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Abstract: DNA damage in the brain is influenced by endogenous processes and metabolism along
with exogenous exposures. Accumulation of DNA damage in the brain can contribute to various
neurological disorders, including neurodegenerative diseases and neuropsychiatric disorders. Tradi-
tional methods for assessing DNA damage in the brain, such as immunohistochemistry and mass
spectrometry, have provided valuable insights but are limited by their inability to map specific
DNA adducts and regional distributions within the brain or genome. Recent advancements in DNA
damage detection methods offer new opportunities to address these limitations and further our
understanding of DNA damage and repair in the brain. Here, we review emerging techniques
offering more precise and sensitive ways to detect and quantify DNA lesions in the brain or neural
cells. We highlight the advancements and applications of these techniques and discuss their potential
for determining the role of DNA damage in neurological disease.

Keywords: DNA damage; DNA damage response; DNA repair; neurodegeneration; neurological
disease; fluorescent microscopy; DNA adduct; immunohistochemistry; mitochondria; spatial mapping
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1. Introduction

DNA is continuously exposed to endogenous metabolites, exogenous chemicals, and
toxins, creating diverse DNA lesions and strand breaks. Detection and repair of this DNA
damage is essential to maintaining genomic stability, and cells have developed complex and
highly regulated DNA damage signaling and repair pathways. In the brain, these pathways
take on increased importance due to the high transcriptional activity and energetics of
post-mitotic neurons, which comprise a significant portion of the central nervous system.
These long-lived cells are vulnerable to exogenous exposures stemming from our lifestyle
behaviors and environments and susceptible to elevated reactive species from endogenous
metabolic processes.

Importantly, some forms of DNA damage in neurons play essential physiological roles
in memory and learning. Inducing neuronal activity increases double-strand breaks (DSBs)
and leads to the upregulation of immediate early genes (IEGs) while increasing DSBs and
inhibiting DSB repair impair long-term memory and altering IEG expression [1–7].

Beyond the physiological role of DNA damage within neurons, DNA lesions and
strand breaks must be dealt with quickly and effectively in neurons as well as other
neural cell types, i.e., astrocytes, oligodendrocytes, and microglia, to avoid triggering
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senescence and cell death. The accumulation of DNA damage, particularly oxidative
lesions, single-strand breaks (SSBs) and DSBs, is strongly associated with aging and
neurodegeneration [8,9].

While the associations between elevated DNA damage and reduced DNA repair in
neurodegeneration and neuropsychiatric diseases are well documented, numerous DNA
damage response (DDR) mechanisms drive these changes, including alterations in DNA
repair pathways, changes in chromatin structure, and post-translational modifications
regulating chromatin, DNA repair, and protein degradation pathways [10–13]. These highly
critical processes play critical and often interrelated roles in maintaining genomic integrity,
and alterations in their function promote the accumulation of DNA damage, genomic
rearrangements, and mutations. These outcomes compromise neural cell function, induce
apoptosis, or promote increased cell proliferation and growth [1,14,15]. As a result, the
accumulation of DNA damage within the brain is associated with a number of pathologies,
including those triggered by traumatic brain injuries and cerebral ischemic strokes [16–18].

Neurological disorders, including cerebrovascular events, neurodegenerative, and trauma,
have some of the highest rates of morbidity, disability, and mortality globally [19]. In 2019, neu-
rological disorders were responsible for nearly 10 million deaths and 349 disability-adjusted
life-years (DALYs) lost globally [20,21]. The increasing burden of neurological disorders
stemming from population increases, growing life expectancy, urbanization and environ-
mental exposures is increasing the healthcare and economic burden globally [22]. Therefore,
understanding the etiology of these disorders and developing improved diagnostics and
therapeutics is increasingly critical.

The progressive accumulation of DNA damage is a common feature of these disorders
and aging [23–27]. Therefore, mapping and measuring DNA damage within the brain
may offer tools for early diagnosis, assessment of progression, and evaluation of the
effectiveness of drug therapies. Of note, there is increasing evidence that elevated levels of
DNA damage, including oxidative lesions, contribute significantly to cognitive impairment
in major psychiatric disorders like depression, bipolar disorder, and schizophrenia [28–33].
Post-contextual fear training administration of Amifostine (WR-2721), which reduces
DSBs, affects long-term contextual fear memory, while administrations of etoposide, which
increases DSBs, affects contextual and cued fear memory [34]. Amifostine also mitigates
cognitive injury induced by simulated space irradiation in male, but not female, mice [35].
These findings demonstrate DNA damage’s complex role in the brain and the importance
of measuring changes in DNA lesion types and amounts within specific brain regions.

Several comprehensive reviews have been published discussing the role of DNA dam-
age in neurodegenerative disease and neuropsychiatric disorders (see [8,28]). However, our
inability to precisely analyze the DNA damage and map specific DNA damage lesion types
with anatomical- or cell-specific accuracy has hampered our understanding of the extent
and persistence of DNA damage in the brain and its role in neurodegeneration and neu-
rodevelopment. The most commonly used methods and techniques to assess DNA damage
in the brain focus on direct measurement of the oxidative lesion 8-oxo-7,8-dihydroguanine
(8-oxoG) or indirect measurements of strand breaks using phosphorylated H2AX (γH2AX).
While these methods have been used for decades to provide critical insight into DNA
damage in the brain, they limit a more detailed assessment of the role environmental agents
and other inducers of DNA lesions play in aging or neurological disorders.

Significant advancements in DNA damage detection methods have occurred over the
past ten years, accelerating our knowledge of DNA damage in numerous tissues, including
the brain. Here, we briefly review the emerging DNA damage detection methods that
have offered new insight into DNA damage and repair in the brain. Further, we offer a
perspective on new avenues to advance our understanding of DNA damage in the brain
and its potential as an early indicator of neurological disorders.
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2. DNA Damage Detection Strategies
2.1. Existing Strategies for the Detection of DNA Lesions within the Brain

DNA damage characterization within the brain is most frequently carried out by
immunoblotting, immunohistochemical, or immunofluorescent staining for 8-oxoG and
γH2AX (Table 1). Numerous reports have demonstrated elevated levels of oxidative DNA
damage and DNA strand breaks within brain sections of rodents and humans. While these
examples are not exhaustive, elevated brain levels of γH2AX are observed in aging [36,37],
Alzheimer’s disease [38–40], Parkinson’s disease [41,42], Huntington’s disease [43,44],
excitoneurotoxicity and seizures [45,46], and in healthy brains in response to activities that
stimulate learning and memory [1,3]. Elevated levels of γH2AX have also been detected
in peripheral blood mononuclear cells (PBMC) of patients with Huntington’s disease [47].
When combined with measurements of p53-binding protein 1 (53BP1), an additional marker
for double-strand breaks in the brain, these markers can discriminate the repair of DSBs by
homologous recombination (HR) and non-homologous end-joining (NHEJ) [41,48,49].

Table 1. Summary of detection strategies for assessing DNA damage in the brain.

Methods Advantages Limitations Refs

INDIRECT

Immunoblotting - Multiple DDR and
DNA repair proteins
- Compatible with
surrogate
blood markers

- Specificity of antibodies
for protein targets

[41,48–53]

Immunohistochemical - DDR and DNA
repair proteins
- Compatible with
surrogate tissues
or cells

- Specificity of antibodies
for targets of interest
- Differences in tissue
processing methods for
detection
- Surrogate markers may
not reflect 1:1 events in
the brain

[1,3,36–46,48,49]

ChIP sequencing
methods

- Robust capture
methods and
established
techniques
- Compatible with
DDR proteins or
specific
DNA repair proteins
or pathways

- Position of lesions
less precise
- Need for
high-specificity antibodies
- Need for adequate control
for evaluating DNA versus
DNA damage interactions
- Surrogate markers may
not reflect 1:1 events in
the brain
- Significant input of
material and limits of
detection for
low-prevalence events

[1,2]

Fluorescent reporters - Assessment of DNA
repair capacity
- Exploit specific
repair
mechanism (PRISM)

- Artificially induces DNA
damage (I-SceI)
- Post-event monitoring for
genotoxic exposures

[54–58]

PCR - Mitochondrial DNA
damage assessment
- Compatible with
surrogate
blood markers

- Specific DNA lesions
cannot be identified
- Surrogate markers may
not reflect 1:1 events in
the brain

[59–71]
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Table 1. Cont.

Methods Advantages Limitations Refs

DIRECT

Immunohistochemical/
Immunofluorescence

- Identify specific
lesions

- Specificity of antibodies
for DNA lesions
- Unwinding of DNA to
detect lesions in situ

[61,72–84]

Mass Spectrometry - Larger number of
DNA lesions detected
from
oxidative to acrolein

- A significant amount of
brain tissue for
DNA isolation
- Need for
isotopic standards

[78,85–90]

Comet Assay - Strand breaks and
abasic sites
- Ability for single
nucleoid analysis
- Specific DNA lesions
are detected when
combined with DNA
repair enzymes or
treatment strategies

- Mixture of
lesions detected
- Crosslinks and DNA
protein crosslinks need
specific protocols
for detection
- Not compatible with
formalin-fixed samples

[87,88,91–96]

HPLC - Lesion detection
within genomic DNA
- Lesion detection in
mitochondrial DNA
with specific isolation

- Significant amount of
brain tissue genomic or
mitochondrial DNA
- May require specialty
columns or enhanced
separation methods
- May require standards

[78,97–99]

Adapter or
lesion-specific

sequencing
techniques

- Robust capture
strategies using click
or biotin chemistry
- Specific labeling of
DNA lesion targets
through end breaks,
lesion sites,
or synthesis
-Modifiable and
adaptable protocols
for analysis
integration with
single cell or
other approaches

- Need for high specific
antibodies for specific
DNA lesions
-Enzyme-mediated
methods detect lesion
classes based on specific
enzymes used
-Variable amount of DNA
may be needed based on
the desired analysis
method

[100]

Enzyme-mediated
labeling or

sequencing strategies

- DNA repair
enzymes allow
specific lesion class
detection
-Modifiable and
adaptable protocols
compatible with
spatial imaging or
transcriptomics
- Compatible with
isolated DNA, cells,
or frozen or
formalin-fixed tissues
- Single nuclei
analysis possible

- Lesion classes may be
large depending on the
enzymes used
- Optimization for specific
tissue and cell types may
be required

[101,102]
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Direct lesion detection through immunoassay, enzymatic labeling, or mass spectrom-
etry is also conducted. Elevated abasic sites have been detected within brain tissues and
isolated DNA using an aldehyde reactive probe (ARP) in Parkinson’s disease, amyotrophic
lateral sclerosis (ALS), and after ischemic/reperfusion injuries [61,72,73]. Elevated aba-
sic sites were frequently detected in conjunction with increased levels of 8-oxoG, a more
commonly quantified marker [72,73]. Elevated 8-oxoG levels are observed in the brain
and other tissues of aged individuals [74–76] as well as those with Alzheimer’s [77–80],
Parkinson’s [81,82], Huntington’s [83], and other neurological diseases [84]. With the desire
to monitor lesion levels over time, measurements of 8-oxoG levels in the serum, urine, or
cerebrospinal fluid (CSF) have also been explored as markers of oxidative stress in the brain.
Significant elevation of 8-oxoG levels in the serum, urine, or cerebrospinal fluid from aging
individuals or those with neurodegenerative disease or brain injury offers the opportunity
for longitudinal monitoring of lesions during disease progression [85,95,103–105].

High-performance liquid chromatography (HPLC) and mass spectrometry (MS) are
other longstanding techniques to measure 8-oxoG levels in the brain and other tissues of pa-
tients [78,85,97–99]. MS has also been used to measure elevated levels of 8-hydroxyadenine
(8-OHA), 5-hydroxycytosine, thymine glycol, 5-hydroxyuracil, 4,6-diamino-5-formamido-
pyrimidine (FapyAde), and 2,6-diamino-4-hydroxy-5-formamidopyrimidine of 2′-deoxygua-
nosine (FaPyGua) in various Alzheimer’s disease brain regions [78,86]. Other MS meth-
ods have been used to measure peroxidation and exposure-related adducts like acrolein-
deoxyguanosine and trans-4-hydroxynonenal (HNE) with 2′-deoxyguanosine (HNE-dG)
in the brain of Alzheimer’s patients [87,88]. Another MS method detects N7-guanine-
2-chloroethyl-ethyl-sulfide after mustard gas exposure in mice [89]. Increases in O6-
methyldeoxyguanosine (O6-mG) DNA lesions were also measured after exposures to
methylazoxymethanol (MAM), a metabolite of the cycad plant genotoxin cycasin [90]. Di-
etary or medicinal exposure to MAM is reportedly an etiological factor for Western Pacific
amyotrophic lateral sclerosis and parkinsonism-dementia complex (ALS-PDC), a prototypi-
cal neurological disorder with neuropathological features of ALS, atypical parkinsonism,
or an Alzheimer-like dementia [90].

As DNA adductomic techniques advance, they may identify additional DNA lesions
in the brain of animal models, the human brain, and surrogate biological fluids link-
ing endogenous and exogenous exposures to neurological diseases [106,107]. More than
200 chemicals are known to cause neurotoxicity, and many more are predicted to cause
neurological disorders. The lack of specific antibodies for DNA lesions beyond 8-oxoG,
6,4-photoproducts, cyclobutane pyrimidine dimers, and thymine dimers, and the need to
develop MS methods and isotopic dilution techniques for identification of specific DNA
lesions in the brain currently limits our understanding of the implications of specific lesions
in neurological disorders.

While not lesion-specific, a more precise assessment of DNA damage can be achieved
by examining strand breaks and abasic sites using single-cell gel electrophoresis (Comet
assay) [108]. Isolated nuclei from the parietal cortex and the caudate putamen of rats were
shown to have elevated tail moments after the induction of ischemic injury [91,92]. Neurons
and astrocytes isolated from aging rats also showed elevated tail moments by alkaline and
neutral comet assays as a function of age. Modification of the comet assay to include en-
zyme treatment with 8-oxoguanine DNA glycosylase (OGG1) and uracil DNA glycosylase
(UDG) showed a further increase in tail moments, confirming elevated oxidative and uracil
lesions in aging brains [93]. Comet assays have also been used to assess genotoxic lesions
in the brains of mice and rats from irradiation, chemotherapy, or other environmental
exposures [87,88,94]. For human samples, comet DNA damage measurements typically
occur in surrogate blood cell markers, like lymphoblasts, leukocytes, or buffy coat [95,96].
A compendium of comet protocols was recently published [108], and there are additional
examples of applications of the comet assay to isolated brain cells or tissue to measure basal
or induced DNA damage for biomonitoring or monitoring disease progression [91,92].
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Lastly, DNA damage is commonly inferred in the brain by changes in DNA repair
proteins. Mutations or loss of function in DNA repair proteins like aprataxin (APTX),
tyrosyl-DNA phosphodiesterase 1 (TDP1), or ataxia telangiectasia mutated kinase (ATM)
have well-known associations with neurodegenerative diseases. Next-generation whole
tissue and single-cell sequencing efforts have focused on exploring the mutational land-
scape in neurological diseases. Mutational signatures identified by these efforts may
offer insight into genotoxic exposures, like temozolomide, which induce DNA damage in
the brain [109,110]. Additionally, many studies have characterized the gene and protein
expression levels of DNA damage response and repair pathways. Key takeaways are
diminished capacities for base excision repair through loss of OGG1, O6-methylguanine-
DNA methyltransferase (MGMT), or other glycosylases [50,51]. Reduction in single-strand
break repair and NHEJ proteins have also been measured, consistent with the high strand
breaks measured by the abovementioned techniques [52,53]. Given the indirect nature
of these characterizations on DNA damage levels, we refer the reader to many reviews
detailing the alterations in DNA repair pathways and their potential implications for aging,
neurodegeneration, and neuropsychiatric disease [8,9,23,111,112].

2.2. Sequencing-Based Methods

Beyond understanding the increased prevalence of specific DNA lesions, there is also
substantial interest in mapping genomic sites more susceptible to these lesions and their
resulting influence on gene expression, mutations, and translocations. Mapping of specific
DNA damage sites has grown significantly over the past twenty years as sequencing
technologies and our ability to isolate and enrich damaged sequences have improved.
Several key strategies for isolating and sequencing DNA lesion or strand break sites within
the genome involve lesion specific-antibody-based capture techniques, DNA repair protein-
based capture strategies (modified chromatin immunoprecipitation (ChIP)-like), or the
insertion of tagged or chemically modified nucleotides for enrichment (Figure 1) [102].
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Several studies have used γH2AX-ChIP to pull down genomic sequences in the
regions of DNA damage for analysis (Figure 1A). These studies mapped increases in DNA
damage, inferred to be DSBs, within promoter regions of early response genes in stimulated
neurons in response to fear learning [1]. Applying this method to the prefrontal cortex and
hippocampal regions also identified increased DSB induced by contextual fear conditioning
across these regions, with clusters of damage observed in genes associated with synaptic
processes, early response genes, RNA-binding genes, and cytoskeleton-related genes [2].

Given the propagation of the γH2AX signal, to improve resolution at the site of the
strand break, END-seq and synthesis associated with repair sequencing (SAR-seq) were
recently used to examine DNA damage in post-mitotic neurons (Figure 1B) [100]. END-
seq, which directly ligates a sequencing adaptor to the ends of strand breaks, and S1
END-seq, a modification of END-seq where recombinant single-strand-specific S1 nuclease
is used to convert SSBs into DSBs to allow detection of SSBs by END-seq were used to
isolate DNA damage events from DNA repair events [100]. SAR-seq incorporates EdU,
which is then biotinylated to allow isolation and high-throughput sequencing [100]. Active
synthesis in post-mitotic neurons will be associated with DNA repair, though the synthesis
length must be sufficient for labeling for this technique to work. These techniques were
applied to induced pluripotent stem cell-derived neurons and primary neurons. Using
these sequencing techniques, SSBs with active DNA synthesis were observed in neuronal
enhancer regions associated with cytosine demethylation events and coordinated long-
patch SSB repair. DSBs were not associated with the SSBs at neuronal enhancers [100].

Currently, only these DNA damage sequencing methods have been reported for
mapping DNA strand breaks within the brain. More than 40 DNA damage sequenc-
ing techniques have been reported for detecting specific lesions, i.e., 8-oxoG, platinated
crosslinks, pyrimidine dimers, photoproducts, benzo[a]pyrene derivatives, abasic sites,
ribonucleotides, and uracils, and SSB and DSBs (Figure 1B) [101,102]. An obvious limitation
to the widespread application of these methods is the amount of fresh material needed
for DNA isolation and the specific antibodies needed for lesion enrichment, which also
limits the identification of specific lesion types. As the DNA damaging event becomes
rarer, the amount of tissue or cells needed for enrichment increases. However, the suc-
cessful use of γH2AX-ChIP, END-seq, and synthesis associated with repair sequencing
(SAR-seq) to primary cells and isolated brain regions suggests techniques that incorporate
covalent labeling of DNA sites by Click chemistries or biotinylation, i.e., SAR-seq, Breaks
Labeling, Enrichment on Streptavidin, and Sequencing (BLESS), breaks labeling in situ and
sequencing (BLISS), or Repair Assisted Damage Detection sequencing (RADD-seq), can
be employed to map a number of lesions within various neural cell types or specific brain
regions (Figure 1B) [101,102].

One additional developing area is the application of nanopore sequencing to identify
DNA modifications or adducts in isolated DNA from brain cells or regions. While no
peer-reviewed manuscripts have described the application of nanopore sequencing to DNA
damage in the brain, a recent preprint described using nanopore sequencing to examine
structural variants and methylation sites within DNA isolated from the frontal cortex of
Alzheimer’s patients [113]. While adductomic signatures are still being developed for
nanopore sequencing reads, as this technology is refined, it will likely shed new light on the
mixtures of DNA damage accumulated within the brain and neural cells during genotoxic
exposures, trauma, aging, or neurological disorders.

2.3. Fluorescent Reporters for DNA Damage

There has been significant emphasis on detecting and measuring DNA strand breaks,
given their prevalence in neurodegeneration, neuropsychiatric disorders, and after neu-
rotrauma. While some driving events for these strand breaks have been discovered in
memory, learning, and transcriptional regulation, the roles of other events, like genotoxic
exposures, are still unclear. Similar to cancer, genotoxic exposures over time could lead to
genomic instability, driving mutations within the brain that lead to sporadic neurodegenera-
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tion. Genotoxic exposures may also induce transcriptional mutagenesis (TM) through DNA
damage, leading to mutant proteins. MAM and Methylnitronitrosoguanidine (MNNG)
have recently been shown to induce TM in mouse primary neurons [114]. Environmental
exposure may also alter critical antioxidant mechanisms, promoting elevated levels of
oxidative stress and leading to strand breaks and dysregulation of DNA repair pathways,
i.e., paraquat exposure in Parkinson’s disease [2,115]. Hyperglycemia, diabetes, and in-
flammatory conditions can promote advanced glycation end products, like methylglyoxal
or aldehyde species, leading to elevated strand breaks and cognitive decline [116]. To
understand the role of genotoxic exposures, more real-time DNA or longitudinal DNA
damage measurements are needed to link damaging events to disease etiology.

Fluorescent reporters offer unique methods for tracking DNA damage and repair
in vivo. Over the past 20 years, highly advanced fluorescent reporter systems have been
developed to monitor DNA damage response and repair. Based on host cell reactivation
assays, plasmid and gene cassettes have been designed to incorporate known DNA lesions
or break sites into fluorescent genes (Figure 2). DNA repair removes the transcription-
blocking damage or restores the fluorescent gene coding sequence to allow detection of the
repair event through the expression of the reporter gene [117–119]. These assays indirectly
infer DNA damage presence by measuring the capacity or deficiency of specific DNA repair
pathways. For example, loss of MGMT expression, frequently observed in glioblastoma,
would result in elevation of O6-mG and lack of reactivation of a reporter gene containing
this lesion [120]. Similarly, defects in NHEJ or HR could be detected through a lack of
restoration of fluorescent protein expression in substrate targeting these repair pathways
(Figure 2A) [118,119].
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Figure 2. Fluorescent reporter detecting DNA repair or genotoxic exposures in the brain. (A) Fluores-
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(HR) to be monitored. Images are adapted from [54,56,57]. (B) The PRISM reporter detects DNA
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These assays are most amenable to primary or immortalized cells since the lesions often
need to be incorporated into the reporter before introduction into the target cells. However,
several groups have created mouse models to measure NHEJ or HR efficiency in vivo in
brain, liver, mammary, bone marrow, and intestinal tissues (Figure 2A) [54–56,121]. Rele-
vant to measuring DSB repair in the brain is the recent creation of an IDDoR (inducible
dual-fluorescence-based double-strand break repair reporter) mouse, which allows the
simultaneous measurements of NHEJ and HR through GFP and tdTomato reporters, re-
spectively, incorporated into the Rosa26 locus of all tissues in the mouse (Figure 2A) [57].
The mouse also contains an inducible I-SceI to produce the break site in the reporter for
assessing repair. The study validated the expression of I-SceI and the reporters in the
kidney, brain, heart, intestine, pancreas, stomach, and skin of the IDDoR mouse [57].

The need to induce the strand break with I-SceI limits the ability of these reporters
to monitor induced DNA damage events. To address the need to monitor endogenous or
genotoxic strand breaks in vivo, an additional reporter system, Probe with a viRal proxy
for the Instability of DNA surveillance/repair in Somatic brain Mosaicism (PRISM), has
been designed to target neurons and report induced genomic instability. This system first
exploits the property that DNA damage enhances the uptake of DNA or RNA constructs
and viral vectors [122,123]. In this case, a single-strand recombinant adenoassociated
virus (rAAV) contains an error-prone microsatellite repeat between the start codon and the
protein-coding sequence of Cre recombinase or fluorescent proteins, creating a frameshift
mutation preventing the synthesis of the functional protein. Microsatellite instability was
previously used to regulate fluorescent protein expression to achieve sparse fluorescent
labeling of neurons, and Mosaicism with Repeat Frameshift [124]. However, this strategy
was not specifically used to examine genomic instability.

Under genotoxic stress, the DNA damage machinery, which typically prevents rAAV
genome processing, is used by the cell for repair. This lack of viral defense allows the rAAV
reporter to be processed to double-strand DNA for gene expression. The ongoing DNA
damage response in the cell can alter the error-prone microsatellite increase, inducing the
expression of the reporter gene [58]. Using the Cre-mediated tdTomato reporter mouse,
the authors demonstrated genotoxic stress and altered DNA repair processes could be
detected in the brain in vivo after exposure to genotoxins like paraquat and doxorubicin
(Figure 2B) [58].

The desire to dynamically monitor DNA repair events in vitro and in vivo has led to
significant advancements in reactivation assays and reporter system designs. While these
methods do not specifically measure elevated lesions in the brain, they offer strategies
for assessing exposures and initiation of DNA repair processes that are more functionally
oriented than inferred from protein expression levels.

Additionally, they offer the ability to monitor DNA damage and repair in live animals
and allow for high-resolution analysis of fluorescent signals in cells and tissues isolated
from these engineered or exposed animals [54–57]. While the current generation of these
probes uses standard fluorescent proteins, their designs and targeted incorporation into
brain cells could easily be enhanced to allow the application of in vivo and in vitro super-
resolution imaging techniques [125–127]. Super-resolution microscopy methods applied
in the neurosciences have provided insight into cellular communication, signaling, and
structure [125–127]. While super-resolution techniques have not yet been applied to the
investigation of DNA lesions in the brain, they are already being used in cell models
to examine DNA damage and repair [128–130]. As with sequencing methods, the rapid
improvement in these methods and their novel adaptions to brain cells will likely see their
incorporation into assessments of DNA damage and repair in aging, neurodegeneration,
and neuropsychiatry in the near future.

2.4. Mitochondrial DNA Damage

In addition to nuclear DNA damage, the mitochondrial genome is susceptible to
DNA damage from endogenous and exogenous sources. If mitophagy does not remove
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damaged mitochondrial DNA (mtDNA), it can impact mitochondrial function and cellular
energetics. Given the high energetic demands of the brain, it is not surprising that DNA
damage within the mitochondria and genetic mutations in mtDNA are associated with
aging, neurodegeneration, and cognitive impairment [9,59,60].

Measuring DNA damage specifically within the mtDNA has proved challenging
because classic methods for quantifying DNA lesion levels, from immunoassay to mass
spectrometry, require considerable amounts of purified mtDNA. While not impossible
to achieve, the isolation of mtDNA from limited cell and human samples has made this
approach less feasible. Whole brains from Alzheimer’s patients were used to quantify
elevated 8-oxoG in mtDNA by HPLC in 1994 [97]. Therefore, long-range PCR is the most
common method for assessing mtDNA lesions [131]. This approach assumes that DNA
lesions or strand breaks within the mtDNA limit the processivity of DNA polymerases and
reduce the accumulation of long PCR substrates (~10–12 Kbp). The level of DNA damage
is then inversely proportional to the amount of long PCR product accumulated [132]. A
similar long-PCR strategy can also be applied to assess nuclear DNA damage since isolated
DNA samples from neural tissues would contain both genomes [132,133]. Then, the relative
DNA damage levels between the two genomes can be compared.

qPCR or long-range PCR methods have been applied to measure DNA damage within
the brain and in surrogate cells such as buffy coats or PBMCs. Elevated levels of mtDNA
damage, including deletions, have also been reported for Parkinson’s, Alzheimer’s, Hunt-
ington’s, and acute brain injury [59,61–65]. In Parkinson’s patients’ brains, differences in
mtDNA were observed between midbrain and cortical neurons after rotenone exposure [61].
Elevated levels of mtDNA damage were also observed in mouse midbrain and cortex after
exposure to rotenone. Additionally, treatment of isolated DNA with formamidopyrimidine
DNA glycosylase (FPG) before qPCR further reduced mtDNA amplification, confirming the
presence of oxidative DNA lesions within the mtDNA [66]. They also identified the D-loop
of the mitochondrial genome as being the most susceptible to H2O2-induced damage in
the brain [66].

Blood-based mtDNA analysis from cell-free mtDNA or in the buffy coat showed
elevated mtDNA damage and deletions in individuals with Alzheimer’s and Parkinson’s
disease and traumatic brain injury [67–69]. A recent report suggested that mtDNA damage
analysis in blood cells may be a suitable candidate biomarker for Parkinson’s disease with
the potential for early disease detection [71]. Similar suggestions for the predictive value of
mtDNA damage or copy number analysis have been made for Alzheimer’s disease and
multiple sclerosis [67,70].

A limitation of this approach is that the specific DNA lesions cannot be identified.
However, the class of DNA lesion was confirmed by Gureev et al. by adding FPG to their
mtDNA assays, and similar approaches could be used for detecting other lesion types [66].
The qPCR approach also allows specific amplicons or regions to be examined for their
susceptibility to DNA damaging agents without sequencing [66].

2.5. Enzyme-Mediated DNA Damage Detection Assay

A final emerging technique for assessing DNA damage in the brain takes advantage of
the recognition of DNA lesions by DNA repair enzymes. DNA repair enzymes have already
evolved to recognize and excise DNA lesions. Their enzymatic reactions with damaged
DNA and the end products they leave within the DNA backbone are well described. This
knowledge offers the unique opportunity to use permissive DNA polymerases to tag
excised lesion sites with modified nucleic acids for downstream detection.

These techniques are more commonly used on isolated DNA, i.e., pyrimidine dimer
glycosylase (PDG) removes ultraviolet light (UV)-induced DNA adducts and DNA poly-
merase I tags the lesion site with a fluorescently labeled dNTPs [134]. Additional examples
for isolated DNA include the use of enzymatic cocktails of DNA repair enzymes containing
bacterial DNA glycosylases, endonuclease IV (EndoIV), endonuclease VIII (EndoVIII),
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FPG, T4 PDG, uracil DNA glycosylase (UDG), and Bst DNA polymerase, to measure DNA
damage induced by several environmental agents [135–138].

These techniques could be applied to isolated DNA from aging brains, diseased
brains, or brains exposed to environmental agents, similar to the MS and immunoassay
methods described above. The benefit of using this methodology instead of the more
precise quantitation by MS is the requirements for much smaller amounts of material
(nanogram to microgram) and the broader spectrum detection of lesions without the need
for specific reference lesions for mass fragmentation and quantification analysis. The
advantage over immunoassays is that there is no requirement for antibodies specific to
different lesions. Broad classes of lesions can be detected based on the DNA repair enzymes
used. EndoIV recognizes abasic sites, EndoVIII recognizes thymine glycol, 6-hydroxy-
5,6-dihydrothymine, 5, 6-dihydroxythymine, 5-hydroxy-5-methylhydanton, uracil glycol,
urea, and methyltartronylurea. FPG detects fapy-guanine, methy-fapy-guanine, aflatoxin
Bl-fapy-guanine, 7,S-dihydro-S-oxoguanine (S-oxoguanine), 8-oxoadenine, fapy-adenine,
5-hydroxy-cytosine, and 5-hydroxy-uracil. T4 PDG recognizes cyclobutane pyrimidine
dimers, 6-4 photoproducts, and abasic sites. UDG recognizes uracils and oxidation prod-
ucts of cytosine. These enzymes can be used individually, similar to the COMET and
qPCR methods described above, or simultaneously to assess DNA lesions within isolated
DNA [66,93]. An additional benefit to enzyme-mediated detection is that the tagged DNA
can also be captured and enriched for next-generation sequencing techniques that examine
the genetic location of DNA damage, as described in Section 2.2 [101]. These techniques
would also be compatible with isolated DNA from blood or other fluids containing cells or
cell-free DNA.

Beyond isolated DNA, the Repair Assisted Damage Detection (RADD) enzyme-
mediated DNA damage detection strategy has optimized the detection of DNA damage
within cells and tissues (Figure 3) [139–141]. The technique has also been adapted to
next-generation sequencing of the genomic location of DNA damage (RADD-seq) [101].
RADD uses a cocktail of the bacterial DNA repair enzymes described above (3-alkyladenine
DNA glycosylase (AAG), FPG, T4 PDG, UDG, Endo VIII, and Endo IV) to detect a broad
spectrum of DNA lesions and even DNA strand breaks within the nuclei of cells or across
heterogeneous tissues [139–143]. Individual lesion cocktails focused on specific lesions
have been used in ovarian and prostate tissues to examine the DNA lesion heterogeneity
and colocalization with protein markers of interest [142,143]. Of note, oxRADD, a cocktail
of FPG, Endo IV, and Endo VIII, was used to detect differences in DNA lesions between
African American and European American prostate cancer tumors and multiplexed with
PD-L1 expression in ovarian tumor samples [142,143].
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Figure 3. Overview of the enzyme-mediated strategies for detecting DNA lesions in formalin-fixed
paraffin-embedded tissues. Images were created with BioRender.

Given the technique has not yet been applied to brain tissue, we optimized the ap-
plication of RADD to the brains of female wild-type C57BL/6 fed standard rodent chow
or chow-supplemented with 0.03127 mg of trans-resveratrol (RSV) per g of chow (Supple-
mentary Methods). RSV is a polyphenol that protects against oxidative DNA damage and
reduces DSBs [144]. We applied RADD to determine if a reduction in DNA damage could
be observed within the brain.

Mice were maintained on the standard (STD) diet until 8 months of age, then random-
ized into the two diet groups. The mice were then fed STD or RSV diets for two months
and then sacrificed as described in [145]. Formalin-fixed paraffin-embedded hemi-brains
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were sectioned at 5 µm, and we performed the RADD assay for the broad spectrum of DNA
lesions, oxidative, crosslinks, uracils, abasic sites, and alkylation (Supplementary Meth-
ods). Figure 4 shows the entire brain section stained by the RADD assay and the RADD
score, excluding the cerebellum and olfactory bulb. RSV reduced the broad spectrum of
DNA damage measured by RADD in the whole brain. A limited analysis of the DNA
damage intensity between the cortex and hippocampal regions is also shown in Figure 4,
revealing a reduction of DNA damage in the cortex but not the hippocampus. While the
limited sample number reduces the ability to draw significant conclusions, the results here
are consistent with previous reports demonstrating RSV reduces radicals, up-regulates
antioxidant-related genes, and activates sirtuin 1 (SIRT) to provide neuroprotective effects
against ischemia and neurodegenerative diseases [146–148].
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Figure 4. DNA damage analysis on mouse brain from 10-month-old wild-type C57BL/6 fed standard
chow (STD) or resveratrol (RSV) containing chow for 2 months. (A) Representative stitched image
of the entire 5 µm section imaged at 10× from each mouse brain where DNA damage analysis
by RADD was performed. The scale bar is 500 µm. (B) Mean fluorescence intensity ± standard
error of the mean (SEM) of the RADD signal for the brain with the cerebellum and olfactory bulb
excluded (n = 4 STD and RSV). (C) Individual images at 10× of STD and RSV-fed mice hippocampus.
(D) Mean fluorescence intensity ± SEM of the RADD signal in the hippocampus for a subset of mice.
(E) Individual image at 10× of STD and RSV-fed mice cortex. (F) Mean fluorescence intensity ± SEM
of the RADD signal in the cortex for a subset of mice. Scale bar = 100 µm. Detailed methods are in
the Supplementary Materials.
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We also performed a broad-spectrum DNA damage analysis by RADD on freshly frozen
brain sections from sham or chronic second-hand-smoke (SHS)-exposed C57BL/6 mice [149].
Previous immunohistochemical studies have shown that oxidative DNA damage is ele-
vated, and DNA repair is altered in the brains of SHS-exposed mice [150]. A single brain
section (20 µm) was analyzed for each group and sex. We observed increased DNA damage
in the SHS-exposed male prefrontal cortex compared to the sham treatment (Figure 5).
The female mouse brains showed no difference in DNA damage between sham and SHS
exposure. The RADD results are consistent with previous reports showing sex-specific
differences in DNA damage levels after SHS exposure [149]. The RADD damage levels
are also consistent with the elevated levels of 8-oxoG observed in the prefrontal cortex of
SHS-exposed mice [150]. Lower protein expression of Ogg1 and elevated Ape1 were also
observed in the prefrontal cortex of SHS-exposed mice [150,151]. Elevated levels of 8-oxoG
were also found in the hippocampal regions CA1, CA3, and CA4 of SHS-exposed mice, with
the increasing oxidative damage negatively correlated with cognitive performance [151].
In the hippocampal neurons, Ape1 levels were increased, but there were fluctuations in the
expression of Ogg1, with increased levels observed in CA1 and CA4 and reduced levels in
CA3 [150]. These results demonstrate the importance of measuring DNA lesions because
levels of DNA repair proteins do not always correlate with repair capacity [139,150–152].
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Figure 5. RADD DNA damage analysis of the brain from sham or chronic second-hand smoke (SHS)
exposed C57BL/6 mice. (A) Representative 10× images of the DNA damage analysis performed
on the prefrontal cortex of male mice. (B) Mean fluorescence intensity ± SEM of the RADD signal
measured within three different sections of the prefrontal cortex from male and female mice. The
scale bar is 100 µm.

Together, these applications demonstrate that DNA adduct analysis can be carried
out with RADD on brain sections with limited modifications to the original protocol [140].
Additionally, the RADD protocol does not limit multiplexing of the RADD signal with cell
markers or DNA repair proteins of interest, so a spatial analysis of the DNA damage within
different brain regions and specific neural cells could be conducted using this method
simultaneously.

3. Conclusions

DNA damage, whether arising from endogenous or exogenous sources, appears to
play a significant role in aging, neurodegeneration, neurotrauma, and neuropsychiatric
disorders. While numerous studies have examined DNA damage within the brain, the most
frequently used methods only indirectly measure DNA damage through DNA damage
signaling by γH2AX or are limited to analysis of specific lesions (i.e., 8-oxoG). Application
of mass spectrometry has revealed that aldehyde and acrolein DNA adducts occur in
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the neurodegenerative-diseased brain, suggesting that our understanding of the role of
exogenous and endogenous exposures is limited by the most commonly used methods for
assessing DNA damage in the brain. Here, we have reviewed several emerging methods for
measuring DNA damage and specific DNA lesions within the brain, which will improve our
understanding of genotoxic exposures, genomic susceptibility, and the microenvironment
or cell type that influences DNA damage.

While applying these techniques to the brain has lagged behind those in cancer and
other diseases, the unique insight they can provide about drivers of neurological disease will
drive their adoption in the near future. Advancements in sequencing methods will provide
more information about genomic susceptibility to DNA damage in the brain and may offer
insight into subsets of mutational patterns that could inform disease etiology. Fluorescent
reporters, super-resolution imaging, and spatial imaging techniques will offer crucial
insights into disease mechanisms, cellular susceptibility, and potential therapeutic targets.
Additionally, the ability to precisely and quantitatively map DNA damage accumulation
over time, after traumatic events, or after environmental exposures will provide new
strategies for evaluating interventions, treatments, and/or mitigation strategies to prevent,
delay, or reverse the onset of debilitating symptoms. With the aging population and
rising rates of neurological diseases, advanced methods and technologies are critically
needed for early diagnosis, progression monitoring, and therapeutic development and
testing to improve quality of life and reduce the economic and emotional burdens of
neurological diseases.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms25137021/s1.

Author Contributions: Conceptualization, G.E.K. and N.R.G.; methodology, J.H.-D., G.E.K., J.R.,
J.S.A., V.E.M. and N.R.G.; validation, G.E.K., J.R., J.S.A. and N.R.G.; formal analysis, G.E.K., J.R., J.S.A.
and N.R.G.; resources, G.E.K., J.R., J.S.A. and N.R.G.; data curation, G.E.K., J.R., J.S.A. and N.R.G.;
writing—original draft preparation, J.H.-D. and N.R.G.; writing—review and editing, G.E.K., J.R.,
J.S.A. and N.R.G.; supervision, N.R.G.; funding acquisition, G.E.K. and J.R. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was partially supported by the NIH grants R21 ES027943 (J.R. and G.E.K.)
and T32 AG055378 (J.R.).

Institutional Review Board Statement: This research was carried out with approval from the
Institutional Animal Care and Use Committee (IACUC) of Howard University and Oregon Health
& Science University (OHSU) following the Guide for the Care and Use of Laboratory Animals as
adopted by the NIH (8th edition, revised 2011).

Data Availability Statement: All data are included in this manuscript.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Madabhushi, R.; Gao, F.; Pfenning, A.R.; Pan, L.; Yamakawa, S.; Seo, J.; Rueda, R.; Phan, T.X.; Yamakawa, H.; Pao, P.C.; et al.

Activity-Induced DNA Breaks Govern the Expression of Neuronal Early-Response Genes. Cell 2015, 161, 1592–1605. [CrossRef]
2. Stott, R.T.; Kritsky, O.; Tsai, L.H. Profiling DNA break sites and transcriptional changes in response to contextual fear learning.

PLoS ONE 2021, 16, e0249691. [CrossRef]
3. Suberbielle, E.; Sanchez, P.E.; Kravitz, A.V.; Wang, X.; Ho, K.; Eilertson, K.; Devidze, N.; Kreitzer, A.C.; Mucke, L. Physiologic

brain activity causes DNA double-strand breaks in neurons, with exacerbation by amyloid-beta. Nat. Neurosci. 2013, 16, 613–621.
[CrossRef]

4. Suberbielle, E.; Djukic, B.; Evans, M.; Kim, D.H.; Taneja, P.; Wang, X.; Finucane, M.; Knox, J.; Ho, K.; Devidze, N.; et al. DNA
repair factor BRCA1 depletion occurs in Alzheimer brains and impairs cognitive function in mice. Nat. Commun. 2015, 6, 8897.
[CrossRef]

5. Weber Boutros, S.; Unni, V.K.; Raber, J. An Adaptive Role for DNA Double-Strand Breaks in Hippocampus-Dependent Learning
and Memory. Int. J. Mol. Sci. 2022, 23, 8352. [CrossRef]

6. Hylin, M.J.; Orsi, S.A.; Moore, A.N.; Dash, P.K. Disruption of the perineuronal net in the hippocampus or medial prefrontal cortex
impairs fear conditioning. Learn. Mem. 2013, 20, 267–273. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms25137021/s1
https://www.mdpi.com/article/10.3390/ijms25137021/s1
https://doi.org/10.1016/j.cell.2015.05.032
https://doi.org/10.1371/journal.pone.0249691
https://doi.org/10.1038/nn.3356
https://doi.org/10.1038/ncomms9897
https://doi.org/10.3390/ijms23158352
https://doi.org/10.1101/lm.030197.112


Int. J. Mol. Sci. 2024, 25, 7021 15 of 20

7. Slaker, M.; Churchill, L.; Todd, R.P.; Blacktop, J.M.; Zuloaga, D.G.; Raber, J.; Darling, R.A.; Brown, T.E.; Sorg, B.A. Removal of
perineuronal nets in the medial prefrontal cortex impairs the acquisition and reconsolidation of a cocaine-induced conditioned
place preference memory. J. Neurosci. 2015, 35, 4190–4202. [CrossRef]

8. Welch, G.; Tsai, L.H. Mechanisms of DNA damage-mediated neurotoxicity in neurodegenerative disease. EMBO Rep. 2022,
23, e54217. [CrossRef]

9. Maynard, S.; Fang, E.F.; Scheibye-Knudsen, M.; Croteau, D.L.; Bohr, V.A. DNA Damage, DNA Repair, Aging, and Neurodegener-
ation. Cold Spring Harb. Perspect. Med. 2015, 5, a025130. [CrossRef]

10. Brobbey, C.; Liu, L.; Yin, S.; Gan, W. The Role of Protein Arginine Methyltransferases in DNA Damage Response. Int. J. Mol. Sci.
2022, 23, 9780. [CrossRef]

11. Lukas, J.; Lukas, C.; Bartek, J. More than just a focus: The chromatin response to DNA damage and its role in genome integrity
maintenance. Nat. Cell Biol. 2011, 13, 1161–1169. [CrossRef] [PubMed]

12. Gong, F.; Miller, K.M. Histone methylation and the DNA damage response. Mutat. Res. Rev. Mutat. Res. 2019, 780, 37–47.
[CrossRef] [PubMed]

13. Kim, J.J.; Lee, S.Y.; Miller, K.M. Preserving genome integrity and function: The DNA damage response and histone modifications.
Crit. Rev. Biochem. Mol. Biol. 2019, 54, 208–241. [CrossRef]

14. Tubbs, A.; Nussenzweig, A. Endogenous DNA Damage as a Source of Genomic Instability in Cancer. Cell 2017, 168, 644–656.
[CrossRef]

15. McKinnon, P.J. Genome integrity and disease prevention in the nervous system. Genes Dev. 2017, 31, 1180–1194. [CrossRef]
[PubMed]

16. Davis, C.K.; Vemuganti, R. DNA damage and repair following traumatic brain injury. Neurobiol. Dis. 2021, 147, 105143. [CrossRef]
[PubMed]

17. Schwab, N.; Leung, E.; Hazrati, L.N. Cellular Senescence in Traumatic Brain Injury: Evidence and Perspectives. Front. Aging
Neurosci. 2021, 13, 742632. [CrossRef] [PubMed]

18. Li, P.; Hu, X.; Gan, Y.; Gao, Y.; Liang, W.; Chen, J. Mechanistic insight into DNA damage and repair in ischemic stroke: Exploiting
the base excision repair pathway as a model of neuroprotection. Antioxid. Redox Signal. 2011, 14, 1905–1918. [CrossRef] [PubMed]

19. Collaborators, G.B.D.N. Global, regional, and national burden of neurological disorders, 1990–2016: A systematic analysis for the
Global Burden of Disease Study 2016. Lancet Neurol. 2019, 18, 459–480.

20. Zhang, R.; Liu, H.; Pu, L.; Zhao, T.; Zhang, S.; Han, K.; Han, L. Global Burden of Ischemic Stroke in Young Adults in 204 Countries
and Territories. Neurology 2023, 100, e422–e434. [CrossRef]

21. Ding, C.; Wu, Y.; Chen, X.; Chen, Y.; Wu, Z.; Lin, Z.; Kang, D.; Fang, W.; Chen, F. Global, regional, and national burden and
attributable risk factors of neurological disorders: The Global Burden of Disease study 1990–2019. Front. Public Health 2022, 10,
952161. [CrossRef] [PubMed]

22. Feigin, V.L.; Vos, T.; Nichols, E.; Owolabi, M.O.; Carroll, W.M.; Dichgans, M.; Deuschl, G.; Parmar, P.; Brainin, M.; Murray, C. The
global burden of neurological disorders: Translating evidence into policy. Lancet Neurol. 2020, 19, 255–265. [CrossRef] [PubMed]

23. Neven, J.; Issayama, L.K.; Dewachter, I.; Wilson, D.M., 3rd. Genomic stress and impaired DNA repair in Alzheimer disease. DNA
Repair 2024, 139, 103678. [CrossRef] [PubMed]

24. Shreeya, T.; Ansari, M.S.; Kumar, P.; Saifi, M.; Shati, A.A.; Alfaifi, M.Y.; Elbehairi, S.E.I. Senescence: A DNA damage response and
its role in aging and Neurodegenerative Diseases. Front. Aging 2023, 4, 1292053. [CrossRef] [PubMed]

25. Wang, Z.X.; Li, Y.L.; Pu, J.L.; Zhang, B.R. DNA Damage-Mediated Neurotoxicity in Parkinson’s Disease. Int. J. Mol. Sci. 2023, 24,
6313. [CrossRef] [PubMed]

26. Zhang, W.; Sun, H.S.; Wang, X.; Dumont, A.S.; Liu, Q. Cellular senescence, DNA damage, and neuroinflammation in the aging
brain. Trends Neurosci. 2024, 47, 461–474. [CrossRef] [PubMed]

27. Zhang, X.; Liu, Y.; Huang, M.; Gunewardena, S.; Haeri, M.; Swerdlow, R.H.; Wang, N. Landscape of Double-Stranded DNA
Breaks in Postmortem Brains from Alzheimer’s Disease and Non-Demented Individuals. J. Alzheimers Dis. 2023, 94, 519–535.
[CrossRef] [PubMed]

28. Raza, M.U.; Tufan, T.; Wang, Y.; Hill, C.; Zhu, M.Y. DNA Damage in Major Psychiatric Diseases. Neurotox. Res. 2016, 30, 251–267.
[CrossRef] [PubMed]

29. Shiwaku, H.; Okazawa, H. Impaired DNA damage repair as a common feature of neurodegenerative diseases and psychiatric
disorders. Curr. Mol. Med. 2015, 15, 119–128. [CrossRef] [PubMed]

30. Shishido, R.; Kunii, Y.; Hino, M.; Izumi, R.; Nagaoka, A.; Hayashi, H.; Kakita, A.; Tomita, H.; Yabe, H. Evidence for increased
DNA damage repair in the postmortem brain of the high stress-response group of schizophrenia. Front. Psychiatry 2023, 14,
1183696. [CrossRef]

31. Mueller, F.S.; Amport, R.; Notter, T.; Schalbetter, S.M.; Lin, H.Y.; Garajova, Z.; Amini, P.; Weber-Stadlbauer, U.; Markkanen, E.
Deficient DNA base-excision repair in the forebrain leads to a sex-specific anxiety-like phenotype in mice. BMC Biol. 2022, 20, 170.
[CrossRef] [PubMed]

32. Goh, X.X.; Tang, P.Y.; Tee, S.F. 8-Hydroxy-2′-Deoxyguanosine and Reactive Oxygen Species as Biomarkers of Oxidative Stress in
Mental Illnesses: A Meta-Analysis. Psychiatry Investig. 2021, 18, 603–618. [CrossRef]

33. Czarny, P.; Bialek, K.; Ziolkowska, S.; Strycharz, J.; Sliwinski, T. DNA damage and repair in neuropsychiatric disorders. What do
we know and what are the future perspectives? Mutagenesis 2020, 35, 79–106. [CrossRef] [PubMed]

https://doi.org/10.1523/JNEUROSCI.3592-14.2015
https://doi.org/10.15252/embr.202154217
https://doi.org/10.1101/cshperspect.a025130
https://doi.org/10.3390/ijms23179780
https://doi.org/10.1038/ncb2344
https://www.ncbi.nlm.nih.gov/pubmed/21968989
https://doi.org/10.1016/j.mrrev.2017.09.003
https://www.ncbi.nlm.nih.gov/pubmed/31395347
https://doi.org/10.1080/10409238.2019.1620676
https://doi.org/10.1016/j.cell.2017.01.002
https://doi.org/10.1101/gad.301325.117
https://www.ncbi.nlm.nih.gov/pubmed/28765160
https://doi.org/10.1016/j.nbd.2020.105143
https://www.ncbi.nlm.nih.gov/pubmed/33127471
https://doi.org/10.3389/fnagi.2021.742632
https://www.ncbi.nlm.nih.gov/pubmed/34650425
https://doi.org/10.1089/ars.2010.3451
https://www.ncbi.nlm.nih.gov/pubmed/20677909
https://doi.org/10.1212/WNL.0000000000201467
https://doi.org/10.3389/fpubh.2022.952161
https://www.ncbi.nlm.nih.gov/pubmed/36523572
https://doi.org/10.1016/S1474-4422(19)30411-9
https://www.ncbi.nlm.nih.gov/pubmed/31813850
https://doi.org/10.1016/j.dnarep.2024.103678
https://www.ncbi.nlm.nih.gov/pubmed/38669748
https://doi.org/10.3389/fragi.2023.1292053
https://www.ncbi.nlm.nih.gov/pubmed/38596783
https://doi.org/10.3390/ijms24076313
https://www.ncbi.nlm.nih.gov/pubmed/37047285
https://doi.org/10.1016/j.tins.2024.04.003
https://www.ncbi.nlm.nih.gov/pubmed/38729785
https://doi.org/10.3233/JAD-230316
https://www.ncbi.nlm.nih.gov/pubmed/37334609
https://doi.org/10.1007/s12640-016-9621-9
https://www.ncbi.nlm.nih.gov/pubmed/27126805
https://doi.org/10.2174/1566524015666150303002556
https://www.ncbi.nlm.nih.gov/pubmed/25732151
https://doi.org/10.3389/fpsyt.2023.1183696
https://doi.org/10.1186/s12915-022-01377-1
https://www.ncbi.nlm.nih.gov/pubmed/35907861
https://doi.org/10.30773/pi.2020.0417
https://doi.org/10.1093/mutage/gez035
https://www.ncbi.nlm.nih.gov/pubmed/31676908


Int. J. Mol. Sci. 2024, 25, 7021 16 of 20

34. Weber Boutros, S.; Krenik, D.; Holden, S.; Unni, V.; Raberj, J. Common cancer treatments targeting DNA double strand breaks
affect long-term memory and relate to immediate early gene expression in a sex-dependent manner. Oncotarget 2022, 13, 198–213.
[CrossRef] [PubMed]

35. Weber Boutros, S.; Zimmerman, B.; Nagy, S.; Lee, J.; Perez, R.; Raber, J. Amifostine (WR-2721) Mitigates Cognitive Injury Induced
by Heavy Ion Radiation in Male Mice and Alters Behavior and Brain Connectivity. Front. Physiol. 2021, 12, 770502.

36. Schumacher, B.; Pothof, J.; Vijg, J.; Hoeijmakers, J.H.J. The central role of DNA damage in the ageing process. Nature 2021, 592,
695–703. [CrossRef] [PubMed]

37. Sedelnikova, O.A.; Horikawa, I.; Zimonjic, D.B.; Popescu, N.C.; Bonner, W.M.; Barrett, J.C. Senescing human cells and ageing
mice accumulate DNA lesions with unrepairable double-strand breaks. Nat. Cell Biol. 2004, 6, 168–170. [CrossRef] [PubMed]

38. Thadathil, N.; Delotterie, D.F.; Xiao, J.; Hori, R.; McDonald, M.P.; Khan, M.M. DNA Double-Strand Break Accumulation in
Alzheimer’s Disease: Evidence from Experimental Models and Postmortem Human Brains. Mol. Neurobiol. 2021, 58, 118–131.
[CrossRef] [PubMed]

39. Shanbhag, N.M.; Evans, M.D.; Mao, W.; Nana, A.L.; Seeley, W.W.; Adame, A.; Rissman, R.A.; Masliah, E.; Mucke, L. Early
neuronal accumulation of DNA double strand breaks in Alzheimer’s disease. Acta Neuropathol. Commun. 2019, 7, 77. [CrossRef]

40. Myung, N.H.; Zhu, X.; Kruman, I.I.; Castellani, R.J.; Petersen, R.B.; Siedlak, S.L.; Perry, G.; Smith, M.A.; Lee, H.G. Evidence of
DNA damage in Alzheimer disease: Phosphorylation of histone H2AX in astrocytes. Age 2008, 30, 209–215. [CrossRef]

41. Milanese, C.; Cerri, S.; Ulusoy, A.; Gornati, S.V.; Plat, A.; Gabriels, S.; Blandini, F.; Di Monte, D.A.; Hoeijmakers, J.H.; Mastrober-
ardino, P.G. Activation of the DNA damage response in vivo in synucleinopathy models of Parkinson’s disease. Cell Death Dis.
2018, 9, 818. [CrossRef] [PubMed]

42. Camins, A.; Pizarro, J.G.; Alvira, D.; Gutierrez-Cuesta, J.; de la Torre, A.V.; Folch, J.; Sureda, F.X.; Verdaguer, E.; Junyent, F.; Jordán,
J.; et al. Activation of ataxia telangiectasia muted under experimental models and human Parkinson’s disease. Cell. Mol. Life Sci.
2010, 67, 3865–3882. [CrossRef] [PubMed]

43. Lu, X.H.; Mattis, V.B.; Wang, N.; Al-Ramahi, I.; van den Berg, N.; Fratantoni, S.A.; Waldvogel, H.; Greiner, E.; Osmand, A.; Elzein,
K.; et al. Targeting ATM ameliorates mutant Huntingtin toxicity in cell and animal models of Huntington’s disease. Sci. Transl.
Med. 2014, 6, 268ra178. [CrossRef] [PubMed]

44. Jeon, G.S.; Kim, K.Y.; Hwang, Y.J.; Jung, M.K.; An, S.; Ouchi, M.; Ouchi, T.; Kowall, N.; Lee, J.; Ryu, H. Deregulation of BRCA1
leads to impaired spatiotemporal dynamics of gamma-H2AX and DNA damage responses in Huntington’s disease. Mol. Neurobiol.
2012, 45, 550–563. [CrossRef]

45. Crowe, S.L.; Movsesyan, V.A.; Jorgensen, T.J.; Kondratyev, A. Rapid phosphorylation of histone H2A.X following ionotropic
glutamate receptor activation. Eur. J. Neurosci. 2006, 23, 2351–2361. [CrossRef] [PubMed]

46. Crowe, S.L.; Tsukerman, S.; Gale, K.; Jorgensen, T.J.; Kondratyev, A.D. Phosphorylation of histone H2A.X as an early marker of
neuronal endangerment following seizures in the adult rat brain. J. Neurosci. 2011, 31, 7648–7656. [CrossRef] [PubMed]

47. Castaldo, I.; De Rosa, M.; Romano, A.; Zuchegna, C.; Squitieri, F.; Mechelli, R.; Peluso, S.; Borrelli, C.; Del Mondo, A.; Salvatore,
E.; et al. DNA damage signatures in peripheral blood cells as biomarkers in prodromal huntington disease. Ann. Neurol. 2019, 85,
296–301. [CrossRef]

48. Yu, H.; Harrison, F.E.; Xia, F. Altered DNA repair; an early pathogenic pathway in Alzheimer’s disease and obesity. Sci. Rep. 2018,
8, 5600. [CrossRef] [PubMed]

49. Chen, J.; Cohen, M.L.; Lerner, A.J.; Yang, Y.; Herrup, K. DNA damage and cell cycle events implicate cerebellar dentate nucleus
neurons as targets of Alzheimer’s disease. Mol. Neurodegener. 2010, 5, 60. [CrossRef]

50. Mao, G.; Pan, X.; Zhu, B.B.; Zhang, Y.; Yuan, F.; Huang, J.; Lovell, M.A.; Lee, M.P.; Markesbery, W.R.; Li, G.M.; et al. Identification
and characterization of OGG1 mutations in patients with Alzheimer’s disease. Nucleic Acids Res. 2007, 35, 2759–2766. [CrossRef]

51. Lovell, M.A.; Xie, C.; Markesbery, W.R. Decreased base excision repair and increased helicase activity in Alzheimer’s disease
brain. Brain Res. 2000, 855, 116–123. [CrossRef]

52. Hegde, M.L.; Gupta, V.B.; Anitha, M.; Harikrishna, T.; Shankar, S.K.; Muthane, U.; Subba Rao, K.; Jagannatha Rao, K.S. Studies
on genomic DNA topology and stability in brain regions of Parkinson’s disease. Arch. Biochem. Biophys. 2006, 449, 143–156.
[CrossRef]

53. Shackelford, D.A. DNA end joining activity is reduced in Alzheimer’s disease. Neurobiol. Aging 2006, 27, 596–605. [CrossRef]
54. Kass, E.M.; Helgadottir, H.R.; Chen, C.C.; Barbera, M.; Wang, R.; Westermark, U.K.; Ludwig, T.; Moynahan, M.E.; Jasin, M.

Double-strand break repair by homologous recombination in primary mouse somatic cells requires BRCA1 but not the ATM
kinase. Proc. Natl. Acad. Sci. USA 2013, 110, 5564–5569. [CrossRef] [PubMed]

55. Kass, E.M.; Lim, P.X.; Helgadottir, H.R.; Moynahan, M.E.; Jasin, M. Robust homology-directed repair within mouse mammary
tissue is not specifically affected by Brca2 mutation. Nat. Commun. 2016, 7, 13241. [CrossRef] [PubMed]

56. Vaidya, A.; Mao, Z.; Tian, X.; Spencer, B.; Seluanov, A.; Gorbunova, V. Knock-in reporter mice demonstrate that DNA repair by
non-homologous end joining declines with age. PLoS Genet. 2014, 10, e1004511. [CrossRef]

57. Chen, Y.; Cui, Z.; Chen, Z.; Jiang, Y.; Mao, Z. IDDoR: A novel reporter mouse system for simultaneous and quantitative in vivo
analysis of both DNA double-strand break repair pathways. Protein Cell 2023, 14, 369–375. [CrossRef]

58. El-Saadi, M.W.; Tian, X.; Grames, M.; Ren, M.; Keys, K.; Li, H.; Knott, E.; Yin, H.; Huang, S.; Lu, X.H. Tracing brain genotoxic
stress in Parkinson’s disease with a novel single-cell genetic sensor. Sci. Adv. 2022, 8, eabd1700. [CrossRef]

https://doi.org/10.18632/oncotarget.28180
https://www.ncbi.nlm.nih.gov/pubmed/35106123
https://doi.org/10.1038/s41586-021-03307-7
https://www.ncbi.nlm.nih.gov/pubmed/33911272
https://doi.org/10.1038/ncb1095
https://www.ncbi.nlm.nih.gov/pubmed/14755273
https://doi.org/10.1007/s12035-020-02109-8
https://www.ncbi.nlm.nih.gov/pubmed/32895786
https://doi.org/10.1186/s40478-019-0723-5
https://doi.org/10.1007/s11357-008-9050-7
https://doi.org/10.1038/s41419-018-0848-7
https://www.ncbi.nlm.nih.gov/pubmed/30050065
https://doi.org/10.1007/s00018-010-0408-5
https://www.ncbi.nlm.nih.gov/pubmed/20502937
https://doi.org/10.1126/scitranslmed.3010523
https://www.ncbi.nlm.nih.gov/pubmed/25540325
https://doi.org/10.1007/s12035-012-8274-9
https://doi.org/10.1111/j.1460-9568.2006.04768.x
https://www.ncbi.nlm.nih.gov/pubmed/16706843
https://doi.org/10.1523/JNEUROSCI.0092-11.2011
https://www.ncbi.nlm.nih.gov/pubmed/21613478
https://doi.org/10.1002/ana.25393
https://doi.org/10.1038/s41598-018-23644-4
https://www.ncbi.nlm.nih.gov/pubmed/29618789
https://doi.org/10.1186/1750-1326-5-60
https://doi.org/10.1093/nar/gkm189
https://doi.org/10.1016/S0006-8993(99)02335-5
https://doi.org/10.1016/j.abb.2006.02.018
https://doi.org/10.1016/j.neurobiolaging.2005.03.009
https://doi.org/10.1073/pnas.1216824110
https://www.ncbi.nlm.nih.gov/pubmed/23509290
https://doi.org/10.1038/ncomms13241
https://www.ncbi.nlm.nih.gov/pubmed/27779185
https://doi.org/10.1371/journal.pgen.1004511
https://doi.org/10.1093/procel/pwac001
https://doi.org/10.1126/sciadv.abd1700


Int. J. Mol. Sci. 2024, 25, 7021 17 of 20

59. Bazzani, V.; Equisoain Redin, M.; McHale, J.; Perrone, L.; Vascotto, C. Mitochondrial DNA Repair in Neurodegenerative Diseases
and Ageing. Int. J. Mol. Sci. 2022, 23, 11391. [CrossRef] [PubMed]

60. Hudson, E.K.; Hogue, B.A.; Souza-Pinto, N.C.; Croteau, D.L.; Anson, R.M.; Bohr, V.A.; Hansford, R.G. Age-associated change in
mitochondrial DNA damage. Free Radical Res. 1998, 29, 573–579. [CrossRef]

61. Sanders, L.H.; McCoy, J.; Hu, X.; Mastroberardino, P.G.; Dickinson, B.C.; Chang, C.J.; Chu, C.T.; Van Houten, B.; Greenamyre, J.T.
Mitochondrial DNA damage: Molecular marker of vulnerable nigral neurons in Parkinson’s disease. Neurobiol. Dis. 2014, 70,
214–223. [CrossRef] [PubMed]

62. Bender, A.; Krishnan, K.J.; Morris, C.M.; Taylor, G.A.; Reeve, A.K.; Perry, R.H.; Jaros, E.; Hersheson, J.S.; Betts, J.; Klopstock, T.;
et al. High levels of mitochondrial DNA deletions in substantia nigra neurons in aging and Parkinson disease. Nat. Genet. 2006,
38, 515–517. [CrossRef] [PubMed]

63. Becanovic, K.; Asghar, M.; Gadawska, I.; Sachdeva, S.; Walker, D.; Lazarowski, E.R.; Franciosi, S.; Park, K.H.J.; Cote, H.C.F.;
Leavitt, B.R. Age-related mitochondrial alterations in brain and skeletal muscle of the YAC128 model of Huntington disease. NPJ
Aging Mech. Dis. 2021, 7, 26. [CrossRef] [PubMed]

64. Bulstrode, H.; Nicoll, J.A.; Hudson, G.; Chinnery, P.F.; Di Pietro, V.; Belli, A. Mitochondrial DNA and traumatic brain injury. Ann.
Neurol. 2014, 75, 186–195. [CrossRef] [PubMed]

65. McDonald, R.P.; Horsburgh, K.J.; Graham, D.I.; Nicoll, J.A. Mitochondrial DNA deletions in acute brain injury. Neuroreport 1999,
10, 1875–1878. [CrossRef] [PubMed]

66. Gureev, A.P.; Shaforostova, E.A.; Starkov, A.A.; Popov, V.N. Simplified qPCR method for detecting excessive mtDNA damage
induced by exogenous factors. Toxicology 2017, 382, 67–74. [CrossRef] [PubMed]

67. Delbarba, A.; Abate, G.; Prandelli, C.; Marziano, M.; Buizza, L.; Arce Varas, N.; Novelli, A.; Cuetos, F.; Martinez, C.; Lanni, C.; et al.
Mitochondrial Alterations in Peripheral Mononuclear Blood Cells from Alzheimer’s Disease and Mild Cognitive Impairment
Patients. Oxid. Med. Cell Longev. 2016, 2016, 5923938. [CrossRef]

68. Reid, D.M.; Barber, R.C.; Jones, H.P.; Thorpe, R.J.; Sun, J.; Zhou, Z.; Phillips, N.R. Integrative blood-based characterization
of oxidative mitochondrial DNA damage variants implicates Mexican American’s metabolic risk for developing Alzheimer’s
disease. Sci. Rep. 2023, 13, 14765. [CrossRef] [PubMed]

69. Kilbaugh, T.J.; Lvova, M.; Karlsson, M.; Zhang, Z.; Leipzig, J.; Wallace, D.C.; Margulies, S.S. Peripheral Blood Mitochondrial DNA
as a Biomarker of Cerebral Mitochondrial Dysfunction following Traumatic Brain Injury in a Porcine Model. PLoS ONE 2015, 10,
e0130927. [CrossRef]

70. Al-Kafaji, G.; Bakheit, H.F.; Alharbi, M.A.; Farahat, A.A.; Jailani, M.; Ebrahin, B.H.; Bakhiet, M. Mitochondrial DNA Copy
Number in Peripheral Blood as a Potential Non-invasive Biomarker for Multiple Sclerosis. Neuromol. Med. 2020, 22, 304–313.
[CrossRef]

71. Qi, R.; Sammler, E.; Gonzalez-Hunt, C.P.; Barraza, I.; Pena, N.; Rouanet, J.P.; Naaldijk, Y.; Goodson, S.; Fuzzati, M.; Blandini,
F.; et al. A blood-based marker of mitochondrial DNA damage in Parkinson’s disease. Sci. Transl. Med. 2023, 15, eabo1557.
[CrossRef] [PubMed]

72. Kim, B.W.; Jeong, Y.E.; Wong, M.; Martin, L.J. DNA damage accumulates and responses are engaged in human ALS brain and
spinal motor neurons and DNA repair is activatable in iPSC-derived motor neurons with SOD1 mutations. Acta Neuropathol.
Commun. 2020, 8, 7. [CrossRef] [PubMed]

73. Lan, J.; Li, W.; Zhang, F.; Sun, F.Y.; Nagayama, T.; O’Horo, C.; Chen, J. Inducible repair of oxidative DNA lesions in the rat brain
after transient focal ischemia and reperfusion. J. Cereb. Blood Flow Metab. 2003, 23, 1324–1339. [CrossRef] [PubMed]

74. Pao, P.C.; Patnaik, D.; Watson, L.A.; Gao, F.; Pan, L.; Wang, J.; Adaikkan, C.; Penney, J.; Cam, H.P.; Huang, W.C.; et al. HDAC1
modulates OGG1-initiated oxidative DNA damage repair in the aging brain and Alzheimer’s disease. Nat. Commun. 2020,
11, 2484. [CrossRef] [PubMed]

75. Nie, B.; Gan, W.; Shi, F.; Hu, G.X.; Chen, L.G.; Hayakawa, H.; Sekiguchi, M.; Cai, J.P. Age-dependent accumulation of 8-oxoguanine
in the DNA and RNA in various rat tissues. Oxid. Med. Cell Longev. 2013, 2013, 303181. [CrossRef] [PubMed]

76. Møller, P.; Løhr, M.; Folkmann, J.K.; Mikkelsen, L.; Loft, S. Aging and oxidatively damaged nuclear DNA in animal organs. Free
Radic. Biol. Med. 2010, 48, 1275–1285. [CrossRef] [PubMed]

77. Oka, S.; Leon, J.; Sakumi, K.; Abolhassani, N.; Sheng, Z.; Tsuchimoto, D.; LaFerla, F.M.; Nakabeppu, Y. MTH1 and OGG1 maintain
a low level of 8-oxoguanine in Alzheimer’s brain, and prevent the progression of Alzheimer’s pathogenesis. Sci. Rep. 2021,
11, 5819. [CrossRef]

78. Gabbita, S.P.; Lovell, M.A.; Markesbery, W.R. Increased nuclear DNA oxidation in the brain in Alzheimer’s disease. J. Neurochem.
1998, 71, 2034–2040. [CrossRef] [PubMed]

79. Shigenaga, M.K.; Gimeno, C.J.; Ames, B.N. Urinary 8-hydroxy-2′-deoxyguanosine as a biological marker of in vivo oxidative
DNA damage. Proc. Natl. Acad. Sci. USA 1989, 86, 9697–9701. [CrossRef]

80. Zabel, M.; Nackenoff, A.; Kirsch, W.M.; Harrison, F.E.; Perry, G.; Schrag, M. Markers of oxidative damage to lipids, nucleic acids
and proteins and antioxidant enzymes activities in Alzheimer’s disease brain: A meta-analysis in human pathological specimens.
Free Radic. Biol. Med. 2018, 115, 351–360. [CrossRef]

81. Shimura-Miura, H.; Hattori, N.; Kang, D.; Miyako, K.-I.; Nakabeppu, Y.; Mizuno, Y. Increased 8-oxo-dGTPase in the mitochondria
of substantia nigral neurons in Parkinson’s disease. Ann. Neurol. 1999, 46, 920–924. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms231911391
https://www.ncbi.nlm.nih.gov/pubmed/36232693
https://doi.org/10.1080/10715769800300611
https://doi.org/10.1016/j.nbd.2014.06.014
https://www.ncbi.nlm.nih.gov/pubmed/24981012
https://doi.org/10.1038/ng1769
https://www.ncbi.nlm.nih.gov/pubmed/16604074
https://doi.org/10.1038/s41514-021-00079-2
https://www.ncbi.nlm.nih.gov/pubmed/34650085
https://doi.org/10.1002/ana.24116
https://www.ncbi.nlm.nih.gov/pubmed/24523223
https://doi.org/10.1097/00001756-199906230-00014
https://www.ncbi.nlm.nih.gov/pubmed/10501524
https://doi.org/10.1016/j.tox.2017.03.010
https://www.ncbi.nlm.nih.gov/pubmed/28286206
https://doi.org/10.1155/2016/5923938
https://doi.org/10.1038/s41598-023-41190-6
https://www.ncbi.nlm.nih.gov/pubmed/37679478
https://doi.org/10.1371/journal.pone.0130927
https://doi.org/10.1007/s12017-019-08588-w
https://doi.org/10.1126/scitranslmed.abo1557
https://www.ncbi.nlm.nih.gov/pubmed/37647388
https://doi.org/10.1186/s40478-019-0874-4
https://www.ncbi.nlm.nih.gov/pubmed/32005289
https://doi.org/10.1097/01.WCB.0000091540.60196.F2
https://www.ncbi.nlm.nih.gov/pubmed/14600440
https://doi.org/10.1038/s41467-020-16361-y
https://www.ncbi.nlm.nih.gov/pubmed/32424276
https://doi.org/10.1155/2013/303181
https://www.ncbi.nlm.nih.gov/pubmed/23738036
https://doi.org/10.1016/j.freeradbiomed.2010.02.003
https://www.ncbi.nlm.nih.gov/pubmed/20149865
https://doi.org/10.1038/s41598-021-84640-9
https://doi.org/10.1046/j.1471-4159.1998.71052034.x
https://www.ncbi.nlm.nih.gov/pubmed/9798928
https://doi.org/10.1073/pnas.86.24.9697
https://doi.org/10.1016/j.freeradbiomed.2017.12.016
https://doi.org/10.1002/1531-8249(199912)46:6%3C920::AID-ANA17%3E3.0.CO;2-R
https://www.ncbi.nlm.nih.gov/pubmed/10589547


Int. J. Mol. Sci. 2024, 25, 7021 18 of 20

82. Zhang, J.; Perry, G.; Smith, M.A.; Robertson, D.; Olson, S.J.; Graham, D.G.; Montine, T.J. Parkinson’s disease is associated with
oxidative damage to cytoplasmic DNA and RNA in substantia nigra neurons. Am. J. Pathol. 1999, 154, 1423–1429. [CrossRef]
[PubMed]

83. Shirendeb, U.; Reddy, A.P.; Manczak, M.; Calkins, M.J.; Mao, P.; Tagle, D.A.; Hemachandra Reddy, P. Abnormal mitochondrial
dynamics, mitochondrial loss and mutant huntingtin oligomers in Huntington’s disease: Implications for selective neuronal
damage. Hum. Mol. Genet. 2011, 20, 1438–1455. [CrossRef] [PubMed]

84. Taiwo, R.O.; Sandouka, S.; Saadi, A.; Kovac, S.; Shekh-Ahmad, T. Sestrin 3 promotes oxidative stress primarily in neurons
following epileptic seizures in rats. Neuropharmacology 2023, 238, 109670. [CrossRef] [PubMed]

85. Lovell, M.A.; Gabbita, S.P.; Markesbery, W.R. Increased DNA oxidation and decreased levels of repair products in Alzheimer’s
disease ventricular CSF. J. Neurochem. 1999, 72, 771–776. [CrossRef] [PubMed]

86. Kadioglu, E.; Sardas, S.; Aslan, S.; Isik, E.; Esat Karakaya, A. Detection of oxidative DNA damage in lymphocytes of patients with
Alzheimer’s disease. Biomarkers 2004, 9, 203–209. [CrossRef] [PubMed]

87. Ibrahim Fouad, G.; Ahmed, K.A. Neuroprotective Potential of Berberine Against Doxorubicin-Induced Toxicity in Rat’s Brain.
Neurochem. Res. 2021, 46, 3247–3263. [CrossRef]

88. Krynetskiy, E.; Krynetskaia, N.; Rihawi, D.; Wieczerzak, K.; Ciummo, V.; Walker, E. Establishing a model for assessing DNA
damage in murine brain cells as a molecular marker of chemotherapy-associated cognitive impairment. Life Sci. 2013, 93, 605–610.
[CrossRef]

89. Gilardoni, M.; Léonço, D.; Caffin, F.; Gros-Désormeaux, F.; Eldin, C.; Béal, D.; Ouzia, S.; Junot, C.; Fenaille, F.; Piérard, C.; et al.
Evidence for the systemic diffusion of (2-chloroethyl)-ethyl-sulfide, a sulfur mustard analog, and its deleterious effects in brain.
Toxicology 2021, 462, 152950. [CrossRef]

90. Kisby, G.E.; Fry, R.C.; Lasarev, M.R.; Bammler, T.K.; Beyer, R.P.; Churchwell, M.; Doerge, D.R.; Meira, L.B.; Palmer, V.S.; Ramos-
Crawford, A.L.; et al. The cycad genotoxin MAM modulates brain cellular pathways involved in neurodegenerative disease and
cancer in a DNA damage-linked manner. PLoS ONE 2011, 6, e20911. [CrossRef]

91. Cemeli, E.; Smith, I.F.; Peers, C.; Urenjak, J.; Godukhin, O.V.; Obrenovitch, T.P.; Anderson, D. Oxygen-induced DNA damage in
freshly isolated brain cells compared with cultured astrocytes in the Comet assay. Teratog. Carcinog. Mutagen. 2003, 23 (Suppl.
S2), 43–52. [CrossRef]

92. Lorenzo-López, L.; Lema-Arranz, C.; Fernández-Bertólez, N.; Costa, S.; Costa, C.; Teixeira, J.P.; Pásaro, E.; Valdiglesias, V.; Laffon,
B. Relationship between DNA damage measured by the comet-assay and cognitive function. Mutat. Res./Genet. Toxicol. Environ.
Mutagen. 2022, 883–884, 503557. [CrossRef]

93. Swain, U.; Subba Rao, K. Study of DNA damage via the comet assay and base excision repair activities in rat brain neurons and
astrocytes during aging. Mech. Ageing Dev. 2011, 132, 374–381. [CrossRef] [PubMed]

94. Cordelli, E.; Bignami, M.; Pacchierotti, F. Comet assay: A versatile but complex tool in genotoxicity testing. Toxicol. Res. 2021,
10, 68–78. [CrossRef] [PubMed]

95. Migliore, L.; Fontana, I.; Trippi, F.; Colognato, R.; Coppede, F.; Tognoni, G.; Nucciarone, B.; Siciliano, G. Oxidative DNA damage
in peripheral leukocytes of mild cognitive impairment and AD patients. Neurobiol. Aging 2005, 26, 567–573. [CrossRef] [PubMed]

96. Migliore, L.; Petrozzi, L.; Lucetti, C.; Gambaccini, G.; Bernardini, S.; Scarpato, R.; Trippi, F.; Barale, R.; Frenzilli, G.; Rodilla, V.;
et al. Oxidative damage and cytogenetic analysis in leukocytes of Parkinson’s disease patients. Neurology 2002, 58, 1809–1815.
[CrossRef] [PubMed]

97. Mecocci, P.; MacGarvey, U.; Beal, M.F. Oxidative damage to mitochondrial DNA is increased in Alzheimer’s disease. Ann. Neurol.
1994, 36, 747–751. [CrossRef] [PubMed]

98. Lovell, M.A.; Markesbery, W.R. Oxidative DNA damage in mild cognitive impairment and late-stage Alzheimer’s disease. Nucleic
Acids Res. 2007, 35, 7497–7504. [CrossRef] [PubMed]

99. Lyras, L.; Cairns, N.J.; Jenner, A.; Jenner, P.; Halliwell, B. An assessment of oxidative damage to proteins, lipids, and DNA in
brain from patients with Alzheimer’s disease. J. Neurochem. 1997, 68, 2061–2069. [CrossRef]

100. Wu, W.; Hill, S.E.; Nathan, W.J.; Paiano, J.; Callen, E.; Wang, D.; Shinoda, K.; van Wietmarschen, N.; Colon-Mercado, J.M.; Zong,
D.; et al. Neuronal enhancers are hotspots for DNA single-strand break repair. Nature 2021, 593, 440–444. [CrossRef]

101. Gilat, N.; Fridman, D.; Sharim, H.; Margalit, S.; Gassman, N.R.; Michaeli, Y.; Ebenstein, Y. From single-molecule to genome-wide
mapping of DNA lesions: Repair-assisted damage detection sequencing. Biophys. Rep. 2021, 1, 100017. [CrossRef]

102. Mingard, C.; Wu, J.; McKeague, M.; Sturla, S.J. Next-generation DNA damage sequencing. Chem. Soc. Rev. 2020, 49, 7354–7377.
[CrossRef]

103. Bradley-Whitman, M.A.; Timmons, M.D.; Beckett, T.L.; Murphy, M.P.; Lynn, B.C.; Lovell, M.A. Nucleic acid oxidation: An early
feature of Alzheimer’s disease. J. Neurochem. 2014, 128, 294–304. [CrossRef]

104. Kikuchi, Y.; Yasuhara, T.; Agari, T.; Kondo, A.; Kuramoto, S.; Kameda, M.; Kadota, T.; Baba, T.; Tajiri, N.; Wang, F.; et al. Urinary
8-OHdG elevations in a partial lesion rat model of Parkinson’s disease correlate with behavioral symptoms and nigrostriatal
dopaminergic depletion. J. Cell Physiol. 2011, 226, 1390–1398. [CrossRef]

105. Wang, J.; Markesbery, W.R.; Lovell, M.A. Increased oxidative damage in nuclear and mitochondrial DNA in mild cognitive
impairment. J. Neurochem. 2006, 96, 825–832. [CrossRef] [PubMed]

106. Balbo, S.; Turesky, R.J.; Villalta, P.W. DNA adductomics. Chem. Res. Toxicol. 2014, 27, 356–366. [CrossRef]

https://doi.org/10.1016/S0002-9440(10)65396-5
https://www.ncbi.nlm.nih.gov/pubmed/10329595
https://doi.org/10.1093/hmg/ddr024
https://www.ncbi.nlm.nih.gov/pubmed/21257639
https://doi.org/10.1016/j.neuropharm.2023.109670
https://www.ncbi.nlm.nih.gov/pubmed/37482179
https://doi.org/10.1046/j.1471-4159.1999.0720771.x
https://www.ncbi.nlm.nih.gov/pubmed/9930752
https://doi.org/10.1080/13547500410001728390
https://www.ncbi.nlm.nih.gov/pubmed/15370876
https://doi.org/10.1007/s11064-021-03428-5
https://doi.org/10.1016/j.lfs.2013.03.013
https://doi.org/10.1016/j.tox.2021.152950
https://doi.org/10.1371/journal.pone.0020911
https://doi.org/10.1002/tcm.10079
https://doi.org/10.1016/j.mrgentox.2022.503557
https://doi.org/10.1016/j.mad.2011.04.012
https://www.ncbi.nlm.nih.gov/pubmed/21600238
https://doi.org/10.1093/toxres/tfaa093
https://www.ncbi.nlm.nih.gov/pubmed/33613974
https://doi.org/10.1016/j.neurobiolaging.2004.07.016
https://www.ncbi.nlm.nih.gov/pubmed/15708428
https://doi.org/10.1212/WNL.58.12.1809
https://www.ncbi.nlm.nih.gov/pubmed/12084881
https://doi.org/10.1002/ana.410360510
https://www.ncbi.nlm.nih.gov/pubmed/7979220
https://doi.org/10.1093/nar/gkm821
https://www.ncbi.nlm.nih.gov/pubmed/17947327
https://doi.org/10.1046/j.1471-4159.1997.68052061.x
https://doi.org/10.1038/s41586-021-03468-5
https://doi.org/10.1016/j.bpr.2021.100017
https://doi.org/10.1039/D0CS00647E
https://doi.org/10.1111/jnc.12444
https://doi.org/10.1002/jcp.22467
https://doi.org/10.1111/j.1471-4159.2005.03615.x
https://www.ncbi.nlm.nih.gov/pubmed/16405502
https://doi.org/10.1021/tx4004352


Int. J. Mol. Sci. 2024, 25, 7021 19 of 20

107. Guo, J.; Turesky, R.J. Emerging Technologies in Mass Spectrometry-Based DNA Adductomics. High Throughput 2019, 8, 13.
[CrossRef]

108. Collins, A.; Moller, P.; Gajski, G.; Vodenkova, S.; Abdulwahed, A.; Anderson, D.; Bankoglu, E.E.; Bonassi, S.; Boutet-Robinet, E.;
Brunborg, G.; et al. Measuring DNA modifications with the comet assay: A compendium of protocols. Nat. Protoc. 2023, 18,
929–989. [CrossRef]

109. Touat, M.; Li, Y.Y.; Boynton, A.N.; Spurr, L.F.; Iorgulescu, J.B.; Bohrson, C.L.; Cortes-Ciriano, I.; Birzu, C.; Geduldig, J.E.; Pelton,
K.; et al. Mechanisms and therapeutic implications of hypermutation in gliomas. Nature 2020, 580, 517–523. [CrossRef]

110. Alexandrov, L.B.; Nik-Zainal, S.; Wedge, D.C.; Aparicio, S.A.; Behjati, S.; Biankin, A.V.; Bignell, G.R.; Bolli, N.; Borg, A.;
Borresen-Dale, A.L.; et al. Signatures of mutational processes in human cancer. Nature 2013, 500, 415–421. [CrossRef]

111. Ropert, B.; Gallrein, C.; Schumacher, B. DNA repair deficiencies and neurodegeneration. DNA Repair 2024, 138, 103679. [CrossRef]
[PubMed]

112. Gupta, S.; You, P.; SenGupta, T.; Nilsen, H.; Sharma, K. Crosstalk between Different DNA Repair Pathways Contributes to
Neurodegenerative Diseases. Biology 2021, 10, 163. [CrossRef] [PubMed]

113. Ramirez, P.; Sun, W.; Dehkordi, S.K.; Zare, H.; Fongang, B.; Bieniek, K.F.; Frost, B. Nanopore-based DNA long-read sequencing
analysis of the aged human brain. bioRxiv 2024. [CrossRef]

114. Verheijen, B.M.; Chung, C.; Thompson, B.; Kim, H.; Nakahara, A.; Anink, J.J.; Mills, J.D.; Phatnani, H.; Kwan, J.; Sareen, D.; et al.
The cycad genotoxin methylazoxymethanol, linked to Guam ALS/PDC, induces transcriptional mutagenesis. Acta Neuropathol.
Commun. 2024, 12, 30. [CrossRef] [PubMed]

115. Jovasevic, V.; Wood, E.M.; Cicvaric, A.; Zhang, H.; Petrovic, Z.; Carboncino, A.; Parker, K.K.; Bassett, T.E.; Moltesen, M.; Yamawaki,
N. Formation of memory assemblies through the DNA-sensing TLR9 pathway. Nature 2024, 628, 145–153. [CrossRef] [PubMed]

116. Tanner, C.M.; Kamel, F.; Ross, G.W.; Hoppin, J.A.; Goldman, S.M.; Korell, M.; Marras, C.; Bhudhikanok, G.S.; Kasten, M.; Chade,
A.R.; et al. Rotenone, paraquat, and Parkinson’s disease. Environ. Health Perspect. 2011, 119, 866–872. [CrossRef] [PubMed]

117. Chaim, I.A.; Nagel, Z.D.; Jordan, J.J.; Mazzucato, P.; Ngo, L.P.; Samson, L.D. In vivo measurements of interindividual differences
in DNA glycosylases and APE1 activities. Proc. Natl. Acad. Sci. USA 2017, 114, E10379–E10388. [CrossRef] [PubMed]

118. Nagel, Z.D.; Margulies, C.M.; Chaim, I.A.; McRee, S.K.; Mazzucato, P.; Ahmad, A.; Abo, R.P.; Butty, V.L.; Forget, A.L.; Samson,
L.D. Multiplexed DNA repair assays for multiple lesions and multiple doses via transcription inhibition and transcriptional
mutagenesis. Proc. Natl. Acad. Sci. USA 2014, 111, E1823–E1832. [CrossRef] [PubMed]

119. Pierce, A.J.; Johnson, R.D.; Thompson, L.H.; Jasin, M. XRCC3 promotes homology-directed repair of DNA damage in mammalian
cells. Genes Dev. 1999, 13, 2633–2638. [CrossRef]

120. Butler, M.; Pongor, L.; Su, Y.T.; Xi, L.; Raffeld, M.; Quezado, M.; Trepel, J.; Aldape, K.; Pommier, Y.; Wu, J. MGMT Status as a
Clinical Biomarker in Glioblastoma. Trends Cancer 2020, 6, 380–391. [CrossRef]

121. Wang, C.; Tang, H.; Geng, A.; Dai, B.; Zhang, H.; Sun, X.; Chen, Y.; Qiao, Z.; Zhu, H.; Yang, J.; et al. Rational combination therapy
for hepatocellular carcinoma with PARP1 and DNA-PK inhibitors. Proc. Natl. Acad. Sci. USA 2020, 117, 26356–26365. [CrossRef]
[PubMed]

122. Stevens, C.W.; Cerniglia, G.J.; Giandomenico, A.R.; Koch, C.J. DNA damaging agents improve stable gene transfer efficiency in
mammalian cells. Radiat. Oncol. Investig. 1998, 6, 1–9. [CrossRef]

123. Alexander, I.E.; Russell, D.W.; Miller, A.D. DNA-damaging agents greatly increase the transduction of nondividing cells by
adeno-associated virus vectors. J. Virol. 1994, 68, 8282–8287. [CrossRef] [PubMed]

124. Lu, X.H.; Yang, X.W. Genetically-directed Sparse Neuronal Labeling in BAC Transgenic Mice through Mononucleotide Repeat
Frameshift. Sci. Rep. 2017, 7, 43915. [CrossRef] [PubMed]

125. Wegner, W.; Ilgen, P.; Gregor, C.; van Dort, J.; Mott, A.C.; Steffens, H.; Willig, K.I. In vivo mouse and live cell STED microscopy of
neuronal actin plasticity using far-red emitting fluorescent proteins. Sci. Rep. 2017, 7, 11781. [CrossRef] [PubMed]

126. Werner, C.; Sauer, M.; Geis, C. Super-resolving Microscopy in Neuroscience. Chem. Rev. 2021, 121, 11971–12015. [CrossRef]
[PubMed]

127. Fuhrmann, M.; Gockel, N.; Arizono, M.; Dembitskaya, Y.; Nagerl, U.V.; Pennacchietti, F.; Damenti, M.; Testa, I.; Willig, K.I.
Super-Resolution Microscopy Opens New Doors to Life at the Nanoscale. J. Neurosci. 2022, 42, 8488–8497. [CrossRef] [PubMed]

128. Morgan, S.T.B.; Whelan, D.R.; Rozario, A.M. Chapter 13—Visualizing DNA damage and repair using single molecule super
resolution microscopy. In Methods in Cell Biology; Zierhut, C., Galluzzi, L., Eds.; Academic Press: Cambridge, MA, USA, 2024;
Volume 182, pp. 237–245.

129. Qian, H.; Margaretha Plat, A.; Jonker, A.; Hoebe, R.A.; Krawczyk, P. Super-resolution GSDIM microscopy unveils distinct
nanoscale characteristics of DNA repair foci under diverse genotoxic stress. DNA Repair 2024, 134, 103626. [CrossRef] [PubMed]

130. Varga, D.; Majoros, H.; Ujfaludi, Z.; Erdelyi, M.; Pankotai, T. Quantification of DNA damage induced repair focus formation via
super-resolution dSTORM localization microscopy. Nanoscale 2019, 11, 14226–14236. [CrossRef]

131. Ayala-Torres, S.; Chen, Y.; Svoboda, T.; Rosenblatt, J.; Van Houten, B. Analysis of gene-specific DNA damage and repair using
quantitative polymerase chain reaction. Methods 2000, 22, 135–147. [CrossRef]

132. Santos, J.H.; Meyer, J.N.; Mandavilli, B.S.; Van Houten, B. Quantitative PCR-based measurement of nuclear and mitochondrial
DNA damage and repair in mammalian cells. Methods Mol. Biol. 2006, 314, 183–199. [PubMed]

https://doi.org/10.3390/ht8020013
https://doi.org/10.1038/s41596-022-00754-y
https://doi.org/10.1038/s41586-020-2209-9
https://doi.org/10.1038/nature12477
https://doi.org/10.1016/j.dnarep.2024.103679
https://www.ncbi.nlm.nih.gov/pubmed/38640601
https://doi.org/10.3390/biology10020163
https://www.ncbi.nlm.nih.gov/pubmed/33669593
https://doi.org/10.1101/2024.02.01.578450
https://doi.org/10.1186/s40478-024-01725-y
https://www.ncbi.nlm.nih.gov/pubmed/38383591
https://doi.org/10.1038/s41586-024-07220-7
https://www.ncbi.nlm.nih.gov/pubmed/38538785
https://doi.org/10.1289/ehp.1002839
https://www.ncbi.nlm.nih.gov/pubmed/21269927
https://doi.org/10.1073/pnas.1712032114
https://www.ncbi.nlm.nih.gov/pubmed/29122935
https://doi.org/10.1073/pnas.1401182111
https://www.ncbi.nlm.nih.gov/pubmed/24757057
https://doi.org/10.1101/gad.13.20.2633
https://doi.org/10.1016/j.trecan.2020.02.010
https://doi.org/10.1073/pnas.2002917117
https://www.ncbi.nlm.nih.gov/pubmed/33020270
https://doi.org/10.1002/(SICI)1520-6823(1998)6:1%3C1::AID-ROI1%3E3.0.CO;2-1
https://doi.org/10.1128/jvi.68.12.8282-8287.1994
https://www.ncbi.nlm.nih.gov/pubmed/7966621
https://doi.org/10.1038/srep43915
https://www.ncbi.nlm.nih.gov/pubmed/28272512
https://doi.org/10.1038/s41598-017-11827-4
https://www.ncbi.nlm.nih.gov/pubmed/28924236
https://doi.org/10.1021/acs.chemrev.0c01174
https://www.ncbi.nlm.nih.gov/pubmed/33752325
https://doi.org/10.1523/JNEUROSCI.1125-22.2022
https://www.ncbi.nlm.nih.gov/pubmed/36351828
https://doi.org/10.1016/j.dnarep.2024.103626
https://www.ncbi.nlm.nih.gov/pubmed/38232606
https://doi.org/10.1039/C9NR03696B
https://doi.org/10.1006/meth.2000.1054
https://www.ncbi.nlm.nih.gov/pubmed/16673882


Int. J. Mol. Sci. 2024, 25, 7021 20 of 20

133. Dannenmann, B.; Lehle, S.; Lorscheid, S.; Huber, S.M.; Essmann, F.; Schulze-Osthoff, K. Simultaneous quantification of DNA
damage and mitochondrial copy number by long-run DNA-damage quantification (LORD-Q). Oncotarget 2017, 8, 112417–112425.
[CrossRef] [PubMed]

134. Lee, J.; Park, H.S.; Lim, S.; Jo, K. Visualization of UV-induced damage on single DNA molecules. Chem. Commun. 2013, 49,
4740–4742. [CrossRef] [PubMed]

135. Lee, J.; Kim, Y.; Lim, S.; Jo, K. Single-molecule visualization of ROS-induced DNA damage in large DNA molecules. Analyst 2016,
141, 847–852. [CrossRef]

136. Singh, V.; Johansson, P.; Lin, Y.L.; Hammarsten, O.; Westerlund, F. Shining light on single-strand lesions caused by the chemother-
apy drug bleomycin. DNA Repair 2021, 105, 103153. [CrossRef] [PubMed]

137. Singh, V.; Johansson, P.; Torchinsky, D.; Lin, Y.L.; Oz, R.; Ebenstein, Y.; Hammarsten, O.; Westerlund, F. Quantifying DNA damage
induced by ionizing radiation and hyperthermia using single DNA molecule imaging. Transl. Oncol. 2020, 13, 100822. [CrossRef]
[PubMed]

138. Kang, Y.; Lee, J.; Kim, J.; Oh, Y.; Kim, D.; Lee, J.; Lim, S.; Jo, K. Analysis of alcohol-induced DNA damage in Escherichia coli by
visualizing single genomic DNA molecules. Analyst 2016, 141, 4326–4331. [CrossRef] [PubMed]

139. Lee, K.; Piett, C.; Andrews, J.; Mann, E.; Nagel, Z.; Gassman, N. Defective base excision repair in the response to DNA damaging
agents in triple negative breast cancer. PLoS ONE 2019, 14, e0223725. [CrossRef]

140. Lee, K.J.; Mann, E.; da Silva, L.M.; Scalici, J.; Gassman, N.R. DNA damage measurements within tissue samples with Repair
Assisted Damage Detection (RADD). Curr. Res. Biotechnol. 2019, 1, 78–86. [CrossRef]

141. Holton, N.W.; Ebenstein, Y.; Gassman, N.R. Broad spectrum detection of DNA damage by Repair Assisted Damage Detection
(RADD). DNA Repair 2018, 66–67, 42–49. [CrossRef]

142. Krieger, K.L.; Gohlke, J.H.; Lee, K.J.; Piyarathna, D.W.B.; Castro, P.D.; Jones, J.A.; Ittmann, M.M.; Gassman, N.R.; Sreekumar, A.
Repair-Assisted Damage Detection Reveals Biological Disparities in Prostate Cancer between African Americans and European
Americans. Cancers 2022, 14, 1012. [CrossRef]

143. Mann, E.K.; Lee, K.J.; Chen, D.; da Silva, L.M.; Dal Zotto, V.L.; Scalici, J.; Gassman, N.R. Associations between DNA Damage and
PD-L1 Expression in Ovarian Cancer, a Potential Biomarker for Clinical Response. Biology 2021, 10, 385. [CrossRef]

144. Matsuno, Y.; Atsumi, Y.; Alauddin, M.; Rana, M.M.; Fujimori, H.; Hyodo, M.; Shimizu, A.; Ikuta, T.; Tani, H.; Torigoe, H.; et al.
Resveratrol and its Related Polyphenols Contribute to the Maintenance of Genome Stability. Sci. Rep. 2020, 10, 5388. [CrossRef]

145. Mulgrave, V.E.; Alsayegh, A.A.; Jaldi, A.; Omire-Mayor, D.T.; James, N.; Ntekim, O.; Walters, E.; Akala, E.O.; Allard, J.S. Exercise
modulates APOE expression in brain cortex of female APOE3 and APOE4 targeted replacement mice. Neuropeptides 2023, 97,
102307. [CrossRef]

146. Wang, Q.; Yu, Q.; Wu, M. Antioxidant and neuroprotective actions of resveratrol in cerebrovascular diseases. Front. Pharmacol.
2022, 13, 948889. [CrossRef]

147. Rahman, M.H.; Akter, R.; Bhattacharya, T.; Abdel-Daim, M.M.; Alkahtani, S.; Arafah, M.W.; Al-Johani, N.S.; Alhoshani, N.M.;
Alkeraishan, N.; Alhenaky, A.; et al. Resveratrol and Neuroprotection: Impact and Its Therapeutic Potential in Alzheimer’s
Disease. Front. Pharmacol. 2020, 11, 619024. [CrossRef]

148. Griñán-Ferré, C.; Bellver-Sanchis, A.; Izquierdo, V.; Corpas, R.; Roig-Soriano, J.; Chillón, M.; Andres-Lacueva, C.; Somogyvári, M.;
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