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Abstract. Alzheimer’s disease (AD) is a neurodegenerative disease that is coupled with chronic cognitive dysfunction. AD
cases are mostly late onset, and genetic risk factors like the Apolipoprotein E (APOE) play a key role in this process. APOE
�2, APOE �3, and APOE �4 are three key alleles in the human APOE gene. For late onset, APOE �4 has the most potent
risk factor while APOE �2 plays a defensive role. Several studies suggests that APOE �4 causes AD via different processes
like neurofibrillary tangle formation by amyloid-� accumulation, exacerbated neuroinflammation, cerebrovascular disease,
and synaptic loss. But the pathway is still unclear that which actions of APOE �4 lead to AD development. Since APOE was
found to contribute to many AD pathways, targeting APOE �4 can lead to a hopeful plan of action in development of new
drugs to target AD. In this review, we focus on recent studies and perspectives, focusing on APOE �4 as a key molecule in
therapeutic strategies.
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INTRODUCTION

Alzheimer’s disease (AD) is a neurodegenerative
disease in which neuronal cell death occurs that
leads to memory loss and impaired cognitive func-
tions (Fig. 1). It is the most prevalent disease in all
brain function disorders that is associated with cog-
nitive decline [1]. AD is identified by extracellular
amyloid-� (A�) aggregation, intracellular neurofib-
rillary tangles, with activated glia and neuronal death.
The risk of progressing AD is increased by lifestyle
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and environmental factors, but genetic risk factors
also play a key role in it. Several studies have shown
that there are many loci connected with AD which
are both susceptible and pathogenic genes. Accord-
ing to the age of onset, AD is defined by two forms,
early onset (EOAD) and late onset (LOAD). EOAD
occurs in people who are 65 years below and 1–5%
cases of AD are early onset AD. LOAD occurs in
people who are above 65 years and 95% of AD cases
are late onset AD. There are three gene mutations
that play a key role in EOAD and A� generation,
such as amyloid precursor protein (APP), presenilin-
1 (PSEN1), and presenilin-2 (PSEN2). On the other
note, LOAD is connected with many genes, and it
is more complicated. The allele APOE �4 is consid-
ered as a preponderating determinant of LOAD via
genetics [2].
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Fig. 1. The symptoms of Alzheimer’s disease which are usu-
ally seen in a patient include: Amnesia (short term memory loss
but later turns into long term memory loss); Aphasia (unable to
speak); Apraxia (difficulty with skilled movement); Anosognosia
(unaware of difficulties); and Dyscalculia (specific learning dis-
abilities like math and number-based operations).

Single copy of APOE �4 allele inheritance can
cause higher risk for AD progression, and the peo-
ple are at greater risk than those who have inherited
two copies of APOE �4 allele for AD progression.
It has been found that APOE �4 is also linked to
the early onset of memory dysfunction and differ-
ent symptoms in comparison with people who have
AD but do not have the APOE �4 gene. The reason
behind the connection of APOE �4 to AD progression
is still not clear. Although amyloid plaques are greatly
linked with the APOE �4 genes in tissue of AD patient
brains, accumulation of amyloid plaques in brain tis-
sue leads to neuronal cell death. It has recently been
reported that modifications in tau pathology and neu-
rodegeneration are directly related to APOE isoforms
[3].

Oxidative stress in AD patients is also linked with
the APOE �4 allele, and it has been found to reduce
the antioxidant activity of enzymes in the hippocam-
pus of AD brains. Some oxidative stress markers,
including increased oxidized proteins, elevated levels
of lipid peroxidation, glycosylated products, forma-
tion of aldehydes, alcohols, ketones, free carbonyls,
and as well as modified RNA and mitochondrial and
nuclear DNA due to oxidation, were found in the AD
brain tissue and mitochondria isolated from initial
phase of AD during postmortem. ApoE has shown
to work as an antioxidant in B12 ApoE express-
ing cell lines against hydrogen peroxide mediated
cytotoxicity. It has been found that ApoE-deficient
mice have an increased level of plasma peroxide of
low-density lipoproteins. The levels of lipid oxida-
tion were found to be increased in the frontal cortex

of APOE �4 homozygous and heterozygous carri-
ers of AD patients in comparison to homozygous
APOE �3 carriers. Catalase activity was upregulated
in homozygous APOE �4 carriers while superoxide
dismutase and glutathione activity was not signifi-
cantly upregulated in comparison to controls [4, 5].

APOE �4 was identified to have role in AD devel-
opment 25 years ago but to date there are no drugs
approved for directly targeting it yet. APOE isoforms
have become a propitious target to understand the pro-
gressive pathophysiology of AD patients and adding
a novel therapeutic approach towards AD, due to its
genetic preponderance. However, there is sufficient
clinical research that shows APOE �4 affects various
pathways in the brain that lead to AD progression.
In this review, we will accentuate APOE �4 targeting
studies as a therapeutic strategy to treat AD [6, 7].

AMYLOID-� THEORY OF AD

Amyloid-� is formed by the cleavage of the amy-
loid-� protein precursor (A�PP) by �-secretase and
�-secretase (see Fig. 2). A�PP is present on chro-
mosome 21. Several alternative splicing isoforms
have been observed in humans whose amino acid
length ranges from 639–770 amino acids. A�PP has
three domains: long extracellular N terminal region,
short transmembrane segment, and short C terminal
segment.

Amyloid-� 42 starts accumulating and forms clus-
ters known as oligomers, which is the first stage
of aggregation. Following this, chains of clusters
form fibrils and the final stage is the formation of
plaques which are composed of beta-sheet and other
substances. These stages of aggregation disrupt cell-
to-cell communication and activate immune cells.
The activated immune cells stimulate inflammation
in the brain, which ultimately leads to the brain cell
destruction [9].

TAU TANGLES PLAY A KEY ROLE IN
NEURODEGENERATION

Tau is a microtubule associated protein which
maintains cytoskeleton stability and plasticity. It
also recruits signaling protein to regulate micro-
tubule mediated axonal transport. Along with these,
it has roles in neuronal development, cell signal-
ing, neuroprotection, and apoptosis. To maintain the
cytoskeleton plasticity, tau is present as a phospho-
rylated form and with age plasticity level reduces
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Fig. 2. In most of the cases, A�PP undergoes non-amyloidogenic processing through a consecutive cleavage by �- and �-secretase. The
�-secretase cleaves 639 amino acids longer A�PP into 83 amino acid fragments. �-secretase further processes those fragments and generates
a P3 fragment which has a role in signal transduction [2]. Alternatively, in case of amyloidogenic processing the A�PP is firstly cleaved
by �-secretase (BACE 1) and then by �-secretase. The �-secretase at first generates 99 amino acid long fragments which are cleaved by
�-secretase further. In 90% cases 40 amino acids long, amyloid-� is generated which is harmless, but in rarest condition, 42 amino longer
amyloid-� is formed whose accumulation becomes a triggering cause of a neurodegenerative disease, i.e., Alzheimer’s disease [8].

[10]. Abnormal or excessive phosphorylation (hyper-
phosphorylation) transforms the normal adult tau into
neurofibrillary tangles (NFT). This consequence of
tau hyperphosphorylation may arise due to several
factors like interaction of ApoE4-tau, upregulation of
kinases, or downregulation of phosphatases. Kinases
and phosphatases are key enzymes. The phosphory-
lated tau binds to microtubules and stimulates their
assembly, whereas the hyperphosphorylated ones
lose their biological activity. In abnormally phospho-
rylated tau, tau neither binds to tubulin nor promotes
microtubule assembly, instead it inhibits assembly
and disrupts the microtubule organization required
for maintaining the cytoskeleton plasticity [11]. In
a hyperphosphorylated state, tau binds to other tau
molecules and forms thread which eventually leads
to tangle formation. These tangles block the neuron’s
transport system and disrupt the synaptic communi-
cation between neurons. It was also found that tau
hyperphosphorylation induced the over-production
of reactive oxygen species which are responsible
for cell damage and mitochondrial dysfunctions.
Tauopathies dysregulated the balance between reac-
tive oxygen species levels and antioxidant enzyme
activity [12].

MUTATION IN PS1/PS2 IS RESPONSIBLE
FOR INSOLUBLE AMYLOID
AGGREGATION

Presenilin PS1 or PS2 are catalytic units of �-sec-
retase which is responsible for cleavage of many
transmembrane proteins like A�PP. Following the
cleavage of A�PP by �-secretase, processing by �-
secretase generates A� of varying lengths. A�40
accounts for 90% of population whereas minor A�42
is hydrophobic and acts to nucleate amyloid aggre-
gation and plaque formation. Mutation in PS1 or PS2
causes overproduction of A�42 and acts as one of
the responsible factors in causing pathogenic mech-
anisms in AD [13, 14].

APOLIPOPROTEINS ARE LESSER
EXPLORED FROM AD PERSPECTIVE

Apolipoproteins are polar, and thus can travel in
polar medium (an aqueous medium) despite being
non-polar (lipophilic) in nature. Apolipoproteins
interact with receptors and lipid transport proteins to
participate in lipid processing and metabolism. They
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also serve as cofactors of enzymes participating in
lipid metabolism.

There are various classes of apolipoproteins which
are present on different types of lipoproteins and reg-
ulate their functions. Among them, ApoE has a role
in the central nervous system. It plays a role in lipid
homeostasis and transports cholesterol to neurons via
ApoE receptors. ApoE is produced by microglia and
astrocytes, whereas in the peripheral system, it is
produced by liver and macrophages. Once ApoE is
secreted from cells, the ATP binding cassette trans-
porters (ABCA1 and ABCG1) import cholesterol
and phospholipids to nascent ApoE to form lipidated
apolipoprotein particles. ApoE acts as a ligand for
low density lipoprotein receptors (LDLR) (e.g., ApoE
receptor and LRP1) and very low-density lipoprotein
receptors (VLDLR). ApoE binds with A�. LDLR and
VLDLR enable ApoE-A� complex to pass through
them by interacting with them and participating in the
clearance of A� from the brain [3, 15].

ApoE has different isoforms which have been clas-
sified on the basis of difference in amino-acids at
positions 112 and 158. E2 has cysteine at both the
position, while E3 has cysteine at 112 and arginine at
158 position. It has a better binding affinity for LDLR
to mediate lipolytic processing. E4 has arginine at
both the positions due to which repulsion occurs
between arginine 61 and arginine 112. This enables
the formation of a salt bridge between arginine 61

and glutamate 251. Salt bridge disrupts normal func-
tioning of apolipoproteins. E4 binds with VLDLR
with better affinity which internalizes the ApoE-A�
complex at a slower rate than LRP1. So, E4 was less
efficient than E2 and E3 in clearing and promoting
A� transport across the blood vessel walls [16, 17].

ABUNDANCE OF APOE4 IS
RESPONSIBLE FOR SLOW CLEARANCE
OF INSOLUBLE AMYLOID AGGREGATES

Apolipoproteins expressed by APOE �4 are low
in concentration and also hypolipidated as compared
to other isoforms due to which it fails to bind to its
receptors and even if it binds to the receptors, it is
redirected to VLDLR which internalize the complex
at slower rate. (Fig. 3)

APOE4 AFFECTS AND CAUSES THE
CONSEQUENCES IN ALZHEIMER’S
DISEASE IN NUMEROUS WAYS

ApoE4 is less efficient in clearing the accumulation
of A� from the brain due to its salt bridge structure
and also plays a key role in the over-production of A�
by affecting the activity of �-secretase. With respect
to clearance, ApoE4 competes with Transcription
factor EB to bind with CLEAR (Co-ordinated

Fig. 3. Illustration of ApoE4 binding with A� for its clearance across the blood-brain barrier. In a hypolipidated state ApoE4 fails to transport
the A� across the cells as it does not bind to its receptor as efficiently as required, whereas the lipidated ApoE4 binds to its receptor VLDL
and delivers the A� across the cells.



K. Patel et al. / APOE4 as a Therapeutics Target for AD 903

Lysosomal Expression & Regulation) DNA motif to
interfere in the expression of three genes (Sequesto-
some1, LC3B, and LAMP2) required for the process
of autophagy [18]. When A� accumulation occurs
inside the brain cells, different kinds of proteases
are appointed to clear these kinds of aggregation.
Neprilysin, a metallo-protease responsible for clear-
ing the A�, is usually impaired due to the presence of

allele APOE �4 [12]. NMDAR (N-methyl D aspar-
tate receptor) which is a glutamate receptor and ion
channel protein in nerve cells gets activated once
glutamate and glycine bind to it. After activation, it
allows positive charged ions to flow across the cell
membrane. The NMDA receptor is responsible for
maintaining synaptic plasticity and regulating the for-
mation of synapse underlying the memory. It also

Fig. 4. ApoE4 plays a key role in AD pathophysiology [24]. As mentioned above, ApoE4 is inefficient as compared to other isoforms in
clearing A�. As ApoE4 fails to clear the accumulation and triggering the over-production of A� by increasing the activity of �-secretase, it
eventually leads to the formation of plaques. C) ApoE4 increases the neuroinflammation by elevating the production of cytokines through
the microglial activation. D) ApoE4 also plays a significant role in inducing the hyperphosphorylation of tau through ERK activation.

Fig. 5. ApoE4 plays a significant role in increasing the risk of causing AD, as ApoE4 interferes in numerous pathways and downregulates
as well as upregulates the phenomena which eventually contributes to the pathological consequences in AD.
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leads to the formation of neural networks during
developments. ApoE4 blocks this receptor and dis-
rupt the functions carried out by NMDAR [19, 20].
Along with this, ApoE4 blocks certain other recep-
tors like insulin due to which glucose metabolism
lowers down. ApoE4 shows the downregulation of
brain peroxisome proliferator activated receptor �
(PPAR�) and PPAR� co-activator 1 (PGC1�) sig-
naling, which is involved in maintaining the glucose
uptake and metabolism [21]. It also blocks growth
factor. ApoE4 is quite prone to proteolytic cleavage
due to its unique salt bridge structure. The proteoly-
sis of ApoE4 generates neurotoxic fragments which
causes inflammation in the brain [22]. It is also one of
the prominent reasons behind the hyperphosphoryla-
tion of tau, since it manages to escape the secretory
pathways and reaches to cytoplasm where it interacts
with zinc and induces the excessive phosphorylation
of tau [19]. It acts as an inhibitor of the expression
of oxidative respiratory complexes I, IV, and V. This
causes mitochondrial dysfunction [14, 19], since A�
accumulation is high and clearance is low in the car-
riers of APOE �4, and as a result, they are at greater
risk of having cerebral amyloid angiopathy. Cerebral
amyloid angiopathy is a condition in which amyloid
deposits across the arteries and leads to their shrink-
age [23]. ApoE4 is also responsible for other diseases
like diabetes, atherosclerosis, and other heart-related
diseases as it disturbs lipid homeostasis in cells. See
Figs. 4 and 5.

POSSIBLE THERAPEUTICS
DEVELOPMENT APPROACHES BY
TARGETING APOE4

Many studies have suggested that ApoE4 can alter
different biological pathways that lead to progression
of AD, although the mechanism that links the ApoE
to neurodegeneration is still unclear. However, the
views to find novel targets for the treatment of AD
suggest altering the APOE allele and APOE struc-
ture [25]. Different AD treatment strategies targeting
APOE4 are shown in Fig. 6.

APOE level regulation

APOE level upregulation
Many reports suggest that the quantity of ApoE

in cerebrospinal fluid and plasma of AD patients
decreased as compared to healthy individuals. Ret-
inoid X receptor (RXRs), nuclear receptors and
Liver X Receptors (LXRs) positively control the
APOE transcription [26–28]. ApoE levels in the
brain were increased by taking RXR agonist with
bexarotene orally, which also decreased A� accu-
mulation. Bexarotene alone was found to reduce
cognitive dysfunction, and it also helps with restora-
tion of age dependent synaptic plasticity in mice
models [29–36]. Although it has negative effects,
such as hepatic failure in mice and also failed to clear
amyloid plaques from the brain in human models.

Fig. 6. Classification of strategies that target APOE for treatment of Alzheimer’s disease. There are different studies that demonstrate the
molecular mechanism showing effects of APOE4. We emphasized the advanced therapeutic strategies for different APOE4 characteristics,
discussed below.
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ApoE level reduction
Recent studies suggest that ApoE haploinsuffi-

ciency instead of APOE genotypes weakens the A�
accumulation in targeting APOE replacement mice
[37–39]. It has also been shown that anti-ApoE anti-
bodies were able to increase spatial learning ability
by decreasing ApoE level and A� accumulation in
animal models [40]. ApoE has bidirectional proper-
ties like it increases the AD pathogenesis. So, ApoE
removal can help in reducing the toxicity. ApoE
isoforms and ApoE fragments deposition can be
harmful, so removal of these fragments by immune-
depletion like anti monoclonal antibody can be a new
therapeutic approach [40–43].

ApoE lipidation by ABCA1
Biologically active ApoE is lipidated and ABCA1

helps in loading of ApoE protein in the brain [44].
Removal of ABCA1 leads to less lipidated ApoE
which further leads to amyloidogenic pathogenesis.
Moreover, ABCA1 overexpression can reduce the A�
accumulation in mice models. RXR-LXR agonists
can help in transcription of APOE and ABCA1, that
leads to A� clearance and helps in different other
functions like synapse regeneration, cholesterol/lipid
transport, and modulation of immune cells [45–47].
So, it can be a new therapeutic strategy without in-
creasing the ApoE level.

APOE features alterations

APOE �4 editing by CRISPR (clustered regularly
interspaced short palindromic repeats)

The APOE �4 concentration termination and trans-
formation of APOE �4 to APOE �2 and APOE �3
have potential to play an important role in treatment
of AD [48, 49]. The DNA coding of APOE �4 and
APOE �3 varies by one nucleotide (112th position
of APOE4 is Arg and its cysteine in APOE �3, and
chromosome 19 produces APOE �4 allele. CRISPR
technology can be employed to modify the APOE
�4 to APOE �3 [50, 51]. Here, CRISPR editing and
portable off target gene modification at its initial stage
provide promising approaches for AD treatment.

ApoE4 structural modifications
The amino acid residues 112 and 158 at N ter-

minal are markers of ApoE polymorphism, while
Glu255 and Arg 61 interaction is the structural char-
acteristic of ApoE4 and ApoE3 respectively [52–54].
An anomalous structure of ApoE4 can be produced
by this domain-domain interaction, which leads to

neurotoxicity [55, 56]. ApoE4 structure-correctors
(PH002 and GIND25) interacts with Arg61 which
disrupt this domain-domain (Arg61 at N-terminal and
Glu255 at C-terminal) interaction leads to ApoE4 to
ApoE3 [53]. Therefore, the pathological confirma-
tion change can provide an alternative therapeutic
approach.

ApoE -Aβ interaction inhibition
ApoE and A� interaction cause A� accumulation

in the AD brain. An artificial peptide A�12-28P, anal-
ogous to the ApoE binding site on A�, reduced the
interaction between ApoE and A�, as well as A�
aggregation in animal models [57–61]. A�20–29 pep-
tides were also found to reduce the ApoE and A�
interaction in vitro, apart from helping in decreas-
ing fibrillogenesis and cytotoxicity of A� [62].
Immunotherapy of ApoE -like antibodies against
human ApoE3 and ApoE4 was found to be useful
against non-lipidated ApoE, and helps in reducing
the A� accumulation in mice models [63]. So, inhibit-
ing ApoE and A� interaction might be a promising
strategy to treat AD.

Therapeutics targeting ApoE2
ApoE2 occurrence in AD brains is two times lower

than normal individuals. ApoE2 has been found to
decrease cognitive dysfunction and improve neuro-
protective activity [64–67]. Viral vectors expressing
ApoE2 injection counteract ApoE4 pathological
effects in mice models. So, it is a novel approach to
upregulate ApoE2 expression in AD patients [68–70].

Aiming ApoE4 protein

Immunotherapy for anti-APOE4
Antibodies against A� and tau are introduced into

the periphery where it can neutralize the toxic effect
of ApoE4 because here ApoE level is 10 times
more than brain [71]. It has been found that anti-
ApoE antibodies used in the periphery reduce the
amyloid deposition even before the amyloid plaque
formation. Anti-ApoE monoclonal antibodies have
potential to become a promising strategy for anti-
ApoE4 immunotherapy [72, 73].

Mimetic peptides of APOE
These tiny peptides have ApoE domains which

includes the amphipathic helix domain. It helps in
reducing the neurodegeneration after brain insult and
reduces the A� and tau pathogenetic effects in mice
models [74–76]. Some studies have revealed that
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these peptides have anti- inflammatory effect and are
found to play defensive role in ApoE3 and ApoE4
mice after brain insult [77–79].

Degradation of APOE4
As described earlier, ApoE3 and ApoE4 domain-

domain interaction makes it more vulnerable to
proteases and contributes to enhanced neurotoxicity
through fragments of ApoE4 [80]. ApoE4 fragment
generation leads to stressful neurotoxic actions of
ApoE4. So, the inhibitor against these ApoE4 frag-
ments could lead to a neutralizing strategy against
ApoE4 [81, 82].

Ancillary therapeutic strategies

ApoE receptor regulation
Endocytosis of ApoE is mediated by LDLR and

LRP1 (low density lipoprotein receptor related pro-
tein 1). These receptors are responsible for the uptake
of A� either by making ApoE-A� complex or by A�
interaction inhibition to these receptors by competi-
tive inhibition [83–87]. Hence, it is clear that LDLR
and LRP1 helps in clearing the A� plaques [87–89].

Blood-brain barrier integrity restoration
Blood-brain barrier breaks down in AD by acti-

vated astrocytes (that depends on ApoE4 expression
on astrocytes) which activates the cyclophilin A-
(CyA-) pro-inflammatory molecule, and nuclear fac-
tor κB-matrix metalloproteinase 9 (MMP-9) and
this further disrupts the tight junctions [90, 91].
Cyclosporin-A was found to be effective in the
restoration of blood-brain barrier (BBB) in ApoE4
mice. CyA- and MP-9 was found to be increased in
age dependent AD cerebrospinal fluid. A prospec-
tive approach including Cyclosporin-A can provide
promising strategy to treat AD [92, 93].

Others approaches

Targeting neuro-inflammation
Activated microglia is mostly responsible for the

inflammation and the microglia activation varies for
different gene expressions. This microglia activation
can be controlled [94, 95]. The neuro-inflammation
plays protective role at initial stage but causes
increased pathogenesis at later stage of AD. So,
the therapeutic strategies targeting this inflammation
may be helpful in relieving the patient from AD symp-
toms [96, 97].

Targeting vascular disease
It has been reported that AD risk increases due to

vascular atherosclerosis, diabetes and hypertension
as ApoE4 is related to vascular atherosclerosis that
lead to dementia and disrupted BBB [98–100]. So,
the therapeutic strategies that aim to find molecules
related to ApoE4 and vascular disease may be helpful
in AD treatment also [100–102].

Target transcription factors
ApoE has recently been discovered to translocate

to the nucleus and bind with DNA at different loca-
tions, some of which are present on the promoter,
implying that it functions as a transcription factor
that suppresses promoters of genes implicated to AD
[103–106]. Though the complete mechanism of its
escape from the endoplasmic reticulum and translo-
cation into nucleus is still unknown but it provides
a hope for transcriptional regulation-based approach
for AD treatment.

CONCLUSION

Recent advancements in technology have helped
in understanding AD in a better manner. Studies
suggest that multiple factors may be involved in
neurodegenerative diseases like AD, and it may be
difficult to target a single factor for therapeutic pur-
poses. Diagnosis and therapeutic strategies require
clear understanding of the factors involved in dis-
ease development and progression at molecular level.
Recently APOE �4 has emerged as a promising ther-
apeutic target for treatment of AD as it plays key
role in triggering the disease [107]. Studies suggest
that AD progression can be avoided by targeting
APOE �4 gene and gene products as well as its func-
tions with the aid of the above mentioned approaches
[108]. Immunomodulation with ApoE4 monoclonal
antibodies, mimesis through peptides of ApoE and
ApoE4 degradation may be helpful as a promising
approach for delaying the onset of disease.
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