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Abstract: Parkinson’s disease (PD) is the second most common neurodegenerative disease around
the world; however, its pathogenesis remains unclear so far. Recent advances have shown that DNA
damage and repair deficiency play an important role in the pathophysiology of PD. There is growing
evidence suggesting that DNA damage is involved in the propagation of cellular damage in PD,
leading to neuropathology under different conditions. Here, we reviewed the current work on DNA
damage repair in PD. First, we outlined the evidence and causes of DNA damage in PD. Second, we
described the potential pathways by which DNA damage mediates neurotoxicity in PD and discussed
the precise mechanisms that drive these processes by DNA damage. In addition, we looked ahead to
the potential interventions targeting DNA damage and repair. Finally, based on the current status of
research, key problems that need to be addressed in future research were proposed.
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1. Introduction

Parkinson’s disease (PD) is a very common neurodegenerative disease characterized
by the selective death of dopaminergic (DA) neurons in the substantia nigra and the
formation of Lewy bodies (LB) [1,2]. Clinically, PD mainly manifests as motor symptoms,
such as bradykinesia, resting tremor, myotonia, and gait and postural abnormalities, as
well as non-motor symptoms, such as hyposmia, sleep disturbance, autonomic dysfunction,
and depression [3,4]. Globally, the prevalence of PD has increased significantly over the
past three decades [1]. This disease not only severely affects the quality of life of patients,
but also imposes a heavy emotional and financial burden on families and society [1,5]. At
present, the treatment of PD is mainly symptomatic, which cannot completely solve the
fundamental pathological problem of the selective death of DA neurons [6,7]. Therefore,
it is necessary to further explore the pathogenesis of PD in order to find more optimal
treatment options.

A well-established link between DNA damage and neurodegeneration has long ex-
isted [8,9]. Evidence for a causal contribution of DNA damage in the onset and progression
of neurodegenerative diseases comes from rare patients and model organisms with muta-
tions in DNA damage-responsive genes [10,11]. Interestingly, increasing evidence suggests
that DNA damage and repair deficiency are also implicated in age-related neurodegenera-
tive diseases, such as AD (Alzheimer’s disease), PD, ALS (Amyotrophic lateral sclerosis),
and Huntington’s disease (HD) [12–17]. In PD, the pathogenicity of DNA damage is not
only enhanced by its association with typical PD pathology, but also by the fact that DNA
damage accumulation occurs before the onset of PD, implying its direct involvement in
the pathophysiology [18–20]. More importantly, the loss of function of specific DNA repair
proteins in mice can recapitulate part of the disease phenotype of PD, and some proteins
known to play key roles in PD have been shown to directly mediate DNA repair [14,21–25].
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All this evidence suggests that DNA damage may be the direct mechanism of neurode-
generation in PD. In this review, we summarized the causes of DNA damage in PD and
the evidence for DNA damage-mediated neurotoxicity, and elucidated the relevant mecha-
nisms. In addition, we analyzed the value of DNA damage repair as a potential therapeutic
target for PD. Finally, we discussed the existing problems and future research directions in
this field.

2. Evidence for DNA Damage-Mediated Neurodegeneration in PD

In fact, evidence of DNA damage in PD was reported several decades ago [14]. Com-
pared with healthy controls, the level of 8-OHdG, a marker of oxidative DNA damage,
was significantly upregulated in the DA neurons of PD patients [26]. Moreover, there were
also much higher levels of 8-OHdG in the plasma, urine, and cerebrospinal fluid of PD
patients than in controls [27]. In addition to oxidative damage, numerous studies have
also found a significant upregulation of γ-H2AX, a hallmark of DNA double-strand breaks
(DSBs) [18,28], in PD. Notably, this type of damage not only covers DA neurons, but also
microglia [28]. To date, DNA damage-mediated neurotoxicity has been demonstrated in
various toxin models of PD [15]. For example, both 8-OHdG and γ-H2AX can be induced
by PD-associated neurotoxins, including 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP), rotenone, paraquat, and 6-hydroxydopamine (6-OHDA) [28–33]. What is more,
DNA damage-dependent activation of downstream signaling contributed to the degenera-
tion and death of DA neurons in PD mouse models [34–38], suggesting that DNA damage
may be an important link in the pathogenesis of sporadic PD. Moreover, studies of genetic
defects and disease-associated proteins have provided us with a window to understand
the role of DNA damage in the pathogenesis of PD [8]. So far, more than 20 causative genes
were reported to contribute to familial PD, including SNCA, LRRK2, PRKN, PINK1, and
DJ-1 [39]. The first identified PD gene was SNCA, which encodes the protein α-synuclein,
a key component of LB, whose overproduction increases the risk of PD [40]. Recently,
Milanese et al. reported evidence of DNA damage accumulation, as well as the activation
of the DNA damage response (DDR), in two PD mouse models based on the AAV-mediated
overexpression of α-synuclein and α-synuclein pre-formed fibrils (PFF), respectively [8]. In
this study, the accumulation of DSBs preceded the onset of the motor phenotype and DA
degeneration, indicating that DSBs may have been the initiating lesion of neurotoxicity in
these mice [8]. LRRK2 is the most common causative gene for PD, and its role in genome
stability has been recently emphasized [41,42]. It has been reported that LRRK2 protein can
be involved in DDR, while LRRK2 deficiency exacerbates the age-dependent accumulation
of DSBs in neurons [41,43]. Consistently, the DDR pathway was found to be activated in the
LRRK2 G2019S model in vitro [44]. Mutations in PRKN, which encodes the protein parkin,
are the most frequent cause of autosomal recessive early-onset PD [45]. Parkin deficiency
could also lead to upregulation of oxidative DNA damage levels in the mouse brain [46].

It has to be mentioned that mutations in several genes encoding key proteins involved
in DNA repair have been shown to contribute to the progression of PD [14]. For instance,
mice lacking the DNA repair protein ATM exhibited PD-like motor abnormalities, accom-
panied by reduced expression of tyrosine hydroxylase (TH) and the dopamine transporter
(DAT), as well as α-synuclein-positive inclusions [21,47]. ATM is an essential part of double-
stranded break repair (DSBR), and without it, the balance between DNA damage and repair
will be lost, leading to DNA damage accumulation [48]. Furthermore, mice lacking OGG1,
a DNA repair enzyme for oxidative DNA damage, have been shown to exhibit age-related
loss of DA neurons, the formation of ubiquitin-positive inclusions, and spontaneous mo-
tor behavior deficiencies, and to be more susceptible to MPTP-induced damage [24,49].
In addition, Sepe and colleagues reported the importance of ERCC1, a critical player in
nucleotide excision repair (NER), in the preservation of the DA system [23,50]. They found
that ERCC1 mutant mice exhibit typical PD-like pathological changes, including increased
phospho-α-synuclein levels, reduced expression of TH-positive neurons, increased astro-
cyte activation, and mitochondrial dysfunction [23]. ERCC1 mutant mice are also more
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sensitive to the neurotoxin MPTP [23]. Recently, Miner et al. found that the loss of APE1
expression amplifies the formation of α-synuclein inclusions in vitro [51]. APE1 is a key
enzyme in the base excision repair (BER) pathway, which mainly repairs oxidative DNA
damage and the alkylation of bases [52]. Thus, the above evidence suggests that DNA
damage can specifically affect the DA system and is closely associated with PD pathology.

3. Cause of DNA Damage in PD

Although the phenotypes of DNA damage in PD are well defined, the reasons behind
them are still unclear. Here, we briefly summarize the relevant mechanisms (Figure 1).
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cause of abnormal DNA repair and damage accumulation in PD. Finally, environmental toxicants, 
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represent causal effects, and the black arrows indicate downregulation of protein expression. (Cre-
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Figure 1. Sources of DNA damage in PD. Reactive oxygen species (ROS) can directly attack genomic
DNA, causing many types of DNA damage. Pathogenic α-synuclein can damage DNA indirectly
through ROS or directly cleave DNA, leading to DNA strand breakage. On the other hand, α-
synuclein can also cause DNA repair defects by affecting the expression of DNA repair proteins,
including MRE11 and APE1. Recent studies have highlighted the role of PD-causing proteins in DNA
repair, including endogenous α-synuclein, LRRK2, parkin, and DJ-1, which partially explains the
cause of abnormal DNA repair and damage accumulation in PD. Finally, environmental toxicants, an
important component in the pathogenesis of sporadic PD, can also induce genomic DNA damage
and lead to DNA damage-dependent dopaminergic neuron death. The pink arrows in the figure
represent causal effects, and the black arrows indicate downregulation of protein expression. (Created
with BioRender.com).

3.1. Oxidative Stress

Oxidative stress is a serious imbalance between the production of reactive oxy-
gen species (ROS) and antioxidant defenses, leading to cellular damage and eventually
death [53]. ROS are highly reactive free radical oxidants, including superoxide anion (O2-),
hydrogen peroxide (H2O2), and hydroxyl radicals (OH·) [54]. It has been found that ROS
can attack all macromolecules, including lipids, proteins, and nucleic acids, causing a defect
in their physiological function [53]. ROS can lead to many different types of DNA damage,
for example, direct modification of nucleotide bases, formation of apurinic/apyrimidinic
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(AP) sites, single-strand breaks (SSBs), and, less commonly, DSBs [55,56]. The most com-
mon oxidative DNA lesion is 8-OHdG, which is generated by the attack of OH· at the C-8
position of guanine [57]. Compared to other organs, the brain is considered particularly
vulnerable to the devastating effects of ROS due to its high metabolic rate and relatively low
capacity for cellular regeneration [58]. Consistently, oxidative stress has been considered
as the main event leading to the degeneration of DA neurons in PD [59]. As previously
mentioned, elevated levels of oxidative DNA damage have been reported in the brains
of PD patients [26,27]. Further evidence linking oxidative stress to PD pathogenesis has
been provided by animal models induced by neurotoxins that lead to ROS production,
DNA damage, and progressive loss of DA neurons [60,61]. Similarly, functional studies
of proteins associated with PD-causing genes have also been found to be related to the
disruption of redox balance [62]. For instance, pathogenic α-synuclein aggregates localize
to mitochondria and compromise respiratory chain components, resulting in mitochon-
drial dysfunction, massive production of harmful ROS, and DNA damage that can be
prevented by the antioxidants N-acetylcysteine (NAC) and nitric oxide synthase (NOS)
inhibitor [18,63].

3.2. Protein Aggregation

Loss of protein homeostasis is the central event in the pathogenesis of many neu-
rodegenerative diseases [64,65]. Safeguarding protein homeostasis is essential for all cells,
as proteome instability will lead to proteotoxic stress and protein aggregation, which in
turn drives dysregulation and functional impairment of cellular pathways, resulting in
cell degeneration and death [65,66]. Recently, several studies have reported that protein
aggregation may be a cause of DNA damage [65,67]. Protein aggregation can cause DNA
damage directly or indirectly through oxidative stress [65]. It has been reported that protein
aggregates, including α-synuclein, can trigger oxidative stress, causing oxidative DNA
damage in neurons [18,19,68]. In addition, α-synuclein is also thought to have a direct
effect on DNA integrity [69,70]. It has been found that α-synuclein can directly bind to
nuclear DNA and cleave DNA through its chemical nuclease activity, causing DNA strand
breaks in the neuronal genome [69].

The ability of DNA repair may also be affected by α-synuclein [25,71]. New studies
show that the overexpression or pathogenic aggregation of α-synuclein can interfere with
the DNA repair process [71]. In the SH-SY5Y cell model, α-synuclein overexpression
can lead to reduced expression of MRE11 and DSBs [71]. It has been demonstrated that
MRE11 forms an MRN complex with RAD50 and NBS1 to recognize DSBs, and to initiate
the downstream repair process [72,73]. Therefore, a decrease in MRE11 may lead to
DSBR defects [73]. In addition, the expression of the APE1 protein was reduced in the
α-synuclein PFF mouse model compared to controls [51], and APE1 deficiency will result
in the accumulation of oxidized DNA damage [74]. However, it is unclear whether the
reduced levels of MRE11 or APE1 proteins directly contribute to the decreased efficiency of
DSBR or BER in the PD model.

3.3. DNA Repair Deficiency

Although the evidence of DNA damage in PD has long been reported, the mechanisms
of DNA repair in PD are only beginning to be understood [75]. Unlike other age-related
neurodegenerative diseases, many DNA repair proteins are upregulated in the brains of
PD patients and animal models, which is partially explained by DNA damage-induced
repair activation [15,75]. Conversely, a growing body of studies suggests that DNA repair
is defective in PD [14,15]. For example, the ability of NER was significantly reduced in skin
fibroblasts isolated from patients with PD [23]. Furthermore, some PD-causing proteins
have been shown to regulate DNA repair [14]. As mentioned above, under physiological
conditions, α-synuclein is not only enriched within the synapse, but a portion of α-synuclein
is also distributed in the nucleus [76]. Although the role of α-synuclein in the nucleus has
been controversial, recent work has identified a protective role for nuclear α-synuclein in



Int. J. Mol. Sci. 2023, 24, 6313 5 of 21

DNA repair [25]. Specifically, endogenous α-synuclein promotes DSBR via nonhomologous
end joining (NHEJ), implying that cytoplasmic aggregation of α-synuclein may gain toxicity
by causing the loss of function of nuclear α-synuclein [25]. Similarly, a role for wild-type
LRRK2 in DNA repair has recently been identified [44]. Endogenous LRRK2 responds to
DNA damage and promotes homologous recombination (HR) repair, whereas its deficiency
leads to DNA damage accumulation and loss of nuclear structure integrity [41,44,77]. In
terms of autosomal recessive pathogenic proteins, parkin has been reported to also protect
nuclear DNA and regulate NER [46,78]. In addition, DJ-1 is also reported to interact
with XRCC4, a key component of NHEJ repair, in lung tissue, suggesting that DJ-1 may
be implicated in the DNA repair process [79,80]. Thus, this evidence suggests that the
accumulation of DNA damage and defective DNA repair in PD is mediated, at least in part,
by the mutation-induced loss of function of these pathogenic proteins.

3.4. Environmental Toxicant

For a long time, environmental toxins have been associated with the etiology of
sporadic PD [81]. In addition to the conventional phenotypes of mitochondrial dysfunction
and oxidative stress, genomic toxic stress is also a common feature of these environmental
toxin models [82,83]. For example, 1-methyl-4-phenylpyridinium (MPP+) can induce
cells to produce DSBs and rapidly activate ATM and its downstream effectors, leading to
apoptosis [36]. Similar to MPP+, it has been shown that exposure to 6-OHDA can cause
persistent activation of DDR, ultimately resulting in cell death [29,33]. Whether in vivo
or in vitro models, rotenone has been reported to cause both oxidative DNA damage and
DSBs [83,84]. Moreover, exposure to paraquat can also elicit genotoxic stress in post-mitotic
DA neurons [28]. These findings provide the proof of concept that DNA damage is a shared
pathway in the degenerative death of DA neurons caused by environmental toxins.

4. Mechanisms of DNA Damage-Mediated Neurotoxicity in PD

In general, minor DNA damage can be repaired in the presence or absence of cell
cycle arrest [85]. However, more intense and irreparable DNA damage can chronically
activate DDR in neurons, leading to neuronal dysfunction and cell death [85–87]. Therefore,
understanding how DNA damage contributes to neuronal loss at the cellular and molecular
levels is critical. Below, we discuss recent mechanistic insights into the involvement of
DNA damage in neurodegeneration in PD (Figure 2).

4.1. Protein Aggregation

Aggregation of specific proteins in disease-specific patterns of the brain is a notable
feature of age-related neurodegenerative diseases, including PD, although the exact mecha-
nisms remain unclear [88,89]. Interestingly, recent studies have found that DNA damage
is also a crucial contributor to protein aggregation in neurodegeneration [90,91]. Lee et al.
found that the accumulation of DNA damage caused by ATM loss can lead to exten-
sive protein aggregation. DNA damage-induced hyperactivation of PARP1 is thought to
drive protein aggregation in ATM-deficient models [90]. To be specific, PARP1-mediated
poly-ADP-ribosylation (PARylation) is involved in protein aggregation in ATM-deficient
cells by attracting intrinsically disordered proteins [90]. Moreover, the study by Wouter
et al. also found that genomic toxicity induced by targeting ATM, ATR, or DNA topoiso-
merase can trigger the extensive aggregation of proteins with a propensity for liquid–liquid
phase separation (LLPS), which can also be mitigated by the inhibition of PARylation [92].
In ALS, numerous studies have shown that PAR-mediated LLPS facilitates the fibrilla-
tion of aggregation-prone proteins and their maturation into insoluble precipitates over
time [93–95]. For instance, PAR has been shown to promote LLPS of FUS, TDP43, and hn-
RNPA1 in both ex vivo and cellular settings, while increased concentrations of ALS-related
proteins in droplets is able to promote their own pathological fibrosis [96–99]. Recent
evidence has also demonstrated that α-synuclein is an intrinsically disordered protein and
has the capacity to condense into liquid-like droplets through LLPS in ex vivo and in vitro
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cell lines [100–102]. Interestingly, PAR also significantly promotes amyloid aggregation of
α-synuclein [19]. Mechanistically, PAR interacts directly with α-synuclein and accelerates
the pathogenic aggregation and toxicity of α-synuclein in vivo and in vitro [19]. Thus,
these results suggest that increased PAR levels due to DNA damage can act as a nucleation
center to promote the irreversible aggregation of intrinsically disordered proteins, thereby
amplifying neurotoxicity and driving neurodegeneration [103–105].
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Figure 2. Mechanisms by which DNA damage could promote neurodegeneration in PD. In PD,
the accumulated DNA damage leads to excessive activation of PARP1, and activated PARP1 can
synthesize a large number of PAR chains. PAR is able to interact with the N-terminal portion of
α-synuclein and promotes the fibrillation of α-synuclein monomers. Cellular senescence phenotypes
have been reported in PD models, including senescent neurons, senescent microglia, and senescent
astrocytes. In neurons, α-synuclein can induce DNA damage and upregulate the senescence markers
p53 and p21. In microglia and astrocytes, pathogenic α-synuclein leads to the upregulation of P21
expression. In addition, the neurotoxin paraquat can cause astrocyte senescence phenotypes in vivo
and in vitro, including DNA damage accumulation, p16 upregulation, and senescence-associated
secretory phenotypes (SASPs). DNA damage has recently been found to induce inflammatory
responses in several types of neuronal cells, including microglia, astrocytes, and neurons. The innate
immune response induced by the cGAS–STING pathway plays a major role. Evidence for DNA
damage-induced neuroinflammation in PD has been demonstrated in microglia. α-synuclein can
attack the genomic DNA of microglia, which in turn activates the STING-dependent inflammatory
response, leading to a massive release of inflammatory factors. The oxidative stress induced by
inflammatory factors may further lead to DNA damage in other cells, contributing to the continued
activation of the DNA damage response and causing a vicious cycle between DNA damage and
inflammation. Lastly, DNA damage is thought to be an important cause of dopaminergic neuron
death. Specifically, on one hand, DNA damage in PD models can activate a P53-dependent apoptotic
program, and on the other hand, persistent DNA damage-induced hyperactivation of PARP1 can
trigger parthanatos in neurons. (Created with BioRender.com).
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4.2. Cellular Senescence

Cellular senescence is a state of irreversible cell cycle arrest [106]. Currently, cellular
senescence is considered as a stress response that can be induced by various exogenous
or endogenous stresses, such as genotoxic telomere shortening, replicative stress, and
oncogene activation [107]. While cellular senescence is caused by multiple factors, persis-
tent DDR is recognized as the primary mechanism for establishing and maintaining the
senescent phenotype [108]. In vitro, a variety of DNA-damaging agents have been used to
induce cellular senescence, including radiation (ionizing radiation and ultraviolet light)
and chemotherapeutic agents (etoposide, bleomycin, and doxorubicin) [109,110]. In terms
of mechanisms, DDR activates the p16-Rb and p53-p21 pathways to impede the cell cycle
and execute the senescence program [87,108]. After DNA damage, activated p53 promotes
transcription of p21, which blocks CDK2 activity, leading to Rb hypophosphorylation and
cell cycle exit [110,111]. On the other hand, p16 inhibits CDK4/6, thereby preventing the
phosphorylation of Rb and the progression of the cell cycle [110,111]. In addition, most
senescent cells can develop a senescence-associated secretory phenotype (SASP), consisting
of growth factors, extracellular matrix components, interleukins, chemokines, metallopro-
teinases, and other signaling molecules [112]. Persistent activation of DDR is critical for
the initiation and maintenance of SASP, whereas the inflammation-associated transcription
factor NF-κB is a key player in the regulation of SASP [113–115]. The primary function of
SASP is to promote the repair of damaged tissues and to recruit immune cells to remove
senescent cells, thereby restoring normal tissue function [111]. Unfortunately, long-term ex-
posure to SASP can lead to chronic inflammation and disease [111,116]. It has been shown
that numerous cell types in the brain, including neurons, microglia, astrocytes, and oligo-
dendrocytes, are able to activate the cellular senescence program [117]. Remarkably, such
senescent cells are closely associated with the disease progression of age-related neurode-
generative diseases, such as AD and PD [106,117,118]. It has been reported that PD patients
have higher expression of senescence and SASP markers, such as p16, MMP-3, IL-6, IL-1α,
and IL-8, in body fluids and brain tissue compared to healthy controls [119,120]. Recent
evidence also shows that pathogenic α-synuclein is sufficient to induce DNA damage and
cellular senescence in several brain cell types [71,121,122]. Furthermore, cellular senescence
can be triggered in vitro and in vivo by exposure to paraquat and MPTP, while selective
elimination of senescent cells can reduce paraquat-induced neurotoxicity, indicating that
cellular senescence contributes to DA neurodegeneration [121,123]. However, it is not yet
clear whether DNA damage is the primary inducer of the senescence phenotype in these
cell types.

4.3. Neuroinflammation

Neuroinflammation is one of the pathological features of PD [124]. The chronic
inflammatory state observed in PD models is thought to be responsible for the subsequent
neuronal loss [125]. Therefore, elucidating the potential sources and molecular mechanisms
of inflammation has become a key scientific question in the field of PD research [126].
Emerging evidence suggests that DNA damage is able to induce inflammation in vivo
and in vitro [127]. In the central nervous system (CNS), it has been reported that DNA
damage can induce inflammatory responses in multiple neural cell types, which together
impact neural homeostasis [128]. Below, we discuss the latest mechanistic insights between
DNA damage and neuroinflammation in microglia, astrocytes, and neurons and how their
interaction influences neurodegeneration in the state of DNA damage.

4.3.1. Microglia

For a long time, abundant evidence supported the role of microglia in the pathogen-
esis of PD [126,129]. Activated microglia can exacerbate neurodegeneration by creating
a cytotoxic environment for neurons, yet the specific factors contributing to microglia
activation are not well understood [129,130]. It has been shown that DNA damage can
activate microglia and lead to the secretion of pro-inflammatory cytokines, causing severe
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damage to neuronal cells [131–133]. This phenotype is primarily induced by activation of
the damaged DNA-driven cGAS–STING signaling pathway, which is thought to initiate
germ-free inflammation through both type-I interferon and NF-κB signaling [131,133]. For
example, DNA damage in microglia directly induced by etoposide can trigger elevated
cytoplasmic DNA levels, which in turn stimulates an antiviral innate immune response via
the cytoplasmic DNA sensor STING, ultimately rendering microglia to exhibit a neurotoxic
proinflammatory phenotype [131]. In addition, DNA damage accumulation due to the
defective DNA repair associated with the ATM deficiency in microglia can also trigger
pro-inflammatory and neurotoxic signals by activating the cGAS–STING pathway [133].
Recently, DNA damage-induced microglial activation was also observed in PD [134]. Hin-
kle et al. demonstrated that misfolded α-synuclein can cause genomic DNA damage in
microglia and, thus, trigger STING-dependent microglial inflammation [134]. More impor-
tantly, STING knockout reduced neuroinflammation and DA neuron degeneration in an
α-synuclein PFF model [134], suggesting the pathogenic significance of DNA damage in
mediating microglia–neuron interactions.

4.3.2. Astrocytes

The neurotoxic activity of astrocytes has been reported in PD studies [135]. Inter-
estingly, DNA damage has been also found to contribute to neurotoxic inflammation in
astrocytes [136,137]. For instance, DNA damage induced directly by etoposide or indi-
rectly through the inhibition of ATM can lead to the accumulation of cytosolic DNA and
STING-associated inflammatory responses in astrocytes, causing the secretion of neurotoxic
mediators and neuronal atrophy and death [137]. In addition, DNA damage as a driver
of neurotoxic inflammation in astrocytes was recently demonstrated in Aicardi–Goutières
syndrome (AGS), an inherited encephalopathy [136]. In this study, p53-dependent DDR
was thought to contribute to AGS astrocyte-mediated neurotoxicity [136]. In PD, exposure
to paraquat has been found to cause DNA damage in astrocytes, and conditioned medium
from paraquat-treated astrocytes significantly reduced the viability of DA neurons [123].
Although there is no direct evidence for the role of DNA damage in astrocytic neurotoxicity
in PD, considering the potential damaging effects of inflammatory factors and pathogenic
α-synuclein on astrocytic genomic DNA [128,135,138], it is conceivable that DNA damage
may be an important part of astrocytic activation and toxic amplification in PD.

4.3.3. Neurons

Surprisingly, in addition to glial cells, recent evidence suggests that DNA damage in
neurons is also an important source of brain inflammation [11,139]. Welch et al. found that
DNA damage in neurons can induce senescence and antiviral-like signals that promote
neuroinflammation by secreting chemotactic and pro-inflammatory cytokines to attract
microglia [139]. Although the innate immune response triggered by the cGAS–STING
pathway occurs primarily in glial cells, work investigating neurotropic viral infections has
shown that neuron-derived inflammatory signaling is also a key feature of the antiviral
response [11]. Notably, neuronal cGAS–STING-mediated inflammatory responses have
been demonstrated in HD and ALS models, indicating that inflammation in neurons
burdened with DNA damage plays an important role in neurodegeneration [140,141].
In addition, inflammatory factors secreted by glial cells can also cause DNA damage in
the neuronal genome [128,136], thus contributing to the continued activation of DDR,
forming a vicious cycle, and ultimately exacerbating the neurodegenerative process. As
mentioned earlier, the pathogenicity of DNA damage has been confirmed in DA neurons
in PD [11]; however, it remains unknown whether the process of DNA damage-driven
neurodegeneration in DA neurons involves inflammation.

4.4. Cell Death

The degeneration and death of DA neurons are the pathological basis of PD [142].
Numerous studies have shown that multiple types of programmed cell death (PCD) partic-
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ipate in the degenerative loss of DA neurons, including apoptosis, autophagy, necroptosis,
parthanatos, and ferroptosis [143]. Here, we focus on apoptosis and parthanatos, both of
which are closely related to DNA damage [144].

4.4.1. Apoptosis

Apoptosis is the most investigated and best-known form of PCD [144,145]. The execu-
tion of apoptosis can be instigated by extrinsic or intrinsic signals. In the extrinsic pathway,
apoptosis is activated by the binding of death receptors to extracellular ligands [144,145].
The intrinsic apoptosis pathway is induced by various microenvironmental perturbations,
including (but not limited to) ROS, DNA damage, endoplasmic reticulum stress, and
growth factor depletion [144,145]. Both pathways can alter the permeability of the inner
mitochondrial membrane, ultimately causing the release of pro-apoptotic factors from the
mitochondria into the cytoplasm, such as apoptosis-inducing factor (AIF), cytochrome c,
Smac/Diablo, Omi/HtrA2, and endonuclease G [144,145]. These factors then facilitate the
execution of apoptosis in a caspase-dependent or caspase-independent manner [144,145].
In the context of PD, there is abundant evidence from both patients and experimental
models supporting the role of DNA damage-triggered intrinsic apoptotic pathways in
DA neurodegeneration [146,147]. For example, upregulation of DNA damage and p53, a
powerful pro-apoptotic factor, has been reported in a MPTP-induced mouse model, and p53
inhibition can prevent neurodegeneration and ameliorate motor deficits [148,149]. Similarly,
DNA damage and apoptotic phenotypes have been observed in other PD toxin models, as
well as transgenic mouse models of PD, although p53 may not always be the mediator of
cell death in these paradigms [29,147,150–152].

4.4.2. Parthanatos

Parthanatos, a portmanteau of “par” (for PAR polymer) and “thanatos” (for death
in Greek mythology), was first named in 2008 by Dawson’s team at Johns Hopkins
University as a new model of PCD [38,144]. Parthanatos is broadly characterized by
five biochemical stages: DNA damage, PARP1 hyperactivation, PAR association with
AIF, AIF release and MIF/AIF complex translocation, and MIF-mediated massive DNA
breaks [38,153]. More specifically, various toxic stimuli cause persistent DNA damage
and hyperactivation of PARP1, which synthesizes large amounts of long-chain, branch-
ing PAR polymers by consuming NAD and ATP [154–156]. Subsequently, PAR moves
from the nucleus to the cytoplasm and associates with AIF in the mitochondria, leading
to the release of AIF into the cytoplasm [157–159]. AIF then interacts with MIF and re-
cruits MIF to the nucleus to cleave DNA, causing massive DNA breaks and eventually
cell death [157,158,160,161]. Parthanatos is widely present in different diseases, including
cardiovascular diseases, renal diseases, diabetes mellitus, cerebral ischemia, and neurode-
generative diseases [162–164]. Parthanatos has been extensively studied and confirmed in
PD for more than two decades [19,165,166]. Back in 1999, Dawson’s team published the first
report related to PARP1-mediated neurodegeneration in a mouse model of PD [167]. In this
study, they found that PARP1 activation is involved in MPTP-induced neurotoxicity and
demonstrated that nitric oxide (NO)-induced DNA damage is necessary for PARP1 activa-
tion [167]. In two recent studies, their group further identified the key role of parthanatos in
α-synuclein toxicity [19,166]. They found that α-synuclein PFF can cause DNA damage by
triggering NO production, thereby inducing excessive activation of PARP1 and eventually
leading to cell death via parthanatos [19].

5. Developing Interventions through DNA Damage and Repair

In light of the potential role of DNA damage in PD and other age-related neurode-
generative diseases, the interventions that target DNA damage and repair are a major
emerging focus in this field [8,168,169]. There are two main approaches currently under
development, including enhancing DNA repair and alleviating the DDR [168,170–174]
(Figure 3 and Table 1).
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5.1. Enhancing DNA Repair

Whether directly targeting DNA repair can delay the onset and progression of PD is an
interesting topic. Indeed, enhancing DNA repair has been shown to improve neuronal sur-
vival after injury [175]. However, enhancing DNA repair is actually a huge challenge due
to the intricacies of repair mechanisms [176]. There is already evidence that overexpression
of DNA repair factors directly may have detrimental consequences [169,177]. Nevertheless,
various drugs have been developed to directly or indirectly increase DNA repair [169].
For example, numerous studies have confirmed that increasing NAD levels is a promising
strategy for stimulating DNA repair and preventing neurodegeneration [178–181]. Sup-
plementation with NAD and its precursors, like nicotinamide mononucleotide (NMN),
nicotinamide riboside (NR), and nicotinamide (NAM), can promote NHEJ repair through
increasing the levels of chromatin-bound Ku70 and DNA-PKcs [178,182]. It has been re-
ported that treatment of AD mouse models with NR can alleviate several major features of
AD, including Tau pathology, DNA damage, neuroinflammation, synaptic dysfunction, and
cognitive impairment [171,172]. In the context of PD, evidence from cellular and animal,
as well as clinical trial, studies suggests that increasing NAD levels has shown beneficial
impacts and that the protective effect of NAD is at least partly mediated through DNA
repair [183–190]. Moreover, most mammalian sirtuins can stimulate DNA repair and main-
tain genome stability, including SIRT1, SIRT2, SIRT3, SIRT6, and SIRT7 [169,191]. SIRT1
regulates BER through APE1 and XRCC1 [192,193], NER through XPA [194], mismatch re-
pair (MMR) through MSH2 and MSH3 [195], and DSBR through Ku70 and WRN [196,197].
SIRT2 stimulates DSBR through ATRIP [198]. SIRT3 promotes DSBR through Rad52 and
Ku70 [199,200]. SIRT6 regulates BER by interacting directly with MYH, APE1, and Rad9-
Rad1-Hus1 (9-1-1) [201], and DSBR by stimulating PARP1 activity [202]. SIRT7 promotes
DSBR by H3K18Ac deacetylation and H3K122 desuccinylation [203,204]. In recent years,
many preclinical studies have examined the effects of sirtuins in PD cells and animal
models [205]. In this regard, it has been shown that the use of the SIRT1 agonist resver-
atrol and the SIRT3 agonist honokiol can improve the disease phenotype in PD mouse
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models [205–209], suggesting that promoting DNA repair is a potential target for PD therapy.

Table 1. The application of drugs targeting DNA repair or DDR in the treatment of PD.

Target Drugs Models Effects References

NAD NMN Rotenone-treated PC12 cells DNA damage ↓; energy metabolism ↑;
apoptosis ↓; necrosis ↓.

[183,187,188]

NAM
MPP+-treated SK-N-MC cells;
α-synuclein transgenic drosophila

Mitochondrial function ↑; oxidative
stress ↓; DNA damage ↓; motor function ↑.

[189]

Parkin or Pink1 mutant drosophila Mitochondrial function ↑; loss of
dopaminergic neurons ↓.

[185,190]

NR
GBA-PD iPSC neurons and fly
models of PD

Mitochondrial function ↑; autophagy ↑;
motor function ↑.

[184]

Double-blinded phase I clinical
in PD patients

Mitochondrial function ↑; lysosomal and
proteasomal function ↑; inflammation ↓;

[186]

SIRT1 Resveratrol MPTP/6-ODHA/Rotenone-induced
PD rodent models;
A53T α-synuclein mice

α-synuclein pathology ↓; TH ↑;
inflammation ↓; mitochondrial function ↑;
oxidative stress ↓; motor function ↑

[207,208]

SIRT3 Honokiol 6-OHDA-lesioned mice Oxidative stress ↓; TH ↑; motor function ↑ [209]

PARP1 Veliparib
Rucaparib
Talazopari

α-synuclein PFF-treated primary
neurons and mice

α-synuclein pathology ↓; TH ↑;
parthanatos ↓; motor function ↑

[19]

ATM KU-55933 MPP+-treated cerebellar granule cells DNA damage ↓; apoptosis ↓ [36]

Caffeine 6-OHDA-treated PC12 cells DNA damage ↓; apoptosis ↓ [152]

p53 Pifithrin-α Paraquat-treated SY5Y cells Mitochondrial function ↑; DNA damage ↓;
apoptosis ↓

[151]

Z-1-117 MPTP-treated mice TH ↑; apoptosis ↓; motor function ↑ [148]

Abbreviations: NMN, nicotinamide mononucleotide; NAM, nicotinamide; NR, nicotinamide riboside; iPSC,
induced pluripotent stem cell; MPP+, 1-methyl-4-phenylpyridinium; TH, tyrosine hydroxylase; MPTP, 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine; 6-OHDA, 6-hydroxydopamine. The up arrows in the table represent up-
regulation, and the down arrows indicate down-regulation.

5.2. Alleviating the DDR

Unrepaired DNA damage can cause persistent activation of DDR and subsequent
downstream signaling, ultimately leading to cellular senescence and death [86,170,210]. In-
deed, in most cases, neurodegenerative diseases seem to arise through excessive activation
of DDR, so drugs that suppress the DDR pathway can be used to treat these diseases [170].
As mentioned above, persistent DNA damage can lead to excessive PARP1 activation [19].
Activated PARP1 not only leads to bioenergetic deficiency through NAD depletion, but
also induces parthanatos [19,156]. More importantly, PARP1 activation promotes amyloid
aggregation and toxicity, while PARP1 inhibition can significantly alleviate the disease
symptoms in PD, as well as other neurodegenerative disease models [19,38], indicating
that the downregulation of the response to DNA damage may be beneficial. Several PARP1
inhibitors have been approved by the FDA for the treatment of various cancers [38]. Among
them, PARP inhibitors (veliparib, rucaparib, and talazoparib) have been shown to prevent
α-synuclein PFF-mediated neurotoxicity in both cellular and mouse models [19]. Notably,
current PARP1 inhibitors have been shown to induce PARP1 capture on chromatin, thereby
driving subsequent DNA damage, innate immune responses, and cytotoxicity, making
them unsuitable as disease-modifying drugs for the treatment of neurodegeneration [38].

ATM is a major regulator of DDR, and it also serves a critical role in triggering cell
death in response to genotoxic stress [48]. Persistent activation of ATM signaling has
been demonstrated in mouse models of both PD and other neurodegenerative diseases,
while targeted inhibition of ATM activity has neuroprotective effects [18,36,173]. For
instance, Lu et al. reported evidence of the persistent activation of DDR in the brain tissue
of HD patients and mice, and demonstrated that targeting ATM by gene knockout and
pharmacological inhibition can ameliorate mutant Huntingtin (mHTT) toxicity in vivo and
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in vitro [173]. Caffeine, a non-specific inhibitor of ATM, was shown to protect neurons
from etoposide-induced DNA damage and cell death in vitro [211]. In PD, inhibition of
ATM by caffeine prevented 6-OHDA-induced apoptosis in DA neurons [212]. In another
study, KU-55933, a selective ATM inhibitor, displayed a neuroprotective effect against
MPP+-induced apoptosis in neuronal cells [36]. The above evidence suggests that targeting
ATM is a useful therapeutic strategy in PD. However, it should be noted that ATM has over
700 potential targets, and, in addition to DDR, it regulates several downstream cellular
processes [48,174]. It is imaginable that ATM inhibition may elicit certain side effects, which
makes it a difficult therapeutic target [173,174].

In addition, various DNA damage agents, as well as the deficiency of essential DNA
repair proteins, are able to induce DNA damage and activate p53-dependent apoptotic
signaling in neurons [86,213,214]. While p53-independent apoptotic mechanisms have
been identified in neurons following DNA damage, in most situations, p53 activity is
enhanced upon DNA damage, and inhibition of p53 can mitigate the neurotoxic effects
of DNA-damaging insults [86,213,214]. Indeed, pharmacological inhibition of p53, via
pifithrin-α (PFT-α) and Z-1-117 or genetic reduction of p53, has been shown to reverse
neurodegeneration in multiple PD models, raising the potential of p53 as a therapeutic
target for PD [148,149,215]. However, it should be noted that the role of p53 in the CNS is
complicated and remains to be fully defined [216,217].

6. Conclusions and Perspectives

Over the past two decades, increasing evidence has suggested a potential contribution
of genome stability to the onset and progression of neurodegenerative diseases [8,9]. Now
there is clear evidence that DNA damage makes a significant contribution to the progression
of PD [14,15]. DNA damage may contribute to PD through cell-autonomous mechanisms
(e.g., protein aggregation, senescence, and cell death) and non-cell-autonomous mech-
anisms (e.g., neuroinflammation) [218,219]. Nevertheless, many key questions remain
unanswered. As described previously, the CNS is a highly integrated network of neu-
ron and glial cells [220,221]. However, to date, most studies have focused on the effects
of DNA damage and repair defects on neuronal cell function and viability [220,221]. In
fact, microglia also display DNA damage in the brain tissue of PD patients, as well as in
animal models [28,134]. Yet, the molecular mechanisms of DNA repair in microglia, the
consequences of persistent DNA damage, and the mechanisms by which DNA damage
affects the neighboring neurons have not been fully elucidated. In addition, the latest
research suggests that DNA damage in neurons can also induce inflammatory phenotypes,
including SASP and type I interferon responses, which have been shown to exacerbate
disease progression in multiple models of neurodegenerative disease [139,140]. Compared
to other neurons, the inflammatory signaling capacity in DA neurons has received little
attention [11]. Indeed, evidence of DNA damage accumulation in DA neurons has been
found in the early stages of PD animal models [18,20], but the specific molecular events
of DNA damage-mediated neurodegeneration need to be further explored. Last, but not
least, since DNA damage can directly cause neurodegeneration, and nearly all age-related
neurodegenerative diseases are associated with DNA damage [8], why does the disease
manifest differently in different individuals?

In summary, based on the existing evidence, the significance of DNA damage and
repair abnormalities is emerging in the field of PD, and clarifying the relationship between
DNA damage and PD will open up new avenues for understanding the pathogenesis of
PD and provide fertile ground for future drug development.
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163. Robinson, N.; Ganesan, R.; Hegedűs, C.; Kovács, K.; Kufer, T.A.; Virág, L. Programmed necrotic cell death of macrophages: Focus
on pyroptosis, necroptosis, and parthanatos. Redox Biol. 2019, 26, 101239. [CrossRef] [PubMed]

164. Huang, P.; Chen, G.; Jin, W.; Mao, K.; Wan, H.; He, Y. Molecular Mechanisms of Parthanatos and Its Role in Diverse Diseases.
Int. J. Mol. Sci. 2022, 23, 7292. [CrossRef]

165. Lee, Y.; Karuppagounder, S.; Shin, J.-H.; Lee, Y.-I.; Ko, H.S.; Swing, D.; Jiang, H.; Kang, S.-U.; Lee, B.D.; Kang, H.C.; et al.
Parthanatos mediates AIMP2-activated age-dependent dopaminergic neuronal loss. Nat. Neurosci. 2013, 16, 1392–1400. [CrossRef]

166. Park, H.; Kam, T.-I.; Peng, H.; Chou, S.-C.; Mehrabani-Tabari, A.A.; Song, J.-J.; Yin, X.; Karuppagounder, S.S.; Umanah, G.K.;
Rao, A.S.; et al. PAAN/MIF nuclease inhibition prevents neurodegeneration in Parkinson’s disease. Cell 2022, 185, 1943–1959.e1921.
[CrossRef]

167. Mandir, A.S.; Przedborski, S.; Jackson-Lewis, V.; Wang, Z.-Q.; Simbulan-Rosenthal, C.M.; Smulson, M.E.; Hoffman, B.E.;
Guastella, D.B.; Dawson, V.L.; Dawson, T.M. Poly(ADP-ribose) polymerase activation mediates 1-methyl-4-phenyl-1,
2,3,6-tetrahydropyridine (MPTP)-induced parkinsonism. Proc. Natl. Acad. Sci. USA 1999, 96, 5774–5779. [CrossRef] [PubMed]

168. Wang, H.; Kodavati, M.; Britz, G.W.; Hegde, M.L. DNA Damage and Repair Deficiency in ALS/FTD-Associated Neurodegenera-
tion: From Molecular Mechanisms to Therapeutic Implication. Front. Mol. Neurosci. 2021, 14, 784361. [CrossRef]

169. Petr, M.A.; Tulika, T.; Carmona-Marin, L.M.; Scheibye-Knudsen, M. Protecting the Aging Genome. Trends Cell Biol. 2020, 30,
117–132. [CrossRef]

170. Tuxworth, R.I.; Taylor, M.J.; Anduaga, A.M.; Hussien-Ali, A.; Chatzimatthaiou, S.; Longland, J.; Thompson, A.M.; Almutiri, S.;
Alifragis, P.; Kyriacou, C.P.; et al. Attenuating the DNA damage response to double-strand breaks restores function in models of
CNS neurodegeneration. Brain Commun. 2019, 1, fcz005. [CrossRef]

171. Hou, Y.; Lautrup, S.; Cordonnier, S.; Wang, Y.; Croteau, D.L.; Zavala, E.; Zhang, Y.; Moritoh, K.; O’Connell, J.F.; Baptiste, B.A.; et al.
NAD(+) supplementation normalizes key Alzheimer’s features and DNA damage responses in a new AD mouse model with
introduced DNA repair deficiency. Proc. Natl. Acad. Sci. USA 2018, 115, E1876–E1885. [CrossRef]

172. Hou, Y.; Wei, Y.; Lautrup, S.; Yang, B.; Wang, Y.; Cordonnier, S.; Mattson, M.P.; Croteau, D.L.; Bohr, V.A. NAD(+) supplementation
reduces neuroinflammation and cell senescence in a transgenic mouse model of Alzheimer’s disease via cGAS-STING. Proc. Natl.
Acad. Sci. USA 2021, 118, e2011226118. [CrossRef] [PubMed]

173. 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]

174. Taylor, M.J.; Thompson, A.M.; Alhajlah, S.; Tuxworth, R.I.; Ahmed, Z. Inhibition of Chk2 promotes neuroprotection, axon
regeneration, and functional recovery after CNS injury. Sci. Adv. 2022, 8, eabq2611. [CrossRef]

175. Martin, L.J.; Wong, M. Enforced DNA repair enzymes rescue neurons from apoptosis induced by target deprivation and axotomy
in mouse models of neurodegeneration. Mech. Ageing. Dev. 2017, 161, 149–162. [CrossRef] [PubMed]

176. Huang, R.X.; Zhou, P.K. DNA damage response signaling pathways and targets for radiotherapy sensitization in cancer.
Signal. Transduct. Target Ther. 2020, 5, 60. [CrossRef] [PubMed]

177. Vermeij, W.P.; Hoeijmakers, J.H.; Pothof, J. Genome Integrity in Aging: Human Syndromes, Mouse Models, and Therapeutic
Options. Annu. Rev. Pharmacol. Toxicol. 2022, 56, 427–445. [CrossRef]

178. Fang, E.F.; Kassahun, H.; Croteau, D.L.; Scheibye-Knudsen, M.; Marosi, K.; Lu, H.; Shamanna, R.A.; Kalyanasundaram, S.;
Bollineni, R.C.; Wilson, M.A.; et al. NAD(+) Replenishment Improves Lifespan and Healthspan in Ataxia Telangiectasia Models
via Mitophagy and DNA Repair. Cell Metab. 2016, 24, 566–581. [CrossRef]

179. Ruszkiewicz, J.A.; Bürkle, A.; Mangerich, A. Fueling genome maintenance: On the versatile roles of NAD(+) in preserving DNA
integrity. J. Biol. Chem. 2022, 298, 102037. [CrossRef]

180. Verdin, E. NAD+ in aging, metabolism, and neurodegeneration. Science 2015, 350, 1208–1213. [CrossRef]

http://doi.org/10.1073/pnas.1405158111
http://www.ncbi.nlm.nih.gov/pubmed/24987120
http://doi.org/10.1073/pnas.0606528103
http://www.ncbi.nlm.nih.gov/pubmed/17116881
http://doi.org/10.1126/scisignal.2000902
http://doi.org/10.1074/jbc.RA120.014479
http://doi.org/10.1126/science.aad6872
http://doi.org/10.1126/science.1072221
http://doi.org/10.1111/jnc.15464
http://www.ncbi.nlm.nih.gov/pubmed/34241907
http://doi.org/10.1016/j.redox.2019.101239
http://www.ncbi.nlm.nih.gov/pubmed/31212216
http://doi.org/10.3390/ijms23137292
http://doi.org/10.1038/nn.3500
http://doi.org/10.1016/j.cell.2022.04.020
http://doi.org/10.1073/pnas.96.10.5774
http://www.ncbi.nlm.nih.gov/pubmed/10318960
http://doi.org/10.3389/fnmol.2021.784361
http://doi.org/10.1016/j.tcb.2019.12.001
http://doi.org/10.1093/braincomms/fcz005
http://doi.org/10.1073/pnas.1718819115
http://doi.org/10.1073/pnas.2011226118
http://www.ncbi.nlm.nih.gov/pubmed/34497121
http://doi.org/10.1126/scitranslmed.3010523
http://www.ncbi.nlm.nih.gov/pubmed/25540325
http://doi.org/10.1126/sciadv.abq2611
http://doi.org/10.1016/j.mad.2016.06.011
http://www.ncbi.nlm.nih.gov/pubmed/27364693
http://doi.org/10.1038/s41392-020-0150-x
http://www.ncbi.nlm.nih.gov/pubmed/32355263
http://doi.org/10.1146/annurev-pharmtox-010814-124316
http://doi.org/10.1016/j.cmet.2016.09.004
http://doi.org/10.1016/j.jbc.2022.102037
http://doi.org/10.1126/science.aac4854


Int. J. Mol. Sci. 2023, 24, 6313 20 of 21

181. Fang, E.F.; Scheibye-Knudsen, M.; Brace, L.; Kassahun, H.; SenGupta, T.; Nilsen, H.; Mitchell, J.R.; Croteau, D.L.; Bohr, V.A.
Defective mitophagy in XPA via PARP-1 hyperactivation and NAD(+)/SIRT1 reduction. Cell 2014, 157, 882–896. [CrossRef]

182. Hou, Y.; Dan, X.; Babbar, M.; Wei, Y.; Hasselbalch, S.G.; Croteau, D.L.; Bohr, V.A. Ageing as a risk factor for neurodegenerative
disease. Nat. Rev. Neurol. 2019, 15, 565–581. [CrossRef] [PubMed]

183. Hong, Y.; Nie, H.; Wei, X.; Fu, S.; Ying, W. NAD+ treatment can prevent rotenone-induced increases in DNA damage, Bax levels
and nuclear translocation of apoptosis-inducing factor in differentiated PC12 cells. Neurochem. Res. 2015, 40, 837–842. [CrossRef]
[PubMed]

184. Schöndorf, D.C.; Ivanyuk, D.; Baden, P.; Sanchez-Martinez, A.; De Cicco, S.; Yu, C.; Giunta, I.; Schwarz, L.K.; Di Napoli, G.;
Panagiotakopoulou, V.; et al. The NAD+ Precursor Nicotinamide Riboside Rescues Mitochondrial Defects and Neuronal Loss in
iPSC and Fly Models of Parkinson’s Disease. Cell Rep. 2018, 23, 2976–2988. [CrossRef] [PubMed]

185. Lehmann, S.; Costa, A.C.; Celardo, I.; Loh, S.H.; Martins, L.M. Parp mutations protect against mitochondrial dysfunction and
neurodegeneration in a PARKIN model of Parkinson’s disease. Cell Death Dis. 2016, 7, e2166. [CrossRef] [PubMed]

186. Brakedal, B.; Dölle, C.; Riemer, F.; Ma, Y.; Nido, G.S.; Skeie, G.O.; Craven, A.R.; Schwarzlmüller, T.; Brekke, N.; Diab, J.; et al. The
NADPARK study: A randomized phase I trial of nicotinamide riboside supplementation in Parkinson’s disease. Cell Metab. 2022,
34, 396–407.e396. [CrossRef]

187. Hong, Y.; Nie, H.; Wu, D.; Wei, X.; Ding, X.; Ying, W. NAD(+) treatment prevents rotenone-induced apoptosis and necrosis of
differentiated PC12 cells. Neurosci. Lett. 2014, 560, 46–50. [CrossRef]

188. Lu, L.; Tang, L.; Wei, W.; Hong, Y.; Chen, H.; Ying, W.; Chen, S. Nicotinamide mononucleotide improves energy activity and
survival rate in an in vitro model of Parkinson’s disease. Exp. Ther. Med. 2014, 8, 943–950. [CrossRef]

189. Jia, H.; Li, X.; Gao, H.; Feng, Z.; Li, X.; Zhao, L.; Jia, X.; Zhang, H.; Liu, J. High doses of nicotinamide prevent oxidative
mitochondrial dysfunction in a cellular model and improve motor deficit in a Drosophila model of Parkinson’s disease. J. Neurosci.
Res. 2008, 86, 2083–2090. [CrossRef]

190. Lehmann, S.; Loh, S.H.; Martins, L.M. Enhancing NAD(+) salvage metabolism is neuroprotective in a PINK1 model of Parkinson’s
disease. Biol. Open. 2017, 6, 141–147. [CrossRef]

191. Lagunas-Rangel, F.A. Current role of mammalian sirtuins in DNA repair. DNA Repair. 2019, 80, 85–92. [CrossRef]
192. Yousafzai, N.A.; Zhou, Q.; Xu, W.; Shi, Q.; Xu, J.; Feng, L.; Chen, H.; Shin, V.Y.; Jin, H.; Wang, X. SIRT1 deacetylated and stabilized

XRCC1 to promote chemoresistance in lung cancer. Cell Death Dis. 2019, 10, 363. [CrossRef] [PubMed]
193. Yamamori, T.; DeRicco, J.; Naqvi, A.; Hoffman, T.A.; Mattagajasingh, I.; Kasuno, K.; Jung, S.-B.; Kim, C.-S.; Irani, K. SIRT1

deacetylates APE1 and regulates cellular base excision repair. Nucleic. Acids. Res. 2010, 38, 832–845. [CrossRef] [PubMed]
194. Fan, W.; Luo, J. SIRT1 regulates UV-induced DNA repair through deacetylating XPA. Mol. Cell 2010, 39, 247–258. [CrossRef]

[PubMed]
195. Jang, J.; Huh, Y.J.; Cho, H.-J.; Lee, B.; Park, J.; Hwang, D.-Y.; Kim, D.-W. SIRT1 Enhances the Survival of Human Embryonic Stem

Cells by Promoting DNA Repair. Stem. Cell Rep. 2017, 9, 629–641. [CrossRef]
196. Jeong, J.; Juhn, K.; Lee, H.; Kim, S.-H.; Min, B.-H.; Lee, K.-M.; Cho, M.-H.; Park, G.-H.; Lee, K.-H. SIRT1 promotes DNA repair

activity and deacetylation of Ku70. Exp. Mol. Med. 2007, 39, 8–13. [CrossRef] [PubMed]
197. Li, K.; Casta, A.; Wang, R.; Lozada, E.; Fan, W.; Kane, S.; Ge, Q.; Gu, W.; Orren, D.; Luo, J. Regulation of WRN protein cellular

localization and enzymatic activities by SIRT1-mediated deacetylation. J. Biol. Chem. 2008, 283, 7590–7598. [CrossRef] [PubMed]
198. Zhang, H.; Head, P.E.; Daddacha, W.; Park, S.-H.; Li, X.; Pan, Y.; Madden, M.Z.; Duong, D.M.; Xie, M.; Yu, B.; et al. ATRIP

Deacetylation by SIRT2 Drives ATR Checkpoint Activation by Promoting Binding to RPA-ssDNA. Cell Rep. 2016, 14, 1435–1447.
[CrossRef] [PubMed]

199. Yasuda, T.; Kagawa, W.; Ogi, T.; Kato, T.A.; Suzuki, T.; Dohmae, N.; Takizawa, K.; Nakazawa, Y.; Genet, M.D.; Saotome, M.; et al.
Novel function of HATs and HDACs in homologous recombination through acetylation of human RAD52 at double-strand break
sites. PLoS Genet. 2018, 14, e1007277. [CrossRef]

200. Sundaresan, N.R.; Samant, S.A.; Pillai, V.B.; Rajamohan, S.B.; Gupta, M.P. SIRT3 is a stress-responsive deacetylase in car-
diomyocytes that protects cells from stress-mediated cell death by deacetylation of Ku70. Mol. Cell Biol. 2008, 28, 6384–6401.
[CrossRef]

201. Hwang, B.-J.; Jin, J.; Gao, Y.; Shi, G.; Madabushi, A.; Yan, A.; Guan, X.; Zalzman, M.; Nakajima, S.; Lan, L.; et al. SIRT6 protein
deacetylase interacts with MYH DNA glycosylase, APE1 endonuclease, and Rad9-Rad1-Hus1 checkpoint clamp. BMC. Mol. Biol.
2015, 16, 12. [CrossRef]

202. Mao, Z.; Hine, C.; Tian, X.; Van Meter, M.; Au, M.; Vaidya, A.; Seluanov, A.; Gorbunova, V. SIRT6 promotes DNA repair under
stress by activating PARP1. Science 2011, 332, 1443–1446. [CrossRef] [PubMed]

203. Vazquez, B.N.; Thackray, J.K.; Simonet, N.G.; Kane-Goldsmith, N.; Martinez-Redondo, P.; Nguyen, T.; Bunting, S.; Vaquero, A.;
Tischfield, J.A.; Serrano, L. SIRT7 promotes genome integrity and modulates non-homologous end joining DNA repair. EMBO J.
2016, 35, 1488–1503. [CrossRef] [PubMed]

204. Li, L.; Shi, L.; Yang, S.; Yan, R.; Zhang, D.; Yang, J.; He, L.; Li, W.; Yi, X.; Sun, L.; et al. SIRT7 is a histone desuccinylase that
functionally links to chromatin compaction and genome stability. Nat. Commun. 2016, 7, 12235. [CrossRef] [PubMed]

205. Leite, J.A.; Ghirotto, B.; Targhetta, V.P.; de Lima, J.; Câmara, N.O.S. Sirtuins as pharmacological targets in neurodegenerative and
neuropsychiatric disorders. Br. J. Pharmacol. 2022, 179, 1496–1511. [CrossRef]

http://doi.org/10.1016/j.cell.2014.03.026
http://doi.org/10.1038/s41582-019-0244-7
http://www.ncbi.nlm.nih.gov/pubmed/31501588
http://doi.org/10.1007/s11064-015-1534-0
http://www.ncbi.nlm.nih.gov/pubmed/25813492
http://doi.org/10.1016/j.celrep.2018.05.009
http://www.ncbi.nlm.nih.gov/pubmed/29874584
http://doi.org/10.1038/cddis.2016.72
http://www.ncbi.nlm.nih.gov/pubmed/27031963
http://doi.org/10.1016/j.cmet.2022.02.001
http://doi.org/10.1016/j.neulet.2013.11.039
http://doi.org/10.3892/etm.2014.1842
http://doi.org/10.1002/jnr.21650
http://doi.org/10.1242/bio.022186
http://doi.org/10.1016/j.dnarep.2019.06.009
http://doi.org/10.1038/s41419-019-1592-3
http://www.ncbi.nlm.nih.gov/pubmed/31043584
http://doi.org/10.1093/nar/gkp1039
http://www.ncbi.nlm.nih.gov/pubmed/19934257
http://doi.org/10.1016/j.molcel.2010.07.006
http://www.ncbi.nlm.nih.gov/pubmed/20670893
http://doi.org/10.1016/j.stemcr.2017.06.001
http://doi.org/10.1038/emm.2007.2
http://www.ncbi.nlm.nih.gov/pubmed/17334224
http://doi.org/10.1074/jbc.M709707200
http://www.ncbi.nlm.nih.gov/pubmed/18203716
http://doi.org/10.1016/j.celrep.2016.01.018
http://www.ncbi.nlm.nih.gov/pubmed/26854234
http://doi.org/10.1371/journal.pgen.1007277
http://doi.org/10.1128/MCB.00426-08
http://doi.org/10.1186/s12867-015-0041-9
http://doi.org/10.1126/science.1202723
http://www.ncbi.nlm.nih.gov/pubmed/21680843
http://doi.org/10.15252/embj.201593499
http://www.ncbi.nlm.nih.gov/pubmed/27225932
http://doi.org/10.1038/ncomms12235
http://www.ncbi.nlm.nih.gov/pubmed/27436229
http://doi.org/10.1111/bph.15570


Int. J. Mol. Sci. 2023, 24, 6313 21 of 21

206. Li, X.; Feng, Y.; Wang, X.X.; Truong, D.; Wu, Y.C. The Critical Role of SIRT1 in Parkinson’s Disease: Mechanism and Therapeutic
Considerations. Aging Dis. 2020, 11, 1608–1622. [CrossRef]

207. Zhang, L.-F.; Yu, X.-L.; Ji, M.; Liu, S.-Y.; Wu, X.-L.; Wang, Y.-J.; Liu, R.-T. Resveratrol alleviates motor and cognitive deficits and
neuropathology in the A53T α-synuclein mouse model of Parkinson’s disease. Food. Funct. 2018, 9, 6414–6426. [CrossRef]

208. Su, C.F.; Jiang, L.; Zhang, X.W.; Iyaswamy, A.; Li, M. Resveratrol in Rodent Models of Parkinson’s Disease: A Systematic Review
of Experimental Studies. Front. Pharmacol. 2021, 12, 644219. [CrossRef]

209. Chen, H.H.; Chang, P.C.; Chen, C.; Chan, M.H. Protective and therapeutic activity of honokiol in reversing motor deficits and
neuronal degeneration in the mouse model of Parkinson’s disease. Pharmacol. Rep. 2018, 70, 668–676. [CrossRef]

210. Merlo, D.; Mollinari, C.; Racaniello, M.; Garaci, E.; Cardinale, A. DNA Double Strand Breaks: A Common Theme in Neurodegen-
erative Diseases. Curr. Alzheimer. Res. 2016, 13, 1208–1218. [CrossRef]

211. Kruman, I.I.; Wersto, R.P.; Cardozo-Pelaez, F.; Smilenov, L.; Chan, S.L.; Chrest, F.J.; Emokpae, R., Jr.; Gorospe, M.; Mattson, M.P.
Cell cycle activation linked to neuronal cell death initiated by DNA damage. Neuron 2004, 41, 549–561. [CrossRef]

212. Schepici, G.; Silvestro, S.; Bramanti, P.; Mazzon, E. Caffeine: An Overview of Its Beneficial Effects in Experimental Models and
Clinical Trials of Parkinson’s Disease. Int. J. Mol. Sci. 2020, 21, 4766. [CrossRef]

213. Aditi; Downing, S.M.; Schreiner, P.A.; Kwak, Y.D.; Li, Y.; Shaw, T.I.; Russell, H.R.; McKinnon, P.J. Genome instability independent
of type I interferon signaling drives neuropathology caused by impaired ribonucleotide excision repair. Neuron 2021, 109,
3962–3979.e3966. [CrossRef] [PubMed]

214. Maor-Nof, M.; Shipony, Z.; Lopez-Gonzalez, R.; Nakayama, L.; Zhang, Y.-J.; Couthouis, J.; Blum, J.A.; Castruita, P.A.; Linares, G.R.;
Ruan, K.; et al. p53 is a central regulator driving neurodegeneration caused by C9orf72 poly(PR). Cell 2021, 184, 689–708.e620.
[CrossRef]

215. Liang, Z.-Q.; Li, Y.-L.; Zhao, X.-L.; Han, R.; Wang, X.-X.; Wang, Y.; Chase, T.N.; Bennett, M.C.; Qin, Z.-H. NF-kappaB contributes to
6-hydroxydopamine-induced apoptosis of nigral dopaminergic neurons through p53. Brain Res. 2007, 1145, 190–203. [CrossRef]

216. Mendrysa, S.M.; Ghassemifar, S.; Malek, R. p53 in the CNS: Perspectives on Development, Stem Cells, and Cancer. Genes Cancer
2011, 2, 431–442. [CrossRef] [PubMed]

217. Merlo, P.; Frost, B.; Peng, S.; Yang, Y.J.; Park, P.J.; Feany, M. p53 prevents neurodegeneration by regulating synaptic genes.
Proc. Natl. Acad. Sci. USA 2014, 111, 18055–18060. [CrossRef] [PubMed]

218. Hirsch, E.C.; Jenner, P.; Przedborski, S. Pathogenesis of Parkinson’s disease. Mov. Disord. 2013, 28, 24–30. [CrossRef]
219. Panicker, N.; Ge, P.; Dawson, V.L.; Dawson, T.M. The cell biology of Parkinson’s disease. J. Cell Biol. 2021, 220, e202012095.

[CrossRef]
220. Chow, H.M.; Herrup, K. Genomic integrity and the ageing brain. Nat. Rev. Neurosci. 2015, 16, 672–684. [CrossRef]
221. McKinnon, P.J. Maintaining genome stability in the nervous system. Nat. Neurosci. 2013, 16, 1523–1529. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.14336/AD.2020.0216
http://doi.org/10.1039/C8FO00964C
http://doi.org/10.3389/fphar.2021.644219
http://doi.org/10.1016/j.pharep.2018.01.003
http://doi.org/10.2174/1567205013666160401114915
http://doi.org/10.1016/S0896-6273(04)00017-0
http://doi.org/10.3390/ijms21134766
http://doi.org/10.1016/j.neuron.2021.09.040
http://www.ncbi.nlm.nih.gov/pubmed/34655526
http://doi.org/10.1016/j.cell.2020.12.025
http://doi.org/10.1016/j.brainres.2007.01.130
http://doi.org/10.1177/1947601911409736
http://www.ncbi.nlm.nih.gov/pubmed/21779511
http://doi.org/10.1073/pnas.1419083111
http://www.ncbi.nlm.nih.gov/pubmed/25453105
http://doi.org/10.1002/mds.25032
http://doi.org/10.1083/jcb.202012095
http://doi.org/10.1038/nrn4020
http://doi.org/10.1038/nn.3537

	Introduction 
	Evidence for DNA Damage-Mediated Neurodegeneration in PD 
	Cause of DNA Damage in PD 
	Oxidative Stress 
	Protein Aggregation 
	DNA Repair Deficiency 
	Environmental Toxicant 

	Mechanisms of DNA Damage-Mediated Neurotoxicity in PD 
	Protein Aggregation 
	Cellular Senescence 
	Neuroinflammation 
	Microglia 
	Astrocytes 
	Neurons 

	Cell Death 
	Apoptosis 
	Parthanatos 


	Developing Interventions through DNA Damage and Repair 
	Enhancing DNA Repair 
	Alleviating the DDR 

	Conclusions and Perspectives 
	References

