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The aging brain is highly vulnerable to oxidative genomic damage, the accumulation of which is a hallmark of
Alzheimer's disease (AD). The base excision repair (BER) pathway, initiated by DNA glycosylases, serves as the
primary guardian against such damage. This review synthesizes recent evidence revealing the dual and dynamic
roles of key DNA glycosylases including OGG1, MUTYH, MPG, and members of the NEIL family in AD patho-
genesis. Beyond canonical repair functions, these enzymes actively participate in core pathological processes
including Af/tau toxicity, neuroinflammation, and neuronal death, with their activities modulated by the AD
microenvironment. We evaluate the therapeutic strategies targeting these enzymes, highlighting emerging
strategies like OGG1 agonists for early-stage repair enhancement and inhibitors for dampening maladaptive
inflammation in later stages. Finally, we propose a precision medicine approach based on a deeper understanding
of glycosylase biology in distinct brain cell types and disease stages, providing a theoretical foundation for DNA

repair-targeted interventions in AD.

1. Introduction

Alzheimer's disease (AD) is the most prevalent neurodegenerative
disorder and the leading cause of dementia worldwide, affecting over 50
million people globally with a projected increase to 152 million by 2050
(El Gaamouch et al., 2022). The global healthcare burden of AD is
staggering, with US expenditures for individuals aged 65 and older with
dementia expected to reach $384 billion in 2025(2025). AD is charac-
terized by memory impairment, behavioral abnormalities, and cognitive
decline (Wang et al., 2024), with core pathological hallmarks including
senile plaques composed of Af aggregates, neurofibrillary tangles
(NFTs) formed by hyperphosphorylated tau, synaptic loss, and neuronal
death(Das, 2025; Gotz et al., 2012). Aging is the strongest risk factor for
AD, and genomic instability driven by accumulated DNA damage is a
hallmark of the aging process(Brazel and Rao, 2004; Chu et al., 2022).
Elucidating how the fundamental molecular pathways that link the
aging process to the canonical pathological hallmarks of AD offers a
promising frontier for understanding AD pathogenesis and identifying

novel therapeutic targets.

Evidence indicates that genomic instability and DNA damage accu-
mulation are central to brain aging(Lagunas-Rangel, 2022; Lopez-Gil
et al., 2023), contributing directly to cognitive impairment in AD and
other neurological disorders (Delint-Ramirez and Madabhushi, 2025;
Moneim, 2015). As post-mitotic cells with high metabolic activity,
neurons are persistently vulnerable to reactive oxygen species (ROS),
excitotoxicity, and transcription-associated damage(McKinnon, 2013;
Yin and Yang, 2024). Failure to repair such damage compromises
genomic integrity, triggering aberrant cell cycle re-entry, mitochondrial
dysfunction, and ultimately irreversible neuronal loss (Chow and Her-
rup, 2015).

Among various DNA damage forms, 8-0xoG accumulation is a critical
biomarker and neurotoxic agent in oxidative stress-induced neuro-
degeneration (Chiorcea-Paquim, 2022; Valavanidis et al., 2009). Its
accumulation activates apoptotic effectors such as calpain and PARP,
driving neuronal death - a hallmark event in neurodegenerative pro-
gression (Sheng et al., 2012). Consequently, downstream effectors like
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calpain and PARP are widely acknowledged as common therapeutic
targets for multiple neurodegenerative diseases(Fujikawa, 2023;
Hajnady et al., 2022). The BER pathway is the primary mechanism for
repairing 8-0xoG and other single-base lesions, initiated by DNA gly-
cosylases that act as "molecular sentinels" of genomic integrity
(Gonzalez-Diaz et al., 2024; Maynard et al., 2015; Nakabeppu, 2017). In
AD patient brains, aberrant expression of DNA repair proteins directly
activates neuronal apoptotic pathways (Lovell et al., 2011) with
impaired BER function playing a critical pathogenic role (Weissman
et al., 2009; Weissman et al., 2007). AD brain tissues exhibit not only
accumulation of oxidized bases but also significantly reduced expression
and activity of BER proteins including DNA polymerase § (Pol f),
uracil-DNA glycosylase (UDG), and 8-0xoG DNA glycosylase (OGG1)
(Canugovi et al., 2013; Iida et al., 2002; Lovell et al., 2000). These
findings may help elucidate the missing link between oxidative stress
and neuronal death.

Despite the pivotal role of DNA glycosylases in AD, these repair
initiators have received considerably less research attention compared
to downstream BER enzymes such as APE1 and DNA polymerases, and
specific modulators remain limited(Hans et al., 2020). Currently avail-
able FDA-approved drugs (acetylcholinesterase inhibitors and NMDA
receptor antagonists) only alleviate symptoms without halting under-
lying pathology (Lantyer et al., 2021). As the first line of defense against
oxidative base lesions, the BER pathway and its initiating glycosylases
are emerging as critical nodes interfacing with classic AD pathologies
(Raper et al., 2021). Therefore, targeting DNA glycosylases to restore
BER function represents a promising and unmet therapeutic strategy for
AD. This review aims to fill this gap by systematically elucidating the
roles of DNA glycosylases in AD pathogenesis and exploring their ther-
apeutic potential.

2. Oxidative damage and the BER pathway in AD
2.1. Oxidative DNA damage: an early trigger of AD pathogenesis

Oxidative DNA damage is not a secondary consequence but an early
driver of AD(Zuo, 2025). In the preclinical stage of AD, elevated levels of
oxidative damage markers (8-0xoG, 8-OHdG, yH2AX) are detected in
the frontal lobe and hippocampus-brain regions critical for
memory-concurrently with glial cell activation(Bradley-Whitman et al.,
2014; Mizuno et al., 2022). Mitochondrial DNA (mtDNA) is particularly
susceptible to oxidative damage due to lack of histone protection and
proximity to the electron transport chain, harboring 3-5 times more
8-0x0G lesions than nuclear DNA and creating a self-amplifying cycle of
oxidative stress(Gabbita et al., 1998; Lovell and Markesbery, 2007).
Body fluid studies report increased oxidized purine nucleosides (e.g., 8
0x0G/8 OHAG) and reduced repair products in AD, consistent with
impaired BER capacity(Lovell et al., 1999; Sliwinska et al., 2016). This
imbalance reflects failure of BER to keep pace with DNA damage,
leading to conversion of single-strand breaks (SSBs) into toxic
double-strand breaks (DSBs) and neuronal senescence (Lovell et al.,
1999; Sedelnikova et al., 2004). Notably, oxidative damage interacts
synergistically with core AD pathologies: oxidatively modified Ap42,
upon binding Cu*, catalyzes Fenton reactions generating hydroxyl
radicals(Su et al., 2020), while hyperphosphorylated tau suppresses
expression of key BER enzymes including OGG1 and AP endonuclease 1
(APE1). Consequently, oxidized bases accumulate in genomic regions
associated with synaptic plasticity, impairing the transcription of im-
mediate early genes (IEGs) and providing a mechanistic explanation for
early memory decline (Kirova et al., 2015; Shanbhag et al., 2019). Thus,
oxidative damage in the AD brain serves as both an initial insult and a
critical nexus linking Af accumulation, tau pathology, bioenergetic
deficits, and neuronal loss.

Ageing Research Reviews 118 (2026) 103129
2.2. The BER pathway: mechanisms and dysregulation in AD

The BER pathway is a conserved, multi-step process responsible for
repairing oxidized, alkylated, or deaminated base lesions (Caldecott,
2022; Lee and Kang, 2019; Madabhushi et al., 2014), with three core
stages: recognition/excision, AP site processing, and repair synthe-
sis/ligation (Fig. 1). BER is initiated by specific monofunctional or
bifunctional DNA glycosylases. Monofunctional glycosylases (e.g., UDG,
MPG) possess glycosylase activity but lack an associated AP lyase ac-
tivity(Hua and Sweasy, 2024). Bifunctional glycosylases (e.g., OGG1,
NEIL1) exhibit both glycosylase and AP lyase activities(Bakman et al.,
2023). First, DNA glycosylases recognise damaged bases on the DNA
strand by catalysing hydrolysis of the N-glycosidic bond, causing the
damaged base to protrude from the double helix and be excised
(Dizdaroglu, 2005; Huffman et al., 2005; Stivers and Jiang, 2003),
generating an AP site with an intact DNA phosphodiester backbone
(Krokan et al., 2002; Mullins et al., 2019); Subsequently, the AP site is
processed. In the case of monofunctional glycosylases, APE1 cleaves the
phosphodiester backbone 5’ to the AP site, generating a single-strand
break with 3"-hydroxyl (3-OH) and 5-deoxyribose phosphate (5'-dRP)
termini(Demple and Sung, 2005; Robson and Hickson, 1991). If a
bifunctional glycosylase is involved, it may directly cleave the AP site
via B- or B/5-elimination, producing a strand break with a 3’-phos-
phorylated o,f-unsaturated aldehyde (3-PUA) or 3-phosphate (3-P)
group(Prakash et al., 2012). The resulting termini are then prepared for
repair. Pol p removes the 5-dRP group via its dRP lyase activity, while
APE1 can process the 3-PUA or 3-P residues through its phosphodies-
terase activity. Finally, depending on the nature of the 5-dRP group,
repair proceeds via either the short-patch or long-patch BER sub-path-
way(Horton et al., 2000). Short-patch BER involves the insertion of a
single nucleotide by Pol f, followed by ligation facilitated by the
XRCC1-Ligase III complex (Wilson et al., 2007). In contrast, long-patch
BER recruits DNA polymerases /8, PCNA, FEN1, and DNA Ligase I to
perform strand-displacement synthesis of 2-13 nucleotides (Fan and
Wilson, 2005; Levin et al., 2004; Wu et al., 1996). This coordinated
process ultimately restores DNA integrity and safeguards genomic sta-
bility (Frosina et al., 1996). In AD brains, BER dysfunction is charac-
terized by reduced expression/activity of key enzymes (OGG1, Pol )
and accumulation of repair intermediates, exacerbating genomic insta-
bility and neuronal death.

3. Overview of DNA glycosylases
3.1. Classification and structural characteristics

DNA glycosylases are the rate-limiting initiators of the BER pathway,
and their activity directly determines repair efficiency. Mammalian DNA
glycosylases are classified into four structural superfamilies based on
conserved domains (Fig. 2): Uracil-DNA glycosylases (UDGs): Specialize
in excising uracil from DNA, preventing G:C—A:T transitions caused by
cytosine deamination or dUTP misincorporation. Key members include
UNG and SMUGL. Helix-hairpin-helix (HhH) glycosylases: The primary
family responsible for repairing oxidative damage, including OGG1 (8-
0x0G repair) and MUTYH (A:8-0xoG mismatch repair). They share a
conserved HhH motif and a [4Fe-4S] cluster for substrate binding. 3-
Methylpurine DNA glycosylases (MPGs): Recognize a broad range of
alkylated purines (e.g., 3-MeA, 7-MeG) and deaminated bases (e.g.,
hypoxanthine). Endonuclease VIII-like (NEIL) glycosylases: Specialize in
repairing oxidized pyrimidines and formamidopyrimidines in single-
stranded DNA (ssDNA) and transcription bubbles. The NEIL family in-
cludes NEIL1, NEIL2, and NEIL3, with distinct substrate preferences and
tissue expression patterns(Jacobs and Schar, 2012). Despite their
diverse catalytic domains, nearly all DNA glycosylases employ a
conserved base-flipping mechanism: they extrude the damaged nucleo-
tide from the DNA double helix into a specific binding pocket, enabling
precise recognition and excision without disrupting the intact DNA
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Fig. 1. Overview of the BER pathway. The BER pathway is initiated by DNA glycosylases that recognize and excise damaged bases, generating an abasic (AP) site.
Subsequent steps involve AP site processing, gap filling, and ligation, proceeding through either short-patch or long-patch sub-pathways to restore genomic integrity.

structure(Brooks et al., 2013; Hitomi et al., 2007; Mullins et al., 2019;
Stivers, 2004). Many eukaryotic glycosylases also contain non-catalytic
domains that regulate subcellular localization (e.g., mitochondrial tar-
geting sequences) and protein-protein interactions (PPIs)(Torgasheva
et al., 2022).

3.2. Regulatory mechanisms of DNA glycosylase activity

The activity and abundance of DNA glycosylases are tightly regu-
lated through multiple layers to ensure precise BER responses. Genetic
and epigenetic regulation: Polymorphisms in glycosylase genes (e.g.,
OGG1 Ser326Cys) affect enzyme activity and AD susceptibility. Pro-
moter methylation and histone modifications also modulate glycosylase
expression in AD brains. Alternative splicing: Genes such as OGG1 and
MUTYH generate multiple isoforms with distinct subcellular localiza-
tions (nuclear vs. mitochondrial) and functions (de Sousa et al., 2021;
Scharer, 2001). Post-translational modifications (PTMs): Phosphoryla-
tion, acetylation, and glutathionylation dynamically regulate

glycosylase stability, catalytic activity, and subcellular localization. For
example, Ap42-induced glutathionylation of OGG1 cysteine residues
inhibits its 8-0xoG repair activity (Carter and Parsons, 2016). PPIs:
Glycosylases interact with BER components (e.g., OGG1-APE1) and
replication/transcription factors (e.g., MUTYH-PCNA) to coordinate
repair processes.

An additional layer of regulatory complexity arises from substrate
ambiguity. Chemical oxidation of 5-methylcytosine (5-mC) generates
products structurally indistinguishable from those produced by TET-
mediated active demethylation(Zhao et al., 2014). This overlap impli-
cates DNA glycosylases in processing these modified bases, potentially
linking BER to active DNA demethylation and gene expression control.
Such substrate promiscuity suggests glycosylases function not only as
genome guardians but also as epigenetic modulators - a duality partic-
ularly relevant to the transcriptional dysregulation observed in AD
(Wang et al., 2025).(Table 1)
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Fig. 2. Classification of DNA Glycosylase Superfamilies. Mammalian DNA glycosylases are categorized into four major superfamilies: UDGs, HhH glycosylases,

MPGs, and NEIL glycosylases.

Table 1
DNA Glycosylases Associated with AD.

Superfamily = DNA Catalytic Type Primary Substrates Role in AD Pathogenesis
glycosylase
HhH 0GG1 Bifunctional 8-0x0G in dsDNA Deficiency leads to 8-0x0G accumulation, PARP activation, neuroinflammation,
and neuronal death
MUTYH Monofunctional ~ The base opposite 8-0x0-G/C/G in Aberrant upregulation promotes microglial activation and impairs hippocampal
dsDNA neurogenesis
MPGs MPG Monofunctional ~ 3-MeA, 7-MeG, Hx, €A, HeA Hyperactivity generates toxic AP sites, exacerbating DNA strand breaks and
neuronal injury
NEIL NEIL1 Bifunctional Oxidized pyrimidines in ssDNA and Cu?*/Fe® * binding inhibits activity, leading to transcription-associated DNA
dsDNA damage
NEIL2 Bifunctional Similar to ssDNA in bubbles and loops Inhibition by metal ions disrupts TCR, impairing synaptic gene expression
NEIL3 Bifunctional Oxidized pyrimidine in ssDNA, G- Supports hippocampal neurogenesis; deficiency exacerbates Ap pathology

quadruplexes

4. Key DNA glycosylases: from molecular mechanisms to
therapeutic targeting

The BER pathway is functionally compromised in AD, with
dysfunction of key DNA glycosylases playing a central role in patho-
logical progression. summarizes the characteristics of AD-associated
DNA glycosylases, and Table 2 recapitulates the mechanisms of action
and therapeutic potential of agonists or inhibitors targeting these

enzymes. This section focuses on the molecular mechanisms and ther-
apeutic potential of the most extensively studied glycosylases: OGG1,
MUTYH, MPG, and the NEIL family.

4.1. 0GG1

4.1.1. Molecular characteristics
The human OGG1 gene is located on chromosome 3p25-26 and

Table 2
DNA Glycosylase-Targeted Modulators.
Target Strategy Agent Mechanism Efficacy Limitations
0GG1 Agonist TH10785 Stabilizes active site, enhances 8-0x0G 1 8-0x0G clearance, | tau Pro-inflammatory risk, BBB
excision (>10 x); bypasses APE1- phosphorylation penetration needed
dependent BER
Inhibitor TH5487 Blocks 8-0x0G binding, suppresses NF-kB- | Neutrophil infiltration, anti- DNA-damage accumulation in
driven transcription inflammatory chronic use
Inhibitor Hydrazide-based compounds Blocks Schiff base formation during Enhanced inhibitor properties, No specific BBB-penetrant ;
catalysis valuable Potential in AD unexplored
Inhibitor Tetrahydroquinoline Improved potency and selectivity for OGG1  chemical tools for probing Potential in AD unexplored
sulfonamide derivatives inhibition OGG1 function
MUTYH  Inhibitor Genetic KO / emerging Reduces A:8-0xoG excision, PARP1 Memory rescue, | microgliosis, 1~ No specific BBB-penetrant
compounds hyperactivation, DAM polarization neurogenesis inhibitors
MPG Inhibitor Quercetin Inhibits MPG, reduces Ap/tau pathology Delays AD-like pathology Complex polypharmacology
NEIL1 Agonist Purine analog screen First small-molecule inhibitors of NEIL1 Proof-of-concept for Potential in AD unexplored
compounds identified through high-throughput pharmacological NEIL1
screening modulation
NEIL2 Reactivation Clioquinol + metal chelators Chelates Cu®*/Fe® *, restores transcription- Restores repair, | transcription Requires combination, off-target
coupled repair damage risk
NEIL3 Enhancement  Overexpression / modulation Repairs G-quadruplex/telomeric lesions, Supports neurogenesis, | No specific drugs, mechanism

supports DSB repair

v-H2AX/Ap co-localization

unclear
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encodes multiple isoforms via alternative splicing. The two major iso-
forms are a-OGG1 (345 amino acids, nuclear localization) and -OGG1
(424 amino acids, mitochondrial localization) (Nishioka et al., 1999;
Takao et al., 1998). Both isoforms share the first 315 amino acids con-
taining the HhH-K/GPD catalytic domain, but a-OGG1 contains a nu-
clear localization signal (NLS) that prevents mitochondrial entry
(Hashiguchi et al., 2004). Notably, p-OGG1 lacks 8-0xoG repair activity,
and a-OGG1 is the key isoform responsible for repairing both nuclear
and mtDNA damage in neurons (Arai et al., 2006b; Audebert et al.,
2002).

OGG1 is a bifunctional glycosylase with glycosylase and AP lyase
activity. Its primary biological function is to recognize and excise 8-
oxoG from double-stranded DNA (dsDNA), restoring G:C base pairs
and preventing G:C—T:A transversion mutations(Thayer et al., 1995).
Beyond 8-0x0G, OGG1 also excises other oxidatively induced lesions,
including 2,6-diamino-4-hydroxy-5-formamidopyrimidine (FapyG), a
prevalent formamidopyrimidine lesion generated by oxidative stress(Hu
et al., 2005). Studies in OGG1-deficient mice have demonstrated that
OGGL is the primary glycosylase responsible for FapyG repair in both
nuclear and mitochondrial DNA, as evidenced by significant accumu-
lation of this lesion and loss of repair capacity in the absence of OGG1
(Hu et al., 2005). OGG1 is ubiquitously expressed, with high levels in
tissues with high metabolic activity (e.g., brain, testis), underscoring its
critical role in maintaining genomic stability (Nishimura, 2001; Shin-
mura et al., 1997).

4.1.2. Pathogenic mechanisms of OGG1 in AD

OGG1-mediated 8-0x0G repair is systemically dysregulated in AD,
representing an early and sustained pathological event (Fig. 3)(Lovell
et al., 2011). Post-mortem studies show that OGG1 activity is decreased
in MCI brains and further declines in late-stage AD, accompanied by
loss-of-function mutations (e.g., Ser326Cys). This impairment correlates
with increased 8-oxoG levels, AP plaque deposition, tau hyper-
phosphorylation, and neuronal loss(Shao et al., 2008). Three primary
mechanisms underlie OGG1 dysfunction: (1) Subcellular mislocaliza-
tion: under oxidative stress conditions, OGG1 can be mislocalized to the
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cytoplasm and mitochondrial cristae, which may limit its access to nu-
clear and mtDNA (Oka et al., 2021). While hyperphosphorylated tau has
been associated with this mislocalization, a direct tau-dependent
sequestration mechanism remains to be established; (2) Covalent
modification by oxidative stress: OGG1 is redox sensitive; S gluta-
thionylation and other thiol modifications can inhibit its catalytic
function under oxidative stress. AP42 oligomer-induced neuronal
oxidative stress may elevate the GSSG/GSH ratio, leading to the gluta-
thionylation and subsequent inactivation of OGG1(Gupta et al., 2021).
(3) Induction of neuroinflammation and apoptosis: OGG1 deficiency
leads to 8-0xoG accumulation, which activates PARP1. Excessive PARP1
activation depletes NAD* and ATP, triggering AIF-mediated caspa-
se-independent apoptosis.This PARP-NAD* axis represents a common
pathological mechanism across neurodegenerative disorders(Hu et al.,
2026): PARP1 hyperactivation in response to persistent DNA damage
not only disrupts energy metabolism and mitochondrial function but
also inhibits sirtuin activity, compromising cellular antioxidant and
anti-inflammatory capacity, ultimately culminating in parthanatos - a
caspase-independent programmed cell death. Beyond neuronal death,
PARP1 activation also promotes NF-kB binding to inflammatory gene
promoters, inducing microglial activation and release of
pro-inflammatory cytokines (TNF-a, IL-1B)(Mangerich and Biirkle,
2012). This multi-layered dysregulation positions OGG1 as a critical
node linking oxidative stress to neuroinflammation.

4.1.3. TherapeutiC Targeting of OGG1: agonist and inhibitor strategies
The concept of pharmacologically targeting OGG1 for therapeutic
benefit was first established by pioneering work from Baptiste and col-
leagues, who demonstrated the feasibility of small-molecule modulation
of OGG1 activity(Baptiste et al., 2018). Concurrently, the first potent
and selective OGG1 inhibitors were identified through high-throughput
screening, yielding hydrazide-based molecules (ICso <1 pM) that spe-
cifically block Schiff base formation during catalysis (Donley et al.,
2015). Subsequent work from the Kool laboratory developed additional
inhibitors with improved potency and selectivity, providing valuable
chemical tools for probing OGG1 function(Kant et al., 2021; Tahara
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Fig. 3. The role of OGG1 in AD pathogenesis. In early stage of AD, reduced OGG1 function results in 8-0xoG accumulation, initiating DNA damage signaling. The
resulting 8-0xoG promotes neuroinflammation via PARP overactivation and glial responses, induces nuclear genotoxic stress, and causes epigenetic dysregulation
that sustains inflammation. Concurrently, OGG1 is directly compromised by AD hallmarks ultimately culminating in neuronal death.
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et al., 2018; Tahara et al., 2019). Building on these foundations, the
Helleday consortium characterized TH5487, an OGG1 inhibitor with
anti-inflammatory activity in cellular and in vivo models (Hanna et al.,
2020; Michel et al., 2022), while Michel et al. identified TH10785 as an
OGG1 agonist that enhances 8-0x0G excision and introduces non-native
B,8-lyase activity (Michel et al., 2022).

Agonists for early-stage AD: TH10785 enhances 8-0xoG excision
(>10-fold) and confers non-native p,5-lyase activity, enabling direct
cleavage of AP sites and bypassing APE1-dependent BER(Geng et al.,
2025; Hank et al., 2026). In cellular models, reduced 8-0xoG attenuates
tau phosphorylation and improves synaptic function; however, in vivo
cognitive effects in AD models remain to be demonstrated (Michel et al.,
2022; Oka et al., 2021; Pao et al., 2020).

Inhibitors for late-stage AD: persistent 8-0xoG accumulation drives
chronic neuroinflammation via NF-kB activation. TH5487 reduces NF-
kB binding to inflammatory gene promoters, dampens cytokine release,
and inhibits neutrophil infiltration in vivo (Hanna et al., 2020). it has
been hypothesized that backup repair by NEIL1/2 may prevent cata-
strophic genomic damage upon OGG1 inhibition, though direct evi-
dence for this compensatory mechanism in vivo remains to be
established. Beyond AD, TH5487 has shown efficacy in suppressing
cancer cell growth, inhibiting fibrosis, and sensitizing tumors to ionizing
radiation(Jaruga et al., 2025), highlighting the broad therapeutic po-
tential of OGG1 modulation.

4.2. MUTYH

4.2.1. Molecular characteristics

The human MUTYH gene is located on chromosome 1p34.3 and
generates multiple isoforms via alternative splicing of three distinct
promoters. The major isoforms are localized to the nucleus (3, 5, y3)
and mitochondria (a3), enabling repair of both nuclear and mtDNA
damage in the hippocampus(Boldogh et al., 2001; Oka and Nakabeppu,
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2011). Functioning within the BER pathway, MUTYH is localized to both
mitochondrial and nuclear DNA in the human hippocampus(Al-Tassan
et al., 2002). MUTYH is a monofunctional glycosylase that excises
adenine mispaired with 8-0x0G, preventing G:C—T:A mutations. Its
substrate recognition is mediated by a conserved HhH motif and a
[4Fe-4S] cluster, which detects the unique 2-amino group of 8-0xoG in
the DNA major groove (Conlon et al., 2024; Trasvina-Arenas et al.,
2025). MUTYH interacts with the replication factor PCNA to recruit
replication machinery and enhance repair efficiency at replication forks
(Englander et al., 2002; Parker and Eshleman, 2003; Tao et al., 2004).

4.2.2. Pathogenic mechanisms of MUTYH in AD

MUTYH exhibits a tissue-specific expression pattern in AD: it is
downregulated in peripheral blood lymphocytes but upregulated in
hippocampal and cortical microglia, correlating with 8-0xoG burden
(Abentung et al., 2025; Mizuno et al., 2021). This transforms MUTYH
from a "repair enzyme" to a "damage amplifier" through three mecha-
nisms (Fig. 4): (1) inducing neuronal apoptosis: Ap42-triggered ROS
elevates mtDNA 8-0xoG: A mismatches; MUTYH-initiated adenine
excision generates SSBs that persist due to saturation of downstream Pol
B/XRCC1 capacity, activating PARP1, depleting NAD*/ATP, and trig-
gering AlF-mediated apoptosis(Sheng et al., 2012); (2) Enhancing neu-
roinflammation: MUTYH-overexpressing microglia polarize toward a
pro-inflammatory disease-associated microglia (DAM) phenotype,
secreting TNF-a and IL-1f, which impairs hippocampal neurogenesis
and memory encoding(Mizuno et al., 2021); (3) Interacting with p53
pathway:in sporadic AD, upregulated p53 enhances MUTYH transcrip-
tion while impairment of p53-mediated caspase-3 activation shifts
neuronal death toward PARP-AIF-dependent necrosis (Hooper et al.,
2007; Johnson et al., 1999; Poot, 2025). These insights provide a
theoretical foundation for early therapeutic interventions aimed at
either inhibiting MUTYH or precisely regulating its BER activity to break
this pathogenic cycle.
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4.2.3. Therapeutic Potential of MUTYH

Although specific MUTYH inhibitors for AD have not yet entered
clinical trials, gene knockout studies have clearly demonstrated that
inhibiting MUTYH activity significantly ameliorates AD-related pathol-
ogies and cognitive deficits. Study indicates that the accumulation of the
oxidatively damaged base 8-0xoG in the brains of AD patients is a key
factor triggering neurodegeneration. MUTYH exacerbates this process
by promoting microglial activation and impairing hippocampal neuro-
genesis, thereby contributing to memory impairment in AD mouse
models. Specifically, MUTYH gene knockout effectively improves
memory function, significantly reduces microglial activation, and alle-
viates impairments in hippocampal neurogenesis in these mice(Mizuno
et al., 2021). Collectively, these findings support MUTYH inhibition as a
promising strategy for AD treatment, particularly in patients with high
microglial activation.

4.3. MPG

4.3.1. Molecular characteristics

The human MPG gene (also known as AAG) is located on chromo-
some 16p13.3 and encodes a 298-amino acid protein with a broad
substrate specificity for alkylated and deaminated purines(lzumi et al.,
1997; Vickers et al., 1993). MPG uses a hydrophobic "base-insertion"
loop to flip damaged bases into its active site, where Asp238 catalyzes
N-glycosidic bond cleavage(Lau et al., 1998). MPG exhibits the broadest
substrate specificity among mammalian DNA glycosylases, recognizing
and excising a wide array of alkylated and deaminated purines. Its
substrates include 3-methyladenine (3-MeA), 7-methylguanine
(7-MeG), hypoxanthine (Hx), and lipid peroxidation-derived adducts
such as 1,N6-ethenoadenine (¢A)(Lee et al., 2009; Wang et al., 2006).
Unlike other glycosylases, MPG's base excision rate is slower than adduct
formation, leading to transient accumulation of AP sites- a key deter-
minant of cellular fate(Maher et al., 2007). Genetic studies in
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MPG-knockout mice have confirmed its specific role in clearing €A and
Hx adducts, while the repair of oxidative lesions like 8-0x0G remains
intact, clearly delineating the pathways for alkylation versus oxidative
damage repair (Hang et al., 1997). MPG is recruited to active genes by
the transcription elongation complex, preferentially repairing alkylation
damage on the transcribed strand via transcription-coupled repair (TCR)
(Montaldo et al., 2019).

4.3.2. Pathogenic mechanisms of MPG in AD

MPG plays a dual role in neuronal function, depending on the
pathological context (Fig. 5). Under physiological conditions, AP sites
generated by MPG act as epigenetic signaling nodes: APE1 processes
these sites and recruits histone-modifying complexes (e.g., HDAC1),
altering chromatin architecture to fine-tune expression of genes associ-
ated with neurodevelopment and synaptic plasticity. MPG knockout
mice display reduced anxiety-like behaviors and enhanced memory,
confirming MPG-mediated epigenetic modulation shapes cognitive
function (Bordin et al., 2024). In contrast, under chronic oxidative stress
characteristic of AD, MPG hyperactivity generates excessive AP sites that
overwhelm downstream BER capacity. These accumulated AP sites are
converted into toxic SSBs and DSBs, triggering neuronal death- a path-
ological cascade mirroring MPG's detrimental role in ischemia- reper-
fusion injury (Ebrahimkhani et al., 2014). Thus, subtle fluctuations in
MPG activity may drive AD progression via dual mechanisms: epigenetic
modulation of synaptic gene networks and, under severe oxidative
stress, catastrophic AP site accumulation accelerating neuronal death.

4.3.3. Therapeutic potential of MPG

Although specific MPG inhibitors with validated in vivo efficacy in
AD models remain under development, natural compounds with pleio-
tropic neuroprotective effects have been shown to mitigate MPG-
mediated pathology indirectly. Quercetin, a widely distributed flavo-
noid with well-documented anti-inflammatory and neuroprotective
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properties, has been shown to ameliorate core AD pathologies including
Ap aggregation and tau hyperphosphorylation, primarily by modulating
pro-inflammatory cytokine secretion and attenuating the chronic neu-
roinflammatory microenvironment characteristic of AD(Zhang and Yan,
2023). While quercetin's neuroprotective effects in AD are
well-established, direct evidence for its specific inhibition of MPG cat-
alytic activity (with defined kinetics) is currently lacking. Instead,
quercetin likely exerts its beneficial effects through multiple mecha-
nisms, including antioxidant activity, anti-inflammatory signaling, and
modulation of multiple enzyme systems, which collectively may reduce
the oxidative stress burden that drives MPG hyperactivation in AD. This
finding suggest that while direct MPG inhibitors remain a promising
therapeutic concept, current evidence supports a multi-faceted approach
combining targeted MPG modulation with broader anti-inflammatory
and antioxidant strategies for AD intervention.

4.4. NEIL family

4.4.1. Molecular characteristics

The NEIL family (NEIL1, NEIL2, and NEIL3) belongs to the Fpg/Nei
superfamily and specializes in repairing oxidized pyrimidines and for-
mamidopyrimidines. These enzymes are dedicated to recognizing and
excising a variety of base lesions induced by ROS, exogenous chemicals,
and metabolic byproducts, thereby safeguarding genomic integrity by
preventing replication errors, DNA breaks, and mutagenesis(Hazra
et al., 2002a; Hazra et al., 2002b). Structurally, NEIL proteins share a
dual-domain architecture: an N-terminal region containing the H2TH
motif for DNA binding and the catalytic active site, and a C-terminal
domain that contributes to substrate specificity(Aliyaskarova, 2022).
The catalytic activity of NEIL1 resides in its N-terminal domain, with
Pro2 and Glu3 constituting the key active-site residues essential for
catalysis(McCullough et al., 2025). NEIL2 harbors an additional C-ter-
minal zinc finger motif homologous to that of bacterial Fpg, while NEIL3
possesses a significantly extended C-terminus with both classical and
RanBP-type zinc finger domains, which are postulated to mediate in-
teractions with ssDNA and chromatin remodeling complexes (Hwang
et al., 2025a).

Beyond structural divergence, the NEIL family exhibits pronounced
functional specialization characterized by distinct substrate preferences
and tightly regulated spatiotemporal expression patterns throughout the
cell cycle. NEIL1 is active on both ssDNA and double-stranded DNA
(dsDNA) substrates and can process guanidine-derived lesions (Gh, Sp)
(Dou et al., 2003; Zhao et al., 2010), whereas NEIL2 displays a strong
preference for ssDNA and transcription bubble structures, reflecting its
specialized role in TCR. NEIL3, by contrast, recognizes the broadest
spectrum of lesions, including FapyG, FapyA, thymidine glycol (Tg), and
other oxidized bases, with a marked affinity for ssDNA, G-quadruplex
structures, and specific genomic regions such as telomeres and inter-
strand cross-links (ICLs)(Chen et al., 2022). Unrepaired lesions of these
types can lead to replication fork stalling, base misincorporation, and
subsequent genomic instability, which are closely linked to carcino-
genesis and neurodegeneration(Zhou and Parsons, 2020).

Functionally, NEIL family members exhibit precise spatiotemporal
complementarity to ensure comprehensive DNA damage repair. NEIL1
expression peaks during the S phase of the cell cycle, where it interacts
directly with replication proteins (PCNA, FEN-1, RPA) to ensure timely
repair of oxidative damage at the replication fork (Hegde et al., 2013;
Rangaswamy et al., 2017). NEIL2 is specialized for TCR, collaborating
with RNA polymerase II and associated factors to remove oxidized bases
from actively transcribed genes, thereby minimizing
transcription-associated mutagenesis(Banerjee et al., 2011; Mullins
et al., 2019). Research on NEIL3 remains relatively scarce, though
existing evidence indicates it not only recognises FapyG, FapyA, and Tg
(Liu et al., 2010), but also exhibits differential binding to single- and
double-stranded DNA. Its peak expression during G2 phase suggests it
may continue surveying and repairing residual damage in
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post-replication stages(Hegde et al., 2013; Liu et al., 2012).

Evolutionary analyses across 157 vertebrate species reveal that the
NEIL family has undergone adaptive evolution. Positive selection has
acted on approximately 2.7% of codons, predominantly within the
H2TH and zinc finger domains. This suggests that fine-tuning of DNA-
binding affinity, enzymatic activity, and PPIs has been critical for
adapting to varying oxidative stress levels across different lineages
(Ahmad et al., 2022).

4.4.2. Pathogenic mechanisms of NEIL in AD

Transition metal ion dyshomeostasis (Cu**, Fe*, Zn**) is a hallmark
of AD and directly impairs NEIL family function(Jagannatha et al.,
1999). The accumulated metal ions inhibit NEIL-mediated repair of
oxidized DNA damage and promote neurodegeneration (Hegde et al.,
2009; Hegde et al., 2010). Specifically, elevated concentrations of Cu®*
and Fe® * occupy the catalytic zinc finger domains of NEIL1 and NEIL2,
blocking the p-elimination step during base excision. This leads to repair
intermediate stalling, persistent oxidative base lesions, excessive PARP
activation, and ultimately neuronal apoptosis. NEIL3 plays a distinct
role in hippocampal dentate gyrus neural stem cells, where it rapidly
repairs oxidative damage to maintain genomic integrity in progenitor
cells, thereby supporting adult neurogenesis(Regnell et al., 2012). In AD
mouse models, NEIL3 deficiency exacerbates Ap plaque deposition,
impairs adult hippocampal neurogenesis, and accelerates cognitive
decline in a sex- and age-dependent manner(Egiazarian et al., 2022).
NEIL3 also contributes to DNA double-strand break repair via the
FA/BRCA pathway; when NEIL3 function is impaired -whether by metal
chelation or transcriptional downregulation-DSB repair is delayed,
y-H2AX foci co-localize with Ap plaques, and neuronal death accelerates
(Li et al., 2020; Li et al., 2022). When NEIL3 function is impaired—-
whether by metal chelation or transcriptional downregulation-DSB
repair is delayed, y-H2AX foci co-localize with Af plaques, and
neuronal death accelerates (Fig. 6). These insights provide a theoretical
foundation for future therapeutic strategies combining metal chelation
with targeted NEIL pathway modulation.

4.4.3. Therapeutic targeting of NEIL

The NEIL glycosylase family (NEIL1, NEIL2, and NEIL3) represents a
promising yet substantially underexplored therapeutic target for AD,
with preclinical evidence highlighting its potential to modulate core
pathological cascades including oxidative DNA damage accumulation,
neuroinflammation, and impaired neurogenesis. Early proof-of-concept
for pharmacological targeting of this family came from Jacobs and
colleagues, who identified the first small-molecule inhibitors of NEIL1
through high-throughput screening(Jacobs et al., 2013). Their work
demonstrated the feasibility of directly modulating NEIL1 activity with
synthetic compounds, providing foundational chemical tools for probing
NEIL1 function. Subsequent studies have further characterized the
specificity and mechanism of these inhibitors, though their therapeutic
potential in neurodegenerative contexts remains unexplored. In the case
of NEIL3, genetic studies have provided compelling insights: NEIL3
knockout in AD mice exacerbates Af} plaque deposition, impairs adult
hippocampal neurogenesis, and accelerates cognitive decline, suggest-
ing that targeted activation of NEIL3 may restore genomic stability in
neural stem cells, alleviate Af-related pathology, and preserve cognitive
function in late-stage AD(Hwang et al., 2025b). Additionally, metal
chelation therapy represents a viable strategy to rescue NEIL1 and NEIL2
function in the AD brain: chelators such as clioquinol selectively reduce
the accumulation of redox-active metal ions (Cu?*/Fe®*), which other-
wise bind to the catalytic zinc finger domains of NEIL1 and NEIL2 to
suppress their f-elimination activity; by relieving this metal-mediated
inhibition, chelation therapy enhances the overall efficiency of the
BER pathway, thereby reducing the burden of unrepaired oxidative DNA
damage and ameliorating neuronal dysfunction in AD.
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5. The role of DNA glycosylases in other brain diseases

DNA glycosylase dysfunction is not unique to AD but represents a
common pathological feature across neurodegenerative diseases, high-
lighting the conserved role of genomic maintenance in brain health. In
Huntington’s disease (HD), OGG1 polymorphisms modulate 8-oxoG
repair efficiency and influence age of disease onset; insufficient OGG1
activity accelerates expansion of pathogenic CAG trinucleotide repeats
and promotes selective striatal neuron death(Fukae et al., 2005;
Taherzadeh-Fard et al., 2010). In amyotrophic lateral sclerosis (ALS),
downregulation of mitochondrial DNA repair enzymes including NEIL1
occurs in spinal motor neurons of presymptomatic SOD1 transgenic
mice, suggesting mitochondrial genomic instability is an early causal
driver of motor neuron degeneration(Murakami et al., 2007). In PD,
mitochondrial MUTYH expression is upregulated in the substantia nigra
of patients, a response that likely serves as a compensatory mechanism
to counteract the elevated mtDNA damage in dopaminergic neurons;
however, sustained MUTYH hyperactivation paradoxically triggers
apoptotic signaling cascades and exacerbates the loss of vulnerable
nigrostriatal dopaminergic neurons. Moreover, NEIL1 deficiency further
aggravates MPTP-induced PD-like pathology in animal models by
impairing the repair of oxidative DNA lesions, which in turn amplifies
oxidative stress and neuroinflammation in the nigrostriatal pathway
(Arai et al., 2006a;Arai et al., 2006a; Cardozo-Pelaez et al., 2012; Chen
et al., 2023; Xue et al., 2020). These findings highlight the conserved
role of DNA glycosylases in neurodegeneration and support the trans-
lational potential of BER-targeted therapies across multiple diseases.

Beyond neurodegeneration, DNA glycosylase dysfunction has been
implicated in psychiatric conditions. Reduced OGG1 expression in
euthymic bipolar disorder patients correlates with elevated oxidatively-

induced DNA lesions, suggesting impaired BER capacity contributes to
bipolar disorder pathogenesis (Ceylan et al., 2018). The importance of
FapyG lesions in neurological conditions is increasingly recognized,
with studies demonstrating that OGG1-mediated repair of both 8-0xoG
and FapyG is essential for maintaining genomic stability in
post-mitotic neurons. This extends the relevance of oxidative DNA
damage and repair deficiency beyond neurodegeneration to neuropsy-
chiatric diseases.

6. Future perspectives and conclusions

Oxidative DNA damage is a critical nexus linking aging, Af/tau pa-
thology, neuroinflammation, and neuronal death in AD. DNA glyco-
sylases, as the initiators and rate-limiting steps of the BER pathway, play
an indispensable role in maintaining neuronal genomic integrity. The
evidence synthesized in this review indicates that dysfunction of key
glycosylases (e.g., OGG1, MUTYH, NEIL family) constitutes the molec-
ular basis for decreased BER efficiency, exacerbated genomic instability,
and accelerated disease progression in AD.

Although BER is the primary pathway for repairing oxidative base
lesions such as 8-0xoG, existing evidence suggests significant compen-
satory and synergistic mechanisms within the DNA repair network. For
example, recruitment of Nucleotide excision repair (NER) factors such as
DDB2 and CSB promotes chromatin remodeling, thereby indirectly
creating an accessible repair environment for BER enzymes (e.g., OGG1)
(Menoni et al., 2012; Parlanti et al., 2012). Notably, in actively tran-
scribed gene regions, CSB also facilitates the recruitment of the BER
scaffold protein XRCC1(Menoni et al., 2018). This non-canonical mode
of action indicates that NER is not merely a simple backup pathway for
BER, but rather a critical auxiliary and regulatory system. The
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contribution of NER becomes even more pronounced when damage
types are complex, such as in the presence of clustered lesions or 8-0xoG
adjacent to AP sites(Menoni et al., 2018; Sassa and Odagiri, 2020).
Therefore, future investigations into DNA repair deficits in AD must
transcend a singular focus on the BER pathway and adopt a systems
biology perspective to examine the compensatory capacity of pathways
such as NER and their dynamic alterations across different disease
stages.

Another layer of complexity worthy of in-depth exploration is the
substrate promiscuity of DNA glycosylases and their potential role in
epigenetic regulation. The chemical oxidation of 5-mC can yield prod-
ucts indistinguishable from those generated by TET enzyme-mediated
active demethylation. This overlap between chemical and enzymatic
products complicates the cellular distinction between "damage" and
"signaling" and positions DNA glycosylases at the crossroads of DNA
damage repair and epigenetic regulation. Certain glycosylases, such as
members of the NEIL family, have been demonstrated to process
oxidized derivatives of 5-mC(Zhao et al., 2014). This implies that in the
AD brain, glycosylase dysfunction not only leads to the accumulation of
genomic damage but may also directly interfere with active DNA
demethylation, thereby causing aberrant expression of genes associated
with neuronal plasticity. Consequently, glycosylases may serve as key
molecular links connecting oxidative stress to epigenetic dysregulation,
offering a novel perspective for understanding the complex pathological
mechanisms of AD.

Based on these insights, precision therapeutic strategies targeting
DNA glycosylases hold considerable promise, but clinical translation
requires consideration of the following critical factors: (1) Stage-Specific
and Cell Type-Specific Targeting Strategies: The function of glycosylases
is highly context-dependent, mandating that intervention strategies
align with disease stage. In early-stage AD, characterized by acutely
elevated oxidative stress and a potentially compensable BER system,
activating OGG1 (e.g., with TH10785) to enhance 8-0x0G clearance and
block initial genomic damage accumulation represents a rational
approach. Conversely, in late-stage AD dominated by chronic inflam-
mation, 8-0xoG persisting in microglia may act as a damage-associated
molecular pattern (DAMP), driving pro-inflammatory gene expression
via NF-xB through the "non-canonical" functions of OGG1 (e.g., as a
transcriptional co-activator). In this context, inhibiting OGG1 (e.g., with
TH5487) can effectively suppress neuroinflammation, while genomic
stability is potentially maintained by backup glycosylases such as
NEIL1/2. Strategies targeting MUTYH and MPG are more focused on
inhibiting their "damage-amplifying" effects in specific cell types, such
as activated microglia or stressed neurons. (2) Under-Characterized
Glycosylases: The roles of most mammalian DNA glycosylases,
including SMUG1, NTHL1, and TDG, remain almost entirely unexplored
in AD. Given their unique functions in processing deamination, alkyl-
ation, and oxidative damage, investigating their involvement in AD
pathology, particularly in epigenetic dysregulation, is a critical direction
for future research. (3) Development of Modulators with Brain
Bioavailability: Most current glycosylase agonists/inhibitors were pri-
marily developed as chemical probes and have not been optimized for
blood-brain barrier (BBB) penetration. Enhancing their bioavailability
in the central nervous system through novel drug delivery systems, such
as nanoparticles or prodrug designs, is a prerequisite for clinical trans-
lation. (4) Combination Therapeutic Strategies: Modulation of a single
repair pathway may be insufficient to counter the complex pathological
network of AD. Combining glycosylase modulators with metal ion che-
lators (to restore NEIL1/2 activity), anti-inflammatory agents, or Ap/
tau-targeted drugs may yield synergistic benefits. Notably, given that
PARP1 hyperactivation in response to DNA damage signals is a common
pathway leading to neuronal energy depletion and cell death (partha-
natos), combining PARP1 inhibitors or NAD* precursors could represent
an ideal adjunctive strategy to enhance the efficacy of glycosylase-
targeted therapies.

In conclusion, DNA glycosylases represent promising novel
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therapeutic targets for AD. A deeper understanding of their molecular
mechanisms and the development of brain-penetrant, stage-specific
modulators will pave the way for the next generation of disease-
modifying AD therapies.

Abbreviations
AD Alzheimer’s disease
AB B-Amyloid
APE1 AP endonuclease 1
ALS Amyotrophic lateral sclerosis
BBB blood-brain barrier
BER Base excision repair
DAM Disease-associated microglia
DAMP damage-associated molecular pattern
dsDNA double-stranded DNA
DSBs Double-strand breaks
FapyA 4,6-Diamino-5-formamidopyrimidine
FapyG 2,6-Diamino-4-hydroxy-5-formamidopyrimidine
FEN1 Flap endonuclease 1
Gh Guanidine-2,6-diimidazolium
HD Huntington's disease
HDAC1 Histone deacetylase 1
HhH Helix-hairpin-helix
Hx Hypoxanthine
ICLs Interstrand Cross-Links
IEG Immediate early gene
MCI Mild cognitive impairment
MPGs 3-methylpurine DNA glycosylases
MPTP 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine
mtDNA Mitochondrial DNA
MUTYH MutY Homolog DNA Glycosylase
NDs Neurological degenerative disorders
NEIL Nucleic acid endonuclease VIII-like
NFTs Neurofibrillary tangles
NLS Nuclear localization signal
0GG1 8-oxoguanine DNA glycosylase
PCNA Proliferating cell nuclear antigen
PD Parkinson's disease
Pol B DNA polymerase
PTMs Post-translational modifications
PPIs Protein-protein interactions
RPA Replication protein A
ROS Reactive oxygen species
SOD1 Superoxide Dismutase 1
SP Spiroimidazolium
SPs Senile plaques
SSBs Single-strand breaks
ssDNA single-stranded DNA
TCR Transcription-coupled repair
UDGs Uracil DNA glycosylases
3-MeA 3-methyladenine
3-p 3'-phosphate
3-PUA 3'-phosphorylated-a,p-unsaturated aldehyde
5-dRP 5'-deoxyribosyl phosphate
5-hC 5-hydroxycytosine
5-mC 5-methylcytosine
7-MeG 7-methylguanine
8-0x0G 8-oxoguanine
yH2AX Phosphorylated H2AX
eA 1,N6-ethenoadenine
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