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Abstract. Alzheimer’s disease (AD) is a cumulative progressive neurodegenerative disease characterized mainly by impair-
ment in cognitive functions accompanied by memory loss, disturbance in behavior and personality, and difficulties in learning.
Although the main causes of AD pathogenesis are not fully understood yet, amyloid-f3 peptides and tau proteins are supposed
to be responsible for AD onset and pathogenesis. Various demographic, genetic, and environmental risk factors are involved
in AD onset and pathogenesis such as age, gender, several genes, lipids, malnutrition, and poor diet. Significant changes were
observed in microRNA (miRNA) levels between normal and AD cases giving hope for a diagnostic procedure for AD through
a simple blood test. As yet, only two classes of AD therapeutic drugs are approved by FDA. They are classified as acetyl-
cholinesterase inhibitors and N-methyl-D-aspartate antagonists (NMDA). Unfortunately, they can only treat the symptoms
but cannot cure AD or stop its progression. New therapeutic approaches were developed for AD treatment including acitretin
due to its ability to cross blood-brain barrier in the brain of rats and mice and induce the expression of ADAM 10 gene,
the a- secretase of human amyloid-3 protein precursor, stimulating the non-amyloidogenic pathway for amyloid-3 protein
precursor processing resulting in amyloid-3 reduction. Also stem cells may have a crucial role in AD treatment as they can
improve cognitive functions and memory in AD rats through regeneration of damaged neurons. This review spotlights on
promising diagnostic techniques such as miRNAs and therapeutic approaches such as acitretin and/or stem cells keeping in
consideration AD pathogenesis, stages, symptoms, and risk factors.
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BACKGROUND defined as a syndrome associated with deterioration

in cognition and expected consequences of biological

According to the World Health Organization, more aging. Dementia is ranked seventh in mortality rates

than 55 million people suffer from dementia world- worldwide and Alzheimer’s disease (AD) is consid-

wide and the cases are expected to increase every ered as the most common form of dementia causing
year by nearly 10 million new cases. Dementia can be about 60%—70% of cases.

AD is a cumulative progressive neurodegener-
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ical, economic, social, and psychological burdens
not only to the patients but also to their fami-
lies and societies [1]. Although the main causes
of AD pathogenesis are not fully understood yet,
the amyloid-B peptide (Af) and tau proteins are
supposed to be responsible for AD onset and patho-
genesis. AP results from the amyloidogenic cleavage
of amyloid-B protein precursor (ABPP) by the [3-
secretase (BACE 1) combined with the y-secretase
and then accumulates forming A plaques that lead
to neurotoxicity, dementia, and AD development.
Tau proteins are microtubule associated proteins
that polymerizes tubulin into microtubules to main-
tain neuronal cytoskeleton including microtubule
packing structure and stabilization [2—4]. When
tau proteins are hyperphosphorylated, they clump
together in different forms such as double-helix fila-
ments, straight filaments, and neurofibrillary tangles
(NFT) leading to neurodegenerative diseases and
dementia.

The intensity of AD progression can be classified
into different stages. Pre-symptomatic stage is the
least severe form of AD with no apparent clinical
symptoms [5, 6]. The mild stage of AD is charac-
terized by several apparent AD symptoms including
behavior and mood changes accompanied by mem-
ory and concentration loss [7]. Increased memory loss
takes place in moderate AD stage as AD diffuses
in cerebral cortex areas with difficulty in perform-
ing routine life activities [8]. Severe or late-stage
AD is recognized through the accumulation of A3
plaques and NFTs accompanied by progressive cog-
nitive and functional impairment which may lead to
death [5, 9].

According to many studies, various risk factors
may lead to AD onset and pathogenesis. These fac-
tors are classified into demographic, genetic, as well
as lifestyle, and environmental factors. Demographic
risk factors include age, gender, and race. Genetic risk
factors include ABPP, Presenilin I and 2 (PSEN1/2),
Apolipoprotein E (APOE), and other genes. Lifestyle
and environmental factors involve malnutrition, poor
diet, smoking, and exposure to metals especially alu-
minum, copper, and zinc [10-14].

Currently, only five drugs are approved by FDA
for AD treatment. These drugs act by two pathways.
The first is acetylcholinesterase inhibition to pre-
vent acetylcholine hydrolysis. This class of drugs
includes donepezil, rivastigmine, and galantamine
[15-17]. The second is e N-methyl-D-aspartate
(NMDA) antagonism. This drug category is repre-
sented by memantine, which is a non-competitive

NMDA channel blocker that decreases the activity
of the neurotransmitter glutamate by preventing its
binding to NMDA and thus reduces Ca?" influx.
Namzaric is a combination of Donepezil and Meman-
tine that acts as acetylcholinesterase inhibitor and
NMDA receptor antagonist to reduce the levels of
both acetylcholine and glutamate [17, 18]. Unfortu-
nately, these drugs can only treat the symptoms in
mild, moderate, or severe AD cases but cannot cure
AD or stop its progression.

AD was firstly diagnosed through some criteria that
classified AD into probable AD, possible AD, and
definite AD [19, 20]. For more accurate diagnosis,
new criteria were established and the use of biomarker
evidence through imaging, serum, and cerebrospinal
fluid (CSF) was included to distinguish AD from
other forms of dementia [21, 22]. Current diagnostic
techniques include neuroimaging diagnosis through
magnetic resonance imaging (MRI) for hippocampal
atrophy measurement and positron emission tomog-
raphy (PET) to detect the deposition of A plaques in
the brain [23-26]. Biomarkers screening in peripheral
blood can be more applicable for monitoring disease
progression. Many studies observed some variations
in specific protein and microRNA (miRNA) levels
between normal and AD cases in addition to dif-
ferences in oxysterol levels according to AD stage
giving hope for a diagnostic procedure with high
potential in AD diagnosis through a simple blood test
[27-29].

New therapeutic approaches were developed to
treat AD and stop its progression. Firstly, acitretin
was applied due to its ability to cross blood-brain
barrier (BBB) in the brain of rats and mice and
induce the expression of a disintegrin and metal-
loprotease 10 (ADAM 10) gene, the a-secretase of
human ABPP, stimulating the non-amyloidogenic
pathway for ABPP processing resulting in A3 reduc-
tion [30, 31]. Also stem cell therapy was applied
through different stem cell classes such as embryonic
stem cells (ESCs), neural stem cells (NSCs), mes-
enchymal stem cells (MSCs), and induced pluripotent
stem cells (iPSCs). ESCs can improve cognitive
memory functions and learning in AD rats through
differentiation into basal forebrain cholinergic neu-
rons and <y-aminobutyric acid neurons [32]. The
limited use of ESCs in therapy is due to their
pluripotency which affects their differentiation and
leads to the shift towards any direction resulting
in neoplasia or teratoma [33, 34]. Growth factor
secreting NSCs transplantation in rodent AD mod-
els can improve cognitive function and neurogenesis
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due to the therapeutic potential of NSCs paracrine
effect [35]. This paracrine effect was exploited
through NSC transplantation in rodent AD mod-
els resulting in neuro-inflammation reduction and
neuronal differentiation through neuroprotective and
immunomodulatory factors release [36].

MSCs can stimulate AD treatment through their
various roles that include reduction of A3 plaque load
by AR degradation and internalization, immune reg-
ulation, and regeneration of damaged neurons [37].
MSCs transplantation also induced neurogenesis,
secreted factors that provide support, and improved
memory deficits and spatial learning [38—40]. iPSCs
are able to differentiate into various cells, involv-
ing neurons, neutrospheres, and glial cells leading to
reduction of plaque depositions in the SXFAD trans-
genic AD mouse model and cognitive dysfunction
improvement [41-43]. The use of iPSCs faces huge
hurdles in clinical application including, long-term
safety, effectiveness, and teratoma formation [44,45].
In this review, many aspects of AD will be illus-
trated such as AD pathogenesis, stages, symptoms,
risk factors as well as promising diagnostic proce-
dures such as miRNA analysis. In addition, promising
treatments such as acitretin and stem cell are also dis-
cussed increasing the probability of developing new
approaches to treat AD and stop its progression result-
ing in the amelioration of behavior and health for
people affected with AD.
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ALZHEIMER'’S DISEASE PATHOGENESIS
AND MOLECULAR MECHANISMS

Although the main causes of AD pathogenesis are
not fully understood yet, there are two factors that are
supposed to play important roles in AD development.
The first factor is AR, which is considered as a patho-
logical by-product of the cleavage process of ABPP
and the second is tau protein, which is a microtubule-
associated protein that accumulates in cells in the
form of NFT. ABPP is a transmembrane protein that
has a crucial role in a wide range of biological activ-
ities including neuronal development, intracellular
transport, and signaling besides neuronal homeosta-
sis [17]. ABPP cleavage can be done either through
the non-amyloidogenic or amyloidogenic pathway
(Fig. 1). ABPP is cleaved in the non-amyloidogenic
pathway by a-secretase producing extracellular sol-
uble peptide alpha (sSABPPa) accompanied by C83
amino acid fragment that is cleaved by y-secretase
forming p3 fragment. Meanwhile, ABPP is cleaved
in the amyloidogenic pathway by the action of 3-
secretase forming extracellular soluble peptide beta
(sABPPB) accompanied by C99 amino acid fragment
that is cleaved by vy-secretase leading to the forma-
tion of a 37-49 amino acid residue known as A3
[46]. sABPPR lacks region 1-16 of carboxyl termi-
nus that differentiates between sABPPo and sABPP[3.
sABPP functions as death receptor 6 ligand, result-
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Fig. 1. ABPP splicing in non-amyloidogenic and amyloidogenic pathways.
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ing in axonal trimming and neuronal cell death [47].
AP has two isoforms which are AB-40 and AB1-42.
APB1-42 is considered as the essential constituent of
the pathological amyloid plaques in AD [48]. A3
monomers accumulation besides decreased clearance
results in their aggregation into oligomers followed
by regular amyloid fibrils forming AP plaques that
cause neurotoxicity, dementia, as well as AD devel-
opment. A3 plaques are assumed to be involved in the
stimulation of various activities including inflamma-
tion, oxidative stress, and tau hyperphosphorylation
[17].

It was found that the extracellular domain of ABPP
may have a critical role in triggering synapse for-
mation. Trans-synaptic interactions between pre and
postsynaptic ABPP take part in the adhesion of
synapses [49]. Several reports recorded that ABPP
and BACE] knockout mice show up memory impair-
ments which suggest that A3 may have a crucial role
in learning and memory [50]. Recently, it has been
shown that a low AP} concentration at the picomolar
level reinforces hippocampal long-term potentiation
accompanied by memory improvement, showing a
new positive, modulatory function in neurotransmis-
sion and memory [51].

v-secretase is a complex formed mainly from
four proteins: presenilin, nicastrin, anterior pharynx-
defective-1 (APH-1), and presenilin enhancer-2
(PEN-2) and located in the endoplasmic reticulum,
Golgi complex and trans-Golgi network, endocytic
and intermediate compartments [52]. There are two
presenilin homologues in humans which are pre-
senilin 1 and presenilin 2. More than 1000-point
mutations in PSEN 1 and 2 are found to be involved
in the onset of most of the AD familial forms [53].

Apolipoprotein E (ApoE) is a cholesterol transport
protein that exists as a component of lipoprotein com-
plexes along with other apolipoproteins and proteins
in plasma and CSF. Three alleles (€2, €3, and &4)
were found in humans with different amino acids in
two polymorphic sites [54]. The differences in amino
acids modify protein charge and structural properties.
Several studies reported that ApoE has a role in famil-
ial and sporadic late-onset AD [55]. Variation of €4
allele is associated with a 2- to 3-fold increased risk of
late-onset AD accompanied by cognitive impairment
and having 2 altered copies rises the risk to a 5- to 10-
fold increase. The same effect has been recorded for
the cognitive impairment progression to dementia.

Individuals carrying APOE4 allele have elevated
total and low-density lipoprotein cholesterol [S6—58].
Elevated cholesterol levels are associated with A3

overproduction leading to amyloid plaques forma-
tion as it is reported that one of AP physiological
functions is to control cholesterol transport. There-
fore, high cholesterol level dramatically reduces
SABPPa levels [54]. ADAMI0 lacks the ability to
cleave ABPP through the non-amyloidogenic path-
way within a cholesterol-rich environment [59].
Alterations in cellular cholesterol levels in AD reduce
the production of sABPPa leading to neuronal degen-
eration [60]. Various pieces of evidence indicate that
mutated cholesterol metabolism is strongly associ-
ated with AD development. Oxidized cholesterol
which are named oxysterols mainly contribute to
AD pathogenesis [61]. The most common oxys-
terols that are implicated in AD progression are
24-hydroxycholesterol and 27-hydroxycholesterol.
Cholesterol is synthesized in situ in the brain which
is considered the organ with the highest cholesterol
load. To halt cholesterol accumulation within the
brain, it is oxidized by the action of cytochrome p450
family enzymes producing oxysterols. Cholesterol
is converted into 24-hydroxycholesterol (24-OH) by
cholesterol 24-hydroxylase which is encoded by the
CYP46A1 gene. 24-hydroxycholesterol has the abil-
ity to pass through the BBB unlike cholesterol and
reaches the liver to be metabolized into bile acids
[62-64]. Moreover, another oxysterol known as 27-
hydroxycholesterol (27-OH) is generated through
the action of 27-hydroxylase—encoded by CYP27A1
gene—and metabolized into 7a-hydroxy-3-oxo-4-
cholestenoic acid (7-OH-4-C) through the action of
CYP7B enzyme. 7-OH-4-C can pass through BBB
reaching the liver to be eliminated [65—67].

In AD patients, it has been reported that plasma 24-
OH levels vary according to the disease severity with
increased levels in mild dementia patients and reduc-
tion in patients with severe dementia. The increase
in plasma 24-OH in mild AD patients indicates ele-
vated cholesterol transformation due to neuronal cell
loss resulting in extraordinary cholesterol release [68,
69]. The decrease in plasma 24-OH in severe AD
patients can be due to: 1) the reduction in neuronal
degeneration rate in parallel with disease progression
accompanied by a decrease in cholesterol levels that
is essential for 24-OH production. Nevertheless, the
hippocampal atrophy rate in AD is not correlated with
the disease severity and remains stable indicating that
the neuronal degeneration rate is also stable [70, 71].
2) The reduction in the activity of factors that coor-
dinate 24-OH production with AD progression. For
instance, it could be due to the damage of nerve cells
expressing cholesterol 24S-hydroxylase [72]. 3) Ele-
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vated levels of brain 24-OH may enhance a negative
feedback loop leading to a decreased transforma-
tion of cholesterol to 24-OH to regulate cholesterol
homeostasis and inhibit oxysterol production [73].
According to several studies, the elevated 27-OH
accumulation in AD patients can be due to increased
oxysterol flux across BBB resulting from hyperc-
holesterolemia or BBB-damaged integrity [74]. In
addition, 27-OH increased level can be a conse-
quence of reduced activity of CYP7B enzyme that
metabolizes 27-OH due to the downregulation in
CYP7B expression in the brain of AD patients result-
ing from neuron loss [75]. The increase in oxysterols
concentration may enhance cellular damage, neu-
ron dysfunction, and degeneration, leading to the
development of neuroinflammation and amyloidoge-
nesis. These indications clarify that any disturbance
in oxysterols levels may enhance AD progression
and emphasize the relationship between hypercholes-
terolemia and AD pathogenesis (Fig. 2).

Several reports indicated that peroxisomes may
contribute to specific fatty acids synthesis includ-
ing docosahexaenoic acid that is necessary for the
brain and plasmalogens. Reduction in docosahex-
aenoic acid was observed in the plasma of AD patients
and may affect cognitive functions [76, 77]. Plas-
malogens have important roles in neural cells and
myelin synthesis. It is also reported that lower plas-
malogen levels were indicated in patients suffering
from severe dementia [78].

Tau proteins are microtubule-associated proteins
that polymerize tubulin into microtubules and func-
tion mainly in the maintenance of the neuronal
cytoskeleton in addition to microtubule packing
structure and stabilization [2—4]. MAPT gene, the

Za
Ap = AD Tau

peptides Pathogenesis proteins

Fig. 2. Factors contribute to AD pathogenesis and development.

human gene for tau protein, is located on chro-
mosome 17 and contains 15 exons [79]. Exons 2,
3, and 10 are alternatively spliced producing six
isoforms. The longest isoform of tau contains 79 ser-
ine and threonine phosphate acceptor residues. Tau
biological activity is regulated by the state of its phos-
phorylation as it has more than 30 phosphorylated
sites [80]. It is supposed that AD onset may occur due
to an imbalance in the protein kinase phosphorylation
system forming abnormal and hyperphosphorylated
tau protein [34]. Mitogen-activated protein kinases
involve extracellular signal-related kinases, that are
stimulated by growth factors, c-Jun N-terminal
kinases, and p38 mitogen-activated protein kinases.
The mentioned kinases can cause neuronal tau pro-
tein hyperphosphorylation leading to AD disease
progression [81]. Hyperphosphorylated tau proteins
accumulate together in different forms such as
double-helix filaments, straight filaments, in addition
to NFT causing instability of microtubules and abnor-
mal axonal transport leading to neurodegenerative
diseases and dementia. The degree of progression in
tau pathology and brain atrophy illustrates the degree
of dementia. Tau can be used as one of the clinical
targets that improve AD early treatment [82].

ALZHEIMER'’S DISEASE STAGES AND
SYMPTOMS

AD clinical phases are classified into several
stages. Firstly, AD undergoes pre-symptomatic stage
which is known by mild memory loss accompanied
by the absence of any functional impairment within
daily activities or clinical symptoms of AD. The pre-
symptomatic stage can persist for several years [5, 6].
Secondly, the mild stage of AD is recognized through
the appearance of several AD symptoms including
behavior and mood changes, impairment in perform-
ing daily routine activities accompanied by memory
and concentration loss, difficulties in awareness and
recognition in addition to depression development
[7]. As AD progresses, patients develop moderate AD
stage. In this stage, the patient suffers from increased
memory loss due to disease spread to cerebral cor-
tex areas with some troubles in routine skills such as
reading, writing, and speaking as well as difficulties
in recognizing his relatives, colleagues, and friends
[8]. The final stage of AD is severe or late-stage AD
which is characterized by progressive cognitive and
functional impairment and difficulties in recognition
of well-known members, places, and time as well as
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swallowing and urination due to more disease spread
at cerebral cortex areas along with the accumulation
of AR plaques and NFTs. Eventually, the accumu-
lation of these symptoms may lead to the patient’s
death [5, 9].

ALZHEIMER’S DISEASE RISK FACTORS

Several studies reported that AD onset may be
caused by many risk factors including demographic
risk factors, e.g., age, gender, and race in addition to
geneticrisk factors, e.g., ABPP, PSEN1/2, APOE, and
other genes [10-14]. Also, lifestyle and environmen-
tal factors like malnutrition, poor diet, smoking, and
exposure to metals especially aluminum, copper, and
zinc accompanied by disturbance in lipid homeostasis
may contribute to AD development.

Age

Age is considered as one of the most common risk
factors in AD patients. Approximately 19% of indi-
viduals of age 75-84 years and 35% of those who are
older than 85 years may develop AD onset [10, 11]. In
normal brains, there are some age-related changes in
brain volume and weight as well as loss of synapses
and dendrites accompanied by alterations within the
density of senile plaques and NFT [83]. Moreover,
Miller et al. observed senile plaques and NFT age-
related density alterations and their severe increase
in 199 individuals over 70 years old [84]. Addition-
ally, Arrigada et al. observed senile plaques in most
of the normal individuals over 55 years old suggest-
ing that there is a pathological cascade from the aged
normal non-demented brain to early AD that may
progress to more severe AD stages [85, 86]. NFT
appear promptly in the locus coeruleus (LC), which
stimulates microglia to inhibit AR production by the
supplement of noradrenaline to the cortex through
terminal varicosities, due to aging, mild cognitive
impairment (MCI), and AD. Cells injury within the
LC may stimulate an age-related impairment of the
BBB, thus including age-related vascular factors in
AD [12-14].

Genes

As yet few genes were categorized as possible
risk factors that contribute to AD development. This
review will illustrate the role of genes that may be
involved in AD development and progression includ-
ing ABPP, PSEN1/2, APOE, and other genes.

Amyloid- B protein precursor (ABPP)

Mutations in ABPP gene are associated with the
development of some forms of early-onset AD [87].
Cleavage of ABPP leads to the generation of various
forms of AP that lead to AD onset including AB1-42
and APi-40. ABi1-42 accumulates forming senile
plaques that deposit in the brain cortex and hippocam-
pus beside the more soluble form APi-49, which
is associated with cerebral microvessels [88, 89].
Genome-wide association studies reported numerous
genes that affect the metabolism of ABPP with eight
of them take place within well-known AD suscepti-
ble loci. One of the genes is fermitin family homolog
2 gene (FERMT2) which may increase AP levels
through the elevation of mature ABPP levels due to its
downregulation and leads to alterations in A3 levels
in CSF [90].

Presenilin 1/2 (PSEN1/2)

It is assumed that mutations of PSENI/2 genes
might be related to the early onset familial AD most
common form [89]. Full length PSEN consists of
nine trans-membrane domains found on the endo-
plasmic reticulum. PSEN cleavage and accumulation
into y-secretase complex is pursued by transmission
to the cell surface affecting ABPP processing [91].
Mutant PSEN1 may react with ABPP through the
stimulation of y-secretase cleavage for normal ABPP
causing elevated A3 deposition. Also, PSEN1 may
contribute to AD development by a decrease in its role
in neuroprotective mediated functions by ephrin-B
[92]. PSEN1/2 may be implicated through the dis-
turbance of cellular calcium homeostasis or interact
with the transcriptional coactivator cAMP-response
element binding (CREB-binding) protein which has
an important role in gene expression regulation [93,
94].

Apolipoprotein E

Variation of allele €4 in the APOE gene is con-
sidered as a main risk factor in AD as individuals
with this variation have double to triple the frequency
to develop AD in comparison with normal cases as
well as its effect on cognitive functions, learning, and
memory, having two copies may increase the risk of
AD onset with a 5- to 10-fold [57, 58]. Expression of
€4 may also lead to elevated levels of A, earlier AD
onset, and faster progression of AD in aging brain
[89, 95, 96].
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Other genes

Other genes may be considered as possible risk fac-
tors for AD development including glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) [97], evolu-
tionarily conserved signaling intermediate in toll
pathway (ECSIT) [98], genetic variation in the estro-
gen receptor (ESR) gene [99], a rare variant of the
triggering receptor expressed on myeloid cells 2
(TREM?2) gene [100], clusterin gene polymorphism
[101], vitamin D receptor (VDR) gene polymorphism
[102], and transferrin (Tf) gene [103].

Metals

Earlier reviews considered that aluminum was the
only metal affecting AD onset and also more studies
report that aluminum may play an important role in
elevated mortality rates caused by AD among miners
who are exposed to aluminum-rich dust [104-106].
Recently, reports suggested that a large number
of metals along with aluminum such as copper,
zinc, manganese, mercury, cadmium, and magne-
sium may be considered as risk factors involved in
AD pathogenesis [107-114]. Many of these metals
exhibited direct interactions with ABPP metabolism
or ApoE [107]. Additionally, it is suggested that metal
imbalance affecting cellular homeostasis could be
a significant factor, therefore, AD plasma, serum,
and brain is characterized by homeostasis deficiency
among zinc, copper, and iron which are implicated
in the ABPP and tau regulation in addition to ApoE
interaction [115].

Malnutrition and obesity

Malnutrition might be considered as an AD risk
factor as hypothesized by Abalan studies. This
hypothesis was derived from the clinical observation
for AD patients suffering from cachexia, urinary tract
infections, terminal bronchopneumonia, and low tri-
ceps skinfold in addition to deficiency in the levels of
serum albumin, iron, folate, tryptophan, and vitamin
B12. These symptoms may resultin a ‘protein-calorie
malnutrition syndrome’ in AD which may lead to
NFT formation as a result of chronic nutritional
deficiency of calcium/magnesium. Additionally, AD
patients developed vitamins A, E, D, and K deficiency
in plasma indicating that regular supplements may
improve their mental state and reduce A3 deposition
[116, 117].

Considering obesity as the main AD risk factor
is controversial in many studies. On the other hand,

different studies found a powerful link between obe-
sity and AD development assuming that alterations in
neuronal plasticity, which may lead to neuronal death
by apoptosis or necrosis and nervous system damage,
could be considered as consequences of metabolic
changes associated with obesity. Additionally, obe-
sity has been consistently correlated with dementia
onset and higher body mass index increasing the risk
of AD development [118, 119].

Lipids

Lipids are considered one of the main risk fac-
tors that contribute to AD progression. In the brain,
lipids are secreted accompanied by ApoE which is
formed by astrocytes. The ApoE-containing particles
may increase the level of lipids within neurons. Lipid
homeostasis within the brain is adjusted indepen-
dently of peripheral transport with a firm regulation
of lipid transport across BBB. ApoE4-mediated vari-
ations in lipid homeostasis may contribute to AD
pathogenesis and neuropathology. Lipid composition
in AD brains may be altered especially in sterol, phos-
pholipid, and fatty acid profiles [120]. Additionally,
the disturbance of oxysterols levels and homeostasis
within the brain may accelerate AD progression.

CONVENTIONAL AND RECENT
ALZHEIMER’S DISEASE DIAGNOSTIC
TOOLS

Conventional AD diagnostic tools

The National Institute of Neurological and Com-
municative Disorders and Stroke (NINCDS) and the
Alzheimer’s Disease and Related Disorders Associ-
ation (ADRDA) formed a work group in 1984 to set
up clinical diagnostic criteria for the classification
of AD symptoms. These criteria classified AD into
probable AD, that is diagnosed via dementia con-
firmed through neuropsychological tests, progressive
memory loss, impaired daily life activity, and other
symptoms without any systemic or brain disorders,
possible AD, which is diagnosed by the presence of
systemic or brain disorders and the absence of any
neurologic or psychological disorders, and eventually
definite AD, which is diagnosed through histopatho-
logical examinations applied to biopsy [19, 20].

In 2011, some modifications were applied to the
1984 NINCDS-ADRDA criteria by the National
Institute on Aging-Alzheimer’s Association for more
accuracy in the diagnosis of AD. These modifications
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established new criteria including probable and pos-
sible AD dementia to be used in clinical settings in
addition to probable or possible AD dementia accom-
panied by pathophysiological evidence for research
purposes besides clinical biomarkers. The usage of
biomarker evidence through imaging, serum, and
CSF was included to distinguish AD from other forms
of dementia [21, 22].

Current diagnostic techniques include neuroimag-
ing diagnosis represented by MRI for hippocampal
atrophy measurement [23]. In addition to PET, which
is considered as one of the non-invasive diagnostic
techniques for AD patients. A specialized PET scan
can be done after the injection of a radiolabeled tracer
marker to detect AR plaques deposition within the
brain. Currently, the use of A PET imaging is still
limited for patients because of its high cost [24-26].

Another technique for AD diagnosis is the detec-
tion of biomarkers through CSF. CSF is less costly but
more invasive examination as it undergoes a lumbar
puncture procedure under general anesthetic to assess
AP1-42, hyperphosphorylated tau peptide (p-tau), and
total tau protein content [121-123]. A promising less
invasive approach is biomarkers screening in periph-
eral blood. Detecting biomarkers in peripheral blood
can be more applicable for monitoring disease pro-
gression. [tis reported by several studies that there are
some variations in specific protein and miRNA levels
between normal and AD cases giving hope for a diag-
nostic procedure with high potential in AD diagnosis
through a simple blood test [27-29].

Recent diagnostic approaches

Currently, researchers try to develop new thera-
peutic approaches that can stop AD progression not
only treat its symptoms and can also detect AD at its
early stages. In this context, many previous reports
hypothesize the role of some circulating miRNAs as
effective diagnostic biomarkers and their role in AD
detection.

miRNAs

miRNAs are small non-coding RNAs, ranging
from 21 to 25 nucleotides, that have a critical role
in the post-transcriptional regulation of gene expres-
sion either through binding to 3/ untranslated region
(UTR) of the messenger RNA (mRNA) to inhibit
translation or degrade target mRNA [124, 125].
The same mRNA can be regulated through different
miRNAs and a single miRNA can bind to differ-
ent mRNAs. miRNAs are synthesized from a long

transcript with a double-stranded structure known
as primary miRNA (Pri-miRNA). Pri-miRNAs are
transcribed from miRNA-encoding genes by the
action of RNA polymerase II due to its partic-
ular affinity [126]. Pri-miRNA is recognized in
the nucleus by Pasha Protein which is associated
with RNAase type III Drosha. The cleavage of pri-
miRNAs is carried out through the enzymatic action
of a micro precursor complex which is a combi-
nation of one subunit of Drosha (a class II RNase
IIT enzyme), two subunits of DiGeorge syndrome
chromosomal region eight proteins, and one subunit
of SRp20 (a splicing factor) forming a hairpin-loop
like structures nearly composed of 70 nucleotides
known as precursor miRNA (pre-miRNA) [127,
128]. Therefore, pre-miRNAs form a complex with
Ras-related nuclear and GTP (RAN-GTP) proteins
and then transferred from the nucleus to reach
the cytoplasm via the exportin-5 pathway [129,
130]. pre-miRNAs undergo secondary processing
in the cytoplasm where a second cut for pre-
miRNAs takes place by another RNAase III enzyme,
Dicer, resulting in mature RNA duplexes of (21-25
nucleotides) called miRNAs. miRNA duplexes are
split by helicase enzyme forming two single miRNA
strands called guide strand and passenger strand
according to their 5’ to 3’ complementarity. After
cleavage, guide strand is incorporated into RNA-
induced silencing complex (RISC) while passenger
strand is degraded. miRNAs form the RISC com-
plex with Argonaute2 (Ago2) proteins which induces
the post-transcriptional regulation of gene expres-
sion through two different mechanisms either by
translation inhibition or mRNA degradation accord-
ing to the complementarity between the miRNA
and its target mRNA [128, 131, 132]. MiRNAs
that bind totally to the complementary areas (37
UTR) of their target mRNA stimulate its degradation
through de-adenylation, cap removal, and exonucle-
olytic digestion. On the other hand, miRNAs that bind
partially to the complementary areas of their target
mRNA suppress translation at the initial or elongation
phase [133].

Various studies illustrated miRNASs’ role by using
AD mouse models, especially ABPP/PSEN trans-
genic mouse models in accordance with the discovery
that ABPP and PSENI gene mutations play crucial
roles in the onset of familial forms of AD [134,
135]. miRNA-29a, miRNA-29b, and miRNA-29c
are known to have a crucial role in BACE I gene
expression regulation and AD pathogenesis. MiRNA-
29c role in AD was studied in peripheral blood.
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miRNA-29c expression level was downregulated in
AD patients accompanied by a considerable increase
in BACE 1 expression in comparison with normal
cases [136, 137]. The researchers confirmed the in
vitro results with in vivo studies when they obtained
primary hippocampal neurons from senescence-
accelerated mouse-resistant 1 (SAMRI1) transfected
with miRNA-29¢c or miRNA-29c inhibitors. It was
observed that miRNA-29c significant upregulation
lowered BACE 1 expression levels which were ele-
vated in cells treated with miRNA-29c inhibitor.
The verification of in vivo study to the results of
in vitro study showed that miRNA-29c upregula-
tion considerably decreased BACE-1 and A proteins
expression levels.

Jiang et al. conducted a study to examine miRNA-
137 impact in ABPP/PSENI transgenic mice. This
miRNA is involved in the regulation of both cog-
nitive function and neuronal growth [138, 139].
The researchers studied the effect of miRNA-137
regulation on the transcription of calcium voltage-
gated channel subunit alpha-1 C gene (CACNAI C).
CACNAI C encodes the alpha 1C subunit of the
voltage-dependent calcium channel of type L CaV1.2
and regulates intracytoplasmic calcium (Ca®T) in
neurons. The studies showed that the reduction in
miRNA-137 levels leads to the elevation in the levels
of AB and CACNA1C protein in AD mouse hip-
pocampus and cerebral cortex resulting in an increase
in the Ca?* influx across CaV1.2 which causes neu-
ronal dysfunctions [140, 141]. To verify these results,
CACNALI C expression was evaluated in human SH-
SYS5Y neuroblastoma cells treated with or without
AB1—42 and then transfected with miRNA-137 mim-
ics or inhibitors. The obtained results demonstrated
that miRNA-137 downregulation is accompanied by
an increase in Ca%t levels and AB1—10 and AB1—42
decrease. Therefore, those outcomes suggest that an
elevation in miRNA-137 could result in a reduction
in Ca2t levels within neurons, enhancing neuronal
dysfunctions typical of AD.

Another study was done by Zhang et al. to evalu-
ate the role of miRNA-200a-3p elevated expression
in AB-induced neuronal apoptosis by suppressing the
silent information regulator transcript-1 (SIRT1) in
ABPP/PSENI mice [127]. SIRT1 is involved in the
deacetylation of histone, non-histone proteins, and
other transcription factors in addition to its role in
gene transcription regulation, neuroprotection in neu-
rodegenerative disorders, cellular senescence, energy
balance, and oxidative stress [142]. In the hippocam-
pus of ABPP/PSEN I mice treated with AB»5-35,

upregulation of miRNA-200a-3p, and a decreased
SIRT1 level were recorded.

The study conducted by Jian et al. aimed to assess
miRNA-34a role in AP production and clearance as
it takes part in many AD pathways including A
deposition and cognitive dysfunction. The study com-
pared ABPP/PSENI mice to miRNA-34a knockout
mice. The level of miRNA-34a was elevated coordi-
nated with the increase of A level in ABPP/PSENI
mice opposite to miRNA-34a knockout mice that
showed fewer amyloid plaques with a considerable
decrease in behavioral dysfunction. These observa-
tions demonstrate that miRNA-34a upregulation may
increase the risk of AD pathogenesis [143]. These
results agree with those of the studies that were
performed by Xu et al. which recorded the miRNA-
34aupregulation in ABPP/PSENI mice accompanied
by elevated levels of AP, amyloid plaque deposi-
tion, and cognitive dysfunction. On the other hand,
miRNA-34a knockout ABPP/PSENI mice exhibited
improvement in cognitive functions and suppression
of ABPP amyloidogenic processing [144].

Ghasemi-Kasman et al. performed a study to detect
whether the miRNA-302/367 cluster can induce
the transformation of astrocytes into neurons [145].
The miRNA-302/367 cluster consists of miRNA-
367, miRNA-302a, miRNA-302b, miRNA-302c, and
miRNA-302d. This cluster has an important role
related to the regulation of cell proliferation, differ-
entiation, and reprogramming [146]. An AD mouse
model was used and induced by intracerebroven-
tricular injection of streptozotocin. The injection
of lentiviral particles loaded with miRNA-302/367
into the hippocampal dentate gyrus accompanied
by valproate (VPA) intraperitoneal injection aimed
to increase neuronal development, regulate neuronal
genes expression, and decrease neural cell damage.
Also, VPA can stimulate neprilysin, an A degrad-
ing enzyme [147]. These outcomes suggest that the
combination of miRNA-302/367 and VPA enhanced
learning and memory deteriorated by the injection of
streptozotocin.

The variation in expression of the miRNA-200
family in AD initial phases within the brain of Tg2576
mouse increasing ARBPP protein level was clarified
through a study done by Higaki et al. [135]. miRNA-
200 family includes miRNA-200a, miRNA-200b,
and miRNA-200c. Total RNA microarray analy-
sis showed that miRNA-200a, miRNA-141, miRNA
-429, miRNA-200b, and miRNA-200c were over-
expressed only in 10 months Tg2576 mice. It is
suggested that several miRNAs can act as diagnos-
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tic biomarkers for early A accumulation. To detect
whether miRNA-200b and miRNA-200c expressions
are altered due to neuronal damage stimulated by
AB1-42, an in vitro study was performed on primary
murine neuronal cells detached from mice corti-
cal tissues. This study illustrated that treatment of
primary murine neuronal cells with AR stimulated
miRNA-200b or —200c overexpression. The cells
were transfected with miRNA-200b and miRNA-
200c confirming that their upregulation decreased
secretion of AR in a conditioned medium [135].

Additionally, previous studies revealed that the
level of serum miRNA-125b in ABPP/PSEN mice
was downregulated in AD which makes miRNA-
125b a possible biomarker for the disease [148]. It
was also shown that the downregulation of miRNA-
125b is associated with cognitive dysfunction.
Moreover, the levels of miRNA-9 and miRNA-191-
S5p were also downregulated while miRNA-28-3p
was upregulated. A study was performed to detect
these miRNAs levels in ABPP/PSENI transgenic
mice given epigallocatechin gallate (EGCG). EGCG
is a constituent of green tea that can improve cogni-
tive functions and reduce damage caused by oxidative
stress making it a potential AD therapeutic agent
[149,150]. miRNASs’ levels were inversed in mice
treated with EGCG in comparison with untreated
mice. miRNA-125b only seemed to be associated
with cognitive function. To verify the correlation
of miRNA-125b with AD, the level of this miRNA
was detected in SH-SYSY cells treated with EGCG
demonstrating a considerable increase in miRNA-
125b levels similar to those produced in an in vivo
study.

Furthermore, a study was performed by Wang et al.
aimed to illustrate the association between miRNA-
1464, tau hyperphosphorylation, and rho-associated
coiled-coil-containing protein kinase 1 (ROCK1)
[151]. ROCK 1 protein binds to protein phosphatase
and tensin homolog (PTEN) that contributes to tau
dephosphorylation [152]. In the experiment, SH-
SYSY cells were treated with miRNA-146a whose
upregulation led to a considerable increase in tau
phosphorylation accompanied by inhibition in the
ROCKI protein translation. For the detection of
PTEN role, SH-SYSY cells were treated with siRNA
ROCKI resulting in reduced ROCK1 protein lev-
els, lowered PTEN phosphorylation, in addition to
elevated tau phosphorylation. This illustrates the
impact of miRNA-146a expression that inhibits
ROCKI resulting in a decrease in the phosphoryla-
tion of PTEN and hyperphosphorylation of tau. In

vivo study was performed through the treatment of
5xFAD mice with miRNA-146a inhibitor injections
in the intra-hippocampal region. The observed results
showed an elevation in the level of ROCK1 protein
and tau hyperphosphorylation inhibition. Therefore,
miRNA-146a has a critical role in AD pathogenesis
and its inhibition could be effective in in vivo therapy.
Another study conducted by Alexandrov et al.
revealed that NF-kB coupling and considerable
upregulation of the inducible pro-inflammatory
miRNA-146a and miRNA-155, containing multiple
NF-kB DNA-binding and activation sites in their
immediate promoters, caused deficits in complement
factor H (CFH) expression and AD abundance. CFH
is a soluble complement control glycoprotein that
has an important role in the inhibition of the innate-
immune response. Downregulation of CFH activates
the complement system which is considered the main
non-cellular component within the innate-immune
system while transmitting neuro-inflammation. On
contrast, the downregulation of miRNA-146a and
miRNA-155 regulated mRNA targets including those
encoding CFH. These results showed that miRNA-
146a and miRNA-155 downregulation could be a
potential therapeutic pathway for AD onset pre-
vention and inflammation reduction [153]. We also
hypothesized that miRNA-146a and miRNA-155
may have arole as diagnostic biomarkers for AD in rat
model. In our work, we observed a significant upreg-
ulation in both miRNAs during the induction and
withdrawal phases of aluminum chloride-induced rat
AD model which had been corrected by MSCs trans-
plantation and/or acitretin (unpublished data).
Sierksma et al. conducted a study using ABPP
and tau transgenic mice to detect whether altered
miRNAs are correlated with progressive memory
impairmentin AD [154]. miRNAseq showed that var-
ious miRNAs were commonly overexpressed in both
APP and tau transgenic mice including miR-10a-5p,
miR-142a-5p, miR-146a-5p, miR-155-5p, miR-211-
5p, and miR-455-5p. Four of these, miR-142a-5p,
miR-146a-5p, miR-155-5p, and miR-455-5p, showed
overexpression in patients with AD. It was also
reported that the upregulation of these miRNAs in
tau transgenic mice can be observed in four months
mice compared to ten months in ABPP transgenic
mice which occurs when AP is accumulated. To
confirm that the miRNAs upregulation is responsi-
ble for the onset of cognitive impairment, a single
miRNA oligonucleotide or a mix of the six miRNAs
were injected in the intracerebroventricular region
in C57BL/6J mice. Overexpression of each miRNA
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took place in the hippocampus after these injections,
but there were no serious cognitive impairments. The
obtained results indicate that miRNAs could induce
a protective effect halting AD progression.

Several studies reported that AP induces NF-«3
upregulation. NF-«3 transcription factor is acommon
risk factor associated with AD neurodegeneration
[155]. Overexpression of NF-«[3 results in the expres-
sion of many pro-inflammatory molecules including
cytokines and chemokines which contribute to AD
onset. NF-«[3 activation resulted in the upregulation
of ABPP/BACEI, thereby causing Af accumulation
[156]. NF-«f3 also has a crucial role in the upregula-
tion of several miRNAs in the brain. These miRNAs
involve miRNA-155, miRNA-146a, miRNA-9, and
miRNA-125b which results in the downregulation
of many protective proteins including synapsin 2,
tetraspanin 12 (TSPAN12), and complement factor H.
The decrease in synapsin 2 level causes deterioration
in the synaptogenesis process, while TSPAN12 and
complement factor H reduction induces A3 accumu-
lation and inflammatory response within the neuronal
cells respectively [157].

Dong et al. conducted a study to examine serum
miRNAs in AD patients, MCI, and vascular demen-
tia patients, in addition to non-demented controls.
Four miRNAs were identified including miRNA-
93, miRNA-31, miRNA-143, and miRNA-146a. The
expression of all miRNAs was reduced in the AD
patients group only. Nevertheless, these miRNAs lev-
els could not discriminate MCI and vascular dementia
patients in comparison with controls as miRNA-
146a and miRNA-93 were considerably upregulated
in MCI individuals against control subjects while,
miRNA-143 was downregulated, and miRNA-31
showed no change. Concerning vascular dementia
patients, miRNA-31, miRNA-93, and miRNA-146a
were considerably upregulated while miRNA-143
was downregulated. Consequently, variations in these
miRNAs expression can distinguish between AD
cases and control subjects, but cannot distinguish
MCI and vascular dementia cases [158].

A study was performed by Denk et al. to
detect the difference in miRNAs expression in
CSF samples taken from AD patients and healthy
individuals. Four ml CSF was collected via
lumbar puncture and processed for miRNA isola-
tion. 1,178 miRNAs were detected through Open
Array qRT-PCR, based on miRbase version 14
(http://www.mirbase.org/). It was reported that
seven miRNAs were upregulated in AD patients
including (miRNA-146a, miRNA-100, miRNA-505,

miRNA-4467, miRNA-766, miRNA-3622b-3p, and
miRNA-296), while eight miRNAs were down-
regulated including (miRNA-449, miRNA-1274a,
miRNA-4674, miRNA-335, miRNA-375, miRNA-
708, miRNA-219, and miRNA-103). MiRNA-146a,
miRNA-375, miRNA-103, and miRNA-100 showed
considerable area under curve (AUC) values (0.97,
0.99, 0.87, and 0.72, respectively) [159].

Besides miRNAs’ role in A production, they are
involved in tau protein phosphorylation and dephos-
phorylation responsible for NFT formation. As
known, miRNA-132 expression is downregulated in
AD patients’ brains [160, 161]. Therefore, Salta et al.
performed a study to detect the effect of miRNA-132
downregulation on AD pathogenesis. ABPP/PSEN
mice were injected in the intracerebroventricular
region with miRNA-132 and miRNA-132 inhibitor
[162]. Researchers recorded that miRNA-132 down-
regulation led to the elevation of AP peptide and
phosphorylated tau production in the ABPP/PSENI
mice hippocampus while miRNA-132 upregulation
is associated with A3 reduction in addition to phos-
phorylated tau.

Smith et al. conducted another study to detect
the contribution of downregulated miRNA-132/212
cluster in the onset of AD [163]. The use of miRNA-
132/212 knockout mice in an in vivo study revealed
elevated phosphorylation and tau accumulation in
addition to autophagy which is a factor in tau accu-
mulation [164]. Hernandez-Rapp et al. conducted
a study to detect the effect of miRNA-132/212
absence on A production, cleavage, and clearance.
It was observed that miRNA-132/212 deletion ele-
vated AP production and amyloid plaque formation
in 3xTg-AD-miRNA-132/212 knockout mice [165].
The variation in the expression of miRNAs in serum,
plasma, CSF, and brain suggests that miRNAs can be
used effectively as potential biomarkers to differen-
tiate patients with AD from healthy controls.

Fatty acids and oxysterols

As known, one of the most promising biomark-
ers to detect AD progression is the quantification
of fatty acids and oxysterols levels within the cir-
culation and brain. Fatty acids (FA) are analyzed
by gas chromatography (GC) as fatty acid methyl
esters (FAMEs). Total lipids are extracted and dis-
tributed into aliquots to be converted into methyl
esters. FAMEs are analyzed in duplicate through the
injection of a specific volume of each sample into
the GC system to pass through the flame ionization
detector and a polar fused silica capillary column.
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The FA composition appears as a relative percentage
of the total peak area. Very-long-chain fatty acid were
quantified in patients with dementia using GC/mass
spectrometry (MS) set to selected-ion monitoring
mode and detected in red blood cells and plasma
of AD patients revealing their increase according
to FA analyses [166]. Several studies reported the
use of GC/MS to detect 24-OH and 27-OH levels in
plasma [167]. Also, the use of oxysterols as potential
biomarkers can be critical for the detection of AD pro-
gression especially 24-OH and 27-OH. At mild AD
cases, 24-OH levels are elevated which dramatically
decrease as the disease progresses reaching severe
stage. Additionally, 27-OH level increases as a sign
of AD development. The early detection of fatty acids
and oxysterols levels could minimize BBB damage,
neuron dysfunction and degeneration, neuroinflam-
mation, and AD development [67, 168].

Zhang et al. performed a study where 27-OH
treatment led downregulation in miRNA let-7g-5p
expression indicating that miRNA let-7g-5p may
have an important role in AD pathogenesis stim-
ulated by 27-OHC [169]. Several studies showed
that lipopolysaccharides may affect the upregulation
of pro-inflammatory transcription factor complex
NF-kB (p50/p65) and also related miRNAs, includ-
ing miRNA-30b, miRNA-34a, miRNA-146a, and
miRNA-155 [170]. These miRNAs are reported to be
associated with AD pathogenesis. Therefore, oxys-
terols and lipopolysaccharides may contribute in
altering the levels of miRNAs involved in inflamma-
tion and AD pathogenesis.

THERAPEUTIC APPROACHES

Conventional pharmaceutical treatment

Despite the urgent need for the discovery of
drugs for AD treatment, only two classes of drugs
are approved by FDA. These two classes include
inhibitors to cholinesterase enzymes and antag-
onists to NMDA. Acetylcholinesterase inhibitors
prevent acetylcholine (ACh) hydrolysis by blocking
cholinesterase enzymes which leads to the eleva-
tion of ACh levels [171-173]. NMDA antagonists
inhibit NMDAR glutamate receptor activity which
decreases Ca* influx, prevents cell death and synap-
tic dysfunction, and restores normal activity [174].
Unfortunately, these two classes can only cure AD
symptoms but cannot prevent disease progression.

Cholinesterase inhibitors

Cholinergic levels elevation represents an effec-
tive strategy that can improve cognition and neural
cell function. Acetylcholinesterase inhibitors prevent
ACh hydrolysis leading to ACh accumulation and
cholinergic receptors activation [8]. The current FDA
approved cholinesterase inhibitors are donepezil,
rivastigmine, and galantamine.

Donepezil is an indanone benzyl piperidine
derivative and the second generation of acetyl-
cholinesterase inhibitors. Donepezil acts by binding
to acetylcholinesterase which prevents acetylcholine
breakdown and increases its level at the synapses.
Donepezil is effective in the treatment of mild AD
cases due to its ability to improve cognitive func-
tions with some side effects in the gastrointestinal
and nervous systems [175, 176].

Rivastigmine is a pseudo irreversible inhibitor for
acetylcholinesterase and butyrylcholinesterase that
acts through binding to the two acetylcholinesterase
active sites which are anionic and estearic sites lead-
ing to the inhibition of ACh metabolism. Rivastig-
mine detaches slower than acetylcholinesterase, so
it is named pseudo-irreversible inhibitor. The drug
can be effective for mild and moderate AD cases as
it ameliorates cognitive functions and routine activ-
ities. The drug is delivered orally but with some
side effects including vomiting, nausea, and weight
loss. There is a better way to deliver rivastigmine
through transdermal patches for more dosage control
and continual drug delivery through the skin, accom-
panied by enhanced tolerability and fewer side effects
[177,178].

Galantamine (GAL) is a drug for mild and moder-
ate AD cases. GAL is a selective tertiary isoquinoline
alkaloid with a dual mechanism of action in which it
acts as a competitive inhibitor of acetylcholinesterase
and can also bind to the a-subunit of nicotinic
acetylcholine receptors to stimulate them. GAL can
enhance routine life activities and cognitive perfor-
mance with good efficacy and tolerability, identical
to other acetylcholinesterase inhibitors. GAL can be
delivered through its attachment to ceria-containing
hydroxyapatite particles for selective drug delivery
to reach the affected regions in the brain or through
the patch system to control released drug dosage
[179-181].

N-methyl d-aspartate antagonists

NMDAR is thought to have a significant role
in AD pathogenesis. Hyperactivity of NMDAR
causes abnormal Ca’* influx and overstimulation
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of glutamate, leading to neuronal cell death, synap-
tic dysfunction, and declined cognitive functions.
Memantine is considered as the only approved drug
as an NMDA antagonist for the treatment of moderate
and severe AD [182-184].

Memantine is an uncompetitive antagonist of the
NMDAR that inhibits over-activation of glutamate
receptor implicated in moderate to severe AD cases
neurotoxicity. The drug safety is high with good tol-
erability, it blocks the excitatory receptor with no
interference with the normal synaptic transmission
because of memantine’s low affinity [185,186].

Namzaric drug is a combination of donepezil and
memantine, therefore, it acts as a cholinesterase
inhibitor and NMDA receptor antagonist. It prevents
acetylcholine hydrolysis and blocks glutamate recep-
tor which results in an improvement in cognitive
functions, learning, and routine activities [187].

New therapeutic approaches

Acitretin

Many reports showed that the bio-reactive metabo-
lite of vitamin A, all-trans-retinoic acid (atRA),
has an important role in AD [188,189]. Vitamin A
(retinol) is taken in through food and transferred
by chylomicrons reaching the liver. Retinol binds
to the retinol-binding protein and transthyretin so
it can move across the BBB reaching the neurons.
Two-step oxidation occurs and retinoic acid is deliv-
ered in cells reaching the nucleus to bind to its
receptors. These receptors are known as the dimeric
receptors, and they are formed of retinoic X recep-
tors (RXRs) only or RXRs combined with various
receptors including retinoic acid receptor (RAR) or
vitamin D receptor. It was reported that ADAM10
gene in human, mouse, and rat contains two RXR
binding sites at the conserved region of the pro-
moter [190]. More investigations were performed
to detect the mechanism of ADAMI0 gene regula-
tion through vitamin A metabolites. Various human
cell lines were treated with atRA from different
tissues. Hepatic and kidney cells revealed no con-
siderable response to the treatment while ADAM10
mRNA of neuroblastoma and monocyte precursors
showed elevated ADAM 10 transcription meaning that
ADAMI0 gene upregulation in the brain might be
done with no general overexpression in peripheral
tissue [191,192]. RAR/RXR heterodimers were iden-
tified as regulators of ADAM10 gene expression by
using specific ligands for RXR dimerization part-
ners. By co-expression studies, two RAR isotypes,

which are RAR-a and RAR-f3, were recognized to
contribute to the induction of ADAMI0 promoter.
Additionally, these subtypes are upregulated in the
hippocampus and may have a role in synaptic plas-
ticity. It has been observed that a protein complex
can bind directly to one of the two potential retinoid
receptor binding sites which means that atRA acts
directly on the ADAMI0 promoter [190]. Vitamin
A and retinoic acid cause numerous side effects, so
they were substituted by synthetic retinoids utilized
in clinical application in dermatology and oncology
due to their ability to affect ADAM 10 expression. The
most commonly used synthetic retinoid was acitretin.
Acitretin is a drug approved by FDA for psoriasis
treatment since 1997 [193]. Using acitretin showed
promising results in in vitro studies [192]. This syn-
thetic retinoid was used as a candidate drug due
to its ability to pass through BBB in the brain of
rats and mice [30]. Acitretin can also induce the
expression of ADAM 10 gene, the a-secretase of
human ABPP, which activates the non-amyloidogenic
pathway for ABPP processing and decreases A3
levels [30, 31, 40]. Researchers applied acitretin to
human and murine neuroblastoma cells resulting in
the stimulation of ADAM 10 promoter activity along
with elevated levels of ADAMI10 protein leading to
a shift towards the non-amyloidogenic processing
pathway. For more investigation in vivo, ABPP/PSEN
1 double-transgenic mice were treated with acitretin
through intracerebral injections. After 48 hours of
treatment, elevated ABPPs-a/B ratio and a 50%
decrease in A3 peptides were detected. Another study
used acitretin for the treatment of f SXFAD mice
resulting in a significant reduction of A3 and rebal-
ance of ABPP processing through the stimulation of
ADAM 10 transcriptional activity. Acitretin treatment
restored excitatory synapse counts and improved
behavior [194]. Therefore, acitretin can be a pre-
cious therapeutic approach for AD treatment as it can
restore cognitive functions and improve behavior by
lowering A levels in the brain.

Stem cell therapy

Before discussing stem cell therapy’s effective-
ness on AD, we should represent different stem cell
classes. Stem cells could be classified with regard to
their potency or their origin. Recently, the most com-
monly used stem cells for AD research are ESCs,
NSCs, iPSCs, and MSCs.

Stem cell classes differ in their ability to differ-
entiate into various cell types. So, stem cells can be
classified according to their potency as follows [195].
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Totipotent stem cells can differentiate into embryonic
and extraembryonic cells and form a complete organ-
ism. Pluripotent stem cells can differentiate only
into the three germ cell layers (ectoderm, endoderm,
and mesoderm) from which all cells and organs can
be developed. Multipotent stem cells can differen-
tiate into all cell types within one particular lineage.
Oligopotent stem cells are more restricted than multi-
potent stem cells as they could only differentiate into
closely related cells. Unipotent stem cells are the least
potent stem cells as they can only differentiate into
one cell type.

Stem cells could be also classified in respect to
their origin. In this context, stem cell types and the
strategies of their application as therapies in AD will
be discussed.

Embryonic stem cells. ESCs are originated from
embryonic blastocysts’ inner cell mass on day 5 or 6.
ESC:s are classified as pluripotent stem cells consid-
ering their massive ability in cell types of generation
from the ectodermal, endodermal, and mesodermal
germ layers in addition to their unlimited self-renewal
capacity which makes them attractive candidates to
be used in therapeutic strategies [196,197]. Accord-
ing to several studies, ESCs can improve cognitive
memory functions and learning in AD rats through
differentiation into basal forebrain cholinergic neu-
rons and y-aminobutyric acid neurons [32]. However,
the use of ESCs in therapy is limited due to their
pluripotency which is considered as one of the biggest
advantages of ESCs but also one of the leading dis-
advantages as their differentiation can take place
towards any direction leading to neoplasia or ter-
atoma. ESCs can also develop abnormal immune
response and rejection [33, 34, 198, 199]. Mouse
ESCs (mESCs) were utilized to generate basal fore-
brain cholinergic neurons that were severely affected
in AD patients. The transplanted neurons within AD
rat models direct the differentiation of ESCs into
neural precursor cells [200]. Human ESCs (hESCs)
were used for the generation of cholinergic neurons
in the vitreous and hippocampal tissues, which are
linked to the neuronal network. Furthermore, mESCs
and hESCs differentiated into mature basal forebrain
cholinergic neurons and transplanted into AD mice
resulting in improvement in learning and memory
cognition [201,202].

Neural stem cells. Adult NSCs exist in the sub-
granular zone of hippocampal dentate gyrus and
in the subventricular zone of the lateral walls of
the ventricles. They are self-renewing multipotent
stem cells that are responsible for the production

of neurons, oligodendrocytes, or astrocytes [203].
Growth factor secreting NSCs transplantation in
rodent AD models can ameliorate cognitive func-
tion and neurogenesis due to the therapeutic potential
of NSCs paracrine effect [35]. This paracrine effect
was exploited through NSC transplantation in rodent
AD models resulting in neuroinflammation reduc-
tion and neuronal differentiation by the secretion of
neuroprotective and immunomodulatory factors [36].
According to several studies, the transplantation of
human NSCs (hNSCs) from the embryonic telomere
into the lateral ventricle of AD mice brains can result
in NSCs migration and differentiation producing neu-
rons and glial cells. This phenomenon reduces the
levels of phosphorylated tau and ABi-42, decreases
glial and astrocyte hyperplasia, stimulates endoge-
nous synapse formation, rises synaptic and nerve fiber
density, and ameliorates spatial memory in AD mouse
models [204-206]. Many researchers transplanted
NSCs within aged transgenic mice in order to express
mutant presenilin, tau, and ABPP, and observed that
transplanted NSCs results in spatial learning and
memory function improvement in mice affected with
dementia with no alteration in A3 pathology. Brain-
derived neurotrophic factor (BDNF) is a crucial NSCs
neuroprotective factor. Through the increase of hip-
pocampus synaptic density in addition to cholinergic
neurons, BDNF could be utilized in the transplanted
NSCs of AD rodents. In addition, the production
of acetylcholine and retrieving cholinergic neurons
integrity induce hNSCs to elevate BDNF levels and
neurotrophins of nerve growth factor leading to cog-
nitive and physical improvement in elder mice [35,
205, 207].

Mesenchymal stem cells. MSCs are considered
as a type of adult multipotent stem cells but with
a unique ability to transdifferentiate into cells not
belonging to their tissue of origin, a property that
has pushed some authors to classify them as pluripo-
tent. MSCs are highly proliferative, easily handled,
and easily accessed as they can be isolated from
several tissues and organs including adipose tis-
sues, bone marrow, umbilical cord, amniotic fluid,
peripheral blood, muscle, and lung. MSCs can also
be applied intravenously as they can cross BBB
and travel to the site of injury, a property called
homing, which is massively beneficial for patient
treatments. Due to these advantages, MSCs are used
widely in research and clinical application despite
their relatively low neuronal differentiation rates
[197, 208-210]. MSCs have various contributions
to AD treatment including immune regulation, low-



E.M. Elzayat et al. / New Insight for Treatment of AD S217

ering of AP plaque levels through AP degradation,
and regeneration of damaged neurons [37,40]. MSCs
transplantation also induced neurogenesis, provided
support by secreted factors, and enhanced mem-
ory deficits and spatial learning [38, 39]. MSCs
showed significant overexpression of neuroprotec-
tive and inhibition of pro-inflammatory cytokines
that demonstrates their immune-modulating and anti-
inflammatory effects. MSCs are associated with
tissue repair through extracellular vesicle secre-
tion, especially exosomes and microvesicles. Another
approach for MSCs that they can be genetically mod-
ified and exploited to release extracellular vesicles
accompanied by therapeutic agents that target A
deposits including siRNAs and enzymes [211, 212].
MSCs can be modulated to stimulate the expression
of cytokines and vascular endothelial growth factor
as they have regenerative effects in the AD model
[213]. Several researchers reported that the applica-
tion of umbilical cord MSCs in AD murine models
showed improvement in memory deficits and learn-
ing. Green fluorescent protein—labeled bone marrow
MSCs were injected regularly and showed a reduc-
tion in the AP plaques size within the hippocampus
of AD animal models [214]. Placental-derived MSCs
were transplanted in the lateral ventricle in AD mouse
models showing memory improvement, and reduc-
tion in AB1—42, ABPP, and BACEI1 expression levels
[215]. MSCs were injected in AD animal models and
induced neural precursor cell to produce hippocam-
pal mature neurons through Wnt pathway activation
[216]. Human MSCs were transplanted into aged
rats and crossed BBB reaching the brain producing
nerve cells and retrieving motor and cognitive activity
[217]. Although there are some ethical issues con-
cerning MSCs, particularly commercial cord blood
banks, they are considered the major source of stem
cells for AD research due to their easy access and
handling if harvested after delivery [218, 219].
Induced pluripotent stem cells. iPSCs were first
obtained from mouse fibroblasts in 2006 [220].
Differentiated somatic cells are reprogrammed into
iPSCs by using specific reprogramming factors.
This genetic modification enabled the production
of pluripotent cells from patients for autologous
transplantation [221]. It is reported that iPSCs
can differentiate into various cells as neurons
and neurospheres [41, 42]. Human iPSC—derived
macrophage-like cells were genetically modified
to differentiate into functional neurons generating
an Af-degrading protease called neprilysin-2. This
results in the reduction of AR levels in a SXFAD trans-

genic mouse model [222]. iPSCs can differentiate
into glial cells leading to plaque depositions reduction
in addition to cognitive dysfunction improvement
in the same previous mouse model [43]. Human
iPSCs produced neuronal precursors that were trans-
planted into transgenic mice hippocampus suffering
from severe AP deposition and spatial memory
dysfunction, where they generated cholinergic neu-
rons and resulted in improved memory dysfunctions
[223]. Despite these successful studies, there are
some unsolved issues regarding the usage of iPSCs
that form massive hurdles in their clinical applica-
tion. These include formation of teratoma, long-term
safety and efficacy, immunogenicity, patient genetic
disorders, and ideal reprogramming [44, 45].

CONCLUSION

AD is considered the most serious neurodegen-
erative problem that threaten the health and life
of millions of people worldwide and this number
increases every year. The diagnosis and treatment
of AD represent a challenge as it is a multifactorial
disease with different causes, stages, symptoms, and
risk factors. The first criteria for AD diagnosis were
set up by NINCDS-ADRDA in 1984 and updated
in 2011 for more accuracy. Current diagnostic tech-
niques include neuroimaging diagnosis represented
by MRI for hippocampal atrophy measurement, PET
to detect AP plaques deposition within the brain,
and biomarker evidence through serum and CSF
to distinguish AD from other forms of dementia.
Detecting biomarkers in peripheral blood represent
a promising diagnostic technique for monitoring dis-
ease progression as several studies reported that the
variations in miRNA levels can distinguish between
normal and AD cases giving hope for a diagnos-
tic procedure with high potential in AD diagnosis
through a simple blood test. Also, the quantification
of fatty acids by GC/MS and detection of oxysterols
levels could be essential for monitoring AD sever-
ity. The current pharmaceutical treatments, which
include cholinesterase inhibitors and NMDA antag-
onists, treat only AD symptoms but do not cure the
disease or stop its progression. Future therapies such
as acitretin, stem cells, or a combination therapy
between both of them can be promising because of
the acitretin ability to pass through BBB and stimulate
the non-amyloidogenic pathway for ABPP process-
ing resulting in AP reduction along with stem cells
contribution in regeneration of damaged neurons.
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In conclusion, AD treatment success relies on the
development of very accurate prognostic and diag-
nostic procedures to estimate the candidates that can
develop AD, detect AD at early stages, and monitor
its progression at more advanced stages in addition
to the development of an effective drug for the treat-
ment of AD patients at different progression stages
and those who may develop AD in the future.
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