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Abstract: Alzheimer’s disease (AD) is a debilitating neurodegenerative disorder marked
by progressive cognitive decline and memory loss, impacting millions of people around
the world. The apolipoprotein E4 (ApoE4) allele is the most prominent genetic risk factor
for late-onset AD, dramatically increasing disease susceptibility and accelerating onset
compared to its isoforms ApoE2 and ApoE3. ApoE4’s unique structure, which arises from
single-amino-acid changes, profoundly alters its function. This review examines the critical
interplay between ApoE4 and microglia—the brain’s resident immune cells—and how
this relationship contributes to AD pathology. We explore the molecular mechanisms by
which ApoE4 modulates microglial activity, promoting a pro-inflammatory state, impairing
phagocytic function, and disrupting lipid metabolism. These changes diminish microglia’s
ability to clear amyloid-beta peptides, exacerbating neuroinflammation and leading to
neuronal damage and synaptic dysfunction. Additionally, ApoE4 adversely affects other
glial cells, such as astrocytes and oligodendrocytes, further compromising neuronal support
and myelination. Understanding the ApoE4-microglia axis provides valuable insights into
AD progression and reveals potential therapeutic targets. We discuss current strategies
to modulate ApoE4 function using small molecules, antisense oligonucleotides, and gene
editing technologies. Immunotherapies targeting amyloid-beta and ApoE4, along with
neuroprotective approaches to enhance neuronal survival, are also examined. Future
directions highlight the importance of personalized medicine based on individual ApoE
genotypes, early biomarker identification for risk assessment, and investigating ApoE4’s
role in other neurodegenerative diseases. This review emphasizes the intricate connection
between ApoE4 and microglial dysfunction, highlighting the necessity of targeting this
pathway to develop effective interventions. Advancing our understanding in this area
holds promise for mitigating AD progression and improving outcomes for those affected
by this relentless disease.

Keywords: apolipoprotein E4 (ApoE4); microglia; Alzheimer’s disease (AD);

neuroinflammation; amyloid-beta clearance; neurodegeneration; therapeutic strategies

1. Introduction

Alzheimer’s disease (AD) is a neurodegenerative condition that progresses over time,
resulting in a decline in cognitive functions and memory loss. Recognized as the most
common cause of dementia among individuals over 60 years old, AD poses a significant
challenge to public health due to its increasing prevalence, a consequence of the global
aging population [1]. First described by Alois Alzheimer in 1906, the extracellular depo-
sition of amyloid-beta peptides (Af3) and the accumulation of hyperphosphorylated tau
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proteins have been recognized as the hallmarks of AD [2,3]. The primary classification
of AD is divided into two forms: early-onset Alzheimer’s disease (EOAD) and late-onset
Alzheimer’s disease (LOAD). EOAD is often associated with mutations in genes such as
amyloid precursor protein (APP), presenilin-1 (PSEN1), and presenilin-2 (PSEN2) [4,5]. On
the flip side, LOAD accounts for about 95% of cases and has a multifactorial etiology that
includes genetic risk factors, such as the ApoE gene [6,7].

Apolipoprotein E (ApoE), produced and secreted by astrocytes and microglia in
the central nervous system (CNS), is essential for lipid metabolism, the maintenance of
synaptic plasticity, and neuronal regeneration [8,9]. The polymorphic gene APOE encodes
three common isoforms, ApoE2, ApoE3, and ApoE4, which differ by small amino acid
substitutions at positions 112 and 158 [10,11]. The €4 allele holds significant importance,
representing 50-70% of AD cases and conferring a higher risk as well as an earlier onset
compared to other isoforms [12,13]. In the brain, microglia comprise 10% of the total
glial cell population, maintaining homeostasis by monitoring the neuronal environment
and engaging in phagocytosis [14,15] However, if the ApoE4 allele is present, microglia
adopt a pro-inflammatory profile, marked by increased expression of pro-inflammatory
cytokines such as TNF-«, IL-1$3, and IL-6 [16]. ApoE4 affects the function, morphology,
and responsiveness of microglia to pathological stimuli. Therefore, developing effective
therapeutics is vital and necessitates a comprehensive investigation into how these factors
influence the pathological characteristics of AD, including amyloid plaque formation, tau
pathology, and neuroinflammation.

This review examines the structural and functional characteristics of ApoE and its
effects on brain health. We analyze the influence of ApoE4 on microglial function, focus-
ing on recent findings regarding lipid metabolism dysregulation, impaired phagocytosis,
and chronic neuroinflammation. Additionally, we discuss the interactions of ApoE4 with
astrocytes and oligodendrocytes in neurodegeneration associated with AD. This review
also presents a forward-looking perspective on emerging therapies targeting ApoE4 and
microglia, including gene-editing technologies (e.g., CRISPR/Cas9), antisense oligonu-
cleotides, and immune modulation. By synthesizing recent advancements and identifying
research gaps, we aim to provide a comprehensive framework for future investigations and
clinical strategies in AD.

2. ApoE: Structure, Function, and Role in the Brain

2.1. ApoE Structure and Isoforms
2.1.1. Protein Structure: ApoE Gene Location, Sequence, and Molecular Structure

Apolipoprotein E (ApoE) is a 34 kDa glycoprotein composed of 299 amino acids
encoded by the APOE gene on chromosome 19q13.2 [17]. The molecular structure of the
protein comprises two main domains linked by a hinge region. The N-terminal domain,
enclosing residues 1 to 191, forms a four-helix bundle and contains the receptor-binding
region crucial for interactions with lipoprotein receptors like the low-density lipoprotein
receptor (LDLR) and LDL receptor-related protein 1 (LRP1) [18]. The C-terminal domain,
encompassing residues 216 to 299, is responsible for lipid binding and includes amphipathic
o helices that interact with lipids, facilitating the formation of lipoprotein particles [10].
Structural studies using X-ray crystallography and nuclear magnetic resonance (NMR)
revealed that the tertiary and quaternary structures of ApoE are influenced by its amino
acid composition, particularly at positions 112 and 158. These positions are critical because
they determine the isoform of ApoE and affect domain-domain interactions within the
protein. In ApoE4, for example, the presence of arginine at position 112 facilitates the
formation of a salt bridge between Arg61 in the N-terminal domain and Glu255 in the
C-terminal domain. This interaction alters the conformation of the protein, making it more
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susceptible to cleavage and proteolytic aggregation [10,13]. Such structural variations
have significant implications for the functional properties of the protein, particularly lipid
metabolism and receptor binding.

2.1.2. Isoforms: Differences Among ApoE2, ApoE3, and ApoE4; Impact on Protein
Conformation and Function

The APOE gene is polymorphic, resulting in three common isoforms of ApoE, ApoE2,
ApoE3, and ApoE4, encoded by the €2, €3, and €4 alleles, respectively. These isoforms differ by
single amino acid substitutions at positions 112 and 158. These substitutions lead to variations
in the protein’s structure and function. In ApoE4, the arginine at position 112 interacts with
Glu255 in the C-terminal domain, promoting a domain interaction that is not present in ApoE3
or ApoE2. This conformational change impacts the protein’s ability to interact with lipids and
receptors. Compared to the other isoforms, ApoE4 has a higher affinity for very low-density
lipoprotein (VLDL) receptors and less affinity for high-density lipoprotein (HDL) receptors.
This difference influences how lipids are transported and cleared in the body.

ApoE2, with cysteine at both sites, has reduced binding affinity to LDL receptors due to
the altered receptor-binding domain. This reduced affinity affects lipoprotein clearance and is
associated with type III hyperlipoproteinemia. ApoE3, the most common isoform, is the neu-
tral reference, displaying intermediate receptor affinity and normal lipid transport function.

The structural variations among the isoforms also impact their propensity to form
aggregates and their stability. ApoE4 is more prone to misfolding and aggregation, which
can contribute to pathological processes in the brain. The differences in structure and
function among the isoforms underscore their distinct roles in lipid metabolism and their
varying impacts on neurological health, particularly concerning Alzheimer’s disease risk
and progression.

2.2. Function of ApoE in the Brain
2.2.1. Lipid Transport: Role in Transporting Cholesterol and Other Lipids to Neurons

ApoE plays a pivotal role in the central nervous system by mediating the transport
of cholesterol, phospholipids, and other essential lipids to neurons. Neurons have limited
capacity for de novo cholesterol synthesis and rely on astrocyte-derived cholesterol for mem-
brane maintenance, synapse formation, and repair [19]. ApoE-containing lipoprotein particles
facilitate the delivery of these lipids by interacting with cell surface receptors on neurons.

The interaction with lipid transporters is critical for ApoE function. ABCA1, an ATP-
binding cassette transporter Al, is responsible for the initial lipidation of ApoE, allowing for
the generation of HDL-like particles in the CNS [20,21]. These particles may then interact
with receptors such as LDLR and LRP1 on neuronal surfaces, mediating the endocytic
uptake of lipids.

In individuals expressing the ApoE4 isoform, there is an impairment in ABCA1
transporter activity, leading to poorly lipidated ApoE particles. This results in reduced
cholesterol efflux from astrocytes and accumulation of lipid droplets within cells, disrupting
cellular homeostasis and contributing to neurodegeneration [8]. The decreased efficiency in
lipid transport affects membrane fluidity and synaptic function, potentially exacerbating the
accumulation of amyloid-beta peptides and promoting the formation of amyloid plaques.

2.2.2. Neuronal Repair and Synaptic Plasticity: Mechanisms of Involvement in Neuronal
Repair and Regeneration and Their Influence on Synaptic Formation and Maintenance

Beyond lipid transport, ApoE is instrumental in neuronal repair and synaptic plasticity.
It facilitates the redistribution of lipids following neuronal injury, aiding in membrane
repair and regeneration. By supplying essential lipids, ApoE supports the reformation of
damaged neuronal structures and the maintenance of synaptic integrity [22].



Cells 2025, 14, 243

4 of 25

ApoE influences synaptic plasticity by delivering cholesterol and phospholipids nec-
essary for the growth and maintenance of dendritic spines and synapses. This lipid supply
is crucial for synapse formation, remodeling, and function, which underpin learning and
memory processes [18]. The interaction of ApoE with neuronal receptors can activate intra-
cellular signaling pathways that are vital for neuronal survival and synaptic regulation,
such as the MAPK and PI3K/ Akt pathways.

The isoform-dependent effects of ApoE are evident in these processes. ApoE2 and
ApoE3 promote neuroprotection by facilitating efficient lipid transport, supporting mem-
brane integrity, and suppressing pro-inflammatory cytokine expression, thereby fostering
a healthy neuronal microenvironment [12,23]. Conversely, ApoE4 impairs these func-
tions. The altered lipidation of ApoE4 reduces its capacity to deliver lipids to neurons,
hindering repair mechanisms and compromising synaptic plasticity. Furthermore, ApoE4
promotes a pro-inflammatory state, increasing the expression of cytokines, specifically TNF-
o, IL-1p3, and IL-6, which can lead to neuronal damage and exacerbate neurodegenerative
processes [16,20].

ApoE4 also affects the clearance of amyloid-beta peptides. It impairs the ability of
microglia and astrocytes to clear these peptides effectively, leading to their build-up and the
formation of amyloid plaques, which disrupt synaptic function and contribute to cognitive
decline [13,24,25]. The combined effects of impaired lipid transport, increased neuroinflam-
mation, and reduced clearance of pathological proteins highlight the detrimental impact of
ApoE4 on neuronal repair and synaptic plasticity.

3. Polymorphisms/Isoforms of ApoE and Their Effects on
Alzheimer’s Disease

3.1. Genetic Variability of ApoE
3.1.1. Polymorphisms: Description of APOE Gene Polymorphisms and Their
Genetic Distribution

The APOE gene shows significant genetic variability due to polymorphisms that
result in multiple isoforms with distinct functional properties [26,27]. The most extensively
studied polymorphisms are the single nucleotide polymorphisms (SNPs) rs429358 and
rs7412, which cause amino acid substitutions at positions 112 and 158. These variations
yield the three common isoforms of ApoE: ApoE2, ApoE3, and ApoE4 [22,28,29]. The
functional differences among these isoforms greatly influence lipid transport, amyloid-beta
(Ap) clearance, and neuroinflammation, thereby affecting an individual’s susceptibility to
Alzheimer’s disease (AD).

The geographic distribution and prevalence of these alleles vary significantly across
populations, shaped by evolutionary pressures, environmental factors, and historical
migration patterns. ApoE3, the ancestral allele, is the most prevalent isoform worldwide,
with a frequency of 65-70%, and is considered neutral concerning AD risk. ApoE2, which
occurs in 5-10% of the population, is the least common isoform and is more frequent in
certain groups. This isoform offers protection against AD but is linked with an increased
risk of type III hyperlipoproteinemia. In contrast, ApoE4, which presents the highest
genetic risk for late-onset AD, is most prevalent among population groups from Central
Africa (45%), Oceania (37%), and Australia (26%) [30-32]. Meanwhile, populations of Asian
and Native American ancestry show the lowest prevalence of ApoE4, correlating with
reduced rates of AD [33].

Although the prevalence of ApoE4 accounts for some differences in AD risk across
populations, this risk is also shaped by complex interactions with environmental factors,
lifestyle, and other genetic modifiers. For example, non-Hispanic white individuals gen-
erally have a lower risk of developing AD compared to Black and African American
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populations; this disparity may reflect not only genetic differences but also social deter-
minants of health. Factors such as socioeconomic status, access to healthcare, and higher
rates of comorbidities in minority populations can significantly impact the progression and
outcomes of AD. For instance, Black women have been reported to exhibit a higher vulner-
ability to AD compared to white women, further emphasizing the interaction between race
and gender in AD risk.

Sex is another critical variable influencing the role of ApoE4 in AD progression.
Women carrying the ApoE4 allele have a significantly higher risk of developing AD com-
pared to men with the same genotype. This increased vulnerability is particularly noticeable
after menopause, likely due to the decline in estrogen levels, which have neuroprotective
effects. Estrogen regulates ApoE expression and lipid metabolism, and its decline may
worsen the pathological impact of ApoE4 in women [29]. Moreover, female ApoE4 carriers
display more severe amyloid-beta pathology, quicker cognitive decline, and a more signifi-
cant accumulation of tau tangles than their male counterparts, emphasizing the interaction
between sex and genetic risk in AD progression.

However, it is important to note that studies on ethnicity and its interaction with
ApoE4 are often scarce or produce contradictory findings. This limitation emphasizes
the need for expanded genetic and epidemiological research that involves diverse racial
and ethnic groups. Current research disproportionately focuses on well-represented pop-
ulations, often overlooking minority groups, which restricts our understanding of how
ApoE4 interacts with specific genetic and environmental contexts. Addressing these gaps is
crucial for identifying population-specific disease mechanisms and tailoring interventions
to mitigate the inequalities underrepresented groups face.

Overall, the interplay between ethnicity, gender, and ApoE4 status adds significant
complexity to AD risk and progression. Future studies should focus on including diverse
cohorts to investigate how population-specific factors influence the effects of ApoE4 and to
clarify existing disparities. Such efforts will be crucial for designing targeted interventions
and advancing precision medicine strategies to combat AD effectively.

3.1.2. Mechanistic Differences: How Each Isoform (ApoE2, ApoE3, ApoE4) Affects Brain
Function

All ApoE isoforms affect brain function through distinct mechanisms, influencing
lipid metabolism, neuroinflammation, and neuronal repair. ApoE2, a variant with cysteine
residues at positions 112 and 158, has a reduced binding affinity for LDL receptors due to
adjustments in the receptor-binding domain. Lipoprotein clearance is reduced, but so is
amyloid-beta aggregation, which contributes to the variant’s neuroprotective effect [34].
ApoE2 promotes effective lipid transport and supports anti-inflammatory responses, con-
tributing to neuronal protection and reducing the risk of AD.

The predominant isoform, ApoE3, serves as a neutral variant concerning the risk of
AD. ApoES3 strictly maintains normal lipid transport and stable neuronal support functions,
as well as the equilibrium between pro-inflammatory and anti-inflammatory dynamics to
maintain the homeostatic function of neurons [11]. In contrast, apolipoprotein E4, with
arginine residues at both positions, has a significant opposite effect. Its expression leads to
an abnormal conformation that consequently results in the loss of lipids and cholesterol
particles, contributing to the breakdown of membrane integrity [8]. Due to its impact on
the interaction with cell surface receptors, an increase in the production of amyloid plaques
is seen [10,35]. Furthermore, the expression of ApoE4 results in neuroinflammation as it
induces the expression of pro-inflammatory cytokines, which can lead to cell damage by
directly affecting microglial function [16]. This isoform impairs the blood-brain barrier, as
it reduces the expression of an enzyme that protects the entry of toxic substances, which
leads to synaptic dysfunction and behavioral deficits [36]. The mechanical differences
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between ApoE isoforms highlight the complex role of apolipoprotein E (ApoE) in CNS
health and disease, highlighting the need to develop therapeutic methods targeting specific
isoforms to treat AD.

3.2. Impact of ApoE4 on Alzheimer’s Disease
3.2.1. Epidemiological Evidence: Studies Linking ApoE4 to Alzheimer’s Risk; Prevalence
in Populations

Epidemiological studies have established a strong association between the ApoE4
allele and the increased risk of late-onset Alzheimer’s disease. Carriers of one copy of the
¢4 allele have a 3 to 4 times higher risk of developing AD, while those that are homozygous
for ¢4 may have 12 to 15 times the likelihood compared to non-carriers [19,35]. The
demographic variable of sex is fundamental because differences between men and women
have been implicated in the risk of the pathology. The percentage of women with AD
is higher than that of men, partly due to hormonal and gender differences and a longer
life expectancy in females. Although there are indeed characteristics that lead to the
consideration of the differences between men and women, these are not very consistent
and may vary from study to study. Women carrying ApoE4 are more susceptible to AD
than men carrying the same isoform due to hormonal factors such as the decline in estrogen
levels during menopause [37,38]. Factors such as education, environmental habits, and
cardiovascular health may modulate the risk associated with ApoE4. The genetic and
environmental context is critical when assessing AD risk, because the small variations that
exist at the ethnic, racial, or even lifestyle level of individuals can change the perspective
regarding the role of isoforms, particularly ApoE4, in the predisposition to Alzheimer’s
disease. One study showed that the risk of developing AD was differentiated depending
on whether we were referring to white women or black women. Black women had a
much higher risk percentage, suggesting that the vulnerability of these populations to the
pathology was significant [39].

3.2.2. Pathophysiological Mechanisms: Role in Amyloid-Beta Aggregation, Reduced
Clearance, Tau Pathology, and Synaptic Dysfunction

ApoE4 is pathogenic in Alzheimer’s disease via several interconnected mechanisms.
One of these is its role in the aggregation and clearance of amyloid-beta. ApoE isoforms
vary in their effectiveness in eliminating A peptides from brain interstitial fluid. ApoE4
is less effective at clearing AP due to a low removal rate of this peptide, which causes it
to aggregate and lead to the formation of amyloid plaques [40,41]. Additionally, ApoE4
may more easily promote A3 aggregation in neurotoxic oligomers and fibrils, further
exacerbating amyloid pathology.

Regarding tau pathology, ApoE4 promotes hyperphosphorylation of tau proteins,
which triggers the generation of neurofibrillary tangles (NFTs) [6]. ApoE4 incentivizes the
accumulation of these NFTs through its ability to deregulate kinases and phosphatases
involved in the tau phosphorylation/dephosphorylation cycle, including glycogen synthase
kinase 3 beta (GSK-3f3) and protein phosphatase 2A (PP2A) [42,43]. ApoE4 microglia
induce a pro-inflammatory microenvironment that may also contribute to tau pathology by
releasing cytokines that affect its metabolism.

ApoE4 compromises synaptic function and plasticity. It impairs synaptic plasticity by
disrupting lipid transport and membrane repair mechanisms, which are linked to maintaining
synaptic integrity [13]. The integrity of the blood-brain barrier (BBB) is disrupted by APOE4,
allowing neurotoxic substances such as cyclophilin A to enter the CNS, potentiating neuronal
dysfunction [36]. These pathophysiological mechanisms demonstrate in detail the effects of
ApoE4 on the progression of neurodegeneration observed in AD, highlighting the central
role of this isoform in the predisposition to the disease. It is important to include information
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regarding 5XFAD mouse models in AD research. This model presents a relatively early onset
of amyloid pathology compared to other models used. The presence of ApoE4 contributes
to exacerbated clinical outcomes in the 5XFAD models, as together they exacerbate some of
the pathological clinical aspects of AD, such as an increase in amyloid-beta load, a significant
progression of cognitive decline, and impaired neuronal communication [44].

3.2.3. Comparative Analysis: Differences in Disease Progression and Severity Among
ApoE2, ApoE3, and ApoE4 Carriers

Comparative studies among carriers of different ApoE isoforms have shown distinct
patterns in the progression and severity of AD, highlighting the varying effects of ApoE2,
ApoE3, and ApoE4 on disease pathology (Table 1). These differences stem from the unique
structural and functional properties of each isoform, which influence crucial processes such
as lipid metabolism, amyloid-beta (Af3) clearance, and neuroinflammation.

The ApoE2 isoform is linked to protective effects against AD. It fosters an anti-
inflammatory environment that enhances microglial phagocytosis of neurotoxic proteins
and promotes the efficient clearance of Af, thus reducing the accumulation of amyloid
plaques. ApoE2 also aids lipid transport and supports synaptic health, contributing to a
neuronal environment that is less vulnerable to damage [45]. Its lower binding affinity to
Ap, compared to ApoE3 and ApoE4, further diminishes the risk of plaque formation [12].
Consequently, carriers of ApoE2 typically experience a delayed onset of AD symptoms and
demonstrate milder disease progression, with less amyloid deposition and better-preserved
cognitive function, even if the disease manifests [34]. The cumulative impact of these protec-
tive mechanisms positions ApoE2 as the most favorable isoform in relation to AD risk and
progression.

ApoE3, being the most common isoform, is regarded as the “neutral” reference allele
in AD research. While it does not provide significant protection like ApoE2, it also does
not exhibit the harmful effects associated with ApoE4. ApoE3 maintains balanced lipid
transport and a steady inflammatory profile, which supports neuronal health and homeosta-
sis. Notably, ApoE3 can manage microglial responses to damage without compromising
neuronal function or triggering excessive inflammation. Its moderate binding affinity to
A allows for effective plaque clearance without overactivating the inflammatory cascade.
This equilibrium explains why ApoE3 carriers show intermediate risk and disease severity
compared to those carrying ApoE2 and ApoE4.

Conversely, the ApoE4 isoform markedly accelerates AD progression and heightens
disease severity. ApoE4 disrupts microglial homeostasis, leading to diminished phagocytic
capacity and uncontrolled inflammatory responses. Microglia expressing ApoE4 adopt a
pro-inflammatory phenotype, marked by the release of cytokines such as TNF-c, IL-13, and
IL-6, which intensify neuroinflammation and promote neuronal damage [45]. In addition,
ApoE4 modifies lipid metabolism, resulting in inadequate lipid transport and an accumulation
of lipid droplets within microglia, further impairing their ability to clear A3 [34].

The distinct structural properties of ApoE4 also affect its binding affinity to AB. In
contrast to ApoE2 and ApoE3, ApoE4 binds more readily to Af3, leading to the aggregation
of toxic oligomers and fibrils that form senile plaques [46]. This heightened tendency for
aggregation, combined with impaired microglial clearance, results in a greater amyloid
burden among ApoE4 carriers. Additionally, ApoE4 worsens tau pathology by promoting
hyperphosphorylation of tau proteins, resulting in neurofibrillary tangles that further
contribute to neuronal dysfunction and cognitive decline [34,47].

ApoE4 also exhibits an age-dependent effect on disease progression, with older carriers
experiencing more rapid cognitive decline and greater neurodegeneration. This may result
from cumulative damage caused by chronic inflammation, oxidative stress, and the ongoing
buildup of amyloid plaques and tau tangles over time. Furthermore, ApoE4 impairs
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synaptic plasticity and accelerates the loss of dendritic spines, further impairing neuronal
communication and worsening cognitive deficits.

The stark differences between ApoE2, ApoE3, and ApoE4 underscore the unique and
complex role of ApoE4 in driving AD pathology. Understanding these distinctions is crucial
for developing personalized therapeutic strategies that address the specific pathways
disrupted by each isoform. For instance, therapies aimed at reducing the pro-inflammatory
effects of ApoE4, enhancing its lipid transport functions, or mitigating its role in Af3
aggregation could offer isoform-specific benefits for those who carry ApoE4. These insights
emphasize the importance of customizing interventions to tackle the distinct contributions
of each ApoE variant to the development and progression of AD.

Table 1. Differences observed between apolipoprotein E (ApoE) isoforms. The characteristics of
the different isoforms are key to understanding the direct influence of each one on brain health and
Alzheimer’s disease (AD).

Interaction with Implications in

Isoform Composition Lipid Function AB Metabolic Effects Neuroinflammation References
Affinity high for Reduced A High triglyceride
ApoE2 gys;ég LDL and low binding and cholesterol May e:f;;r:ate tau [34,48]
y affinity for HDL capability levels P 8y
Cysl12 Preference Moderate Lipid balance in Considered neutral with
ApoE3 Ay ¢ interaction with Ap-binding P respect to neuronal [11,48]
rgl58 : the CNS g
HDL capacity connectivity
- Associated with
Argll2, Increased affinity Increased AP . Increased AP and tau load,
ApoEd Argl158 for VLDL binding capacit atherosclerosis impairing cognitive function [48,49]
& §CAPATY and dyslipidemia P 808

4. Interaction Between ApoE4 and Microglia

4.1. Functional Role of Microglia in the Healthy and Diseased Brain
4.1.1. Homeostatic Functions: Immune Surveillance, Synaptic Pruning, Response to Injury

Microglia are CNS-resident immune cells originating from yolk sac progenitors, which
represent approximately 10% of the total glial population [14,15]. In a healthy brain context,
microglia play crucial roles in maintaining homeostasis through brain surveillance, synaptic
pruning, and injury response. They continually scan the CNS environment, extending and
retracting its processes to detect injuries [50]. This surveillance process allows them to
quickly and effectively respond to pathogens and damaged neurons, initiating a phago-
cytic response and releasing cytokines to adjust to the immune response [51]. Another
vital function of microglia is synaptic pruning, especially during development, but also
in the adult brain. By engulfing and eliminating very strong or extremely weak synaptic
connections, microglia refine neural circuits to enhance communication and function be-
tween neurons [52]. This process of synaptic pruning is critical for enhancing learning,
memory retention, and cognitive stability. In reaction to trauma, microglia change their
phenotype from vigilant to active, moving to the site of damage to eliminate debris and
release components that support tissue repair and regeneration. CNS integrity is regulated
by the ability of microglia to perform these homeostatic functions. However, dysregulation
of this microglial activity may result in inappropriate immune responses and be a driver
for the pathogenesis of AD.

4.1.2. Microglia Activation States

Microglial activation is now widely recognized as existing on a continuum of func-
tional states, with their phenotypic profiles influenced by the complex and dynamic mi-
croenvironment of the CNS. These states vary from pro-inflammatory and neurotoxic
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to anti-inflammatory and neuroprotective, and they also include intermediate or mixed
activation states that combine elements of both ends of the spectrum. This emerging per-
spective emphasizes the nuanced roles of microglia in health and disease, highlighting their
ability to adapt to different physiological and pathological conditions [34]. Unlike a rigid
dichotomy, this spectrum represents a fluid and context-dependent response to stimuli
such as infections, injury, aging, and genetic factors like ApoE4.

However, for simplicity and to foster a more accessible and holistic understanding of
ApoE4’s impact within this review, we adopt the classical dichotomy of pro-inflammatory
(“M1”) and anti-inflammatory (“M2”) profiles. While this binary framework is an oversim-
plification, it provides a clear and structured approach for discussing the effects of ApoE4
on microglial behavior and its downstream consequences in AD pathology.

The pro-inflammatory (often referred to as “M1”) phenotype is typically activated in
response to pathogens or cellular damage, initiating an inflammatory response to protect
the CNS. Microglia in this state release pro-inflammatory cytokines, such as tumor necrosis
factor-alpha (TNF-«), interleukin-1 beta (IL-1§3), interleukin-6 (IL-6), and reactive oxygen
species (ROS), which are essential for defense [53,54]. However, prolonged or excessive
activation of this phenotype can lead to chronic neuroinflammation, worsening neuronal
damage and contributing to the progression of neurodegenerative diseases like AD.

In contrast, the anti-inflammatory (“M2”) phenotype is associated with the release
of cytokines such as interleukin-4 (IL-4), interleukin-10 (IL-10), and transforming growth
factor beta (TGF-f), which support neuronal survival, suppress inflammatory processes,
and promote tissue repair [55,56]. This state is essential for maintaining homeostasis and
resolving inflammation following injury or stress.

It is vital to acknowledge that microglial polarization is highly dynamic and influ-
enced by a variety of factors, including stress, aging, and genetic predispositions such as
ApoE4. These factors drive microglia to exist in mixed or intermediate states, reflecting the
complexity of their functional roles in the CNS. By framing microglial activation within this
dichotomy, we aim to provide a simplified yet illustrative context for understanding the
influence of ApoE4 on microglial behavior and its broader implications for AD pathology.
Ultimately, achieving a balance between these states is key to maintaining brain tissue
homeostasis and preventing disease progression.

4.2. Impact of ApoE4 on Microglial Function
4.2.1. Phenotypic Changes: Altered Activation States and Behavior in the Presence of
ApoE4

In the presence of the ApoE4 isoform, microglia show significant changes in their
functional states (Figure 1), characterized by increased production of pro-inflammatory
cytokines, decreased phagocytic ability, and impaired chemotactic and migratory behav-
ior [57-59]. These phenotypic changes are closely tied to ApoE4-induced alterations in gene
expression profiles. Specifically, ApoE4 enhances the expression of genes linked to inflam-
mation while reducing those associated with microglial homeostasis and repair (Table 2).
This dual effect causes microglia to adopt a pro-inflammatory state, which compromises
their ability to clear pathological proteins like amyloid-beta (Af3) and other cellular de-
bris [19,26]. One of the key features of ApoE4-expressing microglia is the disruption of
lipid metabolism, leading to the build-up of intracellular lipid droplets (Table 2). The
accumulation of lipid droplets subsequently triggers inflammatory signaling pathways
that intensify oxidative stress and impair cellular function [7,60]. This metabolic dysfunc-
tion not only limits the ability of microglia to maintain a balanced environment but also
exacerbates the neuroinflammatory processes associated with AD). Furthermore, ApoE4
affects microglial morphology, often resulting in shorter and less branched processes, which
further reduces their capacity for environmental monitoring and debris clearance [57,58].
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These cumulative effects of ApoE4 push microglia into a state of chronic activation, perpet-
uating an environment of inflammation, oxidative stress, impaired phagocytic activity, and
neuronal damage, which considerably contributes to the pathogenesis and progression of
AD (Figure 1). Targeting these phenotypic changes through strategies aimed at modifying
ApoE4-induced gene expression and lipid metabolism may help restore microglial function
and mitigate their detrimental impact on AD pathology.
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Figure 1. Multifaceted roles of ApoE4-induced Glial dysfunction in Alzheimer’s disease pathology.

Lipid homeostasis dysfunction

(a) Interaction between Af3 and oxidative stress in AD pathology: This panel emphasizes the detri-
mental effects of A} aggregation on oxidative stress in APoE4+ microglia. The presence of amyloid
plaques generates excessive reactive oxygen species (ROS) in ApoE4+ microglia, which damage
mitochondria and exacerbate oxidative stress in the brain. This promotes further A3 aggregation and
increases neurotoxicity, establishing a vicious cycle of neuronal damage and plaque accumulation.
(b) Role of the NLRP3 inflammasome in neuroinflammation: This panel outlines the molecular
pathways linking ApoE4 to inflammasome activation in microglia. Inflammatory stimuli activate
the NF-«B signaling pathway, leading to the transcription of pro-inflammatory genes, including
NLRP3 and pro-IL-13. The NLRP3 inflammasome subsequently activates caspase-1 (CASP1), which
converts pro-IL-1f into its active form, IL-13. This perpetuates chronic neuroinflammation and
contributes to neuronal damage. (c) Lipid metabolism dysfunction and impaired A clearance: This
panel illustrates how ApoE4-driven lipid metabolism dysfunction prevents astrocytes and microglia
from maintaining homeostasis. Disrupted interactions with lipid transport receptors, such as LDL
receptor-related protein 1 (LRP1), lead to intracellular lipid accumulation, compromising cellular
integrity and reducing AP clearance. This dysfunction aggravates amyloid plaque buildup and
neuronal degeneration. (d) Comparison of healthy and dysfunctional microglia in phagocytic ca-
pacity: Healthy microglia support tissue homeostasis by effectively phagocytizing A and releasing
anti-inflammatory cytokines like TGF-3, IL-4, and IL-10, aiding tissue repair. In contrast, ApoE4-
expressing microglia demonstrate lower phagocytic activity, resulting in the accumulation of Af3 and
cellular debris. Simultaneously, they secrete pro-inflammatory cytokines, including TNF-«, IL-1f3,
and IL-6, which promote chronic inflammation and neurodegeneration.
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4.2.2. Cytokine Production: Changes in Inflammatory Cytokine Profiles

A hallmark feature of ApoE4-expressing microglia is their increased production and
release of pro-inflammatory cytokines, including tumor necrosis factor-alpha (TNF-«),
interleukin-1 beta (IL-1p), interleukin-6 (IL-6), and interferon-gamma (IFN-v) [16]. This
dysregulated cytokine release establishes a cycle of sustained neuroinflammation, where
inflammatory mediators activate nearby microglia and astrocytes, amplifying the inflam-
matory response (Table 2). Over time, this chronic inflammation creates an unfavorable
environment for neuronal survival and synaptic integrity.

The molecular mechanisms underlying this increased cytokine production include
the activation of the NF-«kB signaling pathway, a key regulator of inflammatory responses.
ApoE4 enhances NF-«B activity, leading to the transcriptional upregulation of genes that
encode pro-inflammatory cytokines and chemokines [28,61]. This abnormal activation not
only drives microglial dysfunction but also suppresses the anti-inflammatory response,
which is essential for resolving inflammation and promoting repair. Furthermore, this
prolonged pro-inflammatory state fosters the recruitment of peripheral immune cells
into the CNS, facilitated by blood—-brain barrier (BBB) disruption, thereby worsening the
inflammatory response.

In addition to cytokine production, ApoE4 microglia contribute to the generation of
reactive oxygen species (ROS) and reactive nitrogen species (RNS), which increase oxida-
tive stress and neuronal damage [4,56]. Oxidative stress further activates microglia and
perpetuates the release of cytokines, creating a feedback loop that sustains inflammation
and exacerbates AD pathology.

Therapeutic strategies that target these inflammatory pathways, such as inhibitors of
NF-kB or agents that promote an anti-inflammatory phenotype, show promise for breaking
this cycle and restoring a more balanced microglial response.

4.2.3. Phagocytic Activity: Impaired Clearance of Amyloid-Beta and Other Debris

Microglial phagocytosis is a critical process for maintaining central nervous system (CNS)
homeostasis by removing pathological proteins such as amyloid-beta (Af) and cellular debris.
This function ensures the clearance of neurotoxic elements and prevents the accumulation of
damaging aggregates. However, ApoE4 severely impairs this essential function, resulting in a
significant reduction in microglial phagocytic efficiency and their ability to migrate toward
Ap plaques (Table 2). This impairment leads to the accumulation of Af3 plaques, which
exacerbates AD pathology and contributes to disease progression [12,57].

Compared to microglia expressing ApoE2 or ApoE3, ApoE4-expressing microglia
demonstrate a significant decrease in phagocytic activity, which is mechanistically linked
to molecular-level changes. ApoE4 downregulates the expression of critical genes involved
in phagocytosis, including the purinergic receptor P2RY12 and the Triggering Receptor
Expressed on Myeloid Cells 2 (TREM2).

P2RY12 plays a vital role in microglial chemotaxis, allowing microglia to detect and
migrate toward areas of injury or amyloid deposition. However, in ApoE4-expressing mi-
croglia, the reduced expression of P2RY12 severely compromises this chemotactic response,
leaving amyloid plaques and other pathological features unaddressed [51,59].

Similarly, TREM2 is essential for microglial activation and the initiation of phagocytic
responses to lipid debris and amyloid deposits. The dysregulation of TREM2 in ApoE4
microglia further undermines their ability to clear A3 plaques, as TREM2-mediated sig-
naling pathways are critical for cytoskeletal rearrangement and lysosomal function, both
crucial for effective phagocytosis [62,63]. The loss of TREM2 activity also diminishes the
microglial capacity to respond to inflammatory signals, thereby hindering the resolution of
neuroinflammation and contributing to a toxic environment in the brain. The consequences
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of impaired phagocytosis extend beyond amyloid clearance. The accumulation of unre-
solved AP and other debris serves as a chronic stimulus for microglial activation, creating
a self-perpetuating cycle of inflammation. Persistent activation results in increased pro-
duction of pro-inflammatory cytokines and reactive oxygen species (ROS), both of which
worsen neuronal damage and synaptic dysfunction. Over time, this pro-inflammatory state
leads to neuronal death, synaptic loss, and cognitive decline, which are hallmark features
of AD pathology.

In addition to the direct effects on A clearance, the phagocytic deficits observed in
ApoE4 microglia also disrupt the clearance of other cellular debris, including apoptotic
cells and damaged organelles. This inability to maintain cellular homeostasis causes the
release of additional danger-associated molecular patterns (DAMPs), which further activate
surrounding microglia and astrocytes. This amplifies the neuroinflammatory response
and deteriorates BBB integrity, enabling peripheral immune cells to infiltrate the CNS and
aggravate the inflammatory cascade [51,59].

Interestingly, recent studies suggest that ApoE4-induced phagocytic deficits may also
impact microglial interactions with synapses. Microglia play a critical role in synaptic
pruning, a process that eliminates weak or unnecessary synapses to refine neural circuits.
Dysregulated phagocytosis in ApoE4 microglia may lead to improper pruning, resulting
in the loss of functional synapses and contributing to impaired synaptic plasticity and
cognitive decline observed in AD [57,62].

Addressing the phagocytic deficits in ApoE4-expressing microglia is crucial for break-
ing this cycle of dysfunction. Strategies such as activating TREM2 signaling or targeting
pathways involved in cytoskeletal dynamics and lysosomal function may restore microglial
capacity to clear A and other pathological debris. Additionally, therapeutic approaches
aimed at enhancing P2RY12-mediated chemotaxis could improve the ability of microglia to
migrate toward and respond to pathological stimuli. Together, these interventions hold
the potential to reduce the amyloid burden, resolve neuroinflammation, and mitigate the
neurodegenerative effects of ApoE4 in AD.

Table 2. Direct causal pathways linking ApoE4 to microglial dysfunction.

Causal Route

Chronic inflammation

Biological Mechanism Impact on Microglia References
Continuous activation of ApoE4 microglia ~ Microglia do not act effectively to remove
results in excessive release of proteins, culminating in the accumulation [16]
pro-inflammatory cytokines of amyloid-beta

Oxidative stress

Compromised microglial function due to

ApoE4 increases reactive oxygen species cellular damage associated with ROS, [4,56]

(ROS) leads to neuronal death
Lipid homeostasis is altered in the Improper lipid transport that results in
Lipid homeostasis dysfunction presence of the E4 allele through reduced harmful immune responses that [8]
interaction with receptors (LRP1) compromise neuronal health
Chanee in receiver sienalin Critical receptors such as TREM2 are Decreased ability of microglia to act in [64]
& & & affected by APOE4 response to cellular injury or damage

Altered phagocytic capacity

Removal of protein aggregates does not
occur, leading to build-up that results in [62,63]
the formation of amyloid plaques

ApoE4 impairs the signaling of receptors
that potentiate A3 phagocytosis

This table demonstrates some of the pathways that connect the ApoE4 isoform with dysregulated microglial
function. For each of the causal pathways, the biological mechanisms and impacts at the microglial level are
described, demonstrating that ApoE4 contributes to processes related to chronic inflammation and changes in
phagocytosis, among others. These mechanisms lead to potentially adverse consequences for neuron health and
the progression of neurodegenerative diseases such as Alzheimer’s disease (AD).
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4.3. ApoE4 and Other Glial Cells
4.3.1. Astrocytes: Effects on Astrocytic Support Functions and Neuroinflammatory
Responses

Astrocytes play a critical role in maintaining CNS homeostasis by providing metabolic
support to neurons, regulating neurotransmitter levels, and preserving the integrity of the
BBB [65]. They are also the primary producers of ApoE in the brain. However, the presence
of ApoE4 alters astrocytic function, transforming these supportive cells into contributors to
pathology. One major effect of ApoE4 is its disruption of lipid metabolism in astrocytes [9].
This isoform impairs cholesterol synthesis and transport by decreasing the efficiency of
interaction with ATP-binding cassette transporters (e.g., ABCA1), leading to the accumula-
tion of intracellular cholesterol. This lipid dysregulation compromises membrane integrity,
reduces synaptic function, and deprives neurons of essential lipid resources necessary for
repair and plasticity [7,63,66]. Astrocytic reactivity, characterized by increased expression of
glial fibrillary acidic protein (GFAP), is another hallmark of ApoE4-associated dysfunction.
Elevated plasma concentrations of GFAP correlate with tau hyperphosphorylation and
neurofibrillary tangle formation, establishing astrocytic reactivity as an early marker of
AD [67]. This reactivity not only exacerbates neuroinflammation but also facilitates patho-
logical interactions between A and tau, amplifying the severity of tau pathology [68].
Additionally, ApoE4-induced astrocytic dysfunction worsens the inflammatory response
through cross-talk with microglia. Reactive astrocytes release pro-inflammatory cytokines,
such as IL-1p and TNF-«, that activate neighboring microglia, creating a feedback loop that
perpetuates chronic inflammation. These synergistic interactions further compromise neu-
ronal health and accelerate neurodegeneration. Studies suggest that selectively removing
ApoE4-expressing astrocytes can reduce microglial reactivity and provide cerebrovascular
protection, highlighting the therapeutic potential of targeting astrocytic dysfunction [60].
Similarly, the deletion of ApoE4-expressing microglia has been shown to activate astrocytes,
emphasizing the complex interplay between these glial cells in the context of ApoE4 [45].
Understanding these interactions is crucial for developing interventions aimed at restoring
astrocytic function and CNS homeostasis.

4.3.2. Oligodendrocytes: Impact on Myelination and White Matter Integrity

Oligodendrocytes are essential for myelinating axons in the CNS, facilitating the effi-
cient conduction of action potentials. However, ApoE4 adversely affects oligodendrocyte
function, diminishing their capacity to produce and maintain myelin. This results in dis-
ruptions in white matter integrity and impaired neuronal communication, which are linked
to the cognitive deficits characteristic of AD [34,69].

One major consequence of ApoE4 for oligodendrocytes is the dysregulation of lipid
metabolism, which is crucial for synthesizing myelin membranes. ApoE4 alters cholesterol
biosynthesis and promotes lipid accumulation in oligodendrocytes, hampering their ability
to produce and sustain the myelin sheath [35]. This dysfunction is further worsened
by ApoE4-induced inflammatory signals from microglia and astrocytes that disrupt the
homeostatic environment essential for oligodendrocyte function.

Oligodendrocyte precursor cells (OPCs), responsible for the regeneration and remyeli-
nation of axons, are also negatively impacted by ApoE4. Pathological changes associated
with ApoE4 impair OPC proliferation, differentiation, and migration, obstructing the
repair of damaged myelin [70]. Furthermore, recent evidence suggests that oligodendro-
cytes themselves may contribute to Ap production in AD, with an increased number of
oligodendrocytes expressing APP and processing it into Af3. This finding implicates oligo-
dendrocytes as active participants in amyloid pathology, adding another layer to their role
in disease dynamics [71].
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Therapeutic strategies aimed at restoring oligodendrocyte function and white mat-
ter integrity hold significant promise. These approaches include stem cell therapies to
regenerate OPCs, lipid-targeting treatments to correct metabolic dysfunction, and anti-
inflammatory interventions to protect oligodendrocytes from secondary damage. By ad-
dressing the specific vulnerabilities of oligodendrocytes and OPCs in the context of ApoE4,
these therapies could mitigate cognitive decline and improve outcomes in AD.

5. Microglia, ApoE4, and Alzheimer’s Disease Pathology

5.1. Neuroinflammation and Microglial Activation
5.1.1. Mechanisms of Neuroinflammation: ApoE4-Induced Pathways Leading to Chronic
Inflammation

Neuroinflammation, one of the most prominent pathological hallmarks of Alzheimer’s
disease (AD), is heavily modulated by the ApoE4 allele. ApoE4 modifies microglial func-
tion through various means, leading to chronic neuroinflammatory states. Altered gene
expression associated with immunological responses leads to the upregulation of pro-
inflammatory genes such as IL-1f3, TNF-&, and NLRP3 inflammasome components [37,40]
The E4 allele enhances the activation of the NF-« 3 signaling pathway and mitogen-activated
protein kinase (MAPK), pathways that govern inflammatory responses [61,72]. Increased
NF-kf activation transcriptionally promotes pro-inflammatory cytokines and chemokines,
which exacerbate and perpetuate inflammation. The protein components of the NLRP3
inflammasome, such as the NLRP3 and ASC proteins, are positively impacted by the NF-«[3
signaling pathway. As a result, once activated, the NLRP3 inflammasome which activates
caspase-1, and possibly leads to cell death, is expressed at higher levels [73]. The activation
of the ApoE4 microglia induces the accumulation of lipid droplets, which in turn triggers
the activation of the inflammasome and the release of inflammatory mediators [7,74]. In-
deed, the ApoE4 isoform itself disrupts its binding to TREM2, a receptor involved in the
activation of microglia in response to lipid and amyloid stimuli [8,63]. This defect leads to
an inflammatory brain microenvironment and impairs microglial phagocytosis. In addition,
the increased expression of cyclophilin A in pericytes due to E4 promotes blood-brain
barrier disruption, facilitating the infiltration of peripheral immune cells into the CNS
and exacerbating neuroinflammation [36]. All these activities generate an inflammatory
environment in the CNS, which potentiates the death and dysfunction of neurons that
underlie neuropathological conditions.

5.1.2. Microglial Response to Amyloid Plaques: Role in Plaque Formation and Progression
Microglia play a dual position in the dynamics of amyloid plaques, being both pro-
tective and pathological. In the initial stages of Alzheimer’s disease, microglia attempt
to eliminate A peptides by phagocytosis, which delays plaque formation [14]. In some
cases, they can create physical barriers around the plates, isolating them and preventing
the spread of toxic species [8]. In individuals with ApoE4, microglia see their ability to
perform phagocytosis decreased, in addition to impaired chemotaxis about A plaques,
which helps in the growth and in a greater number of amyloid-beta plaques. The mi-
croglia recognize these plaques and become active to clear away the toxic elements [19,26].
However, this attempt may lead to the chronic activation of microglia, creating a cycle
of release of inflammatory mediators that promote greater A3 aggregation and neurotox-
icity. Specific microglia subpopulations, including disease-associated microglia (DAM)
and inflammation-related microglia (IRM), become more common with E4 expression [37],
meaning they express fewer homeostatic genes and exhibit a strengthened neuroinflam-
matory profile. The interconnection between ApoE4 and TREM2 modulates the microglial
response [64]. While the deletion of the ApoE4 isoform reduces A3 pathology and pro-
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motes protection through the microglial barriers around the plaques, the loss of TREM2
does not confer this protection by not grouping the microglia and aggravates amyloid
pathology [8]. Understanding the microglial response to amyloid pathology is necessary for
developing strategies designed to increase A clearance and decrease neuroinflammation
in Alzheimer’s disease.

5.2. Neuronal Loss and Synaptic Dysfunction
5.2.1. Neurodegeneration: Mechanisms by Which ApoE4-Expressing Microglia Contribute
to Neuronal Loss

Microglia expressing ApoE4 contribute to neurodegeneration through many inter-
related mechanisms. Chronic neuroinflammation activity from these microglia leads to
the continuous secretion of pro-inflammatory cytokines and chemokines and results in a
toxic environment for neuronal cells, promoting processes involved in cell apoptosis and
necrosis [16,51]. The aberrant production of reactive oxygen species (ROS) and reactive
nitrogen species (RNS) results in oxidative stress which impairs neuronal DNA, proteins,
and lipids [4,56]. Microglia can also contribute to synaptic dysfunction via dysregulated
synaptic pruning. ApoE4 microglia can also contribute to synaptic dysfunction by eliminat-
ing synaptic elements inappropriately [27]. This process occurs because the activation of the
complement cascade can signal microglia to eliminate unnecessary synapses; however, this
excessive elimination can lead to the loss of essential synapses. Brain-derived neurotrophic
factor (BDNF) is a neurotrophin that is essential for both the survival of neurons and the
formation of new synapses. In individuals carrying the ApoE4 isoform, the low BDNF
availability in the brain exacerbates the negative influence of microglia and consequently
creates an unfavorable neuronal environment that diminishes support for neuronal via-
bility and plasticity. Collectively, these mechanisms illustrate the contribution of ApoE4
microglia in neuronal loss and the pathogenesis of AD.

5.2.2. Synaptic Health: Impact on Synaptic Density and Function; Cognitive Implications

Synaptic integrity is crucial for cognitive function, and ApoE4 affects synaptic health
through several methods. Some studies have found ApoE4 carriers to have a decreased
dendritic column density and decreased synaptic marker expression [75]. The dendritic
column is fundamental in the communication between various nerve cells, and a reduction
in its density creates an imbalance in the ability of neurons to form and maintain synapses.
ApoE4 impairs synaptic plasticity by inhibiting long-term potentiation (LTP), a cellular
mechanism underlying learning and memory [76]. Dysregulated lipid transport associated
with ApoE4 leads to extracellular accumulation of lipoproteins, which impairs neuronal ac-
tivity [52,63]. In addition, inadequate or excessive synaptic pruning by activated microglia
results in weak neuronal networks and loss of synapses [27]. These changes are responsible
for cognitive decline in patients with Alzheimer’s disease, emphasizing the need for and
importance of synaptic health in therapeutic strategies.

5.3. Interplay with Other Alzheimer’s Pathological Features
5.3.1. Tau Pathology: Interaction with Tau Proteins and Neurofibrillary Tangles

Multiple dysregulated mechanisms mediate the interaction of ApoE4, microglia, and
tau pathology. ApoE4 increases tau hyperphosphorylation and the subsequent devel-
opment of neurofibrillary tangles (NFTs) that make neurons dysfunctional and promote
neuronal death [28,76]. Under normal physiological conditions, glycogen synthase kinase 3
beta (GSK-3$3) and cyclin-dependent kinase 5 (CDK5) regulate tau phosphorylation. How-
ever, the influence of ApoE4 on these two enzymes creates hyperphosphorylation of the
tau protein. Exacerbating tau pathology, pro-inflammatory microglia secrete cytokines that
modulate tau kinases and phosphatases [53]. In addition, microglia can internalize and
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release tau aggregates, spreading them throughout the brain and creating positive feedback
that accentuates neurodegeneration [77]. In some study models, decreased ApoE4 levels
reduced tauopathy and neuronal degeneration [78]. Thus, understanding the role of ApoE4
in tau pathology is important to develop interventions aimed at combating this aspect of
Alzheimer’s disease (AD).

5.3.2. Other Neurodegenerative Processes: Contribution to Overall Brain Atrophy and
Connectivity Loss

In addition to amyloid and tau pathologies, ApoE4 together with microglia is as-
sociated with several neurodegeneration processes. Chronic microglial activation leads
to an excessive release of pro-inflammatory cytokines and neurotoxic factors, promoting
large-scale neuronal death and contributing to brain atrophy. Studies involving magnetic
resonance imaging have shown that in the hippocampal and cortical regions of ApoE4 pa-
tients, there is a decrease in brain volume, which correlates with cognitive impairments [1].

The negative impact of ApoE4 on oligodendrocyte function and myelination results
in demyelination and leads to the disruption of neural connectivity [35]. This loss affects
the aspects involved in cognitive function, including memory, attention, and executive
function.

The collaborative effect of synaptic loss, neuronal death, and white matter dissociation
results in the profound functional decline noted in individuals with Alzheimer’s disease.
As such, it is important to prioritize therapeutic approaches that aim to address various
facets of neurodegeneration.

6. Therapeutic Potential and Future Perspectives

6.1. Current Therapeutic Approaches Targeting ApoE4 and Microglia
6.1.1. Modulating ApoE4 Function: Small Molecules, Antisense Oligonucleotides, and
Gene Editing

There are several promising therapeutic pathways available to target the function of
ApoE4 to combat its detrimental effects on Alzheimer’s disease (Table 3). Small molecules
can be engineered to alter the ApoE4 structure and function so that they can be converted
to the ApoE3 or ApoE2 isoforms, which are less harmful, inhibiting their adverse impact
on microglia and improving synaptic function [79,80]. These molecules act by stabilizing
the protein structure, preventing the domain interactions that induce pathogenic conforma-
tional shifts. Antisense oligonucleotides (ASOs), considered synthetic polymers, are part
of the first line of therapeutic strategies aimed at neurodegeneration processes. Synthetic
nucleic acids bind to the messenger RNA (mRNA) of the apoE4 isoform, promoting its
degradation and expression in the brain [66,81,82]. By lowering ApoE4 levels, these anti-
sense oligonucleotides can reduce amyloid-beta accumulation and neuroinflammation and
improve cognitive decline. Finally, gene-editing technologies, such as CRISPR/Cas9, have
the potential to correct ApoE4 mutations at the genomic level. This approach facilitates the
editing of the ApoE gene to convert the ¢4 allele to €3 or €2, thus reversing the neurode-
generative effect associated with ApoE4 [83]. Although they are promising therapeutics,
emerging challenges in specific delivery methods and ethical considerations would need to
be addressed before their clinical application [66].

6.1.2. Targeting Microglial Activation: Anti-Inflammatory Drugs and Immune Modulators

Modulating microglial activation to reduce neuroinflammation is another therapeu-
tic strategy. Anti-inflammatory drugs, including nonsteroidal anti-inflammatory drugs
(NSAIDs), can reduce brain inflammation by decreasing microglial activation and lower-
ing pro-inflammatory cytokine release, thereby protecting neuronal and cognitive func-
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tions [79,84]. However, clinical trials have yielded mixed results, and further research is
needed to optimize their efficacy and safety.

Immune modulators targeting receptors such as TREM2 can promote the anti-
inflammatory M2 phenotype in microglia. Monoclonal antibodies that activate TREM2
enhance microglial phagocytosis, reduce amyloid plaques, and decrease neurofibrillary
tangles [62,85-87]. These approaches aim to restore microglial homeostasis and improve
their capacity to clear pathological proteins.

Combination therapies that include immune modulators, anti-inflammatory agents,
and lifestyle adjustments may offer synergistic benefits in managing Alzheimer’s disease
by targeting multiple aspects of microglial dysfunction.

6.2. Emerging Therapies and Research Directions
6.2.1. Gene Editing Technologies: CRISPR/Cas9 Approaches to Correct ApoE4 Mutations

Gene-editing technologies like CRISPR/Cas9 hold significant promise for correcting
ApoE4 mutations and potentially contributing to a cure for Alzheimer’s disease [88]. By
precisely targeting and modifying the APOE gene, the researchers aim to convert the ¢4
allele into the €3 or ¢2 allele, thus eliminating the source of ApoE4’s detrimental effects [83].
Studies conducted in vitro have confirmed the feasibility of this approach, showing reduced
pathological features in cell models after some gene editing [89-91].

Challenges remain in developing safe and efficient delivery mechanisms to specifically
target neuronal and glial cells in the brain, in off-target minimization, and in addressing
ethical considerations regarding genetic modification. Continued advances in gene editing
techniques and delivery systems are essential to overcome these critical obstacles.

6.2.2. Immunotherapy: Vaccines and Antibodies Targeting ApoE4 and Amyloid-Beta

Another promising method for removing pathogenic aggregates in AD is immunother-
apy. Several monoclonal antibodies targeting amyloid-beta (anti-Af3), including adu-
canumab, lecanemab, have been shown to have sufficient ability during clinical trials to
reduce amyloid-beta plaque levels and slow cognitive deterioration [37,49,92,93]. This
immune response is only possible because these antibodies bind to the aggregated forms of
Ap and thus assist the microglia in its recognition and elimination. The antibodies devel-
oped for ApoE are another strand of immunotherapy research. These anti-ApoE antibodies
make it possible to block the native interaction with amyloid-beta and thereby reduce the
formation of plaques and consequently the associated neuroinflammation [85,87,94]. These
results have been proven in preclinical studies, where this approach not only attenuated
amyloid pathology but also improved cognitive function. Vaccines to induce an immune
response against amyloid-beta protein and tau are being explored and possibly developed.
However, even though the first vaccination attempts faced problems due to cross-reactivity
and autoimmune reactions, the second generation of more specific and better-tolerated
vaccines is currently being developed.

6.2.3. Neuroprotective Strategies: Novel Agents Promoting Neuronal Survival and
Synaptic Health

Neuroprotective agents aim to increase the capacity for resistance and neuronal adap-
tation in the face of injury or stress and to preserve synaptic function. Antioxidants like
vitamins C and E may lower oxidative stress levels and prevent the formation of A3 plaques.
As such, these antioxidant agents protect neurons from damage while preserving neuronal
plasticity [95-97]. Polyphenols such as resveratrol have antioxidant and anti-inflammatory
properties, acting as potential neuroprotective agents. Ferroptosis is an iron-dependent
method of programmed cell death. Strategies such as ferroptosis inhibitors act to inhibit
the production of peroxidable lipids and the degradation of reactive oxygen compounds,



Cells 2025, 14, 243

18 of 25

helping to prevent cell death and slowing down neuronal degeneration [98]. Compounds
that improve neurotrophic support, such as neurotrophic brain growth factor (BDNF)
mimetics, can improve neuronal viability and synaptic plastics. In addition, lifestyle inter-
ventions such as physical activity, cognitive training, and dietary modifications can aid in
neuroprotection. Regular physical exercise correlates with a boost in neurogenic activity
and improved cognitive functions, while diets high in antioxidants or omega-3 fatty acids
also benefit brain health [68].

Table 3. Current therapies for Alzheimer’s disease (AD).

Tl;i;f:g‘;hc Desig);zl;c;f the Mechanism of Action References
Small molecule and Alter the structure and
antisense function of ApoE4 by
ApoE modulation oliconucleotide converting it to less [66,91]
in%rerventions toxic isoforms (ApoE3
or ApoE2)
. Inhibit the formation
Ag;iﬁ fgd of toxic aggregates of
Immunotherapy monocllf) nal Ap and disrupt the [49,66]
antibodies binding between ApoE
and AR
Reduction in neuronal
Nonsteroidal 1ncflleacrlfler;1;’ﬁon,
. . anti-inflammatory . &
Microglial drugs (NSAIDs) pro-inflammatory [62,79]
activation and immune cytokines and favoring ’
modulators the microglial
anti-inflammatory
phenotype
Antioxidants
(vitamin C, E), Reduction in oxidative
Neuroprotective polyphenols stress, protecting [96]
agents (resveratrol), and  neurons from potential
ferroptosis damage
inhibitors
Conversion of the E4
allele to E3 or E2
Gene editing Ciﬁiﬁ{éaysg alleles, reversing [97]

degenerative effects
associated with E4

This table demonstrates some of the current therapies used in Alzheimer’s disease (AD), providing a brief
description of the approach and the associated mechanism of action.

6.3. Future Research Directions

6.3.1. Biomarkers and Diagnostics: Identifying Early Biomarkers for Risk Assessment and

Disease Monitoring

Early detection of AD is critical for effective intervention. Improvements in imaging

methods, such as positron emission tomography (PET) with the use of amyloid and tau
ligands, can identify pathological alterations leading clinical symptoms by years [62,99,100].
Magnetic resonance imaging (MRI) can quantify and assess the structural changes in the
disease progression and brain atrophy.

Biochemical signatures, including the measurements of amyloid-beta, phosphorylated
tau, and ApoE4 expression in the cerebrospinal fluid and blood provide valuable informa-



Cells 2025, 14, 243

19 of 25

tion for diagnosis [51,101]. Genetic screening for genotypes involved in the high risk of
the pathology, such as ApoE4, can also identify individuals who could benefit from early
interventions. The establishment of fully confident and non-invasive biomarkers is crucial
for risk assessment, monitoring treatment efficacy, and advancing personalized medicine
strategies.

6.3.2. Personalized Medicine: Tailoring Treatments Based on Individual ApoE Genotype

Personalized medicine aims to personalize healthcare by employing individual ge-
netic profiles, lifestyle habits, and environmental conditions. In the context of Alzheimer’s
disease, tailoring treatments to an individual’s ApoE genotype can boost therapeutic effec-
tiveness and lessen adverse reactions. Specific interventions based on the Apolipoprotein E
(ApoE) genotype may involve structural and functional modification of ApoE4 using small
molecules or gene editing technologies, already mentioned above as possible therapeutic
strategies [11]. Personalized immunotherapies could be developed by targeting specific
pathological characteristics present in patients, allowing for more individual and personal-
ized treatment. The inclusion of diagnostic biomarkers to therapeutic strategies already
in use allows interventions to be more precise, optimizing outcomes for patients with a
specific pathology

6.3.3. Broadening Scope: Investigating ApoE4’s Role in Other Neurodegenerative and
Neuroinflammatory Diseases

Expanding research to explore the role of ApoE4 in other neurodegenerative and
neuroinflammatory conditions could provide insights applicable to a wide range of neu-
rological disorders. It has been established through various studies that ApoE4 drives
the progression of Parkinson’s disease, multiple sclerosis, and amyotrophic lateral scle-
rosis [102]. An in-depth understanding of the common mechanisms by which this E4
allele influences neuroinflammation and neurodegeneration can guide the development
of broad-spectrum therapeutic strategies. Additionally, the investigation of the complex
interaction between ApoE4 and microglia in different disease contexts can identify new
therapeutic targets to modulate the immune response and induce neuronal protection.

7. Conclusions

Apolipoprotein E4 is a key factor in the onset and progression of AD, with its influence
extending beyond microglia to also include astrocytes and oligodendrocytes. These inter-
actions disrupt essential processes such as lipid metabolism, myelination, amyloid-beta
clearance, and neuronal communication, collectively worsening neurodegeneration. The
novel insights presented in this review emphasize the importance of targeting ApoE4’s
multifaceted effects to mitigate its contribution to AD pathology.

Emerging therapeutic strategies, including gene-editing technologies, antisense
oligonucleotides, and immune modulation therapies, represent promising approaches
to counteract the detrimental effects of ApoE4. Additionally, precision medicine tailored
to individual ApoE genotypes presents new opportunities to personalize treatment and
improve patient outcomes. This review also highlights the broader significance of ApoE4
in other neurodegenerative diseases, which could lead to cross-disciplinary therapeutic
advantages.

Future research should focus on unraveling the complex interactions between ApoE4
and glial cells to identify actionable therapeutic targets. Furthermore, efforts to integrate
early intervention strategies and public health initiatives—such as promoting healthy
lifestyles and raising awareness of modifiable risk factors—will be crucial in preventing or
delaying the onset of AD. Advancing our understanding of ApoE4’s roles across various



Cells 2025, 14, 243

20 of 25

References

glial cell types and neurodegenerative conditions has the potential to transform treatment
paradigms and improve the quality of life for patients and their families.

Author Contributions: Conceptualization, R.S.; writing—original draft preparation, D.D., C.C.P,,
J.R. and R.S,; writing—review and editing, D.D. and R.S. All authors have read and agreed to the
published version of the manuscript.

Funding: R.S. was financed by Portuguese funds through FCT—Fundagao para a Ciéncia e a Tecnolo-
gia/Ministério da Ciéncia, Tecnologia e Ensino Superior in the framework of 2023.06380.CEECIND.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: No new data were created or analyzed in this study.

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

Abbreviations

Ap—amyloid-beta; ABCA1—ATP-binding cassette transporter Al; AD—Alzheimer’s disease;
ADAD—autosomal dominant Alzheimer’s disease; ALS—amyotrophic lateral sclerosis; AMPAR—
alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; APP—amyloid precursor pro-
tein; APOE—apolipoprotein E gene; ApoE—apolipoprotein E protein; ApoE2—apolipoprotein
E epsilon2 isoform; ApoE3—apolipoprotein E epsilon3 isoform; ApoE4—apolipoprotein E ep-
silon4 isoform; ASO—antisense oligonucleotide; BBB—blood-brain barrier; BDNF—brain-derived
neurotrophic factor; CNS—central nervous system; COX-2—cyclooxygenase-2; CRISPR/Cas9—
clustered regularly interspaced short palindromic repeats/CRISPR-associated protein 9; CSF—
cerebrospinal fluid; DAM—disease-associated microglia; DNA—deoxyribonucleic acid; GABA—
gamma-aminobutyric acid; GSK-33—glycogen synthase kinase 3 beta; HDL—high-density lipopro-
tein; IFN-y—interferon-gamma; IL-1p—interleukin-1 beta; IL-4—interleukin-4; IL-6—interleukin-
6; IL-10—interleukin-10; IRM—inflammation-related microglia; LDL—low-density lipoprotein;
LDLR—Ilow-density lipoprotein receptor; LRP1—LDL receptor-related protein 1; LTP—long-term
potentiation; MAPK—mitogen-activated protein kinase; MRI—magnetic resonance imaging; MS—
multiple sclerosis; NGF—nerve growth factor; NFTs—neurofibrillary tangles; NF-kB—nuclear
factor kappa-light-chain-enhancer of activated B cells; NMDAR—N-methyl-D-aspartate receptor;
NSAIDs—nonsteroidal anti-inflammatory drugs; PET—positron emission tomography; PI3K/Akt—
phosphoinositide 3-kinase/protein kinase B; PSEN1—presenilin 1; PSEN2—presenilin 2; RNA—
ribonucleic acid; ROS—reactive oxygen species; SNP—single-nucleotide polymorphism; T2DM—
type 2 diabetes mellitus; TBI—traumatic brain injury; TGF-f—transforming growth factor-beta;
TNEF-o—tumor necrosis factor-alpha; TREM2—Triggering Receptor Expressed on Myeloid Cells 2;
TRPV1—transient receptor potential vanilloid 1; VLDL—very low-density lipoprotein.

1. Mishra, S.; Blazey, T.M.; Holtzman, D.M.; Cruchaga, C.; Su, Y.; Morris, J.C.; Benzinger, T.L.S.; A Gordon, B. Longitudinal brain
imaging in preclinical Alzheimer disease: Impact of APOE ¢4 genotype. Brain 2018, 141, 1828-1839. [CrossRef]

2. Yamakawa, M.; Rexach, J.E. Cell States and Interactions of CD8 T Cells and Disease-Enriched Microglia in Human Brains with
Alzheimer’s Disease. Biomedicines 2024, 12, 308. [CrossRef]

3. Frigerio, C.S.; Wolfs, L.; Fattorelli, N.; Thrupp, N.; Voytyuk, I.; Schmidt, I.; Mancuso, R.; Chen, W.-T.; Woodbury, M.E.; Srivastava,
G.; et al. The Major Risk Factors for Alzheimer’s Disease: Age, Sex, and Genes Modulate the Microglia Response to A3 Plaques.
Cell Rep. 2019, 27, 1293-1306.e6. [CrossRef]

4.  Caberlotto, L.; Marchetti, L.; Lauria, M.; Scotti, M.; Parolo, S. Integration of transcriptomic and genomic data suggests candidate

mechanisms for APOE4-mediated pathogenic action in Alzheimer’s disease. Sci. Rep. 2016, 6, 32583. [CrossRef]


https://doi.org/10.1093/brain/awy103
https://doi.org/10.3390/biomedicines12020308
https://doi.org/10.1016/j.celrep.2019.03.099
https://doi.org/10.1038/srep32583

Cells 2025, 14, 243 21 of 25

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Konttinen, H.; Cabral-Da-Silva, M.e.C.; Ohtonen, S.; Wojciechowski, S.; Shakirzyanova, A.; Caligola, S.; Giugno, R.; Ishchenko, Y.;
Hernéndez, D.; Fazaludeen, M.E,; et al. PSEN1AE9, APPswe, and APOE4 Confer Disparate Phenotypes in Human iPSC-Derived
Microglia. Stem Cell Rep. 2019, 13, 669—-683. [CrossRef] [PubMed]

Shi, Y.; Initiative, A.D.N.; Yamada, K.; Liddelow, S.A.; Smith, S.T.; Zhao, L.; Luo, W.; Tsai, R.M.; Spina, S.; Grinberg, L.T.; et al.
ApoE4 markedly exacerbates tau-mediated neurodegeneration in a mouse model of tauopathy. Nature 2017, 549, 523-527.
[CrossRef]

Huang, S.; Zhang, Z.; Cao, J.; Yu, Y.; Pei, G. Chimeric cerebral organoids reveal the essentials of neuronal and astrocytic APOE4
for Alzheimer’s tau pathology. Signal Transduct. Target. Ther. 2022, 7, 176. [CrossRef] [PubMed]

Fitz, N.F; Nam, K.N.; Wolfe, C.M.; Letronne, F,; Playso, B.E.; Iordanova, B.E.; Kozai, T.D.Y.; Biedrzycki, R].; Kagan, V.E,;
Tyurina, Y.Y.; et al. Phospholipids of APOE lipoproteins activate microglia in an isoform-specific manner in preclinical models of
Alzheimer’s disease. Nat. Commun. 2021, 12, 3416. [CrossRef]

Staurenghi, E.; Leoni, V.; lacono, M.L.; Sottero, B.; Testa, G.; Giannelli, S.; Leonarduzzi, G.; Gamba, P. ApoE3 vs. ApoE4 Astrocytes:
A Detailed Analysis Provides New Insights into Differences in Cholesterol Homeostasis. Antioxidants 2022, 11, 2168. [CrossRef]
Mahley, R.W.; Weisgraber, K.H.; Huang, Y. Apolipoprotein E: Structure determines function, from atherosclerosis to Alzheimer’s
disease to AIDS. J. Lipid Res. 2009, 50, 5183-5188. [CrossRef] [PubMed]

Zhao, J.; Fu, Y,; Yamazaki, Y.; Ren, Y.; Davis, M.D,; Liu, C.-C.; Lu, W.; Wang, X.; Chen, K.; Cherukuri, Y.; et al. APOE4 exacerbates
synapse loss and neurodegeneration in Alzheimer’s disease patient iPSC-derived cerebral organoids. Nat. Commun. 2020, 11,
5540. [CrossRef] [PubMed]

Iannucci, J.; Sen, A.; Grammas, P. Isoform-Specific Effects of Apolipoprotein E on Markers of Inflammation and Toxicity in Brain
Glia and Neuronal Cells In Vitro. Curr. Issues Mol. Biol. 2021, 43, 215-225. [CrossRef] [PubMed]

Mahley, R.-W. Apolipoprotein E: From cardiovascular disease to neurodegenerative disorders. J. Mol. Med. 2016, 94, 739-746.
[CrossRef] [PubMed]

Jiang, Q.; Lee, C.D.; Mandrekar, S.; Wilkinson, B.; Cramer, P.; Zelcer, N.; Mann, K.; Lamb, B.; Willson, T.M.; Collins, J.L.; et al.
ApoE promotes the proteolytic degradation of Af. Neuron 2008, 58, 681-693. [CrossRef] [PubMed]

Hopperton, K.E.; Mohammad, D.; Trépanier, M.O.; Giuliano, V.; Bazinet, R.P. Markers of microglia in post-mortem brain samples
from patients with Alzheimer’s disease: A systematic review. Mol. Psychiatry 2018, 23, 177-198. [CrossRef] [PubMed]
Friedberg, J.S.; Aytan, N.; Cherry, ].D.; Xia, W.; Standring, O.].; Alvarez, V.E.; Nicks, R.; Svirsky, S.; Meng, G.; Jun, G.; et al.
Associations between brain inflammatory profiles and human neuropathology are altered based on apolipoprotein E ¢4 genotype.
Sci. Rep. 2020, 10, 2924. [CrossRef] [PubMed]

Chung, W.-S.; Verghese, P.B.; Chakraborty, C.; Joung, J.; Hyman, B.T.; Ulrich, ].D.; Holtzman, D.M.; Barres, B.A. Novel allele-
dependent role for APOE in controlling the rate of synapse pruning by astrocytes. Proc. Natl. Acad. Sci. USA 2016, 113,
10186-10191. [CrossRef] [PubMed]

Huang, Y.; Mahley, R.W. Apolipoprotein E: Structure and function in lipid metabolism, neurobiology, and Alzheimer’s diseases.
Neurobiol. Dis. 2014, 72 Pt A, 3-12. [CrossRef]

Serrano-Pozo, A.; Li, Z.; Noori, A.; Nguyen, HN.; Mezlini, A.; Li, L.; Hudry, E.; Jackson, R.J.; Hyman, B.T.; Das, S. Effect of APOE
alleles on the glial transcriptome in normal aging and Alzheimer’s disease. Nat. Aging 2021, 1, 919-931. [CrossRef]

Rawat, V.; Wang, S.; Sima, J.; Bar, R,; Liraz, O.; Gundimeda, U.; Parekh, T.; Chan, J.; Johansson, J.O.; Tang, C.; et al. ApoE4 Alters
ABCA1 Membrane Trafficking in Astrocytes. J. Neurosci. 2019, 39, 9611-9622. [CrossRef]

Lee, C.D.; Tse, W.; Smith, ].D.; Landreth, G.E. Apolipoprotein E Promotes 3-amyloid trafficking and degradation by modulating
microglial cholesterol levels. J. Biol. Chem. 2012, 287, 2032-2044. [CrossRef] [PubMed]

Verghese, P.B.; Castellano, ]. M.; Garai, K.; Wang, Y.; Jiang, H.; Shah, A.; Bu, G.; Frieden, C.; Holtzman, D.M. ApoE influences
amyloid-f (AB) clearance despite minimal apoE/Af} association in physiological conditions. Proc. Natl. Acad. Sci. USA 2013, 110,
E1807-E1816. [CrossRef] [PubMed]

Lynch, J.R.; Tang, W.; Wang, H.; Vitek, M.P;; Bennett, E.R.; Sullivan, PM.; Warner, D.S.; Laskowitz, D.T. APOE genotype and
an apoe-mimetic peptide modify the systemic and central nervous system inflammatory response. J. Biol. Chem. 2003, 278,
48529-48533. [CrossRef]

Deane, R.; Sagare, A.; Hamm, K,; Parisi, M.; Lane, S.; Finn, M.B.; Holtzman, D.M.; Zlokovic, B.V. apoE isoform—specific disruption
of amyloid (3 peptide clearance from mouse brain. J. Clin. Investig. 2008, 118, 4002—4013. [CrossRef]

Najm, R.; Zalocusky, K.A.; Zilberter, M.; Yoon, S.Y.; Hao, Y.; Koutsodendris, N.; Nelson, M.; Rao, A.; Taubes, A.; Jones, E.A.; et al.
In Vivo Chimeric Alzheimer’s Disease Modeling of Apolipoprotein E4 Toxicity in Human Neurons. Cell Rep. 2020, 32, 107962.
[CrossRef]

Lee, S.; Devanney, N.A.; Golden, L.R.; Smith, C.T.; Schwartz, J.L.; Walsh, A.E.; Clarke, H.A.; Goulding, D.S.; Allenger, E.].; Morillo-
Segovia, G.; et al. APOE modulates microglial immunometabolism in response to age, amyloid pathology, and inflammatory
challenge. Cell Rep. 2023, 42, 112196. [CrossRef]


https://doi.org/10.1016/j.stemcr.2019.08.004
https://www.ncbi.nlm.nih.gov/pubmed/31522977
https://doi.org/10.1038/nature24016
https://doi.org/10.1038/s41392-022-01006-x
https://www.ncbi.nlm.nih.gov/pubmed/35691989
https://doi.org/10.1038/s41467-021-23762-0
https://doi.org/10.3390/antiox11112168
https://doi.org/10.1194/jlr.R800069-JLR200
https://www.ncbi.nlm.nih.gov/pubmed/19106071
https://doi.org/10.1038/s41467-020-19264-0
https://www.ncbi.nlm.nih.gov/pubmed/33139712
https://doi.org/10.3390/cimb43010018
https://www.ncbi.nlm.nih.gov/pubmed/34071762
https://doi.org/10.1007/s00109-016-1427-y
https://www.ncbi.nlm.nih.gov/pubmed/27277824
https://doi.org/10.1016/j.neuron.2008.04.010
https://www.ncbi.nlm.nih.gov/pubmed/18549781
https://doi.org/10.1038/mp.2017.246
https://www.ncbi.nlm.nih.gov/pubmed/29230021
https://doi.org/10.1038/s41598-020-59869-5
https://www.ncbi.nlm.nih.gov/pubmed/32076055
https://doi.org/10.1073/pnas.1609896113
https://www.ncbi.nlm.nih.gov/pubmed/27559087
https://doi.org/10.1016/j.nbd.2014.08.025
https://doi.org/10.1038/s43587-021-00123-6
https://doi.org/10.1523/JNEUROSCI.1400-19.2019
https://doi.org/10.1074/jbc.M111.295451
https://www.ncbi.nlm.nih.gov/pubmed/22130662
https://doi.org/10.1073/pnas.1220484110
https://www.ncbi.nlm.nih.gov/pubmed/23620513
https://doi.org/10.1074/jbc.M306923200
https://doi.org/10.1172/JCI36663
https://doi.org/10.1016/j.celrep.2020.107962
https://doi.org/10.1016/j.celrep.2023.112196

Cells 2025, 14, 243 22 of 25

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Machlovi, S.I; Neuner, S.M.; Hemmer, B.M.; Khan, R.; Liu, Y.; Huang, M.; Zhu, ].D.; Castellano, ].M.; Cai, D.; Marcora, E.; et al.
APOE4 confers transcriptomic and functional alterations to primary mouse microglia. Neurobiol. Dis. 2022, 164, 105615. [CrossRef]
Area-Gomez, E; Larrea, D.; Pera, M.; Agrawal, R.R.; Guilfoyle, D.N.; Pirhaji, L.; Shannon, K.; Arain, H.A.; Ashok, A.; Chen, Q.;
et al. APOE4 is Associated with Differential Regional Vulnerability to Bioenergetic Deficits in Aged APOE Mice. Sci. Rep. 2020,
10, 4277. [CrossRef] [PubMed]

Belloy, M.E.; Napolioni, V.; Greicius, M.D. A Quarter Century of APOE and Alzheimer’s Disease: Progress to Date and the Path
Forward. Neuron 2019, 101, 820-838. [CrossRef] [PubMed]

Tew, J.; Qian, L.; Pipalia, N.H.; Chao, M.].; Liang, S.A.; Shi, Y.; Jain, B.R.; Bertelsen, S.E.; Kapoor, M.; Marcora, E.; et al. Cholesterol
and matrisome pathways dysregulated in astrocytes and microglia. Cell 2022, 185, 2213-2233.e25. [CrossRef]

Tang, M.-X,; Stern, Y.; Marder, K.; Bell, K.; Gurland, B.; Lantigua, R.; Andrews, H.; Feng, L.; Tycko, B.; Mayeux, R. The APOE-c4
Allele and the Risk of Alzheimer Disease Among African Americans, Whites, and Hispanics. JAMA 1998, 279, 751-755. [CrossRef]
Corbo, R.M.; Scacchi, R. Apolipoprotein E (APOE) allele distribution in the world. Is APOE*4 a ‘thrifty” allele? Ann. Hum. Genet.
1999, 63, 301-310. [CrossRef]

Lim, A.C.; Barnes, L.L.; Weissberger, G.H.; Lamar, M.; Nguyen, A.L.; Fenton, L.; Herrera, J.; Han, S.D. Quantification of
race/ethnicity representation in Alzheimer’s disease neuroimaging research in the USA: A systematic review. Commun. Med.
2023, 3, 101. [CrossRef] [PubMed]

Wang, N.; Wang, M.; Jeevaratnam, S.; Rosenberg, C.; Ikezu, T.C.; Shue, F,; Doss, S.V.; Alnobani, A.; Martens, Y.A.; Wren, M.;
et al. Opposing effects of apoE2 and apoE4 on microglial activation and lipid metabolism in response to demyelination. Mol.
Neurodegener. 2022, 17, 75. [CrossRef] [PubMed]

Blanchard, J.W.; Akay, L.A.; Davila-Velderrain, J.; von Maydell, D.; Mathys, H.; Davidson, S.M.; Effenberger, A.; Chen, C.-Y,;
Maner-Smith, K.; Hajjar, L; et al. APOE4 impairs myelination via cholesterol dysregulation in oligodendrocytes. Nature 2022, 611,
769-779. [CrossRef] [PubMed]

Montagne, A.; Nikolakopoulou, A.M.; Huuskonen, M.T.; Sagare, A.P; Lawson, E.J.; Lazic, D.; Rege, S.V.; Grond, A.; Zuniga, E.;
Barnes, S.R.; et al. APOE4 accelerates advanced-stage vascular and neurodegenerative disorder in old Alzheimer’s mice via
cyclophilin A independently of amyloid-f. Nat. Aging 2021, 1, 506-520. [CrossRef] [PubMed]

Millet, A.; Ledo, J.H.; Tavazoie, S.F. An exhausted-like microglial population accumulates in aged and APOE4 genotype
Alzheimer’s brains. Immunity 2023, 57, 153-170.e6. [CrossRef]

Rosselli, M.; Uribe, 1.V.; Ahne, E.; Shihadeh, L. Culture, Ethnicity, and Level of Education in Alzheimer’s Disease. Neurother.: ].
Am. Soc. Exp. NeuroTherapeutics 2022, 19, 26-54. [CrossRef] [PubMed]

Younan, D.; Wang, X.; Gruenewald, T.; Gatz, M.; Serre, M.L.; Vizuete, W.; Braskie, M.N.; Woods, N.F,; Kahe, K.; Garcia, L.; et al.
Racial/Ethnic Disparities in Alzheimer’s Disease Risk: Role of Exposure to Ambient Fine Particles. J. Gerontol. Ser. A 2021, 77,
977-985. [CrossRef] [PubMed]

Ulrich, J.D.; Ulland, T.K.; Mahan, T.E.; Nystrom, S.; Nilsson, K.P.; Song, W.M.; Zhou, Y.; Reinartz, M.; Choi, S.; Jiang, H.; et al.
ApoE facilitates the microglial response to amyloid plaque pathology. J. Exp. Med. 2018, 215, 1047-1058. [CrossRef]

Huang, Y.-W.A_; Zhou, B.; Wernig, M.; Stidhof, T.C. ApoE2, ApoE3, and ApoE4 Differentially Stimulate APP Transcription and
A Secretion. Cell 2017, 168, 427-441.e21. [CrossRef] [PubMed]

Zhao, N.; Liu, C.-C.; Van Ingelgom, A J.; Linares, C.; Kurti, A.; Knight, J.A.; Heckman, M.G; Diehl, N.N.; Shinohara, M.; Martens,
Y.A.; et al. APOE ¢2 is associated with increased tau pathology in primary tauopathy. Nat. Commun. 2018, 9, 4388. [CrossRef]
Wadhwani, A.R.; Affaneh, A.; Van Gulden, S.; Kessler, J.A. Neuronal apolipoprotein E4 increases cell death and phosphorylated
tau release in alzheimer disease. Ann. Neurol. 2019, 85, 726-739. [CrossRef] [PubMed]

Zhong, M.Z.; Peng, T.; Duarte, M.L.; Wang, M.; Cai, D. Updates on mouse models of Alzheimer’s disease. Mol. Neurodegener.
2024, 19, 23. [CrossRef]

Yin, Z.; Rosenzweig, N.; Kleemann, K.L.; Zhang, X.; Brandao, W.; Margeta, M.A.; Schroeder, C.; Sivanathan, K.N; Silveira, S.;
Gauthier, C.; et al. APOE4 impairs the microglial response in Alzheimer’s disease by inducing TGFf3-mediated checkpoints. Nat.
Immunol. 2023, 24, 1839-1853. [CrossRef] [PubMed]

Abyadeh, M.; Gupta, V.; A Paulo, J.; Sheriff, S.; Shadfar, S.; Fitzhenry, M.; Amirkhani, A.; Gupta, V.; Salekdeh, G.H.; A Haynes, P;
et al. Apolipoprotein ¢ in Brain and Retinal Neurodegenerative Diseases. Aging Dis. 2024, 14, 1311-1330. [CrossRef]

Xia, Y.; Wang, Z.-H.; Zhang, J.; Liu, X;; Yu, S.P; Ye, K.X.; Wang, ].-Z.; Ye, K,; Wang, X.-C. C/EBP is a key transcription factor for
APOE and preferentially mediates ApoE4 expression in Alzheimer’s disease. Mol. Psychiatry 2020, 26, 6002—-6022. [CrossRef]
Chai, A.B.; Lam, H.H.J.; Kockx, M.; Gelissen, I.C. Apolipoprotein E isoform-dependent effects on the processing of Alzheimer’s
amyloid-f. Biochimica et biophysica acta. Mol. Cell Biol. Lipids 2021, 1866, 158980. [CrossRef] [PubMed]

Aljassabi, A.; Zieneldien, T.; Kim, J.; Regmi, D.; Cao, C. Alzheimer’s Disease Immunotherapy: Current Strategies and Future
Prospects. . Alzheimer’s Dis. 2024, 98, 755-772. [CrossRef]


https://doi.org/10.1016/j.nbd.2022.105615
https://doi.org/10.1038/s41598-020-61142-8
https://www.ncbi.nlm.nih.gov/pubmed/32152337
https://doi.org/10.1016/j.neuron.2019.01.056
https://www.ncbi.nlm.nih.gov/pubmed/30844401
https://doi.org/10.1016/j.cell.2022.05.017
https://doi.org/10.1001/jama.279.10.751
https://doi.org/10.1046/j.1469-1809.1999.6340301.x
https://doi.org/10.1038/s43856-023-00333-6
https://www.ncbi.nlm.nih.gov/pubmed/37491471
https://doi.org/10.1186/s13024-022-00577-1
https://www.ncbi.nlm.nih.gov/pubmed/36419137
https://doi.org/10.1038/s41586-022-05439-w
https://www.ncbi.nlm.nih.gov/pubmed/36385529
https://doi.org/10.1038/s43587-021-00073-z
https://www.ncbi.nlm.nih.gov/pubmed/35291561
https://doi.org/10.1016/j.immuni.2023.12.001
https://doi.org/10.1007/s13311-022-01193-z
https://www.ncbi.nlm.nih.gov/pubmed/35347644
https://doi.org/10.1093/gerona/glab231
https://www.ncbi.nlm.nih.gov/pubmed/34383042
https://doi.org/10.1084/jem.20171265
https://doi.org/10.1016/j.cell.2016.12.044
https://www.ncbi.nlm.nih.gov/pubmed/28111074
https://doi.org/10.1038/s41467-018-06783-0
https://doi.org/10.1002/ana.25455
https://www.ncbi.nlm.nih.gov/pubmed/30840313
https://doi.org/10.1186/s13024-024-00712-0
https://doi.org/10.1038/s41590-023-01627-6
https://www.ncbi.nlm.nih.gov/pubmed/37749326
https://doi.org/10.14336/ad.2023.0312-1
https://doi.org/10.1038/s41380-020-00956-4
https://doi.org/10.1016/j.bbalip.2021.158980
https://www.ncbi.nlm.nih.gov/pubmed/34044125
https://doi.org/10.3233/JAD-231163

Cells 2025, 14, 243 23 of 25

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Zalocusky, K.A.; Najm, R.; Taubes, A.L.; Hao, Y.; Yoon, S.Y.; Koutsodendris, N.; Nelson, M.R.; Rao, A.; Bennett, D.A.; Bant, J.; et al.
Neuronal ApoE upregulates MHC-I expression to drive selective neurodegeneration in Alzheimer’s disease. Nat. Neurosci. 2021,
24,786-798. [CrossRef]

Sepulveda, J.; Kim, ].Y.; Binder, J.; Vicini, S.; Rebeck, G.W. APOE4 genotype and aging impair injury-induced microglial behavior
in brain slices, including toward A, through P2RY12. Mol. Neurodegener. 2024, 19, 24. [CrossRef]

Chernyaeva, L.; Ratti, G.; Teirild, L.; Fudo, S.; Rankka, U.; Pelkonen, A.; Korhonen, P; Leskinen, K.; Keskitalo, S.; Salokas, K.; et al.
Reduced binding of apoE4 to complement factor H promotes amyloid-f3 oligomerization and neuroinflammation. EMBO Rep.
2023, 24, e467. [CrossRef] [PubMed]

Andronie-Cioara, FL.; Ardelean, AI; Nistor-Cseppento, C.D.; Jurcau, A.; Jurcau, M.C.; Pascalau, N.; Marcu, F. Molecular
Mechanisms of Neuroinflammation in Aging and Alzheimer’s Disease Progression. Int. J. Mol. Sci. 2023, 24, 1869. [CrossRef]
[PubMed]

Tang, Y.; Le, W. Differential Roles of M1 and M2 Microglia in Neurodegenerative Diseases. Mol. Neurobiol. 2016, 53, 1181-1194.
[CrossRef] [PubMed]

Sanjay; Shin, J.-H.; Park, M.; Lee, H.-]. Cyanidin-3-O-Glucoside Regulates the M1/M2 Polarization of Microglia via PPARy and
Ap42 Phagocytosis Through TREM2 in an Alzheimer’s Disease Model. Mol. Neurobiol. 2022, 59, 5135-5148. [CrossRef] [PubMed]
Xie, L,; Liu, Y,; Zhang, N.; Li, C.; Sandhu, A.F,; Williams, G.; Shen, Y.; Li, H.; Wu, Q.; Yu, S. Electroacupuncture Improves M2
Microglia Polarization and Glia Anti-inflammation of Hippocampus in Alzheimer’s Disease. Front. Neurosci. 2021, 15, 689629.
[CrossRef]

Lin, Y.-T.; Seo, J.; Gao, E; Feldman, H.M.; Wen, H.-L.; Penney, J.; Cam, H.P,; Gjoneska, E.; Raja, WK_; Cheng, J.; et al. APOE4 Causes
Widespread Molecular and Cellular Alterations Associated with Alzheimer’s Disease Phenotypes in Human iPSC-Derived Brain
Cell Types. Neuron 2018, 98, 1141-1154.e7. [CrossRef]

Muth, C.; Hartmann, A.; Sepulveda-Falla, D.; Glatzel, M.; Krasemann, S. Phagocytosis of Apoptotic Cells Is Specifically
Upregulated in ApoE4 Expressing Microglia in vitro. Front. Cell. Neurosci. 2019, 13, 181. [CrossRef]

Rao, A.; Chen, N.; Kim, M.].; Blumenfeld, ]J.; Yip, O.; Liang, Z.; Shostak, D.; Hao, Y.; Nelson, M.R.; Koutsodendris, N.; et al.
Microglia depletion reduces human neuronal APOE4-related pathologies in a chimeric Alzheimer’s disease model. Cell Stem Cell
2024, 32, 86-104.e7. [CrossRef] [PubMed]

Xiong, M.; Wang, C.; Gratuze, M.; Saadi, F,; Bao, X.; Bosch, M.E.; Lee, C.; Jiang, H.; Serrano, ].R.; Gonzales, E.R.; et al. Astrocytic
APOE4 removal confers cerebrovascular protection despite increased cerebral amyloid angiopathy. Mol. Neurodegener. 2023, 18,
17. [CrossRef]

Mhatre-Winters, I; Eid, A.; Han, Y,; Tieu, K.; Richardson, ].R. Sex and APOE Genotype Alter the Basal and Induced Inflammatory
States of Primary Microglia from APOE Targeted Replacement Mice. Int. J. Mol. Sci. 2022, 23, 9829. [CrossRef]

Franzmeier, N.; Sudrez-Calvet, M.; Frontzkowski, L.; Moore, A.; Hohman, T.J.; Morenas-Rodriguez, E.; Nuscher, B.; Shaw, L.;
Trojanowski, J.Q.; Dichgans, M.; et al. Higher CSF sTREM2 attenuates ApoE4-related risk for cognitive decline and neurodegener-
ation. Mol. Neurodegener. 2020, 15, 57. [CrossRef] [PubMed]

Victor, M.B.; Leary, N.; Luna, X.; Meharena, H.S.; Ni Scannail, A.; Bozzelli, P.L.; Samaan, G.; Murdock, M.H.; von Maydell, D.;
Effenberger, A.H.; et al. Lipid accumulation induced by APOE4 impairs microglial surveillance of neuronal-network activity. Cell
Stem Cell 2022, 29, 1197-1212.e8. [CrossRef] [PubMed]

Fitz, N.F,; Wolfe, C.M.; Playso, B.E.; Biedrzycki, RJ.; Lu, Y.; Nam, K.N.; Lefterov, I.; Koldamova, R. Trem2 deficiency differentially
affects phenotype and transcriptome of human APOE3 and APOE4 mice. Mol. Neurodegener. 2020, 15, 41. [CrossRef]

Liu, C.-C.; Zhao, N.; Fu, Y.; Wang, N.; Linares, C.; Tsai, C.-W.; Bu, G. ApoE4 Accelerates Early Seeding of Amyloid Pathology.
Neuron 2017, 96, 1024-1032.e3. [CrossRef] [PubMed]

Williams, T.; Borchelt, D.R.; Chakrabarty, P. Therapeutic approaches targeting Apolipoprotein E function in Alzheimer’s disease.
Mol. Neurodegener. 2020, 15, 8. [CrossRef]

Bellaver, B.; Povala, G.; Ferreira, P.C.L.; Ferrari-Souza, J.P; Leffa, D.T.; Lussier, EZ.; Benedet, A.L.; Ashton, N.J.; Triana-Baltzer, G.;
Kolb, H.C.; et al. Astrocyte reactivity influences amyloid-f3 effects on tau pathology in preclinical Alzheimer’s disease. Nat. Med.
2023, 29, 1775-1781. [CrossRef] [PubMed]

Sun, Y.-Y,; Wang, Z.; Huang, H.-C. Roles of ApoE4 on the Pathogenesis in Alzheimer’s Disease and the Potential Therapeutic
Approaches. Cell. Mol. Neurobiol. 2023, 43, 3115-3136. [CrossRef]

Pelvig, D.P,; Pakkenberg, H.; Stark, A.K.; Pakkenberg, B. Neocortical glial cell numbers in human brains. Neurobiol. Aging 2008,
29,1754-1762. [CrossRef]

Zou, P.; Wu, C; Liu, T.C.-Y,; Duan, R;; Yang, L. Oligodendrocyte progenitor cells in Alzheimer’s disease: From physiology to
pathology. Transl. Neurodegener. 2023, 12, 52. [CrossRef] [PubMed]

Rajani, R.M.; Ellingford, R.; Hellmuth, M.; Harris, S.S.; Taso, O.S.; Graykowski, D.; Lam, EK.W.; Arber, C.; Fertan, E.; Danial,
J.S.H.; et al. Selective suppression of oligodendrocyte-derived amyloid beta rescues neuronal dysfunction in Alzheimer’s disease.
PLoS Biol. 2024, 22, €3002727. [CrossRef] [PubMed]


https://doi.org/10.1038/s41593-021-00851-3
https://doi.org/10.1186/s13024-024-00714-y
https://doi.org/10.15252/embr.202256467
https://www.ncbi.nlm.nih.gov/pubmed/37155564
https://doi.org/10.3390/ijms24031869
https://www.ncbi.nlm.nih.gov/pubmed/36768235
https://doi.org/10.1007/s12035-014-9070-5
https://www.ncbi.nlm.nih.gov/pubmed/25598354
https://doi.org/10.1007/s12035-022-02873-9
https://www.ncbi.nlm.nih.gov/pubmed/35670898
https://doi.org/10.3389/fnins.2021.689629
https://doi.org/10.1016/j.neuron.2018.05.008
https://doi.org/10.3389/fncel.2019.00181
https://doi.org/10.1016/j.stem.2024.10.005
https://www.ncbi.nlm.nih.gov/pubmed/39500314
https://doi.org/10.1186/s13024-023-00610-x
https://doi.org/10.3390/ijms23179829
https://doi.org/10.1186/s13024-020-00407-2
https://www.ncbi.nlm.nih.gov/pubmed/33032659
https://doi.org/10.1016/j.stem.2022.07.005
https://www.ncbi.nlm.nih.gov/pubmed/35931030
https://doi.org/10.1186/s13024-020-00394-4
https://doi.org/10.1016/j.neuron.2017.11.013
https://www.ncbi.nlm.nih.gov/pubmed/29216449
https://doi.org/10.1186/s13024-020-0358-9
https://doi.org/10.1038/s41591-023-02380-x
https://www.ncbi.nlm.nih.gov/pubmed/37248300
https://doi.org/10.1007/s10571-023-01365-1
https://doi.org/10.1016/j.neurobiolaging.2007.04.013
https://doi.org/10.1186/s40035-023-00385-7
https://www.ncbi.nlm.nih.gov/pubmed/37964328
https://doi.org/10.1371/journal.pbio.3002727
https://www.ncbi.nlm.nih.gov/pubmed/39042667

Cells 2025, 14, 243 24 of 25

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Arnaud, L.; Benech, P.; Greetham, L.; Stephan, D.; Jimenez, A.; Jullien, N.; Garcia-Gonzélez, L.; Tsvetkov, P.O.; Devred, F;
Sancho-Martinez, I.; et al. APOE4 drives inflammation in human astrocytes via TAGLN3 repression and NF-«B activation. Cell
Rep. 2022, 40, 111200. [CrossRef] [PubMed]

Zhang, J.; Zhang, Y.; Wang, J.; Xia, Y.; Zhang, J.; Chen, L. Recent advances in Alzheimer’s disease: Mechanisms, clinical trials and
new drug development strategies. Signal Transduct. Target. Ther. 2024, 9, 211. [CrossRef]

Wang, C.; Lu, J.; Sha, X.; Qiu, Y;; Chen, H.; Yu, Z. TRPV1 regulates ApoE4-disrupted intracellular lipid homeostasis and decreases
synaptic phagocytosis by microglia. Exp. Mol. Med. 2023, 55, 347-363. [CrossRef]

Zhao, N.; Ren, Y.; Yamazaki, Y.; Qiao, W.; Li, E; Felton, L.M.; Mahmoudiandehkordi, S.; Kueider-Paisley, A.; Sonoustoun, B.;
Arnold, M.; et al. Alzheimer’s Risk Factors Age, APOE Genotype, and Sex Drive Distinct Molecular Pathways. Neuron 2020, 106,
727-742.e6. [CrossRef] [PubMed]

Mahley, R.W.; Huang, Y. Apolipoprotein e sets the stage: Response to injury triggers neuropathology. Neuron 2012, 76, 871-885.
[CrossRef] [PubMed]

Shi, Y.; Manis, M.; Long, J.; Wang, K.; Sullivan, PM.; Serrano, J.R.; Hoyle, R.; Holtzman, D.M. Microglia drive APOE-dependent
neurodegeneration in a tauopathy mouse model. J. Exp. Med. 2019, 216, 2546-2561. [CrossRef]

Wang, C.; Xiong, M.; Gratuze, M.; Bao, X.; Shi, Y.; Andhey, P.S.; Manis, M.; Schroeder, C.; Yin, Z.; Madore, C.; et al. Selective
removal of astrocytic APOE4 strongly protects against tau-mediated neurodegeneration and decreases synaptic phagocytosis by
microglia. Neuron 2021, 109, 1657-1674.e7. [CrossRef] [PubMed]

Liu, C.-C.; Kanekiyo, T.; Xu, H.; Bu, G. Apolipoprotein E and Alzheimer disease: Risk, mechanisms and therapy. Nat. Rev. Neurol.
2013, 9, 106-118. [CrossRef]

Cedazo-Minguez, A. Apolipoprotein E and Alzheimer’s disease: Molecular mechanisms and therapeutic opportunities. J. Cell.
Mol. Med. 2007, 11, 1227-1238. [CrossRef]

Huynh, T.-P.V,; Liao, E,; Francis, C.M.; Robinson, G.O.; Serrano, J.R,; Jiang, H.; Roh, J.; Finn, M.B.; Sullivan, PM.; Esparza, T.J.;
et al. Age-Dependent Effects of apoE Reduction Using Antisense Oligonucleotides in a Model of 3-amyloidosis. Neuron 2017, 96,
1013-1023.e4. [CrossRef] [PubMed]

Litvinchuk, A.; Huynh, T.V.; Shi, Y.; Jackson, R.J.; Finn, M.B.; Manis, M.; Francis, C.M.; Tran, A.C.; Sullivan, PM.; Ulrich, ].D.; et al.
Apolipoprotein E4 Reduction with Antisense Oligonucleotides Decreases Neurodegeneration in a Tauopathy Model. Ann. Neurol.
2021, 89, 952-966. [CrossRef] [PubMed]

Rohn, T.T.; Kim, N.; Isho, N.F.,; Mack, ].M. The Potential of CRISPR/Cas9 Gene Editing as a Treatment Strategy for Alzheimer’s
Disease. J. Alzheimer’s Dis. Park. 2018, 8, 439. [CrossRef]

McGeer, P.L.; McGeer, E.G. NSAIDs and Alzheimer disease: Epidemiological, animal model and clinical studies. Neurobiol. Aging
2006, 28, 639-647. [CrossRef]

Liao, F; Li, A.; Xiong, M.; Bien-Ly, N.; Jiang, H.; Zhang, Y.; Finn, M.B.; Hoyle, R.; Keyser, ].; Lefton, K.B.; et al. Targeting of
nonlipidated, aggregated apoE with antibodies inhibits amyloid accumulation. J. Clin. Investig. 2018, 128, 2144-2155. [CrossRef]
[PubMed]

Yao, K.; Zu, H.-B. Microglial polarization: Novel therapeutic mechanism against Alzheimer’s disease. Inflammopharmacology 2019,
28, 95-110. [CrossRef]

Kim, J.; Eltorai, A.E.; Jiang, H.; Liao, E; Verghese, P.B.; Kim, J.; Stewart, ER.; Basak, ].M.; Holtzman, D.M. Anti-apoE im-
munotherapy inhibits amyloid accumulation in a transgenic mouse model of A3 amyloidosis. . Exp. Med. 2012, 209, 2149-2156.
[CrossRef]

Park, H.; Oh, J.; Shim, G.; Cho, B.; Chang, Y.; Kim, S.; Baek, S.; Kim, H.; Shin, J.; Choi, H.; et al. In vivo neuronal gene editing via
CRISPR-Cas9 amphiphilic nanocomplexes alleviates deficits in mouse models of Alzheimer’s disease. Nat. Neurosci. 2019, 22,
524-528. [CrossRef]

Yang, W.; Tu, Z.; Sun, Q.; Li, X.-J. CRISPR/Cas9: Implications for Modeling and Therapy of Neurodegenerative Diseases. Front.
Mol. Neurosci. 2016, 9, 30. [CrossRef]

Yan, S.; Tu, Z,; Li, S.; Li, X.-]. Use of CRISPR/Cas9 to model brain diseases. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 2018, 81,
488-492. [CrossRef] [PubMed]

Raulin, A.-C.; Doss, S.V.; Trottier, Z.A.; Ikezu, T.C.; Bu, G.; Liu, C.-C. ApoE in Alzheimer’s disease: Pathophysiology and
therapeutic strategies. Mol. Neurodegener. 2022, 17, 72. [CrossRef]

Sevigny, J.; Chiao, P; Bussiére, T.; Weinreb, P.H.; Williams, L.; Maier, M.; Dunstan, R.; Salloway, S.; Chen, T; Ling, Y.; et al. The
antibody aducanumab reduces AP plaques in Alzheimer’s disease. Nature 2016, 537, 50-56. [CrossRef] [PubMed]

Honig, L.S.; Barakos, J.; Dhadda, S.; Kanekiyo, M.; Reyderman, L.; Irizarry, M.; Kramer, L.D.; Swanson, C.J.; Sabbagh, M. ARIA in
patients treated with lecanemab (BAN2401) in a phase 2 study in early Alzheimer’s disease. Alzheimer’s Dementia: Transl. Res.
Clin. Interv. 2023, 9, €12377. [CrossRef] [PubMed]


https://doi.org/10.1016/j.celrep.2022.111200
https://www.ncbi.nlm.nih.gov/pubmed/35977506
https://doi.org/10.1038/s41392-024-01911-3
https://doi.org/10.1038/s12276-023-00935-z
https://doi.org/10.1016/j.neuron.2020.02.034
https://www.ncbi.nlm.nih.gov/pubmed/32199103
https://doi.org/10.1016/j.neuron.2012.11.020
https://www.ncbi.nlm.nih.gov/pubmed/23217737
https://doi.org/10.1084/jem.20190980
https://doi.org/10.1016/j.neuron.2021.03.024
https://www.ncbi.nlm.nih.gov/pubmed/33831349
https://doi.org/10.1038/nrneurol.2012.263
https://doi.org/10.1111/j.1582-4934.2007.00130.x
https://doi.org/10.1016/j.neuron.2017.11.014
https://www.ncbi.nlm.nih.gov/pubmed/29216448
https://doi.org/10.1002/ana.26043
https://www.ncbi.nlm.nih.gov/pubmed/33550655
https://doi.org/10.4172/2161-0460.1000439
https://doi.org/10.1016/j.neurobiolaging.2006.03.013
https://doi.org/10.1172/JCI96429
https://www.ncbi.nlm.nih.gov/pubmed/29600961
https://doi.org/10.1007/s10787-019-00613-5
https://doi.org/10.1084/jem.20121274
https://doi.org/10.1038/s41593-019-0352-0
https://doi.org/10.3389/fnmol.2016.00030
https://doi.org/10.1016/j.pnpbp.2017.04.003
https://www.ncbi.nlm.nih.gov/pubmed/28392484
https://doi.org/10.1186/s13024-022-00574-4
https://doi.org/10.1038/nature19323
https://www.ncbi.nlm.nih.gov/pubmed/27582220
https://doi.org/10.1002/trc2.12377
https://www.ncbi.nlm.nih.gov/pubmed/36949897

Cells 2025, 14, 243 25 of 25

94.

95.

96.

97.

98.

99.

100.
101.

102.

Adolfsson, O.; Pihlgren, M.; Toni, N.; Varisco, Y.; Buccarello, A.L.; Antoniello, K.; Lohmann, S.; Piorkowska, K.; Gafner, V.; Atwal,
J.K,; et al. An Effector-reduced anti--amyloid (Af) antibody with unique A binding properties promotes neuroprotection and
glial engulfment of AP. J. Neurosci. 2012, 32, 9677-9689. [CrossRef]

Plascencia-Villa, G.; Perry, G. Preventive and Therapeutic Strategies in Alzheimer’s Disease: Focus on Oxidative Stress, Redox
Metals, and Ferroptosis. Antioxidants Redox Signal. 2021, 34, 591-610. [CrossRef]

Monacelli, F.; Acquarone, EM.E.; Giannotti, C.; Borghi, R.; Nencioni, A. Vitamin C, Aging and Alzheimer’s Disease. Nutrients
2017, 9, 670. [CrossRef]

Mani, S.; Dubey, R; Lai, I.-C.; Babu, M.A.; Tyagi, S.; Swargiary, G.; Mody, D.; Singh, M.; Agarwal, S.; Igbal, D.; et al. Oxidative
Stress and Natural Antioxidants: Back and Forth in the Neurological Mechanisms of Alzheimer’s Disease. J. Alzheimer’s Dis. 2023,
96, 877-912. [CrossRef]

Almeida, M.C,; Eger, S.J.; He, C.; Audouard, M.; Nikitina, A.; Glasauer, S.M.; Han, D.; Mejia-Cupajita, B.; Acosta-Uribe, J.;
Villalba-Moreno, N.D.; et al. Single-nucleus RNA sequencing demonstrates an autosomal dominant Alzheimer’s disease profile
and possible mechanisms of disease protection. Neuron 2024, 112, 1778-1794.e7. [CrossRef] [PubMed]

Nuriel, T.; Angulo, S.L.; Khan, U.; Ashok, A.; Chen, Q.; Figueroa, H.Y; Emrani, S.; Liu, L.; Herman, M.; Barrett, G.; et al. Neuronal
hyperactivity due to loss of inhibitory tone in APOE4 mice lacking Alzheimer’s disease-like pathology. Nat. Commun. 2017, 8,
1464. [CrossRef]

Better, M.A. 2024 Alzheimer’s disease facts and figures. Alzheimer’s Dement. 2024, 20, 3708-3821. [CrossRef]

Barisano, G.; Kisler, K.; Wilkinson, B.; Nikolakopoulou, A.M.; Sagare, A.P.; Wang, Y.; Gilliam, W.; Huuskonen, M.T.; Hung, S.-T.;
Ichida, J.K,; et al. A “multi-omics” analysis of blood—-brain barrier and synaptic dysfunction in APOE4 mice. |. Exp. Med. 2022,
219, €20221137. [CrossRef] [PubMed]

Pletnikova, O.; Kageyama, Y.; Rudow, G.; LaClair, K.D.; Albert, M.; Crain, B.].; Tian, J.; Fowler, D.; Troncoso, J.C. The spectrum of
preclinical Alzheimer’s disease pathology and its modulation by ApoE genotype. Neurobiol. Aging 2018, 71, 72-80. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1523/JNEUROSCI.4742-11.2012
https://doi.org/10.1089/ars.2020.8134
https://doi.org/10.3390/nu9070670
https://doi.org/10.3233/JAD-220700
https://doi.org/10.1016/j.neuron.2024.02.009
https://www.ncbi.nlm.nih.gov/pubmed/38417436
https://doi.org/10.1038/s41467-017-01444-0
https://doi.org/10.1002/alz.13809
https://doi.org/10.1084/jem.20221137
https://www.ncbi.nlm.nih.gov/pubmed/36040482
https://doi.org/10.1016/j.neurobiolaging.2018.07.007
https://www.ncbi.nlm.nih.gov/pubmed/30099348

	Introduction 
	ApoE: Structure, Function, and Role in the Brain 
	ApoE Structure and Isoforms 
	Protein Structure: ApoE Gene Location, Sequence, and Molecular Structure 
	Isoforms: Differences Among ApoE2, ApoE3, and ApoE4; Impact on Protein Conformation and Function 

	Function of ApoE in the Brain 
	Lipid Transport: Role in Transporting Cholesterol and Other Lipids to Neurons 
	Neuronal Repair and Synaptic Plasticity: Mechanisms of Involvement in Neuronal Repair and Regeneration and Their Influence on Synaptic Formation and Maintenance 


	Polymorphisms/Isoforms of ApoE and Their Effects on Alzheimer’s Disease 
	Genetic Variability of ApoE 
	Polymorphisms: Description of APOE Gene Polymorphisms and Their Genetic Distribution 
	Mechanistic Differences: How Each Isoform (ApoE2, ApoE3, ApoE4) Affects Brain Function 

	Impact of ApoE4 on Alzheimer’s Disease 
	Epidemiological Evidence: Studies Linking ApoE4 to Alzheimer’s Risk; Prevalence in Populations 
	Pathophysiological Mechanisms: Role in Amyloid-Beta Aggregation, Reduced Clearance, Tau Pathology, and Synaptic Dysfunction 
	Comparative Analysis: Differences in Disease Progression and Severity Among ApoE2, ApoE3, and ApoE4 Carriers 


	Interaction Between ApoE4 and Microglia 
	Functional Role of Microglia in the Healthy and Diseased Brain 
	Homeostatic Functions: Immune Surveillance, Synaptic Pruning, Response to Injury 
	Microglia Activation States 

	Impact of ApoE4 on Microglial Function 
	Phenotypic Changes: Altered Activation States and Behavior in the Presence of ApoE4 
	Cytokine Production: Changes in Inflammatory Cytokine Profiles 
	Phagocytic Activity: Impaired Clearance of Amyloid-Beta and Other Debris 

	ApoE4 and Other Glial Cells 
	Astrocytes: Effects on Astrocytic Support Functions and Neuroinflammatory Responses 
	Oligodendrocytes: Impact on Myelination and White Matter Integrity 


	Microglia, ApoE4, and Alzheimer’s Disease Pathology 
	Neuroinflammation and Microglial Activation 
	Mechanisms of Neuroinflammation: ApoE4-Induced Pathways Leading to Chronic Inflammation 
	Microglial Response to Amyloid Plaques: Role in Plaque Formation and Progression 

	Neuronal Loss and Synaptic Dysfunction 
	Neurodegeneration: Mechanisms by Which ApoE4-Expressing Microglia Contribute to Neuronal Loss 
	Synaptic Health: Impact on Synaptic Density and Function; Cognitive Implications 

	Interplay with Other Alzheimer’s Pathological Features 
	Tau Pathology: Interaction with Tau Proteins and Neurofibrillary Tangles 
	Other Neurodegenerative Processes: Contribution to Overall Brain Atrophy and Connectivity Loss 


	Therapeutic Potential and Future Perspectives 
	Current Therapeutic Approaches Targeting ApoE4 and Microglia 
	Modulating ApoE4 Function: Small Molecules, Antisense Oligonucleotides, and Gene Editing 
	Targeting Microglial Activation: Anti-Inflammatory Drugs and Immune Modulators 

	Emerging Therapies and Research Directions 
	Gene Editing Technologies: CRISPR/Cas9 Approaches to Correct ApoE4 Mutations 
	Immunotherapy: Vaccines and Antibodies Targeting ApoE4 and Amyloid-Beta 
	Neuroprotective Strategies: Novel Agents Promoting Neuronal Survival and Synaptic Health 

	Future Research Directions 
	Biomarkers and Diagnostics: Identifying Early Biomarkers for Risk Assessment and Disease Monitoring 
	Personalized Medicine: Tailoring Treatments Based on Individual ApoE Genotype 
	Broadening Scope: Investigating ApoE4’s Role in Other Neurodegenerative and Neuroinflammatory Diseases 


	Conclusions 
	References

