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Abstract: One of the hallmarks of Alzheimer’s disease (AD) is the deposition of amyloid-f3 (Ap)
within the extracellular spaces of the brain as plaques and along the blood vessels in the brain, a
condition also known as cerebral amyloid angiopathy (CAA). Clusterin (CLU), or apolipoprotein
J (APQ]J), is a multifunctional glycoprotein that has a role in many physiological and neurological
conditions, including AD. The apolipoprotein E (APOE) is a significant genetic factor in AD, and
while the primary physiological role of APOE in the brain and peripheral tissues is to regulate lipid
transport, it also participates in various other biological processes, having three basic human forms:
APOE2, APOE3, and APOE4. Notably, the APOE4 allele substantially increases the risk of developing
late-onset AD. The main purpose of this review is to examine the roles of CLU and APOE in AD
pathogenesis in order to acquire a better understanding of AD pathogenesis from which to develop
targeted therapeutic approaches.
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1. Introduction

Alzheimer’s disease (AD) is the most common form of age-related dementia and
represents a major health problem in the growing population of elderly people in developed
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countries [1]. A sizable fraction of neurological illnesses with major implications for the
general population is represented by neurodegenerative conditions [2]. The accumulation
and aggregation of the peptide A is believed to initiate AD via the amyloid cascade
hypothesis [3], whereby abnormal deposition of polymorphous A plaques in the brain
parenchyma trigger a pathological cascade, ultimately resulting in neurodegeneration [3,4].
The levels of soluble A3 are reflective of a balance between its production and elimination
from the brain. Whilst familial AD is largely a result of mutations in genes associated with
increased production of amyloidogenic peptides cleaved from the Af precursor protein
(APP), namely, A340 and A342, sporadic forms of AD are traditionally believed to be a
consequence of impaired A clearance from the brain. This may be due to altered levels of
chaperone proteins, including apolipoprotein E (APOE) and apolipoprotein ] (APOJ), also
known as clusterin (CLU), that influence A structure, clearance, and toxicity [4].

In addition to the parenchymal accumulation of Af3 plaques, another key element of
the neuropathology of AD is the deposition of A3 within the cerebral blood vessel walls as
cerebral amyloid angiopathy (CAA), mainly in cortical arterioles and leptomeningeal arter-
ies [5-8]. Apart from increasing age, the ¢4 allele of APOE has been recognized as a major
risk factor for both AD and CAA [9,10]. Clinical and experimental data demonstrate that
the failure of clearance of A} from the brain is an essential element of the pathogenesis of
AD and a complication after immunization against A{3 [11]. In particular, the failure of clear-
ance of A from the extracellular spaces of the brain along intramural periarterial drainage
(IPAD) pathways is a key pathogenic factor in the development of CAA [5,12]. Factors that
modify the structure of IPAD pathways for Af} elimination include the apolipoprotein Ec4
genotype (APOE4), a high-fat diet, and immunization against Af3 [13-16]. Using atomic
force microscopy, recent data reveal that the interactions between the APOE4-A 340 complex
and the laminin component of vascular basement membranes are significantly weaker than
APOE3-A[340 complexes, suggesting clearance of AB40 via IPAD is less efficient when in
complex with APOE4, thus conferring higher risk for AD [17]. Despite APOE being the main
lipoprotein of interest with regards to AD risk factors, the emerging role of the lipoprotein
CLU (or APQJ) in regulating A3 aggregation and cytotoxicity in the brain has led to growing
interest in this protein as both a mediator and biomarker of AD.

2. Clusterin and Alzheimer’s Disease

CLU is a 75-80 KDa disulfide-linked heterodimeric glycoprotein that is constitutively
and ubiquitously expressed in most tissues of the body where it functions as an extra-
cellular chaperone and lipoprotein [18]. CLU is abundantly expressed in the CNS and is
predominantly synthesized by astrocytes and secreted to the extracellular space [19]. In
recent years, emerging association of CLU with AD has made this extracellular chaper-
one a key protein of interest for improving our understanding of AD pathobiology [20].
Genome-wide association studies of sporadic AD, in which A accumulates both in cortical
plaques and CAA, have highlighted the importance of common genetic variations in the
gene encoding CLU [21,22].

In late-onset AD, CLU is the third-highest-ranking genetic risk factor, with several
AD-associated single nucleotide polymorphisms (SNPs) identified. The effect of such risk
variants on CLU expression is complex, with reports of elevated [23,24], decreased [25,26],
or unchanged [27,28] levels in brain, plasma, or cerebrospinal fluid (CSF), depending on the
study. Despite the inconsistencies relating to CLU gene expression, it is generally accepted
that CLU SNPs are significantly associated with increased A3 deposition [29,30]. Regardless
of these variations in gene expression, CLU levels at the protein level are generally increased
in patients with AD and correlate with AD disease severity and progression [31]. Increased
CLU CSF levels, alongside positive CSF amyloid status, have been associated with a higher
atrophy rate of the entorhinal cortex in cognitively normal patients, patients with mild
cognitive impairment, and patients with AD, suggesting that CLU may play a role in
the earliest stages of the neurodegenerative process of AD [6,32,33]. Furthermore, higher
plasma CLU levels are associated with AD prevalence, with higher CLU levels in patients
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with AD correlating with more severe disease [34]; thus, CLU levels, both in CSF and
plasma, may be a useful biomarker of AD. Future research should classify these findings,
linking specific SNPs to their effects on CLU mRNA and protein expression.

Investigations using human brain tissue have established that CLU protein levels
are elevated in AD, with the highest levels observed in cortical regions with the most
abundant deposition of Af3. However, as a result of the high A levels, the ratio of CLU:Af3
was actually the lowest in these regions. The ability of CLU to reduce aggregation and
promote clearance of A is influenced by the relative ratio of CLU to Af; for example,
elevated levels of CLU in regions of high levels of soluble A3 result in AB-CLU complexes
aggregating and depositing in the brain parenchyma. Furthermore, the presence of the
APOE4 genotype appears to correlate with CLU levels, which are also associated with the
severity of CAA [5,34].

2.1. Interactions of CLU with A

The precise role of CLU in modifying the solubility status of Af} is not fully under-
stood, despite extensive studies that have detected its extracellular colocalization with A3
deposits [18,35]. As a chaperone protein responsible for clearing misfolded proteins in
the interstitial space, including A3, CLU has been traditionally viewed as neuroprotec-
tive [36]. Some studies have shown that CLU reduces the aggregation and cytotoxicity of
AP [37,38]. Miners et al. found that the most significant CLU level was found in areas with
plaque pathology, roughly corresponding to the Af3 regional distribution. They observed
a positive correlation between CLU levels and both insoluble A340 and Ap42, with CLU
levels being considerably higher in patients with AD compared to controls. The amount
of soluble CLU increased considerably with the degree of CAA and with the highest level
of CLU in homozygotes of APOE4 [3]. However, further research is needed to determine
whether other metabolic or molecular markers are associated with APOE4 homozygosity
and if this genotype impacts other neurodegenerative or pathophysiological conditions
influencing neurodegeneration.

Using highly sensitive single-molecule fluorescence methods, it has been shown
specifically that the oligomeric soluble forms of A340 interact with CLU to form stable
complexes [39,40]. However, synthesizing pure recombinant CLU is challenging because
the experimental conditions often lead to the simultaneous formation of misfolded proteins
in the medjia, attaching to the CLU and interfering with its biological properties [40,41]. This
misfolding makes it difficult to obtain CLU in its pure form under laboratory conditions,
though it is possible to synthesize recombinant CLU in its physiological form, which more
accurately reflects the naturally occurring CLU in the body [42]. CLU was shown to prevent
the toxicity of AB42 oligomers in glial cells and neurons, as well as to improve memory in
a rodent model [43]. However, there are studies that have contradicting results, with CLU
leading to an increase in oxidative stress and neurotoxicity in rodent brain slices [2,44,45].
These effects may be related to higher molar ratios of amyloid relative to CLU, which
result in an increase in aggregates of amyloid. Reactive oxygen and nitrogen species
concentrations increase in tandem with a decrease in endogenous antioxidant production,
thus indicating an imbalance between the pro-oxidant species and the natural antioxidant
systems, leading, in turn, to a state of oxidative stress [2].

2.2. Role of CLU in AP Clearance from the Brain

Effective and efficient clearance of A from the brain is key to preventing its patholog-
ical accumulation, a key factor underlying amyloidosis and AD risk. The major pathways
responsible for A elimination are proteolytic degradation by extracellular proteases includ-
ing neprilysin and the insulin-degrading enzyme [46,47]; clearance across the blood—brain
barrier (BBB) via endocytic membrane receptors, including low-density-lipoprotein-related
protein 1 (LRP-1) and 2 (LRP-2) [47]; and the perivascular drainage via the basement
membrane of cerebral capillaries and arteries to the cervical lymph nodes via IPAD. Each
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pathway interacts with others, creating a complex network that regulates A clearance,
with their relative importance potentially varying based on A3 species and brain regions.

A40, due to its more soluble nature, is predominantly found in the vasculature,
whilst the more fibrillogenic Af42 is predominantly deposited as plaques in the brain
parenchyma. The ratio of A40 to AP342 is therefore indicative of the location of A3 de-
position in the brain, with higher ratios predisposing vascular deposition and CAA [48].
This suggests that pathways involved in Af340 clearance are more active in the vascu-
lar regions, whereas those involved in Af342 clearance are more active in preventing
parenchymal deposition. Early in vitro studies demonstrated that CLU prevents Af3
aggregation [48] and that transport of Af42 through the BBB via the endocytic recep-
tor (LRP2) is significantly enhanced when complexed with CLU [49]. CLU appears
to be sequestered with A species in sporadic CAA as well as in the white matter ab-
normalities in cerebral autosomal dominant arteriopathy with subcortical infarcts and
leukoencephalopathy (CADASIL) [50-52]. Although the predominant species of A in
CAA is A340, the progressive failure of IPAD leads to entrapment and accumulation
of Af342 in the walls of blood vessels, aligned with a significant positive correlation
between CLU concentration and regional levels of insoluble AB42 in human brains.
These findings are a possible consequence of entrapment of the AR-CLU complex in
the IPAD pathways, or may represent a compensatory upregulation of CLU to clear the
excess A P42 that cannot be eliminated normally [53]. The interconnections and hierarchy
of clearance mechanisms, as well as the strength and localisation of CLU and A} species,
are expected to impact the overall result of Af3 deposition and AD development.

2.3. Cellular Risk Factors Associated with CLU Protein in Alzheimer’s Disease: Implications for
Lipid Metabolism, Homeostasis, and Neuronal Apoptosis

CLU, encoded by the APOJ gene, is the second-most-important apolipoprotein in the
neurological system [33,54] and influences the transport of phospholipids and cholesterol.
APOJ is a key cholesterol-carrying lipoprotein within brain tissue [55-58]. The significance
of lipoprotein-mediated cholesterol transport in the brain is highlighted by the role choles-
terol plays in the development of AD. This pathway affects systems relevant to Af3 and
lipid metabolism [59].

High CLU levels have been correlated with atherosclerosis, and CLU appears to be
involved in the release of cholesterol from lipid-laden macrophage (LLM) [33,55]. Recent
research has linked APOJ polymorphisms to carotid intima-media thickness, as well as the
lipid content. These findings suggest that genetic differences in CLU may indirectly impact
AD sensitivity by increasing the chances of cerebrovascular disorders, which might there-
fore lead to neurodegenerative diseases. Cholesterol transport in the brain is particularly
significant given the role that cholesterol plays in AD development, lipids being essential
for myelin formation and neuronal function [57]. Since lipids are insoluble in water, they
have to be dissolved and carried as lipoprotein fragments to span non-adjacent cells [57,58].
Further investigations are required to determine if the presence of CLU polymorphisms
directly modifies the metabolic alterations that are seen along the course of disease devel-
opment, and if it has an indirect effect on brain lipid metabolism via amyloid activity or
possible pathways in the cerebral circulation [59].

Copper homeostasis is another pathway implicated in AD development, and disrup-
tions in copper homeostasis represent one of the mechanisms implicated in AD pathogen-
esis. It has been demonstrated that oxidative stress and ATP7B modifications affect the
interaction between copper ATPases and CLU. This indicates that CLU-linked ATP-7A and
CLU-linked ATP-7B may be broken down in part by peroxidation brought on by reduced
copper levels. The two SNPs, rs_732774 and rs_1061472, found in ATP7B, occur in areas
of the protein that encode essential transmembrane and transduction domains. Those
modifications have been linked to an elevated likelihood of developing AD [60].

The activation of glial cells throughout early stages of AD is thought to be a patholog-
ical reaction against the buildup of AP [61]. This response is aligned with the trajectory
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of cognitive decline in patients with AD [62]. Reactive astrocytes/astrogliosis can be de-
tected by measuring cerebrospinal fluid biomarkers such as glial fibrillary acidic protein
(GFAP), chitinase-3-like protein 1 (YKL-40), or S100B. These modifications are linked to a
variety of physiological processes in AD, including tau pathology, glucose metabolism, and
inflammation [63].

Nuclear CLU (nCLU) and secreted CLU (sCLU) differ in their domain structures and
functions; nCLU promotes apoptosis, while sCLU helps cells survive. These isoforms have
influence on a variety of biological activities, including cell cycle progression, apoptosis,
and DNA repair [64,65]. Studies have shown that overexpression on full-length APOJ
mRNA can result in a non-physiological synthesis of nCLU, which could function as a
pro-death signaling pathway, influencing cell growth and survival [66,67]. Prolonged tumor
cell survival results from removing the nCLU and increasing the sCLU expression, and
research supports the idea that blocking sCLU is needed for triggering cell death [66,67].

CLU also participates in DNA repair pathways, including the nonhomologous end-
joining route, with nCLU forming a trimeric protein structure with Ku-80 when it interacts
with Ku-70. The Ku autoantigen represents a heterodimer containing 70 kDa (Ku70) and
80 kDa (Ku80) proteins that binds nuclear DNA end-to-end. Once attached to the DNA
lesions, this complex influences apoptosis, cell cycle arrest, carcinogenesis, and DNA repair,
while also signaling damaging stress responses. Ku70 and Ku80 could also be involved
in more fundamental biological functions, such telomerase function(s) [68]. The increased
expression of nCLU reduces the ability of Ku-80/Ku-70 to bind DNA in cellular extracts,
with CLU regulating cell cycle growth. Increased levels of sCLU are related to G1 phase
delay in a variety of cell types. These abnormalities have been related to the onset of
AD [69].

Taken together, the results summarized above indicate that clusterin is protective
against apoptosis generated by different stimuli, consistent with an increasing amount
of data indicating that higher clusterin expression in tumor cells is protective against the
death of cells via apoptosis [69,70]. Although clusterin appears to originate from modifi-
cations after translation of a single mRNA transcript, it may arise in multiple molecular
configurations. Whenever clusterin is upregulated in response to different apoptotic cues,
it indicates an adaptive cell-survival process [69].

3. APOE and Alzheimer’s Disease
3.1. APOE-Isoforms and Structure

Apolipoprotein E (APOE) is expressed in six major genotypes, three of which are
homozygous: APOE2/2, APOE3/3, and APOE4/4; and three of which are heterozygous:
APOE2/3, APOE2/4, and APOE3/4, which are distinguished by the amino acid differences
in the positions 112 and 158 [71,72] (shown in Figure 1).

APOE has three core domains: an N-terminal domain, a C-terminal domain, and a
connecting adaptable hinged domain. The N-terminal and the C-terminal domains are
important for the binding of receptors and lipids, respectively. The differences in the
amino acid structures between the APOE isoforms occur from various protein foldings,
influencing their lipid- and receptor-binding characteristics [73]. On the other hand, the
APOE gene in mice (m-APOE) is located on the seventh chromosome and has only one
isoform. The promoting areas —the cingulate cortex, the molecular layer of dentate gyrus,
and the hippocampus in human and mouse APOE—possess under 40% similarities [74].
There are notable functional variations between human and mouse APOE protein in the
AD-related functions, including Af3 clearance, neurological inflammation, and synapse
structure [75,76].
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Figure 1. The morphology of APOE isoforms. APOE is a soluble protein, possessing N-terminal and
C-terminal domains that are connected by a central hinge region. The N-terminal domain contains
the receptor-binding domain (orange), and the C-terminal domain contains the lipid-binding region
(red). The isoforms are different from each other at amino acid positions 112 and 158. Position 158
(C158) in APOE2 hosts cysteine, leading to deficient receptor binding; position 112 (R112) in APOE4
hosts arginine. This changes the conformation of the domain as R61 is exposed and interacts with
C255 at the C-terminal domain (shown with the red dotted line). This phenomenon of “domain
interaction” represents the biophysical basis for differences in the properties and function of APOE4
compared to the other isoforms; for example, the preference for very-low-density lipoproteins over
high-density lipoproteins. In APOE2 and APOE3, which possess C112 rather than R112, the R61 is
hidden and there is no such interaction at this domain. Image produced with BioRender, recreated
from Celia G. Fernandez et al. [72].

Due to the specific functional characteristics and polymorphisms of APOE, the fre-
quency distribution of APOE alleles in individuals must be evaluated. The overall frequen-
cies of the APOE alleles are as follows: E2 with 7%; E4 with 14%; and E3 with 79% [77,78].
Recent studies have clarified the frequency of the different APOE alleles. Variations in
APOE alleles have been linked to differences in susceptibility to neurodegenerative diseases,
the APOE4 allele is strongly associated with an increased risk of AD, while the APOE2
allele is associated with a decreased risk [79-81].

The TOMMA40 gene, located near the APOE gene, is involved in mitochondrial function
and has been shown to interact with APOE in terms of gene regulation, and variants in
the TOMMA40 gene can affect APOE expression levels and contribute to differences in AD
risk [78].

To summarize, the variations between APOE isoforms are due to amino acid alterations
that impact protein folding and function. The promoter regions of human and mouse APOE
are quite different, which influences gene regulation. The frequency of APOE alleles is
associated with neurodegenerative risk, and interactions with adjacent genes such as
TOMMA40 influence APOE's function in disease processes.

3.2. APOE-Secretion and Production

Both the production and elimination of the protein(s) encoded by the APOE gene
have cellular and tissue particularities and can both be increased by a variety of tran-
scription factors, presence of hormones, cytokines, and lipids [82]. Oligodendrocytes,
microglia, the choroid plexus, and neurons under stress may also synthesize ApoE but to a
lesser extent [83-86]. ApoE is produced in the endoplasmic reticulum, post-translationally
changed in the Golgi apparatus, transported to the membrane of the plasma cell, and
ultimately secreted [87]. The importance of protein glycosylation in AD has been studied
intensively, concluding that astrocyte-derived ApoE show greater levels of sialylation,
as well as glycosylation [87-90], and demonstrating the presence of tissue-specific ApoE
glycoforms [91].
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DNA-binding factors like the liver X receptor (LXR) and the retinoid X receptor
(RXR) regulate APOE production and elimination. LXR also affects the immune system
response during the inflammatory events [92-94]. The expression of APOE and the efflux of
cholesterol from astrocytes can be stimulated by brain-derived neurotrophic factor (BDNF)
via the activation of LXR [94]. LXR and RXR are both involved in the transcriptional
regulation of APOE [95]. RXR is mostly present in hepatocytes. It is connected with
the recovery mechanisms after stroke [96-98] and it regulates the gene translation of the
ATP binding cassette transporter A1 (ABCA1) [99], which is an essential transporter that
promotes the flow of cholesterol via lipoproteins, required for the development of high-
density lipoproteins (HDL) [100,101] (Figure 2).

LRP1

AMpy E4?E37E2

E4>E3>E2 \ NMDA L

AMPA

aaﬁ

NEURON

Figure 2. The roles of APOE isoforms (APOE2/3/4) in the interactions between astrocytes and
neurons. Activation of liver X receptor (LXR) and retinoid X receptor (RXR) regulate the expression
of isoforms of APOE in astrocytes. ATP-binding cassette transporter (ABCA1) is responsible for
the lipidation of the protein ApoE encoded by APOE and its secretion to the extracellular space.
ApoE in the extracellular space binds to several neuronal lipid receptors, including very-low-density
lipoprotein receptor (VLDLR), low-density lipoprotein receptor (LDLR), low-density lipoprotein
receptor-related protein 1 (LRP1), and heparan sulfate proteoglycans (HSPGs). The lipidation status
of APOE isoforms promotes individual receptor affinities. The apoE4 isoform has a low-lipidation
status, forms non-lipidated apoE4 aggregates, and has a poor lipid turnover, leading, in turn, to
neuronal lipid droplet accumulation. This results in damage to the mitochondria and production of
reactive oxygen species (ROS). ApoE4 promotes the formation of endosomes and the degradation of
synaptic receptors such as AMPA or NMDA and the consequent impaired synaptic function. Image
produced with BioRender, recreated from R. Fernandez-Calle et al. [102].
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APOE4 inhibits the membrane recycling of ABCA1 [102]. The brain is the most
cholesterol-rich organ, containing approximately 20% of the total cholesterol in the body;
therefore, APOE has an important function in lipid transport and cholesterol homeostasis
through transporting cholesterol to neurons and eliminating excessive cholesterol [103,104].
APOE’s function in lipid transport and cholesterol homeostasis in the brain is important
for maintaining cellular membrane integrity, neuronal plasticity, signal transmission, and
proteostasis. Disruptions in APOE production, post-translational modifications, and regu-
lation by DNA-binding factors and kinases can significantly impact AD progression and
neuropathology [105-107].

3.3. Distribution of APOE in the Blood, Brain, and Cerebrospinal Fluid

In the past few years, there has been increasing interest in monitoring APOE levels
in biological fluids. APOE, a major lipoprotein in the CSF, largely interacts with HDLs
and promotes cholesterol transport throughout the CNS [108]. The specific isoforms of
APOE affect HDL particle transport, cognitive function, with direct correlations to the
onset of neurodegenerative disorders [109,110]. Studies on APOE levels in the brains of
the humanized APOE-knock-in mice have revealed an isoform-related decrease in APOE
levels, with levels of APOE higher in the APOE2 compared toAPOE3 and higher in the
APOE3 compared to APOE4 [111,112]. Newly generated ApoE4 degrades faster and has a
shorter half-life than APOE3 [113].

The cerebellum showed the highest expression of APOE, whereas the hippocampus
showed the lowest levels. Furthermore, APOE levels in transgenic mice expressing human
APOE2, APOE3, and APOE4 revealed that APOE2 values were 16 times higher compared to
the other two isoforms. These findings are in contrast with those in the non-obese diabetic
(NOD), in which the hippocampus had the greatest amount of endogenous APOE and the
thalamus had the lowest [114]. Further studies based on the APOE-targeted replacement
mice showed that APOE4 had lower CSF APOE levels compared to mice expressing the
other isoforms [115,116].

There are two distinct sources of APOE: peripheral APOE, which is primarily gen-
erated by hepatocytes; and CNS APOE, which is predominantly produced by astro-
cytes [117,118]. Investigations on APOE-knock-in mice have demonstrated that removing
the hepatic APOE alleles does not change the cerebral APOE levels, although it does modify
plasma lipid composition and lowers the APOE concentrations in plasma. Restoring the
levels of APOE in the plasma of APOE-knock-out-mice resulted in normalizing plasma
lipids, and although this did not prevent synapse loss, it did improve the memory and
learning deficiencies [106,119]. This indicates that the APOE present in CNS or plasma
have distinct effects on brain function [3,120].

Investigations on APOE levels in the human CSF and plasma have showed results
that do not correspond to those reported in mice. For example, the APOE genotype has
little effect on the APOE levels in CSF [120,121]. However, neither the total CSF APOE
concentration nor any specific isoforms have been associated with the Af3 accumulation or
the severity of dementia in patients with AD [122].

Various genetic and environmental variables influencing neurodegeneration and
neuroinflammation also contribute to differences in memory function among age groups.
For example, middle-aged APOE4 carriers experience slower memory deterioration [123].
Still, it remains unclear as to how the overall APOE concentration or its particular isoforms
relate to AP, phosphorylated protein tau levels, the degree of severity of dementia, or other
biological parameters.

4. Conclusions

The rising CLU levels observed in a variety of neurodegenerative diseases are aligned
with a toxic cerebral protein aggregation. APOE isoforms are biologically linked to neu-
rodegenerative disorders, with APOE4 representing the highest risk factor of Alzheimer’s
disease. CLU appears to have roles in neuroprotection as well as neurodegeneration. Un-
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derstanding the exact roles of CLU is mostly difficult due to its complicated biology, which
results in different physiological activities. The development of innovative efficient AD
treatment alternatives may harness the neuroprotective roles of CLU and will need to
consider the influence and effects of APOE isoforms.
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