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Abstract

Aging is a multifaceted biological process characterized by numerous physiological and molecular alterations that profoundly impact
health and susceptibility to disease. Among the genetic determinants influencing aging, the apolipoprotein E (APOE) gene cluster has
emerged as a critical focus of research. This study explored the diverse roles of APOE in both normal and pathological aging, with
particular emphasis on its involvement in Alzheimer’s disease (AD). We first examined the “physiological” aspects of aging, highlighting
cellular and systemic adaptations that support organismal homeostasis. This was followed by an analysis of the pathophysiological
deviations underlying neurodegenerative disorders, with AD as a key example. The role of APOE in normative aging was then discussed,
including its contributions to lipid metabolism, synaptic plasticity, and neuroprotection—functions essential for maintaining both cerebral
and systemic health. However, the pathological implications of APOE genetic variants, particularly the ε4 allele, were considered
in relation to the increased risk of AD and other age-related diseases. Additionally, the APOE gene cluster, which includes adjacent
regulatory and interactive genes, was examined for its potential to modulate APOE expression and function, thereby influencing the
aging process. This synthesis underscores the pivotal role of the APOE gene cluster in elucidating the genetic and molecular mechanisms
underlying aging and age-related diseases, providing a foundation for the development of targeted therapeutic interventions.
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1. Introduction

The apolipoprotein E (APOE) gene plays a central role
in lipid metabolism and has emerged as a critical factor in
the study of both normal and pathological aging. Located
on chromosome 19, the APOE gene produces three primary
isoforms, APOE ε2, APOE ε3, and APOE ε4, each differ-
ing in functional properties and impact on human health.
APOE ε3, the most common allele, is generally consid-
ered neutral, while APOE ε2 provides protective effects
against age-related conditions, including Alzheimer’s dis-
ease (AD). In contrast, APOE ε4 significantly increases the
risk of late-onset AD (LOAD) and other age-related disor-
ders, such as cardiovascular diseases and cerebrovascular
pathology [1]. These differences have profound implica-
tions for understanding the intersection of genetics and ag-
ing physiology [2]. During normal aging, the physiological
roles of apoE include lipid transport, neuronal repair, and
synaptic plasticity, all of which are essential for maintain-
ing cognitive health. However, the influence of APOE ε4
product appears to accelerate aging-associated pathologies
through mechanisms involving neuroinflammation, amy-

loid beta (Aβ) aggregation, and disruption of lipid home-
ostasis in the central nervous system (CNS) [3]. These
pathophysiological effects position theAPOE gene as a piv-
otal target for investigating aging and neurodegenerative
diseases.

Moreover, the APOE gene’s interactions with envi-
ronmental factors, epigenetic modifications, and lifestyle
choices underscore its complexity. Epigenetic changes,
such as DNA methylation at specific CpG islands within
the APOE promoter, have been implicated in modifying
the gene’s expression and potentially influencing aging
outcomes. These findings highlight the dynamic inter-
play between genetic predispositions and external factors,
contributing to the heterogeneity observed in aging and
age-related diseases [4]. Emerging research aims to elu-
cidate how APOE genetic variants and their associated
biochemical pathways contribute to aging-related pheno-
types, with the goal of informing precision medicine ap-
proaches. Investigations integrating genomic, proteomic,
and metabolomics data are critical for understanding how
APOE variants modulate cellular processes in both protec-
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tive and deleterious ways [5]. These insights hold promise
for developing targeted interventions that mitigate the neg-
ative consequences of APOE ε4 while enhancing the bene-
ficial effects of APOE ε2 and APOE ε3.

In addition to its lipid-related functions, apoE also
interacts with a network of genes that regulate inflam-
mation, metabolism, and brain development. The genes
RELB proto-oncogene, NF-κB subunit (RELB) and trans-
forming growth factor beta 1 (TGFB1), both involved in
inflammation, play significant roles in maintaining im-
mune homeostasis in the CNS. RelB, part of the alter-
native NF-κB pathway, influences chronic inflammation
and immune responses through post-translational modifi-
cations such as phosphorylation [6]. TGFB1 interacts with
RelB to regulate the balance between inflammatory and
reparative responses, which is particularly critical in aging
and neurodegenerative diseases. On the metabolic front,
genes like insulin like growth factor like family member 1
(IGFL1) and translocase of outer mitochondrial membrane
40 (TOMM40) are also associated with APOE. IGFL1 has
been implicated in neurogenesis and cellular metabolism,
while TOMM40 influences mitochondrial function, which
is crucial for energy metabolism and age-related brain
health. These genes contribute to the cellular and metabolic
adaptations necessary for aging, underscoring the complex
relationship between apoE and age-associated pathologies
[7].

2. Normal Aging
Aging is a natural biological process characterized by

a progressive decline in physiological integrity at systemic,
molecular, and cellular levels. This deterioration results
from multiple interrelated mechanisms that gradually im-
pair the body’s ability to maintain homeostasis. Rather than
being attributed to a single factor, aging is a physiological
process that arises from a complex interplay of environmen-
tal, genetic, and epigenetic elements that interact over time.
Among the most widely studied contributors, instability in
the aging genome plays a central role, serving as a founda-
tion for several cellular dysfunctions associated with aging.

Genomic instability stems from various factors that
damage intracellular structures, leading to mutations, chro-
mosomal rearrangements, and other forms of genome dete-
rioration. DNA replication errors, oxidative stress, spon-
taneous hydrolytic reactions, and exogenous insults such
as radiation and toxins all contribute to the DNA damage
observed in aging cells. As genetic mutations accumulate
over time, cellular function deteriorates, affecting not only
individual cells but also the overall integrity of tissues and
organs [8,9]. This decline in genomic stability is a criti-
cal driver of aging and age-related diseases. One notable
consequence is the progressive shortening of telomeres,
the protective nucleotide sequences at the ends of chromo-
somes. With each cell division, telomeres shorten, even-
tually triggering cellular senescence or apoptosis [10–13].

While telomerase, an enzyme responsible for maintaining
telomere length, is active in stem and germ cells, it is largely
inactive in most somatic cells, leading to gradual telomere
attrition over an organism’s lifespan. Telomere shortening
has been linked to various age-related diseases, including
pulmonary fibrosis, aplastic anemia, and dyskeratosis con-
genita [14,15].

Beyond telomere attrition, genomic instability in ag-
ing also extends to nuclear DNA. Somatic mutations accu-
mulate with age, significantly impacting cellular function
in the esophageal epithelium of young individuals. Hun-
dreds of mutations may be present per cell, increasing to
over 2000 by middle age [16,17]. This dramatic rise in
mutations contributes to the decline in tissue functionality.
Particularly in stem cells, the accumulation of DNA muta-
tions impairs regenerative capacity. Stem cells are crucial
in maintaining tissue homeostasis and repairing damage.
Their dysfunction accelerates the aging process and takes
part in a variety of age-related conditions [18,19]. Despite
this, somatic mutations are often tolerated, as the body pri-
oritizes survival over complete genomic repair. This trade-
off between survival and genomic integrity reflects a key
physiological dilemma faced by aging organisms.

Mitochondrial DNA (mtDNA) also plays a crucial role
in the aging process. Mitochondria, the powerhouses of the
cell, generate ATP but are also major sources of reactive
oxygen species (ROS), which can damage cellular com-
ponents, including mtDNA. Unlike nuclear DNA, mtDNA
lacks histone protection, making it more vulnerable to ox-
idative stress [20]. Additionally, the high replication rate of
mtDNA leads to an accumulation of mutations as organisms
age. This damage is compounded by inefficient mitochon-
drial repair mechanisms, ultimately compromising mtDNA
integrity. As a result, mutations and deletions in mtDNA
contribute to mitochondrial dysfunction, accelerating cel-
lular aging [20–22]. However, the direct causality between
mtDNA mutations and aging remains uncertain. Recent
findings suggest that replication errors, rather than oxida-
tive stress, are the primary drivers of aging-related mtDNA
mutations. This revelation underscores the need for further
investigation into the mechanisms by which mtDNA mu-
tations accumulate and contribute to aging and age-related
diseases [20]. Animal models deficient in mtDNA poly-
merase exhibit accelerated aging and reduced lifespan, pro-
viding further evidence for the role of mtDNA in aging [22–
25].

In addition to genomic instability, aging is charac-
terized by epigenetic alterations, which involve chemical
modifications to DNA and histones that regulate gene ex-
pression. These modifications can be driven by both in-
trinsic factors, such as DNA replication errors and oxida-
tive stress, and extrinsic influences, including environmen-
tal exposures. Key epigenetic mechanisms include DNA
methylation, histone modifications, and chromatin remod-
eling, all of which can influence gene expression without

2

https://www.imrpress.com


altering the underlying DNA sequence. One of the most
prominent changes observed in aging is a global loss of
DNA methylation, which affects various genes, including
tumor suppressor genes and those involved in tissue regen-
eration [26–28]. While some DNA methylation modifica-
tions are reversible, others accumulate over time, contribut-
ing to cellular aging.

Loss of epigenetic control also affects histone mod-
ifications, which play a crucial role in aging. Post-
translational modifications of histones, such as acetylation,
methylation, and phosphorylation, govern gene expression.
For example, aging cells exhibit increased histone acety-
lation and decreased h3k27me3 (trimethylation of histone
h3 at lysine 27), both of which are linked to transcriptional
changes that drive metabolic and homeostatic dysfunctions
[29,30]. The sirtuin (silent mating type information reg-
ulation 2 homolog, SIRT) family of proteins, particularly
SIRT1 and SIRT6, are key regulators of histone deacety-
lation. Notably, SIRT6 promotes genomic stability, en-
hances DNA repair, and extends lifespan in animal models,
highlighting the role of sirtuins in aging [31–34]. Addi-
tionally, chromatin remodeling proteins such as heterochro-
matin protein 1 (HP1) play a role in aging. Research has
shown that HP1 overexpression can extend both healthspan
and lifespan, suggesting that targeting chromatin dynamics
may provide therapeutic opportunities for anti-aging thera-
pies [35,36]. Another hallmark of aging is the loss of pro-
teostasis, which refers to the failure of cellular mechanisms
responsible for maintaining protein homeostasis. Within
cells, proteins are continuously synthesized, folded, and
degraded. However, with aging, the efficiency of protein
quality control systems, including the unfolded protein re-
sponse, autophagy, and proteasomal degradation, declines,
leading to the accumulation of toxic protein aggregates.
This dysfunction contributes to a range of age-associated
diseases, particularly neurodegenerative disorders such as
AD and Parkinson’s disease (PD) [37–40].

Enhancing proteostasis by stimulating proteasomal
activity or autophagy has been shown to extend lifespan in
various model organisms. Moreover, restoring autophagic
flux in aged mice has been found to improve tissue regen-
eration and extend lifespan [41–44]. Cellular senescence
is another defining feature of aging, characterized by cells
that lose the ability to divide and undergo gene expres-
sion changes that impair tissue function. Senescence can
be triggered by various factors, including telomere shorten-
ing, DNA damage, oxidative stress, and other environmen-
tal stressors. Over time, senescent cells accumulate in tis-
sues and secrete pro-inflammatory molecules known as the
senescence-associated secretory phenotype (SASP). These
include cytokines, growth factors, and proteases that pro-
mote chronic inflammation and fibrosis while destabilizing
tissue structures [45–48]. The release of SASP can signifi-
cantly destabilize neighboring cells, promote further senes-
cence, and disturb tissue homeostasis, underscoring the piv-

otal role of cellular senescence in aging and its contribution
to various age-related diseases, including cancer, cardio-
vascular disease, and neurodegeneration. Recent research
suggests that eliminating senescent cells (senolysis) can im-
prove healthspan and extend lifespan in animal models.
Senolytic drugs such as dasatinib and quercetin have been
shown to selectively remove senescent cells, delaying aging
and mitigating age-related diseases in mice [49,50]. These
findings suggest that cellular senescence is not just a conse-
quence of aging but also an active contributor to age-related
dysfunction. Clinical trials investigating senolytic therapies
are ongoing, with promising results suggesting they may
alleviate symptoms of diseases such as osteoarthritis, kid-
ney disease and atherosclerosis. Research on animal mod-
els andmultiple clinical trials are currently investigating the
potential therapeutic benefits in humans [51,52].

As aging progresses, stem cell exhaustion becomes a
significant limiting factor in tissue regeneration and repair.
Stem cells are essential for maintaining tissue homeosta-
sis, and their decline accelerates aging. Cellular reprogram-
ming, which involves introducing specific factors to revert
differentiated cells into a pluripotent stem cell-like state,
has emerged as a potential strategy for tissue rejuvenation.
This process can reverse epigenetic markers of aging, re-
juvenating the foundational potential of aged tissues. In
mouse models, transient reprogramming has been shown
to restore tissue function and enhance regeneration in or-
gans such as the pancreas, muscle and liver [53–67]. Aging
is also associated with altered intercellular communication,
particularly in the immune system. Immunosenescence, a
decline in immune function, leads to increased susceptibil-
ity to infections, injuries and impaired tissue repair.

Moreover, chronic low-grade inflammation, known as
inflammaging, has been linked to age-related diseases, in-
cluding cardiovascular disease, diabetes, and neurodegen-
eration. One key factor in altered intercellular communica-
tion is the disruption of the extracellular matrix (ECM). As
individuals age, the ECM undergoes remodeling, with in-
creased cross-linking of collagen fibers and the accumula-
tion of advanced glycation end products. These alterations
result in a stiffer ECM, which compromises tissue elastic-
ity and function. For example, in the skin, ECM stiffening
leads to decreased elasticity and the formation of wrinkles.
In other tissues, such as the heart and arteries, ECM remod-
eling contributes to fibrosis, disrupting organ function. In-
terestingly, some studies suggest that targeting the ECM or
modulating ECM stiffness could offer therapeutic benefits
for aging and age-related diseases. For instance, inhibit-
ing ECM stiffness in the brain may rejuvenate oligodendro-
cyte progenitors in aging mice, potentially offering new ap-
proaches for treating neurodegenerative diseases [68–72].

The concept of pro-aging blood-borne factors has also
gained attention. Studies have shown that the blood of older
individuals contains factors that promote aging, while the
blood of younger individuals may have rejuvenating effects

3

https://www.imrpress.com


on aged tissues. For instance, heterochronic parabiosis, in
which young and old mice share a circulatory system, has
demonstrated that young blood can rejuvenate aged tissues
and enhance regeneration. These findings suggest that cir-
culating factors play a crucial role in intercellular commu-
nication and aging. Several molecules have been identi-
fied as potential pro-aging factors, including the chemokine
C-C motif chemokine ligand (CCL)11 and the protein 2-
microglobulin, both of which have been linked to neurode-
generation and impaired tissue repair [73–79]. Conversely,
molecules such as growth differentiation factor (GDF)1,
CCL3, and tissue inhibitor of metalloproteinases (TIMP)2,
found in the blood of young individuals, may exhibit reju-
venating effects and serve as potential therapeutic targets
for extending healthspan and delaying aging [80–84].

3. Apolipoprotein E and Aging
ApoE plays a crucial role in normal aging, particularly

in regulating lipid metabolism, maintaining synaptic plas-
ticity, providing neuroprotection, and supporting the proper
function of the cardiovascular and muscular systems [85].
Its wide range of functions extends beyond brain health, sig-
nificantly contributing to overall systemic health and home-
ostasis [86].

3.1 Role of apoE Protein in Aging
Under normal conditions in the CNS, APOE is pri-

marily expressed in glial cells, with astrocytes serving as
the main source and microglia contributing to a lesser ex-
tent. Astrocytes synthesize and secrete apoE into the inter-
cellular space, facilitating the transport and redistribution
of lipids to maintain lipid homeostasis and support neu-
ronal protection and function [87]. Outside the CNS, the
liver is the primary site of apoE synthesis, with additional,
lower levels of production occurring in the kidneys, adi-
pose tissue, adrenal glands, and other tissues [88]. ApoE
binds to cholesterol and phospholipids to form lipoproteins
(Fig. 1). This process is mediated by ATP-binding cassette
(ABCA1), which promotes the transfer of free cholesterol
and phospholipids (not bound to lipoproteins) to apoE, lead-
ing to the formation of spherical structures resembling high-
density lipoprotein (HDL) particles [89]. These lipopro-
teins are subsequently transported to neurons and periph-
eral tissues, where they are recognized by lipoprotein recep-
tors such as the low-density lipoprotein receptor (LDLR)
and lowdensity lipoprotein (LDL) receptor-related protein
1 (LRP1) [90]. Additionally, apoE associates with lipopro-
teins such as chylomicrons and very low-density lipoprotein
(VLDL), which transport triglycerides (TAGs). By binding
to these lipoproteins, apoE stabilizes their structure and fa-
cilitates their recognition by receptors such as LDLR and
LRP1, enabling their transport to vascular endothelial cells,
the liver, skeletal muscle, and cardiac muscle. Upon reach-
ing target cells, triglycerides are hydrolyzed by lipoprotein
lipase (LPL) into glycerol and free fatty acids, which can

then be utilized as an energy source [88,91]. Maintaining
lipid homeostasis is essential for preserving cell membrane
integrity, facilitating neurotransmitter synthesis, and ensur-
ing proper neuronal transmission.

Beyond the CNS, efficient lipid transport is essential
for maintaining optimal cardiovascular function, as it pre-
vents lipid accumulation within blood vessels and the sub-
sequent formation of atherosclerotic plaques [92]. ApoE
also plays a crucial neuroprotective role in normative ag-
ing by modulating the inflammatory response through in-
teractions with microglia, which are vital for defending
against pathogens and neuronal injury. Research suggests
that apoE is essential for the activation of microglia in re-
sponse to amyloid plaques, as its absence weakens the mi-
croglial response while simultaneously increasing neuritic
damage around these plaques [93]. Additionally, APOE
ε2 has been shown to promote the expression of anti-
inflammatory cytokines, including IL-10 and thymus and
activation-regulated chemokine (TARC)/CCL17 , in cul-
tured human macrophages [94]. Since chronic inflamma-
tion can contribute to neuronal damage, apoE’s regulatory
function is crucial for maintaining brain health [95]. Fur-
thermore, apoE influences synaptic plasticity by modulat-
ing mechanisms of long-term potentiation (LTP) and long-
term depression (LTD), which regulate the strengthening
or weakening of synaptic connections, the foundation of
learning and memory. It can also affect the activity of sig-
naling pathways associated with the N-methyl-D-aspartate
(NMDA) receptor, a key player in these processes [96].

3.2 Role of APOE Gene in Aging

During aging, pathological processes can disrupt lipid
homeostasis, neuronal function, and inflammatory regula-
tion, with the apoE protein playing a critical role as both
a protective factor and a contributor to risk in these pro-
cesses. Notably, the APOE ε4 isoform, while sharing func-
tional similarities with APOE ε2 and APOE ε3, exhibits
distinct structural and functional differences that make it
less effective in supporting critical biological mechanisms
(Fig. 2) [97]. At the amino acid sequence level, APOE ε4
differs from APOE ε3 by a single substitution at position
112, where arginine replaces cysteine. Additionally, it dif-
fers from APOE ε2 by the presence of an arginine at posi-
tion 158, where APOE ε2 contains a cysteine. APOE ε4
shows reduced structural flexibility in its C-terminal do-
main, impairing its ability to bind lipids efficiently. Fur-
thermore, in APOE ε4, a domain interaction occurs be-
tween the N-terminal and C-terminal regions, forming a
specific salt bridge involving glutamine, a feature absent
in APOE ε3 and APOE ε2. This intramolecular interaction
is stronger in APOE ε4 than in the other isoforms, leading
to reduced flexibility and diminished capacity for confor-
mational changes. As a result, APOE ε4 struggles to ef-
fectively bind to receptors and lipids [98]. The decreased
stability of APOE ε4 further increases its susceptibility to
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Fig. 1. ApoE dependent lipoprotein transport. ApoE facilitates the transport of VLDL and chylomicrons through interactions with
receptors such as LDLR and LRP1. At the end of this pathway, the transported TAGs are hydrolyzed by LPL into free fatty acids and
glycerol, which can be utilized as energy sources by cells. Furthermore, apoE interacts with cholesterol and phospholipids, which are
then transferred to ABCA1 to form nascent HDL particles. These HDL particles can subsequently interact with receptors such as LDLR
and LRP1 to mediate lipid uptake or removal. Cholesterol and phospholipids can be incorporated into cellular membranes, contributing
to membrane integrity and fluidity, or removed from the system to maintain lipid homeostasis and prevent lipid accumulation in tissues.
This highlights apoE’s critical role in lipid metabolism, energy supply, and cellular lipid homeostasis. This figure was created using
Canva (Canva Pty Ltd., Sydney, NSW, Australia, https://www.canva.com/). VLDL, very low-density lipoprotein; LDLR, low-density
lipoprotein receptor; LRP1, LDL receptor-related protein 1; TAGs, triglyceride; LPL, lipoprotein lipase; ABCA1, member 1 of human
transporter sub-family ABCA; HDL, high-density lipoproteins; apoE, apolipoprotein E.

proteolytic degradation, producing neurotoxic protein frag-
ments that can interact with cell membrane lipids, thereby
inducing oxidative stress [99].

Moreover, the increased hydrophobicity and reduced
flexibility ofAPOE ε4 facilitate the formation of oligomers,
which also exert neurotoxic effects [100]. These aggre-
gates have the potential to activate microglia, triggering an
inflammatory response that contributes to the progression
of neurodegenerative processes [101]. These disruptions
lead to the breakdown of lipid homeostasis, compromis-
ing the integrity of cell membranes and impairing the trans-
port of ions and other molecules across them. An excess of
LDL contributes to lipid deposition in blood vessels, pro-
moting the formation of atherosclerotic plaques, which are
key factors in the pathogenesis of heart attacks and strokes
[102]. In the liver, the primary organ responsible for lipid
metabolism, lipid imbalance can lead to steatosis [103].

APOE ε4 plays a central role in the pathogenesis of
AD. As amajor genetic risk factor, the presence of one copy
of theAPOE ε4 allele increases the likelihood of developing
the disease by 3–7 times, while two copies increase the risk
up to 12 times [104]. This isoform significantly influences
the aggregation of Aβ, which forms insoluble aggregates
known as amyloid plaques as a result of abnormal cleavage
of the amyloid precursor protein (APP). APOE ε4 exhibits
reduced binding affinity for t-amyloid compared to other
APOE isoforms, impairing its effective clearance and pro-
moting its accumulation [105].

4. APOE Gene Cluster
Genetic variants in the APOE cluster (Fig. 3) have

been extensively studied to investigate their potential as-
sociation with plasma lipid levels and the development of
neurodegenerative diseases. However, there is still little in-
formation regarding their association with normal aging.

4.1 APOE, APOC1, APOC2, APOC4 Genes
The APOE gene, located on chromosome 19q33, is

part of a cluster of genes that includes APOC1, APOC4, and
APOC2. Variants of the APOE gene are major genetic de-
terminants of AD risk, with specific haplotypes defined by
two single-nucleotide polymorphisms (SNPs)—rs429358
(T/C, p.C112R) and rs7412 (C/T, p.R158C). These genetic
variants lead to amino acid substitutions at positions 112
and 158, resulting in three alleles: ε2 (Cys112, Cys158),
ε3 (cysteine (Cys)112, arginine (Arg)158), and ε4 (Arg112,
Arg158). Among these, the ε3 allele is the most prevalent
in the general population [106]. The ε4 allele is associ-
ated with an elevated risk of AD, while the ε2 allele has
a protective effect against the disease. Therefore, homozy-
gosity for APOE ε4 confers the highest risk for AD, while
homozygosity for APOE ε2 offers the greatest protection
[107]. Genome-wide association studies have identified ap-
proximately 80 loci that influence AD risk, many of which
interact with APOE [108,109]. Polygenic risk scores (PRS)
incorporating these loci have demonstrated the ability to
stratify the severity of impairment in individuals with ε4
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Fig. 2. Structural and functional features of APOE with isoform-specific differences. This figure was created using Canva. Cys,
cysteine; Arg, arginine; N, N-terminal domain; C, C-terminal domain.

Fig. 3. APOE cluster. APOE, APOC1, APOC2, APOC4, TOMM40, BCAM, NECTIN2, CLPTM1, RELB genes. This figure was created
using Microsoft Paint (v11, Microsoft Corporation, Redmond, WA, USA). APOC, apolipoprotein C; TOMM40, translocase of outer
mitochondrial membrane 40; BCAM, basal cell adhesion molecule; NECTIN2, nectin cell adhesion molecule 2; CLPTM1, cleft lip and
palate transmembrane protein 1; RELB, RELB proto-oncogene, NF-κB subunit.

homozygosity. For example, a study comparing APOE ε4
homozygotes with early-onset AD to those who remained
cognitively unimpaired beyond age 75 found that the lat-
ter group had significantly lower PRS. Similarly, individ-
uals with subjective cognitive decline and high PRS were
more likely to progress to AD dementia if they carried the
ε4 allele, whereas a low PRS attenuated the effect of ε4
[110,111]. Rare mutations in the APOE gene also influ-
ence AD risk and age of symptom onset. For instance, the
R136C (Christchurch) mutation, identified in an individ-
ual homozygous for ε3, has been associated with delayed
symptom onset despite the presence of a high-risk prese-
nilin 1 (PSEN1) mutation [112]. This mutation appears to
confer neuroprotection by reducing tau pathology and pre-
serving brain metabolism. The arginine to cysteine sub-
stitution at position 145 (R145C) variant has been identi-
fied exclusively on the APOE ε3 allele in individuals of
African descent and has been linked to an approximately
2–3-fold increased risk of AD and an earlier onset of symp-
toms in individuals carrying the APOE ε3 R145C/ε4 geno-
type [113]. The valine to glutamic acid substitution at po-
sition 263 (V236E) mutation, also observed solely on the

APOE ε3 allele, significantly reduces the risk of AD to lev-
els comparable to, or even lower than, those associated with
APOE ε2 carriers. This mutation has been correlated with
a decrease in fibrillar Aβ plaques, as evidenced by amy-
loid positron emission tomography (PET) imaging and neu-
ropathological analyses [114–116].

4.2 RELB Gene

APOE and its gene cluster are critical modulators of
immune and inflammatory pathways, playing a pivotal role
in the pathogenesis of neurodegenerative diseases such as
AD. APOE isoforms, particularly APOE ε4, have been im-
plicated in promoting an astrocytammatory state by altering
microglial activation and cytokine expression [117]. The
RELB gene, which encodes the RelB protein, a compo-
nent of the alternative NF-κB pathway within the APOE
gene cluster, acts as a regulatory checkpoint for chronic
inflammation, influencing immune cell activation and cy-
tokine production. This regulation is tightly controlled
by post-translational modifications, including phosphoryla-
tion, which ensure precise modulation of its activity. Trans-
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forming growth factor-beta 1 (TGFB1) further interacts
with RelB, orchestrating a delicate balance between inflam-
matory processes and tissue repair mechanisms [118]. Dys-
regulation of these pathways contributes to neuroinflamma-
tion, leading to downstream effects such as tau hyperphos-
phorylation, neurofibrillary tangle formation, and neuronal
death, hallmarks of AD pathology [119].

4.3 TOMM40 Gene

The APOE cluster genes, particularly APOE and its
adjacent neighbor TOMM40, are essential regulators of
metabolic processes, with significant implications for ag-
ing and neurodegenerative diseases. TOMM40 encodes a
mitochondrial transport protein, and variants within this
gene, especially intronic poly-T tracts (TOMM 523), have
been associated with AD [120]. These two genes, located
on chromosome 19q13.3, exhibit independent and additive
associations with dementia risk, particularly in Caucasian
and African-American populations [121]. Genetic varia-
tions in APOE and TOMM40 influence multiple aspects of
brain aging, including cognitive decline, cortical atrophy,
myelin loss, and cerebral microbleeds, which often precede
clinical manifestations of AD [122]. Beyond their roles in
lipid metabolism, APOE and TOMM40 also influence other
metabolic processes. For example, the APOE ε4 rs429358
polymorphism is linked to an increased body mass index
(BMI) in later life, which may contribute to the heightened
risk of AD in the elderly. This suggests that APOE ε4 plays
a role in fat regulation, further explaining its involvement
in age-related metabolic changes and AD risk. Studies indi-
cate that APOE and TOMM40 alleles exert additive effects
on BMI, with the APOE ε4 and TOMM40 rs429358 vari-
ants influencing BMI changes in older populations, as ob-
served in a cohort of 27,863 Caucasians aged 20–100 years
[123,124]. At the transcriptional level, APOE, TOMM40,
and APOC1 are co-regulated by the transcription factor per-
oxisome proliferator-activated receptor gamma (PPARγ),
which binds to common DNA promoter domains to regu-
late gene expression in response to metabolic signals [125].
Furthermore, APOE has been shown to directly modulate
transcriptional activity. Chromatin immunoprecipitation
(ChIP) assays revealed that apoE associates with the pro-
moters of several genes, including activity-dependent neu-
roprotector homeobox (ADNP), COMM domain contain-
ing 6 (COMMD6), MAP kinase-activating death domain
(MADD), and SIRT1, with apoE exhibiting a repressive ef-
fect on these promoters [126]. These findings underscore
the intricate relationship between APOE cluster genes and
metabolism, highlighting their critical roles in lipid trans-
port, gene regulation, and the pathogenesis of brain aging
and neurodegenerative diseases.

4.4 BCAM and NECTIN2 Genes

Research into the APOE gene cluster has revealed
that genes such as basal cell adhesion molecule (BCAM)

and nectin cell adhesion molecule 2 (NECTIN2), located in
close proximity to APOE, play significant roles in AD and
other neurodegenerative conditions [127,128]. These genes
are believed to influence the risk of LOAD through their in-
teraction with APOE alleles, particularly APOE ε4, which
is a major genetic risk factor for AD [129,130]. Genetic
variants in BCAM and NECTIN2 have been shown to mod-
ulate gene expression, potentially affecting neuroinflamma-
tory processes and synaptic function. BCAM, a cell adhe-
sion protein, has been found to interact with APOE in ways
that may influence neuronal and synaptic integrity [131].

Similarly, NECTIN2, another adhesion molecule, is
associated with synaptic stability, and its specific genetic
variants may contribute to cognitive decline, particularly
in APOE ε4 carriers  [132]. One notable NECTIN2 vari-
ant, rs6859, has been linked to cognitive decline, poten-
tially acting through mechanisms such as protein aggre-
gation, including the accumulation of tau, a hallmark of
AD progression [133,134]. Studies suggest that rs6859 in
NECTIN2 may partly mediate its effects on AD pathology
via pTau-181 levels, further strengthening the connection
between NECTIN2 and tau pathology in AD. Furthermore,
BCAM andNECTIN2 exhibit strong linkage disequilibrium
with APOE alleles, meaning that genetic variations in these
genes may not act independently but could be modulated
by APOE status, influencing brain structure, function, and
aging [135,136].

4.5 CLPTM1 Gene

The cleft lip and palate transmembrane protein 1
(CLPTM1) gene, located within the APOE gene cluster on
chromosome 19q13.32, has gained attention for its potential
role in AD and metabolic disorders. While CLPTM1 is not
directly involved in lipid metabolism like APOE, emerg-
ing evidence suggests thatCLPTM1 variants influence lipid
profiles and cardiometabolic traits, both of which are crit-
ical in AD pathogenesis. Specific CLPTM1 genetic vari-
ants, such as rs3786505 and rs11672748, have been inde-
pendently linked to alterations in LDL and HDL choles-
terol levels [137]. These findings indicate that CLPTM1
contributes to the regulation of lipid metabolism in both the
brain and peripheral tissues, processes that are central to the
development and progression of AD. Moreover, genome-
wide association studies (GWAS) have identified strong
linkage disequilibrium (LD) betweenCLPTM1, APOE, and
nearby genes like APOC1, suggesting that genetic interac-
tions within this region amplify the impact of the APOE
locus on lipid regulation and AD risk [138]. Within the
context of AD, theCLPTM1 locus has emerged as a promis-
ing candidate for further research due to its association with
cardiometabolic pathways. Its role in lipid transport and
interactions with apolipoproteins, such as apoE, suggests
its involvement in neurodegenerative mechanisms. The
localization of CLPTM1 within the APOE cluster points
to a shared regulatory network, where genetic and epige-
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netic variations influence CLPTM1 expression and func-
tion, further reinforcing its significance in AD pathophysi-
ology [139].

5. Conclusion
The APOE gene cluster, including APOE, TOMM40,

long, BCAM, NECTIN2, and CLPTM1, plays a signifi-
cant role in aging and age-related diseases, particularly
AD. The APOE ε4 allele, a major genetic risk factor for
AD, interacts with other cluster genes to influence lipid
metabolism, mitochondrial function, and neuroinflamma-
tion. TOMM40 contributes to mitochondrial dysfunction
by affecting protein transport and metabolic regulation,
which exacerbates cognitive decline and neurodegenera-
tion. NECTIN2 and BCAM, genes involved in synaptic
stability and cellular adhesion, impact neuroinflammation
and neuronal integrity, especially in individuals carrying
APOE ε4. While CLPTM1 is less directly involved in lipid
metabolism, it plays a role in cardiometabolic traits and
lipid profiles, further amplifying the influence of the APOE
cluster on systemic aging processes. Together, these genes
contribute to key hallmarks of aging, including proteosta-
sis loss, genomic instability, and altered intercellular com-
munication. Their complex interactions offer valuable in-
sights into potential therapeutic strategies, such as target-
ing lipid transport, mitochondrial function, or inflamma-
tory pathways, to mitigate age-related diseases and promote
healthy aging.
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