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Abstract

The impact of apolipoprotein E (ApoE) isoforms on sporadic Alzheimer’s disease has long been
studied; however, the influences of apolipoprotein E gene (APOE) on healthy and pathological human
brains are not fully understood. ApoE exists as three common isoforms (ApoE2, ApoE3, and ApoE4),
which differ in two amino acid residues. Traditionally, ApoE binds cholesterol and phospholipids

and ApoE isoforms display different affinities for their receptors, lipids transport and distribution in
the brain and periphery. The role of ApoE in the human depends on ApoE isoforms, brain regions,
aging, and neural injury. APOE €4 is the strongest genetic risk factor for sporadic Alzheimer’s disease,
considering its role in influencing amyloid-beta metabolism. The exact mechanisms by which APOE
gene variants may increase or decrease Alzheimer’s disease risk are not fully understood, but APOE
was also known to affect directly and indirectly tau-mediated neurodegeneration, lipids metabolism,
neurovascular unit, and microglial function. Consistent with the biological function of ApoE, ApoE4
isoform significantly altered signaling pathways associated with cholesterol homeostasis, transport,
and myelination. Also, the rare protective APOE variants confirm that ApoE plays an important role

in Alzheimer’s disease pathogenesis. The objectives of the present mini-review were to describe
classical and new roles of various ApoE isoforms in Alzheimer’s disease pathophysiology beyond

the deposition of amyloid-beta and to establish a functional link between APOE, brain function, and
memory, from a molecular to a clinical level. APOE genotype also exerted a heterogeneous effect on
clinical Alzheimer’s disease phenotype and its outcomes. Not only in learning and memory but also in
neuropsychiatric symptoms that occur in a premorbid condition. Clarifying the relationships between
Alzheimer’s disease-related pathology with neuropsychiatric symptoms, particularly suicidal ideation
in Alzheimer’s disease patients, may be useful for elucidating also the underlying pathophysiological
process and its prognosis. Also, the effects of anti-amyloid-beta drugs, recently approved for the
treatment of Alzheimer’s disease, could be influenced by the APOE genotype.
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Introduction to the Role of Apolipoprotein E in
Alzheimer’s Disease

Human apolipoprotein E (ApoE) is a 299-amino acid secreted glycoprotein
binding cholesterol and phospholipids, codified by the apolipoprotein E gene
(APOE) placed at locus 19g13.32, and with three common isoforms (ApoE2,
ApoE3, and ApoE4) (Weisgraber, 1994). ApoE function in the central nervous
system (CNS) pathophysiology does not impact only lipid and cholesterol
transport and cell membrane lipid bilayer properties, but its other CNS
functions are still unclear. There is increasing evidence for other functions
of APOE through the involvement in other biological processes such as
transcriptional regulation, mitochondrial metabolism, immune response, and
responsiveness to dietary factors (Rueter et al., 2022).

The role of ApoE in CNS is focused on cholesterol transport during cell
membrane reorganization, prompting synaptic restoration and dendritic
remodeling (Leduc et al., 2010). Furthermore, a greater amount of ApoE
is secreted from astrocytes under physiological circumstances; instead,
activated microglia secreted it under pathological conditions; finally, under
certain stress conditions, ApoE is also derived from vascular mural cells, from
choroid plexus, and neurons (Poirier et al., 1995). APOE has been shown to
affect lipids and cholesterol in several different cell types, especially microglia
and astrocytes, but recently also at the oligodendrocyte level (Blanchard et
al., 2022). The role of ApoE in modulating the immune system during brain
inflammatory responses is well known and varies by its isoforms. Noteworthy,
the expression of ApoE from neuronal cells is prompted during aging and
injuries to accelerate neuronal repair and remodeling (Poirier et al., 1995).

Numerous studies from the early 90’s have shown the role of ApoE in
Alzheimer’s disease (AD), driving the different AD-associated proteinopathies,
with a slightly different equilibrium between neurobiology and
neuroinflammation, until neurodegeneration (Liu et al., 2013). However,
the exact mechanism by which APOE gene variants may increase/decrease

AD risk was not fully understood, but the ApoE isoforms differently affected
brain homeostasis. How ApoE isoforms that differ for only two amino acids
residues at positions 112 and 158 (ApoE2: Cys112 and Cys158; ApoE3:
Cys112 and Argl158; ApoE4: Argl12 and Argl158) have such profound effects
on AD risk and other age-related dementias has stumped the field for
decades. Compared to APOE €3 carriers, being heterozygous carriers of the
APOE €4 allele leads to a 4-fold increased risk of developing AD, while being
homozygous APOE €4 carriers increases 12 times the risk. Having almost
one APOE €4 allele reduces the age of AD onset by 8 years. Conversely,
heterozygous carriers of the APOE €2 allele have a 40% lower AD risk and
homozygous carriers have a further lower risk (Liu et al., 2013).

The role of this protein in normal and abnormal brain metabolism from the
cellular and molecular level to the clinical phase has been defined by the
genetic variability of ApoE, deriving from different alleles coding proteins
with single amino acid substitutions. The differential relative risk in AD
pathogenesis is determined by a gain or a loss of function of the three ApoE
isoforms in activating neuronal signaling (ApoE4 > ApoE3 > ApoE2). ApoE2 is
the most effective isoform when produced by injured neurons, in protecting
cells from oxidative stress in vitro, while ApoE3 has a medium potency, and
ApoE4 is the least effective (Mahley and Huang, 2012). Moreover, neurons
may upregulate ApoE in disease conditions. In the ApoE4 context, this may
result in neurotoxicity (Mahley and Huang, 2012), because the homeostatic
roles of astrocytes and microglia can be disrupted by ApoE4 isoform in normal
aging and AD (Hasel and Liddelow, 2021).

APOE €2 genotype drives unique serum metabolome profiles. Distinct
serum metabolite profiles were founded in APOE €2 mice with dramatically
upregulated lipid levels (including phospholipids and sphingolipids) compared
to APOE €3 and APOE €4 mice, likely due to its reduced binding affinity to
apoE receptors including the low-density lipoprotein receptor, which might
consequently elevate apoE levels and lipids in the blood (Zhao et al., 2020).
Along with the common ApoE?2 variant, the ApoE rare protective variants may
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play an important role in the course and onset of AD and can teach us how
to target ApoE as we seek effective ways to prevent and cure AD and other
age-related dementias. An extremely rare isoform (ApoE3r), known as ApoE3-
Jacksonville (ApoE3/Jac), was identified in 0.3% population carrier. This ApoE
variant was shown to be protective against AD by limiting neuronal injuries
and promoting lipid metabolism (Le Guen et al., 2022). An individual who had
two copies of the ApoE3 Christchurch mutation is protected by autosomal
dominant AD, due to a mechanism involving ApoE interaction with heparin,
and affecting lipid metabolism (Arboleda-Velasquez et al., 2019). The different
isoforms interact with each other by complex mechanisms considering
that homozygosity for ApoE3 Christchurch may be more protective than
homozygosity for ApoE2, and ApoE2 homozygotes might still have an
exceptionally low risk of late-onset AD (Arboleda-Velasquez et al., 2019).

The large risk reductions reported suggest that protein chemistry and
functional assays of these variants should be pursued, as they have the
potential to guide drug development targeting ApoE. The fact that these
rare variants carry mutations in different regions of APOE offers additional
opportunities to explore how structural and related biochemical properties of
ApoE impact its pathophysiology in aging and AD, beyond its role in amyloid-
beta (AB) metabolism. The protective mechanism of rare variants remains
unexplored but finding a single amino acid substitution that renders the APOE
€4 allele protective supports the idea that APOE e4-specific treatments are
worth exploring (Lo Vecchio et al., 2022). The objectives of the present mini-
review were to describe classical and new roles of various ApoE isoforms in
AD pathophysiology beyond the deposition of AP peptides and to establish
a link between APOE, brain function, and cognition from a molecular to a
clinical level.

Search Strategy

Studies cited in the present review article were retrieved performing separate
searches in the US National Library of Medicine (PubMed), Medical Literature
Analysis and Retrieval System Online (MEDLINE), EMBASE, Scopus, Ovid, and
Google Scholar databases to find articles published from inception to October
10, 2022, enquiring any association between the exposure (ApoE isoforms)
and the health-related outcome(s) (AD pathophysiology and cognition/
cognitive function) using selected key words/descriptors, i.e., (apolipoprotein
E[tiab]) OR (ApoE[tiab]) OR (isoforms[tiab]) AND (Alzheimer’s disease[tiab])
OR (AD[tiab]) OR (pathophysiology[tiab]) OR (cognition[tiab]) OR (cognitive
function[tiab]). This search strategy was used in PubMed and MEDLINE and
adapted to the other four electronic sources. No language limitation was
introduced.

Two investigators (ML, FP) searched for papers, screened titles and abstracts
of the retrieved articles separately and in duplicate, checked the complete
texts, and selected records for inclusion.
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Classic Theory of Apolipoprotein E in Amyloid-

Beta Metabolism

Although the APOE €4 allele presence increased the risk for sporadic AD, the
role of this allele is not itself a causal factor. Through complex mechanisms,
involving genetic disequilibrium and expression, epigenetics, and cellular
phase of AD, the APOE genotype can modulate the basic disease process
(Mayeux et al., 1998). The mechanism linking the APOE genotype with the
development of AD-type neuropathology is still unclear (Figure 1). Various
ApoE isoforms trigger a chain of events, through biological signals, which
activate specific pathways mediating different neuronal functions with
influence on the systems that result in neuroplasticity and cognition (Poirier
etal.,, 1995).

The major role of ApoE isoforms in AD pathogenesis is played by differential
effects on AP aggregation and clearance. ApoE isoforms determine the
amount of AB pathology: ApoE4 > ApoE3 > ApoE2. Carriers of APOE €4 with
normal cognition showed a greater amount of AR and tau cerebral burden
compared to APOE €3 homozygotes; while regional tau burden or tau
accumulation did not differ over time in APOE €2 carriers with lower global
AB load (Salvadd et al., 2021). Cholesterol synthesis and ApoE transport
from astrocytes also regulate AB production in neuronal membranes. ApoE-
mediated cholesterol uptake is essential for amyloid-B precursor protein
processing and AR production (Wang et al., 2021a).

The effects of ApoE isoforms on AP aggregation and clearance are
predominantly direct to the stabilization of synaptotoxic AB oligomers (Koffie
et al., 2012) and to increase colocalization of AR oligomers with synapses
(Hasel et al., 2021) in AD pathogenesis. In AD, strong clinical and preclinical
evidence suggested that the main pathway by which the APOE €4 allele drives
AD risk was to promote earlier and more abundant AR deposition, likely by
inhibiting AB clearance and accelerating AB aggregation and amyloid seeding
(Yamazaki et al., 2019). While the APOE €4 allele was linked to an increased
risk of developing AD and to steeper cognitive declines after symptoms appear,
these effects of the APOE €4 allele on AD were seen only in the presence of AD
pathology, specifically the characteristic accumulation of amyloid plaques in
the brain or of tau protein neurofibrillary tangles inside of neurons.

Moreover, indirect effects are reported through microglial response and
neuroinflammation: the third most important mechanism involved in AD
after AB and neurofibrillary tangle pathology (Hasel and Liddelow, 2021).
Soluble AB can be cleared from the brain through various mechanisms
including enzymatic degradation, glial cell phagocytosis, transport across the
blood-brain barrier (BBB), and glymphatic clearance. The dysfunction of the
glymphatic system-mediated ApoE clearance was recently shown to be a main
contributor to the intraneuronal accumulation of AB in the early pathological
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Figure 1 | Apolipoprotein E (ApoE)-mediated development of Alzheimer’s disease-type neuropathology.

Synapse dysfunction induces the activation of microglia, which removes damaged synapses in healthy neurons. Apolipoprotein E (APOE) alleles differentially impact glial responses.
Triggering receptor expressed on myeloid cells 2 (TREM2) protein could be an important mediator. The inefficient transport of lipids and cholesterol from astrocytes, and microglia
activation (including TREM2 activation) could be conditioned by the APOE €4 allele. The stress and injury condition stimulate the neurons to release ApoE4, which with its N-terminal
domain binds amyloid-beta (AB), promoting a reduction in clearance and accumulation of AB, leading to the formation of AR plaques and accentuating the synaptic damage. The
C-terminal domain of ApoE can interact with neurofibrillary tangles (NFTs), which originate from tau hyperphosphorylation and successive dissociation of tau from microtubules
provocating axon loss and neurodegeneration. This mechanism seems to be principally consequent to AB. ApoE4 isoform released by the central nervous system and peripherally by
hepatocytes increases the risk for atherosclerosis, while ApoE2 and ApoE3 (intermedius) decrease this risk because of its protective effect in sporadic Alzheimer’s disease (decreases
AB deposition and NFT formation). In addition, a dynamic mitochondrial dysfunction could be induced by the ApoE4 interaction with the translocase of the outer mitochondrial
membrane 40 (TOMMA40) gene on the outer mitochondrial membrane. Compared to noncarriers, APOE €4 carriers have lower mitochondrial cytochrome oxidase (COX) activity in
posterior cingulate cortex neurons, also without soluble or insoluble AR or tau pathology. This could be considered a very initial change that come first and prompted B-site amyloid-B
precursor protein-cleaving enzyme (BACE1) activity and amyloid genesis. Created using Microsoft PowerPoint 2019.
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stages of AD (Feng et al., 2020). Although AR may perform important cellular
functions, its endogenous accumulation is not sufficient to cause dementia.

New Apolipoprotein E-Mediated Mechanisms in

Alzheimer’s Disease Pathogenesis

Although initial studies causally linked APOE with AR peptide aggregation and
clearance, over the past 5 years, our understanding of APOE-mediated AD
pathogenesis has expanded beyond AB peptide-centric mechanisms to tau/
neurofibrillary tangle degeneration, microglia/astrocyte responses, and BBB
disruption (Bu, 2022). ApokE affects tau pathogenesis, neuroinflammation,
and tau-mediated neurodegeneration independent of AR pathology. ApoE4
exerts a “toxic” gain of function whereas the absence of ApoE4 is protective
(Shi et al., 2017). Importantly, the removal of astrocytic ApoE4 decreased
tau-induced synaptic loss and microglial phagocytosis of synaptic elements,
suggesting a key role for astrocytic ApoE in synaptic degeneration (Wang et
al., 2021b).

Microglia regulate cholesterol metabolism and contribute to learning and
memory, in part, by promoting cholesterol elimination. Microglial survival
is dependent on both the microglial-specific receptor triggering receptor
expressed on myeloid cells 2 gene (TREM2) and ApoE-mediated transport
of exogenous cholesterol (Li et al., 2022). Thus, the APOE €4 allele might
prime microglia towards a phagocytic and proinflammatory state through
an APOE-TREM?2 axis in normal aging as well as in AD (Hasel and Liddelow,
2021). In contrast to microglia, the influence of APOE alleles on the astrocyte
transcriptome appears to be modest and suggests a dysregulation of lipid
metabolism and the extracellular matrix. ApoE4 significantly altered signaling
pathways associated with cholesterol homeostasis and transport. Fatty
ApoE4 astrocytes have a reduced ability to clear toxic fatty acids from the
extracellular milieu because ApoE4 reroutes them back to secretion (Lindner
etal., 2022).

Furthermore, confirming these findings with histological and lipidomic
analysis of the post-mortem human brain, induced pluripotent stem-cell-
derived cells, and targeted-replacement mice, cholesterol is aberrantly
deposited also in oligodendrocytes-myelinating cells that are responsible for
insulating and promoting the electrical activity of neurons (Blanchard et al.,
2022). Finally, ApoE4 expression differentially modulates regional neuronal
lipid signatures, which may underlie the increased susceptibility of entorhinal
cortex localized neurons to AD pathology (Miranda et al., 2022).

Recently, an ApoE cascade hypothesis was proposed emphasizing the
structural and related biochemical differences among the three isoforms
including lipidation, protein levels, receptor binding, and oligomerization as
drivers of downstream effects at the cellular and phenotypical levels (Martens
et al.,, 2022). The structural properties of the different ApoE isoforms
receptor-binding, may account for the different AD risks, maybe with an early
mechanism of action for the neuropathological process (Weisgraber, 1994).
Also, the time of APOE interaction with the cellular phase of AD could be
determinant. Different biological signals trigger specific pathways that lead
to synaptic dysfunction and their massive loss: CAMP response element-
binding protein, N-methyl-D-aspartate receptor-mediated protein synthesis,
y-aminobutyric acid-ergic inhibitory network, and mitochondrial dysfunctions
(Rueter et al., 2022).

Furthermore, peripheral ApoE isoforms, produced primarily by hepatocytes
and separated from those in the brain by the BBB, differentially impact
AD pathogenesis and cognition. Plasma proteome profiling revealed ApoE
isoform-dependent functional pathways highlighting cell adhesion, lipoprotein
metabolism, and complement activation. A human-induced pluripotent stem
cell-derived endothelial cell model summarized the plasma ApoE isoform-
specific effect on endothelial integrity, further supporting a vascular-related
mechanism (Liu et al., 2022). BBB breakdown contributes to cognitive decline
in APOE €4 carriers independently of AD pathology; ApoE4, but not ApoE3
activates the proinflammatory cyclophilin A-matrix metalloproteinase-9
pathway in the cerebral spinal fluid, which may lead to accelerated BBB
breakdown causing neuronal and synaptic dysfunction (Montagne et al.,
2020). APOE €4 allele presence may accelerate advanced-stage vascular
dysfunction, BBB breakdown, and neurodegeneration in AD mice via the CypA
pathway in pericytes independently of AR (Montagne et al., 2021). As recently
suggested, the association of orthostatic hypotension with brain lobar
perivascular spaces among APOE €4 carriers suggested that lobar perivascular
spaces may be a marker for AB-associated small-vessel disease (Laveskog et
al., 2020).

Moreover, the APOE €4 allele could play a novel role in the premature
shrinkage of meningeal lymphatic vessels (meningeal lymphosclerosis),
leading to abnormal meningeal lymphatic functions (meningeal lymphedema),
and, in turn, reduction in the clearance of A and other macromolecules and
inflammatory mediators, as well as immune cells, from the brain, exacerbation
of AD manifestations, and progression of the disease (Mentis et al., 2021).

Recent Evidence on the Association of
Apolipoprotein E with Alzheimer’s Disease:
from Molecular to Clinical Level

From a biochemical/clinical level, memory consolidation is potentiated by

ApoE-mediated epigenetic control in the brain. ApoE-mediated regulation in
learning and memory displays an isoform-dependent effect, because ApoE4
is less efficient in suppressing neuronal cholesterol synthesis compared
with ApoE3 due to the lower capacity of astrocytic ApoE4 to vector
microRNAs that silence neuronal cholesterol biosynthesis (Li et al., 2022).
Furthermore, carrying the APOE €4 allele predicts future cognitive decline
also in terms of olfactory dysfunction, considered a potential early signal of
neurodegenerative processes in AD. Compared to non-carriers, APOE €4 allele
carriers showed a reduction in olfactory acuity and memory, and this olfactory
loss could be explained by disrupted y-aminobutyric acid signaling in the
olfactory bulb (Olofsson et al., 2013).

Moreover, a critical challenge about the clinical phase of AD is that almost
all patients with AD are affected also by neuropsychiatric symptoms (NPS)
with depression, agitation, apathy, and psychosis being particularly common.
However, the neuropathological basis for these symptoms is poorly understood.
These AD endophenotypes may be correlated to AD pathophysiology. Clarifying
the relationships between the AD-related pathology NPS of AD patients may
be useful for elucidating also the underlying pathophysiological process and
its prognosis. APOE genotype exerted a heterogeneous effect on clinical
AD phenotype, also in NPS. Recently, the APOE €4 allele and inflammation
were shown to be detrimental factors also for suicidal ideation in later life
(Lozupone et al., 2022). APOE genotype has been suggested underlying these
AD endophenotypes. During the process of neurodegeneration, various brain
cell types, such as astrocytes, microglia, and neurons, together with the
neurovascular unit, develop distinct inflammatory phenotypes that impact
their functions and could have characteristic transcriptomic fingerprints.
Surprisingly, several potent anti-Ap drugs accelerated the cognitive decline of
AD and, in some cases, worsened NPS, also according to the APOE genotype
(Panza et al., 2019a). Steady overproduction of AB in AD may represent an
attempt of the brain to mitigate or repair neuronal damage/insult. Sudden
reductions of brain AB levels with potent anti-AB drugs may worsen cognition
and exacerbate NPS (Panza et al., 2019a).

Conclusions and Future Perspectives

A significant problem concerning the amyloid-centric explanation of AD is
the contradictory relationship between biological phenotypes and clinical/
behavioral characteristics of the disease. At a therapeutic level, the molecular
interactions between ApoE and its targets, and with other pivotal biological
substrates like amyloid-B precursor protein and its cleaving enzymes (a-,
B-, and y-secretase) were critically investigated (Panza et al., 2019b) for
understanding also the potential cognitive and clinical consequences of the
selective and precocious removal of AB. The association between AD and its
neuropathological markers (e.g., amyloidosis, neuroinflammation, tauopathy,
cerebral-amyloid angiopathy, etc.) has been recognized for some time, but
misfolded proteins affect neuronal function in a still unknown way. Also,
various speculations about the putative molecular mechanism of action or
adverse drug reaction of several compounds under clinical testing include the
association with cognitive and clinical benefits (aducanumab, lecanemab, and
donanemab) (Panza et al., 2019b).

The complete absence of ApoE caused by a rare ablative APOE frameshift
mutation may cause abnormal lipoprotein metabolism but normal visual,
cognitive, neurological, and retinal function, with normal cerebral spinal fluid
AB and tau protein levels and normal findings on brain magnetic resonance
imaging (Mak et al., 2014). This observation has encouraged different
approaches to interfere with the pathological role of ApoE in AD (Yamazaki
et al., 2019). Regarding therapeutic interference with the physiological role
of APOE, it is known that APOE genotype may suggest risk stratification,
with APOE €4 genotyping helping to guide treatment decisions. Amyloid-
related imaging abnormalities are a common, dose-dependent effect of
amyloid-targeting antibodies, strongly associated with the APOE €4 allele.
Going forward, if anti-amyloid antibodies become part of future treatment
regimens for AD, knowledge of symptoms related to amyloid-related imaging
abnormalities and an approach to management will be critical for treating
clinicians (VandeVrede et al., 2020).

Meanwhile, neuron interactions, AB precursor protein processing, tau
hyperphosphorylation, oxidative stress, neuroinflammation, protein synthesis,
microbiota, and neurovascular mechanisms are the different areas of AD
pathogenesis under discussion for understanding the contribution of the
various ApoE isoforms to the disease. Not univocal interpretations are
hypothesized for the specific ApoE functions inside the different brain cell
types and the consequent modulation of the cellular phase of AD and age-
related cognitive decline. A critical challenge is also that, only in the presence
of AD pathology, APOE €4 allele carriers are predisposed to an increased risk of
developing AD and to a faster cognitive decline. With the aim of understanding
the clinical phase of AD, it is important to study the time of APOE interaction
with the cellular phase. Understanding how ApoE isoforms may affect AD
pathophysiology represents a stimulating road for future research, also
because ApoE is in a balanced equilibrium between the different isoforms and
anti-ApoE therapeutics should be directed at the pathological isoforms without
interfering with its physiological functions. It is not clear whether chronic
treatment with anti-ApoE drugs will be limited by the physiological role of this
important glycoprotein in cytoskeletal assembly and stability, mitochondrial
integrity and function, and dendritic morphology and function.
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