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Preface

Alzheimer’s disease (AD) is still a hardly curable disease with several symptoms of 
behavioral and cognitive impairments. Besides the altered protein levels and the 
side effects of oxidative stress, it seems that many crucial risk factors play vital 
roles, even though it is not yet clear what the etiology is and what the result is. The 
reasons why molecular mechanisms cause neurodegeneration in AD are not known. 
Alzheimer’s disease is a progressive disorder that leads to dementia and affects 
approximately 10% of the population older than 65 years of age. Memory loss is the 
first sign of cognitive impairment followed by behavioral disturbances. These symp-
toms are associated with a rigorous neuronal decline and the appearance of two 
brain lesions, senile plaques and neurofibrillary tangles, which are mainly com-
posed of Aβ and hyperphosphorylated tau protein, respectively.

While several attempts at reducing AD severity have been presented until now, 
targeting mainly the symptomatic treatment, it seems that the early diagnosis or 
even the prediction seems to be the most convincing approach. It is also crucial to 
mention that in AD, scientists often apply noninvasive therapeutic procedures or 
medications like cognitive-behavioral therapy and art therapy within enriched sen-
sorimotor environments in order to engage attention, provide pleasure, and improve 
behavior and communication to the patients. Several published studies reveal the 
efficacy of applying environmental enrichment in order to increase the effects of 
enhanced sensory, cognitive, and motor stimulation on different brain areas of the 
patients, which can lead to improved neuronal activation, signaling, and plasticity 
between the brain regions.

This book aims to serve as a reference book for those who are interested in the 
healthy aging, the non-pharmacological methods on AD, and the importance of 
early diagnosis related to risk factors and biomarkers. The editors deeply acknowl-
edge the excellent work of the authors on presenting the challenges against AD 
management, in a very unique, interesting, and innovative manner.

Tsagkaris et al. analyze the role of cognitive impairment as a predictive factor of 
AD, highly associated with the disease progression and the nonpharmaceutical 
management of the disease.

Bano et al. describe the latest studies on causes, symptoms, and preventing meth-
ods of AD, including risk factors and other related comorbidities.
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Shah et  al. analyze the way that dietary interventions can crucially affect the 
reduction of neurodegeneration and the various biochemical and genetic alterations 
and increase the healthy lifespan among the elderly.

Ashfaq et  al. discuss carbon nanostructured material-based biosensors as an 
accurate biomarker for AD detection and identification.

Uddin et al. underlie the role of oxidative stress to AD progression in correlation 
to mitochondria dysfunction and Aβ- and tau-mediated neurotoxicity.

Alexiou et al. present a set of biologically inspired music algorithms to reveal the 
importance of art therapy methods on handling AD patients and increase social 
awareness.

Shah et al. investigate the crucial role of structural and functional neuroimaging 
on the accurate and efficient AD diagnosis and prognosis.

Ebada et al. demonstrate the role of human gut microbiota in the nervous system 
and the way that a variety of disturbances of the intestinal microbiota homeostasis 
may affect the gut-brain axis.

Verma et al. describe the approach of applying stem cell therapy for tissue regen-
eration in neurodegeneration and AD.

Srivastava et al. underlie the association and the effects of food, exercise, and 
nutrition over aging and AD progression in terms of age-associated cognitive 
decline, generation of stress, and neurological fitness.

Zubair presents the most common genetics and neuronal pathways that are asso-
ciated with the AD leading to neuronal death, synaptic failure, and oxidative stress.

Ali et al. describe the most common biotechnological applications including the 
BCI and NGS methods, which are involved in the establishment of personalized 
tool medicine for gene identification and engineering.

Rizvi et al. present the molecular and cellular mechanisms which are correlated 
to the development and progression of AD and can serve as prospective therapeutic 
targets.

Hoque et  al. reveal the importance of immunotherapy on targeting the senile 
plaques with limited side effects and toxicity.

Jeddah, Saudi Arabia Ghulam Md Ashraf
Hebersham, NSW, Australia Athanasios Alexiou  
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1Cognitive Impairment 
and Rehabilitation in Alzheimer’s 
Disease

Theodoros Angelopoulos, Dorothy Martha Scordilis, 
and Christos Tsagkaris

Abstract
A wealth of evidence emphasizes on the link between Alzheimer’s disease (AD) 
and cognitive impairment (CI). CI is generally accepted as a decline in memory, 
learning capacity, concentration, or decision-making, leading to functional 
impairment. The role of mild cognitive impairment (MCI) as a predictive factor 
of AD and the CI linked to the establishment and progression of AD have been 
discussed in the context of epidemiology, genetics, pathophysiology, pathology, 
and clinical practice. AD-associated CI has been also addressed as a source of 
socioeconomic burden urging for the development of therapeutic interventions. 
Cognitive rehabilitation (CR) is a complementary non-pharmaceutical treatment 
for AD consisting of cognitive stimulation and training methods. Based on the 
neuronal plasticity concept, CR aims at increasing AD patients’ functional status 
and retarding their mental decline. Although the method has encouraging results 
in several studies, there is still controversy as far as its efficacy is concerned and 
further research ought to be conducted before incorporating CR in AD’s treat-
ment plan globally. CR drawbacks should be addressed and counteracted in this 
context, while the current CR approach may be ameliorated through errorless 
learning techniques.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-9636-6_1&domain=pdf
mailto:med3618@edu.med.uoc.gr
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1.1  Introduction

Someone in the world develops dementia every 3  s. There were an estimated 
46.8 million people globally suffering from dementia in 2015, and this number is 
believed to double every 20 years. Much of the growth is due to developing coun-
tries. At present, 58% of people with dementia live in low- and middle-income 
countries, but by 2050, this will increase to 68% (Baumgart et al. 2015). Alzheimer’s 
disease (AD) is nowadays the leading cause of dementia, and it consists of progres-
sive cognitive decline. Although researchers and health professionals focus on 
AD-associated memory deficits, in the recent years, it has become clear that AD is 
strongly linked to an overall cognitive decline and may also be predicted by mild 
cognitive impairment. A new therapeutic attitude known as cognitive treatment has 
been developing over the past three decades. With these facts, cognitive rehabilita-
tion (CR) appears promising and is further investigated.

The purpose of this chapter is to discuss aspects of CI and CR in AD context. We 
first provide definitions of the important terms of this chapter, then we proceed with 
an overview of CI from a preclinical and clinical point of view, and finally we move 
to CR elaborating on its background, its efficacy, and practical aspects of its 
implementation.

1.2  Cognitive Impairment in AD

Alzheimer’s disease (AD) is an irreversible, progressive brain disorder. It is the 
most common cause of dementia, a general term for memory loss. It is a type of 
dementia that causes problems with memory, thinking, and behavior. Dementia, a 
syndrome with many causes and types, is defined as an acquired deterioration in 
cognitive abilities that are serious enough to impair the successful performance of 
activities of daily life. While many people have trouble with memory, this does not 
mean they have Alzheimer’s, taking into consideration the many different causes of 
memory loss (Larson et al. 1992; Mufson et al. 2012).

1.3  Cognition

Cognition refers to a brain activity such as awareness, perception, reasoning, and 
thinking. Cognitive impairment is when a person has trouble remembering, learning 
new things, concentrating, or making decisions that affect their everyday life. 
Experts divide the types of cognitive impairment into four categories: mild intel-
lectual disability, moderate intellectual disability, severe intellectual disability, and 
profound intellectual disability, the most debilitating of the categories. Amnesia 
may coexist with CI or not (amnestic and non-amnestic type) (Takao 2012).

Although in the past years there was significant controversy concerning the char-
acterization and the detection of CI’s stages, nowadays it is widely known that mild 
cognitive impairment has been usually observed as a “prodromal” stage of AD 
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development, whereas it is also deteriorated along with the progression of the dis-
ease. CI may alter the treatment options for AD.

1.4  Clinical Significance

Physicians must take a multidisciplinary approach when working with patients, 
family members, or caregivers of cognitive impairment (CI). Alzheimer’s disease 
has shown to follow a characteristic pattern of events; however, in the early stages 
of AD, it may be difficult to diagnose. Physicians must not only be aware of the 
important risk factors and family history associated with the disease but must also 
have knowledge of the various initial signs and symptoms which may offer suspi-
cion of AD. Early recognition of signs and symptoms offers substantial benefits to 
diagnosis, which can therefore lead to early-stage therapy and prevention, giving 
value to prognostic information and rehabilitation.

Another key consideration in the diagnosis of AD is patient education. AD is a 
disorder that is renowned worldwide, and the average population knows the com-
mon pathological features of it. The importance of patient education is another key 
factor in distinguishing early diagnosis. The more family members and spouses 
understand and accept the initial symptoms, the earlier a diagnostic intervention can 
ensue.

1.5  Cognitive Impairment (CI) and Alzheimer’s Disease (AD)

AD is the most common cause of dementia, which is defined as a syndrome of 
global CI (https://www.ncbi.nlm.nih.gov/pubmed/1599598). The link between AD 
and CI is supported by (1) epidemiology, genetics, (2) pathophysiology, (3) neuro-
pathology, and (4) clinical evidence. Some investigators claim that essentially all 
patients with MCI have AD neuropathologically, while others believe that many of 
these patients develop AD but that is not mandatory. At the same time, the amnestic 
subtype of mild cognitive impairment has a high risk of progression to Alzheimer’s 
disease, and it could constitute a prodromal stage of this disorder, while the clinical 
presentation of AD is highly compatible with CI.

1.5.1  Epidemiology

The majority (>95%) of patients who develop AD disease are over 65 years of age 
(also known as late-onset AD), and up to 5% of all people with Alzheimer’s have 
early-onset AD, normally appearing in the late four or early five decades of life. The 
two forms of AD cannot be easily clinically distinguished but they comply with dif-
ferent patterns of genetic epidemiology (de Souza-Talarico et al. 2016). The early- 
onset form displays more severe symptoms and shows higher progression rates than 
the late-onset form. The most important risk factor for Alzheimer’s disease is 

1 Cognitive Impairment and Rehabilitation in Alzheimer’s Disease
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advanced age. Every 5 years after the age of 65, the risk of suffering from the dis-
ease nearly doubles. Prevalence rates in less developed countries are reduced. In the 
USA, where the Hispanic population has a 30% decreased risk than the non- 
Hispanic white people, the chance of dying from Alzheimer’s disease is 26% higher 
among the non-Hispanic white population than among the non-Hispanic black pop-
ulation (Jicha and Carr 2010; Takizawa et al. 2014).

1.5.2  Genetics and Pathophysiology of CI and AD

Cognitive impairment is often correlated with autosomal dominant inheritance. 
Several genes identified in AD pathogenesis are also supposed to play a role in MCI 
or CI. APOE genotype, as well as rare mutations in PS1, PS2, and APP, can cause 
familial forms of AD.

1.5.2.1  Early-Onset Alzheimer’s Disease: Familial Alzheimer’s 
Disease (FAD)

Three causative genes have been linked to autosomal dominant familial AD which 
include the APP itself and PSEN1 and PSEN2 which encode proteins required for 
APP breakdown and Aβ formation. Μutations in these three genes on chromosomes 
21(APP), 14(PSEN1), and 1(PSEN2) are responsible for Aβ aggregation formation 
and early-onset disease. As a result, the dominant component of amyloid plaques in 
the brains of AD patients is amyloid-β (Aβ) (De Strooper et al. 1998). The muta-
tions on APP spread Aβ levels (Aβ40, Aβ42, or both) increasing APP expression or 
activity of β-secretase and α-secretase inhibition.

Somatic variants in autosomal dominant genes like APP are a rare cause of 
AD. Mutations affect particularly the aβ production process, since they are most 
commonly located in or near the proteins coding exons (APP exons 16 and 17). 
Lastly, all three causal AD genes cause a common pathogenic AD pathway, directly 
affecting Aβ (Scheuner et al. 1996).

1.5.2.2  Secretases and Amyloid-Beta (Aβ) Plaques
Brain amyloid-beta (Aβ) plaques are a hallmark damage of patients with a clinical 
diagnosis of aMCI or AD. The distribution of Ab deposits changes in accordance 
with the evolution of the disease and reflects the spread of extracellular amyloid 
aggregates in the diseased brain. The distribution of amyloid deposits in MCI 
appears to be intermediate between the changes seen in the people with cognitive 
function (or NCI) and AD brain (Bagyinszky et al. 2016; Gouras et al. 2015).

Normally, in people not suffering from the AD disease, the dominant form of αβ 
is 40-amino-acid long and is called Aβ40. Aβ42 has two additional amino acid resi-
dues at the C-terminus and is lower than Aβ40. Increased proportion of Aβ42 
appears to be responsible for EOAD. Aβ 42 is more easily oligomerized and forms 
fibrils than the Aβ40 peptide that is found in higher levels. The APP protein can be 
cleaved by three different secretases: α, β, or γ. Amyloid beta (Aβ or Abeta) denotes 
peptides of 36–43 amino acids that are derived from the amyloid precursor protein 
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(APP) after cleavage by beta secretase (first) and gamma secretase (second cleavage 
of the β-secretase product) to produce Aβ. The point of cleavage by γ-secretase 
determines the kind of aβ produced (Aβ40 or Aβ42). Both b- and γ-secretases are 
proteolytic proteins that increase in response to cellular stress such as oxidative 
stress, ischemia, and energy loss. β-Secretase1 requires the presence of glycosami-
noglycans for effective cleavage. It is important to note that the function and the 
normal biological activity of αβ are not yet fully understood. Both the amyloido-
genic and non-amyloidogenic pathways exist in healthy people, with AD presum-
ably being caused through increased amyloidogenic cleavage or decreased Aβ 
turnover. Clots created in the presence of Aβ have an abnormal structure and are 
resistant to clearance (Bagyinszky et al. 2016). The amyloid plaques are extracel-
lular deposits found in the brains of AD patients. The plaques are made of a hodge-
podge οf normally fibrillar aggregates known as amyloid fibers, a protein fold 
shared by other peptides, for example, the prions linked to protein misfolding dis-
eases (Nicolas et al. 2018; Wu et al. 2012).

1.5.2.3  Late-Onset Alzheimer’s Disease
Late-onset AD has been linked to genes that are not inherited in a Mendelian pat-
tern. First-degree relatives of patients with late-onset AD are two times more likely 
to have the expected lifetime risk of this disease of individuals without an 
AD-affected first-degree relative. The fact that AD is more common in monozygotic 
than in dizygotic co-twins gives good reason to assume an important genetic contri-
bution to this disorder (Jicha and Carr 2010; Reitz et al. 2011; Pierce et al. 2017).

1.5.2.4  ApoE
ApoE, one of the principal apolipoproteins in the brain that is expressed in humans 
as one of three common isoforms, transports both lipids and Aβ. The three ApoE 
variants, ApoE-ε2, ApoE-ε3, and ApoE-ε4, are encoded by three different alleles. 
The ApoE-ε2 allele is protective against AD, while ApoE-ε4 allele is the greatest 
risk factor. The APOE gene has been associated with late-onset AD and is located in 
chromosome 19, belonging in a cluster together with the genes encoding translo-
case of outer mitochondrial membrane 40 (TOMM40), apolipoprotein C1, and apo-
lipoprotein C2. APOE ε4 is responsible for as much as 20–30% of AD risk. The 
presence or absence of an APOE ε4 allele determines the risk of AD and the age of 
AD onset by approximately 6 years for each allele (Myers et al. 1996; Kurz et al. 
1996). The appearance of a single APOE ε4 allele triples the risk of the disease, 
while the two copies are associated with a fivefold increase of it. In addition, the 
presence of this allele links up with memory impairment, MCI, and progression to 
dementia.

ApoE plays a significant role in many potential causes of AD, including Aβ 
plaque formation, τ-tangle formation, oxidative stress, lipid homeostasis deregula-
tion, inflammation, synaptic plasticity loss, and cholinergic dysfunction. ApoE-ε4 
allele has a low ability to remove Aβ plaques in contrast with ApoE-ε3 and ApoE-ε2 
alleles. In patients with AD, ApoE is present in senile plaques (polymorphous 

1 Cognitive Impairment and Rehabilitation in Alzheimer’s Disease



6

beta-amyloid protein deposits), vascular amyloid, and neurofibrillary tangles and 
binds to APP (Liu et al. 2013; Corder et al. 1993; Bekris et al. 2010).

1.5.2.5  Further Risk Variants: SORL1
As it is already mentioned, the recycling of the amyloid precursor protein (APP) 
from the cell membrane (plasma membrane) through the endocytic pathways is 
crucial for the formation of amyloid β-peptide (Aβ) in Alzheimer’s disease. SorL1 
is one of the five type I transmembrane receptors often found in the CNS and con-
tains a luminal, extracellular vacuolar protein sorting ten domains and is a specific 
receptor for APP holoprotein. SORL1 results in APP recycling preventing cleavage 
by beta-secretase. Dysfunction or absence of sortilin-related receptor SORL1 
caused by inherited variants increases αβ production as the APP holoprotein can no 
longer be recycled. Aβ plaques accumulating on cortical and subcortical brain struc-
tures linked to cognitive functions lead to a dysfunction interpreted as CI (Nicolas 
et al. 2018; Rogaeva et al. 2007; Behrman et al. 2017).

1.5.3  Neuropathology

1.5.3.1  Mild Cognitive Impairment (MCI)
The pathologic and molecular features of patients with MCI are not entirely under-
standable. The neuropathological changes don’t seem to follow a direct linear path. 
MCI is characterized by a complex background that includes plaque and tangle 
pathology and also significant morphological alterations of cells and molecules 
(Stephan et al. 2012). Τhese changes are highly associated with cognitive deficit 
together with the compensatory responses to the development of the disease. The 
neuronal disconnection syndrome that is associated with MCI is variable indicating 
that there is no one and only unique event which precipitates this early stage of 
AD.  It is possible that neuronal damage observed in MCI is deteriorated in AD 
enhancing a pattern of decline (Takao 2012; Petersen et al. 2014).

1.5.3.2  Characteristics of Brains in MCI
The cortical gyral and sulcal patterns have not shown any discernible difference 
between amnestic MCI (aMCI) and non-amnestic MCI brains. In aMCI and mild 
AD, the cerebrum is characterized by a widening of sulci, such as the ventral ramus 
of the lateral fissure along with a blunting of the anterior tip of the temporal pole in 
comparison with specimens from patients without MCI. As the disease evolves into 
AD, the morphological changes noted in aMCI are enlarged and extended to other 
cortical zones (Mufson et al. 2016; Larson et al. 1992).

1.5.3.3  Neuropathological Evidence of CI in AD Patients
Positive and negative neuropathological features occur on the brains of people with 
CI. Positive characteristics of the disease include neutrophil threads, plentiful amy-
loid plaques, and neurofibrillary tangles and dystrophic neurites involving hyper-
phosphorylated tau (p-tau) combined with additional astrogliosis and massive 
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microglial irritation. Congophilic amyloid angiopathy is frequently an additional 
feature. Positive characteristics also include brain damage present in MCI and AD 
that mainly affects hippocampal formation. In the hippocampus, we can generally 
observe the major presence of Hirano bodies and granulovacuolar degeneration. As 
for the negative neuropathological lesions of MCI, these are characterized by sig-
nificant losses of neurons, neutrophil, and synapses. All these damages have a 
unique distribution, for example, the plaques dominate the cortical mantle, and the 
tangles are mainly found in limbic and associated cortices. The early damages in the 
cortex and in particular in the entorhinal and the perirhinal area, then in the hippo-
campus proper, later in the association cortex, and finally in the primary neocortex 
represent a highly specific model of the neurofibrillary degeneration that occurs 
among brain regions (Jeong 2017).

Αll the above neuropathological characteristics are major diagnostic markers for 
AD. It needs to be added that the advancing degeneration of the basal forebrain, the 
limbic system, and the neocortical areas of the brain cannot be separated from the 
CI in Alzheimer’s patients. More precisely, neuronal degeneration seems to be pro-
portionate to CI. The pathological evolution of AD initiates with alterations to the 
synapses, proceeds with retrograde degeneration of the axons, and eventual results 
in atrophy of the dendritic tree and perikaryon. CI in patients with AD appears 
linked to neocortex and limbic system lesions. These brain areas are crucial compo-
nents of the Papez circuit taking part in the genesis and consolidation of short-term 
memory processes, and hence their damage results in deficits identified in CI. The 
lesion’s evolution inferiorly and posteriorly in the temporal lobes affects brain 
structures decisive for semantic memory. Anterior spread has the effect of involve-
ment of subcortical areas including the cholinergic projections. Neuropsychiatric 
and behavioral characteristics of AD have resulted from the engagement of the ante-
rior cingulate, amygdala, and other limbic structures in the basal forebrain. 
Eventually, AD as well as other neurodegenerative diseases starts focally and 
evolves outward, affecting gradually the entire brain in the end stage of disease and 
causing the typical phenotype in AD from normal cognition to end-stage disease 
(Stephan et al. 2012).

It is essential to highlight that the complete definition of anatomic disease pro-
gression is clearly in evolution. Clinicopathological correlation studies played a 
decisive role to develop a hypothetical model about the pathophysiology of the dis-
ease. The models are based on the existence of a continuum between normal aging 
and AD dementia and on the observation that the amyloid plaque formation is tak-
ing place principally before the onset of cognitive deficits, while neurofibrillary 
tangles, neuron loss, and particularly synaptic loss equally extend the progression of 
cognitive decline (Mufson et al. 2012).

1.5.3.4  Macroscopic Features
The visual examination of the AD brain has no diagnostic value. Nevertheless, most 
patients display certain clinical features as the considerable expansion of the lateral 
ventricles and specifically of their temporal horns. The excessive accumulation of 
CSF is a result of cortical atrophy affecting medial temporal lobes and primary 
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sensory, motor, and visual cortices that characterize dementia. Additionally, the 
presence of several lacunar infarcts in the basal ganglia, cortical microinfarcts, and 
demyelination of the periventricular white matter is frequent due to the cerebrovas-
cular disease that is more prevalent in older people and hence is correlated with 
cognitive impairment. Ιt is also noteworthy that possible existence of a concurrent 
severe cerebral amyloid angiopathy would have a profound effect on brain morphol-
ogy affecting especially the posterior parietal and occipital lobes and causing from 
cortical microbleeds to even substantial lobar hemorrhages. AD, dementia, and cog-
nitive impairment are characterized by the death of dopaminergic neurons in sub-
stantia nigra. Only when Lewy bodies are present in the above cases, the substantia 
nigra has an abnormal coloration. Finally, the locus coeruleus is noticeably affected 
in the early stages of AD (Behrman et al. 2017).

1.6  Microscopic Features

1.6.1  Neurofibrillary Tangles: Ταu Protein

The neurofibrillary tangles (NFTs) are formed in the perikaryal region of pyramidal 
neurons. The NFTs are principally produced by paired helical filaments (PHFs) that 
are fibrils of ≈ 10 nm in diameter that outline pairs with a helical tridimensional 
conformation according to a standard repetitive pattern. A small number of fibrils in 
the NFTs remain unpaired and form straight filaments, a different kind of abnormal 
filament (Dos Santos Picanço et al. 2016). There are cases where filaments in NFTs 
include transition between a paired helical and a straight segment. Leaving struc-
tural units aside, the main component of NFTs is tau protein that has become defec-
tive. This protein normally stabilizes microtubules and is plentiful in neurons and 
less common in astrocytes and oligodendrocytes of CNS. Cognitive impairment, 
dementia, and AD are often characterized by microtubule instability secondary to 
tau protein deficiency. The abnormal tau protein originates from the pathological 
phosphorylation of tau and has the effect of the transformation of normal adult tau 
into PHF (paired helical filament)-tau and NFTs. Generally, the stabilization of the 
microtubules requires the effective interaction οf tau protein isoforms with tubulin 
via phosphorylation (Jeong 2017). Lastly, the primarily responsible hyperphosphor-
ylated tau isoforms are often caused by mutations affecting tau function and expres-
sion or even perhaps by increased protease action or interplay between polyanions 
and tau protein (Takahashi et al. 2017; Bagyinszky et al. 2016; Bloom 2014; Goedert 
2015; Reitz et al. 2011).

Recent studies show that NFT formation is directly proportional to molecular 
and conformational changes in the tau protein before and during NFT development 
and maturation. The pathologic expansion of the NFTs from the MTL to the neocor-
tex is defined by the Braaks. The topographic spread involves six stages according 
to the current location and the severity of the damaged neurons (transentorhinal 
stages I–II, clinically silent cases; limbic stages III–IV, incipient AD; neocortical 
stages V–VI, fully developed AD). Patients with CI as well as individuals without 
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CI demonstrate many potential Braak staging scores from stage 0 that shows total 
nonexistence of NFTs to stages V–VI indicating AD. Τhe use of the Braak staging 
criteria seems not to clearly differentiate the normal and the CI brains. Nevertheless, 
a study suggests that Braak scores are very effective in categorizing amnestic MCI 
from non-amnestic MCI (ref) (Takahashi et al. 2017; Mufson et al. 2016; Behrman 
et al. 2017).

1.7  Protective Factors

1.7.1  Diet

Although diets higher in antioxidants and polyunsaturated fatty acids (PUFAs) have 
been shown in several studies to lead to decreases in the risks of dementia and AD, 
age-related cognitive decline, and MCI (more PUFA, less disease) (Yehuda et al. 
n.d.), other studies discovered no clear relationship between dietary PUFAs and 
cognitive impairment (Chiu et al. 2008). PUFAs are mostly found in vegetables, 
fish, and fruit. In some other studies, individuals with high levels of vitamins E and 
C were less susceptible to develop dementia than those with low levels of these 
vitamins. Antioxidants like vitamin C can prevent cell damage by oxidation, and 
vitamin C may help to revive other antioxidants, such as vitamin E (Engelhart et al. 
2002; Morris et al. 2002). However, larger studies have not been able to determine 
such associations (Laurin et al. 2004).

Currently, clinical trials concerning dietary supplementation with omega-3 
PUFAs have found no complete consequence on cognition in patients with MCI or 
AD. On the other hand, docosahexaenoic acid supplementation has a benign effect 
on cognitive function in patients harboring the APOE ε4 allele and in the beginning 
of the AD.

A Mediterranean-type diet (MeDi) reduced the incidence of AD with the aim of 
reducing the risk of MCI and progressing from MCI to AD (Singh et al. 2014). A 
2013 systematic review reached similar conclusions, and also found a negative 
association with the risk of progressing from mild cognitive impairment to 
Alzheimer’s, but acknowledged that only a limited number of studies had been done 
on the topic. The principal aspects of this diet include proportionally high consump-
tion of legumes; olive oil as the primary source of monounsaturated fat, unrefined 
cereals, fruits, and vegetables; moderate to high intake of fish; moderate consump-
tion of dairy products (mostly as cheese and yogurt); moderate amount of wine 
consumption (mostly red); and conservative poor consumption of red non-fish meat 
goods. A following cohort study in France showed that Mediterranean-type diet 
doesn’t affect the performance on the Isaacs Set Test, the Benton Visual Retention 
Test, or the Free and Cued Selective Reminding Test in contrast with high MMSE 
scores mentioned (Féart et al. 2009).

Several prospective studies exploring the effect of alcohol on dementia risk con-
cluded that light to moderate alcohol consumption was associated with a reduction 
in the risk of AD and dementia (Xu et al. 2017).
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1.8  Physical Activity

Researchers examining the link between objective measures of complete periodic 
physical activity and incidence of Alzheimer’s disease are lacking. Recent experi-
mental reports show that physical exercise possibly promotes brain health (Abbott 
et al. 2004).

Physical activity could affect cognition in many ways. Aerobic exercise (car-
dio) – a physical exercise of low to high intensity which – raises cerebral blood flow, 
oxygen extraction, and glucose utilization and activates growth factors that cause 
structural brain changes, such as an increase in capillary density. Furthermore, stud-
ies show that physical activity reduces the amyloid plaque formation (Fratiglioni 
et al. 2004; Féart et al. 2009).

1.8.1  Daily Intellectual Activity

Taking part in intellectual activities, such as reading, learning a new hobby, and 
playing board games and card games or even using the opposite hand when brush-
ing your teeth, may delay or prevent dementia in older adults, even if these habits 
and practices take place in late life, according to the latest research. New researches 
suggest, for example, elderly people with greater levels of education had a lower 
incidence of dementia than those with no education. Cognitive activity was sug-
gested to decrease the risk of cognitive decline by increasing cognitive reserve. 
However, it is important to point out that the exact effect of cognitive exercise on the 
risk of dementia remains unclear (Ball et al. 2002; Bidzan et al. 2016; Takizawa 
et al. 2014; Acevedo and Loewenstein 2007).

1.9  Economic and Social Burden

Dementia is one of the major causes of disability and dependency among the elderly. 
It is overwhelming not only for the people who have the syndrome but also for their 
caregivers and families. There is often a lack of awareness and understanding of 
dementia, which results in stigmatization and barriers to diagnosis and care. The 
impact of dementia on caregivers, family, and societies can be physical, psychologi-
cal, social, and economic (Dementia 2017).

Before evaluating the cost of AD, cost terminology should be defined. The costs 
of dementia to society come from all goods and services that are given up to antici-
pate, diagnose, heal, or in other respects cope with dementia. Individuals, families, 
and carers are affected both economically and in terms of quality of life. Alzheimer’s 
disease (AD) – the most common cause of dementia – is associated with a valuated 
health-care cost of US$172 billion annually (Alzheimer’s Association 2010). The 
basic Alzheimer’s disease (AD) symptoms including progressive cognitive, behav-
ioral, and functional impairment have a direct influence on the patients, families, 
and the public health system. AD affects both indirect and direct costs. During the 
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early stages of AD and for the community-dwelling patients, indirect costs (such as 
the serious adverse impact on patients and family members’ financial situation) are 
the highest costs. The evolution of the disease leads to an increase of the direct costs 
(equally medical treatment and social services) when the patient is hospitalized or 
services of a caregiver are required. Although the drug therapies increase the direct 
costs they can reduce, other expenses are also involved. A number of studies have 
shown that there are total economic benefits to society while using drug therapies, 
and all related cost are considered, where results rely on specific patient and care 
setting characteristics. Indicatively, direct medical costs per year for mild AD 
ranged from €5476 in France to €27,380 in Spain. A good health system should take 
greater account of dementia, and governments must prepare a plan to tackle AD 
based on treatment options that are proportionate to the burden of the disease 
(Marešová and Zahálková 2016; Takizawa et al. 2014).

1.10  Diagnosis of Cognitive Impairment in AD

To standardize the diagnostic process, several major medical organizations have 
created diagnostic criteria for AD.  In clinical practice, diagnosis of dementia (or 
neurocognitive disorder) is required prior to diagnosis of probable AD. The first one 
is the International Statistical Classification of Diseases and Related Health 
Problems (ICD), listed by the World Health Organization (WHO). The second one 
is the Diagnostic and Statistical Manual of Mental Disorders (DSM), published by 
the American Psychiatric Association (APA) (Sachdev et al. 2014). Both are used 
interchangeably worldwide, and preference of usage depends on the country, mem-
ber states, and the physician’s organization. The latter, for example, serves as the 
principal authority for psychiatric diagnoses in the USA. Another organization that 
has diagnostic criteria is the National Institute on Aging-Alzheimer’s Association 
(NIA-AA) (Albert et al. 2011).

The range of disorders associated with CI is evident, highlighting that modern 
diagnostic procedures pay attention to cognitive deficits. For instance, DSM-5 diag-
nostic criteria for dementia have been renamed and split into “major neurocognitive 
disorder” (previously dementia) and “mild neurocognitive disorder,” which is 
equivalent to mild cognitive impairment (MCI) (Wetterling et  al. 1996). A short 
comparison between normal aging, MCI, and major neurocognitive disorder can be 
found in Table 1.1.

1.10.1  Diagnostics

1.10.1.1  Intro
When an individual has symptoms of dementia, a physician must conduct tests to 
identify the underlying brain disease or other condition that is causing these symp-
toms. Different types of dementia are associated with distinct symptom patterns and 
brain abnormalities (Langa and Levine 2014).
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CI changes of AD follow a characteristic pattern, beginning with memory impair-
ment and progressing to language and visuospatial deficits. However, approximately 
20% of patients with AD present with non-memory complaints such as word find-
ing, organizational, or navigational difficulties. In other AD patients, upstream 
visual processing dysfunction (referred to as posterior cortical atrophy syndrome) 
and a progressive “logopenic” aphasia are the primary manifestations of AD for 
years before progressing to involve memory and other cognitive domains. 
Furthermore, other patients may present with an asymmetric akinetic–rigid–dys-
tonic (“corticobasal”) syndrome or a dysexecutive “frontal variant” of AD. Loscalzo 
MD, Phd, 2015 (Casper et al. 2015; Fratiglioni et al. 2004).

1.10.2  Approach to Diagnosis: Evaluation of the Patient

Physicians may have multiple objectives with alternating degrees of importance 
during their consultations with patients. These goals include, but are not limited to, 
the interpretation of signs and symptoms into diagnoses, assessing the stability or 
change in known conditions, providing information and counseling for future pre-
vention, and the continuation or adjustment of therapeutic interventions. A general 
health check will increase the number of diagnoses for a patient, but it may not 
affect overall morbidity and mortality (Krogsboll et al. 2012).

The interaction between the patient and the physician represents not only a sci-
entific encounter but also a social practice centered on the point of control and meet-
ing each other’s expectations. Patients expect that their health-care needs and 
concerns will be addressed efficiently. Physicians also have expectations: a need to 
feel that they have not missed something important in addressing diagnostic chal-
lenges, a need to put limits on the time available for each interaction, and a need to 
maintain open-mindedness so that their evaluations and recommendations are not 
clouded by any emotional feelings about the patient. The expertly performed ratio-
nal clinical examination enhances the expected social practice and the likelihood of 
acquiring relevant data. It also optimizes the physician’s ability to understand the 
patient’s symptoms and concerns, as well as to facilitate the healing process 
(Verghese et al. 2011).

Table 1.1 Normal aging vs. mild and major neurocognitive disorder

Normal aging Mild neurocognitive disorder Major neurocognitive disorder
Primarily intact 
cognition

Inefficiency in daily activities Needs help with daily 
activities

Subtle processing speed 
is decreased

Decline from lifelong abilities in 
one or more areas of thinking

Substantial decline in one or 
more cognitive abilities

Less efficient attention 
and executive reasoning

aADLs progressively decreased 
and bIADLs decreased

ADLs severely decreased and 
IADLs not feasible

aBasic activities of daily living (ADLs): bathing, dressing, eating, transferring from bed to chair, 
continence, toileting
bInstrumental activities of daily living (IADLs): transportation, shopping, cooking, using the tele-
phone, managing money, taking medications, housecleaning, laundry
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When it comes to patients with dementia, including patients suffering from CI in 
AD context, three major points should be kept in focus: (1) What is the best fit for a 
clinical diagnosis? (2) What component of the dementia syndrome is treatable or 
reversible? (3) Can the physician help alleviate the burden on caregivers? A broad 
overview of the approach to evaluating a patient with dementia including optional 
diagnostic tests (Table 1.2), diagnostic categories (Table 1.3), and associated treat-
able conditions (Table 1.4) can be found under Tables 1.2, 1.3, and 1.4.

The major degenerative dementias can usually be distinguished by the initial 
symptoms; neuropsychological, neuropsychiatric, and neurological findings; and 
neuroimaging features.

Table 1.2 Overview- approach to evaluating a patient with dementia: routine evaluation and 
optional diagnostic tests

Routine evaluation Optional focus tests Occasionally helpful tests
History Psychometric testing EEG
Physical examination Chest X-ray Parathyroid function
CT/MRI Lumbar puncture Adrenal function
Laboratory tests: thyroid 
function (TSH), vitamin 
B12, complete blood 
count, electrolytes

Other tests: liver function, 
renal function, urine toxin 
screen, HIV, apolipoprotein 
E, RPR or VRDL

Other tests: urine heavy metals, 
lab screen for autoantibodies, RBC 
sedimentation rate, angiogram, 
brain biopsy, SPECT, PET

Abbreviations: CT computed tomography, EEG electroencephalogram, MRI magnetic resonance 
imaging, PET positron emission tomography, RBC red blood cell, RPR rapid plasma reagin (test), 
SPECT single-photon emission computed tomography, TSH thyroid-stimulating hormone, VDRL 
Venereal Disease Research Laboratory (test for syphilis)
Source: Casper et al. (2015)

Table 1.3 Overview- approach to evaluating a patient with dementia: diagnostic categories

Reversible causes Irreversible/degenerative dementias Psychiatric disorders
Examples:
Hypothyroidism
Thiamine deficiency
Vitamin B12 deficiency
Normal pressure 
hydrocephalus
Subdural hematoma
Chronic infection
Brain tumor
Drug intoxication
Autoimmune encephalopathy

Examples:
Alzheimer’s disease
Frontotemporal dementia
Huntington’s
Dementia with Lewy bodies
Vascular dementia
Leukoencephalopathies
Parkinson’s disease

Examples:
Depression
Schizophrenia
Conversion reaction

Table 1.4 Overview- 
approach to evaluating a 
patient with dementia: 
associated treatable 
conditions

Depression Agitation
Seizures Caregiver “burnout”
Insomnia Drug side effects
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1.10.3  History

The history begins by asking the patients to describe, in their own words, the reason 
for seeking medical care (Table 1.5). Although patients may have many reasons for 
initiating a visit to the physician, they should be encouraged to select the most 
important or top two most important concerns they have and state them. The physi-
cian should reassure the patient that other concerns will not be ignored but that it’s 
important to understand what is the most concerning to the patient at that moment.

The history should concentrate on the onset, duration, and tempo of progression 
when it comes to dementia and AD. For example, an acute or subacute onset of con-
fusion may be due to a different cause like delirium and should trigger the search for 
intoxication, infection, or metabolic derangement. An elderly person with slowly 
progressive memory loss over several years is likely to suffer from AD. Nearly 75% 
of patients with AD begin with memory symptoms, but other early symptoms include 
difficulty with managing money, shopping, driving, following instructions, navigat-
ing, or finding words. The latter symptoms are really important in the frame of CI.

Table 1.5 Patient’s medical history

Description of the patient: Age, gender, ethnic background, occupation, chief reason for 
seeking medical care, state the purpose of the evaluation (usually in the patient’s words)
Other physicians involved in the patient’s care: Include the clinician that the patient identifies 
as his/her primary provider or the physician who referred the patient. Record contact 
information for all physicians who should receive information about the visit
History of the reason for seeking medical care: In chronologic fashion, determine the evolution 
of the indication for the visit and then each major symptom. It is best to address the patient’s 
reason for seeking care first rather than what the physician ultimately believes is most 
important
Be careful to avoid “premature closure,” in which a diagnosis is assumed before all the 
information is collected
Past medical and surgical history: List other illnesses and previous surgeries not related to the 
current problem. List all prescribed and OTC medications with dosages. Remember to ask 
about vitamin and herbal supplements
Allergies and adverse reactions: List allergic reactions to medications and food. Record the 
specific reaction (e.g., hives). Distinguish allergies from adverse reactions or intolerance to 
medication (e.g., dyspepsia from NSAIDs)
Social, occupational, and military history: Describe patient’s current family and a typical day 
for the patient. The occupational history should focus on current and past employment as it 
might relate to the current problem
Risk factors: Include history of tobacco use, alcoholism, illegal drug use, and risk factors for 
sexually transmitted diseases (e.g., HIV and hepatitis)
Family history: History of any diseases in first-degree relatives and a list of family members 
with any conditions that could be risk factors for the patient (e.g., CVD, known genetic 
disorders, malignancy)
Review of systems (see Table 1.6)

Abbreviations: CVD cardiovascular disease, HIV human immunodeficiency virus, NSAIDs nonste-
roidal anti-inflammatory drugs, OTC over-the-counter
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The history should be taken in a stepwise manner, and the spoken approach 
should also be taken into consideration. We should begin with acquiring the history 
of the present illness or concern at large. Open-ended questions produce a descrip-
tion of the patient’s concerns in the patient’s own words, whereas specific questions 
fill in gaps and help clarify significant points. These questions should be asked in an 
order lead by the story the patient tells and targeted to fit the individual problem. 
Important questions to consider include description of onset and chronology, loca-
tion of symptoms, quality (character) of symptoms, intensity, and precipitating, 
aggravating, and relieving factors. Ask if this problem or similar problems occurred 
before and, if so, whether a diagnosis was established at the time.

After taking the history of the present illness, we should ask about past medical 
and surgical history, a list of current medications including prescriptions, herbal 
drugs, over-the-counter medications, and vitamins. Next, we may attempt to assess 
social and occupational history, along with risk factors. Social history can help us 
understand the patient’s values and support systems. Information that can influence 
risk factors for disease should be gathered including occupational history, substance 
abuse, and sexual history. Marital status and the living situation of the patient are as 
important as risk factors for disease and help determine how to provide the best care 
for the patient.

An intelligent physician is aware that patients may not report all their problems 
because they may have forgotten or simply may not want to discuss them.

The family history is never diagnostic, but it allows risk stratification and it may 
indicate signs of CI which will not be mentioned by the patient (Goldman and 
Schafer 2012). Studies of family history say that if you have a close relative who has 
been diagnosed with AD, your risk increases by 30%. This is a relative risk increase, 
meaning a 30% rise in your existing risk. This means your risk may be higher, but 
not that much higher, if you consider the absolute numbers. The risk of being diag-
nosed with AD is 2% per year if you are over the age of 65. Family history then 
raises this 2% by 30%, to about 2.6% per year. Age raises the chances of AD more 
than family history considering that people above the age of 70 have a 5% chance 
of being diagnosed. Family history would again raise this by 30%, making 5% go to 
6.5%. Nevertheless, a positive family history of AD should always be taken into 
consideration. The review of systems is the structural assessment of each of the 
major organ systems and can help elicit symptoms or signs that are not covered or 
may be overlooked in the history of the present illness (Table 1.6).

1.10.4  Screening

1.10.4.1  Cognitive and Neuropsychiatric Examination
Cognitive and neuropsychiatric examinations, or mental status testing, evaluate 
memory, ability to solve simple problems, and other thinking skills. Such tests give 
an overall sense of whether a person is aware of symptoms; knows the date, time, 
and where he or she is; or can remember a short list of words, follow instructions, 
and do simple calculations.
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Brief screening tools such as the Mini-Mental State Examination (MMSE), 
Mini-Cog test, Montreal Cognitive Assessment (MOCA), and Cognistat can be 
used to capture dementia and follow progression. None of these tests is highly sensi-
tive to early-stage dementia or discriminates between the different dementia syn-
dromes. In most patients with MCI and some with clinically apparent AD, bedside 
screening tests may be normal and therefore may require a more comprehensive set 
of neuropsychological tests to be conducted.

The MMSE is a questionnaire designed to test a range of everyday mental skills. 
It is a 30-point test of cognitive function, with each correct answer being scored as 
1 point, making a maximum MMSE score of 30 points. It includes tests in the areas 
of orientation (e.g., identify season/date/month/year/floor/hospital/city/state or 
region/country); registration (e.g., name and restate three objects); recall (e.g., 
remember the same above mentioned three objects 5 min later); and language (e.g., 
name pencil and watch; repeat “no if’s, and’s, or but’s”; follow a three-step com-
mand; and write a sentence and copy a design). A score of 20–24 suggests mild 
dementia, 13–20 suggests moderate dementia, and less that 12 indicates severe 
dementia. On average, the MMSE score of a person with Alzheimer’s declines 
about 2–4 points per year.

The Mini-Cog test is a 3-min instrument to screen for cognitive impairment in 
older adults. The Mini-Cog is scored in two parts: the first part uses a three-item 
recall test for memory and the second part is a simply scored clock-drawing test 
(CDT) (Fig. 1.1). These are then added together for a total score. The maximum 
score for the item recall test is 3, and the maximum score for the clock-drawing test 
is 2, with the complete total score being a maximum of 5. A total score of 3, 4, or 5 
indicates lower likelihood of dementia but does not rule out some degree of cogni-
tive impairment.

The three-item recall score is simply 1 point for each word recalled without cues, 
scoring 1, 2, or 3. The clock-drawing is scored as 2 points for a normal clock or 0 
(zero) points for an abnormal clock-drawing. A normal clock must include all num-
bers (1–12), each only once, in the correct order and direction (clockwise). There 

Table 1.6 Review of systemsa

Focus all questions on a specific time frame (e.g., within the past “month” or “now”) and on 
items not already addressed during the clinical examination
Change in weight or appetite, change in vision, change in hearing, new or changing skin 
lesions
Chest discomfort or sensation of skipped beats, shortness of breath, dyspnea on exertion
Abdominal discomfort, constipation, melena, hematochezia, diarrhea, difficulty with urination
Depression; joint or muscle discomfort; sensation of unsteadiness when walking, standing, or 
getting up from a chair; problems with sleep; difficulty with sexual function

aClinicians may start with this basic list and adapt the items to their specific patient population by 
considering factors such as age, gender, medications, and the problems identified during the exam-
ination. The process is facilitated by developing a routine personal approach to these questions, 
typically going through the systems from “head to toe”
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must also be two hands present, one pointing to eleven (11) and one pointing to two 
(2). Hand length is not scored in the Mini-Cog algorithm.

1.10.5  Physical Examination

1.10.5.1  Physical and Neurologic Examination
A comprehensive general and neurological examination is fundamental in diagnos-
ing dementia, AD, and any signs of cognitive impairment. The physical and neuro-
logical examination is essential evidence when it comes to documenting the 
progression of cognitive decline. It is also useful for the discovery of other signs of 
nervous system involvement and to search for clues that may suggest an underlying 
cause that may be responsible for the cognitive disorder.

A classic medical workup consists of medical history, diet, nutrition, use of alco-
hol, review of medications, blood pressure check, temperature, pulse, auscultation 
of heart and lungs, and collection of blood or urine samples for laboratory testing. 
Information obtained from the physical examination and laboratory tests can help 
identify health issues that can cause symptoms of dementia, like conditions other 
than Alzheimer’s that could cause confusion, trouble focusing, memory problems, 
and thinking problems which include anemia, infection, diabetes, hepato-renal dis-
ease, cardiovascular disease, lung disease, or vitamin and hormonal abnormalities.

A classic neurological examination consists of testing reflexes, coordination, 
muscle tone and strength, eye movement, speech, and sensation. The neurological 
examination may also include a brain imaging study depending on the outcome of 
the physical examination, symptoms, and patient concerns. The typical neurological 
examination is done in order to closely evaluate the patient for problems that may 
signal brain disorders other than Alzheimer’s. It is important to look for signs of 
small or large strokes, Parkinson’s disease, brain tumors, fluid accumulation in the 
brain, and other illnesses that may impair memory or thinking.

Fig. 1.1 Example of normal and abnormal clock-drawing test (CDT)
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Typical AD spares the motor systems until later on in the course, whereas fron-
totemporal dementia (FTD) patients usually develop axial rigidity, supranuclear 
gaze palsy, or a motor neuron disease reminiscent of amyotrophic lateral sclerosis 
(ALS). In dementia with Lewy bodies (DLB), the initial symptoms may include the 
new onset of a parkinsonian syndrome (resting tremor, cogwheel rigidity, bradyki-
nesia, festinating gait), but DLB most often starts with visual hallucinations or 
dementia. Creutzfeldt–Jakob disease (CJD) is advocated by the presence of an 
akinetic- mute state, diffuse rigidity, and prominent, startle-sensitive myoclonus.

1.10.6  Laboratory, Microscopic, and Imaging Findings

There are no definitive laboratory tests available that will positively diagnose AD 
during life. Currently, the only definite diagnosis of AD is to microscopically exam-
ine a section of the person’s brain tissue after death. Histopathologists will look for 
senile plaques and neurofibrillary tangles which are characteristic of AD.  Since 
plaque and tangle formation are also seen in the normal aging process, the sample 
must be compared to a control sample of normal, non-AD brain tissue from a person 
of the same age.

A physician may use a range of traditional laboratory tests to rule out other con-
ditions and deficiencies that could be affecting the patient’s memory. They may also 
look for overmedication and may use imaging tools such as computed tomography 
(CT) and magnetic resonance imaging (MRI) scans in order to look for evidence of 
tumors, trauma, or stroke that could cause dementia symptoms. Imaging can also 
help look for brain atrophy or shrinkage that may be seen later in the AD progres-
sion. The American Academy of Neurology recommends the routine measurement 
of a complete blood count, electrolytes, renal and thyroid function, a vitamin B12 
level, and neuroimaging studies (CT or MRI).

1.11  Differential Diagnosis

Common causes of dementia include Alzheimer’s disease, which is the number one 
cause. Vascular dementia, alcoholism, and drug/medication intoxication are other 
common causes. Less common causes of dementia include vitamin deficiencies, 
endocrine and other organ failure, other psychiatric disorders, degenerative disor-
ders, chronic infections, head trauma and diffuse brain damage, intracranial hypo-
tension, neoplasm, toxic disorders, and others.

Differential diagnosis should always be in mind when the physician is taking a 
history. Personality change, disinhibition, and weight gain or compulsive eating 
suggest frontotemporal dementia (FTD), for example, and not AD. Early visual hal-
lucinations, parkinsonism, and rapid eye movement (REM) behavior disorder 
(RBD; the loss of skeletal muscle paralysis while dreaming) may suggest diagnosis 
of dementia with Lewy bodies (DLB). Rapid progression with motor rigidity and 
myoclonus suggests Creutzfeldt–Jakob disease (CJD). Seizures may indicate 
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strokes or neoplasm but also occur in AD, particularly early-age-of-onset AD 
(Casper et al. 2015). Furthermore, a history of stroke with irregular progression sug-
gests vascular dementia. Vascular dementia is also commonly seen in the setting of 
hypertension, atrial fibrillation, peripheral vascular disease, and diabetes. Therefore, 
in patients with cerebrovascular disease, it can be difficult to determine whether the 
dementia is due to AD, vascular disease, or a mixture of the two because many of 
the risk factors for vascular dementia, including diabetes, high cholesterol, and lack 
of exercise which are also presumptive risk factors for AD.

1.12  Treatment Options for AD Patients with CI

The treatment options for MCI and CI are either pharmacological or psychological. 
Currently, the FDA has not approved any medication for MCI treatment since AD 
medication has not been proved effective as far as preventing or delaying the dete-
rioration of MCI is concerned. Several psychological or occupational interventions 
have shown encouraging results; however, most of them should be personalized, 
while their efficacy depends on the experience of the therapist, the compliance of 
the patient, and the support of the carers.

CI in AD patients is treated with pharmacological agents on the grounds of CI’s 
pathophysiology knowledge. More specifically cholinesterase inhibitors (ChEIs) 
and N-methyl-D-aspartate (NMDA) antagonists are considered as the first-line ther-
apy for global cognitive impairment. Several studies indicate the benefits of psycho-
logical approaches in combination with pharmaceutical treatment. In this frame 
several approaches have been developed. To name just a few, we may shortlist cog-
nitive behavioral therapy, stimulation training, cognitive training, cognitive stimula-
tion, and cognitive rehabilitation. The latter consists of both stimulation and training 
techniques and focuses on cognitive aspects of the patient’s disorder.

1.13  Cognitive Rehabilitation in AD

1.13.1  Introduction

Cognitive rehabilitation (CR) has been defined as a comprehensive program aiming 
to cognitive enhancement. It includes several training approaches, and it has been 
developed as a method of rehabilitation for people with cognitive impairment of 
various etiologies. CR is an individualized treatment in accordance with the prin-
ciples of biopsychosocial approach. CR has been studied as a part of the treatment 
of several conditions including traumatic brain injury (TBI), cerebral vascular acci-
dent, cerebral palsy, Down syndrome, Alzheimer’s disease (AD), attention deficit 
hyperactivity disorder (ADHD), and developmental disorders such as autism, 
schizophrenia, and Parkinson’s disease (Choi and Twamley 2013).

Due to the low efficacy of pharmacological approaches up to this day, CR is 
expected to play an important role in AD’s treatment. In CR, all facets of 
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neuropsychological deficits are approached in the context of behavior and social 
functioning. Practitioners pay special attention to cognitive stimulation and train-
ing. Clare and Woods published their work on cognitive enhancement in AD back in 
2004 and grouped the various treatments into three broad categories: cognitive stim-
ulation, cognitive training, and cognitive rehabilitation (Clare and Woods 2004).

1.13.2  Neuropsychological Background

The idea of cognitive treatments for AD is based on the concept of neuronal plastic-
ity. A continuous loss of cerebral capacity including neuromodulation has been 
related to aging. Accumulating evidence recommends that the sensory system is 
capable of altering its structural and hence its functional pattern in accordance with 
various stimuli. To put it in plain words, this means that the mind has the capacity 
for rebuilding itself so as to adjust to changing conditions or novel stressors. This 
feature has been established through plasticity promoting studies in ordinary old 
individuals (Choi and Twamley 2013).

Training appears as a promising method of inducing brain plasticity since it 
involves individuals in stimulating cognitive, sensory, and psychomotor tasks. The 
rationale behind this statement has been established from the level of neurons to the 
level of cortical representations. Training represents a repeated stimulus which 
enhances signaling pathways and eventually gene expression in molecular and cel-
lular levels (Limond and Leeke 2005).

On these grounds, we assume that neurons which undergo these procedures can 
act as an assembly enhancing memory patterns and networks. This applies to exist-
ing memory patterns, which are enhanced and may also be able to form new pat-
terns. A very important aspect of this concept is that minority neuron circuits may 
be enhanced, and in functional level, this signifies that an individual who faces a 
working memory impairment could witness an improvement of his daily life through 
cognitive training (Winocur et al. 2000; Choi and Twamley 2013).

Several neuropsychological experiments or clinical studies support the efficacy 
of training. Most of these studies focus on visual stimuli and suggest that the main 
cerebral areas affected by training experiments are the right fusiform face area, right 
parahippocampal cortex, right temporal parietal junction, and right medial prefron-
tal cortex. The efficacy of training could be assessed through either higher or lower 
activation of neural circuits. Higher activation has been correlated with higher func-
tionality, whereas in different studies, lower activation is considered an encouraging 
finding suggesting that a task can be accomplished easier (Ginarte-Arias n.d.).

More specifically, Heiss et al. conducted a PET study of 70 patients with mild 
AD comparing social support and pharmacological and/or cognitive treatment. 
Their results suggest that a combination of cognitive training and pharmacological 
treatment (phosphatidylserine or pyritinol) was associated with increased brain glu-
cose metabolism in temporal–parietal brain areas during a task based on recognition 
of visual stimuli (Heiss et al. n.d).
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Moreover, a single-blind randomized controlled trial consisting of CR and relax-
ation therapy versus no treatment in mild AD conducted by Clare et  al. in 2010 
found an increase in blood oxygen level-dependent signals in the CR group in areas 
forming part of the network for visual associative encoding and learning, whereas 
individuals in the no-treatment control group showed reduced BOLD activity over 
time (Clare et al. 2010).

Other studies showed a progressive decrease in the neuronal activity associated 
with the accomplishment of a task upon training. Haier et al.’s study included young 
individuals performing repeatedly a complex visuospatial/motor task. The individu-
als underwent brain PET scans before and after practice which revealed a decrease 
in regional subcortical glucose metabolic rate with practice may reflect changes in 
cognitive strategy that are a part of the learning process (Haier et al. 1992).

Such findings formulate the neuropsychological background of CR allowing 
respective studies to be conducted. They support CR’s scientific rather than empiri-
cal character, they provide practitioners with constant updates to improve their prac-
tice, and they also establish a feedback network between practitioners and 
researchers. All in all, this accumulating evidence is an added value to cognitive 
rehabilitation and its role in AD treatment (Limond and Leeke 2005; Petersen et al. 
2014).

1.13.3  Cognitive Rehabilitation in AD Methods

Cognitive rehabilitation (CR) is defined as a comprehensive cognitive enhancement 
program, which puts under the same roof cognitive stimulation (CS), cognitive 
training (CT), and other approaches. In this point, it would be useful to provide a 
short definition of cognitive stimulation and cognitive training given that these 
methods have been developed for patients suffering from AD of different stages. CS 
focuses on the engagement of the patient in discussions about familiar to him every-
day affairs in order to stimulate mental activity. More impaired AD patients and 
mainly inpatients in proper facilities are usually treated with CS. On the other hand, 
CT consists of various tasks designed to exercise specific cognitive functions or to 
work on patients with a relatively fair cognitive status so as to support its impaired 
aspects. Consequently, patients who have enough cognitive resources for a therapist 
or a computer program to guide them are usually treated with CT (Kelly and Maria 
2015).

As a combination of the aforementioned methods, CR functions as a model of 
treating the cognitive decline depending on the assessed behavioral and social dis-
ability rather than focusing on specific cognitive deficits. In this frame CR not only 
alleviates cognitive deficits working closely on them, but it also creates compensa-
tory mnemonic pathways so as to restore the functionality of the patient to the great-
est extent. This compensation ranges from training the patients to dealing with 
finances in such a way that the monthly utility bills are easier to remember to learn-
ing how to use virtual or paper aids to organize and recall important information 
(medication, appointments, etc.). Verbal instructions along with physical 
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demonstration and support items are used to teach the patient how to develop meth-
ods applicable to its own cognitive deficits. The outcomes of CR can be observed 
and assessed during the interaction between the patient and his/her environment 
(Clare et al. 2010).

To this point, the exact methods of CR seem to be opaque. Some clarifying 
examples can be found in clinical studies on CR and in health associations’ guide-
lines papers. Hence, we should briefly review the guidelines of the Alzheimer’s 
Society of Ireland and a CR therapy study conducted by Loewenstein et al. back 
in 2004.

According to the guidelines, CR is a tripartite pattern consisting of guiding prin-
ciples, recall strategies, and specific interventions (Table 1.7).

To our knowledge, CR is performed on an individual basis although many stud-
ies group AD patients with a similar impairment score. The majority of the CR 
approaches belong to three different categories: (a) techniques without external 
memory aids, (b) techniques with nonelectronic external memory aids, and (c) tech-
niques using electronic technologies. Studies have recorded everyday items and 
electronic applications, notepads, alarm clocks, traditional computer games such as 
Tetris, or more sophisticated electronic applications used in cognitive rehabilitation 
settings. The selection of these supportive items varies depending on availability, 
personal experience of the health professionals practicing CR, and familiarity of the 
patient with any given item. Familiarity is also linked to the optimal treatment set-
ting given that space is another important feature of CR interventions (Ginarte- 
Arias n.d; (Choi and Twamley 2013).

A comfortable setting such as the patient’s home plays an important role con-
cerning the efficacy of the intervention. Moreover, CR ought to be perceived as a 
dynamic procedure in which the patient and his family/carers are actively involved, 
assisted, and coordinated by the health professional who acts as therapist. The 
patient should be encouraged to practice the strategies he/she elaborated on dur-
ing the session on his own and apply them to as many of his daily activities as 
possible. At the same time, the family/carers should be debriefed after each ses-
sion and also be instructed with strategies for practice outside the CR sessions 
(Kelly and Maria 2015).

Table 1.7 An overview of CR patterns

Guiding principles Recall strategies Specific interventions
Effortful processing dual Mnemonics Face-name recall
Cognitive support Cueing Number recall
Errorless learning Chunking Story recall

Method of loci List/object recall
Spaced retrieval Procedural memory

Fluency training
Semantic impairments

An overview of principles, strategies, and intervention in the frame of CR (Kelly and Maria 2015)
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Evidence suggests that the outcomes of CR should be assessed in the beginning 
and in the end of each CR session, in the short and in the long term. Moreover, it is 
considered useful for the health professional and for the family/carers of the patient 
to take notes so as to observe better the capacity of the patient to deal with everyday 
tasks. Although scientific studies observe and evaluate systematically the efficacy of 
any tested approach, such an individual monitoring appears as an essential part of 
each treatment plan, and it seems to be helpful as far as the personalization of CR, 
the commitment of the patient, and the therapist–patient communication are con-
cerned (Kelly and Maria 2015; Ginarte-Arias n.d)

1.14  Efficacy of CR in AD patients

The efficacy of CR in AD has been debated for a long time. Back in 1999, an NIH 
resolution pointed out that few studies are available, and even these studies are 
greatly diverse as far as their methods are concerned or present data from a small 
number of patients. Even though evidence has grown since then, the approaches 
remain diverse, and it was difficult to group all studies. We provide the main catego-
rization system of these studies and present the results of three representative ones:

 1. Studies targeting techniques without external memory aids
 2. Studies targeting techniques with nonelectronic external memory aids
 3. Studies focusing on the use of assistive electronic technologies

Germain et al. conducted an observational, prospective study in a sample of 52 
patients. CR sessions were facilitated by experienced therapists once weekly during 
3 months at home and once monthly contact for 9 months. Patients with mild AD 
dependence and caregiver’s burden were evaluated immediately after the interven-
tion and had follow-ups at 6 months and 1 year. The dependence of the patients with 
regard to adapted activity as well as the caregiver’s burden was decreased at 
3 months, 6 months, and 1 year. Moreover, global cognition slightly decreased in a 
1-year interval. The results of this observational study are encouraging for patients 
with mild AD and their caregivers, given the fact that patients’ dependence decreased 
and the global cognitive decline is limited (Germain et al. 2018).

Clare et al. conducted a single-blind randomized controlled trial (RCT) compar-
ing CR supported by practical components with relaxation therapy and no treat-
ment. Sixty-nine individuals from a community – outpatient setting (41 women and 
28 men), mean age 77.78 years (standard deviation 6.32, range = 56–89), and who 
have been diagnosed with AD or mixed AD and vascular dementia and have a Mini- 
Mental State Examination score of 18 or above – were also included. All patients 
were treated pharmacologically (stable dose of acetylcholinesterase-inhibiting 
medication). Eight weekly individual sessions of CR were held, and goal perfor-
mance and satisfaction were assessed. The assessment was based on the Canadian 
Occupational Performance Measure; questionnaires assessing mood, quality of life, 
and carer strain; and a brief neuropsychological test battery. CR was associated with 
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significant improvement in ratings of goal performance and satisfaction. An imag-
ing study (fMRI) supported the behavioral changes in a subset of the CR group. 
Hence, these findings suggest that the item which assisted CR may be effective 
against early-stage AD (Clare et al. 2010).

Loewenstein et al. conducted an RCT of CR against mental stimulation facili-
tated by computer puzzle games. According to their findings, CR ameliorated orien-
tation, learning and recalling faces and names for at least 3 months. The CR group 
also made noticeable improvements on an untrained functional task at a level of 
statistical significance. However, only informant patients in the CR condition noted 
a significant improvement in memory function on the Informant Questionnaire of 
the Cognitive Decline in the Elderly scale. These results suggest that long-term 
outcomes may be achieved provided that CR intervention focuses on everyday life – 
real-world affairs – and the patient is aware of his condition and motivated to ame-
liorate it (Loewenstein et al. 2004).

All in all, although CR interventions have encouraging results, they are still con-
sidered somewhat controversial. Many researchers claim that CR is beneficial only 
for a short time and that the results are mainly reported in patients with mild- or 
early-stage AD. Moreover, a Cochrane review focusing on individuals with early- 
stage AD or vascular dementia assumes that the available evidence is not strong 
enough for the application of such interventions because limited randomized con-
trolled trials (RCTs) are available and considerable methodological limitations have 
been identified. The efficacy of individual CR approach appears even more opaque 
because of a complete absence of relevant RCTs. Further and more comprehensive 
research ought to be conducted in order to properly assess the efficacy of CR. This 
fact has a negative impact on the future incorporation of CR in clinical practice for 
the forthcoming patients with AD (Winocur et al. 2000; Jacquemin 2009; Bahar- 
Fuchs et al. 2013a).

1.15  Benefits and Drawbacks of CR on Patients with AD

CR is considered beneficial for various reasons. First of all, it is a non- interventional, 
non-pharmaceutical treatment, and thus it does not share the side effects of these 
treatments. Moreover, CR is a personalized treatment adjusted to the mental status 
and the specific needs of the patients. In this concept it engages both the patient and 
the carers in the therapeutic procedure, and thus it enhances doctor’s and patient’s 
communication according to the principles of biopsychosocial healthcare. What is 
more a wide spectrum of health professionals can be trained and qualified to per-
form CR, and thus many patients in different settings will have access to CR. More 
specifically, CR may be performed by an occupational therapist, a physical thera-
pist, a speech/language pathologist, a neuropsychologist or other psychologist, or a 
neuropsychiatrist, psychiatrist, or other physician (Bottino et al. 2005; Viola et al. 
2011; Bahar-Fuchs et al. 2013a).

On the other hand, CR is due to several drawbacks with regard to the method in 
general and the application of the method to patients with AD in particular. In the 
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first category, we may list the variable efficacy of the method depending on the 
experience of the therapist, the ambivalent efficacy – which discourages health pro-
fessionals from considering it as a treatment for their patients – and the fact that 
carers should be engaged to achieve optimal compliance and efficacy (Kelly and 
Maria 2015).

In the second category, we may refer to indigenous factors of the disease. Factors 
such as the progressive mental status decline, the patient’s low understanding, or 
even awareness of the illness and the highly prevalent depression among geriatric 
patients have been shown to alter the potential outcomes of CR. As a result of this, 
the purpose of CR in AD is to slow down this cognitive decline offering to the 
patient some months of independent or less dependent function (Hwang et al. 2015). 
Even though this is considered as a huge benefit in terms of quality of life and care- 
associated direct and indirect costs, it does not meet the expectations of the patients’ 
carers, and this results in a lower level of carers’ engagement, weakening the overall 
efficacy of the treatment. A more detailed overview of obstacles has been presented 
by Choi et al. (Choi and Twamley 2013).

1.16  Cost and Overall Implementation Overview

Not all the patients with AD are guaranteed access to CR. Reviewing many US-based 
insurance brands, it is evident that there is a consensus not to cover CR expenses in 
patients suffering from different conditions than traumatic brain injury (TBI) and 
cerebral vascular accident. Medicare documents also reveal a similar attitude of the 
US public sector toward CR in AD. The background of this attitude is an NIH reso-
lution in 1999 which concluded that CR has not been proved effective in conditions 
such as cerebral palsy, Down syndrome, Alzheimer’s disease (AD), attention deficit 
hyperactivity disorder (ADHD), and developmental disorders such as autism, 
schizophrenia and Parkinson’s disease. Hence, it appears that influential health-care 
systems are not willing to fund CR interventions as a counteract to AD’s cognitive 
impairment (Winocur et  al. 2000; Limond and Leeke 2005; Bahar-Fuchs et  al. 
2013b).

The cost of CR interventions varies accordingly to the methods applied. 
Interventions based on computer programs cost more than interventions based on 
simple notepads. Nowadays studies investigate cost–benefit aspects of the low-cost 
CR. Their findings are encouraging; nevertheless, more evidence concerning AD in 
particular and the impact on CR on direct and indirect treatment cost will be pub-
lished in due time.

In the future, in case CR is approved for insurance coverage, it seems that the 
criteria will be strict. Taking into account the procedure for patients with TBI and 
HIV-associated encephalitis, patients with AD should prove their impaired cogni-
tive status on the grounds of:

 1. Neuropsychological testing leading to neuropsychological results which will be 
used in treatment planning and directing rehabilitation strategies.

1 Cognitive Impairment and Rehabilitation in Alzheimer’s Disease



26

 2. Neuropsychiatric and neuropsychological evaluation.
 3. Ability of the patient to actively participate in a cognitive rehabilitation program 

(e.g., is not comatose or in a vegetative state).
 4. An expected significant amelioration of the patient’s cognitive status (Cognitive 

Rehabilitation Therapy | TRICARE n.d).

1.17  Toward an Optimal CR

Errorless learning approach has been suggested as a promising CR intervention by 
several researchers. Errorless training prioritizes avoidance of errors during ses-
sions and consequently targets the participants it is supposed to study and immedi-
ately reproduces any piece of given information. It appears that this feature prevents 
participants from attempting to retrieve target information from long-term memory. 
In this frame, both everyday materials and sophisticated computer software may be 
effective. However, error elimination could be a significant pitfall leading to a grad-
ual impairment of retrieval practice ability and thus confusing the patients further, 
discouraging them and their carers, and eventually weakening CR treatment plan. 
(Petersen et al. 2014; Germain et al. 2018). Errorless learning has been designed to 
make sure that the patient memorizes accurately and correctly in order to achieve an 
appropriate level of functionality as long as possible. This approach appears as the 
most promising one and is expected to reform all existing kinds of CR (Middleton 
and Schwartz 2012).

1.18  Conclusion

All in all, the significance of CI in AD has been more and more acknowledged dur-
ing the past years. This knowledge has been incorporated in contemporary research 
and diagnostics, while the CR treatment model has been developed to counteract 
AD’s cognitive features (Hwang et al. 2015). Several factors from the current under-
standing of pathophysiology to the patients’ compliance interfere with the investi-
gative, diagnostic, and therapeutic procedures (Choi and Twamley 2013). In the 
future, further and more comprehensive research ought to be conducted in order to 
enhance the understanding of CI in AD context and to establish the most efficient 
treatment models.
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Abstract
Alzheimer’s disease (AD) is an irretrievable, mysterious, and devastating neuro-
degenerative disorder that leads to memory loss and impaired cognitive function. 
Specifically, AD patients suffer from poor thinking skills and lack potential to 
perform simple activities. Dementia is multifactorial disorder and considered as 
the main cause of AD. Alzheimer’s disease is characterized by the presence of 
large quantities of two remarkable structures, i.e., amyloid plaques and neurofi-
brillary tangles which are the hallmarks of AD. Both of these structures are mis-
folded proteins and thought to play an important role in the degeneracy of 
neurons, ultimately leading to most of AD symptoms. Another common feature 
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of AD is the wrecking of intracellular connections which results in reduced cell 
function and cell death. Neurofibrillary tangles are twisted fibers which are found 
inside the neurons and are produced by hyperphosphorylation of a microtubule- 
associated protein, i.e., tau. Smoking and obesity are the putative risk factors for 
dementia and cardiovascular disease. Deficiency of vitamins, especially thia-
mine (B1), riboflavin (B2), niacin (B3), pyridoxine (B6), folate (B9), and cobala-
min (B12), is associated with cognitive dysfunction and AD. Type-2 diabetes 
(T2D) and prediabetic insulin resistance have also been suggested as the risk 
factors for cerebrovascular injury and cognitive decline, eventually leading to 
dementia. Cognitive impairment in T2D is caused by deposits of amylin, an amy-
loidogenic hormone synthesized and cosecreted with insulin by pancreatic 
β-cells. The menace of AD can be lowered down by certain anti-inflammatory 
drugs, proper intake of vitamin B, nurturing physical and leisure activities. In 
addition, AD can also be controlled by decreasing the candidate risk factors for 
cardiovascular disease. Anti-amyloid approaches such as vaccination may pro-
vide a promising tool to establish safer therapeutic approaches.

Keywords
Alzheimer’s · Dementia · Amyloid plague · Tau proteins · Neurofibrillary 
tangles

2.1  Introduction

Alzheimer’s disease (AD) is named after Dr. Alois Alzheimer. In (1906), Dr. 
Alzheimer observed changes in the brain tissue of a woman who had died of an 
abnormal mental illness (Alzheimer’s Disease Education & Referral (ADEAR) 
Center 2012). With growing age, AD becomes more of a concern from medical, 
social, and public perspective. It is a disease causing relentless and irreversible loss 
of rational thinking toward any activity. AD patients tend to lose their entire mem-
ory gradually even that they do not recognize their own family members and forget 
all the previously learned skills. There is a clear effect on person’s potential to mem-
orize things, imagine clearly, and take correct decisions. In short period of time, AD 
patients become completely devoid of fundamental self-care, thus, commanding a 
big responsibility on their families and communities (Petra 2001). The symptoms 
appear after the age of 60 in majority of AD patients. AD has been shown to cause 
degeneration of large number of neurons in the brain (Jabir et  al. 2015; 
U.S. Department of Health and Human Services 2011). According to a recent sur-
vey, 5 million Americans or 1 in 9 people over the age of 65 are living with this 
neurological disorder which is the most common cause of dementia (Igor 2014). 
The world’s population is rapidly aging, and the number of people with dementia is 
expected to grow from 35 million as of today to 65 million by the year 2030.

F. Amin et al.



33

2.2  Disorders Associated with Alzheimer: Types and Their 
Possible Causes

2.2.1  Dementia

There are several factors that are responsible for the progress of dementia. 
Neurodegenerative disorders such as AD and dementia lead to a complete loss of 
neurons and brain activity. At present, there are no remedies available to treat such 
disorders, however, other types of dementia can be ceased or still overturned with 
the treatment. Sometimes even infectious disorders and vascular problems (Ashraf 
et al. 2016) that are treatable can lead to dementia. There are certain drugs and vita-
min deficiencies that can be a source of neurological deficits similar to dementia.

2.2.2  Tauopathies

Disorders associated with the pathological accumulation of tau are termed as tauop-
athies. There is a twisting of Tau protein in a way that it is aggregated and eventually 
results in bundle formation referred to as neurofibrillary tangles, inside the neurons. 
Morphologically, these tangles are the consequence of hyperphosphorylation of tau. 
There is another notable development in this disorder, i.e., the presence of unusual 
clumps (plaques) of amyloid in the spaces between brain cells. Both of these unchar-
acteristic structures are somehow responsible for the reduced function and nerve 
cell death. The reason underlying this relationship is still ambiguous. It is not clear 
that either these uncharacteristic structures are responsible for the disorder or pres-
ence of these uncharacteristic structures somehow leads to the other processes that 
are responsible for neuronal death during AD. In some cases of dementia, there is a 
clumping of tau protein within the nerve cells which in turn ceases the proper func-
tioning of these cells and hence ultimately leads to the death.

2.2.3  Corticobasal Degeneration (CBD)

Also known as corticobasal ganglionic degeneration (CBGD), it is a dynamic neu-
rological disorder characterized by loss of nerve cell and atrophy (shrinkage) of 
specific region of the brain including the cerebral cortex and the basal ganglia. This 
usually occurs in the patients with age around 45–70 and according to a current 
estimate, nearly 2000–3000 Americans likely disesteem the frequency of this disor-
der. Initially, only one part of the body becomes affected; however, after a while 
both sides become impaired. A person may have obscurity in making use of hand or 
it may also attain an abnormal position. There can be an occurrence of visual-spatial 
problems that put together tough in analyzing visual information, say in finding the 
distance between objects. There are certain helpful therapies that can reduce the 
severity of certain symptoms but there is no cure for CBD. For instance, Botulinum 
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toxin can help in controlling the muscle contractions. Similarly, speech therapy and 
physical therapy may also be helpful in performing routine activities.

2.2.4  Frontotemporal Disorders (FTD)

This is an umbrellalike term referred to as a group of uncommon disorders specifi-
cally aimed at frontal and temporal lobes of the brain, the region of brain responsi-
ble for personality, behavior, and language. There are certain forms of FTD that are 
referred to as tauopathies. There are some cases where FTD is associated with muta-
tions in the tau gene (MAPT) and tau aggregates. Behavioral variant frontotemporal 
dementia (BvFTD) leads to an individual undergoing changes in behavior and traits. 
People suffering from this disorder have a tendency to become impulsive, start 
stealing, and behave rudely with other people. They may become repetitive in their 
behavior such as chanting, appreciation, or rumbling other person’s dialogue.

2.2.5  Primary Progressive Aphasia (PPA)

This neurological disorder is described as the condition in which language capabili-
ties become slowly and progressively impaired. An individual experiences problem 
in expressing one’s thoughts or speak one’s mind.

2.2.6  Progressive Supranuclear Palsy (PSP)

It is an uncommon brain disorder that destroys the upper brain stem together with 
the substantia nigra, which is responsible for controlling the movement in midbrain. 
This part of the brain is also affected in Parkinson’s disease which somehow under-
lies the fact that some of the symptoms are common in both these disorders.

2.2.7  Argyrophilic Grain Disease

Argyrophilic grain disease is well thought out to be a progressive disorder that may 
or may not be connected with dementia and is characterized by tau deposits called 
argyrophilic grains in brain space involved in memory and emotion. There is a quite 
clear demarcation between its sign and symptoms from the late-onset AD. It is only 
after getting the autopsy done that one can be sure of this neurological condition.

2.2.8  Synucleinopathies

It is a group of neurodegenerative disorders in which there are fibrillary aggregates 
of alpha-synuclein protein in the cytoplasm of selective populations of neurons and 
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glia. There is a mounting evidence that relates the development of abnormal fila-
mentous aggregates to the onset and progression of clinical symptoms and the 
degeneration of affected brain regions during neurodegenerative disorders. The 
early symptoms may differ but as the disease progresses, the symptoms that develop 
are quite similar to the ones observed in the case of other neurodegenerative disor-
ders, i.e., Parkinson’s disease. This forms the basis of linkage of this disorder with 
this Parkinson and hence this area is under intense research to understand the 
molecular mechanisms underlying this connection.

2.2.9  Dementia with Lewy Bodies (DLB)

Lewy body dementia engages aggregates of protein known as Lewy bodies, balloon- 
like structures, making up the inner side of neurons. It is a widespread form of 
progressive dementia. Its symptoms include sleeping difficulties, smell loss, and 
other visual problems such as visual hallucination which is followed by movement 
related problems lasting for as long as 10 years.

2.2.10  Parkinson’s Disease Dementia (PDD)

It is a medical condition interrelated to DLB arising in individuals with Parkinson’s 
disease. In PDD, there is a clear effect on memory of a person along with difficulty 
in social judgment coupled with reasoning problems. Through autopsy experiments, 
it is found that individuals suffering from PDD have amyloid plaques and tau tan-
gles parallel to those common in patients of AD; however, the reason underlying 
these similarities is still not understood.

2.2.11  Vascular Dementia

Vascular dementia refers to subsequent decline of remembrance and other cognitive 
functions. The symptoms of patients suffering from this disorder are quite similar to 
the ones suffering from AD. Interestingly, the cause behind the appearance of the 
similar symptoms is not AD pathology rather than due to persistent reduced blood 
flow in the brain, ultimately causing dementia. There are certain brain imaging stud-
ies that support the fact that this vascular disease somehow is involved in a patient’s 
cognitive impairment (Ashraf et al. 2016). This condition is quite prevalent in older 
age people; however, because of its complicated diagnosis, many studies investigat-
ing its occurrence may be incorrect. In the USA and Western Europe, the ratio of 
VaD to AD is generally thought to be 1:5, and dementia next to stroke is thought to 
occur in one quarter to one third of the cases for stroke.
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2.2.12  Mixed Dementia (MID)

Autopsy studies from older adults, i.e., 80 and above, are evident that they usually 
suffer from “mixed dementia” (MID), which is mustered by AD-related neurode-
generative processes in combination with vascular disease-related activities. In a 
person with mixed dementia, it may perhaps not be clear exactly how many of a 
person’s symptoms are due to AD or another type of dementia. A recent study 
showed that approximately 40% of people who were thought to have AD also have 
some form of cerebrovascular disease which is only confirmed after autopsy (THE 
DEMENTIAS 2013). In this type of dementia, there is an occurrence of many small 
strokes that destroys brain cells. Some of these strokes can occur even without 
noticeable symptoms and are referred to as “silent strokes.” In contrast to similar 
incidence of dementia in man and women, MID is higher in men, especially in 
adults from the age group ranging from 60 to 75 years. Because of the similarities 
in the symptoms of MID and AD, it is quite hard for a clinician to make an accurate 
diagnosis. Depending on the region of the brain that is influenced, there could be 
several outcomes such as impairment of language that may occur or a portion of the 
body may be disproportionally affected.

2.2.13  Normal Pressure Hydrocephalus (NPH)

The term “normal pressure hydrocephalus” was at first introduced by Hakim and 
Adams in 1965 (Hakim and Adams 1965). This type of dementia is characterized by 
an excessive accumulation of cerebrospinal fluid (CSF) in the ventricles of the brain 
which eventually leads to a variety of problems related to thinking and walking 
coupled with loss of bladder control. This is also known as “normal pressure” as in 
spite of surplus fluid, the cerebrospinal fluid pressure as calculated during a spinal 
tap is normal. With enlargement of brain ventricles because of excessive cerebrospi-
nal fluid, there can be disruption of the surrounding brain tissue, thus giving rise to 
the symptoms of NPH. CSF dynamics is affected from two aspects in this, viz., 
production and absorption. The CSF moves out of the ventricular system, thereby 
passing into the subarachnoid space contiguous to the brain and in the region of the 
spinal cord. The CSF, in the subarachnoid space, provides a cushioning effect to the 
brain. Most of the CSF is absorbed into the arachnoid villi, which are permeable and 
allow the CSF to move out from the subarachnoid space into the venous sinuses 
(Verrees and Selman 2004; Hickey 2003). In this disorder, the arachnoid villi fail to 
maintain an adequate elimination of CSF (Byrd & RN, MSN, ANP, ACNP, CNRN 
2006), however, the reasons behind this disorder are still not known.

2.2.14  Memory Changes

What we frequently reflect of as “memory” in everyday habit is in point of fact 
“long-term memory,” but there also exist short-term and sensory memory processes. 
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Different types of memory of each individual depend on their exacting approach of 
action, but there is a kind of coordination in the method of memorization, and hence 
these can be defined as three essential stepladders in lasting memory formation. It 
may exist as sensory, short-term, or long-term memory, rather than the unitary pro-
cess as a sequence of three stages. It is referred to as the modal or multi-store or 
Atkinson-Shiffrin model, post Richard Atkinson and Richard Shiffrin. This model 
was developed in the year of 1968 and remains one of the most influential models 
for memory study. It is often referred to as the method of memory [www.lukemas-
tin.com/humanmemory].

2.3  Features of Alzheimer’s Disease

There is an emergent belief that Alzheimer’s disease like other chronic disorders 
develops because of multiple factors rather than a solitary factor; with the exception 
of certain cases, as a result of genetic mutations (Fig.  2.1). But it is not clearly 
understood exactly what initiates the AD process or why several normal changes, 
which are usually linked with aging, become much more prominent and disparaging 
in individuals and with aging become much more extreme and destructive in people 
and manifest as a disease. The dangerous menacing factor for Alzheimer’s disease 
is aging. Majority of the people diagnosed with this disorder lie in the age group of 
65 or higher. Individuals below this age group rarely suffer from this disease. 
Although, this disease is prevalent in higher age groups but aging alone is not the 
solitary factor behind the development of this disease and is not sufficient to cause 
it. If the person is older than 80 and AD takes grip, the physical and mental 

Fig. 2.1 Potential factors responsible for Alzheimer’s progression
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transformations that transpire from the point of diagnosis to death are faster and 
complete within a short period of as little as 3 or 4 years (ALZHEIMER’S DISEASE 
2008).

The metabolic processes that are essential to keep nerve cells in a healthy state 
are disrupted during Alzheimer’s disease, thereby, ceasing these cells to function 
and hence finally causing death of these cells. When the metabolic pathways are 
disrupted, these cells stop functioning in a proper manner, thus, ultimately causing 
the failure of memory, changes in personality along with disruption of some other 
daily routine activities. There is a profusion of two unusual structures, viz., amyloid 
plaques and neurofibrillary tangles, comprising of misfolded proteins. Certain spe-
cific regions of the brain that play a key role in the memory process are the predomi-
nant ones that get affected because of these unusual structures. The third main trait 
of AD leading to diminishing cell function and cell death is due to the loss of con-
nections between cells (ALZHEIMER’S DISEASE 2008).

2.3.1  Amyloid Plaques

Amyloid plaques are found in the spaces between the brain’s nerve cells. The main 
component of plaque is a toxic protein peptide or fragment known as beta-amyloid. 
With aging, these plaques may be present in some of the older individuals; however, 
the frequency of plaques in the people suffering from AD is significantly higher as 
compared to those found in aging individuals. However, if these plaques themselves 
cause AD or are some by-products of these plaques involved in AD is still unknown 
and is given quite a lot of emphasis in recent times. Some genetic mutations can also 
cause accelerated production of beta-amyloid, thereby causing rare inherited forms 
of AD.

2.3.2  Neurofibrillary Tangles

The second trait of AD, also described by Dr. Alzheimer, is neurofibrillary tangles. 
These refer to anomalous collections of twisted protein threads present within the 
nerve cells, this deformity is attributed to tau protein. For healthy neurons to func-
tion effectively, microtubules play an important role providing support to these 
cells. These microtubules play a key role in the nutrient transport, along with certain 
other essential chemicals such as neurotransmitters. In AD, uncharacteristic phos-
phorylation of tau protein is observed as a large number of phosphate molecules get 
attached to the tau protein. Owing to this hyperphosphorylation, tau gets detached 
from microtubules and comes closer to other tau threads, thereby causing the forma-
tion of paired helical filaments which ultimately results in the formation of tangles 
inside the cell. The microtubules disintegrate, and hence, the entire internal support 
network collapses, and hence, these nerve cells lose their communication potential 
(ALZHEIMER’S DISEASE 2008).
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2.4  Other Causes of Alzheimer’s Disease

2.4.1  Genetic Mutations and Family History Are Also a Cause 
of Alzheimer’s Disease

There are rare cases of Alzheimer (less than unitary percent) buildup owing to muta-
tions in any three of the specific genes that play a key role in AD (Bekris et  al. 
2010). Any change in the normal sequence of the chemical pairs of the bases that 
make up the genes is known as genetic mutation. These mutations engage the genes 
for the amyloid precursor protein (APP) and the genes for the presenilin 1 and pre-
senilin 2 proteins. Individuals carrying mutations in these genes are definite to 
develop AD, particularly individuals with mutation in presenilin 2 genes having as 
high as 95% chances of developing it (Goldman et al. 2011). Thus, people having 
mutations in either of the three genes are predisposed to develop AD usually before 
the age of 65 (Alzheimer’s Association 2015), in rarest cases the disorder occurring 
at an early age, say 30.

2.4.2  Family History

There is an important role of family history in the development of this disease 
though it is not mandatory for an individual to develop it. However, people, who 
have their parents, brothers, or sisters suffering from AD, are more liable to suffer 
from this disorder as compared to the ones who do not have any connection with 
this disease (Green et al. 2002; Loy et al. 2014). The people having more than one 
first-degree relative with Alzheimer have a further high risk of this disorder 
(Lautenschlager et al. 1996). When diseases are inherited in families, either heredi-
tary (genetic) or acquired by shared environment and lifestyle factors or all of these 
may have an important role in the incidence of disease.

2.4.3  Cardiovascular Disease Risk Factors

The heart in its proper functional state ensures that adequate amount of blood is 
pumped through the blood vessels and it is the duty of healthy blood vessels to make 
sure that there is an adequate supply of oxygen and other nutrients to the brain. 
Many factors that amplify the threat of cardiovascular diseases are also somehow 
connected with an increased risk of dementia. These factors include smoking 
(Anstey et al. 2007; Pendlebury and Rothwell 2009; Rusanen et al. 2011), midlife 
obesity (Anstey et al. 2011; Rönnemaa et al. 2011; Loef and Walach 2013), and 
diabetes (Pendlebury and Rothwell 2009; Wu et al. 2008; Reitz et al. 2011; Gudala 
et al. 2013; Vagelatos and Eslick 2013). There are certain evidences supporting the 
fact that impaired glucose processing also somehow leads to an increased dementia 
risk (Launer et al. 2000; Sajeev et al. 2014; Ninomiya et al. 2011). There is also 
growing evidence implicating midlife hypertension (Rönnemaa et  al. 2011; 
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Ninomiya et al. 2011; Debette et al. 2011) and midlife high cholesterol levels as risk 
factors (Solomon et al. 2009; Meng et al. 2014).

Alternatively, the factors which shield the heart may also somehow protect the 
brain, thereby reducing the accountability of Alzheimer and progression of other 
dementias; physical activity is one of such factors (Reitz et al. 2011; Willis et al. 
2012; Harrington et al. 2014).

2.4.4  Vitamin B12 Deficiency or Is It Alzheimer’s?

Owing to the essentiality of vitamins in a variety of biochemical processes, they 
play a key role in maintenance of good health. Thus, there is a possibility that these 
vitamins can play a major role in the possible prevention and treatment of these 
dementias. Hence, there is a growing research underlying the relation between vita-
mins and dementias (Koseoglu 2011).

Several studies have shown that B vitamins deficiency, including thiamine (B1), 
riboflavin (B2), niacin (B3), pyridoxine (B6), folate (B9), and cobalamin (B12), is 
somehow linked with cognitive dysfunction. Recently, vitamins D and K are also 
found to be associated with cognitive functioning. Vitamin D has also been found to 
be essential for development of healthy brain and proper working; sufficient 
amounts of vitamin D protect brain cells, thereby reducing inflammation. Brain also 
requires vitamin K for normal development and proper functioning; many reports 
have suggested a role of this vitamin in Alzheimer’s pathogenesis.

Lack of some of B vitamins, including thiamine (B1), riboflavin (B2), niacin 
(B3), pyridoxine (B6), folate (B9), and cobalamin (B12), is linked with cognitive 
dysfunction in many observational studies (Riedel et al. 1998); especially deficiency 
of thiamine is linked with lactic acid accumulation, decline in oxygen uptake, 
impairment in cholinergic activity, and reduction in transketolase activity, thereby 
leading to memory loss and other cognitive function (Willis et al. 2012; Micheau 
et al. 1985). Cobalamin is mandatory for generation of neurons and its deficiency 
may lead to nervous system degeneration (Herrmann and Obeid 2007). Folate and 
vitamin B12 are mandatory cofactors for the methionine/Hcy cycle in the brain.

2.4.5  Diabetes Mellitus And Alzheimer’s Disease

Diabetes mellitus (DM) is also someway related with cognitive decline (Elias et al. 
1997; Gregg et al. 2000; Knopman et al. 2001; Fontbonne et al. 2001; Arvanitakis 
et al. 2004; Yaffe et al. 2004; Logroscino et al. 2004; Elias et al. 2005) in anatomical 
measures of brain aging which manifest as a whole-brain atrophy and hippocampal 
atrophy (Araki et al. 1994; den Heijer et al. 2003; Schmidt et al. 2004) and with an 
increased risk of stroke and vascular dementia (VaD) (Luchsinger et  al. 2001; 
Hassing et al. 2002; Haan et al. 2003; Schnaider Beeri et al. 2004; Xu et al. 2004). 
The connection sandwiched between diabetes and Alzheimer is less obvious as 
there were certain studies that find a connection (Schnaider Beeri et  al. 2004; 
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Leibson et al. 1997; Brayne et al. 1998; Ott et al. 1999; Peila et al. 2002) while oth-
ers did not (Yoshitake et al. 1995; MacKnight et al. 2002). These variations in stud-
ies can be owed to the differences in age groups, sexes, ethnicity, and also the risk 
factor pattern of varying population profile. These are some criteria that can be used 
to define DM, dementia, VaD, and AD. It was lately found that there were deposits 
of amylin in the brain tissues of patients suffering from type-2 diabetes (T2D) and 
cognitive impairment (Jabir et al. 2014). Amylin is a hormone that is synthesized 
and cosecreted along with insulin by pancreatic β-cells. The individuals with obe-
sity or prediabetic insulin resistance have an excessive secretion of amylin, and this 
excess amylin oligomerizes, thereby causing inflammation in pancreatic islets and 
contributing to T2D development (Kamal et al. 2014).

Individuals with type-2 diabetes are also susceptible to cerebrovascular injury 
and cognitive decline (Ott et al. 1999; Srodulski et al. 2014; Craft 2009; Nelson 
et al. 2009; Luchsinger 2012). Human amylin hormone can be toxic if it accumu-
lates in tissues which may drop back in its function through oligomerization and 
amyloid formation. For example, the majority of patients with T2D have copious 
deposition of amylin amyloid in the pancreas (Bell 1959; Westermark 1972; 
Höppener et al. 2000). Pancreatic islets, if showing elevated β-cell apoptosis encour-
aging for amylin amyloid and decreased β-cell region, suggest a role of amylin 
amyloid in the formation of T2D (Jurgens et al. 2011). Amylin is synthesized and 
cosecreted along with insulin by pancreatic β-cells (Kahn et al. 1990) and plays a 
composite role in regulating the peripheral energy balance. However, some of the 
metabolic effects of insulin are opposite to those of amylin (Leighton and Cooper 
1988; Molina et al. 1990; Zierath et al. 1992; Westermark et al. 2011).

2.4.5.1  Other Alzheimer’s Symptoms
In Alzheimer’s disease, some degenerative changes occur that influence areas of the 
brain playing a key role in controlling thought process and memory along with lan-
guage, thus leading to signs and symptoms in the behavior of individuals. In AD, 
very often, physical activities such as control of bowel and bladder are also influ-
enced. However, the problem with AD is that there is far high variability in the 
symptoms on the individualistic level and also the speed of development varies 
among individuals to a great extent. The symptoms have different durations for dif-
ferent individuals and also the changes in behavior vary to some extent. Typically 
there is a slow development of the symptoms of Alzheimer’s disease; the period 
between the onset of the disease and death spanning 5–20 years (Alzheimer Society 
of Canada 2012).

Alzheimer’s disease is the most universal cause of dementia among old age indi-
viduals. Dementia is the loss of cognitive functions, viz., thinking, recalling, reason-
ing, and behavioral abilities, to such a degree that it hinders a person’s normal 
everyday life and routine activities. It can range from moderate stage, where only 
functioning of an individual is affected, to a most severe stage, when the individual 
becomes completely dependent on others for the normal routine activities.
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2.4.5.2  Stages of Alzheimer’s
There are four phases that illustrate this devastating disease. It is not mandatory that 
all the individuals suffering from AD have a definite pattern of these stages and 
symptoms, but certainly, there will be a progressive decline of the patient’s cogni-
tive function. AD generally lasts from 3 to 20  years, cognitive function steadily 
decreasing during this span of time. In many cases of Alzheimer, other complica-
tions such as pneumonia, heart failure, or infections are the reasons behind death.

During early stages of Alzheimer’s, patients do not have memory impairment nor 
do they have any clear signs of other cognitive decline. But the patients during the 
middle stages sense as if they have memory lapses, viz., they are unable to recall 
common words or names or the place of bike or car keys, sunglasses, or other every-
day objects. The problem that lies is that all these lapses in normal activities are not 
prevalent during medical examination rather only apparent to friends and family.

2.4.5.3  Common Inabilities Include
 1. Word or name-finding difficulty in family and close friends.
 2. Reduced ability to recall names of unfamiliar people.
 3. Decreased knowledge of recent events.
 4. Reduced potential of managing complicated tasks such as marketing activities, 

finances, etc.
 5. Short memory of personal history.
 6. The affected person may seem acquiescent and quiet, particularly in socially or 

mentally demanding scenarios.
 7. Unsure about the dates and weekdays coupled with confusion to recall at what 

place they are.
 8. Usually require support with eating or using the toilet.

2.5  Alzheimer’s Disease Results in Severe Cognitive Decline 
During Its Advanced Stage

Memory problems keep on worsening in combination with striking changes in per-
sonality which force affected people for widespread aid in normal day-to-day activi-
ties. At this stage, individuals may:

 1. Face difficulty in recalling even the most recent activities as well as the 
environment.

 2. Reminisce their personal history faultily, although they usually remember their 
own name.

 3. Seldom forget spouse names but normally can differentiate familiar and unfamil-
iar faces.

 4. Unable to get dressed properly on their own; say putting shoes on wrong feet 
without supervision.

 5. Have increasing episodes of urinary or fecal incontinence.
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 6. Faces striking changes in personality coupled with changes in behavioral aspects, 
viz., suspiciousness and delusions, hallucinations (seeing or hearing things that 
are not really there); or neurotic, repetitive behaviors such as hand-wringing or 
tissue shredding.

 7. Loss of walking ability without support, sitting ability unless assisted, and smil-
ing ability coupled with the ability to hold head in an upright position. Reflexes 
become feeble and muscle becomes rigid. Swallowing ability is also affected and 
impairment is observed (Alzheimer’s Association 2004, 2007).

2.6  Prevention and Treatment of Alzheimer’s Disease

Case-control and longitudinal studies suggest certain approaches that can be under-
taken to reduce risk factors that are associated with AD and other dementias (Islam 
et al. 2017a). There is some evidence that vitamin E supplements are beneficial (and 
possibly also vitamin C). It is thought that AD can be prevented by a well-balanced 
diet including sufficient folate and vitamin B12, physical and mental alertness, 
evading injuries to head, alcohol intake in moderate amounts, bypassing surplus 
exposure to aluminum, avoid smoking, and keeping elevated blood pressure, diabe-
tes, and other vascular risk factors under control (Fig. 2.2).

Currently, data is not sufficient to sustain the usage of agents that lower the cho-
lesterol level, anti-inflammatory agents, proteins (Islam et al. 2017b), estrogen, caf-
feine, or ginkgo biloba to prevent AD and dementia, but from future perspective, 
some of these agents are under clinical trials, and hence these recommendations can 
be altered with time. Anti-amyloid vaccination and gene therapy are some of the 

Fig. 2.2 Available prevention options for the management of Alzheimer’s disease
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approaches that appear to be very promising from future perspective. Addressing 
groups that lie in high-risk zones, i.e., individuals with mild cognitive impairment, 
may amplify the advantage of preventative approaches. This neurodegenerative dis-
eases affects many people, and currently no cure therapy is available. It could be of 
great help to the society if AD and related conditions could be prevented or/and 
treated. Enzymatic approach has also been used in the prevention of AD (Islam and 
Tabrez 2017), specific inhibitors of cholinesterase are potential tool for AD manage-
ment (Jabir et  al. 2018). Primary prevention refers to preventing a disease from 
occurring so people currently without AD remain healthy. This can be achieved by 
delaying the onset of AD.  In secondary prevention, the disorder is hindered by 
means of early detection, diagnosis, and treatment by using polyphenols and nano-
technological therapeutic approaches (Ashraf et al. 2015; Greig et al. 2013).

Tertiary prevention mitigates the aftereffects of disease by containing disability 
and dependency and maintaining an acceptable quality of life. Such studies are cur-
rently going on and some risk factors are strongly associated with AD and are 
amendable, so more proven preventative approaches are probably not far away.

2.6.1  Cholesterol Lowering

Cholesterol is required for proper functioning of brain, however, when excess cho-
lesterol was fed to brain of rabbits pathological changes similar to AD were 
observed. The exact mechanism by which cholesterol-lowering drugs prevents AD 
is not known but some studies suggest that these drugs affect the processing of amy-
loid precursor protein (Prof. Colin 2002).

2.6.2  Anti-inflammatory Agents

In several studies, individuals who were given anti-inflammatory agents for the 
treatment of rheumatoid arthritis have shown to have a reduced risk of AD. Recently, 
a large study was undertaken which involved 8000 patients. It showed that the intake 
of non-steroidal anti-inflammatory agents for a span of more than 2 years dimin-
ished the chances of AD by 80% but had no effect on vascular dementia (Int’ Veld 
et al. 2001). Inflammatory changes around amyloid plaques (McGeer and McGeer 
1995) are observed which can be seen as the potent site of action for anti- 
inflammatory drugs. Owing to vast side effects of these anti-inflammatory drugs, 
prevention trials are a prerequisite.

2.6.3  Hormone Replacement Therapy (HRT)

Estrogen is quite ineffective in established AD treatment (Mulnard et  al. 2000; 
Henderson et  al. 2000). There are viable methods through which estrogen may 
wield a shielding effect; as the brain cells have estrogen receptors and estrogen 
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enhances brain synapses in animal models, thereby increasing the blood flow to the 
brain. It has also been reported that if estrogen is used for a long time, there is a 
general trend of more cardiovascular events in women (Cholerton et  al. 2002); 
therefore, any preventive role for dementia must be in balance with all the other 
potential risks.

2.6.4  Vitamins/Antioxidants

It has been observed that there is a link between cancer and AD via nitric oxide 
induced oxidative stress (Aliev et al. 2013). For a preventive measure of AD, it has 
been shown that a greater antioxidant intake, including vitamin E, is somehow con-
nected with a reduced risk of AD. The Chicago Health and Aging Project during 
over a 4-year follow-up showed that people taking higher amount of vitamin E from 
food had lower risk of developing AD up to 70% (Morris et al. 2002). A Portuguese 
study, based on 54 cases and 54 controls, has suggested that regular intake of coffee 
like two to three cups a day has a protective effect against AD (Maia and de 
Mendonca 2002).

According to some studies, there is a high possibility that individuals with head 
injuries (loss of consciousness) are more liable to AD. For instance, head injury was 
found to increase the risk of AD tenfold with loss of perception during the Multi- 
Institutional Research in Alzheimer’s Genetic Epidemiology (MIRAGE) study of 
2233 AD patients and 14 668 family controls (Guo et al. 2000).

This is one of the present highlighted areas of dementia research and many stud-
ies have revealed that elevated homocysteine levels, low folate, or low B12 are risk 
factors for dementia. Vitamin B coupled with folate food can diminish the levels of 
homocysteine; however, there is no proof of the exact advantage obtained from 
these approaches, and a similar scenario applies for vitamin B6 or thiamine supple-
ments. Currently, the intake of (nontoxic) oral B12 supplemented with foliate 
appears to be defensive but it may be ineffective; though a good diet may serve the 
purpose in a better way. It is still unknown if the homocysteine level is a risk factor 
on its own, though deficiencies of B12 and folate lead to higher levels of homocys-
teine which is an independent risk factor for vascular diseases (Bots et al. 1997). 
Aluminum is neurotoxic (Rifat et al. 1990), but there is no concrete evidence regard-
ing it causing AD. Drinking water is the major source of our exposure as it varies in 
respect of the aluminum concentrations. There are certain overseas studies which 
show enough evidence for the connection between AD and concentration of alumi-
num in drinking water. Most cardiovascular risk factors, including hypertension and 
diabetes, amplify the risk of vascular dementia cognitive impairment and AD in 
general (Skoog 1994; Skoog et  al. 1996). Also, vascular disease intensifies the 
severity of dementia; particularly systolic hypertension at the age of 40 seems to be 
a potential risk factor if compared with later part of life (Storey and Masters 1995).

At this stage, it seems reasonable to treat cardiovascular risk factors to not only 
avoid dementia but also other ailments such as heart attacks and strokes. When 
homocysteine levels are reduced, it somehow helps in reducing the cardiovascular 
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risk. Several studies have found an involvement between a history of depression and 
an amplified risk of developing AD (Kokmen et  al. 1991; Speck et  al. 1995; 
Devanand et  al. 1996; Steffens et  al. 1997). In a pooled analysis of case-control 
studies of AD, Jorm and colleagues found depression was a risk factor for AD (Jorm 
et al. 1991).

2.6.5  Targeting Prevention

The aforementioned approaches can be undertaken for population in general or in 
high-risk groups especially for those having high blood pressure or earlier suffering 
from strokes. Another category of prevention, called indicated prevention, is suitable 
for individuals having early or minimal symptoms of cognitive decline (Jorm 2002). 
In this respect, mild cognitive impairment (MCI) is characterized by mild cognitive 
loss and is a major risk factor for AD, with about 15% converting to AD each year 
(Ritchie and Touchon 2000). If the above approaches are undertaken in high-risk 
groups, these could certainly be more effective. In addition, medications that are 
undertaken to treat established AD may inhibit or diminish development from MCI 
(mild cognitive impairment) to AD and in this way itself will act as preventive.

2.7  Conclusion

With the existing knowledge of preventive measures, if not all but certain cases of 
AD can definitely be prevented. There is little harm and significant impending ben-
efits in taking vitamin E supplements and possibly also vitamin C along with bal-
anced diet containing adequate folate and B12. AD can also be prevented to some 
extent by physical and mental alteration, avoiding head injury, continuing moderate 
alcohol intake, keeping off excess aluminum exposure, stopping smoking, and 
keeping blood pressure and other vascular risk factors controlled. However, much 
more data are required from longer and larger prospective trials that involve use of 
new agents and approaches to efficiently treat AD and the other dementias in 
upcoming years.

Summary Key Points

 1. Currently, there is no interference that is complete on its own to prevent 
Alzheimer’s disease.

 2. Administration of anti-inflammatory drugs, vitamin E, and vitamin C and con-
tainment of homocysteine levels by giving folate supplements, preventing inju-
ries to head, maintenance of physical and leisure activities, and control on 
cardiovascular risk factors may help in reducing the probability of Alzheimer’s 
disease.

 3. From future perspective, anti-amyloid approaches, viz., vaccination, hold an 
important role in Alzheimer treatment.
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Abstract
According to UN report of the world aging, older people are those 60 years of 
age and over, though others defined those over 85 as “oldest old.” Aging is a 
complex and gradual process which involves degeneration of cells mainly due to 
cellular redox reactions that result in detrimental biochemical and genetic altera-
tions. Studies have related the risk of age-related diseases with increased level of 
oxidants. Dietary polyphenols like flavonoids are strong antioxidant that acts 
through interacting with reactive oxygen species producing reactive metals.  
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All organisms need organic and inorganic nutrients such as proteins, carbohy-
drates, lipids, vitamins, minerals, and water. These nutrients have a significant 
role in regular biological activities like metabolism, growth, and repair. Protein 
is the most essential among the three macronutrients (i.e. carbohydrates, protein, 
and fat) responsible for aging. Moreover, bioactive chemicals from plants are 
important, though not essential, and they have been referred to as “life span 
essential,” since they have beneficial effect in healthy aging. Therefore, dietary 
interventions along with avoiding risk factors will reduce the risk of age-related 
degenerative diseases and increase healthy life span among the elderly.

Keywords
Alzheimer disease · Aging · Nutrition · Protein · Minerals · Vitamins · Omega 
fatty acids

3.1  Introduction

Basically, along with the chronological aging process, aging is a result of both bio-
logical and environmental factors, and there is no clear definition of aged and 
elderly. The United Nations report of the world aging mentioned that older people 
are those 60 years of age and over, while some studies defined those over 85 as “old-
est old.” This classification varies widely in different countries around the world in 
relation to the varying life expectancies (Clements and Carding 2018). Yet, in the 
year 2050, the estimated population of older adults in world is 2 billion, which is 
almost 21% of the total population and more than double of the 841 million aged 
populations in 2013. The number of those aged over 80 will also increase three fold 
between 2013 and 2050 becoming 392 million (Shlisky et al. 2017). In elderly peo-
ple, a reduced muscle and body mass, increasing volume of extracellular fluid, as 
well as decline in body cell mass are widely observed. The cognitive and physical 
functional status, nutritional and endocrine status, quality of life, and comorbidity 
in elderly people must be well defined. These changes shall not be perceived as 
simple imbalance between energy intake-expenditure process, since they are results 
of complex metabolic processes that also include hormones like growth and sex 
hormones (Baumgartner 2000; Balagopal et al. 1997).

Alzheimer’s disease (AD) is a very prevalent form of dementia that has affected 
more than 5.4 million people only in the USA. Production and accumulation of the 
β amyloid (βA) senile plaque is the pathological hallmark of AD. Although various 
therapeutic approaches have been tested against the production and deposition of 
βA in the past 20+ years, their clinical efficacy is not promising (Solfrizzi et al. 
2017). To date, none of the therapeutic interventions succeeded in averting the onset 
or progression of AD. On the contrary, optimal use of essential nutrients that aid 
proper functioning of the brain is considered vital for neuronal health and its normal 
functioning (Mohajeri et al. 2015). Hence, nutritional approaches are currently the 
promising options toward managing AD risk factors. In this regard, nutritional 
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pattern like the Mediterranean diet that comprise good proportion of vegetables, 
fruits, whole grain, legumes, nuts, or n-3 PUFA is the most recommended (Alles 
et al. 2012). Diet is an important factor among the flexible environmental factors; 
however, the experimental data from literatures on the impact of individual food 
item or nutrient on AD is not consistent. This is due to the complex nature of human 
dietary approach where combination of nutrients and food items are consumed at 
once (Gu et al. 2010). Alternatively, mechanistic studies, epidemiologic analyses, 
and randomized controlled trials have laid foundation underlining the neuronal 
health-promoting effect of docosahexaenoic acid (DHA) and micronutrients such as 
the vitamin B family and vitamins E, C, and D, during aging. In addition to being 
essential, these nutrients are cheap, are easy to obtain, and have lesser side effects. 
Besides, they have established mode of actions and are widely accepted by the pub-
lic (Mohajeri et al. 2015).

3.2  Overview of Health and Aging

Aging is a complex and gradual process which involves degeneration of cells mainly 
due to cellular redox reactions that result in detrimental biochemical and genetic 
alterations. The cellular metabolic reactions produce reactive oxygen species (ROS) 
and reactive nitrogen species (RNS) that act through oxidative stress (OS) and are 
known to destroy cellular biomolecules such as proteins, lipids, carbohydrates, and 
nucleic acids. Therefore, cellular OS is responsible for aging and chronic diseases 
including diabetes, cardiovascular disease (CVD), cancer, AD, Parkinson’s diseases 
(PD), and other age-related diseases (Shlisky et al. 2017; Thapa and Carroll 2017). 
The increasing aged population of the world is becoming a major public health 
burden. One of the age-related public health challenge due to increased life span is 
a sharp increase of age-related chronic diseases worldwide (Rajaram et al. 2017). A 
decreased appetite in relation to aging leads to energy imbalance between the physi-
ological energy demands and energy expenditure in older adults. As compared to 
younger adults of similar level of activity, height, and weight, older adults consume 
lesser food items (energy), although the body’s demand for micronutrients remained 
high (Mohajeri et al. 2015). The resulting malnutrition is associated with impaired 
muscle function, immune dysfunction, poor wound healing, anemia, delayed recov-
ering from surgery, impaired muscle function, decreased bone mass, reduced cogni-
tive function, higher hospital and readmission rate, and mortality. Currently, 
malnutrition is rising among the older population being 16% in those aged 65 and 
over and 2% among the 85 years and older (Ahmed and Haboubi 2010).

The energy consumed and body weight have impact on the quality and span of 
old age. Despite the controversies on humans, caloric restriction positively affects 
life span in different animal species. On the contrary, however, some researchers 
have suggested mild and excess obesity is associated with lower risk of mortality in 
older adults. Hence, this debatable topic needs further research to clearly state the 
impact of energy intake and weight on the age/mortality/among the olds (Shlisky 
et al. 2017). Mitochondrial functions have significant role in aging and age-related 
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chronic ailments such as AD, and thus it is an important therapeutic target to focus 
on during intervention. As a result of the process of aging, OS and the level of oxi-
dized molecules rise, and the energy balance in the brain becomes impaired. In this 
process of aging, mitochondria plays a major role as they are the center of energy 
production and hence springs ROS in the cells and promotes age-related diseases. 
Accordingly, various animal model studies on aging and aging studies on human 
skeletal muscles have reported mitochondrial dysfunction in the brain (Gu et  al. 
2010). In addition, certain actions that control cellular metabolism are integrated 
with the molecular mechanisms regulating synaptic functions. For instance, mito-
chondrial metabolic activities can influence cognitive functions because of the fact 
that they are involved in some features of synaptic plasticity. Similarly, synaptic 
plasticity declines whenever there is excess calorie due to increase in ROS forma-
tion beyond the buffering capacity of the cell. Thus, reasonable reduction of caloric 
intake can reduce the risk of oxidative damage in the brain (Gómez-Pinilla 2008).

3.3  Role of Nutrition in Healthy Aging

The estimates of the year 2100 shows that nearly one third of the world population 
will be 60 years and older (Hardman et al. 2015). However, as the size of population 
reaching advanced age expands, the public health problems rise due to age-related 
diseases like coronary heart disease (CHD), stroke, AD, and PD. Majority of these 
diseases resulted from sustained OS and low-grade inflammation (López-Miranda 
et al. 2010). According to the WHO, avoiding the main risk factors for the chronic 
disorders (smoking, lack of exercise, and poor diet) can reduce the risk of stroke, 
cardiovascular diseases (CVD), and type II diabetes by 80% (Shlisky et al. 2017). 
Although the effect of caloric restriction is not well defined in human, it has been 
found robust and reproducible in mitigating age-related conditions as well as 
extending life span in animal models. The impact of caloric restriction on human 
aging is the most important area to be studied but it is still a gap in modern bio-
gerontology. Yet, various epidemiological studies and short-term human studies 
underlined the vital role of caloric restriction in human health (Willcox et al. 2007). 
Moreover, newer study findings demonstrate that caloric restrictions have an impact 
on life span that differs based on genotype, sex, and the type of diet. Despite all the 
controversies, caloric restriction is generally deemed to have beneficial influence on 
age-related health and health span, and it positively acts across a range of taxa from 
yeast to humans (Simpson et al. 2017).

Observational studies have related the risk of age-related diseases with increased 
level of oxidants, and conversely they showed that the association of increase in con-
sumption of antioxidant-containing diet was with reduced chronic disease incidence. 
Hence, consuming dietary monounsaturated fatty acids (MUFA) and n-3 polyunsatu-
rated fatty acids (n-3 PUFA), in addition to fish, fruits, vegetables, and adequate 
coffee, can benefit the body (Solfrizzi et al. 2017). Increase in consumption of fruits 
and vegetables or antioxidant-rich diet comprising vitamins, fiber, carotenoids, and 
magnesium has been associated with raised serum level of nutrients, decline in OS, 
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and lower C-reactive protein (CRP) levels, which is a cognition- related inflammatory 
marker. Besides, the vegetable- and fruit-derived flavonoids have a good neuropro-
tective, cardioprotective, and anti-inflammatory activities (Hardman et  al. 2015). 
Thus, individuals with a risk of CVD shall consume diet low in saturated and trans-
fats and high in fruits, vegetables, and whole grains. Functional foods and supple-
ments such as red yeast rice, soy protein, marine-derived omega-3 fatty acids, plant 
sterols, green tea, and probiotic yogurt are helpful in statin-intolerant patients who 
failed to attain target Low density lipoprotien (LDL) level (Hunter and Hegele 2017; 
Bule et  al. 2018). Pertaining to the type of diet, people who comply with the 
Mediterranean diet style benefit in the long term through reducing the chance of 
cognitive decline from normal to mild cognitive impairment (MCI) and then to 
dementia. The Mediterranean diet mainly consists of fruits, vegetables, nuts, cereals, 
legumes, fish, and olive oil, with a moderate intake of alcohol and lower consump-
tion of red meat and poultry (Hardman et al. 2015). Furthermore, some animal stud-
ies have also recommended that membranes with higher MUFA content are less 
affected by ROS and protect aged cells. In this regard, olive oil has beneficial effect 
against OS due to its high oleic acid, which is enriched in lipoproteins and cellular 
membranes (López-Miranda et al. 2010). A reduced incidence of MCI, lesser inci-
dence of vascular events, as well as lower risk of mortality have been associated to 
adherence to Mediterranean diet style (Hardman et al. 2015; Prinelli et al. 2015).

3.4  Role of Vitamins and Minerals in Health

In order to sustain life, all organisms need organic and inorganic nutrients such as 
proteins, carbohydrates, lipids, vitamins, minerals, and water. These nutrients have 
significant role in regular biological activities like metabolism, growth, and repair. 
Unlike other nutrients vitamins and minerals can’t serve direct energy production 
but they act as cofactors in a variety of biological functions including hormonal 
signaling and mitochondrial energy metabolism. We obtain the minerals and vita-
mins via diet since human body can’t synthesize them. In case of deficiency of 
vitamins and minerals, a range of cellular activities will be halted resulting in a 
number of deficiency diseases (Lee et al. 2015). For instance, the deficiency of vita-
min B6, B12, and folate causes rise in homocysteine, which is a precursor of methi-
onine and cysteine, concentration via various pathways. Homocysteine is in charge 
of AD pathways through vascular mechanisms because it is active in brain tissue. 
Therefore, through reducing homocysteine level in the brain, increased intake of 
folate is believed to be associated with minimal risk of stroke (Luchsinger and 
Mayeux 2004). On the other hand, strong antioxidants like carotenoids, vitamin C, 
and vitamin E are potent electron donors that quench radical reactions in blood and 
plasma. Vitamin C is a strong inhibitor of lipid peroxidation; likewise, vitamin E is 
also reported to decrease isoprostanes (biomarkers for lipid peroxidation) levels in 
animal models. Vitamin C has been shown to speed up the synthesis of vitamin E in 
membranes and lipoproteins. Moreover, vitamin C regenerates vitamin E 
(α-tocopherol) and reduces α-tocopherolxyl free radical reactions in membranes. In 
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addition, vitamin C and vitamin E act in conjunction to prevent lipid peroxidation 
(Thapa and Carroll 2017). Other antioxidant molecules like β-carotene, dietary 
polyphenols (flavonoids), and Se also reduce OS in neurons. The antioxidant, anti- 
inflammatory, and neuroprotective effect of vitamin D has also been widely reported 
(Alles et al. 2012).

The other most important nutrients are the mineral elements such as Fe, Ca, Mg, 
Mn, Cu, Zn, Se, P, K, Na, S, Cl, I, Mb, Cr, and F. These trace mineral elements serve 
as enzyme cofactors and they are named “antioxidant micronutrients” because of 
their antioxidant functions. For instance, Se is an integral part of selenoproteins in 
humans, which plays a key role as body’s own antioxidant defense (e.g., glutathione 
peroxidase) and protects the body against CVD or cancer (Kozarski et al. 2015; Gil 
and Gil 2015). Zn is a central cofactor to over 300 enzymes that have various roles 
including DNA and RNA metabolism and serves a major function in the stabiliza-
tion protein structures. Cu is also a catalytic cofactor involved in various important 
enzymatic reactions due to its tendency to change its oxidation state (Gil and Gil 
2015). Furthermore, the antioxidant action of various other micronutrients in mito-
chondria is significant. For example, the coenzyme α-lipoic acid has essential func-
tion in maintaining energy homeostasis in mitochondria. It is mainly available in 
animal meat including in the liver, heart, kidney, and vegetables like potato, broc-
coli, and spinach (Gómez-Pinilla 2008).

3.5  Dietary Supplements, Herbs, and Functional Foods 
in Health

A broader range of items are included under the term “nutraceutical.” Nutraceuticals 
are dietary products such as functional foods, dietary supplements, and medicinal 
foods (formulated foods that can be consumed upon recommendation by physician 
or dietician in relation to certain disease condition) (LaRocca et al. 2017). According 
to the US Department of Agriculture, functional foods are defined as “natural or 
processed foods that contain known or unknown biologically active compounds, 
which, in defined, effective nontoxic amounts, provide a clinically proven and docu-
mented health benefit for the prevention, management or treatment of chronic dis-
ease.” The functional food comprises items like probiotic yogurt and fortified grain 
products. On the other hand, dietary supplements as defined by the FDA are “a 
product intended for ingestion that contains a ‘dietary ingredient’ intended to add 
further nutritional value to (supplement) the diet.” For instance, vitamins, minerals, 
herbs, extracts, metabolites, and amino acids are dietary supplements (Hunter and 
Hegele 2017). Generally, the underlying concepts behind nutraceutical are as fol-
lows: i. some dietary patterns have beneficial effects because of the abundant par-
ticular nutrient composition they have and ii. the strong activity of these molecules 
against OS and inflammation is important to prevent physiological/arterial dysfunc-
tion (LaRocca et al. 2017).

Plants produce enormous amount of health-promoting compounds including 
polyphenols, dietary fibers, antioxidant molecules, vitamins, and minerals (Filannino 
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et  al. 2018). Basically, food items of plant origin provides a higher nutritive 
value, low caloric density, and low-energy constituents (e.g., minerals, vitamins, 
dietary fibers) as well as being rich sources of bioactive phytochemicals such as 
carotenoids, sterols, polyphenols, and glucosinolates (Table 3.1) (Manach et al. 
2017). Dietary polyphenols like flavonoids are strong antioxidant that acts 
through interacting with ROS-producing reactive metals. For example, cur-
cumin is a dietary polyphenol with strong antioxidant activity that have been 
used against a number of age-related diseases like AD for more than a century. 
Curcumin acts via chelating reactive metal ions like Fe2+, thus diminishing their 
oxidative power and the resulting OS due to free radicals. Ginkgo biloba extract 
has also been on use to treat age-related disease. Ginkgo biloba extracts various 
polyphenols such as flavonoids, and terpenes interact with superoxide anion, 
hydroxyl, and peroxyl free radicals to quench the radical chain reactions in 
mitochondrial respiratory chain function. Besides, it has been reported that 
ginkgo biloba extract prevents neuronal apoptosis due to OS via increasing the 
rate of neurotransmitter uptake. In AD, the improvement in cognitive function 
along with neuroprotective activity in animal model of Ginkgo biloba extract is 
related to downregulation of toxic Aβ aggregates (Thapa and Carroll 2017; 
Tiwari et al. 2018). The important effect of tea polyphenols on cognitive func-
tion of aged people is attributed to its flavonoid (catechin) content. There is a 
profound inverse association between tea drinking and the risk of dementia, AD, 
and PD. Green tea catechins administered for seven months to old Wister rats 
protected the rats from memory and spatial learning decline, probably as a con-
sequence of its strong antioxidant potential (Mandel et  al. 2012). In general, 
bioactive chemicals from plants are important though not essential, and they 
have been referred to as “life span essential,” since they have beneficial effect in 
healthy aging. Most plant secondary metabolites are commonly available in 
vegetables and fruits; however, their concentration varies widely with the type 
of the plant, for example, isoflavones are abundant in soya, lycopene in toma-
toes, glucosinolates in cruciferous vegetables, and anthocyanins in berries 
(Manach et al. 2017).

3.6  Protein and Energy in Healthy Aging

Protein is possibly the most essential macronutrient responsible for aging among 
the three essential macronutrients (i.e., carbohydrates, protein, and fat). A fur-
ther breakdown studies revealed that particular amino acids like tryptophan and 
methionine, which are common in dietary protein, fed to laboratory animals 
improved the animal’s health and delayed aging (Simpson et al. 2017). In order 
to avoid age-related loss of lean body mass, the daily-recommended dietary 
allowance (RDA) of protein for adults is 0.8g/kg of body weight. Studies have 
demonstrated that in aged people, taking protein above the RDA helps to 
increase muscle strength, muscle mass, and muscle function, boosts immune 
status, and improves wound healing (Ahmed and Haboubi 2010). Despite the 
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evidences of 0.8 g protein/kg/day, others have recommended that slightly higher 
level of protein intake (i.e., 1.0–1.3g/kg/day) is helpful in old age. This increase in 
protein consumption among elderly offers ability to maintain nitrogen balance, 
improve insulin action, offset a potentially lower energy intake, and improve protein 
synthesis. However, these recommendations could pose a potential risk of nephro-
toxicity or renal malfunction. In this regard, sulfur-containing proteins have been 
associated with adverse events when taken at higher amount (45% energy), yet 
moderate amount of protein-containing diet (20–35% energy) appears to be safe 
(Paddon- Jones et al. 2008). The common manifestation of early aging is a change in 
body composition, such as decrease in lean mass and increase in fat mass. The most 
significant age-related risk that could lead to functional impairment and mortality is 
a fast reduction in skeletal muscle mass (sarcopenia). A number of age-related fac-
tors can contribute to a fast drop in skeletal muscle mass; however, insufficient 
protein in the daily diet is the most significant factor that accelerates this process. 
On top of this, most elderly people do not consume enough amount of protein in 
their diet as per the RDA (Houston et al. 2008). Thus, energy dense supplements can 
be used as meal replacement therapy in elderly people so as to maintain the daily 
protein balance along with controlled energy and essential nutrient intake. In cases 
where there is accelerated protein catabolism (e.g., cachexia, trauma, and sarcope-
nia), the required amino acid should be given as a supplement; however, for most of 
the elderly individuals, the problem of skeletal muscle protein anabolism can be 
alleviated by serving high protein meal in their daily diet (Paddon-Jones et al. 2008).

The current sedentary life trends in the world have resulted in increased risk of 
metabolic disorders like type II diabetes and obesity. The situation is even worse 
because of the wide use of ready-made foods of high caloric content in addition to 
the sedentary life style; consequently an imbalance between the energy intake and 
expenditure will contribute to health risks such as CVD, diabetes, and other age- 
related disorders (vel Szic et al. 2015). Caloric restriction (CR) sometimes referred 
to as “energy restriction in the absence of malnutrition” has beneficial impact on 
various physiological parameters during aging. CR decreases arterial oxidative 
stress and inflammation, and increases nitric oxide bioavailability. As a result, the 
arterial functions will be improved leading to a modulation in the body’s key energy 
sensing networks, which is mostly affected with aging. In addition, CR boosts the 
endogenous antioxidant and anti-inflammatory defense system. Therefore, CR rep-
resents a novel approach toward modulating age-related disorders along with con-
suming nutritional supplements and nutraceuticals (LaRocca et al. 2017).

3.7  Nutrition in the Prognosis of Alzheimer Disease (AD)

3.7.1  Glucose and Oxidizing Agents

The complex nature of diet make it difficult to whether CR can be achieved through 
decreased caloric intake or reducing a particular macronutrient or both (Simpson 
et  al. 2017). Current research findings showed that controlling the caloric 
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composition of the diet has a potential to affect the cognitive functions due to the 
fact that the cellular metabolic activities in the mitochondria can regulate certain 
aspects of synaptic plasticity (Gómez-Pinilla 2008). In this regard, studies have 
observed a severe decline in glucose metabolism in AD-affected brain regions. In 
vivo imaging studies of patients with dementia also depicted a progressive decline 
of glucose metabolism and lowering of blood flow in the affected brain regions. 
However, the cerebral energy pool is slightly affected in the process of normal 
aging. Impaired glucose metabolism in the brain leads to limited synthesis of aspar-
tate, glutamate, gamma-aminobutyric acid (GABA), glycine, acetylcholine, and 
ATP production (Münch et al. 1998). Furthermore, a diet containing low fats and 
highly processed carbohydrate causes a swift increase in blood glucose level upon 
consumption. Thus, the resulting glycation will impair serum proteins by forming 
modified proteins called advanced glycation end products (AGEs). For instance, 
glycated hemoglobin (HbA1c) is an AGE protein, the level of which in serum serves 
as a standard in diabetes test (Suzuki et al. 2010). Furthermore, other mechanisms 
of glucose in the pathogenesis of AD have been suggested such as the process that 
induces OS via nonenzymatic reaction of glucose to form AGEs on long-lived pro-
tein deposits and consequently disrupting glucose metabolism. Accordingly, more 
than any other protein in the body, apolipoproteins are susceptible to glycation. 
Although high level of glucose is mostly suggested as the main cause of AGEs, 
fructose is by far the worst reducing agent as compared to glucose (Seneff et al. 
2011). Naturally, glucose is the least reactive sugar among those usable by the body, 
and probably that is why it remained an evolutionary biological energy carrier. One 
of the major challenges of AGE formation is that once it is formed, it is irreversible, 
and it leads to protein deposition and amyloidosis since it is a protease-resistant 
cross-linking of proteins and peptides (Münch et al. 1998). The major factor con-
tributing to Aβ plaque deposition in AD is the high level of AGEs in the patients’ 
brain. Since apolipoproteins are susceptible to glycation, glycated ApoE is exces-
sively available in the cerebrospinal fluid (CSF) of AD patients (Shuvaev et  al. 
2001). This indicates that ApoE could be the initial stage in Alzheimer’s cascade. 
Moreover, various proteins in neurons and astrocytes are vulnerable to glycation 
upon exposure to excess glucose (Li and Dickson 1997). The consequent loss of 
function, vulnerability to oxidative stress, and lesser degradation and disposal of 
AGEs and their presence in microscopic slices where Aβ is absent show that glyca-
tion is an early hallmark of AD (Seneff et al. 2011).

3.7.2  Impaired Glutamate and AD

Glutamate-induced excitotoxic cascade is one of the pathologic mechanisms associ-
ated with AD.  Several studies have also suggested that impaired glutamatergic 
transmission is the hallmark of Alzheimer’s disease. Initially, Aβ and tau activate 
the N-methyl-D-aspartate (NMDA) receptors. Then the activated NMDA receptors 
boost the making of Aβ and tau (Lesné et al. 2005; Amadoro et al. 2006). Increase 
in excitatory amino acids in the synapse that results in activation of glutamatergic 
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receptors and increased ROS level are cascades of inter-related pathways that lead 
to AD, PD, multiple sclerosis, and ischemia. The ionotropic and metabotropic glu-
tamatergic receptors are both shown to play a role in etiology of Alzheimer’s dis-
ease. Moreover, abnormal glutamate transport function has been identified in mutant 
amyloid-β protein precursor (AβPP) transgenic (tg) mice models of AD (Jacob et al. 
2007). The impairment of synapses in AD encompasses Aβ-induced OS in the syn-
apse that damages the glutamate receptors and the function of membrane ion along 
with a decline in mitochondrial efficiency because of the OS (Mattson 2004). In 
postmortem brain of APP tg mouse models of AD, the expression of glutamate 
transporters has been found low. Recent studies have also stipulated that Aβ-mediated 
synaptic suppression is partially due to inhibition of the GABAA receptor. These 
findings indicated that Aβ inhibits glutamate uptake, increases extracellular gluta-
mate, and thus activates extrasynaptic GluN2B receptors and it also diminishes 
GABAA receptor-mediated inhibition, finally resulting in neuronal hyperexcitabil-
ity (Lei et al. 2016). Moreover, a number of studies have reported diminished gluta-
mate uptake in the frontal and temporal cortices of AD brains. These changes were 
suggested as the main reason for the rise in extracellular glutamate level (Cassano 
et al. 2012). Results of in vivo imaging studies demonstrated that AD patients brain 
show a significant shrinkage in the temporal, parietal, and frontal lobes of the cortex 
in addition to sulcal widening and ventricular enlargement. Such atrophies results 
from loss of pyramidal neurons and their synapses as well as the surrounding neu-
ropil. Biochemical evidence identified glutamate as the neurotransmitter of these 
pathways, and hence it is obviously understandable that the glutamatergic neurons 
degenerate in AD (Francis 2003).

Medicinal plants and alternative medicines have been used to treat AD since the 
pharmacological interventions does not have satisfactory option for AD. Hericium 
erinaceus is an edible and medicinal mushroom which has been used to treat a num-
ber of diseases because of its potential antitumor, antimutagenic, antioxidant, hypo-
lipidemic, immunomodulatory, and neuroprotective activities. According to Zhang 
J. et.al. (2016), Hericium erinaceus prevents neurodegenerative diseases. Hericium 
erinaceus prevented DPC12 cells against neurotoxicity induced by L-Glu. 
Additional observations on AlCl3- and D-gal-induced AD mice have proved that 
Hericium erinaceus has neuroprotective activity that involves neurotransmitter 
modulation (Zhang et al. 2016). Furthermore, it has been reported that ascorbic acid 
release mediated by neurons is related to glutamate metabolism and kinetics in the 
brain. Especially, the extracellular release of ascorbic acid is directly linked to astro-
cyte swelling mediated by glutamate receptors’ increased sodium uptake. 
Henceforth, ascorbic acid in the brain and the CSF acts against glutamate excitotox-
icity via antioxidant and neuroprotective mechanism (Nualart et al. 2014).

3.7.3  Role of Dietary Fats in AD

The brain is rich in lipids, although the content of fat differs among tissues. The 
content and composition of fatty acids (FAs) play a key role in brain functions like 
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cognition. Thus, knowing the lipid composition of the brain is an important step 
toward understanding the role of consuming altered fatty acid (FA) on its function. 
The dry weight of the gray matter, white matter, and myelin contains about 40%, 
66%, and 81% lipid, respectively (Cederholm et  al. 2013). Of all the nutrients 
essential to brain, some of the ω-3 FAs such as docosahexaenoic acid (DHA) have 
a special importance. Seafood and fatty fish are rich sources of both DHA and eicos-
apentaenoic acid (EPA) (Hennebelle et al. 2013). The DHA content in the brain has 
inverse relation with age, although it normally increases over the first two decades 
(Cederholm et  al. 2013). Regularly consuming vegetables and fish fats of high 
PUFA, moderate unsaturated fats, and low saturated fat can lower the incidence of 
CVD and AD. Conversely, increased hydrogenated and saturated fats consumption 
is associated with insulin resistance, which is indirectly related to higher incidence 
of AD (Luchsinger and Mayeux 2004). Additionally, a high fat and low carbohy-
drate diet (Ketogenic diet) has been suggested to be effective against a range of 
neurologic diseases. In clinical settings, ketogenic diet has been utilized to treat AD, 
PD, epilepsy, and autism (Ma et al. 2018). Moreover, there are a number of evi-
dences from preclinical studies showing the therapeutic activities of ketogenic diet 
for various disease conditions including AD, ischemia, and traumatic brain injury 
(Van der Auwera et al. 2005; Prins et al. 2005; Puchowicz et al. 2008).

3.7.4  Role of Omega-3 Fatty Acids in AD

The impact of dietary factors on various brain processes is through modulating neu-
rotransmitter pathways, membrane fluidity, synaptic transmission, and signal trans-
duction pathways. On the other hand, the direct effect of lipids on the brain function 
is attracting attention in addition to their indirect action through their impact on the 
CVS physiology. ω-3- PUFAs are cell membrane constituents, and they are essential 
nutrients of the brain. The dietary deficiency of ω-3 FAs has been linked with vari-
ous severe cognitive disorders such as dementia, schizophrenia, depression, bipolar 
disorder, dyslexia, and attention-deficit disorder. Among the ω-3 FAs, DHA is an 
integral part of neuronal membranes, but the human body cannot synthesize DHA, 
and it has to obtain from dietary sources (Gómez-Pinilla 2008). ω-3 PUFA have 
various therapeutic benefits including anti-inflammatory, antioxidant at lower doses, 
and anti-amyloidogenesis (Alles et al. 2012). On the contrary, low consumption of 
ω-3- FAs has been widely associated to increased risk of suboptimal brain develop-
ment and cardiovascular diseases (Hennebelle et al. 2014). As a major component 
in neuronal membranes, DHA has a number of physiological activities including 
sustaining the normal cell membrane fluidity and structure and also plays a role in 
cellular functions and response (Calder 2012). Furthermore, ω-3 FAs activate tran-
scription factors like PPAR-g so as to modulate gene expressions that in turn con-
trols the inflammatory mechanisms (Alles et al. 2012). In addition, animal studies 
have reported that the level of hippocampal brain-derived neurotrophic factor 
(BDNF) is increased and cognitive function is enhanced in brain trauma rodent 
models treated with dietary DHA supplements. Mechanistically, DHA might 
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enhance cognitive functions via aiding synaptic plasticity and/or enhancing synap-
tic membrane fluidity; its actions on metabolism might also contribute through 
enhancing glucose utilization and decreasing OS. However, the exact mechanisms 
of action through which the ω-3- FAs (particularly that of DHA) act on brain plas-
ticity and cognition are not fully understood (Gómez-Pinilla 2008).

3.7.5  Role of Dietary Antioxidants in AD

The brain is prone to OS due to its high metabolic burden and its rich content of 
oxidizable materials including PUFA of the neuronal membranes. ROS are related 
to neuronal impairment in AD. Rise in oxidative stress and excess production and 
deposition of Aβ are early events in AD. Aβ deposition mainly results in reduced 
iron and copper level in the brain tissues, which in turn causes cascade of processes 
like production of hydrogen peroxide, increased OS, and neuronal damage 
(Luchsinger and Mayeux 2004). Quite a number of antioxidant foods have been 
known for their beneficial effects on neuronal functions (Fig. 3.1). For instance, 
barriers have been used for their strong antioxidant potential, yet the individual 
compounds evaluated so far are few, namely, the tannins procyanidin, and prodelph-
inidin, some anthocyanins and phenolic compounds. Moreover, curcumin is another 
dietary antioxidant well known as preservative and herbal medicine mainly in Indian 
subcontinent. Curcumin has a strong antioxidant property and reduces nitric-oxide- 
based radicals as well as preventing lipid peroxidation in the brain. In addition, 
animal model studies have been demonstrated to reduce memory deficit in AD and 
brain trauma. Curcumin is safe even at doses higher than the dose used in animal 

Fig. 3.1 The possible effects of oxidative stress and antioxidant nutrients. CAT: catalase, SOD: 
superoxide dismutase, GPx: Glutathione peroxidase, GSH: glutathione 
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models (Gómez-Pinilla 2008). Various studies have confirmed that vegetable and 
fruit juices available commercially also have high level of antioxidant polyphenolic 
compounds. This might be due to the high-pressure mechanical extraction during 
processing of vegetable and fruit juices that drives out all the antioxidant com-
pounds from the peels and pulp in addition to the main fruit and vegetable fluids. 
According to various in vitro, in vivo, and clinical studies, a stronger neuroprotec-
tive activity than antioxidant vitamins has been reported in polyphenols from grape, 
apple, and citrus fruit juices (Dai et al. 2006). Dietary antioxidants have been related 
to reduce risk of stroke and thus AD, since stroke is mostly associated to higher 
incidence of AD through cerebrovascular events that links antioxidants, vitamins, 
and AD (Luchsinger and Mayeux 2004).

3.8  Conclusion

In today’s world, the population size of aged people is growing faster. In the coming 
few decades, their numbers will double leaving the age-related disease to become a 
public health burden. Cognitive dysfunctions, in particular AD, are one of the most 
prominent the public health threat related to aging. Various pharmacological thera-
pies have been used to counter the risk of AD and to prevent its progression. 
However, none is efficient in mitigating the problem of AD in relation to aging. Yet, 
nutritional interventions have attracted researcher’s attention since most of the 
antioxidant- containing vegetables and fruits are important in reducing the incidence 
of AD. The basic pathology studies on AD have claimed that the major contributing 
factor in the onset and progression of AD is oxidative stress. Henceforth, controlling 
the environmental risk factors responsible for OS and consuming dietary antioxi-
dants including dietary supplements and nutraceuticals has been proved effective in 
treating AD. Especially, the importance of caloric restriction and consuming PUFAs, 
proteins, vegetables, and fruits are reported in many observational studies. Therefore, 
dietary interventions along with avoiding risk factors will reduce the risk of age- 
related degenerative diseases and increase healthy life span among elderly.
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4Carbon Nanostructure-Based Materials: 
A Novel Tool for Detection of Alzheimer’s 
Disease
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Abstract
Alzheimer’s disease is one of the most common forms of dementia and is an over-
whelming neurodegenerative disease. Usually, this neurological condition is cate-
gorized by a loss of cognitive functions and recognized pathophysiological 
hallmarks in the brain such as accumulation of extracellular (amyloid-β (Aβ) pep-
tide) and intracellular (neurofibrillar tangles of hyperphosphorylated τ protein) 
protein. Presently, a huge number (approximately 35 million) of people are affected 
by this form of dementia and neurodegenerative disease. The situation becomes 
more dangerous and will lead to social burden in the near future. Therefore, there 
is a need to develop effective therapy and early diagnostic approaches. In this con-
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text, biosensor has become an indispensable tool in  biomarker sensing, in which 
sensor electrode materials play critical roles in accurate and selective sensing. 
Carbon nanostructure-based materials have the potential ability for biosensor plat-
form because of their excellent mechanical, electronic, optical, and easy function-
alization ability. Herein, we discuss the various carbon nanostructure-based 
materials, biomarkers of Alzheimer’s disease, carbon nanostructured material-
based biosensor, and future prospects in the detection of Alzheimer’s disease.

Keywords
Alzheimer’s disease · Nanomaterials · Biosensor · Biomarkers · Neurological 
disease

4.1  Introduction

Alzheimer’s disease (AD) is one of the leading forms of dementia (~80%) cases and 
neurodegenerative disease in old-age people. The aging of the world’s population and 
a number of dementia is approximately expected from 35 to 65 million by the year 
2030. According to the Centers for Disease Control and Prevention, cases of AD will 
be expected to develop in every 33 seconds by the year 2050 and estimated prevalence 
of around 14 million. The early symptoms of Alzheimer’s disease such as disorienta-
tion, dysfunction, and memory impairment lead to worst cognitive impairment subse-
quently severe dementia and death (Alves et al. 2012; Cummings et al. 2018; Hajipour 
et al. 2017; Huang and Mucke 2012; Brookmeyer et al. 2007). Figure 4.1 shows the 
schematic representation of healthy and Alzheimer’s disease brain. The figure shows 
the severe cortical shrinkage, enlarged ventricles, shrinkage of the hippocampus, 
deposition of amyloid plaques, and disintegrating microtubules that are observed in 
Alzheimer’s disease brain compared with a healthy brain. Alzheimer’s disease mainly 
occurs because of the accumulation of extracellular (amyloid-β (Aβ) peptide) and 
intracellular (neurofibrillar tangles of hyperphosphorylated τ protein) protein. Usually, 
the progression of Alzheimer’s disease occurs in three stages: (1) early stage (mild), 
(2) middle stage (moderate), and (3) late stage (severe) (Frisoni et al. 2017; Hansen 
2014; Dubois et al. 2009; Sangubotla and Kim 2018). Figure 4.2 shows the schematic 
representation of the different stages of Alzheimer’s disease. The figure shows the 
progression of the disease from medial temporal lobe that spread to lateral temporal 
and partial lobes (early stage) after that disease spread to the frontal lobe (moderate 
stage), and finally, disease spread at occipital lobe (severe stage) (Sangubotla and Kim 
2018; Iqbal et al. 2015). Alzheimer’s disease affects people in different ways, as every 
patient has different symptoms in every stage of the disease; attributed Alzheimer’s 
disease is a continuous process that leads to cognitive impairment. The histopatho-
logical analysis is one of the main characteristics of Alzheimer’s disease (Kumar et al. 
2015; Kurz and Perneczky 2011; Yiannopoulou and Papageorgiou 2013; Hardy 2009). 
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Fig. 4.1 Schematic illustration of healthy and Alzheimer’s disease brain

Fig. 4.2 Schematic representation of different stages of Alzheimer’s disease
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However, accurate diagnosis is not possible until autopsy. On the other hand, accurate 
diagnosis can be done by an opinion of a multidisciplinary specialist such as geriatri-
cian, psychiatrist, and neurologist. Usually, an opinion of the specialist depends on the 
clinical blood assay, neuroimaging, and neuropsychological data (Barber 2010; 
Jellinger et al. 2008). However, it is time-consuming, expensive, and depends on vari-
ous special needs of research in this field. In this context, diagnostic on the basis of 
various biomarkers is one of the important areas of research in Alzheimer’s disease.

The biomarkers are any detectable biological analyte that might be used to diag-
nose or predict the pathological condition of the particular disease. Various bio-
markers such as imaging of β-amyloid protein deposition, magnetic resonance 
imaging (MRI) of brain volume, genotyping, cerebrospinal fluid (CSF), and blood 
(plasma/serum) are related with risk of disease. The identification of biomarkers 
(neurological indicators) is one of the important aspects for the detection of every 
stage of Alzheimer’s disease. These biomarkers are useful to diagnose the early 
stage of the disease, thereby offering effective treatments (Sharma and Singh 2016; 
Isaac et al. 2017; Mantzavinos and Alexiou 2017; Bjerke and Engelborghs 2018).

Several processes such as surface plasmon resonance (SPR), capillary electropho-
resis, spectroscopic ellipsometry, nanoparticle-based dot-blot assay, field-effect tran-
sistor (FET), enzyme-linked immunosorbent assay (ELISA), resonance light 
scattering, and electrophoresis have been developed to detect Alzheimer’s disease, 
especially Aβ peptide. Several research focuses on the development of an electro-
chemical sensor for the detection of Aβ peptide using expensive electrode materials 
(Albert et al. 2011a, b; Ringman et al. 2015; Choi et al. 2005; Kumar et al. 2015). 
However, relatively higher cost, the time-consuming process which required a sophis-
ticated instrument, and lack of accuracy still remain a concern. Therefore, there is a 
need to develop newer diagnostic technologies or device that should be an economi-
cally viable, fast, required simple instrument with high sensitivity. In this context, the 
nanomaterial is an emerging area of research that can be utilized for the prevention, 
diagnosis, and treatment of various diseases including neurological disorder.

Nanotechnology is considered a big revolution in any field of research such as 
water treatment technologies, drug delivery, agriculture, electronics, energy, biol-
ogy, and medicine. The applications of nanotechnology to healthcare or nanomedi-
cine offer newer opportunities to revolutionizing the medical diagnosis, treatments, 
and various therapies including imaging, targeted drug delivery, and tissue regen-
eration (Nobile and Nobile 2017; Zäch et  al. 2006; Sahoo et  al. 2007). Indeed, 
nanomaterials-based device (1–100 nm) dimension is approved for clinical applica-
bility of various products. Nonetheless, the toxicological concern might restrict 
their applicability (Kim et al. 2018; Rees and Moghimi 2012; Ovais et al. 2018; Jain 
2005; Chowdhury et al. 2017; Fonseca-Santos et al. 2015).

Recently, carbon-based nanostructured materials such as carbon nanotubes 
(CNTs), carbon nanofibers (CNFs), graphene, and its derivative offer exciting 
opportunities for enhancing biosensor performance ability due to their unique char-
acteristics like higher surface area, good electrical, mechanical and optical proper-
ties, easy functionalization and biocompatibility (Sankararamakrishnan et al. 2016; 
Ashfaq et al. 2013, 2014, 2016; Talreja et al. 2014; Shi and Fang 2018). Therefore, 
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incorporation of carbon-based nanostructured materials provides newer biosensor 
platform for various diseases including Alzheimer’s disease. Herein, we discuss 
various biomarkers of Alzheimer’s disease, carbon-based nanostructured materials, 
and its biosensor device for early detection of disease. This book chapter also 
focuses on the limitation of carbon nanostructured material-based biosensor and 
future prospects in the detection of Alzheimer’s disease.

4.2  Biomarker for Alzheimer’s Disease

The biomarker is considered as an indicator of biological and pathogenesis process 
(normal or abnormal). The biomarker also served as an indicator of pharmacological 
responses on health or disease. The diagnosis utility of biomarkers depends on their 
sensitivity, specificity, and ease of use (Lashley et  al. 2018; Lista et  al. 2013; 
Thambisetty et al. 2011). Moreover, various biomarkers are used as risk factors of the 
disease rather than a true disease. The ideal biomarkers should contain following cri-
teria that reflect (1) pathophysiological process of the brain, (2) aging processes, (3) 
high sensitivity, and (4) high specificity, (5) react with pharmacological intervention, 
(6) are easily operational, and (7) are noninvasive or minimally invasive. For 
Alzheimer’s disease several biomarkers including imaging of β-amyloid protein depo-
sition, MRI of brain volume, genotyping, CSF, and blood (plasma/serum) related with 
risk of disease (Thambisetty et al. 2011; Thambisetty and Lovestone 2010; Humpel 
2011). These neurological indicators are essential for understanding each and every 
stage of Alzheimer’s disease for early diagnosis and treatment of disease.

4.2.1  CSF Biomarkers

The CSF biomarkers reflect the molecular changes in the extracellular and intersti-
tial environments of a brain. The CSF biomarkers for Alzheimer’s disease indicate 
the pathogenic processes within the brain. The CSF biomarkers contain τ protein 
and Aβ 42 peptide that reflects neuron degeneration and Aβ metabolism as well as 
plaque formation, respectively. Usually, CSF biomarkers are obtained through lum-
bar puncture. However, post-lumbar puncture causes headache and other complica-
tions associated with elderly people. In this context, various studies focus on small 
gauge needles and atraumatic techniques used for lumbar puncture that reduced the 
post-lumbar complications (Blasko et al. 2006; Anoop et al. 2010). The τ protein, 
P-tau, and Aβ 42 are mainly CSF-based biomarkers that have been widely assessed 
for Alzheimer’s disease. Interestingly, all studies suggested increasing the level of 
T-tau and P-tau in CSF, whereas decreasing the level of Aβ 42 in Alzheimer’s dis-
ease with dementia. The ELISA process was used for the detection of τ protein 
because it can detect all τ protein isomers. The τ protein in CSF reflects degenera-
tion of neurons. The CSF biomarkers showed the high predictive tools for neurode-
generative diseases, with the sensitivity of 96% for Alzheimer’s disease (Humpel 
2011; Olson and Humpel 2010; Hock et al. 2000; Anoop et al. 2010).
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4.2.2  Blood Plasma Biomarkers

Blood plasma can be easily isolated by centrifugation process, and easier sampling 
makes it an ideal biomarker for several investigations. The plasma biomarker is reli-
able biomarkers for Alzheimer’s disease. Several blood biomarkers have proposed, 
and changes in the expression level might be correlated with Alzheimer’s disease 
compared with a healthy control sample. For example, complement factor H (CFH), 
Aβ, α2-macroglobulin (α2M), α1-antichymotrypsin, and α1-antitrypsin showed 
high expression level in Alzheimer’s disease patients compared with a healthy per-
son. Both CFH and α2M protein present in senile plaque (Bauer et al. 1991; Kuo 
et al. 2000; Hye et al. 2006; Fukumoto et al. 2003; Dekker et al. 2017). On the other 
hand, some protein levels like apolipoprotein A1 decrease expression level in 
Alzheimer’s disease patients compared with a healthy person. However, irreproduc-
ibility might occur because of the analytical process used in a different laboratory. 
The Aβ protein is one of the most popular plasma biomarkers as it is the fundamen-
tal element of senile plaque. The study suggested that a higher ratio of Aβ42/Aβ40 
attributed risk of Alzheimer’s disease. The Aβ proteins might be measured in plasma 
and relate with cerebral β-amyloidosis. The Aβ proteins basically are influenced by 
its secretion from platelets and cerebral tissue (Hye et al. 2006; Fukumoto et al. 
2003). Moreover, the hydrophobic nature of Aβ protein easily binds with plasma 
protein that might create interfaces.

4.2.3  Urine Biomarkers

The urine or blood-based biomarkers might be advantageous because there is no 
need for invasive, inexpensive, and required less time for analysis. Usually, changes 
in the level of neural thread protein (NTP) have been reliable for recognition as a 
biomarker for Alzheimer’s disease. The concentration of NTP protein increases 
with various stages of Alzheimer’s disease. Moreover, AD7c-NTP-associated NTP 
in CSF also showed accurate data. However, more study is required for effects on 
AD7c-NTP levels during therapeutic intervention. On the other hand, urine sample 
collection is easy and noninvasive, compared to CSF and plasma (Munzar et  al. 
2002; Tuppo et al. 2001; Levy et al. 2007; Ghanbari et al. 1998; Dekker et al. 2017). 
However, the relatively lower concentration of protein and high level of salt restrict 
their use as a biomarker.

4.3  Carbon Nanostructure-Based Materials

The combination of nanotechnology, biotechnology, and medicine is an emerging 
area of research that has been utilized in various aspects mainly prevention, treat-
ment, and detection of various diseases including Alzheimer’s disease. Significant 
research has been done so far in the development of nanomedicine, thereby requires 
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better knowledge or understanding the cellular interaction with nanomaterials and 
various cell lines or targeted cell lines.

Recently, carbon nanostructure-based materials such as carbon nanotubes 
(CNTs), carbon nanofibers (CNFs), graphene, and its derivative were synthesized 
by using chemical vapor deposition (CVD) and exfoliation process. These carbon- 
based nanomaterials were extensively used in various applications such as water 
remediation (Talreja et al. 2014; Kumar et al. 2011; Saraswat et al. 2012; Khare 
et al. 2013; Singh et al. 2013; Talreja et al. 2016), drug delivery, agriculture (Ashfaq 
et al. 2017a; Kumar et al. 2018), wound dressing (Ashfaq et al. 2017b; Bhadauriya 
et al. 2018), sensor (Kumar and Talreja 2018; Ashfaq et al. 2018), and antibiotic 
materials (Ashfaq et al. 2016), etc., due to its unique characteristic and structure 
(composed of sp2-bonded carbon atom). Usually, carbon nanostructure-based mate-
rials characterized mainly of four types on the basis of its dimensionality: (1) zero- 
dimensional (0-D) like atomic cluster and fullerene; (2) one-dimensional (1-D) like 
carbon nanorods, nanofibers, nanotubes, and multilayer; (3) two-dimensional (2-D) 
like graphene and its derivative; and (4) three-dimensional (3-D) like carbon sponge 
(Afreen et al. 2018). Figure 4.3 shows different carbon-based nanostructured mate-
rials. Carbon nanostructure-based materials might provide new insights into bio-
logical applications mainly targeted drug delivery, controlled delivery of the drug, 
and sensor. However, large-scale synthesis, dispersion of nanomaterials in aqueous 
solution or polymeric composite, and biocompatibility still remain a concern.

Fig. 4.3 Schematic representation of carbon-based nanostructured materials
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4.3.1  Carbon Nanotubes (CNTs)

The CNTs hold promising applications and a lot of attention toward researchers 
since their discovery by Iijima due to their unique characteristics like high surface 
area, excellent mechanical ability, tubular structure, and electrical, thermal, and 
optical properties. Moreover, high biocompatibility of the CNTs is suitable for vari-
ous end applications including nanomedicine, drug delivery, tissue remodeling, 
agriculture, and water treatment technologies. The high tensile strength, hollow 
porous structure, large surface area, and high electronic conductivity of CNTs make 
them a suitable candidate for electrode materials. Moreover, easy functionalization 
with functional group or protein considered as smart electrode materials for fabrica-
tion of sensing device.

4.3.2  Carbon Nanofibers (CNFs)

Recently, metal nanoparticle-dispersed CNFs are relatively newer materials in the car-
bon family. The transitional metals like copper (Cu), Zinc (Zn), nickel (Ni), iron (Fe), 
and bimetallic nanoparticle-dispersed CNFs are grown using the CVD process. The 
different metal nanoparticles dispersed CNFs extensively used in various end applica-
tions such as environmental remediation (chromium, arsenic, vitamin B12, fluoride, 
and salicylic acid) (Talreja et al. 2014; Kumar et al. 2011; Saraswat et al. 2012; Talreja 
et al. 2016), biological applications such as drug delivery (Ashfaq et al. 2014), micro-
nutrient delivery (Ashfaq et al. 2017a), agriculture (Kumar et al. 2018), wound dress-
ing (Ashfaq et al. 2017b), controlling of bacterial infections and diabetes (Bhadauriya 
et al. 2018; Ashfaq et al. 2016), lithium-ion battery (Sharma et al. 2013), hydrogen 
storage (Yadav et al. 2017), microbial fuel cells (Singh et al. 2016), chemical and 
biosensors (Kumar and Talreja 2018; Ashfaq et  al. 2018). The CNFs also have a 
unique characteristic like CNTs. The CNFs hold the metal nanoparticles thereby it can 
control the release of nanoparticles (Ashfaq et  al. 2014). Moreover, dispersion of 
metal nanoparticles in CNFs enhances the applicability toward end applications like 
the electrical conductivity and antibacterial, antifungal, and catalytic ability compared 
with CNTs. The slow release of metal nanoparticles from CNFs also aided advantages 
in various applications like drug delivery and agriculture system. Furthermore, CNFs 
also have insignificant toxicity among all carbon- (activated carbon, activated fibers, 
and CNTs) or non-carbon (silica, zeolite, and alumina)-based materials (Ashfaq et al. 
2013). Therefore, CNFs might be potential tools for various end applications mainly 
in the diagnosis and treatment of various diseases.

4.3.3  Graphene and Its Derivative

Graphene and its derivatives like graphene oxide (GO) and reduced graphene oxide 
(rGO) are one of the most extensively used two-dimensional materials with sp2- 
bonded carbon atom. Graphene derivative is similar to graphene analog, but it 
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contains oxygen-containing functional groups like carboxyl, carbonyl, and a 
hydroxyl. Moreover, graphene and its derivative have excellent electrical, mechani-
cal, thermal, and optical ability, thereby attracting researchers in end applications 
such as energy, solar cells, lithium-ion battery, supercapacitors, fuel cells, drug deliv-
ery, medicine, bioimaging, chemical sensor, and biosensor. The synthesis of gra-
phene mainly occurs by both top-down and bottom-up approaches. Usually, graphite 
rod milled by the ball-milling process after that graphene synthesized by microme-
chanical cleavage, scotch tape exfoliation, and liquid-phase exfoliation process 
(Omar et al. 2019; Afreen et al. 2018; Nag et al. 2018; Mohan et al. 2018; Ren et al. 
2018). The liquid-phase exfoliation process is one of the most reliable processes to 
produce high-quality graphene. However, flake size and yield still remain a concern. 
In this context, CVD process was used for growing graphene on the substrate (Cu/Ni/
Si) to enhance the yield of graphene. Nonetheless, controlling the thickness and 
detachment from the substrate still remain a concern. The extraordinary optical prop-
erties like photoluminescence and fluorescence quenching and Raman properties 
make them suitable candidates for biosensing or imaging applications (Nag et al. 
2018; Mohan et al. 2018; Ren et al. 2018). Moreover, higher surface area achieved 
higher absorption or binding of functional groups, thereby providing new insight for 
highly sensitive and accurate biosensor technology platform. In this context, these 
carbon nanostructure- based materials might have the potential ability to develop 
novel diagnostic probes.

4.4  Carbon Nanostructured Material-Based Biosensor 
for Alzheimer’s Disease

Alzheimer’s disease is the most common neurodegenerative disease categorized by 
protein aggregation like Aβ plaques and tau protein, thereby resulting in atrophy of 
brain and loss of cognitive function. Usually, the development of the pathophysio-
logical process of Alzheimer’s disease was analyzed by using structural and molec-
ular imaging process. Currently, three types of amyloid-PET tracers have been 
approved by the FDA and European Medical Agency (EMA) to eliminate 
Alzheimer’s disease from other dementia.

The early-stage diagnosis is one of the most important and beneficial in neuro-
logical or Alzheimer’s disease, thereby enhancing therapeutic efficacy. In this con-
text, various biosensors such as electrochemical, optical, fluorescent, surface 
plasmon resonance (SPR), localized surface plasmon resonance (LSPR), and che-
miluminescence biosensor have the potential ability to detect different biomarkers 
of Alzheimer’s disease. Electrochemical biosensor was extensively used to detect 
Alzheimer’s disease due to their ease of use, inexpensiveness, sensitivity, and accu-
rateness. Moreover, higher surface area, high transfer of an electron, high chemical 
stability and biocompatibility, and easy functionalization with a functional group 
make it a suitable candidate for biosensor (Houmani et al. 2018; Dubois et al. 2015; 
Sabbagh et al. 2017; Weller and Budson 2018). Herein, our focus is on the carbon 
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nanostructured materials such as CNTs, CNFs, and graphene and its derivative- 
based biosensors for the detection of different biomarkers of Alzheimer’s disease.

4.4.1  Carbon-Based Biosensor for the Detection of Amyloid-β 
(Aβ) Peptide

The Aβ peptide is one of the potential biomarkers for the detection of Alzheimer’s 
disease (early stage or progression of the disease). In this context, various carbon 
nanomaterials-based biosensors have been developed for the detection of Aβ pep-
tide as a biomarker of Alzheimer’s disease. For example, Vestergaard et al. (2005) 
fabricate first electrochemical detection of Aβ1–40 and Aβ1–42 protein using glassy 
carbon electrode. Another study also focuses on the fabrication of reusable biosen-
sor by using magnetic nitrogen-doped graphene modified with Au electrode (MNG) 
for the detection of an Aβ42 biomarker of Alzheimer’s disease. The detection of 
biomarkers was based on the specific recognition of elements using Aβ1–28 (Aβab) 
antibodies. The produce MNG-based biosensor has high sensitivity with the detec-
tion limit of 5 pg/mL. Moreover, the produce MNG-based biosensor enhanced the 
detection limit as well as decreased the cost and response time (Li et  al. 2016). 
Figure  4.4 shows the schematic representation of MNG-based electrochemical 
immunosensor for the detection of Alzheimer’s disease. Another study focuses on 
the fabrication of carbon fiber microelectrodes for the detection of Aβ protein in the 
CSF sample. The Aβ1–40 and Aβ1–42 antibodies are used for selectivity and accu-
racy of the carbon fiber microelectrode-based immunosensor. The produce immu-
nosensor (Aβ1–40 and Aβ1–42) has high sensitivity with the detection limit of 
20–140 nM, respectively (Prabhulkar et al. 2012).

Fig. 4.4 Schematic illustration of MNG-based biosensor for the detection of Alzheimer’s disease. 
(Image taken with permission (Li et al. 2016). This work is licensed under a Creative Commons 
Attribution 4.0 International License)
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4.4.2  Carbon-Based Biosensor for the Detection  
of MicroRNAs (miRNA)

The miRNAs have the important role in the development and specification of neu-
rons. Several studies suggested that miRNA might be used as a biomarker for the 
detection of Alzheimer’s disease (Zhao et al. 2015; Kumar et al. 2013). In this con-
text, various carbon-based biosensors focus on the detection of miRNA as a bio-
marker for Alzheimer’s disease. For example, Azimzadeh et al. (2017) fabricated 
electrochemical biosensor by using electrochemically reduced graphene oxide with 
gold wires and modified with doxorubicin (DOX)-loaded screen-printed carbon 
electrode (SPCE) for the detection of serum miR-137 as a biomarker of Alzheimer’s 
disease. The produce electrochemical biosensor characterized by using cyclic 
voltammetry (CV) and electrochemical impedance spectroscopy (EIS) suggested 
high sensitivity with the detection limit of 1.7 fM. Isin et al. (2017) fabricated gra-
phene oxide (GO)-based biosensor for the detection of miRNA-34a as a biomarker 
of Alzheimer’s disease. For this, activated pencil graphite electrodes were modified 
with GO for the production of the biosensor. The produce GO-based biosensor was 
characterized by differential pulse voltammetry (DPV), and CV attributed high sen-
sitivity against miRNA-34a with the detection limit of 7.52 μg/mL. Congur et al. 
(2015) fabricated GO modified with pencil graphite electrodes for the detection of 
miRNA-34a. The produce GO-based biosensor was characterized by CV and EIS 
techniques. The data suggested that produce GO-based biosensor was highly sensi-
tive and selective against miRNA-34a, and the detection limit was found to be 
1.9 mg/mL. Erdem et al. (2015) fabricated carbon nanofiber-enriched disposable 
screen-printed electrodes (CNF-SPEs) for the detection of miRNA-34a. The pro-
duce CNF-SPE-based biosensor was characterized by DPV and EIS process. The 
data suggested the single use and highly sensitive disposable sensor with the detec-
tion limit of 10.98 μg/mL. Seo et al. (2017) fabricated graphene-based biosensor for 
the detection of miRNA-1306. For this, graphene was grown by using ambient air 
thermal CVD process and then transfer onto the poly (methyl methacrylate) 
(PMMA) to produce PMMA/graphene film. The produce PMMA/graphene film 
binds with NH2-conjugated miRNAs for the detection of miRNA-1306 from sam-
ples. The produce PMMA/graphene film-based biosensor was characterized by EIS 
measurement. The data suggested that produce PMMA/graphene film-based bio-
sensor is highly sensitive and with the lowest detection limit (0.8 fM).

Moreover, Vilela et  al. (2017) developed GO-based optical biosensor for the 
detection of miRNA as a biomarker of cancer and Alzheimer’s disease. For this, 
whole cell lysate was prepared and then mixed with up-conversion nanoparticles 
and GO.  The prepared solution binds with mRNAs associated with Alzheimer’s 
disease (BACE-1) or prostate cancer (PCA3). The produce GO-based optical bio-
sensor has the potential ability to detect miRNA with changes in fluorescence 
intensity.
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4.4.3  Carbon-Based Biosensor for the Detection of Chloride Ions 
(Cl-)

The Cl- ions play important roles in the neuron physiology that closely relates with 
Alzheimer’s disease. The increased chloride intracellular channel-1 (CLIC1) pro-
tein with Cl- ion activity attributed closed relation between the Cl- ions and neuro-
logical diseases. In this context, few studies have been the focus for the detection of 
Cl- ions as a biomarker of Alzheimer’s disease (Cárdenas-Aguayo et al. 2014; Thal 
et al. 2008; Toivari et al. 2011; Jalonen et al. 1997). For example, Dong et al. (2017) 
developed CNT-based biosensor for the detection of Cl- ions from the live mouse 
brain. For this, silver (Ag) nanoparticles, methylene blue, and DNA were used as a 
recognition element of the biosensor. The three-dimensional structure was com-
posed of single-walled carbon nanotubes (SWCNTs) and Au leaves deposited onto 
the surface of carbon fiber microelectrode to produce CNT-based biosensor. The 

Fig. 4.5 Development of CNTs-based label-free biosensor for the detection of Cl- level in live 
mouse brain as the biomarker of Alzheimer’s disease. (Image was taken with permission (Dong 
et al. 2017) Copyright © 2016 American Chemical Society)

M. Ashfaq et al.



83

produce biosensor has the potential ability to detect Cl− ions from the brain. The 
data suggested that the level of Cl− ions decreases in the striatum and hippocampus 
by approximately 19.8 ± 0.5 and 27.2 ± 0.3%, respectively. In general, accuracy and 
reliability of the electrochemical carbon-based biosensor have the potential ability 
with early detection of Alzheimer’s disease that might be useful in future clinical 
applications (Fig. 4.5).

4.5  Conclusion and Future Prospects

The fabrication of biosensor devices for early detection of Alzheimer’s disease and 
treatment monitoring is one of the most important aspects of diagnosis and therapy. 
Usually, biomarkers offer valuable information about diseases. However, the sensi-
tivity, accuracy, low cost, and reliable point of care detection are the most important 
challenge nowadays. Several sensing techniques are used for the detection of vari-
ous biomarkers. The carbon-based nanomaterials have the potential ability to 
become a suitable candidate for sensing electrode materials due to its extraordinary 
mechanical, electrical, optical properties, high biocompatibility, and easy function-
alization with several functional groups. The carbon nanomaterials-based biosensor 
platform might be beneficial for the detection of various diseases especially cancer 
and Alzheimer’s disease. However, a lot of research focuses on the development of 
newer biosensing platform for early detection of Alzheimer’s disease. The carbon 
nanomaterials-based biosensor are sensitive, specific, accurate, low cost, and adapt-
able for the detection of Aβ peptide, miRNA, and Cl- ions as a biomarker for 
Alzheimer’s disease. Future progress in this area is expected to develop newer bio-
markers or newer carbon-based hybrid materials-based biosensor to improve sensi-
tivity, accuracy, and specificity, thereby enhancing clinical applicability. Therefore, 
carbon nanostructured materials offer newer biosensing platform for clinical diag-
nosis and therapy of Alzheimer’s disease.
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Abstract
Alzheimer’s disease (AD) is the most common neurodegenerative disease char-
acterized by the presence of senile plaques (SPs) and neurofibrillary tangles 
(NFTs) in the hippocampus and cortex of afflicted patients. In case of AD 
patients, during the progression of the disease, there is proof that brain tissues of 
these individuals are exposed to oxidative stress (OS). In AD, advanced glyca-
tion end products (AGEs) exist in amyloid plaques; moreover, accelerated oxida-
tion of glycated proteins might cause its extracellular accumulation. AGEs have 
also found to take part in neuronal death, initiating production of free radical and 
therefore increasing OS. In case of progression of AD, emerging proof has shown 
that OS plays a key role. Nevertheless, the processes that ultimately cause distur-
bance of redox balance and also the sources of the free radicals are still unclear. 
Likewise, an excessive amount of reactive oxygen species (ROS) might be pro-
duced from processes including dysfunction of mitochondria and/or abnormal 
transition metal accumulation, though the redox imbalance seems to be promoted 
by the aberrant accumulation of amyloid ß (Aβ) and tau proteins. For Aβ- and 
tau-mediated neurotoxicity, the resulted OS has been associated. There is also 
the availability of evidence that OS might increase the aggregation and produc-
tion of Aβ and also assist the polymerization as well as phosphorylation of tau, 
therefore creating a malicious cycle that stimulates the progression and even 
initiation of Alzheimer’s. This chapter represents the critical pathogenic mecha-
nism of OS and AD.
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5.1  Introduction

Oxidative balance is now regarded as a significant issue  to understand the 
Alzheimer’s disease (AD) pathogenesis. AD brain examination has proved a great 
extent of oxidative damage, connected with both normal appearing pyramidal neu-
rons as well as in hallmark pathologies such as senile plaques (SPs) and neurofibril-
lary tangles (NFTs) (Smith et al. 2000; Uddin et al. 2016a, 2018a). Worldwide, the 
population of the elderly people continues to rise, and henceforth AD prevalence 
has significantly increased. Furthermore, among the elderly, AD is now considered 
as one of the foremost causes of death and also disability (Uddin et  al. 2019a). 
Although significant advancement has been observed in case of AD research, the 
precise pathogenesis and causes of AD are yet to be fully understood (Uddin et al. 
2019b). At present, there is no treatment available which can effectively treat the 
disease (Uddin et al. 2019c).

The occurrences of neuronal loss, NFTs, and SPs are the key AD pathological 
features of AD brains (Uddin and Rashid 2019). SPs are chiefly composed of Aβ 
peptide that is generated via proteolytic cleavage of the transmembrane amyloid 
precursor protein (APP) (Uddin and Haque 2016). Arrays of paired helical filaments 
(PHFs) structures are the key structural features of NFTs; furthermore, they primar-
ily contain self-aggregated hyperphosphorylated tau, which is regarded as a multi-
functional protein found to be involved in microtubule stabilization and assembly 
(Uddin et al. 2016b). Growing evidence has exhibited that occurrence of widespread 
OS is a feature of AD brains, along with the well-known pathology of NFTs and SPs 
(Praticò 2008; Uddin et al. 2016c). Furthermore, in AD brains, it has been found 
that the levels of 3-nitrotyrosine and protein carbonyls, which are produced from 
protein oxidation, and markers of oxidative damage to deoxyribonucleic acid (DNA) 
and ribonucleic acid (RNA), for instance, 8-hydroxyguanosine (8-OHG) and 
8-hydroxydeoxyguanosine (8-OHdG) are increased (Nunomura et  al. 1999). 
F2-isoprostanes (F2-IsoPs), malondialdehyde (MDA), and 4-hydroxy-2-nonenal 
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(HNE) are the products of lipid peroxidation which are also found to rise in multiple 
areas of the brain and cerebrospinal fluid of people containing mild cognitive 
impairment (MCI) or AD (Praticò and Sung 2004; Lovell et al. 1995).

In case of peripheral tissues and also central nervous system of AD patients, 
along with the buildup of free radical damage, it has been observed that changes in 
the expression or actions of antioxidant enzymes including catalase and superoxide 
dismutase (SOD) have been detected (Uddin et  al. 2016a; Marcus et  al. 1998; 
Padurariu et al. 2010). In addition, in case of MCI and AD brains, the augmented 
oxidative damage to proteins and lipids and the diminished antioxidant enzyme and 
glutathione actions are more localized to the synapses and also correspond with the 
extent of the disease, signifying contribution of OS in the synaptic loss which is 
related to AD (Ansari and Scheff 2010; Kasapoglu and Ozben 2001). Essentially, it 
needs to be noted that most of the aforesaid studies exhibit increased OS in MCI, 
which is suggested as an intermediate state among dementia and normal aging, 
signifying that the OS damage in Alzheimer’s might take place preceding the onset 
of the disease. Moreover, during the development and initiation of AD, these previ-
ously mentioned findings collectively recommend that OS might be one of the ini-
tial changes that take place.

OS is regarded as a proximal event in AD pathogenesis. Nevertheless, the exact 
processes through which redox balance is changed in the disease still stay obscure 
(Zhu et al. 2004; Uddin et al. 2018b, 2016d). OS is intimately associated with a 
number of crucial pathological mechanisms found in AD. Therefore, the purpose of 
this chapter is to emphasize the impact of OS in the pathogenesis of AD including 
neurotoxicity induced by Aβ, tau pathology, metal dyshomeostasis, and dysfunction 
of mitochondria.

5.2  Oxidative Stress in Alzheimer’s Disease

There are an enormous number of proofs that, during the disease advancement, 
brain tissue in AD individuals is introduced to OS (Fig. 5.1). As OS is catego-
rized by a disproportion in the radical production of antioxidative defense and 
ROS, both of them are regarded to have a significant contribution to cognitive 
decline and process of age-associated neurodegeneration (Gsell et  al. 1996; 
Sayre et al. 2008, 2005).

5.2.1  Lipid Oxidation in Alzheimer’s

In AD brains, ROS has found to cause modifications of lipids, and there is a strong 
link among NFTs, amyloid plaques, antioxidant enzymes, and lipid peroxides 
(Lovell et al. 1995). Furthermore, in case of AD brains, a number of breakdown 
products of OS, such as F2-IsoPs, MDA, acrolein, and HNE, have been detected and 
compared to age-matched controls (Mark et al. 1997; Markesbery and Lovell 1998). 
Interestingly, it has been found that HNE has the ability to alter proteins, resulting 
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in a group of effects, such as dysregulation of intracellular calcium (Ca2+) signaling, 
activation of kinases, sodium-potassium adenosine triphosphatase pump (Na+/K+-
ATPase) inhibition, glutamate transporter inhibition, and neuronal glucose inhibi-
tion that eventually can lead to induction of an apoptotic cascade process (Keller 
et al. 1997; Mattson and Chan 2003). Since NFTs have adducts of HNE and MDA 
(i.e., an extremely reactive products of lipid peroxidation), NFTs are found to con-
tain the footprints of oxidative membrane damage.

In addition, dystrophic neurites of SPs that contain filaments of NFTs exhibit 
higher membrane damage as compared to those that have a deficiency of filaments 
(Serrano-Pozo et al. 2011). There is rising evidence which recommends that bifunc-
tional HNE is considered as the main cytotoxic products of lipid peroxidation. In 
AD cases, after lipid peroxidation, a 2-pentylpyrrole modification of lysine is the 
only currently recognized “advanced” (stable end product) adduct that generates 
from the alteration of proteins via HNE.  Henceforth, the aforesaid results along 
with the current evidence exhibit that HNE is cytotoxic to neurons, and also it dam-
ages the action of membrane proteins including the neuronal glucose transporter 3 
(GLUT3), which specify HNE as a distinctive marker that can lead to neurodegen-
eration in Alzheimer’s (Bruce-Keller et al. 1998; Chen and Kong 2012).

Fig. 5.1 Pathogenic mechanisms by which oxidative stress triggers Alzheimer’s pathogenesis.
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5.2.2  Protein Oxidation in Alzheimer’s

Oxidation of protein side chains arbitrated by ROS has been studied (Davies 2005), 
and it is found to result in the protein-based carbonyl’s generation or in the hydroxyl 
group introduction. Furthermore, through oxidizing amino acid residue side-chain 
hydroxyls into an aldehyde or ketone derivatives, carbonyl groups are presented in 
proteins (Berlett and Stadtman 1997; Wong et al. 2010). Carbonylation of proteins 
can be caused via a number of oxidative pathways (Dalle-Donne et  al. 2014). 
Interestingly, the introduction of carbonyl groups in proteins can be mediated 
through direct oxidation of threonine residues, proline, arginine, and lysine or due 
to the cleavage of peptide bonds via oxidation of glutamyl residues or via α-amidation 
pathway (Weng et al. 2017).

ROS has also been found to react with other molecules, including sugars 
(i.e., glycoxidation), DNA (i.e., DNA oxidation), and lipids (i.e., oxidation of lipid), 
leading to the production of reactive aldehydes and carbonyl derivatives, which can 
sequentially cause a reaction with proteins and can ultimately generate protein- 
bound carbonyls (Rahman et al. 2017). On the other hand, protein carbonylation 
measurement is supposed to be a decent assessment for the degree of oxidative dam-
age of proteins linked with a range of conditions of OS, physiological disorders, 
neurodegeneration, AD, and aging (Korolainen et al. 2007; Smith et al. 1998).

5.2.3  Nucleic Acid Oxidation in Alzheimer’s

DNA bases are found to be susceptible to OS-mediated damage, including nitration, 
protein carbonylation, and hydroxylation (Gabbita et al. 1998; Collins et al. 1996; 
Lovell and Markesbery 2007). In case of AD, it has been noticed that ROS of the 
brain triggers Ca2+ influx, through glutamate receptors, and can ultimately trigger a 
response which is excitotoxic in nature, and this can result in cell death (Mattson 
and Chan 2003). In addition, oxygen can react with unregulated redox-active metals 
to generate ROS (White et al. 2006). RNA and DNA oxidations are discernable by 
augmented levels of 8-OHD and 8-OHdG (Nunomura et al. 1999, 2001). Moreover, 
these aforementioned markers have been contained in NFTs and Aβ plaques 
(Mecocci et al. 1994).

In AD, raised levels of DNA strand breaks have been observed (Moreira et al. 
2008). Although they were initially regarded as a part of apoptosis, it is now well- 
known that oxidative damage is accountable for DNA strand breaks. Furthermore, 
in case of AD, the aforesaid phenomenon is unswerving with the augmented free 
carbonyls in the nuclei of glia and neurons. On the other hand, in AD brains, the 
stimulation of heme oxygenase-1 (i.e., an enzyme that catalyzes the conversion of 
heme to bilirubin) is raised and also found to be strongly connected with NFTs 
(Choi et al. 2000; Schipper et al. 2009; Barone et al. 2012).
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5.2.4  Glycoxidation in Alzheimer’s

Advanced glycation end products (AGEs), which are proinflammatory mole-
cules and powerful neurotoxins, are generated through a nonenzymatic reac-
tion of sugars along with long-lived protein accumulations (Gkogkolou and 
Böhm 2012). With a free amino acid group of proteins to produce a labile 
Schiff base, protein glycation initiates as a nonenzymatic process along with 
the unconstrained condensation of aldehyde or ketone groups of sugars. 
Furthermore, the aforesaid phenomenon is in line with the classical reaction 
defined by Maillard in 1912 (Smith et al. 1994). Subsequently, a series of reac-
tions take place to generate AGEs, which are found to be containing irrevers-
ibly cross-linked heterogeneous protein aggregates. On the other hand, 
extensive covalent protein cross-linking-mediated insolubility of Aβ plaques is 
also supported by the growing evidence (Smith et al. 1996). AGEs are regarded 
as one of the processes through which long-lived proteins can be cross- linked 
(Ortwerth and Olesen 1988; Prabhakaram and Ortwerth 1994). The buildup of 
extracellular AGEs has been confirmed in coronas of classic plaques and primi-
tive plaques, different cortical areas, and SPs. A very high extent of colocaliza-
tion of AGEs with ApoE has been demonstrated through immunohistochemical 
studies (Li and Dickson 1997).

In AD, enhanced oxidation of glycated proteins (i.e., glycoxidation) causes 
extracellular AGE accumulation (Münch et al. 1998). In addition, accumulations of 
intracellular proteins including Lewy bodies, NFTs of individuals with Hirano bod-
ies, and Parkinson’s disease are also cross-connected by AGEs (Loske et al. 2000), 
which might clarify their resistance to proteases and insolubility in detergents. The 
key constituent of the NFTs, microtubule-linked protein tau (MAP-tau), has been 
revealed to be individual to the formation of intracellular AGEs (Gella and Durany 
2009; Hagino and Kobayashi 2018). On the other hand, MAP-tau can be interest-
ingly glycated in vitro, decreasing its capacity to bind to microtubules. Moreover, in 
the tubulin-binding region, MAP-tau isolated from brains of AD individuals is gly-
cated, which can lead to β-sheet fibril formation (González et al. 1998; Ledesma 
et al. 1998). Interestingly, various experiments have exposed the existence of AGEs 
along with two key AD proteins such as MAP-tau and Aβ (Vitek et  al. 1994; 
Younessi and Yoonessi 2011; Yan et al. 1994; Emendato et al. 2018). This previ-
ously mentioned finding strengthens the debate that AGEs have a contribution in the 
process of the AD pathogenesis (Colaco and Harrington 1994; Smith et al. 1995). 
Additionally, it has been observed that free radicals can evidently promote the Aβ 
cross-linking formation and can also play a role in glycation processes (Mattson 
et al. 1995; Uddin and Upaganlawar 2019).
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5.3  Oxidative Stress and Pathological Hallmarks 
of Alzheimer’s Disease

5.3.1  Oxidative Stress in Aβ Pathology

Aβ is generated through the sequential proteolytic cleavages of APP. One of the 
proteolytic enzymes is known as beta-secretase, otherwise recognized as beta-
site APP-cleaving enzyme 1 (BACE1). The other membrane-bound protease is 
gamma- secretase, which is a multiprotein complex containing presenilin 
enhancer protein 2, anterior pharynx-defective 1 (APH-1), presenilin (PSEN), 
and nicastrin (NCT) (Querfurth and LaFerla 2010; Steiner 2004). Moreover, it 
has been found that APP at the N-terminal end is cleaved by BACE1, generating 
a 99-amino acid APP C-terminal fragment (CTF99), which is additionally 
cleaved within the transmembrane domain by gamma-secretase, which eventu-
ally can result in the Aβ peptide release (Querfurth and LaFerla 2010; Walsh and 
Selkoe 2007). On the other hand, from the cleavages through beta- and gamma-
secretases, various peptides of varying lengths can be produced. In addition, 
among them, more profusely generated 40-amino acid form of Aβ (Aβ40) is 
much less toxic than the 42-amino acid form of Aβ (Aβ42); this phenomenon is 
perhaps due to Aβ42’s rapid self-assembly into oligomers (Walsh and Selkoe 
2007; Yankner and Lu 2009). Actually, evidence from several studies recom-
mend that Aβ oligomers are considered as the most neurotoxic; furthermore, in 
case of AD, their levels relate with the extent of the cognitive decline (Jongbloed 
et al. 2015; Ferreira et al. 2015). Fascinatingly, the generation of toxic Aβ pep-
tides can be precluded by the APP cleavage by a 3rd enzyme known as alpha-
secretase (Esler and Wolfe 2001). Enhanced production and/or lowered Aβ 
peptide clearance can cause a buildup of Aβ, which can trigger diverse cell 
signaling pathways which ultimately can result in weakening of cognitive func-
tion, neuronal loss, and synaptic degeneration (Yankner and Lu 2009; Roberson 
and Mucke 2006; Hsiao et al. 1996).

Numerous studies have associated OS in Aβ-mediated neurotoxicity (Mattson 
1997; Cheignon et al. 2018). Aβ treatment might enhance the levels of hydrogen 
peroxide (H2O2) and lipid peroxides, which is revealed by in vitro experiments 
by means of cell models (Behl et al. 1994; Klein and Ackerman 2003). Reliably, 
enhanced H2O2 and nitric oxide generation plus increased oxidative changes of 
lipids and proteins were linked with the age-related buildup of Aβ in several AD 
transgenic mouse models containing mutants of PSEN1 and APP. Collectively, 
the aforementioned findings endorse that Aβ can encourage OS (Matsuoka et al. 
2001; Apelt et al. 2004). ROS stimulation via soluble Aβ oligomers necessitated 
the N-methyl-D-aspartate (NMDA) receptor activation and also was linked with 
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a fast upsurge in the levels of neuronal Ca2+ in hippocampal neuronal cell cul-
tures. Together, these findings signify a probable contribution of soluble Aβ 
oligomers as proximal neurotoxins and also the contribution of OS in the neuro-
nal loss and synaptic damage stimulated via soluble Aβ oligomers (De Felice 
et al. 2007; Zhang et al. 2016). Steadily, natural antioxidants, for instance, green 
tea catechins, curcumin, and EGb 761 (i.e., nutraceuticals), can exhibit neuropro-
tective functions by weakening Aβ-facilitated neuronal apoptosis and ROS gen-
eration, which has been confirmed in studies with AD cell and animal models 
(Cole et al. 2007; Zhao and Zhao 2012).

Besides facilitating Aβ-mediated cytotoxicity, many experiments have recom-
mended that OS can promote Aβ production. In addition, in transgenic mice overex-
pressing APP mutant, faulty antioxidant defense system can cause increased OS and 
can markedly increase deposition of Aβ (Li et  al. 2004; Nishida et  al. 2006). In 
contrast, antioxidants present in diets, for instance, curcumin, lowered Aβ plaque 
burden and brain Aβ levels and decreased the increment of oxidized proteins (Lim 
et al. 2001). Moreover, through supplementation containing an antioxidant, the ele-
vated deposition of Aβ and its related initial onset and more severe cognitive dys-
function stimulated by the faulty antioxidant defense system might be improved 
(Nishida et al. 2006; Billings et al. 2005). Consistent with these results, decrease in 
oxidation of protein and elevated antioxidant defense ability in brains, while restor-
ing the memory deficit and decreasing Aβ plaque burden, were observed in Tg19959 
transgenic mice overexpressing APP mutant, due to the overexpression of manga-
nese SOD (MnSOD) (Dumont et al. 2009). In addition, in comparison with control 
AD mice, in Tg2576 APP-overexpressing AD mouse model, removal of cytoplas-
mic copper/zinc SOD (Cu-Zn-SOD) caused elevation of oligomerization of Aβ 
while fastening the loss of memory and spatial learning, signifying a probable con-
tribution of oxidative damage in oligomerization of Aβ (Murakami et  al. 2011). 
Collectively, these findings recommend that, for the development and initiation of 
AD, the augmentation of plaque formation/production of Aβ as well as oligomeriza-
tion of Aβ via OS is crucial.

Experiments on how OS increases the production of Aβ have exposed that OS 
inhibits the action of alpha-secretase while supporting the activation and expression 
of gamma- and beta-secretases, the enzymes which are regarded as vital for the 
production of Aβ from APP (Oda et al. 2009; Yoo et al. 2010; Quiroz-Baez et al. 
2009). The stimulation of PSEN1 and BACE1 expression and the gamma-secretase 
activation through OS were observed to be reliant on the initiation of an OS-stimulated 
major cell signaling cascade, c-Jun N-terminal kinase (JNK) pathway (Tamagno 
et al. 2008; Shen et al. 2008). Actually, the 5′ untranslated and promoter region of 
BACE gene has binding sites for a number of transcription factors including the 
nuclear factor-kappa B (NF-κB) and redox-sensitive activator protein (AP1), activa-
tion of which by OS may sequentially increase the expression of BACE (Sambamurti 
et al. 2004). Interestingly, both the rise in PSEN1 and BACE1 activity/expression 
(Fukumoto et al. 2002; Yang et al. 2003) and the JNK signaling cascade activation 
have been identified (Zhu et al. 2001; Lagalwar et al. 2006). Henceforth, it is prob-
able that the elevated OS in Alzheimer’s brains might start the activation of a series 
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of redox-sensitive cell signaling pathways including JNK, which can cause promo-
tion of the expression of PSEN1 and BACE1, which ultimately can increase cogni-
tive function impairment and Aβ production. On the other hand, in case of 
Aβ-stimulated neuronal apoptosis, JNK has also been associated (Yao et al. 2005). 
Therefore, via the initiation of redox-sensitive signaling pathways including JNK, 
OS might increase the production of Aβ as well as can arbitrate neurotoxicity 
induced by Aβ.

The increase of production of Aβ via OS might be a compensatory reaction 
to OS. In case of AD individuals, it was observed that neuronal oxidative dam-
age was more severe with minor levels of Aβ deposition or with the disease 
having shorter duration (Nunomura et al. 2001, 2004). Furthermore, an inverse 
relationship was observed amid the extents of neuronal oxidative damage to 
nucleic acids and the extents of intraneuronal Aβ42  in the subiculum and the 
hippocampus of Alzheimer’s brains (Nunomura et al. 2010). Undeniably, evi-
dence has recommended that low nanomolar or picomolar levels of Aβ can be 
neuroprotective or neurotrophic (Luo et al. 1996; Plant et al. 2003). Collectively, 
lower Aβ levels might have a contribution in the normal functioning of neuronal 
cells and the unusual aggregation and accumulation of specific forms of Aβ, 
which could be elevated by OS and contributing to the pathological develop-
ment of AD. Better comprehension is needed to recognize the pathological and 
physiological contribution of Aβ, which might help to develop efficacious tech-
niques for the interventions of AD.

5.3.2  Oxidative Stress in Tau Pathology

Hyperphosphorylated tau protein is considered as the main NFTs constituent, which 
is also regarded as another distinctive feature of the pathology of AD that associates 
with cognitive decline and neurodegeneration (Hossain et al. 2019). Irregular tau 
hyperphosphorylation can impair its ability to promote microtubule congregation 
and its binding with tubulin, which eventually can result in its self-accumulation 
into filaments (Zaplatic et al. 2019). On the other hand, in the abnormal tau phos-
phorylation, several protein phosphatases and protein kinases have been associated, 
including calcium-calmodulin kinase, protein kinase C, mitogen-activated protein 
kinase (MAPK), glycogen synthase kinase-3 beta (GSK-3 beta), and cyclin- 
dependent kinase 5 (Billingsley and Kincaid 1997). In fact, it has been recom-
mended that Aβ accumulation might become evident before the pathology of tau. In 
addition, that aggregates of Aβ could be one of a series of molecular processes 
which can result in hyperphosphorylation of tau (Zheng et  al. 2002; Gotz et  al. 
2001). In contrast, it was stated that tau overexpression decreased Golgi-derived 
vesicles into neurites, neurofilaments, and kinesin-dependent transport of peroxi-
somes, eventually instigating transport deficiency in primary neuronal cells includ-
ing the APP trafficking (Stamer et al. 2002). Specifically, the APP transport into 
dendrites and axons was obstructed, initiating its buildup in the cell body (Stamer 
et al. 2002; Petersen et al. 2014).
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Based on the studied experiments, it was found that OS is interlinked with the 
pathology of tau. In addition, the cells that overexpress tau protein had augmented 
vulnerability against OS; this phenomenon takes place probably because of the per-
oxisome depletion (Stamer et al. 2002; Petersen et al. 2014; Gendron and Petrucelli 
2009). The decrease in gene dosage of mitochondrial SOD2 or thioredoxin reduc-
tase (TrxR) increased tau-mediated neuronal apoptosis and neurodegenerative his-
tological abnormalities, in a Drosophila model of human tauopathies expressing a 
disease-associated mutant form of human tau (tau R406W) (Dias-Santagata et al. 
2007). On the other hand, tau-stimulated neuronal cell death was attenuated by vita-
min E treatment or overexpression of these antioxidant enzymes (Dias-Santagata 
et al. 2007). In addition, the levels of ROS were elevated in cortical neurons in a 
transgenic rat model expressing a human truncated variant form of tau protein, as 
compared to control nontransgenic neurons. Furthermore, in the previously men-
tioned case, it was also noticed that the increased level of ROS was considerably 
eliminated due to the use of antioxidants, for example, vitamin C (Cente et al. 2006, 
2009). These findings recommend that oxidative damage at least partly mediates 
tau-stimulated neurotoxicity (Dias-Santagata et  al. 2007; Bondy and Campbell 
2016). The relationship between tau pathology and OS was confirmed in P301L and 
P301S transgenic mouse models carrying the human tau gene with P301L or P301S 
mutations, which display hyperphosphorylated tau buildup and also cause the devel-
opment of neurodegeneration and neurofibrillary tangles (Yoshiyama et al. 2007). 
In P301L tau transgenic mice, reduced nicotinamide adenine dinucleotide (NADH)-
ubiquinone oxidoreductase action along with mitochondrial dysfunction was 
observed, which was linked with the elevated production of ROS, weakened synthe-
sis of adenosine triphosphate (ATP), and mitochondrial respiration in aged animals 
(David et  al. 2005). Interestingly, signs of the increased OS along with elevated 
protein carbonyl levels in cortex mitochondria were exhibited by the brains of 
P301S transgenic mice.

In the aforesaid phenomenon, modifications in the content and activity of mito-
chondrial enzymes involved in energy metabolism and formation of ROS were also 
found, further recommending that in case of tau pathology, mitochondrial dysfunc-
tion and OS may have significant contribution (Dumont et al. 2011). Unswervingly, 
reduced lipid peroxidation and markedly elevated level of complex I action while 
improving behavioral deficits and survival of the mice were observed following 
administration of P301S mice with coenzyme Q10, a vital component of the elec-
tron transport chain and an antioxidant (Elipenahli et al. 2012). In addition, in a 
triple transgenic mouse model (pR5/APP/PS2), the convergence of pathologies of 
tau and Aβ on the dysfunction of mitochondria was confirmed, which further shows 
both tau and Aβ pathologic characteristics of the disease in the brain of the animal 
(Eckert et al. 2010). Then again, enormous deregulation of 24 proteins was verified 
through the proteomics analyses of the brain samples, of which one-third were 
mitochondrial proteins mostly linked to complexes IV and I of the oxidative phos-
phorylation system (Rhein et al. 2009). Extraordinarily, complex I deregulation was 
noticed to be reliant on tau, whereas mitochondrial complex IV deregulation was 
revealed to be reliant on Aβ (Rhein et al. 2009; Eckert et al. 2011). Moreover, the 
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actions of tau and Aβ on functions of mitochondria were observed to be age- 
associated and synergistic, which can result in the decrease of ATP synthesis and 
reduction of the mitochondrial respiratory ability, which can eventually lead to neu-
ronal death and synaptic loss (Rhein et al. 2009; Nisbet et al. 2015).

Rising evidence has revealed that OS might have a contribution in polymeriza-
tion and hyperphosphorylation of tau. In addition, fatty acid oxidation, which is 
observed to be increased in Alzheimer’s brains, was stated to aid tau polymerization 
and henceforth may act as a probable connection between OS and the formation of 
the fibrillar pathology in Alzheimer’s (Gamblin et al. 2000). Also, decrease in cyto-
plasmic SOD1 or mitochondrial SOD2 deficiency (Melov et  al. 2007) enhanced 
phosphorylation of tau in Tg2576 AD transgenic mice. Moreover, the aforemen-
tioned phenomenon recommends that, in tau hyperphosphorylation, ROS might 
have a significant contribution (Murakami et al. 2011; Kosik and Shimura 2005).

5.4  Oxidative Stress and Mitochondria Dysfunction 
in Alzheimer’s Disease

Undoubtedly, mitochondria play critical roles in a number of cellular functions 
including cell survival and death, Ca2+ homeostasis, and ATP synthesis. In the 
meantime, mitochondria are particularly susceptible to OS. In addition, in the cell, 
the major location of generation of ROS is regarded as the mitochondrial respiratory 
chain (Harilal et  al. 2019). In the pathogenesis of AD, it has been confirmed by 
numerous studies that dysfunction of mitochondria is a significant factor. 
Furthermore, in the hippocampal neurons of AD, several metabolic and mitochon-
drial irregularities have been recognized in comparison with age-matched controls 
(Zhu et al. 2006; Mutisya et al. 1994). A marked reduction in mitochondria was 
shown through morphometric analysis of biopsies from AD brains (Mutisya et al. 
1994; Hirai et al. 2001; Moreira et al. 2010). Moreover, these irregularities of mito-
chondrial were found to occur with oxidative damage marked by nitrotyrosine and 
8-OHG. This further signifies that, during AD progression, the mitochondria were 
damaged (Hirai et al. 2001; Wang et al. 2014). Similarly, in the cortical regions of 
AD brains, an important reduction in the action of mitochondrial cytochrome oxi-
dase (i.e., complex IV) was stated (Mutisya et al. 1994; Kish et al. 1999). Henceforth, 
lacking this important electron transport enzyme might result in the reduction in 
energy stores and elevation of ROS production, which ultimately can play a role in 
the neurodegenerative process (Mutisya et al. 1994; Liu et al. 2017).

In case of AD, evidence recommends that Aβ might directly interrupt the func-
tions of mitochondria and play a role in the energy metabolism deficit and also 
neuronal death. In addition, Aβ was localized to mitochondria in the brain of trans-
genic mice and also in neuroblastoma cells in AD people, thereby firmly expressing 
human mutant APP (Caspersen et  al. 2005; Manczak et  al. 2006). On the other 
hand, the existence of Aβ in mitochondria was connected with elevated mitochon-
drial ROS production and weakened mitochondrial metabolism (Manczak et  al. 
2006; Onyango et  al. 2016; Pavlov et  al. 2009). Actually, studies in isolated 
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mitochondria revealed that treatment of Aβ could decrease important enzymes of 
the mitochondria respiratory chain, disrupt protein mobility and lipid polarity, and 
also result in oxidative injury to mitochondrial membrane, which ultimately can 
cause rise in cytochrome c release and permeability of mitochondrial membrane 
(Rodrigues et al. 2001; Casley et al. 2002), which is given in Fig. 5.2. In a double 
homozygous knock-in mouse model expressing APP and PSEN1 mutants, a princi-
pal antioxidant enzyme that protects mitochondria against superoxide, known as 
MnSOD, was observed to be a target of inactivation and nitration (Anantharaman 
et al. 2006). The reduced activity of antioxidant defense enzymes including MnSOD 
might elevate the levels of ROS and compromise the function of mitochondria, tak-
ing part in the loss of potential of the mitochondrial membrane and ultimately acti-
vation of caspases and even apoptosis (Anantharaman et al. 2006).

Furthermore, Aβ can also change other cellular protective processes against oxi-
dative damage to mitochondria. On the other hand, it is known that uncoupling 
proteins (UCPs) are a class of mitochondrial anion carrier proteins (Rousset et al. 
2004). It has been found that products of lipid peroxidation or ROS can activate 
UCP3 and UCP2 in order to reduce proton-motive force and decrease ATP produc-
tion and mitochondrial membrane potential, decreasing generation of ROS from 
mitochondria and also causing mitochondria uncoupling (Echtay 2007). Thus, the 
activation and expression of UCPs are regarded as a protective mechanism in 

Fig. 5.2 Mitochondrial accumulation of amyloid ß causes compromised mitochondrial function 
and amplifies reactive oxygen species that lead to Alzheimer’s disease. Aß amyloid ß, ROS reactive 
oxygen species

Md. S. Uddin and Md. T. Kabir



103

response to OS. Interestingly, in AD brains, this protective mechanism seems dys-
functional, where the expression of UCP5, UCP4, and UCP2 is markedly reduced 
(de la Monte and Wands 2006). The upregulation of levels of UCP4 and UCP2 
protein in response to the introduction to the superoxide was revealed. Even though 
the aforementioned processes are not sufficiently clear, it recommends that buildup 
of Aβ might be linked to OS (Wu et al. 2009). Likewise, in cells overexpressing 
APP mutant or APP, it has been observed that, in response to superoxide treatment, 
the UCP4- and UCP2-dependent upregulation of mitochondrial free Ca2+ was 
reduced, signifying that the accumulation of Aβ might be linked with mitochondria 
dysfunction (Manczak et al. 2006; Wu et al. 2009, 2010).

Interestingly, before the appearance of plaques of Aβ, the mitochondria-linked 
Aβ in conjunction with the rise in H2O2 and reduction in cytochrome oxidase action 
was identified. The aforementioned findings signify the fact that, in the AD patho-
genesis, defects in mitochondria can take place earlier. Henceforth, in case of delay-
ing AD, early mitochondrially targeted therapeutic interventions might be useful 
(Caspersen et al. 2005; Manczak et al. 2006; Kumar and Atamna 2011; Mao and 
Reddy 2011).

5.5  Oxidative Stress and Metal Homeostasis in Alzheimer’s 
Disease

In the human body, for a broad range of biological processes, copper (Cu), zinc 
(Zn), and iron (Fe) are the transition metals that play pivotal roles including brain 
functions and also have noteworthy catalytic roles in many enzymes (Wright and 
Baccarelli 2007). On the other hand, additional Cu or Fe directly can interact with 
oxygen to generate hydroxyl radical (•OH), H2O2, and superoxide ion (O2

−), which 
might lead to OS and a range of biochemical changes that can eventually result in 
neuronal cell death (Kenche and Barnham 2011). Indeed, rising evidence has 
revealed that there is an intimate connection between the AD and the disturbance of 
metal homeostasis (Kenche and Barnham 2011; Uddin and Amran 2018). Moreover, 
in AD hippocampus and amygdala, unusual levels of Zn, Fe, and Cu have been 
detected; these mentioned areas are found to exhibit intense histopathologic changes 
(Deibel et  al. 1996). Furthermore, in transgenic mouse models and also in AD 
patients, the aforementioned transition metals have been found within the deposits 
of amyloid (Lovell et al. 1998; Zhang et al. 2006). Collectively, these findings rec-
ommend that, in AD, abnormal transition metal accumulation might be closely con-
nected with Aβ pathology. Nevertheless, in case of AD, the exact reason and the 
form of the association of brain metal dyshomeostasis are yet to be well-known.

In AD individuals, the prevalence of transition metals within the deposits of 
amyloid specifies that transition metals might interact directly with Aβ (Maynard 
et al. 2005; Duce et al. 2011). Actually, via a tyrosine residue (i.e., Tyr10) and three 
residues of histidine (i.e., His6, His13, and His14), both Zn2+ and Cu2+ can bind to 
monomers of Aβ, generating conformational alterations in the peptide that encour-
age its accumulation (Curtain et al. 2001; Hesse et al. 1994). Steadily, in vitro data 
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revealed that Zn and Cu quickly persuaded the soluble Aβ peptide aggregation 
(Atwood et al. 1998; Bush et al. 1994), which is given in Fig. 5.3. Thus, in AD 
brains, the unusual Aβ interaction with metal ions and the disruption in homeostasis 
of metal might directly be involved in the Aβ deposition process (Atwood et  al. 
1998; Strausak et al. 2001; Bush 2002). The abnormal interaction between Aβ and 
transition metals might serve as a cause of ROS generation. Furthermore, aluminum 
(Al) also serves as a possible modulator of tau pathology (Fig. 5.3) in the context of 
AD pathogenesis. Then again, a cuproenzyme-like complex is formed due to the 
high-affinity Aβ binding with Cu2+, which results in the formation of positive charge 
containing Aβ radical (•Aβ+) (Opazo et al. 2002).

Moreover, oxygen accepts two electrons (e−) from Cu+, which leads to the genera-
tion of H2O2 (Opazo et al. 2002; Huang et al. 1999a; Farooqui 2016); this further sets 
up circumstances to generate hydroxyl radicals (i.e., Fenton-type reaction) (Huang 
et al. 1999b; Lynch et al. 2000). Interestingly, subsequent to the donation of e− to O2, 
the radicalized •Cu2+ complex might be reinstated to Aβ•Cu2+ via e− transfer from 
biological reducing agents, including catecholamines, vitamin C, and cholesterol 
(Sayre et al. 2008; Opazo et al. 2002). The efficiency of H2O2 generation is higher for 
Aβ42 as compared to Aβ40, associating with their cytotoxic action (Huang et  al. 

Fig. 5.3 The interaction of zinc and copper with amyloid ß, as well as the impact of aluminum to 
tau, represents the hallmark pathogenic features that cause Alzheimer’s disease. Aß amyloid ß, 
Zn2+ zinc ion, Cu2+ copper ion, Al aluminum
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1999a, 1999b; Gravina et al. 1995). Like the interaction between copper and Aβ, Fe 
binding to Aβ can result in the reduction of ferric ion to ferrous ion and can result in 
H2O2 production (Rottkamp et al. 2001; Zhou et al. 2009). These findings recom-
mend that, in AD pathogenesis and Aβ-induced neurotoxicity, ROS produced from 
the interaction of transition metals with Aβ are the key role players in case of 
OS. Moreover, it has been found that there is an intimate relationship between the 
generation and processing of APP and Fe/Cu homeostasis. Fascinatingly, treatment 
with Fe stimulated Aβ42 release in SH-SY5Y cells, overexpressing the Swedish 
mutant form of a human APP (APPsw) (Wan et al. 2011; Zheng et al. 2009).

Experiments have revealed that, in the cortex and also in the hippocampus of 
APP/PSEN1 transgenic mice, the levels of metal transporters including divalent 
metal transporter 1 (DMT1) and Zn transporters are elevated. In addition, like tran-
sition metals, in SPs in the cortex of AD brains, these transporters of metals are 
colocalized with Aβ (Zheng et al. 2009, 2010, 2008). Furthermore, this results in the 
assumption that, in AD, metal transporters might have significant contribution in the 
abnormal metal homeostasis. On the other hand, DMT1, otherwise recognized as 
divalent cation transporter 1 (DCT1) or also as natural resistance-associated macro-
phage protein 2 (Nramp2), is a recently uncovered proton-coupled metal-ion trans-
port protein accountable for the uptake of a wide range of divalent metal ions, 
including Zn, Cu, and Fe (Li et al. 2003). Captivatingly, as compared to the control 
cells, a significant rise in the levels of DMT1 was observed in APPsw cells (Zheng 
et al. 2009). In addition, it was noticed that, along with the elevated OS and cell 
toxicity, the intracellular Fe was markedly increased (Wan et al. 2011; Zheng et al. 
2009; Oshiro et al. 2000). Instead, silencing of endogenous DMT1 via RNA inter-
ference (RNAi) inhibited bivalent ion influx into the cells and also reduced the pro-
tein levels of DMT1. These aforesaid findings further signify that the increment of 
DMT1 may be associated with the disturbance of homeostasis of Fe observed in 
APPsw cells (Wan et al. 2011; Zheng et al. 2009).

Interestingly, when interacting with Cu, free radicals are found to be generated 
by APP, which contains a Cu-binding site at N-terminal cysteine-rich region 
(Barnham et  al. 2003). Furthermore, Cu homeostasis has also been found to be 
modulated by APP. A noteworthy decrease in levels of Cu was caused in Tg2576 
transgenic mice due to the APP overexpression (Maynard et al. 2002). Cu levels 
were found to be markedly increased in the cerebral cortex (i.e., a part of the brain 
predominantly associated with the AD) in APP knockout mice (Bellingham et al. 
2004; White et al. 1999). This results in the assumption that the secreted APP and/
or Aβ might encourage Cu efflux or cause prevention of its uptake, therefore 
decreasing its levels (Maynard et al. 2002; Bush 2003). Despite the fact that the 
increase in cellular levels of Cu stimulated the departure of APP from the Golgi to 
a broader distribution all over plasma membrane and the cytoplasm, endogenous 
APP had a partial colocalization with the Golgi marker GM130, in SH-SY5Y cells 
[191]. Moreover, the elevation of cell surface APP was caused by an associated 
reduction in endocytosis and increased exocytosis (Acevedo et al. 2011; Xiao et al. 
2012). Henceforth, in Cu efflux pathways, the copper-responsive trafficking of APP 
is found to be in line with a role for APP (Acevedo et al. 2011, 2014). Therefore, 
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these findings signify the existence of an interdependent relationship between Cu 
homeostasis and metabolism of APP. Moreover, agitations of either of these might 
cause a change of the other, which ultimately can promote the free radical genera-
tion and Aβ accumulation (White et al. 1999).

Abnormal metal homeostasis has significant contribution in a number of vital 
features of the pathogenesis of AD including aggregation and production of Aβ and 
Aβ-mediated OS. Furthermore, as an auspicious therapeutic choice, AD therapy- 
targeted metal-Aβ interaction is quickly developing (Budimir 2011).

5.6  Conclusion

Though multiple pathophysiologic mechanisms and etiologies are probably involved 
in AD, OS has been found to have significant contribution in the pathophysiologic 
process. The neurotoxicity stimulated by abnormal buildup of Aβ and tau proteins 
might increase generation of Aβ and aggregation along with facilitation of tau 
polymerization and phosphorylation, which can further cause an increase in various 
neurotoxic events including production of ROS; therefore, the formation of a vicious 
cycle takes place that can further stimulate the initiation and progression of 
AD. Instead, mitochondria dysfunction and/or abnormal transition metal accumula-
tion can cause generation of excessive ROS, which may be due to the combination 
of the aberrant accumulation of Aβ and tau pathology, and ultimately can result in 
OS. In AD, this is a noteworthy contribution of the oxidative brain, as the brain is 
susceptible to OS. Nevertheless, the ability of antioxidant in assuaging AD progres-
sion, supported by multicenter trials, signifies the complexity of Alzheimer’s. 
However, to get a well understanding of the disease and treatment strategy, more 
investigations are required.
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Abstract
A large number of neurodegenerative diseases, the age-related dementia, and the 
human frailty are caused, among others, from non-folding proteins and the aggre-
gation of them leading to neuronal death. In the case of Alzheimer’s disease, a 
significant number of proteins like amyloid beta and tau seem to form unordered 
and problematic structures, leading through unknown mechanisms to pathological 
conditions and implications. Additionally, few studies have already shown the pos-
sibility of composing music sculptures retrieved from biological data, either for 
music audience or for cases of art therapy. In this study, we use a novel algorithm 
in order to present complex sound sculptures based on a hypothetical computerized 
interaction of amyloid beta and tau. The designed algorithm is completely adjust-
able, regarding several sound parameters, recognizing and emphasizing common 
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patterns between the tested proteins for the generation of acoustic stimulus to the 
audience, and revealing Alzheimer’s complexity and tragedy.

Keywords
Alzheimer’s disease · Amino acids · Amyloid beta protein · Art therapy · Musical 
instrument digital interface · Music neuroscience · Neuroscience education · Tau 
protein

6.1  Introduction

A large number of neurodegenerative diseases in humans result from non-fold-
ing proteins and the aggregation of them. Unfolded proteins are believed to be 
the primary cause of Alzheimer’s disease (AD), Parkinson’s disease (PD), 
Huntington’s disease (HD), cystic fibrosis, and many other neurodegenerative 
disorders (Mantzavinos and Alexiou 2017; Alexiou et al. 2018). In the case of 
AD, it is well known that the overexpression of amyloid beta (Αβ) may be a 
consequence of neuronal apoptosis and causes alteration in mitochondrial func-
tions, mitochondrial fragmentation, increase in reactive oxygen species and 
ATP production, and reduced mitochondrial membrane potential (Wang et  al. 
2008; Lustbader et al. 2004). The most known neuropathological lesions of AD 
include neurofibrillary tangles and Aβ plaques that are strongly related to cogni-
tive decline. While paired helical filaments are one of the principal constituents 
in AD pathology, we identify as their main component the tubule-associated 
hyperphosphorylated tau protein (Brion et al. 1986; Grundke-Iqbal et al. 1986; 
Grundke-Iqbal et al. 1988; Gold et al. 2015). There is evidence that several pep-
tide regions of Aβ and tau interact with each other, explaining in a way the lack 
of co-localization of neurofibrillary tangles and senile plaques in AD (Pérez 
et al. 2004; Smith et al. 1995).
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However, should biology be considered as an inspiration for the artists? It is 
referred that artists are already involved in biological sciences and adopt a new way 
of expressing genetic information and biological data or present human body 
through art masterpieces or BioArt projects (Simou et al. 2013). In the case of bio-
music, composers attempt to extract audio material using gene code, muscle and 
nerve movement, neurobiological data, fMRI results or electroencephalogram 
activity of the human brain, electrocardiogram, galvanic skin response, and respira-
tion (Wald 1983; Rosling and Kitchen 1993; Rosenboom 1976, 1997, 2003, 2014; 
Minciacchi 2003; Kverno et al. 2009; Wu et al. 2009; Paul et al. 2015; Bukowska 
et al. 2015; Deuel et al. 2017). Obviously, music can be composed as an alternative 
representation of biological data, as a novel artistic project, or even as a therapeutic 
method. Nevertheless, the significant challenge is to combine inspiration and real 
human data in order to compose emotionally charged music, fully configurable and 
adjustable to different audio techniques and methods. It is known that scientists and 
artists have already developed artworks as a medium of communication in educa-
tion and in diagnosis and treatment of mental disorders (Ahmed et al. 2006, Websites 
for Arts in Dementia and AD Management, Simou et al. 2015). In this chapter, we 
generated audio sequences, by transforming amino acids to musical instrument 
digital interface (midi) notes, and correlate pairs of audio samples in association 
with Aβ and tau protein sequences. According to latest studies (Vialatte et al. 2012), 
there are cases where audio representations of electroencephalographic multichan-
nel signals are characterized as clinically valuable for medical practitioners and 
neuroscientists and a new innovative way of representing brain signals and biologi-
cal data. Therefore, the proposed algorithm correlates randomly amino acid 
sequences to musical instrument digital interface notes, in order to produce sounds 
and compose music that is fully customizable and adjustable to different selections 
and pairing of data with notes. The composed music targets the hundreds of millions 
of people that in someway are related to an AD patient, to raise the awareness and 
increase the sensitization of the social bodies that are actively involved in the man-
agement of the disease.

6.2  Material and Methods

6.2.1  Computational Biology Analysis

The primary information is extracted from the UniProt database and the correspon-
dent FASTA format for the amyloid beta A4 protein (Fig. 6.1) and the microtubule- 
associated tau protein, respectively (Fig. 6.2). Amyloid beta is an integral membrane 
protein that is expressed in many tissues and is concentrated in the synapses of 
neurons. Its primary function is unclear, although it is considered to regulate the 
formation of synapses in neural plasticity and iron export. It is known as the precur-
sor molecule whose proteolysis produces beta-amyloid peptide whose fibrillar form 
is the major component of the amyloid plaques found in the brains of patients with 
AD (Selkoe 2001).
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Additionally, tau proteins stabilize microtubules, and they are rich in neurons of 
the central nervous system. Pathological disorders and dementia of the nervous sys-
tem such as AD can be triggered when tau proteins are defective and the microtu-
bules are not properly stabilized (Rosenmann et al. 2012). The basic computational 
analysis of these two proteins was executed using the CLC Workbench software 
(CLC Bio Qiagen 2018) in order to calculate the amino acid distribution (Fig. 6.3), 
to identify protein patterns with hidden Markov models and any other similarities 
that could be translated to audio reference.

In general, proteins, according to their quaternary structure, have a different 
arrangement and configuration in the space and consist of a different amino acid 
sequence. However, the computational analysis resulted in several common pat-
terns, which may demonstrate certain properties and suggested common functional-
ities or related mutations in several cases of AD (McLaurin and Fraser 2000). These 
common biological patterns consist of different amino acid sequences that are com-
monly found in the two tested proteins and were carefully chosen to produce sounds, 
by simultaneously playing in various audio channels. No traditional musical styles 
or contents were used, in order to produce stylistically independent sounds based on 
raw, acoustic features (Rosenboom 2014). These sound sculptures could be mixed 
with other biological data as well, modeled with alternative instrumental and notes 

Fig. 6.1 >gi|112927|sp|P05067.3|A4_HUMAN, (UniProtKB: locus A4_HUMAN, accession 
P05067) (Kang et al. 1987)

Fig. 6.2 >gi|334302961|sp|P10636.5|TAU_HUMAN (UniProtKB: locus TAU_HUMAN, acces-
sion P10636) (Goedert et al. 1988)
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selection and used for personalized neurological treatment like the NASESE 
Software (Chatzichronis et al. 2019).

6.2.2  Duet for Amyloid Beta A4 and Tau

The basic idea for the proposed biomusic algorithm can be described as follows 
(Fig. 6.4): Initially, we randomly assigned the amino acids from the two protein 
sequences on different midi notes, for example, (alanine) ➔ C-2, cysteine ➔ C#-2, 
etc. Then, several audio samples were chosen and uploaded on an audio sampler. 
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The audio samples were correlated on specific midi notes, for example, sample1 ➔ 
C-2, sample2 ➔ C#2, etc., and sequential commands were given to every midi note 
(play sample1, play sample2, or play nothing, or play reverse sample1). Finally, two 
midi files were assigned in two different audio channels (channel 1 for Aβ and chan-
nel 2 for tau) to play together, simulating the proteins’ interaction. We have to men-
tion that in the future and for other composers as well, different samples can be used 
every time, simple or more complex, depending on the variety of the commands and 
the chosen audio samples.

In the alzheimers.edu.gr, three audio files (.mp3) can be heard, in respect to the 
different types of audio samples and the commands in the midi sequencer. In the 
first example (Table 6.1), simple audio samples were chosen (different frequencies 
in sine waves on c minor) and commands (play sample1, play sample2, etc.) in 
order to produce an initial flat and nonlinear sound (tones.mp3).

In the second case (Table 6.2), more complex audio samples were chosen (cello 
for amyloid beta A4 on c minor and drums for tau) and commands (play sample1, 
reverse sample2, or play nothing, etc.) in order to produce a more instrumental and 
asynchronous sound (cello and drums.mp3).

In the third case (Table 6.3), multilayer audio samples were used. Even though 
the same simple command for each sample (play sample) was given, complex 
sounds (like well-known audio and voices) were applied in less than 3-second dura-
tion and after sound processing (duet for Aβ and tau.mp3). The two samples 

Table 6.1 Example 1 – Simple tones

Amino acids Midi mapping Samples Commands Sequencing
Alanine (A) C-2 65.5Hz sine wave Play sample 1 ➔
Cysteine (C) C#-2 73.4Hz sine wave Play sample 2 ➔
Aspartic Acid (D) D-2 77.8Hz sine wave Play sample 3 ➔
Glutamic Acid 
(E)

D#-2 87.3Hz sine wave Play sample 4 ➔

Phenylanine (F) E-2 98Hz sine wave Play sample 5 ➔
Glysine (G) F-2 103.8Hz sine wave Play sample 6 ➔
Histidine (H) F#-2 116.5Hz sine wave Play sample 7 ➔
Isoleusine (I) G-2 130.8Hz sine wave Play sample 8 ➔
Lysine (K) G#-2 146.8Hz sine wave Play sample 9 ➔
Leucine (L) A-2 155.5Hz sine wave Play sample 10 ➔
Methionine (M) A#-2 174.6Hz sine wave Play sample 11 ➔
Asparagine (N) B-2 196Hz sine wave Play sample 12 ➔
Proline (P) C-1 207.6Hz sine wave Play sample 13 ➔
Glutamine (Q) C#-1 233.8Hz sine wave Play sample 14 ➔
Arginine (R) D-1 261.6Hz sine wave Play sample 15 ➔
Serine (S) D#-1 293.6Hz sine wave Play sample 16 ➔
Threonine (T) E-1 311.1 Hz sine wave Play sample 17 ➔
Valine (V) F-1 349.2Hz sine wave Play sample 18 ➔
Tryptophan (W) F#-1 392Hz sine wave Play sample 19 ➔
Tyrosine (Y) G-1 415.3Hz sine wave Play sample 20 ➔

P. Simou et al.
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Table 6.2 Example 2 – Cello and drums

Amino acids
Midi 
mapping

Samples 
Amyloid 
beta A4

Samples 
Tau

Commands 
for Amyloid 
beta A4

Commands 
for Tau Sequencing

Alanine (A) C-2 Cello 
C2-sample1

kick1- 
sample 1

Play sample 
1

Play 
sample 1

➔

Cysteine 
(C)

C#-2 Cello 
D2-sample2

snare- 
sample 2

Play sample 
2

Play 
sample 2

➔

Aspartic 
Acid (D)

D-2 Cello 
D#2- 
sample3

tom- 
sample 3

Play sample 
3

Play 
sample 3

➔

Glutamic 
Acid (E)

D#-2 Cello 
F2-sample4

ride- 
sample 4

Play sample 
4

Play 
sample 4

➔

Phenylanine 
(F)

E-2 Cello 
G2-sample5

clap- 
sample 5

Play sample 
5

Play 
sample 5

➔

Glysine (G) F-2 Cello 
G#2- 
sample6

kick2- 
sample 6

Play sample 
6

Play 
sample 6

➔

Histidine 
(H)

F#-2 Cello 
A#2- 
sample7

kick3- 
sample 7

Play sample 
7

Play 
sample 7

➔

Isoleusine 
(I)

G-2 Cello 
C3-sample8

snare2- 
sample 8

Play sample 
8

Play 
sample 8

➔

Lysine (K) G#-2 Play sample 
1 reverse

Play 
sample 1 
reverse

➔

Leucine (L) A-2 Play sample 
2 reverse

Play 
sample 2 
reverse

➔

Methionine 
(M)

A#-2 Play sample 
3 reverse

Play 
sample 3 
reverse

➔

Asparagine 
(N)

B-2 Play sample 
4 reverse

Play 
sample 4 
reverse

➔

Proline (P) C-1 Play sample 
5 reverse

Play 
sample 5 
reverse

➔

Glutamine 
(Q)

C#-1 Play sample 
6 reverse

Play 
sample 6 
reverse

➔

Arginine 
(R)

D-1 Play sample 
7 reverse

Play 
sample 7 
reverse

➔

Serine (S) D#-1 Play sample 
8 reverse

Play 
sample 8 
reverse

➔

Threonine 
(T)

E-1 Play nothing Play 
nothing

➔

(continued)
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categories produce a complex multi-audio experience, simulating the lesions of the 
AD due to these protein interactions.

Even though the produced sounds are not considered yet for music treatment of 
neurodegeneration or rehabilitation, they can be adjusted to different midi mapping 
on biological sequences with the application of alternative audio samples and other 
commands. Besides, it is well known that there are a number of advantages to per-
ceive the brain via an auditory music, while humans have the ability to distinguish 
between several simultaneous voices or instruments even in a noisy environment 
(Jovanov et al. 1999).

6.3  Discussion

In this study, we presented for the first time sounds derived for the artificial inter-
action of two proteins related to AD progression, the Aβ and the tau. A novel 
algorithm translated amino acid distribution to midi notes, extracting reconfigu-
rable sounds in terms of midi notes and commands. While science and art are the 
most common types of knowledge and emotional expression, bioartists and 
researchers nowadays focus on the way that art can manipulate human existence 
and inspire social life (Simou et al. 2013; Rosenboom 2014). DNA sequences or 
brain activities can be translated and processed via alternative representations 
such as discrete mathematics and combinatorics, stochastic programming, image 
analysis through expert systems, or even artistic media like music and colors. 
Music is a unique auditory art form (Peretz 2006) with an unbound set of prin-
ciples and rules regarding aesthetics, adaptation, and harmonization in customs 
of human cultures (Simou et al. 2013). Considering the rapidly increasing popu-
lation of AD patients worldwide and the disturbing expectations for the next 
decades, we believe that every effort on the familiarization, prognosis, diagnosis, 
or even treatment of neurodegeneration diseases can be acceptable, in respect to 
bioethics and scientific reliability. Even though music neuroscience (Rosenboom 
2014) is still considered as a newly established method of understanding and 

Table 6.2 (continued)

Amino acids
Midi 
mapping

Samples 
Amyloid 
beta A4

Samples 
Tau

Commands 
for Amyloid 
beta A4

Commands 
for Tau Sequencing

Valine (V) F-1 Play nothing Play 
nothing

➔

Tryptophan 
(W)

F#-1 Play nothing Play 
nothing

➔

Tyrosine 
(Y)

G-1 Play nothing Play 
nothing

➔

P. Simou et al.
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Table 6.3 Example 3 – Duet for Aβ and tau

Amino acids
Midi 
mapping

Samples 
Amyloid 
beta A4

Samples 
Tau

Commands 
for Amyloid 
beta A4

Commands 
for Tau Sequencing

Alanine (A) C-2 Pad- 
sample1

Orthodox 
Monks 
chant- 
sample1

Play 
sample1

Play 
sample1

➔

Cysteine 
(C)

C#-2 Kick- 
sample2

Drum- 
sample2

Play 
sample2

Play 
sample2

➔

Aspartic 
Acid (D)

D-2 Lil Kim 
voice- 
sample3

W. Ryder 
voice- 
sample3

Play 
sample3

Play 
sample3

➔

Glutamic 
Acid (E)

D#-2 Gong- 
sample4

Voice- 
sample4

Play 
sample4

Play 
sample4

➔

Phenylanine 
(F)

E-2 S. Korea 
president 
voice- 
sample5

Hammond- 
sample5

Play 
sample5

Play 
sample5

➔

Glysine (G) F-2 Voice- 
sample6

Voice- 
sample6

Play 
sample6

Play 
sample6

➔

Histidine 
(H)

F#-2 Pad- 
sample7

Piano- 
sample7

Play 
sample7

Play 
sample7

➔

Isoleusine 
(I)

G-2 Pad- 
sample8

Voice- 
sample8

Play 
sample8

Play 
sample8

➔

Lysine (K) G#-2 Voice- 
sample9

Drum- 
sample9

Play 
sample9

Play 
sample9

➔

Leucine (L) A-2 Rhythm- 
sample10

Drum- 
sample10

Play 
sample10

Play 
sample10

➔

Methionine 
(M)

A#-2 Pad- 
sample11

Drum- 
sample11

Play 
sample11

Play 
sample11

➔

Asparagine 
(N)

B-2 Pad- 
sample12

Hyakunin 
fairy tale 
voice- 
sample12

Play 
sample12

Play 
sample12

➔

Proline (P) C-1 Crying 
woman 
voice- 
sample13

Pad- 
sample13

Play 
sample13

Play 
sample13

➔

Glutamine 
(Q)

C#-1 Drum- 
sample14

Drum- 
sample14

Play 
sample14

Play 
sample14

➔

Arginine 
(R)

D-1 Drum- 
sample15

Drum- 
sample15

Play 
sample15

Play 
sample15

➔

Serine (S) D#-1 Drum- 
sample16

Drum- 
sample16

Play 
sample16

Play 
sample16

➔

Threonine 
(T)

E-1 Drum- 
sample17

Voice- 
sample17

Play 
sample17

Play 
sample17

➔

(continued)
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modeling brain activity, it can be part of dialogue education (Vella 2008) and an 
experiential way of understanding the AD.
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Abstract
Alzheimer’s disease (AD) is one of the prominent diseases in elderly people 
which leads to language impairment, disorientation, memory loss, and eventu-
ally death. Despite the severity of the disease, there is no such drug reported to 
control, reduce, or stop the progression of AD. The neuroimages played a crucial 
role in tracking the progression of AD using biomarkers which help the physi-
cians to diagnose the disease more accurately. In this study, we investigate the 
effectiveness of structural and functional neuroimaging modularities which are 
used in the state-of-the-art methods to diagnose AD. The finding shows that most 
of the studies prioritize magnetic resonance imaging techniques (MRIT) solely 
or combined with other neuroimaging modularities to achieve better perfor-
mance. Studies also founded that only few public datasets are available, and the 
most widely used public dataset is Alzheimer’s Disease Neuroimaging Initiative.
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Abbreviations

3D  Three dimensions
ACC Accuracy
AD Alzheimer’s disease
ADNI Alzheimer’s Disease Neuroimaging Initiative
AUC Area under the curve
Aβ Amyloid-β
CAD Computer-aided diagnosis
CNN Convolutional neural network
CR Creatine
CSF Cerebrospinal fluid
CT Computed tomography
DL Deep learning
DTI Diffusion tensor imaging
DWI Diffusion-weighted imaging
FC Functional connectivity
FDG Fluorodeoxyglucose
fMRI Functional magnetic resonance imaging
FN False-negative
FP False-positive
GP-LR Gaussian process logistic regression
ICA Independent component analysis
LLE Local linear embedding
MCI Mild cognitive impairment
MCI-A Amnestic MCI
MCI-C MCI converted
MCI-NC MCI non-converted
MCI-P Progressive MCI
MCI-S Stable MCI
MRI  Magnetic resonance imaging
MRS Magnetic resonance spectroscopy
NAA N-Acetyl aspartate
PCA Principal component analysis
PET Positron emission tomography
RBF Radial basis function
re-fMRI Resting-state fMRI
RFE Recursive feature elimination
ROC Receiver operating characteristic
ROS Reactive oxygen species
SEN Sensitivity
SPE Specificity
SPECT Single photon emission computer tomography
SVM Support vector machine
T1-w  T1-weighted
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T2-w T2-weighted
TN True-negative
TP True-positive
VBM Voxel-based measure
WM White matter
WMH White matter hyperintensities

7.1  Introduction

Alzheimer’s disease (AD) is the utmost common cause of cognitive impairment 
usually in elderly people; around 11% of people at the age of 65 and above suffered 
from AD (Alzheimer’s Association 2014). AD progression leads to memory loss, 
disorientation, and language impairment and eventually leads to death, which 
increased to 123% between 2000 and 2015 (Alzheimer’s disease facts and figures 
2018). It is well understood that the prevalence and severity of AD are high, still 
there is no drug or treatment that has been reported to reduce the risk or completely 
stop AD progression. The impact of AD can be understood via the progressive brain 
changes associated with AD. To achieve this, brain imaging played a profound role 
in track changes in the follow-up scans using different imaging techniques and 
transformed AD research and clinical practices. Brain imaging provides informative 
biomarker even before clinical symptoms have appeared. These biomarkers help in 
the diagnostic decision and disease assessment and improve diagnosis. The use of a 
biomarker for AD will also be helpful for clinical trials because of its enrichment 
strategies or tough inclusion criteria.

Imaging biomarker played an important role in AD detection and its early stage 
of mild cognitive impairment (MCI) using structural and functional neuroimaging. 
Recent diagnostic criteria (McKhann et al. 2011) suggest that neuroimaging bio-
markers perform better in monitoring AD progression and its early detection than 
other biomarkers. Different imaging modularities have been used, including com-
puted tomography (CT), magnetic resonance imaging (MRI), functional magnetic 
resonance imaging (fMRI), positron emission tomography (PET), single photon 
emission computer tomography (SPECT), diffusion-weighted imaging (DTI), and 
magnetic resonance spectroscopy (MRS), for biomarkers for detecting AD and pre-
dicting its progression. These biomarkers used features such as voxel-wise tissue 
probability (Kloppel et al. 2008; Liu et al. 2014; Tong et al. 2014), cortical volumes 
(Wolz et al. 2011; Zhang et al. 2011; Zhou et al. 2011), and thickness (Eskildsen 
et al. 2013; de Magalhaes Oliveira et al. 2010; Querbes et al. 2009) for classification 
of AD and MCI.

In this study, we investigate various structural and functional brain imaging tech-
niques to detect AD from HC or MCI individuals. The AD can be detected via its 
progressive behavior which is illustrated in Fig. 7.1, showing the healthy-control/
normal-control (CH/CN), MCI, and AD patient MRI with 2-year follow-up images 
and their differences. The biomarkers which are automatically extracted and 
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classify AD, HC, and MCI patients are called computer-aided diagnosis (CAD). In 
this chapter, we discussed the relationship of AD with brain imaging, various types 
of structure and function neuroimaging techniques, and the observations along with 
conclusion and future directions.

7.2  Relationship of Brain Imaging with AD

AD is a frequent form of neurodegenerative disorder across the world, which has 
become a public health problem. And imaging plays an important role in the diagnosis 
of AD and dementia with a special focus on CT, MRI, fMRI, and PET (Johnson et al. 
2012). Many of the studies revealed that computer imaging is converted from minor 

Fig. 7.1 MRI shows the extracted brain of HC, MCI, and AD patient with 2-year follow-up and 
their differences (Ledig et  al. 2018). (The image is reproduced under the Creative Commons 
license)
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exclusionary role to central position which provides information of temporal and spa-
tial revolution in AD (Selkoe et al. 2012; Krstic and Knuesel 2013). Epidemiological 
studies indicated that aging and hereditary predisposition are the two key risk factors 
for AD (Omar et al. 2017). On the other hand, pathological studies of AD have char-
acterized extracellular aggregation of senile plaques (SPs) and development of intra-
cellular neurofibrillary tangles and lesions of cholinergic neurons. Also, molecular 
pathology such as amyloid deposits can be visualized via imaging in AD (Johnson 
et al. 2012; Wu et al. 2011). In the central cholinergic system, numerous neurotrans-
mitters and neuronal pathways function together in learning and memory. Thus, the 
cognitive impairment in AD is related to functional loss in the central cholinergic 
system (Palle and Neerati 2017). Moreover, aggregation of amyloid-β (Aβ) peptide, 
which is referred to as amyloid hypothesis, is found to cause synaptic dysfunction and 
neurodegeneration (van Dyck 2018). These amyloid plaques can’t be seen through 
structural MRI which cannot detect histopathological trademarks of AD (Johnson 
et al. 2012). Other pathological processes are also reported in relation to AD such as 
neuroinflammation, impairment of cerebral circulation, altered synaptic function, and 
cerebral amyloid angiopathy. Disruption of default network activities during sleeping 
and resting stage has been revealed via PET imaging (Sperling et al. 2009; Hedden 
et al. 2009). Hence, these pathological processes that are identified to cause AD are 
considered important drug targets toward AD drug search. However, still further 
multi-modality studies are needed to explore the correlationship between MRI, fMRI, 
fluorodeoxyglucose (FDG)-PET, and PET imaging techniques and AD (Jack et al. 
2010; Ghanemi 2015). Considerable number of evidence indicates that dietary control 
can minimize the risk of developing AD. Animal model studies have also shown a 
decreasing high-calorie diet to be neuroprotective by reducing Aβ accumulation 
(Hartman et al. 2006). Generally, flavonoids and in particular quercetin are important 
compounds for the development of AD therapeutics since it can protect the neurons 
against oxidative agents and excitotoxicity through regulating cell death mechanisms. 
FDG-PET is the vital biomarker to detect expression of AD-specific genes, mitochon-
drial dysfunction, neuropathy, oxidative stress, glial excitation, and synapse loss 
(Johnson et  al. 2012) (Ansari et  al. 2009). Oxidative stress reflects an imbalance 
between reactive oxygen species (ROS) production and biological system’s antioxi-
dant defense mechanisms which act by detoxifying or repairing the reactive interme-
diates, thereby causing damage. These damages can be seen via PET, ADNI FDG data 
analysis, fMRI, and MRI (Johnson et al. 2012; Chen et al. 2010; Dong et al. 2014). 
ROS act as the neurotransmitters and excitatory amino acids in the brain and neuronal 
tissue. In addition to that, the brain itself represents a substantial source of oxidative 
stress, as its metabolism serves as a “factory” of ROS which attacks glial cells and 
neurons, resulting in neuronal damage which may lead in oxidative injury and pro-
grammed cell death by apoptosis which is evaluated via computer imaging (Attwell 
et al. 2010; Hanisch and Kettenmann 2007; Iadecola 2004; Bezzi and Volterra 2001). 
All these studies revealed that brain imaging/computer imaging is an important tool to 
explore the histopathological condition of AD.  MRI and CT are used to illustrate 
structural neuroimaging and SPECT, PET, FMRI, and DTI for functional neuroimag-
ing, respectively, which represent the CAD system as shown in Fig. 7.2.
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7.3  Brain Imaging in AD Diagnosis

7.3.1  Structural Neuroimaging

7.3.1.1  Magnetic Resonance Imaging
Magnetic resonance imaging (MRI) is a medical imaging technique used to mea-
sure the hydrogen atoms’ radiofrequency energies. During the static magnetic field, 
the nuclei with higher energy align against the field, while the lower energy aligns 
with the field. However, with a specific frequency, the low-energy nuclei absorb 
energies and align against the field. With the discontinuation of radiation, the MRI 
scanner detects the emitted energies, and the nuclei return to their lower-energy 
state. Such changes in energy levels can provide brain structures in the form of 
detailed images: T1-weighted (T1-w) and T2-weighted (T2-w). T1-w distinguishes 
gray and white matter, while T2-w characterizes white matter hyperintensities.

MRI is one of the major imaging techniques used to evaluate AD in clinical stud-
ies (Byun et al. 2017; Boutet et al. 2014; McEvoy and Brewer 2010) as well as in 
CAD methods, where computers detect AD automatically using machine learning 
algorithms (Kloppel et al. 2008; Liu et al. 2014; Tong et al. 2014; Wolz et al. 2011).

Beheshti and Demirel (2016) proposed a feature ranking-based method to clas-
sify AD and healthy-control (HC) individuals. Voxel-based morphometry was used 
to compare the global and local differences, a significant difference was extracted 
called a volume of interest (VOI), each voxel in VOI is used as a feature, t-test score 
was used to rank the features, and fisher criterion was used to select the dominant 
features with support vector machine (SVM) classifier. The work extended (Beheshti 
et al. 2017) where the same author used the feature ranking based on a genetic algo-
rithm to optimize the feature selection process. In their another work, feature 

Fig. 7.2 An abstract level of AD classification framework using neuroimaging
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ranking was used with classification error to identify AD patients (Beheshti et al. 
2016). Seven different ranking methods were used which include information gain, 
statistical dependency, t-test score, Pearson correlation coefficient, Gini index, 
Fisher’s criterion, and mutual information. The classification error was used to 
select the discriminatory features during the training phase. SVM was used as a 
classifier with tenfold cross-validation.

Eskildsen et  al. (2015) proposed a novel method to predict AD using T1-w 
MRI. The mutual information fusion was used to identify the robust features which 
were stable for the period of 3 years. Five features were used to classify AD and 
MCI subjects which include left and right hippocampi grading, the right anterior 
part of the parahippocampal gyrus, and the cortical thickness of the left precuneus 
and left superior temporal sulcus. These features were used in linear discriminant 
classifier using leave-one-out cross-validation to predict AD and MCI subjects.

Cuingnet et al. (2011) used ten different techniques for CN, AD, and MCI classi-
fication. These methods include five voxel-based methods, two methods using the 
hippocampus, and three methods based on cortical thickness. The results were com-
pared: CN vs AD, CN vs MCI, and MCI non-converted vs MCI converted. This work 
also evaluated the time complexity of hyper-parameter tuning and feature selection. 
Westman et al. (2012) used the combination of MRI and cerebrospinal fluid (CSF) 
measures to detect AD and MCI conversion. In this study, 34 cortical thickness, 34 
subcortical volumetric, and 3 CSF measures with a total of 699 (AD = 187, MCI = 
287 and CTL = 225) measures were used for classification. The experiments were 
performed on AD vs HC, MCI vs HC, and MCI vs AD prediction.

Liu et al. (2013) used an unsupervised method, the local linear embedding (LLE) 
algorithm. The algorithm is used to transform the MRI data to local linear space 
with few dimensions. These features were used to train a classifier for AD predic-
tion. The work demonstrated that LLE feature performed better in classification 
than using direct features. Moradi et al. (2015) used the semi-supervised method to 
detect the conversion of MCI to AD in MCI subjects. The low-density separation 
method was used to extract features and integrated with cognitive and age measures 
to improve the performance. The results showed that the combination of these fea-
tures improved the area under the curve (AUC).

Sørensen et al. (2017) used cortical thickness hippocampal texture, shape, and 
volumetry as features to detect CN, AD, and MCI patients. The work secured first 
place in CAD-dementia challenge where it evaluated on two datasets, Alzheimer’s 
Disease Neuroimaging Initiative  (ADNI) and Australian Imaging Biomarkers ad 
Lifestyle Study of Ageing (AIBL), with tenfold cross-validation. Linear discrimi-
nant analysis was used for feature reduction.

7.3.1.2  CT
CT is a diagnostic imaging test which draws the detailed images of internal organs 
such as bone, vessels, and soft tissues. It is a computer-processed combinations of 
many X-ray imaging procedure where the rotated beam of X-rays is pointed to the 
body to make cross-sectional images, also called slices, which can be visualized in 
three dimensions (3D). The attenuation of the body tissues varies which is why the 

7 Diagnosis of Alzheimer’s Disease Using Brain Imaging: State of the Art



136

highest attenuation appears in white such as bones, while other tissues appear in 
black. That’s why CT has the ability to visualize fluid, gas, and soft tissues. However, 
it cannot differentiate the gray and white matter (G and WM). To detect AD in CT 
images, boundary detection is one of the important methods which can increase the 
detection rate. Al-Jibory and El-Zaart (2013) proposed a method based on Weibull 
distribution instead of Gaussian distribution to detect boundary detection. The 
advantages of this method are to address more challenging problem where the dis-
tribution has both symmetric and asymmetric shapes.

7.3.2  Functional Neuroimaging

7.3.2.1  SPECT
SPECT is a type of nuclear imaging which is used to view how the blood flows in 
brain arteries and veins. Radioactive materials are used before SPECT scans, called 
tracer. These materials emit a single photon which is detected by the machines and 
translated to two-dimensional cross sections. These cross sections are then converted 
to 3D brain scans (Schuckit 1992). In comparison with PET, SPECT cannot deter-
mine glucose metabolism and also have lower resolution in imaging deep structures. 
Tabei et al. (2017) used SPECT and white matter hyperintensity (WMH) to predict 
cognitive decline, which is one of the major problems in AD patients. The study was 
conducted on 182 patients which concludes that regional cerebral blood flow and 
WMH are the main parameters that affect the cognitive function in AD patients.

7.3.2.2  PET
PET also uses tracers which emit positron. When a positron encounters with the 
electron, it gets destroyed and releases a photon which travels in opposite direction. 
The scanner detects the arrival of two photons simultaneously and determines the 
travel direction of photons. The scanner then uses this information to contract the 
PET image just like SPECT (Strauss 1986). However, the PET images have good 
spatial resolution and are used widely because of lower scanner cost and more avail-
ability of PET tracers.

Azmi et al. (2017) used the voxel intensity values of PET images as features to 
detect AD and HC individuals. The voxel intensities feature consists of mean voxel 
intensity, slice-based intensity, and global mean voxel intensity. Neural network 
with nodes 1 and 10 was used for the classification with z-scores. Silveira and 
Marques (2010) used voxel intensity with a total of 150 features with a weak clas-
sifier which combines the outputs to make a complex classifier. Each time the clas-
sifier was boosted via re-weighting which improves the performance. The work 
used AdaBoost algorithm, and for evaluation on selected features, SVM with radial 
basis function (RBF) kernel was used with tenfold cross-validation. Garali et  al. 
(2015) extracted features from the region of interest and used separation power fac-
tor method to select the best 21 regions for further classification which improve the 
performance and reduce the time complexity. SVM and random forest were used as 
classifiers. Gray et  al. (2012) used multiregional features extracted from PET 
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images. The statistical analysis t-test was conducted to evaluate the proposed 
method, and two-class SVM was used for classification.

Darsana and Abraham (2016) applied the multistructure registration approach 
using both PET and MRI images to detect AD and MCI individuals. Asim et al. 
(2018) applied multi-model and multi-atlas-based method for AD detection using 
MRI and PET images. Voxel-based measure (VBM), GM, and WM maps were 
extracted from MRI, while cerebral metabolic rates of glucose were extracted from 
PET images and used as features. Principal component analysis (PCA) was used to 
reduce the image features with help of four major steps; normalize image data, cal-
culate covariance matrix from the image data, perform single data decomposition 
(SVD) and find the projection image data to the new basis with reduced fea-
tures. SVM with RBF kernel was used for leave-one-out cross-validation. Ota et al. 
(2015) used Loni probabilistic brain atlas and automated anatomical labeling to 
extract relative cerebral metabolic rate and gray matter density features. The fea-
tures were fed to SVM-recursive feature elimination (SVM-RFE) for feature reduc-
tion to avoid overfitting and for classification with leave-one-out cross-validation.

7.3.2.3  fMRI
fMRI is used to detect brain activity and changes in blood oxygenation and flow 
which arise due to the initiation of the activity, also called hemodynamics. The 
active area of the brain consumes more oxygen which increases blood demand. 
fMRI produce the activation maps which are represented in different color codes, 
showing the strength and involvement of specific brain region in a particular mental 
process. The advantage of this imaging technique is that it does not use any radia-
tion just like CT and PET.

Long et al. (2016) used to detect MCI using SVM-based methods with the multi-
level characteristic of MRI. The MCI is the transition phase from CH/HC to AD and 
an important step for early therapeutic interventions. Hurst exponents, gray matter 
density, the amplitude of low-frequency fluctuations, and regional homogeneity were 
used as the main features for SVM with leave-one-out cross-validation. Challis et al. 
(2015) utilized Gaussian process logistic regression (GP-LR) with SVM using fMRI 
images to detect CH vs amnestic MCI (MCI-A) and MCI-A vs AD. The number of 
features was selected via Kendall tau correlation coefficient ranking, and features 
normalized via PCA and the GP-LR parameters were optimized to increase the accu-
racy. Leave-one-out cross-validation was used for GP-LR and SVM models.

Khazaee et al. (2017) used local and global graph measure features with SVM 
and naïve Bayes classifier. Fisher algorithm was used for feature selection based on 
the discrimination ability, followed by forward-sequential feature selection and ten-
fold cross-validation for robust classification. Using both the classifiers with opti-
mal features, Bayes classifier performed better using all patient data and achieved 
higher AUC in HC vs AD classification. Hojjati et al. (2017) extracted graph mea-
sures of segregation and integration using graph theory. The study focused on MCI 
patients where they classify MCI converter (MCI-C) from MCI non-converter 
(MCI-NC). Global and local graph measures were calculated, which ended with 
913 features. Feature selection method was used to sort the features, and sequential 
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feature collection was used to find the optimal features for classification. SVM with 
leave one out cross-validation was used along the statistical analysis.

Schouten et al. (2016) combined various modalities of MRI and fMRI to clas-
sify AD and HC individuals. Various features were extracted including anatomi-
cal, diffusion, and functional connectivity features with the elastic net classifier 
using tenfold cross-validation. In another study (de Vos et al. 2018), eight mea-
sures were extracted including functional connectivity (FC) dynamics, FC metric, 
FC states, graph properties, FC for each voxel, FC for each hippocampus and 
low-frequency fluctuation, eigenvector centrality, and the combination of all these 
features. Agosta et al. (2012) explored the salience, default mode, and executive 
networks to detect the resting-state abnormality in MCI-A and HC. The experi-
ments were conducted on very few images which is one of the limitations of this 
study. Li et al. (2018) used a transfer learning approach to improve the detection 
rate on a smaller dataset. ADNI dataset was used for training, and then the trained 
weights were transferred via adaptation method for Tongji dataset classification 
which consists of only 12 AD and 14 CN individual’s data. The results improved 
by 30% than that using the smaller dataset.

7.3.2.4  DTI
DTI is the extension of diffusion-weighted imaging which provides data about WM 
region orientation. The measurements are based on Brownian motion and water 
molecules. DTI provides quantitative information to track the magnitude, orienta-
tion, and anisotropy of brain WM regions with the help of computer algorithms.

Ahmed et al. (2017) developed a CAD system by extracting features from T1-w 
MRI and mean diffusivity from DTI images. The AD disease-related signature was 
generated which was used in multiple kernel learning approach for classification 
with tenfold cross-validation. Kantarci et  al. (2017) used DTI images in clinical 
perspective to analyze the white matter integrity and pathologic staging in AD. The 
voxel-based and atlas-based analyses were used for the evaluation of neurofibrillary 
tangle stages. Schouten et al. (2017) used voxel tensor measures, graph measures, 
and independent component analysis (ICA)-clustered measures. All features were 
used for classification independently and also as a fusion vector via elastic net clas-
sification with tenfold cross-validation. The results demonstrate that fractional 
anisotropy with ICA performed better than other measures.

7.3.2.5  MRS
MRS is considered as a noninvasive diagnostic test to estimate the chemical changes 
in the brain. MRS compares the normal and abnormal tissues, while MRI is used to 
detect the anatomical location of abnormal tissues. Most commonly used MRS is 
proton spectroscopy which analyzes the proton molecules. MRS is used to quantify 
metabolites such as alanine, N-acetyl-aspartate (NAA), creatine (CR), amino acids, 
and myoinositol.

Proton MRS was used by Wang et al. (2015) to identify the cerebral metabolite 
changes in AD patients, which shows that NAA was significantly reduced in 
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bilateral hippocampus and posterior cingulate. NAA/CR ratio also decreased in pos-
terior cingulate. Other studies also discovered the reduction of NAA/CR in AD 
patients (Schuff et al. 1997; Adalsteinsson et al. 2000).

7.4  Observations

In this study, we observed that most of the biomarkers are extracted using MRI, 
fMRI, and PET, while the rest of the images such as DTI are used by very few stud-
ies as shown in Table 7.1. It is well understood that MRI, fMRI, and PET images 
separately and in combination provide more details to extract biomarkers for AD 
with better classification rate as shown in Table 7.1. However, it’s unfair to compare 
the ACC, SEN, and specificity (SPE) of MRI, fMRI, PET, and DTI listed papers 
because they are not using the same classification pairs or the same datasets, i.e., 
Beheshti and Demirel (2016) classify CN and AD using MRIs of ADNI dataset, 
while Garali et al. (2015) classify CN and AD using PET but with a private dataset. 
Similarly, Silveira and Marques (2010) used PET and ADNI dataset but did the clas-
sification of AD and MCI subjects. Table 7.1 also shows that only a few studies used 
unsupervised or semi-supervised methods (Liu et  al. 2013; Moradi et  al. 2015), 
while the rest of the methods used a supervised method with naïve Bayes (Khazaee 
et al. 2017), neural network (Azmi et al. 2017), and SVM (Long et al. 2016; Hojjati 
et al. 2017) classifiers.

Deep learning (DL) is another supervised method which recently got attention 
due to its state-of-the-art performance in image processing and computer vision. 
DL also cultivated the area of medical imaging (Klang 2018; Lakhani et  al. 
2018); the auto-encoder, deep neural networks, and the most widely used 2D and 
3D convolutional neural networks (CNN) are focused on detection, segmenta-
tion, registrations, content-based image retrieval, image reconstruction, and gen-
eration (Litjens et al. 2017). However, in the area of AD detection, DL work is 
limited and it may be due to the small amount of data. DL algorithms such as 
CNN need a large amount of data, resources, and time to train the model and tune 
the hyperparameters. To all such issues, one solution is transfer learning, train 
the model on large dataset, and transfer the trained weights for small dataset 
image classification as adopted by Li et al. (2018) for AD small dataset classifi-
cation. Most of the studies conducted the experiments on ADNI (Wyman et al. 
2013) dataset which is the largest AD dataset publicly available. According to 
ADNI, a total of 800 participants including 200 CH/HC subjects, 400 MCI indi-
viduals, and 200 AD subjects are recruited from 50 different places from the 
United States and Canada.

The evaluation metrics for biomarker used in AD are accuracy, SPE, and sensi-
tivity (SEN) which shows the true-positive (TP) rate and true-negative (TN) rate, 
respectively, while AUC shows the classifier stability, and receiver operating char-
acteristic (ROC) shows the classifier diagnostic capability. These metrics can be 
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extracted from a confusion matrix which consists of TP, TN, false-positive (FP), and 
false-negative (FN). The mathematical definitions are as follows:

 

Accuracy
TN TP

TN TP FP FN
=

+

+ + +  

 

Sensitivity
TP

TP FN
=

+  

 

Specificity
TN

TN FP
=

+  

7.5  Conclusion and Future Perspective

AD, one of the leading neurodegenerative disorders, is characterized by brain dam-
age and cognitive impairment in elderly people. Due to the severity of the disease, 
prevention and/or regression of AD is a challenge to overcome. To track its progres-
sion, medical imaging played a vital role from decades, but still, there is room for 
improvement. The brain images are used to extract the biomarkers which help the 
doctors in the identification of AD. In this study, we presented various brain image 
modularities where the research focused more on MRI due to its clarity, availability, 
and correctly exposing the biomarkers than other imaging techniques (CT, SPECT, 
PET, FMRI, and DTI).

In future effort, researchers should consider more datasets with a large amount of 
imaging data for experimentation to improve the AD detection. Researchers should 
not only focus on imaging but also take clinical symptoms into consideration and 
used as features which can help in better identification of AD. DL is a new area 
which has been enriching in medical imaging. However, DL and transfer learning 
still have not been exploited to the extent in CAD systems for AD.
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Abstract
Alzheimer’s disease (AD) became a public health problem due to its increasing 
incidence and the dangerous sequences that affect society. Like many other neu-
rodegenerative disorders, the complete mechanism of AD is not known yet. 
Scientists think that AD is caused by the combination of various factors related 
to the environment and the genetic basis. Many studies have demonstrated the 
role of human gut microbiota in different physiological and pathological path-
ways affecting many distant organs particularly the nervous system. Researchers 
observed a variety of disturbances of the intestinal microbiota homeostasis in 
many conditions such as diet changes, aging, probiotic and antibiotic administra-
tion. The study of this homeostasis and its different characteristics can help us 
understand the various mechanisms by which it influences the gut-brain axis. It 
also helps to find solutions to many health problems including neurodegenerative 
diseases.
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8.1  Introduction

Medicine development and technology advancement contribute to the promotion of 
life expectancy and the maturation of the population. According to many United 
Nations reports, the phenomenon of people aging will increase in the next years. 
Scientists stated that the global number of the population aging greater than 60 years 
had attained 962 million in 2017. They also expect that this number will be more 
than its double in the period between 2017 and 2050 (Hu et al. 2016; United Nations 
2017). Despite all the improvements of healthcare systems, age-related neurodegen-
erative disabilities especially Alzheimer’s disease and dementia continue to be a 
public health problem that threats both the world economy and social stability. That 
is why developing strategies and medications that can help prevent or delay the 
occurrence of such conditions is becoming an urgent concern for both medical sci-
entists and social experts. Recent data indicate that gut microbiota can have a criti-
cal impact on the neuro-hormonal communicating system between the human gut 
and brain neurons (commonly known by gut-brain axis) (Collins et al. 2012; Cryan 
and O’Mahony 2011). Furthermore, many studies have suggested the possible asso-
ciation between microbiota-gut-brain communication and the modulation of the 
same behavioral functions and memory mechanisms that can be impaired in neuro-
inflammatory processes (Foster and Neufeld 2018; Aziz et al. 2013). In this review, 
we summarized relevant studies which discussed a possible link between human 
intestinal bacteria and cognitive dysfunction in Alzheimer’s disease.

8.2  Background on Alzheimer’s Disease

Alzheimer disease (AD) is a common incurable, progressive neurodegeneration of 
the human brain which is characterized by cognitive impairment and declined mem-
ory abilities. In AD, we find specific neuropathological hallmarks which are repre-
sented by the deposition of extracellular β-amyloid (Aβ), senile plaques (SP), and 
intracellular neurofibrillary tangles (NFT) that result from the tau proteins hyper-
phosphorylation in the neurons (Reitz et al. 2011). This neurodegenerative disease 
may arise from complex interactions between some human genetic factors includ-
ing amyloid precursor protein (APP) gene mutations, presenilin genes mutations, 
and apolipoprotein E allele and the exposure to many environmental conditions 
such as nutrition habits, infections, and chemical agents (Hu et al. 2016; Xu and 
Wang 2016).

Alzheimer’s disease forms can be classified, according to the age of onset, into 
early-onset Alzheimer’s disease (EOAD) which occurs before 65 years old and late- 
onset Alzheimer’s disease (LOAD) in which the clinical manifestations start after 
the age of 65 years (Kowalski et al. 2019). Many hypotheses have been generated to 
figure out the pathogenesis of AD types (Agahi et al. 2018). First, we have the amy-
loids cascade theory, in which we think that the alteration of APP gene expression 
may lead to Aβ synthesis and amyloid plaques formation. These plaques are believed 
to play a role in cerebral inflammation, in neurodegeneration and as a result in many 
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cognitive disorders (Dominicé and Lehto 1991). Amyloid cascade hypothesis is 
more likely to be applicable in familial (autosomal dominant) forms of AD in which 
there are mutations of APP, PS1, and PS2 genes. The second hypothesis is the mito-
chondrial cascade theory (Swerdlow et al. 2010; Swerdlow and Khan 2004). In this 
theory, it is believed that altered brain mitochondria are capable of initiating AD 
pathogenesis by influencing tau proteins hyperphosphorylation and APP produc-
tion. Mitochondrial cascade hypothesis consists of the observed alterations in mito-
chondrial functions that can develop during aging. It helps explain the sporadic 
cases of AD that are so far more frequent than genetic forms (Bekris et al. 2011).

According to the Alzheimer’s association, AD is the most famous and common 
form of dementia representing 60–80% of all dementia. The incidence of AD is ris-
ing every year. This serious augmentation contributes to the degradation of elderly 
life quality, causing heavy burdens to caregivers, to patient families, and the whole 
society. Alzheimer’s disease engenders high costs including direct medical costs 
(e.g., nursing and medication), direct nonmedical costs (e.g., in-home daycare), and 
indirect costs which are related to people’s productivity (Meek et al. 1998).

8.3  The Diversity of Gut Microbiota

Gut microbiota can contribute to maintaining host health by its implications on 
immune response against pathogens and in many human metabolism pathways 
(Cho and Blaser 2012). Intestinal microbiota metagenome consists of trillions of 
microbial organisms. Recent data indicate that microbiota genes are about 100-fold 
as human genes (Gill et al. 2006). This illustrates the diversity of microbiota com-
ponents which is controlled by both genetic (host genes) and environmental factors 
including unbalanced diet, medications, stress situations, and geographic conditions 
such as the altitude (De Filippo et al. 2010; Hufeldt et al. 2010; Taichi and Suzuki 
2014). This diversity may be the primary determinant of human genetic individual-
ity and many human metabolic pathways (Aziz et al. 2013). To clarify this point, we 
will take the example of the human genome; scientists discovered only about 26,600 
protein-coding genes during the Human Genome Project. However, this number is 
not enough to explain the complexity of human biochemistry. This led the scientists 
to think more about the place of human symbiotic microbes’ genome in human 
genetic complexity. According to Human Microbiome Project Consortium 2012, 
the human gut microbiota consists of about 4,000,000 genes; this makes the human 
genetic complexity closer to 4,026,600 genes (Kobayashi et  al. 2017; Qin et  al. 
2010).

Another relevant point is that of the pathological modification of the gut micro-
biome composition. Many combined factors and circumstances including diet dis-
turbances with increased sugar and fat consumption can affect healthy microbiota 
and change its phylogenetic structure. Such kind of modifications can lead to gut 
dysbiosis (Proctor et al. 2017) and thus to the perturbation of the normal physiology 
of gut-brain axis which results in increased inflammation of the hippocampus and 
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consequently decreasing planning abilities and mental flexibility and altered mem-
ory functions (Solas et al. 2017).

8.4  Aging and Modification of Gut Microbiota

Aging has been recognized as the most common risk factor of Alzheimer’s disease 
and dementia. We can explain this association with the alterations of physiological 
functions in the elderly. Many studies explored some changes in intestinal micro-
biota with aging confirming that beneficial intestinal microbes (e.g., lactobacilli, 
bifidobacteria) can be decreased in old people. This may contribute to the genera-
tion of many diseases especially inflammatory reactions, immune system impair-
ments, and age-related mental health problems. Other bacterial species modifications 
can correlate positively with age. Among them, we can find Oscillospira, 
Odoribacter, and Butyricimonas (Salazar et al. 2017).

Moreover, with age, the gastrointestinal tract becomes progressively colonized 
by more opportunistic bacteria that belong to the Proteobacteria group (Buford 
2017). It was observed in the elderly that there was a loss of some genes like those 
coding short-chain fatty acid production in human microbiota and the decrease seen 
in their saccharolytic functions. In addition to that, microbiome proteolytic activi-
ties were accentuated compared with the intestinal metagenome of young people 
(Rampelli et al. 2013). All these changes are due to various factors such as dietary 
factors (poor nutrition, changes in nutrition habits in old people) and modifications 
of both immune system (immunosenescence and inflammation-aging process) and 
gastrointestinal system (gastric motility, chemical modifications in the gut tube) in 
elder people (Buford 2017; Tiihonen et al. 2010; Woodmansey 2007).

8.5  Diet, Microbiota, and Neurodegeneration

It is suggested that there is an association between altered gut microbiota composi-
tion, nutrition habits and some chronic diseases in older people (Claesson et  al. 
2012). Modified gut microbiota may cause a change in host behaviors by control-
ling brain functions (Sampson and Mazmanian 2015; Gareau 2014). Now research-
ers know that the exposition of microbiota to high-fat concentrations may lead to 
alterations in exploratory, cognitive, and stereotypical behaviors, concluding that 
diet and pharmacological modulation of gut microbiome might help reduce the 
impact of obesity on the neurodegeneration phenomenon (Proctor et  al. 2017; 
Bruce-Keller et al. 2015). Additionally, people with inflammatory bowel disease (a 
health condition in which the microbiota is altered (Nishida et  al. 2018) and in 
which there is impaired digestion and absorption of nutrients and electrolytes in the 
gastrointestinal tube (Peuhkuri et al. 2016; Priyamvada et al. 2016; Semrin et al. 
2016) may have low verbal memory levels (Collins et al. 2012). More recent find-
ings illustrate the consequences of omega-3 use on both intestinal microbiota and 
brain tissue. For example, a recent study showed that omega-3 FAs could be 
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considered as a probiotic since they have a critical role in modulating microbiota 
composition by raising the number of bacteria producing butyrate (La Rosa et al. 
2018). Scientists have also remarked that, in ApoE epsilon four noncarriers, the 
regular consumption of fish and omega-3 rich oil is associated with a significant 
decrease in the risk of dementia (Barberger-Gateau et al. 2007).

8.6  Gut Microbiota, Neurotransmitters, and Central 
Nervous System Receptors

Increasing studies confirm the role of microbiota in various CNS affections and 
behavioral disorders such as autism, multiple sclerosis, Alzheimer’s disease, 
Parkinson’s disease, and anxiety. Gut microbiota can regulate bidirectional com-
munication in the Brain-Gut axis (Cryan and O’Mahony 2011; Bravo et al. 2012; 
Cryan and Dinan 2012; Borre et  al. 2014). For instance, some gut bacteria like 
bifidobacterium and lactobacillus can produce a CNS inhibitory neurotransmitter 
called γ-aminobutyric acid (GABA) from glutamate. This neurotransmitter is 
involved in different neurological illnesses such as depression anxiety and many 
cognitive impairments that are seen in Alzheimer’s disease and dementia (Foster 
and Neufeld 2018; Aziz et al. 2013; Barrett et al. 2012; Hornig 2013).

Another example is the relation between the NMDA receptor and some toxins 
secreted by altered gut bacteria. N methyl-D-aspartate (NMDA) receptor is an iono-
tropic glutamate receptor that is known to influence brain cognition through regulat-
ing synaptic plasticity. This receptor can be targeted by a neurotoxin called 
beta-N-methylamino-L-alanine (BMAA) which is an oxidative stress-inducing neu-
rotoxin which is produced by cyanobacteria in the intestinal microbiome. BMAA 
can gain CNS tissue by crossing the blood-brain barrier. In susceptible people who 
cannot prevent the accumulation of BMAA in their central nervous system, the 
interaction between BMAA and NMDA receptor may lead to the same neurological 
dysfunction. Scientists confirmed that BMAA could trigger the formation of neuro-
logical hallmarks of Alzheimer’s disease (neurofibrillary tangles NFT and β amy-
loid plaques). This indicates that the secretion of BMAA toxin by intestinal 
microbiota can play the leading role in neurodegeneration in human beings (Smith 
et al. 1992; Nunn and Ponnusamy 2009; Bradley 2009; Banack et al. 2010; Lakhan 
et al. 2013; Brenner 2013; Cox et al. 2016).

8.7  More Evidence About Cyanobacteria 
and Neurodegeneration in Older People

In older people, the intestinal epithelial barrier permeability may increase under the 
influence of microRNA. This increased permeability may lead to more cyanobacteria- 
generated neurotoxins in the brain tissue. Among these toxins, we have saxitoxin 
and anatoxin-α which can contribute to the development of many neurodegenerative 
illnesses (Tran and Greenwood-Van 2013).
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8.8  Altered Microbiota in Liver Disease and Cognitive 
Impairment

Liver cirrhosis is characterized by increased bacterial species of Enterobacteriaceae, 
Alcaligenaceae, and Fusobacteriaceae and decreased bacterial species of 
Ruminococcaceae and Lachnospiraceae in fecal microbiota. These alterations in 
microbiota were also correlated with cognitive dysfunction and endotoxemia (Bajaj 
et al. 2011).

8.9  Microglial Dysfunction and Intestinal Microbiota

Microglial dysfunction is observed in many neurodegenerative and neuroinflamma-
tory diseases such as Alzheimer’s disease and multiple sclerosis (MS). This associa-
tion is explained in a big part by nitric oxide (NO) pathways modifications which 
may be enhanced by altered intestinal flora. Many gut bacterial species can produce 
a significant amount of amyloids, LPS, and NO. These molecules may migrate to 
the nervous tissue and activate microglia inducing prolonged inflammation. This 
phenomenon may be exacerbated in older people who have increased blood-brain 
barrier and gastrointestinal epithelium permeability. When microglial cells become 
activated by NO and amyloids that come from the gut, it can start elaborating high 
concentrations of APP and NO. This can form a vicious cycle (Tse 2017; Asiimwe 
et al. 2016; Pistollato et al. 2016; Heneka et al. 2015; Banks 2008; Wang et al. 2018) 
resulting in the deposition of vast amounts of brain amyloid plaques. Moreover, in 
a recent article, Rothhammer et al. reported that tryptophan metabolites that the gut 
microbiome elaborates can modulate the expression of TGFα and VEGF-B by 
microglia ameliorating the inflammatory processes in the brain (Rothhammer et al. 
2018). This consumption of tryptophan is associated with tryptophan levels’ deple-
tion in the serum and with cognitive impairments in senile dementia (Mendelsohn 
et al. 2009) (Rampelli et al. 2013).

8.10  Gut Microbiota and Amyloids Formation

Aβ is a transmembrane protein that comes from the cleavage of a type 1 glycopro-
tein called amyloid precursor protein (APP) by β- and γ-secretases. Aβ is associated 
with many cellular processes including intracellular transport, neuronal develop-
ment, microglia maturation, and protection against microbial infections (Strooper 
2010; Chen et al. 2017; Kumar et al. 2016). This peptide is a crucial element in 
Alzheimer’s disease. Its excessive production causes its aggregation and the forma-
tion of oligomers, protofibrils, and fibrils whose deposition results in the apparition 
of senile plaques (Kowalski et al. 2019). Bacteria and fungi (as well as gut micro-
biota) can produce amyloid proteins that are involved in biofilm formation, bacterial 
invasion, host adhesion, and bacterial resistance (Larsen et al. 2007) (Larsen et al. 
2008; Hufnagel et al. 2013). Bacterial amyloids interact with innate immune cells 
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using the same mechanisms that are involved in recognizing Aβ (Tükel et al. 2010). 
This leads us to think that gut bacterial amyloids proteins may also activate brain 
microglia and cause neuroinflammation resulting in the priming of neurodegenera-
tive mechanisms (Chen et al. 2016). In Chen et al. study, it was demonstrated that 
exposure to a functional bacterial amyloid protein named Curli (a bacterial amyloid 
that is produced by many Gram-negative bacteria and by Escherichia coli) led to 
alpha-synuclein aggregation and its deposition in the gut and brain neurons. This 
deposition was accompanied by excessive expression of TLR2, IL-6, and TNF in rat 
brains (Chen et al. 2016). Aβ in Alzheimer's disease can be considered as prion-like 
proteinaceous nucleating particles since it can self-propagate when the concentra-
tion beats a certain threshold in the brain tissue (Walker et al. 2016). It is possible 
that bacterial amyloids can have some prion protein characteristics and causes the 
cross-seeding of amyloidogenic proteins using molecular mimicry properties that 
involve many molecules such as TLR 2/1, CD14, and NFκB (Friedland 2015). 
Interestingly, nutrients can modify intestinal microbiota components and conse-
quently might affect bacterial amyloids proteins production or aggregation 
(Friedland 2015; Zhou et al. 2012; Scott et al. 2013). This indicates that the use of 
active molecules like probiotics and antibiotics can be an excellent future strategy 
that would aim to attenuate chronic neuroinflammation observed in AD and differ-
ent neurodegenerative conditions (Pistollato et al. 2016).

8.11  Lipopolysaccharides and Neuroinflammation

Neuroinflammatory effects of lipopolysaccharides have been described by many 
researchers. On February 2000, a study reported the inflammatory reaction caused 
by chronic injection of lipopolysaccharides into the fourth ventricle. This immuno- 
inflammatory process consisted in the activation of astrocytes and the increase of 
microglia number and activity in the dentate gyrus and CA3 region of the hippo-
campus. The researcher also highlighted the elevation of IL1β, TNFα, and β amy-
loid precursor protein mRNAs (Hauss-Wegrzyniak et  al. 2000). Kahn et  al. also 
described in their study an increase of central Aβ after seven consecutive peritoneal 
infusions of 250 μg/kg of lipopolysaccharides (Distrutti et al. 2014). These findings 
were confirmed by many subsequent articles (Asti and Gioglio 2014; Zhao et al. 
2017a).

Furthermore, this endotoxin is thought to be involved in conformational changes 
of prion proteins to a β sheet structure that can aggregate and induce neurological 
damages and behavioral impairment symptoms (Saleem et al. 2014; Ladner-Keay 
et  al. 2016). Bacteroides fragilis lipopolysaccharides are recognized by many 
microglial receptors (CD14, TLR4, and TLR2). This recognition gives rise to the 
expression of the proinflammatory transcription factor NF/κB (P50/P65) complex 
(Lukiw 2016). The role of CD14 (lipopolysaccharides receptor in microglial cells) 
in the generation of neurotoxicity has been elucidated by many studies (Liu et al. 
2005; Fassbender et al. 2004). Other different outcomes demonstrated the signifi-
cant association between lipopolysaccharides, neuroinflammation, and 
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neurodegeneration processes by the discovery of lipopolysaccharides in postmor-
tem AD brain tissue especially in the hippocampus (Zhao et  al. 2017b). All this 
accumulated evidence and elucidated mechanisms highlight the pivotal role that 
gastrointestinal microbiome-derived lipopolysaccharides in amyloidogenesis and 
the development of human neurological impairments (Zhao et al. 2017a; Zhao et al. 
2017b; Zhao et al. 2017c).

8.12  Germ-free Experiments and Cognitive Dysfunction

Recent experiments on germ-free animals demonstrated that gut microbiota has an 
influence on the enteric nervous system and the brain (Biagi et  al. 2013), 
and showed that germ-free animals (GFA) are more susceptible to developing spa-
tial and working memory troubles and many psychiatric disorders like depression 
(Gareau et al. 2011). Many possible mechanisms of gut-brain communication can 
affect normal brain development in GFA.  For instance, germ-free mice have 
decreased expression of NGFI-A mRNA which is a synaptic plasticity-related gene 
(Heijitz et al. 2011).

Moreover, Braniste et al. confirmed that, in germ-free mice, the brain-blood bar-
rier (BBB) could be more permeable to many substances. They also observed that 
after the exposition of these GFA to a pathogen-free microbiota, the BBB permea-
bility decreased due to the upregulation of tight junction proteins (Braniste et al. 
2014). These modifications help explain in part the susceptibility of GFA to many 
neurotoxins. Furthermore, scientists could detect the hypermyelinated neuronal 
axons in the prefrontal axons of germ-free mice. This hypermyelination was 
reversed by the administration of conventional microbiota in mice. These findings 
may illustrate how gut microbiota affects brain maturation and repair (Hoban et al. 
2016; Erny et al. 2017).

Brain-derived neurotrophic factor (known as BDNF) promotes learning and syn-
aptic remodeling. Experiments discovered the depletion of this factor in both the 
hippocampal and the cortical regions of germ-free animals. This reduction may be 
correlated to increased anxiety and with progressive cognitive disorders (Collins 
et al. 2012; Ozawa et al. 2013; Lu et al. 2013).

8.13  Probiotics and Cognition

Probiotics are involved in many anti-inflammatory mechanisms. They can posi-
tively modulate immunosenescence and inflammation-aging processes. They are 
also suggested to improve longevity (Biagi et al. 2013; Pérez Martinez et al. 2014; 
Akbari et al. 2016). We will give some evidence to illustrate the effects of probiotic 
treatment on behavior and cognitive functions. First, the consumption of 
Bifidobacterium breve strain A1 can enhance the cognitive impairment in AD mice. 
It positively affects both working and long-term memory. It also reduces the toxicity 
of Aβ and reestablishes the regular gene expression in the hippocampus (Kobayashi 
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et al. 2017). SLAB51 is a probiotic that is capable of modifying gut microbiota. The 
use of SLAB51 probiotic in AD mice helped reduce pro-inflammatory cytokines ( 
IL1α, IL2, IL12, IL17, and IFNγ) and increase cytokines that play a crucial role in 
inflammatory response downregulation (IL4, IL6, G-CSF). The experiments have 
also shown that SLAB51 improved cognitive impairment in AD mice. Ghrelin, 
leptin, and GLP-1 are gut hormones that have neuroprotective effects. They may 
decrease with aging. The administration of SLAB51 results in a significant increase 
in the concentration of these hormones in the plasma. This probiotic can regulate 
apoptotic activity and restore autophagy mechanisms that are altered in amyloid 
plaques formation in AD (Bonfili et  al. 2017). Another probiotic composed of 8 
Gram-positive bacterial species (VSL#3) was observed to reduce age-related synap-
tic plasticity deficits by attenuating long-term potentiation (LTP) deficits (Distrutti 
et al. 2014). A recent study documented the administration of three probiotic strains 
(Lactobacillus rhamnosus, Bifidobacterium lactis, and Bifidobacterium longum) 
could modulate the immunological processes by favoring the macrophage M2 type 
and causing an increase in anti-inflammatory cytokine IL-10 levels. They also 
reported, in the same study, that this serobioma plays a role in pro-inflammatory 
cytokines downregulation ( IL1β and IL6 concentrations were decreased by 70% 
and 80%, respectively) (Gareau et al. 2011). Probiotics are also thought to prevent 
and reverse memory dysfunction in acute stress situations caused by bacterial infec-
tion (Gareau et al. 2011). As we all know, diabetes may be a serious risk factor for 
developing cognitive functions disorders. Many studies suggested that probiotics 
could improve impaired cognitive levels in mice with brain dysfunction due to dia-
betes mellitus (Crane et al. 2013; Davari et al. 2013; Ohara 2016). Lastly, in a new 
double-blinded clinical trial, the outcomes revealed that there was no effect of the 
probiotic composition that has been used on both AD symptoms and biomarkers. 
The researchers explained these results by the interference of many possible factors 
including the severity of the disease, the probiotic formulation, and its administra-
tion timing (Agahi et al. 2018). In summary, all these studies open our eyes to the 
future possibilities of probiotics use as a prophylactic treatment of inflammatory 
and immunological manifestations that result of gut-brain axis disturbances in 
humans.

8.14  Antibiotics, Gut Microbiota, and Neuroinflammation

Gut microbiota products may initiate microglial cascades, and activate an inflam-
matory response in the CNS, which results in increased neurotoxicity and decreased 
amyloid clearance (Kowalski et al. 2019). This led researchers to think about the 
modulation of gut microbiota by antimicrobial agents and how they affect the cen-
tral nervous system (Durães et al. 2018). Antibiotics are known to induce significant 
gut dysbiosis. Wang et  al. experiments demonstrated that treating animals with 
ampicillin for 1  month could lead to disruption of gut microbiota, to increased 
serum corticosterone, and to increased anxiety-like behavior and impairment of 
memory (Wang et al. 2015).
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Furthermore, mice treated by chronic antibiotics had depleted and restructured 
microbiota components in adulthood. These modifications were associated with 
decreased anxiety and with reduced oxytocin, vasopressin, and BDNF levels in 
adult brain tissue (Desbonnet et al. 2015). Another study shows that in adult mice 
treated with antibiotics, hippocampal neurogenesis is decreased. The reconstitution 
with normal flora and the use of probiotics led to the reversal of this reduction. 
These two interventions are thought to be involved in the exhibition of a higher 
number of Ly6C(hi) monocytes in mice brain. This particular type of monocyte 
plays a partial role in the rescue of neurogenesis and memory retention (Mohler 
et al. 2016). The chronic use of antibiotics treatment gives rise to intestinal gut per-
turbation inducing changes in peripheral cytokines and chemokines. These changes 
are concurrent with the reduction of amyloids plaques formation in mice (Minter 
et al. 2016). All these findings make it plausible that neurodegenerative diseases 
might be treated in the future by modulating gut microbiota by antibiotics.

8.15  Fecal Microbiota Transplantation

Fecal microbiota transplantation (FMT) is an intervention that consists of replacing 
the gut microbiota of an unhealthy person (a receiver) with the microbiota of a 
healthy person (a donor) (Jiang et al. 2017). This technique has proven its effective-
ness in treating patients who present recurrent Clostridium difficile infections which 
is a very delicate condition to treat (Tang et al. 2017). Guihua et al. some evidence 
showed that FMT was more efficient than the treatment with an antibiotic called 
vancomycin (van Nood et al. 2011). FMT helps also to improve the symptoms of 
some conditions that may be related to gut microbiota dysbiosis especially inflam-
matory bowel disease and functional gastrointestinal tract. FMT was also shown to 
have favorable outcomes in some extra-intestinal diseases including among other 
Parkinson’s disease, chronic fatigue syndrome, multiple sclerosis, and metabolic 
syndrome (Choi and Cho 2016). According to Bruce-Keller et al., administrating 
microbiota from high-fat-fed mice into animals, engendered significant troubles of 
exploratory, cognitive, and memory functions. There is a study that was done in 
2017 which reported fecal microbiota transplantation in the case of a 22-year-old 
girl diagnosed with epilepsy. After the administration, the girl was still free of epi-
lepsy symptoms. The researchers suggested that FMT might help in treating certain 
neurological disorders (He et al. 2017). Despite the increasing data that support the 
application of fecal microbiota transplantation, randomized control trials are still 
necessary to prove its efficacy in neurological disorders treatment.
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Abstract
Alzheimer’s disease (AD) is a neurodegenerative disorder and one of the sub-
stantial socioeconomic and medical calamities of our time. It is characterized by 
progressive neurodegenerative disorder featuring dementia and cognitive impair-
ment. It is caused by synaptic failure and the excessive aggregation of two types 
of misfolded proteins, namely, amyloid-β (Aβ) and tau protein. AD is a complex 
disease that affects neurons in different parts of the brain. The treatment of AD is 
difficult with currently available medications and treatment approaches due to 
inadequate knowledge of its etiology and versatile nature of its pathology. Stem 
cell holds a promising approach to regenerate the tissue systems and has been 
explored in various studies of neurodegenerative disorders and provides great 
research opportunity. Stem cell research-based therapies emit a new hope for AD 
treatment as a regenerative approach. This chapter focuses on recent advances in 
stem cell therapies according to cell types and pathophysiology of AD along with 
human clinical trials of stem cell therapies for the AD.
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9.1  Introduction

In 1907, Alois Alzheimer first reported Alzheimer’s disease (AD) (Choi et al. 2014a, 
b). However, 60–80% of dementia cases are caused by AD, characterized by mem-
ory loss and cognitive disorder which affects the quality of life. AD is a progressive 
neurodegenerative disorder, where the symptom of dementia is gradually elevated 
over a number of years. In the early stages of the AD, mild memory loss occurs, but 
in the later stage, the patients lose the ability to converse and the ability to respond 
to their environment. AD severely affects the human health, as it is the sixth leading 
cause of mortality in the United States. The average life duration of Alzheimer’s 
patient is 8 years after the AD’s symptoms become noticeable, but survival range 
can vary from 4 to 20 years, depending on the age, lifestyle, diet, and health condi-
tion. In 2010, the estimated economic burden of AD’s treatment was $172 billion in 
the United States and $604 billion worldwide that will be tripled by 2050 (Wimo 
et al. 2010). In India, approximately 3.7 million people were suffering from AD, and 
this number is expected to double by the year 2030 (Alzheimer’s and Related 
Disorders Society of India (ARDSI) 2010).

Two types of AD are reported: (i) familial and (ii) sporadic. Familial AD is 
caused by an autosomal genetic mutation in the genes responsible for Aβ plaques. 
This genetic mutation is related to the amyloid precursor protein (APP), presenilin-
 1 (PSEN-1), and presenilin-2 (PSEN-2). However, familial AD is rare in prevalence 
and less than 5% of familial AD cases are reported (Selkoe 2001; Prasher et  al. 
1998; Rosen et al. 2010; Marchetti and Marie 2011; Genin et al. 2011). Sporadic 
AD is ubiquitous in nature and caused by the interaction between genetic profile and 
environmental factors (Duncan and Valenzuela 2017; Persson et al. 2014). The car-
dinal pathologic features of AD include the aggregation of two types of misfolded 
proteins (amyloid beta and tau) (Allen et  al. 2011; Eckman and Eckman 2007). 
Amyloid beta (Aβ) protein is a pathological cleavage product of the APP. Aβ protein 
accumulates into plaques and minor oligomers. Mutations in APP genes or in APP 
processing pathway genes are linked to the inherited familial AD (Huang and Mucke 
2012). Tau is a microtubule-associated protein that accumulates intracellularly as 
neurofibrillary tangles (NFTs) which is a pathological feature closely linked with 
cognitive decline in the AD. However, mutations in tau protein lead to cause fronto-
temporal dementia, not AD (Huang and Mucke 2012).

A rising accord inside the field is that treatment of AD patients with currently 
available medicines comes late, which is the result of vital neuronal cell loss within 
the brain. To combat these problems, human embryonic stem cell (hESC)/induced 
pluripotent stem cell (iPSC)/mesenchymal stem cell (MSC)-derived neural cells 
have been suggested as powerful replacement therapy for AD (Fig.  9.1). In this 
chapter, the current state of research in the etiology of AD, probable challenges, and 
techniques for using stem cell-based treatment will be discussed briefly. Recent 
studies that have developed promising cell types and clinical investigations that 
could be used to combat this detrimental disease in the future will also be 
highlighted.
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9.2  Pathophysiology of Alzheimer’s Disease

AD is distinguished by extracellular amyloid plaques and intracellular NFT fea-
tures. Amyloid-β (Aβ) protein is the major constituent of plaques associated with 
AD (Fig. 9.2). The pathophysiology of AD involves several neurotransmitters sys-
tem and processes (Lin et  al. 2001). Three hallmarks of the AD are β-amyloid 
plaques, neurofibrillary tangles, and neuronal cell death.

Recently, recognized characteristics of AD include degeneration of synapses, 
aneuploidy, neuronal loss, granulovacuolar degeneration, and amyloid plaques. 
Three types of amyloid plaques are known in the brain of AD patients:

 1. Diffuse plaques: contain no amyloid core
 2. Neuritic plaques: consist of a central amyloid core surrounded by neurites
 3. Burnt-out plaques: consist of an isolated amyloid core

Fig. 9.1 Stem cell therapy in AD
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Apart from the amyloid plaques and tangles, globular and non-fibrillar proteins 
are continuously released in the AD patient’s brain. Cellular changes include short- 
term and rapid degeneration of neurons which leads to neuronal death when Aβ 
proteins remain globular.

A few theories related to AD such as the cholinergic, Aβ, tau, and inflammation 
hypothesis have been explained. Some of them are listed below to understand the 
mechanism of this disorder:

 1. Changes in brain structure: The characteristic of the AD on a macro level is the 
progressive loss of brain tissue. The cortex atrophies are responsible for memory 
formation in the brain.

 2. Degenerative processes in AD: AD is characterized on a micro level by three 
neuropathologic hallmarks: extracellular β-amyloid plaques, intracellular NFTs, 
and neuronal degeneration. β-Amyloid plaques play an important role in AD 
pathogenesis which is known as “amyloid cascade” (Swerdlow 2007).

Fig. 9.2 Pathogenesis of AD represented by interacting damage pathways lead by soluble oligo-
mers of the amyloid beta peptide
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9.3  β-Amyloid Hypothesis

β-Amyloid plaques are aggregates of insoluble peptides formed after the cleavage 
of APP. Three enzymes, namely γ-secretase, β-secretase, and α-secretase, partici-
pate in the APP cleavage. However, APP cleavage by β-secretase followed by 
γ-secretase produces a soluble 40-amino acid peptide. In addition, γ-secretase 
cleaves APP that forms nonsoluble 42-amino acid peptide Aβ42 or Aβ which aggre-
gates as β-amyloid plaques. There are three genes involved in the formation of Aβ: 
APP, PS1, and PS2. PS1 and PS2 genes code for presenilin which is a subunit of 
γ-secretase. Tau protein hyperphosphorylation occurs after plaque formation in the 
brain (Selkoe 2002). Neurofibrillary tangles (NFTs) result from damage of neuronal 
microtubules caused by tau protein modification (Imbimbo et al. 2005). Tau protein 
disrupts the collapse structure of microtubules and destroys the neuron’s transport 
and communication system. Modifications in tau lead to its oligomerization and 
NFT production (Maccioni et al. 2010).

9.4  Cholinergic Hypothesis

Loss of cholinergic neurons is one of the pathologies of AD. In that case, more than 
75% of cholinergic neurons are reduced in AD patient’s brain (Perry et al. 1978). 
However, acetylcholine is involved in memory; thus, loss of cholinergic activity 
relates with impairment of memory. Acetylcholine attaches to the post-synaptic 
receptors: muscarinic and nicotinic. Pre-synaptic nicotinic receptors influence the 
release of acetylcholine, serotonin, norepinephrine, and glutamate which have a role 
in AD pathophysiology.

9.5  Glutamatergic Hypothesis

Glutamatergic neurons form the projections which influence the cognition in the 
brain. AD pathology is linked to only one type of receptor, that is, NMDA receptor 
which then undergoes low-level activation in AD patient’s brain. However, dysregu-
lation of the glutamate NMDA receptor is responsible for neuronal damage which 
interferes with normal signal transduction (Danysz et al. 2000). It can lead to the 
production of APP which is related to plaque development and tau 
hyperphosphorylation.

9.6  Oxidative Stress Hypothesis

Aβ generates the reactive oxygen and nitrogen species which have an unpaired extra 
electron and also induces lipid peroxidation. The free radicals cause cellular and 
molecular damage in neuronal cells. The brain can be damaged from oxidative 
stress because of high oxygen utilization rate and antioxidant enzymes as compared 
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with the other organs. Upregulation of cytokines and DNA damage in neurons have 
an essential role in AD progression.

9.7  Chronic Inflammation Hypothesis

β-Amyloid deposition in neurons and NFTs causes inflammation in response to cel-
lular damage. Inflammation leads to the increased number of prostaglandins, pro-
duced by COX-1 and COX-2, localized in distinct areas of the brain. Inflammation 
occurs within or adjacent to the neuritic plaque. Antichymotrypsin, macroglobulin 
in neuritic plaques, and activated microglia codes for interleukin-1 and interleukin-
 6 also are detectable in case of the inflammation-related AD.

9.8  Cholesterol and Other Factors

Cholesterol is also implicated in AD pathogenesis. Elevated cholesterol levels raise 
Aβ production, and thus, the risk of AD progression increases (Reiss 2005). During 
the AD progression, brain regions become altered, and reduced serotonin levels play 
an important role in depression and anxiety which are common in an AD patient 
(Mössner et al. 2000; Lai et al. 2005).

9.9  Stem Cells Used in Alzheimer’s Treatment

Stem cells are undifferentiated cells that possess self-renewal and differentiation 
property. Self-renewal is described as the ability to undergo numerous cell cycle 
divisions, resulting in identical daughter cells, and differentiation capability is the 
development of specialized cells from the undifferentiated stem cells (Tabassum 
et al. 2017). On the virtue of origin, stem cells can be categorized into embryonic 
stem cells (ESCs) and adult stem cells, and based on potency, these cells are catego-
rized into totipotent, multipotent, pluripotent, and unipotent. Due to the differentia-
tion properties of stem cells into neuronal-like cells, they can be used for the 
treatment of Alzheimer’s disease. The human body generates four types of stem 
cells: neural stem cells (NSCs), MSCs, ESCs, and iPSCs. These cells have unique 
properties; thus, they are the most suitable candidates for stem cell therapy.

Embryonic Stem Cells (ESCs) ESCs are pluripotent stem cells which are obtained 
from the inner cell mass of the blastocyst that gives rise to all cell types except pla-
centa. Researchers successfully differentiated the ESCs into several specific neural 
cell types including dopaminergic neurons in vitro (Krencik et al. 2011; Malmersjo 
et al. 2009). The direct transplantation of ESCs showed high risks of teratoma forma-
tion due to their potent differentiation ability (Kooreman and Wu 2010). Moreover, 
various rodent studies demonstrated that the transplantation of ESC- derived NSCs 
shows no tumorigenesis, but to confirm these results, further research is needed 
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(Araki et al. 2013; Tang et al. 2008). Along with tumorigenesis, rejection of trans-
planted ESC-derived tissues by the immune system occurred (Pearl et al. 2012).

Induced Pluripotent Stem Cells (iPSCs) iPSCs are pluripotent stem cells which 
are reprogrammed from adult fibroblasts by using four transcription factors includ-
ing Oct3/4, Sox2, Klf4, and c-Myc that are pretty much similar to the ESCs 
(Takahashi and Yamanaka 2006). These cells are reprogrammed into pluripotency 
state, having the capability to differentiate into different types of cells including 
neurons (Cooper et al. 2010) and neurospheres (Nori et al. 2011). Researchers used 
the iPSC-derived glia cells regarding the inflammatory response in Alzheimer’s dis-
ease (Holtman et al. 2015). In 2014, Takamatsu revealed that iPSC-derived macro-
phages express neprilysin and β-amyloid-degrading protease (Takamatsu et  al. 
2014). However, certain unsolved problems are still present regarding the clinical 
usage of iPSCs such as tumor formation, immunogenicity, long-time safety, genetic 
defects, and optimal reprogramming (Tolosa et  al. 2016; Araki et  al. 2013). 
Therefore, iPSC-based treatment for AD has been more focused on the establish-
ment of cell-based disease models as compared to treatments (Choi et al. 2014a, b; 
Yagi et al. 2012; Sproul et al. 2014). Israel and coworkers highlighted the choliner-
gic neurons of the basal forebrain because of their dysfunction in the early stage of 
AD (Israel et al. 2012). We know that there is a widespread degeneration in the later 
stage of the AD, so the protocol using iPSCs should be more elaborated (Pen and 
Jensen 2017).

Neuronal Stem Cells (NSCs) NSCs are found within the brain. In the past few 
decades, it was thought that the process of neurogenesis takes place in the fetus; 
however, the recent studies demonstrated that neurogenesis also occurs in an adult’s 
brain. NSCs were found in the sub-granular zone and sub-ventricular zone of the 
brain (Taupin 2006; Mu and Gage 2011). These cells are differentiated into neurons, 
astrocytes, and oligodendrocytes (Taupin 2006). Due to the differentiation capabil-
ity, NSCs are considered as the best choice for the replacement of injured neurons. 
In 2001, for the first time, Qu and coworkers proved the replacement of injured 
neuron by implanting human NSCs into the mature rat’s brain (Qu et al. 2001). The 
results showed that NSCs survived and differentiated into neurons and astrocytes in 
rat’s brain. Moreover, memory impairment was also observed in mature rats after 
the transplantation when evaluated with the control (Qu et al. 2001). However, NSC 
isolation from the adult’s brain is complicated, so current studies mainly use fetal 
NSCs, which could also raise ethical problems. To combat these problems, research-
ers focused on the MSCs, and it was found that bone marrow MSCs (BM-MSCs), 
adipose tissue (AT-MSCs), and umbilical cord blood MSCs (UC-MSCs) could be 
trans-differentiated into neuronal cells (Brazelton et al. 2000; Mezey et al. 2000; 
Kim et al. 2012a, b).
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Mesenchymal Stem Cells (MSCs) MSC-based therapy has an advantage over 
other cell-based therapy because it can be given intravenously and has blood barrier 
penetration and low tumorigenicity (Oh et al. 2015; Ra et al. 2011). The in vitro 
transplantation of MSCs in AD cell model augmented the metabolic activity and 
survival which help to rescue the patients with AD. Co-culturing of human MSCs 
and mouse microglia cells increased the expression of neprilysin (Aβ-degrading 
enzyme) (Kim et al. 2012a, b). BM-MSCs show the immunomodulatory capability 
by releasing the soluble factors including TGF-β, IL-6, IL-10, and PGE2 (Ramasamy 
et al. 2007; Aggarwal and Pittenger 2005). These factors inhibit the functioning of 
monocyte-derived dendritic cells and modify the phenotype of the natural killer cell 
(Sotiropoulou et al. 2006). In 2012, Chen and coworkers demonstrated that AT-MSCs 
can be differentiated into astrocytes and neuronal-like cells (Chen et al. 2012). The 
transcriptional profile of AT-MSCs showed some similarity with BM-MSCs (Peroni 
et  al. 2008). AT-MSCs also secrete various neurotrophic factors (Gutiérrez- 
Fernández et al. 2013; Yang et al. 2012). UC-MSCs can be also differentiated into 
neuron-like cells. Researchers studied these cells in mouse model having Alzheimer’s 
disease and clinically (Kang et al. 2016). Table 9.1 summarizes the studies of stem 
cell therapy on AD-diseased animal models.

9.10  Some Clinical Trials of Stem Cell Therapies 
for Alzheimer’s Disease

Since 2011, animal model evidence supported the approval of MSC-based therapies 
in clinical trials for patients with Alzheimer’s disease. UC-MSCs were preferred, 
and the route of administration of stem cell is intravenous (Table 9.2).

9.11  Conclusion and Future Prospects

Stem cell therapy exhibits therapeutic benefits in several neurodegenerative disor-
ders. Stem cell transplantation increases the expression of synaptic protein markers 
in AD animal models. The transplantation of MSCs elevated the level of 
Aβ-degrading enzyme and reduced the level of Aβ due to microglial expression. 
With the ongoing development of reprogramming technology, there is an immense 
potential in the utilization of iPSCs in the treatment of AD. For reprogramming, 
somatic cells from patients could be used to generate iPSCs. After that, it can be 
differentiated into neural precursor cells for transplantation. This means that tissue 
rejections will never again an issue and there will be negligible ethical problems. 
Also, it can ameliorate the modeling of neurodegenerative diseases like AD, because 
iPSCs could differentiate into neurons, having the inimitable genetic phenotype of 
the patient. Thus, stem cell-derived neuronal cells create a cellular model which 
offers the closest relation to the sporadic form of the AD disease and expectantly 
translated into human studies to find a cure for the AD.
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Table 9.1 Outline of studies of stem cell therapy on Alzheimer’s-diseased animal models

S. 
no.

Models for 
study

Type of 
stem cell 
transplanted

Site of 
administration 
of stem cell Outcome of the study References

1. DS model 
mice 
(Ts65Dn)

Murine
NSCs

Hippocampus Reduction of tau- 
positive clusters in 
trisomic and disomic 
mice

Kern et al. 
(2011)

2. Ibotenic 
acid-induced 
NBM lesion 
mice

Murine 
ESCs and 
ESC- 
derived 
NSCs

Frontal 
association 
cortex and 
barrel field of 
S1 cortex

NPC restored memory, 
ES lowers working 
memory and induced 
massive teratoma 
formation

Wang et al. 
(2006)

3. Acute 
Aβ-induced 
model mice

Murine 
BM-MSCs

Hippocampus 
(dentate 
gyrus)

BM-MSCs enhanced 
microglial activation. 
Lowers Aβ deposits of 
acutely induced AD 
mice

Lee et al. 
(2009)

4. APP/PS1 
transgenic 
mice

BM-MSC Intra- 
hippocampus

Reduction of senile 
plaques.Significant 
increased DeltaNp73 
protein expression.

Wen et al. 
(2011)

5. Triple 
transgenic AD 
model mice (3 
X Tg-AD)

Murine 
NSCs

Hippocampus NSC transplantation 
rescued learning and 
memory loss. No 
change in Aβ, tau 
pathology but elevated 
synaptic density in 
mice’s hippocampus

Blurton- 
Jones et al. 
(2009)

6. Transgenic 
AD model 
mice 
(Tg2576)

Human 
ASCs

1. Intravenous
2. 
Hippocampus 
(bilateral 
dentate gyrus)

Rescued memory 
impairment and recover 
spatial learning; 
diminish amyloid 
plaque formation, 
upregulated 
interleukin-10 and 
neurotrophic factors in 
the brain of Tg2576 
mice

Kim et al. 
(2012a, b)

7. Rat Fimbria- 
Fornix 
transaction

Murine 
NSCs and 
NSC- 
derived glial 
cells

Basal 
forebrain

Recovered memory and 
learning; number of 
p75NGFR-positive 
neurons increased

Xuan et al. 
(2009)

8. 1. Aged rats 
(30 months)
2. Ibotenic 
acid-induced 
NBM lesion 
rats

Murine 
BM-MSC

Hippocampus 
(CA-1 region)

1. Aged rats learn 
quickly
2. Ibo-induced memory 
impairment

Babaei et al. 
(2012)

(continued)
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Table 9.1 (continued)

S. 
no.

Models for 
study

Type of 
stem cell 
transplanted

Site of 
administration 
of stem cell Outcome of the study References

9. 1. Matured 
rats 
(6 months)
2. Aged rats 
(24 months) – 
memory 
impaired and 
unimpaired

Human 
NSCs

Right lateral 
ventricle

Cognitive function gets 
better in immature and 
aged memory-impaired 
groups. 
Morphologically 
functional hNSC- 
derived cells were found 
in the hippocampus and 
cortex

Qu et al. 
(2001)

10. Rat 
hippocampus l 
Aβ injection

EPI-NSCs Hippocampus Improvement in 
cognitive tasks 
increased neuron 
number and 
differentiation into a 
different cell type

Esmaeilzade 
et al. (2012)

11. APP and 
presenilin-1 
(PSEN-1) 
double- 
transgenic 
mice

Human 
UC-MSCs

Hippocampus Spatial learning and 
memory improved. 
Reduction of Aβ load 
and tau 
hyperphosphorylation, 
proinflammatory 
cytokine release from 
microglia inhibited

Lee et al. 
(2012)

12. AF64A 
cholinotoxin 
injection in 
rats impaired

Human 
NSCs

Right lateral 
ventricle

Rats receiving NSCs 
over-expressing ChAT 
showed a full 
resurgence in learning 
and memory functions, 
whereas those receiving 
NSCs only remained a 
memory

Park et al. 
(2012)
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Abstract
Aging is a universally natural phenomenon which is associated with cognitive 
decline and several neurological disorders such as Alzheimer disease. As this 
phenomenon is inevitable, many factors affect the progression and development 
of age-associated cognitive decline. Among these factors, lifestyle pattern such 
as exercise and diet plays a major role in contributing to neurological fitness. In 
this chapter, we discuss the relationship and effects of food and nutrition over 
aging and Alzheimer disease. Mediterranean diet rich in antioxidants and bioac-
tive compounds is most efficient in delaying the onset and progression of age- 
related neurological disorders. Flavonoids and polyphenols are the major 
antiaging food component which also serves as antioxidants. These effectively 
reduce the generation of stress-induced reactive oxygen species. Also, omega-3 
fatty acid such as docosahexaenoic acid is an essential fatty acid whose supple-
mentation in the diet improves mental health.
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10.1  Introduction

Aging is universally natural phenomenon that occurs in all living beings. However, 
successful aging includes low possibilities of diseases, high physical functioning, 
and cognitive capacity (Rowe and Kahn 1997). Aging brain provides a favorable 
microenvironment for the occurrence of neurodegenerative diseases and age-related 
disorders (Joseph et al. 2005). Since aging is the main risk factor, the increase in life 
expectancy is associated with an increased rate of neurodegenerative diseases like 
Parkinson’s and Alzheimer’s (Mandel et al. 2012). As evident from several studies, 
the diet and nutrition play a significant role in the development and progression of 
age-related disorders more importantly AD (Parkinson and Cicerale 2016; Taylor 
et al. 2017; Weiser et al. 2016; Zeng et al. 2017). Diets supplemented with phenolic- 
rich vegetables and fruits are reported to be effective in reversing the detrimental 
effect of aging caused on behavior and neuronal functioning (Lau et  al. 2007). 
Phenolic compounds present in the foods confer anti-inflammatory and antioxidant 
property, thereby exhibiting their protective role (Rice-Evans and Miller 1996). 
Reactive oxygen species are a product of normal aerobic metabolism (Beckman and 
Ames 1998), and as reported, 2–5% of the consumed oxygen is reduced to generate 
free radical (Floyd and Hensley 2002). Some of these radicals escape elimination 
which gradually accumulates causing oxidative damage leading to increased oxida-
tive stress in aged individuals (Berger 2005; Sohal and Weindruch 1996). This sug-
gests the warranted role of antioxidants as a supplement in food.

In the year 2016, 44 million people were reported to be suffering from AD world-
wide (Yusufov et  al. 2017). As reported by Alzheimer’s Association in the year 
2015, the annual cost of AD globally was $605 billion, whereas approximately $226 
billion is estimated in the United States (Yusufov et al. 2017). Family history, pres-
ence of apolipoprotein (ApoE4), and history of head injuries are the major risk fac-
tors of AD along with a dietary pattern (Yusufov et al. 2017), thus suggesting many 
claims including Mediterranean diet (Gardener et al. 2012), alcohol consumption 
(Piazza-Gardner et al. 2013), increased vitamins intake (Engelhart et al. 2002), and 
fat and carbohydrate consumption (Morris et al. 2003; Seneff et al. 2011).

10.2  Aging and Alzheimer

Aging is a process accompanied by diminished cognitive and motor performance. 
The psychological and cognitive health of older adults is a major concern for 
researchers and healthcare services. Cognitive decline in older adults is a major 
cause of AD in western countries (Blennow et al. 2006). AD is among the most 
prevalent neurodegenerative diseases whose pervasiveness increase exponentially 
after an age of 60 and a 47% prevalence rate had been observed for people above 
80 years of age, with a doubling rate of 5 years (Preston 1986; Evans et al. 1989; 
Brayne et al. 1995). A pathophysiological and histological change that occurs due 
to aging of central nervous system also leads to compromised cognitive state (Farkas 
and Luiten, 2001). This cognitive failure may be due to cerebrovascular dearth or 
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deranged microvascular integrity in the brain. This is marked by a reduced supply 
of blood to the brain, vasoconstriction, and a decrease in the perfusion rate of the 
brain, thereby reducing the cerebral glucose utilization (Farkas and Luiten 2001).

To combat this disease efficiently, it is necessary to distinguish between AD and 
normal aging, which may require an optimized neuropsychological assessment. AD 
is a disorder that can be treated, whereas no medical treatment benefits age- 
associated cognitive decline (Vandenberghe and Tournoy 2005; Kane et al. 2017). 
The transformation from normal aging to AD, however, passes through a transition 
phase referred to as mild cognitive impairment (MCI) (Petersen et al. 1999). Few 
aged people experience successful aging by maintaining their cognitive status at the 
time of senescence (Vandenberghe and Tournoy 2005). The episodic memory of 
most of the healthy persons above 50 years of age begins to decline (Small et al. 
1999) affecting the familiarity judgment (Vandenberghe and Tournoy 2005). No 
verifiable effective treatment exists for MCI; therefore, the patients must undergo 
regular neuropsychological or clinical follow-up to ensure the timely diagnosis for 
the transition from MCI to AD (Petersen et al. 2001).

The keystone for the diagnosis of AD is episodic memory impairment. 
Additionally, to meet the criteria for probable AD, one other cognitive region must 
be distressed, such as semantic memory, word finding (Locascio et  al. 1995), or 
executive functions (Baddeley et al. 2001), that will significantly affect auxiliary 
activities of daily living (Vandenberghe and Tournoy 2005). These can be diagnosed 
based on the scores obtained from classical tests, such as Mini-Mental State 
Examination (MMSE), animal verbal fluency (AVF) test, and clock drawing test 
(Petersen et al. 2001; Vandenberghe and Tournoy 2005). Studies performed on rat’s 
prefrontal cortex and hippocampus do not provide any clear evidence of age-related 
neuronal damage (Rapp and Gallagher 1996), whereas, in humans, a reduction in 
synaptic density, dendritic spin, and dendritic segments of dorsolateral prefrontal 
cortex was observed with aging (Uylings and Brabander 2002). Aging is the promi-
nent risk factor for AD, as over our life span, pernicious events accumulate which 
may gradually affect the brain, thereby increasing the possibility of neurodegenera-
tive disorders. Also, aging process is itself coupled with detrimental changes that 
may increase the risk of AD (Vandenberghe and Tournoy 2005).

10.3  Diet and Aging

Diet plays a vital role in easing the complications of elderly age. During aging, 
volume of brain in terms of gray matter and white matter reduces and development 
of amyloid plaques, Lewy bodies, neurofibrillary tangles, synaptic dystrophy, and 
neuron loss takes places; hence, the burden of diseases increases (Dianne et  al. 
2011; Moore et al. 2018).

There are various diet patterns recommended for different populations, such as 
Dietary Approaches to Stop Hypertension Diet (DASH), The Dietary Guidelines for 
Americans, The Healthy Eating Plate, Mediterranean diet, ketogenic diet, etc.
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10.3.1  Mediterranean Diet

In today’s world, diet plays a major role in the well-being of an individual. It plays 
a significant role in reducing the risk factors such as neuronal disabilities and pre-
mature death. Sticking on recommended diet style can make positive changes in 
human health. During the 1960s, Mediterranean diet was a popular dietary pattern 
for population neighboring the Mediterranean Sea, involved in olive oil cultivation, 
so a generic term “Mediterranean diet” is used for it (Aridi et al. 2017; Willett et al. 
1995). The existence of MedDiet is noticed because, during the 1960s, the rate of 
occurrence of certain cancer, coronary heart diseases, and certain diet-related 
chronic diseases was less reported in this region. This diet was first discovered by 
Ancel Keys in the 1960s as low saturated fat diet, enriched with vegetable oil (Davis 
et al. 2015). The following dietary pattern had been recommended:

 (a) Olive oil as the main dietary fat source.
 (b) Low or moderate amount of animal foods (dairy products, poultry and eggs, 

fishes, and red meat).
 (c) Higher plant food intake (fruits, vegetables, whole cereals, legumes, nuts, and 

seeds).
 (d) Moderate wine intake along with meals (Salas-Salvadó et al. 2011; Bonaccio 

et al. 2013).

These are the vital source of vitamins, polyphenols, minerals, and unsaturated 
fatty acids (Miranda et al. 2017). It is a dietary pattern in the research spotlight due 
to its multiple health benefits during last decade. MedDiet strengthens focus on 
unprocessed foods which fulfils the calorific and nutritional requirements for the 
well- being of an individual. In MedDiet, carbohydrate need is fulfilled primarily by 
beans/legumes, whole grains, fruits, and vegetables (excluding potatoes); it pro-
vides energy to body by metabolism. Unsaturated fat is major source of energy 
which comprises olive oil, avocados and nuts accounting for reduction of inflamma-
tory responses by reducing cytokines production (Miranda et al. 2017; Estruch et al. 
2013); omega-3 fatty acid is provided by flax seeds, nuts, and cold-water fishes. 
Animal products like dairy products (cheese, yoghurt), meat, poultry, and egg are 
rich sources of amino acids. MedDiet is also rich in various antioxidants, minerals, 
polyphenols, dietary fiber contents, bioactive elements, and added sugar accounting 
for 5–10% of daily calorific intake which makes it low glycemic index diet 
(Martinez-Gonzalez and Martin-Calvo 2016; Gardener and Caunca 2018). This 
dietary pattern is reported with strong evidence to promote beneficiary function in 
reduction and prevention of a number of lifestyle-related diseases such as cancer, 
type 2 diabetes mellitus, cardiovascular disease, AD, and obesity (Fig. 10.1).

10.3.1.1  Benefits of Mediterranean Diet
MedDiet comprises an array of nutritional components which a normal diet does 
not confer; it provides ample quantity of antioxidants and bioactive compounds 
with anti-inflammatory effects and low glycemic index, so it is recommended to 
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people suffering from health ailments like obesity and reduces the risk of chronic 
diseases like CVD, type 2 diabetes, cognitive decline, and certain cancers. It is also 
reported to be helpful in body weight management and increases longevity (Estruch 
et al. 2013).

MedDiet contains extra virgin olive oil which is loaded with polyphenols like 
oleuropein aglycone and oleocanthal and has high oleic acid content. Oleocanthal is 
reported to attenuate amyloid-beta oligomer-mediated astrocytes inflammation and 
synaptic proteins while oleic acid poses antiatherogenic properties. Unsaturated 
fatty acids present in olive oil reduce inflammatory responses by inhibiting or low-
ering the synthesis of inflammatory cytokines (Miranda et al. 2017). Red wine con-
sists of resveratrol, a polyphenol known for its antioxidants, cardioprotective effects, 
and antiapoptotic activity. Nuts like almonds, hazelnuts, and walnut are rich in poly-
phenols as well as essential vitamins, minerals, fibers, and MUFAs and PUFAs. 
Walnut consists of ellagitannins, a polyphenol reported to be antioxidant in nature. 
It regulates body lipid profile and shows antiatherogenic activities and reduces obe-
sity (Castro-Barquero et al. 2018; Finicelli et al. 2018). Researchers have revealed 
that adherence to MedDiet can improve neurodegenerative disease condition or 
mental health of an individual. It can improve the condition of dementia, mild cog-
nitive decline, Alzheimer’s disease, etc. (Gardener and Caunca 2018; Aridi et al. 
2017).

10.3.1.2  Combined Effect with Nutrients
Mediterranean diet is full of nutrients but still lacks few essential nutritional com-
ponents such as calcium; enrichment of Mediterranean diet along with dairy prod-
ucts results in improvement in brain processing speed, tension, confusion, anger, 
total mood disturbance, and depression (Wade et al. 2018). Calcium is a vital com-
ponent for brain functioning as learning and memory process of neurons is depen-
dent on calcium signaling (Brini et  al. 2014). This suggests  that dairy product 
supplementation with MedDiet is beneficial for cognitive function and psychologi-
cal well-being in the elderly population at risk of dementia, as it supplies a range of 
peptides; micronutrients and minerals like calcium, iodine, magnesium, potassium, 

Fig. 10.1 Components of Mediterranean diet and its beneficial effects
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zinc, and phosphorus; and an array of essential vitamins comprising riboflavin, vita-
min A, B6, B12, etc. (Wade et al. 2017). Supplementing diet with antioxidants like 
resveratrol reduces plaque formation by reducing glutathione production in a 
region-specific manner (Karuppagounder et al. 2009).

10.4  Diet Constituents and Their Effects

10.4.1  Carbohydrate or High Calorific Intake

Glucose is the main source of energy for the brain, and it utilizes 25% of glucose 
consumed in the body (Sokoloff 1999). Consumption of glucose transiently 
increases the function of prefrontal cortex (Kumar et al. 2016). Also, an improve-
ment in cognitive behavioral tasks was observed in aged rodent models after glu-
cose injection (Gold, 2005). Stefanidis and Watt (2012) suggested that glucose 
consumption in chronic excess can cause high inflammation and reduced synaptic 
plasticity leading to cognitive deficiency. It was reported that with age, glucose 
consumption in neurons decreases which is one of the causes of cognitive fatigue 
commonly seen in aged individuals (Galeffi et al. 2015). This may be attributed to 
reduced insulin sensitivity of brain (Ryu et al. 2014).

It was reported that peripheral hyperglycemia and defective glucose metabolism 
increase the risk of AD. There is an increased risk of MCI progression to AD in an 
individual having high blood glucose (Crane et al. 2013) or who are suffering from 
type 2 diabetes (Huang et al. 2014; Matsuzaki et al. 2010). Taylor et al. (2017) con-
cluded that a high glycemic diet can increase the risk of AD by increasing cerebral 
amyloid burden. Alternatively, caloric restriction (CR) causes a reduction in body fat 
and was reported to increase the life span (Heilbronn and Ravussin 2003). Several 
in-vivo studies showed that during aging, the CR reduced the formation of reactive 
oxygen species and activation of glial and thus decreases the oxidative stress and 
neuroinflammation (Lee et al. 2000; Morgan et al. 1999; Olgun et al. 2002).

10.4.2  Proteins

Proteinopathy causes AD and is characterized by aggregation of proteins, namely, 
β-amyloid and hyperphosphorylated Tau. Diet containing high amount of animal- 
derived proteins is correlated with increased oxidative stress, thereby increasing the 
risk of AD (Pistollato et al. 2016). A meta-analysis performed by Nakagawa et al. 
(2012) on 15 animals also showed that protein restriction is the most important 
caloric restriction that is responsible for extension of life span. NHANES data 
showed that diets containing >20% proteins are associated with increased risk of 
cancer and mortality in subjects aged <65 years (Levine et al. 2014; Le Couteur et al. 
2016). Proteins majorly drive the intake of food, and diets having low protein con-
tent usually are associated with an increase in food intake and vice versa. This is 
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also termed as protein leverage. Furthermore, the health outcomes of a diet having 
low protein content also depend on whether it had been replaced by carbohydrate or 
fats (Simpson and Raubenheimer 2005).

10.4.3  Lipids and Fatty Acids

Several nutritional factors are involved in the pathogenesis of AD, among which 
lipid plays a major role. The production of Aβ peptide can be prevented by main-
taining the membrane lipid content, thus preventing the deleterious effect that can 
be caused by interaction of Aβ with synaptic membrane, thereby preventing neuro-
degeneration (Florent-Bechard et al. 2009). An ApoE protein encoded by apolipo-
protein 34 allele (ApoE4) (its inheritance majorly contributes to sporadic AD) 
belongs to plasma lipid-binding proteins family (Corder et al. 1993; Deane et al. 
2008). This protein is involved in cholesterol and triglycerides delivery and trans-
port (Deane et al. 2008). During the early stages of AD, inflammation takes place 
which is coupled with increased levels of free fatty acids. This deleterious cascade 
is associated with phospholipases which in turn is involved in the synthesis of sec-
ondary messengers (Sastre et al. 2006). It was reported that sphingolipid metabo-
lism is altered in AD brain. It was observed having elevated levels of sphingosine 
and ceramide, whereas sphingomyelin levels decrease (He et al. 2010). Neuronal 
death is also contributed by proapoptotic environment formed in AD brain that may 
be caused due to decreased sphingosine-1-phosphate and increased sphingosine and 
ceramides concentrations (Florent-Bechard et  al. 2009). Docosahexaenoic acid 
(DHA) deficiency is often observed in elderly people; thus, it is an essential fatty 
acid that must be supplemented in diet. Several studies report that omega-3 fatty 
acids play an essential role in the management and pathology of AD; for details, 
refer to Sect. 10.4.3.3.

10.4.3.1  Virgin Olive Oil
Virgin olive oil (VOO) is the purer form of olive oil having less than 2% acidity, 
whereas extra virgin olive oil (EVOO) has not more than 0.8% acidity. VOO is rich 
in molecules exhibiting anti-inflammatory property namely polyphenols (Parkinson 
and Cicerale 2016). There are approximately 36 phenolic compounds present in 
VOO which contributes to its health-promoting qualities (Estruch et  al. 2013, 
Parkinson and Cicerale 2016). They are present in the form of flavonoids, phenolic 
alcohols, phenolic acids, secoiridoids, lignans, and hydroxy-isocromans. Of these, 
secoiridoids constitute the major fraction and the smallest are phenolic acids 
(Parkinson and Cicerale 2016). It is evident from several studies that tyrosol and 
hydroxytyrosol, two most abundant phenolics present in VOO, absorb significantly 
in humans in a dose-dependent manner (Rodríguez-Morato et al. 2016, Parkinson 
and Cicerale 2016). VOO itself provides protection to breakdown of phenolics in 
the gastrointestinal tract before they are being absorbed (Tuck and Hayball 2002).

EVOO contains a variety of polyphenols essentially oleuropein aglycone (OLE) 
(Valls-Pedret et al. 2012; Pitozzi et al. 2010) exhibiting neuroprotective effect by 
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reducing cognitive decline in elderly people (Berr et al. 2009). As evident by in vivo 
and in vitro studies, the EVOO decreases cognitive deterioration and advancement 
of Tau and Aβ pathology (Abuznait et al. 2013; Farr et al. 2012; Qosa et al. 2015); 
thus, consumption of EVOO over a long time promotes mental health and reduces 
the risk of AD (Berr et al. 2009; Qosa et al. 2015).

10.4.3.2  Coconut
Coconut, Cocos nucifera, belongs to Arecaceae family (Lopes and Larkins 1993) 
and is known for its medicinal and nutritional values and provides a large number of 
valuable products including vitamins, dietary fiber minerals, hormones, and pheno-
lic compounds (Fernando et al. 2015). Coconut oil is reported to exhibit antioxidant 
and antiaging properties (Marina et al. 2009; Hanne et al. 2003). Cytokinins and 
phenolics present in coconut prevent the aggregation of Aβ peptide inhibiting the 
risk of AD pathogenesis (Fernando et al. 2015). Unlike other dietary fats, coconut 
oil is rich in saturated fats containing medium-chain fatty acids (MCFA) which are 
easily metabolized and utilized by the liver (Krishna et al. 2010; Bach and Babayan 
1982; Chandrashekar et al. 2010). MCFA can be metabolized to ketones and induce 
metabolic ketosis which serves as a therapy for brain disorders such as neurodegen-
eration and epilepsy (Fernando et  al. 2015); ketones, monocarboxylic acids, and 
lactate serve as alternate fuel to brain maintaining energy homeostasis (Hasselbalch 
et  al. 1994; Page et  al. 2009). Of these, ketones are largely used during glucose 
deficiency termed as ketosis (Morris 2005; Sumithran et al. 2013). Ketone bodies 
once absorbed can be converted to acetyl-CoA entering Krebs cycle and generating 
energy in mitochondria in form of ATP. Alternatively, in neurons, they can be used 
as precursors of acetylcholine (Hasselbalch et al. 1994).

10.4.3.3  Fishes and Omega-3 Fatty Acid
Among the essential components of nutrition, fish is considered an important nutri-
tional constituent as it is rich in omega-3 fatty acids such as DHA (Weiser et al. 
2016; Zeng et al. 2017). Approximately 60% of omega-3 polyunsaturated fatty acid 
(PUFA) in human brain is DHA. Since de novo synthesis of DHA in humans is not 
efficient, the majority of it is provided through dietary intake, predominantly from 
fish fats (Burdge 2004; Ouellet et al. 2009). DHA is a constituent of brain tissue 
membranes, and diets supplemented with high DHA were reported to efficiently 
reduce cognitive decline in aged rats (Weiser et al. 2016; Lim and Suzuki 2000; 
Calon and Cole 2007).

Protective effect of eicosapentaenoic acid (EPA) for the nervous system of 
humans was also reported (Wei et al. 2008). DHA is able to cross blood–brain bar-
rier by diffusion and gets incorporated in the phospholipids of the membranes 
(Ouellet et al. 2009). In addition to cognitive decline, a corresponding decrease in 
the levels of blood and brain’s DHA characterizes the neurodegenerative diseases 
and normal aging (McGahon et  al. 1999; Afshordel et  al. 2015; Belkouch et  al. 
2016).

P. Sharma et al.



191

10.4.4  Vitamins

Vitamins are essential micronutrients required for proper growth and development. 
Several studies have reported the neuroprotective role of specific vitamins. All 
known vitamins serve as cofactor or are involved in more than one key pathway 
associated with AD or MCI. Vitamin B serves as a cofactor in all the major path-
ways, and together with vitamin E, they exhibit protection against dementia. Douaud 
et al. (2013) reported that vitamin B complex supplementation slows the progres-
sion and onset of AD. Vitamin E is divided into two major groups, i.e., tocotrienols 
and tocopherols. In vitro studies suggested the effectiveness of tocotrienols in 
reducing oxidative stress thereby safeguarding neuronal cells from glutamate- 
induced cell death (Selvaraju et al. 2014) and cytotoxicity that leads to AD (Chin 
and Tay 2018). α-Tocopherol, a cytosolic antioxidant, inhibits changes in the brain 
of mouse models preventing AD (Nishida et al., 2006). The benefits and adverse 
association of vitamin C with cognitive function and AD had been suggested by 
several studies (Bowman 2012; Swaminathan and Jicha 2014). It protects the neu-
rons from oxidative stress, reduces inflammation, modulates epigenetic function, 
and regulates neurotransmission. Vitamin C supplementation exhibits preventive 
effect against AD in addition to major depressive disorder, anxiety, and schizophre-
nia, whereas its deficiency may cause cognitive impairment (Han et al. 2018).

10.4.5  Minerals

Minerals are an essential component of diet which plays an important role in vari-
ous physiological and developmental processes. A 17-year study performed on 
1000 older peoples revealed the association of minerals with stroke, hypertension 
(Cherbuin et al. 2014), and dementia (Ozawa et al. 2012). They reported that the 
probability of developing dementia decreases with increased intake of potassium, 
magnesium, and calcium. Plasma magnesium level was reported to be lesser in 
peoples suffering from AD (Barbagallo et al. 2011). Positive correlation of plasma 
iron level was also reported with cognitive function in aged individual (Yavuz et al. 
2012). Iron co-localizes with amyloid plaques leading to pathological process of 
their aggregation (Roberts et al. 2012; Cherbuin et al. 2014).

Zinc (Zn) serves as an essential component for cell survival participating in vari-
ous molecular and biochemical processes. Its concentration in brain varies and is 
found responsible for memory, mood, learning, and cognition (Opoka et al. 2011; 
Pavlica and Gebhardt 2010). In the presence of increased concentration of Cu++ 
ions, the oxidized metal ions were reported to interact with amyloid-beta (Aβ) pro-
tein, leading to neuronal loss and amyloid neurotoxicity (Brewer 2012), thus con-
tributing in Alzheimer’s pathophysiology. A decrease in copper concentration was 
reported in brain of AD patients, whereas no increase in concentration of Zn was 
observed (Schrag et al. 2011). Furthermore, Alzheimer’s patient was found to have 
low Zn and high Cu concentration in plasma and serum (Schrag et al. 2011; Bucossi 
et al. 2011). Contrastingly, Rodrigues et al. (2017) reported that in aged individuals, 
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the erythrocyte and plasma concentrations of Cu, Zn, and Cu/Zn ratio are not related 
to AD, whereas a correlation of dementia severity is observed with the antioxidant 
activity of erythrocyte superoxide dismutase enzyme (Perrin et al. 1990).

10.5  Antiaging Components of Food: Polyphenols 
and Flavonoids

Polyphenols, secondary metabolites of plants, are the most inexhaustible source of 
antioxidants in diet. These are used as nutraceuticals that are efficient to counteract 
inflammation and stress-induced free radicals (Pandey and Rizvi 2009; Mandel 
et al. 2012). Epidemiological research and meta-analysis suggest that intake of diets 
rich in polyphenols serves several health benefits as antioxidants and imparts pro-
tection against cardiovascular diseases, viz., cancers, osteoporosis, neurodegenera-
tive diseases, and diabetes (Pandey and Rizvi 2009). Flavonoids are polyphenolic 
compounds with phenolic structures which are found in grains, vegetables, flowers, 
bark, wine, tea, and fruits (Panche et al. 2016). Catechins are black and green flavo-
noids accounting for 30–40% of the dry weight of green tea leaves (Wang et al. 
1994). They are reported to protect the aging brain, thereby reducing the risk of 
dementia and AD (Mandel et al. 2012).

Nonheme iron complexed with ferritin accumulates in particular region of the 
brain, such as the prefrontal cortex, motor cortex, sensory cortex, thalamus, and 
putamen during first 30 years of life (Zecca et al. 2004; Hallgren and Sourander 
1958). During aging of brain, it is converted to hemosiderin, containing iron at 
higher reactivity thus causing an increased risk of oxidative stress (Crichton et al. 
2002). Aging brain has increased monoamine oxidase activity generating more 
hydrogen peroxide (Fowler et al. 1980; Cohen 2000; Reinikainen et al. 1988), and 
this in turn reacts with nonheme iron generating Fe2+ viz. Fenton reaction. Fe2+ 
increases the aggregation of proteins such as beta-amyloid (Aβ) peptide and alpha- 
synuclein, and these proteins majorly contribute to AD (Mandel et al. 2012).

A number of antioxidants/iron chelators had been reported to possess neuropro-
tective activity (Mandel et  al. 2012). Plant flavonoids possess strong transitional 
metal chelating property due to the presence of one or more hydroxyl (OH) group 
at different positions (Nanjo et al. 1996; Mandel et al. 2012; Perron et al. 2008). 
Epigallocatechin-3-gallate (EGCG), a green tea polyphenol, inhibits above 90% of 
the DNA damage caused by iron. It was reported that catechins were able to scav-
enge the hydrogen-donating radical of reactive oxygen species (ROS) with the abil-
ity to chelate metal ions, thus inhibiting the genesis of iron free radicals such as Fe2+ 
in in vivo and in vitro studies (Salah et al. 1995; Nanjo et al. 1996). Polyphenols 
were also reported to inhibit lipid peroxidation induced by iron; of these polyphe-
nols, most effective is EGCG because of the presence of trihydroxyl group and gal-
late moiety at 3′ position in B and C ring, respectively (Nanjo et al. 1996).

Several studies had reported that polyphenols not only affect any single specific 
pathway say for inhibiting Aβ aggregation, but it modulates different tissue and cel-
lular processes, which together contributes to their neuroprotective action 
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exhibiting a reduction in cognitive impairment (Yang et al. 2010). The prime effect 
of polyphenols is to reduce the ROS produced by neuroinflammation and mitochon-
dria, also inhibiting the toxic aggregates of Aβ protein. These positive effects of 
polyphenols are attributed to their property to induce autophagy (Stefani and Rigacci 
2014). Alterations in autophagy are considered crucial for the pathology of AD and 
had been reported as a promising target for treatment and pharmacology (Cordero 
et al. 2018). Polyphenols can inflect autophagy by multiple pathways (Hasima and 
Ozpolat 2014), including Beclin-1-independent (noncanonical) and Beclin-1- 
dependent (canonical) signaling pathways. A polyphenol, rottlerin isolated from 
Asian Mallotus philippensis tree induces autophagy via its antioxidant property, 
blocking the production of free radicals and triggering NF-κB inhibition and AMPK 
activation. This leads to reduced ATP concentration, thus activating regulatory 
mechanisms, i.e., autophagy (Maioli et al. 2010). Polyphenols such as resveratrol, 
quercetin, and genistein exhibit their effect by activating sirtuins (Cordero et  al. 
2018). These in turn activate autophagy either indirectly by regulating a transcrip-
tion factor FOXO3a or directly by causing deacetylation of autophagic gene prod-
ucts such as Atg 5, 7, and 8 (Hanna et al. 2016).

10.6  Fruits and Vegetables as Antiaging Agents

Aging is a natural phenomenon cum combined effect of various oxidative stress and 
neuroinflammation. Upon aging, potential of vital organs (including neuronal cells) 
diminishes due to apoptosis (Winter et al. 2018). The incidences of neurodegenera-
tive diseases are increasing rapidly as a report of the World Health Organization 
(WHO) states that by 2040 neurodegenerative diseases would be the second-leading 
cause of death after cardiovascular diseases defeating cancer (Tejada et al. 2017). 
Consumption of antioxidant-rich fruits and vegetables lowers the incidences of 
chronic diseases (Dastmalchi et al. 2011). Aging can also be delayed by supple-
menting fruits and vegetables in diet. They act like reservoir of bioactive agents, 
antioxidants, organic acids, and phenolic acids, thereby exhibiting antiaging food 
properties. Different types of foods contain different active ingredients which 
exhibit various health benefits (Table 10.1).

10.6.1  Berries

Fruits are categorized into pome, drupe, berries, and aggregate fruit. Berries exhibit 
health-promoting properties due to containment of nutritive, non-nutritive, and bio-
active compounds, where nutritive compounds include sugars, vitamins, carot-
enoids, minerals, and essential oils, while bioactive compounds comprise flavonoids, 
anthocyanins, stilbenes, tannins, phenolics, and phenolic acids (Szajdek and 
Borowska 2008). These bioactive compounds have potent anticancer, antimicrobial, 
antioxidants, anti-inflammatory, anti-neurodegenerative, and immune-booster prop-
erties (Sara et al. 2018; Kelly et al. 2017; Nile and Park 2014; Costa et al. 2013); 
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Table 10.1 Active ingredients present in natural food and their health benefits

Natural foods Active ingredients Health benefits References
Cranberries Anthocyanins, flavonols, 

flavan-3-ols, antioxidants, 
proanthocyanidins, and the 
phenolic acid derivatives

CVDs, various 
infections – urinary tract, 
dental health, and 
Helicobacter pylori- 
induced stomach ulcers, 
and cancers

Lorenzo et al. 
(2018) and Cote 
et al. 2010

Blueberries Antioxidants, anthocyanins, 
the flavonols, the flavan-3-ols, 
proanthocyanidins, phenolic 
acid derivatives, and cinnamic 
acid

Anticancerous, prevents 
CVDs, antimutagenic, 
antitumor, 
immunomodulatory, 
neuroprotective, 
anti-inflammatory, 
anti-obesity

Sara et al. (2018)

Strawberries Anthocyanins, polyphenols, 
antioxidants, organic acids

Anti-inflammatory, 
anti-obesity, antioxidant

Enomoto et al. 
(2018) and 
Gasparrini et al. 
(2018)

Grapes and 
grape 
products

Anthocyanins, flavan-3-ol, 
proanthocyanidins, phenolic 
acids, gallic acid, flavonols 
hydroxycinnamates, 
resveratrol

Prevents chronic–
degenerative diseases – 
CVDs, cancer, 
neurodegenerative 
disease, cognitive decline, 
Alzheimer’s disease, 
diabetes

Vislocky and 
Fernandez (2010)

Pomegranate Antioxidants, anthocyanins – 
cyanidin, delphinidin, 
pelargonidin, flavonols –
punicalagins, catechins, 
epicatechin, gallocatechin, 
epigallocatechin, tannins – 
ellagitannins and ellagic acid

Antioxidative, antiaging, 
anti-inflammatory, 
reduces oxidative stress 
and blood pressure, 
antiatherosclerotic, 
CVDs, vasculoprotective

Wang et al. 
(2018), Essa et al. 
(2015), and 
Stowe (2011)

Apple Antioxidants, polyphenols, 
phenolic acids – phloretin and 
phloridzin

Cognitive performance, 
oxidative damage, 
neuroprotective, improves 
synaptic signaling, 
Alzheimer’s disease, 
chemopreventive/
chemotherapeutic agent

Tu et al. (2017) 
and Essa et al. 
(2012)

Fig Polyphenols, minerals, 
vitamins, dietary fibers, 
antioxidants

CVDs, antioxidative, 
anticancer, 
antituberculosis, 
antidiabetic, 
immunomodulatory

Essa et al. (2015)

(continued)
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Table 10.1 (continued)

Natural foods Active ingredients Health benefits References
Date palm Antioxidants – anthocyanins, 

ferulic acid, protocatechuic 
acid, caffeic acid, flavonoids, 
phenolic acids, polyphenols, 
sterols, carotenoids

Neuroprotective, 
antioxidative, anti- 
inflammatory, anticancer, 
immunomodulatory, 
reduces oxidative stress, 
antidiabetic

El-Far et al. 
(2019), Subash 
et al. (2015), and 
Essa et al. (2015)

Avocados MUFA, PUFA, dietary fiber, 
folate, potassium, essential 
micronutrients, bioactive 
phytochemicals

Antioxidants, anti- 
obesity, reduces CVDs, 
LDL cholesterols

Mahmassani et al. 
(2018) and Park 
et al. (2018)

Drum sticks Phenolics, flavonoids – 
quercetin, kaempferol, 
apigenin

Anticancer, anti- 
inflammatory, 
immunomodulatory, 
hypoglycemic, 
antioxidative

Saucedo-Pompa 
et al. (2018)

Turmeric Polyphenols – curcumin, 
antioxidants – 
bisdemethoxycurcumin, 
demethoxycurcumin

Antioxidant and 
anti-inflammatory, 
antihyperlipidemia, 
cancer, Alzheimer’s 
disease, antiaging

Hewlings and 
Kalman (2017) 
and Sikora et al. 
(2010)

Spinach Antioxidants, carotenoids, 
flavonoids, phenolic 
compounds, vitamins, 
glycolipids, thylakoids

Alzheimer’s disease, 
cognitive decline, brain 
healing, memory 
restoring, reduces CVDs

Jiraungkoorskul 
(2016) and Volpe 
(2013)

Tomato Carotenoids:alpha, 
β-carotene, lutein, lycopene, 
vitamins A, B, C, phytosterols

Antioxidative, cancers, 
diabetes, CVDs

Bhowmik et al. 
(2012)

Ginger Gingerol, antioxidants, 
tannins, vitamins A, E, 
ascorbic acid, carotenoids – 
β-carotene lycopene, lutein, 
bioflavonoids – genistein and 
quercetin, tannins – catechins

Anticancerous, oxidative 
stress, diabetes, 
anti-inflammatory, 
antihyperlipidemia, 
reduces platelet 
aggregation, hypertension

De Lima et al. 
(2018) and 
Singletary (2010)

Garlic Allicin, thiosulfinates, 
thiacremonon

Antioxidant, 
immunomodulatory, 
antidiabetic, 
antithrombotic, anti- 
inflammatory, anticancer, 
CVDs

Tsai et al. (2012)

Green tea Polyphenols-methylated 
catechin, epigallocatechin 
gallate

Cognitive impairment, 
CVDs preventions, 
anti-allergy, anti-obesity

Zhang et al. 
(2018)

Ginkgo 
biloba

Ginkogalic acid, terpene 
trilactones – bilobalide, 
ginkgolide, flavonoids

Cognitive improvement, 
vasodilation, cerebral 
vascularization

Olivera-Pueyo 
and Pelegrín- 
Valero (2017) and 
Ude et al. (2013)
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inclusion of berries or berry product in diet may reduce chronic inflammation, 
improve plasma lipid profile, and thereby support cardiovascular health. Berry seed 
oil is proven to reduce prevalence of atopic death in early stage of life (Yang and 
Kortesniemi 2015).

10.6.1.1  Strawberry
In MedDiet, strawberry (Arbutus unedo) is a common and important fruit. It is a rich 
source of antioxidant polyphenols, such as ellagitannins, anthocyanins, catechin, 
quercetin and kaempferol, ellagic acid, gallic acid, tannins, vitamin C, vitamin E, 
and carotenoids (Essa et al. 2012; Giampieri et al. 2012). It bears potential to com-
bat inflammation disorders and oxidative stress, reduce obesity-related disorders 
and heart disease risk, and protect against various types of cancer (Afrin et al. 2016).

Ellagitannins are phenolic phytochemical exhibiting neuroprotective properties 
which protect against neurodegeneration. It is commonly present in many fruits like 
pomegranate and shows anti-inflammatory, antioxidants, and antiapoptotic abilities 
to provide therapeutic benefits for treatment of various neuronal disabilities (DaSilva 
et  al. 2017; Tejada et  al. 2017; González-Trujano et  al. 2015). Anthocyanins are 
flavonoid with antioxidant properties capable of scavenging hydroxyl and peroxyl 
radicals responsible for aging and onset of lifestyle-related diseases. Strawberries 
improve neuronal signaling by reducing oxidative stress and inflammation (Poulose 
et al. 2014)

10.6.1.2  Blueberries
Blueberry (Vaccinium angustifolium) or whortleberry is recognized as “Superfood” 
due to the presence of bioactive constituents like chlorogenic acid, flavonoids, 
pterostilbene, resveratrol, alpha-linolenic acid, vitamins, and cytoprotective anti-
oxidant polyphenols, i.e., anthocyanins. Anthocyanins are glycosidic and acyl gly-
cosidic  forms of anthocyanidins, which are polyhydroxy and polymethoxy 
derivatives of 2-phenylbenzopyrilium (flavilium salts) conjugated with sugars 
(Kelly et al. 2017; Routray and Orsat 2011; Chen et al. 2010; Goswami and Das 
2009). These anthocyanins possess potential to restore memory, attenuate age-
related brain aging, and impair cognitive deficits in the brain in order to combat 
reactive oxygen species (Bowtell et al. 2017; Dastmalchi et al. 2011; Kalt et al. 
2007). Anthocyanins are proven to be anticancerous in breast cancer, have anti-
invasive and chemo-inhibitor properties, as well as inhibit proteasome activities, 
thus furnishing health benefits (Routray and Orsat 2011; Faria et  al. 2010). 
Anthocyanins can improve ocular health in terms of visual function by increasing 
rhodopsin regeneration and prevent age-related chronic diseases, such as hyperten-
sion, cancer, diabetes, urinary tract infection, obesity, hyperlipidemia, neurodegen-
eration, and osteoporosis through its apoptosis, antiangiogenesis, anti-inflammation, 
and antioxidant effects (Chen et al. 2010).

Blueberries were reported to possess phytochemicals with the ability to reduce 
age-associated oxidative stress and inflammation by altering neuronal signaling 
involved in communication, calcium buffering, neuroprotective stress shock pro-
teins, plasticity, stress signaling pathways, and obesity (Lewis et al. 2018; McGill 
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et al. 2018; Shukitt-Hale et al. 2008). Blueberries enhance memory and motor per-
formance and reverse deleterious effect of aging on motor behavior (Poulose et al. 
2014; Joseph et al. 2003; Tan et al. 2017; Essa et al. 2012). In aging population, 
blueberries can improve cognition by mediating hippocampal plasticity (Tan et al. 
2017).

10.6.2  Spinach

Spinach, Spinacia oleracea (SO), is alluded as “power food” due to its 20 diverse 
nutritional constituents, which include bioactive phytochemicals (flavonoids com-
prising glycosides, glycolipids, luteolin, kaempferol, apigenin, quercetin, and cou-
maric acid derivatives) and essential nutrients such as proteins, vitamins (vitamin A, 
ascorbic acid, β-carotene, carotenoids), and minerals (calcium, magnesium, potas-
sium, folate, folic acid, nitrate, oxalate) that promote health beyond basic nutrition 
(Jiraungkoorskul 2016; Bondonno et al. 2014; Volpe 2013; Koh et al. 2012). Spinach 
is used as antioxidant, anti-anemia, antidiabetic, anthelmintic, antiulcer, antibacte-
rial, anticonvulsant, antihyperlipidemic, anti-inflammatory, and antiviral agent. It 
was reported to aid in recovery from nervous, hepatic, and respiratory diseases 
(Jiraungkoorskul 2016; Heo et al. 2010). Spinach phytochemicals are capable of 
scavenging reactive oxygen species produced by oxidative stress; it can modulate 
metabolism of body by altering gene expression, cell proliferation, inflammation, 
and defense mechanism of human body, and it supports weight loss by inducing 
secretion of satiety hormones and curbs food intake. It possesses insulin-sensitizing 
activity. Nonessential phytochemicals and bioactives, such as glycolipids and thyla-
koids, favor health benefits (Fiorito et  al. 2019; Roberts and Moreau 2016). 
Flavonoid component of spinach exhibits protection from AD by significantly 
reducing β-amyloid-induced neuronal cell death. These in turn activate autophagy 
either indirectly by regulating a transcription factor FOXO3a or directly by causing 
deacetylation of autophagic gene products such as Atg 5, 7, and 8 (Hanna et  al. 
2016).

Spinach is rich in vitamin B, which plays a significant role in brain healing and 
memory restoring. Vitamins B2, B6, and B12 are necessary for monoamine neu-
rotransmitter production (Kim et al. 2014). Level of magnesium is crucial for pre-
vention of a number of chronic diseases, including hypertension, diabetes, 
cardiovascular diseases, migraine, and AD. It plays a major role in nerve transmis-
sion, glucose and insulin metabolism, neuromuscular conduction, vasomotor tone, 
blood pressure, cardiac excitability, and muscular conduction (Volpe 2013).

10.7  Role of Hydration in Alzheimer’s disease

Water is the most important element on earth. Its importance relies on the fact that 
every biological organism requires it for maintaining the normal body homeostasis. 
The normal human body comprises about 60% water, the brain is made up of 75%, 
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and our blood contains approximately 83% of water (Parretti et al. 2015). The regu-
lation of fluid balance is critical to several important components which include 
normal cell metabolism and its physiochemical properties. Body fluid balance is 
primarily determined by cells osmolality; osmotic gradient across the cell mem-
brane causes change in the osmolality which either moves to cell swelling or its 
shrinkage (Biller et al. 2015). It was well reported that alteration in the cell osmolal-
ity is directly or indirectly involved in the formation of multitude of diseases which 
also include neuronal dysfunction, brain atrophy, chronic cerebrovasculopathy, and 
AD (Cowen et al. 2013).

Even very small variation in the osmotic balance is detected by hypothalamus 
osmoreceptor (Cowen et al. 2013). Vasopressin, a peptide hormone, regulates these 
diseases by stimulating the vasopressinergic nerve ending present in the neurohy-
pophysis region. Binding of vasopressin to the receptor present in the kidney 
decreases the excretion of water, which subsequently decreases the filtered water 
that returned to the blood thus lowering the plasma osmolality. Failure of this mech-
anism results in a variety of water balance disorders primarily neuronal dysfunction 
and Alzheimer’s disease. Hypohydration can cause chronic hypovolemia which is 
hypothesized to be the primary mechanism for the development of hypertension, 
obesity, and AD (Thornton 2014). A considerable serum hyperosmolality risk was 
observed in patients with MCI and AD patients. The central nervous system is a 
lipophilic organ, whereas it contains 80% of water which is majorly stored in astro-
cytes, and dehydration can cause upregulation of their AQP-4 proteins (Duning 
et al. 2005).

10.8  Conclusion

Diet is suggested to be a major companion in the management of mild cognitive 
impairment, memory loss, and Alzheimer’s. The components of diet such as poly-
phenols possess potential to combat progression of memory loss due to anti- 
inflammatory response. Antioxidants present in various fruits and vegetables 
scavenge ROS, thereby altering the process of aging in natural way. Mediterranean 
diet recommended for Alzheimer’s patients is an optimized combination of natural 
products such as fruits vegetables, nuts, milk and milk products, meat, seafoods, 
and olive oil. Each one of them is loaded with different active ingredients like 
omega-3 fatty acid, DHA, essential amino acids, vitamins, polyphenols, and flavo-
noids, etc., and they, therefore, are useful in age-related discomforts. By combining 
Mediterranean diet with different added nutrients and a mild exercise, the situation 
of Alzheimer can be reversed to noticeable levels.
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11.1  Introduction to Alzheimer

Alzheimer disease is characterized as a brain disorder that impairs an individual’s 
ability of memorizing, thinking, and behavior. The condition is considered as the 
most common form of dementia, and it is likely to worsen over time; however, it is 
not a normal part of aging (Abraha et al. 2017). Dementia is associated with loss of 
memory and other cognitive capabilities of individuals. The individuals suffering 
from dementia have a comorbid health condition (Bunn et al. 2014). Forgetfulness 
is the major problem faced by the individuals suffering from Alzheimer, which 
affects their functionality at home and office. Dementia has been chosen as the most 
accurate term to describe Alzheimer’s disease (Mace and Rabins 2011). The indi-
vidual remains confused, misplaces things, gets lost in familiar places, and is also 
troubled while communicating with peers. The onset of Alzheimer results in the 
prevention of brain cells to perform well. This condition may lead to disorientation, 
confusion, intellectual impairment, and memory loss (Bennett et al. 2005).

Alzheimer’s disease (AD) is an age-related, irreversible, progressive brain disor-
der that attacks the brain and results in increasingly impaired memory, thinking, 
reasoning, and behavior (National Institute on Aging 2016). Alzheimer’s disease is 
the most common form of dementia worldwide. Around 50 million people have 
dementia, and there are nearly 10 million new cases every year (World Health 
Organization 2017). The family caregivers need to be capable enough to detect any 
sort of cognitive impairment and let the patient express his/her concerns. They also 
need to encourage them for following the physician’s recommendations to obtain 
accurate diagnostic evaluations (Maslow and Fortinsky 2018; Austrom et al. 2018).
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Providing care for a person with the AD is very difficult and may have a negative 
effect on the health, employment, income, and financial security of the caregivers. 
This is because people living with dementia have complex care needs that have to 
be considered by the family caregivers and providers (Fazio et al. 2018). Family and 
other unpaid caregivers of people with Alzheimer’s disease help the patients in 
assisting all of the daily living activities. More than one-half of the caregivers of 
people with Alzheimer’s disease and other dementias reported providing help with 
getting in and out of bed. Potentially unsafe behaviors are likely to be reported by 
the older adults with probable dementia (Amjad et al. 2016).

11.1.1  Plaques and Tangles

There is abundance of plaques and tangles in the brains of individuals suffering 
from Alzheimer. The two cellular hallmarks characterizing the neuropathology of 
AD include accumulation of intracellular hyperphosphorylated tau in neurofibril-
lary tangles and extracellular plaques composed on amyloid (Gentier et al. 2015). 
The macroscopic plaques forming one of the hallmarks of AD pathology aggregate 
to form oligomers (Bertram et al. 2010; Hardy et al. 2014; Heppner et al. 2015). 
Plaques are defined as deposition of protein fragments known as beta-amyloid. 
These depositions are built within the spaces present between the nerve cells. 
However, twisted fibers of protein tau are known as tangles that are built inside the 
nerve cells. Although these plaques and tangles develop in every individual as they 
age, there is much difference in their development pattern within brain of an 
Alzheimer’s patient.

The plaques and tangles in brains of an Alzheimer’s patient start to appear in the 
areas that are important for memorizing. Majority of the scientists believe that 
plaques and tangles play an important role in blocking communication and disrupt-
ing processes between the nerve cells, although the exact role played by them is not 
yet clear (Alzheimer’s Association 2005).

The symptoms of Alzheimer’s disease appear when the nerve cells are destructed 
causing change in personality, problems in conducting daily routine activities, and 
memory failure. The process of spread of Alzheimer’s in the brain has been illus-
trated in Fig. 11.1.

11.1.2  Risk Factors/Causes of Alzheimer’s

The risk factors/causes increasing the likelihood of developing cancer are as 
follows:

• Genetics – Risk genes and deterministic genes are considered as the two major 
genes categories that affect the likelihood of developing Alzheimer’s. The deter-
ministic genes guarantee that inheritance of this gene would be the direct cause 
of developing Alzheimer’s.
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• Family history – The risk of developing Alzheimer’s increases among an indi-
vidual having a family relative (parent, brother, sister) with Alzheimer’s. 
 Moreover, the risk is likely to increase among the individual with more than one 
family member with this illness.

• Age – It is the most common risk factor of developing Alzheimer’s as majority 
of the patients are older than 65 years.

11.1.3  Association Between Hyperactivity of Hippocampus 
and Cortical Thinning

There are certain functional and structural alteration associated with AD within the 
distributed network of brain regions that support the memory and cognitive domains 
(Du et al. 2007; Putcha et al. 2011). There is significant association of hyperactivity 
of hippocampus with thinning of the cortex in precuneus and lateral temporoparietal 
cortices. This type of change is observed among presymptomatic amyloid-positive 
and dementia patients (Fig. 11.2). An important role is played by this network in the 
formation of episodic formation of memory. Moreover, this network is also impli-
cated to target by the neurodegenerative process of Alzheimer’s disease.

11.2  Genetics of Alzheimer’s Disease

Genes, made from DNA, are characterized as basic unit of inheritance. They are 
packed in paired structure, known as chromosomes, and are present in all the body 
cells. Each individual carries two copies of each gene, which is inherited from each 
parent. Each of the gene variant plays a role in determining individual characteris-
tics. However, combined effects of many variants acting together are reflected 

Fig. 11.1 The pathological evolution of Alzheimer’s disease. (Adapted with permission from 
Masters et al. 2015)
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through individual qualities. The inheritance follows a complex pattern; therefore, 
the inheritance of characteristic affected by a gene variant is not simple. However, 
mutations result in faulty gene that tends to be more harmful.

The nuclear bodies acting as interchromosomal hubs are demonstrated by the 
reconciling of the nuclear structure that help in shaping the overall 3-dimensional 
packaging of the genomic DNA within the nucleus (Quinodoz et  al. 2017). 
Alzheimer’s disease may follow either complex inheritance pattern due to multi- gene 
variants or simple inheritance pattern due to single-gene mutations (Loy et al. 2014).

11.2.1  Familial Alzheimer’s Disease

The fact that mutation within single gene causing Alzheimer is suggested by the 
pattern of familial clustering, in which the mutations are passed down across several 
generations. Individuals in their 30s, 40s, and 50s with extremely rare mutations are 
likely to develop Alzheimer. This type of dementia is also known as early-onset or 
young-onset dementia. There is a total of three amyloid precursor protein (APP) 
genes and two presenilin genes (PSEN-1 and PSEN-2), resulting in Alzheimer’s 
disease (Loy et al. 2014). Figure 11.3 presents family tree that has shown strong 
inheritance of mutation across three generations through the darkened images. The 
figure has clearly demonstrated that the grandfather had three children, among 
which two had inherited the mutation. Among the two children carrying mutation, 
the daughter gave birth to one affected male child, while her two daughters were 
normal. It has also been shown that the children of unaffected son had not inherited 
any mutation.

Fig. 11.2 Hyperactivity of hippocampus and cortical thinning (AD signature of cortical thinning. 
A, Medial temporal lobe; B, inferior temporal gyrus; C, temporal pole; D, angular gyrus; E, supe-
rior frontal gyrus; F, superior parietal lobule; G, supramarginal gyrus; H, precuneus; I, inferior 
frontal sulcus). (Adapted with permission from Masters et al. 2015)
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11.2.2  Genes Associated with Alzheimer’s Disease

11.2.2.1  AD1: Amyloid Precursor Protein (APP)
The amyloid precursor protein (APP) is present on chromosome 21q that is similar 
to the observation depicted among the Down syndrome patients. Approximately, 
10–15% of the early-onset Alzheimer’s disease is associated with mutations in APP 
gene. The mutation on this gene is usually observed in or adjacent to the Aβ peptide 
sequence that is considered as an important factor of amyloid plaques. APP gene is 
spliced into different products and named on basis of the length of amino acids. The 
most relevant isoforms of APP leading to development of Alzheimer’s are as fol-
lows (Bekris et al. 2010):

• APP695 that is restricted to the central nervous system
• APP751 and APP77 that are present in the tissues of central as well as peripheral 

nervous system

11.2.2.2  AD3: Presenilin 1 (PSEN1)
PSEN 1 has been identified on AD3 locus on chromosome number 14 that is most 
frequently mutated with around 215 mutations in 475 probands (Cacace et al. 2016). 
The mutation in this gene is identified through positional cloning that results in the 
encoding of a polytopic membrane protein (Genetics, provided, 93). PSEN1 being 
polytopic membrane protein plays an important role in the formation of catalytic 
core of the γ-secretase complex. Mutation taking place in this gene is the most com-
mon cause of Alzheimer’s. There is decrease in activity of γ-secretase, as PSEN1 
mutations increase the ratio Aβ42 to Aβ40 (Bekris et al. 2010). In PSEN1 mutation 

Fig. 11.3 Family tree showing strong inheritance of mutation. (Adapted with permission from 
Loy et al. 2014)
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carriers, the deposition of Aβ42 is considered as an early preclinical event. The 
clinical diagnosis of Alzheimer’s is confirmed by measuring the amyloid plaque. 
The presence of specific PSEN1 mutations helps in detecting the neurodegenerative 
changes.

11.2.2.3  AD4: Presenilin 2 (PSEN2)
PSEN2 is found on chromosome 1 AD4 that possess high homology with the AD3 
locus, where PSEN1 is found. Unlike PSEN1, the missense mutations taking place 
in PSEN2 rarely result in Alzheimer’s. The mutations taking place in PSEN2 pos-
sess lower penetrance; therefore, they are higher risk of being modified on the basis 
of environmental influences. PSEN2 displaying tissue-specific alternative splicing 
is likely to contain nine transmembrane domains along with a large loop structure 
between the 6th and 7th domains (Bekris et al. 2010). The substitution of an isoleu-
cine for an asparagine at residues 141 (N141l) occurs when there is point mutation 
on the second transmembrane.

11.3  Neuronal Pathways of Alzheimer’s Disease

The neurons tend to build a nerve impulse of electric charge after receiving mes-
sages from its surrounding cells. The release of chemical messengers known as 
neurotransmitters is triggered, when the electrical charge from the neuron travels 
down the axon till the end. The neurotransmitters move to the dendrites or cell body 
of neighboring neurons from the axons. The channels from cell membrane to the 
nerve cells are opened, when the receptor is activated.

The appearance of pathological emblems results in the establishment of 
Alzheimer’s, which involve the neurofibrillary tangles and senile plaques. The 
extracellular deposits of amyloid beta and intracellular self-gathered clumps of tau 
proteins comprise these lesions that may cause neuronal death and synaptic failure. 
There is a central role of production and clearance of Aβ in describing the pathogen-
esis of Alzheimer’s disease. The hypothesis known as amyloid cascade hypothesis 
(ACH) suggested that Aβ and processing of APP play an important role in the pro-
cess of neurodegeneration. The aggregation of Aβ is considered as the initiation 
toward the formation of senile plaques (Ashraf et al. 2018). APP holds significance 
in neuropathogenesis due to its rapid production and metabolism features. The non- 
amyloidogenic and amyloidogenic pathways depict the proteolysis of APP.

Enzyme alpha (α)-secretase conducts the first step of non-amyloidogenic path-
way that is responsible for breaking down APP into soluble amyloid precursor pro-
tein alpha (sAPPα) and alpha C-terminal fragment (αCTF/CTF83). The role of 
limiting protein in Aβ generation is played by BACE that is responsible for breaking 
down APP into soluble amyloid precursor protein beta (sAPPβ) and beta C-terminal 
fragments (βCTF/CTF99) (Ashraf et al. 2018).

CAST is likely to play an important role in explicating as a suicide substrate for 
calpain, and its ratio plays an important role too in controlling the activation level of 
calpain within a cell. The first interaction of CAST with calpain takes place at the 
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membrane with a pro-calpain attached to it to interact with active calpain inside 
cytosol. The influx of calcium results in breaking of the reversible complex for 
releasing calpain. Calpain is likely to undergo autolysis inside the cytosol to get 
active conformation. The persistent activity of calpain is resisted through the rejoin-
ing of active calpain and CASE in a reversible complex. Figure 11.4 illustrates the 
slow digestion of CAST that is modulated by active calpain into small inactive 
fragments.

11.4  Electrophysiology of Alzheimer’s

The cascade initiated by the deposition of Aβ presents a neuro-centric and linear 
model that may lead to synaptic dysfunction, neuronal loss, dementia, inflamma-
tion, and tau pathology. There is much controversy in the linearity of this cascade. 
Figure 11.5 depicts the association between Aβ and neurotoxicity that involves vari-
ous molecular receptors and mechanisms. There is overexpression of APP, when 
there is increased concentration of Aβ or transgenic components. The neurons are 
likely to suffer oxidative stress, when there is interaction between Aβ and receptor 
at advanced glycation stage. This process is responsible for enhancing the inflam-
matory responses within the microglia. Moreover, across the blood-brain barrier, 
there is reversed transport of Aβ within the endothelial cells. The electrophysiology 
of Alzheimer’s is depicted in as neuro-centric view after considering the contribu-
tion to different types of cells, their evolution, and interaction with each other 
(Fig. 11.5) (De Strooper and Karran 2016).

Fig. 11.4 Neuronal pathway. (ElSharkawy 2014)
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The change in amplitude considering large-scale oscillations results due to alter-
ation in the synchronization within a neural ensemble, which is also known as local 
synchronization. Oscillatory activity can be generated through the neural assembles 
via conducting local interactions between excitatory and inhibitory neurons.

Among Alzheimer’s patients, the sources of alpha and beta activity are likely to 
shift toward the anterior side, with respect to the topography in anteroposterior 
direction. The best discriminating variables among Alzheimer’s patient and normal 
individual are the combined alpha and theta GFP. The individual markers are help-
ful in clarifying the fact that combined outcomes are better than the classifications 
that are listed as follows (Poil et al. 2013):

• Peak width of dominant beta peak
• Bandwidth of subject-specific beta frequency
• Amplitude correlations in beta
• Range of amplitude in beta
• Power of alpha relative
• Ratio between theta and alpha power

Fig. 11.5 Electrophysiology of Aβ receptors in the development of Alzheimer’s disease. (Adapted 
with permission from De Strooper and Karran 2016)
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11.4.1  Alzheimer’s Disease at the Mild Cognitive Impairment 
(MCI) Stage

The difference between AD converters and mild cognitive impairment (MCI)-stable 
is easily identified at early stages through retrospective testing on data using classi-
fier model that gives 92% sensitivity, 85% specificity, and 79% positive predictive 
value (Poil et  al. 2013). At MCI stage, the integration of multiple biomarkers is 
responsible for predicting Alzheimer’s disease using the logistic regression. The 
optimal set of biomarkers are derived from the beta frequency band that ranges 
between 13 and 30  Hz reflecting the early changes associated with Alzheimer’s 
detected through EEG. Alzheimer’s disease is associated with changes in the beta 
band; for instance, it is related to more of anterior distribution (Huang et al. 2000).

In Alzheimer’s, individuals are presented with less efficient working memory as 
increased width of beta peak and bandwidth are associated with less stable fre-
quency of beta (Koppel et al. 2011). Hyperexcitability suggested by increased beta 
frequency has also been observed among the cases of Alzheimer’s. There is signifi-
cant association between hippocampal hyperactivity and thin cortex as observed in 
precuneus and lateral temporoparietal cortices. The patients with presymptomatic 
amyloid-positive and suffering dementia are observed with thinning of their cortical 
pattern. The functional and anatomical connectivity network plays an important role 
in the formation of episodic memory. It has also been implicated by the neurodegen-
erative process of Alzheimer’s disease.

The fluctuations in neuronal activity are demonstrated through the mechanisms 
tied to the amyloid pathology of Alzheimer’s disease that are responsible for regu-
lating levels of A-beta in the interstitial fluid (Castello and Soriano 2014). The pro-
gression of disease is likely to be modified on the basis of regulation of neural 
activity. The balance between pattern separation and pattern completion is assessed 
on the basis of lure items concerned with designing of the memory task. The entire 
process is mediated by DG/CA3. It has been shown that CA3 pyramidal neurons 
activate representations tied to prior experiences, which results failure to encode 
distinctive representations for new information. The greater pattern completion and 
diminished pattern separation indicate significant shift in the network function 
(Schaefer et al. 2006).

At the formative stages of Alzheimer’s disease, the resulting disinhibition desta-
bilizes network oscillatory activity due to the early failure of active inhibitory mech-
anisms. A new level of circuit-based pathophysiology is implicated for Alzheimer’s 
as a result of hypersynchronous circuit activity, subclinical temporal lobe “silent” 
seizures, extensive rewiring of hippocampal networks, and cellular hyperexcitabil-
ity. These consequences lead to the appearance of epilepsy that is responsible for 
aggravating memory loss among the affected individuals. The increase in interhemi-
spheric coherence observed on frontal and temporal regions is associated with hip-
pocampal atrophy among the individuals suffering from MCI.  The increased 
temporal functional coupling is explained through an increase of neuronal excit-
ability. The increase of excitability could spread over the two hemispheres through 
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the hippocampal commissure, which is confirmed through the increased coherence 
between temporal regions associated with greater hippocampal atrophy.

MCI with hippocampal atrophy is characterized with decrease in frontoparietal 
coherence. Temporal areas wall is created as a result of increase in excitability in 
medial temporal areas subsequent to the hippocampal atrophy. This might cause 
impairment in long-range, frontoparietal functional connections in each 
hemisphere.

11.4.2  Multivariate Phase Synchronization

The degree of phase synchronization within a multivariate time series is measured 
through multivariate phase synchronization (MPS). It also allows synchronization 
mapping within spatially extended systems. A specific landscape of synchronization 
is revealed through whole-head mapping at early stage of Alzheimer’s disease. 
Moreover, the synchronization is characterized through decrease in MPS over the 
frontotemporal region and an increase over the temporo-parieto-occipital region 
predominantly of the left hemisphere. There is significant correlation between 
abnormal MPS in both anterior and posterior clusters and the MMSE score, binding 
regional EEG synchronization that characterizes cognitive decline in Alzheimer’s 
patients.

The early and possibly preclinical condition of Alzheimer’s is characterized 
through increased EEG synchronization that is likely to result in loss of inhibitory 
interneurons. The ongoing degradation of anatomical connectivity in Alzheimer’s 
results in hyposynchronization with progression of the disease condition. The hypo-
active state of a region in early stage of Alzheimer’s is manifested through increased 
electroencephalogram (EEG), indicating hypersynchronization in the posterior cor-
tex (lateral and medial parietal and posterior cingulate cortices, extending into lat-
eral occipital and medial temporal regions). At a preclinical stage, this is a very 
early event observed, where neither cognitive deficits nor cerebral atrophy are 
detected.

The lateral and medial temporal regions including parahippocampal and fusi-
form gyri of the left hemisphere and the uncus are the networks with decreased 
intra-regional synchronization that are influenced at early stage of Alzheimer’s. A 
comparable spatial pattern of demyelination of juxtacortical white matter (U-fibers) 
signifies the asymmetry of hyposynchronization with greater effects in the left 
hemisphere. It has been shown that patients suffering from Alzheimer’s exhibit lon-
ger characteristic path length over a wide range of thresholds.

11.4.3  Network Topology-Associated Alzheimer’s

The decrease in clustering coefficient, reduced global and local efficiencies, and 
high path length characterizes the disruptions of network integrity and reductions of 
network efficiency among Alzheimer’s patients (Wang et al. 2013). There is increase 

M. Zubair



219

in nodal strength S (weighted degree) in the theta and delta bands exhibiting the 
bilateral medial orbitofrontal cortices (MOF). Theta activity is responsible of oscil-
lating with medial frontal and cingulate cortex as it arises from the hippocampus 
that is associated with memory functioning. Concerning the low-frequency fluctua-
tions, Alzheimer’s patients possess stronger functional connectivity related to the 
bilateral medial orbitofrontal regions. This feature of Alzheimer’s suggests that 
these patients are compensated for disruption toward the hippocampus-related con-
nectivity. On the contrary, reduction on nodal strength within the delta band is 
exhibited by the right para-hippocampus. Moreover, the impairment of memory 
encoding depends on the decline of the nodal strength in parahippocampus gyrus. 
The regions experiencing significant increase in the nodal shortest path length 
include:

• Several central regions (preC and postC)
• Right middle frontal (CMF)
• Right inferior frontal regions (PT and PO)
• Bilateral parietal and occipital regions

The larger separations among the nodes in the network are indicated through its 
increased nodal shortest path length, indicating costs for information transmission 
and integration. The importance of a node for communication within the network is 
quantified through modal efficiency. Significant alterations for nodal efficiency 
have been observed in different cortical regions in the delta, theta, beta 2, and 
gamma bands. The regions with reduced nodal efficiency are likely to be distributed 
in the right hemisphere in the low-frequency delta band that covers the following 
parts:

• Right inferior frontal region
• Temporal region
• Parietal region
• Occipital region

The disrupted connections between the thalamus and multiple cortical regions 
are reflected through the distributed regions with significantly decreased nodal effi-
ciency lateralized to the right hemisphere in the delta band.

11.5  Chapter Summary

Alzheimer’s disease is considered as the most common form of dementia, and it is 
likely to worsen over time; however, it is not a normal part of aging. The onset of 
Alzheimer’s results in the prevention of brain cell to perform well. It has been 
shown that plaques and tangles play an important role in blocking communication 
and disrupting processes between the nerve cells. The development of Alzheimer’s 
depends on the expression of three amyloid precursor protein (APP) genes and two 
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presenilin genes (PSEN-1 and PSEN-2) resulting in Alzheimer’s. The appearance of 
pathological emblems results in the establishment of Alzheimer’s, which involve 
the neurofibrillary tangles and senile plaques. The neuronal death and synaptic fail-
ure occur as a result extracellular deposits of amyloid beta and intracellular self- 
gathered clumps of tau proteins. The neurons are likely to suffer oxidative stress, 
when there is interaction between Aβ and receptor at advanced glycation stage, 
which enhances the inflammatory responses within the microglia.
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Abstract
Alzheimer’s disease is one of the most severe types of dementia that causes prob-
lems with memory, thinking, and behavior. Biotechnology and bioinformatics 
are nowadays involved in the establishment of advanced methods of diagnosis 
and treatment, including molecular medicine, personalized medicine, gene iden-
tification and manipulation, as well as neural engineering. Next-generation 
sequencing is one of the strongest tools for studying genetic diseases and gene 
mutations. Additionally, brain-computer interface could be used in the near 
future to assist people with paralysis or other related disorders and physical inju-
ries to move toward into a better way of life, restoring memory or improving the 
way of everyday life. This chapter aims to provide an overview of the most com-
mon and an advanced application of biotechnology and bioinformatics in 
Alzheimer’s including the genome-wide association studies and the role of 
microbiome detection in Alzheimer’s disease.
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12.1  Introduction

The human brain is the most important and complicated part of the human body, and 
the central nervous system (CNS) gathers information and controls all functions of 
the body simultaneously. Neuroengineering is a discipline within biomedical engi-
neering that uses engineering techniques to understand, repair, replace, enhance, 
and exploit the properties of the neural system. Neural engineering is based on 
computational neuroscience, experimental neuroscience, clinical neurology, electri-
cal engineering, and signal processing of living neural tissue and encompasses ele-
ments from robotics, cybernetics, computer engineering, neural tissue engineering, 
materials science, and nanotechnology. Additionally, discrete mathematics tech-
niques, dynamic programming (DP) methods, and greedy (GA) and hybrid algo-
rithms are mainly used to address optimization genetic problems and to demonstrate 
a multitude of acceptable solutions (Levitin 2011). The most widespread problems 
of dynamic programming have the following attributes:

 1. Simple subproblems where the original problem is severed in a sum of simpler 
subproblems.

 2. Principle of optimality: The optimum total solution is the result of the combina-
tion of optimum subproblem solutions.

 3. Overlapping subproblems: Although they seem to be uncorrelated, it is possible 
that the subproblems share optimal solutions of common subproblems.

There are a few of studies concerning the application of DP methods in biology and 
bioinformatics in general. The DP idea runs for many problems such as the coin- 
row problem, the change-making problem, the coin-collecting problem, the knap-
sack problem and memory functions, the optimal binary search trees, the hidden 
Markov models, and the various alignment techniques.

12.2  Neuroinformatics and Brain-Computer Interface

Electroencephalography (EEG) is an electrophysiological monitoring method to 
record the electrical activity of the brain and use it to our advantage. EEG records 
the electrical signals of the brain’s neurons and measures the voltage fluctuations 
of the ionic current in the neurons of the brain. Clinically, EEG refers to the 
recording of the brain’s spontaneous electrical activity over a period. 
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Electroencephalography is recorded from multiple electrodes placed on the scalp. 
Usually, EEG is used to diagnose neurodegeneration, which causes abnormalities 
in EEG readings (Alexiou et al. 2017). Additionally, EEG can be used to diagnose 
sleep disorders, coma, encephalopathy, and brain death (Lau et al. 2012). A brain-
computer interface (BCI) is a direct connection between a wired brain and an 
external device. BCIs usually are targeting at mapping, augmenting, or repairing 
human cognitive or sensory-motor functions. Nowadays, BCI research and devel-
opment is focused on neuroprosthetics applications that aim at restoring damaged 
hearing, sight, and movement. Due to the outstanding cortical plasticity of the 
brain, signals from implanted prostheses can, after adaptation, be handled by the 
brain like a natural sensor (Herwig et al. 2003). BCI can be used in a variety of 
ways. It can enable for people with paralysis to do actions as typing via direct 
brain control at the highest speeds and accuracy levels. It can also make people, 
who are unable to move, feel like they can move using a hybrid treatment solution 
of BCI combined with virtual reality (VR). Studies have come to the conclusion 
that BCI can improve the quality of life for people with paralysis or accidents. 
Recently, researchers have made innovated steps in the art therapy research, by 
using noninvasive methods like the sonogenetics method where low-pressure 
ultrasound is applied for the activation of neurons even in the deeper brain regions 
(Ibsen et al. 2015) or by generating sounds as a direct biofeedback from the brain 
signals to understand real-time temporal patterns related to behavior and cogni-
tive abnormal conditions (Chatzichronis et al. 2019).

12.3  Alzheimer’s Disease Diagnosis

Current approaches for the diagnosis of various neurological diseases employ a 
variety of different methodologies. Apart from the standard paper and pencil neuro-
psychological tests used for the detection of AD-related cognitive impairments, 
researchers have identified reliable biomarkers through cerebrospinal fluid analy-
ses, molecular neuroimaging, and structural and functional MRI associated with 
alterations in certain brain areas (Mantzavinos and Alexiou 2017). For instance, a 
“timeline” of the unobserved progress of AD before the appearance of its symptoms 
has recently been framed by scientists. This task included spinal fluid and blood 
test, assessments of mental ability, and brain scans. This finding strongly suggests 
that some important changes occur in the brain of patients suffering from inherited 
AD, these changes occur years before the appearance of actual symptoms, and this 
may have significant implications for the diagnostics and therapeutics of AD. Despite 
such remarkable progress in the early and accurate classification of the predementia 
stage, the currently employed methodologies are expensive, invasive, impractical, 
and sometimes painful. Also, these methods fail to incorporate the comprehensive 
set of behavioral patterns that are spontaneously generated by populations with or at 
the risk of developing MCI while engaged in everyday activities. While there is a 
consensus that dementia-related brain pathology causes a diverse set of behavioral 
alterations, there is still no systematic attempt to explore these complex alterations, 
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relate them to existing biomarkers, compare and contrast them with normal behav-
iors, and extract patterns and algorithms that can effectively differentiate between 
the normal and pathological behavior.

12.4  Genome-Wide Association Studies

In genome-wide association studies (GWAS), if potential biomarkers do not provide 
clear information about the disease mechanism or have very small effect on disease 
risk and very small portion on the total estimated genetic variance of the disease, 
they may be proved inefficient. Researchers in order to detect genetic factors that 
are highly associated with AD have developed a multi-SNP GWAS to detect interac-
tions between different loci and compute linkage disequilibrium (LD) between each 
SNP and AD (Figs. 12.1 and 12.2) (Bodily et al. 2016).

Several studies have focused on the role of CSF biomarkers in predicting the 
possibility of patients affected by MCI to convert to AD. The results seem to indi-
cate that patients with MCI who have a higher incidence to develop AD have lower 
CSF levels of Aβ42 compared with healthy controls and stable MCI cases (Mattsson 
2009, 2010). While CSF levels of Aβ42 and tau proteins are the most common and 
efficient potential AD biomarkers, in a recent GWAS study, researchers in order to 
reveal sex-specific genetic AD predictors identified loci that show many disparate 
associations between males and females (Deming et al. 2018). Specifically, in CSF 
Aβ42 and total tau tests on female and male patients, researchers identified sex- 
specific associations with amyloidosis in two loci in chromosomes 4 and 6, suggest-
ing a crucial role for SERPINB1  in females and for OSTN and CLDN16  in tau 
pathology (Deming et al. 2018). Another latest study revealed the role of the M20- 
domain- containing protein 1 (PM20D1) in neuroprotection against AD. The over-
expression of PM20D1 reduced cell death and Aβ levels, improving simultaneously 
cognitive performance (Sanchez-Mut et al. 2018).

Fig. 12.1 Single-SNP 
GWAS. (The algorithm is 
reprinted from Bodily et al. 
2016, distributed under the 
terms of the Creative 
Commons Attribution 4.0 
International License)
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Fig. 12.2 Multi-SNP 
parallelized GWAS. (The 
algorithm is reprinted from 
Bodily et al. 2016, 
distributed under the terms 
of the Creative Commons 
Attribution 4.0 
International License)

Fig. 12.3 Proteins involved in the pathogenesis of Alzheimer’s disease (The algorithm is reprinted 
from Rao et  al. 2008, distributed under the terms of the Creative Commons Attribution 4.0 
International License)
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Multiple sequence alignment and phylogenetic analysis underlie also the signifi-
cant role of certain proteins to the development and progression of AD (Fig. 12.3) 
(Rao et al. 2008; Mantzavinos and Alexiou 2017). Presenilin 1 (PS1) carries out the 
major function of γ-secretase called proteolysis. Additionally, Presenilin 2 (PS2) 
cooperates in chemical signal transmission from the cell membrane into the nucleus, 
a very important task for the cell growth and maturation. Mutations in PS1 (chromo-
some 12), PS2 (chromosome 1), and APP (chromosome 21) genes may increase 
Aβ42 generation, which is currently recognized as a potential AD biomarker and 
risk factor (Rao et al. 2008).

Additionally, long noncoding RNAs (lnRNAs) which are defined as transcripts 
longer than 200 nucleotides that are not translated into protein can regulate gene 
expression and seem to be involved in many neurodegeneration disorders. 
BACE1-AS regulates the expression of BACE1 by increasing BACE1 mRNA sta-
bility and generating additional BACE1 through a posttranscriptional feed-forward 
mechanism. The same mechanism increases Aβ concentrations, the main constitu-
ent of senile plaques (Luo et  al. 2016). A recent GWAS study shows that DNA 
methylation in the TOMM40 gene on chromosome 19 is associated with AD and 
revealed three main SNPs highly associated with AD: rs593742 (ADAM10, locus 
chr15:58873555–59120077); rs889555 210 (BCKDK/KAT8, locus 
chr16:30916129–31155458); and rs6504163 (ACE, locus 211 chr17:61545779–
61578207) (Marioni et al. 2018).

PAB10 gene is related to AD resilience, with a significant role in neurotransmit-
ter release, phagosome maturation, and GLUT4 translocation and in endocytosis. 
While RAB10 is involved in neuronal axon genesis, researchers assume that 50% 
knockdown of PAB10 may result in a 45% reduction in Aβ42 levels and a 61% 
reduction in the Aβ42/Aβ40 ratio. It seems that targeting RAB10 could provide a 
novel AD therapy (Ridge et al. 2017).

In a recent study concerning gut microbiome alterations in AD, researchers iden-
tified significant differences in the composition of gut microbiome between the con-
trol group and the AD group, where AD participants shown decreased abundance of 
Firmicutes and Actinobacteria and increased abundance of Bacteroidetes compared 
to the healthy participants (Figs. 12.4, 12.5 and 12.6) (Minter et al. 2017; Vogt et al. 
2017). Additionally, observed correlations between levels of differentially abundant 
genera and CSF AD biomarkers (Fig. 12.7) suggest that gut microbiome is related 
with AD (Vogt et al. 2017).

12.5  Discussion

Any effort focused on early detection and longitudinal study of the individuals 
that might have a greater risk to develop AD over the course of their life will 
improve our understanding of the natural history of AD (Gardner et  al. 2009). 
Improved knowledge of the early onset of AD may also be important for future 
AD therapies which may have the greatest impact if treatment is initiated already 
in the prodromal stage, while most of the ongoing drug tests failed to stop AD 
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Fig. 12.4 Alterations in gut microbial diversity in an aged APPSWE/PS1ΔE9 murine model of 
Alzheimer’s disease (The figure is reprinted from Minter et al. 2017, distributed under the terms of 
the Creative Commons Attribution 4.0 International License)
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progression (Callaway 2012). Much focus has been directed on patients with mild 
cognitive impairment (MCI), to recognize markers that will predict the progres-
sion of the disease, while many patients with MCI display the same morphologi-
cal changes with AD patients (Petersen et al. 2001; Blennow et al. 2006; Visser 
and Verhey 2008). Current data suggest that most reliable markers of disease pro-
gression are an episodic memory and semantic fluency for neuropsychology, 
delta, theta, and beta power, event- related potentials and P3 for EEG, whole brain 
atrophy and ventricle volume for structural MR, Aβ1–42, Aβ1–40 phospho-tau 
and total-tau for CSF, and ApoE for blood. Additional clinical assessment includes 
Mini-Mental State Examination (MMSE), Clinical Dementia Rating (CDR), 
Medical History, Physical Examination, Hachinski Ischemic Scale, the Geriatric 
Depression Scale, Functional Assessment Questionnaire, The Neuropsychiatric 
Inventory Questionnaire (NPI-Q), and the Alzheimer’s Disease Assessment Scale-
Cognitive (ADAS-COG). Nowadays, it is clear also that AD is characterized by 
Aβ overexpression, which in turn causes an alteration to the proteins, thus facili-
tating fission and fusion events in mitochondria (Wang et al. 2008). Moreover, this 
results in increased ROS production, mitochondrial dysfunction, reduced poten-
tial of the mitochondrial membrane, increased ATP generation, and enhanced 
mitochondrial fragmentation (Wang et al. 2008). In human AD brain, Aβ interacts 
with Aβ binding mitochondrial matrix protein (alcohol dehydrogenase) and has 
been suggested to facilitate oxidative stress and mitochondrial dysfunction 
(Lustbader et  al. 2004). On the other hand, increased Aβ production has been 
proposed to be an outcome of neuronal apoptosis (Chen and Chan 2009; Martin 
2010). Moreover, defects in fission and fusion-mediated mitochondrial dynamics 
have been reported to cause a decrease in mitochondrial movement (Chen et al. 

Fig. 12.5 Gut microbiome alterations in Alzheimer’s disease (The figure is reprinted from Vogt 
et  al. 2017, distributed under the terms of the Creative Commons Attribution 4.0 International 
License)
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Fig. 12.6 Gut microbiome alterations in Alzheimer’s disease – taxonomy by families and gen-
era  (The figure is reprinted from Vogt et  al. 2017, distributed under the terms of the Creative 
Commons Attribution 4.0 International License)
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2007). In fusion-deficient neurons, swelling and aggregation-induced increase in 
mitochondrial diameter have been reported to obstruct their smooth passage into 
neuritis, thus inducing apoptosis in axons and dendrites of mitochondria (Chen 
et al. 2007). These deficiencies further lead to abnormal neuronal development, 
thus causing neurodegeneration gradually (Chen et al. 2007).

Fig. 12.7 Genera and cerebrospinal fluid biomarkers of AD and genera (The figure is reprinted 
from Vogt et  al. 2017, distributed under the terms of the Creative Commons Attribution 4.0 
International License)
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Abstract
Alzheimer’s disease (AD) is one of the many neurodegenerative disorders which 
is characterized by progressive loss of neurons due to the extracellular accumula-
tion of misprocessed and aggregated amyloid beta (Aβ)-plaques and appearance 
of intracellular neurofibrillary tangles containing hyperphosphorylated tau pro-
tein which ultimately leads to loss of synapses and cognitive decline. Aggregation 
of amyloid beta (Aβ)-plaques is the hallmark of AD. Aβ is the proteolytic cleav-
age product of amyloid precursor protein (APP) which is cleaved by β- and 
γ-secretase enzymes into Aβ1–42 and Aβ1–40 isoforms where the former readily 
aggregate more rapidly than the latter. Tau protein, the major component of neu-
rofibrillary tangles, is a microtubule-associated protein which is usually soluble 
but becomes insoluble as it forms tangles of oligomers which is thought to be 
initiated by toxic concentrations of Aβ-plaques. Recent studies have shown that 
some genetic mutations, genomic instability and other factors like head injuries, 
depression, imbalanced diet and age progression all contribute to the develop-
ment and progression of AD.  The most important gene, for which a role in 
ageing- related late-onset AD has been established since a decade, is APOE where 
different variants of the gene differently predispose the individuals to the devel-
opment of AD. In this chapter, we will be highlighting well-established molecu-
lar and cellular mechanisms behind the development and progression of AD, the 
regions in the brain that are affected and the known genetic basis behind the 
onset and pathophysiology of AD. In the later section, we will address some of 
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the current and prospective therapeutic interventions based on our current under-
standing of neurobiological mechanisms underlying AD.

Keywords
Alzheimer’s disease · Aβ-plaques · Neurodegeneration · Cytotoxicity · 
Neuroinflammation tau protein · Axonal transport

13.1  Introduction

Alzheimer’s disease is a type of progressive neurodegenerative disorder character-
ized by dementia, which constitutes a group of symptoms including problems in 
learning and memory, defects in language, speech and other cognitive functions that 
affect individual’s ability to carry out his/her routine activities (Fig.  13.1) 
(Association, A.s 2018). AD was first described almost a century ago by Dr. Alois 
Alzheimer (German psychiatrist) at a conference of Bavarian Psychiatrists, where 
Dr. Alois Alzheimer presented an intriguing case of a patient named Auguste D, a 
lady in mid-50s, suffering from dementia, paranoia and many other psychological 
changes. Dr. Alois, based on autopsy reports, explained that there were lesions in 
and around some specific nerve cells of her brain. With the advent of an electron 
microscope, which allowed the scientists to magnify the neuronal cells up to a 

Fig. 13.1 Comparison of brain functionality and physiology of healthy and Alzheimer’s dis-
ease individual. Alzheimer’s disease is characterized by progressive loss of neurons affecting 
normal brain physiology. Alzheimer’s patients suffer from disorientation, memory and behavioural 
loss and impairments in coordination and suffer an inability to perform day-to-day activity
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million times, further paved the way for understanding the deeper aspects of 
Alzheimer’s disease. By the 1980s protein components of senile plaques and neuro-
fibrillary tangles, which are the hallmarks of Alzheimer’s disease, were identified 
along with the identification and characterization of β-amyloid and microtubule- 
associated tau proteins (Sisodia and Tanzi 2007).

Current understandings suggest that the causative agents behind Alzheimer’s dis-
ease vary from brain ailments, cholinergic factors to cellular as well as molecular 
causes such as genetic susceptibility, protein aggregation/dysfunction and inflam-
matory factors (Fig. 13.2). In the USA alone, it is estimated that 5.7 million people 
suffer from Alzheimer’s disease, and the number is projected to grow to around 13.8 
million by the year 2050. Data recorded from official death certificates in the year 
2015 showed that 110,561 Americans had died due to Alzheimer’s disease making 
it the sixth leading cause of deaths in the USA (Association, A.s 2018). Several 
reports suggest that there is a correlation between Alzheimer’s disease and age- 
specific occurrences which in the last three decades have significantly decreased 
(Prince et al. 2016; Satizabal et al. 2016; Matthews et al. 2013). Moreover, some 
studies have found that there is a higher rate of prevalence and incidence of 
Alzheimer’s-related dementia in African-American minorities as compared to 
European-Americans (Steenland et al. 2016). Thus, an understanding of the genetic, 
cellular and molecular causes and risk factors of Alzheimer’s disease would prolong 
the life of the patients suffering from it and would pave the way for its early detec-
tion so that it can be treated at early stages.

Fig. 13.2 Pathophysiological causes in Alzheimer’s disease. Alzheimer’s disease could be 
caused due to a number of underlying biological factors. While aggregation of amyloid beta pro-
tein and tau protein abnormalities are believed to be the major contributing factors, other factors 
involving gene mutations, inflammatory responses and decline in neurotransmitters levels such as 
acetylcholine may also contribute to the disease onset and progression
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Alzheimer disease is a central nervous system pathology but its consequences 
and manifestations extend beyond the brain. Alzheimer’s pathology affects many 
brain regions involved in higher brain functions like speech, cognition, decision- 
making, etc. Moreover, various types of neurons especially acetyl-cholinergic and 
glutamatergic are affected in the pathophysiology of AD. There is widespread neu-
ronal degeneration in AD which is caused by senile plaques of aggregated amyloid 
β-protein and neurofibrillary tangles (NFTs) mainly composed of hyperphosphory-
lated microtubule-associated tau protein, the two histopathological hallmarks of the 
disease (Sisodia and Tanzi 2007) which finally causes the loss of synapses and neu-
rons leading to gross atrophy of the patient’s brain. Although these two hallmarks of 
AD differentially yet significantly contribute to the development of AD, neurobiolo-
gists are divided in their opinion on whether beta-amyloid cascade initiates AD 
(beta-amyloid hypothesis) or it is the tau protein which gets aggregated due to 
hyperphosphorylation and misfolding thereby initiating the disease (Mudher and 
Lovestone 2002). Nevertheless, amyloid beta (Aβ)-protein aggregation and senile 
plaque formation is still considered to be the distinct and early pathological hall-
mark in early-onset AD which further induces the activation of sequential events of 
cell death by hyperphosphorylated tau protein in the form of NFTs (Sun et  al. 
2015a). In the amyloidogenic pathway, amyloid plaques are formed due to exces-
sive production and aggregation of Aβ-peptide due to proteolysis of the amyloid 
precursor protein (APP) by α-secretase and β-secretase enzymes respectively. 
Mutations in the APP gene have been found as the prominent causes responsible for 
the development of familial AD (Ohshima et  al. 2018). Moreover, mutations in 
other genes encoding for enzymes of APP processing complex like presenilins 
(PS-I/II), α-secretase and β-secretases cause the impairments in APP processing 
leading to deleterious accumulation of toxic Aβ-peptides which ultimately cluster 
into soluble oligomers initiating cell toxicity (Chow et al. 2010; Kelleher and Shen 
2017). Moreover, microtubule-associated protein tau when hyperphosphorylated 
aggregates into NFTs leading to cellular degeneration because of impairments in 
cell signalling and axonal transport processes causing brain atrophy. Various cell 
signalling pathways like Wnt/β-catenin and MAPK pathways act downstream of Aβ 
and tau-mediated effects finally modulating cellular physiology and initiating apop-
tosis, thereby augmenting neurodegeneration.

13.2  Brain Areas Affected in AD

The human brain contains around a hundred billion nerve cells which collect, pro-
cess and transmit the information through electrical and chemical communications. 
The central nervous system (CNS) in higher vertebrates is divided into four distinct 
parts which include the cerebrum, cerebellum, diencephalon and brainstem. The 
average weight of an adult human brain is approximately 1300–1400 grams and is 
composed mainly of neurons and glial cells. Furthermore, different glial cells such as 
astrocytes, oligodendrocytes and microglia carry out specialized functions like sup-
port, nutrition and immune functions within the CNS. Different brain regions have 
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diverse functions and are affected differently in various CNS pathophysiologies as 
suggested by studies utilizing functional magnetic resonance imaging (fMRI), 
nuclear magnetic resonance (NMR) imaging and post-mortem autopsy reports.

Some brain regions have been found to be more susceptible to the pathophysio-
logical and metabolic features specific to the AD (Liang et al. 2008). The major 
brain areas where changes in gene expression, metabolic alterations as well as 
Aβ-plaque formation have been found include the hippocampus, entorhinal cortex, 
superior frontal gyrus, middle temporal gyrus, posterior cingulate cortex and pri-
mary visual cortex, among others (Liang et al. 2008; Valla et al. 2001; Vogt et al. 
1992; Li et al. 2012; Cui et al. 2007). Although AD pathology does not affect mul-
tiple brain areas simultaneously, gene expression analysis and brain imaging studies 
have revealed that AD progressively affects the regions one after the other (Thal 
et al. 2002). AD has its various stages of progression like stage 1 with no impair-
ment, stage 2 with very mild impairment, stage 3 with a mild decline of cognition, 
stage 4 and 5 with the moderate decline with difficulty in arithmetic calculations to 
short-term memory loss and significant confusions. In the final stages of 6 and 7, 
there is severe to the very severe decline of cognitive abilities with reduced ability 
to respond to the environment and nearing death.

Convincing reports came out in the late 1990s that neuronal atrophy in selective 
brain regions was highly correlated with the cognitive deficits characteristic of 
AD. One of the brain regions called the medial temporal lobe (MTL) show the high-
est density of histopathological markers akin to AD including Aβ-amyloid plaques 
and neurofibrillary tangles of tau protein (Smith 2002; Jobst et al. 1992). In longitu-
dinal studies of Alzheimer’s patients, it was found by various imaging techniques 
and autopsies that their fluid-filled brain ventricles were enlarged as the brain tis-
sues are progressively lost along with enhanced neuropsychological deterioration in 
these patients (Luxenberg et  al. 1987). Significantly higher loss of tissues from 
MTL was reported by various CT studies done in AD patients with a rate of 15% of 
MTL tissue loss per year, therefore, shrinking the MTL rapidly thereby confirming 
the higher susceptibility of MTL to such catastrophic histopathological events of 
AD pathology (Jobst et  al. 1994). Moreover, in normal healthy subjects, MTL 
shrunk only minutely (1/10th of the rate as in AD) thereby pointing towards a con-
clusion that AD cannot be solely occurring due to the rigorous or accelerated ageing 
but it must be the consequences of a disease process and associated pathology 
(Smith 2002). Furthermore, reports of serial MRI scans of AD patients suggest that 
regional atrophy from MTL nucleus spreads progressively to other brain areas in a 
highly specific manner engulfing most of the brain (Scahill et al. 2002).

As the hippocampus, which is the most important brain area involved in learning 
and storing memory, is a part of MTL, it is imperative that neuronal atrophy and 
synapse loss from these important brain areas involved in higher cognitive functions 
result in cognitive dysfunctions in AD patients. Hippocampal subfields like CA1, 
CA3, CA2 and dentate gyrus have been differently implicated in AD pathogenesis 
by various studies so far. High-resolution MRI imaging of AD patients at 3 teslas 
(magnetic flux density) have shown that CA1 anterior-dorsal region of the hippo-
campus is severely affected by Alzheimer’s-associated atrophy but not in the normal 
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ageing process (Smith 2002). Some studies have suggested that a specific part of the 
hippocampus called cornu ammonis (CA), of a normal elderly human, occupies 
about 1.5 ml volume and harbours about nine million neurons, which shrinks by 
66% of the normal volume and the number of neurons in this area of hippocampus 
significantly drops by 84% in the terminal stage of AD (Bobinski et al. 1996).

Another important brain area which is severely affected in the early stages of AD 
is the brainstem nucleus locus coeruleus (LC). In the past decades, various studies 
provided strong evidence by analysing post-mortem autopsy reports of brain sam-
ples obtained from AD patients, concluding that in Alzheimer’s disease, there is a 
predominant neuronal loss within LC (German et al. 1992). Moreover, reports sug-
gest that LC is the brain region where the early formation of neurofibrillary tangles 
occurs in young adults and aged people which serves as the platform for further 
propagation of the disease (Braak and Del Tredici 2011; Grudzien et  al. 2007). 
Interestingly, reports suggest that in Alzheimer’s pathological condition, LC neu-
rons show ectopic expression of cell cycle-regulating proteins like proliferating cell 
nuclear antigen (PCNA), cyclin-dependent kinase-4 (CDK-4), cyclin D and cyclin 
B1 reminiscent of cell death by atrophy (Busser et al. 1998). Additionally, one study 
reports that LC neurons are lost more extensively than cholinergic cells from nucleus 
basalis of Meynert and corroborated better with the duration of the Alzheimer’s 
disease (Zarow et al. 2003), pointing to the sensitivity of LC neurons to the patho-
logical insults than other brain regions. In addition, LC-NE (norepinephrine) sup-
presses neuroinflammation via modulation of microglia. Microglia are key players 
in neuroinflammation-mediated neurodegeneration in AD by suppressing Aβ-42- 
induced cytokine and chemokine release and NE-activated microglia phagocytose 
Aβ, thereby preventing their accumulation (Heneka et al. 2010). Therefore, neuro-
nal loss from LC declines the NE content in the brain which might interfere in 
Aβ-42 clearance by activated microglia leading to its accumulation up to the toxic 
levels (Chalermpalanupap et al. 2013). LC degeneration-induced NE reductions in 
the brain promote pro-inflammatory responses while subjugating the anti- 
inflammatory responses and reducing the clearance of Aβ-42 poses a triple threat in 
the development of AD (Chalermpalanupap et al. 2013). However, it is not known 
whether neuronal loss and a concomitant decline in NE in the brain precedes AD 
pathology or is followed by the onset of AD pathology.

Amygdala, which is a part of the limbic system located in the temporal lobe of 
the brain, is mainly responsible for emotional and fearful information processing 
and regulates the fear-based responses, memory and survival instincts. Regression 
analysis studies have shown that in mild cognitive impairment early stage of AD, 
amygdala atrophy was severe and comparable to that of the hippocampus (Poulin 
et al. 2011). Moreover, in various post-mortem reports of AD patients, it has been 
well documented that β-amyloid senile plaques, as well as neurofibrillary tangles, 
were significantly present in amygdala along with the prominent loss of amygdalar 
neurons (Herzog and Kemper 1980; Scott et al. 1991, 1992). However, the compara-
tive studies of neuronal loss and atrophy between amygdala and hippocampus are to 
some extent inconsistent, but nevertheless, amygdalar atrophy in AD contributes to 
the progression of neuropsychiatric and emotional disturbances in AD patients.
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Recent advances in medical science especially live imaging techniques like 
fMRI and positron emission tomography (PET) have helped the doctors to locate 
the brain regions having atrophy in living patients unlike in the past where after 
death the autopsy reports were main confirmatory evidence of AD. Moreover, in 
some typical cases of rare AD forms, the atrophy may not begin from hippocampus 
and memory is not affected in the early stages. One form of atypical AD displays 
posterior cortical atrophy where early signs of atrophy appear in occipital and pari-
etal lobes which affects the visual and spatial awareness abilities of the patient. 
Patients usually find it difficult to read or identify objects even if their eyes are 
healthy. It is still not understood as to why and how the origin of atrophy in the brain 
differs among individual patients and why the course of progression pattern varies. 
Future research about coordinated brain areas and their functions could provide us 
with clues about these unresolved mysteries.

13.3  Cellular Mechanism of Amyloid Beta (Aβ)-Plaque 
Formation

The cellular, as well as genetic factors contributing to the pathophysiology of AD, 
have been rigorously investigated, but the molecular mechanisms underlying the 
progression and epistemology of the symptoms of the disease remained a haunting 
mystery for scientists so far. As per the reports and research conducted so far in 
in vitro as well as on various animal models of AD and human autopsies, β-amyloid 
plaques are said to be the central players involved in the pathogenesis of AD 
(Fig. 13.3). The amyloid cascade hypothesis was first time proposed by Hardy and 
Allsop in 1991, and it is still the best explanatory hypothesis supported by a large 
number of experiments (Carrillo-Mora et al. 2014). According to this hypothesis, 
the starting events which drive the progression of neural damage in AD include the 
production and excessive accumulation/aggregation of Aβ-peptides in intracellular 
as well as in extracellular spaces (Hardy and Allsop 1991; Eckman and Eckman 
2007). Since amyloid precursor protein (APP) is the integral membrane receptor 
glycoprotein of unknown function present on neurons and from which β-amyloid 
peptides are formed after proteolysis by β-site APP cleaving enzyme-1 (BACE-1) 
and γ-secretase enzymes, it has remained a prominent target for AD-related research. 
Amyloid-β (Aβ) peptides formed after proteolysis of APP are mostly short peptides 
containing 38–43 amino acids. APP, the transmembrane protein, belongs to an evo-
lutionarily conserved protein family which also include APP-like protein-1 (APLP- 
1) and APLP-2 proteins (Wasco et al. 1993).

Physiologically, cellular APP processing takes place through two major pathways 
known as amyloidogenic and non-amyloidogenic. Non-amyloidogenic pathway 
results in the formation of soluble extracellular fragment known as sAPPα after the 
extracellular domain of APP is cleaved. The extracellular domain of APP is cleaved 
by α-secretase enzymes in association with disintegrin and metalloproteinases 
(ADAM, which also includes ADAM 9, ADAM 10 and ADAM 17) all of which 
exhibit neuroprotective and neurotrophic activities within the CNS (Pietri et al. 2013; 
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Edwards et  al. 2008). Next, γ-secretase enzymes residing at the cytosolic side of 
plasma membrane act on APP resulting in the formation of an intracellular fragment 
known as APP intracellular C-terminal domain (AICD) (Chang and Suh 2010). 
However, in the amyloidogenic pathway which is central to the pathogenesis of AD, 
APP is cleaved by β-secretase enzyme usually called BACE-1, which upon cleavage 
generates two fragments sAPP-β (N-terminal) and CT99 (Zhang et al. 2012; de Paula 
et al. 2009). Aβ-peptide is ultimately found to be the main constituent of the senile 
plaques which are formed by the proteolytic cleavage of APP (Wilquet and De 
Strooper 2004). Among Aβ-peptides produced after the cleavage of APP, the pep-
tides whose carboxyl terminals end with 40th and 42nd amino acid of APP are des-
ignated as Aβ 1–40 and Aβ 1–42, respectively, and these are main constituents of 
senile plaques responsible for neuronal cell death and are the highest markers in the 
brain of AD patients (Roher et al. 1993; Miller et al. 1993). Further, CT99 fragment 
is again cleaved by γ-secretase enzyme complex which also includes nicastrin, pre-
senilin 1 and 2, anterior pharynx defective-1 and presenilin enhancer-2, all of which 
are located in the plasma membrane as a complex of protein-cleaving enzymes called 
intra-membrane-cleaving proteases (I-CLiPs). The enzyme, β-secretase or BACE-1, 
acts on specific β-sites of APP containing aspartic acid-1 and glutamic acid-11 creat-
ing C-terminal membrane-embedded fragment of C89 or C99 (Vassar et al. 1999; 
Gouras et al. 1998). Elevated activity of β/γ-secretase produces enhanced levels of 
sAPP-β and C99 which are further processed by γ-secretase, ultimately resulting into 
the formation of Aβ 1–40/Aβ 1–40 and AICD which consequently leads to plaque 

Fig. 13.3 Amyloid beta protein aggregation leads to Alzheimer’s disease. According to the 
most popular hypothesis, amyloid beta aggregation is the major underlying factor behind 
Alzheimer’s disease. Amyloid beta arises by the proteolysis of amyloid precursor membrane pro-
tein at β site. Amyloid beta peptides then self-aggregate by direct interaction forming plaques 
causing cytotoxicity. Generation of these amyloid beta plaques then triggers a number of patho-
physiological responses that lead to the development of Alzheimer’s disease
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formation and apoptosis via activation of caspase-6 enzymes (de Paula et al. 2009; 
Gupta and Goyal 2016). Because of two additional amino acids alanine and isoleu-
cine present in Aβ 1–42, these peptides become more hydrophobic and vigorously 
aggregate than Aβ 1–40 peptides (Grimm and Hartmann 2012). All the four compo-
nents of an intra-membrane complex of γ-secretase mentioned above are vital for 
processing of APP, but the major contribution to AD pathology comes from preseni-
lins as more than 150 point mutations of autosomal type within these presenilin 
genes have been linked to familial early-onset AD (Duering et al. 2005; St George-
Hyslop and Petit 2005). Furthermore, these point mutations in presenilin genes, 
especially PS-1, have been found to accelerate the generation of Aβ 1–42 type of 
peptides by the gain of deleterious functions (Kowalska 2004; Duff et al. 1996).

All these proteolytic activities by intra-membranous γ-secretase complex acting 
on APP are shown to occur at special membrane microdomains called lipid rafts 
which are cholesterol and sphingolipid-enriched membrane patches where 
γ-secretase subunits reside as well. Apart from this, these lipid rafts also serve as a 
platform for various signal transduction pathways as well as cell adhesion and pro-
tein trafficking (Grimm and Hartmann 2012; Vetrivel et al. 2004, 2005). Production 
of Aβ-peptides is a normal physiological process within the CNS, and in AD, the 
balance between the rate of Aβ-peptide production and clearance is disturbed which 
results in aggregation of amyloid plaques due to excessive accumulation of Aβ 1–40 
and Aβ 1–42 peptides which ultimately leads to neurotoxicity, oxidative stress, 
microglial activation and alteration of protein kinase/phosphatase activity which 
eventually leads to cellular degeneration (Fig. 13.3) (Wildsmith et al. 2013; Selkoe 
and Hardy 2016; Sun et al. 2015b). The exact mechanisms behind the excessive 
production or lower rate of clearance of Aβ-peptides and how do these senile plaques 
induce neuronal cytotoxicity still remains to be elucidated. However, recent reports 
have provided important clues about the nature of these Aβ-peptides and their inter-
action with other biomolecules within the cells.

13.3.1  Aβ-Induced Cellular Cytotoxicity

As mentioned earlier, the functions of Aβ-peptides under normal physiological con-
ditions are not well understood and these peptides seem to be present even in healthy 
individuals and are produced throughout life as normal metabolic or cellular by- 
products. However, some of the animal model studies fail to assign any particular 
loss of physiological function to the absence of Aβ-peptides (Sadigh-Eteghad et al. 
2014; Luo et al. 2003). Interestingly, exogenously applied Aβ 1–40 peptides to cell 
cultures at picomolar ranges have displayed neurotrophic and neuroprotective roles 
(Yankner et al. 1990; Plant et al. 2003). Nevertheless, it is beyond doubt that aggre-
gated Aβ-peptides mainly constituting peptides below 50 amino acid residues form-
ing the amyloid senile plaques are the major hallmarks of the AD pathophysiology 
impairing synaptic plasticity and memory (Shankar et al. 2008; Kayed et al. 2003). 
As the disease progresses, the ratio of Aβ 1–42/Aβ 1–40 increases in the brain mainly 
due to either higher rate of Aβ 1–42 formation or reduced levels of Aβ 1–40 and other 
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soluble oligomers of Aβ-peptides which results in the formation of senile plaques as 
Aβ 1–42 are more toxic because of the higher rate of aggregation (Glabe 2005; Walsh 
and Selkoe 2007). Additionally, Aβ-plaques also interact with some of the cell mem-
brane receptors and other proteins inducing programmed cell death and hence 
immensely contribute to the neurodegeneration processes (Fig.  13.3) (Zhu et  al. 
2015; Small et  al. 2001). Looking at the molecular levels, oligomerization of 
Aβ-peptides caused by misfolding of APP-derived peptides could generate cellular 
ionic imbalances leading to various aspects of pathophysiological outcomes of AD 
(Lal et  al. 2007). This effect is likely mediated by either reactive oxygen species 
(ROS) generated by Aβ-peptide aggregation or the interaction of these plaques with 
cellular membranes and associated receptors/ion channels (Fig.  13.3) (Lal et  al. 
2007).

Interestingly, Aβ-peptides behave as a double-edged sword because on one side, 
they display neurotrophic and neuroprotective effects and antagonistically they 
cause diverse toxic effects (Atwood et  al. 2003). These differential effects of 
Aβ-peptides within CNS might be determined by the relative ratio of Aβ 1–40/Aβ 
1–42, and it is not well understood how these peptides switch their functionality 
from being neurotrophic like increasing neurogenesis in the hippocampus and 
enhancing memory consolidation to being toxic, depressing Long-term potentiation 
(LTP) and initiating apoptosis (Lopez-Toledano and Shelanski 2004). Some studies 
have suggested that it is the imbalance between its excessive production and a lower 
rate of clearance from CNS which makes Aβ-peptides the most toxic by-products 
impairing other vital cellular signalling processes, altering membrane permeability, 
inducing excitotoxicity via interaction with many neurotransmitter receptors and 
creating a flux of ROS with protein oxidation (Carrillo-Mora et al. 2014; Lin et al. 
2001; Canevari et  al. 1999; Rosales-Corral et  al. 2004a; Butterfield et  al. 2007). 
Moreover, human beings are consistently exposed to trace amounts of various met-
als like aluminium, copper, iron, zinc, etc., and for decades, these metals are sus-
pected to play rather a blurred role as a risk factor in the progression of 
AD. Interestingly enough, Aβ-peptides are efficient ion chelators, and it has been 
found that zinc-chelated Aβ-oligomers are more toxic to brain tissues. Further evi-
dence for their role in AD came from various ex vivo studies where it has been 
shown that zinc-Aβ-oligomers potentially inhibit LTP in the hippocampus via acti-
vation of microglia (Lee et al. 2018). Moreover, the size and shape of Aβ-oligomers 
are correlated with their intensity of toxicity with reports suggesting that an increase 
in the size of Aβ-oligomer assembly decreases the intensity of deleterious effects 
(Sengupta et al. 2016). Aβ dimmers have been found to be more toxic than other 
assemblies and they provide building blocks for the formation of other intermediate 
Aβ-oligomers (O’Nuallain et al. 2010; Mc Donald et al. 2015).

13.3.2  Aβ-Plaques and Oxidative Stress

Pathophysiology induced by Aβ-senile plaques is mediated by several different 
mechanisms like defective axonal transport, apoptosis, oxidative stress, calcium 
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dyshomeostasis, neuroinflammation and mitochondrial malfunctioning (Rosales- 
Corral et  al. 2004b; Moreira 2018). The main source of free radicals (molecular 
species with one or more unpaired electrons in their outer shell) is the reduction of 
molecular oxygen in water molecules yielding superoxide radicals which finally 
produces hydrogen peroxide (H2O2) by accepting an electron. Further, H2O2 is fur-
ther reduced to highly reactive hydroxyl radicals called reactive oxygen species 
(ROS) reacting with biomolecules including proteins, DNA/RNA as well as lipids 
and damaging them by oxidation-reduction reactions. Enhanced oxidative stress 
results from an imbalance between the levels of anti-oxidants and oxidants in favour 
of the later. Recently, there has been a rising interest in the role played by oxidative 
stress in various neurodegenerative disorders like AD, Parkinson’s disease, cerebral 
ischaemia-reperfusion and Down’s syndrome. Elevated oxidative stress is another 
hallmark of AD, and the recently held notion is that methionine amino acid residue 
present at the 35th position of Aβ-peptide is crucial for the neurotoxicity induced by 
Aβ-oligomers by generating oxidative stress (Butterfield et al. 2013). Various lines 
of evidence indicate that oxidative stress load develops from the cellular lipid bilay-
ers where Aβ 1–42 peptide inserts itself as oligomers initiating lipid peroxidation 
thereby serving as the source of ROS generation (Markesbery 1997; Mark et  al. 
1997; Butterfield et al. 2001).

Recent studies have suggested that lofty levels of oxidative stress occur in brain 
regions where Aβ 1–42 levels are high compared to the brain regions having lower 
levels of Aβ 1–42 oligomers (Butterfield and Boyd-Kimball 2018). Furthermore, 
studies on cortical synaptosomes, cultured hippocampal neurons and primary neu-
ronal/astrocytes cultures indicate that Aβ-peptides of various lengths induces pro-
tein oxidation as measured by elevated levels of protein carbonyls (Perluigi et al. 
2006a; Varadarajan et al. 1999, 2001). In the presence of many anti-oxidants includ-
ing vitamin E, Aβ 1–42 oligomers failed to generate ROS in neuronal cultures and 
protein oxidation was prevented (Yatin et al. 1999). Interestingly, in vivo adminis-
tration of anti-oxidants like D609 (a tricyclodecanol xanthic acid derivative) and 
ferulic acid ethyl ester (FAEE) independently abrogated protein carbonyl produc-
tion (protein oxidation) induced by Aβ 1–42 oligomers (Perluigi et al. 2006b; Ansari 
et al. 2006). These studies indicate that Aβ-oligomers induce oxidative stress via 
peroxidation of proteins and lipids rendering them unstable and dysfunctional lead-
ing to the progression of AD.

Neuronal membranes are most dynamic in function as they are electrically excit-
able and any functional or structural alteration of neuronal membranes could lead to 
disastrous consequences for their survival. Aβ 1–42 oligomers interact with neuronal 
membranes and jeopardize their functional integrity by various mechanisms includ-
ing insertion into the membrane and subsequent pore formation leading to changes 
in membrane permeability (Butterfield and Lashuel 2010). Apart from pore forma-
tion, neuronal membranes could be potential targets for ROS resulting in disruption 
of their function via several mechanisms like lipid peroxidation reactions which have 
been shown to induce loss of asymmetry in phospholipids in membranes of synapto-
some which serves as an early signal for apoptosis. Among the products of lipid 
peroxidation which are elevated in AD pathology, 4- hydroxynonenal (4HNE) and 
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acrolein (an unsaturated aldehyde) are highly reactive and both induce apoptosis and 
disrupt ionic homeostasis of neuronal cells (Castegna et  al. 2004). The enzyme 
amino-phospholipid translocase or flippase, which is ATP dependent, maintains the 
asymmetry of lipid bilayers, and 4HNE generated by lipid peroxidation oxidizes a 
cysteine residue in its catalytic domain rendering the flippase enzyme dysfunctional 
and thereby disrupting the bilayer asymmetry. Furthermore, 4HNE lipid peroxida-
tion product can alter the conformational structure and function of various membrane 
proteins by conjugating with them and subsequently causing neurotoxicity and neu-
ral degeneration in AD (Subramaniam et al. 1997). Another important mechanism by 
which ROS accelerates the pathophysiology induced by Aβ-peptides is acting via 
membrane receptor known as low-density lipoprotein receptor-related protein 1 
(LRP1) which is also known by other names such as apolipoprotein E receptor 
(APOER). LRP1, a protein receptor known to play an important role in cellular 
endocytosis, apolipoprotein metabolism and cell signalling, was recently shown to 
undergo oxidation by ROS resulting in impaired clearance of Aβ-peptides from the 
brain (Cheignon et al. 2018). It is well established that LRP-1 is a multifunctional 
receptor protein that plays an important role in the efflux of toxic Aβ-peptides from 
CNS to blood via blood-brain barrier, and this activity is significantly reduced under 
AD pathology (Jeynes and Provias 2008; Sagare et al. 2007; Ito et al. 2007).

As mentioned earlier, Aβ-peptides has metal chelating properties and interact 
with metals like zinc, copper, and iron which enhances the cytotoxicity of 
Aβ-peptides via ROS and biomolecular oxidation. It has been suggested that ele-
vated ROS load in AD brain is highly correlated with increased concentrations of 
iron (Fe) and copper (Cu) in the brain, both of which are responsible for ROS gen-
eration via Fenton reaction (Jomova et  al. 2010). Recent results obtained from 
Rutherford backscattering spectrometry and scanning transmission ion microscopy 
substantiate the facts that toxicity induced by Aβ-peptides is elevated in presence of 
metal ions as they deposit in and around Aβ-plaques as compared with surrounding 
tissues resulting in fibril assembly as well as β-sheet formation in Aβ-peptides 
(Rajendran et al. 2009). As mentioned earlier that Aβ-induced cytotoxicity depends 
on the conformational structure and length of the Aβ-peptides where non-β sheets 
are non-fibrillar and β sheets are fibrillar and toxic. Recent studies suggest that the 
aggregation of Aβ-peptides is also controlled by pH, the concentration of Aβ-peptides 
as well as levels of metal ions including copper, zinc, and iron (Jomova et al. 2010). 
In natural healthy state, generation of ROS is followed by elevated levels of anti- 
oxidant enzymes like haem oxygenase-1, catalase and superoxide dismutase (SOD), 
and interestingly the mRNA levels of these enzymes are reportedly elevated in a 
consistent manner under AD pathology (Premkumar et al. 1995), but the activity of 
these anti-oxidant enzymes is significantly reduced, and the causes for this reduced 
activity are not clear (Omar et al. 1999). Some studies showed that ribonucleic acid 
(RNA) is one of the major targets of ROS-induced oxidation in the pathology of 
AD, whereas mitochondria serve as the main source of ROS generation (Nunomura 
et al. 2009). However, the exact mechanism behind amyloid plaque deposition and 
elevated ROS load is not fully understood yet some evidence conclude that 
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aggregated Aβ-plaques initiate a chronic inflammatory response in AD pathology 
and enormous free radicals are released from activated microglial cells.

Strong evidence supports the view that the cytotoxicity of Aβ-peptides is not 
inherent and requires the presence of ROS to induce such toxic cellular effects lead-
ing to AD pathology. Indeed, it was shown that in the absence of redox metal ions 
like copper, zinc or iron, Aβ-peptides did not induce toxic effects as the strong bind-
ing capacity of Aβ-peptides to these metals to reduce them subsequently producing 
hydrogen peroxide as well ROS load (Huang et  al. 1999). As mentioned earlier, 
methionine 35 of Aβ-peptides is strongly implicated in AD pathogenesis as this resi-
due of Aβ-peptide is the most susceptible to oxidation reactions in vivo (Jomova 
et  al. 2010). Reports suggest that methionine-35 gets oxidized to methionine- 
sulphoxide which significantly reduces the pro-apoptotic and toxic effects of 
Aβ-peptides on isolated mitochondria (Jomova et al. 2010). Furthermore, lipid per-
oxidation due to ROS results in the formation of various carbonyl products which 
can damage DNA and proteins. Various types of advanced glycation end products 
(AGE) and advanced lipid peroxidation end products (ALE) are produced during 
ROS reactions. These AGEs and ALEs further interact with receptors like a receptor 
for AGEs (RAGE) activating downstream signalling pathways which subsequently 
leads to the production of pro-inflammatory cytokines such as interleukin-6 (Valko 
et  al. 2005). Recent research reports suggest that glyceraldehyde-derived AGEs 
mediated by ROS reactions elevate the APP and Aβ levels in mice models, and in 
the presence of AGEs, the toxicity of Aβ-peptides is significantly heightened (Ko 
et al. 2015). The mechanism behind the role played by AGEs in AD pathology is 
still debatable, but new reports are emerging which suggest that AGEs up-regulate 
the expression of the proteins associated with the processing of APP including 
BACE1 and PS1 and reduce the expression of neuroprotective as well as antioxida-
tive sirtuin-1 via ROS action. AGEs are also reported to up-regulate the expression 
of GRP78 (an endoplasmic reticulum chaperone protein) and elevate the cell-death 
signalling pathways including proteins like p53 and pro-apoptotic caspases (Ko 
et al. 2015). Therefore, ROS generated by Aβ-peptide aggregation alter the chemi-
cal nature of vital biomolecules generating secondary toxic products which ulti-
mately leads to neuronal death via different cellular signalling pathways.

Normal ageing has its effects on the functioning of microglia like heightened 
activation but reduced function and proliferation as a result of cellular senescence 
(Miller and Streit 2007), and these processes contribute to the age-associated neuro-
degenerative diseases. In pursuit of phagocytosis of Aβ-plaques, activated microglia 
release pro-inflammatory chemokines and are clustered around amyloid plaques 
mounting a sustained inflammatory response which significantly damage neurons 
(Meda et  al. 1995). Furthermore, as mentioned above, ROS load is an important 
hallmark of AD; microglia activation-induced neuronal damage also involves ROS 
production in AD, and it is still not clear how Aβ induces ROS generation in microg-
lia, but it likely involves the binding of Aβ-peptides to the cell surface receptors and 
ion channels on microglia. Recent reports suggest that Aβ-oligomers stimulate 
microglial cells for ROS production by acting on certain ion channels and one such 
ion channel has been identified as voltage-gated transient receptor potential ion 
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channel (TRPV) based on inhibition by drugs which aborted ROS production in 
stimulated microglia (Schilling and Eder 2011). These cation channels modulating 
Aβ-induced microglial ROS production could serve as potential therapeutic drug 
targets for controlling AD pathogenesis. Generation of ROS inside microglia is 
derived from various sources acted upon by peroxidase enzymes like NADPH oxi-
dase which plays an indispensable role in the generation of oxygen free radicals from 
molecular oxygen which further takes part in the formation of ROS consequently 
modulating morphology and pro-inflammatory gene expression in activated microg-
lial cells (Gao et al. 2002; Qin et al. 2004). It is interesting to note that the expression 
of microglial NADPH oxidase is up-regulated in neurodegenerative diseases like AD 
and Parkinson’s disease (PD) pointing towards the importance of this enzyme in 
neurodegeneration diseases where it could be targeted for treatment of AD and PD 
because it is the main ROS-producing enzyme (Wu et al. 2003; Block 2008).

Therefore, an important link between AD pathology and oxidative stress load is 
through protein oxidation and lipid peroxidation induced by ROS which accelerates 
AD pathology via secondary effects of these ROS on cells. Finding early markers in 
AD has been the toughest task for neurobiologists and oxidative stress as an early 
biomarker in the aetiology of mild cognitive impairment (MCI) stage of AD would 
provide an important diagnostic methodology for early detection of AD (Butterfield 
et al. 2006). Interestingly Aβ-peptide itself undergoes oxidative damage in the pres-
ence of ROS, and oxidized Aβ-peptide further coordinates metal ions consequently 
creating more ROS load (Cassagnes et al. 2013) as well as accelerates the aggrega-
tion of Aβ-peptide. Hence, the possibility of therapeutic strategies targeting ROS 
pathways derived from better and deeper insights of mechanisms involved in ROS 
generation could be a step forward towards treating AD. Moreover, it is known that 
Aβ-induced-oxidative stress is not global in the brain of AD patients; rather Aβ-poor 
regions like the cerebellum do not show signs of ROS production in AD pathology 
pointing to the fact that Aβ-formation is upstream of ROS generation and strategies 
targeting excess production of Aβ-peptide shall be able to restrict ROS production 
also (Cheignon et  al. 2018). However, it is still unclear whether oxidative stress 
associated with Aβ inducing neurodegeneration is the primary or secondary to the 
alternative sources of ROS generation.

13.4  Role of Tau Protein in the Development of AD

Another important pathological hallmark of AD is the excessive accrual of hyper-
phosphorylated microtubule-associated protein (MAP) called tau protein which 
forms the intracellular neurofibrillary tangles (NFTs) inside the neurons leading to 
a plethora of physiological dysfunctions (Buee et al. 2000). We will now discuss the 
probable cellular and molecular mechanisms behind the generation and pathology 
induced by NFTs.

Tau, an unfolded microtubule-associated protein which binds to microtubules of 
the cytoskeleton, is involved in their assembly as well as stabilization (Grundke- 
Iqbal et al. 1986). Tau proteins are mostly located in axons and in small quantities 
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are also found in dendrites of neurons (Ittner et  al. 2010). Apart from these two 
places, tau proteins within the nucleus play a vital role in the regulation of transcrip-
tional activity as well as in genomic maintenance under non-pathological physio-
logical conditions (Violet et al. 2015). Under normal physiological conditions, tau 
provides stability to microtubules and also regulates the intracellular trafficking of 
vesicles and other transport processes within neurons which makes it an important 
player in the axonal transport process and defects therein during AD pathologies 
(Vershinin et al. 2007; Talmat-Amar et al. 2018). However, during AD, the normal 
physiological function of tau is disrupted which consequently leads to the develop-
ment of neurofibrillary tangles (NFT) (Fig. 13.4). The gene which encodes for tau 
protein is located on chromosome 17 consisting of 16 exons. Alternative splicing of 
exons including 2, 3 and 10 leads to six possible combinations, for six tau protein 
isoforms, mainly found in neurons and mostly located in axonal regions. These six 
isoforms of tau usually contain 352–441 amino acid residues. The three isoforms 
which do not have exon 10 contain three binding domains with the microtubules 
(3R) and the other three have four (4R). The latter isoforms having 4R have stronger 
interaction and better stability (Buee et al. 2000). Alternative splicing of a single 
gene called microtubule-associative protein tau (MAPT) generates numerous iso-
forms of tau protein. Primarily, tau plays an important role in maintaining overall 

Fig. 13.4 Tau protein-mediated development of Alzheimer’s disease. Tau proteins are impor-
tant for the stability and functionality of microtubules. Hyperphosphorylation of tau protein causes 
its dissociation from microtubules, which then promotes pairing of hyperphosphorylated tau 
threads. Many phosphorylated tau threads associate together to generate neurofibrillary tangles 
(NFT) which could block synaptic junctions thereby causing blockage of axonal transport and 
neuronal cell deaths
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neuronal morphology as it regulates certain vital cellular processes including neu-
rite outgrowth, microtubule assembly as well as stability which are indispensable 
for cytoskeleton maintenance and axonal transport processes (Wang and Mandelkow 
2016).

Additionally, tau is tightly regulated during homeostasis as well as under stress- 
induced cellular responses by a cascade of post-translational modifications such as 
glycation, glycosylation, cleavage, nitration, ubiquitination and phosphorylation. 
Post-translational interferences severely affect tau-microtubule binding and conse-
quently promote its misfolding causing it to aggregate into NFTs. Normal site- 
specific phosphorylation of the tau protein by various kinases regulates its ability to 
bind tubulin and promote microtubule assembly (Lindwall and Cole 1984). Optimal 
levels of tau phosphorylation are required for the proper functioning of tau protein, 
whereas excessive phosphorylation disrupts optimal functions involving tau protein 
which also enhance tau-tau protein aggregation resulting in the formation of NFTs 
(Fig.  13.4). Tau contains 85 putative serine or threonine phosphorylation sites 
mainly located in the microtubule-binding region (MBR) and the proline-rich 
domain of the protein (Hanger et al. 2009). Phosphorylation of tau protein is medi-
ated by several types of protein kinases such as the serine/threonine/tyrosine kinases 
and most of the sites are located on either side of MBR.

Hyperphosphorylation of tau proteins causes the helical and straight filaments to 
form neurofibrillary tangles. The loss of microtubules-binding capacity provokes 
cytoskeleton destabilization, affecting neuronal transport processes like synaptic 
transmission and depriving neurons of trophic factors which eventually causes neu-
rodegeneration and neuronal death (Fig. 13.4) (Montoliu-Gaya and Villegas 2015). 
The major tau kinases that play an important role in its phosphorylation include 
GSK3β, cyclin-dependent protein kinase 5 (CDK5), cAMP-dependent protein 
kinase (PKA), MAPK, calcium-calmodulin-dependent protein kinase II (CaMk II) 
(Baudier and Cole 1988) and microtubule affinity-regulating kinase (MARK) 
(Noble et al. 2003). Various in vivo and in vitro studies suggested that GSK-3β plays 
a vital role in controlling tau phosphorylation at various specific amino acid residue 
sites including Ser199, 404,396,400, Thr231 and Ser413 residues that are mostly phosphory-
lated in tau which subsequently aggregates into toxic paired helical filaments (PHF) 
(Liu et al. 2002). Among various kinases which take part in phosphorylation cas-
cade of tau, GSK-3β plays a major role in phosphorylating tau under in vivo condi-
tions. Furthermore, phosphorylation of GSK-3β kinase at Thr231 residue induces a 
local conformational rearrangement resulting in increased accessibility of GSK-3β 
or other kinases to excessively phosphorylate tau protein at various sites leading to 
its hyperphosphorylated state aggregating into PHFs. On the other hand, in vitro 
studies have found a set of protein phosphatases which play a complementary and 
opposite role in de-phosphorylation of tau including protein phosphatase 1(PP1), 
PP2A, PP2B and PP2C that might act as therapeutic targets in near future (Avila 
et al. 2004). Among these protein phosphatases, PP2A has a stronger role in dephos-
phorylation of abnormal tau as compared to other phosphatases (Gong et al. 1994). 
Reports suggest that overall tau protein phosphorylation status is three to four times 
higher in AD-affected brain samples as compared to samples from a healthy brain. 
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Strong evidence suggests that dysregulated and high phosphorylation status of tau 
is central to the AD progression and pathogenesis, however, under normal condi-
tions, all tau proteins are associated and bound to the microtubules. Apart from tau 
hyperphosphorylation, numerous other neuronal proteins, such as MAP 1B, neuro-
filaments, β-tubulin, as well as β-catenin, are also hyperphosphorylated under AD 
pathology in the brain. Therefore, it can be concluded that decreased PP2A phos-
phatase activity, which removes the phosphate groups from these proteins including 
tau, might be the underlying cause for abnormal hyperphosphorylation of tau in AD 
leading to cytotoxicity and progression of the disease.

The histopathological indices of AD patient’s brain samples are characterized 
not only by the presence of intracellular NFTs but also by the presence of Aβ-plaques. 
These neuritic plaques would further stimulate the production of more NFTs dis-
rupting synaptic topography, consequently reducing the rate of neurotransmission 
as well as inducing atrophy of tangle-containing neurons ultimately resulting into 
the behavioural pathophysiological signs including dementia (Hardy and Selkoe 
2002). The role played by Aβ-oligomers in inducing hyper-phosphorylation of tau 
protein through activation of GSK-3β kinase has been identified as connecting link 
between Aβ-plaques and tau pathologies in AD progression (Stancu et al. 2014). 
Accumulation of Aβ-oligomers affects downstream Akt-cell survival signalling 
pathways through inhibition of phosphatidylinositol-3-kinase (PI-3K) as well as by 
activating GSK-3β, subsequently causing tau hyperphosphorylation (Magrane et al. 
2005). Additionally, studies have found that Aβ-peptides up-regulates calcineurin-1 
(RCAN1) expression which induces long-term depression at synapses and facili-
tates increased tau phosphorylation through two different mechanisms. Firstly, 
RCAN1 hinders the activity of calcineurin, which is a phosphatase and takes part in 
tau dephosphorylation, and secondly, RCAN1 up-regulates the activity of GSK-3β, 
a kinase which hyperphopshorylates tau causing PHF-induced toxicity. Therefore, 
these reports suggest that elevated expression of RCAN1 has a major role in AD 
progression and it also elevates the pathophysiology of AD by causing mitochon-
drial dysfunctions which ultimately activate many apoptotic pathways leading to 
neurodegeneration (Lloret et al. 2011).

Studies cited above reveal that hyperphosphorylation of tau is central to the 
development and progression of AD via NFT-induced cellular toxicity leading to 
neuronal degeneration. Abnormally hyperphosphorylated tau protein, apart from 
losing its biological activity by disassociating from microtubules, also promotes its 
polymerization into PHFs. The soluble abnormal tau and/or its oligomers are in 
many ways toxic to neurons probably due to the defence mechanisms employed by 
neurons. Abnormally, hyper-phosphorylated tau via self-aggregation further polym-
erizes into highly aggregated PHFs/NFTs which finally choke the affected neurons 
by impairing their axonal transport processes thereby depriving them of neuro-
trophic factors inducing cell death (Fig.  13.4). A large number of reports have 
revealed a role for abnormally phosphorylated tau protein in the neuronal cytoskel-
eton collapse in ageing and neurodegenerative tauopathies in AD. Control of tau 
phosphorylation by targeting tau kinases such as GSK-3β might be a feasible thera-
peutic strategy to prevent tau aggregation and its associated pathological effects in 

13 Neurobiological Mechanisms Involved in the Pathogenesis of Alzheimer’s Disease



252

controlling AD progression. However, excessive phosphorylation of tau appears to 
be a prerequisite but not sufficient alone to induce tau aggregation. Therefore, other 
tau post-translational modifications might also be involved in tau pathologies. 
However, tau proteins forming NFTs regardless of its post-translational modifica-
tions can also lead to cellular toxicity, and furthermore, it has been shown that sup-
pression of tau pathology also blocks Aβ-induced toxicity and reduces memory 
deficit in AD animal models. These data provide a future perspective suggesting that 
reduction of the overall tau phosphorylation status may constitute a neuroprotective 
strategy to prevent tauopathy-induced AD. However, some studies suggest deplet-
ing axonal tau protein would hinder active axonal transport processes, and, as exem-
plified for cholinergic neurons, reducing axonal transport processes would ultimately 
deplete neurotrophic growth factors (NFG) and their receptors inducing neuronal 
degeneration. Moreover, the collapse of the neuronal cytoskeleton may have delete-
rious outcomes for a number of cellular processes including axonal and dendritic 
transport systems, affecting the distribution of proteins within a neuron, irregular 
distribution of signalling molecules and organelles throughout the cell. Maintenance 
of neuronal morphology, as well as contacts with neighbouring neurons through 
synaptic connectivity, will also be affected. Deterioration of these indispensable 
cellular physiological processes ultimately leads to neurodegeneration and cogni-
tive impairments in AD patients. Therefore, amelioration of tau dysfunctions and 
maintenance of the neuronal cytoskeleton by restoring axonal transport processes 
could be important therapeutic strategies for the treatment of AD in the near future.

13.5  Axonal Transport Dysfunctions in AD

In AD animal models especially in rodents, it has been found that death of the neu-
rons occurs via multiple pathways involved in atrophy or apoptosis. Long before in 
1939, Huxley and Hodgkin using the squid giant axon demonstrated how an action 
potential is carried along the axons, and consequently, it was found later that these 
action potentials mediate the release of neurotransmitter vesicles into the synapse 
for neuronal communication (Hodgkin and Huxley 1939; Vicario-Orri et al. 2015). 
A large number of studies have provided convincing evidence that structural, as 
well as functional, defects in axons play a crucial role in the pathophysiology of 
AD. The intriguing hypothesis is that the main distinctive feature that makes neu-
rons more prone to AD-associated atrophy is their widely extended cellular mor-
phology consisting of about 99% of cellular volume in axonal compartments alone 
(Morfini et al. 2009). Neurons within the nervous system communicate with each 
other by sending the information via electric or chemical signal down their axons to 
their axon terminals which are received by postsynaptic neurons via their dendrites. 
Proper functioning of axons and their respective terminals depend heavily on the 
axonal transport processes carrying various proteins, neurotransmitter vesicles, 
organelles and other macromolecules from the cell body to the axon terminals. 
Axonal transport is one of the main cellular processes by which neuronal function 
is maintained and it requires cytoskeleton proteins like motor and adaptor proteins 
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for trafficking and transportation of cargoes within the neuronal cells. Reports sug-
gest that axonopathy was found to precede other well-established AD-related 
pathologies by more than a year in mouse models of AD and also in early stages of 
human AD patients (Stokin et al. 2005). Axonal transport defects involve axonal 
swelling due to excessive accumulation of vesicles, microtubule-associated and 
motor proteins and cellular organelles which block the neuronal communication by 
hindering synaptic transmission due to impaired vesicular transport (Yagishita 
1978). Cytoskeleton motor proteins like dyneins, myosins and kinesins carry axonal 
cargoes from soma to the axonal terminals via tracks made up of microtubules and 
are therefore vital to understand the role of imbalanced and dysregulated transport 
processes occurring in axons and its involvement in the pathogenesis of AD and 
related neurodegenerative diseases (Cash et al. 2003). Microtubules in the axons of 
neurons have a discrete polarity with the faster growing plus end laid towards the 
nerve terminals and slower growing minus end pointed towards the soma. 
Furthermore, various genetic and biochemical studies have shown that the kinesin 
superfamily of proteins move towards the plus end and carry out fast anterograde 
(from cell body to the nerve terminals) transport in neurons, whereas most of the 
retrograde transport (from nerve terminals to the cell body) is carried by dynein 
proteins (Goldstein and Yang 2000; Hirokawa 1998). A study carried in Drosophila 
genetically disrupted cytoplasmic dynein heavy chain (cDHC) and dynactin subunit 
p150 (Glued) resulted in a phenotype of the fly similar to that observed when genetic 
disruption of kinesin-1 subunits was carried which consequently resulted in poste-
rior paralysis of larva and tremendous axonal swellings filled by membranous car-
goes in nerves (Martin et  al. 1999). Additionally, roadblock-a new Drosophila 
mutant of axonal transport having same posterior paralysis and axonal swellings 
with accumulations of cargoes was employed to identify a new dynein light chain, 
again supplementing the existing evidence that dynein plays an essential role in 
retrograde axonal transport system (Bowman et al. 1999).

Axonal transport is classified into two types: slow transport involving slower 
rates of cargo movements which mainly consist of anterograde movement of cyto-
plasmic proteins and cytoskeleton elements involved in neuronal morphogenesis 
and fast anterograde transport (FAT) which is bidirectional in movement (Hirokawa 
1998; Brown 2003). Additionally, FAT is involved in the transport of synaptic vesi-
cles and neurotrophic factors which ensure synaptic activity as well as neuronal 
health simultaneously; therefore, FAT pathways are severely affected in AD pathol-
ogy. Various primary mutations found in genes encoding proteins for axonal trans-
port machinery play a critical role in an imbalance of FAT and subsequent progress 
of various neurodegenerative diseases of CNS. For example, in vitro studies have 
found that mutations in kinesin protein KIF5A resulted in dysfunctional and patho-
genic anterograde axonal transport in a neurodegenerative disease called hereditary 
spastic paraplegia (HSP) which primarily affects motoneurons (Ebbing et al. 2008). 
Similarly, there are other CNS diseases and pathologies associated or caused by 
mutations in kinesin superfamily of proteins. Anterograde vesicular transport is ren-
dered dysfunctional in Charcot-Marie-Tooth hereditary neuropathy type-2 (CMT-2) 
disease by the mutation in another kinesin called KIF1β causing distal muscle 
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weakness and atrophy (Zhao et al. 2001; Xu et al. 2018). Interestingly, in another 
neurodegenerative disorder called spinal and bulbar muscular atrophy (SBMA) 
which is also known as Kennedy’s disease, one of the proteins taking part in axonal 
retrograde transport, namely, dynactin, was found mutated at p150 subunit (Puls 
et al. 2003). Dynactin-1 mutations are also responsible for other neurodegenerative 
diseases like Perry syndrome characterized by Parkinsonian-neuronal loss and 
dementia (Farrer et al. 2009; Newsway et al. 2010). Apart from these primary muta-
tions in axonal transport machinery-related genes, there are various other mutations 
that cause secondary malfunctioning in the FAT process like mutations of SGP4 
encoding spastin protein which is an ATPase-regulating microtubule dynamics and 
is involved in around 40% of autosomal dominant forms of hereditary spastic para-
plegia (HSP) disease (Baas and Qiang 2005). Furthermore, knocking-out of SGP4 
gene in mice resulted in the tremendous accumulation of cellular organelles along 
with cytoskeleton proteins and subsequent swelling of the axons characterizing the 
impairment of axonal transport machinery in these animal models (Tarrade et al. 
2006). Axonal transport also helps the neurons in meeting energy demands by trans-
porting mitochondria in both the directions and mutations in mitofusin-2 gene 
which encodes an outer mitochondrial membrane GTPase involved in mitochon-
drial transport along the axon disrupt both anterograde as well as retrograde trans-
port of mitochondria in Charcot-Marie-Tooth disease (CMT) type 2A (Misko et al. 
2010; Baloh et al. 2007). Although it is an established fact that axonal transport 
dysfunctions precede the progression of various neurodegenerative diseases, it is 
however not well understood how exactly the defects in FAT cause the development 
of these diseases as their mechanism are yet to be established clearly. However, 
identification and characterization of primary mutations in proteins involved in axo-
nal transport machinery provides strong evidence that FAT defects play a crucial 
role in the development of these neurodegenerative diseases.

Unlike above neurodegenerative diseases, there is no particular known mutation 
in axonal transport machinery that could lead to the progression of AD. However, 
most of the studies suggest that FAT defects precede some of the pathogenic hall-
marks in the progression of AD in human patients as well as in transgenic mice 
models for AD (Stokin et al. 2005). Most of the proteins taking part in the process-
ing of APP which also leads into the formation of toxic Aβ-peptides undergo axonal 
transport including APP, BACE1 (β-secretase) and PS1, and all of them have played 
an important role in the aetiology and progression of AD. In AD, due to dysfunc-
tional axonal transport, neurotrophins have been found to be irregularly distributed 
and dysregulated leading to decreased survival of neurons (Vicario-Orri et al. 2015). 
Although the exact functions of APP remains a mystery, some studies have impli-
cated APP in fast axonal transport by acting as a receptor for anterograde motor 
kinesin (Kamal et  al. 2001). Furthermore, tau which is a microtubule-associated 
protein that binds and stabilizes microtubules is hyperphosphorylated and entangled 
in AD; therefore, in its absence, microtubules become destabilized, and axonal 
transport is disrupted in AD pathology indicating exciting possibility to treat AD by 
the use of microtubule-stabilizing drugs including taxanes, epothilones as well as 
peloruside as shown by recent reports (Higuchi et al. 2002; Lee et al. 1994). It is a 
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well-established fact that APP is transported in axons via FAT and this process is 
dependent on kinesin-1 protein (Kamal et al. 2001; Koo et al. 1990; Ferreira et al. 
1993). Furthermore, it has been suggested that APP may be transported by a vesicu-
lar complex also containing BACE-1 and presenilins which are critical for process-
ing of APP into amyloidogenic/toxic Aβ-peptides which later aggregate into 
oligomers (Kamal et al. 2001; Gunawardena and Goldstein 2001). These studies 
altogether suggest that misregulation of APP directly by mutations like in familial 
AD or indirectly via proteins interacting with APP during its processing and trans-
port could lead to defects in FAT and deprive the neurons of critical components 
essential for survival thereby initiating neurodegeneration (Gunawardena and 
Goldstein 2004).

As presenilin proteins help in the processing of APP, mutations in presenilin 
genes have been observed in most cases of early familial AD. Several studies sug-
gest that presenilin interacts with glycogen synthase kinase-3β (GSK3β) and its 
substrate tau (Takashima et al. 1998). GSK3β play various roles and it phosphory-
lates kinesin light chains which lead to detachment of motor from the cargo thereby 
preventing further transport of cargoes (Morfini et  al. 2002). Early studies con-
ducted on transgenic mice overexpressing wild-type APP showed that before the 
appearance of Aβ-plaques, FAT defects, characterized by axonal swellings due to 
the accumulation of cellular organelles, cytoskeleton proteins and vesicles, were 
found in the brain which suggested that FAT events may play an important role in 
AD progression (Stokin et al. 2005). Furthermore, these disruptions in FAT hap-
pened in absence of phosphorylated tau protein suggesting that Aβ-peptide is the 
main trigger of such alterations in axonal transport (Wirths et al. 2006). Additionally, 
it has been shown in transgenic mice overexpressing mutated form of APP (Tg2576) 
that the FAT rates of olfactory nerve considerably decrease even before the plaque 
formation appears (Smith et al. 2007). Further, APP is carried down to axon by FAT 
through an indirect interaction with JNK interacting protein-1 known as JIP1 
(Matsuda et  al. 2001; Muresan and Muresan 2005). Scaffolding protein JIP1, in 
turn, binds to kinesin light chain (KLC) at its C-terminal at a conserved 11 amino 
acid motif and helps in the bidirectional transport of APP, and knocking out JIP1 
produces anterograde and retrograde transport deficits of APP in neurons which 
further leads to axonopathy (Verhey et  al. 2001). Apart from Aβ-induced axonal 
transport impairments, NFTs equally play an important role in this dysfunction as 
tau protein binds and stabilizes the microtubules which are indispensable for trans-
port processes like rail tracks of cellular trafficking. Hyperphosphorylated tau 
destabilizes microtubules shattering off the axonal transport process and depriving 
neurons of trophic factors needed for its survival. The most deleterious effects of 
impairments in axonal transport are caused by roadblocks in organelle transport like 
mitochondria to the axonal terminals where the intense energy demanding processes 
like vesicular trafficking and exocytosis needs immense ATP generated by mito-
chondria. Apart from this axonal transport impairments also affect neurotransmis-
sion as neurons are unable to move neurotransmitter vesicles inside them causing 
loss of synapses and apoptosis.
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13.5.1  Aβ-Induced Secondary Impairments in Axonal Transport

As Aβ-peptides occur in monomers, dimers, oligomers and fibrillar structures, their 
toxicity levels are correlated with their size and structures. Both monomeric and 
fibrillar Aβ-peptides have been shown to affect the axonal transport machinery in 
general and mitochondrial transport in particular in cultured hippocampal neurons 
(Rui et al. 2006; Hiruma et al. 2003). The role of soluble oligomers of Aβ in FAT 
defects has been assessed most because of the strong evidence that these soluble 
oligomers are most toxic causing profound neurodegeneration. These soluble oligo-
mers of Aβ when applied to squid and murine hippocampal neurons disrupted their 
FAT machinery probably mediated by NMDA receptor-dependent mechanisms 
involving GSK3β (Pigino et al. 2009; Decker et al. 2010). Although, Aβ-oligomers 
have been found to disrupt both the types of transport processes, anterograde and 
retrograde, recent studies suggest that they affect anterograde transport more sig-
nificantly than retrograde transport (Rui et al. 2006; Wang et al. 2010) by which 
synaptic vesicle and mitochondrial anterograde transport is prohibited which subse-
quently disrupt synaptic activity and ultimately lead to neural degeneration. 
Furthermore, it is not known how exactly Aβ-oligomers disrupt FAT, but new 
insights point towards various plausible mechanisms including inhibitory effects of 
Aβ-oligomers on actin polymerization and aggregation (Hiruma et al. 2003). Studies 
suggest that both high concentration and low concentration of Aβ-oligomers cause 
defects in axonal transport and such defects are reversible upon washout of 
Aβ-oligomers (Hiruma et al. 2003; Tang et al. 2012).

As axonal transport is a fundamental need for the survival and maintenance of 
neuronal health, its disruption is bound to lead a cascade of pathologies subse-
quently leading to various types of neuronal degenerative diseases. Many studies 
have proposed that FAT disruption is one of the main causes behind the progression 
of AD and it involves both Aβ-soluble oligomers as well as hyperphosphorylated 
tau proteins. However, the precise mechanism of how FAT leads to the development 
of diseases like AD remains unknown and additionally it is not well understood if 
FAT defects are the primary causes of the disease or they are simply the conse-
quences of AD pathology.

13.6  Mitochondrial Dysfunctions in the Pathophysiology 
of AD

The energy demands of the brain are significantly high and account for around 20% 
of the energy consumption of the whole body (Magistretti and Allaman 2015). 
Mitochondria are the key organelle responsible for cellular energy production, and 
its loss of function may result in moderate to severe fatigue and diminished produc-
tion of ATP at the cellular level. As neurons exclusively use glucose as the primary 
energy source unless starved, this depicts their higher dependence on mitochondria 
for aerobic oxidative phosphorylation for their energetic needs. The energy require-
ments of neurons are largely driven to maintain the ionic gradients across the plasma 
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membranes which are critical for the generation of action potentials (nerve impulses) 
and hence neuronal communication. Therefore, it is not surprising that malfunction-
ing of mitochondria could lead to plethora of deleterious consequences including 
generation of free radicals, modulation of mitochondrial permeability transition and 
secondary excitotoxicity, impaired calcium buffering and oxidative damage which 
all are well reported in a number of neurodegenerative diseases such as Alzheimer’s, 
Parkinson’s, Huntington’s and amyotrophic lateral sclerosis (McInnes 2013).

Since mitochondria are vulnerable to oxidative damage, the interaction between 
oxidative stress and mitochondrial dysfunction may initiate or accelerate the gen-
eration of reactive oxygen species that are critical for the pathogenesis of AD (Wang 
et  al. 2014). Oxidative stress-induced damage involves functional alterations in 
mitochondria which are early observed events in AD prior to the appearances of 
Aß-plaques. In AD pathogenesis, the impaired activity of three important enzymes 
involved in the tricarboxylic acid (TCA) including pyruvate dehydrogenase, isoci-
trate dehydrogenase and α-ketoglutarate dehydrogenase is observed due to mito-
chondrial dysfunctioning (Gibson et al. 2012). Reports suggest that impaired ATP 
generation within a neuron also leads to activation of kinases such as ERK1 and 
ERK2 which further phosphorylates tau proteins in paired helical filaments, like a 
state similar in AD pathogenesis. A higher degree of β-amyloid deposition, overex-
pression of oxidative stress markers, mitochondrial DNA (mtDNA) deletions and 
mitochondrial structural abnormalities are found in animal models of AD as com-
pared to normal control subjects.

13.6.1  Alterations in Metabolic Functions and mtDNA Defects 
in AD

As mitochondria are indispensable for providing the energy source to the neurons 
for their maintenance of ionic gradients across the plasma membrane and constant 
release of synaptic vesicles whenever action potential is generated, defects in mito-
chondrial enzymatic machinery have been reported in AD pathology. Studies of 
transcriptome and genomic analysis revealed that glucose metabolism in cerebral 
tissues declined in AD which was found to be associated with down-regulation of 
nuclear genes encoding subunits of the mitochondrial electron transport chain 
(Godoy et al. 2014). A number of mitochondrial key enzymes like cytochrome oxi-
dase are reported to have reduced expression in the brain under AD pathology. 
Additionally, elevated levels of oxidative stress likely cause a further decline in 
enzymatic activities and expression profiles of some of the important metabolic 
enzymes such as α-ketoglutarate dehydrogenase complex, cytochrome oxidase 
(COX) and pyruvate dehydrogenase complex (García et  al. 2013). Furthermore, 
utilizing electron micrography, cytochrome oxidase (COX) histochemical staining 
and mtDNA in situ hybridization techniques, various reports suggest that neurons 
which displayed ROS-induced damage also had increased mtDNA content and ele-
vated expression of COX in AD biopsy samples (Bonda et al. 2010). Additionally, 
it has been suggested that in AD, there is enhanced oxidative damage in nuclear and 
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mtDNA in neurons under oxidative stress indicated by the presence of higher levels 
of multiple oxidized bases in nuclear and mtDNA from AD patient samples. Since 
key enzymatic complexes of the citric acid cycle as well as of electron transport 
chain (ETC) act as oxidizing or reducing mediators/agents, any dysfunctions in 
these complexes result in the aberrant transfer of electrons consequently generating 
oxidative free radicals which further lead to mitochondrial stress and initiation of 
apoptosis. Interestingly, mitochondrial ETC complex-I and complex-IV deregula-
tions have been found tau-toxicity and Aβ-dependent processes respectively (Eckert 
et al. 2010). Apart from displaying lower expression/activity of α-ketoglutarate in 
AD pathology, AD brain has significant loss of α-ketoglutarate enriched neurons in 
cortical layer 2/4 of which is mostly affected in AD.

As neuroscientists are constantly searching for early detectable biomarkers for 
AD diagnosis at initial stages, indicators like decline in brain glucose metabolism 
are considered useful measures to consider cognition status and functionality in AD 
and are useful for early diagnosis and to predict future cognitive decline as reduced 
glucose metabolism in the diseased brain is one of the significant abnormalities 
under AD pathogenesis. Deficits in mitochondrial functions and glucose metabo-
lism are well-established pathological hallmarks of AD and brain ageing contribut-
ing to neurodegeneration. In fact, in early AD, the brain shows region-specific 
hypometabolism of glucose and mitochondrial dysfunctions having harmful conse-
quences for neurons by producing large ROS, depleting ATP levels and caspase- 3- 
mediated programmed cell death (Fig.  13.5). Progressive accumulations of 
Aβ-peptides in mitochondria have been reported to alter mitochondrial dynamics 
including fission-fusion equilibrium and Aβ-induced activation of NMDAR’s along 
with the excessive release of calcium from the lumen of endoplasmic reticulum 

Fig. 13.5 Role of mitochondrial dysfunction in the pathogenesis of Alzheimer’s disease. 
Aggregation of amyloid beta proteins and an increased influx of calcium ions caused a rapid gen-
eration of reactive oxygen species and nitric oxide molecules. These increased levels of ROS and 
NO species then trigger a number of secondary responses such as oxidation of DNA, proteins and 
lipids, loss of membrane integrity and cellular death, features which are the hallmark of neuronal 
degradation and development of Alzheimer’s disease
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causes calcium dyshomeostasis in mitochondria resulting in neuronal injury (Xu 
et al. 2017). Substantiated by positron emission tomography (PET) imaging, most 
dementia patients display decreased glucose metabolism in many brain areas, how-
ever, severe changes have been reported in parieto-temporal association cortex and 
in the frontal lobes while brainstem, cerebellum and basal ganglia are not affected. 
Various reports suggest that Aβ-peptides are inserted and clog many mitochondrial 
protein importing channels thereby depriving this organelle of various nuclear 
genome-encoded proteins/enzymes like COX which finally degenerate these organ-
elles and ultimately the whole neurons are killed. Therefore, restoring metabolic 
defects in mitochondria and rescuing the reduced expression of glycolytic and oxi-
dative phosphorylation enzymes could potentially act as one of the most important 
therapeutic targets for AD treatment.

Furthermore, increased oxidative damage to mtDNA causing mitochondrial dys-
functions to exacerbate the pathology in AD further links the ROS cascade with AD 
pathology (Fig. 13.5). Elevated levels of sporadic mutations are found in the mito-
chondrial DNA control regions which are unique to AD. As a result of such muta-
tions, there are reduced levels of protective proteins like histones and other DNA 
repair machinery proteins; thus the hotspots of ROS attack increase and make 
mtDNA vulnerable (Xu et al. 2017). Analysis of the oxidized nucleotide levels in 
mitochondria shows almost three times higher oxidative damage in AD brain which 
might be the cause of increased mutation. Many of these mutations occur at the 
important transcription as well as at replication regulatory elements that causes 
reduced expression of vital mitochondrial proteins subsequently causing deleterious 
effects on mitochondrial function. Reports suggest that mtDNA deletions are 
responsible for deficiency of various mitochondrial enzymes like COX which is a 
well-characterized marker of mitochondrial dysfunction atypical in AD pathology 
(Moreira 2018). Moreover, recent data on mtDNA rearrangement from post- mortem 
AD brain tissues of AD patients suggest that there are three kinds of DNA rear-
rangements including deletions, F-type rearrangements (duplication) and R-type 
rearrangements, and these rearrangements are 2.7-fold higher in AD pathology 
which may be the driving force for AD pathology rather than consequences of it 
(Chen et  al. 2016). As the mitochondria are versatile organelle and neurons are 
highly energy demanding, the continuous DNA replication in mitochondria for dis-
tribution to its daughter organelle makes their genome prone to replication errors 
resulting in the accumulation of a large pool of mutations. Apart from these muta-
tions, mtDNA rearrangements including deletions, tandem duplications as well as 
insertions subsequently alter the protein-coding function of this organelle DNA 
which is deleterious for neuronal physiology and ultimately result in cell death.

13.6.2  Mitochondrial Dysfunction and Neuronal Apoptosis in AD

Apoptosis is a programmed cell death that is involved in the selective demise of 
neurons during early development, toxic insults to cells and various neurodegenera-
tive diseases including AD.  Mitochondria are versatile cell organelles which 
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coordinate many cellular processes like redox signalling, calcium homeostasis, 
energy production, synaptic plasticity and arbitration of cell survival or death. 
Mitochondria lie in the centre of the intrinsic apoptotic pathway which predomi-
nates in the nervous system and is initiated by receiving cell death signals like DNA 
damage, depletion of trophic factors and oxidative stress (Mattson et  al. 2008). 
Intrinsic pathway involves activation of various kinases like JNK and other tran-
scription factors like p53 which induce the gene expression and mitochondrial 
translocation of various pro-apoptotic proteins such as Bax and Bak which belong 
to Bcl-2 family members, forming a pore in the outer mitochondrial membrane. 
Cytochrome-c escapes from mitochondria through these membrane pores and once 
in the cytosol, it binds to apoptosis protease activating factor-1 as well as ATP to 
form apoptosome which then activates caspase-9 and that in turn cleaves and acti-
vates caspase-3 executing programmed cell death (Mattson et al. 2008).

In neurodegenerative pathology such as AD, oxidative stress and malfunctioning 
of mitochondria inappropriately initiate apoptosis accelerating neurodegeneration. 
Aβ-peptides affect mitochondrial physiology in many ways, including inhibiting 
α-subunit of ATP synthase, declining activities of many enzymes of Kreb’s cycle, 
reducing respiratory state and inhibiting the transportation of nuclear proteins to 
mitochondria thereby rendering the mitochondria dysfunctional. Furthermore, pore 
formation by Aβ in mt-membrane releases cytochrome-c thereby initiating apopto-
sis contributing to the neurodegeneration process. Additionally, under AD pathol-
ogy, cytochrome-c release via mt-membrane pores activates caspase 9, and further 
it cleaves and activates caspase 3 which has been shown to cleave tau protein at 
D421 site which assists in nucleation-dependent NFT formation (Rissman et  al. 
2004). Therefore, one of the main targets in combating mitochondrial dysfunction- 
induced cell death is to overexpress the anti-apoptotic genes, for example, overex-
pression of Bcl-2 genes may protect neurons against Aß-induced cell death.

13.7  Conclusion

Advances made in molecular biological tools during the last few decades have essen-
tially contributed to the understanding of cellular as well as molecular mechanisms 
including cell signalling pathways underlying AD pathogenesis (Fig. 13.6). Present 
understanding of the underlying complex molecular mechanisms involved in the 
development of AD involves various hypothesis where a plethora of factors interre-
lates with each other but none of these hypotheses fully explains the complex dogma 
of cellular pathology involved in AD pathogenesis thereby demanding further inves-
tigations. Less is known about the mechanisms responsible for initial triggering as 
well as early factors causing AD including abnormal accumulation of Aβ oligomers, 
oxidative stress and tau pathology remain poorly understood and it remains a chal-
lenge as to how these factors contribute to neuronal killing creating memory deficits 
and other behavioural consequences of AD. Genetic factors drastically contribute to 
the development and progression of AD but still, the cause of these pathological fac-
tors and their interaction with environmental factors is still unknown.
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A deeper understanding of the imbalances between the rate of Aβ production and 
its clearance as well as enzymatic activities in tau hyperphosphorylation will pro-
vide some clues about the possible treatment strategies for AD.  Targeting rate- 
limiting enzymes for Aβ production such as BACE1 for therapeutic potential has 
not provided much help; therefore, new molecular targets such as Wnt/β-catenin 
and MAPK pathways as well as increasing scavenging capacities of biological scav-
engers to decrease oxidative stress may prove helpful. Oxidative stress has been 
found to induce tau hyperphosphorylation via enhanced activation of GSKβ-3 
enzyme, and furthermore, this shatters off the axonal transport in neurons leading to 
their apoptosis; therefore, new anti-oxidant compounds shall be screened for scav-
enging ROS.  Mitochondrial dysfunctions significantly contribute to the develop-
ment and progression of AD and is an early feature in AD pathology. These 
abnormalities in mitochondria function like oxidative stress, aberrant calcium buff-
ering and inappropriate initiating of the intrinsic pathway of apoptosis together lead 
to neuronal atrophy in AD brain.

Fig. 13.6 Neurobiological mechanisms involved in the pathogenesis of Alzheimer’s disease. 
A schematic model illustrating diverse neurobiological mechanisms that leads to the onset and 
development of Alzheimer’s disease
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Further, research is required to address the complicated questions and missing 
links in the pathophysiology of AD. A deeper understanding of the complex factors 
underlying the majority of AD behavioural symptoms like cognitive decline, mood, 
and loss of speech as well as for neuronal atrophy may contribute to the develop-
ment of novel clinical intervention and therapeutics. Current researches are majorly 
focused on deciphering early detection markers of AD pathology which could pro-
vide ample time for therapeutic interventions leading to the cure at the appropriate 
time before its pathology spreads globally in the brain. In the coming years, we may 
have new and deeper insights about the complicated mechanisms which lead to 
these pathophysiological changes in the brain, and treating AD would become more 
procurable.
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14Immunotherapy in Alzheimer’s Disease
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Abstract
Alzheimer’s disease (AD) is the most prevalent proteopathy characterized by 
dementia that appeals for major concern worldwide. The causative factor is the 
imbalance between production and clearance of the toxic Aβ peptide (40–43 
amino acid long) from the brain. Among all the therapeutic approaches, the most 
prominent one is immunotherapy. Both active and passive immunotherapies have 
been worked upon. The majority of active immunization-based methods suffered 
risks of autoimmune toxic inflammation due to cross-reactivity with the nontoxic 
form. However, conventional monoclonal antibody (mAb)-based strategies have 
been designed to reduce Aβ level in brain and neutralize toxic effects. A multi-
tude of clinical trials are being conducted using the passive therapeutic approach. 
Recently, alternative approaches including the recombinant fragments have 
emerged as a tool for safer and more effective therapy. Promising results have 
been observed in studies employing antibody fragments which include ScFv, 
BsAb, Fab, gammabodies, and intrabodies. Although there have been failures in 
some of these clinical trials, experiences gained from them can be used for 
designing better therapeutics. Currently, there is an urgent need of therapeutics 
which can target and clear off the senile plaques with limited side effects and 
toxicity.
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14.1  Introduction

Alzheimer’s disease (AD) is a complex neurodegenerative proteopathy clinically 
manifested by progressive dementia. The pathological characteristics of AD are 
deposition of extracellular amyloid-beta (Aβ) peptides as senile neuritic plaques 
and accumulation of hyperphosphorylated fibrillar Tau in the form of neurofibrillary 
tangles (NFTs) in brain, as well as cerebral amyloid angiopathy (CAA) in arterial 
walls (Hashimoto et al. 2003; Tiraboschi et al. 2004). The Aβ peptide (40–43 amino 
acids long) is derived from the proteolytic cleavage of Aβ precursor protein (APP), 
a ubiquitously expressed family of transmembrane proteins that function in neuron 
growth, survival, and post-injury repair (Priller et al. 2006; Turner et al. 2003). The 
APP is cleaved sequentially by two proteolytic enzymes, β-secretase and γ-secretase, 
into smaller Aβ peptide fragments. Normally, Aβ-40 (40 amino acids in length) is 
the most abundant Aβ peptide species in the brain, however the toxic fibrillar Aβ is 
composed of Aβ-42 peptide (42 amino acids in length) (Hooper 2005). These are 
usually soluble peptides and undergo conformational changes and multistep polym-
erization to form β-rich aggregates and finally accumulate as toxic microscopic 
plaques. The Aβ peptides first aggregate to form oligomers, which further cluster 
together and form fibrils (also called protofibrils) with a regular β-sheet structure. 
These fibrils stick to each other to form mats that clump together with other sub-
stances and finally form plaques. Initially, these senile plaques accumulate intraneu-
ronally (Ohnishi and Takano 2004; Tiraboschi et al. 2004), and eventually lead to 
cell death and finally deposit outside the neurons in dense formations (D’andrea 
et al. 2001; Greeneld et al. 2000). Pathogenesis of AD is also associated with the 
formation of intraneuronal NFTs from hyperphosphorylated microtubule-binding 
protein Tau, and therefore AD is also considered a tauopathy. The Tau proteins 
undergo phosphorylation, pair with other threads to create NFTs, and then disinte-
grate the neuron’s transport system (Hernandez and Avila 2007).

The physiological Aβ concentration of interstitial fluid of healthy brain is regu-
lated by various processes like (1) rate of Aβ production from APP, (2) influx of Aβ 
into the brain across blood-brain barrier (BBB) via receptor for advanced glycation 
end products (RAGE), (3) rapid clearance from the brain across BBB via low- 
density lipoprotein receptor-related protein-1 (LRP1), and (4) enzymatic degrada-
tion within the brain. In AD, the RAGE expression in the endothelial cells is 
increased and the LRP expression is reduced at the BBB (Deane et al. 2009). This 
restricts the clearance of Aβ from the brain and leads to accumulation followed by 
gradual oligomerization and formation of toxic amyloid species in the brain. 
Therefore, it is very crucial to remove excess Aβ from the brain by transporting 
across BBB and metabolism to prevent accumulation of toxic amyloid species in 
brain.

Currently available treatments for AD mainly focus on the amelioration of AD 
symptoms, while the underlying causes of the disease remain unaffected. Recent 
advances in AD research lead to the inception of new therapeutic avenues that aim 
to target and interfere with the pathogenic steps blocking the disease progression at 
early phases including preclinical stage. These therapies are termed 
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disease-modifying therapies. The first pathogenic event in AD progression is the 
amyloid deposition that activates a cascade of additional mechanisms. Therefore, 
majority of the new therapeutic approaches aim to intervene in Aβ peptide deposi-
tion or to remove already deposited amyloids (Galimberti et al. 2013). Immunotherapy 
is the most promising approach for clearance of Aβ burden from the brain. Aβ 
immunotherapy includes both active and passive immunities to reduce Aβ deposi-
tion in the brain and enhance Aβ clearance by administering anti-Aβ antibodies or 
Aβ as immunogen.

14.2  Proposed Mechanisms for Immunotherapy

Being an immune-privileged organ, brain has minimum immune surveillance. This 
posits a challenge for AD immunotherapy. However, approximately 0.1% of plasma 
IgG is normally present in the cerebrospinal fluid (CSF) which ranges from 5 to 
50 mg/mL in concentration (Morgan 2011). Therefore, immunotherapy is a perti-
nent approach to target Aβ in the brain and consequently its clearance. There have 
been several mechanisms of immunotherapy proposed for the reduction of Aβ depo-
sition in brain.

The first proposed model of immunotherapy relies upon the antigen opsonizing 
activity of antibody leading to macrophage-mediated phagocytosis and complement 
activation (Bard et al. 2000). This suggests the entry of sufficient peripheral anti-
bodies into the CNS and binding the Aβ fibrils causing opsonization. This anti-Aβ 
antibody/Aβ complex is then recognized by the Fc receptors present on the surface 
of macrophages and trigger phagocytosis (Fig. 14.1a). The phagocytic action is per-
formed either by resident microglia or by infiltrating monocytes/macrophages. 
Several studies have elegantly demonstrated that amyloid deposits are decorated 
with anti-amyloid antibodies after systemic administration  (Morgan 2011). 
Stoichiometry of antibody to Aβ even less than 1:1 is sufficient for clearance of the 
amyloid deposition. Both active and passive immunization strategies act by phago-
cytic mechanism for efficient clearance of amyloid plaques (Gelinas et al. 2004).

Second mechanism is explained as “the peripheral sink” hypothesis. This mecha-
nism advocates the efflux of Aβ into bloodstream down its concentration gradient 
and clearance by the circulating anti-Aβ antibodies serving as a peripheral sink 
(Fig. 14.1b). These circulating anti-Aβ antibodies alter the equilibrium across the 
BBB for Aβ to efflux owing to the reduced free Aβ concentration in blood (DeMattos 
et  al. 2001). This hypothesis is based on the argument that antibody penetration 
across BBB is not a critical step. Several studies have supported this hypothesis 
showing increased Aβ concentration in plasma of nondemented patients peripher-
ally infused with anti-Aβ antibodies (Dodel et al. 2003) as well as in the serum of 
mice after active immunization (Lemere 2013).

The third mechanism which was proposed by Beak Solomon (Solomon et  al. 
1996, 1997) is based on the catalytic ability of antibodies. The catalytic antibodies 
modify the Aβ secondary structure into less aggregate forming conformations in the 
monomers associated with oligomers or fibrils (Fig. 14.1c). Initially, they reported 
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that at stoichiometric ratio of 1:10, antibody specifically blocked fibril formation 
in vitro. Accordingly, this mechanism was later worked upon by Morgan and co- 
workers (Morgan 2011), and they demonstrated that antibodies could exhibit this 
activity at stoichiometry as low as 1:1000 (antibody: Aβ). Consequently, this 
hypothesis benefits from other adverse bystander effects involving macrophage acti-
vation, owing to such a low requirement of antibody.

Fourth mechanism is based on the FcRn (neonatal Fc receptor) mediated efflux of 
anti-Aβ antibody/Aβ complex across the BBB (Deane et  al. 2005). When anti-Aβ 
monoclonal antibodies (mAbs) are administered intracranially, the anti-Aβ antibody/
Aβ complex is formed and the Fc region of antibody binds to FcRn receptor on the 
epidermal cells of BBB and released into circulation by transcytosis as shown in 
Fig. 14.1d. Limitation of this mechanism lies on the use of limited antibodies, as excess 
antibodies may lead to competition for binding to FcRn receptor even in an uncom-
plexed form. Studies have demonstrated that clearance of amyloid plaques is inhibited 
by excess anti-Aβ mAbs administration (Gitter et al. 2002; Karlnoski et al. 2008).

Fig. 14.1 Mechanisms of immune clearance of amyloid from the brain. (a) Antibody mediated 
opsonization and phagocytosis of Aβ aggregates. Anti-Aβ antibodies bind the Aβ fibrils and make 
available for phagocytosis by Fc receptor bearing macrophages. The phagocytozed amyloids are 
then digested and exported from the CNS. (b) Aβ efflux from the brain to circulation down its 
concentration gradient. Free Aβ in blood are bound by circulating anti-Aβ antibodies and block the 
influx of Aβ back to the brain from circulation. (c) Anti-Aβ antibodies bind to Aβ plaques and 
modify the secondary structure and dissolve the aggregates to monomeric units. (d) Anti-Aβ anti-
bodies bind and dissolve the Aβ plaques. The antibody-antigen complexes are then bound to FcRn 
present on vascular epidermal cells and transported across BBB into circulation, thereby reducing 
brain plaque burden
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However, none of the aforementioned mechanisms are mutually exclusive and 
restricted to a single antibody/fragment type. Any of the mechanisms can be adopted 
under a given set of conditions as the primary means of clearance or sequestration 
that would be influenced by several factors like the epitope, isotype, and the amy-
loid burden. Different effectors (antibody type/fragment) may operate via different 
mechanisms to different degrees, for instance, effectors unable to bind fibrillar amy-
loid and cross BBB may not induce phagocytosis, but function exceptionally well as 
a peripheral sink. Similarly, some effector molecules bind to Aβ fibrils but do not 
modify the secondary structure or modify to an extent that may not resolve the 
fibrils, still they can induce phagocytosis and FcRn-mediated transport.

14.3  Immunogenic Epitopes in Aβ

Interaction of antibody with antigen induces conformational changes in both the 
antigen and antibody. The degree of change may be insignificant to substantial 
(Amit et al. 1986; Bhat et al. 1990; Davies and Cohen 1996). When high affinity 
mAbs bind to the regions having high flexibility and antigenicity, it may induce 
alterations in the molecular dynamics of the whole protein chain or assembly 
(Frauenfelder et al. 1979; Karplus and Petsko 1990). Antibodies have the ability to 
recognize partially folded epitopes and induce proper folding to attain native con-
formation of the whole protein (Blond and Goldberg 1987; Carlson and Yarmush 
1992; Solomon and Schwartz 1995). Antibodies also induce reversal of the toxic Aβ 
aggregates to its nontoxic forms. The mode of action is determined by the epitope 
specificity of anti-Aβ antibodies (Lichtlen and Mohajeri 2008). Based on the loca-
tion of regions recognized by antibodies, four epitopic regions are found in Aβ pep-
tide (Fig. 14.2).

14.3.1  The N-Terminal Region (Residues 1–16)

Amino acid residues 1–16 comprise the N-terminal epitope. This is an immuno-
dominant region and antibodies specific to this region can recognize monomers, 
oligomers, protofibrils, fibrils, as well as APP.  This indicates that the epitope is 
always exposed during Aβ fibrillogenesis (Ida et al. 1996; Robert et al. 2008). These 
antibodies can enter the CNS and display anti-aggregating properties both in vitro 
(Solomon et al. 1997) and in vivo (Bard et al. 2000). Site-directed mAbs bind to 
preformed amyloid fibrils and cause their disaggregation or solubilization at an 
equimolar ratio of mAb/Aβ peptide (Katzav-Gozansky et al. 1996; Solomon et al. 
1996). The disaggregation effect depends on the epitope position on Aβ and the 
binding efficiency of mAbs. High affinity mAbs against N-terminal epitope of Aβ 
resulted in disaggregation and deterioration of amyloid fibril assembly even at lower 
concentration.
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14.3.2  The Middle Region (Residues 17–32)

The middle region epitope is present in the central portion of Aβ peptide spanning 
from 17 to 32 amino acids. Antibodies that recognize this epitope bind solely to Aβ 
monomers and do not enter into CNS (DeMattos et al. 2001). Therefore, antibodies 
directed toward this region are likely to perform the amyloid clearance by “periph-
eral sink effect.”

14.3.3  The Dead End C-Terminal (Residues 33–42)

Amino acid residues 33–42 make up the epitope at C-terminal region of Aβ peptide. 
C-terminus-specific antibodies have the ability to enter CNS, and hence they are 
capable of Aβ clearance both by influx into the CNS and by the “peripheral sink 
effect.” They are also associated with side effects that include CAA similar to anti-
bodies against the N-terminal region (Gray et  al. 2007; Lichtlen and Mohajeri 
2008).

Fig. 14.2 Various epitopes on the Aβ peptide and some of the mAbs directed toward them. (a) 
Popular mAbs specific to linear epitopes of Aβ in the N-terminal region (blue shaded, residues 
1–16), middle region (purple shaded, residues 17–32), and C-terminal region (green shaded, resi-
dues 33–42). (b) mAbs specific to conformational epitopes present in Aβ oligomers, Aβ protofi-
brils, or Aβ fibrils
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14.3.4  Conformational Epitope

The culprit for AD pathogenesis is not the monomeric rather the oligomeric form of 
Aβ (Lambert et al. 1998; Walsh et al. 2002). To disaggregate such oligomeric forms 
and protofibrils, the conformational antibodies would outstand the configurational 
antibodies raised against linear epitopes. Since the N-terminus is highly immuno-
dominant, antibodies are raised against the entire Aβ peptide. To overcome this, an 
elegant strategy has been adopted in which synthetic oligomers lacking the 
N-terminal region are used as immunogen. These antibodies have been shown to 
have specificity for Aβ oligomers and help improve cognition in AD mice model 
(Hillen et al. 2010).

14.4  Active Immunotherapy

According to the amyloid cascade theory Aβ is the primary factor of AD pathogen-
esis. The neurodegeneration caused by Aβ species can be decreased by program-
ming the immune system to generate anti-Aβ antibodies that can neutralize the 
complex and remove it from circulation. Synthetic full length or fragment or a mod-
ified fragment of the peptide is administered to evoke the production of anti-Aβ 
antibodies by B cells. This is called active Aβ immunotherapy.

Anti-Aβ antibodies were capable of preventing fibrillation, disrupting fibril for-
mation, and thwarting the toxicity induced by fibrils as observed in cell culture- 
based assays (Solomon et al. 1997). Based on these encouraging results, Aβ was 
further investigated in vitro for its possible role as an active immunogen and whether 
it could prevent AD-related pathology. The first immunization trial came up with 
reduced plaque load without causing significant neurotoxicity after administration 
of full-length Aβ-42 in its aggregated form emulsified in Freund’s adjuvant (Schenk 
et  al. 1999). Similarly, when Freund’s or alum adjuvant emulsified Aβ-42 or its 
homologous peptides were injected, it resulted in protection against development of 
cognitive deficits along with prevention of Aβ plaque pathology (Asuni et al. 2006; 
Janus et al. 2000; Lemere 2013; Morgan 2011; Sigurdsson et al., Sigurdsson et al. 
2001, Sigurdsson et  al. 2004). The principal epitope consisted of the N-terminal 
epitope of Aβ (residues 1–15). However, the mechanism of action and the mode of 
immune response elicited by these peptide-dependent immunogens have been a 
controversial debate till date. Peripheral injection of anti-Aβ mAbs could poten-
tially reduce Aβ plaque load and improve behavior, suggesting the vaccine elicits 
humoral immune response (Bard et al. 2000; DeMattos et al. 2001; Lemere 2013; 
Wisniewski and Goñi 2012; Wisniewski and Goñi 2014). But the question then 
arises whether Fruend’s adjuvant also induces Th1-mediated immune response. In 
another study, induction of Th2-mediated immune response was observed when 
immunized with nontoxic, non-fibrillogenic Aβ homologous peptides in adjuvants. 
Absence of Th1-mediated response reduced potential cytotoxicity (Lemere et  al. 
2001; Sigurdsson et al. 2001). These peptides were designed using the same first 15 
amino acids with some appropriate amino acid substitutions. On the other hand, 
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T-cell epitopes are located at the mid- and C-terminal regions (Asuni et al. 2006; 
Sigurdsson et al. 2001, 2004).

These preclinical studies opened up an arena for clinical trials. The first clinical 
trial was launched by Elan/Wyeth’s group in April 2000, in which a new adjuvant 
QS21 was used along with preaggregated Aβ-42  in the vaccine. This vaccine, 
AN1792, was designed to elicit a strong cell-mediated immune response as QS21 
behaves similarly to Freund’s adjuvants (Wisniewski and Frangione 2005). The 
study was conducted in the UK on 80 patients with mild to moderate AD (Bayer 
et  al. 2005). More than half (53%) of the patients exhibited humoral immune 
response. In the same study, at a later stage of Phase I, polysorbate 80 was added to 
the preparation (Table  14.1). Use of this emulsifier improved Aβ-42 solubility. 
When the concentration of the emulsifier was increased, it led to a shift from the 
Th2 biased response toward Th1 proinflammatory response (Pride et al. 2008). The 
Phase II trial was conducted in October 2001, involving total 372 patients, out of 
which 300 were given higher formulation (AN1792 to placebo 4:1) of QS21  in 
polysorbate 80. This trial was withdrawn in January 2002 because a 6% of immu-
nized patients developed ARIA (Amyloid Related Imaging Abnormality) and 
meningoencephalitis (Boche and Nicoll 2008; Wisniewski and Frangione 2005). 
The plausible explanation for such inflammatory process is the exposition of Aβ 
C-terminus region which activates Th2 response (Gilman et al. 2005). This is why 
the new second generation vaccines do not contain the culprit C-terminal fragment. 
A multitude of vaccination trials are currently in either Phase I or Phase II (www.
clinicaltrials.gov).

The vaccine CAD106 has been designed for targeting only a B cell epitope, the 
small N-terminal fragment (residues 1–6) in conjunction with an adjuvant derived 
from bacteriophage Qβ coat proteins (Wisniewski and Goñi 2012). No cases of 
meningitis, meningoencephalitis, or vasogenic edema were diagnosed clinically or 
by imaging during the initial trial or two- year follow-up period.

Table 14.1 Anti-Aβ vaccines in clinical trial

Commercial 
name of 
vaccine Company

Immunogen/
peptide region Adjuvant

Clinical 
trial/
phase Outcome

AN1792 Elan/Wyeth Aggregated 
Aβ42

QS-21, 
polysorbate 80

IIa 
finished

No 
improvement

CAD106 Novartis Aβ1–6 Bacteriophage 
Qβ protein

III NR

ACC-001 Janssen and 
Pfizer

Aβ1–6 QS-21 II NR

ACl-24 AC immune Tetra- 
palmitoylated 
Aβ1–15 (β 
conformation)

Liposomes II NR

UB-311 United 
neuroscience, 
ltd.

Aβ1–14 Alum II NR
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Another Janssen and Pfizer (AC-001) led Phase II clinical trial uses the same 
N-terminal Aβ (1–6) fragment combined with a carrier protein and surface-active 
saponin adjuvant QS21 (Ryan and Grundman 2009). Similarly, Affiris AG and 
GlaxoSmithKline used antigenic peptides, mimotopes, to target the N-terminal epi-
tope of Aβ in their AD02 trials (Schneeberger et  al. 2009). These peptides were 
generated using AFFITOME® technology (Wisniewski and Goñi 2015). Moreover, 
Affiris AG started one more Phase I trial targeting N-Terminus of pyroglutamate- 
modified Aβ. Usually these modified Aβ are found in the plaques and vascular amy-
loid deposits but not in CSF or plasma. Still these can be detected in the fluids only 
when the Aβ deposits are mobilized due to therapeutic interventions (DeMattos 
et al. 2002).

AC Immune also started Phase I/IIa clinical trials with ACI-24 that elicits 
humoral immune response against Aβ (trial identifier NCT02738450). The design 
of immunogen is based on tetra-palmitoylated amyloid 1–15 peptide which exists 
primarily in a β-sheet structure (Hickman et al. 2011; Muhs et al. 2007). Similarly, 
the other peptide-based vaccine UB311 consists of the N-terminal Aβ (1–14) pep-
tide coupled with UBITh helper T-cell epitope, which specifically evokes Th1- 
mediated response. The vaccine is yet to be tested (identifier NCT02551809). The 
studies and clinical trials till date have demonstrated limited success as an effective 
approach toward AD pathology. The safety issues and the associated adverse effects 
still raise a major concern for dependence on active immunotherapeutic approaches.

14.5  Passive Immunotherapy

The active immunization was associated with low responsiveness and incidences of 
T-cell-dependent adversities. To overcome this, safer immunotherapeutic strategies 
have been adopted for clearance of brain amyloid deposits by using mAbs as well 
as recombinant antibody fragments. The therapeutic potential of antibody relies on 
its potential to prevent amyloid fibril formation from Aβ monomers and to dissolve 
the preformed fibrils. Standard in vitro assays which include electron microscopy, 
ThT binding, or MTT reduction assays are performed to assess the dissolution of 
aggregates and cytotoxicity (Levine 1993). Several forms of antibodies including 
antibody fragments have been investigated for passive immunotherapy of AD.

14.5.1  mAbs

Till date, a number of mAbs have been developed, and some are being considered 
for clinical application (Table 14.2).

14.5.1.1  Bapineuzumab
N-terminal epitopes are well displayed in aggregated forms of the Aβ; therefore 
antibodies directed against N-terminal epitopes also efficiently recognize the 
deposited fibrils. Bapineuzumab is one such humanized monoclonal antibody 
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(Salloway et al. 2009) that binds five N-terminal residues. Studies conducted on 
animals indicate brain amyloid reduction (Sperling et al. 2012). However, it was 
associated with a risk of vasogenic edema and microhemorrhage (ARIA). The 3D6 
is the murine precursor of humanized bapineuzumab, which has been reported to 
enter the brain of transgenic mice model, decorate the plaques, and induce Fc 
receptor-mediated phagocytosis (Bard et  al. 2000). Several clinical studies have 
been conducted which indicate reduction in fibrillar amyloids in the brain of AD 
patients (Table 14.2). Meta-analysis based on clinical studies suggests lack of clin-
ical efficacy of bapineuzumab and association with adverse effects (Abushouk 
et al. 2017). Therefore, use of bapineuzumab to treat AD patients is not recom-
mended and can only be reconsidered after re-evaluating its efficacy in combinato-
rial formula.

14.5.1.2  Solanezumab
Solanezumab, another humanized IgG1 mAb, recognizes and targets a middle 
region (residues 16–26) amyloid peptide epitope (Farlow et al. 2012; Siemers et al. 
2016). The murine precursor (m266) of antibody binds tightly to monomeric amy-
loid peptides, but not to aggregates or fibrils (DeMattos et  al. 2001, 2002). 
Solanezumab is effective in reducing amyloid in transgenic mice and does not carry 
the risk of ARIA like the bapineuzumab. The proposed mechanism of action here is 
the peripheral sequestration of monomeric amyloid peptide, i.e., peripheral sink 
effect.

14.5.1.3  Crenezumab
Similar to solanezumab, crenezumab is another humanized mAb that recognizes 
and targets a midsequence (residues 13–24) amyloid peptide epitope. However, it 
differs from solanezumab in that it possesses an IgG4 backbone. The IgG4 isotype 
helps microglial phagocytic activity without raising cytokine storm (Adolfsson 
et al. 2012) which contributes to neurotoxicity as well as ARIA (Ultsch et al. 2016). 
In vitro studies report that crenezumab efficiently binds to amyloid fibrils as well as 
oligomers but to a lower extent to monomers (Adolfsson et al. 2012). The epitopes 
recognized by solanezumab and crenezumab overlap and therefore exhibit cross- 
reactivity. Aβ residues 21–26 adopt α-helical structure when bound to solanezumab, 
whereas residues 21–24 exhibit random coil structure when bound to crenezumab. 
The occurrence of α-helical epitope only in monomeric forms of Aβ but not in 
aggregates explains the preference of solanezumab to bind monomer.

14.5.1.4  Gantenerumab
Gantenerumab, the first fully human IgG1 anti-Aβ mAb, has the ability to bind to 
conformational epitopes which encompasses both the N-terminus (residues 3–12) 
and midsequence (residues 8–27) epitopes and shows high affinity for fibrils. Early 
studies based on PET (positron emission tomography) demonstrated that gan-
tenerumab significantly reduced brain amyloid plaques by recruiting microglial 
cells (Bohrmann et al. 2012). Similarly, SAR228810 is also a humanized antibody 
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that recognizes particular conformational epitope that allows specific binding to 
protofibrils and fibrils.

14.5.1.5  Ponezumab
Ponezumab is a human IgG2 mAb that targets the Aβ C-terminus (residues 30–40) 
(La Porte et al. 2012). The IgG2 isotype has lower immune potential (Landen et al. 
2013) limiting their clinical efficacy, and therefore ponezumab production was dis-
continued after few trials (Table 14.2).

14.5.1.6  BAN2401
BAN2401, a humanized IgG1 mAb, specifically binds to soluble Aβ protofibrils. 
This antibody was developed by E22G arctic mutation in the APP and has shown 
efficient reduction of Aβ protofibrils in the brain and CSF of tg-ArcSwe mice 
(Tucker et al. 2015). Multiple clinical trials are going on and BAN2401 has been 
reported to show no cases of ARIA, the major limitations of bapineuzumab (Lannfelt 
et al. 2014).

14.5.1.7  Aducanumab
Aducanumab, a human IgG1 mAb, selectively targets Aβ aggregates which includes 
soluble oligomers as well as insoluble fibrils (Sevigny et al. 2016). It targets the 
N-terminus (residues 3–6), which forms a conformational epitope absent in mono-
mers. Analogues of this mAb exhibited the potential to cross BBB, bind parenchy-
mal Aβ, and reduce soluble as well as insoluble Aβ (Sevigny et al. 2016).

So far, several clinical trials have been conducted using mAbs but these mAbs 
persist limitations regarding their production, lower tissue penetration, and adverse 
effects associated with inflammatory reactions and CAA-associated microhemor-
rhage (Pfeifer et al. 2002; Racke et al. 2005). The lack of specificity to the toxic 
pathological Aβ oligomers is the major limitation of these passive therapies. 
Antibodies directed against monomers may target the normal, nontoxic soluble Aβ 
that may restrict its vital physiological roles such as neuroprotection, modulating 
long-term potentiation and innate immunity. Moreover, the cross-reactivity with the 
soluble Aβ also increases the risk of autoimmune complications (Giuffrida et al. 
2009; Puzzo et al. 2008; Soscia et al. 2010; Wisniewski and Goñi 2012). Early start 
of the multiple doses of drug further accentuates the need for a better treatment 
regime. Therefore, it can be carefully contended that the passive therapeutic 
approaches have limited efficacy in symptomatic AD.

14.5.2  Antibody Fragments

Different formats of recombinant antibody fragments (Ecker et al. 2015), such as 
single-chain fragment variable (ScFv), fragment antigen binding (Fab), single- 
domain antibody fragments (VHH or sdAbs), bispecific antibodies (BsAb), gam-
mabodies, and intrabodies, are currently being investigated as therapeutics for 
AD. These are preferred over conventional full-length mAbs owing to their great 
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specificity, higher affinity, stability, solubility, and reduced immunogenicity 
(Manoutcharian et al. 2017).

14.5.2.1  ScFv
The ScFvs are the smallest antibody fragments (VH and VL linked with a linker) with 
specificity and protective properties comparable to the parental antibody. These 
antibody fragments show increased stability as well as affinity (Frenkel et al. 2000; 
Malone and Sullivan 1996). ScFv can be delivered and distributed all over the brain 
via intracerebral, intranasal, or virus-mediated routes (Campana et  al. 2009; 
Donofrio et al. 2005; Federoff 2009; Filesi et al. 2007). They are packaged in small 
viral vectors like recombinant adeno-associated virus (rAAV) and injected into the 
CNS (Fig.  14.3a). ScFvs exhibit little immunogenicity as they are unable to fix 
complement. Furthermore, since they do not require glycosylation, they can be 
largely produced in bacterial systems (Verma et  al. 1998). The first ScFv-based 
anti-Aβ antibody, 508F (Fv), was derived from monoclonal IgM 508 antibody. This 
fragment demonstrated efficient disaggregation of Aβ fibrils and also reduced toxic-
ity in cultured PC-12 cells. Similarly, N- and C-terminal binding ScFvs were pro-
duced and selected using naive human ScFv phage library with Aβ1–28 and Aβ1–40, 
respectively (Liu et al. 2004; Robert et al. 2008). Only the ScFv against N-terminal 
could inhibit Aβ aggregation in vitro (Liu et al. 2004). Another engineered ScFv 
based on mAb WO-2 that recognizes Aβ2–8 could disaggregate Aβ fibrils, inhibit 
Aβ fibril formation, and reduce Aβ-mediated toxicity (Robert et al. 2008). Despite 
the clinical approval of rAAV vector-based gene therapy, certain limitations involv-
ing hepatic genotoxicity urge a demand for a safer vector-based delivery system 
(Chandler et al. 2015; Donsante et al. 2007; Gil-Farina et al. 2016). Consequently, 
naked DNA plasmids may act as an appropriate vector as they are not associated 
with a risk of genome integration (Flingai et al. 2015; Muthumani et al. 2013, 2016).

Other novel fragments called as catabodies have been developed. These catabod-
ies are ScFv fragments generated by affinity maturation of the corresponding parent 
mAb with improved catalytic activity. They catalyze proteolysis of Aβ and reduce 
the accumulation of toxic amyloid in brain. The first catabody, Asec-1A, inhibited 
the aggregation of Aβ and reduced Aβ toxicity on human neuroblastoma cells 
(Kasturirangan et al. 2010). Similarly, a bispecific tandem ScFv produced by com-
bining iBSEC1 and Asec-1A showed inhibition of amyloidogenic APP processing 
and enhanced Aβ proteolysis (Boddapati et al. 2012). The iBSEC1 ScFv selectively 
inhibits amyloidogenic APP processing and has demonstrated a decrease in both 
intracellular and extracellular Aβ in APP overexpressing Chinese hamster ovary 
cells (Boddapati et al. 2011). Recently, a catalytic IgV construct 2E6 composed of 
VL1 and VL2 has been shown to reduce Aβ deposits in the brain of 5xFAD mice 
after intravenous injection (Planque et al. 2015).

14.5.2.2  Fab Fragments
Fab fragments contain one heavy and one light chain with binding avidity lower 
than IgG but affinity parallel to it (Fig. 14.3b). These are small in size and also sta-
ble when compared to ScFvs. Tammer et al. (2002) produced a recombinant Fab 
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(rFab) against the central region of Aβ derived from the parent hybridoma 1E8. 
These rFab were efficient binder of amyloid plaques. Similarly, another rFab gener-
ated from hybridoma WO-2 inhibited fibril formation and dissolved the preformed 
fibrils in vitro (Robert et al. 2008). Also a humanized version of this rFab (hWO-2 
rFab) was engineered by the same group. This rFab retained the ability to inhibit 
fibril formation and associated toxicity with a strong affinity (Kd-6 nm) for Aβ, 
determined by surface plasmon resonance measurements (Robert et al. 2010).

14.5.2.3  Bispecific Antibodies (BsAbs)
A highly innovative approach, the molecular Trojan horse technology (Pardridge 
2008) has been employed to generate fusion proteins called BsAbs against 
AD. These BsAbs contained binding sites for Aβ peptide and for the insulin/trans-
ferrin receptor (IR/TfR), which are highly expressed on the BBB. A ScFv directed 
against Aβ is linked to the Fc region of a monoclonal antibody directed against IR/

Fig. 14.3 Immunotherapy by ScFv and Fab. (a) Structure and rAAV-mediated delivery of ScFv. 
Small ScFv can be packaged in rAAV vector and efficiently delivered to CNS. (b) Fab fragments 
can be administered directly into CNS for therapeutic purpose
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TfR. These tetravalent BsAbs have two binding sites for IR/TfR present in mAb and 
two for Aβ from two ScFvs (Fig. 14.4). The binding conditions are optimized to 
minimize the steric hindrance along with retention of affinity for both the targets. 
The central part of the BsAb comprising CH2–CH3 domain of the mAb provides 
the binding site for FcRn receptor expressed on the BBB (Robert and Wark 2012). 
The antigen-antibody complex is then efficiently effluxed out from the brain via this 
FcRn-mediated transcytosis (Fig. 14.4). The low affinity anti-TfR antibodies dem-
onstrated 5 times higher infiltration across BBB compared to their high affinity 
counterparts at the same dose owing to faster dissociation constant (Robert and 
Wark 2012; Yu et al. 2009),

In a study, above 50% of human IR mAb-ScFv fusion BsAbs were effluxed from 
the brain within minutes after administration and this was blocked by adding human 
Fc fragments (Boado et al. 2007). The renal clearance rate of this fusion protein 
(1.72 mL/min/Kg) was comparable to that of the IR mAb alone (0.22–1.0 mL/min/
Kg). This format of antibody appears to raise a new hope for therapy against AD 
which can be translated to clinic. Although the anti-IR mAbs have been reported to 
be safe as therapeutics, the adverse effects of these antibodies on the endogenous 
insulin pathways have to be worked out.

14.5.2.4  Gammabodies
Gammabodies are grafted amyloid-motif antibodies. They are designed based on 
the principle that the amyloidogenic motifs of one Aβ peptide interact with identical 

Fig. 14.4 BsAb-mediated Aβ clearance from the brain. The BsAbs are transported into the brain 
via IR/TfR where the ScFv binds to Aβ plaques. The Aβ bound BsAbs are then efluxed to circula-
tion via FcRn-mediated transcytosis
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motifs of adjacent Aβ monomers forming stacks of parallel β sheets (Lührs et al. 
2005; Perchiacca et al. 2012; Yu et al. 2009). This homotypic interaction between 
peptide motifs induces Aβ fibrillation and this phenomenon has been exploited for 
antibody engineering to recognize specific Aβ oligomers and fibrils. A small amy-
loidogenic peptide (6–10 residues) from Aβ-42 is grafted into the complementarity 
determining regions (CDRs) of VH domain that can recognize soluble Aβ oligomers 
and fibrils. The gammabodies which display the Aβ motif (18VFFA21) react with Aβ 
fibrils. The central hydrophobic segment 18VFFA21 forms β sheets during the forma-
tion of fibrils from soluble Aβ oligomers (Lührs et al. 2005). Gammabodies specific 
to fragments Aβ12–21, Aβ15–24, and Aβ18–27 can readily recognize the Aβ18–21 
motif present in β sheet but not in soluble Aβ oligomers. Therefore, the development 
of β sheet by Aβ18–21 motif is the crucial structural modification during fibril for-
mation from Aβ oligomers (Perchiacca et al. 2012). However, gammabodies dis-
playing C-terminal motif (34LMVGGVVIA42) recognize and bind both the oligomer 
and fibrils but weakly with Aβ monomers (Ahmed et al. 2010; Yu et al. 2009; Zhang 
et al. 2013). Consequently, these gammabodies neutralize toxicity associated with 
both the conformers. Gammabody affinity to Aβ peptides in monomeric, soluble 
oligomers and fibril forms has been described in Fig. 14.5.

14.5.2.5  Intrabodies
Intrabodies are the intracellularly expressed antibody fragments that recognize and 
bind molecules within the cell (Cardinale and Biocca 2008; Miller and Messer 
2005). The fragments are expressed with a trafficking signal which facilitates effi-
cient subcellular localization. Accumulation of Aβ inside the neuronal cells in AD 
opens up the possibility for intrabody-based therapy (LaFerla et  al. 1995). The 
intrabody ScFv-β1, developed to recognize N-terminal region near the β-secretase 
cleavage site, demonstrated significant reduction in Aβ generation in APP overex-
pressing human embryonic kidney cells (Paganetti et  al. 2005). This was further 
improved when the KDEL sequence was incorporated which facilitated expression 
specifically in the endoplasmic reticulum. ScFv-β1 acts by shielding the cleavage 
site for β-secretase which facilitates the inoffensive α-secretase induced cleavage of 
APP (Sudol et al. 2009).

In AD, the Fc region of antibody plays a significant role in eliciting adverse reac-
tions which include meningoencephalitis and cerebral hemorrhages. Strategies that 
help lower the affinity of Fc to the Fc receptor (FcγR) present on immune cells and 
inhibit complement activation through c1q binding are being worked upon. Point 
mutation for deglycosylation of the asparagine at 297th position to alanine or gluta-
mine, or replacing leucine with alanine in the lower hinge region (L234 and L235), 
helped lower the Fc-FcγR interactions (Alegre et al. 1994; Walker et al. 1989). IgG4 
format is preferred over others due to lower affinity toward FcγR. But the Fab arm 
exchange property results in formation of bispecific antibody in vivo. However, this 
is being worked upon and can be avoided by introducing point mutation (S228P) in 
hinge region of IgG4 (Salfeld 2007).
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14.6  Conclusion

The immunotherapy works in close collaboration with human immune system to 
counterbalance the Aβ aggregation. At present, it appears to be the best approach to 
lower the neurodegeneration and the cognitive decline in patients with 
AD.  Nevertheless, further studies/trials are needed to develop effective vaccines 
with more specificity, less toxicity, and lowered autoimmune response. Similarly, 
for passive immunization, the efficiency of mAb and antibody fragments to cross 
the BBB needs to be enhanced, the cross-reactivity minimized, and the inflamma-
tory alterations lowered. Most of the clinical trials have targeted and engaged pri-
marily on Aβ. However, recent studies are widening the immunotherapeutic 

Fig. 14.5 Gammabodies with affinity for Aβ peptide. Aβ motifs from different regions of Aβ 
grafted in the CDR3 of VH domain of antibody. The binding affinity of gammabodies differs based 
on the grafted motifs: gammabodies with N-terminal motif (blue) have affinity for Aβ monomers, 
gammabodies with midregion motif (purple) have affinity for fibrils, and gammabodies with 
C-terminal motif (green) have affinity for insoluble oligomers
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approaches targeting hyperphosphorylated, aggregated, and insoluble toxic Tau 
(Gerson et al. 2014; Nisbet et al. 2015). There needs to be a comprehensive research 
for developing therapeutics against the Tau aggregates involved in AD pathology 
(Iqbal et al. 2014, Iqbal et al. 2016). At this point of technical advancements, it can 
be contemplated that use of non-immunogenic compounds such as DNA and RNA 
aptamers with strong affinity to target amyloids for their clearance and neutraliza-
tion in brain can help overcome the problems observed with immunization (Qu 
et al. 2017).
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