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Abstract: APOE ¢4 allele (ApoE4) is the primary genetic risk factor for sporadic Alzheimer’s disease
(AD), expressed in 40-65% of all AD patients. ApoE4 has been associated to many pathological
processes possibly linked to cognitive impairment, such as amyloid-$ (Af3) and tau pathologies.
However, the exact mechanism underlying ApoE4 impact on AD progression is unclear, while no
effective therapies are available for this highly debilitating neurodegenerative disorder. This review
describes the current knowledge of ApoE4 interaction with mitochondria, causing mitochondrial
dysfunction and neurotoxicity, associated with increased mitochondrial Ca®* and reactive oxygen
species (ROS) levels, and it effects on mitochondrial dynamics, namely fusion and fission, and
mitophagy. Moreover, ApoE4 translocates to the nucleus, regulating the expression of genes involved
in aging, A production, inflammation and apoptosis, potentially linked to AD pathogenesis. Thus,
novel therapeutical targets can be envisaged to counteract the effects induced by ApoE4 in AD brain.

Keywords: mitochondrial function; mitochondrial morphology; gene expression; dementia; aging;
neuroinflammation; transcription

1. Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative disease responsible
for 60-80% of all cases of age-dependent dementia. AD affects about 50 million people
worldwide and its prevalence is expected to increase by almost 70% by 2050 [1-3]. Consid-
ering that there is currently no protective therapeutic strategy (ies) to improve the clinical
symptoms and extend patients’ survival [4], these numbers reinforce the importance of
studying its mechanisms and urgently identify therapeutical targets.

AD is characterized by progressive preclinical stage, completely asymptomatic to
a state of mild cognitive impairment (MCI), characterized by a slight cognitive decline,
which evolves to a stage of dementia. This cognitive decline is associated with progressive
memory loss, which is the most typical symptom associated with the disease, changes
in executive function, which affects the ability to perform routine daily activities, and
impairments in awareness, language, social behavior and visuospatial function [2,5,6]. AD
is considered one of the main causes of disability in the elderly population [2,5]. Indeed,
aging is the strongest risk factor for the sporadic or late-onset AD (LOAD), the most
common form of the disease, affecting nearly 95% of all patients. In LOAD the symptoms
usually arise after 65 years of age. Although the main risk factor for LOAD is aging, there
are also some environmental factors, namely microbial infections, dietary and sleep habits
and psychological stress, and also genetic variations. Among these genetic polymorphisms
is ApoE4, which is one of the three alleles for apolipoprotein E (APOE) gene—ApoE2,
ApoE3 and ApoE4 [2,5,7].

Familial or early-onset AD (EOAD) is relatively rare, affecting 1 to 5% of all patients
and it usually arises before 65 years of age. Although the majority of EOAD cases are linked
to unidentified genetic variations, 10-15% of them are caused by known mutations in
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amyloid precursor protein (APP), presenilin 1 (PSEN1) or presenilin 2 (PSEN2) genes, that
are inherited in an autosomal dominant manner. Among those, more than three hundred
mutations have been identified, causing, respectively, 10 to 15% (APP), 30 to 70% (PSEN1)
and less than 5% (PSEN?2) of the autosomal dominant EOAD cases [8].

When considering cellular and molecular alterations, AD starts 25-30 years before
symptoms arise [5]. The main hallmarks of the disease are extracellular senile plaques,
composed by the amyloid-f3 peptide (A3) and intraneuronal neurofibrillary tangles (NFTs),
composed by hyperphosphorylated tau protein (P-tau). Apart from these protein aggre-
gates, AD is also characterized by synaptic disruption and mitochondrial dysfunction,
which hypothetically underly neuronal death and brain atrophy [1,2]. Longitudinal studies
in EOAD patients have helped to understand the sequence of AD molecular alterations over
time. It has been suggested that A3 aggregation is the first change to occur, starting nearly
25-30 years before symptomatic onset, followed by neuronal metabolic disruption around
17 years before symptoms arise; brain atrophy, particularly at the hippocampal region, was
suggested to occur about five years before the symptoms, with P-tau accumulation in NFTs
being the molecular alteration that is closest to the symptoms onset [9].

Memory impairment and cognitive decline in AD are strictly related to region-specific
alterations, namely the presence of protein aggregates, mostly in memory-related brain
areas and brain atrophy. In particular, the hippocampal region, entorhinal cortex and
neocortex form a neuronal network that is progressively affected in AD [9]. Global brain
atrophy is caused by neurodegeneration, loss of neuronal processes, decreased number
of synapses and ultimately neuronal death [10]. The earliest molecular alterations in AD
start at the hippocampal region, with the extracellular A accumulation and the death of
CA1 pyramidal neurons being the most evident manifestations [8,11]. Later, along AD
progression and apart from the previous changes, neuronal death and the formation of
NFTs in layers II and IV of entorhinal cortex are the most marked molecular alterations,
typically accompanied by MCI symptoms [12].

According to the tau hypothesis, which postulates that tau aggregation is the main
factor underlying AD development, tau protein propagates within the brain in a manner
that is correlated to symptoms severity [13]. Based on this hypothesis, the most advanced
and severe stage of AD, which is clinically characterized by a stage of dementia, is then
linked to P-tau propagation from the entorhinal cortex to the neocortex, and consequent
presence of NFTs in this brain region [2]. Apart from these alterations, A} aggregation and
neuronal death also occur at the neocortex at this stage of the disease [5].

The activation of glial cells, associated to neuroinflammation, is also a relevant feature
of AD. Glial cells, namely astrocytes and microglia, are crucial to maintain brain home-
ostasis. Astrocytes support neuronal metabolism and, together with microglia, play an
important immune function. Under cellular stress conditions, namely in AD, these cells
become activated, assuming a pathological role. Among other impairments, active astro-
cytes lose the capacity to support neuronal energetic demand, and active microglia enhance
the production of pro-inflammatory cytokines and lose the ability to phagocytize toxic
species, namely Af{3. These changes contribute to neuroinflammation and consequently
to neurodegeneration [14]. Recent studies have also suggested that P-tau inclusions may
occur in hippocampal astrocytes, contributing to synaptic alterations, cognitive decline and
AD progression [10].

As previously described in this section, ApoE4 has been associated to many pathologi-
cal processes possibly linked to AD neurodegeneration. However, the exact intracellular
and molecular mechanisms underlying ApoE4 neurotoxicity and pathogenic effects are
not completely understood. Some emerging hypotheses have been raised in the context of
mitochondrial-related impairments associated to ApoE4 expression. Thus, this review aims
to detail the impact of this genetic risk factor for LOAD and mitochondrial dyshomeostasis,
as well as ApoE4-targeted therapeutic strategies based on ApoE4 potential mechanisms
of action.
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2. Role of ApoE in AD Pathogenesis

APOE ¢4 allele (ApoE4) is the strongest genetic risk factor for sporadic AD [15] and
an important biomarker of susceptibility for this disease [16]. Even though the global
frequency of ApoE4 is approximately 13.7%, around 40% of all AD patients carry at least
one copy of the ¢4 allele [2]. Carrying one copy of this allele increases the risk of developing
AD by about 3 to 7 times, while carrying two copies increases the risk up to 12 times [17].
The APOE &4 allele also reduces the age of onset of AD-associated cognitive impairment by
7 to 9 years per copy [18]. Factors such as family history, sex, serious head injury, smoking,
cholesterol levels and estrogen may modify the ApoE-related risk [16], which may help to
understand why not all carriers develop AD and why not all AD patients carry this allele.
Being a risk factor, ApoE4 rather increases the susceptibility to AD than determines its
development [19]. By contrast, carrying one copy of the APOE ¢2 allele (ApoE2) reduces the
risk of developing AD by about 40% [17], being a protective factor against its sporadic form.
However, this is the least common allele, presenting a global prevalence of 0-20% [20].
APOE €3 allele (ApoE3) is the most frequent one, being expressed by 60-90% of the world
population [20], but has no significant effect on AD risk [18].

These three isoforms differ in simple substitutions of amino acids (aa) involving
cysteine and arginine residues at positions 112 and 158 at the N-terminal. While ApoE3 has
a cysteine at residue 112 and an arginine at residue 158, ApoE4 has an arginine residue and
ApoE2 has a cysteine residue at both positions. These variations show up as changes in
the tertiary structure of these 34 kDa (299 aa) proteins [21]. In particular, ApoE4 assumes
a pathological conformation due to the interaction between arginine —61 and glutamate
—255, at the N-terminal and the C-terminal domains, respectively [22]. Due to this domain
interaction, ApoE4 is susceptible to proteolytical cleavage and the resulting fragments are
suggested to play an essential role in ApoE4 neurotoxicity [23].

3. ApoE4 Proteolytic Cleavage

As previously described, ApoE4 shows an exclusive interaction between the N- and
C-terminal domains, which makes this protein the least stable among the three ApoE
isoforms [24]. Due to this structural property, ApoE4 is more susceptible to proteolytical
cleavage than ApoE2 and ApoE3 [23]. It has been hypothesized that, under stress condi-
tions, ApoE4 proteolytical cleavage is favored and the resulting products are thought to
underlie AD pathogenesis and the risk of dementia [25].

Several proteases have been suggested to be responsible for ApoE4 cleavage at differ-
ent sites, including collagenase, matrix metalloproteinas-9 (MMP-9) [25], neuron-specific
a-chymotrypsin-like serine protease [26], cathepsin D (the only aspartic protease identi-
fied) [27] and high-temperature requirement serine protease Al (HtrAl) [21]. Some of these
enzymes are cytoplasmatic, while others can cleave ApoE4 extracellularly, generating the
fragments that are further endocytosed, enter the cytosol and interact with mitochondria,
intracellular proteins or translocate to the nucleus [11].

Fragments with 14 to 20 kDa have been found in the brain of AD patients carrying the
APOE &4 allele [27], including ApoE4 N-terminal fragment [25] and C-terminal truncated
forms [28], and in higher levels than in age- and sex-matched controls [29]. Additionally,
it has been observed that ApoE4 fragmentation occurs in a brain region-dependent way,
preferentially in the neocortex and hippocampus of neuron-specific enolase (NSE)-ApoE4
transgenic mice (mice expressing ApoE4 under the control of NSE promoter), being both
areas very susceptible to AD-related neurodegeneration [30], as previously described in
this review.

Although, in general, ApoE4 fragments are proposed to promote neuronal dysfunction,
neurodegeneration and astrogliosis [11], it has been suggested that certain fragments are
more likely related to some pathogenic features of AD than others. For example, some
studies in N2a cells demonstrated that ApoE4 N-terminal fragments (1-272 aa) interact with
mitochondria and may possibly impact on mitochondrial function and cell viability [29], as
well as AP deposition [21] and AD-related tau pathology [11]. Other authors demonstrated
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that N-terminal fragments of ApoE4 (1-151 aa) translocate to the nucleus and act as a
transcription factor (Figure 1), promoting AD pathogenesis [25], but also being taken up by
microglia and contributing to cell death [27].
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Figure 1. Schematic representation of ApoE4 subcellular localization and potential effects on transcrip-
tional regulation and mitochondrial processes. Previous studies have suggested that ApoE4 acts as a
transcription factor, modulating the expression of mitochondrial-related genes and other genes linked
to neurodegeneration. ApoE4 may also directly interact with mitochondria, affecting mitochondrial
function and dynamics through modified metabolism and fusion/fission imbalance, respectively.

Within the N-terminal domain, ApoE4 receptor-binding region (136-150 aa) is required
for its binding to the low-density lipoprotein (LDL) receptor and to tau protein, while the
lipid-binding region (240-270 aa) in the C-terminal domain is more likely involved in
direct interaction with mitochondria (Figure 1) and binding to A3 [26]. Both regions are
thought to be critical for ApoE4 fragment-related neurotoxicity and mitochondrial impair-
ment, rather than full-length protein [29,31]. Although previous studies have identified aa
273-299 as neuroprotective [29], more recently it has been demonstrated that these ApoE4
fragments are associated to changes in mitochondrial dynamics and morphology, endo-
plasmic reticulum (ER) stress, decreased ATP production and mitochondrial membrane
potential (A{,) and increased ROS levels, in N2a cells [28]. The above mechanisms will be
further elucidated in this review.

Based on these observations, contradictory ApoE4 data may be accounted for by the
differential effects exerted by each one of its fragments.

4. Physiological and Pathological Roles of ApoE in the Central Nervous System

Apolipoproteins, namely ApoE, are the protein component of plasma lipoprotein
complexes. These components play critical roles in preserving the structural integrity of
lipoproteins, acting as ligands for lipoprotein receptors and facilitating their solubilization
in the blood [20,32]. The complex formed by apolipoproteins and plasma lipoproteins acts
as a carrier for lipids and cholesterol between cell types or tissues [33].

Up to 75% of ApoE synthesis occurs in the liver [20], but it is also significantly pro-
duced in the brain, where ApoE is the most abundant apolipoprotein [18]. In the central
nervous system (CNS) and under physiological conditions, ApoE is mostly produced by
astrocytes and microglia [2], mediating cholesterol transport to neurons via low density
lipoprotein receptors (LDLR) [33].

Taking into consideration that cholesterol and other lipids are crucial for axonal growth,
synaptic formation and plasticity, the specific interaction between ApoE and LDLR and
the consequent control of circulating cholesterol levels are key mechanisms to support
membrane homeostasis, synaptic integrity, damage repair, being crucial for learning and
memory processes [32,33].
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In this context, the efficacy of ApoE-mediated lipid transport in the brain is isoform-
dependent. For example, previous studies have demonstrated that ApoE4-target replace-
ment (TR) mice express lower levels of total ApoE than ApoE3-TR mice, mainly through a
reduction in ApoE4 levels, which was proposed to contribute to AD progression through
impaired neuronal and synaptic homeostasis [34]. ApoE4 was also suggested to be less effi-
cient than ApoE3 in transporting brain cholesterol [33], which may underly the reduction
in cholesterol levels in patients with AD, particularly in hippocampal and cortical areas [35]
that are highly affected in this pathology.

The mechanisms underlying the association between ApoE4, lipid flux deregulation
and AD-related cognitive decline remain largely unclear. A recent study demonstrated a
link between ApoE4 and impaired neuronal myelination, underlying dysfunctional electri-
cal activity in neurons and the subsequent impact on learning and memory processes [36].

As previously referred, ApoE is mainly produced by glial cells under physiological
conditions. By contrast, under brain stress conditions, namely due to oxidative stress,
aging and/or A toxicity, astrocytic production becomes exacerbated and neurons are also
stimulated to produce ApoE as a compensatory mechanism to restore brain homeostasis [2].
However, in the case of APOE ¢4 carriers, neuronal expression of ApoE4 has a neurotoxic
effect [22], accelerating neurodegeneration and contributing to AD progression.

Although it is known that ApoE4 is an important risk factor for AD, its mechanisms
of action are not completely known yet, although several mechanisms have been pro-
posed. Some authors postulate that ApoE4 is linked to the major molecular hallmarks
of AD, namely Af3 aggregation and clearance, NFTs and tau-related neurodegeneration.
Moreover, emerging hypotheses have also been linking ApoE4 to disturbed synaptic plas-
ticity, glial response and neuroinflammation, blood-brain barrier (BBB) disruption [17]
and astrocyte-associated lipid metabolism [2], while emphasizing the neurotoxic effects
of ApoE4 fragments [25]. Furthermore, previous studies have linked each of these patho-
logical alterations and brain aging to mitochondrial changes, which in turn links ApoE4
to alterations in this organelle [22] and to AD progression. Apart from these mechanisms,
recent studies postulate that ApoE4 may act as a transcription factor, regulating the ex-
pression of genes potentially involved in cellular and molecular pathways related to AD
development [37]. The effect of ApoE4 on mitochondrial function and dynamics and its
effect on gene expression will be further explored in this review.

4.1. AB—ApoE4 Pathogenic Mechanisms

In general, ApoE4 pathogenic mechanisms can be divided into Ap-related and Af3-
independent mechanisms. Primary studies showed that ApoE4 is associated with a greater
accumulation of A peptide, comparing to other ApoE genetic variations. Besides that,
ApoE4 is linked to an increase in A3 synthesis, promoting APP processing through mitogen-
activated protein kinase (MAPK) signaling [24], Af3 seeding [2] and AP aggregation into
oligomers and fibrils, a process involved in the so-called ‘amyloid-f3 cascade’ [22]. ApoE4
is able to directly interact with both soluble and fibrillar forms of A [17,38], accelerating
its oligomerization and deposition in the brain [2].

In humans, it was shown that carrying the ¢4 allele of APOE gene is linked to an earlier
and more extensive formation of senile plaques [25], associated to lower levels of A31_4; in
cerebrospinal fluid (CSF) [2]. It has also been observed that induced pluripotent stem cells
(iPSC)-derived neurons from LOAD patients expressing ApoE4 secrete higher levels of A,
when compared to ApoE3-expressing neurons, which agrees with A3 accumulation in the
brain [39].

Apart from the direct interaction between ApoE4 and Af species, Af accumulation
and increased levels of extracellular senile plaques may be justified by defective clearance
and astrogliosis. As previously mentioned, astrocytes play a fundamental immune role in
the CNS, namely through Af clearance.

As explained before, glial cells secrete ApoE to the extracellular space and ATP-binding
cassette transporter Al (ABCA1) mediates its lipidation, leading to the formation of a lipi-
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dated ApoE-Ap complex. In other words, ABCAL1 facilitates the interaction between ApoE
and lipoproteins, cholesterol or phospholipids, which in turn enhance its interaction with
soluble and fibrillar A species [17,40]. Under physiological conditions, this complex binds
to LDLR and LDL receptor-related protein-1 (LRP1) at the cell surface of glial cells and
neurons, that further uptake A and promote its clearance from the extracellular space. In
the case of astrocytes, A3 can be enzymatically degraded by neprilysin (NEP, an integral
membrane protein residing in the plasma membrane, with the active site located in the extra-
cellular space, thus considered an ectoenzyme) or extracellular matrix metalloproteinase-9
(MMP-9, involved in the degradation and remodelling of the extracellular matrix) [41],
which prevents extracellular A} aggregation into oligomers and fibrils.

However, the ability of glial cells to phagocytize A is dependent on the ApoE isoform.
On the one hand, the exacerbated production of ApoE4 impairs astrocytic function, which
disrupts its immune role in the CNS. For example, it has been proposed that carrying at
least one copy of the APOE ¢4 allele impairs the astroglial response to A3 plaques, which
is in turn correlated to cognitive decline [42].

On the other hand, ApoE4 competes for LDLR and LRP1 at the glial cells and neuronal
surface, that are common to Af3, preventing Af3 clearance and leading to its accumulation,
that in turn enhance its oligomerization and the formation of senile plaques [43]. Besides
that, ApoE4 also prevents A3 enzymatic degradation, through the blockade of astrocytic
NEP and MMP-9, or the extracellular insulin-degrading enzyme (IDE). Some authors have
demonstrated that LOAD patients carrying the ApoE4 allele, as opposed to ApoE3 carriers,
show a decrease by about 50% in the levels of hippocampal IDE protein, which may explain
the AP accumulation in this brain area [43].

Thus, although recent studies in iPSC-derived cerebral organoids derived from LOAD
patients show that A3 clearance mechanism rather than APP processing is altered, indepen-
dently on ApoE4 status [15], previous studies have shown that ApoE4 may interfere with
A metabolism, either by directly binding to the peptide or preventing its clearance, which
promotes its deposition in toxic forms and potentiates AD development. These mechanisms
may help to understand why ApoE4 carriers develop AD and cognitive impairment earlier
in life.

4.2. ApoE4 and AD Development

Considering the ApoE4 mechanisms that are not directly dependent on Af3, some
studies have shown an association of ApoE4 per se with neurodegeneration, neurotoxicity,
synaptic changes, aging and cognitive impairments [40].

As it was previously explained in this review, astrocytes are essential to support
neuronal survival and subsequent synaptic integrity. Apart from the impaired capacity to
phagocytize Af, astrocytes expressing ApoE4 have been linked to reduced neurotrophic
support [17]. Specifically, human iPSC-derived astrocytes showed differential effects on
supporting synaptogenesis and neuronal survival according to the APOE allele being ex-
pressed, being this support decreased in ApoE4-expressing astrocytes. Although these cells
secrete specific synaptogenic and trophic molecules, such as brain-derived neurotrophic
factor (BDNEF), cholesterol-ApoE binding was pointed crucial in mediating the referred
neurotrophic support [44]. Contrary to these observations, it has been observed that neu-
ronal cultures derived from iPSC from LOAD patients expressing ApoE4, relatively to
ApoE3, show increased number of synapses and augmented frequency of mini-excitatory
postsynaptic current (mEPSC), which suggests a higher synaptic activity through neuro-
transmitter release, correlated with increased Af release [39]. Besides that, ApoE4 is less
prone to lipidation by ABCA1, as previously mentioned, being in a hypolipidated state that
is thought to impair lipid metabolism, dysregulate the levels of cerebral cholesterol and
phospholipids and compromise synaptic integrity [45].

Indeed, synaptic integrity is crucial for learning and memory [40], and thus the mech-
anisms underlying ApoE4-mediated impaired neuronal activity and cognitive function
have been the focus of investigation. As already mentioned in this review, a recent study
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has demonstrated that the impaired ability of ApoE4 to regulate cholesterol flux and
metabolism is linked to decreased myelination, which may underly cognitive deficits.
Specifically, the authors observed, in human post-mortem brain tissues, that ApoE4 is
associated to cholesterol-related transcriptomic alterations and an aberrantly increased
cholesterol accumulation in oligodendrocytes. Brain tissues from ApoE4 carriers showed
decreased myelin levels [36], concordantly with previous studies demonstrating altered
white matter patterns in AD brains [46]. ApoE4 TR-mice also showed an excessive choles-
terol accumulation in oligodendrocytes and decreased axonal myelination [36]. Thus,
ApoE4-mediated changes in cholesterol homeostasis and flux in oligodendrocytes disturb
axonal myelination, which may be related to impaired electrical activity in neurons and
learning and memory [36].

Previous studies have also demonstrated that astrocytes derived from ApoE4-KI
(knock-in) mice display impaired synaptic pruning related to the reduced ability to phago-
cyte Clq, which is a protein involved in the CNS immune synaptic elimination. Thus,
ApoE4-expressing astrocytes are associated to the accumulation of senescent synapses
and accelerated neurodegeneration [17,47]. In the context of ApoE4-induced neurodegen-
eration, this ApoE isoform also induces excessive Ca?* levels and neuronal death [38],
as further discussed in this review, as well as increased markers of cellular stress. iPSC-
derived neurons from LOAD patients showed increased levels of binding immunoglobulin
protein (BiP) or GRP78, caspase-3 and -4, and ROS, as indicators of ER-stress, apoptosis and
oxidative stress, respectively [15,48]. These neurodegenerative mechanisms may underlie
the decrease in cortical thickness and hippocampal size that have been observed in ApoE4
carriers [2]. For example, early magnetic resonance imaging (MRI) studies in cognitively
normal individuals expressing the APOE &4 allele have revealed a decrease in hippocampal
area, that was accompanied by a lower performance on neuropsychological memory tests,
when compared to ApoE3 carriers [49].

Another ApoE4-mediated effect at the synaptic level, are the decreased dendritic
spine density and dendrite length, inhibition of neurite outgrowth and impaired neuronal
plasticity [43], particularly in hippocampal pyramidal neurons [38]. The loss of synaptic
integrity has been also observed in cerebral organoids derived from AD patients, expressing
ApoE4 [15]. Other studies have demonstrated a decrease in the number of GABAergic
interneurons in dentate gyrus, potentially linked to ApoE4 neurotoxic fragments, leading
to neuronal overexcitation and excitotoxicity [11].

Altogether, these alterations in neuronal function compromise normal network activity
and trigger cognitive alterations. In previous studies, it was observed that NSE-ApoE4
transgenic mice showed deficits in learning and memory, in an age-dependent way, and
these changes were more accentuated when ApoE4 was expressed by neurons rather than
glial cells, when compared to NSE-ApoE3 mice [22]. Moreover, the ApoE4-related synaptic
changes can be linked to spatial and work memory impairment [38].

4.3. Tau—ApoE4 Pathogenic Mechanisms

Regarding AD major molecular hallmarks, ApoE4 is not only related to A, but also
to tau protein. This protein is suggested to play a role in regulating microtubule assembly
and consequent cargo transport along the neurons, and in maintaining axonal structural
integrity. In AD, tau is exposed to aberrant phosphorylation by diverse kinases, namely
glycogen synthase kinase-33 (GSK3p), that decreases its affinity for axonal microtubules
and leads to its cytosolic accumulation. As previously mentioned in this review, P-tau is
highly susceptible to aggregation, forming insoluble oligomers and NFTs; moreover, tau
pathology in AD is suggested to be dependent on A pathology, being correlated with
cognitive impairment and clinical progression [5]. The propagation of tau aggregates is
also an essential event in AD and is proposed to occur between specific and interconnected
brain regions, that are typically affected in this pathology, namely the hippocampus and
entorhinal cortex.
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In this regard, previous studies revealed that ApoE4 promotes the accumulation of
P-tau especially in CA3 hippocampal neurons of ApoE4-TR mice, which was accompa-
nied by cognitive deficits [31], or accelerate tau pathology spreading particularly when
secreted by neurons [50]. The mechanisms underlying these effects are unclear, but one
hypothesis is related to ApoE4 binding to tau. To support this mechanism, ApoE4 has
been demonstrated to interact directly with NFTs in AD brains, and it has been observed
that this ApoE isoform potentiates the aggregation of P-tau into NFT-like inclusions in
transfected primary neurons [51]. Another possible explanation for the increased tau
pathology associated to ApoE4 is its effect on ApoE receptors. On the one hand, LRP1
also mediates tau uptake by neurons, being involved in tau spreading. Although the
exact mechanisms are not understood, it has been observed that ApoE in general reduces
LRP1-mediated tau uptake by neurons and propagation [52]. However, as previously
described, ApoE4 in particular is associated to decreased total levels of ApoE [34], which is
possibly related to the potentiation of tau pathology throw enhanced LRP-1 mediated tau
propagation [52]. Moreover, ApoE4 activates LRP1 and subsequent intracellular signaling
pathways, namely Wnt3/3-cathenin/GSK3f pathway, that ultimately potentiates GSK3[3-
mediated tau hyperphosphorylation [53,54], which may help to understand why ApoE4 is
associated with an increased formation of NFTs formation and a greater risk to develop
tau-mediated neurodegeneration.

Independent from glial ApoE4, neuronal ApoE4 was proven to be associated to
increased neuronal vulnerability to cytotoxicity, Ca2* dysregulation and cell death, in iPSCs
derived from AD patients carrying the APOE ¢4 allele. These alterations were accompanied
by increased P-tau neuronal release and accelerated tau spreading, which supports the
hypothesis that ApoE4 accelerates tau pathology propagation, through a trans-synaptic
prion-like mechanisms [50].

In summary, ApoE4 aggravates tau pathology and potentiates tau-mediated neurode-
generation [2], which is associated with behavioral alterations, synaptic deregulation and
neurodegeneration, and favors AD progression.

4.4. Neuroinflammation and Glial Cells—ApoE4 Pathogenic Mechanisms

Another pathological mechanism of ApoE4 is its influence on glial cells morphology
and function. Although ApoE is involved in protective anti-inflammatory responses [24],
ApoE4 per se has a negative effect on this role of glial cells compared to other isoforms.

Besides impairing the phagocytic role against A, as previously described, ApoE4
potentiates inflammatory cascades, modifies microglial phenotype towards a proinflam-
matory profile and promotes APP-mediated activation of microglia [17], which induces
neuroinflammation. Different studies have showed an association between this ApoE iso-
form and increased levels of neurotoxic and inflammatory cytokines, such as tumor necrosis
factor o (TNFa), Interleukin-6 (IL-6), Interleukin-1 (IL-1$3) and nitric oxide released by
microglia and astrocytes, in different models of AD [24]. ApoE4-expressing astrocytes
also show morphological alterations, with fewer and shorter processes and elongated cell
bodies [55], which underlies astrogliosis and may also justify the impaired phagocytic
ability of these cells.

In the context of astrocytic dysfunction, it has been proposed that ApoE4 is associated
to a decreased ability of astrocytes to maintain Ca?* and K* homeostasis [24] and to control
oxidative stress [56]. Although it is not understood how exactly ApoE4 affects these roles,
it has been shown that astrocytes expressing ApoE4 exhibit higher cytosolic levels of Ca?*,
mainly through ER inositol 1,4,5-trisphosphate receptor (IP3R)-mediated release [57].

5. Mitochondrial Alterations in AD—Impact of ApoE4

In previous studies, ApoE4 has been also associated to impaired mitochondrial func-
tion and dynamics, enhancing AD pathogenesis. This organelle is crucial for brain function,
providing energy from glucose and is a primary site of action for AB and tau proteins [22],
contributing to AD progression from early stages. Thus, it is important to unveil the
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mechanisms underlying mitochondrial alterations in AD, aggravated by ApoE4, aiming to
develop therapeutic strategies targeting these early events.

Mitochondrial respiration is fundamental for energy homeostasis in the CNS, which
is then crucial for neuronal viability. To ensure the high cerebral energy demand, respira-
tory chain complexes in mitochondria must maintain their integrity and function. Brain
mitochondria in AD patients have shown dysfunctional respiratory chain complexes and
decreased ATP generation, which has been observed for instance in purified COX (cy-
tochrome c oxidase) from AD brains [58] and in a double-transgenic APP-mutant mouse
model of early AD (ARPPg, mice, expressing both Swedish and London mutation in hu-
man APP gene) [59]. Besides that, PET studies have suggested a marked cerebral glucose
hypometabolism in brain tissue from LOAD patients decades before the symptoms arise,
which was correlated with the decreased neuronal expression of Cx I-V subunits of the mito-
chondrial electron transport chain, in total brain extracts and in samples from specific brain
areas, including the hippocampus and entorhinal cortex [60]. Apart from these studies, the
activity of mitochondrial respiratory complexes was also demonstrated to be decreased
in platelet and lymphocyte mitochondria, evidencing significative changes in Cx IV (or
COX) activity, that is not only decreased in cells derived from advanced AD patients, but
also from MClI individuals [61]. Other authors have proposed a parallel evolution of COX
activity and cognitive impairment, based on brain samples from patients with different
types of dementia, including AD [62]. Mutations in mitochondrial DNA (mtDNA) may be
involved in mitochondrial dysfunction in AD, since they are more common in the brains
of AD patients than in those of age-matched controls [22]. As such, neuropathological
features due to Af3 accumulation have also been related with a decrease in respiratory
capacity and ATP production, and changes in mitochondrial morphology [63], which can
underlie mitochondrial dysfunction. Moreover, mitochondrial depolarization was observed
in neurons subjected to oligomeric Ap1_4p direct exposure [63].

Mitochondrial respiratory capacity, ATP production, Ca?* levels and ROS generation
are strictly related to mitochondrial membrane potential (Apy) [64]. A, is created by the
‘flux” of protons from the mitochondrial matrix to the intermembrane space through the
intrinsic respiratory chain complexes I, Il and IV, alongside with the flux of electrons from
reduced coenzymes, nicotinamide adenine dinucleotide, reduced form (NADH) and flavin
adenine dinucleotide, reduced form (FADH,), generated by the Krebs cycle, up to O, [65].
Mitochondrial dysfunction occurring in AD is accompanied by an impairment in Apm. A
decrease in AYm (or mitochondrial depolarization) has been observed in several in vitro
and in vivo AD models [65,66], being then another pathological feature of AD.

In other studies, it has been observed that A3 accumulates within mitochondria in
brain tissues from AD patients, which was linked to the hypothesis that mitochondrial
dysfunction could trigger A3 pathology [67]. Concordantly, it was further observed that
membrane depolarization, decreased ATP levels, decreased COX activity and increased
ROS levels occur before extracellular A3 deposition and aggravate with age. These data
were obtained in mitochondria isolated from ABPPg|, transgenic mice [68] and evidence
the importance of studying mitochondria as a therapeutical target in AD.

Mitochondrial dysfunction is a hallmark of cellular senescence, being identified in
neurons, astrocytes and microglia in the CNS. Apart from its role in ATP production,
mitochondria are highly relevant for Ca?* homeostasis. Dysfunctional mitochondria lose
the ability to regulate Ca?* levels, promoting synaptic dysfunction and cell death. Excessive
Ca?* levels in mitochondria activate pro-apoptotic pathways [69] and affect mitochondrial
metabolism, ATP production and neurotransmitters release at the synaptic level [70],
potentiating neurodegeneration.

Mitochondrial dynamics in turn is highly related with mitochondrial function. Im-
pairments in mitochondrial fusion and fission processes affect mitochondrial size, shape
and number. Moreover, alterations in mitochondrial degradation (through mitophagy or
macroautophagy) and biogenesis interfere with mitochondrial health and activity. Several
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models of AD have demonstrated altered mitochondrial dynamics, not only in neurons,
but also in astrocytes [71].

Tau pathology in AD is also correlated with mitochondrial alterations. Tau hyper-
phosphorylation and aggregation have been related to the impairment of mitochondrial
dynamics, namely axonal transport and bioenergetics. Through alterations in mitochondrial
localization in neurons, imbalance in fusion and fission processes and in ATP synthesis,
ROS production and mitochondrial depolarization, aberrant tau phosphorylation and ag-
gregation promote neuronal and synaptic damage, leading to cognitive decline in AD [66].

Taking into consideration that ApoE4 potentiates pathological pathways related to AD
molecular hallmarks and cellular senescence and these processes are, in turn, interrelated
with mitochondrial dyshomeostasis, it is relevant to study whether this genetic risk factor
for LOAD perturbs mitochondrial health.

5.1. ApoE4 and Mitochondrial Dysfunction

The ¢4 allele of the APOE gene has been consistently studied in the field of human
longevity [20]. ApoE4 was the first genetic variation to be associated with decreased
longevity [72]. This association is possibly linked to the neurotoxic effects of ApoE4, namely
its impact on mitochondrial homeostasis, but it may also be related to the general poor
cellular response to stress agents, the increased risk to develop premature atherosclerosis,
or cardiovascular and neurocognitive deterioration [4,20,32]. Of relevance, several studies
have demonstrated that carrying the ¢4 allele of the APOE gene enhances AD-related
mitochondrial dysfunction (Figure 1), accelerating disease progression.

In vitro studies in N2a cells showed that ApoE4 fragments (aa 1-272) interact with
mitochondria and cause mitochondrial dysfunction and neurotoxicity [29]. As mitochon-
dria play several roles in the cell, mitochondrial dysfunction may be approached through
many parameters.

In the context of respiratory alterations, N2a cells stably expressing ApoE4 showed
reduced levels of mitochondrial respiratory complexes (Cx) I, IV and V, while cortical
neurons from NSE-ApoE4 showed reduced levels of all subunits, relatively to respective
ApoE3-expressing controls. These alterations in N2a cells matched the decrease in mito-
chondrial total respiratory capacity, through a lower OCR (oxygen consumption rate) after
stimulation with CCCP (Carboxyl cyanide m-chlorophenyl hydrazone), a mitochondrial
uncoupler, in Seahorse experiments, relatively to ApoE3 expression [22]. This study proves
that mitochondrial respiratory complexes are affected by ApoE4 expression, which then
affects their activity and overall mitochondrial function. Accordingly, in other studies per-
formed in ApoE4-expressing N2a cells, the authors demonstrated a decrease in respiration
rates and ATP production, showing a poorer ability to respond to high energy demands
relative to ApoE3-expressing cells [73]. Likewise, a decrease in mitochondprial respiratory
complex IV activity was observed in autopsy brains from young ApoE4 carriers [74]; in
addition, a characteristic glucose hypometabolism was observed in cognitively normal
ApoE4 carriers [22].

These studies demonstrate that alterations in mitochondrial metabolism may ap-
pear before the clinical onset of AD and ApoE4 may promote an earlier manifestation of
the disease.

Apart from the respiratory capacity, mitochondria play a critical role in Ca?* buffering
and the regulation of its intracellular flux. The maintenance of mitochondrial Ca®* levels
under a controlled range is crucial, since reduced levels of this ion may compromise mi-
tochondrial bioenergetics and ATP production, and excessive mitochondrial Ca®* levels
induce mitochondrial permeability transition pore (mPTP) opening [70] and pro-apoptotic
pathways [69]. In this perspective, an association between ApoE4 expression and mito-
chondrial Ca%* overload was observed in in vitro models, such as Neuro-2 A cells [28,73],
stem-cell-derived forebrain excitatory neurons [50] and rat hippocampal neurons [30]. In
the last study, ApoE4 was demonstrated to cause an increase in basal mitochondrial Ca?*
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levels and also an exacerbated neuronal Ca?* entry in response to N-methyl-D-aspartate
receptor (NMDAR) activation, which was correlated with neurotoxicity [30].

The association between ApoE4 and AD risk has been also linked to the function of
mitochondria-ER-associated membrane (MAM), whose tethering facilitates the transport
of Ca?* from the ER to mitochondria and the exchange of lipids, being also a molecular
platform essential for NLRP3 (NOD-like receptor protein 3, or nucleotide-binding oligomer-
ization domain, leucine-rich repeat and pyrin domain-containing protein 3) inflammasome
formation, among other potential cellular roles [74]. Some tethering proteins and Ca?*
channels are expressed in MAMs, being very important to regulate ionic flux between ER
and mitochondria, and therefore for mitochondrial function and neuronal homeostasis. In
this context, it has been demonstrated that MAM are overly activated and both organelles
communicate more tightly in cells treated with ApoE4-containing astrocyte-conditioned
medium, compared to ApoE3 [19]. Other studies have also shown an overexpression of
some MAM proteins in N2a cells expressing ApoE4, including voltage-dependent anion-
selective channel 1 (VDAC1) and inositol 1,4,5-trisphosphate receptor (IP3R), in agreement
with a higher and faster Ca?* flux from the ER to mitochondria, comparing to ApoE3
expression [73].

Another fundamental mitochondrial function is maintaining redox homeostasis through
a balanced production of ROS and cellular antioxidant activity. Mitochondrial dysfunction
is usually linked to excessive ROS production evolving to oxidative stress, and largely
implicated in neurodegeneration. Also in this context, ApoE4 (272-299 aa fragment) was
demonstrated to increase ROS levels in N2a cell line [28,73] (Figure 1), which was shown to
correlate with increased ER stress and enhanced MAM formation by favoring mitochondria-
ER direct interaction [28].

In terms of Ay, ApoE4 largest fragment (1-272 aa) was shown to directly inter-
act with mitochondria, which leads to a decrease in A, and mitochondrial fragmenta-
tion [26,29,73]. However, this parameter is not completely understood, since other authors
demonstrated that, under some transfection conditions, ApoE4 has no effect on A, [75].

5.2. ApoE4 and Impaired Mitochondrial Dynamics and Morphology

As mentioned above, mitochondrial function and dynamics are strictly related. Ay,
for example, has been proven to control mitochondrial dynamics, which gives evidence to
the importance of this association. Mitochondria undergo processes such as fusion, fission,
mitophagy and transport along neurons and other cell types, being the balance of all these
processes crucial for mitochondrial respiration, ATP production, oxidative homeostasis
and neuroprotection [63].

Under cellular stress conditions, particularly in AD, changes in mitochondrial morphol-
ogy is shifted towards immoderately enhanced fission, through changes in the expression
of mitochondrial fission proteins, namely dynamin-like protein 1 (Drp1) and mitochondrial
fission protein-1 (Fis1), and fusion proteins, namely mitofusin 1/2 (MFN1/2) and optic
atrophy 1 protein (OPA1) [66,76]. This impairment has been observed in several in vitro
models of AD, including APP/PS1 primary neurons, showing a tight relationship with
hyperphosphorylated tau protein and microtubules disassembly [66].

Although the effect of ApoE4 on mitochondrial dynamics has not been studied in
much detail, this protein has been associated to abnormally increased fusion, and decreased
mitophagy and fission in the hippocampus of ApoE4-transgenic mice [18], and decreased
fission and parkin-mediated mitophagy in APOE4 astrocytes [71]. However, other studies
demonstrated an association between ApoE4 and fission activation and fusion inhibi-
tion [28], which may be related to ApoE4 fragmentation, namely the type of fragments
that are generated [4]. Although it seems not to be consensual among the authors, these
findings suggest that an imbalance in mitochondrial dynamics rather than a defined effect
may underlie ApoE4-mediated mitochondrial dysfunction.

As previously mentioned, mitochondrial dynamics determines organelle size and
morphology. Fragmentation of the mitochondrial network facilitates mitophagy, allow-
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ing the selective clearance of defective mitochondria [77] and consequently preventing
excessive ROS production and Ca?* dyshomeostasis. However, as mitochondrial fission is
exacerbated in AD, mitochondria present an excessive level of fragmentation, being less
elongated and more circular, and the loss of mitochondrial network integrity. Together
with the downregulation of mitophagy, these alterations lead to the accumulation of dys-
functional mitochondria, that are unable to supply the energy neuronal demands, produce
excessive ROS and Ca?* levels, induce synaptic dysfunction and promotes Ap and tau
accumulation. These alterations will in turn contribute to AD progression and cognitive
decline [2].

6. Transcriptional Regulation by ApoE4

Another mechanism of action of ApoE4 that has been recently suggested is its translo-
cation to the nucleus and potential role as a transcription factor [43].

It is not known how exactly ApoE4 enters the nucleus, but it has been shown that
ApoE4, in its mature or fragmented form, especially the N-terminal, has a high affinity
for DNA, linking to the promoter region of several genes. Therefore, this protein can act
as a transcriptional regulator of approximately 1700 genes [43], not only in neurons, but
also in glial cells. This transcriptional deregulation triggers processes such as synaptic
dysfunction, inflammation and neuronal death [25], which contribute to the development
of AD. ApoE4 was reported to directly bind to the promoter region of SIRT1 gene, [37],
decreasing its expression and enzymatic activity. Sirtl is involved in normal aging and
has neuroprotective effects, such as promoting autophagy [4,43], which may explain why
ApoE4 impacts on its expression may be linked to neurotoxic effects.

ApoE4 also directly interacts with the promoter region of MAPK activating death
domain (MADD), activity dependent neuroprotector homeobox (ADNP), COMM domain
containing 6 (COMMD6) and protein phosphatase 2, regulatory subunit B’, epsilon isoform
(PPP2R5E) genes, decreasing their expression. MADD and COMMDES are transcription
factors that regulate gene expression by binding to the nuclear factor-«B (NFkB) com-
plex, which is involved in several cellular processes, namely anti-apoptotic mechanisms.
ADNP, in turn, acts as an anti-apoptotic and anti-inflammatory gene, while PPP2R5E
forms a protein complex with protein phosphatase 2A (PP2A). Briefly, the referred al-
terations in gene expression associated to ApoE4 potentiate apoptotic and inflammatory
pathways [37,43] (Figure 1).

Another protein which expression is downregulated by the direct transcriptional
regulation of ApoE4 is PP2A, which is related to a decrease in tau dephosphorylation [43],
thus contributing to tau hyperphosphorylation, an important hallmark of AD. It has been
also suggested that ApoE4 inhibits Drp1 transcription and expression, which may be linked
to the disruption of mitochondrial fission [71].

Apart from its direct transcriptional role, ApoE4 has also an indirect impact on gene
expression, by acting as a signaling molecule and intracellular messenger. For example, it
signals for histone deacetylase (HDAC) nuclear translocation, decreasing BDNF expression,
which is crucial for synaptic plasticity. By activating a MAPK cascade, ApoE4 also promotes
APP expression and A3 production, proposing a clear impact on AD progression [43].

In prefrontal cortical tissues from post-mortem human brains, various molecular
processes were found to be altered by ApoE4, not only in neurons, but also in glial cells,
namely in oligodendrocytes. Amongst them, the authors identified an upregulation of
inflammatory and immune-related pathways, a downregulation of processes related to
synaptic plasticity, channel activity and excitatory post-synaptic potential, and significant
changes in APP- and A f-related metabolic pathways [36]. Corroborating the role of ApoE
in regulating brain cholesterol metabolism, these authors demonstrated that ApoE4 is
associated to altered cholesterol and other lipids metabolic pathways in distinct cell types,
through modified transcriptomics [36].

ApoE4 also modulates the action of another transcription factor, nuclear respiratory
factor 1 (NRF1), possibly because the single nucleotide polymorphism generates a binding
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motif for NRF1 that underlies the ability of ApoE4 to act as a transcription factor itself [78].
By affecting NRF1 transcriptional role, ApoE4 then influences the expression of its target
genes, potentially involved in mitochondrial dynamics and Ca?* handling [37]. Other
studies demonstrated that ApoE4 is associated to a deregulation in mRNA levels of genes
encoding for subunits of mitochondrial respiratory complexes (Figure 1), encoded by
nuclear and mitochondrial DNA [22], as previously explored in this review. Supporting
the impact of ApoE4-induced transcriptional changes on organelle function, a recent study
showed the upregulation of molecular pathways related to cellular and ER stress, namely
in chaperone-mediated protein folding and unfolded protein response, in distinct cell types
of human post-mortem brain tissue [36].

In summary, the relationship between ApoE4, AD and mitochondrial function and
dynamics is straightforwardly connected to ApoE4 role as a transcription factor. All
previously suggested mechanisms, although not completely understood, seem to be related
to mitochondrial dysfunction, neurodegeneration and AD progression. As mitochondrial
alterations are an early feature of AD and ApoE4 is the major genetic risk factor for the
disease, the study of its mechanisms may be crucial to determine therapeutical targets.

7. ApoE-Targeted Therapeutic Strategies

Some therapeutic and protective strategies that have been suggested include the
increase of ApoE2 expression in APOE &4 carriers, through vector administration or liposo-
mal delivery systems [21]. Adeno-associated viruses (AAV) carrying the ApoE2 genetic
information were used in animal models to overexpress this isoform of ApoE in the brain,
through intracerebral or intracisternal viral injection, e.g., [21]. Using this gene delivery
approach, it was demonstrated that overexpression of human APOE ¢2 allele in APP/PS1
mice was able to attenuate brain A oligomerization and plaque deposition, as well as peri-
plaque synapse loss and neurite dystrophy, in contrast to the injection of ApoE4-encoding
AAVs [79]. A clinical trial using this approach is currently in phase I (NCT03634007: ‘Gene
Therapy for APOE4 Homozygote of Alzheimer’s Disease’), aiming to assess the safety and
toxicity of intracisternal administration of AAVrh. 10 hAPOE2 in APOE4 homozygotes
with AD, aged 50 or older, and potentially increase CSF ApoE2 levels. Liposomes were also
used for this purpose, and the ability to modify the surface of these molecules may enable
targeting specific cells in the CNS, enhancing the efficiency of gene delivery. A previous
study showed that intravenous administration of ApoE2-encoding plasmid DNA, using
surface-functionalized liposomal delivery system targeting Glut-1 (glucose transporter-1)
and containing a cell-penetrating peptide, was highly efficient in overexpressing this iso-
form of ApoE in the mouse brain; this strategy also showed high transfection rates in
cultured neurons below the in vitro model of blood brain barrier [80]. These data suggest a
safe and effective AD gene therapy using surface-modified liposomes for brain-targeted
delivery of APOE2 gene.

Another therapeutic strategy consists in using antisense oligonucleotides (ASO) to
downregulate the expression of ApoE4 [21]. These molecules can target specific molecules
and genetic alterations based on sequence complementarity, thus allowing to modulate
gene expression [81]. A previous study in APP/PS1 mice showed that administration of
ASOs lowered ApoE levels in APOE ¢4 homozygous mice, which prevented A plaque
formation or related toxicity in an age-dependent way [82]. The administration of ApoE-
targeted ASO in an ApoE4-expressing mouse model of tauopathy, which is defined by the
tau pathology common to AD, was also demonstrated to protect against tau-associated
neurodegeneration and other neuropathological features of this disease, namely synaptic
disruption and neuroinflammation [83].

Lowering the levels of ApoE4 protein through immunotherapy, using monoclonal
antibodies against this isoform, is another approach that has shown promising experimen-
tal results. These antibodies are proposed to specifically target brain ApoE4, diminish-
ing ApoE4 toxicity [84]. Direct intracerebroventricular injection of mAb 9D11 prevented
ApoE4-mediated accumulation of A in hippocampal neurons by inhibiting neprilysin,
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an AB-degrading enzyme. Thus, administration of anti-ApoE4 antibodies attenuates A3
pathology, neurodegeneration and cognitive impairments in ApoE4-expressing mouse
models of AD [84]. These studies suggest that increasing the levels of ApoE2 or lower-
ing the levels of ApoE4 would be protective against AD-related pathogenic mechanisms,
including those related to the main histopathological hallmarks of the disease.

Another line of reasoning, based on the hypothesis that neuronal ApoE4 fragmentation
is a key event for ApoE4-induced neurotoxicity, suggests that preventing its proteolytical
cleavage into fragments could be therapeutically effective in AD. In this regard, small
molecules that disrupt the interaction between the N- and C-terminal domains of ApoE4
protein, also called “structure correctors”, have been tested in such a way that ApoE4
becomes less prone to fragmentation [85]. In this respect, ApoE4-expressing N2a cells
pharmacologically treated with GIND25, a small molecule that is able to disrupt ApoE4
domain interaction, reverted some AD-related mitochondrial alterations, namely by restor-
ing Cx 1V levels [22]. By blocking ApoE4 domain interaction, GIND25 was then able to
modify the protein tertiary structure into an ApoE3-like conformation, which is proposed to
underly the ablation of its neurotoxic effects [85]. Additionally, treating ApoE4-expressing
iPSC-derived neurons with PH002, another structure corrector, was able to ameliorate the
toxic effects induced by this isoform of ApoE, by reducing ApoE4 detrimental effect on
neurite outgrowth in Neuro-2a cells and dendritic spine development in primary neu-
rons [85], increasing the number of GABAergic neurons and reducing P-tau, Af4y and
Ay levels [86]. The potentially therapeutic effects induced by PH002 were accompanied
by a significant decrease in ApoE4 fragment levels [86], which corroborates the hypothesis
that inhibiting ApoE4 domain interaction may be a key event in preventing its proteolytical
cleavage and subsequent neurotoxic effects.

In the context of targeting ApoE4 fragmentation as a therapeutical strategy in AD,
the inhibition of specific proteases is proposed to be a promising approach; however, a
more detailed study about the enzymes involved in neuronal ApoE4 cleavage is still
necessary [11,21,45]. Nevertheless, as previously mentioned in this review, some au-
thors identified collagenase, MMP-9, neuron-specific x-chymotrypsin-like serine protease,
cathepsin D and HtrA1 as some of the proteases that are able to cleave ApoE4 into neuro-
toxic fragments. Thus, finding molecules that can block its enzymatic activity would be
relevant to prevent their deleterious effects.

To genetically convert ApoE4 into ApoE3 or ApoE2 proteins would be also hypo-
thetically effective in reducing ApoE fragments since their structural properties make
these proteins less susceptible to proteolytical cleavage; this would also protect against
AD-related phenotypical alterations that have been extensively attributed to ApoE4 [17].
CRISPR/Cas9 technology, which allow precise genetic modifications, was used to convert
APOE &4 into APOE €3 in neuronal, astrocytic and microglial cells types from iPSCs de-
rived from LOAD patients, which led to the attenuation of some AD-related pathologies,
namely A glial uptake [39]. Despite its promising results in vitro, genome editing has
not yet revealed effective results in animal models [45] and its translation to clinics might
be challenging.

As explained in this review, ApoE plays an important role in mediating lipid transport
and, consequently, facilitating A3 clearance. Thus, taking into consideration the contribu-
tion of AB accumulation and aggregation to neurodegeneration and AD progression, lipid
metabolism is another hypothetically promising therapeutical target. Comparing to the
other ApoE isoforms, ApoE4 is hypolipidated, which prevents its binding to soluble and
fibrillar forms of A3 and enhances its accumulation. Thus, using ABCA1 agonists allows
ApoE4 lipidation and was shown to reduce ApoE4-mediated A {342 accumulation and tau
hyperphosphorylation in hippocampal neurons, as well as rescue synaptic impairments
and cognitive deficits in ApoE4-targeted replacement mice [87]. ABCA1 agonists also
rescued impaired AP degradation in ApoE4 cells and further decreased ApoE and ABCA1
aggregation in the hippocampus of ApoE4-targeted replacement mice [88].
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Another recently proposed strategy to attenuate ApoE4-mediated impairments in
brain lipid metabolism was to increase cholesterol transport. Cyclodextrin, an inhibitor of
cholesterol biosynthesis, was able to reduce cholesterol accumulation in oligodendrocytes,
rescuing their function and promoting myelination in vitro and in vivo. Pharmacological
treatment of ApoE4-TR mice with this molecule was also able to improve learning and
memory function [36].

Several other therapeutical approaches have been consistently proposed, reinforcing
the relevance of using the up-to-date knowledge to develop new strategies towards a better
comprehension of ApoE4 pathogenic pathways and intracellular mechanisms, in order to
identify putative therapeutical targets and reduce the vulnerability to develop AD, ApoE4
neurotoxic effects and subsequent cognitive decline. Summary of ApoE-related therapeutic
strategies and respective experimental-based approaches is displayed in Table 1.

Table 1. Summary of ApoE-related therapeutic strategies and respective experimental-based approaches.

Therapeutic Strategy Experimental-Based Approach Reference(s)

AAVs encoding ApoE2 expression; Hudry et al. [79]

ApoE2 brain delivery Surface-functionalized llposgmes containing Arora et al. [80]
ApoE2 plasmid
Downregulation of ApoE4 expression ASQs targeting ApoE4 puyrh etal 1550

Litvinchuk et al. [83]

Decrease in ApoE4 levels

Immunotherapy using anti-ApoE4

monoclonal antibodies Luzetal. [84]

Prevention of ApoE4 proteolytical cleavage into Small molecules inhibiting ApoE4 domain Brodbeck et al. [85];
neurotoxic fragments interaction (“structure correctors”) Wang et al. [86]
Genetic conversion of ApoE ¢4 allele into €3 or 2 CRISPR-Cas9 technology Lin et al. [39]

Increase in ApoE4 lipidation to promote
LRP1-mediated A clearance

Boehm-Cagan et al. [87];

ABCA1 agonists Rawat et al. [85]

Increase in cholesterol transport and myelination Cholesterol biosynthesis inhibitors Blanchard et al. [36]
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Abbreviations

Apm Mitochondrial membrane potential

aa Amino acid(s)

AAV Adeno-associated virus

ABCAL1l ATP-binding cassette transporter Al

AD Alzheimer’s disease

ADNP Activity Dependent Neuroprotector Homeobox
APOE Apolipoprotein E

ApoE4 Apolipoprotein E4

APP Amyloid precursor protein

APP/PS1 Mice expressing APP-Swedish and PSEN1-dE9 mutations

ASO Antisense oligonucleotides
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AR

APao
APy
ABO
BDNF
BiP
C-terminal
CCcCP
COMMD6
COX
CSF
Drpl
EOAD
ER
FADH,
Fisl
GSK3p
HDAC
IL-1B
IL-6

P53

IP3R
iPSC

KI

LDL
LDLR
LOAD
LRP1
MADD
MAM
MAPK
MCI
mEPSC
MFN1/2
mPTP
MRI
mRNA
mtDNA
N-terminal
N2a
NADH
NFTs
NFkB
NMDAR
NRF1/2
NSE
OCR
OPA1
P-tau
PET
PP2A
PPP2R5E
PSENT1 (or PS1)
PSEN2
ROS
TNF«x
TR
VDAC

Amyloid- peptide

AP peptide with 40 amino acids

Ap peptide with 42 amino acids

A4 oligomers

Brain-derived neurotrophic factor

Binding immunoglobulin protein
Carboxyl-terminal

Carboxyl cyanide m-chlorophenyl hydrazone
COMM Domain Containing 6

Cytochrome c oxidase (or Complex IV or CxIV)
Cerebrospinal fluid

Dynamin-like protein 1

Early-onset Alzheimer’s disease
Endoplasmic reticulum

Flavin adenine dinucleotide, reduced form
Mitochondrial fission protein-1

Glycogen synthase kinase-3 3

Histone deacetylase

Interleukin-13

Interleukin-6

Inositol 1,4,5-trisphosphate

Inositol 1,4,5-trisphosphate receptor
Induced pluripotent stem cells

Knock-in

Low density lipoprotein

Low density lipoprotein receptor
Late-onset Alzheimer’s disease

LDL receptor-related protein-1

MAPK Activating Death Domain
Mitochondria-ER-associated membranes
Mitogen-activated protein kinase

Mild cognitive impairment
Mini-excitatory postsynaptic current
Mitofusin 1/2

Mitochondrial permeability transition pore
Magnetic resonance imaging

messenger RNA

mitochondrial DNA

Amino-terminal

Neuro-2a cell line

Nicotinamide adenine dinucleotide, reduced form
Neurofibrillary tangles

Nuclear factor-«B

N-methyl-D-aspartate receptor

Nuclear Respiratory Factor 1/2
Neuron-specific enolase

Oxygen consumption rate

Optic atrophy 1 protein
Hyperphosphorylated tau protein

Positron emission tomography

Protein phosphatase 2A

Protein phosphatase 2, regulatory subunit B’, epsilon isoform
Presenilin 1

Presenilin 2

Reactive oxygen species

Tumor necrosis factor o

Target replacement

Voltage-dependent anion-selective channel



Int. . Mol. Sci. 2023, 24, 778 17 of 20

References

1. Fontana, I.C.; Zimmer, A.R.; Rocha, A.S.; Gosmann, G.; Souza, D.O.; Lourenco, M.V.; Ferreira, S.T.; Zimmer, E.R. Amyloid-f
Oligomers in Cellular Models of Alzheimer’s Disease. ]. Neurochem. 2020, 155, 348-369. [CrossRef]

2. Guo, T; Zhang, D.; Zeng, Y.; Huang, T.Y.; Xu, H.; Zhao, Y. Molecular and Cellular Mechanisms Underlying the Pathogenesis of
Alzheimer’s Disease. Mol. Neurodegener. 2020, 15, 1-37. [CrossRef]

3. Prince, M.; Wimo, A.; Guerchet, M. World Alzheimer Report 2015, The Global Impact of Dementia: An Analysis of Prevalence, Incidence,
Cost and Trends; Alzheimer’s Disease International: London, UK, 2015; pp. 6-27.

4. Chen, H.; Chen, F; Jiang, Y.; Zhang, L.; Hu, G.; Sun, F; Zhang, M.; Ji, Y.; Chen, Y.; Che, G.; et al. A Review of ApoE4 Interference
Targeting Mitophagy Molecular Pathways for Alzheimer’s Disease. Front. Aging Neurosci. 2022, 14, 1-14. [CrossRef]

5. Long, ].M.; Holtzman, D.M. Alzheimer Disease: An Update on Pathobiology and Treatment Strategies. Cell 2019, 179, 312-339.
[CrossRef]

6. McKhann, G.M.; Knopman, D.S.; Chertkow, H.; Hyman, B.T.; Jack, C.R., Jr.; Kawas, C.H.; Klunk, W.E.; Koroshetz, W.J.; Manly,
J.J.; Mayeux, R.; et al. The Diagnosis of Dementia Due to Alzheimer’s Disease: Recommendations from the National Institute
on Aging-Alzheimer’s Association Workgroups on Diagnostic Guidelines for Alzheimer’s Disease. Alzheimer’s Dement. 2011, 7,
263-269. [CrossRef]

7. Kanekiyo, T. ApoE and Abeta in Alzhimer’s Disease: Accidental Encounters or Partners? Changes 2012, 29, 997-1003. [CrossRef]

8.  Ayodele, T,; Rogaeva, E.; Kurup, ].T.; Beecham, G.; Reitz, C. Early-Onset Alzheimer’s Disease: What Is Missing in Research? Curr.
Neurol. Neurosci. Rep. 2021, 21, 4. [CrossRef]

9.  McDade, E.; Wang, G.; Gordon, B.A.; Hassenstab, J.; Benzinger, T.L.S.; Buckles, V.; Fagan, A.M.; Holtzman, D.M.; Cairns, N.J.;
Goate, A.M; et al. Longitudinal Cognitive and Biomarker Changes in Dominantly Inherited Alzheimer Disease. Neurology 2018,
91, €1295-e1306. [CrossRef]

10. Richetin, K.; Steullet, P.; Pachoud, M.; Perbet, R.; Parietti, E.; Maheswaran, M.; Eddarkaoui, S.; Bégard, S.; Pythoud, C,;
Rey, M; et al. Tau Accumulation in Astrocytes of the Dentate Gyrus Induces Neuronal Dysfunction and Memory Deficits in
Alzheimer’s Disease. Nat. Neurosci. 2020, 23, 1567-1579. [CrossRef]

11. Huang, Y.; Mucke, L. Alzheimer Mechanisms and Therapeutic Strategies. Cell 2012, 148, 1204-1222. [CrossRef]

12.  Gomez-Isla, T.; Price, J.L.; McKeel, D.W.,, Jr.; Morris, J.C.; Growdon, ].H.; Hyman, B.T. Profound Loss of Layer II Entorhinal Cortex
Neurons Occurs in Very Mild Alzheimer’s Disease. J. Neurosci. 1996, 16, 4491-4500. [CrossRef]

13. Kametani, F; Hasegawa, M. Reconsideration of Amyloid Hypothesis and Tau Hypothesis in Alzheimer’s Disease. Front. Neurosci.
2018, 12, 25. [CrossRef]

14. Fernandez, C.G.; Hamby, M.E.; McReynolds, M.L.; Ray, W.J. The Role of ApoE4 in Disrupting the Homeostatic Functions of
Astrocytes and Microglia in Aging and Alzheimer’s Disease. Front. Aging Neurosci. 2019, 10, 1-18. [CrossRef]

15.  Zhao, ].; 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]

16. Farrer, L.A.; Cupples, L.A.; Haines, ].L.; Hyman, B.; Kukull, W.A.; Mayeux, R.; Myers, R.H.; Pericak-Vance, M.A ; Risch, N.; Van
Duijn, C.M. Effects of Age, Sex, and Ethnicity on the Association between Apolipoprotein E Genotype and Alzheimer Disease: A
Meta-Analysis. . Am. Med. Assoc. 1997, 278, 1349-1356. [CrossRef]

17.  Serrano-Pozo, A.; Das, S.; Hyman, B.T. APOE and Alzheimer’s Disease: Advances in Genetics, Pathophysiology, and Therapeutic
Approaches. Lancet Neurol. 2021, 20, 68-80. [CrossRef]

18.  Simonovitch, S.; Schmukler, E.; Masliah, E.; Pinkas-kramarski, R.; Michaelson, M.; Section, N.; Jolla, L.; Diego, S.; Jolla, L.; Diego,
S. The Effects of APOE4 on Mitochondrial Dynamics and Proteins in vivo. J. Alzheimer’s Dis. 2019, 70, 861-875. [CrossRef]

19. Tambini, M.D.; Pera, M.; Kanter, E.; Yang, H.; Guardia-Laguarta, C.; Holtzman, D.; Sulzer, D.; Area-Gomez, E.; Schon, E.A. ApoE4
Upregulates the Activity of Mitochondria-associated ER Membranes. EMBO Rep. 2016, 17, 27-36. [CrossRef]

20. Dose, ]J.; Huebbe, P.; Nebel, A.; Rimbach, G. APOE Genotype and Stress Response—A Mini Review. Lipids Health Dis. 2016, 15,
1-15. [CrossRef]

21.  Vecchio, FL.; Bisceglia, P.; Imbimbo, B.P.; Lozupone, M.; Latino, R.R.; Resta, E.; Leone, M.; Solfrizzi, V.; Greco, A.; Daniele, A; et al.
Are Apolipoprotein E Fragments a Promising New Therapeutic Target for Alzheimer’s Disease? Ther. Adv. Chronic Dis. 2022,
13,204062232210816. [CrossRef]

22. Chen, HK, Ji, Z.S,; Dodson, S.E.; Miranda, R.D.; Rosenblum, C.I.; Reynolds, 1.].; Freedman, S.B.; Weisgraber, K.H.; Huang, Y.;
Mahley, R.W. Apolipoprotein E4 Domain Interaction Mediates Detrimental Effects on Mitochondria and Is a Potential Therapeutic
Target for Alzheimer Disease. J. Biol. Chem. 2011, 286, 5215-5221. [CrossRef]

23.  Saul, A,; Wirths, O. Endogenous Apolipoprotein E (ApoE) Fragmentation Is Linked to Amyloid Pathology in Transgenic Mouse
Models of Alzheimer’s Disease. Mol. Neurobiol. 2017, 54, 319-327. [CrossRef]

24. Kloske, C.M.; Wilcock, D.M. The Important Interface Between Apolipoprotein E and Neuroinflammation in Alzheimer’s Disease.
Front. Immunol. 2020, 11, 1-12. [CrossRef]

25. Rohn, T.T.; Moore, Z.D. Nuclear Localization of Apolipoprotein E4: A New Trick for an Old Protein. Int. ]. Neurol. Neurother. 2017,
4, 67. [CrossRef]

26. Mahley, RW.; Weisgraber, K.H.; Huang, Y. Apolipoprotein E4: A Causative Factor and Therapeutic Target in Neuropathology,

Including Alzheimer’s Disease. Proc. Natl. Acad. Sci. USA 2006, 103, 5644-5651. [CrossRef]


http://doi.org/10.1111/jnc.15030
http://doi.org/10.1186/s13024-020-00391-7
http://doi.org/10.3389/fnagi.2022.881239
http://doi.org/10.1016/j.cell.2019.09.001
http://doi.org/10.1016/j.jalz.2011.03.005
http://doi.org/10.1016/j.neuron.2014.01.045.ApoE
http://doi.org/10.1007/s11910-020-01090-y
http://doi.org/10.1212/WNL.0000000000006277
http://doi.org/10.1038/s41593-020-00728-x
http://doi.org/10.1016/j.cell.2012.02.040
http://doi.org/10.1523/JNEUROSCI.16-14-04491.1996
http://doi.org/10.3389/fnins.2018.00025
http://doi.org/10.3389/fnagi.2019.00014
http://doi.org/10.1038/s41467-020-19264-0
http://doi.org/10.1001/jama.1997.03550160069041
http://doi.org/10.1016/S1474-4422(20)30412-9
http://doi.org/10.3233/JAD-190074
http://doi.org/10.15252/embr.201540614
http://doi.org/10.1186/s12944-016-0288-2
http://doi.org/10.1177/20406223221081605
http://doi.org/10.1074/jbc.M110.151084
http://doi.org/10.1007/s12035-015-9674-4
http://doi.org/10.3389/fimmu.2020.00754
http://doi.org/10.23937/2378-3001/1410067
http://doi.org/10.1073/pnas.0600549103

Int. . Mol. Sci. 2023, 24, 778 18 of 20

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Love, ].E.; Day, RJ.; Gause, ].W.; Brown, R.J.; Pu, X,; Theis, D.I; Caraway, C.A.; Poon, WW.; Rahman, A.A.; Morrison, B.E.; et al.
Nuclear Uptake of an Amino-Terminal Fragment of Apolipoprotein E4 Promotes Cell Death and Localizes within Microglia of
the Alzheimer’s Disease Brain. Int. J. Physiol. Pathophysiol. Pharmacol. 2017, 9, 40-57.

Liang, T.; Hang, W.; Chen, J.; Wu, Y.; Wen, B.; Xu, K.; Ding, B.; Chen, J. ApoE4 (A272-299) Induces Mitochondrial-associated
Membrane Formation and Mitochondrial Impairment by Enhancing GRP75-Modulated Mitochondrial Calcium Overload in
Neuron. Cell Biosci. 2021, 11, 50. [CrossRef]

Chang, S.; Ma, T.R.; Miranda, R.D.; Balestra, M.E.; Mahley, R W.; Huang, Y. Lipid- and Receptor-Binding Regions of Apolipoprotein
E4 Fragments Act in Concert to Cause Mitochondrial Dysfunction and Neurotoxicity. Proc. Natl. Acad. Sci. USA 2005, 102,
18694-18699. [CrossRef]

Brecht, W.J.; Harris, EM.; Chang, S.; Tesseur, I.; Yu, G.Q.; Xu, Q.; Fish, ].D.; Wyss-Coray, T.; Buttini, M.; Mucke, L.; et al.
Neuron-Specific Apolipoprotein E4 Proteolysis Is Associated with Increased Tau Phosphorylation in Brains of Transgenic Mice.
J. Neurosci. 2004, 24, 2527-2534. [CrossRef]

Liraz, O.; Boehm-Cagan, A.; Michaelson, D.M. ApoE4 Induces A342, Tau, and Neuronal Pathology in the Hippocampus of Young
Targeted Replacement ApoE4 Mice. Mol. Neurodegener. 2013, 8, 1. [CrossRef]

Ang, L.S.; Cruz, R.P; Hendel, A.; Granville, D.J. Apolipoprotein E, an Important Player in Longevity and Age-Related Diseases.
Exp. Gerontol. 2008, 43, 615-622. [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] [PubMed]

Riddell, D.R.; Zhou, H.; Atchison, K.; Warwick, HK.; Atkinson, PJ.; Jefferson, ]J.; Xu, L.; Aschmies, S.; Kirksey, Y.; Hu, Y.; et al.
Impact of Apolipoprotein E (ApoE) Polymorphism on Brain ApoE Levels. ]. Neurosci. 2008, 28, 11445-11453. [CrossRef]

Rapp, A.; Gmeiner, B.; Hiittinger, M. Implication of ApoE Isoforms in Cholesterol Metabolism by Primary Rat Hippocampal
Neurons and Astrocytes. Biochimie 2006, 88, 473-483. [CrossRef]

Blanchard, ].W.; Akay, L.A.; Davila-Velderrain, J.; von Maydell, D.; Mathys, H.; Davidson, S.M.; Effenberger, A.; Chen, C.-Y,;
Maner-Smith, K.; Hajjar, I.; et al. APOE4 Impairs Myelination via Cholesterol Dysregulation in Oligodendrocytes. Nature 2022,
611,769-779. [CrossRef]

Theendakara, V.; Peters-Libeu, C.A.; Spilman, P.; Poksay, K.S.; Bredesen, D.E.; Rao, R.V. Direct Transcriptional Effects of
Apolipoprotein E. J. Neurosci. 2016, 36, 685-700. [CrossRef]

Ding, Y.; Kang, A.; Tang, Q.; Zhao, Y. Inhibition of HDAC6 Expression Decreases Brain Injury Induced by APOE4 and Af3
Co-Aggregation in Rats. Mol. Med. Rep. 2019, 20, 3363-3370. [CrossRef]

Lin, Y.-T.; Seo, J.; Gao, E; Feldman, H.M.; Wen, H.-L.; Penney, J.; Cam, H.P.; Gjoneska, E.; Raja, WK.; Cheng, ].; 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. [CrossRef]

Husain, M.A.; Laurent, B.; Plourde, M. APOE and Alzheimer’s Disease: From Lipid Transport to Physiopathology and Therapeu-
tics. Front. Neurosci. 2021, 15, 1-15. [CrossRef]

Thal, D.R. The Role of Astrocytes in Amyloid 3-Protein Toxicity and Clearance. Exp. Neurol. 2012, 236, 1-5. [CrossRef]

Mathur, R; Ince, PG.; Minett, T.; Garwood, C.J.; Shaw, PJ.; Matthews, EE.; Brayne, C.; Simpson, ].E.; Wharton, S.B.; on behalf of
the MRC Cognitive Function and Ageing Neuropathology Study Group. A Reduced Astrocyte Response to 3-Amyloid Plaques
in the Ageing Brain Associates with Cognitive Impairment. PLoS ONE 2015, 10, e0118463. [CrossRef]

Theendakara, V.; Peters-Libeu, C.A.; Bredesen, D.E.; Rao, R.V. Transcriptional Effects of ApoE4: Relevance to Alzheimer’s Disease.
Mol. Neurobiol. 2018, 55, 5243-5254. [CrossRef] [PubMed]

Zhao, J.; Davis, M.D.; Martens, Y.A.; Shinohara, M.; Graff-Radford, N.R.; Younkin, S.G.; Wszolek, Z.K.; Kanekiyo, T.; Bu, G. APOE
E4/E4 Diminishes Neurotrophic Function of Human IPSC-Derived Astrocytes. Hum. Mol. Genet. 2017, 26, 2690-2700. [CrossRef]
Safieh, M.; Korczyn, A.D.; Michaelson, D.M. ApoE4: An Emerging Therapeutic Target for Alzheimer’s Disease. BMC Med. 2019,
17,1-17. [CrossRef] [PubMed]

Brun, A.; Englund, E. A White Matter Disorder in Dementia of the Alzheimer Type: A Pathoanatomical Study. Ann. Neurol. 1986,
19, 253-262. [CrossRef]

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]

Kondo, T.; Asai, M.; Tsukita, K.; Kutoku, Y.; Ohsawa, Y.; Sunada, Y.; Imamura, K.; Egawa, N.; Yahata, N.; Okita, K.; et al.
Modeling Alzheimer’s Disease with IPSCs Reveals Stress Phenotypes Associated with Intracellular A and Differential Drug
Responsiveness. Cell Stem Cell 2013, 12, 487-496. [CrossRef]

Reiman, E.M.; Uecker, A.; Caselli, R].; Lewis, S.; Bandy, D.; de Leon, M.].; De Santi, S.; Convit, A.; Osborne, D.; Weaver, A; et al.
Hippocampal Volumes in Cognitively Normal Persons at Genetic Risk for Alzheimer’s Disease. Ann. Neurol. 1998, 44, 288-291.
[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]


http://doi.org/10.1186/s13578-021-00563-y
http://doi.org/10.1073/pnas.0508254102
http://doi.org/10.1523/JNEUROSCI.4315-03.2004
http://doi.org/10.1186/1750-1326-8-16
http://doi.org/10.1016/j.exger.2008.03.010
http://www.ncbi.nlm.nih.gov/pubmed/18468826
http://doi.org/10.1038/nrneurol.2012.263
http://www.ncbi.nlm.nih.gov/pubmed/23296339
http://doi.org/10.1523/JNEUROSCI.1972-08.2008
http://doi.org/10.1016/j.biochi.2005.10.007
http://doi.org/10.1038/s41586-022-05439-w
http://doi.org/10.1523/JNEUROSCI.3562-15.2016
http://doi.org/10.3892/mmr.2019.10571
http://doi.org/10.1016/j.neuron.2018.05.008
http://doi.org/10.3389/fnins.2021.630502
http://doi.org/10.1016/j.expneurol.2012.04.021
http://doi.org/10.1371/journal.pone.0118463
http://doi.org/10.1007/s12035-017-0757-2
http://www.ncbi.nlm.nih.gov/pubmed/28879423
http://doi.org/10.1093/hmg/ddx155
http://doi.org/10.1186/s12916-019-1299-4
http://www.ncbi.nlm.nih.gov/pubmed/30890171
http://doi.org/10.1002/ana.410190306
http://doi.org/10.1073/pnas.1609896113
http://doi.org/10.1016/j.stem.2013.01.009
http://doi.org/10.1002/ana.410440226
http://doi.org/10.1002/ana.25455

Int. . Mol. Sci. 2023, 24, 778 19 of 20

51.

52.

53.

54.

55.

56.

57.

58.
59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Huang, Y.; Liu, X.Q.; Wyss-Coray, T.; Brecht, W]J.; Sanan, D.A.; Mahley, R.W. Apolipoprotein E Fragments Present in Alzheimer’s
Disease Brains Induce Neurofibrillary Tangle-like Intracellular Inclusions in Neurons. Proc. Natl. Acad. Sci. USA 2001, 98,
8838-8843. [CrossRef]

Rauch, J.N.; Luna, G.; Guzman, E.; Audouard, M.; Challis, C.; Sibih, Y.E.; Leshuk, C.; Hernandez, 1., Wegmann, S.;
Hyman, B.T.; et al. LRP1 Is a Master Regulator of Tau Uptake and Spread. Nature 2020, 580, 381-385. [CrossRef]

Hamdan, A.M.E,; Alharthi, EH.J.; Alanazi, A.H.; El-Emam, S.Z.; Zaghlool, 5.S.; Metwally, K.; Albalawi, S.A.; Abdu, Y.S.; Mansour,
R.E.-S.; Salem, H.A.; et al. Neuroprotective Effects of Phytochemicals against Aluminum Chloride-Induced Alzheimer’s Disease
through ApoE4/LRP1, Wnt3/3-Catenin/GSK3p3, and TLR4/NLRP3 Pathways with Physical and Mental Activities in a Rat
Model. Pharmaceuticals 2022, 15, 1008. [CrossRef]

Leroy, A.; Landrieu, I.; Huvent, I.; Legrand, D.; Codeville, B.; Wieruszeski, ].-M.; Lippens, G. Spectroscopic Studies of GSK3[3
Phosphorylation of the Neuronal Tau Protein and Its Interaction with the N-Terminal Domain of Apolipoprotein E. J. Biol. Chem.
2010, 285, 33435-33444. [CrossRef] [PubMed]

Keable, A.; O'Neill, R.; MacGregor Sharp, M.; Gatherer, M.; Yuen, H.M.; Johnston, D.A.; Weller, R.O.; Carare, R.O. ApoE4
Astrocytes Secrete Basement Membranes Rich in Fibronectin and Poor in Laminin Compared to ApoE3 Astrocytes. IJMS 2020,
21,4371. [CrossRef] [PubMed]

Abramov, A.Y.; Canevari, L.; Duchen, M.R. Calcium Signals Induced by Amyloid 3 Peptide and Their Consequences in Neurons
and Astrocytes in Culture. Biochim. Biophys. Acta (BBA) Mol. Cell Res. 2004, 1742, 81-87. [CrossRef] [PubMed]
Larramona-Arcas, R.; Gonzalez-Arias, C.; Perea, G.; Gutiérrez, A.; Vitorica, J.; Garcia-Barrera, T.; Gomez-Ariza, J.L.; Pascua-
Maestro, R.; Ganfornina, M.D.; Kara, E.; et al. Sex-Dependent Calcium Hyperactivity Due to Lysosomal-Related Dysfunction in
Astrocytes from APOE4 versus APOE3 Gene Targeted Replacement Mice. Mol. Neurodegener. 2020, 15, 35. [CrossRef] [PubMed]
Parker, W.D.; Parks, ] K. Cytochrome C Oxidase in Alzheimer’s Disease Brain. Neurology 1995, 45, 482-486. [CrossRef]
Pohland, M.; Pellowska, M.; Asseburg, H.; Hagl, S.; Reutzel, M.; Joppe, A.; Berressem, D.; Eckert, S.H.; Wurglics, M.; Schubert-
Zsilavecz, M.; et al. MH84 Improves Mitochondrial Dysfunction in a Mouse Model of Early Alzheimer’s Disease. Alzheimer’s Res.
Ther. 2018, 10, 18. [CrossRef]

Liang, W.S.; Reiman, E.M.; Valla, J.; Dunckley, T.; Beach, T.G.; Grover, A.; Niedzielko, T.L.; Schneider, L.E.; Mastroeni, D.; Caselli,
R.; et al. Alzheimer’s Disease Is Associated with Reduced Expression of Energy Metabolism Genes in Posterior Cingulate
Neurons. Proc. Natl. Acad. Sci. USA 2008, 105, 4441-4446. [CrossRef]

Valla, ].; Schneider, L.; Niedzielko, T.; Coon, K.D.; Caselli, R.; Sabbagh, M.N.; Ahern, G.L.; Baxter, L.; Alexander, G.; Walker, D.G;
et al. Impaired Platelet Mitochondrial Activity in Alzheimer’s Disease and Mild Cognitive Impairment. Mitochondrion 2006, 6,
323-330. [CrossRef]

Chagnon, P; Bétard, C.; Robitaille, Y.; Cholette, A.; Gauvreau, D. Distribution of Brain Cytochrome Oxidase Activity in Various
Neurodegenerative Diseases. Neuroreport 1995, 6, 711-715. [CrossRef]

Peng, Y.; Gao, P.;; Shi, L.; Chen, L.; Liu, J.; Long, J. Central and Peripheral Metabolic Defects Contribute to the Pathogenesis
of Alzheimer’s Disease: Targeting Mitochondria for Diagnosis and Prevention. Antioxid. Redox Signal. 2020, 32, 1188-1236.
[CrossRef] [PubMed]

Ward, M.W.; Rego, A.C.; Frenguelli, B.G.; Nicholls, D.G. Mitochondrial Membrane Potential and Glutamate Excitotoxicity in
Cultured Cerebellar Granule Cells. . Neurosci. 2000, 20, 7208-7219. [CrossRef]

Onyango, I.G.; Dennis, J.; Khan, S.M. Mitochondrial Dysfunction in Alzheimer’s Disease and the Rationale for Bioenergetics
Based Therapies. Aging Dis. 2016, 7, 201-214. [CrossRef]

Cheng, Y.; Bai, F. The Association of Tau with Mitochondrial Dysfunction in Alzheimer’s Disease. Front. Neurosci. 2018, 12,
2014-2019. [CrossRef] [PubMed]

Lustbader, ] W,; Cirilli, M.; Lin, C.; Xu, HW.; Takuma, K.; Wang, N.; Caspersen, C.; Chen, X,; Pollak, S.; Chaney, M.; et al. ABAD
Directly Links A to Mitochondrial Toxicity in Alzheimer’s Disease. Science 2004, 304, 448-452. [CrossRef]

Hauptmann, S.; Scherping, I.; Drése, S.; Brandt, U.; Schulz, K.L.; Jendrach, M.; Leuner, K.; Eckert, A.; Miiller, W.E. Mitochondrial
Dysfunction: An Early Event in Alzheimer Pathology Accumulates with Age in AD Transgenic Mice. Neurobiol. Aging 2009, 30,
1574-1586. [CrossRef] [PubMed]

Sikora, E.; Bielak-Zmijewska, A.; Dudkowska, M.; Krzystyniak, A.; Mosieniak, G.; Wesierska, M.; Wlodarczyk, J. Cellular
Senescence in Brain Aging. Front. Aging Neurosci. 2021, 13, 1-23. [CrossRef]

Giorgi, C.; Marchi, S.; Pinton, P. The Machineries, Regulation and Cellular Functions of Mitochondrial Calcium. Nat. Rev. Mol.
Cell Biol. 2018, 19, 713-730. [CrossRef]

Schmukler, E.; Solomon, S.; Simonovitch, S.; Goldshmit, Y.; Wolfson, E.; Michaelson, D.M.; Pinkas-Kramarski, R. Altered
Mitochondrial Dynamics and Function in APOE4-Expressing Astrocytes. Cell Death Dis. 2020, 11, 1-13. [CrossRef]

Schéchter, F.; Faure-Delanef, L.; Guénot, F.; Rouger, H.; Froguel, P.; Lesueur-Ginot, L.; Cohen, D. Genetic Associations with
Human Longevity at the APOE and ACE Loci. Nat. Genet. 1994, 6, 29-32. [CrossRef]

Orr, AL; Kim, C.; Jimenez-Morales, D.; Newton, B.W.; Johnson, J.R.; Krogan, N.J.; Swaney, D.L.; Mahley, R.W. Neuronal
Apolipoprotein E4 Expression Results in Proteome-Wide Alterations and Compromises Bioenergetic Capacity by Disrupting
Mitochondrial Function. J. Alzheimer’s Dis. 2019, 68, 991-1011. [CrossRef]


http://doi.org/10.1073/pnas.151254698
http://doi.org/10.1038/s41586-020-2156-5
http://doi.org/10.3390/ph15081008
http://doi.org/10.1074/jbc.M110.149419
http://www.ncbi.nlm.nih.gov/pubmed/20679343
http://doi.org/10.3390/ijms21124371
http://www.ncbi.nlm.nih.gov/pubmed/32575521
http://doi.org/10.1016/j.bbamcr.2004.09.006
http://www.ncbi.nlm.nih.gov/pubmed/15590058
http://doi.org/10.1186/s13024-020-00382-8
http://www.ncbi.nlm.nih.gov/pubmed/32517777
http://doi.org/10.1212/WNL.45.3.482
http://doi.org/10.1186/s13195-018-0342-6
http://doi.org/10.1073/pnas.0709259105
http://doi.org/10.1016/j.mito.2006.10.004
http://doi.org/10.1097/00001756-199503270-00002
http://doi.org/10.1089/ars.2019.7763
http://www.ncbi.nlm.nih.gov/pubmed/32050773
http://doi.org/10.1523/JNEUROSCI.20-19-07208.2000
http://doi.org/10.14336/AD.2015.1007
http://doi.org/10.3389/fnins.2018.00163
http://www.ncbi.nlm.nih.gov/pubmed/29623026
http://doi.org/10.1126/science.1091230
http://doi.org/10.1016/j.neurobiolaging.2007.12.005
http://www.ncbi.nlm.nih.gov/pubmed/18295378
http://doi.org/10.3389/fnagi.2021.646924
http://doi.org/10.1038/s41580-018-0052-8
http://doi.org/10.1038/s41419-020-02776-4
http://doi.org/10.1038/ng0194-29
http://doi.org/10.3233/JAD-181184

Int. . Mol. Sci. 2023, 24, 778 20 0f 20

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Valla, J.; Yaari, R.; Wolf, A.B.; Kusne, Y.; Beach, T.G.; Roher, A.E.; Corneveaux, J.J.; Huentelman, M.].; Caselli, R.J.; Reiman,
E.M. Reduced Posterior Cingulate Mitochondrial Activity in Expired Young Adult Carriers of the APOE E4 Allele, the Major
Late-Onset Alzheimer’s Susceptibility Gene. J. Alzheimer’s Dis. 2010, 22, 307-313. [CrossRef]

Nakamura, T.; Watanabe, A.; Fujino, T.; Hosono, T.; Michikawa, M. Apolipoprotein E4 (1-272) Fragment Is Associated with
Mitochondrial Proteins and Affects Mitochondrial Function in Neuronal Cells. Mol. Neurodegener. 2009, 4, 1-11. [CrossRef]
Wang, X.; Su, B.; Lee, H.G,; Li, X;; Perry, G.; Smith, M.A.; Zhu, X. Impaired Balance of Mitochondrial Fission and Fusion in
Alzheimer’s Disease. J. Neurosci. 2009, 29, 9090-9103. [CrossRef]

Kraus, F; Roy, K.; Pucadyil, T.]J.; Ryan, M.T. Function and Regulation of the Divisome for Mitochondrial Fission. Nature 2021, 590,
57-66. [CrossRef]

Urfer-Buchwalder, A.; Urfer, R. Identification of a Nuclear Respiratory Factor 1 Recognition Motif in the Apolipoprotein E Variant
APOE4 Linked to Alzheimer’s Disease. Sci. Rep. 2017, 7, 40668. [CrossRef]

Hudry, E.; Dashkoff, J.; Roe, A.D.; Takeda, S.; Koffie, R.M.; Hashimoto, T.; Scheel, M.; Spires-Jones, T.; Arbel-Ornath, M.; Betensky,
R.; et al. Gene Transfer of Human Apoe Isoforms Results in Differential Modulation of Amyloid Deposition and Neurotoxicity in
Mouse Brain. Sci. Transl. Med. 2013, 5, 212ral61. [CrossRef]

Arora, S.; Layek, B.; Singh, J. Design and Validation of Liposomal ApoE2 Gene Delivery System to Evade Blood—Brain Barrier for
Effective Treatment of Alzheimer’s Disease. Mol. Pharm. 2021, 18, 714-725. [CrossRef]

Quemener, A.M.; Bachelot, L.; Forestier, A.; Donnou-Fournet, E.; Gilot, D.; Galibert, M.-D. The Powerful World of Antisense
Oligonucleotides: From Bench to Bedside. WIREs RNA 2020, 11, €1594. [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]

Litvinchuk, A.; Huynh, T.-P.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]

Luz, I; Liraz, O.; Daniel, M.; Michaelson, D.M. An Anti-apoE4 Specific Monoclonal Antibody Counteracts the Pathological Effects
of apoE4 In Vivo. Curr. Alzheimer Res. 2016, 13, 918-929. [CrossRef]

Brodbeck, J.; McGuire, J.; Liu, Z.; Meyer-Franke, A.; Balestra, M.E.; Jeong, D.; Pleiss, M.; McComas, C.; Hess, F.; Witter, D.; et al.
Structure-dependent impairment of intracellular apolipoprotein E4 trafficking and its detrimental effects are rescued by small-
molecule structure correctors. J. Biol. Chem. 2011, 286, 17217-17226. [CrossRef]

Wang, C.; Najm, R.; Xu, Q.; Jeong, D.-E.; Walker, D.; Balestra, M.E.; Yoon, S.Y.; Yuan, H.; Li, G.; Miller, Z.A; et al. Gain of Toxic
Apolipoprotein E4 Effects in Human IPSC-Derived Neurons Is Ameliorated by a Small-Molecule Structure Corrector. Nat. Med.
2018, 24, 647-657. [CrossRef]

Boehm-Cagan, A.; Bar, R.; Liraz, O.; Bielicki, J.K.; Johansson, J.O.; Michaelson, D.M. ABCA1 Agonist Reverses the ApoE4-Driven
Cognitive and Brain Pathologies. J. Alzheimers Dis. 2016, 54, 1219-1233. [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]

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.


http://doi.org/10.3233/JAD-2010-100129
http://doi.org/10.1186/1750-1326-4-35
http://doi.org/10.1523/JNEUROSCI.1357-09.2009
http://doi.org/10.1038/s41586-021-03214-x
http://doi.org/10.1038/srep40668
http://doi.org/10.1126/scitranslmed.3007000
http://doi.org/10.1021/acs.molpharmaceut.0c00461
http://doi.org/10.1002/wrna.1594
http://doi.org/10.1016/j.neuron.2017.11.014
http://doi.org/10.1002/ana.26043
http://doi.org/10.2174/1567205013666160404120817
http://doi.org/10.1074/jbc.M110.217380
http://doi.org/10.1038/s41591-018-0004-z
http://doi.org/10.3233/JAD-160467
http://doi.org/10.1523/JNEUROSCI.1400-19.2019

	Introduction 
	Role of ApoE in AD Pathogenesis 
	ApoE4 Proteolytic Cleavage 
	Physiological and Pathological Roles of ApoE in the Central Nervous System 
	A—ApoE4 Pathogenic Mechanisms 
	ApoE4 and AD Development 
	Tau—ApoE4 Pathogenic Mechanisms 
	Neuroinflammation and Glial Cells—ApoE4 Pathogenic Mechanisms 

	Mitochondrial Alterations in AD—Impact of ApoE4 
	ApoE4 and Mitochondrial Dysfunction 
	ApoE4 and Impaired Mitochondrial Dynamics and Morphology 

	Transcriptional Regulation by ApoE4 
	ApoE-Targeted Therapeutic Strategies 
	References

