finding confirmed by
ourselves (Karbaschi et al. unpublished results), which is useful if study
10
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logistics ‘in the field’, do not allow immediate storage at low tempera
ture. Stability of 8-oxodG and 5-HMUra has also been confirmed for over
two years [227], and up to four months [228], respectively, when stored
at − 80 ◦ C. As for 8-oxoGua, although it is not stable and may undergo
decomposition in a basic solution (<2 d), at − 20 ◦ C, it is relatively stable
in urine for at least 60 days [229].
In summary, it would appear that 8-oxodG, ThyGly and dThyGly,
and probably 8-oxoGua, are not formed artefactually in urine samples of
mammals, including humans, and there is no published evidence for
their degradation upon release. In contrast, there is strong evidence that
M1G and M1dG may undergo oxidation in vivo, either enzymically, or by
some other process in the systemic circulation. Given the availability of
multiple methods of analysis, the benefits of using extracellular
matrices, and the stability of the analyte(s), the measurement of urinary
8-oxodG is widely reported within the literature. However, some dis
crepancies between levels of urinary 8-oxodG reported by some tech
niques were evident from the literature, and a number of academic
researchers, and small-to-medium enterprises, across the globe, formed
a consortium called the European Standards Committee on Urinary DNA
Lesion Analysis (ESCULA), to address this issue.

N45.1 towards the modified nucleobase seems to be negligible, due to its
specificity for the 2-deoxyribose moiety.
Identifying the basis of the discrepancy between ELISA and chro
matographic techniques has proven to be challenging. We have specu
lated that, as chromatographic assays can only detect ‘free’ 8-oxodG,
other compounds structurally related to 8-oxodG, and recognized by
N45.1, may exist and be present in urine [231]. For example, creatinine,
a substance present in urine at various concentrations, has been found to
be recognized by N45.1 [204], as has urea [209], which led to further
discussion of what anti-8-oxodG ELISAs detect [232]. By profiling the
organic compounds present in the urine samples for which there is
greatest discrepancy between ELISA and chromatography, the particular
presence of compounds with aromatic and heterocyclic rings was noted,
as well as a high concentration of saccharides, such as beta-D-galactose
and alfa-D-glucose [205]. It is currently unknown whether these com
pounds originate from a specific (environmental) exposure of the sub
jects who provided the urine samples, or if they are related to some
individual variability in metabolism. As these, albeit not conclusively
identified, components are present in the urine samples even after SPE
purification and discrepancy between the techniques remained despite
application of the steps recommended to improve ELISA (see below),
obtaining a reasonable inter-technique correlation for such urine sam
ples will be impossible.
Several attempts have been made to improve the agreement between
ELISA and chromatographic methods [198,204,206–209]. The most
promising approach included a combination of sample pre-purification
by SPE, strict temperature control during incubation of the samples
with the anti-8-oxodG antibody and normalization of 8-oxodG levels
based on creatinine content [204], for spot urines at least, 24 h collec
tions have not been tested. To achieve optimal inter-laboratory agree
ment, commercial kits from a single manufacturer that use antibody
N45.1 were recommended as, to date, other kits have not been tested
[205]. We published a protocol summarizing the optimization steps and
recommendations for the improved 8-oxodG ELISA in 2013 [204]. Three
years later we reported the results of an inter-laboratory comparison
study in which the improved protocol was tested [205]. Between 2013
and 2020, these articles were cited thirty times, however, of these ci
tations only four studies [233–236] actually reported the adoption of the
recommended optimization steps. In contrast, a PubMed search for a
string “(8-oxodG or 8-oxodG) AND ELISA AND urine” returned 56 ar
ticles published between 2013 and 2020, that used the non-improved
ELISA for detection of 8-oxodG in urine – clearly the steps recom
mended for improving the reliability of the ELISA are being overlooked.
This is a concern as the scientific literature will continue to accumulate
potentially unreliable data on the detection of oxidatively damaged
DNA. The authors, reviewers and readers of such studies should be
cautious when interpreting the data and making conclusions on 8-oxodG
ELISA results, as the result of using a non-specific biomarker of oxidative
stress in molecular epidemiology is attenuation bias due to
non-differential misclassification, as sources other than oxidative stress
occur randomly in the study population.

5.4. European Standards Committee on Urinary DNA Lesion Analysis
Analogous to ESCODD, the task of ESCULA was to identify, and
where necessary/possible, address major factors associated with the
measurement of urinary DNA lesions, using 8-oxodG as the model lesion.
The main goals of ESCULA were to:
(1) Examine inter-laboratory, and intra-technique variation in uri
nary 8-oxodG measurement, and provide recommendations for
preferred techniques and best practice.
(2) Improve our understanding of the source(s) of adducts in the
urine.
The following sections relate to efforts from ESCULA, and others, to
address the above critical issues:
5.4.1. Inter-laboratory comparisons and best practice
A principal source of criticism of ELISA derives from the discrepancy
between chromatographic methods and immunoassay in the determi
nation of ‘background’ or baseline levels of urinary 8-oxodG, in healthy
individuals [230]. This difference can be anywhere between four and
ten-fold, although recent improvements in the JaICA kit (narrowing the
range of the calibration curve, recommendations for strict temperature
control, sample pre-treatment using SPE), have reduced this margin
[204,205]. For the most part, however, 8-oxodG measurements by the
two approaches have shown significant correlation reaching up to r =
0.98, p < 0.001, although this is not always the case (summarised in
Ref. [205]). These studies suggest that both techniques share a common
analyte, with the ELISA recognising additional compounds. As this
discrepancy primarily arises from specificity, or lack thereof, of the
antibody used in the ELISA, it is critical to identify, and therefore report,
the name (i.e., clone) of the antibody used in all studies, to allow for full
data interpretation – some antibodies have greater specificity than
others. For example, the widely used antibody N45.1 is highly specific
for 8-oxodG, rather than 8-oxoGua or 8-oxoGuo [203]. This specificity
derives from discrimination between the C6 carbonyl group of 8-oxoGua
(and the C2 NH2), and the C6 amino group of 8-oxoAde. Furthermore,
unlike many antibodies, N45.1 displays preference for the 2′ -deoxyri
bose moiety of 8-oxodG. The closest identified competitor for this
antibody is 8-oxoGuo, which needs to be present in concentrations two
orders of magnitude higher than 8-oxodG, in order to compete to the
same extent [231]. As the concentration of 8-oxoGuo in urine is similar
to that of 8-oxodG [84], this compound is unlikely to be a significant
competitor [231]. Similarly, whilst 8-oxoGua is present in urine at sig
nificant concentrations (136±12 nmol/24 h), the risk of reactivity of

5.4.1.1. Normalization of biomarker levels to account for variation in urine
concentration. It is widely agreed that 24 h collections are the gold
standard for adjusting urinary biomarker levels [237], although this is
practically and logistically challenging. As a result, 8-oxodG excretion is
usually assessed using spot urine samples, which are then adjusted for
urinary flow using creatinine concentration or specific gravity (SG)
[238,239]. ESCULA made a concerted effort to examine normalization,
and inter-individual variation in urinary 8-oxodG levels, and reported a
number of recommendations [207]: spot urine samples are acceptable
for analysis, with timed samples used, where possible, and expressing
the results as excretion rates (nmol/h). If this is not possible, correction
for creatinine is the next preferred option, which also decreases
intra-individual variability. If first void samples are used, adjustment for
11
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Fig. 3. The potential roles of the Nudix hydrolases, identified to date, that may contribute to the sanitisation of the 2′ -deoxyribonucleotide, and ribonucleotide pools.
Non-oxidised nucleotide precursors may be oxidised, and may then phosphorylated, prior to incorporation into DNA or RNA, by DNA and RNA polymerases,
respectively. 8-oxodGMP cannot be phosphorylated, and therefore when generated as the result of NUDT1 activity, acts as a block, preventing misincorporation of 8oxodGTP into DNA. The corresponding pathways for GTP, are less well established. Note: recent evidence suggests that the contribution of NUDT5 and NUDT15, as
backups for the primary 8-oxodGTPase NUDT1, is negligible.

specific gravity is also a good alternative. When comparing populations,
or examining predictors or treatment effects, creatinine concentrations
should be included in the model for creatinine-adjusted levels. These
recommendations further substantiated earlier findings [240].

DNA nucleobases in extracellular matrices seems clear. The DNA Nglycosylases responsible for removing oxidatively modified nucleobases
are increasingly well defined [17], and have been discussed thoroughly
elsewhere [10]. 8-oxoguanine DNA glycosylase 1 (OGG1) is the major
enzyme involved in the removal of 8-oxoGua from cellular DNA (Fig. 2),
and its significant contribution to urinary 8-oxoGua levels has been
demonstrated [242], although it is clearly not the only contributor.
However, the presence of 2′ -deoxyribonucleoside lesions in extracellular
matrices is very much less well defined, as there are no reports of a single
DNA repair enzyme whose activity yields 8-oxodG. Based upon existing
evidence, we have identified a number of possible DNA repair activities
(Fig. 2) which represent potential contributors to the presence of
oxidatively-modified 2′ -deoxyribonucleosides in urine:
(A) Nudix hydrolases. Given the low discrimination of DNA poly
merases for modified dNTPs there is an imperative for preventing
modified DNA precursors from being incorporated into the genome
(Fig. 2). The best characterised enzyme which performs such a role is the
8-oxo-2′ -deoxyguanosine triphosphatase (8-oxodGTPase [243]) activity
of NUDT1 (aka. MTH1), which hydrolyses 8-oxodGTP to 8-oxodGMP,
and 8-oxoGTP to 8-oxoGMP [244] (Fig. 3). It has been suggested that
further processing, perhaps by 5′ (3′ )-nucleotidases [243], may give rise
to 8-oxodG which, given that it is not charged, we propose can be
removed from the cell, ultimately appearing in the urine. Indeed, there is
evidence that NUDT1 activity is a major source of extracellular 8-oxodG
[245], although studies with various MTH1 inhibitors strongly suggest
backup pathways exist [72], which is consistent with other repair
pathways, such as BER. Indeed, the precise roles of other Nudix hy
drolases such as NUDT15 (MTH2) and NUDT5, which include
8-oxodGTP and 8-oxodGDP (and 8-oxodADP [246]) amongst their
substrates respectively (Fig. 3), remain to be defined fully [247–249],

5.4.1.2. Effect of urine thawing on biomarker levels. The formation of
uncharacterized precipitates frequently occurs in urine samples upon
storage at low temperature (e.g., 4, − 20 or − 80 ◦ C). It is a long neglected
issue whether the uncharacterized precipitates present in urine affect
the analysis of biomarkers of oxidative stress. In the literature, only two
studies have investigated this issue. Bogdanov et al. (1999) showed that
the 8-oxodG can be significantly underestimated, by up to 90%, if the
precipitate was not fully re-dissolved [192]. Ten years later, this work
was followed up by Shih et al. who further demonstrated that the pre
cipitates in frozen urine samples could lead to a significant underesti
mation up to ~100% for 8-oxoGua, and ~86% for both 8-oxodGuo and
8-oxoGuo, and so recommendations for careful thawing of the samples
to avoid this were made [241].
5.4.2. Improve our understanding of the source(s) of adducts in the urine
The presence of both modified nucleobases and modified (2′ -deoxy)
ribonucleosides in urine, and other extracellular matrices, raises the
question of their origins, and the processes that give rise to the presence
in urine. We put forward the following possible sources, using 8-oxodG
and 8-oxoGua as examples, with the possibility that they may be
regarded as prototypical for other adducts, such as the etheno-adducts,
malondialdehyde-derived adducts, ThyGly and dThyGly etc, and their
ribonucleoside equivalents, should they exist.
5.4.2.1. DNA repair. The DNA repair sources of oxidatively modified
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M.-R. Chao et al.

Redox Biology 42 (2021) 101872

although the activity of MTH2 towards 8-oxodGTP seems to have been
largely ruled out by some authors [80,250]. NUDT18 protein (aka
MTH3) further extends the activity of the Nudix hydrolases to include
ribonucleoside moieties, and it degrades 8-oxo-Gua-containing nucleo
side diphosphates to the corresponding monophosphates [251] (Fig. 3).
Considering other modified (d)NTPs, recent evidence shows that the
activity of NUDT1/MTH1 is broader than simply 8-oxodGTP, and other
substrates include O6-methyl-dGTP [78], N6-methyl-dATP [79],
Fapy-dGTP [252], supporting our proposal that the activity of the Nudix
hydrolases, and other Nudix hydrolase-like activities, could be respon
sible for the presence of other modified (2′ -deoxy)ribonucloside prod
ucts in extracellular matrices.
(B) Nucleotide excision repair. Despite appearing to be directed prin
cipally towards bulky lesions, such as cyclobutane thymine dimers
(T<>T), there is some evidence that NER may act upon non-bulky le
sions such as 8-oxoGua [253]. Indeed, the rate of 8-oxoGua removal has
been reported to be comparable to that for T<>T [253], seemingly
generating a lesion-containing oligomer, approximately 24–32 nucleo
tides long [254], appear to be processed further to a smaller,
adduct-containing moiety prior to excretion [255], as T<>T-containing
moieties have been detected in urine [181,256–258]. Similarly, (5′ R)and (5′ S)-8,5′ -cyclo-2′ -deoxyadenosines are present in urine as modified
2′ -dN, and are reported to be removed from DNA by NER [259,260],
albeit with the potential involvement of the BER enzyme Nei-like pro
tein 1 (NEIL1) [261]. Seemingly confirming NER as a potential source of
certain adducts in urine. However, 8-oxoGua-containing oligomers have
yet to be shown to be present in urine [262] implying that further
processing occurs, perhaps ultimately yielding 8-oxodG, or that they do
not exist. However, under normal circumstances, the role of NER in the
removal of 8-oxoGua, and perhaps other small oxidatively generated
DNA lesions, would appear to be negligible [263–267], although results
from NER-deficient xeroderma pimentosum cell lines have not entirely
excluded the possibility [253,264,268,269], and a recent review sug
gests that some proteins involved in NER may facilitate BER of oxida
tively damaged DNA through a form of chromatin remodelling involving
nucleosomes [270]. In a study to more specifically address the contri
bution of NER to urinary 8-oxodG, we noted that levels of urinary

8-oxodG were the same in wild type and mice deficient in GG-NER and
TC-NER, leading us to conclude that these pathways do not contribute to
the presence of 8-oxodG in urine [271]. Unfortunately, the results with
MTH1− /− were inconclusive, preventing us from answering this key
question fully [271]. Nevertheless, NER might be a credible source of
urinary 2′ dN adducts, if those adducts are significant substrates for this
repair pathway.
(C) Endonuclease(s). A poorly characterised endonuclease has been
reported which, because it lacks a glycosylase activity, is predicted to
release 3′ ,5′ -8-oxodGDP [272]. We have previously proposed that this
may be subsequently hydrolysed to 8-oxodG by nucleotidase(s) [273],
although since there appears to have been no further reports related to
this activity, since our last review [172], the importance of this pathway
cannot be determined.
5.4.2.2. Cell death/turnover. It has been stated previously that urinary
8-oxodG does not reflect DNA repair, as it is not a product of BER [274],
which is correct, but it was proposed to be a product of non-specific
nucleases, acting upon DNA released from cell death, liberating dG
which is subsequently oxidised [274]. This overlooks the potential ex
istence of repair pathways, other than BER, which may yield 8-oxodG.
The evidence against a contribution from cell turnover has been
largely anecdotal, such as the reports in which urinary 8-oxodG has been
measured in patients undergoing chemotherapy, with an absence in a
concomitant increase in urinary 8-oxodG, which would be expected if
urinary 8-oxodG arose from cell death/turnover (reviewed in Cooke
et al. [231]). To date, the most decisive argument against the contri
bution of cell death to urinary levels of 8-oxodG and 8-oxoGua comes
from the Olinski group [275], the findings of which are supported by the
conclusions of Weimann et al. which state that the limited excretion of
oligonucleotides into urine argues against oligonucleotides, or indeed
nucleosides, originating from cell death [262].
5.4.2.3. Diet as a source of 8-oxodG in urine. Urine is the extracellular
matrix upon which dietary influence has been most studied because diet
has the potential to make a major impact on the interpretation of results
if the urinary excretion of oxidised nucleic acid products merely reflects

Table 2
Urinary levels of oxidatively generated damage (8-oxodG, 8-oxoGua, 8-oxoGuo) in healthy subjects and patients with various diseases. As the precise sources of 8oxodG, and 8-oxoGua (which could be from DNA-, or RNA-related sources, or both) in urine have yet to be defined, we have broadly labelled their origin as
‘DNA’. 8-oxoGuo is from RNA-related source(s). UPLC = ultra performance liquid chromatography.
‘DNA’ oxidation
8-oxodG (ng/mg creatinine)

8-oxoGua (ng/mg creatinine)
RNA oxidation
8-oxoGuo (ng/mg creatinine)

Healthy controls

Patients

Methods

Ref.

3.68 (n = 61)
2.53 (n = 70)
3.90 (n = 128)

4.58 (n
3.46 (n
4.35 (n
14.6 (n
5.23 (n
4.71 (n
5.41 (n
6.76 (n
4.62 (n
5.27 (n
–
–
14.7 (n
40.2 (n
–

LC-MS/MS
UPLC-MS/MS
LC-MS/MS

[308]
[309]
[241]

LC-MS/MS
UPLC-MS/MS
UPLC-MS/MS
UPLC-MS/MS
UPLC-MS/MS
UPLC-MS/MS
UPLC-MS/MS
LC-MS/MS
LC-MS/MS

[310]
[311]
[312]
[313]
[314]
[109]
[315]
[316]
[241]

LC-MS/MS

[316]

UPLC-MS/MS
LC-MS/MS

[309]
[241]

LC-MS/MS
UPLC-MS/MS
UPLC-MS/MS
UPLC-MS/MS
UPLC-MS/MS
LC-MS/MS

[310]
[313]
[314]
[109]
[315]
[316]

4.13 (n
2.80 (n
-a
–
–
–
2.03 (n
7.83 (n
13.6 (n

= 16)
= 73)

= 60)
= 132)
= 128)

36.3 (n = 132)
3.60 (n = 70)
4.90 (n = 128)
6.80 (n = 16)
–
–
–
5.89 (n = 60)
12.2 (n = 132)

a

= 57; unipolar and bipolar disorders)
= 148; bipolar I disorder)
= 87; COPD);
= 100; patients with mechanical ventilation)
= 46; renal disease)
= 60; breast cancer)
= 12; colorectal cancer)
= 508; cardiovascular disease)
= 2721; type 2 diabetes)
= 609; type 2 diabetes)
= 87; COPD);
= 100; patients with mechanical ventilation)

5.44 (n = 148; bipolar I disorder)
8.0 (n = 87; COPD);
27.6 (n = 100; patients with mechanical ventilation)
15.2 (n = 46; renal disease)
9.87 (n = 508; cardiovascular disease)
7.82 (n = 2721; type 2 diabetes)
9.58 (n = 608; type 2 diabetes)
–
–

Not available.
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the intake of the same compounds from dietary products. The initial
popularity of measuring 8-oxodG in urine, arose from early work that
shows that diet can affect levels of urinary 8-oxoGua, but not 8-oxodG
(discussed in detail by Cooke et al. [231]). More recent evidence
shows that, in humans, neither 8-oxoGua, nor 8-oxodG, are affected by
diet [276], which was confirmed by the results of a study in which
healthy, male volunteers were fed heavily oxidised [15N]-DNA, and first
void, mid-stream urine samples were collected for up to 14 days later
[195]. Neither [15N5]-8-oxodG, nor [15N5]-8-oxoGua were detected in
urine, by LC-GC/MS, and nor was [15N5]-dG and [15N5]-Gua, or indeed
[15N5]-uric acid, the final product of purine metabolism. Combined,
these results provide a compelling argument that diet is not a significant
contributor to 8-oxoGua and 8-oxodG levels in human urine, consistent
with the animal data relating to other 2′ -deoxyribonucleoside lesions
[221], including dThyGly [187], but in disagreement with early data for
8-oxoGua and ThyGly [187,277]. Species differences may account for
this discrepancy, although the focus of our attention must be upon the
more relevant, human data, and earlier animal studies should be
repeated using the highly specific and sensitive mass spectrometric
techniques.

(s) in a target tissue. In this instance, their measurement in surrogate
tissues, or biological matrices is often used, although the validity of this
approach does not appear to have been widely studied. This is perhaps
due to the potential risks of invasively collecting biopsies from healthy
humans. Additionally, tissues obtained from patients may not be
representative of “normal” tissue, even if it is obtained from a site
adjacent to the pathologic tissue.
7.1. Surrogate vs. target tissue
The use of surrogate tissues is justifiable if there is proportionality (i.
e., a correlation) between the biomarker levels in the target tissue and
surrogate. A correlation between levels of biomarkers in the surrogate
and target tissues would be expected in situations where inter-individual
variation is mainly driven by external exposures to damaging agents (e.
g., chemicals or smoking), in which the surrogate tissue is as likely to be
damaged as the target. In this case, absolute values in biomarkers may
differ between the surrogate and target tissue(s), but there would be
proportionality between the levels in surrogate and target tissue.
7.2. Use of a surrogate tissue/matrix to assess generalised, whole body
stress

6. Nucleic acid oxidation in human health and disease
There are a large number of pathological conditions in which
oxidative stress has been proposed to have a role. Urinary biomarkers of
oxidative stress offer the means by which this stress could be monitored
via a non-invasive route and they may also have the potential to act as
biomarkers of disease development risk, or assess the efficacy of ther
apy. Therefore, accurate and straightforward measurement of these
biomarkers would be of great benefit to achieve a better understanding
of the role of this damage in disease, as well as to establish reference
ranges for clinical application. Table 2 summarises the urinary levels of
oxidative stress biomarkers (8-oxodG, 8-oxoGua, and 8-oxoGuo) in
healthy subjects and patients with various diseases, as reported in the
recent literature. The urinary levels of 8-oxodG, 8-oxoGua and 8-oxoGuo
were chosen mainly because oxidative stress induces oxidation of DNA
and RNA predominantly at the guanine moiety. These data were
included from the works published in recent years and measured with
LC-MS/MS. From the studies noted in Table 2, the reference ranges in
urine of healthy subjects were 2.03–7.83 ng/mg creatinine for 8-oxodG,
13.6–36.3 ng/mg creatinine for 8-oxoGua and 3.60–12.2 ng/mg creat
inine for 8-oxoGuo. Despite that the same analytical technique was used,
some variations were still noted, which may be attributed to differences
in race, age, gender and smoking status. When compared to the healthy
subjects, the patients with various diseases had about 1.1–3.7 times the
levels of 8-oxodGuo, 1.1–3.0 times of 8-oxoGua and 1.5–5.6 times of 8oxoGuo higher levels in urine. Notably, of these three biomarkers, the
biggest difference between healthy subjects and patients was seen for
urinary 8-oxoGuo level, implying that 8-oxoGuo exhibited a superior
ability to discriminate between the patients and the healthy subjects,
compared to 8-oxodG or 8-oxoGua. Nevertheless, to date, there are no
clear cut-off values for the above biomarkers for active diseases,
partially owing to the considerable inter-individual variation observed
in the urinary levels of adducts.
In addition to the urinary ranges for healthy adults, the urinary
ranges of oxidative stress biomarkers in children have also been re
ported, although there are fewer of these studies in the literature. The
reference urinary ranges are 2.63–4.61 ng/mg creatinine for 8-oxodGuo
[278–280], 5.58–12.5 ng/mg creatinine for 8-oxoGuo [280–282], and
11.5–17.8 ng/mg creatinine for 8-oxoGua [281,283].

Under baseline, healthy conditions, i.e., in the absence of a single
organ, or organ system being under “pathological” oxidative stress, as a
result of pathogenesis, the measurement of biomarkers in certain sur
rogate tissues, or matrices, seems to be justifiable as proxies for whole
body, or systemic effects. For example, PBMC spend a significant pro
portion of their lifetime outside of the systemic circulation, and in the
peripheral tissues. In this regard, they are likely to be exposed to the
oxidative stress within those tissues, and hence likely to represent sys
temic oxidative stress, rather than that derived from a particular organ.
In the case of nucleic acids, or DNA at least, and as discussed herein,
it is understood that the products of the repair of oxidative stressinduced damage (from all tissues) ultimately appear in urine. In this
regard, urinary biomarkers will also represent systemic oxidative stress
(or eustress, under baseline, healthy conditions), rather than that
derived from a particular organ. What seems more difficult to determine
is whether, under these conditions, one organ contributes more to the
systemic measure of oxidative stress, than another. However, there is
some evidence that the skin (under ambient UV exposure) may be a
significant contributor [284,285], but this subject has not been studied
extensively.
7.3. Is it possible for “local”, pathological oxidative stress in a single
organ to influence systemic levels?
Under disease conditions, it seems possible that increased oxidative
stress in a particular organ could increase the systemic levels of oxida
tive stress e.g., in PBMC or urine. Size of the organ, and extent of the
oxidative stress in that organ, will be among the factors influencing
whether localized oxidative stress impacts systemic measures. This is
demonstrated in many studies in the literature, for example the presence
of chronic lung inflammation (e.g., chronic obstructive pulmonary dis
ease, COPD) has been found to significantly increase the urinary levels of
oxidative stress biomarkers up to two times [241,286], and critically ill
patients on mechanical ventilation in intensive care units have
approximately three times higher levels of oxidised nucleic acids prod
ucts in urine, compared to COPD patients [241].
When it comes to interpretation of elevated PBMC or urinary levels
of biomarkers of oxidative stress, knowledge of a pre-existing disease,
can lead to the assumption that the disease is responsible for the
elevation. Indeed, this has led to various reports in the literature where
successful correlations between surrogate or systemic levels of bio
markers and target tissue levels have been made (e.g. Refs. [287–289]),
apparently validating this approach. However, in the absence of that

7. Perspectives on the interpretation of biomarkers of
oxidatively generated damage to nucleic acids in surrogate
tissues or biological matrices
It is often difficult, or impossible, to measure a particular biomarker
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knowledge of pre-existing disease, at the present it seems impossible to
ascribe elevated levels to any particular organ.

continue. Improvement to the ELISA approach have been made, that
achieve greater agreement with values obtained by the gold standard,
LC-MS/MS [204,205], and it is recommended that these method im
provements are incorporated into ELISA for 8-oxodG generally. Work
on-going from ESCULA’s aim to define the provenance of urinary
8-oxodG, is narrowing down potential sources, seemingly, to the dNTP
pool, by ruling out contributions from TC-NER and GG-NER [271]. Work
related to the aims of ESCULA has effectively ruled out other potential
sources, diet [195,276], and cell turnover [262,275].
In hindsight, it seems odd that so many reports in the literature
continue to measure a biomarker for which we are, only now, getting
some idea of from where it comes. This issue makes it challenging to
define urinary 8-oxodG. Many in the literature describe it as a biomarker
of DNA damage, but in the absence of any reported process that gen
erates 8-oxodG from DNA, this does not seem accurate. In contrast, the
sanitisation of the dGTP pool seems more likely, albeit not yet a proven
source.
The work of ESCULA collectively, individual members, and related
studies, has done much to advance the analysis and understanding of
urinary 8-oxodG, and other adducts in urine. Indeed, the lessons learnt
have informed on an emerging, new generation of analysis, that of uri
nary DNA adductomics.

8. The future
8.1. The legacy of ECVAG
The ECVAG trials culminated in the general notion that the Fpgmodified comet assay is a robust way of measuring oxidatively
damaged DNA, but there is inter-laboratory variation in the reported
levels of Fpg-sensitive sites in human PBMCs and other cells and tissues.
Especially, it has been clear that advances in comet assay research arise
as a consequence multi-laboratory projects. One such project was the
ComNet, which was launched in 2012 as a network of researchers using
the comet assay in biomonitoring [290,291]. This was superseded by the
“comet assay in human biomonitoring” (hCOMET) consortium that
among a number of objectives aimed to:
(1) collect results of individual human population studies and create
a unified database of comet assay data relating to human health
and disease,
(2) determine the experimental factors affecting the performance of
the assay and therefore its reliability and reproducibility,
(3) provide guidelines for best practice in design of human popula
tion studies, and in performance of the comet assay, and
(4) encourage the use of standard protocols to facilitate the com
parison of results from different studies.

8.3. Urinary DNA adductomics and the targeted analyses of biomarkers
of oxidative stress
As is evident from this review, currently the study of oxidative stress
is comprised of targeted analyses – one, or several, biomarkers are
analyzed simultaneously. However, given that, in the case of DNA, over
70 forms of oxidatively generated damage exist, clearly a lot of infor
mation is being lost. To see the bigger picture, a more comprehensive
analysis must be performed. The untargeted analysis of DNA damage
(DNA adductomics [299]) means that there is no preconception as to
what adduct(s) is important, and therefore all of the adducts present
must be measured. The principle of cellular DNA adductomics works to
use mass spectrometry to filter and detect all damaged 2′ -deoxy
ribonucleosides (2′ -dN), from the undamaged, following enzymatic hy
drolysis of the DNA [299]. But, for any adducts that can be formed
artefactually during DNA extraction and workup, such as oxidatively
generated damage, this approach has all the potential limitations of, and
need for precautions as, targeted analysis.
Given our experience with urinary 8-oxodG, 8-oxoGuo, and 8-oxo
Gua, we applied our methodology for cellular DNA adductomics [300]
to urine. As noted above, the benefits of using urine are clear:
non-invasive, easily collected, transported and stored with low biolog
ical hazard, no pre-processing is needed prior to storage, small volumes
are required, and adduct stability is high, allowing the use of biobanked
samples. Additionally, sample workup is simpler than for DNA, no
extraction, hydrolysis or risk of artefactual formation of damage. Urine
therefore represents a matrix which contains the totality of adducts,
arising from repair in the cells of the entire body, producing levels
significantly higher than in individual tissues, plus reflecting a totality of
exposures. Our initial method comprised the analysis of urinary
damaged 2′ -dN only. Noting that we were missing damaged nucleobases
(the products of BER) from our analyses, we extended the method for
their inclusion [301].
Urinary DNA adductomics provides a more comprehensive picture of
whole-body levels of DNA damage, and its repair, than targeted ap
proaches, and clearly has numerous strengths. However, we feel that, for
now at least, it will not replace targeted analyses of biomarkers of
nucleic acid oxidation.

The work of hCOMET has led to technical recommendations of the
enzyme-modified comet assay [292], and detailed reviews on the use of
the comet assay for assessment of oxidatively damaged DNA and BER
activity in human biomonitoring studies [293,294]. A rather striking
outcome is also the Minimum Information for Reporting Comet Assay
(MIRCA) recommendations, which has been fostered to increase the
quality and impact of comet assay results, including oxidatively
damaged DNA [295]. Alongside this effort, there has been a gentle push
for comet assay researchers to use and report assay controls in their
experimental procedure as only about 20% of published articles mention
the use, or show results from assay controls [296,297]. One of the
problems has been that positive controls for the assessment of oxida
tively damaged DNA by the comet assay have not been thoroughly
tested. The photosensitizer Ro19-8022, which was used by the ESCODD
and ECVAG ring trials, is not widely commercially available, and can be
relatively difficult to find. Work performed after the ECVAG studies has
identified potassium bromate as a good positive assay control for the
hOGG1-and Fpg-modified comet assay [298]. The stability of potassium
bromate-induced DNA damage in cryopreserved samples is currently
being investigated, which would be a crucial aspect of any human bio
monitoring or clinical study [298].
8.2. The legacy of ESCULA
Further to the publication by ESCULA in 2008 [172], it is useful to
review what progress has been made. There remains a pressing need for
non- or minimally-invasive biomarkers of oxidative stress that are suf
ficiently validated to be applied to large scale, molecular epidemiology
studies. For 8-oxodG, as a prototypical nucleic acid-derived biomarker
of oxidative stress, ESCULA delivered on recommendations for the most
robust and reproducible methods for analysis (LC-MS/MS), but
acknowledged that there had been much improvement in some ELISA
measures [207]. Using these techniques, ESCULA demonstrated that
good inter-laboratory agreement was achievable, and also made
recommendation for the optimal means of correcting biomarker values
for variation in urine concentration [207].
Although ESCULA has achieved the goals that required action by the
entire cohort of laboratories, efforts in smaller groups of laboratories

8.4. Mapping oxidatively damaged DNA across the genome (DNA
adductomics)
There is good evidence to support the proposal that critical DNA
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Fig. 4. Our proposed concept of a nucleotide-resolution, sequencing platform for mapping and identification of oxidatively generated DNA lesions by integrated,
nanopore technology, cellular DNA adductomic analysis, and machine learning algorithms.

modifications (e.g., oxidatively damaged DNA/RNA) may occur at
specific DNA sequences or chromatin structures. Present MS-based
methods all require the hydrolysis of DNA to allow for the analysis of
the modified (2′ -deoxy)nucleosides, and therefore any information
regarding the sites of the modifications is lost. It has been suggested that
targeted DNA adduct detection or non-targeted detection (i.e., DNA
adductomics) should be combined with genomic-wide sequencing to
correlate DNA adduct formation with biologically important mutations
[302], and other downstream effects of the presence of adducts. As
noted above, under “Immunochemical Techniques”, antibodies have
been used to detect site-specific damage, at varying nucleotide resolu
tion, and more recently a number of next generation sequencing
(NGS)-based methods have emerged for detecting various types of DNA
damage and repair across the entire genome at nucleotide resolution for
example [303], and reviewed in Ref. [304]. Nevertheless, NGS-based
methods are based on short-read sequencing approaches (~50–300 bp
reads) and generally need enrichment of the damage DNA regions, and
PCR amplification. In contrast, the development of the third-generation
sequencing technologies (also called long-read sequencing), such as
Oxford nanopore sequencing, can give extremely long reads (~500 bp to
the current record of 2.3 Mb [305]) and do not require PCR amplifica
tion. Lately, such an approach has undergone preliminary testing to
detect the oxidation of cytosine, adenine and guanine [306,307]. These
new sequencing techniques still need further development and await
experimental verification. For example, nucleobases are identified by
measuring changes in the electric current across the surface of the
nanopores. In order to distinguish not only the four canonical nucleo
bases (Ade, Thy, Gua, Cyt), but potentially other types of nucleobases
(including modified ones), it is necessary to synthesize various oxida
tively modified DNA nucleobases in a DNA strand to train the device to
recognize/characterize the features (ionic current signature) of the
modified DNA nucleobases. Such machine learning processes will also
involve the use high-resolution mass spectrometry for the identification
of the oxidatively generated DNA adducts, and base-calling algorithm
(Fig. 4). Overall, these sequencing advances have led us to believe that

in the future we will be able to detect the DNA lesions together with their
precise locations within the entire genome, and thereby look into the
black box which hides the mechanisms linking damage with disease.
9. Conclusions
The measurement of biomarkers of oxidatively generated damage to
nucleic acids, in DNA/RNA, and blood/urine (and other extracellular
matrices) is well established, and a number of techniques have emerged
as gold standards, principally LC-MS/MS and the comet assay,
depending upon the investigator’s needs, and matrix of choice. The
study of these biomarkers has established a potential role for oxidatively
generated damage to nucleic acids in a wide variety of diseases, and the
aging process. However, there is a “black box” that prevents the
demonstration of how the formation of damage leads to disease.
Emerging adductomics approaches, i.e., mapping damage across the
genome, and studying the totality of adducts in nucleic acids, offers the
potential to better understand how damage leads to downstream events
that lead to pathogenesis.
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