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Abstract

Alzheimer's disease (AD) is the most common type of dementia worldwide, and the apolipoprotein E (APOE) gene is the
strongest genetic risk factor associated with AD. APOE gene polymorphism (especially represented by the &4 allele)
significantly increases AD susceptibility through multiple biological pathways, including B-amyloid (AP) metabolic
disorders, tau protein pathology, neuroinflammation, blood-brain barrier disruption, and impaired synaptic plasticity; the &2
allele exerts a protective effect [1]. This review systematically analyzes the molecular mechanisms by which APOE regulates
AD progression, focuses on clinical translation progress such as the construction of risk prediction models, the discovery of
diagnostic biomarkers, and the development of therapeutic targeting strategies, discusses unresolved scientific challenges
including the pathogenesis of €4 non-carriers, gender-specific differences, and epigenetic regulation, and prospects the
application potential of cutting-edge technologies such as single-cell sequencing, brain organoids, and artificial intelligence
in advancing APOE-related AD mechanism research and therapeutic breakthroughs.
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1. Introduction

Alzheimer's disease (AD) is a chronic progressive neurodegenerative disease. As the main cause of dementia in the elderly,
its core characteristics include progressive decline in cognitive ability, memory loss, and impaired reasoning ability. With
the rapid aging of the global population, the incidence of AD continues to rise 2. According to the World Health Organization
(WHO), the prevalence of AD among people over 65 years old is 4%-7% 1. The "2021 Report on Alzheimer's Disease in
China" shows that the number of AD and related dementia patients in Asian populations reaches 16.99 million, with both
incidence and mortality rates higher than the global average. Females are more susceptible to the disease, and the risk
increases significantly with age (4],

The typical pathological changes of the disease are the extracellular deposition of amyloid plaques and the intracellular
accumulation of neurofibrillary tangles (formed by hyperphosphorylated tau protein) in the brain [, The accumulation of
these pathological substances causes extensive neuronal damage and loss, ultimately severely impairing the patient's daily
functions and significantly reducing their quality of life [°l. Currently, treatment is mainly symptomatic. Therefore, there is
an urgent need to reveal its potential genetic and molecular mechanisms to provide a basis for effective prevention and
treatment strategies. Among the discovered genetic risk factors, APOE is the most critical.

2. Genetic and Functional Basis of APOE
2.1 Gene Structure and Subtypes

The apolipoprotein E (APOE) gene is located in the long arm 13.2 region of chromosome 19 (19q13.2) and encodes
apolipoprotein E (apoE). Due to single nucleotide polymorphisms (SNPs) at amino acid residues 112 and 158, this gene
forms three main allelic subtypes: €2 (Cys112/Cys158), €3 (Cys112/Argl158), and &4 (Argl12/Argl158) U'l. Differences in
these amino acid sites significantly regulate the lipid-binding efficiency of apoE and its interaction with cell surface receptors
(such as the low-density lipoprotein receptor family) by altering the spatial conformation of apoE 1.

Meanwhile, apolipoprotein E (APOE), as a core regulator of lipid homeostasis in the brain, plays an irreplaceable role in lipid
transport and cholesterol metabolic balance in the central nervous system (CNS). Its functional realization relies on
coordination with multiple cells and structures in the brain: at the blood-brain barrier (BBB) level, APOE mediates the
transendothelial transport of lipids such as cholesterol and phospholipids by specifically binding to receptors such as low-
density lipoprotein receptor-related protein 1 (LRP1) and ATP-binding cassette transporter A1 (ABCA1) on the surface of
endothelial cells. This process not only provides basic lipid raw materials for neurons, astrocytes, and other cells in the brain
but also ensures the dynamic supply and demand balance of lipids in the brain through the "lipid pool" reserve in the endfeet
of astrocytes ). In neuronal repair and regeneration, the lipid transport function of APOE is particularly critical: when neurons
undergo membrane structure damage due to injury or degeneration, APOE can directionally deliver cholesterol to the
damaged site to participate in the reconstruction of the phospholipid bilayer of the cell membrane; at the same time, the lipid
signals (such as oxysterols) mediated by it can activate pathways such as PI3K/Akt, promote axon regeneration and dendrite
branching, and provide structural and signal support for the recovery of neuronal function 1%,

From the molecular structure perspective, the C-terminal lipid-binding domain (LBD) of APOE wraps free cholesterol and
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lipid molecules through hydrophobic interactions to form lipoprotein particles with a diameter of approximately 10-20 nm.
This conformation is the structural basis for stable lipid transport; the N-terminal receptor-binding domain (RBD) initiates
endocytosis to achieve precise lipid delivery by interacting with LRP1, VLDL receptors, and other receptors on the surface
of neuronal membranes. This high adaptation of "domain-function" directly regulates the cholesterol content of the neuronal
membrane, which, as a key determinant of membrane fluidity, affects the assembly and function of ion channels (such as
NMDA receptors) and the release efficiency of neurotransmitter vesicles in the presynaptic membrane ['!. In addition, the
stability of scaffold proteins (such as PSD-95) in the postsynaptic density (PSD) depends on the membrane anchoring effect
mediated by cholesterol. By maintaining cholesterol homeostasis, APOE indirectly ensures long-term potentiation (LTP) and
long-term depression (LTD) related to synaptic plasticity, which is crucial for the maintenance of advanced neural functions
such as learning and memory (11,

2.2 Population Distribution

The frequency of APOE alleles shows significant population stratification characteristics: the €4 allele has a higher
distribution frequency in European populations (approximately 12%-15%) and a lower frequency in African populations
(approximately 8%-10%) [13]. This difference may be related to evolutionary selection pressure during population migration.
Epidemiological cohort studies have confirmed a clear dose-response relationship between APOE &4 and the risk of late-
onset Alzheimer's disease (LOAD): carrying one &4 allele (heterozygote, €3/e4) can increase the risk of LOAD by 3.2-3.8
times, while homozygous carriers (¢4/e4) have a risk increased to 10.5-14.9 times, and this effect is particularly significant
in people over 65 years old ['*.. Further analysis shows that the pathogenic risk of APOE €4 is regulated by the interaction

of gender and age: the incidence of LOAD in female 4 carriers is significantly higher than that in male individuals
with the same genotype (HR=1.32, 95%CI: 1.18-1.48). This difference may be related to the regulatory effect of
decreased estrogen levels after menopause on APOE expression and lipid metabolism, and the effect size of gender
differences further amplifies with age (>75 years old) (HR=1.51, 95%CI: 1.32-1.73) t>-1¢],

3. Pathogenic Mechanisms of APOE Related to AD
3.1 Ap Metabolic Disorders

There are significant subtype-specific differences in the binding affinity between APOE and A, with the equilibrium
dissociation constant (Kd) in the order of €2 (~120 nM) < €3 (~250 nM) < &4 (~480 nM), meaning €2 has the strongest binding
ability to AB and &4 the weakest !'7). This difference stems from the conformational characteristics of APOE subtypes: £2
forms a more stable "closed conformation" between the N-terminal receptor-binding domain and the C-terminal lipid-binding
domain due to cysteine (Cys) at both positions 112 and 158, which can wrap A monomers through hydrophobic interactions
to prevent their oligomerization; €4, with arginine (Arg) at both positions 112 and 158, has an open conformation due to
electrostatic repulsion, resulting in insufficient exposure of the binding interface with AP and difficulty in effectively
inhibiting AP aggregation %],

At a deeper level, APOE clears Ap mainly through two ways:

The first way is that after APOE binds to AP, it attaches to LRP1 receptors on the surface of neurons and microglia, driving
AP to be phagocytosed by cells and then degraded intracellularly. Studies by Herz, J., & Beffert, U have shown that in this
step, the binding ability of €2 to LRP1 is much stronger than that of &4, so the speed of €2 removing AP is 2.3 times that of
g4 1191, The second way is that lipid-carrying APOE produced by astrocytes can activate two transporters, ABCA1 and
ABCG]1, helping AP transfer to extracellular lipoproteins and then excrete through the blood-brain barrier. However, the
lipid-carrying capacity of €2 and €3 is stronger than that of €4, and the lipid-carrying capacity of €4 is only 60% of that of €3,
which reduces its AP excretion capacity by 40% (2,

In summary, the €4 subtype has three problems: poor ability to bind A, unsmooth process of phagocytosis and clearance by
cells, and low efficiency of excretion through transporters, resulting in a 55% slower clearance rate of AP in the brain than
€3. As aresult, AP accumulates in the brain, first forming toxic small aggregates, then gradually aggregating into fibrils, and
finally forming amyloid plaques, which in turn trigger inflammation and neuronal damage.

3.2 Impact on Tau Protein Pathology

The APOE &4 subtype regulates the pathological process of tau protein through multiple dimensions, becoming a key driver
of neurodegeneration in Alzheimer's disease (AD). At the level of excessive tau phosphorylation, APOE &4 can selectively
enhance the phosphorylation levels of pathological relevant sites such as Ser396 and Thr231 in tau protein by activating pro-
phosphorylation kinases such as glycogen synthase kinase-33 (GSK-3) and cyclin-dependent kinase 5 (CDKS5). Li, Y. stated
in Neurobiology of Aging that in vitro kinase activity assays showed that GSK-3f activity in neurons treated with €4 was 2.1
times higher than that in the €3 group, and the phosphorylation level of tau, a downstream substrate of CDKS5, increased by
1.8 times 2!1. Hyperphosphorylated tau protein loses its ability to bind to microtubules due to conformational changes, leading
to microtubule depolymerization and cytoskeleton network collapse, which in turn affects neuronal axonal transport and
intracellular material transport 21, In terms of transneuronal propagation of tau protein, APOE &4 exacerbates pathological
diffusion through two mechanisms: first, it promotes the release of pathological tau (p-tau) in the form of extracellular vesicles
(such as exosomes). The level of p-tau wrapped in exosomes in the cerebrospinal fluid of €4 carriers is 3.2 times higher than
that of €3 carriers, and these vesicles enhance endocytosis efficiency by binding to heparan sulfate proteoglycans (HSPG) on

138



VOLUME: 01 ISSUE: 02 Journal of Cloud Computing and Data Analytics

the surface of adjacent neurons [2¥]; second, it impairs the phagocytosis and clearance of extracellular p-tau by microglia. The
abnormal interaction between €4 and TREM?2 receptors reduces the phagocytosis rate of p-tau by microglia by 45%, leading
to the accumulation of free extracellular p-tau and acting as "seeds" to induce abnormal folding of tau protein in healthy
neurons 4. Preclinical models further confirm the above mechanisms: in AD organoids carrying &4, the tau protein
pathological load (measured by neurofibrillary tangle density) is 2.7 times higher than that in €3 organoids, accompanied by
a 58% downregulation of microtubule-associated protein 2 (MAP2) expression and a 42% reduction in dendritic spine
density, and this damage shows regional specificity, being particularly significant in the hippocampal CA1 region and
entorhinal cortex (2. These findings reveal that APOE &4 accelerates the spatiotemporal diffusion of tau pathology and
neuronal function damage through the synergistic effect of "phosphorylation-propagation-clearance disorder".

3.3 Neuroinflammation and Immune Dysregulation

Neuroglial cells (with microglia and astrocytes as the core) are key executors of maintaining neuroimmune homeostasis in
the central nervous system (CNS), and their functional abnormalities are the core drivers of the neuroinflammatory cascade
in Alzheimer's disease (AD). APOE &4 significantly exacerbates intracerebral immune dysregulation and pathological
progression by differentially regulating the phenotype and function of these two types of glial cells. At the microglia level,
the abnormal interaction between APOE &4 and triggering receptor expressed on myeloid cells 2 (TREM?2) is the core
mechanism of functional damage: Ulrich, J. D stated that due to its open conformation, the binding affinity of €4 to TREM2
is 38% lower than that of €3, and after binding, it cannot effectively activate the SYK-PI3K/Akt pathway downstream of
TREM2, leading to blocked polarization of microglia to the "phagocytic phenotype". Specifically, the expression of
phagocytic receptors (such as CD36, MerTK) is downregulated by 40%-50%, and the phagocytosis and clearance efficiency
of AP oligomers and pathological tau is reduced by 55% [?°1. At the same time, &4 promotes the conversion of microglia to
the "pro-inflammatory phenotype" by activating the NF-kB and NLRP3 inflammasome pathways, and the levels of pro-
inflammatory cytokines (IL-1B, TNF-a, IL-6) released by them are 2.3-3.1 times higher than those in the €3 group, further
amplifying local inflammatory damage 7.

In astrocytes, APOE &4 induces functional abnormalities mainly by disrupting lipid metabolism homeostasis and the neuron-
glia signaling axis: studies by Liu, C. C. have shown that the low lipidation characteristic of €4 (only 60% of €3) leads to the
accumulation of cholesterol esters in astrocytes and the formation of lipid droplets, inhibiting their ability to deliver lipids to
neurons through ABCA1/ABCGTH transporters, resulting in neuronal membrane cholesterol deficiency and synaptic structure
instability (?%); at the same time, &4 impairs glutamate clearance balance (clearance efficiency reduced by 45%) and neuronal
support function by downregulating the expression of glutamate transporters (such as GLT-1) and neurotrophic factors (such
as BDNF) in astrocytes, exacerbating excitotoxicity and synaptic loss [*). More importantly, chemokines (such as CCL2,
CX3CL1) secreted by astrocytes induced by €4 can recruit peripheral immune cell infiltration, forming an inflammatory
amplification loop of "microglia-astrocytes-peripheral immune cells" and accelerating neuronal degeneration B3,

3.4 Blood-Brain Barrier Integrity and Synaptic Plasticity

The APOE &4 subtype exacerbates neurofunctional damage in Alzheimer's disease (AD) through dual mechanisms: on the
one hand, it damages the structural and functional integrity of the blood-brain barrier (BBB); on the other hand, it inhibits
the expression and function of brain-derived neurotrophic factor (BDNF), ultimately synergistically impairing synaptic
plasticity and cognitive function.

At the blood-brain barrier level, APOE &4 induces structural collapse by targeting the core molecules of the tight junction
complex: its low-lipidation form can abnormally bind to LRP1 receptors on the surface of vascular endothelial cells,
activating the expression and secretion of matrix metalloproteinase (MMP-9). In vitro BBB models show that MMP-9 activity
in the &4 treatment group is 2.7 times higher than that in the €3 group, leading to a 42% increase in the degradation of tight
junction proteins (Claudin-5, Occludin) and a 38% decrease in transendothelial electrical resistance (TEER) Y. This
structural damage results in the loss of selective permeability of the BBB, making it easier for peripheral pro-inflammatory
mediators (such as TNF-a, IL-6) and circulating toxins (such as oxidized low-density lipoprotein) to infiltrate the brain
parenchyma. After binding to receptors on the surface of glial cells in the brain, they further activate the NF-xB pathway,
forming a vicious cycle of "barrier destruction-inflammatory amplification” 2l At the level of neurotrophy and synaptic
function, APOE &4 inhibits the BDNF pathway through transcriptional and post-translational regulation: €4 can bind to the
APOE response element in the promoter region of the BDNF gene, inhibiting its transcriptional efficiency (mRNA level is
55% lower than that in the €3 group); at the same time, the pro-inflammatory phenotype of microglia induced by €4 promotes
the release of BDNF degrading enzymes (such as matrix metalloproteinase-1), reducing the level of mature BDNF protein in
the brain by 40% [331. BDNF deficiency directly impairs the activation of its downstream TrkB-PI3K/Akt pathway, leading
to a 35%-50% downregulation of the expression of key proteins in the postsynaptic density (PSD) (such as PSD-95, GluA1l),
a 62% reduction in hippocampal long-term potentiation (LTP) amplitude, and a 38% decrease in dendritic spine density 34,
These impairments in synaptic plasticity ultimately manifest as cognitive dysfunctions such as decreased spatial learning and
memory ability, and are particularly significant in ¢4 homozygous individuals !,

4. Translation and Clinical Applications
4.1 Risk Prediction and Early Diagnosis

APOE genotyping can be used for AD risk stratification. Combining APOE status with biomarkers such as cerebrospinal

139



VOLUME: 01 ISSUE: 02 Journal of Cloud Computing and Data Analytics

fluid AP42/40 ratio, phosphorylated tau protein, and PET imaging can significantly improve diagnostic accuracy. However,
&4 carriage is not a decisive factor, indicating that environmental and lifestyle factors also play important roles 3¢,

4.2 Therapeutic Targeting Strategies for APOE
The main strategies include:

Conformation correction: Small molecules (such as benzothiazoles) can alter the structure of APOE &4, improving its
interaction with AP and clearance ability [*”); function enhancement: Simulating protective £2 peptides or overexpressing €3
can enhance neuroprotective effects [*®l; gene editing: CRISPR-mediated conversion of €4 to €3 has shown potential in
preclinical models P%; antisense oligonucleotides: Can reduce APOE &4 expression in early trials 10,

4.3 Lifestyle Interventions

The Mediterranean diet, acrobic exercise, and cognitive training can reduce the risk of AD in &4 carriers. These interventions
provide non-pharmacological risk reduction pathways by improving metabolic health, reducing inflammation, and promoting
neurogenesis !,

5. Research Objectives, Research Content, and Key Problems to Be Solved
5.1 Research Objectives

1.Systematically clarify the molecular mechanisms by which different allelic subtypes of APOE (g2/e3/e4) regulate the
occurrence and development of Alzheimer's disease (AD) through AP metabolism, tau pathology, neuroinflammation, and
blood-brain barrier integrity, and reveal the pathogenic specificity of €4 and the protective targets of €2.

2.Analyze the unresolved scientific issues of APOE-related AD pathogenesis, including the genetic synergy mechanism of
&4 non-carriers, the molecular basis of gender-specific differences, and epigenetic regulation rules.

3.Construct an AD risk prediction model based on APOE genotype and multi-dimensional biomarkers (such as cerebrospinal
fluid AB42/40, p-tau, PET imaging) to improve the accuracy of early diagnosis.

4. Explore the feasibility of targeted therapeutic strategies for APOE (such as conformation correction, gene editing) to
provide experimental basis for precise AD treatment.

5.2 Research Content
5.2.1 Regulation Mechanisms of APOE Subtypes on A Metabolism and Tau Pathology

1.Compare the differences in binding affinity between £2/¢3/e4 and AP, and analyze the impact of APOE conformation
(closed/open) on AP oligomerization through molecular dynamics simulation.

2.Analyze the cell specificity (neurons vs microglia vs astrocytes) of AP clearance regulated by APOE subtypes through the
LRP1/ABCA1 pathway.

3.Explore the molecular mechanism by which €4 activates the GSK-33/CDKS5 pathway to promote tau phosphorylation, and
the exosome-mediated mechanism of transneuronal propagation of tau pathology.

5.2.2 Mechanisms of APOE-Mediated Neuroinflammation and Blood-Brain Barrier Damage

1.Use single-cell sequencing to analyze the regulation of €4 on the phenotypic conversion of microglia (phagocytic vs pro-
inflammatory), focusing on the role of the TREM2-SYK-PI3K pathway.

2.Study the mechanism by which &4 inhibits lipid transport through astrocyte lipid droplet accumulation (cholesterol esters)
and its impact on synaptic plasticity (LTP/LTD).

3.Construct a blood-brain barrier organoid model to verify the molecular mechanism by which &4 destroys tight junctions
(Claudin-5/Occludin) through MMP-9.

5.2.3 Research on the Heterogeneity of APOE-Related AD Onset

1.Analyze the mutation frequency of genes such as PSEN1/CD36 in AD patients who are non-carriers of €4, and explore the
synergistic effect of non-APOE genetic factors.

2.Establish an animal model of the interaction between postmenopausal women (estrogen deficiency) and €4, and detect
differences in brain BDNF expression and synaptic damage.

3.Screen epigenetic regulatory factors (such as miR-126, DNA methylation sites) in the APOE promoter region through
ChIP-seq, and analyze their impact on APOE expression.

5.2.4 Translational Research on APOE Targeting Strategies

1.Test the correction effect of benzothiazole small molecules on €4 conformation and evaluate their improvement on A
clearance efficiency.

2.Verify the reversal effect of CRISPR-mediated e4—¢€3 editing on AD pathology (amyloid plaques, neurofibrillary
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tangles) in €4 knock-in mice.

3.Integrate APOE genotype, cerebrospinal fluid biomarkers, and clinical data to build an AD risk prediction model using
machine learning.

5.2.5 Key Problems to Be Solved

What is the conformation-function association through which APOE &4 simultaneously regulates Ap metabolism and tau
pathology, leading to the synergistic progression of AD pathology?Do microglia and astrocytes have cell-specific division of
labor in e4-mediated neuroinflammation, and what are their core regulatory molecules?How does estrogen exacerbate the
risk of AD in female €4 carriers by regulating APOE expression or function, and what is the key node of gender
differences?’How do non-APOE genetic factors (such as PSENI) and environmental factors (such as diet) drive AD
pathogenesis in €4 non-carriers, and what is their interaction mechanism?How to break through the safety (such as off-target
effects) and effectiveness (long-term pathological reversal) bottlenecks of APOE targeting strategies such as gene editing in
clinical translation?

6. Proposed Research Methods, Experimental Schemes, and Feasibility Analysis
6.1 Construction of Experimental Models

1.Cell models: Primary culture of mouse neurons, microglia, and astrocytes, overexpressing €2/€3/e4 respectively, and
detecting the expression of AP, tau, and inflammatory factors (IL-1B/TNF-a) by Western blot/qPCR.

2.Animal models: €2/€3/e4 knock-in mice (C57BL/6 background) were selected and combined with AD transgenic models
(APP/PS1). Cognitive function was evaluated by Morris water maze, and intracerebral pathological markers were detected
by immunofluorescence.

3.0rganoid models: Human iPSCs were used to induce the construction of brain organoids carrying £€2/e3/e4 to simulate AD
pathology in the hippocampal CA1 region/entorhinal cortex, and tau pathological load and dendritic spine density were
evaluated.

6.2 Molecular Mechanism Research

1.Protein-protein interaction: Verify the binding of APOE to LRP1/TREM2 by co-immunoprecipitation (Co-IP), and
determine the binding constant (Kd) by surface plasmon resonance (SPR).

2.Pathway analysis: Detect the activity of the GSK-3B/CDKS5 pathway using a phosphorylated protein chip, and analyze the
efficiency of microglial phagocytosis of p-tau by flow cytometry.

3.Epigenetic regulation: Screen differentially methylated sites in the APOE promoter region by methylation chip, and verify
the targeted regulation of APOE by miR-126 using a dual-luciferase reporter gene.

6.3 Clinical Sample and Data Analysis

1.Collect cerebrospinal fluid/blood samples from AD patients (n=200) and healthy controls (n=100), detect APOE genotype,
APB42/40, and p-taul81 levels, and construct a database combined with PET imaging data.

2.Use the random forest algorithm to integrate multi-dimensional data, establish an AD risk prediction model, and evaluate
its diagnostic efficacy through ROC curves.

6.4 Verification of Targeting Strategies

1.Test the effect of benzothiazole small molecules (10-50uM) on €4 conformation in cell/organoid models, and detect A
clearance rate by ELISA.

2.Edit the APOE gene in the hippocampus of €4 mice using the adeno-associated virus (AAV)-mediated CRISPR-Cas9
system, and evaluate the pathological improvement after 8 weeks.

7. Innovation of the Topic

1.Systematicity of mechanism research: Breaking through the limitation of a single pathway, integrating Ap metabolism, tau
pathology, neuroinflammation, and blood-brain barrier damage for the first time, analyzing the multi-dimensional regulatory
network of APOE subtypes, and clarifying the "multi-target synergistic pathogenic" characteristics of &4.

2.Cutting-edge nature of technical application: Using single-cell sequencing to reveal the cell-specific role of neuroglial cells,
combined with brain organoids to simulate regional AD pathology (such as the hippocampal CA1 region), realizing a closed-
loop research of "in vitro pathology-in vivo verification".

3.In-depth analysis of onset heterogeneity: Focusing on €4 non-carriers and gender differences, combining non-APOE genetic
factors (PSEN1/CD36) with epigenetic regulation for the first time, providing experimental basis for the "non-single etiology"
theory of AD.

4.Precision of translational strategies: Designing targeted therapy based on differences in APOE conformation, combined
with Al models to realize the whole-chain precision medicine exploration of "risk prediction-intervention", breaking through
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the limitation of existing symptomatic treatment.
8. Work Accumulation Related to the Topic and Existing Research Achievements

Established a PCR-RFLP method for APOE genotype detection, and completed €4 genotype screening of 50 AD patients
(carrier rate 38%, consistent with literature reports).

Successfully constructed a co-culture model of primary mouse microglia and neurons, and initially observed that the A
phagocytosis efficiency in the €4 treatment group was 42% lower than that in the €3 group.

9. Conclusion

APOE has become a core genetic factor in AD pathogenesis by regulating multiple mechanisms such as AP metabolism, tau
pathology, neuroinflammation, and blood-brain barrier integrity. Among them, the &4 allele significantly increases the risk
of disease, while €2 has a protective effect; although the current understanding of APOE provides an important basis for the
diagnosis and targeted treatment of AD, there are still many unresolved challenges, including the involvement mechanism of
other genes such as PSEN1 and CD36 in €4 non-carriers [*?), the interaction between gender differences and estrogen as well
as sociocultural factors, and insufficient research on the epigenetic regulation mechanisms of APOE expression by DNA
methylation and miR-126 3; technological innovations such as single-cell sequencing (analyzing cell-specific APOE
expression and pathways) [*4], brain organoids (simulating AD pathology under &4 background and testing interventions) ™3,
and artificial intelligence (integrating multi-dimensional data to assist precise prediction and drug development) [ are
expected to provide key tools for addressing these challenges, promoting the integration of genomics, neuroimaging, and
intelligent analysis, thereby advancing the development of precision medicine for AD and changing its treatment pattern.
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