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Abstract:
A l z h e i m e r ’s  d i s e a s e  ( A D )  i s  a  p r o g r e s s i v e 
neurodegenerative disorder and one of the leading causes 
of dementia. The most significant known risk factor for AD 
is aging, and the increasing number of elderly people in 
low- and middle-income countries leads to an increase in 
AD incidence. Increasingly, age-related epigenetic changes 
are recognized as key drivers of the onset and progression 
of AD. This review examines how epigenetic processes, 
including DNA methylation and histone modification, 
affect amyloid-beta (Aβ) generation and clearance and tau 
protein pathology development, which are the two main 
features of AD. The genes APP, BACE1, PSEN1, and 
APOE show abnormal DNA methylation patterns, which 
result in elevated Aβ production and reduced clearance 
mechanisms. Alterations in histone acetylation and 
methylation patterns lead to synaptic dysfunction, which 
results in memory problems. The study demonstrates 
that BACE1 and PSEN1 methylation decrease with 
age and APOE status, which leads to Aβ accumulation. 
Hippocampal regions show decreased histone acetylation, 
which blocks vital gene expression required for learning, 
and tau accumulation results from methylation changes 
that damage cellular cleaning systems. These findings 
reveal the significant role of epigenetic processes in AD. A 
deeper understanding of these mechanisms not only sheds 
light on disease progression but also opens new pathways 
for treatment. This review highlights promising epigenetic 
targets and current challenges, encouraging the continued 
development of epigenetics-based therapies for AD and 
related neurodegenerative conditions.
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1. Introduction
Alzheimer’s disease (AD) is the leading cause of dementia 
and the most prevalent neurodegenerative disorder (NDD) 
globally. Dementia produces multiple symptoms that 
affect memory and cause problems with time and space 
awareness and language and cognitive abilities, and be-
havioral and personality changes. The World Health Orga-
nization (WHO) reported in 2021 that AD causes 60–70% 
of the 57 million global dementia cases, and age remains 
the main unchangeable risk factor for dementia [1]. The 
NIA reports that AD affects 11% of people aged 65 and 
older, but this number increases to 33% for people aged 
85 and above [2]. Most dementia patients, amounting to 
more than 60% who live in low- and middle-income coun-
tries (LMICs), match the worldwide pattern of population 
aging [1].
The molecular structure of AD shows a sequence of 
harmful processes that lead to progressive damage of 
neurons and their operational capabilities. The amyloid 
cascade hypothesis stands as the main scientific theory 
that explains how Alzheimer‘s Disease develops, although 
researchers have not identified the disease‘s initial cause. 
The model shows that β- and γ-secretase failure to proper-
ly cleave APP leads to elevated Aβ peptide production and 
aggregation that forms toxic extracellular plaques, which 
harm neurons. The model receives support from familial 
AD (FAD) because the APP and PSEN1, and PSEN2 
genes with strongly penetrant mutations lead to increased 
Aβ formation and aggregation. The main genetic risk fac-
tor for infrequent Alzheimer‘s disease (AD) is the apoli-
poprotein E ε4 (APOE4) allele because it makes Aβ accu-
mulation worse and reduces its clearance from the brain. 
The formation of intraneuronal neurofibrillary tangles 
(NFTs) occurs through tau protein hyperphosphorylation 
in addition to amyloid disease, which disrupts both axonal 
transport and synaptic function [3,4]. The brain shows two 
main types of lesions, which are the lacunar infarcts and 
the white matter lesions. The lacunar infarcts are small 
infarcts that occur in the deep parts of the brain and are 
usually caused by small vessel disease. The white matter 
lesions are areas of damage to the white matter of the 
brain and are also caused by small vessel disease. In addi-
tion to these signature lesions, chronic neuroinflammation 
from activated microglia and astrocytes causes ongoing 
neuronal damage and mitochondrial failure, and oxidative 
stress leads to synaptic loss and cognitive decline [5]. The 
complex interplay of these mechanisms results in contin-
uous neurodegeneration of the hippocampus and cortex 
through microglial and astrocyte activation, which creates 

the conditions for memory loss and dementia symptoms.
Cellular aging creates an environment that allows neuro-
degenerative chain reactions to initiate. The brain experi-
ences permanent molecular and cellular alterations during 
aging, which lead to the formation of AD pathology. 
Genomic instability increases with age, which results in 
DNA damage accumulation that affects neurons most se-
verely. The brain damage in AD patients reaches its peak 
in the hippocampus, which serves as the main memory 
processing area. DNA methylation drift and histone mod-
ification changes that occur during aging will increase the 
risk of developing Alzheimer‘s disease [6]. The elevation 
of HDAC activity results in reduced histone acetylation, 
which causes decreased synaptic plasticity and more 
severe memory problems in AD models [7]. The aging 
process transforms brain structure, which enables the for-
mation of AD characteristic brain damage.
Epigenetics is now recognized as an important factor in 
the development and progression of AD. The inhibition of 
HDAC3 results in decreased APP cleavage and increased 
tau breakdown, and changes in neuroprotective gene ex-
pression in laboratory cultures and living organisms. The 
study shows that HDAC3 controls proteins that contribute 
to the development of Alzheimer‘s disease [8]. DNMT 
inhibitors can reverse the hypermethylation of neuropro-
tective genes, which enables the reactivation of silenced 
genes and protects the brain [9]. These findings confirm 
that epigenetic modulators have potential as therapeutic 
agents in NDDs like AD. The review accelerates neuro-
degenerative disease treatment development through epi-
genetics by studying drugable targets (DNMTs/HDACs/
ncRNAs) and assessing preclinical and clinical data, and 
providing solutions to overcome translational challenges. 
The review examines epigenetic control in AD by identi-
fying potential drug targets and new research findings, and 
their application to create treatments.

2. DNA methylation
DNA methylation modifications serve as the first signs of 
Alzheimer‘s disease because they affect the formation of 
amyloid and tau protein abnormalities. DNA methylation 
functions as a major epigenetic control mechanism that 
controls gene expression and cellular operations through 
the process of adding methyl groups to cytosines located 
in CpG (5’-Cytosine-phosphate-guanosine-3’) dinucle-
otides. The DNA methylation process depends on DNA 
methyltransferases (DNMTs) enzymes, which contain 
N-terminal regulatory domains and C-terminal catalytic 
domains [10]. The DNMT family consists of four mem-
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bers, which include DNMT1 and DNMT3A and DN-
MT3B, and Dnmt3c. DNMT1 functions to preserve ex-
isting methylation patterns, but DNMT3A and DNMT3B 
perform most of the new methylation processes. The DNA 
demethylation process includes TET proteins, which con-
vert 5-methylcytosine (5mC) into 5-hydroxymethylcyto-
sine (5hmC) through their enzymatic activity that oxidizes 
the methyl group [11]. The conversion process through 
active DNA demethylation results in modifications to epi-
genetic markers.
Studies show that Alzheimer’s disease (AD) develops 
because of problems in these systems. Research studies 
show that AD patients have DNA methylation and hy-
droxymethylation pattern changes in their brain tissue and 
blood samples, which indicate widespread disruption of 
epigenetic control systems [11]. The methylation status of 
genes, including APP, PSEN, MAPT, and APOE, deter-
mines their expression levels, which leads to amyloid-beta 
accumulation and tau pathology, and neuroinflammatory 
responses [7]. Research studies have demonstrated that 
DNA methyltransferases (DNMTs) and Ten-Eleven Trans-
location (TET) enzymes show irregular activity in AD 
models, which proves that epigenetic dysregulation plays 
a role in the disease. DNA methylation patterns show 
promise as both diagnostic markers and therapeutic tar-
gets for Alzheimer’s disease treatment, according to these 
findings [12, 13].

2.1 DNA Methylation Dysregulation in Amy-
loid-β Homeostasis
Changes in DNA methylation are early signs of Alzhei-
mer’s disease. These changes can affect amyloid and tau 
proteins [14]. More research shows that DNA methylation 
helps control the amyloid process. When this control is 
lost, the amount of Aβ increases, and the brain can’t clear 
it properly. This leads to toxic Aβ buildup, which is one of 
the first changes in Alzheimer’s [14]. The buildup of am-
yloid plaques outside cells is a major sign of the disease. 
It happens before tau proteins clump inside cells and mak-
ing this worse. This shows that problems with Aβ control, 
partly caused by methylation changes, may help trigger 
the disease [14].
2.1.1 Potentiating Aβ Production

The production of amyloid-beta (Aβ) begins through se-
quential APP cleavage by enzymes. The amyloidogenic 
pathway begins with β-secretase (BACE1) cleavage of 
APP, which produces a soluble fragment and the C99 
fragment that remains attached to the membrane. The 
γ-secretase complex processes C99 to produce Aβ pep-

tides, which primarily consist of Aβ40 and Aβ42, while 
these peptides show a tendency to form aggregates. The 
essential role of BACE1 and the γ-secretase complex 
with PSEN1/PSEN2 units in Aβ production makes them 
critical targets for epigenetic modifications through DNA 
methylation to affect amyloid behavior.
Research on DNA methylation has focused on the APP 
gene as one of its primary subjects. Research shows that 
Alzheimer‘s disease patients exhibit lower methylation 
levels at the APP promoter region in their postmortem 
brain tissues and blood leukocytes when compared to 
healthy controls [15,16]. Research findings show conflict-
ing results about methylation patterns because some stud-
ies detected increased methylation in temporal cortex re-
gions, but others found no differences in frontal cortex and 
hippocampal regions [17]. Multiple elements exist that 
explain the observed discrepancies between studies. The 
methylation patterns of APP show significant variations 
between different human tissues according to research 
[18], while brain region differences make it challenging to 
perform direct comparisons. Research studies face limita-
tions because they work with small participant groups [19], 
and postmortem interval (PMI) variations might create 
sample heterogeneity, although DNA methylation remains 
stable for at least 72 hours after death [20].
The hypomethylation of the promoter region of BACE1 
can enhance its transcriptional activity and upregulate its 
protein levels. The over-formation of BACE1 will then 
markedly enhance the APP amyloid protein hydrolysis 
pathway, leading to the generation of more C99 frag-
ments and consequently greatly augmenting the over-
all Aβ burden, especially the more aggregation-prone 
Aβ42. This epigenetic disruption is corroborated by 
epigenome-wide association studies, which have found 
significant hypomethylation in enhancer regions of genes 
like DSCAML1 in the prefrontal cortex of subjects with 
late-stage AD pathology, causing heightened BACE1 
transcription [21]. Interestingly, a study by Su et al. (2024) 
also found that higher plasma BACE1 activity was as-
sociated with neurodegeneration in cerebral small vessel 
disease, corroborating the wider involvement of BACE1 
dysregulation in neuropathological processes outside 
classical AD [22]. In Alzheimer’s mouse models, PSEN1 
methylation did not show big changes, so it may not be 
involved in those models [23]. But in human brain tissue, 
PSEN1 often has lower methylation in people with Alz-
heimer’s [24]. Also, DNA from the blood of Alzheimer’s 
patients shows lower PSEN1 methylation than in healthy 
people. This change links to higher PSEN1 gene activity 
as the disease gets worse [25]. These results show that 
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PSEN methylation is complex and changes depending 
on the situation. It may matter more in humans and could 
work as a sign of disease in blood tests.
2.1.2 Impairing Aβ Clearance

Aβ levels in the brain depend not only on how much is 
made but also on how much is cleared. DNA methylation 
also affects genes that help with Aβ clearance.
The APOE ε4 version is the biggest genetic risk factor 
for late-onset Alzheimer’s. This version adds a new CpG 
methylation site, which makes a different gene control 
pattern [26, 27]. This region works like an enhancer and 
changes how the gene is used in different cell types and 
versions.
In cells like astrocytes and microglia, APOE often has 
lower methylation. This can change how much APOE is 
made [28]. The APOE4 protein doesn’t clear Aβ well. It 
may even help Aβ clump together, which causes plaques. 
APOE methylation also goes down with age. This may 
raise Alzheimer’s risk and affect fat control in the brain 
[29]. Interestingly, whereas less methylation usually 
means more APOE can be found in cognitively normal 
individuals, this correlation is lost in AD brains, indicat-
ing that there’s disease-specific epigenetic dysregulation 
[30]. While results between studies sometimes differ due 
to methodological or sample heterogeneity, cumulative 
evidence highlights the importance of APOE methylation 
as a crucial mechanistic link between genetic risk, aging, 
and Alzheimer‘s disease pathogenesis. Together, disrupt-
ed DNA methylation in genes governing both amyloid 
production and clearance underscores its central role in 
AD progression, warranting further exploration of histone 
modifications.

3. Histone Modification
Histone modifications serve as an important epigenetic 
regulation method, significantly impacting the develop-
ment of Alzheimer‘s disease (AD). These post-transla-
tional modifications (PTMs) modify chromatin structure 
and influence gene accessibility, thereby controlling gene 
expression programs vital for neuronal activity. Problems 
with these changes, such as acetylation, methylation, 
phosphorylation, and ubiquitylation, are now more often 
linked to memory loss and reduced synaptic plasticity in 
people with AD.

3.1 Histone Acetylation
Histone acetylation is one of the most studied types of his-
tone changes in Alzheimer’s disease [7, 31]. Enzymes like 
CBP/p300, PCAF, and HDACs help carry out this change. 

Acetylation removes the positive charge from histones, 
which loosens the DNA-histone bond, causing chromatin 
to shift from a condensed state (heterochromatin) to a 
more relaxed state (euchromatin). In AD, there is a clear 
imbalance in histone acetylation, though its presentation 
is complex and varies by specific sites and regions. A 
major decrease in acetylation, known as hypoacetylation, 
has been found in memory-related areas like the hippo-
campus, both in patients and in animal models [7, 31]. For 
example, mice with the APP/PS1 mutation showed a 50% 
drop in H4 acetylation in the hippocampus after learn-
ing. This drop was linked to weaker brain plasticity and 
worse memory [7]. Conversely, some studies report that 
increased acetylation (hyperacetylation) occurs in certain 
brain regions like the frontal cortex [31]. Although HDAC 
inhibitors have shown improved cognitive functions in 
animal models, their non-selective side effects have hin-
dered clinical application, highlighting the need for more 
targeted therapies and the development of more selective 
inhibitors.

3.2 Histone Methylation
Histone methylation involves adding methyl groups to ly-
sine or arginine residues on histone tails and is catalyzed 
by histone methyltransferases (HMTs), which recruit spe-
cific proteins that modify chromatin accessibility. Meth-
ylation is removed by histone demethylases (HDMs). De-
pending on the specific amino acid residue and the number 
of methyl groups (mono-, di-, or trimethylation), these 
modifications can activate or silence transcription. In AD, 
several abnormal methylation patterns are identified. Key 
changes include decreased H3K4me3, typically a marker 
of active transcription, and increased H3K27me3, usually 
a marker of transcriptional repression [7]. These changes 
are thought to contribute to AD development through mul-
tiple pathways, including direct alteration of MAPT gene 
expression and resulting tau protein aggregation, as well 
as disruption of cellular autophagy, which is essential for 
clearing Aβ and tau pathologies [7].

3.3 Other Histone Modifications
Other histone modifications can also contribute to AD, 
although many of the findings are based on limited sam-
ple sizes. Histone phosphorylation is frequently linked to 
DNA damage responses, cell cycle reactivation, and cell 
death, and increased levels of H3/H4 phosphorylation 
have been detected in AD brains [7]. Likewise, histone 
ubiquitylation shows robust increases, particularly at H2A 
and H2B sites, which may profoundly affect higher-order 
chromatin structure and gene regulation (Table 1) [7, 31].
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Table 1. Other Histone Modifications in AD

Histone modifications Tissue type / Model Main findings References

H2B ubiquitination (K120) Human postmortem frontal cortex
91% increase in AD cases compared to con-
trols

[32]

H2A ubiquitination (K119) Human postmortem cortex
~50% increase in ubiquitination; ~2-fold in-
crease in mono/penta-ubiquitinated H2A

[33]

H2AX phosphorylation 
(S139)

Cortical/hippocampal astrocytes from 
AD patients 

Increased levels compared to control indi-
viduals; indicate DNA damage response and 
astrocyte involvement

[34]

H3 phosphorylation (S10)
Cytoplasm of hippocampal neurons in 
AD patients 

Increased levels; suggests aberrant cell cycle 
re-entry and neuronal death

[35]

H3 phosphorylation (S28)
Implicated in learning and memory path-
ways; regulates cFOS expression

Linked to memory formation, potential dys-
regulation in AD

[36]

H4 phosphorylation (S47) Human AD brain samples 
Phosphorylation levels positively correlate 
with AD progression

[37]

4. Conclusion
This review highlights the importance of epigenetic 
regulation in the development of Alzheimer’s disease. 
Changes in gene regulation, especially DNA methylation 
in genes like APP, BACE1, PSEN1, and APOE, affect 
how much Aβ is made and how well it is removed. These 
changes can start the disease early. Meanwhile, histone 
modifications, especially lowered acetylation and ectopic 
methylation, disturb the gene activity needed for keeping 
brain connections healthy and protecting brain cells. This 
can lead to memory loss and cognitive disorders.
By integrating the latest evidence, we demonstrate that 
certain epigenetic changes can serve as both biomarkers 
and treatment targets. Differential BACE1 and PSEN1 
methylation promotes Aβ production, while APOE meth-
ylation affects the lipid metabolism and clearance ca-
pacity. Additionally, reduced histone acetylation in brain 
regions causes impaired synaptic plasticity. These changes 
further influence tau protein regulation and autophagy 
through alterations in methylation.
The main significance of the study in epigenetic regula-
tions is the potential for clinical application. Targeting 
epigenetic modulators, particularly DNMTs and HDACs, 
may help reverse disease-driving alterations and rescue 
neuronal function. Prospective treatment development 
needs much greater specificity and lesser systemic toxici-
ty. Ongoing studies focused on deciphering the function-
ing of the epigenetic machinery possess the promise for 
new precision therapies for Alzheimer‘s disease, as well 
as its prevention and diagnosis.
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