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Abstract

Background

The only conclusive way to diagnose Alzheimer’s is to carry out brain autopsy of the patient’s
brain tissue and ascertain whether the subject had Alzheimer’s or any other form of dementia.
However, due to the non-feasibility of such methods, to diagnose and conclude the conditions,
medical practitioners use tests that examine a patient’s mental ability.

Objective

Accurate diagnosis at an early stage is the need of the hour for initiation of therapy. The cause for
most Alzheimer’s cases still remains unknown except where genetic distinctions have been ob-
served. Thus, a standard drug regimen ensues in every Alzheimer’s patient, irrespective of the
cause, which may not always be beneficial in halting or reversing the disease progression. To pro-
vide a better life to such patients by suppressing existing symptoms, early diagnosis, curative ther-
apy, site-specific delivery of drugs, and application of hyphenated methods like artificial intelli-
gence need to be brought into the main field of Alzheimer’s therapeutics.
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Methods

In this review, we have compiled existing hypotheses to explain the cause of the disease, and high-
lighted gene therapy, immunotherapy, peptidomimetics, metal chelators, probiotics and quantum
dots as advancements in the existing strategies to manage Alzheimer’s.
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Conclusion

Biomarkers, brain-imaging, and theranostics, along with artificial intelligence, are understood to
be the future of the management of Alzheimer’s.

Keywords: Artificial intelligence, biomarkers, brain imaging, mild cognitive impairment,
theranostics, gene therapy

1. Introduction

Alzheimer's disease (AD), a major cause of dementia, is a progressive neurodegenerative disorder.
Dementia includes memory loss and difficulties with thinking, language and problem-solving skills.
As per the WHO update, on epidemiology of AD in 2013, the number of people suffering from de-
mentia worldwide is likely to triple by 2050 which was approximately 35.6 million in 2010. The in-
cidence of dementia increases with age, approximately 5-8% are affected over age of 65, the num-
ber increases to 25-50% as the age rises over 85. The prevalence of AD for men was lower than
that for women by 19-29%. China, USA, India, Japan, Germany, Russia, France and Brazil were the
nine countries in descending order of incidence of people suffering from dementia in 2010, and
the numbers more than 1 million (USFDA 2013) [1]. There is a protein formed in the brain to
form structures called 'plaques’ and 'tangles. Microscopically, the neurotic plaques forming amy-
loid beta peptide (AB42) and neurofibrillary tangles (NFTs) composed of hyper phosphorylated
tau are the indicators of AD. These proteins are the precursors for the loss of connections be-
tween nerve cells, and eventually to the death of nerve cells and loss of brain tissue. We have sum-
marized the pathophysiology, current strategies and future approaches for improvement of the
treatment and diagnosis of AD in our review. We aim to give an insight into the current status of
diagnosis and future directions to overcome the associated limitations with artificial intelligence.
Several proposed theories explain the pathophysiology of neurodegeneration and cause of de-
mentia and are explained in brief in the next section with current advances in understanding.

1.1. Mechanisms of Alzheimer’s Disease

1.1.1. AB Plaque Associated Neurodegeneration

According to this hypothesis, A plaques are formed and get deposited in different regions of the
brain. These plaques are recognised as foreign material by the brain initiating an inflammatory
and immune response by activating the microglia and release of cytokines, which eventually lead
to cell death and neurodegeneration. The AP plaque comprises of A peptides obtained from amy-
loid precursor protein (APP) by the enzymatic cleavage via secretases (a, 3 and y) [2]. The pri-
mary step in the generation of Af plaque is the cleavage of amyloid precursor protein (APP) by 3-
secretase to produce a C-terminal membrane attached with fragments of 89 or 99 amino acids.
This B-secretase includes BACE 1 (B-site APP cleaving enzyme), which is also called Asp2 or
memapsin2. APP is cleaved at 3-sites Asp1 and Glu1l1 by BACE 1. The C-terminal membrane-
bound fragment of 99 amino acid residues is further cleaved by y-secretase to produce A31-40
and A1-42 isoforms. y-secretase mainly include presenilin 1 (PS1) or presenilin 2 (PS2). AB1-40



is the normal soluble isoform, but if the cleavage pattern changes it may give rise to Af1-42, which
aggregates easily and forms the plaque due to two additional amino acids isoleucine and alanine
[3]- This change in the cleavage pattern happens due to mutations in the APP gene, presenelin 1,
presenelin 2 genes or apolipoprotein E (APOE4) gene. Apart from the genetic mutations, many
neuropeptides are likely to be involved in the formation of the plaque for e.g. low levels of corti-
cotrophin-releasing hormone (CRH), somatostatin and neuropeptide Y levels whereas higher lev-
els of Angiotensin II are likely to be involved in either irregular cleavage of the APP or impaired
removal of AB1.4, fragment [2]. Both AB and tau aggregates and cause impaired synaptic plasticity
and neuronal cell death [4]. However, there has been a lot of controversy over this hypothesis and
a recent report indicates that drugs that act to inhibit amyloid plaque formation show no effect in
reversing or halting the cognitive decline. This suggests that either the hypothesis is incorrect or
the brain becomes refractory to treatment after a certain time. Thus, one should focus on finding
therapeutic interventions that act on non-amyloid targets like tau proteins, inflammation, oxidative
stress, etc. [5].

1.1.2. Neurofibrillary Degeneration

Tau proteins are micro tubular neuronal proteins. The tau proteins have a microtubule binding
domain, which is involved in polymerization and stabilization of the microtubule assembly to
maintain the integrity of the cytoskeleton. This binding is regulated by phosphorylation of the ser-
ine/ threonine residues by a variety of kinases like Fyn Kinase, glycogen synthase kinase-3f3
(GSK3pB) and cyclin-dependent kinase-5 (CDK5). CDKS5 plays a potential role in the formation of
neurofibrillary tangles. AB activates calpain and deregulates p35 which is an activator of CDK5.
Due to cytosolic calcium overload, p35 splits into p25, which hyperactivates cyclin-dependent ki-
nase-5 (CDK5) and leads to hyper phosphorylation of tau [6]. Hyper phosphorylation results in
decreased affinity of the tau proteins to microtubules. The hyper phosphorylated tau forms NFTs
and gets deposited in the cytosol and can no longer perform the function of maintaining the struc-
ture of the cell. Moreover, this deposition affects normal cellular function like synaptic transmis-
sion, axonal transport, signal transduction and the cell undergo degeneration gradually. The rea-
son stated for the hyper phosphorylation is a mutation in the tau genes or dysregulation of ki-
nases as mentioned below and phosphatases which catalyze the phosphorylation process [7].

1.1.3. Synaptic Dysfunction and Neurotransmitter Imbalance

The cholinergic system is involved in the process of cognition. The dysfunction of this system is re-
sponsible for various dementias, one of which is AD. Cholinergic neurons in the nucleus basalis of
Meynert selectively display the deposition of amyloid plaque and NFTs, eventually undergo degen-
eration due to the initiation of pro-inflammatory events as described earlier, which further deteri-
orate cognition. Cholinergic deficit also alters the permeability of the blood brain barrier causing
erroneous transportation of metabolites and hampering the removal of amyloid plaque, worsen-
ing the disease condition [8]. Alteration in Ca?* permeable n-acetylcholine-receptor (nAChR) can
cause impairment in synaptic integrity. In hippocampal and cortical synaptic region A exhibit
maximum binding to «7- and a42-nAChRs [3]. The expression of choline acetyl transferase is re-
duced and that of acetylcholinesterase (AChE) is increased, contributing to the depletion of acetyl-
choline and worsening of dementia. AchE also interacts with A3 peptide and promotes plaque for-



mation [9]. It has been observed that degeneration of noradrenergic neurons in the locus coeru-
lus is also related to cognitive impairment and neurodegeneration. Further it is reported that no-
radrenergic receptors are densely present on the astrocytes, the activation of which improves
synaptic plasticity and hence learning and memory [10]. Recently, it has been reported that sero-
tonin is equally involved in AD pathogenesis. There is a loss of serotonergic neurons from the
brainstem of many AD patients and the levels of this neurotransmitter are also found to be less.
The serotonergic cortical input from the midbrain raphe nuclej, is responsible for modulation of
cortical plasticity and formation of memory. A dysfunction of this pathway causes memory loss
[11]. Glutamate by acting on the N-Methyl-D-aspartate (NMDA) and a-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid (AMPA) receptor is a key neurotransmitter in maintaining synaptic plas-
ticity. An imbalance in the glutamate/glutamine metabolism causes persistent depolarization of the
neurons resulting in excitotoxicity leading to synaptic injury. Apart from this, A induces hyper-
sensitivity of NMDA receptors and also disrupts the regulatory control of NMDA activity causing
excitotoxicity [12]. There is also a close association of GABA and serotonin in the dorsal raphae
nuclei, a region of the brain stem that has many clusters of serotonergic neurons. A study reports
that SHT6R antagonist improves cognitive decline by enhancing serotonin levels via GABAergic
neurons. The same molecule also reduces the formation of amyloid plaque since it reduces the
gamma-secretase activity without having any effect on 3 secretase [13]. Loss of inhibitory control
of GABAergic neurons on the cholinergic and glutamatergic neurons is linked to synaptic injury in
AD patients. Thus, a complex interplay of several neurotransmitters is essential to keep the cogni-
tion intact. An imbalance in any one of the above neurotransmitters may contribute to further de-
terioration of AD symptoms.

AR, tau, and AD genetic risk factors affect dendritic integrity and disease progression [14]. The
amyloid plaque formation starts at the post synapse. Tau phosphorylation is a protective mecha-
nism against toxic amyloid deposition. Phosphorylated tau dissociates from the post synaptic site
and becomes a substrate for other kinases resulting in hyperphosphorylation at various sites.
This hyperphosphorylated tau spreads gradually from the post synaptic site to the dendrites and
the cell body, finally from the axon to other neurons by intra-axonal connections. This process re-
sults in synaptic dysfunction contributing to dementia and neurodegeneration [15].

1.1.4. Neuroinflammation

Neuro-inflammation plays a central role in the pathogenesis of AD. Acute inflammation has a pro-
tective role in defending against brain injury such as the presence of A plaque. However, persis-
tent activation of microglia makes them incapable of removing the plaque, but their ability to re-
lease pro inflammatory cytokines is retained, resulting in an imbalance between the pro and anti-
inflammatory cytokines. A deposits activate various Toll like receptors (TLR2, TLR4 and TLR6),
as well as their co-receptors, including CD36, CD14 and CD47 expressed by microglia. On the de-
tection of microbes, proinflammatory cytokines of IL-13 family are produced by the immune sys-
tem, including cytokine IL-13 and IL-18. These cytokines are expressed by caspase-1 or caspase-8
on activation. Inflammasome like NLR (‘Nod-like receptor’) family or PYHIN (‘pyrin and HIN do-
main-containing’) assist activation of caspase-1. NLRP3 is the primary inflammasome which can
sense Ab aggregates. These proinflammatory cytokines can impair dendritic spines and also dis-
rupt microglial clearance of AB. Neuron and glial cell on an encounter with proinflammatory cyto-



kines express inducible isoforms of NO synthase, which enhances the synthesis of nitric oxide
(NO). This increases the peptide’s ability to aggregate and makes it more potent in suppressing
synaptic plasticity [16]. Under the influence of these cytokines, CDKs get activated causing hyper-
phosphorylation of tau and increase the formation of Af3 plaque as discussed earlier. Due to the
dysregulation of GABAergic mechanism in AD, the inhibitory role of GABA on activated microglia is
also lost which further contributes to the release of pro-inflammatory cytokines [17]. Other cells
like endothelial cells, oligodendrocytes and neurons can also cause neuroinflammation. Several in-
flammation protective molecules are present in neuron, like fractalkine, the complement defence
protein CD59 and CD200. Immune molecules like IL-1f3, IL-6 and CCL2 are produced by brain en-
dothelial cells against Af plaque [18].

1.1.5. Infectious Disease Hypothesis

AP has been attributed to have antimicrobial properties. It has been suggested that neurons in-
fected by Spirochetes and other pathogens like Chlamydia and HSV-1 have more of A deposition
and NFTs. Thus, the persistent untreated infection could be one of the causes of AD [19]. In the
presence of infection, the immune system gets activated. A component of the innate immune sys-
tem referred to as “Toll like proteins” as mentioned above, is activated due to it [20].

1.1.6. Gut Microbiome Disruption

Brain and gut have a bidirectional communication via the brain-gut metabolic axis. Several studies
have established a positive correlation between AD and microbial disruption in the gut.
Disturbance in the gut microflora results in increased production of secondary cytotoxic bile acid,
mainly deoxycholic acid, which can cross the blood brain barrier and get deposited in the brain
leading to apoptosis, generation of reactive oxygen species, inflammation and neurodegeneration
[21]. Alternatively, dysbiosis of the gut microbiome causes systemic inflammation, neuroinflamma-
tion, insulin resistance, which are all related to the pathogenesis of AD [22]. Gut microbes influ-
ence the formation, absorption and transport of serotonin and GABA in the brain, moreover some
bacterial species influence the formation of amyloid plaque which initiates the inflammatory cas-
cade and hence susceptibility to AD [23]. Thus, a faulty gut microbiome along with other factors
contributes to the progression of AD.

NO is secreted on activation of N-Methyl-D-aspartate (NMDA) receptors by glutamate and acts as a
primary neurotransmitter of noradrenergic, noncholinergic and enteric nervous system. Gut mi-
crobes like Bifidobacteria and Lactobacilli convert nitrite and nitrate to NO. Gut bacilli and
Streptomyces can also synthesize NO by their NO synthetase (NOS). Alteration in the activity of any
of these gut microbes along with increase nitrate intake, can lead to overproduction of NO, which
can cause axonal degeneration, neuro inflammation and neurodegenerative disorders [24].

Alteration in microbiome can lead to the secretion of immunogenic lipopolysaccharides (LPSs)
and amyloids which can diffuse across brain and aggravate AD symptoms. Receptor for advanced
glycosylation products (RAGE) mediate amyloid brain influx across blood brain barrier (BBB) and
is controlled by chaperones and apolipoprotein E and J. Low-density lipoprotein receptor related
protein 1 is known to control amyloid clearance. Impairment in all these transportation mecha-



nisms is associated with AD. Moreover, prion like proteins can cause penetration of monocyte
trans endothelial which can enhance the inflammation. Due to the alteration in the gut microbiome
and transportation, the bacteria derived amyloids may leak from gastro intestinal track and esca-
late the level of proinflammatory cytokines (TNFq, IL10, IL6, IL17A, IL12p40, IL23p19, and 1L22).
This may further increase the levels of reactive oxygen species (ROS) and activate signalling of nu-
clear factor- kB (NF-kB). As a result, proinflammatory miRNA-34a is up regulated, causing down-
regulation of TREM-2 (trigger receptor expressed in microglial/myeloid cell-2), which can cause
deposition of AB-42 peptide [25]. Certain viral and bacterial pathogens can also cause AD. It was
identified that patients infected with bacteria (like Chlamydia pneumonia, Borrelia burgdorferi
and Helicobacter pylori) showed increased levels of AB-40 and AB-42 as well as an increase in lev-
els of inflammatory mediators associated with AD [26].

1.1.7. Genetic Mutations

APOE gene has been closely related to the incidence of AD in most cases [27]. Other genes in-
volved are presenilin 1, presenelin 2 and mutations in 3 amyloid precursor protein [28]. Due to
mutations in the genes mentioned above, the person becomes susceptible to AD.

1.1.8. Oxidative Stress

Mitochondrial dysfunction and oxidative stress have long been implicated in the pathogenesis of
early AD. Decreased level of cytochrome c oxidase can cause dysfunction of mitochondria.
Additionally, hyper excitation of glycogen synthase kinase (GSK-3) due to oxidative stress (OS) can
alter the permeability of mitochondria. This could lead to overproduction of ROS [24]. Metal ions
specifically zinc and copper may bind to the A plaque and produce ROS. ROS thus produced
brings about oxidative change in the AP peptide itself making its removal difficult and also cause
lipid and protein oxidation of the cell membrane making it permeable and hence susceptible to de-
generation [24, 29, 30]. Calcium ions storage in the endoplasmic reticulum can be impaired by A3
plaque, which increases calcium levels in the cytosol. This increase in calcium levels depletes glu-
tathione and over-accumulation of ROS inside the cells. Hyperactivation of N-Methyl-D-aspartate-
type glutamate receptors (NMDARs) can also lead to increase calcium influx by promoting cell
permeability, which leads to the formation of reactive nitrogen species (RNS) and ROS. A proteins
can directly activate nicotinamide adenine dinucleotide phosphate hydrogen (NADPH) oxidase to
initiate the synthesis of free radicals [31].

1.1.9. Autophagy

It is known as a housekeeping system or the waste management system of the cell. It involves en-
gulfing of the damaged proteins or cell constituents. Nucleation is the first step in this process by
which a phagophore is formed. Then the phagophore extends to enclose all the damaged proteins
or the dysfunctional organelles. This leads to formation of closed vacuoles known as
Autophagosomes. Finally, the autophagosomes fuse with lysosomes to form autolysosomes which



degrade all its contents. Various growing factors for AD like presenelin 1 proteins, oxidative stress,
tau neurofibrillary tangles can cause dysfunction of autophagic vacuoles and hence can contribute
in the pathogenesis of AD [32, 33].

Fig. 1 compiles all the important mechanisms explored till now, which contributes towards having
an understanding of the cause of the disease.
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Mechanisms involved in pathogenesis of Alzheimer’s disease. (A higher resolution / colour version of this figure is

available in the electronic copy of the article).

1.2. Diagnostics of Alzheimer’s Disease

Currently, the diagnosis of AD is primarily dependent on positron emission tomography (PET) of
tracer molecules and analysis of cerebrospinal fluid (CSF) protein [34]. Phosphorylated tau 181
(P-taul81) can be used as a confirmatory and prognostic biomarker for the diagnosis of AD. It
gets deposited in the brain and secreted in CSF which crosses blood brain barrier to enter the
blood where it can be used as a biomarker for AD [35, 36]. Recently, the diagnostic accuracy has
increased with a specialized PET scan, which exhibits 100% specificity and 96% sensitivity in AD
as well as in patients with the milder condition. Florbetapir, florbetaben and flutemetamol are
used as PET ligands for diagnosis, but not widely used due to its high cost. Examination of CSF for
p-tau, AB42 and total tau protein content is less costly. This method has an accuracy of 85-90% in
diagnosing AD, but needs long duration for obtaining results due to invasive method (lumbar
puncture) and the dearth of laboratory facilities involved in the analysis of fluid. However, both
PET imaging and CSF analysis exhibit similar accuracy, and suggest that the optimum test for the
diagnosis will depend upon patient/provider preference, cost and availability of facilities [37]. PET
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scanning and CSF analysis revealed that the pathological changes are initiated two decades before
the appearance of symptoms [38]. Due to this reason, the diagnosis of AD on the onset of symp-
toms would not be very helpful as pathological changes and cognitive impairment would have al-
ready accelerated to higher stages. As a result, for better diagnosis and treatment, we suggest the
use of biomarkers, which can help in early detection of AD as mentioned below.

2. Newer strategies in early detection of Alzheimer’s disease

2.1. Biomarkers

A biomarker is an indicator considered for evaluation of any normal biological as well as patho-
genic processes and pharmacological effects of any therapy. In the case of AD, a biomarker can be
used to assess the overall health and diseased condition of aged patients [39, 40]. An extracellular
deposition of amyloid-f (AB) protein and aggregated form of hyper phosphorylated tau protein in
the brain are two main pathological characteristics of AD [41]. Recently all the important molecu-
lar biomarkers of Alzheimer’s disease were critically discussed for their status and prospects by
Lashley et al. (2018) [42].

They detailed the use of cerebrospinal fluid and blood biomarkers with positron emission tomog-
raphy (PET) imaging techniques for AB42 and phosphorylated tau concentration, axonal and
synaptic degeneration, glial activation, trans active response DNA-binding protein 43 and a-synu-
clein pathology determination. Fillit (2018) of the Alzheimer's Drug Discovery Foundation re-
cently emphasized the need for new biomarkers for AD in Scientific American [43]. With in-
creased emphasis on drugs targeting beta-amyloid proteins all these years, they have not yet
yielded many positive results. Although prognostic and diagnostic biomarkers are available for
Alzheimer’s disease, only a limited number of patients have been tested with these clinically avail-
able biomarkers due to the high cost and restricted access. Thus, studies are suggesting to come
up with an affordable and feasible blood test to be performed in any clinical setup creating a big
impact on AD patients.

2.2. Cerebrospinal Fluid (CSF) Proteins

More specific to AD, CSF measures of Af{_45, t-tau, and p-tau and molecular imaging using PET
have become widely adopted with improving assays and ligands. Some of the previous studies car-
ried out in vitro and human trials have indicated the role of non-essential heavy metals cadmium
(Cd), mercury (Hg), lead (Pb), and arsenic (As) in causing A protein aggregation along with wor-
risome levels of tau hyper phosphorylation [44]. An ELISA assay called as INNOTEST has been
used for two decades for quantification of t-tau, p-tau and Af42 in CSF which gives a unique
‘Alzheimer’s CSF profile’ where an increased level of t-tau and p-tau is observed with decreased
AB42 level [45, 46]. C- reactive protein (CRP) levels are majorly associated with ApoE genotype
and the CSF amyloid levels [47]. Mean CRP levels decreased significantly in AD in study conducted
by O'Bryant et al. (2009) [48]. They also evaluated the link between CRP and AD among Mexican
Americans. In the mentioned study they observed decreased levels of CRP among Mexican
American AD patients [49].



The CRP has a role in amyloid pathology as studied and shown in APP/PS1 (amyloid precursor
protein/presenilin 1) mice; pentameric CRP dissociation takes place into monomeric forms
prompted by amyloid plaque [50, 51]. Monomeric CRP acts as a linker between vascular trauma
and inflammation and also is associated with other events like plaque generation, neuronal injury,
and dementia [52]. There are many studies proving the statistical influence of the ApoE genotype
on the peripheral CRP levels. Hubacek et al. (2010) showed that ApoE4 genotype carriers have
lower levels of plasma CRP than in ApoE3 carriers [53]. Elevated CRP is found to be associated
with decreased cognition in “The Project in Sado for Total Health” (PROST) study in the Japanese
population. The present study revealed a clear association between serum CRP concentration and
cognitive impairment in a community-dwelling elderly population in Japan [54].

A range of other markers namely vascular endothelial growth factor (VEGF), soluble vascular en-
dothelial growth factor receptor-1 (sVEGFR-1), interferon gamma-induced protein 10 (IP-10), sol-
uble vascular cell adhesion molecule-1 (sVCAM-1), macrophage migration inhibitory factor (MIF),
and complement component 1q (C1q) have been strongly associated independently of patient’s
age with the pathological tau levels. Thus, the effect of aging on CSF marker levels vary for each of
these molecules. The CSF tau level increases in the subsequent stages of AD accompanied by
events such as neuronal death owing to inflammatory signalling in response to tissue damage. It is
concluded that CSF levels of these markers correspond to the pathological activity in the brain
only in the later stages with cognitive demand tasks in AD [55].

For biomarkers estimation from CSF sample, it has limitations with respect to invasive process and
high cost and limited access for PET studies. CSF fluid collection by lumbar puncture causes nau-
sea, backache and weakness in aged people. It is essential to identify new biomarkers in other less
invasive and easily collectible body fluids like serum, urine etc. With blood samples being used for
diagnosis, it can help in analysing different types of blood cells (mononuclear cells, lymphocytes,
monocytes or platelets), which can be categorically associated with AD pathologies [56]. Recently
there has been a surge in finding blood biomarkers appropriate for repeated evaluations
throughout the disease progression over a time-frame for an interventional/treatment study [57].
Other technical advancements in mass spectrometry-based methods and highly sensitive im-
munoassays hold great promises for blood biomarkers, which can be implemented for screening
neurodegeneration and amyloid deposition in the brain [58].

2.3. Blood and Urine Biomarkers of AD

Plasma AB42 and AB40 levels are now established biomarkers for AD. In AD transgenic mouse
models, plasma and CSF levels of AB42 and AB40 increase with age but later decrease with A3 ac-
cumulation in the brain leading to onset of cognitive impairment. Schupf et al. (2008) determined
the predictive value of Af levels in elderly people, and investigated the change in these biomarkers
over time with the onset of cognitive impairment or AD. Monitoring the levels, it was seen that
those with increased AB42 levels over the follow-up period, compared with decreasing levels were
three times more likely to develop AD [59]. Yang et al. (2018) showed increased risks of AD in in-
dividuals with high arsenic or low dimethylarsinic acid percentage with a study based on propen-
sity-score match [44]. In another study, an immuno-infrared-sensor was used for the extraction of
the total A fraction from plasma samples, wherein the biomarker amide I band were significantly



lower for AD individuals. Amide I biomarker could detect AD before its clinical diagnosis and with-
out dementia symptoms in individuals. The test had a positive likelihood ratio of 7.9 (ESTHER:
Alzheimer’s society in Toronto), which indicated good evidence of this biomarker to identify AD in
the general population [60].

2.4. Lipid Biomarkers of AD Present in the Blood

Brain lipids are important molecules as they play various biological and physiological roles in im-
pulse conduction and cell signalling in the central nervous system (CNS). Out of all the brain lipids,
the most abundant are cholesterol, ceramides, glucosyl ceramides, phosphatidylcholine, sphin-
gomyelin, and sulfatides [61, 62]. Besides them, cholesterol oxide derivatives and other long chain
derivatives of fatty acids including prostaglandins, leukotrienes and neuroprotectins are present
[63, 64]. The levels of sphingolipids are also affected (decreased) in AD [65]. These brain lipids
are found in the glial cells (astrocytes, oligodendrocytes), microglial cells, and neurons of the CNS.
They are also present in myelin and helps in the nervous influx by favouring good conduction. The
identification of above-mentioned lipid biomarkers may be explored as a less invasive diagnostic
method and as predictors of AD for future disease progression and treatment response.
Biochemical and physical methods are frequently used; however histological and cytological meth-
ods are also possible for lipid characterization and quantification since lot of dyes are being used
in tissues and cells to identify and trace various types of lipids [66].

2.5. Genetic Markers

AD is complex and heterogeneous and is inherited according to Mendelian genetics. There are
more than 160 mutations reported in three important genes which are responsible for coding
amyloid precursor, presenilin 1, and presenilin 2 [67]. €4 allele of the APOE gene which occurs
with a frequency of 14% is the other major risk factor for developing AD; and its frequency in-
creases to ~40% in AD patients and is also related to the onset of earlier age AD dementia and in-
creased AP pathology. Amyloid plaques are superabundant in €4 carriers, with lower Af31_4, con-
centration in CSF, with increased Pittsburgh compound B (PiB) shown bound to Af3 aggregates on
PET imaging [4]. Familial Alzheimer's disease is inherited from parents and it currently accounts
for < 1% of the AD burden [45]. Late-onset AD is genetically and etiologically heterogeneous in
nature, with innumerable genes and environmental factors involved in disease progression rate
and risk. The strongest and most reliable genetic association involves the epsilon 4 (g4) allele at
the ApoE locus for increased risk of late-onset AD [68, 69]. The ApoE gene encodes for a protein
responsible for lipid transport; €4 allele carriers have increased deposition of amyloid and also
show adverse effects on memory and executive function [70]. However, the genotyping of the
ApoE locus is complicated as the allelic denomination is determined by a pair of polymorphisms
thus a small sample of blood or a cheek swab, can be used for deoxyribonucleic acid (DNA) isola-
tion and thus the determination of ApoE genotype. From now onwards, the association between
the ApoE €4 allele carriers and the occurrence of AD is well-accepted as it also lowers the overall
age for onset for AD [66, 67], but does not hold any specific inference for the individual carrier.
Therefore, it is to add more accuracy to a complete biomarker panel for AD [71].



2.6. Brain Derived Neurotrophic Factor (BDNF)

The decline in memory with the reduction in hippocampal volume (HV) corresponding with high
AR levels has been already reported in healthy individuals; Lim et al. (2013) showed that BDNF
Val66Met worsens these conditions more in the preclinical stage of AD [72]. In the study con-
ducted in healthy adults having a high Af level and carrying the Met allele, the rate of HV reduc-
tion was significantly more. A greater reduction rate in HV was observed in Val/Val homozygotes
who were having high AP levels than with low A, irrespective of their BDNF Val66Met polymor-
phism over 36 months. In another study, BDNFMet carriers exhibited greater memory decline and
hippocampal atrophy in a span of 36 months compared to BDNF Val homozygotes. While in-
creased memory decline and hippocampal atrophy have been reported previously in adults with
an MCI and high AB, Lim et al., (2014) provided a preliminary report and linked high Af3 and
BDNF Val66Met polymorphism in prodromal AD suggesting them as important prognostic mark-
ers of increased memory decline and hippocampal atrophy [73].

2.7.Kidney/Brain (KIBRA) Protein, a Memory-Associated Protein

KIBRA protein is expressed in various parts of the brain, mostly enriched in the postsynaptic den-
sity in the hippocampus [74]. It interacts with several postsynaptic proteins including dendrin and
synaptopodin and function in memory-related processes through these interactions [75]. Tracy et
al. (2016) identified an abnormal acetylation of K274 and K281 on tau in AD brains, which in-
creased memory loss and disrupted synaptic plasticity by reducing the postsynaptic KIBRA pro-
tein [76]. The transgenic mice capable of acetylating K274 and K281 exhibited memory deficits
and impairment of hippocampal long-term potentiation (LTP). The LTP deficit could be saved by
increasing the polymerization of actin or by expression of the KIBRA protein. An increase in tau
acetylation was linked to the loss of KIBRA in AD patients with dementia. This study led to a novel
mechanism of pathogenic tau caused a role in causing synaptic dysfunction and cognitive decline
in AD.

Genes- APOE, BDNF, KIBRA, klotho (KL), Spondin-1 (SPON1), CUB and Sushi multiple domains 1
(CSMD1) are important measures of cognitive change and the influences of these individual genes
have been investigated and recorded thoroughly. Porter et al. (2018) emphasized on determining

the gene risk profiling for preclinical trials in AD with cognition to assess the therapeutic efficacy
[77].

2.8. Brain Imaging

There are profound changes that occur in the brain’s structure and its function due to normal ag-
ing and AD. AD follows an extensive cortical neuronal loss, with loss of connections in brain sys-
tems. Recent advancements in brain imaging have supported unique interruptions in functional
neural networks. Concomitantly the potential of brain imaging has expanded rapidly with innova-
tions in tools to acquire images and its analysis. Now they address structural, functional, and mo-
lecular aspects with imaging in AD. Magnetic resonance imaging (MRI) is being used for both
structural and functional and PET for evaluation of both amyloid and cerebral metabolisms.



Structural and functional MR, fluoro-deoxy glucose (FDG) and amyloid PET are the most com-
monly used imaging techniques. Other MRI techniques in development that are also adding to the
knowledge of AD are diffusion tensor imaging (DTI) and associated tractography technologies, ar-
terial spin labeling measures of cerebral blood flow and PET tracers targeted at the cholinergic
system, microglial activation and other tracers [78]. The PET imaging has utility of diagnostic deci-
sion making, confidence in diagnosis and management planning for patients with cognitive impair-
ment [79]. Recent developments in neuroimaging studies of AD provide useful information to clin-
icians, including a new in vivo amyloid imaging. MR], single photon emission computed tomogra-
phy and 18F-fluorodeoxyglucose-positron emission tomography (18F-FDG PET) are currently
available for clinical use [80]. The first-in-human study by Lohith et al. (2019) reported the utility
of 18F-MK-6240 as an NFT imaging PET tracer in a small cohort of 4 cognitively normal HE
(Healthy Elderly) subjects, 4 subjects with clinically probable AD, and 2 subjects with amnestic MCI
due to AD. They found that 18F-MK-6240 exhibits regional retention in a plausible pattern for NFT
pathology in AD. Importantly, in NFT depositing regions, signal magnitude in terms of semi quanti-
tative SUVR or fully quantitative VT values were higher in AD/MCI subjects compared with HE
subjects, with no evidence of off-target binding in HE subjects [81].

2.9. Markers of Mild Cognitive Impairment (MCI)

According to the American Psychiatric Association 1987, dementia is an acquired cognitive impair-
ment that interferes with social and occupational abilities. Cognitive functioning is the hallmark of
MCI, which is bad for age but not as bad enough to be called dementia. A related concept, known
as Cognitive Impairment, No Dementia (CIND) has the presence of cognitive impairment with the
absence of dementia [82]. Thus, a fine distinction between both (or CIND) is the level of the cogni-
tive impairment itself, and thus as reflected in its functional responses. MCI is always referred at
an early stage of AD on the global deterioration scale [83] and to another factor comprising DSM-
III-R (Diagnostic and Statistical Manual of Mental Disorder, third edition, Revised) and ICD-10
(International Classification of Diseases, Tenth Revision)diagnostic criteria [84], its most popular
and cited version is the Mayo Criteria or Petersen Criteria [85] which is now called Amnestic MCI.
IWG or Winblad Criteria also included non-amnestic impairments in the definition of MCI [86].

This criterion set is the prevailing standard for the MCI syndrome in current times, and is reflected
in the NIAAA work group guidelines for the diagnosis of MCI due to AD [87]. It includes that the
person is neither normal nor with dementia; there is a sign of decline in cognitive functions, and
daily living activities are preserved with complex and intricate functions either being intact or min-
imally impaired [88].

Among various volumetric MRI-based techniques, medial temporal volume loss is considered as
an important biomarker for assessing the progression of AD in patients with pre-existing MCI of
regional brain atrophy. “Brain atrophy score” was derived using the linear discrimination analysis
from healthy controls and AD patient’s data, found to be better for predicting one-year cognitive
decline than atrophy in medial temporal structures alone. This atrophy score considered the vol-
ume of the various parts of the brain using a linear discrimination analysis which best-differenti-
ated AD patients from healthy controls. Later this brain atrophy score was ameliorated by Mini-
Mental State Exam (MMSE) scores and APOE €4 alleles number to the model [89]. Kauppi et al.
(2018) recently improved the prediction of AD among MCI patients by uniting age-sensitive poly-



genic hazard score (PHS) with structural neuroimaging relating to cognitive ability. An improved
assessment of AD risk among old patients with subjective memory complaint is said to be helpful

in clinical practice to determine treatment plans, and for testing newer interventions in the disease
[90].

When CSF beta amyloid (CSF AB1-42) and tau protein levels were tested in MCI subjects, CSF tau
was increased whereas levels of CSF AB_4, were decreased compared to healthy controls with
good comparable accuracy. AB1_42 and CSF tau showed a sensitivity of 59% and 83% with a speci-
ficity of 100% and 90% respectively [91].

The MCI diagnosis is usually based on the clinical judgment made by experts in agreement with a
group, by using psychometric algorithm or rating scale. For differentiation purposes, dementia is
diagnosed by standard measures such as ICD-10 [92], clinical dementia rating scale and criteria
such as DSM-III-R [88, 93]. Diagnostic measures and markers of MCI mostly focus on etiological
subtypes and stages of the disease. Few neuropsychological tests [94] and other measures includ-
ing related autosomal dominant genes, medial temporal atrophy, f amyloid and tau proteins levels
in CSF, temporoparietal glucose metabolism, amyloid imaging, and their validation for clinical use
are being considered as markers of MCI. Positive serology in HIV infection and positive testing for
CAG repeat units on chromosome 4 in Huntington'’s disease [95] would be a diagnostic marker for
MCI in future [88].

Begcevic et al. (2018) evaluated 30 candidate brain-related protein as prospective biomarkers for
diagnosis of AD dementia and MCI due to AD [4]. Amyloid beta precursor like protein 1 (APLP1),
secreted phosphoprotein 1 (SPP1) and contactin 2 (CNTN2) showed discriminating potential for
diagnosing cognitively impaired patients and MCI due to AD from controls. APLP1 was elevated in
MCI patients. However, these findings are yet to be validated in a bigger independent cohort of
MCI and AD dementia patients. According to the revised guidelines for AD diagnosis in 2011, MCI
symptoms and increased beta-amyloid levels in MCI suggest an early stage of the AD. Recently a
postsynaptic protein named neurogranin (Ng) has been identified as a biomarker for MCI. It has
significant association with memory and execution in MCI subjects with an increased level in the
CSF of AD and MCI patients compared to control with normal cognitive ability. CSF Ng level can be
used to determine and assess the effect of treatment as well as during the progression of AD [96].

3. Current strategies in the treatment of Alzheimer’s disease

Till date, efforts are made to target and counterbalance the neurotransmitter disturbances aimed

to relieve symptoms of the disease. A major drawback for the unavailability of a specific treatment
for the underlying pathology is that the emergence of AD-related pathologic changes begins quite

early, almost a decade before the person shows the symptoms.

3.1. FDA Approved Medicines

Drugs that target cholinergic or glutamatergic neurotransmission are currently available treat-
ments for AD. These drugs only relieve the symptoms. No drug is available that has a curative ef-
fect, though there are many ongoing clinical trials for such drugs. These newly developed mole-



cules target the amyloid and tau proteins [97]. Currently approved drugs that affect cholinergic
transmission are three acetylcholinesterase inhibitors: donepezil, rivastigmine, and galantamine.
These drugs improve cognition in the patient and ease the social and economic burden. These
drugs are effective in mild to moderate AD. To treat moderate to severe form of AD, FDA approved
Memantine in 2003. It is a NMDA receptor antagonist and reduces the excitotoxicity observed in
AD, caused due to excess of glutamatergic transmission. Table 1 shows the latest drugs developed
for the treatment of AD, however failed to enter the market due to clinical trial failure. Each drug
has a different mechanism of action such as BACE I inhibitors which inhibit the enzyme responsi-
ble for the processing of APP to AB, RAGE inhibitors which inhibit the influx of Ap, PPAR-y agonist
which bring back insulin sensitivity and hence reduce A formation or 5SHT6 antagonist which
modulate neurotransmission and hence improve cognition.

Table 1

Drugs developed for the treatment of Alzheimer’s disease [98].

Name of the | Company Mechanism of Action Clinical Trial Reason for
Drug Failure
Verubecestat Merck [-site amyloid precursor EPOCH trial No effect on
protein-cleaving enzyme APECS trial slowing the
1 (BACE 1) inhibitors progression of AD
Lanabecestat Astra Zeneca & BACE 1 inhibitors AMARANTH and Failure of interim
Eli Lilly DAYBREAK-ALZ futility analysis
Atabecestat Janssen BACE 1 inhibitors EARLY Liver toxicity
Solanezumab Eli Lilly Monoclonal antibody for EXPEDITION III No positive effect
AB (Phase III) on cognitive
decline
Azeliragon vTv Therapeutics Receptor for Advanced STEADFAST (Phase Lack of efficacy
Glycation End products I11)
(RAGE) inhibitor
Pioglitazone | Takeda and Zinfandel | Peroxisome Proliferator- - -
Pharmaceuticals Activated
Receptor y (PPAR-y)
Idalopirdine Lundbeck & Otsuka 5HT6 antagonist STARSHINE, Did not improve
STARBEAM, cognition
STARBRIGHT (Phase
III)
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Looking into the failure rate of AD drugs, researchers are simultaneously developing agents that
provide symptomatic relief in AD, the list of such drugs that are in clinical trials is long, and some
of them are mentioned in Table 2.

Table 2

Some important drugs currently in clinical trials.

Name of the Drug Company Mechanism of Action Clinical Trial | Symptoms to be
Relieved
Brexpiprazole Otsuka D2 partial agonist Phase III agitation

&Lundbeck

Tetrahydrocannabinol Johns Hopkins CB1/CB2 partial agonist Phase II trials
University

Nabilone Sunnybrook semisynthetic cannabinoid small-scale
Health derivative phase III

Sciences Centre

Pimavanserin Acadia selective 5-HT2A serotonin phase II/III psychotic

inverse agonist

Suvorexant Merck dual antagonists of the Phase III insomnia

orexin receptors

Lemborexant Eisai dual antagonists of the Phase Il

orexin receptors

Apart from the drugs mentioned above, immunotherapy is being made use of to develop anti-amy-
loid and anti-tau agents, also alternative strategies targeting the misfolded tau proteins and neu-
ronal regeneration are under investigation [98]. It has been reported that there is a lag phase of
many years between the pathological changes in the brain and the onset of symptoms. If the ther-
apy is initiated in this lag phase or when the first symptom of AD is observed, it would be of great
benefit to the patient. Hence, the 2013 FDA draft guidance encourages the inclusion of AD pa-
tients who are in the initial stages of the disease for clinical trials. Another hurdle is
diagnosis/identification of such patients for inclusion in clinical trials [99, 100].

3.2. Gene Therapy in Alzheimer Disease

Gene therapy interventions are aimed to tackle a disease at its source, mostly a faulty
DNA/gene/protein, to repair it and allow the cells to fix the problem. After revealing various
genes involved in Alzheimer’s pathology, it opens up vast avenues for gene therapy, which involves
inserting new genetic material into living cells using viruses. Due to the recent developments in
gene therapy associated approaches in recombinant adeno-associated viruses (rAAVs), the possi-


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7709159/table/T2/

bility for treating these diseases in human beings is foreseen. In an effort to test the ability to de-
generate neurons in AD towards a nervous system growth factor (NGF), Tuszynski et al. (2015)
subjected ten patients with early AD with NGF gene ex vivo or in vivo therapy [101]. The findings
indicated positive response of neurons showing cell hypertrophy, axonal sprouting, and activation
of functional markers. Growth factor therapy induced sprouting by NGF, which persisted for 10
years after gene transfer and appeared safe. In another study, scientists delivered a gene PGC1-al-
pha (Peroxisome proliferator-activated receptor gamma coactivator 1-alpha) using a modified
virus to the brain cells of mice which reduced the development of Alzheimer's. The treated mice
showed better memory, no loss of brain cells in the hippocampus and had very few amyloid
plaques after four months of injection. Those that had not been treated had multiple plaques in
their brain [102]. This study was planned on the basis of earlier results of PGC-1a, where it exhib-
ited a decrease in the generation of amyloid-$ (A) in cell culture by the same group. Recently,
Rafii et al. (2018) reported the results of a multicentre randomized clinical trial of intracerebral
gene delivery in Alzheimer’s disease (AD) patients [103]. This trial demonstrated the feasibility of
sham-surgery-controlled stereotactic gene delivery studies in patients with AD. Adeno-associated
viral vector (serotype 2)-nerve growth factor (AAV2-NGF) delivery was feasible and well-tolerated
but without any clinical outcomes. Thus, the study needs confirmation of precise gene targeting. In
June 2018, scientists at the Massachusetts Institute of Technology in a recent breakthrough found
a cure for Alzheimer’s disease. A genetic snipping technique can be used to turn APOE4 gene re-
sponsible to cause amyloid beta proteins in the brain, into APOE3. Those with one copy and two
copies of the APOE4 gene have double and twelve times more chances of Alzheimer’s respectively.
APOE2 might protect and lower risk of Alzheimer's. To overcome this issue, gene editing could be
the answer [104].

3.3. Theranostics in Alzheimer’s Disease

Theranostics is the latest technology, which combines therapeutics and diagnostics rather than us-
ing them in isolation. Theranostics may completely change the available therapy as well as diag-
nostics for AD. Gold nanorods incorporated with two known A inhibitors (AB15-20 and polyox-
ometalates) are capable of detecting, inhibiting and destroying the preformed A aggregates by
NIR (near infra-red radiation) irradiation. Depending on the process of A3 aggregation, the ab-
sorbance of gold nanorods changes and hence the progression of the disease can be monitored
[105]. Dao et al. (2017) have synthesized phenothiazine derivatives which work as near infra-red
fluorescent probes, having a high affinity for the amyloid plaque and can detect it in the brain and
retinal tissue of transgenic mice [106]. These derivatives also have the ability to prevent the aggre-
gation of AP plaque and break already formed A fibrils. Charged molecules specifically (E)-4-(4-
(dibutylamino) styryl)-1-(2-hydroxyethyl) quinolin-1-ium chloride (DBA-SLOH) show high affinity
for AP aggregates and display enhanced fluorescence upon binding. It effectively prevents the ag-
gregation of Af31.49 and AB1.4, fragments providing therapy for AD [107]. A recombinant design
has been used to develop a blood brain barrier shuttle which uses an antibody-mAb158 that
binds to A fibrils. This antibody is fused with two single chain variable fragments of the transfer-
rin receptor antibody-8D3. 8D3 is known to enhance uptake in the brain. Due to this fusion, the
shuttle selectively permeates the BBB and delivers mAb158 in the brain which works as Af3 im-
munotherapy and also as a radio-ligand for PET diagnosis, aiding in the evaluation of the therapy
simultaneously [108]. Metal ions are known to act as a catalyst for plaque formation and invari-



ably, there is always an excess of these ions. Based on this observation, scientists have developed
a nanoprobe containing a chelator-8-hydroxyquinoline-2-carboxylic acid, which can detect copper
concentration upon exposure to 980 nm. Chelators capture excess copper ions in the brain and
inhibit amyloid plaque induced apoptosis and also causes the structural transformation of A3
[109]. Iron oxide magnetic nanoparticles incorporated with Congo red/Rutin have been devel-
oped which can not only detect amyloid plaque by magnetic resonance imaging but also achieve
controlled release of drugs and prevent oxidative damage [110]. Thus, the field of theranostics
which uses a single chemical entity for diagnosis and treatment of AD may soon have applications
in personalized medicine.

Theranostics also involves Quantum dots (QDs), which are nanoparticles with bright fluorescence.
This is due to their unique optical and electronic properties. QDs have been widely used in imag-
ing and diagnostics. This is because emission from different QDs can be estimated simultaneously
in a single assay using one wavelength. Recently there has been a lot of interest in developing
theranostics application of QDs where simultaneous imaging, diagnosis and therapy is possible
[111].

Xiao et al. (2016) used graphene quantum dots (GQDs) coated with glycine-proline-glutamate in
APP/PS1 transgenic mice. The aggregation of amyloid plaque along with the levels of pro-inflam-
matory cytokines was reduced whereas the levels of anti-inflammatory cytokines increased, thus
demonstrating strong potential as a therapy in AD [112]. Wavelengths ranging from 632.8 to 400
nm like low level laser, can reduce inflammation and oxidative stress in various disease conditions.
However, this therapy is not useful since the amount of light actually penetrating the brain is very
minute. With the use of technology named “Bioluminescence Resonance Energy Transfer to
Quantum Dots” (BRET-Qdots), this problem can be overcome. These CdSe or CdTe quantum dots
act as a source of near infra-red radiations and reduce the amyloid plaque induced inflammation
and oxidative stress in animal models. This low-level laser therapy (LLLT) can be further exploited
to treat other diseases that involve inflammation and oxidative stress pathologies [113].

Mars et al. (2018) described a sensitive method based on dual electrochemical and fluorescence
detection of APOE4 DNA, responsible of Alzheimer and coronary artery diseases [114]. Curcumin
was used for its dual-sensing transducer response due to its highly sensitive fluorescence proper-
ties. Graphene quantum dots were employed to enhance the electrochemical response. The analyt-
ical response showed a sensitive decrease in the presence of different APO e4 DNA target, which
was due to the blocked photo-electron transfer activity due to formation of DNA complex. The
curcumin-GQDs system exhibited a high selectivity and efficacy for which it was also investigated
in the clinical fluid. The results showed relative standard deviation c.a. 4.7% toward DNA target in
human blood plasma. Incorporation of QDs into microarrays is a relatively new venture, where
current scanners have limitations in obtaining fluorescent signals under appropriate excitation
levels for red and green lasers. Morales-Narvaez et al. (2012) studied the biosensing ability of QDs
(QD655) and a fluorescent dye (A647) recruited in the sandwich ELISA as reporters in microarray
format and compared it with a conventional ELISA by using ApoE as model analyte [115]. A mini-
mal volume of human serum was sufficient for assay with high sensitivity and good precision. This
idea is proposed for the detection of ApoE multiple isoforms and other AD biomarkers. In another
study Medina-Sanchez et al. (2013) used cadmium-selenide/zinc-sulfide QDs as labelling agents



for assaying and detecting ApoE. They used them within a magnetic zone with magnetic beads for
sample purification and concentration [116]. With such requirements, the development of an inte-
grated, miniaturized portable and affordable systems is possible.

3.4. Immunotherapy for Alzheimer

Various mechanisms have been hypothesized for Af immunotherapy. The soluble equilibrium
mechanism includes antibodies neutralising and solubilising the Af plaque both centrally and pe-
ripherally. Phagocytosis mechanism is based on opsonisation of A3 plaque which stimulates mi-
croglia associated phagocytosis. Antibodies also bind to Amyloid seed in the initial stages and can
prevent its propagation [117]. There are several other mechanisms like direct method (in which
Ap plaque are unbundled) and peripheral sink mechanism (removal of Af from the brain to
plasma) [118].

According to the pathophysiology of Alzheimer's, Amyloid f plaques are the primary target for im-
munotherapy. Various immunotherapy strategies are under investigation for Alzheimer's and
which primarily include active immunisation and passive immunisation. Active immunization with
Af-42 can stimulate B-cells, T-cells and microglia for immune response. Active immunization with
AP fragments which are attached to carrier protein resembling helper T-cell epitopes is another
approach that stimulates T-cells which releases signaling cytokines to activate antibodies releasing
B-cells. Other immunotherapy includes passive administration of monoclonal antibodies (mAb)
[119]. There are various monoclonal antibodies that are tested which includes bapineuzumab,
solanezumab, gantenerumab, crenezumab and ponezumab out of which some are in phase 3 clini-
cal trials. But majority of these drugs have severe side effects like ARIA (Amyloid related imaging
abnormalities), which are associated with vasogenic edema (ARIA-E) or indicate micro haemor-
rhage and hemosiderosis (ARIA-H) [120].

Various engineered antibodies or second-generation antibodies are in the development phase. It
includes BAN2401 (that selectively binds to large soluble A protofibrils), SAR255952 (which pri-
marily targets soluble protofibrillar and fibrillar species of A3), Aducanumab (which binds to the
N-terminus of AB3-6), etc. These antibodies are mainly engineered and have low binding activity at
Fcy regions which are mainly involved in side effects of first line monoclonal antibodies [121].
Therapeutics based on active and passive mechanisms are compiled in Table 3.
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Table 3

Active and passive immunotherapeutic [122].

Name Mechanism Phase of Clinical

Trial

ACI-24 Cause production of antibodies against A without Phase 1

activating inflammatory cells.

ACI-35 Liposome based vaccine which generates antibodies Phase 1

against phosphorylated tau.

ABvac40 Targets C-terminus of A340 Phase 2

AADvac-1 Consist of Peptide (KDNIKHVPGGGS) which generate Phase 3

antibodies against tau.

CAD106 Virus based active vaccine which target A without Phase 2
activating T cells.

LuAF20513 Generate anti A3 antibodies without microglial Phase 1
(engineered mixed peptide activation.
antigen)
DNA based vaccine Translation of A3 based DNA leads to generation of Early stage of
antibodies. development

Passive Immunotherapeutic

Drug Mechanism Phase of Clinical
Trials
Aducanumab Monoclonal antibody against A3 Phase 3
Crenezumab Humanised monoclonal antibody which mainly Phase 3

identifies polymorphic form of AB

Gantenerumab Binds to AB and induce phagocytosis by activating Phase 3
microglia.
BAN2401 Preferentially binds to soluble photofibrils of AB Phase 2
Bapineuzumab Target N- terminal region of A Failed in clinical
(Humanised form of trials

murine monoclonal

antibody)
Solanczumab Targets monomeric and non-fibrillary form of A Phase 3
peptides
BIIB092 Targets N terminal fragment of tau Phase 2

3.5. Peptidomimetics




Peptidomimetics are analogues of natural proteins that interact with biological targets to exhibit
equivalent or superior biological effect [122]. These peptide inhibitors can be derived from A se-
quence. They could also target phosphorylated tau protein as well as Human 3-Secretase [123].
The majority of these peptides can further be divided into peptide containing natural or modified
amino acid.

In case of tau and A} aggregates the major recognition, sites are of the central hydrophobic core.
For tau it is VQIVYK or VQIINK and for A it is KLVFF. The peptidomimetics reacts or bind to these
regions and prevents further progression of their deposition. Some of them also dissolve the pre
formed aggregates. As proven inhibiting only aggregation cannot prevent AD therefore, multifunc-
tional peptidomimetics were developed, which targeted other factors involved in AD. For example,
Thy-KSrVSrFSr(P5) multifunctional peptidomimetic (based on KLVFF recognition site) is a potent
inhibitor of AB. It stimulates the degradation of A} by activating autophagy mechanism in a yeast
model. Another example includes multifunctional peptidomimetic GHKSrVSrFSr(P6), which
chelates Cu? released from Ap42-Cu? and protects plasmid DNA and other cells from ROS and
metal induced toxicity [122].

There are various peptidomimetics designed against A@ aggregates. They could further be subdi-
vided to peptide targeting central hydrophobic core (KLVFFA) or c-terminus. Peptidomimetics
based on central hydrophobic core containing natural amino acid included A (15-22), AB (16-
23),AB (17-24),iAB11 (RDLPFFPVRID), iAB5 (LPFFD), iAB5p (Ac-LPFFD-amide), etc. and those
containing modified amino acid included PPI-368 [cholyl-(LVFFA) -OH], PPI-433 [cholyl-(lvffa) -
OH], PPI457 [cholyl-(Ivffa)-NH2], NH2-K(Me-L) V (Me-F) F(Me-A) ECONH2, pgklvya, kklvffarrrra,
kklvffa etc. Peptide inhibitor that target C terminal and contained natural amino acid included Gly-
Val-Val-lle-Ala-NH2, Arg-Val-Val-lle-Ala-NH2, AB (31-42), AB(39-42), AB(20-29), tachykinins, etc.
and those with modified amino acid included Pr-IIGLa (propionyl-Ile-Ile-Gly-Leu amide), RIIGLa,
AB(25-35) with Gly33 N-methylated and Leu34 N-methylated, N-methylated hexapeptides (28-31)
etc. [124].

3.6. Metal Chelators

Interaction of metals with AP leads to the generation of ROS as well as abnormal metal ion homeo-
stasis which is linked to the pathogenesis of AD. Metal chelators are agents that break the Af3-
metal complex and restore metal ion homeostasis and hence reduce neuro toxicity. Chelators usu-
ally have low molecular weight, small molecular size and neutral or low charge to penetrate blood
brain barrier. Chelators do not exhibit strong specific activity towards metal ions as it can deplete
its level and lead to abnormal metal ion concentration [125].

In AD the level of metal ions in the brain mainly copper, iron, zinc increases almost 3 times the
normal. As a result, these were the main metals targeted for chelation. Deferoxamine (DFO) and
Deferiprone are main metal chelators for iron. They treat memory impairment due to iron and
also prevent ROS production as well as metal induced toxicity. There are various analogues which
target copper ions. They include pyrrolidine dithiocarbonate (PDTC), pyridine derivatives, reduced
Schiff base derivatives, Bis(hydrazide), bis(thiosemicarbazones) (BTSC), peptides and multifunc-
tional ligands [126].



Clioquinol from class 8-hydroxyquinoline has shown better results in treating neurodegenerative
disease. It is a bi-dentate ligand which has 2:1 activity against copper and zinc ions. It is known to
transfer metal ions from extracellular environment to intra cellular environment of the cell to
maintain metal ion balance and also dissolves Ab-Cu2+/Zn2+aggregates [125, 126].

Another approach included designing of hybrid multifunctional modulators (HMMs). HMMs in-
hibit aggregation of Ap associated with metal ions and prevent mitochondrial damage. Among
them, TGR86 gave best results for inhibiting Ap by sequestering it from copper ions followed by
TGR88, TGR87 and Clq. They mainly bind to 2°FAEDVGSNKG?® of AB-42 isoforms. TGR86forms ad-
ditional hydrogen bonds with Asn27, Lys28 and Ser26 region of A due to which it showed maxi-
mum activity. TGR86 also increases cell viability [122]. As ROS is one of the major factor associ-
ated with AD which can cause neurotoxicity, metal chelators are the best line of therapy which can
be used to prevent it in the future.

3.7. Probiotics, Prebiotics and Exercise

Alteration in gut microbiota can lead to AD as gut microbes are associated with the modulation of
neurotransmitter and immune response by its interaction with the brain through brain-gut meta-
bolic axis. Various studies are conducted on animals as well as humans to identify the effects of
prebiotics and probiotics on AD. Probiotics facilitate the growth of gut microbes with the help of
prebiotics which provide a suitable environment and nutrients for its growth. Lactobacillus and
Bifidobacterium are the two main classes of gut microbes which are widely studied. Probiotics like
VSL#3 containing 8-gram positive bacteria showed an increase in Actinobacteria and
Bacteroidetes in animal models whereas supplementation with Bifidobacterium breve strain Al re-
duces memory impairment, neuronal inflammation and immune responses in animal models
[127]. Another study for animal model involved treatment with FRAMELIN which consist of probi-
otics like Lactobacillus acidophilus lysates, Bifidobacterium longum, omega 3 fatty acids, vitamins
(A, D, B1, B3, B6, B9, B12) and exercise which included running on treadmill for a particular pe-
riod of time. The results were evaluated with the help of Morris Water Maze Test, open field test,
microbiome investigation and spontaneous alteration tests. It was concluded that regular physical
exercise and probiotic supplementation prevent further progression of AD and alleviates its
symptoms [128].

Study on human included intake of probiotics which belonged to genera Lactobacillus (L. casei, L.
acidophilus, L. plantarum, L. salivarius, L. paracasei) and Bifidobacterium (Bifidobacterium lactis
and Bifidobacterium bifidum) along with Lactococcus lacti. Vitamin D was given additionally.
Results were produced which showed activation of immune system. The probiotic supplements
should be mild and not very intensive as it can lead to disruption of gut microbiota activating the
immune system and leading to neuroinflammation [129]. Further studies are still required in this
field as they can provide guaranteed results in inhibiting the pathogenesis of AD. Fig. 2 gives a
combined overview of current and future strategies of early detection and treatment of the
disease.
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Fig. (2)

Current strategies in treatment and newer strategies in early detection and treatment of Alzheimer’s disease. (A

higher resolution / colour version of this figure is available in the electronic copy of the article).

3.8. Voice as a Biomarker Using Artificial Intelligence

In addition to dementia Alzheimer's is also known to cause loss of language skills which leads to
difficulty in speaking and impair communication with the environment. The clinical manifestations
mainly include anomia and aphasia.

At different stages of AD, patients experience different communication problems:

1. Early stage (ES) - The patient is unable to detect the right word in the speech or in the sentence
frame.

2. Intermediate stage (IS) - They impoverish their vocabulary and language of daily use.

3. Advanced stage (AS) - They speak very less and their response is very limited.

Therefore, speech or voice analysis along with analysis of emotional temperature of patients suf-
fering from AD is very important and can be used as a diagnostic tool for detecting Alzheimer's in
its preliminary stage [130].

Various approaches have been made to demonstrate the potential of speech in detecting
Alzheimer's or dementia.

Jarrold et al. (2014) differentiated between different types of dementia. Speech data of 9 controls,
9 patients suffering from AD and 30 patients suffering from fronto-temporal lobar degeneration
(13 with semantic dementia, 9 with fronto-temporal dementia and 8 with progressive non-fluent
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aphasia) from NIH funded studies performed at UCSF Memory and Aging Centre were collected.
Speech samples were collected from semi-structured interviews in which the patients were asked
to describe a picture. The recording of patient’s speech was then used as input to a machine learn-
ing algorithm. Using multi-layer perceptron algorithm score of 88% was achieved [131].

Orimaye et al. (2014) also performed a diagnostic method to identify patients suffering from
Alzheimer. Dementia Bank dataset was used to extract the audio data. The dataset consisted of au-
dio recordings of interviews of people suffering from Alzheimer and dementia. The interview was
taken in the English language on the basis of description of cookie theft picture. The study in-
cluded binary diagnosis of Dementia and control groups. The dementia group included 314 pa-
tients (249 diagnosed with probable AD, 21 suffering from possible AD, 5 with VD (Vascular de-
mentia), 3 with problems related to memory, 43 with Mild cognitive impairment and 4 with undis-
covered form of dementia) and 242 healthy people were included in the control group. Nine syn-
tactic features (coordinated sentences, subordinated sentences, reduced sentences, number of
predicates, the average number of predicates, dependency distance, number of dependencies, av-
erage dependencies per sentence and production rules) and eleven lexical features (utterances,
Mean Length of Utterances, function words, unique words, word count, character length, total sen-
tences, repetitions, revisions, lexical bigrams and morphemes) were thoroughly analysed. Four
different machine learning classification algorithms were explored. 74% accuracy was achieved by
using SVM (Support vector machine) classifier with 10% cross validation [132]. Lopez-de-Ipifia et
al. (2015) performed a diagnosis AD on the basis of emotional temperature and spontaneous
speech analysis. Multicultural and multilingual (Chinese, English, French, Catalan, Spanish, Basque,
Portuguese and Arabian) database of video recording was created. The study included 20 healthy
and 20 patients suffering from AD. Then the data was segmented in 600 segments which were an-
alysed thoroughly. It was done to identify the importance of emotions encapsulated in sponta-
neous speech. The test showed positive as well as promising results in differentiating different
stages of AD. It concluded that there is a decrease in fluency in speech of people suffering from
AD [130]. Konig et al. (2015) using four short vocal tasks performed an experiment. The partici-
pants were categorized into 3 different groups i.e. healthy control (HC), people suffering from
Alzheimer (AD) and people suffering from mild cognitive impairment (MCI). The method involved
pre-processing of the recordings, analysis and extraction of four main features - countdown and
picture description, sentence repeating, semantic fluency and classification procedure. The
method showed an accuracy of 80% in differentiating people suffering from MCI and AD, 87% be-
tween AD and HC and 79% between MCI and HC [133]. Fraser et al. (2016) studied the impor-
tance of linguistic features in detecting Alzheimer disease. The data was extracted from the de-
mentia bank data set. The study consisted of two groups i.e. Dementia group and the control
group. The dementia group included participants diagnosed with probable AD or possible AD
which resulted in 240 speech samples from 167 participants. The Control group included 97 par-
ticipants with 233 speech samples. The method extracted and analysed 370 features which in-
cluded part-of-speech, syntactic complexity, grammatical constituents, psycholinguistics, vocabu-
lary richness, information content and repetitiveness, acoustics. Two machine learning classifica-
tion algorithms were applied to analyse the data. Accuracy of 92% was obtained in distinguishing
people suffering from AD and healthy control group using top 25 ranked features [134]. Al-
Hameed et al. (2016) studied the potential of audio-based biomarker in detecting Alzheimer dis-
ease. Dementia bank data set was utilised. Description Boston cookie theft picture was used as a



speech sample from the participants. The speech samples were transcribed using Codes for the
Human Analysis of Transcripts transcription format Mac Whinney. The sample size used by Fraser
et al. was considered. It included 97 healthy participants (HC) and 167 AD diagnosed patients with
a total of 473 recordings. Total 263 features were extracted and were divided into 3 groups. Four
different classifiers which included Trees-Random Forest (RF), Bayesian Networks (BN), Meta-
Bagging (MB) and AdaboostM1 (AB) were used. Weka software was used to run the experiment,
which classified the most important features which can provide the best accuracy into 4 configu-
rations. The highest classification accuracy was achieved by BN classifier (94.71%) in fourth con-
figuration. It was then again followed by BN classifier in configuration three with 93.66% accuracy,
while (MB) and (RF) classifiers showed an accuracy of 92.38% and 90.90% in configuration two
and one [135].

Based on all the approaches, it can be concluded that voice can be used as a biomarker for
Alzheimer. It is cheap, non-invasive method which can identify AD even in its preliminary stages.
More detailed studies need to be done to identify the potential role of voice along with other fac-
tors affecting it in a disease like Alzheimer.

4. Future Directions in Prediction of Alzheimer’s disease with Artificial Intelligence

The field of bioscience has undergone an exponential expansion with recent advances in the field
of genomics, proteomics, transcriptomics, epigenomics, metagenomics and metabolomics etc.
These developments in the field have offered huge amount of unprocessed data, which called for
the unprecented rise of Artificial intelligence (Al) to use and process abundant imaging data with
computer-controlled robot and information technology. Al is able to integrate the accumulated
data and to generate valuable predictions for therapeutic applications. As it's impossible to con-
clude one particular gene for a disease, the recent failure of a BACE1 inhibitor for Alzheimer’s has
drawn attention towards the distinctive role of multiple genes in pertinent biological pathways and
the importance of data reproducibility to address serious issues in this field. Al has capacity to
process a massive amount of whole-genome data to recognize the most relevant pathways, and in-
crease the probability to find the best target for the therapy. These studies have identified non-
coding regions like THAP9-AS1 as the topmost targets for AD. These targets could potentially an-
swer more fundamental questions about memories in the future [136]. The advantage of Al is the
algorithm can be applied to many disparate and unassociated data sets. An early detection has be-
come a prerequisite for the betterment of AD. By the time the clinical symptoms become evident,
the neurons are already dead and the condition is impossible to reverse.

McGill University’s department of psychiatry is using public data from about 800 individuals from
normal control, Alzheimer’s patients or the ones suffering from mild cognitive impairment. Al in-
terface is using their MRI scans, a highly associated genetic marker in AD, and a simple cognition
activity profile to identify patients with decline signs despite the diagnosis. Efforts are being made
to test if the tool can be used advanced for clinical set-up, as data can remain useful even after
many years since it is first collected for prediction of neurodegeneration over time in the individu-
als. With the advent of Al, doctors are hopeful to get certainty to judge the risk for decline in el-
derly or middle-aged subjects [137].



In a recent advancement with the tool, Ding et al. (2018) used deep learning algorithm with fluo-
rine, 18F-FDG PET scan of the brain for early prediction of AD. They attained 82% specificity with
100% sensitivity, at an average of 75.8 months ahead of the final diagnosis. They used data from
1,002 patients from the Alzheimer’s disease Neuroimaging Initiative (ADNI) and 40 patients for
the retrospective independent test set between 2005 and 2017. The deep learning algorithm de-
veloped itself learning from 90% of the dataset and then tested it on the remaining 10% of the
dataset. Through deep learning, the algorithm trained itself to read metabolic patterns that corre-
lated to Alzheimer’s and was able to predict every single case of AD. As the variations in the glu-
cose uptake pattern in the brain are delicate and scattered, it's important to trap the metabolic
changes to represent a broader yet subtle process [138]. Such studies are suggested to be vali-
dated in a larger multi-institutional group. Future should focus on training the deep learning algo-
rithm to search for specific patterns might be analogous to the marker’s accumulation in the brain
specific to AD [139]. But looking into this vast information without Al, is a cumbersome process;
Al can help us rely on machine learning tools, where a computer software is made smart enough
to read and process as fine as glucose metabolism patterns and relate it to complex AD symptoms.

Other approaches included building a Neuroimaging identification system with the help of Git
Bash programming aid software, Inception V3 image sorter and Unix commands. MRI of 2542 pa-
tients diagnosed with Alzheimer and 500 MRI of healthy patients from ADNI (Alzheimer disease
Neuroimaging Initiative) were used. Hippocampal atrophy and volumetric reduction of entorhinal
cortex were mainly analysed by the system to differentiate AD and healthy patients. To perform
this analysis, the photos of the brain scan were uploaded and then segregated into pixels. The
colours of the pixel were examined and bottlenecks, text files were created which were reviewed 3
million times. Then the results were generated in descending order of possibilities differentiating
between AD and healthy with good accuracy [140].

Another approach included Novel Machine Learning (MC) which identify subject with pre-MCI
(Mild cognitive impairment) and MCI and their conversion to AD following 3 years. Support Vector
Machine was used as its algorithm which assigned 16 features to a category to multiply the differ-
ences between the MCI and AD diagnosed patients. First the program was trained to differentiate
between AD-control and it gave excellent results (AUC of 0.996). After that the algorithm was used
to predict MCI conversion to AD which showed slight drop in its performance (AUC of 0.821)
[141].

There are several Al systems that help the AD patients to improve their life quality and also assist
them in life Daily Activities (LDA). AICS (Alzheimer’s Intelligence care system) is a highly personal-
ized system which creates treatment regimen for the patient on the basis of MMSE (Mini-Mental
State Examination) stages as enlisted in Table 4. MMSE is a widely used test to measure and screen
cognitive ability. The treatment regimen is created on the basis of MMSE results and the approval
of doctors and care givers. The system mainly includes reminder system, schema therapy to re-
view specific life events and alarm system for health, drug and daily living. After all this, the system
also receives feedback and, on its basis, modifies the regimen [142].


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7709159/table/T4/

Table 4

MMSE score card for measuring cognitive ability [136]

Score Description Stage
26-30 Normal range Can be normal
20-25 Mild cognitive impairment Elementary
10-19 Clear moderate cognitive impairment Intermediate
0-9 Severe cognitive impairment Advanced

Various mobile-based applications like RxMind me, Mymeds, Alzheimer’s caregiver buddy,
Alzheimer’s daily companion are designed as a virtual caregiver to remind the patient regarding
LDA.

Albright (2019) predicted the progression of Alzheimers using “All-Pairs” technique with data of
1737 patients, comparing possible pairs of temporal data points. When a separate data set (110
patients) was used for machine learning models, a neural network model showed good result
(mAUC = 0.866) at predicting the progression of Alzheimer in normal and mild cognitive impair-
ment diagnosed patients [143]. AD and other causes of cognitive impairment were also differenti-
ated with machine learning and neuropsychological testing. With samples of 158 patients divided
on the basis of Mini Mental State Examination (MMSE) into early and a late stage group (labelled
as non-AD and AD), around 82% patients were clearly differentiated as AD and non-AD in total
group and the accuracy increased to 89% [144]. Farooq et al. (2017) used deep learning-based
framework to analyse MRI scans and classified them into normal cognitive (NC), initial stage of
mild cognitive impairment (MCI), later stage of mild cognitive impairment and Alzheimer’s disease
(AD). Around 98.88% accuracy was obtained by this method in diagnosing AD [145]. Most of the
above studies used artificial neural-networks (also known as deep learning), highly successful due
to its virtual structure resembling the biological neural network. Reproducibility of results and
ease of rewriting them are some of the advantages associated with artificial intelligence. Further
artificial intelligence and artificial neural network can be used to analyse petabyte of data from
each neuron and model other biological factors like glial cells, hormones and even microbiome
which affect the functioning of neuron [146].

Conclusion

Dementia is a syndrome characterized by functional and cognitive decline. Various hypotheses,
however unable to explain the complete picture, have been put forth for the pathogenesis of AD.
The cause in many cases remains untraceable, hence no treatment options can halt or reverse dis-
ease progression, although some may temporarily ameliorate symptoms. Gene therapy and
Quantum dots are the recent additions as therapeutic agents for AD, however they are yet to be
clinically approved. Early diagnosis is of utmost importance since it not only benefits the patient



by providing prompt treatment but also aids in the inclusion of patients in the initial stages of the
disease for the conduct of clinical trials of promising drug candidates. Detection of AD with cere-
brospinal fluid markers, blood test for inflammatory biomarkers, amyloid imaging with concurrent
markers, volumetric MR], are promising diagnostic indicators. As early diagnosis allows an access
to treatment options and cost-effective caregiving, we have emphasized on use of immunotherapy,
theranostics, and artificial intelligence in diagnosis with biomarkers in AD patients. Most of the im-
munotherapeutics is in Phase 3 clinical trials. Approaches such as peptidomimetics, speech as an
indicator, metal ion chelators, etc. are still under investigation and research thus not widely used.
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