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Abstract: Alzheimer’s disease (AD) is the most frequent case of neurodegenerative disease and
is becoming a major public health problem all over the world. Many therapeutic strategies have
been explored for several decades; however, there is still no curative treatment, and the priority
remains prevention. In this review, we present an update on the clinical and physiological phase
of the AD spectrum, modifiable and non-modifiable risk factors for AD treatment with a focus
on prevention strategies, then research models used in AD, followed by a discussion of treatment
limitations. The prevention methods can significantly slow AD evolution and are currently the best
strategy possible before the advanced stages of the disease. Indeed, current drug treatments have
only symptomatic effects, and disease-modifying treatments are not yet available. Drug delivery to
the central nervous system remains a complex process and represents a challenge for developing
therapeutic and preventive strategies. Studies are underway to test new techniques to facilitate the
bioavailability of molecules to the brain. After a deep study of the literature, we find the use of soft
nanoparticles, in particular nanoliposomes and exosomes, as an innovative approach for preventive
and therapeutic strategies in reducing the risk of AD and solving problems of brain bioavailability.
Studies show the promising role of nanoliposomes and exosomes as smart drug delivery systems able
to penetrate the blood-brain barrier and target brain tissues. Finally, the different drug administration
techniques for neurological disorders are discussed. One of the promising therapeutic methods is
the intranasal administration strategy which should be used for preclinical and clinical studies of
neurodegenerative diseases.

Keywords: Alzheimer’s disease; therapeutics strategies; polyunsaturated fatty acids; blood-brain-
barrier; liposomes; exosomes; intranasal administration

1. Introduction

Neurodegenerative diseases (ND) represent a major current health challenge due to the
aging and the lifestyle of the population, the number of people affected, the impact of these
diseases on the life of the patients and their caretakers, and the financial impact that these
entails [1,2]. Worldwide, more than 50 million people are affected by neurodegenerative
diseases, and this number will almost triple to 152 million in 2050 if no effective preventive
or therapeutic solutions are found. Alzheimer’s disease (AD) is considered the most
frequent type of neurodegenerative disease, occurring in 60% to 80% of all cases [3].

AD, discovered in 1907, has multiple etiologies, but the exact causes of the disease have
not yet been clearly established. In addition, no curative treatment has been developed,
even more than a century later. There are two forms of AD: (1) the genetic form or the
autosomal-dominant AD (ADAD), which occurs before the age of 65, representing less than
1% of cases; (2) the sporadic form. Sporadic Alzheimer’s Disease (SAD) usually occurs
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after age 65, and the risk of the disease’s occurrence doubles every five years [4]. Here, our
review focuses on sporadic AD.

AD pathology results from both structural and functional damage in the central
nervous system (CNS), including abnormal aggregation of proteins in the nervous system
and neurodegenerative processes. Indeed, two types of lesions have been identified in AD,
including amyloid plaques composed of beta-amyloid peptides (Af3), which accumulate
abnormally outside the nerve cells [5], and neurofibrillary tangles (NFT) due to the hyper-
phosphorylated tau protein, which accumulates in neurons [6]. AD can be considered a
progressive process of biochemical, neurophysiological, neuroanatomical, and cognitive
disorders [7]. The initial oligomerization of soluble Af in the brain causes localized
dysfunctions of dendrites, axonal processes, and synapses.

During the past decade, research efforts have focused on soluble A oligomers (AB0O),
which appear to be a more toxic and disease-relevant form of Af [8,9]. ARO are considered
to be pathological agents that appear before the first neuropathological signs of AD [10,11].
Then, brain lesions gradually form, associated with neuronal loss in certain regions of
the brain, but without clinical expression [12-15]. With time, AD is manifested by loss of
memory and cognitive abilities [16].

Many therapeutic strategies have been explored for several decades in clinical trials,
but the treatments currently available are primarily treatments of symptoms [17-19] rather
than actual curative therapies. Because of this, attention has turned towards prevention or
reducing AD risk. Research has shown that in the world, more than 30% of AD cases could
be due to modifiable risk factors, which could provide interesting and promising targets
for prevention strategies to reduce the risk of AD-related cognitive decline and perhaps
ND in general [3,20,21]. Current challenges focus on improving the early detection of the
disease at the preclinical stage [22].

Various studies have shown the critical role of lipid nutrients in the brain and cognitive
functions. The brain has significant levels of omega-3 polyunsaturated fatty acids (n-3
PUFA), incorporated into phospholipids, amphiphilic molecules that are components of
neuronal membranes [23,24]. Several studies have demonstrated their potential neuropro-
tective role in neuron function and synapse plasticity [25]. Since diet is an important source
of these PUFA, nutritionally-based prevention strategies can be used towards optimizing
CNS lipid status [26].

Another challenge in AD treatments is the efficient delivery and targeting of molecules
of interest to the brain due to the protective barriers of the central nervous system [27,28].
With the brain as the target tissue, one obstacle that needs to be overcome is the blood-
brain barrier (BBB). BBB protects the CNS from potential neurotoxins, toxic organisms, and
chemical substances in the blood, but that also limits its accessibility for many therapeutic
drug molecules [27].

The use of nanoparticles (NP), with sizes between 10 and 1000 nm, capable of encap-
sulating therapeutic molecules by targeting transport processes in the CNS, can improve
the crossing of molecules through the BBB in neurological disorders and reach targeted
brain regions [29-31]. Soft NP, such as nanoliposomes (NL) or exosomes, represent one
of the most effective drug delivery processes to be able to protect therapeutic agents and
deliver them to the target tissues [32,33]. A growing number of studies report a restorative
effect of NL on cellular and animal models of neurological disorders (stroke, Parkinson’s
disease, AD) [34-36], suggesting improved NP-mediated bioavailability in the CNS.

Furthermore, nanotechnology can be used to improve the bioavailability of PUFA in
the form of NL [34,37]. NLs are spherical and closed vesicles with diameters in the nanome-
ter range, formed by phospholipid bilayers dispersed in an aqueous medium [38,39]. NL
can be designed to contain n-3 PUFA-rich phospholipids with beneficial neuroprotective
properties. Moreover, NL can be used to encapsulate a variety of molecules, including
hydrophilic or hydrophobic drugs, proteins, or DNA [40]. They represent an excellent drug
delivery process because of their biofilm characteristics which closely resemble those of
cell membranes. In addition, NL forms a protective barrier that protects the molecules
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from degradation by enzymes in the mouth and stomach, digestive juices, bile acid, and
intestinal microorganisms [41,42].

In this work, we review the clinical and physiopathology of SAD, including research
models of AD, followed by a discussion of current treatments focusing on prevention
strategies and the use of soft NP such as NL and exosome as innovative approaches for a
preventive strategy in reducing the risk of AD.

2. Understanding Clinical Spectrum of AD
2.1. Description
2.1.1. Clinical

AD is defined as a neurodegenerative disease that develops over several years, leading
to insidious onset cognitive disorders. It is characterized by the appearance of multiple
cognitive deficits progressively increasing with time, including memory deterioration in
the acquisition of new information and in the recovery of information [13], as well as the
association of one or more of the following dysfunctions: aphasia, apraxia, agnosia, or
dysexecutive syndrome. AD can be considered an amnestic syndrome of the hippocampal
type. These neuropsychological disorders cause impairment in activities of daily living
and represent a cognitive and functional decline compared to the previous levels of the
individual [16].

Researchers have, in recent years, shown a growing interest in neuropsychiatric symp-
toms and behavioral disorders such as psychotic symptoms, depression, apathy, aggression,
and sleep disturbances [43—45]. As a result, in 1996, the concept of behavioral and psy-
chological symptoms of dementia was presented by the International Psychogeriatric
Association to designate symptoms of disturbance of perception, the content of thought,
mood, and behavior frequently appearing in subjects with ND [46].

AD can be viewed as a process of chemical, physiological and anatomical changes
in the brain that can be identified many years before the onset of clinically noticeable
cognitive-behavioral syndromes (CBS) [47] (Figure 1).

2.1.2. Pathophysiology

AD results from significant structural and functional damage in the CNS. Two distinct
histological lesions have been identified in AD etiology: amyloid plaques and NFT. NFT
formation begins in the internal part of the temporal lobe.

The lesions may even be present in these hippocampal structures while the person
demonstrates no symptoms of cognitive decline. The NFT then evolves in the external
part of the temporal lobe before spreading to the posterior cortical associative areas and
the entire cortex [6]. This topography of the lesions corresponds to the evolution of the
symptoms of AD [48]. On the other hand, unlike the topography of NFT, the distribution
of amyloid deposits is more diffuse. Indeed, these are found first in the neocortex, followed
by the hippocampal region, the subcortical nuclei, and finally, in the cerebellum [5].

Amyloid plaques result from the aggregation and abnormal accumulation of the A3
peptide in the extracellular medium outside the neurons (Figure 1A). A peptide is pro-
duced by the amyloidogenic pathway following the sequential proteolytic cleavage of
amyloid precursor protein (APP) by [3- and y-secretases [49]. Oligomers of soluble Af3
could interact with the cell surface potentially by direct membrane interaction or by bind-
ing a putative receptor leading to impairment of signal-transduction cascades, modified
neuronal activities, and release of neurotoxic mediators by microglia, leading to early
altered synaptic functions and plasticity [50]. Indeed, the initial oligomerization of soluble
Ap has been found to instigate synapse deterioration, inhibit axonal transport, impact
astrocytes and microglia, plasticity dysfunction, oxidative stress, insulin resistance, aber-
rant tau phosphorylation, cholinergic impairment, selective neuron death [51,52]. Other
factors, including abnormal lipid and glucose metabolism, neuroinflammation, cerebrovas-
cular abnormalities [53], and endosomal pathway blockade [54], can also contribute to AD
pathology in the brain [55]. The vascular system becomes impaired and fails to deliver
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sufficient blood and nutrients to the brain and clear away the debris of metabolic products,
leading to chronic inflammation by the activation of astrocytes and microglia.

The E4 isoform of the lipid-carrier protein apolipoprotein (apo)E, which is a signif-
icant AD risk factor, has been associated with increased A3 production and impaired
Ap clearance. ApoE4 itself can be cleaved into toxic fragments that affect the cytoskele-
ton and impair mitochondrial functions [56], which may have a direct consequence on
ApoE-mediated clearance of Af3.

Hyperphosphorylation of Tau proteins (Tubule Associated Unit, Tau) in neurons of
the CNS leads to the abnormal conformation of Tau into pairs of helical filaments, which
in contrast to amyloid plaques, aggregate inside the neurons to form NFT. Tau proteins
detach from microtubules which disrupt intracellular transport, causing dysfunction of
neurons and impaired brain activity, which can even lead to macroscopic brain atrophy
and death [12].

Interestingly, unlike NFT, no correspondence was observed between the distribution
of amyloid deposits and the symptoms of AD patients [48]. The hypothesis of the amyloid
cascade suggests that the anomalous accumulation of A3 peptide and formation of amyloid
plaques induce NFT formation and makes neurons more sensitive to neurotoxic effects and
neuronal death [57]. Timeline models have been proposed to indicate the process of events
carried out during the different stages of SAD [47,58]. For several years, research has shown
the role of pathological oligomers in the pathogenesis of AD. This recent understanding of
oligomers is supplanting the amyloid cascade hypothesis. While abnormal metabolism of
Ap and Tau proteins are hallmarks of AD and the most trusted identifiers and predictors
of AD, a recent paradigm shift has occurred that emphasizes the initial and central role of
ABO in AD pathogenesis [11]. Alternative mechanistic models propose that anomalous
accumulations of A3 protein are not necessarily responsible for neurodegeneration. Indeed,
amyloid pathology and tauopathy have been shown to appear independently under the
influence of genetic and environmental factors [59,60].

Although the sequence of events remains unclear, the presence of both A plaques and
NFT processes undoubtedly accelerates AD-related neurodegenerative processes. Initially,
before the apparition of AP plaques and NFT, the presence of soluble aggregates of Af3 led
to the destruction of synapses, dendritic spines and neurons, dysfunction of major system
neurotransmitters in the central nervous system, and glutamate and acetylcholine [61].
This includes a progressive loss of cholinergic innervation caused by dendritic, synaptic,
and axonal degeneration [53,62].

They cause glutamatergic excitotoxicity and modify glutamatergic synapses and the
plasticity process. Cholinergic and glutamatergic systems are important for processing
memory, learning, and other aspects of cognition and play a key role in neuronal plastic-
ity. Indeed, glutamatergic and cholinergic deficits are strongly correlated with cognitive
deterioration in AD [63]. The cholinergic deficit sets in early histopathologic stage of AD,
before the presence of clinical symptoms [64]. Because pathogenic soluble aggregates of A3
appear early in the sequence of AD, they can represent interesting targets for therapeutics
and diagnostics [51].



Int. . Mol. Sci. 2022, 23, 13954

50f 32

Healthy

Alzheimer's
disease

. Aging I
hmcv;m}lmr — - Physical K\ .
smalecule Inamivny - l Inflammation

Hucleus | ¢

Metabojlc P A
& \‘ Alieré’tlon / \\‘ Gl
?/\ Obesity |/ Deabetes =1 : 1
) - .-,(Q.‘_ — '\:'ﬁ:‘";:
Synuclein Jf N
2 nghc‘alnnc
diet
Atrophy Glucose i Amyloid 3 Tau “Js:-unmfl ammatic n Synaptic density

metabolism

@&moo
&mawl.

Structural MRS ! F-FDG-PET | Amyloid-PET | Tau-PE TSPO-PET | SVIA-PET

Figure 1. Alzheimer’s Disease spectrum. (A) Key players in the pathogenesis of Alzheimer’s disease
(AD). Reprinted with permission from [12]. Copyright 2009, Nature Publishing Group. (B) Aging
and metabolic diseases alteration of brain metabolism, which progressively causes AD. Reprinted
from [65], Copyright 2017, Yonsei University College of Medicine. (C) Differential diagnosis of AD
using neuroimaging biomarkers. Reprinted with permission [66]. Copyright 2009, Elsevier.

2.2. Diagnostic Criteria for AD
2.2.1. Criteria of the National Institute of Aging and the Alzheimer’s Association (NIA-AA)

In 1984, the diagnostic criteria of the National Institute on Neurological and Com-
municative Disorders and Stroke and the Alzheimer’s Disease and Related Disorders
Association were published. They were based mainly on clinical-pathologic criteria, par-
ticularly memory disorders [67]. However, these criteria did not reflect the clinical reality
of all patients. Individuals may exhibit evidence of AD biomarkers without cognitive
impairment and vice versa. In 2011, new diagnostic criteria of mild cognitive impairment
(MCI) and AD were realized by the National Institute of Aging and the Alzheimer’s As-
sociation [68,69], with the diagnosis of MCI currently based on clinical, functional, and
cognitive examinations.

The most typical MCI associated with AD pathology is MCI-amnestic (single- or
multi-domain amnestic-MCI). In amnestic MCI (aMClI), a prodromal stage of AD, there is
a memory disorder where the cognitive abilities of the person are inferior in comparison
to their age group, gender, and level of education. Nevertheless, this cognitive deficit
does not fulfill the dementia criteria. AD can be diagnosed before the onset of dementia if
other elements are detected, including amnestic hippocampal syndrome and specific AD
biomarkers (Figure 1C).
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2.2.2. Specific AD Biomarkers

The NIA-AA and the International Working Group (IWG) consider AD as a slowly
progressive neurological disease that begins before the onset of clinical symptoms. Indeed,
AD is represented as a continuum that evolves in three stages, asymptomatic (preclinical
AD), predementia (MCI due to AD), and dementia (due to AD) [22,70,71].

Although the diagnosis of AD is essentially clinical, the certainty is dependent on
evidence of biomarkers indicative of AD-related physiopathological processes. Indeed, the
new diagnostic criteria require the use of cerebrospinal fluid (CSF) biomarkers, including
total and hyperphosphorylated Tau protein as well as Ap42 or AB42/AB40 ratio and
positron emission tomography (PET) of Tau and amyloid to attribute a probability (high,
medium, or low) of the underlying AD-related neurodegenerative processes contributing
to the clinical observations [1,22,72]. In 2018, a new AD biological framework and model
of pathologic AD biomarkers conceptualized a progressive sequence of neurophysiolog-
ical, biochemical, and neuroanatomical abnormalities that can be identified years before
noticeable CBS.

While not the sole factors, abnormal deposits of protein A3 and Tau remain hallmarks
of AD pathology and make it possible to differentiate AD from other neurodegenerative
diseases [71].

Among the pathophysiological markers of AD [58] include the specific presence of
amyloid pathology (decreased A{31-42 peptide CSF levels or accumulation of the amyloid
tracer in PET imaging) and Tau pathology (elevated Tau and phosphorylated Tau protein
CSF levels or accumulation of the Tau tracer in PET imaging). Moreover, topographical
markers for AD include volume modifications in the brain (temporoparietal, hippocampal
atrophy, cortical thickness) assessed by magnetic resonance imaging (MRI) and glucose
hypometabolism measured by fluorodeoxyglucose (FDG)-PET [73]. The classification by
NIA-AA define and differentiate the Alzheimer’s spectrum of these biomarker criteria
using these three amyloid, tau, and neurodegeneration biomarkers.

2.3. The Different Stages of the Sporadic form of AD: The Alzheimer’s Spectrum
2.3.1. The Early Asymptomatic Stage: Preclinical Stage

The first neuropathological signs of AD can occur 15 or 20 years before the disease
begins [74]. Early Af modifications, including oligomerization in the brain, provoke
dysfunction in dendrites, axonal processes, and synapses. Nevertheless, the origin of
abnormal A{ and oligomer formation is still unclear [14].

The lesions form slowly without clinical expression (no complaints from patients about
troubles in everyday life) [12,14,15]. Preclinical AD is defined as A3 biomarker evidence of
AD pathological changes (PET amyloid retention, low CSF A[342) in cognitively healthy
individuals or with subtle cognitive changes [71]. Several studies highlight the concept
of cognitive reserve in AD, demonstrating that cognition remains stable despite brain A3
lesions due to compensatory mechanisms (particularly linked with education level) until
the early symptomatic stage (MCI). AD can develop at an advanced or very advanced age
in people whose cognitive reserve is high.

Indeed, these patients are able to compensate longer for the consequences of AD, thanks
to the activation of a more extensive and effective neural network, the cognitive symptoms
appearing at a more advanced stage [75-78]. For the asymptomatic stage, these criteria are
used primarily for clinical research protocols rather than for diagnostic purposes.

2.3.2. The Early Symptomatic Stage: Amnesic Mild Cognitive Impairment

In the aMCI, people have cognitive complaints or deficits detected by their entourage.
However, there is no significant impact on activities of daily living. An accurate and timely
diagnosis of AD is needed, which would allow non-pharmacological and/or drug therapies
in the MCI stage or even in the preclinical stage. Many clinical studies are in progress to
address this issue [79,80]. In the early symptomatic stage, tests reveal a positive sign of the
amyloid and Tau pathology biomarkers [71] without neurodegenerative syndromes. Con-
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versely, the absence of these biomarkers is associated with a low probability. The presence
of the two CSF biomarkers, amyloidopathy (low CSF Af levels) and neuronal degeneration
(CSF Tau and P-Tau levels), are considered indicators of a high risk of conversion to AD [71].

233. AD

In the typical form of SAD, the patient exhibits all AD symptoms, including a progres-
sive and significant disorder of episodic memory associated with other cognitive disorders
(executive functions, apraxia, aphasia, and agnosia).

In many cases, people also have neuropsychiatric disorders such as apathy (49%),
depression (42%), aggression (40%), anxiety (39%), and sleep disorders (39%) [81]. These
disorders have a significant impact on autonomy requiring external aid to perform the
acts of everyday life. At the stage of dementia, the diagnosis is made based on clinical
behavioral tests, where biomarkers are used only to increase the threshold of certainty of
the diagnosis for atypical forms or young subjects [22].

The presence of biomarkers can be used to indicate the severity of the AD [7,71]: decreased
CSF AR levels, increased CSF Tau and/or P-Tau levels, cortical thinning and hippocampal
atrophy based on MRI, hypometabolism or hypoperfusion of posterior cingulate and tem-
poroparietal cortex (FDG-PET), and detection of cortical amyloid fixation (PET), adding to
neurodegeneration syndromes [71,82]. Finally, the certainty of AD diagnosis is evaluated by a
level of probability, with definitive evidence provided only by biopsy or autopsy.

2.4. Risk Factors of SAD

Based on current research, AD etiology is multifactorial genetic and environmental
risk factors that can be categorized as modifiable and non-modifiable factors [83-87].

2.4.1. Non-Modifiable Risk Factors

Several studies suggest that the greatest non-modifiable risk factors for SAD are age,
the APOE-¢4 allele, and gender [4,88].

Age

The main risk factor for SAD is age. Indeed, increased life expectancy is correlated
with a higher probability of developing neurodegenerative diseases, including AD [89,90].
In normal aging, the structure of the brain changes in membrane fluidity and lipid compo-
sition, regional brain volume, density, cortical thickness, and microstructure of the white
and grey matter. There is a progressive loss of neuronal synapses, leading to a neuronal
density decrease.

Genetic Risk Factor

While ADAD is caused by the mutation of one of the genes involved in amyloid
metabolism, including amyloid precursor protein (APP), presenilin 1 (PSEN1), or presenilin
2 (PSEN2), the main genetic risk factor in SAD is the APOE gene [91-94]. APOE is associated
with the transport of lipids, including cholesterol, in peripheral tissues and in the central
nervous system.

By virtue of its role in astrocyte-derived cholesterol transport to neurons, it ensures
lipid delivery to neurons and, thus, membrane homeostasis, a critical process in neuron
and brain lesion repair. The APOE gene has three alleles: €2, €3, and e4. The &4 allele
is a genetic risk factor of SAD involved with a high risk of AD, found to be associated
with atrophic hippocampal volume, abnormal accumulation of A protein and increased
amyloid deposits, and cerebral hypometabolism [95].

The ¢4 has been linked to changes in neurotoxic and neuroprotective mechanisms,
including A3 peptide metabolism, aggregation, toxicity, tauopathy, synaptic plasticity, lipid
transport, vascular integrity, and neuroinflammation [96]. It has been shown that having
the ¢4 allele increases four-fold the risk of developing AD, whereas the 2 allele decreases
AD risk; the €3 allele has no effect on AD risk. However, some ¢4 allele carriers never
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manifest AD, which indicates that other as yet to be identified determinants (genetic or
otherwise) may be involved in AD development [88].

Gender

AD disease prevalence and symptom progression are disproportionately higher in
women [97-99]. Moreover, there are different risk factors for women and men (APOE
genotype, cardiovascular disease, depression, hormonal depletion, sociocultural factors,
sex-specific risk factors for women, and performance in verbal memory), which may
contribute to this difference. To understand the influence of gender differences, studies are
needed to determine gender influence on biomarker evolution across the life span, including
cognitive abilities, neuroimaging, CSF, and blood-based biomarkers of AD, particularly
at earlier ages [98]. In addition, preclinical and clinical studies in the development of AD
therapeutics for both genders are needed.

2.4.2. Modifiable Risk Factors

Modifiable risk factors are of considerable interest since they are a lever for the action
of preventive strategies. Cardiovascular damage is a risk factor for neurodegenerative
diseases, and since the brain is supplied by a large network of blood vessels, a healthy
cardiovascular system can be considered neuroprotective [100]. This could explain why
part of the risk factors for cardiovascular disease are in common with AD, including hy-
pertension, dyslipidemia, diabetes, obesity, dietary factors, smoking, and physical activity
(Figure 1B). Thus, lifestyle is also an important risk factor, where intellectual, physical, and
social activities, as well as diet, may help to prevent AD [1,22,100-103].

Metabolic Disorders and Dyslipidemia

Although the brain represents 2% of the total body weight, 20% of body oxygen
consumption and 25% of the glucose consumption can be attributed to this organ [101,104].
The brain is the most lipid-rich organ next to the adipose tissue. Indeed, lipids are part
of gray matter, white matter, and nerve nuclei and are needed for neuronal growth and
synaptogenesis. Lipids in the brain are composed of 50% phospholipids, 40% glycolipids,
10% cholesterol, cholesterol esters, and trace amounts of triglycerides [105].

Long-chain polyunsaturated fatty acids (LC-PUFAs) represent 25-30% of the total
fatty acids (FAs) in CNS, in particular, docosahexaenoic acid (DHA) and arachidonic acid
(AA). Cholesterol and long-chain omega-3 FAs, and especially DHA, play major roles in
brain function. Research shows that the imbalance of lipid homeostasis is associated with a
high risk of AD [105,106]. The brain is the organ that is the richest in cholesterol, containing
25% of all cholesterol in the human body. The cholesterol used in the brain is synthesized
within the CNS. Altered cerebral cholesterol homeostasis may promote neurite pathology,
Tau hyperphosphorylation, and the amyloidogenic pathway [49].

Increased brain cholesterol levels and dyslipidemias overall have been linked to AD
incidence [49,55,100,107]. It could be assumed that similar to the etiology of cardiovascular
disease, diabetes, and obesity, these changes in lipid homeostasis can increase the risk of
age-related neurodegeneration and AD with time. Dyslipidemias are also associated with
obesity, which has been linked to insulin resistance/hyperinsulinemia in the development
of AD [108,109]. Indeed, brain insulin resistance has been shown to be involved in cellular
and molecular mechanisms of neurofibrillary tangles formation and amyloid plaques [110],
leading to AD being referred to as type III diabetes. These studies clearly indicate that
preventive strategies aimed toward maintaining optimal brain lipid status may be useful in
maintaining neuronal functions and synaptic plasticity, thereby reducing AD risk. Lipids
provide a further advantage in that dietary intervention represents a fairly straightforward
manner to achieve proper lipid homeostasis [111-113].
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Other Risk Factors

Low levels of cognitive, social, and physical activity may be linked to a greater risk of
developing neurodegenerative diseases [3,83]. An enriched environment appears to favor
the establishment of a cognitive reserve that includes the level of education (level of study,
profession), the quality of social interactions, the variety of leisure activities, and the prac-
tice of physical exercise. Nevertheless, these cognitive and physical factors are not alone
in affecting the reserve capacity. Other factors are involved, including nutrition and other
environmental parameters that can protect cardiovascular pathologies, thereby reducing
AD risk [87]. Symptoms of depression, anxiety, stress, and chronic psychological distress
have also been associated with an increased risk of MCI and AD [114,115]. Moreover, exces-
sive consumption of tobacco and alcohol increases cognitive impairments [20]. A history
of head trauma and hearing loss may favor the onset of AD [3,102,116]. Recently studies
have shown that air pollution may be linked to an increased risk of neurodegenerative
diseases [117].

A recent report highlighted 12 modifiable risk factors representing about 40% of
dementias in the world: a low level of education, hypertension, hearing impairment,
smoking, obesity, depression, sedentary lifestyle, diabetes and poor social contact, excessive
alcohol consumption, history of head trauma and air pollution [117]. These last three factors
have been updated recently [3].

3. Research Models Used for AD

In order to both study the underlying mechanisms and to test and identify possible
preventative strategies, AD models [118] range from in vitro cell culture models (two-
dimensional (2D) or three-dimensional (3D)) to animal models. Generally, 2D cell culture
models lack cues provided by the extracellular matrix (ECM). These models are easy to
maintain and cost-effective but do not allow the study of glia-neuron communication and
crosstalk [119]. 3D models include neurospheroids [120], organ-on-a-chip devices [121],
and engineered brain tissue [122], mimicking the brain’s complexity; however, they are
more difficult to engineer and maintain [123]. Animal models are required for studying
both physiological and behavioral mechanisms of AD, but interspecies differences may
result in unexpected results in clinical trials [123,124]. The various AD models presented
here are summarized in Table 1.

3.1. 2D In Vitro Models of Alzheimer’s Disease

Researchers have attempted to simulate or induce the clinically observed increased
A[42/40 ratio to study AD in vitro. Among the 2D models of interest, the most common hu-
man cell types used include human embryonal stem cells (hESC), induced pluripotent stem
cells (iPSC) from AD patients, or neurons from AD patients with relevant mutations [118].
For example, Koch et al. observed an increased A[342/40 ratio due to a decrease in A{340
hESC-derived neurons overexpressing PSEN1 [125], also found by Mertens et al. [126].
Increased AP42 was only found in neurons derived from patients with a specific APP
K724N mutation. Neurons are not alone in playing an important role in the Ap42/40
ratio, as shown by Liao et al., who demonstrated secretion of A {342 by hiPSC-derived astro-
cytes [127]. Oksanen et al. used PSEN1 AE9 mutated hiPSC-derived astrocytes to show an
increased A[342/40 ratio, as well as increased reactive oxygen species (ROS) and increased
cytokine release [128], suggesting an increase in the pro-inflammatory response. Jones et al.
used the PSEN1 M146L mutation to show disturbed astrocyte marker expression [129].
PSEN1 is not only responsible for the increased A[342/40 ratio but is also involved in
mitochondrial impairment. Martin-Maestro et al. used hiPSC-derived neurons with a
PSEN1 A246E mutation to show the role of mitochondrial dysfunction in AD [130].
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Table 1. Research models used for Alzheimer’s disease.

Type Model Key Findings Ref.
hESC-derived neurons overexpressing PSEN1 Increased AB42/40 ratio due to depletion of A340 [125]
APP K724N mutated neurons from AD patients Increased A[SfLZ/40 ratio due t o depletion of AB40 and [126]
increased secretion of A(342

hiPSC-derived astrocytes Increased Ap42/40 ratio in astrocytes is an important [127]

regulator of AD
2D in vitro models PSEN1 AE9 mutated hiPSC-derived astrocytes Increased AB42/40 rart;)éigs, increased cytokine [128]
PSEN1 M146L mutated hiPSC-derived astrocytes Disturbed expression of astrocyte markers [129]
hiPSCs-derived neurons with PSEN1 A246E mutation Defective mitochondria have a key role in AD [130]
ReN immortalized stem cell line Mutations in APP gene show accumulation of A3 and [131]

phosphorylated tau
PC12 immortalized cell line GLP-1 neuroprotection and findings of A toxicity [132]
PSEN1 A246E iPSC-derived neurons AP aggregation without synthetic A exposure or 135
mutation induction
iPSC-derived NPCs enc;{)étiated in wet electrospun Enhanced expression of AB42 and p-Tau [134]
. X . Increased AP42 causes loss of neuroplasticity. System
NSCs encapsulated in starPEG-heparin-based hydrogels could allow for identification of therapeutic targets [135]
.. Induced NSCs in silk protein scaffold with Ap plaque formation, neuroinflammation, decreased
3D in vitro models HSV-1-induced AD functionality [136]
iPSCs-derived neuro-spheroids AP aggregation; platform for testing of AD drugs [137]
. Show the importance of reducing the A342/40 ratio
3D human neural progenitor cells for amelioration of AD; accurate tau pathology [138]
Acoustofluidic platform for assembly of neurospheroids High throughput screening platform to test drugs [139]
and Ap plaques against AP plaques )
3D triculture of neurons, astrocytes, and microglial cells AP aggregation, accumuliatlon of p-tau, cytokine [140]
secretion

APP overexpressing mice A plaque formation, learning, and cognitive deficits [141]

after 6 months

In vivo models AR is only able to form oligomers, thereby
AB-GFP transgenic mice representing AD. Mice showed loss of memory, spine  [142]
alterations, and increased p-tau levels.
hTauP301L transgenic mice Increased levels of phc?sphorylated tau, increased tau [143]
aggregation, neuronal loss

T40PL-GFP transgenic mice, with the P301L 2N4R tau Increased levels of tau aggregation and tau pathology [144]

mutation after 3 months
ICV injection of A oligomers Memory loss in an ERK1/2-mediated fashion [145]

Interestingly, Perez et al. used human iPSC with a loss of PITRM1 function (Pitrilysin
metallopeptidase 1), an enzyme involved in mitochondrial degradation associated with
AD, as a 2D model and to form 3D organoids [146]. They showed that only the organoids
were able to provide the increased A(342/40 ratio and higher p-Tau levels, suggesting the
need for cell-cell and cell-matrix interactions to fully simulate AD in vitro.

Lastly, primary murine neurons and cell lines are often used to model AD. The ReN
immortalized neural stem cell line contains various APP mutations and can differentiate
toward neurons or glia cells, rendering it an ideal cell line for AD modeling [131].

Additionally, PC12 is an immortalized clonal cell line showing GLP-1 neuroprotection
and Ap plaque formation [132]. However, 2D models lack the proper cellular environment
and support cells to model AD properly; hence, 3D culture models provide a solution.



Int. . Mol. Sci. 2022, 23, 13954

11 of 32

3.2. 3D Models of Alzheimer’s Disease

3D models of AD offer the complexity of the brain without the ethical constraints
of animal models [147]. Organoids, or other forms of 3D cell culture, can simulate AD
pathology, as they are able to secrete sufficient levels of Af342 to form A3 plaques and form
NFT, unlike 2D cultures [148]. Hernandez-Sapiens et al. have used iPSC-derived neurons
with the PSEN1 A246E mutation, as seen before, to simulate AD in vitro [133]. They were
able to generate A oligomers, representative of AD in vivo, by culturing the cells on a
Matrigel platform. Ranjan et al. formulated poly(lactic-co-glycolic acid) (PLGA) scaffolds
using wet electrospinning to encapsulate iPSC-derived neural progenitor cells (NPCs) and
mimic the brain structure (Figure 2A) [134]. They were able to acquire pathogenic levels of
A[342 and p-Tau using AD patient-derived iPSCs. Papadimitriou et al. employed a starPEG
heparin-based hydrogel, which could incorporate both neural stem cells and pathogenic
levels of AB42 to simulate AD-like physiopathology [135]. They demonstrated that A(342
was responsible for the loss of neural plasticity, similar to that observed in AD (Figure 2B).

Therefore, this system could allow for the identification of therapeutic targets to reduce
the loss of neural plasticity. Moreover, Cairns et al. induced AD in human-induced neural
stem cells in a silk protein scaffold using the herpes simplex virus type I (HSV-1) [136]. They
were able to mimic the plaque formation, neuroinflammation, and decreased functionality
of the cells without the use of exogenous AD mediators. It should be noted that after plaque
formation, the model can no longer be used to evaluate preventative strategies.

Other researchers have assembled spheroids to obtain a 3D environment. For ex-
ample, Lee et al. used iPSCs from various AD patients’ blood to form Af oligomers in
neuro-spheroids, which provide a platform for high throughput testing of AD drugs [137].
Human NPCs were used to form differentiated 3D neurospheroids with A aggregation,
modeling AD [149]. Kwak et al. continued this research and assembled 3D spheroids
expressing different levels and ratios of A(342/40 (Figure 2C) [138]. They were able to show
p-Tau pathology and the importance of lowering the A342/40 ratio to reduce AD-related
neurodegenerative processes.

The use of microfluidics to create neurospheroids or brain-on-a-chip devices has been
extensively used by researchers as well. For example, Cai et al. used an acoustofluidic
platform to aid in the high-throughput formation of homogeneous neurospheroids [139].
Acoustic soundwaves allow for the rapid formation of spheroids, and the addition of A3
aggregates into the spheroids resembles AD pathology (Figure 2D).

Moreover, Park et al. used a microfluidic system for a 3D triculture of astrocytes,
neurons, and microglia [140]. The model showed A aggregation, p-tau accumulation, and
secretion of inflammatory cytokines can be used to study the pathogenesis of AD.
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Figure 2. 3D in vitro models of Alzheimer’s disease. (A) PLGA scaffold encapsulating iPSC-derived
NPCs, shown by proliferation marker Ki67, undifferentiated cell marker Nestin, and neural differ-
entiation marker TuJ1. (i-iii) Cross-section ofthe 3D microfiber scaffold showing cell infiltration,
distribution and differentiation. (iv,v) cell proliferation and differentiation. (vi) SEM image of the
scaffold cross-section. Reprinted with permission from [134]. Copyright 2020, The Royal Society of
Chemistry. (B) Reduction of neural plasticity in neural stem cells as a result of AP plaques. Image
(i,iii) indicate healthy neural stem cells, which can form new synaptic connections, shown in (iii).
Image (ii,iv) have the A plaques incorporated in the hydrogel and are unable to form new synaptic
connections. Reprinted with permission from [135]. Copyright 2018, Elsevier. (C) 3D spheroids
derived from human neural progenitor cells, displaying AP pathology (shown in blue). Green and
Red channels depict the neuronal cells and differentiated neurons, respectively. Reprinted from [138].
Copyright 2020, Nature Portfolio. (D) Acoustofluidic platform to assemble cells and A oligomers
into neuro-spheroids representing AD. Reproduced with permission of The Royal Society of Chem-
istry [139]. (i) cross-section of the 3D microfiber scaffold after sectioning (dotted line indicates the
NPCs (8529 cell line) inside the 3D scaffold as assessed via staining for TuJ1 (green) and Nestin (red)
markers on D13; (iv) cell proliferation assessed by the Ki67 (green) marker and (v) cell differentiation
with neurite formation indicated by the TuJ1 (red) marker of hESC-derived NPCs on D13; nuclei
were counterstained with DAPI (blue); (vi) SEM image of the scaffold cross-section showing cell
morphology and attachment on microfibers at 2000 x magnification.

3.3. In Vivo Animal Models of AD

The genetic mutations found in ADAD and risk factors associated with SAD have
provided useful information to develop animal AD models, particularly in mice [150].
This allows not only targeted genetic modifications related to AD pathology but also the
evaluation of associated cognitive deficits [151]. Many transgenic mouse models are based
on APP mutations, which can also be used in 2D in vitro cell-based models. However, the
results have not been entirely conclusive.
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Chen et al. demonstrated the relationship between a type of cognitive performance
and b-amyloid plaque deposition. APP overexpression in mice showed increased Af3
plaque formation, as well as a spatial learning decline, but not all forms of learning and
memory [141].

More recently, Ochiishi et al. used AP tagged with Green Fluorescent Protein (GFP) in
mice to observe the cascade of events leading from Af3 oligomeric formation to synaptic dys-
function in vivo [142]. These mice showed elevated levels of p-Tau, impaired recognition
memory, and altered spine morphology.

Additionally, injection mice models are often used to model AD in vivo. Injection in
tauP301L transgenic mice resulted in elevated p-tau levels close to the site of injection [143].
Similarly, T40PL-GFP transgenic mice, with the P301L 2N4R tau mutation, induced p-tau
pathology after three months [144]. Moreover, intracerebroventricular (ICV) administration
of Af} oligomers into mice shows a failure to induce glucose intolerance, indicating Af3
oligomers target metabolic control [152]. Similarly, intra-hippocampal injections of Af
oligomers showed loss of memory, correlated with the ERK1/2 pathway activation, which
is involved in memory function [145]. The interest in these injection models is that they are
not genetic forms of AD and are more similar to the SAD model. By exposing these models
to certain risk factors, we get closer to a model more representative of human pathology
and epidemiological data.

Researchers have been able to simulate AD lesions, including amyloid plaque for-
mation and Tau pathology, in various models, leading to the identification of therapeutic
targets as well as drug testing. However, understanding the molecular mechanisms in-
volved in the early onset of AD will help to develop strategies to reduce AD risk or even
prevent the disease altogether. More research is required in order to develop an adequate
model of the very early stages of AD, especially in models with sporadic forms, which
represent the majority of AD cases.

Non-human primates (NHP) can be used as models of sporadic age-associated brain
-amyloid deposition and pathological changes in AD. Recently, Latimer et al. showed that
vervets and other NHP are promising models for exploring early-stage disease mechanisms
and biomarkers and testing new therapeutic strategies [153]. These monkeys have the
propensity to develop diseases relevant to humans during aging without genetic han-
dling [154]. However, there are several limitations; vervets show amyloid deposits but do
not have neurofibrillary tangles or tauopathy; therefore, they do not present generalized
neurodegeneration. Vervets are best considered a pattern of early amyloid pathology and
corresponding behavioral and biomarker changes, making them important for the study of
the early stages of AD [153].

4. Current Treatments and Prevention Strategies for Alzheimer’s Disease
4.1. Drug Treatments
Description

Current drug treatments for AD are symptomatic-based rather than curative to limit
the progression of cognitive symptoms and behavioral and psychological symptoms of
dementia (BPSD). Four drugs (donepezil, memantine, galantamine, rivastigmine) are
approved on the market and belong to two families: anticholinesterase inhibitors and
anti-glutaminergics. These treatments are delivered through the oral or transdermal
route [155,156]. Anticholinesterase inhibitors are molecules designed to increase acetyl-
choline levels in the brain, which is a molecule that allows the transmission of information
between certain neurons and plays a role in memory. These treatments are intended to
correct the acetylcholine deficiency that is observed in the CNS of persons with AD. Anti-
glutaminergics are used to regulate glutamate levels through a noncompetitive antagonist
effect of N-methyl-D-aspartate (NMDA) receptors. Glutamate is a neurotransmitter that
has a role in the brain functions of learning and memorization. High levels of glutamate
are likely to cause pathological effects causing the death of neurons. These drug treatments
are used in order to delay the evolution of the disease, to stabilize or to improve, albeit
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temporarily, the cognitive functions, and to control the disorders of the behavior. Although
not curative, these treatments nevertheless help to maintain independence and improve the
quality of life for AD people and for their caregivers. However, these treatments, whose
effectiveness is only partial and temporary at best, affect only the consequences of AD
rather than the cause [1,17,157,158]. These drug therapies may be more beneficial in the
early asymptomatic stage before the process of neurodegeneration occurs. Other reasons
also contribute to the modest effectiveness of these treatments, including the difficulty in
brain drug targeting due to restricted passage from the circulation to the CNS through the
BBB [159]. Indeed, many drug trials fail because of permeability issues at the BBB in AD.

Because of this, the increased dosage is necessary, which could also increase the
possibility of secondary undesired effects [160,161]. The BBB represents a challenge for CNS
drug delivery, and many strategies have been developed to address this challenge [162].
Drug efficacy may also be reduced due to age-related modifications in neuronal membranes
and membrane receptors, which is not necessarily considered in pre-clinical studies. Indeed,
a recent study showed changes in the microdomains of synaptosomes isolated from aged
mice, which increased their response to amyloid stress and inhibited the neuroprotective
effects of the ciliary neurotrophic factor [163].

Another limitation in treatments may be due to their administration during the late
stages of AD. For example, studies of mice with genetic mutations of ADAD causing
early and rapid accumulation of amyloid plaques have allowed testing of anti-amyloid
immunization to remove amyloid plaques [164]. However, in numerous human clinical
trials using this approach, there was a decrease in amyloid load, but without significant
clinical improvement nor reduction in disease progression [165]. It is, therefore, possible
that the treatments are administered at a time when AD is already in the advanced stages
and are thus less effective. Timely intervention may be important and emphasizes the need
for better diagnosis of the early stages of AD using additional biomarkers [158]. Indeed,
rapid and accurate diagnosis should take into account target populations with risk factors,
including family history (genetic factors including the ¢4 allele) and isolated memory
complaints. Drug development has targeted amyloid plaque formation, but other novel
targets need to be explored [155].

The absence of effective curative treatments and difficulties in accurately diagnosing
early-stage AD clearly demonstrates the need for implementing preventive and neuro-
protective strategies to slow down the neurodegenerative process (neuronal dysfunctions:
axons, dendrites, synapses), thereby reducing AD risk [166].

4.2. Non-Pharmacological Therapies

Non-pharmacological therapies, in addition to drug treatments, represent an alternative
to the treatment of neurodegenerative diseases [156]. Several studies and international trials
are completed or progress to investigate the multidomain intervention in AD [166-172],
which is an approach using multiple activities. Indeed, research shows a positive correlation
between increased physical activity, cognitive training, improved nutrition, and slowing
cognitive and functional decline and intensity of BPSD. Nevertheless, these activities have
been carried out over short periods, with little information on long-term studies.

4.3. Prevention Strategies for Alzheimer’s Disease

A review of the current literature highlights the interest in prevention and non-drug
therapies, specifically for MCI or the preclinical stage. As discussed above, AD abnormali-
ties such as Abeta-induced synaptic dysfunctions or endosomal pathway blockade occur
early, progressing with time, even over decades, by which time the available treatments
have only modest effects. The decreased cognitive performance begins around midlife
from 45 years [173] and increases with age due to structural and functional changes in the
brain (for instance, regional brain volumes and integrity of the white matter, reduction in
the fluidity of brain membranes, and changes in lipid composition) [163,174-176]. Identifi-
cation of modifiable risk factors is, therefore, essential in order to define preventive actions
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against this insidious disease. Here, because of the importance of lipids in brain structure
and function and the relative ease with which lipid status can be optimized by dietary
intervention, we focus on this as a modifiable risk factor to target using diet as a preventive
strategy for reducing age-related cognitive impairment and risk of preclinical stage of AD.

4.3.1. Dietary Intervention
Fatty Acids: Omega 3, 6

PUFA has a key role in the production and storage of energy, synthesis and fluid-
ity of cell membranes, and enzymatic activities, among others [23]. Two specific PUFAs,
linoleic (LA, C18:2n-6) and alpha linolenic (ALA, C18:3n-3) acids, are essential since the
body is unable to synthesize these fatty acids, and the only way to obtain them is from
dietary sources [177]. LA and ALA are precursors for arachidonic acid (AA, C20:4n6),
eicosapentaenoic acid (EPA, C20:5n-3) and DHA (C22:6n-3). PUFA is required for brain
development, integrity, and function. Omega-3 (n-3) and 6 (n-6) are important compo-
nents of biomembranes and have a key role in the integrity, development, neuron mainte-
nance, and functions, including synaptic processes, neuronal differentiation, and neuronal
growth [178-180].

Docosahexaenoic Acid

The brain has a high level of n-3 fatty acid, DHA, mainly in membrane photoreceptors
and synaptic membranes. It is present particularly in membrane phospholipids (PL)
of phosphatidylethanolamine (PE) and phosphatidylserine (PS), with smaller amounts
also found in phosphatidylcholine (PC). DHA is known for its neuroprotective effects
and synaptic plasticity and has a key role in aging, memory, vision, and corneal nerve
regeneration [181]. DHA accounts for more than 90% of n-3 PUFAs in the brain and 10%
to 20% of total lipids and is found in particularly high levels of gray matter. The total
volume of gray matter decreases with age, which corresponds to a loss in the composition of
DHA [182]. DHA can influence cellular and physiological processes, including membrane
fluidity, the release of neurotransmitters, myelination, neuroinflammation, and neuronal
differentiation and growth [183]. Long-chain n-3 FA supplementation in the early stages of
AD has shown promising potential [111]. Studies show a relationship between a diet rich
in fish-derived n-3 FA and cognitive performance during aging [184].

Fish oil is an excellent source of DHA and has been studied as a potential preventing
food supplement for AD. However, it seems that only patients with mild cognitive im-
pairment who do not have ¢4 allele of the APOE gene had better cognitive outcomes after
treatment with fish oil [185]. This would suggest the importance of n-3 FA supplementation
before the onset of AD symptoms, especially in people at risk. In fact, DHA is able to
attenuate molecular mechanisms that are deleterious to the CNS in the early stages of AD.
The modification in the fluidity of neuronal membranes is involved with brain aging and
may play an important role in AD [106]. DHA supplementation in the diet could prevent
age-related neuronal membrane changes and associated impairments. Furthermore, DHA
supplementation can support reactivity to molecular therapeutic targets impaired in AD,
such as the ciliary neurotrophic factor (CNTF), suggesting that DHA may be of more value
in combination with other treatments, such as neuroprotective molecules, than alone [163].
Various in vitro and in vivo studies have described that DHA can have neuroprotective
effects against neurotoxicity induced by AB [186]. DHA has been shown to lower A pro-
duction in various AD models [187], improve blood flow and decrease inflammation [188],
further demonstrating its potential to reduce AD risk.

Currently, several clinical trials are testing the neuroprotective effects of n-3 PUFA
administration in patients with AD. Despite these numerous studies, the results in AD
patients have not been consistent in terms of cognitive or neuronal improvement. In
addition, the effects observed are generally short-term. These discrepancies can perhaps be
explained by numerous factors, including the administration of DHA only in late-stage
AD, insufficient age-influenced bioavailability, or the formulation of DHA used.
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In the AD, delivery of bioactive substances to the CNS is a very complex process and
the development of prevention and therapeutic strategies is challenging. Research is being
carried out to test new strategies to improve the penetration of molecules into the CNS.

5. BBB and Administration Strategies for Alzheimer’s Disease Treatment
5.1. BBB and Soft Nanoparticles

The BBB’s main role is to separate the blood that circulates in the body, and that might
contain toxic foreign molecules from the brain’s extracellular fluid present in the CNS [189].
The German bacteriologist Paul Ehrlich discovered the BBB in 1885 when he successfully
stained all animal organs except the brain following injection of aniline dye solution into the
peripheral circulation. This discovery was later confirmed by his student Edwin Goldman
in 1913 [190]. However, only once scanning electron microscopy (SEM) was invented in 1937
could the actual BBB membrane be observed. Anatomically, the BBB’s structure includes the
structure pericytes, astrocytes, neurons, and microglia (Figure 3) [191]. Due to the presence
of high electrical resistance and tight junctions between endothelial cells caused by their
encapsulation by the pericytes and astrocytes, only water and other small molecules can
penetrate without restrictions by passive transcellular diffusion through the BBB [189,192].
Conversely, molecules such as drugs, amino acids, and glucose are polar, hydrophilic,
or possess a high electric charge to cross the BBB through active transport routes that
depend on specific proteins [193]. Therefore, due to the rise in neurodegenerative diseases,
the challenge of delivering and releasing drugs or bioactive compounds into the brain
is attracting much attention. Soft nanoparticles, such as liposomes and exosomes, are
nanovesicles that are able to deliver drugs and genes across the BBB (Figure 3) [33,37].

Liposomes Exoé.omes
* s

Astrocytes Pericytes Endothelial
cells

Figure 3. Schematic representation of liposomes, inorganic and polymeric nanoparticles crossing the
BBB. Created with BioRender.com.

5.1.1. Liposomes

In the 1960s, Dr. Bangham discovered liposomes when he noticed that phospho-
lipids, when surrounded by an aqueous medium, formed a closed bilayer [194,195]. Being
amphiphilic, the hydrophobic acyl chains of phospholipids lead to the thermodynami-
cally favorable formation of lipid spheres upon contact with water [42,196]. Electrostatic
interactions, such as van der Waals forces and hydrogen bonding, further enhance this
formation [197,198]. Liposomes generally consist of a lipid bilayer encircling an aqueous
core [199,200]. Liposomes are able to encapsulate hydrophobic drugs in their bilayer and
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hydrophilic bioactive molecules in their core [201]. With the lower volume of hydration
in the liposome core, hydrophilic molecules are entrapped with a lower efficiency than
hydrophobic molecules [42].

Liposomes can be classified as conventional, PEGylated /stealth, or ligand-targeted
based on the characteristics of their surface [202]. Liposomes have been researched for
more than five decades, to the point where they are well-established drug delivery vectors,
resulting in the marketing authorization of several clinically approved liposomal-based
products [203]. Indeed, they offer better biocompatibility and safety than polymeric and
metal-based nanoparticles due to their resemblance to biomembranes [204,205].

AD drugs fail to generate therapeutic effects in part because they cannot pass through
the BBB to enter the CNS. Even though conventional liposomes cannot cross the BBB,
modifying their surface can enable them to pass through and unload their cargo directly
into the CNS [206]. Proteins, peptides, and antibodies receptors found on the BBB’s surface
can be used to mediate the translocation of liposomes via receptor-mediated transcytosis.

Transferrin (Tf)-functionalized liposomes have been used for BBB targeting since a
transmembrane glycoprotein overexpressed on brain endothelial cells called the transferrin
receptor (TfR) is one of the most commonly targeted receptors. The problem of endogenous
Tf binding inhibition to the TfR is usually resolved by avoiding ligand competition and
using specific antibodies against TfR [207-210]. Likewise, the mammalian cationic iron-
binding glycoprotein lactoferrin (Lf) is overexpressed on the BBB. Lf-modified liposomes
have also been created to cross the BBB via receptor-mediated transcytosis [211,212].

Simultaneously, cationic liposomes can penetrate the BBB via absorption-mediated
transcytosis, taking advantage of the BBB’s negative charge and consequently triggering,
through electrostatic interactions, the cell internalization processes [213-215]. However,
binding to serum proteins and the nonspecific uptake of cationic liposomes by periph-
eral tissues are major drawbacks that require the administration of highly toxic doses of
liposomes to achieve therapeutic efficacy [32].

Another strategy is to bind nutrients, such as glucose and glutathione, to the surface of
liposome to facilitate its translocation via carrier-mediated transcytosis [216]. Nutrients are
normally transported to the brain from the blood by selective transporters overexpressed
on the BBB’s surface, such as amino acid, hexose, or monocarboxylate transporters. For
this, glucose-functionalized liposomes have been developed to improve their transcytosis
through the BBB [217,218]. G-Technology® targets liposomes through the BBB by modifying
them using glutathione that targets the glutathione transporters highly expressed on the
BBB's surface [209,219,220].

Moreover, developing liposomes with more than one targeting ligand has been suc-
cessfully used as a new strategy to deliver therapeutics to the brain. These bifunctional
liposomal delivery carriers increase BBB targeting efficiency, most likely by overcoming
the receptor or transporter saturation limitation of monofunctional liposomes [221]. Small
molecules that present high affinity towards amyloid peptides were successfully loaded
in bifunctional liposomes to create enhanced multifunctional carriers [208-210,222-224].
With regards to regulatory aspects, liposomes are one of the most popular nanocarrier
systems available for the loading and delivery of drugs and genes, as can be seen from the
increasing numbers of Investigational New Drug (IND) application submissions [32].

5.1.2. Exosomes

Many similarities exist between exosomes and liposomes, as both of them range in
size from 40 to 120 nm and are composed of a lipid bilayer. Nevertheless, they have major
differences as well, such as the exosomes’ complex surface composition. The unique lipid
composition of exosomes differentiates them from other nanovesicles and dictates their
in vivo fate due to their role in interactions with serum proteins. Tetraspanins and other
membrane proteins increase the efficiency of exosome’s targeting ability by facilitating their
cellular uptake.
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Moreover, exosomes are more biocompatible, can evade phagocytosis, and have an
extended blood half-life compared to liposomes, micelles, and other synthetic soft nanovesi-
cles [225-227]. Exosomes’ smart targeting behavior of specific receptors is governed by
the donor cells in the form of lipid and cellular adhesion molecules found on their sur-
faces [228]. Furthermore, their high biocompatibility and low immunogenicity enhance
their uptake profile, their stability in systemic circulation, and their in vitro and in vivo
therapeutic efficacy [229,230].

The exosomal content depends on the originating cell or organism, but in general, all
exosomes contain non-coding RNAs, microRNAs, mRNAs, small molecule metabolites,
proteins, and lipids [231]. In addition, their surface contains valuable receptors responsible
for the identification of exosomes and the transportation of encapsulated materials to
recipient cells [232]. Exosomes can be isolated using filtration, polymer-based precipitation,
chromatography, differential centrifugation, ultracentrifugation, and immunological sepa-
ration. Research is actively ongoing with the goal of developing a gold-standard universal
method that is efficient for isolating exosomes (with a high yield) and does not compromise
their biological function [233].

Previously, exosomes and their cargo have been shown to have a central role in normal
CNS communications, immune response, synaptic function, plasticity, nerve regeneration,
and the propagation of neurodegenerative diseases [232]. The important role of exosomes
in normal and diseased brain states indicates that they may also play a significant role in
the pathogenesis of mental disorders [234].

One important finding in biomarker and drug delivery research was that the content
of exosomes can remain active after they cross the BBB. The effective brain delivery of
siRNA-loaded exosomes by systemic injection in mice has been successfully demonstrated
by Alvarez-Erviti et al. [235].

To reduce immunogenicity and to target exosomes to the brain, they isolated exosomes
from self-derived dendritic cells, targeted them with lysosome-associated membrane pro-
tein 2 (Lamp2b) fused to the neuron-specific rabies virus glycoprotein (RVG) peptide, and
loaded them with siRNA via electroporation. These engineered targeted exosomes caused a
specific gene knockdown exclusively in the brain following the delivery of GAPDH siRNA.
Other researchers used intranasal injections to successfully deliver exosomes to the brain of
mice [236]. Recently, evidence of brain-body communication via exosomes was identified
when Gomez-Molina et al. recovered exosomes expressing a fluorescently tagged protein
that is only found in the brain from the blood of rats [237].

Even though the exact mechanism of exosome transport across the BBB is not fully
characterized, these studies prove that exosomes in circulation can access the brain and vice
versa. The transport of exosomes across the BBB has been hypothesized to be through [33]:
(1) nonspecific/lipid raft; (2) macropinocytosis; (3) cell signaling induced by the adhesion
and fusion of exosomes to the cell surface, which causes the release of the exosomal content;
(4) a signaling cascade induced by the association of exosomes with a protein G-coupled
receptor found on the cell surface; or (5) receptor-mediated transcytosis.

Exosomes’ use as drug-delivery vesicles to the CNS has become a topic of interest since
their competence to penetrate the BBB was discovered, and they have already been used as
drug-delivery nanocarriers in cancer and neurodegenerative diseases. Yang and coworkers
reported that the delivery of anticancer drugs encapsulated in exosomes across the BBB
significantly decreased the fluorescent intensity of xenotransplanted cancer cells and tumor
growth markers [238]. A formulation of catalase loaded in exosomes accumulated in
Parkinson’s disease mouse brain and provided significant neuroprotective [239]. Liu et al.
treated morphine addiction using exosomes expressing RVG peptide loaded with opioid
receptor mu (MOR) siRNA [240].

The siRNA-loaded exosomes strongly inhibited the morphine relapse after delivering
efficiently and specifically the MOR siRNA into the mouse brain, which significantly
reduced the MOR mRNA and protein levels.
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These studies showcase the promising role of nanoliposomes and exosomes as smart
drug delivery systems able to cross the BBB and target brain tissues. The different drug
administration techniques are presented below.

5.2. Oral Administration

Administration of therapeutic molecules by the oral route or prevention strategies,
including dietary intervention, are the simplest to apply and are used both in clinical
trials with patients and in studies using animal models. It nevertheless has drawbacks
due to limited passage through the intestinal barrier and the BBB, as well as clearance by
other organs, including the liver and kidney [241]. Nanocarriers, including nanoliposomes
or exosomes, can be used to overcome these different obstacles and to enhance drug
bioavailability and pharmacokinetic behavior [242,243], as discussed above.

5.3. Intravenous and Intracerebral Administration

Therapeutics can be injected directly into the circulation (intravenous) to overcome
the intestinal barrier, but the BBB remains an obstacle. Other methods of administration to
avoid the BBB consist of directly injecting the molecule, either intraventricularly or intrathe-
cally, into CSF or into brain parenchyma. Intracerebral or intracerebroventricular injections
using stereotaxy are a common procedure for in vivo animal models. In humans, this is
invasive and costly since it requires surgical intervention and can be painful (intrathecal
injections) [241,244]. Because of this, these options are only considered in severe conditions,
when the patient is most likely already hospitalized. Nevertheless, this approach is of
interest for introducing slow-release implants or a colony of stem cells in the CNS for the
timed release of therapeutic molecules [245].

5.4. Intranasal Administration

Intranasal (IN) administration provides an attractive and promising alternative for
drug delivery to the CNS. It is non-invasive, painless, non-stressful, and relatively easy
to perform without requiring a medical specialist [246-248]. The IN route bypasses the
BBB, enhancing drug bioavailability by avoiding first-pass metabolism and intestinal
degradation. Drugs can be directly administrated through the IN route to the CNS via
the olfactory mucosa [249]. The small volumes that can be applied intranasal is a limiting
factor and, as such, requires concentrated solutions. Nevertheless, nasal mucosa provides a
large surface area and rich vasculature for very efficient drug absorption. Recent studies
have analyzed the direct transport of proteins and peptides via IN [250]. Currently, no
nanosystem has passed the clinical development stage. There are several in vivo studies,
but conclusions are not yet clear due to differences in nasal anatomy between humans
and animals. This approach is increasingly used in clinical studies for the treatment of
neurological diseases [251] like AD [32,252], brain injuries [253], and autism [254]. Currently,
more than a hundred clinical trials are ongoing and investigating intranasal drug delivery,
especially in CNS-related diseases, with the greatest promise appearing to be IN the
administration of insulin or oxytocin. Even if the intranasal mechanisms of drugs to the
brain are not yet completely understood, IN delivery represents a promising pathway of
administration and should be investigated for future pre-clinical and clinical studies in the
treatment of neurological diseases such as AD [255].

5.5. Novel Administration Strategies

Technological advantages have allowed the emergence of novel strategies in recent
years to potentiate the delivery of therapeutic substances.

5.5.1. Ultrasound and Electromagnetism

Several studies have investigated the effects of ultrasound on BBB permeability. Ultra-
sound can be useful to temporarily open the BBB without damaging healthy tissues. The
tight junctions of the BBB can be opened reversibly by focused ultrasound-induced mi-
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crobubble oscillation. Lin et al. used focused ultrasound to reversibly open the BBB to deliver
cationic liposomes loaded with doxorubicin to optimize glioma targeting capabilities [256].

A study has shown in people with brain tumors that the targeted diffusion of ultra-
sound can improve the porosity of the BBB and the transport of molecules to the targeted
areas. Disruption of the lipid organization of membranes by ultrasound increases mem-
brane permeability and allows greater penetration of the therapeutic molecules [257]. Other
research shows that the application of a resonant magnetic field gradient (RMFG) allows
the detection of nanometer movements associated with ultrasound.

A magnetic resonance guide can be a good solution to focus ultrasound in combination
with intravenously injected microbubbles in order to transiently open the BBB and reduce
Ap and Tau pathology in animal models of AD [258]. This method is presented as a safe,
reversible, repeatable, and non-invasive method for access across the BBB, and thus, it is a
promising method for patients with AD [259-261].

5.5.2. Transdermal Delivery Systems via Microneedles

One of the emerging minimally invasive drug delivery tools is microneedles [262-264].
Microneedles are capable of delivering therapeutics and nanocarriers in an active or passive
fashion. Such tools can be paired with smart wearable electronics to control the dosing of
drugs and ensure patient compliance. However, substantial research is needed to ensure the
effectiveness of therapeutics delivered subcutaneously. This technology is promising and
can be adapted to a range of drug-delivery applications [265]. Transdermal administration
of Alzheimer’s drugs is an interesting and promising topic, which should be further
elaborated on and studied [266,267].

6. Conclusions and Future Perspectives

AD is a progressive cortical neurodegenerative disease leading to the insidious onset
of multiple cognitive disorders and gradual evolution over time. Existing therapeutic
strategies are aimed towards slowing the progression of AD but are not curative approaches.

Strategies of prevention play an important role in the primary prevention of cognitive
symptoms and are called for in this disease, where initial lesions form at an early preclinical
stage and progress insidiously for years. Drug delivery to the CNS is a very complex
process and challenging to ensure that the brain absorbs the full benefit of the drugs. In
this review, new strategies to improve access to the therapeutic drug to the CNS have been
analyzed and discussed, including liposomes and exosomes, shown to be effective drug
delivery systems for the brain. Choosing the best pathway of medications and liposomes
and exosomes to the brain is a very important topic in order to have the best efficiency
as well as the better targeting zone in the brain. Among the different methods used in
the literature, the IN method shows a better absorption efficiency because of the speed of
the flow of drugs or NP to the brain. IN administration of liposomes is promising for the
treatment of AD by virtue of its potential to facilitate molecule penetration across the BBB,
better bioavailability, and efficacy by protecting the drug from peripheral degradation.

Other applications that also need to be considered include the use of gene editing for
AD treatment [267,268], as well as antibody therapy targeting A3 and tau proteins [269].
These topics have been discussed in other reviews as cited. Amyloid and aggregate
clearance systems in non-human organisms such as yeast may also bring new insight into
potential anti-Alzheimer therapeutics [270-272]. The combined use of strategies to reduce
the amyloid burden and tau-protein aggregation with efficient delivery to brain tissues
could be of potential benefit to AD patients.
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AA Arachidonic acid

Ap Beta-amyloid peptide

ABO AP oligomers

AD Alzheimer’s disease

ADAD Autosomal-dominant Alzheimer’s disease
ALA Alpha linolenic acid

aMCI Amnesic mild cognitive impairment
APOE Apolipoprotein E

APP Amyloid precursor protein

BBB Blood-brain barrier

BPSD Behavioral and psychological symptoms of dementia
CBS Cognitive-behavioral syndrome

CSF Cerebrospinal fluid

CNS Central nervous system

CNTF Ciliary neurotrophic factor

DHA Docosahexaenoic acid

ECM Extracellular matrix

EPA Eicosapentaenoic acid

FA Fatty acid

FDG-PET  Fluorodeoxyglucose positron emission tomography
GFP Green Fluorescent Protein

HSV-1 Herpes simplex virus type I

IN Intranasal

iPSC Pluripotent stem cell

LA Linoleic acid

LC-PUFA  Long-chain polyunsaturated fatty acid
Lf Lactoferrin

MCI Mild cognitive impairment

MOR Opioid receptor mu

MRI Magnetic resonance imaging

n-3 Omega-3

n-3PUFA  Omega-3 polyunsaturated fatty acid
n-6 Omega 6

ND Neurodegenerative disease

NFT Neurofibrillary tangles

NHP Non-human primate

NIA-AA National Institute of Aging and the Alzheimer’s Association
NL Nanoliposome

NMDA N-methyl-D-aspartate

NP Nanoparticle

NPC Neural progenitor cell

PC Phosphatidylcholine

PE Phosphatidylethanolamine
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PET Positron emission tomography
PITRM1  Pitrilysin metallopeptidase 1
PL Phospholipid

PLGA Poly(lactic-co-glycolic acid)

PS Phosphatidylserine

PSEN1 Presenilin 1
PSEN2 Presenilin 2
PUFA Polyunsaturated fatty acid

ROS Reactive oxygen species

RVG Rabies virus glycoprotein
SAD Sporadic Alzheimer Disease
SEM Scanning electron microscopy
Tau Tubule Associated Unit

Tf Transferrin

TfR Transferrin receptor

References

1. Scheltens, P.; Blennow, K.; Breteler, M.M.B.; de Strooper, B.; Frisoni, G.B.; Salloway, S.; Van der Flier, W.M. Alzheimer’s Disease.
Lancet 2016, 388, 505-517. [CrossRef]

2. Prince, M.]. World Alzheimer Report 2015: The Global Impact of Dementia. Available online: https://www.alz.co.uk/research/
world-report-2015 (accessed on 7 March 2019).

3.  Livingston, G.; Huntley, J.; Sommerlad, A.; Ames, D.; Ballard, C.; Banerjee, S.; Brayne, C.; Burns, A.; Cohen-Mansfield, J.;
Cooper, C.; et al. Dementia Prevention, Intervention, and Care: 2020 Report of the Lancet Commission. Lancet 2020, 396, 413-446.
[CrossRef]

4. Alzheimer’s Association. 2018 Alzheimer’s Disease Facts and Figures. Alzheimer’s Dement. 2018, 14, 367—429. [CrossRef]

5. Thal, D.R; Rib, U,; Orantes, M.; Braak, H. Phases of AB-Deposition in the Human Brain and Its Relevance for the Development
of AD. Neurology 2002, 58, 1791-1800. [CrossRef] [PubMed]

6.  Braak, H.; Braak, E. Neuropathological Stageing of Alzheimer-Related Changes. Acta Neuropathol. 1991, 82, 239-259. [CrossRef]

7. Knopman, D.S.; Amieva, H.; Petersen, R.C.; Chételat, G.; Holtzman, D.M.; Hyman, B.T.; Nixon, R.A.; Jones, D.T. Alzheimer
Disease. Nat. Rev. Dis. Prim. 2021, 7, 33. [CrossRef]

8. Wang, Z.-X.; Tan, L.; Liu, J.; Yu, J.-T. The Essential Role of Soluble A3 Oligomers in Alzheimer’s Disease. Mol. Neurobiol. 2016, 53,
1905-1924. [CrossRef]

9. Sengupta, U,; Nilson, AN.; Kayed, R. The Role of Amyloid-p Oligomers in Toxicity, Propagation, and Immunotherapy.
EBioMedicine 2016, 6, 42-49. [CrossRef]

10. Tolar, M.; Hey, J.; Power, A.; Abushakra, S. Neurotoxic Soluble Amyloid Oligomers Drive Alzheimer’s Pathogenesis and Represent
a Clinically Validated Target for Slowing Disease Progression. Int. J. Mol. Sci. 2021, 22, 6355. [CrossRef]

11. Hayden, E.Y.; Teplow, D.B. Amyloid 3-Protein Oligomers and Alzheimer’s Disease. Alzheimer’s Res. Ther. 2013, 5, 60. [CrossRef]

12.  Mucke, L. Neuroscience: Alzheimer’s Disease. Nature 2009, 461, 895-897. [CrossRef] [PubMed]

13.  Mattson, M.P. Pathways towards and Away from Alzheimer’s Disease. Nature 2004, 430, 631-639. [CrossRef] [PubMed]

14. Vickers, ].C.; Mitew, S.; Woodhouse, A.; Fernandez-Martos, C.M.; Kirkcaldie, M.T.; Canty, A.J].; McCormack, G.H.; King, A.E.
Defining the Earliest Pathological Changes of Alzheimer’s Disease. Curr. Alzheimer Res. 2016, 13, 281-287. [CrossRef] [PubMed]

15. Villemagne, V.L.; Burnham, S.; Bourgeat, P; Brown, B.; Ellis, K.A ; Salvado, O.; Szoeke, C.; Macaulay, S.L.; Martins, R.; Maruff, P;
et al. Amyloid  Deposition, Neurodegeneration, and Cognitive Decline in Sporadic Alzheimer’s Disease: A Prospective Cohort
Study. Lancet Neurol. 2013, 12, 357-367. [CrossRef]

16. American Psychiatric Association. Diagnostic and Statistical Manual of Mental Disorders: DSM-5, 5th ed.; American Psychiatric
Association: Washington, DC, USA, 2013; ISBN 978-0-89042-554-1.

17.  Fish, P.V,; Steadman, D.; Bayle, E.D.; Whiting, P. New Approaches for the Treatment of Alzheimer’s Disease. Bioorganic Med.
Chem. Lett. 2019, 29, 125-133. [CrossRef]

18. Cummings, J.; Fox, N. Defining Disease Modifying Therapy for Alzheimer’s Disease. ]. Prev. Alzheimer’s Dis. 2017, 4, 109.
[CrossRef]

19. Andrieu, S.; Coley, N.; Lovestone, S.; Aisen, P.S.; Vellas, B. Prevention of Sporadic Alzheimer’s Disease: Lessons Learned from
Clinical Trials and Future Directions. Lancet Neurol. 2015, 14, 926-944. [CrossRef]

20. Norton, S.; Matthews, FE.; Barnes, D.E.; Yaffe, K.; Brayne, C. Potential for Primary Prevention of Alzheimer’s Disease: An
Analysis of Population-Based Data. Lancet Neurol. 2014, 13, 788-794. [CrossRef]

21. Livingston, G.; Sommerlad, A.; Orgeta, V.; Costafreda, S.G.; Huntley, ].; Ames, D.; Ballard, C.; Banerjee, S.; Burns, A.; Cohen-
Mansfield, J.; et al. Dementia Prevention, Intervention, and Care. Lancet 2017, 390, 2673-2734. [CrossRef]

22.  Dubois, B.; Hampel, H.; Feldman, H.H.; Scheltens, P.; Aisen, P.; Andrieu, S.; Bakardjian, H.; Benali, H.; Bertram, L.; Blennow, K.;

et al. Preclinical Alzheimer’s Disease: Definition, Natural History, and Diagnostic Criteria. Alzheimer’s Dement. 2016, 12, 292-323.
[CrossRef]


http://doi.org/10.1016/S0140-6736(15)01124-1
https://www.alz.co.uk/research/world-report-2015
https://www.alz.co.uk/research/world-report-2015
http://doi.org/10.1016/S0140-6736(20)30367-6
http://doi.org/10.1016/j.jalz.2018.02.001
http://doi.org/10.1212/WNL.58.12.1791
http://www.ncbi.nlm.nih.gov/pubmed/12084879
http://doi.org/10.1007/BF00308809
http://doi.org/10.1038/s41572-021-00269-y
http://doi.org/10.1007/s12035-015-9143-0
http://doi.org/10.1016/j.ebiom.2016.03.035
http://doi.org/10.3390/ijms22126355
http://doi.org/10.1186/alzrt226
http://doi.org/10.1038/461895a
http://www.ncbi.nlm.nih.gov/pubmed/19829367
http://doi.org/10.1038/nature02621
http://www.ncbi.nlm.nih.gov/pubmed/15295589
http://doi.org/10.2174/1567205013666151218150322
http://www.ncbi.nlm.nih.gov/pubmed/26679855
http://doi.org/10.1016/S1474-4422(13)70044-9
http://doi.org/10.1016/j.bmcl.2018.11.034
http://doi.org/10.14283/jpad.2017.12
http://doi.org/10.1016/S1474-4422(15)00153-2
http://doi.org/10.1016/S1474-4422(14)70136-X
http://doi.org/10.1016/S0140-6736(17)31363-6
http://doi.org/10.1016/j.jalz.2016.02.002

Int. . Mol. Sci. 2022, 23, 13954 23 of 32

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Spector, A.A. Essentiality of Fatty Acids. Lipids 1999, 34, S1-S3. [CrossRef] [PubMed]

Innis, S.M. Essential Fatty Acids in Growth and Development. Prog. Lipid Res. 1991, 30, 39-103. [CrossRef]

Kawakita, E.; Hashimoto, M.; Shido, O. Docosahexaenoic Acid Promotes Neurogenesis in Vitro and in Vivo. Neuroscience 2006,
139, 991-997. [CrossRef] [PubMed]

Horrocks, L.A.; Farooqui, A.A. Docosahexaenoic Acid in the Diet: Its Importance in Maintenance and Restoration of Neural
Membrane Function. Prostaglandins Leukot. Essent. Fat. Acids 2004, 70, 361-372. [CrossRef]

Lu, C.-T;; Zhao, Y.-Z.; Wong, H.L.; Cai, J.; Peng, L.; Tian, X.-Q. Current Approaches to Enhance CNS Delivery of Drugs across the
Brain Barriers. Int. J. Nanomed. 2014, 9, 2241. [CrossRef]

Teleanu, R.I; Preda, M.D.; Niculescu, A.-G.; Vladéacenco, O.; Radu, C.I.; Grumezescu, A.M.; Teleanu, D.M. Current Strategies to
Enhance Delivery of Drugs across the Blood—Brain Barrier. Pharmaceutics 2022, 14, 987. [CrossRef]

Saraiva, C.; Praga, C.; Ferreira, R.; Santos, T.; Ferreira, L.; Bernardino, L. Nanoparticle-Mediated Brain Drug Delivery: Overcoming
Blood-Brain Barrier to Treat Neurodegenerative Diseases. |. Control. Release 2016, 235, 34—47. [CrossRef]

Poudel, P,; Park, S. Recent Advances in the Treatment of Alzheimer’s Disease Using Nanoparticle-Based Drug Delivery Systems.
Pharmaceutics 2022, 14, 835. [CrossRef]

Cano, A.; Turowski, P; Ettcheto, M.; Duskey, ].T.; Tosi, G.; Sanchez-Loépez, E.; Garcia, M.L.; Camins, A.; Souto, E.B.; Ruiz, A,;
et al. Nanomedicine-Based Technologies and Novel Biomarkers for the Diagnosis and Treatment of Alzheimer’s Disease: From
Current to Future Challenges. J. Nanobiotechnol. 2021, 19, 122. [CrossRef]

Agrawal, M.; Ajazuddin; Tripathi, D.K; Saraf, S.; Saraf, S.; Antimisiaris, S.G.; Mourtas, S.; Hammarlund-Udenaes, M.; Alexander,
A. Recent Advancements in Liposomes Targeting Strategies to Cross Blood-Brain Barrier (BBB) for the Treatment of Alzheimer’s
Disease. J. Control. Release 2017, 260, 61-77. [CrossRef]

Saint-Pol, J.; Gosselet, F.; Duban-Deweer, S.; Pottiez, G.; Karamanos, Y. Targeting and Crossing the Blood-Brain Barrier with
Extracellular Vesicles. Cells 2020, 9, 851. [CrossRef] [PubMed]

Kaushik, A.; Jayant, R.D.; Bhardwaj, V.; Nair, M. Personalized Nanomedicine for CNS Diseases. Drug Discov. Today 2018, 23,
1007-1015. [CrossRef] [PubMed]

Goldsmith, M.; Abramovitz, L.; Peer, D. Precision Nanomedicine in Neurodegenerative Diseases. ACS Nano 2014, 8, 1958-1965.
[CrossRef] [PubMed]

Vieira, D.; Gamarra, L. Getting into the Brain: Liposome-Based Strategies for Effective Drug Delivery across the Blood-Brain
Barrier. Int. |. Nanomed. 2016, 11, 5381-5414. [CrossRef]

Ross, C.; Taylor, M.; Fullwood, N.; Allsop, D. Liposome Delivery Systems for the Treatment of Alzheimer’s Disease. Int. ].
Nanomed. 2018, 13, 8507-8522. [CrossRef]

Mabherani, B.; Arab-Tehrany, E.; Mozafari, M.R.; Gaiani, C.; Linder, M. Liposomes: A Review of Manufacturing Techniques and
Targeting Strategies. Available online: http:/ /www.eurekaselect.com /73978 /article (accessed on 7 March 2019).

Khorasani, S.; Danaei, M.; Mozafari, M.R. Nanoliposome Technology for the Food and Nutraceutical Industries. Trends Food Sci.
Technol. 2018, 79, 106-115. [CrossRef]

Torchilin, V.P. Recent Advances with Liposomes as Pharmaceutical Carriers. Nat. Rev. Drug Discov. 2005, 4, 145-160. [CrossRef]
Sharma, D.; Ali, A.A.E.; Trivedi, L.R. An Updated Review On:Liposomes as Drug Delivery System. PharmaTutor 2018, 6, 50.
[CrossRef]

Pattni, B.S.; Chupin, V.V,; Torchilin, V.P. New Developments in Liposomal Drug Delivery. Chem. Rev. 2015, 115, 10938-10966.
[CrossRef]

Kales, H.C.; Gitlin, L.N.; Lyketsos, C.G. Assessment and Management of Behavioral and Psychological Symptoms of Dementia.
BM]J 2015, 350, h369. [CrossRef]

Lanctét, K.L.; Amatniek, J.; Ancoli-Israel, S.; Arnold, S.E.; Ballard, C.; Cohen-Mansfield, J.; Ismail, Z.; Lyketsos, C.; Miller, D.S,;
Musiek, E.; et al. Neuropsychiatric Signs and Symptoms of Alzheimer’s Disease: New Treatment Paradigms. Alzheimer’s Dement.
2017, 3, 440-449. [CrossRef] [PubMed]

Cerejeira, J.; Lagarto, L.; Mukaetova-Ladinska, E.B. Behavioral and Psychological Symptoms of Dementia. Front. Neur. 2012, 3, 73.
[CrossRef] [PubMed]

Finkel, S.I; Costa e Silva, J.; Cohen, G.; Miller, S.; Sartorius, N. Behavioral and Psychological Signs and Symptoms of Dementia: A
Consensus Statement on Current Knowledge and Implications for Research and Treatment. Int. Psychogeriatr. 1996, 8 (Suppl. 3), 497-500.
[CrossRef] [PubMed]

Jack, C.R;; Knopman, D.S,; Jagust, W.].; Shaw, L.M.; Aisen, P.S.; Weiner, M.W.; Petersen, R.C.; Trojanowski, ].Q. Hypothetical
Model of Dynamic Biomarkers of the Alzheimer’s Pathological Cascade. Lancet Neurol. 2010, 9, 119-128. [CrossRef]
Giannakopoulos, P.; Herrmann, ER.; Bussiere, T.; Bouras, C.; Kévari, E.; Perl, D.P.; Morrison, ].H.; Gold, G.; Hof, P.R. Tangle
and Neuron Numbers, but Not Amyloid Load, Predict Cognitive Status in Alzheimer’s Disease. Neurology 2003, 60, 1495-1500.
[CrossRef] [PubMed]

Allinquant, B.; Clamagirand, C.; Potier, M.-C. Role of Cholesterol Metabolism in the Pathogenesis of Alzheimer’s Disease. Curr.
Opin. Clin. Nutr. Metab. Care 2014, 17, 319-323. [CrossRef] [PubMed]

Haass, C.; Selkoe, D.J. Soluble Protein Oligomers in Neurodegeneration: Lessons from the Alzheimer’s Amyloid 3-Peptide. Nat.
Rev. Mol. Cell Biol. 2007, 8, 101-112. [CrossRef]


http://doi.org/10.1007/BF02562220
http://www.ncbi.nlm.nih.gov/pubmed/10419080
http://doi.org/10.1016/0163-7827(91)90006-Q
http://doi.org/10.1016/j.neuroscience.2006.01.021
http://www.ncbi.nlm.nih.gov/pubmed/16527422
http://doi.org/10.1016/j.plefa.2003.12.011
http://doi.org/10.2147/IJN.S61288
http://doi.org/10.3390/pharmaceutics14050987
http://doi.org/10.1016/j.jconrel.2016.05.044
http://doi.org/10.3390/pharmaceutics14040835
http://doi.org/10.1186/s12951-021-00864-x
http://doi.org/10.1016/j.jconrel.2017.05.019
http://doi.org/10.3390/cells9040851
http://www.ncbi.nlm.nih.gov/pubmed/32244730
http://doi.org/10.1016/j.drudis.2017.11.010
http://www.ncbi.nlm.nih.gov/pubmed/29155026
http://doi.org/10.1021/nn501292z
http://www.ncbi.nlm.nih.gov/pubmed/24660817
http://doi.org/10.2147/IJN.S117210
http://doi.org/10.2147/IJN.S183117
http://www.eurekaselect.com/73978/article
http://doi.org/10.1016/j.tifs.2018.07.009
http://doi.org/10.1038/nrd1632
http://doi.org/10.29161/PT.v6.i2.2018.50
http://doi.org/10.1021/acs.chemrev.5b00046
http://doi.org/10.1136/bmj.h369
http://doi.org/10.1016/j.trci.2017.07.001
http://www.ncbi.nlm.nih.gov/pubmed/29067350
http://doi.org/10.3389/fneur.2012.00073
http://www.ncbi.nlm.nih.gov/pubmed/22586419
http://doi.org/10.1017/S1041610297003943
http://www.ncbi.nlm.nih.gov/pubmed/9154615
http://doi.org/10.1016/S1474-4422(09)70299-6
http://doi.org/10.1212/01.WNL.0000063311.58879.01
http://www.ncbi.nlm.nih.gov/pubmed/12743238
http://doi.org/10.1097/MCO.0000000000000069
http://www.ncbi.nlm.nih.gov/pubmed/24839952
http://doi.org/10.1038/nrm2101

Int. . Mol. Sci. 2022, 23, 13954 24 of 32

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Viola, K.L.; Klein, W.L. Amyloid § Oligomers in Alzheimer’s Disease Pathogenesis, Treatment, and Diagnosis. Acta Neuropathol.
2015, 129, 183-206. [CrossRef]

Cline, E.N.; Bicca, M.A.; Viola, K.L.; Klein, W.L. The Amyloid- Oligomer Hypothesis: Beginning of the Third Decade. ].
Alzheimer’s Dis. 2018, 64, S567-5610. [CrossRef]

Hampel, H.; Mesulam, M.-M.; Cuello, A.C.; Farlow, M.R.; Giacobini, E.; Grossberg, G.T.; Khachaturian, A.S.; Vergallo, A.; Cavedo,
E.; Snyder, PJ.; et al. The Cholinergic System in the Pathophysiology and Treatment of Alzheimer’s Disease. Brain 2018, 141,
1917-1933. [CrossRef]

Nixon, R.A. Amyloid Precursor Protein and Endosomal-lysosomal Dysfunction in Alzheimer’s Disease: Inseparable Partners in a
Multifactorial Disease. FASEB J. 2017, 31, 2729-2743. [CrossRef] [PubMed]

Martins, 1.].; Hone, E.; Foster, ] K.; Stinram-Lea, S.I.; Gnjec, A.; Fuller, S.J.; Nolan, D.; Gandy, S.E.; Martins, R.N. Apolipoprotein E,
Cholesterol Metabolism, Diabetes, and the Convergence of Risk Factors for Alzheimer’s Disease and Cardiovascular Disease.
Mol. Psychiatry 2006, 11, 721-736. [CrossRef] [PubMed]

Zetterberg, H.; Mattsson, N. Understanding the Cause of Sporadic Alzheimer’s Disease. Expert Rev. Neurother. 2014, 14, 621-630.
[CrossRef] [PubMed]

Hardy, J.; Higgins, G. Alzheimer’s Disease: The Amyloid Cascade Hypothesis. Science 1992, 256, 184-185. [CrossRef]

Jack, C.R,; Knopman, D.S.; Jagust, W.].; Petersen, R.C.; Weiner, M.W,; Aisen, P.S.; Shaw, L.M.; Vemuri, P.; Wiste, H.].; Weigand, S.D.;
et al. Tracking Pathophysiological Processes in Alzheimer’s Disease: An Updated Hypothetical Model of Dynamic Biomarkers.
Lancet Neurol. 2013, 12, 207-216. [CrossRef]

Knopman, D.S,; Jack, C.R.; Wiste, H.].; Weigand, S.D.; Vemuri, P.; Lowe, V.J.; Kantarci, K.; Gunter, J.L.; Senjem, M.L.; Mielke, M.M,;
et al. Brain Injury Biomarkers Are Not Dependent on 3-Amyloid in Normal Elderly. Ann. Neurol. 2013, 73, 472-480. [CrossRef]
Chételat, G. Alzheimer Disease: Af-Independent Processes-Rethinking Preclinical AD. Nat. Rev. Neurol. 2013, 9, 123-124.
[CrossRef]

Mesulam, M.-M. Cholinergic Circuitry of the Human Nucleus Basalis and Its Fate in Alzheimer’s Disease: Human Cholinergic
Circuitry. J. Comp. Neurol. 2013, 521, 4124-4144. [CrossRef]

Schliebs, R.; Arendt, T. The Cholinergic System in Aging and Neuronal Degeneration. Behav. Brain Res. 2011, 221, 555-563.
[CrossRef]

Francis, P.T. The Interplay of Neurotransmitters in Alzheimer’s Disease. CNS Spectr. 2005, 10, 6-9. [CrossRef]

Beach, T.G.; Kuo, Y.-M.; Spiegel, K.; Emmerling, M.R.; Sue, L.I.; Kokjohn, K.; Roher, A.E. The Cholinergic Deficit Coincides
with A Deposition at the Earliest Histopathologic Stages of Alzheimer Disease. ]. Neuropathol. Exp. Neurol. 2000, 59, 308-313.
[CrossRef] [PubMed]

Kang, S.; Lee, Y.; Lee, J.E. Metabolism-Centric Overview of the Pathogenesis of Alzheimer’s Disease. Yonsei Med. ]. 2017, 58,
479-488. [CrossRef] [PubMed]

Chételat, G.; Arbizu, J.; Barthel, H.; Garibotto, V.; Law, I.; Morbelli, S.; van de Giessen, E.; Agosta, F.; Barkhof, F.; Brooks, D.J.; et al.
Amyloid-PET and 18F-FDG-PET in the Diagnostic Investigation of Alzheimer’s Disease and Other Dementias. Lancet Neurol.
2020, 19, 951-962. [CrossRef]

McKhann, G.; Drachman, D.; Folstein, M.; Katzman, R.; Price, D.; Stadlan, E.M. Clinical Diagnosis of Alzheimer’s Disease:
Report of the NINCDS-ADRDA Work Group* under the Auspices of Department of Health and Human Services Task Force on
Alzheimer’s Disease. Neurology 1984, 34, 939. [CrossRef] [PubMed]

Albert, M.S.; DeKosky, S.T.; Dickson, D.; Dubois, B.; Feldman, H.H.; Fox, N.C.; Gamst, A.; Holtzman, D.M.; Jagust, W.]J.; Petersen,
R.C,; et al. The Diagnosis of Mild Cognitive Impairment 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, 270-279. [CrossRef]

McKhann, G.M.; Knopman, D.S.; Chertkow, H.; Hyman, B.T.; Jack, C.R.; Kawas, C.H.; Klunk, W.E.; Koroshetz, W.].; Manly, ].].;
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]

Dubois, B.; Feldman, H.H.; Jacova, C.; Hampel, H.; Molinuevo, ].L.; Blennow, K.; DeKosky, S.T.; Gauthier, S.; Selkoe, D.; Bateman, R.;
et al. Advancing Research Diagnostic Criteria for Alzheimer’s Disease: The IWG-2 Criteria. Lancet Neurol. 2014, 13, 614-629.
[CrossRef]

Jack, C.R,; Bennett, D.A.; Blennow, K.; Carrillo, M.C.; Dunn, B.; Haeberlein, S.B.; Holtzman, D.M.; Jagust, W.; Jessen, F,; Karlawish, J.;
et al. NIA-AA Research Framework: Toward a Biological Definition of Alzheimer’s Disease. Alzheimer’s Dement. 2018, 14, 535-562.
[CrossRef]

Jack, C.R.; Holtzman, D.M. Biomarker Modeling of Alzheimer’s Disease. Neuron 2013, 80, 1347-1358. [CrossRef]

Cummings, J. The National Institute on Aging-Alzheimer’s Association Framework on Alzheimer’s Disease: Application to
Clinical Trials. Alzheimer’s Dement. 2019, 15, 172-178. [CrossRef]

De Strooper, B.; Karran, E. The Cellular Phase of Alzheimer’s Disease. Cell 2016, 164, 603-615. [CrossRef] [PubMed]


http://doi.org/10.1007/s00401-015-1386-3
http://doi.org/10.3233/JAD-179941
http://doi.org/10.1093/brain/awy132
http://doi.org/10.1096/fj.201700359
http://www.ncbi.nlm.nih.gov/pubmed/28663518
http://doi.org/10.1038/sj.mp.4001854
http://www.ncbi.nlm.nih.gov/pubmed/16786033
http://doi.org/10.1586/14737175.2014.915740
http://www.ncbi.nlm.nih.gov/pubmed/24852227
http://doi.org/10.1126/science.1566067
http://doi.org/10.1016/S1474-4422(12)70291-0
http://doi.org/10.1002/ana.23816
http://doi.org/10.1038/nrneurol.2013.21
http://doi.org/10.1002/cne.23415
http://doi.org/10.1016/j.bbr.2010.11.058
http://doi.org/10.1017/S1092852900014164
http://doi.org/10.1093/jnen/59.4.308
http://www.ncbi.nlm.nih.gov/pubmed/10759186
http://doi.org/10.3349/ymj.2017.58.3.479
http://www.ncbi.nlm.nih.gov/pubmed/28332351
http://doi.org/10.1016/S1474-4422(20)30314-8
http://doi.org/10.1212/WNL.34.7.939
http://www.ncbi.nlm.nih.gov/pubmed/6610841
http://doi.org/10.1016/j.jalz.2011.03.008
http://doi.org/10.1016/j.jalz.2011.03.005
http://doi.org/10.1016/S1474-4422(14)70090-0
http://doi.org/10.1016/j.jalz.2018.02.018
http://doi.org/10.1016/j.neuron.2013.12.003
http://doi.org/10.1016/j.jalz.2018.05.006
http://doi.org/10.1016/j.cell.2015.12.056
http://www.ncbi.nlm.nih.gov/pubmed/26871627

Int. . Mol. Sci. 2022, 23, 13954 25 of 32

75.

76.

77.

78.

79.

80.
81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.
93.

94.

95.

96.

97.

98.

99.

Babiloni, C.; Lopez, S.; Del Percio, C.; Noce, G.; Pascarelli, M.T; Lizio, R.; Teipel, S.J.; Gonzalez-Escamilla, G.; Bakardjian, H.;
George, N.; et al. Resting-State Posterior Alpha Rhythms Are Abnormal in Subjective Memory Complaint Seniors with Preclinical
Alzheimer’s Neuropathology and High Education Level: The INSIGHT-PreAD Study. Neurobiol. Aging 2020, 90, 43-59. [CrossRef]
[PubMed]

Dubois, B.; Epelbaum, S.; Nyasse, F.; Bakardjian, H.; Gagliardi, G.; Uspenskaya, O.; Houot, M.; Lista, S.; Cacciamani, F;
Potier, M.-C.; et al. Cognitive and Neuroimaging Features and Brain 3-Amyloidosis in Individuals at Risk of Alzheimer’s Disease
(INSIGHT-PreAD): A Longitudinal Observational Study. Lancet Neurol. 2018, 17, 335-346. [CrossRef]

Soldan, A.; Pettigrew, C.; Cai, Q.; Wang, J.; Wang, M.-C.; Moghekar, A.; Miller, M.I; Albert, M.; BIOCARD Research Team.
Cognitive Reserve and Long-Term Change in Cognition in Aging and Preclinical Alzheimer’s Disease. Neurobiol. Aging 2017, 60,
164-172. [CrossRef]

Lee, D.H,; Lee, P; Seo, S.W.; Roh, J.H.; Oh, M,; Oh, ].S.; Oh, SJ.; Kim, ].S.; Jeong, Y. Neural Substrates of Cognitive Reserve in
Alzheimer’s Disease Spectrum and Normal Aging. Neurolmage 2019, 186, 690-702. [CrossRef] [PubMed]

Bachurin, S.O.; Gavrilova, S.I.; Samsonova, A.; Barreto, G.E.; Aliev, G. Mild Cognitive Impairment Due to Alzheimer Disease:
Contemporary Approaches to Diagnostics and Pharmacological Intervention. Pharmacol. Res. 2018, 129, 216-226. [CrossRef]
[PubMed]

Roberts, R.; Knopman, D.S. Classification and Epidemiology of MCI. Clin. Geriatr. Med. 2013, 29, 753-772. [CrossRef]

Zhao, Q.-F; Tan, L.; Wang, H.-F; Jiang, T.; Tan, M.-S,; Tan, L.; Xu, W,; Li, ].-Q.; Wang, J.; Lai, T.-].; et al. The Prevalence of
Neuropsychiatric Symptoms in Alzheimer’s Disease: Systematic Review and Meta-Analysis. J. Affect. Disord. 2016, 190, 264-271.
[CrossRef]

Jack, C.R;; Bennett, D.A.; Blennow, K.; Carrillo, M.C.; Feldman, H.H.; Frisoni, G.B.; Hampel, H.; Jagust, W.J.; Johnson, K.A.;
Knopman, D.S,; etal. A/T/N: An Unbiased Descriptive Classification Scheme for Alzheimer Disease Biomarkers. Neurology 2016,
87,539-547. [CrossRef]

Atri, A. The Alzheimer’s Disease Clinical Spectrum. Med. Clin. North Am. 2019, 103, 263-293. [CrossRef]

Barnes, D.E.; Yaffe, K. The Projected Effect of Risk Factor Reduction on Alzheimer’s Disease Prevalence. Lancet Neurol. 2011, 10, 819-828.
[CrossRef]

Reitz, C.; Mayeux, R. Alzheimer Disease: Epidemiology, Diagnostic Criteria, Risk Factors and Biomarkers. Biochem. Pharmacol.
2014, 88, 640-651. [CrossRef] [PubMed]

Deckers, K.; van Boxtel, M.P].; Schiepers, O.].G.; de Vugt, M.; Muioz Sanchez, ].L.; Anstey, K.J.; Brayne, C.; Dartigues, ]J.-F.;
Engedal, K.; Kivipelto, M.; et al. Target Risk Factors for Dementia Prevention: A Systematic Review and Delphi Consensus Study
on the Evidence from Observational Studies. Int. ]. Geriatr. Psychiatry 2015, 30, 234-246. [CrossRef]

Silva, M.V.E; Loures, C.d. M.G.; Alves, L.C.V.; de Souza, L.C.; Borges, K.B.G.; Carvalho, M.d.G. Alzheimer’s Disease: Risk Factors
and Potentially Protective Measures. J. Biomed. Sci. 2019, 26, 33. [CrossRef] [PubMed]

Lambert, ].C.; Ibrahim-Verbaas, C.A.; Harold, D.; Naj, A.C.; Sims, R.; Bellenguez, C.; DeStafano, A.L.; Bis, J.C.; Beecham, G.W.,;
Grenier-Boley, B.; et al. Meta-Analysis of 74,046 Individuals Identifies 11 New Susceptibility Loci for Alzheimer’s Disease. Nat.
Genet. 2013, 45, 1452-1458. [CrossRef] [PubMed]

Hebert, L.E.; Bienias, J.L.; Aggarwal, N.T.; Wilson, R.S.; Bennett, D.A.; Shah, R.C.; Evans, D.A. Change in Risk of Alzheimer
Disease over Time. Neurology 2010, 75, 786-791. [CrossRef] [PubMed]

Prince, M.].; Guerchet, M.M.; Prina, M. The Epidemiology and Impact of Dementia: Current State and Future Trends. WHO
Thematic Briefing. 2015. Available online: https:/ /hal.archives-ouvertes.fr/hal-03517019 (accessed on 4 June 2022).

Bertram, L.; McQueen, M.B.; Mullin, K,; Blacker, D.; Tanzi, R.E. Systematic Meta-Analyses of Alzheimer Disease Genetic
Association Studies: The AlzGene Database. Nat. Genet. 2007, 39, 17-23. [CrossRef]

Loy, C.T.; Schofield, P.R.; Turner, A.M.; Kwok, J.B. Genetics of Dementia. Lancet 2014, 383, 828-840. [CrossRef]

Bekris, L.M.; Yu, C.-E.; Bird, T.D.; Tsuang, D.W. Review Article: Genetics of Alzheimer Disease. ]. Geriatr. Psychiatry Neurol. 2010,
23,213-227. [CrossRef]

Karch, C.M.; Goate, A.M. Alzheimer’s Disease Risk Genes and Mechanisms of Disease Pathogenesis. Biol. Psychiatry 2015, 77,
43-51. [CrossRef]

Liu, Y; Yu, J.-T.; Wang, H.-F,; Han, P.-R; Tan, C.-C.; Wang, C.; Meng, X.-F; Risacher, S.L.; Saykin, A.J.; Tan, L. APOE Genotype and
Neuroimaging Markers of Alzheimer’s Disease: Systematic Review and Meta-Analysis. ]. Neurol. Neurosurg. Psychiatry 2015, 86,
127-134. [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]

Fisher, D.W.; Bennett, D.A.; Dong, H. Sexual Dimorphism in Predisposition to Alzheimer’s Disease. Neurobiol. Aging 2018, 70, 308-324.
[CrossRef] [PubMed]

Nebel, R.A.; Aggarwal, N.T,; Barnes, L.L.; Gallagher, A.; Goldstein, ].M.; Kantarci, K.; Mallampalli, M.P.; Mormino, E.C.; Scott, L.;
Yu, W.H,; et al. Understanding the Impact of Sex and Gender in Alzheimer’s Disease: A Call to Action. Alzheimer’s Dement. 2018,
14,1171-1183. [CrossRef]

Riedel, B.C.; Thompson, PM.; Brinton, R.D. Age, APOE and Sex: Triad of Risk of Alzheimer’s Disease. J. Steroid Biochem. Mol.
Biol. 2016, 160, 134-147. [CrossRef]


http://doi.org/10.1016/j.neurobiolaging.2020.01.012
http://www.ncbi.nlm.nih.gov/pubmed/32111391
http://doi.org/10.1016/S1474-4422(18)30029-2
http://doi.org/10.1016/j.neurobiolaging.2017.09.002
http://doi.org/10.1016/j.neuroimage.2018.11.053
http://www.ncbi.nlm.nih.gov/pubmed/30503934
http://doi.org/10.1016/j.phrs.2017.11.021
http://www.ncbi.nlm.nih.gov/pubmed/29170097
http://doi.org/10.1016/j.cger.2013.07.003
http://doi.org/10.1016/j.jad.2015.09.069
http://doi.org/10.1212/WNL.0000000000002923
http://doi.org/10.1016/j.mcna.2018.10.009
http://doi.org/10.1016/S1474-4422(11)70072-2
http://doi.org/10.1016/j.bcp.2013.12.024
http://www.ncbi.nlm.nih.gov/pubmed/24398425
http://doi.org/10.1002/gps.4245
http://doi.org/10.1186/s12929-019-0524-y
http://www.ncbi.nlm.nih.gov/pubmed/31072403
http://doi.org/10.1038/ng.2802
http://www.ncbi.nlm.nih.gov/pubmed/24162737
http://doi.org/10.1212/WNL.0b013e3181f0754f
http://www.ncbi.nlm.nih.gov/pubmed/20805524
https://hal.archives-ouvertes.fr/hal-03517019
http://doi.org/10.1038/ng1934
http://doi.org/10.1016/S0140-6736(13)60630-3
http://doi.org/10.1177/0891988710383571
http://doi.org/10.1016/j.biopsych.2014.05.006
http://doi.org/10.1136/jnnp-2014-307719
http://www.ncbi.nlm.nih.gov/pubmed/24838911
http://doi.org/10.1038/nrneurol.2012.263
http://www.ncbi.nlm.nih.gov/pubmed/23296339
http://doi.org/10.1016/j.neurobiolaging.2018.04.004
http://www.ncbi.nlm.nih.gov/pubmed/29754747
http://doi.org/10.1016/j.jalz.2018.04.008
http://doi.org/10.1016/j.jsbmb.2016.03.012

Int. . Mol. Sci. 2022, 23, 13954 26 of 32

100.

101.

102.

103.

104.

105.
106.

107.

108.

109.

110.

111.

112.

113.

114.
115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Whitmer, R.A.; Sidney, S.; Selby, ].; Johnston, S.C.; Yaffe, K. Midlife Cardiovascular Risk Factors and Risk of Dementia in Late Life.
Neurology 2005, 64, 277-281. [CrossRef]

Zlokovic, B.V. Neurovascular Pathways to Neurodegeneration in Alzheimer’s Disease and Other Disorders. Nat. Rev. Neurosci.
2011, 12, 723-738. [CrossRef]

Yu, J.-T.; Xu, W,; Tan, C.-C.; Andrieu, S.; Suckling, J.; Evangelou, E.; Pan, A.; Zhang, C,; Jia, J.; Feng, L.; et al. Evidence-Based
Prevention of Alzheimer’s Disease: Systematic Review and Meta-Analysis of 243 Observational Prospective Studies and 153
Randomised Controlled Trials. J. Neurol. Neurosurg. Psychiatry 2020, 91, 1201-1209. [CrossRef]

Edwards, G.A., III; Gamez, N.; Escobedo, G., Jr.; Calderon, O.; Moreno-Gonzalez, I. Modifiable Risk Factors for Alzheimer’s
Disease. Front. Aging Neurosci. 2019, 11, 146. [CrossRef]

Uauy, R.; Dangour, A.D. Nutrition in Brain Development and Aging: Role of Essential Fatty Acids. Nutr. Rev. 2006, 64, S24-S33,
discussion S72-591. [CrossRef]

Kao, Y.-C,; Ho, P-C.; Tu, Y.-K; Jou, I.-M.; Tsai, K.-]. Lipids and Alzheimer’s Disease. Int. ]. Mol. Sci. 2020, 21, 1505. [CrossRef]
Chew, H.; Solomon, V.A.; Fonteh, A.N. Involvement of Lipids in Alzheimer’s Disease Pathology and Potential Therapies. Front.
Physiol. 2020, 11, 598. [CrossRef]

Korade, Z.; Kenworthy, A.K. Lipid Rafts, Cholesterol, and the Brain. Neuropharmacology 2008, 55, 1265-1273. [CrossRef]
Luchsinger, J.A. Adiposity, Hyperinsulinemia, Diabetes and Alzheimer’s Disease. Eur. J. Pharmacol. 2008, 585, 119-129. [CrossRef]
Hildreth, K.L.; Pelt, R.E.; Schwartz, R.S. Obesity, Insulin Resistance, and Alzheimer’s Disease. Obesity 2012, 20, 1549-1557.
[CrossRef] [PubMed]

Kandimalla, R.; Thirumala, V.; Reddy, P.H. Is Alzheimer’s Disease a Type 3 Diabetes? A Critical Appraisal. Biochim. Biophys.
Acta-Mol. Basis Dis. 2017, 1863, 1078-1089. [CrossRef]

Thomas, J.; Thomas, C.J.; Radcliffe, J.; Itsiopoulos, C. Omega-3 Fatty Acids in Early Prevention of Inflammatory Neurodegenerative
Disease: A Focus on Alzheimer’s Disease. Biomed. Res. Int. 2015, 2015, 172801. [CrossRef] [PubMed]

Zhu, T.-B.; Zhang, Z.; Luo, P.; Wang, S.-S.; Peng, Y.; Chu, S.-F,; Chen, N.-H. Lipid Metabolism in Alzheimer’s Disease. Brain Res.
Bull. 2019, 144, 68-74. [CrossRef] [PubMed]

Wong, M.W.; Braidy, N.; Poljak, A.; Pickford, R.; Thambisetty, M.; Sachdev, P.S. Dysregulation of Lipids in Alzheimer’s Disease
and Their Role as Potential Biomarkers. Alzheimer’s Dement. 2017, 13, 810-827. [CrossRef] [PubMed]

Justice, N.J. The Relationship between Stress and Alzheimer’s Disease. Neurobiol. Stress 2018, 8, 127-133. [CrossRef] [PubMed]
Ganguli, M.; Du, Y.; Dodge, H.H.; Ratcliff, G.G.; Chang, C.-C.H. Depressive Symptoms and Cognitive Decline in Late Life: A
Prospective Epidemiological Study. Arch. Gen. Psychiatry 2006, 63, 153-160. [CrossRef] [PubMed]

Fleminger, S.; Oliver, D.L.; Lovestone, S.; Rabe-Hesketh, S.; Giora, A. Head Injury as a Risk Factor for Alzheimer’s Disease: The
Evidence 10 Years on; a Partial Replication. J. Neurol. Neurosurg. Psychiatry 2003, 74, 857-862. [CrossRef] [PubMed]

Peters, R.; Ee, N.; Peters, J.; Booth, A.; Mudway, I.; Anstey, K.J. Air Pollution and Dementia: A Systematic Review. J. Alzheimer’s
Dis. 2019, 70, S145-5163. [CrossRef]

Cenini, G.; Hebisch, M.; Iefremova, V.; Flitsch, L.J.; Breitkreuz, Y.; Tanzi, R.E.; Kim, D.Y.; Peitz, M.; Briistle, O. Dissecting
Alzheimer’s Disease Pathogenesis in Human 2D and 3D Models. Mol. Cell. Neurosci. 2020, 110, 103568. [CrossRef] [PubMed]
Duval, K.; Grover, H.; Han, L.-H.; Mou, Y.; Pegoraro, A.F; Fredberg, J.; Chen, Z. Modeling Physiological Events in 2D vs. 3D Cell
Culture. Physiology 2017, 32, 266-277. [CrossRef] [PubMed]

Li, Y.-C.; Jodat, Y.A.; Samanipour, R.; Zorzi, G.; Zhu, K; Hirano, M.; Chang, K.; Arnaout, A.; Hassan, S.; Matharu, N.; et al. Toward
a Neurospheroid Niche Model: Optimizing Embedded 3D Bioprinting for Fabrication of Neurospheroid Brain-like Co-Culture
Constructs. Biofabrication 2020, 13, 015014. [CrossRef] [PubMed]

Morsink, M.A ].; Willemen, N.G.A.; Leijten, J.; Bansal, R.; Shin, S.R. Immune Organs and Immune Cells on a Chip: An Overview
of Biomedical Applications. Micromachines 2020, 11, 849. [CrossRef]

Boni, R.; Ali, A.; Shavandi, A.; Clarkson, A.N. Current and Novel Polymeric Biomaterials for Neural Tissue Engineering. J. Biomed.
Sci. 2018, 25, 90. [CrossRef]

Centeno, E.G.Z.; Cimarosti, H.; Bithell, A. 2D versus 3D Human Induced Pluripotent Stem Cell-Derived Cultures for Neurode-
generative Disease Modelling. Mol. Neurodegener. 2018, 13, 27. [CrossRef]

Perel, P; Roberts, I.; Sena, E.; Wheble, P.; Briscoe, C.; Sandercock, P.; Macleod, M.; Mignini, L.E.; Jayaram, P.; Khan, K.S.
Comparison of Treatment Effects between Animal Experiments and Clinical Trials: Systematic Review. BMJ 2007, 334, 197.
[CrossRef]

Koch, P,; Tamboli, I.Y.; Mertens, J.; Wunderlich, P.; Ladewig, J.; Stiiber, K.; Esselmann, H.; Wiltfang, J.; Briistle, O.; Walter,
J. Presenilin-1 L166P Mutant Human Pluripotent Stem Cell-Derived Neurons Exhibit Partial Loss of y-Secretase Activity in
Endogenous Amyloid-f3 Generation. Am. . Pathol. 2012, 180, 2404-2416. [CrossRef] [PubMed]

Mertens, J.; Stiiber, K.; Wunderlich, P.; Ladewig, ].; Kesavan, ].C.; Vandenberghe, R.; Vandenbulcke, M.; van Damme, P.; Walter, J.;
Briistle, O.; et al. APP Processing in Human Pluripotent Stem Cell-Derived Neurons Is Resistant to NSAID-Based y-Secretase
Modulation. Stem Cell Rep. 2013, 1, 491-498. [CrossRef] [PubMed]

Liao, M.-C.; Muratore, C.R.; Gierahn, T.M.; Sullivan, S.E.; Srikanth, P,; Jager, PL.D.; Love, J.C.; Young-Pearse, T.L. Single-Cell
Detection of Secreted A and SAPP« from Human IPSC-Derived Neurons and Astrocytes. J. Neurosci. 2016, 36, 1730-1746.
[CrossRef]


http://doi.org/10.1212/01.WNL.0000149519.47454.F2
http://doi.org/10.1038/nrn3114
http://doi.org/10.1136/jnnp-2019-321913
http://doi.org/10.3389/fnagi.2019.00146
http://doi.org/10.1301/nr.2006.may.S24-S33
http://doi.org/10.3390/ijms21041505
http://doi.org/10.3389/fphys.2020.00598
http://doi.org/10.1016/j.neuropharm.2008.02.019
http://doi.org/10.1016/j.ejphar.2008.02.048
http://doi.org/10.1038/oby.2012.19
http://www.ncbi.nlm.nih.gov/pubmed/22310232
http://doi.org/10.1016/j.bbadis.2016.08.018
http://doi.org/10.1155/2015/172801
http://www.ncbi.nlm.nih.gov/pubmed/26301243
http://doi.org/10.1016/j.brainresbull.2018.11.012
http://www.ncbi.nlm.nih.gov/pubmed/30472149
http://doi.org/10.1016/j.jalz.2017.01.008
http://www.ncbi.nlm.nih.gov/pubmed/28242299
http://doi.org/10.1016/j.ynstr.2018.04.002
http://www.ncbi.nlm.nih.gov/pubmed/29888308
http://doi.org/10.1001/archpsyc.63.2.153
http://www.ncbi.nlm.nih.gov/pubmed/16461857
http://doi.org/10.1136/jnnp.74.7.857
http://www.ncbi.nlm.nih.gov/pubmed/12810767
http://doi.org/10.3233/JAD-180631
http://doi.org/10.1016/j.mcn.2020.103568
http://www.ncbi.nlm.nih.gov/pubmed/33068718
http://doi.org/10.1152/physiol.00036.2016
http://www.ncbi.nlm.nih.gov/pubmed/28615311
http://doi.org/10.1088/1758-5090/abc1be
http://www.ncbi.nlm.nih.gov/pubmed/33059333
http://doi.org/10.3390/mi11090849
http://doi.org/10.1186/s12929-018-0491-8
http://doi.org/10.1186/s13024-018-0258-4
http://doi.org/10.1136/bmj.39048.407928.BE
http://doi.org/10.1016/j.ajpath.2012.02.012
http://www.ncbi.nlm.nih.gov/pubmed/22510327
http://doi.org/10.1016/j.stemcr.2013.10.011
http://www.ncbi.nlm.nih.gov/pubmed/24371804
http://doi.org/10.1523/JNEUROSCI.2735-15.2016

Int. . Mol. Sci. 2022, 23, 13954 27 of 32

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

Oksanen, M.; Petersen, A.].; Naumenko, N.; Puttonen, K.; Lehtonen, §.; Olivé, M.G,; Shakirzyanova, A.; Leskeld, S.; Sarajarvi, T.;
Viitanen, M.; et al. PSEN1 Mutant IPSC-Derived Model Reveals Severe Astrocyte Pathology in Alzheimer’s Disease. Stern Cell
Rep. 2017, 9, 1885-1897. [CrossRef]

Jones, V.C.; Atkinson-Dell, R.; Verkhratsky, A.; Mohamet, L. Aberrant IPSC-Derived Human Astrocytes in Alzheimer’s Disease.
Cell Death Dis. 2017, 8, €2696. [CrossRef] [PubMed]

Martin-Maestro, P.; Gargini, R.; Sproul, A.A.; Garcia, E.; Antén, L.C.; Noggle, S.; Arancio, O.; Avila, J.; Garcia-Escudero, V.
Mitophagy Failure in Fibroblasts and IPSC-Derived Neurons of Alzheimer’s Disease-Associated Presenilin 1 Mutation. Front.
Mol. Neurosci. 2017, 10, 291. [CrossRef]

Jorfi, M.; D’Avanzo, C.; Tanzi, R.E.; Kim, D.Y,; Irimia, D. Human Neurospheroid Arrays for In Vitro Studies of Alzheimer’s
Disease. Sci. Rep. 2018, 8, 2450. [CrossRef]

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]

Hernandez-Sapiéns, M.A; Reza-Zaldivar, E.E.; Cevallos, R.R.; Marquez-Aguirre, A.L.; Gazarian, K.; Canales-Aguirre, A.A. A
Three-Dimensional Alzheimer’s Disease Cell Culture Model Using IPSC-Derived Neurons Carrying A246E Mutation in PSEN1.
Front. Cell. Neurosci. 2020, 14, 151. [CrossRef]

Ranjan, V.D.; Qiu, L.; Lee, ] W.-L.; Chen, X,; Jang, S.E.; Chai, C.; Lim, K.-L.; Tan, E.-K.; Zhang, Y.; Huang, W.M_; et al. A Microfiber
Scaffold-Based 3D in Vitro Human Neuronal Culture Model of Alzheimer’s Disease. Biomater. Sci. 2020, 8, 4861-4874. [CrossRef]
Papadimitriou, C.; Celikkaya, H.; Cosacak, M.I.; Mashkaryan, V.; Bray, L.; Bhattarai, P; Brandt, K.; Hollak, H.; Chen, X.; He, S.;
et al. 3D Culture Method for Alzheimer’s Disease Modeling Reveals Interleukin-4 Rescues A42-Induced Loss of Human Neural
Stem Cell Plasticity. Dev. Cell 2018, 46, 85-101.e8. [CrossRef] [PubMed]

Cairns, D.M.; Rouleau, N.; Parker, RN.; Walsh, K.G.; Gehrke, L.; Kaplan, D.L. A 3D Human Brain-like Tissue Model of
Herpes-Induced Alzheimer’s Disease. Sci. Adv. 2020, 6, eaay8828. [CrossRef] [PubMed]

Lee, H.-K,; Sanchez, C.V.; Chen, M.; Morin, P.J.; Wells, ] M.; Hanlon, E.B.; Xia, W. Three Dimensional Human Neuro-Spheroid
Model of Alzheimer’s Disease Based on Differentiated Induced Pluripotent Stem Cells. PLoS ONE 2016, 11, e0163072. [CrossRef]
Kwak, S.S.; Washicosky, K.J.; Brand, E.; von Maydell, D.; Aronson, J.; Kim, S.; Capen, D.E.; Cetinbas, M.; Sadreyev, R.; Ning, S.; et al.
Amyloid-B42/40 Ratio Drives Tau Pathology in 3D Human Neural Cell Culture Models of Alzheimer’s Disease. Nat. Commun.
2020, 11, 1377. [CrossRef] [PubMed]

Cai, H,; Ao, Z.; Hu, L.; Moon, Y.; Wu, Z.; Lu, H.-C.; Kim, J.; Guo, F. Acoustofluidic Assembly of 3D Neurospheroids to Model
Alzheimer’s Disease. Analyst 2020, 145, 6243-6253. [CrossRef] [PubMed]

Park, J.; Wetzel, I.; Marriott, I.; Dréau, D.; D’Avanzo, C.; Kim, D.Y.; Tanzi, R.E.; Cho, H. A 3D Human Triculture System Modeling
Neurodegeneration and Neuroinflammation in Alzheimer’s Disease. Nat. Neurosci. 2018, 21, 941-951. [CrossRef]

Chen, G.; Chen, K.S.; Knox, J.; Inglis, J.; Bernard, A.; Martin, S.J.; Justice, A.; McConlogue, L.; Games, D.; Freedman, S.B.; et al. A
Learning Deficit Related to Age and 3-Amyloid Plaques in a Mouse Model of Alzheimer’s Disease. Nature 2000, 408, 975-979.
[CrossRef]

Ochiishi, T.; Kaku, M.; Kiyosue, K.; Doi, M.; Urabe, T.; Hattori, N.; Shimura, H.; Ebihara, T. New Alzheimer’s Disease Model
Mouse Specialized for Analyzing the Function and Toxicity of Intraneuronal Amyloid 3 Oligomers. Sci. Rep. 2019, 9, 17368.
[CrossRef]

Peeraer, E.; Bottelbergs, A.; Van Kolen, K.; Stancu, L.-C.; Vasconcelos, B.; Mahieu, M.; Duytschaever, H.; Ver Donck, L.; Torremans,
A_; Sluydts, E.; et al. Intracerebral Injection of Preformed Synthetic Tau Fibrils Initiates Widespread Tauopathy and Neuronal Loss
in the Brains of Tau Transgenic Mice. Neurobiol. Dis. 2015, 73, 83-95. [CrossRef]

Gibbons, G.S.; Banks, R.A.; Kim, B.; Xu, H.; Changolkar, L.; Leight, S.N.; Riddle, D.M.; Li, C.; Gathagan, R.J.; Brown, H.J.;
et al. GFP-Mutant Human Tau Transgenic Mice Develop Tauopathy Following CNS Injections of Alzheimer’s Brain-Derived
Pathological Tau or Synthetic Mutant Human Tau Fibrils. ]. Neurosci. 2017, 37, 11485-11494. [CrossRef]

Faucher, P; Mons, N.; Micheau, J.; Louis, C.; Beracochea, D.J. Hippocampal Injections of Oligomeric Amyloid 3-Peptide (1-42) Induce
Selective Working Memory Deficits and Long-Lasting Alterations of ERK Signaling Pathway. Front. Aging Neurosci. 2016, 7, 245.
[CrossRef] [PubMed]

Pérez, M ].; Ivanyuk, D.; Panagiotakopoulou, V.; Di Napoli, G.; Kalb, S.; Brunetti, D.; Al-Shaana, R.; Kaeser, S.A.; Fraschka,
S.A.-K,; Jucker, M; et al. Loss of Function of the Mitochondrial Peptidase PITRM1 Induces Proteotoxic Stress and Alzheimer’s
Disease-like Pathology in Human Cerebral Organoids. Mol. Psychiatry 2020, 10, 5733-5750. [CrossRef] [PubMed]

D’Avanzo, C.; Aronson, ].; Kim, Y.H.; Choi, S.H.; Tanzi, RE.; Kim, D.Y. Alzheimer’s in 3D Culture: Challenges and Perspectives.
Bioessays 2015, 37, 1139-1148. [CrossRef] [PubMed]

Choi, S.H.; Kim, Y.H.; Quinti, L.; Tanzi, RE.; Kim, D.Y. 3D Culture Models of Alzheimer’s Disease: A Road Map to a “Cure-in-a-
Dish”. Mol. Neurodegener. 2016, 11, 75. [CrossRef]

Kim, Y.H.; Choi, S.H.; D’Avanzo, C.; Hebisch, M.; Sliwinski, C.; Bylykbashi, E.; Washicosky, K.J.; Klee, ].B.; Briistle, O.; Tanzi, R.E,;
et al. A 3D Human Neural Cell Culture System for Modeling Alzheimer’s Disease. Nat. Protoc. 2015, 10, 985-1006. [CrossRef]
Jankowsky, J.L.; Zheng, H. Practical Considerations for Choosing a Mouse Model of Alzheimer’s Disease. Mol. Neurodegener.
2017, 12, 89. [CrossRef]

LaFerla, EM.; Green, K.N. Animal Models of Alzheimer Disease. Cold Spring Harb. Perspect. Med. 2012, 2, a006320. [CrossRef]


http://doi.org/10.1016/j.stemcr.2017.10.016
http://doi.org/10.1038/cddis.2017.89
http://www.ncbi.nlm.nih.gov/pubmed/28333144
http://doi.org/10.3389/fnmol.2017.00291
http://doi.org/10.1038/s41598-018-20436-8
http://doi.org/10.1111/jnc.15030
http://doi.org/10.3389/fncel.2020.00151
http://doi.org/10.1039/D0BM00833H
http://doi.org/10.1016/j.devcel.2018.06.005
http://www.ncbi.nlm.nih.gov/pubmed/29974866
http://doi.org/10.1126/sciadv.aay8828
http://www.ncbi.nlm.nih.gov/pubmed/32494701
http://doi.org/10.1371/journal.pone.0163072
http://doi.org/10.1038/s41467-020-15120-3
http://www.ncbi.nlm.nih.gov/pubmed/32170138
http://doi.org/10.1039/D0AN01373K
http://www.ncbi.nlm.nih.gov/pubmed/32840509
http://doi.org/10.1038/s41593-018-0175-4
http://doi.org/10.1038/35050103
http://doi.org/10.1038/s41598-019-53415-8
http://doi.org/10.1016/j.nbd.2014.08.032
http://doi.org/10.1523/JNEUROSCI.2393-17.2017
http://doi.org/10.3389/fnagi.2015.00245
http://www.ncbi.nlm.nih.gov/pubmed/26793098
http://doi.org/10.1038/s41380-020-0807-4
http://www.ncbi.nlm.nih.gov/pubmed/32632204
http://doi.org/10.1002/bies.201500063
http://www.ncbi.nlm.nih.gov/pubmed/26252541
http://doi.org/10.1186/s13024-016-0139-7
http://doi.org/10.1038/nprot.2015.065
http://doi.org/10.1186/s13024-017-0231-7
http://doi.org/10.1101/cshperspect.a006320

Int. . Mol. Sci. 2022, 23, 13954 28 of 32

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.
175.

176.

177.

Clarke, ].R; Lyra e Silva, N.M.; Figueiredo, C.P; Frozza, R.L.; Ledo, ] H.; Beckman, D.; Katashima, C.K.; Razolli, D.; Carvalho, B.M.;
Frazao, R.; et al. Alzheimer-associated A Oligomers Impact the Central Nervous System to Induce Peripheral Metabolic
Deregulation. EMBO Mol. Med. 2015, 7, 190-210. [CrossRef]

Latimer, C.S.; Shively, C.A.; Keene, C.D.; Jorgensen, M.].; Andrews, R.N.; Register, T.C.; Montine, T.].; Wilson, A.M.; Neth, B.J ;
Mintz, A.; et al. A Nonhuman Primate Model of Early Alzheimer’s Disease Pathologic Change: Implications for Disease
Pathogenesis. Alzheimer’s Dement. 2019, 15, 93-105. [CrossRef]

Frye, B.M,; Craft, S.; Register, T.C.; Kim, J.; Whitlow, C.T; Barcus, R.A.; Lockhart, S.N.; Sai, K.K.S.; Shively, C.A. Early Alzheimer’s
Disease-like Reductions in Gray Matter and Cognitive Function with Aging in Nonhuman Primates. Alzheimer’s Dement. Transl.
Res. Clin. Interv. 2022, 8, €12284. [CrossRef]

Briggs, R.; Kennelly, S.P.; O’'Neill, D. Drug Treatments in Alzheimer’s Disease. Clin. Med. 2016, 16, 247-253. [CrossRef] [PubMed]
Atri, A. Current and Future Treatments in Alzheimer’s Disease. Semin. Neurol. 2019, 39, 227-240. [CrossRef] [PubMed]
Cummings, J.L.; Tong, G.; Ballard, C. Treatment Combinations for Alzheimer’s Disease: Current and Future Pharmacotherapy
Options. J. Alzheimer’s Dis. 2019, 67, 779-794. [CrossRef] [PubMed]

Cummings, J.; Ritter, A.; Zhong, K. Clinical Trials for Disease-Modifying Therapies in Alzheimer’s Disease: A Primer, Lessons
Learned, and a Blueprint for the Futurel. J. Alzheimer’s Dis. 2018, 64, S3-522. [CrossRef]

Zenaro, E.; Piacentino, G.; Constantin, G. The Blood-Brain Barrier in Alzheimer’s Disease. Neurobiol. Dis. 2017, 107, 41-56.
[CrossRef]

Chakraborty, A.; de Wit, N.M.; van der Flier, W.M.; de Vries, H.E. The Blood Brain Barrier in Alzheimer’s Disease. Vascul.
Pharmacol. 2017, 89, 12-18. [CrossRef]

Abbott, N.J.; Patabendige, A.A.K,; Dolman, D.E.M.; Yusof, S.R.; Begley, D.J. Structure and Function of the Blood—Brain Barrier.
Neurobiol. Dis. 2010, 37, 13-25. [CrossRef]

Banks, W.A. Drug Delivery to the Brain in Alzheimer’s Disease: Consideration of the Blood-Brain Barrier. Adv. Drug Deliv. Rev.
2012, 64, 629-639. [CrossRef]

Colin, J.; Thomas, M.H.; Gregory-Pauron, L.; Pingon, A.; Lanhers, M.-C.; Corbier, C.; Claudepierre, T.; Yen, FT.; Oster, T.;
Malaplate-Armand, C. Maintenance of Membrane Organization in the Aging Mouse Brain as the Determining Factor for
Preventing Receptor Dysfunction and for Improving Response to Anti-Alzheimer Treatments. Neurobiol. Aging 2017, 54, 84-93.
[CrossRef]

Poon, C.H.; Wang, Y.; Fung, M.-L.; Zhang, C.; Lim, L.W. Rodent Models of Amyloid-Beta Feature of Alzheimer’s Disease:
Development and Potential Treatment Implications. Aging Dis. 2020, 11, 1235. [CrossRef]

Huang, L.-K.; Chao, S.-P.; Hu, C.-J. Clinical Trials of New Drugs for Alzheimer Disease. ]. Biomed. Sci. 2020, 27, 18. [CrossRef]
[PubMed]

Klimova, B.; Kuca, K. Alzheimer’s Disease: Potential Preventive, Non-Invasive, Intervention Strategies in Lowering the Risk of
Cognitive Decline—A Review Study. J. Appl. Biomed. 2015, 13, 257-261. [CrossRef]

Kivipelto, M.; Mangialasche, F.; Ngandu, T. Lifestyle Interventions to Prevent Cognitive Impairment, Dementia and Alzheimer
Disease. Nat. Rev. Neurol. 2018, 14, 653-666. [CrossRef] [PubMed]

Rosenberg, A.; Mangialasche, F.; Ngandu, T.; Solomon, A.; Kivipelto, M. Kivipelto Multidomain Interventions to Prevent
Cognitive Impairment, Alzheimer’s Disease, and Dementia: From FINGER to World-Wide FINGERS. J. Prev. Alzheimer’s Dis.
2019, 7, 29-36. [CrossRef]

Lehtisalo, J.; Levalahti, E.; Lindstrom, J.; Hanninen, T.; Paajanen, T.; Peltonen, M.; Antikainen, R.; Laatikainen, T.; Strandberg, T.;
Soininen, H.; et al. Dietary Changes and Cognition over 2 Years within a Multidomain Intervention Trial-The Finnish Geriatric
Intervention Study to Prevent Cognitive Impairment and Disability (FINGER). Alzheimer’s Dement. 2019, 15, 410-417. [CrossRef]
Olazaran, J.; Reisberg, B.; Clare, L.; Cruz, I; Pefia-Casanova, J.; Del Ser, T.; Woods, B.; Beck, C.; Auer, S.; Lai, C.; et al.
Nonpharmacological Therapies in Alzheimer’s Disease: A Systematic Review of Efficacy. Dement. Geriatr. Cogn. Disord. 2010, 30,
161-178. [CrossRef]

Van Wijk, N.; Broersen, L.M.; de Wilde, M.C.; Hageman, R.].].; Groenendijk, M.; Sijben, ] W.C.; Kamphuis, P.J.G.H. Targeting
Synaptic Dysfunction in Alzheimer’s Disease by Administering a Specific Nutrient Combination. |. Alzheimer’s Dis. 2013, 38,
459-479. [CrossRef]

Rasmussen, J. The LipiDiDiet Trial: What Does It Add to the Current Evidence for Fortasyn Connect in Early Alzheimer’s
Disease? Clin. Interv. Aging 2019, 14, 1481-1492. [CrossRef]

Singh-Manoux, A.; Kivimaki, M.; Glymour, M.M.; Elbaz, A.; Berr, C.; Ebmeier, K.P; Ferrie, J.E.; Dugravot, A. Timing of Onset of
Cognitive Decline: Results from Whitehall II Prospective Cohort Study. BMJ 2012, 344, d7622. [CrossRef]

Bishop, N.A.; Lu, T.; Yankner, B.A. Neural Mechanisms of Ageing and Cognitive Decline. Nature 2010, 464, 529-535. [CrossRef]
Colin, J.; Gregory-Pauron, L.; Lanhers, M.-C.; Claudepierre, T.; Corbier, C.; Yen, ET.; Malaplate-Armand, C.; Oster, T. Membrane
Raft Domains and Remodeling in Aging Brain. Biochimie 2016, 130, 178-187. [CrossRef] [PubMed]

Raz, N.; Rodrigue, K.M. Differential Aging of the Brain: Patterns, Cognitive Correlates and Modifiers. Neurosci. Biobehav. Rev.
2006, 30, 730-748. [CrossRef]

Youdim, K.A.; Martin, A.; Joseph, J.A. Essential Fatty Acids and the Brain: Possible Health Implications. Int. ]. Dev. Neurosci.
2000, 18, 383-399. [CrossRef]


http://doi.org/10.15252/emmm.201404183
http://doi.org/10.1016/j.jalz.2018.06.3057
http://doi.org/10.1002/trc2.12284
http://doi.org/10.7861/clinmedicine.16-3-247
http://www.ncbi.nlm.nih.gov/pubmed/27251914
http://doi.org/10.1055/s-0039-1678581
http://www.ncbi.nlm.nih.gov/pubmed/30925615
http://doi.org/10.3233/JAD-180766
http://www.ncbi.nlm.nih.gov/pubmed/30689575
http://doi.org/10.3233/JAD-179901
http://doi.org/10.1016/j.nbd.2016.07.007
http://doi.org/10.1016/j.vph.2016.11.008
http://doi.org/10.1016/j.nbd.2009.07.030
http://doi.org/10.1016/j.addr.2011.12.005
http://doi.org/10.1016/j.neurobiolaging.2017.02.015
http://doi.org/10.14336/AD.2019.1026
http://doi.org/10.1186/s12929-019-0609-7
http://www.ncbi.nlm.nih.gov/pubmed/31906949
http://doi.org/10.1016/j.jab.2015.07.004
http://doi.org/10.1038/s41582-018-0070-3
http://www.ncbi.nlm.nih.gov/pubmed/30291317
http://doi.org/10.14283/JPAD.2019.41
http://doi.org/10.1016/j.jalz.2018.10.001
http://doi.org/10.1159/000316119
http://doi.org/10.3233/JAD-130998
http://doi.org/10.2147/CIA.S211739
http://doi.org/10.1136/bmj.d7622
http://doi.org/10.1038/nature08983
http://doi.org/10.1016/j.biochi.2016.08.014
http://www.ncbi.nlm.nih.gov/pubmed/27594339
http://doi.org/10.1016/j.neubiorev.2006.07.001
http://doi.org/10.1016/S0736-5748(00)00013-7

Int. . Mol. Sci. 2022, 23, 13954 29 of 32

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.
198.

199.

200.

201.

202.

203.

Latifi, S.; Tamayol, A.; Habibey, R.; Sabzevari, R.; Kahn, C.; Geny, D.; Eftekharpour, E.; Annabi, N.; Blau, A.; Linder, M.; et al.
Natural Lecithin Promotes Neural Network Complexity and Activity. Sci. Rep. 2016, 6, 1-9. [CrossRef] [PubMed]

Hasan, M.; Latifi, S.; Kahn, C.J.E; Tamayol, A.; Habibey, R.; Passeri, E.; Linder, M.; Arab-Tehrany, E. The Positive Role of
Curcumin-Loaded Salmon Nanoliposomes on the Culture of Primary Cortical Neurons. Mar. Drugs 2018, 16, 218. [CrossRef]
[PubMed]

Malaplate, C.; Poerio, A.; Huguet, M.; Soligot, C.; Passeri, E.; Kahn, C.J.F; Linder, M.; Arab-Tehrany, E.; Yen, ET. Neurotrophic
Effect of Fish-Lecithin Based Nanoliposomes on Cortical Neurons. Mar. Drugs 2019, 17, 406. [CrossRef]

Salem, N.; Litman, B.; Kim, H.Y.; Gawrisch, K. Mechanisms of Action of Docosahexaenoic Acid in the Nervous System. Lipids
2001, 36, 945-959. [CrossRef] [PubMed]

Soderberg, M.; Edlund, C.; Kristensson, K.; Dallner, G. Fatty Acid Composition of Brain Phospholipids in Aging and in
Alzheimer’s Disease. Lipids 1991, 26, 421-425. [CrossRef]

Weiser, M.].; Butt, C.M.; Mohajeri, M.H. Docosahexaenoic Acid and Cognition throughout the Lifespan. Nutrients 2016, 8, 99.
[CrossRef]

Bazan, N.G.; Molina, M.E; Gordon, W.C. Docosahexaenoic Acid Signalolipidomics in Nutrition: Significance in Aging, Neuroin-
flammation, Macular Degeneration, Alzheimer’s, and Other Neurodegenerative Diseases. Annu. Rev. Nutr. 2011, 31, 321-351.
[CrossRef]

Daiello, L.A.; Gongvatana, A.; Dunsiger, S.; Cohen, R.A.; Ott, B.R. Alzheimer’s Disease Neuroimaging Initiative Association
of Fish Oil Supplement Use with Preservation of Brain Volume and Cognitive Function. Alzheimer’s Dement. 2015, 11, 226-235.
[CrossRef] [PubMed]

Eckert, G.P; Chang, S.; Eckmann, J.; Copanaki, E.; Hagl, S.; Hener, U.; Miiller, W.E.; Kogel, D. Liposome-Incorporated DHA
Increases Neuronal Survival by Enhancing Non-Amyloidogenic APP Processing. Biochim. Biophys. Acta-Biomembr. 2011, 1808,
236-243. [CrossRef] [PubMed]

Oster, T.; Pillot, T. Docosahexaenoic Acid and Synaptic Protection in Alzheimer’s Disease Mice. Biochim. Biophys. Acta 2010, 1801,
791-798. [CrossRef] [PubMed]

Fotuhi, M.; Mohassel, P,; Yaffe, K. Fish Consumption, Long-Chain Omega-3 Fatty Acids and Risk of Cognitive Decline or
Alzheimer Disease: A Complex Association. Nat. Clin. Pract. Neurol. 2009, 5, 140-152. [CrossRef] [PubMed]

Zhou, Y.; Peng, Z.; Seven, E.S.; Leblanc, R.M. Crossing the Blood-Brain Barrier with Nanoparticles. J. Control. Release 2018, 270,
290-303. [CrossRef] [PubMed]

Nau, R.; Sorgel, F; Eiffert, H. Penetration of Drugs through the Blood-Cerebrospinal Fluid /Blood-Brain Barrier for Treatment of
Central Nervous System Infections. Clin. Microbiol. Rev. 2010, 23, 858-883. [CrossRef] [PubMed]

Reed, M.].; Damodarasamy, M.; Banks, W.A. The Extracellular Matrix of the Blood-Brain Barrier: Structural and Functional Roles
in Health, Aging, and Alzheimer’s Disease. Tissue Barriers 2019, 7, 1651157. [CrossRef]

Grabrucker, A.M.; Chhabra, R.; Belletti, D.; Forni, F.; Vandelli, M.A.; Ruozi, B.; Tosi, G. Nanoparticles as Blood-Brain Barrier
Permeable CNS Targeted Drug Delivery Systems. In The Blood Brain Barrier (BBB); Fricker, G., Ott, M., Mahringer, A., Eds.; Topics
in Medicinal Chemistry; Springer: Berlin/Heidelberg, Germany, 2013; Volume 10, pp. 71-89. ISBN 978-3-662-43786-5.

Zheng, W.; Aschner, M.; Ghersi-Egea, ].-F. Brain Barrier Systems: A New Frontier in Metal Neurotoxicological Research. Toxicol.
Appl. Pharmacol. 2003, 192, 1-11. [CrossRef]

Bangham, A.D.; Horne, R.W. Negative Staining of Phospholipids and Their Structural Modification by Surface-Active Agents as
Observed in the Electron Microscope. J. Mol. Biol. 1964, 8, 660-668. [CrossRef]

Bangham, A.D.; Standish, M.M.; Watkins, J.C. Diffusion of Univalent Ions across the Lamellae of Swollen Phospholipids. J. Mol.
Biol. 1965, 13, 238-252. [CrossRef]

Li, J.; Elkhoury, K.; Barbieux, C.; Linder, M.; Grandemange, S.; Tamayol, A.; Francius, G.; Arab-Tehrany, E. Effects of Bioactive
Marine-Derived Liposomes on Two Human Breast Cancer Cell Lines. Mar. Drugs 2020, 18, 211. [CrossRef] [PubMed]

Lasic, D.D. Novel Applications of Liposomes. Trends Biotechnol. 1998, 16, 307-321. [CrossRef]

Israelachvili, ].N.; Mar¢elja, S.; Horn, R.G. Physical Principles of Membrane Organization. Quart. Rev. Biophys. 1980, 13, 121-200.
[CrossRef]

Hasan, M.; Elkhoury, K.; Belhaj, N.; Kahn, C.; Tamayol, A.; Barberi-Heyob, M.; Arab-Tehrany, E.; Linder, M. Growth-Inhibitory
Effect of Chitosan-Coated Liposomes Encapsulating Curcumin on MCF-7 Breast Cancer Cells. Mar. Drugs 2020, 18,217. [CrossRef]
[PubMed]

Elkhoury, K.; Russell, C.S.; Sanchez-Gonzalez, L.; Mostafavi, A.; Williams, T.].; Kahn, C.; Peppas, N.A.; Arab-Tehrany, E.; Tamayol,
A. Soft-Nanoparticle Functionalization of Natural Hydrogels for Tissue Engineering Applications. Adv. Healthcare Mater. 2019, 8,
1900506. [CrossRef]

Hasan, M.; Elkhoury, K.; Kahn, C.J.E; Arab-Tehrany, E.; Linder, M. Preparation, Characterization, and Release Kinetics of
Chitosan-Coated Nanoliposomes Encapsulating Curcumin in Simulated Environments. Molecules 2019, 24, 2023. [CrossRef]
Elkhoury, K.; Kogak, P; Kang, A.; Arab-Tehrany, E.; Ellis Ward, J.; Shin, S.R. Engineering Smart Targeting Nanovesicles and Their
Combination with Hydrogels for Controlled Drug Delivery. Pharmaceutics 2020, 12, 849. [CrossRef] [PubMed]

Bulbake, U.; Doppalapudi, S.; Kommineni, N.; Khan, W. Liposomal Formulations in Clinical Use: An Updated Review. Pharma-
ceutics 2017, 9, 12. [CrossRef] [PubMed]


http://doi.org/10.1038/srep25777
http://www.ncbi.nlm.nih.gov/pubmed/27228907
http://doi.org/10.3390/md16070218
http://www.ncbi.nlm.nih.gov/pubmed/29941790
http://doi.org/10.3390/md17070406
http://doi.org/10.1007/s11745-001-0805-6
http://www.ncbi.nlm.nih.gov/pubmed/11724467
http://doi.org/10.1007/BF02536067
http://doi.org/10.3390/nu8020099
http://doi.org/10.1146/annurev.nutr.012809.104635
http://doi.org/10.1016/j.jalz.2014.02.005
http://www.ncbi.nlm.nih.gov/pubmed/24954371
http://doi.org/10.1016/j.bbamem.2010.10.014
http://www.ncbi.nlm.nih.gov/pubmed/21036142
http://doi.org/10.1016/j.bbalip.2010.02.011
http://www.ncbi.nlm.nih.gov/pubmed/20211757
http://doi.org/10.1038/ncpneuro1044
http://www.ncbi.nlm.nih.gov/pubmed/19262590
http://doi.org/10.1016/j.jconrel.2017.12.015
http://www.ncbi.nlm.nih.gov/pubmed/29269142
http://doi.org/10.1128/CMR.00007-10
http://www.ncbi.nlm.nih.gov/pubmed/20930076
http://doi.org/10.1080/21688370.2019.1651157
http://doi.org/10.1016/S0041-008X(03)00251-5
http://doi.org/10.1016/S0022-2836(64)80115-7
http://doi.org/10.1016/S0022-2836(65)80093-6
http://doi.org/10.3390/md18040211
http://www.ncbi.nlm.nih.gov/pubmed/32295082
http://doi.org/10.1016/S0167-7799(98)01220-7
http://doi.org/10.1017/S0033583500001645
http://doi.org/10.3390/md18040217
http://www.ncbi.nlm.nih.gov/pubmed/32316578
http://doi.org/10.1002/adhm.201900506
http://doi.org/10.3390/molecules24102023
http://doi.org/10.3390/pharmaceutics12090849
http://www.ncbi.nlm.nih.gov/pubmed/32906833
http://doi.org/10.3390/pharmaceutics9020012
http://www.ncbi.nlm.nih.gov/pubmed/28346375

Int. . Mol. Sci. 2022, 23, 13954 30 of 32

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

He, H.; Lu, Y; Qi, J.; Zhu, Q.; Chen, Z.; Wu, W. Adapting Liposomes for Oral Drug Delivery. Acta Pharm. Sin. B 2019, 9, 36-48.
[CrossRef]

Bianchi, A.; Velot, E.; Kempf, H.; Elkhoury, K.; Sanchez-Gonzalez, L.; Linder, M.; Kahn, C.; Arab-Tehrany, E. Nanoliposomes from
Agro-Resources as Promising Delivery Systems for Chondrocytes. Int. J. Mol. Sci. 2020, 21, 3436. [CrossRef]

Spuch, C.; Navarro, C. Liposomes for Targeted Delivery of Active Agents against Neurodegenerative Diseases (Alzheimer’s
Disease and Parkinson’s Disease). |. Drug Deliv. 2011, 2011, 1-12. [CrossRef] [PubMed]

Chen, Y.-C.; Chiang, C.-F; Chen, L.-E; Liang, P-C.; Hsieh, W.-Y; Lin, W.-L. Polymersomes Conjugated with Des-Octanoyl Ghrelin
and Folate as a BBB-Penetrating Cancer Cell-Targeting Delivery System. Biomaterials 2014, 35, 4066—4081. [CrossRef] [PubMed]
Mourtas, S.; Lazar, A.N.; Markoutsa, E.; Duyckaerts, C.; Antimisiaris, S.G. Multifunctional Nanoliposomes with Curcumin-Lipid
Derivative and Brain Targeting Functionality with Potential Applications for Alzheimer Disease. Eur. J. Med. Chem. 2014, 80,
175-183. [CrossRef] [PubMed]

Markoutsa, E.; Papadia, K.; Giannou, A.D.; Spella, M.; Cagnotto, A.; Salmona, M.; Stathopoulos, G.T.; Antimisiaris, S.G. Mono and
Dually Decorated Nanoliposomes for Brain Targeting, In Vitro and In Vivo Studies. Pharm. Res. 2014, 31, 1275-1289. [CrossRef]
[PubMed]

Markoutsa, E.; Papadia, K.; Clemente, C.; Flores, O.; Antimisiaris, S.G. Anti-Ap-MAb and Dually Decorated Nanoliposomes:
Effect of AB1-42 Peptides on Interaction with HCMEC /D3 Cells. Eur. J. Pharm. Biopharm. 2012, 81, 49-56. [CrossRef] [PubMed]
Chen, H,; Tang, L.; Qin, Y;; Yin, Y; Tang, J.; Tang, W.; Sun, X.; Zhang, Z.; Liu, J.; He, Q. Lactoferrin-Modified Procationic Liposomes
as a Novel Drug Carrier for Brain Delivery. Eur. J. Pharm. Sci. 2010, 40, 94-102. [CrossRef]

Chen, H.; Qin, Y.; Zhang, Q.; Jiang, W.; Tang, L.; Liu, ].; He, Q. Lactoferrin Modified Doxorubicin-Loaded Procationic Liposomes
for the Treatment of Gliomas. Eur. J. Pharm. Sci. 2011, 44, 164-173. [CrossRef]

Joshi, S.; Singh-Moon, R.P; Ellis, J.A.; Chaudhuri, D.B.; Wang, M.; Reif, R.; Bruce, J.N.; Bigio, 1.].; Straubinger, R.M. Cerebral
Hypoperfusion-Assisted Intra-Arterial Deposition of Liposomes in Normal and Glioma-Bearing Rats. Neurosurgery 2015, 76,
92-100. [CrossRef]

Joshi, S.; Singh-Moon, R.P.,; Wang, M.; Chaudhuri, D.B.; Holcomb, M.; Straubinger, N.L.; Bruce, ].N.; Bigio, L].; Straubinger, R.M.
Transient Cerebral Hypoperfusion Assisted Intraarterial Cationic Liposome Delivery to Brain Tissue. J. Neurooncol. 2014, 118,
73-82. [CrossRef]

Joshi, S.; Singh-Moon, R.; Wang, M.; Chaudhuri, D.B.; Ellis, J.A.; Bruce, ].N.; Bigio, 1.].; Straubinger, R.M. Cationic Surface Charge
Enhances Early Regional Deposition of Liposomes after Intracarotid Injection. J. Neurooncol. 2014, 120, 489—497. [CrossRef]
Noble, G.T; Stefanick, ].E; Ashley, ].D.; Kiziltepe, T.; Bilgicer, B. Ligand-Targeted Liposome Design: Challenges and Fundamental
Considerations. Trends Biotechnol. 2014, 32, 32—45. [CrossRef] [PubMed]

Du, D.; Chang, N.; Sun, S.; Li, M.; Yu, H; Liu, M,; Liu, X.; Wang, G.; Li, H.; Liu, X.; et al. The Role of Glucose Transporters in
the Distribution of P-Aminophenyl-«-d-Mannopyranoside Modified Liposomes within Mice Brain. . Control. Release 2014, 182,
99-110. [CrossRef] [PubMed]

Qu, B,; Li, X,; Guan, M,; Li, X.; Hai, L.; Wu, Y. Design, Synthesis and Biological Evaluation of Multivalent Glucosides with High
Affinity as Ligands for Brain Targeting Liposomes. Eur. |. Med. Chem. 2014, 72, 110-118. [CrossRef]

Lindqvist, A.; Rip, J.; van Kregten, J.; Gaillard, PJ.; Hammarlund-Udenaes, M. In Vivo Functional Evaluation of Increased Brain
Delivery of the Opioid Peptide DAMGO by Glutathione-PEGylated Liposomes. Pharm. Res. 2016, 33, 177-185. [CrossRef]
[PubMed]

Maussang, D.; Rip, J.; van Kregten, J.; van den Heuvel, A.; van der Pol, S.; van der Boom, B.; Reijerkerk, A.; Chen, L.; de Boer, M;
Gaillard, P; et al. Glutathione Conjugation Dose-Dependently Increases Brain-Specific Liposomal Drug Delivery in Vitro and in
Vivo. Drug Discov. Today Technol. 2016, 20, 59-69. [CrossRef] [PubMed]

Zhang, C.-X.; Zhao, W.-Y,; Liu, L.; Ju, R.-J.; Mu, L.-M.; Zhao, Y.; Zeng, F,; Xie, H.-J.; Yan, Y.; Lu, W.-L. A Nanostructure of
Functional Targeting Epirubicin Liposomes Dually Modified with Aminophenyl Glucose and Cyclic Pentapeptide Used for Brain
Glioblastoma Treatment. Oncotarget 2015, 6, 32681-32700. [CrossRef]

Li, X.; Tang, W,; Jiang, Y.; Wang, X.; Wang, Y.; Cheng, L.; Meng, X. Multifunctional Targeting Vinorelbine plus Tetrandrine
Liposomes for Treating Brain Glioma along with Eliminating Glioma Stem Cells. Oncotarget 2016, 7, 24604-24622. [CrossRef]
Liu, Y.; Ran, R.; Chen, J.; Kuang, Q.; Tang, J.; Mei, L.; Zhang, Q.; Gao, H.; Zhang, Z.; He, Q. Paclitaxel Loaded Liposomes
Decorated with a Multifunctional Tandem Peptide for Glioma Targeting. Biomaterials 2014, 35, 4835-4847. [CrossRef]
Markoutsa, E.; Mourtas, S.; Bereczki, E.; Zona, C.; Ferla, B.; Nicotra, E; Flores, O.; Pei, ]J.-J.; Antimisiaris, S. Comparison of
Various Types of Ligand Decorated Nanoliposomes for Their Ability to Inhibit Amyloid Aggregation and to Reverse Amyloid
Cytotoxicity. Curr. Top. Med. Chem. 2015, 15, 2267-2276. [CrossRef]

Wang, P.; Wang, H.; Huang, Q.; Peng, C.; Yao, L.; Chen, H.; Qiu, Z.; Wu, Y,; Wang, L.; Chen, W. Exosomes from M1-Polarized
Macrophages Enhance Paclitaxel Antitumor Activity by Activating Macrophages-Mediated Inflammation. Theranostics 2019, 9,
1714-1727. [CrossRef]

Ohno, S.; Takanashi, M.; Sudo, K.; Ueda, S.; Ishikawa, A.; Matsuyama, N.; Fujita, K.; Mizutani, T.; Ohgi, T.; Ochiya, T.; et al.
Systemically Injected Exosomes Targeted to EGFR Deliver Antitumor MicroRNA to Breast Cancer Cells. Mol. Ther. 2013, 21,
185-191. [CrossRef] [PubMed]

Turturici, G.; Tinnirello, R.; Sconzo, G.; Geraci, F. Extracellular Membrane Vesicles as a Mechanism of Cell-to-Cell Communication:
Advantages and Disadvantages. Am. J. Physiol.-Cell Physiol. 2014, 306, C621-C633. [CrossRef] [PubMed]


http://doi.org/10.1016/j.apsb.2018.06.005
http://doi.org/10.3390/ijms21103436
http://doi.org/10.1155/2011/469679
http://www.ncbi.nlm.nih.gov/pubmed/22203906
http://doi.org/10.1016/j.biomaterials.2014.01.042
http://www.ncbi.nlm.nih.gov/pubmed/24513319
http://doi.org/10.1016/j.ejmech.2014.04.050
http://www.ncbi.nlm.nih.gov/pubmed/24780594
http://doi.org/10.1007/s11095-013-1249-3
http://www.ncbi.nlm.nih.gov/pubmed/24338512
http://doi.org/10.1016/j.ejpb.2012.02.006
http://www.ncbi.nlm.nih.gov/pubmed/22386910
http://doi.org/10.1016/j.ejps.2010.03.007
http://doi.org/10.1016/j.ejps.2011.07.007
http://doi.org/10.1227/NEU.0000000000000552
http://doi.org/10.1007/s11060-014-1421-6
http://doi.org/10.1007/s11060-014-1584-1
http://doi.org/10.1016/j.tibtech.2013.09.007
http://www.ncbi.nlm.nih.gov/pubmed/24210498
http://doi.org/10.1016/j.jconrel.2014.03.006
http://www.ncbi.nlm.nih.gov/pubmed/24631863
http://doi.org/10.1016/j.ejmech.2013.10.007
http://doi.org/10.1007/s11095-015-1774-3
http://www.ncbi.nlm.nih.gov/pubmed/26275529
http://doi.org/10.1016/j.ddtec.2016.09.003
http://www.ncbi.nlm.nih.gov/pubmed/27986226
http://doi.org/10.18632/oncotarget.5354
http://doi.org/10.18632/oncotarget.8360
http://doi.org/10.1016/j.biomaterials.2014.02.031
http://doi.org/10.2174/1568026615666150605115902
http://doi.org/10.7150/thno.30716
http://doi.org/10.1038/mt.2012.180
http://www.ncbi.nlm.nih.gov/pubmed/23032975
http://doi.org/10.1152/ajpcell.00228.2013
http://www.ncbi.nlm.nih.gov/pubmed/24452373

Int. . Mol. Sci. 2022, 23, 13954 31 of 32

228.

229.

230.

231.
232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

Liu, C,; Su, C. Design Strategies and Application Progress of Therapeutic Exosomes. Theranostics 2019, 9, 1015-1028. [CrossRef]
[PubMed]

Antimisiaris, S.; Mourtas, S.; Marazioti, A. Exosomes and Exosome-Inspired Vesicles for Targeted Drug Delivery. Pharmaceutics
2018, 10, 218. [CrossRef]

Johnsen, K.B.; Gudbergsson, ].M.; Skov, M.N,; Pilgaard, L.; Moos, T.; Duroux, M. A Comprehensive Overview of Exosomes as Drug
Delivery Vehicles—Endogenous Nanocarriers for Targeted Cancer Therapy. Biochim. Biophys. Acta-Rev. Cancer 2014, 1846, 75-87.
[CrossRef]

Bang, C.; Thum, T. Exosomes: New Players in Cell-Cell Communication. Int. |. Biochem. Cell Biol. 2012, 44, 2060—-2064. [CrossRef]
Fais, S.; O’Driscoll, L.; Borras, FE.; Buzas, E.; Camussi, G.; Cappello, F.; Carvalho, ]J.; Cordeiro da Silva, A.; Del Portillo, H.; El
Andaloussi, S.; et al. Evidence-Based Clinical Use of Nanoscale Extracellular Vesicles in Nanomedicine. ACS Nano 2016, 10,
3886-3899. [CrossRef]

Yakimchuk, K. Exosomes: Isolation Methods and Specific Markers. Mater. Methods 2015, 5, 1450. [CrossRef]

Saeedi, S.; Israel, S.; Nagy, C.; Turecki, G. The Emerging Role of Exosomes in Mental Disorders. Transl. Psychiatry 2019, 9, 122.
[CrossRef]

Alvarez-Erviti, L.; Seow, Y.; Yin, H.; Betts, C.; Lakhal, S.; Wood, M.J.A. Delivery of SiRNA to the Mouse Brain by Systemic Injection
of Targeted Exosomes. Nat. Biotechnol. 2011, 29, 341-345. [CrossRef]

Zhuang, X.; Xiang, X.; Grizzle, W.; Sun, D.; Zhang, S.; Axtell, R.C; Ju, S.; Mu, ].; Zhang, L.; Steinman, L.; et al. Treatment of Brain
Inflammatory Diseases by Delivering Exosome Encapsulated Anti-Inflammatory Drugs From the Nasal Region to the Brain. Mol.
Ther. 2011, 19, 1769-1779. [CrossRef] [PubMed]

Goémez-Molina, C.; Sandoval, M.; Henzi, R.; Ramirez, J.P,; Varas-Godoy, M.; Luarte, A.; Lafourcade, C.A.; Lopez-Verrilli, A,;
Smalla, K.-H.; Kaehne, T.; et al. Small Extracellular Vesicles in Rat Serum Contain Astrocyte-Derived Protein Biomarkers of
Repetitive Stress. Int. . Neuropsychopharmacol. 2019, 22, 232-246. [CrossRef] [PubMed]

Yang, T.; Martin, P.; Fogarty, B.; Brown, A.; Schurman, K.; Phipps, R.; Yin, V.P.; Lockman, P; Bai, S. Exosome Delivered Anticancer
Drugs Across the Blood-Brain Barrier for Brain Cancer Therapy in Danio Rerio. Pharm. Res. 2015, 32, 2003—2014. [CrossRef]
Haney, M.J.; Klyachko, N.L.; Zhao, Y.; Gupta, R.; Plotnikova, E.G.; He, Z.; Patel, T.; Piroyan, A.; Sokolsky, M.; Kabanov, A.V.; et al.
Exosomes as Drug Delivery Vehicles for Parkinson’s Disease Therapy. J. Control. Release 2015, 207, 18-30. [CrossRef] [PubMed]
Liu, Y;; Li, D,; Liu, Z,; Zhou, Y.; Chu, D,; Li, X;; Jiang, X.; Hou, D.; Chen, X.; Chen, Y,; et al. Targeted Exosome-Mediated Delivery
of Opioid Receptor Mu SiRNA for the Treatment of Morphine Relapse. Sci. Rep. 2015, 5, 17543. [CrossRef] [PubMed]

Ruiz, M.E.; Scioli Montoto, S. Routes of Drug Administration. In ADME Processes in Pharmaceutical Sciences; Talevi, A.,
Quiroga, P.A.M., Eds.; Springer International Publishing: Cham, Switzerland, 2018; pp. 97-133. ISBN 978-3-319-99592-2.
Barnabas, W. Drug Targeting Strategies into the Brain for Treating Neurological Diseases. . Neurosci. Methods 2019, 311, 133-146.
[CrossRef]

Tiwari, G.; Tiwari, R.; Bannerjee, S.; Bhati, L.; Pandey, S.; Pandey, P.; Sriwastawa, B. Drug Delivery Systems: An Updated Review.
Int. ]. Pharma. Investig. 2012, 2, 2. [CrossRef]

Rhea, E.M.; Salameh, T.S.; Banks, W.A. Routes for the Delivery of Insulin to the Central Nervous System: A Comparative Review.
Exp. Neurol. 2019, 313, 10-15. [CrossRef]

Begley, D.J. Delivery of Therapeutic Agents to the Central Nervous System: The Problems and the Possibilities. Pharmacol. Ther.
2004, 104, 29-45. [CrossRef]

Chapman, C.D.; Frey, W.H; Craft, S.; Danielyan, L.; Hallschmid, M.; Schitth, H.B.; Benedict, C. Intranasal Treatment of Central
Nervous System Dysfunction in Humans. Pharm. Res. 2013, 30, 2475-2484. [CrossRef]

Mittal, D.; Ali, A.; Md, S.; Baboota, S.; Sahni, ] K.; Ali, J. Insights into Direct Nose to Brain Delivery: Current Status and Future
Perspective. Drug Deliv. 2014, 21, 75-86. [CrossRef] [PubMed]

Pires, A.; Fortuna, A.; Alves, G.; Falcao, A. Intranasal Drug Delivery: How, Why and What For? J. Pharm. Pharm. Sci. 2009, 12, 288-311.
[CrossRef]

Pires, P.C.; Santos, A.O. Nanosystems in Nose-to-Brain Drug Delivery: A Review of Non-Clinical Brain Targeting Studies. J.
Control. Release 2018, 270, 89-100. [CrossRef] [PubMed]

Samaridou, E.; Alonso, M.]. Nose-to-Brain Peptide Delivery—The Potential of Nanotechnology. Bioorg. Med. Chem. 2018, 26,
2888-2905. [CrossRef] [PubMed]

Dhuria, S.V,; Hanson, L.R.; Frey, W.H. Intranasal Delivery to the Central Nervous System: Mechanisms and Experimental
Considerations. J. Pharm. Sci. 2010, 99, 1654-1673. [CrossRef]

Djupesland, P.G.; Messina, J.C.; Mahmoud, R.A. The Nasal Approach to Delivering Treatment for Brain Diseases: An Anatomic,
Physiologic, and Delivery Technology Overview. Ther. Deliv. 2014, 5, 709-733. [CrossRef]

Guennoun, R; Fréchou, M.; Gaignard, P; Liere, P; Slama, A.; Schumacher, M.; Denier, C.; Mattern, C. Intranasal Administration
of Progesterone: A Potential Efficient Route of Delivery for Cerebroprotection after Acute Brain Injuries. Neuropharmacology 2019,
145, 283-291. [CrossRef]

Guastella, A.J.; Einfeld, S.L.; Gray, K.M.; Rinehart, N.J.; Tonge, B.J.; Lambert, T.J.; Hickie, I.B. Intranasal Oxytocin Improves
Emotion Recognition for Youth with Autism Spectrum Disorders. Biol. Psychiatry 2010, 67, 692-694. [CrossRef]

Lochhead, ]J.J.; Thorne, R.G. Intranasal Delivery of Biologics to the Central Nervous System. Adv. Drug Deliv. Rev. 2012, 64,
614-628. [CrossRef]


http://doi.org/10.7150/thno.30853
http://www.ncbi.nlm.nih.gov/pubmed/30867813
http://doi.org/10.3390/pharmaceutics10040218
http://doi.org/10.1016/j.bbcan.2014.04.005
http://doi.org/10.1016/j.biocel.2012.08.007
http://doi.org/10.1021/acsnano.5b08015
http://doi.org/10.13070/mm.en.5.1450
http://doi.org/10.1038/s41398-019-0459-9
http://doi.org/10.1038/nbt.1807
http://doi.org/10.1038/mt.2011.164
http://www.ncbi.nlm.nih.gov/pubmed/21915101
http://doi.org/10.1093/ijnp/pyy098
http://www.ncbi.nlm.nih.gov/pubmed/30535257
http://doi.org/10.1007/s11095-014-1593-y
http://doi.org/10.1016/j.jconrel.2015.03.033
http://www.ncbi.nlm.nih.gov/pubmed/25836593
http://doi.org/10.1038/srep17543
http://www.ncbi.nlm.nih.gov/pubmed/26633001
http://doi.org/10.1016/j.jneumeth.2018.10.015
http://doi.org/10.4103/2230-973X.96920
http://doi.org/10.1016/j.expneurol.2018.11.007
http://doi.org/10.1016/j.pharmthera.2004.08.001
http://doi.org/10.1007/s11095-012-0915-1
http://doi.org/10.3109/10717544.2013.838713
http://www.ncbi.nlm.nih.gov/pubmed/24102636
http://doi.org/10.18433/J3NC79
http://doi.org/10.1016/j.jconrel.2017.11.047
http://www.ncbi.nlm.nih.gov/pubmed/29199063
http://doi.org/10.1016/j.bmc.2017.11.001
http://www.ncbi.nlm.nih.gov/pubmed/29170026
http://doi.org/10.1002/jps.21924
http://doi.org/10.4155/tde.14.41
http://doi.org/10.1016/j.neuropharm.2018.06.006
http://doi.org/10.1016/j.biopsych.2009.09.020
http://doi.org/10.1016/j.addr.2011.11.002

Int. . Mol. Sci. 2022, 23, 13954 32 of 32

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

Lin, Q.; Mao, K.-L,; Tian, E-R; Yang, J.-].; Chen, P-P; Xu, J.; Fan, Z.-L.; Zhao, Y.-P,; Li, W.-F,; Zheng, L.; et al. Brain Tumor-Targeted
Delivery and Therapy by Focused Ultrasound Introduced Doxorubicin-Loaded Cationic Liposomes. Cancer Chemother. Pharmacol.
2016, 77, 269-280. [CrossRef]

Carpentier, A.; Canney, M.; Vignot, A.; Reina, V.; Beccaria, K.; Horodyckid, C.; Karachi, C.; Leclercq, D.; Lafon, C.; Chapelon, J.-Y,;
et al. Clinical Trial of Blood-Brain Barrier Disruption by Pulsed Ultrasound. Sci. Transl. Med. 2016, 8, 343re2. [CrossRef] [PubMed]
Burgess, A.; Dubey, S.; Yeung, S.; Hough, O.; Eterman, N.; Aubert, I.; Hynynen, K. Alzheimer Disease in a Mouse Model: MR
Imaging-Guided Focused Ultrasound Targeted to the Hippocampus Opens the Blood-Brain Barrier and Improves Pathologic
Abnormalities and Behavior. Radiology 2014, 273, 736-745. [CrossRef] [PubMed]

Fan, C.-H.; Liu, H.-L,; Ting, C.-Y,; Lee, Y.-H.; Huang, C.-Y,; Ma, Y.-].; Wei, K.-C.; Yen, T.-C.; Yeh, C.-K. Submicron-Bubble-Enhanced
Focused Ultrasound for Blood-Brain Barrier Disruption and Improved CNS Drug Delivery. PLoS ONE 2014, 9, €96327. [CrossRef]
[PubMed]

Lipsman, N.; Meng, Y.; Bethune, A.J.; Huang, Y.; Lam, B.; Masellis, M.; Herrmann, N.; Heyn, C.; Aubert, I.; Boutet, A.; et al.
Blood-Brain Barrier Opening in Alzheimer’s Disease Using MR-Guided Focused Ultrasound. Nat. Commun. 2018, 9, 2336.
[CrossRef] [PubMed]

Kaushik, A.; Jayant, R.D.; Sagar, V.; Nair, M. The Potential of Magneto-Electric Nanocarriers for Drug Delivery. Expert Opin. Drug
Deliv. 2014, 11, 1635-1646. [CrossRef]

Samandari, M.; Aghabaglou, F; Nuutila, K.; Derakhshandeh, H.; Zhang, Y.; Endo, Y.; Harris, S.; Barnum, L.; Kreikemeier-Bower,
C.; Arab-Tehrany, E.; et al. Miniaturized Needle Array-Mediated Drug Delivery Accelerates Wound Healing. Adv. Healthc. Mater.
2021, 10, 2001800. [CrossRef]

Derakhshandeh, H.; Aghabaglou, F.; McCarthy, A.; Mostafavi, A.; Wiseman, C.; Bonick, Z.; Ghanavati, I.; Harris, S.; Kreikemeier-
Bower, C.; Moosavi Basri, S.M.; et al. A Wirelessly Controlled Smart Bandage with 3D-Printed Miniaturized Needle Arrays. Adv.
Funct. Mater. 2020, 30, 1905544. [CrossRef]

Barnum, L.; Quint, J.; Derakhshandeh, H.; Samandari, M.; Aghabaglou, F.; Farzin, A.; Abbasi, L.; Bencherif, S.; Memic, A.;
Mostafalu, P; et al. 3D-Printed Hydrogel-Filled Microneedle Arrays. Adv. Healthc. Mater. 2021, 10, 2001922. [CrossRef]

Aich, K,; Singh, T.; Dang, S. Advances in Microneedle-Based Transdermal Delivery for Drugs and Peptides. Drug Deliv. Transl.
Res. 2022, 12, 1556-1568. [CrossRef]

Yan, Q.; Wang, W.; Weng, ]J.; Zhang, Z; Yin, L.; Yang, Q.; Guo, F; Wang, X.; Chen, E; Yang, G. Dissolving Microneedles for
Transdermal Delivery of Huperzine A for the Treatment of Alzheimer’s Disease. Drug Deliv. 2020, 27, 1147-1155. [CrossRef]
Bandiwadekar, A.; Jose, ].; Khayatkashani, M.; Habtemariam, S.; Khayat Kashani, H.R.; Nabavi, S.M. Emerging Novel Approaches for
the Enhanced Delivery of Natural Products for the Management of Neurodegenerative Diseases. ]. Mol. Neurosci. 2022, 72, 653—-676.
[CrossRef] [PubMed]

Yang, A.; Kantor, B.; Chiba-Falek, O. APOE: The New Frontier in the Development of a Therapeutic Target towards Precision
Medicine in Late-Onset Alzheimer’s. Int. J. Mol. Sci. 2021, 22, 1244. [CrossRef] [PubMed]

Song, C.; Shi, J.; Zhang, P.; Zhang, Y.; Xu, J.; Zhao, L.; Zhang, R.; Wang, H.; Chen, H. Inmunotherapy for Alzheimer’s Disease:
Targeting 3-Amyloid and Beyond. Transl. Neurodegener. 2022, 11, 18. [CrossRef] [PubMed]

Wickner, R.B.; Bezsonov, E.E.; Son, M.; Ducatez, M.; DeWilde, M.; Edskes, H.K. Anti-Prion Systems in Yeast and Inositol
Polyphosphates. Biochemistry 2018, 57, 1285-1292. [CrossRef] [PubMed]

Wickner, R.B.; Edskes, H.K.; Gorkovskiy, A.; Bezsonov, E.E.; Stroobant, E.E. Yeast and Fungal Prions. In Advances in Genetics;
Elsevier: Amsterdam, The Netherlands, 2016; Volume 93, pp. 191-236. ISBN 978-0-12-804801-6.

Mcdonald, J.; Dhakal, S.; Macreadie, I. Yeast Contributions to Alzheimer’s Disease. . Human Clin. Genet. 2020, 2, 1114. [CrossRef]


http://doi.org/10.1007/s00280-015-2926-1
http://doi.org/10.1126/scitranslmed.aaf6086
http://www.ncbi.nlm.nih.gov/pubmed/27306666
http://doi.org/10.1148/radiol.14140245
http://www.ncbi.nlm.nih.gov/pubmed/25222068
http://doi.org/10.1371/journal.pone.0096327
http://www.ncbi.nlm.nih.gov/pubmed/24788566
http://doi.org/10.1038/s41467-018-04529-6
http://www.ncbi.nlm.nih.gov/pubmed/30046032
http://doi.org/10.1517/17425247.2014.933803
http://doi.org/10.1002/adhm.202001800
http://doi.org/10.1002/adfm.201905544
http://doi.org/10.1002/adhm.202001922
http://doi.org/10.1007/s13346-021-01056-8
http://doi.org/10.1080/10717544.2020.1797240
http://doi.org/10.1007/s12031-021-01922-7
http://www.ncbi.nlm.nih.gov/pubmed/34697770
http://doi.org/10.3390/ijms22031244
http://www.ncbi.nlm.nih.gov/pubmed/33513969
http://doi.org/10.1186/s40035-022-00292-3
http://www.ncbi.nlm.nih.gov/pubmed/35300725
http://doi.org/10.1021/acs.biochem.7b01285
http://www.ncbi.nlm.nih.gov/pubmed/29377675
http://doi.org/10.29245/2690-0009/2020/2.1114

	Introduction 
	Understanding Clinical Spectrum of AD 
	Description 
	Clinical 
	Pathophysiology 

	Diagnostic Criteria for AD 
	Criteria of the National Institute of Aging and the Alzheimer’s Association (NIA-AA) 
	Specific AD Biomarkers 

	The Different Stages of the Sporadic form of AD: The Alzheimer’s Spectrum 
	The Early Asymptomatic Stage: Preclinical Stage 
	The Early Symptomatic Stage: Amnesic Mild Cognitive Impairment 
	AD 

	Risk Factors of SAD 
	Non-Modifiable Risk Factors 
	Modifiable Risk Factors 


	Research Models Used for AD 
	2D In Vitro Models of Alzheimer’s Disease 
	3D Models of Alzheimer’s Disease 
	In Vivo Animal Models of AD 

	Current Treatments and Prevention Strategies for Alzheimer’s Disease 
	Drug Treatments 
	Non-Pharmacological Therapies 
	Prevention Strategies for Alzheimer’s Disease 
	Dietary Intervention 


	BBB and Administration Strategies for Alzheimer’s Disease Treatment 
	BBB and Soft Nanoparticles 
	Liposomes 
	Exosomes 

	Oral Administration 
	Intravenous and Intracerebral Administration 
	Intranasal Administration 
	Novel Administration Strategies 
	Ultrasound and Electromagnetism 
	Transdermal Delivery Systems via Microneedles 


	Conclusions and Future Perspectives 
	References

