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Preface 

In this book, we present reviews of the most recent findings and information on 
several critical aspects of Alzheimer’s disease (AD), providing the readers with a 
broad picture of the underlying pathophysiology, biomarkers, potential targets, and 
their modulators. The book will serve as a resource for various researchers and 
teachers to understand the current state of the disease and to identify the key research 
areas that need to be addressed and explored for AD drug development. This book is 
primarily organized into six parts, each of which is further subdivided into several 
chapters. The book parts all have their own distinct identities that help readers to 
deeply understand the various facets of Alzheimer’s disease. 

The first part covers the fundamentals of AD with an emphasis on the disease’s 
pathophysiology, possible therapeutic options, and how oxidative stress and metal 
ions play a significant role in its development. Additionally, this part fully explains 
the significance of neuroinflammation in AD. The second part provides a thorough 
overview of the numerous diagnostics and illness-related biomarkers for AD. This 
part primarily focuses on the several fluorescence probes used in the detection and 
management of AD. Furthermore, the focus of this part is on nanotechnology and the 
application of nanomedicine to the diagnosis and treatment of AD. The third part 
contains a variety of therapeutic compounds that primarily target acetylcholine 
receptors as well as certain memantine-based medication derivatives that have 
undergone biological review and synthesis. The fourth part contains a variety of 
treatments that are naturally available for AD. These cutting-edge medications are 
mostly based on natural sources including huperzine, flavonoids, polyphenols, and 
vitamins. The fifth part offers details on the metal hypothesis and metal chelators, 
which may be used as an innovative medicinal agent to treat AD. Apart from that, the 
focus of this part is on ferroptosis modulators and how they can function as an 
improved therapeutic agent for the treatment of AD. The topic of several epigenetic 
modulators in AD is covered in the final part, which also contains inhibitors of 
histone deacetylase and sirtuin modulators. This part is primarily concerned with the 
design, production, and biological assessment of diverse pharmacological 
compounds that operate as epigenetic modulators.
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vi Preface

We express our gratitude to all the authors for their meticulous work in 
contributing to this book. We consider that this book will inspire readers to inspect 
deeper into this field and expedite the research in this direction for searching new 
drugs/probes for AD treatment/diagnosis. Further, this book will serve as an excel-
lent teaching tool for undergraduate and postgraduate students. 

Raebareli, Uttar Pradesh, India Abha Sharma 
Varanasi, Uttar Pradesh, India Gyan Prakash Modi
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Part I 

Introduction of Alzheimer’s Disease



Alzheimer’s Disease and Drug Targets 1 
Amit Kumar and Awesh Kumar Yadav 

Abstract 

Alzheimer’s disease (AD) is among the neurodegenerative disorders mainly 
characterized by loss of memory is also termed as dementia. The primary 
mechanism is centered on the deposition of extracellular plaques, which are 
mainly composed of amyloid-β (Aβ). Also, the deposition of neurofibrillary 
tangles of phosphorylated tau proteins inside the neurons affects the longevity 
of neurons. The other factors like the formation of reactive oxygen species (ROS) 
and neuroinflammation have crucial roles in the development of AD. Moreover, 
the improper enzymatic processing of Aβ is thought to be a responsible factor for 
the deposition of insoluble Aβ plaques. However, the drugs which prolong the 
half-life of acetylcholine by inhibiting the activity of the acetylcholine esterase 
enzyme are administered for the management of AD. Unfortunately, these avail-
able drugs provide only symptomatic support, cause severe side effects, and may 
cause the death of patients. Hence, new agents are required to target the disease at 
different levels or more than one level for the management of AD. The published 
pieces of literature show that inhibition of Aβ formation, degradation or disag-
gregation of Aβ plaques, targeting hyperphosphorylation of tau protein, modula-
tion of ROS production, and mitigation of neuroinflammation could be the best 
strategies to treat AD. Interestingly, the development of agents that may target 
BACE, APOE, APP, γ-secretase, and other families of gene(s) could set a 
milestone for the treatment of AD. In this chapter, we have tried our best to 
explore the possible targets for the management of AD. 

A. Kumar · A. K. Yadav (✉) 
Department of Pharmaceutics, National Institute of Pharmaceutical Education and Research, 
(NIPER) Raebareli (An Institute of National Importance under Dept. of Pharmaceuticals, Ministry 
of Chemicals and Fertilizers, GOI), Lucknow, Uttar Pradesh, India 
e-mail: awesh.yadav@niperraebareli.edu.in 

# The Author(s), under exclusive license to Springer Nature Singapore Pte 
Ltd. 2023 
A. Sharma, G. P. Modi (eds.), Natural Product-Based Synthetic Drug Molecules 
in Alzheimer's Disease, https://doi.org/10.1007/978-981-99-6038-5_1
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1.1 Introduction 

Alzheimer’s disease is growing rapidly worldwide, and this type of disease is closely 
related to age and has a greater incidence after the age of 60; it is a neurodegenerative 
disease that is characterized by brain cell destruction and dementia (Tam et al. 2018), 
in which the patient suffers from memory loss and judgment disorders. AD is 
considered as the fifth most popular reason for death over the age of 65 (Cummings 
et al. 2021); amyloid beta and tau protein play an important role in the pathophysi-
ology of Alzheimer’s disease. APP and AB disposition can lead to the generation of 
AD. Tau phosphorylation is also a key factor for Alzheimer’s disease progression 
(Aisen et al. 2017). Refer to Fig. 1.1. 

Inflammation of neurons leads to abnormal responses within the brain and spinal 
cord. This neuroinflammation may be caused by Aβ accumulation and tau protein 
aggregation, which may also lead to the occurrence of oxidative stress, continuous 
loss of cholinergic synapse, and impairment of cognitive function (Saha et al. 2022). 
The genetic description of AD is complex; a majority of occurrences of Alzheimer’s 
disease have been seen in the elderly population, and genetically it may due to the

Fig. 1.1 Illustrating several factors which may lead to the generation of Alzheimer’s disease



mutation; several mutations have been seen in different genes like amyloid precursor 
protein (APP), PSEN1 gene, and PSEN2 gene; these three genes are majorly 
described for the occurrence of this disease (Tanzi and Bertram 2001).

1 Alzheimer’s Disease and Drug Targets 5

Proteins in the space between nerve cells may be aggregated as misfolded 
proteins to form amyloid plaque; the main component of amyloid plaque is amy-
loid-β (Aβ), which is derived from amyloid precursor protein (APP); APP undergoes 
proteolytic cleavage to form Aβ-amyloid peptide (Koudinov et al. 2002). The care of 
AD is one of the biggest medical challenges nowadays, and dementia is the main 
reason for this disease’s progression. According to the literatures, in total, 40 million 
people are suffering from dementia in the whole world population, and by 2050, it 
will become twice approximately (Yiannopoulou and Papageorgiou 2020). Amyloid 
precursor protein, which upon cleavage produced Aβ-amyloid peptide, is coded on 
chromosome 21 by APP gene. This cleavage of APP is done by different cleaving 
enzymes, generally beta-cleaving enzyme (BACE-1), and Υ-secretase complex 
cleaves APP in which presenilin has a catalytic site (Calderon-Garcidueñas and 
Duyckaerts 2018). The breakdown of amyloid precursor protein may also be due to 
other enzymatic effects; in these cases, Aβ is not produced. 

Patients diagnosed with AD show several symptoms of the disease. Many 
patients have symptoms of depression and apathy, and these symptoms become 
more frequent and progressive with age. During the disease progression stage, many 
patients suffer from neuropsychiatric symptoms, and these neuropsychiatric 
symptoms progress with disease progression. Higher cognitive impairment has 
been seen in AD patients as compared to the normal population. Patients with AD 
symptoms also have physical agitation and uncontrolled movement; with time, 
disease progression also leads to the development of delusion and hallucinations 
(Lyketsos et al. 2011). 

In Fig. 1.1, various factors have been listed which may contribute to Alzheimer’s 
disease progression. These factors may influence Aβ aggregation and tau protein 
phosphorylation, which may lead to the generation of Alzheimer’s disease. 

1.2 Pathological and Therapeutic Target in AD 

1.2.1 Amyloid Beta (Ab) 

Amyloid beta plays an important role in the pathogenesis of Alzheimer’s disease, 
and it has also a crucial role in the progression of disease from one cell to another cell 
because amyloid oligomer has the property to diffuse cellular membrane; thus, AD 
pathology strongly correlates with the Aβ because of amyloid-β having neural 
toxicity and folding, and deposition of these peptides and proteins causes this type 
of neurodegenerative disorder (Breydo et al. 2016). Refer to Fig. 1.2. 

Misfolding of several proteins may lead to the occurrence of this type of neuro-
degenerative disorder; Aβ1–40/42 is one of the important identified peptides whose 
aggregation and misfolding may promote soluble to stable amyloid fiber, and this 
can be linked to Alzheimer’s disease (Protein and Doi 2013). Transport of amyloid



beta involves several pathways and many receptors (Table 1.1) like lipoprotein 
receptor-related protein (LRP), P-glycoprotein, receptor for the advanced glycation 
end product (RAGE), and gp330/megalin-associated Aβ transport across blood-
brain barrier, and degradation of amyloid beta is mediated by a number of enzymes 
like neprilysin, insulin-degrading enzyme, and endothelin-converting enzymes 
(Wang et al. 2006). 
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Fig. 1.2 Aggregation of Aβ, clearance, and degradation 

Table 1.1 Transport of Aβ 

S. No. Receptor Role 

1 LPR Aβ transport from brain into the blood 

2 P-glycoprotein Aβ transport from brain into the blood 

3 RAGE Aβ transport from blood into brain 

4 gp330/megalin Aβ transport from blood into brain 

1.2.2 Tau Phosphorylation 

Tau phosphorylation and aggregation are among the major causes of the generation 
of Alzheimer’s disease. Different pathways are there through which tau protein can 
be phosphorylated; two types of kinases may be involved in phosphorylation: 
proline-directed kinase and non-proline-directed kinase (Avila 2006). The cytoskel-
eton consists of microtubules, and these microtubule-associated proteins retain 
morphology and structure stabilization of neurones (Lee et al. 2005); tau protein is



also a microtubule-associated protein whose aggregation and phosphorylation may 
lead to the generation of AD symptoms. 
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GSK-3 activity can influence the tau protein; increase in GSK-3 activity can 
promote phosphorylation of tau protein, and this tau protein phosphorylation can be 
caused by presenilin-1 (PS-1) mutation (Avila et al. 2012). Presenilin-1 is a 
multipass transmembrane protein, and the mutation of this protein or deletion of 
PS-1 leads to an increase in GSK-3 activity which phosphorylates tau protein. It has 
been studied that PS-1 prevents apoptosis by downregulation of GSK-3 activity; this 
suppression is via activating PI3K/Akt signaling (Baki et al. 2004). Refer to Fig. 1.3. 

Studies reported that cdk-2 and cdk-5 are also involved in the modification of tau 
into Alzheimer’s-like state; cdk-2 is one of the important factors in the disease 
generation, and cdk-5 facilitates tau into Alzheimer’s-like state and is associated 
with brain microtubules (Baumann et al. 1993); they have reported significant 
characteristics of tau phosphorylation by using reaction with diagnostic antibodies 
(Baumann et al. 1993). Many studies have been performed for the measurement of 
phosphorylated tau proteins in CSF using markers. They developed the first 
antibody-free mass spectrometric method to measure the level of phosphorylated 
tau in CSF; in this study, they confirmed that tau phospho-epitopes pT231 and 
pT217 can be potential markers of Alzheimer’s disease in early stage, and in late 
Alzheimer’s disease, pT205 is identified as an important marker (Gobom et al. 
2022). 

Alzheimer’s disease generation may also be due to the brain somatic mutation. 
The study performed on whole-exome sequencing in 111 postmortem hippocampal 
formation and AD blood samples matched with normal samples, and they found that 
mutation rate accumulation in AD sample is significantly higher than in normal 
sample (Park et al. 2019). 

Fig. 1.3 Illustrating tau phosphorylation by mutation in gene



S. No. Description
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1.3 Mitochondrial Dysfunction and Oxidative Stress 
in Alzheimer’s Disease 

Mitochondria is a double-membrane organelle of the body, and it provides energy to 
the cells. Mitochondria produces almost 93% of all the cellular energy and mito-
chondrial dysfunction including cellular energy production impairment, oxidative 
stress, mtDNA damage, and calcium regulation impairment causing symptoms and 
generation of Alzheimer’s disease (Wong et al. 2020). Refer to Fig. 1.4. Also, Refer 
to Table 1.2. 

In mammals, mitochondria can produce reactive oxygen species (ROS) after 
sequences of biochemical reactions, and this ROS plays an important role in the 
oxidative damage of mitochondrial protein (Murphy 2009). This can also influence

Fig. 1.4 Tau in normal and AD brain 

Table 1.2 Some mitochondrial dysfunctions and possible outcomes (Wong et al. 2020) 

Mitochondrial 
dysfunction 

1 Oxidative scavengers decrease, and elevated level of reactive 
oxygen species. Increased peroxidation 

Oxidative stress 

2 Decreased pyruvate dehydrogenase complex and increased 
succinate dehydrogenase 

TCA cycle 
dysregulation 

3 Calcium influx increases from extracellular to cytosol upon 
excitotoxicity 

Calcium 
dysregulation



the ability of ATP production; mitochondrial oxidative damage can promote cell 
apoptotic process by secreting cytochrome C to the cytosol by mitochondrial outer 
membrane permeabilization (Murphy 2009).
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1.3.1 Alzheimer’s Disease Drug Targets 

1.3.1.1 Prevention of Ab Accumulation and Amyloid Inhibitors 
Aβ deposition and its aggregation are among the major causes behind this disease. 
Its aggregation in the brain leads to the disturbance of function and promotes 
Alzheimer’s disease symptoms. Currently, various approaches are utilized to control 
the unnecessary accumulation of amyloid beta, and prevention of deposition of the 
same may become a valuable approach to control disease progression. Currently, 
many molecules or compounds are being investigated for their amyloid inhibitory 
action; molecules with amyloid accumulation inhibition properties can be used as a 
therapeutic approach in the treatment and management of Alzheimer’s disease by 
correcting the misfolding and aggregation of amyloid beta. 

Neurotoxicity and inflammation can also be reduced or prevented by the modifi-
cation and regulation of APP and its expression (Estrada and Soto 2006). Synthesis 
of molecules for amyloid beta inhibition can be done by molecule library and further 
assessing them for their activity whether a molecule has Aβ inhibition properties 
or not. 

Fibril formation is required for Aβ-mediated neuronal toxicity. A study has been 
performed for evaluating the connection of the physical form of Aβ and neurotoxic-
ity by examining amorphous Aβ against fibrillar Aβ (Lorenzo and Yankner 1994), 
and it has been concluded that fibrillar Aβ is responsible for neurotoxicity. Congo 
dye has been investigated for its fibrillar inhibiting properties, and they found that 
Congo dye inhibits fibrillar Aβ complex and prevents Alzheimer’s symptoms 
(Lorenzo and Yankner 1994). Nordihydroguaiaretic acid and rosmarinic acid are 
the phenolic compounds, and they are reported as Aβ aggregation inhibitors using 
AD transgenic mice in vitro performance study (Hamaguchi et al. 2009). 
Tanshinones, which are derived from herbal source, are examined for its amyloid 
beta aggregation inhibitory action; in vitro studies have been done on their two forms 
TS1 and TS2, and they found that both compounds have the ability of amyloid fibril 
inhibition (Wang et al. 2013). The outcome of AFM and ThT suggested that TS1 had 
better inhibitory action than TS2 (Wang et al. 2013). 

Nicotine has also been studied for its anti-amyloid plaque formation activity. 
Proteolytic cleavage of APP produced an alpha-helical structure, which is mono-
meric in nature. Nicotine binding with alpha helix leads to inhibition of β-sheet 
formation. This slow or inhibition of the conversion of alpha helix into β-sheet 
prevents amyloid aggregation (Salomon et al. 1996). 

Suppression of vitamin D receptor (VDR) by effects of Aβ leads to 
neurodegeneration and cytotoxicity (Dursun et al. 2011). Supplement of vitamin 
prevents neural toxicity and Aβ-mediated neural damage in the model, and this novel 
approach may become a potential target to prevent AD.



10 A. Kumar and A. K. Yadav

Resveratrol has properties to interfere with amyloid aggregation. The study 
performed on transgenic strain expressing Aβ1–42 paralysis with amyloid toxicity 
has shown that resveratrol has properties to decrease lysosomes by activating 
proteasomal degradation (Regitz et al. 2016). 

Mitochondrial function and health have an important contribution to the progres-
sion of Alzheimer’s disease; neural damage, cytotoxicity, and oxidative stress are 
closely related to the mitochondrial abnormalities. Level of oxidation stress and 
dysfunction in ATP production can lead to neurodegeneration disorder. Oxidative 
stress can be reduced by several mitochondrial targeted antioxidants to control AD 
symptoms. Antioxidant SS31 has been studied for preventing mitochondrial dys-
function induced by Aβ deposition and aggregation (Calkins et al. 2012). In some 
kinds of literature, it has been reported that SS31 antioxidants inhibit lipid peroxi-
dase accumulation and scavenge ROS, and mitochondrial swelling is also reduced 
by SS31 antioxidant (Zhao et al. 2004). 

Cholinesterase inhibitors can be used to treat AD. The cholinergic system is 
mainly involved in learning and memory functions; cholinesterase drug, tacrine, 
improves cognitive impairment (Lahiri et al. 2000). 

Graphene quantum dots have been studied for their ability to treat Alzheimer’s 
disease due to its low cytotoxicity properties as compared to other carbon 
compounds; their small size favors to cross blood-brain barrier (Liu et al. 2015), 
and results show that graphene quantum dots possess the ability to inhibit Aβ1–42 and 
prevent amyloid beta-mediated cytotoxicity (Liu et al. 2015). A cholesterol-lowering 
agent atorvastatin can be used to prevent amyloid beta deposition; it has been 
reported that Aβ aggregation can be influenced by atorvastatin in a calcium-
dependent manner; in the absence of calcium, atorvastatin inhibits Aβ aggregation, 
but in the presence of calcium, it shows opposite action (Nedaei et al. 2022). 

Clusterin is a glycoprotein (Spatharas et al. 2022), heterodimeric in nature, and 
has the ability to inhibit amyloid aggregation. Clusterin is a chaperone protein 
having five aggregation-sensitive regions in its alpha chain, and these sites have 
the ability to prevent β-amyloid fibril formation (Spatharas et al. 2022). 

1.3.1.2 Prevention of Tau Protein Phosphorylation 
One of the important ways to prevent Alzheimer’s disease and its symptoms is by 
inhibition of tau protein aggregation. Many tau protein inhibitors may be used in the 
prevention of phosphorylation and pathways of phosphorylation. 

Tau protein could be an important potential target in the treatment of Alzheimer’s 
disease. Lithium is investigated for its inhibition activity against the tau protein 
(Muñoz-Montaño et al. 1997). Abnormal tau phosphorylation or uncontrolled 
hyperphosphorylation can cause neuron damage. Lithium has been reported as a 
GSK-3 inhibitor, and GSK-3 has a role in hyperphosphorylation. In vivo study has 
been performed to evaluate the activity of lithium in rats upon 7 days of intraperito-
neal administration, and results show dephosphorylation of tau protein at the Tau-1 
and PHF-1 epitope site (Muñoz-Montaño et al. 1997). This indicates prevention of 
tau protein hyperphosphorylation activity of lithium.
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Phenothiazine was reported as an inhibitor of tau protein deposition (Wischik 
et al. 1996). A study revealed that diaminophenothiazine has selective inhibition 
activity against tau protein aggregation to prevent neuron damage and symptoms of 
AD by a proteolytic breakdown of tau aggregates (Wischik et al. 1996). 

Beta-carboline compounds were reported as tau aggregation inhibitors; these 
alkaloids have a high affinity to inhibit kinase-dependent tau aggregation. It has 
been reported that beta-carboline prevents tau aggregation via inhibition of 
DYRK1A in cell culture assay (Frost et al. 2011). In that study, harmine and its 
derivative with some structural modifications were studied for their inhibition 
activity, and results show that fully aromatic ring-containing compounds have 
greater inhibition activity against tau protein aggregation (Frost et al. 2011). Explor-
ing a number of possible therapeutic molecules may be beneficial in the management 
and treatment of Alzheimer’s disease. An in vitro research was conducted on 
protein-capped metal nanoparticles for evaluating therapeutic potency in preventing 
tau protein deposition, and they found that PC-Fe3O4 and PC-Cds nanoparticles 
(Sonawane et al. 2019) have the ability to inhibit tau protein. Disaggregation of tau 
and efficient clearance of tau aggregates by the action of PC-Cd nanoparticles were 
demonstrated by SDS-PAGE (Sonawane et al. 2019). And the study also revealed 
that a concentration of PC-Cd nanoparticles below 70 μg/mL for 24 h of duration 
exhibits no cytotoxicity in neuron cells during MTT assay (Sonawane et al. 2019). 
Several herbal compounds are explored to yield potential molecules, which can be 
effective in the treatment of Alzheimer’s disease. Cinnamon aqueous extract was 
tested for evaluating its tau protein aggregation prevention activity, and the study 
performed in vitro revealed that aqueous Cinnamomum zeylanicum extract can break 
aggregates of tau protein and change the morphology of paired-helical filaments 
(PHFs) (Peterson et al. 2009). 

Several fungal products were investigated for their tau protein aggregation 
inhibition property; this aggregation cleavage property of the natural products is a 
potential strategy for the treatment of Alzheimer’s disease. A fungal derived com-
pound asperbenzaldehyde was tested in vitro for tau aggregation reversal property; 
asperbenzaldehyde is an intermediate compound formed in the biosynthesis of 
azaphilone (Paranjape et al. 2015). They tested 11 azaphilone derivatives for their 
activity, and they found that the tau aggregation reduces with azaphilone (Paranjape 
et al. 2015). 

Intracellular insoluble aggregates of MT-associated tau are responsible for the 
generation of AD and neuron cell toxicity; toluidine blue is derived from methylene 
blue (Dubey et al. 2019). This toluidine belongs to the phenothiazine group, which 
on irradiation is converted into photoexcited form and acts as tau aggregation 
inhibitor and also improves memory impairment (Dubey et al. 2019). 

1.3.1.3 MicroRNAs in the Management of AD 
MicroRNA may have the property to inhibit phosphorylation. The study was 
conducted to evaluate the effect of miRNAs on hyperphosphorylation, and results 
revealed that miR-106b overexpression reduced or inhibited tau protein phosphory-
lation induced by Aβ1–42 peptide (Liu et al. 2016).
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1.3.1.4 Pyroglutamate Ab Cascade as a Potential Target 
Pyroglutamate peptide production is associated with AD. Figure 1.5 shows the 
systematic steps of generation of pyroglutamate peptide, and pyroglutamate-
modified Abeta peptide is found in AD brain, thus represented as a potential target 
for the drug in the management of AD (Bayer 2022). Different events of targeting 
pyroglutamate Aβ are shown in Fig. 1.6. Also, refer to Table 1.3. 

The mAb 9D5 reacted with a low-molecular-weight oligomer of AβpE3-X and 
not with amyloid plaques in Alzheimer’s disease brain tissue. 5XFAD mice reduced 
amyloid plaques via passive immunization and recovered behavior deficits. Some 
mAbs like pan-AβpE are designed to target plaques. In an acute application design 
using APPPS1 mice, passive immunization shows therapeutic effects. A DPP4 
inhibitor, vildagliptin, effect was investigated in a clinical study on cognitive 
dysfunction in 60 diabetes elderly patients with MCI diagnosis; 50% of patients 
were treated with standard medication control, e.g., metformin, and the other 50% 
with metformin plus vildagliptin. As a result, in the DPP4 inhibitor group, a 
significant response to stabilizing cognitive scores was observed (Borzì et al. 2019). 

1.3.1.5 Immunotherapy in Alzheimer’s Disease 
Immunotherapy is one of the valuable approaches to provoke an immune response or 
use of antibodies to control AD pathogenesis and progression. Anti-Aβ approaches 
by immunotherapy can be beneficial in the management of Alzheimer’s symptoms. 
Production of long-term antibodies from short-term drug intake at limited cost is the 
main advantage of active immunotherapy (van Dyck 2018). Unlike active vaccina-
tion, passive immunization has some advantages of maintaining consistency of

Fig. 1.5 Pyroglutamate peptide in Alzheimer’s disease



antibody titers and permitting management and control of adverse effects by 
withdrawing treatment.
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Fig. 1.6 Pyroglutamate Abeta as a potential target against Alzheimer’s disease 

Table 1.3 Various miRs with their target site in the management of AD 

Interaction Target site Examples 

Direct Aβ peptide formation miR-101, miR-106, miR-126 

Direct Tau protein phosphorylation miR-219, miR-125b, miR-34a, 
miR-106b, etc. 

Direct α-Secretase and γ-secretase (α-cleavage) miR-29a, miR-b-1, miR-9, etc. 

Direct β-Secretase-1 activity (β-cleavage) miR-29a, miR-29b, miR-29c, 
miR-124, etc. 

Indirect Loss of function in mitochondria miR-761, miR-30, miR-499, etc. 

Indirect Inflammatory mechanisms (T-cell association 
immune response) 

miR-155, miR-125, miR-146a, 
miR-7b, etc. 

Indirect Senescence and aging miR-155, miR-21, miR-34 
series, miR-320 

It has been reported that antibodies are effective in the treatment of AD by 
targeting amyloid-β when peripherally administered; this is sufficient to reduce 
amyloid aggregation or burden (Guyen et al. 2000). Passive administration of 
antibodies was able to cross the central nervous system to prevent plaque and 
promote clearance of amyloid. Ex vivo assay study shows that anti-amyloid-β 
antibody stimulates microglial cells to clear plaques through phagocytosis (Guyen 
et al. 2000). These results indicate the ability of the antibody to cross the blood-brain 
barrier to act on CNS, and it is considered a potential approach for AD treatment. 

A study had been performed to assess the effect of solanezumab antibody binding 
to soluble amyloid beta peptide, and it was observed that cognitive impairment



decreases in the AD population. Solanezumab is an anti-amyloid antibody that has 
the property to bind with amyloid-β; these findings describe the solanezumab’s 
effect and efficacy in a mild AD population (Siemers et al. 2016). 
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Oxidative Stress and Metals in Alzheimer’s 
Disease 2 
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Abstract 

Alzheimer’s disease (AD) is one of the progressive neurodegenerative disorders 
allied with genetic, lifestyle, and environmental factors and mainly affects the 
elderly population. Key pathological hallmarks of AD are extracellular 
depositions of beta-amyloid plaques, intracellular accumulation of neurofibrillary 
tangles (NFTs), and alterations in amyloid precursor protein (APP) gene, and it is 
clinically characterised by changes in cellular and molecular cascades of synaptic 
loss, cognitive dysfunctions, and neuronal death. Some evidences support the role 
of major biomarker candidates to induce AD, which are oxidative stress and 
metals, as brain is more prone to generate the reactive oxygen species (ROS) by 
different metal ions. Imbalance between free radicals and antioxidant defence 
system leads to cell apoptosis and dyshomeostasis of essential endogenous redox 
active metal ions in brain such as iron (Fe), copper (Cu), chromium (Cr), and 
cobalt (Co), and redox inactive metals like cadmium (Cd), arsenic (As), and lead 
(Pb) and inert metal zinc (Zn) show their toxic effects in Alzheimer’s disease. To 
overcome the toxic effects of metal-induced ROS, there must be enhancement of 
two major antioxidant enzymes, catalase and superoxide dismutase. The chapter 
emphasises the dual protagonists oxidative stress and metals and their relation in 
the progression of AD. 
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2.1 Introduction 

Alzheimer’s disease (AD) is a neurological condition characterised by progressive 
degeneration of nerve cells as it worsens, causing dementia and other brain 
abnormalities. It accounts for approximately 60–80% of cases and is mainly 
observed in the geriatric population as an age-related risk factor (Anonymous 
2020). The changes in AD of the brain are structural changes like progressive 
brain atrophy and damaged neurons of the cerebral cortex and hippocampus regions 
causing functional changes like difficulty in thinking and concentration, delusions, 
mental decline, disorientation, forgetfulness, and inability to create new memories. 

There are countless propositions to explain AD pathogenesis, involving the 
amyloid cascade theory, tau hyperphosphorylation theory, cellular excitotoxicity, 
metal-induced oxidative stress, and apoptosis (Fan et al. 2020). The excessive 
production of ROS and their further interactions with various metals can cause 
oxidative stress that alters different biological processes. Oxidative stress and 
metal-induced pathogenesis of AD are covered in this chapter. 

2.2 Oxidative Stress 

The difference between the amount of excessive oxidants (such as molecular oxygen 
and its derivatives, or ROS) produced and the antioxidants released to counteract 
them is known as oxidative stress. Because of the numerous intracellular 
metabolisms in the mitochondria, lipoxygenases, peroxisomes, and NADPH oxidase 
enzyme systems, oxidants are produced endogenously (Mattson 2004). In order to 
maintain physiological balance, an advanced enzymatic antioxidant system, such as 
catalase (CAT), superoxide dismutase (SOD), and glutathione peroxidase (GPx), 
and a non-enzymatic antioxidant system, such as glutathione and vitamins A, C, 
and E, neutralise and regulate overall ROS levels (Akbar et al. 2016). 

It should be emphasised that owing to the high concentration of polyunsaturated 
fatty acids, excitotoxicity, and a mixed-function oxidase system, brain cells are 
predominantly vulnerable to oxidative damage (Manisha et al. 2017). As a source 
of oxidative stress, ROS are largely formed in the nervous system and active in the 
brain and neurons. As glial cells (post-mitotic cells) are easily vulnerable or prone to 
free radicals and result in the degeneration of neurons, this stress primarily affects 
them. Some studies have reported that harmful or toxic effects of ROS on various 
cells may cause shrinkage of cytoplasm and condensation of the nucleus and nuclear 
envelope that lead to the formation of phosphatidylserine on the surface region of the 
cell, i.e. sign of apoptosis and necrosis (Moreira et al. 2009). It provides enough 
evidence that the aetiology of Alzheimer’s disease may be significantly influenced 
by the oxidative impairment triggered by free radicals (AD).
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2.2.1 Oxidative Stress and Neurodegeneration 

Neurodegeneration is a process that is characterised by abnormal functioning or 
complete loss of brain nerve cells commonly known as ataxia or dementia. Some 
factors like excitotoxicity, abnormal mitochondrial (Mt) functions, and finally 
programmed cell death are the main pathological changes in ageing and 
neurodegeneration of Alzheimer’s disease (AD). While considering the part oxida-
tive stress plays in Alzheimer’s disease, some important points need to be discussed 
in short: 

1. Why nerve cells are especially most sensitive or more vulnerable to oxidative 
stress? 

2. What role do environmental and genetic factors play in the production of free 
radicals? 

3. How do the toxic ‘free radicals’ cause neuronal death or cell apoptosis? 
4. Oxygen is a key element in regulating various metabolic and physiological 

functions, and in normal physiology, it is exchanged for oxidative phosphoryla-
tion in mitochondria. Then how it becomes toxic to neurons? 

Reactive oxygen species (ROS) are induced by the formation of free radicals 
associated with increased pro-oxidants and decreased antioxidants. It consists of 
nitric oxide (NO), hydrogen peroxide (H2O2), hydroxyl radicals (OH), and super-
anions, which are highly reactive and damage mitochondrial activated microglial 
cells, which are present in the brain and turn as a reservoir of reactive oxygen species 
(ROS). A free radical is an electrically charged atom; one such free radical is 
superoxide, which is produced by the addition of an electron to an oxygen molecule 
(Fridovich 1999; Nordberg and Arnér 2001; Leigh 1990). These formed radicals do 
not get destroyed, so they enter various tissues, cells, cell organelles, organs, and 
organ systems; alter various cell signalling mechanisms, metabolic dysfunctions, 
and signal transduction pathways; and generate a phenomenon called oxidative 
stress. This production of reactive oxygen species (ROS) stimulates the mitogen-
activated pathway (MAP), which in turn triggers a cascade of calcium excitotoxicity 
and apoptosis. Additionally, it was discovered that older rats’ front parietal cortex, 
cortical neurons, and white matter all had much higher levels of RNA oxidation (Liu 
et al. 2002). Extensive oxidative damage to nucleic acids that results in changes in 
DNA structure is another indicator of oxidative stress and metals associated with AD 
(Cioffi et al. 2019). 

Humans are continuously exposed to free radicals that are produced by any 
chemical, physical, or biological pollutants that are generated from the industries 
and pollutants, which are present in the ecosystem. Some physical sources like 
ionising radiations, γ-rays, cosmic rays, and X-rays also generate free radical ions 
in the environment. Living organisms are always attacked by oxygen free radical 
(OFR), which is present in pollutants with oxygen. Environmental exposures, like air 
pollution, might increase an organism’s ability to create ROS; consequently, air 
pollution exposure may constitute a risk factor for AD by amplifying oxidative stress



mechanisms capable of triggering physiological changes in the central nervous 
system (Yang and Omaye 2009). Air pollution has been found in clinical tests to 
impair cognitive performance and cause cerebrovascular damage (Moulton and 
Yang 2012). ROS-mediated damage seems to be complex in Alzheimer’s disease, 
with interactions between dysfunctional mitochondria, redox transition metals, and 
other variables. 
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2.2.2 Relation Between Oxygen and Oxidative Stress 

Oxygen, oxidative stress, and hypoxia are some factors that affect the cell’s physiol-
ogy. A constant supply of oxygen is indispensable for nerve survival and physiol-
ogy. However, the role of oxygen and its associated mechanisms and other cascade 
processes in the nervous system is complex. As oxygen is essential for cells, whether 
neuronal or other cells that are involved in tissue formation, excessive oxygen level 
can be equally hazardous. During oxidative phosphorylation, the breakdown of 
glucose molecules takes place in the mitochondria (Mt) with the help of oxygen 
via ATP molecules. Mitochondria itself promotes oxidative stress and increases its 
intensity. Any genetic alterations like DNA mutation lead to dysfunction in the 
generation of ATP, leading to neuronal dysfunction and further leading to neuronal 
death. The primary reason of neuronal cell hypersensitivity to oxidative stress is 
related to structural and metabolic variables. The brain is predominantly sensitive to 
oxidative stress (Behl 2005), and glial cells of diverse types are involved in structural 
support and metabolic requirements. When compared to other endothelial cells in the 
body, endothelial cells are encircled by glial cells and are impervious to the absorp-
tion of different substances and defence cells such as macrophages. Furthermore, the 
brain requires greater oxygen and glucose intake to make continual ATP pooling 
in vivo for appropriate brain physiology since it always strives to maintain the other 
organs functioning, and it must be in normal physiology. Wherever the antioxidant 
levels are reduced in the aged brain, the consumption of oxygen is highly converted 
to free radicals and generates reactive oxygen species (ROS). 

2.2.3 Mechanism of Generation of Reactive Oxygen Species (ROS) 

The creation of free radicals is caused by oxygen molecules, which are hazardous to 
cells under certain conditions. Cells have regulatory mechanisms for the effective 
interaction of oxygen and metal ions, which results in reactive oxygen species (ROS) 
generation and oxidative stress. The metabolic route is useful for interacting with 
organic molecules in vivo since contact with oxygen is an important necessity owing 
to reactive oxygen species (ROS) and is actively inappropriate. In any form of 
reactive oxygen species (ROS) generation, molecular oxygen is needed to be actual 
and cellular or physiologically functioning, which is evolved in a wide range of 
metallo-enzymes that facilitate reactive oxygen species (ROS) generation upon the 
interaction of redox metals with oxygen using catalytic pathways:
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Fe IIIð Þ þO:-
2 Fe IIð Þ þ  O2 ð2:1Þ 

ð Þ þ  2 2 ð Þ þ  þ ð 2:2Þ 
The whole reaction of the pooled steps (3) is termed Haber-Weiss reaction: 

2 þ 2 2 2 þ þ ð2:3Þ 
In totalling the above reactions, the subsequent reactions may also take place: 

OHþ H2O2 H2Oþ Hþ þ O: 
2 ð2:4Þ 

þ ð Þ  ð Þ þ ð2:5Þ 

þ ð Þ  ð Þ þ þ ð2:6Þ 
Fenton reaction yields hydroxyl radical, which in turn rejoins with various 

biomolecules, including lipids, proteins, and DNA, and causes their oxidation. 

2.2.4 Role of Amyloid Beta (Ab)-Induced Oxidative Stress 
in Alzheimer’s Disease (AD) 

AD is characterised by the existence of disorientated plaques of amyloid proteins, 
hyperphosphorylation of neurofibrillary tangles of tau proteins, changes in amyloid 
precursor protein (APP) gene, and clinical symptoms like memory loss, motor 
deficiency, and cognitive impairment by inducing various mechanistic factors like 
ROS, neuroinflammation, cerebrovascular damage, Aβ accumulation, and neuronal 
loss. Stress can also cause vasculitis in the brain, making the brain more susceptible 
to dementia. Stressful life events have been linked to causing havoc to the brain, 
which could lead to AD. Numerous studies demonstrate that oxidation processes 
occur in the AD brain and that Aβ proteins can directly generate free radicals by 
activating the NADPH oxidase system (Shelat et al. 2008). The condition progresses 
as the reactive chemicals develop into pro-oxidants, which sustain an ongoing auto-
destructive process (Praticò 2005) (Fig. 2.1). 

A fragment of the amyloid precursor protein (APP), which is a normal neuron 
membrane protein synthesised in the brain, aggregates to form extracellular amyloid 
plaques. Excessive synthesis of Aβ can be neurotoxic and can cause oxidative stress. 
Direct evidence shows increasing oxidation stress in AD: 

1. Generation of free radicals in neurons and ROS formation 
2. Decreased neurocytochromes like cytochrome C oxidase in the brain 
3. Elevation of oxidation of proteins and DNA in aged brain
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Fig. 2.1 Causative factors of 
Alzheimer’s disease (AD) 
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4. Increased per oxidation of lipids in AD ventricular fluid due to membrane damage 
by ROS 

5. Amyloid β peptide capable of generating free radicals 
6. Decreased energy metabolism due to alterations in metabolic pathways 
7. Decreased polyunsaturated fatty acids and increased aldehyde 

(4-hydroxynonenal) products during the peroxidation of lipids 
8. Advanced glycation end products (AGE), malondialdehyde, and SOD-1 neurofi-

brillary tangles 

The enzymes glutamine synthetase and creatine kinase can both be rendered 
inactive by the direct production of ROS. ROS can control the JNK/stress-activated 
protein kinase pathways. The instigation of these cascades is related to the 
hyperphosphorylation of tau proteins and Aβ-induced cell death (Ferrer et al. 
2005). Aβ is created when the amyloid precursor protein is successively broken 
down by the secretases, β-site amyloid precursor protein-cleaving enzyme 1, and 
γ-secretase protein of the amyloidogenic pathway (APP). BACE 1 initiates the 
amyloidogenic process by cleaving the APP at two secretase sites. As a result, the 
plasma membrane secretes APP, which is a long version of APP, as well as CTF-99 
or CTF-89. Since Aβ42 is more likely to oligomerise than Aβ40 or Aβ38, which 
increases its capacity to exert cytotoxic effects, Aβ42 looks to be more neurotoxic 
than Aβ40 or Aβ38 (Dimitrov et al. 2013), causing oxidative mutilation to synaptic 
membranes and inducing hyperphosphorylation of tau proteins (Fan et al. 2020). 
These neurons internalised and degraded the Aβ peptide when exposed to soluble 
oligomers of it (AβOs), released extracellular vesicles containing the active enzyme 
catalase (CAT), and selectively secreted interleukins-6 and -10 and vascular endo-
thelial growth factor (VEGF) into the medium. The enzymes glutamine synthetase



and creatine kinase can be inactivated directly by ROS, which is produced by the 
production of Aβ fragment (de Godoy et al. 2018). As a result, the main metabolic 
variation in AD is the alteration of Aβ into hazardous compounds by ROS, which 
form senile plaques and promote apoptosis (Ribarič 2018). In fact, a growing body 
of research indicates that the primary toxic agents in AD rather than amyloid 
deposits are soluble Aβ oligomers, monomers, and protofibrils (Verma et al. 
2015). Fyn is rendered inactive as a result of γ-secretase, with Aβ activating the 
enzyme (STEP) striatal enriched protein tyrosine phosphatase, which sets off a chain 
of subsequent events that result in dendritic spine collapse (Mairet-Coello et al. 
2013). It is clear that the interaction between Aβ and oxidative stress has a significant 
role in the pathological changes experienced by AD patients. 
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2.2.5 Oxidative Damage-Induced Tau Neurofibrillary Tangles 

Microtubule-associated protein (MAP), tau protein, is recurrently present in the 
cytosol as well as in axons of neurons. Overexpression of Tau protein causes the 
course of stabilisation and destabilisation of microtubules, protein interactions that 
augment the pathological effects of tau and inhibition of kinase-dependent transport 
of Golgi complex-derived vesicles into neuritis, transportation defects and APP 
trafficking into neuron cells causing mutations in genes (apoE4), neurodegenerative 
histological dysfunctions, increased metal levels, inflammation, and consequent loss 
of synapses and neurons. Through the triggering of the p38 mitogen-activated 
protein kinase (MAPK) and c-Jun amino-terminal kinase, oxidative stress enhances 
the production of β-secretase (Tamagno et al. 2008) and promotes deviant 
phosphorylated tau through the activation of glycogen synthase kinase 3-(GSK-3-
β) (Fang et al. 2000); the inactivation of certain molecules by oxidants may be 
significant as well. Prolyl isomerase PIN1 was discovered using a proteomic tech-
nique to be especially vulnerable to oxidative stress, being significantly 
downregulated and oxidised in the hippocampus of AD patients (Pastorino et al. 
2006). Tau proteins include approximately 30 possible phosphorylation sites 
because of the abundance of serine and threonine phosphate-accepting residues. 
One of the many post-translational alterations that tau may experience is phosphor-
ylation by kinases such as JKN, AMPK, and GSK-3. It was discovered that 
tau-enriched neurofibrillary tangles indicate oxidative damage. Nitric oxide is pro-
duced in close vicinity to the tau that creates the neurofibrillary tangles, according to 
research on the location of the enzyme dimethyl arginase (MacAllister et al. 1996) 
and regulation of the activity of nitric oxide synthase in hippocampal tissue from AD 
patients. These conclusions are confirmed by the revelation that an antibody that 
recognises an HNE-lysine adduct co-localises with endogenously produced paired 
helical tau filaments from AD brains (Takeda et al. 2000). Furthermore, in AD 
patients’ brain, an aldehyde by-product of lipid peroxidation, i.e. acrolein, was found 
to co-localise with neurofibrillary tangles. Additionally, the antibody Alz50, which 
detects a conformational change in tau, corresponds with the antioxidant enzyme 
heme oxygenase-1 (HO-1), whose levels are noticeably raised in the AD and



moderate cognitive impaired (MCI) brain (Carmel et al. 1996; Barone et al. 2012), 
and perhaps plays a critical role in the harmful development of dementia. Antioxi-
dant therapy, for instance of nitrone and N-acetyl cysteine, inhibited the immune 
response to tau oligomers, demonstrating a further straight involvement of oxidative 
tension in tau assembly (Du et al. 2016). 
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2.3 ROS-Induced Disruption of Calcium Signalling 
in Alzheimer’s Disease 

In the AD brain, calcium (Ca2+ ) dysregulation ensues preceding to the development 
of Aβ plaques plus neurofibrillary tangles, signifying so as disturbance in cytoplas-
mic Ca2+ may be one of the disease’s primary causes. Cellular Ca2+ homeostasis is a 
critical regulator of many aspects of neuronal physiology, including synaptic plas-
ticity, growth and differentiation, action potential properties, knowledge, and mem-
ory. The pathogenesis of AD is influenced by plasma membrane Ca2+ channels, 
lysosomal Ca2+ signalling, and mitochondrial Ca2+ signalling and shows apoptosis, 
necrosis, degeneration, and poor autophagy, which are also facilitated by aberrant 
cellular Ca2+ . Hydroxyl radicals, superoxide anion, and hydrogen peroxide are 
recognised ROS that control Ca2+ signalling pathways. The ROS generation/Ca2+ 

signalling paradigm was discovered as a consequence of functional impairment of 
membrane-bound receptors and channels that regulate Ca2+ influx or efflux brought 
on by oxidative stress-induced lipid peroxidation. The primary Ca2+ storage organ-
elle in a cell is the ER, which can release Ca2+ in response to electrical and chemical 
cell stimulation (Bootman et al. 2001) through two types of Ca2+ release channels, 
the IP3R and the RyR. Ca2+ modulation is indirectly accomplished by causing 
membrane-damaging oxidative stress through voltage-dependent channels and 
ionotropic glutamate receptors, Ca2+ pumps, and increases Ca2+ inflow (Keller 
et al. 1997; Blanc et al. 1998; Mark et al. 1997). Aβ aggregates can inhibit Ca2+ 

signalling in a number of ways, including by activating the InsP3R and RyR, which 
release Ca2+ from ER storage, and by generating cation permeation pores on the 
plasma membrane, which enables Ca2+ entry. In response to agonists of phospholi-
pase C (PLC)-coupled receptors, the IP3R releases Ca2+ . When PLC is activated, PI 
(4,5) P2 is cleaved, releasing diacylglycerol and INS (1, 4, 5) P3 (IP3), which binds 
to IP3R. Calcium-induced calcium release by IP3R is a mechanism that further 
increases Ca2+ release through RyR (CICR). It has previously been demonstrated 
that IP3-evoked Ca2+ transients are amplified by the presence of the AD-linked 
presenilin 1 (PS1) mutation (Stutzmann et al. 2004). Exaggerated ER Ca2+ signals 
were shown to be caused by RyR activation brought on by Ca2+ released by IP3R. 
Increased intracellular Ca2+ overload, specifically its release from the ER, may cause 
an excessive amount of Ca2+ to be taken up by the mitochondria. The closeness of 
the ER and mitochondria on a physical level may contribute to this impact (Pinton 
et al. 1998; Csordás et al. 2006). 

Increased ROS generation and decreased mitochondrial membrane potential are 
effects of excessive Ca2+ buildup in mitochondria. Cell death results from the large



Ca2+ influx into mitochondria that causes the potential of the mitochondrial mem-
brane to collapse (Duchen 2000). The classic store-operated Ca2+ entry (SOCE) 
mechanism is activated by the depletion of ER Ca2+ , which then causes the stimula-
tion of plasma membrane Ca2+ channels, which eventually stimulate a prolonged 
extracellular Ca2+ influx to the cytosol. By controlling DRD1 that is dopamine 
receptor D1 to activate CaMKII (which is a Ca2+ /calmodulin-dependent protein 
kinase II) via the non-canonical Gaq-Ca2+ signalling pathway, GHSR1a contributes 
to hippocampus synaptic physiology and memory preservation (Kern et al. 2015; 
Hsu et al. 2018a; Seminara et al. 2018). In AD, tau is abnormally 
hyperphosphorylated, which disrupts axonal transport and results in the death of 
neuronal cells. Given that numerous kinases are triggered through Ca2+ , disturbance 
of Ca2+ homeostasis caused via the PS mutation may greatly increase tau phosphor-
ylation and cause neurofibrillary tangle development. Ca2+ fluctuations, mitochon-
drial function, gene expression, and apoptosis are just a few of the cellular activities 
that store-operated Ca2+ entry signalling in AD regulates. Some of the molecular 
targets include NMDR, which lessens cognitive impairment and behavioural 
outcomes in patients with moderate Alzheimer’s disease by preventing excessive 
Ca2+ influx and sustained glutamate release, which cause excitotoxicity of neurons, 
rescuing tau hyperphosphorylation and protecting synapse type A. Regulating 
sodium and calcium permeability, which improves memory and learning, type L 
VGCC diminishes the synthesis of A-42 and the neurotoxicity caused by A-25-33 in 
cortical neurons; several of these agents have good blood-brain barrier penetration; 
T-type voltage-gated calcium channels are controlled in their activation, which 
improves cognitive performance; RyR stabilises ER calcium release, prevents syn-
aptic loss, and enhances cognitive function, whereas InsP3R guards cells by limiting 
excessive caspase-3 and calcium activity (Tong et al. 2018). Antioxidants and 
mechanisms that control Ca2+ homeostasis by preventing its release from ER may 
be effective therapeutic strategies for preventing AD-related neuronal death. 
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2.4 ROS-Induced Mitochondrial Dysfunction (Mitochondrial 
Cascade Hypothesis) 

Mitochondria control both cellular metabolism and apoptosis. The onset of AD has 
been related to microglial mitochondrial oxidative stress. AD has been connected, 
via a number of mechanisms, to elevated reactive oxygen species (ROS) generation 
and decreased mitochondrial membrane potential. AD interacts with microglial 
receptors including TREM2, which opens up a cascade of reactions that harm 
mitochondria and amplify inflammatory and cytotoxic reactions. Microglia’s gener-
ation of mitochondrial ROS increases as a result of fibrillary Aβ stimulation of 
NADPH oxidase, which worsens the neurotoxic effects. 

The pathophysiology of AD is influenced by the metals, microglia, TREM2, 
apoptosis, P2X7R, and mitochondrial dysfunction. Damage to the mitochondria 
impairs their ability to produce energy, causes oxidative stress, and produces 
mitochondrion-derived damage-associated molecular patterns that harm neurons



and promote inflammation. The dynamics of mitochondrial fission and fusion are 
also out of balance in AD, which results in abnormal mitochondrial dispersion in 
neurons. Reactive oxygen species can be created when electrons decrease oxygen 
outside of the electron transport chain (ROS). By coordinating electron transfer with 
the pumping of protons across the inner mitochondrial membrane, mitochondria 
make ATP. Membrane potential (MP) and ROS production are related, and a high 
MP encourages more ROS production. High MP alters the redox potential of ETC 
carriers and lengthens the half-life of ubisemiquinone, both of which increase the 
generation of ROS. Additionally, any damage to ETC components could cause 
decreased intermediates to stall, increasing the chance of an electron sliding and 
lowering O2 to produce ROS. To maintain the functioning of neurons, mitochondria 
produce ATP using the electron transport chain (ETC). Reduced mtDNA copy 
number from altered mitochondrial dynamics may lead to problems in mitochondrial 
electron transport function (Readnower et al. 2011). mtDNA oxidation rises in 
comparison to nuclear DNA, leading to an age-dependent buildup of mtDNA 
mutations. These mutations would result in a general decrease in the number of 
copies of the mtDNA, which would lower oxidative phosphorylation. The develop-
ment of AD is aided by the elevated levels of cyclophilin D and Aβ in synaptic 
mitochondria. Patients with AD have abnormal mitochondrial dynamics, and it has 
been found that mitochondrial fission occurs more regularly than fusion in 
AD. Evidence shows that there are fewer mitochondria in AD, which is consistent 
with larger mitochondria, which supports this observation (Hirai et al. 2001). Fis1 
and other proteins linked to fusion (dynamin-like protein and OPA1) have been 
found to have higher protein levels in response to APP overexpression through the 
synthesis of Aβ. Aβ has also been demonstrated to harm Drp1 by oxidative damage, 
which leads to mitochondrial fission (Cho et al. 2009). There is growing indication 
from studies that mitochondrial dysfunction is a key influence in the onset and 
advancement of AD. 
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2.5 Oxidative Stress and Damage to Biomolecules (Lipids, 
Proteins, DNA/RNA) 

Strong oxidants called reactive oxygen species, also known as peroxynitrite, are 
produced when nitric oxide and superoxide anion react, and they can harm lipids, 
proteins, and nucleic acids (DNA and RNA). The pre-existing oxidative stress-
induced damage that precedes and may involve and/or contribute to the neurofibril-
lary deterioration of neurons in the Alzheimer’s disease brain may constitute the 
selective variation of a multitude of intracellular proteins, including key enzymes 
and structural proteins. Another sign of oxidative stress linked to AD is extensive 
oxidative injury to nucleic acids that results in modifications to DNA assembly. The 
nucleotide guanosine is oxidised in DNA/RNA oxidation to create 
8-hydroxyguanosine (8-oxoG). High amounts of 8-oxoG were discovered in 
neurons in the hippocampus, subiculum, entorhinal cortex, and frontal, temporal, 
and occipital neocortex in apoptotic brain samples from AD patients. Additionally, it



was discovered that RNA oxidation was much higher in various locations such as the 
front parietal cortex, white matter, cortical neurons, and hippocampus of old rats. 
According to certain reports, oxidative stress causes changes to the proteins tau and 
Aβ. Tau interacts dynamically with the generated microtubules to aid in microtubule 
structure, and their organisation’s intracellular dynamics were shown to be disturbed 
in AD patients (Weingarten et al. 1975; Heston and White 1978). 

2 Oxidative Stress and Metals in Alzheimer’s Disease 27

Lipids, which make up the majority of cellular membranes, are essential for 
preserving the structural integrity of cells. The physical characteristics of cellular 
membranes are changed by excessive lipid oxidation, which can also lead to the 
covalent alteration of proteins and nucleic acids (Gaschler and Stockwell 2017). 
Numerous biological settings result in the assembly of lipid peroxides, which can act 
as signalling molecules by post-translationally altering proteins through enzymes or 
non-enzymatic mechanisms to be used in the production of lipid peroxides such as 
5-lipoxygenase, 12/15-lipoxygenases, and chemistry of the Fenton-type reactions. 
The amount of the chromophore produced by the reaction between MDA and 
thiobarbituric acid can be evaluated by measuring the absorbance. This chromophore 
is utilised to detect lipid peroxides and the by-products of their breakdown. Similar 
to this, the degree of protein carbonylation has been determined using the reaction 
between the aldehyde moiety of 4-HNE and 2,4-dinitrophenylhydrazine. The role of 
lipid peroxides in numerous diseases and cell death has also been made clear by the 
fact that they can produce hazardous secondary messengers. In some situations, it 
has been demonstrated that the lipid breakdown product 4-HNE can cause apoptosis 
(Dalleau et al. 2013). Lipid peroxides’ capacity to produce harmful secondary 
messengers has also served to emphasise their significance in a number of diseases 
and the part that cell death plays in the development and control of inflammation 
(Ackermann et al. 2017). Inhibiting the enzymes responsible for their synthesis, or 
using peroxidation inhibitors, is a very popular method for averting the progress of 
lipid peroxides. 

DNA and RNA, which are made up of proteins involved in the disease, peaked 
early and remained increased. According to the study, nucleic acid oxidation is a 
common occurrence in neurodegeneration. Protein synthesis is slowed down or is 
abnormal when mRNA, rRNA, and tRNA are oxidised. Oxidative stress messes with 
the regulatory mechanisms of noncoding RNAs, particularly microRNAs, as well as 
this translational machinery (miRNAs). Oxidised miRNAs can mistakenly recognise 
target mRNAs. The vulnerable brain areas of AD contain three downregulated 
miRNAs that are miR-107, miR-210, and miR-485 as well as seven upregulated 
miRNAs that are miR-125b, miR-146a, miR-200c, miR-26b, miR-30e, miR-34a, 
and miR-34c, all of which are associated to oxidative stress (Nunomura and Perry 
2020). 

Transfer RNA (tRNA), microRNA, and ribosomal RNA (rRNA) susceptible to 
oxidative damage (miRNA): The stimulation of caspase-3 and subsequent apoptosis 
are caused, in part, by the preferential attachment of poly(C)-binding protein 
1 (PCB1) to oxidised mRNA containing two contiguous 8-oxoGua residues (Ishii 
et al. 2018). Because it is available in the mitochondrial inter-membrane space, 
cytochrome c (cytc) can catalyse the oxidation of transfer RNA (tRNA), which



primes to the formation of a cross-linking complex between tRNA and cytc and 
encourages its release from mitochondria, which then causes apoptosis (Tanaka et al. 
2012). Even though Bcl-xL and Bcl-w are not their natural targets, oxidised miRNA-
184 that contains 8-oxo-guanosine binds with them. The eventual apoptosis is 
caused by a subsequent decrease in Bcl-xL and Bcl-w (Wang et al. 2015). Better 
early intervention tactics may result from a deeper understanding of the effects and 
cellular conduct processes of the oxidatively changed RNAs, which may reveal 
information about the primary causes of neurodegenerative disorders. 
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DNA oxidative damage may be a significant factor in ageing and neurological 
illnesses like Alzheimer’s disease (AD). Reactive oxygen species, predominantly 
hydroxyl radicals, can harm DNA by breaking DNA strands, forming DNA-DNA 
and DNA-protein cross links, exchanging and translocating sister chromatids, and 
producing at least 20 oxidised base adducts. Altering DNA bases can result in 
mutation and altered protein synthesis (Markesbery and Lovell 2006). Mild cogni-
tive weakening, the first form of AD, has elevated levels of 8-OHG, 8-OHA, and 
5,6-diamino-5-formamidopyrimidine in nuclear and mitochondrial DNA, indicating 
that DNA oxidation is an early occurrence in AD. Additionally, the interaction of 
DNA bases with alpha- and beta-unsaturated aldehydic by-products of lipid peroxi-
dation, such as 4-hydroxynonenal and acrolein, can result in the production of large 
exocyclic adducts (Lovell and Markesbery 2007). Antioxidants as treatments have 
engrossed a lot of attentiveness due to the role that biomolecule oxidation and overall 
oxidative stress play in the progress of Alzheimer’s disease. 

2.6 Role of Metals in AD 

Metals are part of the earth’s crust and are found in water, the atmosphere, and many 
other ecosystems. Copper (Cu), chromium, cobalt, magnesium, iron (Fe), lithium, 
manganese (Mn), selenium (Se), nickel (Ni), and zinc (Zn) are among the essential 
metals. Metals play a vital role in our daily lives since they are engaged in so many 
enzymatic activities and serve crucial roles in maintaining cell structure and 
controlling processes like neurotransmission, antioxidant response, and gene expres-
sion. Both endogenous and exogenous metal exposures are known to cause changes 
in oligo-element homeostasis and can harm the central nervous system (CNS), cause 
oxidative stress, interfere with mitochondrial function, and inhibit the activity of 
various enzymes that play crucial catalytic, structural, and regulatory roles in various 
proteins, transporters, and receptors. These systems may be circumvented by toxic 
metal compounds, or they may be trapped inside and endanger the BBB. Evidence 
suggests that metal-induced neurotoxicity may be brought about via chemically 
induced blood-brain interface damage (Chen et al. 2014). While roughly they are 
necessary in tiny amounts, undue concentrations in the humanoid body typically 
cause neurotoxicity. The most prevalent deficiencies linked to metal-induced toxic-
ity embrace mitochondrial malfunction, oxidative stress, and protein misfolding 
when metals get hoarded in the brain system (Wright and Baccarelli 2007; Angeli 
et al. 2014; Zhang et al. 2013; Seo et al. 2013). Numerous antioxidant enzymes,



which are crucial for the brain and other organ functions, depend heavily on metal 
homeostasis. Additionally, it has been proposed that AD is caused by changes in 
critical metal homeostasis, which result in the interaction of metals with proteins and 
their consequent activation of aggregate formation (Gunter et al. 2010). 
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In the biological processes of metalloproteins and in neural processes, metal ions 
in the AD brains can rise up to three times over those in healthy control brains 
physiologically (Malecki 2001). A positive feedback loop of greater oxidation and 
higher ROS production is produced when the cations Zn2+ and Cu2+ bind to the 
hydrophilic N-terminal ends of Aβ peptides. Here, they are able to undertake 
continuous redox reactions that generate significant levels of ROS (Bondy et al. 
1998; Strong et al. 1996). 

2.7 Zinc 

The second most common transition metal after Fe, Zn is a crucial trace element 
needed by humans and several other living organisms. Over 300 enzymes and 
metalloproteins use it as a cofactor, which controls gene transcription and antioxi-
dant response. The testes, muscle, liver, and brain contain the majority of the body’s 
Zn. Zn deficiency in humans impacts learning capacity as well as mental and 
physical development. 

Researchers have looked into the unusually high Zn2+ content in the brains of AD 
patients to draw conclusions about the relationship between the pathogenesis of AD 
and an imbalance in Zn2+ homeostasis. Zn inhibits amyloid-induced neurotoxicity 
by preferentially precipitating aggregation intermediates at low doses (a few 
micromolars) (Garza-Lombó et al. 2018; Spiers et al. 2022). 

Zinc’s contribution to the pathophysiology of AD is supported by two major lines 
of evidence: (1) zinc concentrations in the brain, blood serum, and cerebrospinal 
fluid are frequently used as AD biomarkers and (2) zinc concentrations in brain, 
blood serum, and cerebrospinal fluid are densely innervated by zinc-containing 
axons, whereas those less affected by pathology contain few zinc-containing 
terminals (Chen et al. 2012). The phenomenon known as ‘zinc fooding’, in which 
zinc-containing neurons abruptly release free zinc into the brain’s extracellular 
spaces, is a key aspect of this examination. This phenomenon can appear in response 
to a number of circumstances, including ischaemia, convulsions, and traumatic brain 
damage. However, an experimental investigation using a tau mouse model revealed 
that Zn supplementation exacerbated the behavioural and biochemical deficiencies 
brought on by tau proteins (Barnham et al. 2003). 

The high concentration of Zn2+ ions binding to β-amyloid may enhance the 
formation of fibrillar β-amyloid aggregation in the synaptic cleft, where oxidised 
Aβ protein can build up and combines with the protein to produce a precipitate of 
poisonous Aβ peptides that are unable to leave the synapses leading to 
neurodegeneration (Cuajungco et al. 2000). The easier formation of hazardous 
oligomers and, ultimately, plaques is made possible by the binding of metal ions 
to Aβ monomers. Microtubule instability caused by intracellular Zn depletion



triggers the release of tau, hyperphosphorylation, and development of neurofibrillary 
tangles. The release of Zn from metallothionines by intracellular Zn excess, which 
results from Aβ aggregation and ROS production, may disrupt mitochondrial func-
tion and trigger apoptosis. 
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Metal ions can also interact with tau proteins in a similar way. It has been shown 
that Zn2+ can bind tau and encourage its phosphorylation (Garai et al. 2007). We 
discovered that tau fibrillisation and formation of paired helical filaments are induced 
and accelerated by even micromolar concentrations of Zn2+ ions. This is accom-
plished by upregulating kinases that phosphorylate tau, such as GSK-3, and 
inhibiting kinases that de-phosphorylate tau proteins, such as protein 
phosphatase 2A. 

Zn influences key pro-inflammatory signalling pathways by acting as an anti-
inflammatory element. Zn inhibits the dissociation of nuclear factor k B (NF-kB) 
from the inhibitory protein that it is paired with, preventing NF-kB from 
translocating into the nucleus and thus suppressing inflammation. Zn also prevents 
STAT3 activation brought on by IL-6 (Suh et al. 2000). Zn levels that are exces-
sively high induce the inhibition of Cu and Fe 83 absorption, an increase in the 
production of ROS in the mitochondria, and disruption of the activity of metabolic 
enzymes, all of which lead to the induction of apoptosis. By activating ERK1/2, 
which can phosphorylate beclin-1 and thereby facilitate the formation of the beclin-
1-PI3K complex during the autophagic process, zinc promotes autophagy. Addition-
ally, zinc can facilitate the degradation of mTOR, a negative regulator of autophagy, 
which results in cell autophagy. 

2.8 Iron Toxicity 

All living things require iron (Fe), a redox active metal, for healthy physiological 
functions. Fe is necessary for cell growth at the cellular level, but too much of it 
(Fe overload) results in oxidative stress and cell death. Fe homeostasis refers to the 
process of strictly controlling Fe levels. It is frequently found as heme-containing 
proteins, as a cofactor in proteins that contain Fe-sulphur clusters, and as proteins 
that contain Fe ions (Craven et al. 2018). A couple of examples of heme-containing 
proteins are catalases and peroxidases. Fe is very strongly associated with the 
pathophysiology of AD. 

Although free Fe is more likely to form free radicals and exchange electrons with 
adjacent molecules than bound Fe, bound Fe is regarded as safe because it can lead to 
additional Fe release from proteins that contain Fe, such as heme proteins, ferritin, 
and Fe-sulphur clusters. A lack of iron can also make it easier for the body to absorb 
divalent elements including lead (Pb), cadmium (Cd), aluminium (Al), and manga-
nese (Mn). Even in the lack of excess Mn in the brain, Fe shortage might promote 
Mn accumulation there (Atwood et al. 2003). There is an inverse link between Mn 
and Fe because Fe and Mn, along with other important metals, are regulated inside 
the basal ganglia by influx into the brain via transferrin and TfRs, as well as by 
DMT-1. Fe-induced oxidative stress is particularly hazardous (Naqvi et al. 2010).



This is because it can create an intracellular positive feedback loop that worsens the 
toxic effects of brain Fe overload. Fe is taken up by the BBB in the brain. The 
capillary endothelial cell TfR absorbs Fe in the form of transferrin-Fe3+ . Addition-
ally, Fe3+ can attach to p-tau monomers to cause aggregation and creation of 
oligomers. NFTs can undergo continuous Fenton redox reactions as a result of the 
accumulation of Fe3+ ions, which produces large levels of ROS and intensifies 
intracellular oxidative stress. For iron to be absorbed from food, the DMT-1 is a 
crucial transporter. Intestinal DMT-1 levels are upregulated by Fe deprivation, and 
Mn absorption and neurotoxicity are also increased (Cristóvão et al. 2016). 
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2.9 Copper Toxicity 

Copper is thought to be the metal ion that is most redox reactive. Redox regulation 
guards against various forms of oxidative stress and preserves ‘redox equilibrium’ 
by managing the redox state. In actuality, the redox characteristics of Cu ions are 
what cause the neurotoxic effects, increasing ROS generation in the CNS (Gammoh 
and Rink 2017). The brain is thought to be particularly vulnerable to the harmful 
effects of ROS due to its high metabolic rate and relatively low capacity for cellular 
control when compared to other organs. Cu is a necessary element and a crucial part 
of many enzymes, such as cytochrome c oxidase, dopamine hydroxylase, mono-
amine oxidase, and superoxide dismutase (Cu/Zn-SOD or SOD1), which are crucial 
for oxygen and electron transport, protein modification, and production of 
neurotransmitters (Mezzaroba et al. 2019). ROS manifestations and 
neurodegeneration have been linked to necessary metals, such as Cu. Cu in excess 
is neurotoxic and has been associated with the progression of AD. 

Because of its weak albumin binding, it is likely for Cu ions to be liberated from 
the albumin-bound moiety at the BBB and then transported into the brain. The 
ATP-dependent transport of Cu across the BBB is carried out by two intracellular 
proteins called Cu-transporting P-type ATPases (ATP7A and ATP7B), which 
belong to a subclass of ATPases. However, it is unclear how these proteins are 
distributed within the BBB. The BBB is impermeable to Cu under typical physio-
logical circumstances. Specific Cu transport systems are needed to move Cu between 
two fluid compartments across the BBB. The BBB-mediated variations in copper ion 
(Cu2+ ) levels have a significant impact on Aβ metabolism. Cu can only passively 
diffuse into the cerebrospinal fluid under specific pathological circumstances where 
BBB permeability is reduced. 

Three steps can be used to describe how copper ions associate with Aβ. Copper is 
first bound to endogenous reductants, and then Cu (II) is reduced to copper. Copper’s 
reductive state causes molecular oxygen to also undergo reduction, ensuing in the 
generation of ROS. The toxicity of amyloid oligomers and plaques is exacerbated as 
a result of copper’s direct interactions with Aβ (Mills et al. 2010). 

Copper interacts with amyloid and tau proteins to promote aberrant protein 
accumulation (Bader et al. 2011). Cu may promote amyloid precursor protein and



amyloid peptide self-aggregation, and elevated levels of Cu in cerebral fluid have 
been observed in some AD patients (Mezzaroba et al. 2019). 
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Cu appears to accelerate the Aβ cascade by promoting Aβ production and 
accretion in AD plaques, and its deposition in the CNS. Intracellular tangles first 
form inside neurons when Fe and Cu bind to hyperphosphorylated tau protein. Free 
Fe2+ or Cu1+ species will cause harmful Fenton reactions, including the production 
of ROS and micro-inflammation (Smith et al. 1997). Cu’s potent affinity for Aβ, 
which promotes its aggregation and heightens oxidative stress via the Fenton 
reaction, has traditionally been thought to be its neurotoxic mechanism of action. 
Therefore, it has been proposed that Cu build-up mediates neurotoxicity and that its 
removal from the brain prevents or reverses the load of Aβ plaque. Recent research 
reveals that dyshomeostasis of Cu and its valency in the body, rather than accultura-
tion and interaction with Aβ, are the primary determinants of either its neurotoxic or 
helpful effects as an essential metal. Aβ1–42 that has been stabilised by copper 
interacts with cell membranes to make them more permeable. Lysosomes, the 
organelles involved in autophagy, have shown an increase in copper. Elevated 
copper levels in the redox cycle of metal ions encourage autophagy and apoptosis 
in glioma cells through the activation of JNK and reactive oxygen species. 

Deregulated copper ions may initiate and enhance tau hyperphosphorylation and 
formation of sheet-rich tau fibrils, which in turn lead to synaptic failure, neuronal 
death, and cognitive impairment found in AD patients. 

The fact that genetic mutations on Cu transporters that cause loss of function 
cause severe neurological symptoms is another argument in AD pathology. Unique 
pathways of Cu neurotoxicity were postulated, mediated by non-neuronal cell 
lineages in the brain, like capillary endothelial cells, contributing to the development 
of AD neuropathology, along with its changed distribution (Acevedo et al. 2019). 

2.10 Aluminium 

Al is used in many different things, such as food packaging, preservative cans, 
cookware, automobiles, and vaccine adjuvants, to name a few. Oxidative stress and 
mitochondrial dysfunction are two potential reasons of the brain damage. In human 
AD, aluminium increases plaque and tangle pathology, impairing cholinergic neu-
rotransmission and causing similar neural network destruction (Kawamata and 
Manfredi 2010). The prolonged retention percentage of aluminium in the brain 
suggests that it may accumulate to hazardous levels over time. The same neurons 
that form intracellular neurofibrillary clumps also develop aluminium deposits; 
however, Al hydroxide impairs long-term memory, increases anxiety, and kills 
neurons in the spinal cord and motor cortex. Aluminium salt produces localised 
neurodegenerative effects that resemble AD. 

The growth of iron-driven oxidative stress events linked to numerous separate but 
functionally related gain-of-toxicity and loss-of-function processes is the postulated 
mechanism of aluminium-induced neurotoxicity. The inositol phosphate system and 
calcium control may be disrupted by aluminium deposition, which could lead to



neurodegeneration. Aluminium promotes harmful redox reactions caused by iron, 
primarily by simultaneously activating superoxide dismutase and inhibiting catalase 
(Stutzmann et al. 2004). After chronic aluminium exposure, transgenic mice’s 
hippocampal tissues’ RNA expression can be examined to indicate redox stress 
patterns. Because the integrity of biological membranes is compromised by free 
radical attacks on proteins and lipids, unchecked redox reactions are devastating. By 
opening the mitochondrial permeability transition pore (MTP) and encouraging 
cytochrome c translocation into the cytoplasm, aluminium ions indirectly drive 
mitochondrial dysfunction. Effects of aluminium on biological systems, such as 
changes in protein accumulation, gene expression, and membrane disruption, have 
only been observed in quantity that is significantly higher than that found in people 
(Wang et al. 2020). 
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2.11 Manganese 

Manganese (Mn) is a universally important trace element needed for healthy cellular 
homeostasis, growth, and development. The chemical forms of Mn include chelates, 
salts (sulphate and gluconate), and oxidation states (Mn2+ , Mn3+ , Mn4+ , Mn6+ , and 
Mn7+ ) (aspartate, fumarate, succinate) (Roos et al. 2006). In astrocytes, the abundant 
manganoprotein glutamine synthetase (GS) expresses itself mostly and produces 
glutamine by converting glutamate to glutamine. Low levels of Mn in the brain 
lower GS activity since it has been proposed that Mn regulates GS activity. 
Enhanced glutamate transport and glutamatergic oxidative stress, mitochondrial 
malfunction, dysregulation of autophagy, build-up of intracellular hazardous 
compounds, and apoptosis are some of the underlying mechanisms. Alzheimer’s 
disease (AD) and other neurological illnesses associated with ageing depend on 
mitochondria. 

Being a necessary metal, manganese is mostly obtained through dietary means. 
However, inhaling large concentrations of the metal can result in brain manganese 
build-up and manganism, a condition that resembles neurodegeneration. Manganese 
from food passes across the blood-brain barrier (BBB), but it is absorbed through the 
olfactory transport channel from inhalation, causing a build-up of the metal in the 
brain. In animal models, too much manganese impairs MnSOD, which leads to 
oxidative stress and pathophysiology of AD, including Aβ build-up and tau phos-
phorylation. Although the potential relationship with clinical AD has not yet been 
proven, manganese binds Aβ and elevated manganese exposure is connected with 
cognitive losses in human epidemiologic research. A specific type of neurodegener-
ative disease called manganism is linked to extremely high manganese exposure. 
The amounts of additional critical metals affect how much manganese has an impact 
on the nervous system. Mn might contribute to the development of AD. According 
to reports, the development of senile plaques is linked to deregulated Mn metabolism 
in AD patients as well as a malfunctioning Mn-SOD scavenger system. 

Patients with neuropathology-confirmed AD have brains with decreased mito-
chondrial MnSOD activity. Additionally, it has been shown that Fe regulates the



transport of Mn across the BBB and that a disturbed distribution of Fe has been 
linked to the pathophysiology of AD (Ward et al. 2015). The majority of intracellular 
Mn is stored in mitochondria, and an increase in Mn levels in this organelle can 
directly affect oxidative phosphorylation, limiting the activity of F1-ATPase and, as 
a result, cellular ATP generation (Hsu et al. 2018b). The excessive ROS are then 
produced by oxidative stress caused by high intra-mitochondrial Mn levels, which 
leads to mitochondrial malfunction. Its pro-oxidant capability is increased by the 
transition from Mn+2 to Mn+3 . Oxidative stress induced by Mn causes the mitochon-
drial transition to open. 
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2.12 Cadmium 

Cadmium (Cd) is a proven human carcinogen and non-essential transition heavy 
metal. The main ways that people are exposed to cadmium are through their diet and 
cigarettes. Cadmium exposure through inhalation can pass past the olfactory bulb 
and blood-cerebrospinal fluid barrier and enter the brain. Cadmium induces oxida-
tive stress, neuroinflammation, and neuronal death in animal models of the brain. By 
altering the BBB’s permeability, causing AD to aggravate thereby creating tau 
neurofibrillary tangles as cadmium causes neurotoxicity. Cadmium may be linked 
to clinical AD and reduced cognitive performance specifically in human ageing 
research (Yokel 2000). Given the uncertainties surrounding cadmium transport to 
the brain, the pathophysiologic connection between environmental cadmium expo-
sure and AD is, however, rather tenuous. 

A metal like cadmium that is redox inactive indirectly causes oxidative stress. For 
sulfhydryl groups of thiols like glutathione and metallothionine, cadmium exhibits a 
strong attraction. The antioxidant defence system is interfered by either short-term 
high-level exposure or long-term persistent low-level exposure (Nandi et al. 2019). 
In neural cells as well as brain endothelial cells, cadmium causes oxidative stress. 
Glutathione detoxification is activated at low cadmium levels. Glutathione depletion 
occurs at larger concentrations with ongoing oxidative stress. 

Another putative cadmium-AD route is poisoning of cholinergic neurons. Ace-
tylcholinesterase is altered, and basal forebrain cholinergic neurons degenerate as a 
result of cadmium exposure, which accelerates cell death on cholinergic neurons. 
Cadmium impairs neurodevelopment and induces oxidative stress-dependent 
neuroinflammation. Direct effects on neuronal cells through oxidative stress, 
neuroinflammation, and apoptosis are well understood. By altering the BBB’s 
permeability and combining with other neurotoxicants, cadmium may also cause 
neurotoxicity, aggregation of Aβ, and formation of tau neurofibrillary tangles 
(Lidsky 2014). Cadmium exposure causes pathogenic mechanisms that lead to 
cognitive dysfunction and AD pathogenesis.
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2.13 Lead 

Lead contamination is widespread as a result of recent and previous industrial usage. 
Lead enters the bloodstream through ingestion, inhalation, or cutaneous absorption 
before it can cross the blood-brain barrier (Deore et al. 2021). Lead is a strong 
neurotoxin that disrupts the brain in a generalised manner and leads to oxidative 
stress, mitochondrial damage, endoplasmic reticulum stress, excitotoxicity, altered 
homeostatic metal signalling, inflammation, and finally neuronal apoptosis (Du et al. 
2017). Lead treatment results in memory problems and AD-related pathologies in 
animal models, including alterations in tau, APP, and Aβ. 

Additionally, it disrupts Ca2+ homeostasis, prevents PKC115 from being 
phosphorylated, and lowers nitric oxide generation. Intelligence, executive function-
ing, memory, attention, processing speed, language, emotion, and motor and visuo-
spatial skills are all negatively impacted by Pb exposure. 

Microtubule-associated protein tau (MAPT): Transgenic mice treated with 0.2% 
lead acetate water during PNDs 1–20 had lead-related altered expression of MAPT 
and miR-34c, a miRNA that targets MAPT causing cytoskeleton stability 
impairment and neuronal dysfunction (Martinez-Finley et al. 2013). Rats of both 
sexes exposed to these conditions had increased tau protein in the forebrain and 
cerebellum and tau hyperphosphorylation. Mice and rats that were exposed to lead 
early in life had pathology that was related to Alzheimer’s disease (Bihaqi and Zawia 
2013). Increased tau mRNA, tau protein, its transcriptional regulators (Sp1 and Sp3), 
and site-specific tau hyperphosphorylation were all linked to early-life lead 
exposure. 

2.14 Conclusion 

In conclusion, metal-induced oxidative stress has been identified as a significant 
contributor to the development and advancement of Alzheimer’s disease. Elevated 
levels of metals such as copper, aluminium, and iron have been found in the brains of 
individuals with Alzheimer’s disease, and these metals can generate reactive oxygen 
species and lead to oxidative damage to cells and tissues. This damage can result in 
the accumulation of amyloid beta protein and tau tangles, which are key pathological 
features of Alzheimer’s disease. Moreover, metal-induced oxidative stress can also 
lead to inflammation and cell death, which can further contribute to the deterioration 
of brain function in individuals with Alzheimer’s disease. For example, studies have 
shown that individuals with Alzheimer’s disease have higher levels of aluminium in 
their brains compared to healthy individuals. Additionally, researchers have found 
that increasing the levels of copper in the brains of mice leads to the accumulation of 
amyloid beta protein and the development of Alzheimer’s disease-like symptoms. 
Similarly, studies have demonstrated that iron accumulation in the brain is associated 
with the development of Alzheimer’s disease. 

Targeting metal-induced oxidative stress may represent a promising strategy for 
the prevention and treatment of Alzheimer’s disease. For example, studies have



shown that chelating agents, which bind to metals and remove them from the body, 
can reduce oxidative stress and improve cognitive function in individuals with 
Alzheimer’s disease. Additionally, dietary interventions, such as increasing the 
intake of antioxidants, may also help to mitigate metal-induced oxidative stress 
and prevent or delay the onset of Alzheimer’s disease. 
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Abstract 

Alzheimer’s disease (AD) is one of the significant progressive disorders of the 
brain, which lead to the destruction of memory and cognitive power in elderly 
individuals. Mild-to-severe extent of neurodegeneration triggers AD in most 
cases. Patients with AD carry a higher chance of generation of dementia, memory 
loss, and gradual loss of basic intellect. According to a recent report, calcium 
dysfunction at the neuron level and microglia-mediated neuroinflammation are 
the leading causes of AD. The formation of amyloid plaques at the extracellular 
level and neurofibrillary tangles in the intracellular part of neurons is the most 
established AD hypothesis as explored by different research groups throughout 
the globe to date. However, the exact root cause of the disease pathogenesis is still 
unknown which has made the disease incurable. Multiple symptomatic treatment 
options exist for AD, but none of the existing and new drug candidates proved to 
have potent disease-curing activity. This chapter deals mainly with the role of 
neuroinflammation in the disease progression of AD. The effect of injury, 
immunity, infection, and aging on neuroinflammation is described in detail. 
Further, the chapter describes the molecular pathway of microglia and astrocyte 
activation and the subsequent release of different cytokines and chemokines, 
which trigger AD through neuroinflammation. The last part of the chapter 
describes the role of reactive oxygen species and infiltration of peripheral 
leukocytes in central nervous system (CNS) for disease progression. The exact
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cause of disease initiation and subsequent disease progression for AD is still a 
matter of extensive research. This chapter is intended to concisely depict a detail 
of till date reported molecular hypothesis for AD and the future perspectives, 
where we still have to shed light to make the disease manageable and curable in 
the near future.
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TNF alpha Tissue necrosis factor 
τ-Protein Tau protein 
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3.1 Introduction 

Alzheimer’s disease (AD) is the most common form of dementia, which leads to 
brain atrophy and loss of brain cells, which significantly disturbs the human cogni-
tive power and leads to major behavioral changes. The major symptoms include loss 
of memory, loss of thinking ability, depression, apathy, loss of judgement ability, 
and many more metal complications, which make the daily life difficult for the 
affected individual (National Institute of Aging n.d.-a). The term “dementia” was 
coined near about 600 AD. It is a Latin word originated from “de” (loss), “ment” 
(mind), and “ia” (a state). Altogether, the word dementia means “a state out of mind” 
(Yang et al. 2016). Dementia can be classified into four major types, namely, 
frontotemporal dementia, Lewy body dementia, vascular dementia, and Alzheimer’s 
disease (Geldmacher and Whitehouse 1996). The name “Alzheimer’s disease” is 
after the name of a German doctor Alois Alzheimer who first time documented the 
symptoms of the disease. The term “Alzheimer’s disease” was introduced in the year 
1910 by the psychiatrist Emil Kraepelin, a colleague of Dr. Alzheimer (Cipriani et al. 
2011). The major reasons behind initiation of AD may be related to genetic factors, 
environmental factors, and lifestyle. Age-related disease progression is very promi-
nent in AD. The average age of appearance of symptoms of AD is identified as 
65 years, and the number of affected persons increases gradually with age which 
reaches to almost 30% of people of average age group of 85 years and above. AD is 
classified into broadly two types, namely, early onset and late onset. Among the two 
types, the late-onset type is the most common type, and the clear cause is unknown 
till date. However, one genetic risk factor named apolipoprotein E (APOE) gene on 
chromosome 19 may increase the risk of disease initiation. In early-onset type of 
AD, symptoms appear in between 30 and 60 years of age group (National Institute of 
Aging n.d.-a). 

Extensive research is still going on in different parts of the globe to identify the 
actual root cause of disease initiation and disease progression. Numerous hypotheses 
have been established as a probable molecular pathway; however, none of them have 
proved to explain all the disease-causing and -progressing aspects of AD. Among 
various established and most popular few hypotheses described as the major cause of 
AD are neuropathological changes due to formation of amyloid plaques in the form 
of beta-amyloid (Aβ) which deposits in the extracellular part and neurofibrillary 
tangles which deposit in the intracellular part and formed due to 
hyperphosphorylation of tau protein (Serrano-Pozo et al. 2011). Another hypothesis 
says that the formation of neuropil threads may be another reason for AD. The major 
difference between neurofibrillary tangles and neuropil threads is that tangles are 
fibrous inclusion components of intracytoplasmic part of either the cell body or the



proximal part of the dendrites of the affected neuron. However, neuropil threads are 
a swollen filamentous structure containing dendrites. Neurites are the swollen 
filamentous material at the distal axon part (Savonenko et al. 2015). Dystrophic 
neuritis at the amyloid plaque region is another established hypothesis behind AD. It 
is established that Aβ promotes disruption of microtubules in dystrophic neuritis and 
further disrupts axonal transport. Further, the process accelerates the process of 
accumulation of amyloid precursor protein (APP) and the cleaving enzyme at the 
affected terminal and progressively worsens the condition by contributing to the Aβ 
formation (Sadleir et al. 2016). Neuronal loss and early synaptic loss are another 
proven fact behind the progression of AD. Microglial phagocytosis may be consid-
ered as a major reason behind synaptic loss (Subramanian et al. 2020). 
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Apart from the above-documented established multiple hypothesis, various cyto-
kine- and chemokine-mediated neuroinflammation is considered one of the major 
factors behind disease progression. Neuroinflammation is the process of sensitizing 
the central nervous system (CNS) through the activation of innate immunity mecha-
nism against external impacts like disease, infection, and injury (Spencer et al. 
2012). Recent reports suggest that the process of disease initiation and progression 
of AD is not only associated with the neuronal factors, but few immunogenic 
responses are also responsible for the disease. An innate immune response is 
triggered by binding of misfolded and aggregated proteins with the microglial and 
astroglial pattern recognition receptor. The processes further relay the process of 
inflammatory mediator release and subsequent disease progression (Heneka et al. 
2015). Multiple factors can be associated with the process of neuroinflammation. 
The cell-mediated neuroinflammation in AD is mainly triggered by astrocytes and 
microglia, which can produce a wide range of inflammatory components like 
chemokines, cytokines, prostanoids, cyclooxygenase, and reactive oxygen species 
(Heneka and O’Banion 2007; Calsolaro and Edison 2016). 

An effort has been made in this chapter to give a detail of the role of 
neuroinflammation in the disease progression of AD. Role of various factors like 
injury, infection, immunity, aging, reactive oxygen species, and many other critical 
factors which cascade the process of neuroinflammation in AD is documented here. 
The proven molecular mechanisms behind the activation of till date explored self-
defending mechanisms of CNS which are responsible for disease progression and 
severity are explained for better understanding. Apart from the above factors, the 
role of lifestyle, food habit, and obesity in triggering the process of 
neuroinflammation is also described in the subsequent sections of this chapter. A 
brief detail of various inflammatory markers and diagnosis scope, available treat-
ment options, and future perspective is also documented. 

3.2 Epidemiology 

The global impact of AD is expected to increase continuously with the increment of 
average life expectancy and demographic aging. It is predicted that the developing 
countries will face a cozy burden because of AD (Zhang et al. 2021). As per the



recent report by the World Health Organization (WHO), presently, more than 
55 million people live with dementia and approximately ten million new cases are 
reported each year throughout the globe. Nearly about 60% of the total affected 
population are from low- and middle-income countries. AD, the most common form 
of dementia, may contribute to 60–70% of the total cases worldwide. A high portion 
of older people is increasing almost in all countries and so the disease burden. It is 
predicted that the cases of dementia may increase nearly about 78 million by the year 
2030 and 139 million by 2050 (World Health Organisation n.d.). According to 
Alzheimer’s disease facts and figures, 2020, the number of AD cases may increase 
from 5.8 million to 13.8 million by 2050 in America (Anonymous 2020). As per 
recent report, an estimated 6.5 million Americans aged ≥65 years were living with 
AD in 2022. About 1 in 9 people of ≥65 years has Alzheimer’s dementia. The risk of 
disease appearance and progression increases with age. Chance of occurrence of AD 
is 5% in the age group of 65–74 years, 13.1% in the age group of 75–84 years, and 
33.2% in the age group of 85 years and older (Rajan et al. 2021). There is some 
proven impact of sex on disease prevalence. In general, women lives longer than 
men. The age burden in case of women will be more than men. It is reported that 
among all AD-infected population, two-thirds are women. Almost, 12% of women 
and 9% of men are AD infected among the total population aged≥65 years. It gives a 
clear indication that sex can impact the process of disease initiation and disease 
progression (Alzheimer’s Disease Facts and Figures n.d.). It is even established that 
the geographic region and race are also having some crucial impact on disease 
progression. Older blacks have a higher tendency to develop AD than older whites 
in America (Power et al. 2021). The cost of the treatment for AD and other 
associated complication management is very high. The situation becomes worse 
because of the higher socio-economic burden than other noncommunicable diseases. 
In an international report, it is documented that the overall national caring cost for 
people having AD or any other type of dementia will reach nearly about 321 billion 
USD in America (Alzheimer’s Disease Facts and Figures n.d.). This legacy may 
obviously not be economically possible for most of the third world and developing 
countries. Lack of specialist staff like doctors and nurses throughout the globe is also 
a major challenge to manage the affected population. A firm, structured policy 
should be undertaken among all countries throughout the globe to control the 
socio-economic complications of AD. 
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3.3 Neuroinflammation 

Neuroinflammation is the spontaneous process of the CNS to sensitize the system 
regarding the external treats, which may be related to injury, infection, aging, and 
certain other factors. In this section, we will discuss about various factors which can 
trigger the process of neuroinflammation.



48 S. Kaity and A. Kumar

3.3.1 Etiology 

The process of neuroinflammation may occur due to factors like trauma, infection, 
immunogenic process, redox iron, reactive oxidative species, and different 
oligomers of τ- and β-amyloid (Morales et al. 2014). 

Brain injury: Traumatic brain injury (TBI) is identified as a potential initiator of 
AD. The initial inflammatory process activates the pathways to clear up the junk 
materials from the CNS by the phagocytic activity of the microglial cells. However, 
a prolonged process of inflammation process triggers the initiation process and 
gradual progression of AD. Cytokine-mediated inflammation mitigation process 
may increase the level of BACE-1 in certain cases, which activates APP production 
and subsequently increases Aβ level (Sastre et al. 2003a; Corrigan et al. 2011). The 
process may continue for several years, and gradually the impact of the activity of 
microglial phagocytosis process markedly reduces neuronal activities (Heneka et al. 
2015). 

Infection: Chronic infection or injury can trigger systemic inflammation and 
initiate the process of AD. Inflammation outside the CNS is referred to as systemic 
inflammation and has a role in initiating or promoting AD pathogenesis. Prolonged 
bacterial or viral infection has a deep link with activation and progression of multiple 
factors associated with AD. Infection with various gastric, enteric, oral, chlamydia, 
spirochetes, and different viral organisms, mainly herpes viruses, plays a role in 
triggering AD (Butler and Walker 2021). There are several hypotheses related to the 
role of multiple microorganisms in the AD progression. According to the reported 
literature, the process may work in three major ways where the pathogen can directly 
be the cause of disease initiation. According to the second hypothesis, the pathogen 
can act as a disease accelerator. The third hypothesis is the reverse mechanism one, 
where AD-infected persons are relatively more susceptible to infection by various 
chronic diseases caused by microorganisms (Butler and Walker 2021). In multiple 
studies, it has been reported that people affected with microbial infection and AD 
used to have higher levels of inflammatory cytokines, chemokines, and acute-phase 
protein in systemic circulation. Few meta-analyses showed elevated levels of IL-1ß, 
IL-6, and IL-18 in patients with AD (Lai et al. 2017). However, still it is not exactly 
proven whether infection and systemic inflammation induce AD or because of AD 
the affected individual becomes susceptible to infection and systemic inflammation. 

Immunogenic process: Immunogenic responses play a very critical role in the 
initiation and progression of AD. Even autoimmune diseases like osteoarthritis have 
a positive impact on neuroinflammation and subsequent disease progression 
(Kyrkanides et al. 2011). Few cases of AD, which are mainly early onset in nature, 
are caused by gene mutation and transfer as heredity factor. This is a small propor-
tion among all affected population. However, the late-onset type is most prevailing 
in nature and has a few genetic connections regarding disease progression. There are 
several genes which are not directly linked to Aβ production but have an impact on 
AD. Most of these AD-associated genes are involved in immune activation followed 
by neuroinflammation. Genes like Term2 and CD33 are strongly involved in 
neuroinflammation-associated AD. The exact mechanism of disease progression is



yet to explore (Pimenova et al. 2018). A multiple number of genes like APOE, CLU, 
CR1, and PICLAM have been identified, which may have contribution to AD, and 
they act in a wide range of mole pathways. Among all those, a few have a very 
prominent impact on AD. Apolipoprotein E (APOE), which consists of three alleles 
(e2, e3, and e4), which are different from one another by a single amino acid, may 
increase the risk of AD by expression of APOE4 (Bu 2009). 
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Age: The process of aging is very natural, and a fall of all biological activities is 
seen after a certain age. The changes are very individual specific, and multiple 
factors like food habit, lifestyle, education, socio-economic condition, environment, 
and many more are directly related to the life span and geriatric condition. 
Age-related complications in AD are a very common and most prominent risk factor. 
Though age does not cause or initiate the disease, it is the most influential risk factor 
which may lead to the development of AD-related complications. Beyond 65 years 
of age, an increment of 5 years of age increases the risk of AD by almost double 
(National Institute of Aging n.d.-b). There are various established hypotheses to 
show the link between aging and AD. The theory of glycosylation is that there is an 
increased interaction between glucose and protein in neuron-affected AD 
(Baloyannis et al. 2019). Another hypothesis says that the somatic mutation, 
which leads to mutagenesis of various genes, leads to over-phosphorylation of tau 
protein, which leads to initiation and progression of AD. The increase of gene 
mutation and other metabolic errors increases the probability of occurrence of AD 
to manyfold (Fiford et al. 2018). 

Environmental stressor: Stressors are defined as the factors which modify 
homeostasis and oblige the affected one to restore the homeostasis. There are 
multiple factors which can induce the process of homeostasis, and the factors may 
include heat, cold, chemicals, noise, sleep disturbance, social or domestic violence, 
stress, and many more which alone or in combination can create a stressor environ-
ment (O’Callaghan and Miller 2019). The stressor atmosphere further triggers the 
process of neuroinflammation with associated symptoms like anorexia, depression, 
social withdrawal, lethargy, and lack of cognitive intelligence. Prolonged exposure 
to stressor environment leads to a degenerative impact through neuroinflammation 
and can initiate the process of AD. 

Reactive oxygen species (ROS) and reactive nitrogen species (RNS): Reactive 
oxygen species and reactive nitrogen species generate free radicals, which are 
responsible for triggering many diseases and aging (Kim et al. 2015). ROS and 
RNS intervene the redox signaling-mediated pathways of cell activities, namely cell 
growth and cell death. The antioxidant defense mechanism of the body which 
balances the ROS and RNS is hampered, and the buildup of oxidative stress induces 
various neurodegenerative diseases like AD. Transition metal-catalyzed oxidative 
stress formation with Aβ metal ligand can be a potential source of ROS formation in 
AD. Additionally, the dysfunctional mitochondria can play a significant role in 
increasing the ROS load in AD initiation and progression. Apart from that, ROS is 
generated as an inflammatory response from microglia where NADPH oxidase 
(NOX) plays a vital role in initiating the process. NOX is the enzyme which



produces ROS through superoxide radical and hydrogen peroxide and finally 
damages the neuronal cell and triggers the disease progression (Ganguly et al. 2021). 
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Trisomy in Down syndrome (DS): Down syndrome is caused by triplication of 
chromosome 21, the place where amyloid precursor protein gene is encoded. In 
Down syndrome, Aβ starts to deposit at an early age, which gradually increases with 
time. Within 45 years of age, AD initiation and disease progression are observed 
through inflammation and neurofibrillary tangles (Wisniewski et al. 1985). Thus, DS 
increases the risk of AD in many instances. Young DS-affected population have 
higher neuroinflammatory profile in frontal cortex with microglial intermediate 
activation, rodlike microglia, and a higher rate of upregulation of major inflamma-
tory cytokines (Lisi Flores-Aguilar et al. 2020). In elder patients also, there is an 
increase in inflammatory cytokines along with increase of dystrophic microglia. It is 
reported that about 50% DS-affected people of age above 60 years are having AD 
(National Down Syndrome Society n.d.). 

Gulf War illness (GWI): It is a disorder which is characterized by fatigue, 
depression, muscle pain, cognitive impairment, and in few cases dermatological 
issues (Steele 2000). The symptoms are almost similar to the symptoms occurred by 
various toxic gas and material exposures during the 1991 Gulf War. The disease 
progression follows a similar pathway of neuroinflammation and neuroimmune 
response as was observed during the Gulf War. The mode of disease progression 
may not be explained on the basis of a single stressor; however, multiple factors like 
nerve agents, sarin, and organophosphorus compounds may have synergistically 
shown the impact on CNS in the form of neuroinflammation to initiate the AD and 
disease progression. The impact is still persistent, and it has been going on for the 
last 25 years (O’Callaghan and Miller 2019). 

Family history: Sometimes, family history of AD in first-degree relatives 
increases the risk of AD. People with parent or sibling having AD are more likely 
and not necessarily can be affected by AD (Green et al. 2002). The major risk factor 
associated with APOE-e4 gene, however, is not a definite cause of AD. All of us are 
inherited with one or the other form of APOE genes, namely e2, e3, and e4. People 
who inherit a single copy of e4 gene from parents have a risk of AD, and the risk is 
increased if two copies of e4 gene are inherited from parents (Van Cauwenberghe 
et al. 2016). The APOE-e4 gene has a high neuroinflammatory effect on Aβ; 
additionally, it is responsible for tau-induced neuroinflammation. APOE-e4-
activated neurodegeneration through tau-mediated mechanism is also another factor 
for AD initiation and subsequent disease progression (Shi et al. 2017). 

Education attainment: Socio-economic condition and education attainment 
have an impact on AD. In a recent study, five different inflammatory markers, 
namely CRP, fibrinogen, IL-6, IL-1β, and TNF-α, were evaluated for a group of 
people with different socio-economic patterning and educational attainment. It was 
observed that CRP and fibrinogen level are influenced by the socio-economic 
patterning (Maurel et al. 2020). It is also a fact that social and educational engage-
ment throughout life boosts brain health and keeps cognitive power healthier. It is 
reported that people with fewer years of education have a higher chance of losing 
cognitive powers at an early age than people who have studied for more years. A



mentally nourishing and stimulating job where high level of intelligence is required 
keeps the brain more active. People with such intelligent engagement have very less 
chance of cognitive loss and AD (Grzywacz et al. 2016). 
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3.4 Mechanism of Neuroinflammation in AD 

Various reports are available in the literature, which show involvement of 
neuroinflammation in AD. The complete mechanism is unclear so far; however, 
studies have shown that activation of microglia and astrocytes, excessive release of 
cytokines, etc. are involved (Akiyama et al. 2000; Ho et al. 2005; Sastre et al. 2006). 
The possible mechanism of neuroinflammation in AD is described below. 

3.4.1 Microglial Activation 

In the central nervous system (CNS), microglia are resident immune cells which are 
in inactive state in healthy individuals. M1 and M2 are two major types of microglia 
in which M1 is mainly responsible for the production of pro-inflammatory 
mediators, whereas M2 is responsible for anti-inflammatory mediators such as 
IL-10 and IL-13 (Tang and Le 2016; Yao and Zu 2020). These cells will become 
active in response to any threat such as infection and injury to the CNS. As 
mentioned in earlier sections, there is an accumulation of Aβ in AD patients; the 
accumulated Aβ results in the activation of microglia, which ultimately results in the 
phagocytosis of Aβ. However, after prolonged periods, microglia are no longer able 
to process Aβ. 

Secretases are involved in the breakdown of amyloid precursor protein (APP), 
which is one of the integral membrane proteins for conversion into Aβ40 and Aβ42 
(Evin et al. 2003; Sastre et al. 2003b). Normally, these breakdown products are 
sensed by toll-like receptors (TLRs) of microglia, which results in the activation of 
signaling pathways and is removed out from the body (Lehnardt 2010). However, 
accumulation of these products particularly Aβ42 within age activates microglia 
cells for a long period of time, which further activates myeloid differentiation 
primary response 88 (MyD88)-dependent (Xiang et al. 2015) and MyD88-
independent pathways (Arroyo et al. 2011). 

3.4.1.1 MyD88-Dependent Pathways 
In MyD88-dependent pathways, the phosphorylation of IRAK1 in IRAK1 and 
IRAK4 complex results in binding of TRAF6. The binding of TRAF6 results in 
the activation of TAK1 kinase, which further activates NFKB and mitogen-activated 
protein (MAP) kinase pathways. 

(a) Activation of NFKB pathways
The NFKB pathways activate IKβ and phosphorylation of NFKB and IKβ
complex, which results in the release of NFKB. The NFKB results in



transcription and synthesis and excessive release of TNFα and IL-1, which are
the main inflammatory mediators in neuroinflammation (Fillit et al. ).
NFKB is an important transcription factor associated with the promotion of
inflammation through the upregulation of pro-inflammatory cytokines such as
IL-1-beta, IL-6, IL-12, and tumor necrosis factor-alpha (TNF-α) and
chemokines including IL-18 and adhesion molecules, e.g., matrix
metalloproteinase (MMP) (Strauss et al. ).1992
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(b) Activation of MAPK pathways 
The mitogen-activated protein kinase (MAPK) pathways, triggering 
pro-inflammatory gene expression, result in neuroinflammation as shown in 
Fig. 3.1. 

3.4.1.2 Activation of MyD88-Independent Pathways 
Microglial cell activation could also result in the activation of MyD88-independent 
pathways. In MyD88-independent pathways, the phosphorylation of IRF 3/7 occurs, 
which results in the synthesis and release of inflammatory mediators. The excessive 
synthesis and release of these mediators result in the neuroinflammation as shown in 
Fig. 3.1. Further, the released inflammatory mediators also activate the neighboring 
astrocyte, which also results in the Aβ1–42 oligomer production. 

3.4.2 Activation of Astrocytes 

Astrocytes are the most abundant glial cells having a number of functions in the 
CNS. Various studies in literature have reported the activation of astrocytes by APP, 
amyloid aggregates, and fibrils. The activated astrocytes result in the stimulation of 
inflammatory cascades using various types of cytokines. The clinical studies have 
also shown astrogliosis in the postmortem brain tissue of AD patients. 

Inflammatory cytokines and chemokines such as IL-1β and TNF-α also activate 
the astrocytes. Several cytokines (pro-inflammatory and anti-inflammatory) are 
identified in AD patients. Pro-inflammatory cytokines such as IL-1, TNF-α, IL-6, 
IL-8, and IFN-γ usually determine inflammation, whereas anti-inflammatory 
cytokines such as IL-1 receptor antagonist, IL-4, IL-6, IL-10, IL-11, and IL-13 
control the pro-inflammatory molecules (Colombo and Farina 2016; Kwon and 
Koh 2020). 

Simultaneously, the activated microglia and astrocytes also promote the deposi-
tion of Aβ. The released cytokines also upregulate enzymes (β-secretase and BACE-
1), which are involved in the formation of Aβ (Venugopal et al. 2008). 

3.4.3 Damage to Cell Membrane 

The accumulation of Aβ42 does damage to cell membrane, which results in the 
activation of glial cells. The activated glial cells activate phospholipase A2, which 
does the breakdown of phospholipids (main component of cell membrane) into
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Fig. 3.1 Mechanism of neuroinflammation in AD through activation of MyD88-dependent and 
MyD88-independent pathways. APP amyloid precursor protein; TLR toll-like receptor; MyD88 
myeloid differentiation primary response 88; IRAK1 interleukin-1 receptor-associated kinase 1; 
IRAK4 interleukin-4 receptor-associated kinase 4; TRAF6 tumor necrosis factor receptor-



arachidonic acid (AA). The AA is further converted into PGG2 by action of 
cyclooxygenases (COXs) and leukotrienes (LTs) by the action of lipoxygenases 
(LOXs). The prostaglandins (20-carbon saturated fatty acids) and leukotrienes also 
play a major role in neuroinflammation. The COX (COX1 and COX2) and LOX are 
normally expressed in brain, and their role in neurodegenerative diseases particularly 
COX2 has already been explored. Studies have shown increased expression of 
COX2 in neurons of patients suffering from neurodegenerative diseases. The 
PGG2 is further converted into PGH2, which is further converted into TxA2 and 
PGI2. The leukotrienes are further converted into LTA4 and LXB4. The excessive 
release of these cytokines results in neuroinflammation (Bazan et al. 2002; 
Hoozemans et al. 2002) as shown in Fig. 3.2.
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Various studies have been conducted so far to check the level of cytokines in AD 
patients as compared to control. However, results of these studies are conflicting 
with each other. Recently, Anuradha et al. (2022) have also conducted an SLR and a 
meta-analysis of clinical studies to find out the association of inflammatory 
mediators with AD. The results of the meta-analysis have indicated that among all 
inflammatory mediators, the levels of IL-6, TGF-β1, and IL-1α were found to be 
increased significantly in AD patients as compared to the control group (Anuradha 
et al. 2022). 

3.4.4 Oxidative Stress and Neuroinflammation 

Oxidative stress is an imbalance between generation of reactive oxygen species 
(ROS), reactive nitrogen species (RNS), etc. and in the levels of antioxidant enzymes 
such as glutathione, superoxide dismutase, and catalase. The increased level of 
reactive species and decreased level of endogenous enzymes result in the oxidative 
stress. The NADPH oxidase plays a major role in the excessive production of ROS. 
The accumulated Aβ also activates the NADPH oxidase in microglial cells, which 
results in the production of ROS. The increased level of ROS results in oxidative 
stress, which contributes to neurotoxicity (Schilling and Eder 2011; Mhatre et al. 
2004). 

3.4.5 Activation of Caspases 

Caspases are well-known proteases, which regulate cell death. However, a few 
caspases such as caspases 1, 3, 7, and 8 have also a role in the inflammation. Caspase 
1 plays a role in the maturation of pro-inflammatory cytokines, whereas caspases 
3, 7, and 8 play a role in the regulation of microglial cells (Burguillos et al. 2011). 

Fig. 3.1 (continued) associated factor 6; TAK1 transforming growth factor β-activated kinase 1; 
MAP kinase mitogen-activated protein kinase; NFKB nuclear factor kappa B; IκB kinase; TNF 
alpha tissue necrosis factor alpha; IRFIFN regulatory factor 3
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Fig. 3.2 Mechanism of neuroinflammation in AD through activation of arachidonic acid 
(AA) pathway. 5-LOX 5-lipoxygenase; HPETES 5-hydroxyeicosatetraenoic acid; COX-1 cycloox-
ygenase; PGG2 prostaglandin (PG) G2; leukotriene A4 

3.4.6 Activation of Complement System 

The role of complement system in neuroinflammation is also explored by 
researchers. Various complement factors such as C3a, C3b, and C5a play an 
important role in neuroinflammatory processes, particularly in the chemotaxis and 
phagocytic functions of microglial cells. Aβ is known to activate complement 
system in the alternative pathway (Shah et al. 2021; Bonifati and Kishore 2007).
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3.5 Conclusion 

Neuroinflammation plays a significant role in AD. Aggregated proteins, particularly 
Aβ42, sense by pattern recognition receptors of microglia and astroglia, which 
further activates the innate immune signaling pathways and results in the excessive 
release of various inflammatory mediators, which contribute to disease progression 
and severity. 
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Abstract 

Alzheimer’s disease is a neurodegenerative disease, which affects intellectually is 
frequently observed in elderly generations and genetically linked individuals. The 
diagnosis of this disease is characterized by the presence of biomarkers such as 
amyloid beta (Aβ1–42), phosphorylated tau (P-tau), and total tau (t-tau) protein 
causing NFTs’ intercellularly interrupting synapse, which aids in transmitting the 
neuronal signals, thereby leading to memory loss and cognitive impairment 
failing to do basic tasks in daily life. Acquiring the diagnosis of this disease 
through the presence of biomarkers is categorized into two ways, invasive and 
noninvasive. The invasive way includes the collection of cerebrospinal fluid 
which is considered painful, but the advantage of this method is that it verifies 
the presence of the biomarkers accurately by taking into account its close associ-
ation with the brain. This method is usually done at late stages for confirmation. 
The less painful or noninvasive ways include collecting samples from blood and 
ocular, olfactory, and oral fluids. These methods are in the preliminary stages of 
research that need further investigation to overcome methodological heterogene-
ity and discrepancy in accuracy and specificity. 
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Abbreviations 

15-LOX 15-Lipoxygenase 
AChE Acetylcholine esterase 
AD Alzheimer’s disease 
ADNI Alzheimer’s disease neuroimaging initiative 
AMPK 5′ Adenosine monophosphate-activated protein kinase 
Apoε4 Apolipoprotein-E 
APP Amyloid precursor protein 
Aβ Beta-amyloid 
BBB Blood-brain barrier 
BCSFB Blood-cerebrospinal fluid barrier 
CAA Cerebral amyloid angiopathy 
cdk5 Cyclin-dependent kinase 5 
CDR Clinical dementia rating 
CHGA Chromogranin A 
CK 1 Casein kinase 1 
CNS Central nervous system 
CSF Cerebrospinal fluid 
CSF-ISF exchange Cerebrospinal fluid and interstitial fluid exchange 
CT Computerized tomography 
DNA Deoxyribonucleic acid 
DS Down syndrome 
DYRK-1A Dual-specificity tyrosine-phosphorylation-regulated 

kinase 1A 
ELISA Enzyme-linked immunosorbent assay 
FDG Fluoro-2-deoxy-D-glucose 
FMRI Functional magnetic resonance imaging 
GSK-3 Glycogen synthase kinase-3 
IL Interleukin 
IP-10 Interferon-induced protein 10 
LC Locus coeruleus 
LM Logical memory 
LRP-1 Low-density lipoprotein receptor-related protein 
Lys C Lysozyme C 
MALDI-MS Matrix-assisted laser desorption/ionization-mass spectroscopy 
MARKS Microtubule affinity-regulating kinases 
MCI Mild cognitive impairment 
MCP-1 Monocyte chemoattractant protein 1 
miRNA Microsomal RNA 
MMSE Mini-mental state examination 
MRI Magnetic resonance imaging 
MS Mass spectroscopy



4 Biomarkers for Alzheimer’s Disease 65

Multiplexed isobaric tagging technology for relative 
quantitation 

NCANP Neurocan core protein 
NFTs Neurofibrillary tangles 
NGF Nerve growth factor 
NMDA N-methyl-D-aspartate 
NPTX1 Neuronal pentraxin 1 
NRXNs Neurexins 
NTP Neuronal thread protein 
OCT Optical coherence tomography 
PET Positron-emission tomography 
PGP-D D-glycol protein 
PiB Pittsburgh compound B 
PKA Cyclic AMP-dependent protein kinase A 
PP1 Protein phosphate-1 
PP2A Protein phosphate-2A 
PP5 Protein phosphate-5 
PS 2 Presenilin 
P-tau Phosphorylated tau 
RNA Ribonucleic acid 
RNFL Retinal nerve fiber layer 
RT-PCR Real-time reverse transcriptase-polymerase chain reaction 
SCG2 Secretogranin 2 
SELDI Surface-enhanced laser desorption/ionization time-of-flight 

mass spectroscopy 
SYN-2 Synaptic protein synapsin-2 
t-tau Total tau 
VILIP-1 Visinin-like protein 1 
WMS Wechsler memory scale 
β2M β2-Macroglobulin 

4.1 Introduction 

Alzheimer’s disease (AD) causes considerable loss of forebrain cholinergic neurons, 
which undoubtedly facilitates dementia-causing components that include frequent 
manifestation of cell death, senile plaques, and neurofibrillary tangles in the neocor-
tex, hippocampus, and basal nucleus of Meynert. Abetment of elements for AD 
diagnosis is the reduction in cerebral cortex and hippocampal acetylcholine neuro-
transmitter marked as one of the most significant abnormal alterations, and specific 
genes that undergo mutation such as amyloid precursor protein (APP), apolipopro-
tein (Apoε4), and presenilin 2 (PS 2) are known today, leading to β-amyloid protein 
buildup in cortex and hippocampus that are key areas for cognitive function and



memory. Furthermore, forebrain cholinergic neurons appear to be directly disrupted 
by excessive glutamate receptor stimulation, mainly the NMDA receptor (Wenk 
2003). The main attributes to be considered for a fluid biomarker are disease 
specificity and accuracy, appropriate results according to the disease’s level of 
infection, being noninvasive or unobtrusive concerning the retrieval of the fluid 
from the respective source, being convenient to employ on diverse individuals, and 
being effortless and cost-effective. The blood biomarkers satisfy most of these 
requirements, therefore counting it as a better source for knowing the disease 
advancement through the presence of biomarkers. Competently, the cerebrospinal 
fluid (CSF), although invasive due to the techniques involved in its collection, is of 
more importance considering the close association of CSF with the brain and also in 
furnishing the essential data regarding the chemical changes induced in the 
biological system happening in the brain during the preclinical stages of AD, 
while the other sources like blood, sweat, and tears give inefficient or inaccurate 
information about the disease progression. However, there are certain drawbacks 
when it comes to CSF because the mode of collection is invasive, extremely painful, 
and uncomfortable. On the other hand, if the mode of collection is blood, sweat, and 
tears, it is less painful and noninvasive, making these preferable over the former 
method (Ausó et al. 2020) and the detection of biomarkers of AD from these sources 
is characterized by the presence of Aβ1–42 (Aβ37, Aβ36, Aβ38, Aβ40), total tau, 
phospho-tau-181 (single or multiplex), multiple phosphorylated tau epitopes, or 
isoform-effectuated aggregation entailing extreme harm to neurons that are acquired 
using the analytical techniques like ELISA, INNO-BIA AlzBio3 Luminex-based 
technology (Innogenetics), quantitative real-time RT-PCR, LC/electrospray ioniza-
tion MS, SELDI, and MALDI (Humpel 2011). 
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4.2 Biomarkers of AD 

A biomarker is typically defined by substances (unnatural compounds, particular 
enzymes, cells, proteins, hormones, or (DNA, RNA) genetic material) or imaging 
findings that are utilized as attributes to identify the existence of a specific physio-
logical condition and may aid in clinical diagnosis. Furthermore, a huge increase in 
research from 1980 to the present shows that the use of biomarkers is increasing for 
aiding the diagnosis and prognosis of AD. 

4.2.1 Biomarkers Based on AD Stages 

Stage 1: It includes people who may have a functional impairment but not cognitive 
impairment, which may only be determined through neuropsychological 
techniques. There is growing evidence that specific biomarkers, such as the 
presence of amyloid imaging and a altered CSF Aβ42 concentration, can indicate 
pathogenic alterations at an early preclinical period (Food and Administration
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2018). The approval of AD treatment may be aided by early diagnosis based on 
biomarkers, which may have clinical advantages and result in better outcomes. 

Stage 2: Although the patients have subtle cognitive alterations, and no functional 
deficits, they do not meet the requirements for dementia, which can be identified 
with the use of sensitive devices. The Food and Drug Administration (FDA) 
suggests that while diagnosing AD stage 2, sensitive neuropsychological tests 
and biomarker changes should be taken into consideration. 

Stage 3: Pathophysiological biomarkers have been identified, and patients have 
begun to struggle with some measured everyday tasks. While the first two phases 
are preclinical, this stage of the disease is correlated with modest cognitive 
impairment. 

Stages 4–6: Pathophysiological biomarkers are evident in the successive stages of 
mild, moderate, and severe Alzheimer’s disease dementia, with decreased cogni-
tive impairment (Omar and Preddy 2020). 

4.3 Invasive Biomarkers 

The chief origin of noradrenaline in the brain is the locus coeruleus (LC) that is rich 
in neuromelanin is thought to influence attention and memory. Tau neurofibrillary 
tangles (NFTs) are first noticed in LC during the asymptomatic stage of AD before 
being found in other cerebral regions such as the entorhinal cortex and the neocortex. 
Tau clumps appear in the LC before the normal neuronal loss as AD progresses. 
Studies utilizing unbiased stereology have shown neuronal loss that is concentrated 
in the rostral/middle region of the LC, progressing from 30% in the prodromal stage 
to 55% when dementia is diagnosed, as well as an average drop in LC volume of 
8.4% for each Braak stage advancement. In terms of function, this neuronal loss has 
been linked to cognitive degeneration and diminishing noradrenaline levels in the 
brain and hippocampus (Ausó et al. 2020). 

Aβ42 is a 42-amino acid-long peptide associated with Aβ used as a biomarker for 
the diagnosis of AD. The concentration of Aβ42 in CSF is negatively proportional to 
the number of Aβ plaques implying that the reducing levels of Aβ42 and high 
concentration of Aβ plaques are observed in positron-emission tomography (PET) 
scans of CSF. The brain neuron contains tau protein in its axons. Escalated amounts 
of tau and phosphorylated tau are one of the main causes of AD (Gunes et al. 2022). 
As a result, if the patient responds well to treatment at the right time, the identifica-
tion employed for in vivo imaging of early structural tissue modifications, like 
diminution in LC volume or metabolic changes, might aid in diagnosis and perhaps 
slows down the disease progression (Ausó et al. 2020). 

4.3.1 CSF 

The mean volume of CSF present in our brains’ ventricles, cranial and spinal 
subarachnoid spaces is 150 mL of which 25 mL is present in ventricles and the



rest 125 mL in subarachnoid spaces. One of the most commonly known functions of 
CSF is its hydromechanical protection. Apart from this, CSF is necessary for brain 
growth regulation or turnover of brains’ ISF homeostasis and managing the function 
of neurons (Sakka et al. 2011). Obstruction in normal CSF circulation is thought to 
facilitate the cause of a wider range of advanced CNS pathologies like AD, one of 
the most commonly known neurodegenerative disorders (Simon and Iliff 2016). 
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Mild cognitive impairment (MCI) is an age-linked disorder that has obtained 
awareness among the scholarly community and common people. Most of the 
patients having MCI have inchoate AD, while others have benign MCI forms. 

Neurodegeneration begins during the preclinical stage (2–3 decades prior to the 
clinical outset of the disease) due to an increase in tangle bundles at a certain 
threshold, and the first signs manifest (Blennow and Hampel 2003). 

It is necessary to take into account proteins that are implicated in the abnormal 
breakdown of an APP as a peculiar biomarker for early diagnosis of 
AD. Specifically, the enzymes β-secretase 1 (BACE1) and presenilin 1 (PSEN1) 
are necessary for the breakdown of APP. PSEN1 and BACE1 activity levels were 
intensifying in the CSF of MCI individuals (García-Ayllón et al. 2013; Ewers et al. 
2008). Furthermore, the Apoε4 gene has been linked to increased BACE1 (-
β-secretase 1) expression (Ewers et al. 2008). It was found that BACE1 activity 
was not elevated in MCI patients with persistent MCI, but only in those whose 
cognitive dysfunction declined to lead to later phases of dementia [10], making 
BACE1 not a strong candidate for being Apoε4 noncarrier even though it appears to 
be of more importance and is a potential early-stage biomarker to identify changes in 
the amyloidogenic pathway in Apoε4 carriers (Ewers et al. 2008). 

Neuroinflammation and synaptic dysfunction are additional early AD features to 
emphasize, which consequently become distinct markers of these processes that may 
play a significant role that is closely linked to cognitive decline (Calsolaro and 
Edison 2016). Secretogranin II (SCG2), and chromogranin A (CHGA) are some 
proteins that take part in vesicular transport. The concentration of these proteins was 
found to be considerably more prominent in the CSF of patients with MCI, particu-
larly whose condition is getting worse as AD pathology advances when compared to 
the healthy individuals (Duits et al. 2018). One research found that higher CHGA 
levels in the CSF of healthy elderly individuals suggested a subsequent decline in 
Aβ42 (Mattsson et al. 2013). 

YKL-40 and visinin-like protein-1 are additional proteins that are vitally involved 
in inflammation (VILIP-1). In contrast to elderly people who are intellectually 
healthy, MCI and AD patients indicated a greater concentration of such compounds 
(Craig-Schapiro et al. 2010). 

Interferon-induced protein-10 (IP-10) concentrations are elevated in the CSF of 
asymptomatic older generation who also showed increased concentrations of total 
tau and phospho-tau, which is another potential inflammatory marker (Bettcher et al. 
2018). 

Both MCI and AD patients continued to show increased concentrations of 
MCP-1, a low-molecular-weight cytokine associated with the inflammatory process 
(Dhiman et al. 2019).
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Considering the existence of microRNAs (miRNAs), a large family of inherently 
occurring short noncoding RNAs that influence the amount of fully functional or 
mature miRNAs during the post transcriptional stage (Provost 2010), is also signifi-
cant. The brain generates about 70% of the identified miRNAs, although some 
miRNA species are found in exosomes, making them promising prospects for use 
as biomarkers in clinical diagnosis. Only 40 of the 2000 human miRNAs that were 
discovered so far are highly expressed in the brain (Lukiw et al. 2013). The primary 
CSF biomarkers for clinical AD (Aβ42, total tau, and phospho-tau) tend to remain 
consistent which is helpful for diagnosis but are insufficient for monitoring the 
course of the disease. CSF miRNAs have the benefit of targeting significant patho-
logical AD genes despite being collected in an invasive way, which is far from 
optimal. A small family of genes may be affected by a single miRNA’s ability to 
interfere with their expression. This is the situation regarding miRNA-125b (high in 
the case of AD), aiming at the cell cycle regulator CDKN2A and the enzymes 
15-LOX and SYN-2. The possibility of using miRNAs as medicines in the 
subsequent years is more likely. Furthermore, the number of brain miRNAs was 
progressively reduced in areas of the brain that are susceptible to AD advancement 
(Mattsson et al. 2013), which may partly be explained by the dysregulation of 
particular miRNAs that may be associated with the etiopathogenesis of AD 
(Lukiw 2007) (Fig. 4.1). 

Various biomarkers aid in detecting early morphological alterations of the brain 
observed in people already diagnosed with MCI comprising notable atrophy at 
different locations of the brain that include the LC or the hippocampus, and protein 
accumulation of amyloid plaques in extracellular Abeta plaques or intracellular tau 
prominences such as extracellular amyloid plaques or intracellular tau (accommo-
dating NFTs). The cerebrospinal fluid of AD patients can be examined for indicators 
of degenerative processes linked to Alzheimer’s disease (AD), such as synaptic 
impairments, neuroinflammation, oxidative stress, or neuronal death. A new and 
foreshadowing tool for early AD diagnosis is the detection of miRNAs (Ausó et al. 
2020). 

4.3.1.1 Diagnostic Markers 
Diagnostic markers are very important when it comes to the effective treatment of 
AD by using acetylcholinesterase inhibitors as they facilitate the detection to know 
the progression of the disease. There are two types of diagnostic markers. They are 
state and stage markers. 

4.3.1.2 State Markers 
The severity of the disease’s progress is mirrored by state markers. The total amount 
of tau protein is one illustration of a state marker representing the severity of 
neuronal deterioration and injury. There is a momentary rise in tau protein content 
in the CSF during acute diseases (e.g., ischemic stroke), and this rise is correlated 
with the extent of the infarct as determined by CT. 

Additionally, disorders with severe neuronal degeneration, such as Creutzfeldt-
Jakob disease, have the highest levels of increased tau protein concentrations in the



CSF, whereas gradual increase is observed in AD patients, but patients with depres-
sion have no or marginal neuronal degeneration and have a normal concentration. In 
patients with MCI, state markers, such as tau protein, are likely to have a greater 
predictive value than stage markers, like hippocampal shrinkage on CT or MRI. 
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Fig. 4.1 Overview of various invasive indicators of AD 

4.3.1.3 Stage Markers 
They calculate the degeneration process. Hippocampal atrophy as evaluated by CT 
or MRI is one illustration of a stage marker. Stage markers also include clinical 
rating measures, which quantify the intensity of cognitive decline. Regardless of the 
phase, hippocampal atrophy (9–15% reduction in hippocampus volume) is less 
severe than elevated tau protein concentrations (210–290% increase). 

4.3.1.4 Biomarkers in CSF for AD 
Because the CSF and the brain’s extracellular space are directly associated, 
alterations in the brain’s biochemistry always have an impact on the CSF. AD 
pathology only affects the brain, so CSF is a natural place to detect AD biomarkers. 
The proportions of total tau protein, Aβ1–42 (the 42-amino acid version of Aβ), and 
phosphorylated tau protein in the CSF may potentially serve as biomarkers for these 
pathogenetic processes (Blennow and Hampel 2003). 

4.3.1.4.1 Aβ1–42 
APP undergoes consecutive cleavages by β- and γ-secretases to form profibrillary 
Aβ1–42, an essential constituent of senile plaques, chiefly composed of Aβ.  Aβ42,  an



extensively soluble protein, gets accumulated on the walls of leptomeningeal struc-
ture and CAA. Generally, Aβ originates in our brain due to synapsis. Considerably, it 
gets dispersed through being ingested by microglial cells and astrocytes flowing 
across the BBB aided by solute transporters as well as PGP (D-glycoprotein) and 
LRP-1 (low-density lipoprotein receptor-related protein) that are dispersed through 
the perivascular glymphatic pathway. CSF levels of amyloid is elevated in humans, 
when a person is awake where glymphatic pathway activity and Aβ clearance are 
considerably reduced. Then, as sleep sets in, interstitial Aβ levels decrease as 
perivascular CSF-ISF exchange becomes active and interstitial Aβ clearance is 
accelerated. These results suggest that the physiological clearance of Aβ from the 
brain is significantly influenced by perivascular CSF-ISF exchange along the 
glymphatic pathway. This physiological clearance of Aβ through CSF-ISF exchange 
is reduced due to alterations in BBB Aβ dispersion, leading to the accumulation of 
Aβ protein resulting in neurodegeneration (Simon and Iliff 2016). 
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4.3.1.4.2 Tau Protein 
Tau protein exists in the human brain in six different variants and has a vast group of 
phosphorylation sites (Fig. 4.2). There are 85 possible sites for serine (S), threonine 
(T), and tyrosine (Y) phosphorylation in the phosphorylated tau protein. The proline-
rich domain of tau, on each side of the microtubule-binding domain, contains a large 
number of phosphorylated tau residues (Blennow and Hampel 2003). In the case of 
neurodegenerative disorders, they are present in abnormal amounts inside neurons 
and neuronal axis as NFTs. 

The six human central nervous system (CNS) tau variants are shown (Fig. 4.3). 
Exons 2 and 3 (E2 and E3) code for two distinct 28-amino acid sequences located 
close to the tau’s N-terminal. Tau isoforms with 0 N are produced when E2 and E3 
are absent, while tau isoforms with 1 N and 2 N are produced when E2 and E3 are 
present. The four incorrect-reoccurring microtubule-binding domains are 
represented by M1 through M4, with M2 being encoded by exon 10. When M2 is 
absent, 3R tau is produced, and when M2 is present, 4R tau is produced. The tau

Fig. 4.2 Tau pathology through different phosphorylation sites



polypeptide’s central proline-rich region is highlighted. As a result, alternative 
splicing results in tau proteins with 352–441 amino acids (Fig. 4.3).
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Fig. 4.3 Human tau genes and their six isoforms through phosphorylation and 
hyperphosphorylation 

There are about 45 phosphorylation sites known, most of which are in the proline-
rich domain and the areas surrounding the microtubule-binding domain. 

The concentration of tau protein as a biomarker for AD in CSF was first reported 
in 1993 for which the ELISA method was used along with monoclonal antibodies. 
Later, the ELISA methods depending on monoclonal antibodies were developed that 
helped in identifying ensemble forms of tau protein autonomous of their phosphory-
lation and development. Tau phosphorylation is controlled by certain kinases and 
phosphatases. Tau hyperphosphorylation in disease is thought to be the outcome of 
an imbalance in tau kinase and phosphatase activity. GSK-3, cdk5, and AMPK are 
examples of proline-directed tau kinases. CK1, MARKs, PKA, and DYRK-1A are 
examples of non-proline-directed kinases. Tyrosine kinases include Syk, Fyn, and 
Abl. And also, several phosphatases include PP1, PP2A, and PP5 and 
dephosphorylated tau (Noble et al. 2013). 

4.3.1.4.3 Phosphorylated Tau Protein 
Phosphorylated tau protein is the latest biomarker for AD to be identified. For 
several tau protein phosphorylated homologs, such as threonine 181 and 231, threo-
nine 181, threonine 231 and serine 235, threonine 199, threonine 231, and threonine 
396 and 404, several techniques have been developed. The amount of 
phosphorylated tau protein in the CSF likely correlates with the level of phosphory-
lation of tau in the brain. But the amount of phosphorylated tau protein remains 
unchanged after an acute stroke with regard to the overall amount of tau protein. 
Moreover, despite a marginal increase in total tau protein concentrations, 
phosphorylated tau protein concentrations do not rise in Creutzfeldt-Jakob disease. 

These results demonstrate that the concentration of phosphorylated tau protein in 
the CSF also depicts the phosphorylation state of tau and, consequently, the



formation of tangles in AD, rather than just serving as a signal for neuronal damage 
like total tau protein (Blennow and Hampel 2003). 
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4.3.2 Association of Biological Biomarkers in CSF: The Diagnosis 
of AD in Different Cases 

4.3.2.1 Role of Plasma Amyloid Proteins in Patients whose Diagnosis is 
Hereditary 

At times, elevation in Aβ plasma concentration is noticed in patients with AD, 
especially those who are related and have pre-symptomatic carriers of mutations, 
making AD inheritable and genetically involved. It is observed in patients whose 
diagnosis is not hereditary and is not seen in spasmodic cases. 

4.3.2.2 Role of Plasma Amyloid Proteins in Down Syndrome Patients 
who are Diagnosed with AD 

Down syndrome (DS) patients ensure neuropathological alterations that are in 
commensuration with AD probably as a result of APP gene triplication and 
overexpression. 

The rise in Aβ42 and Aβ40 plasma levels in DS patients is presumed as a primary 
cause in the facilitation of amyloidosis and the advancement of dementia. 

A survey was done which included 30 individuals with DS where 21 of them did 
not develop dementia, but the eight patients developed. The cognitive and daily task 
performance of all 30 of them was evaluated along with blood samples every year for 
5 years. During this delve, eight of them were diagnosed with dementia. The most 
unusual thing observed was that there were not any fluctuations in Aβ40 and Aβ42 
plasma concentration compared to a healthy person. To straighten up, Aβ42 and Aβ40 
are not convincing enough that they facilitate the advancement of AD (Frey et al. 
2005). 

4.3.2.3 Role of Sex Differentiation Linked to AD Biomarkers’ 
Prominence and Intellectual Depreciation 

There is a pretentious rife of AD in women because of the disease’s commonness 
and acuteness. It has been revealed in earlier autopsy research that women affected 
with AD are more vulnerable to clinical implications of AD. By investigating 
whether sex influences the existing correlation between CSF biomarker levels and 
consequences of brain aging, Mary E.I. Koran et al. expanded this research work 
broader. In this investigation, individuals with normal intellect (n = 348), MCI 
(n = 565), and AD (n = 185) were chosen in addition to the people selected from 
ADNI, employing multivariate degeneration models. They obtained an analysis that 
impacts baseline levels of CSF biomarker Aβ42 and an ensemble of tau on cross-
sectional, extensive brain aging as an aftermath. They also procured a substantial 
interlinkage betwixt sex and Aβ42 on the progression of hippocampal atrophy 
(p = 0.002), extensive memory loss ( p = 0.017), and cognitive impairment 
(p = 0.025) analogously; they also noticed a substantial interaction betwixt sex



and overall tau protein on extensive hippocampal atrophy ( p = 0.008) and cognitive 
decline ( p = 0.034). Sexual diversity is shown to be prominent in people with MCI 
whose literacy rate is low. 
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4.3.2.3.1 Influence of Sex on Aβ42 
After the initial assessment, participants were monitored for an average of 2.5 years 
(range: 0–9 years). Initial memory performance (t (1198) = 1.58, p = 0.11), execu-
tive function performance (t (1198) = 0.29, p = 0.77), hippocampus volume 
(t (1082) = 0.93, p = 0.35, and t (1082) = 0.12, p = 0.90, respectively), or sex 
did not influence Aβ42. Throughout cumulative comparisons, there existed a corre-
lation between sex and Aβ42 where three of the five manifested brains aging during 
evaluation included cognitive performance and left hippocampal shrinkage 
(t (2739) = 3.07, p = 0.002, and t (4154) = 2.39, p = 0.02). In all cases, the female 
sex was linked to deteriorating outcomes when there was a low Aβ42 level. Low CSF 
Aβ42 is a sign of higher brain Aβ42. Concerning right hippocampus atrophy, sex did 
not interact with Aβ42(t (2739) = 1.54, p = 0.12). 

4.3.2.3.2 Influence of Sex on Tau 
After an initial assessment, sex is not associated with tau concerning cognitive 
decline (t (1198) = 0.51, p = 0.61), right hippocampus volume (t (1082) = 0.49, 
p = 0.62) or left hippocampal volume (t (1082) = 0.44, p = 0.66), and memory 
decline (t (1198) = 0.22, p = 0.83). Throughout cumulative comparisons, the 
association of tau with sex was observed which included left hippocampus shrinkage 
and cognitive decline (t(2739)=-2.61, p=0.009) and (t (4132) =-2.11, p = 0.03, 
respectively). When there was an elevated amount of total tau, the female sex was 
linked to deteriorating executive function and hippocampus atrophy. But sex did not 
interfere with the ensemble tau level associated with overall cognitive performance 
(t (4154) = 1.20, p = 0.23) or right hippocampus atrophy (t (2739) = 0.56, p = 0.58) 
(Koran et al. 2017). 

4.3.2.4 Role of CSF Abundance and Clearance Associated 
with the Prominence of AD Biomarkers and Other Factors 

The BBB Aβ efflux pathways in the geriatric brain are hampered, which may lead to 
amyloid aggregation and later neuronal death. This dysfunction causes the 
downregulation of PGP and LRP-1 that aid in CSF production. However, as age 
progresses, the expression of the choroid plexus (CP) Aβ efflux transporter escalates 
indicating that the CP and BCSFB could serve a contributing role in amyloid 
clearance from the ventricular CSF and concomitant ISF. With senescence, AD 
symptoms show deposition of amyloid within the CP and reduced CSF secretion by 
the CPs; therefore, the effectiveness of amyloid clearance with the bulk reabsorption 
of CSF via arachnoid villi and along cranial nerve sheaths minimizes the rate of CSF 
turnover. 

The brains of elderly people also exhibit disrupted glymphatic pathway function, 
which includes altered perivascular CSF-ISF exchange and impeded clearance of 
interstitial amyloid β. Uncertainty exists regarding the possibility that decreased CSF



secretion by the CP is contributing to the perivascular CSF flow through the aging 
brain slowing. 

4 Biomarkers for Alzheimer’s Disease 75

Glymphatic pathway function was slowed when CSF secretion was experimen-
tally disrupted by providing carbonic anhydrase inhibitor acetazolamide, which 
infers that lowered CSF secretion at the CP could be a contributor to disrupted 
lymphatic pathway function in the aging brain. But perivascular AQP4 that takes 
part in CSF production whose localization was also substantially diminished in the 
aging brain was attributed to a delayed perivascular CSF inflow into and through the 
brain parenchyma. It has not yet been formally ascertained whether perivascular 
AQP4 location loss stimulates amyloid aggregation in the aging brain. Nevertheless, 
the ability of Aβ deposits that lead to AQP4 mislocalization, be it in the form of 
senile plaques or CAA, indicates the existence of a growing pathogenic cycle, with 
reactive astrogliosis obstructing glymphatic pathway function as well as Aβ clear-
ance, leading to amyloid deposition and furthermore neuroinflammation, resulting in 
disruption of the glymphatic pathway (Simon and Iliff 2016). 

4.4 Noninvasive Biomarkers 

There is a need for the development of early noninvasive diagnostic techniques for 
AD; even though the established neuroimaging techniques show promising results, 
they are expensive and cause radiation. Collection of CSF fluid needs lumbar 
puncture, so the diagnosis/analysis of peripheral fluids is a good alternative which 
includes blood, urine, and ocular, oral, and olfactory fluids (Gleerup et al. 2019). 

4.4.1 Oral 

Studies suggest that saliva is one of the potential sources of a noninvasive biomarker 
for AD diagnosis; biomarkers could be produced directly in salivary glands/diffused 
from blood. Degeneration of neurons or nerve cells is observed in AD; it is also 
observed that this causes damage to nerve cells related to autonomic nervous system 
(ANS) and blood. ANS regulates the production of saliva via three major salivary 
glands (parotid, sublingual, submandibular); thus, there will be alteration in the 
production and composition of saliva. Various studies have identified and deter-
mined Aβ40, Aβ42, P-tau, and t-tau in the saliva of patients diagnosed with AD 
(Tvarijonaviciute et al. 2020). 

4.4.1.1 Beta Amyloid 
The pathological hallmarks of AD include Aβ accumulation and tau 
hyperphosphorylation. Pareja et al. reported a statistical increase of Aβ42 in the 
saliva of people with mild AD and no visible change in people with severe AD 
(Bermejo-Pareja et al. 2010). Later, studies by Sabbagh et al. reported a 2.45-fold 
rise in levels of Aβ42 at all stages of AD (mild to moderate) (Liang and Lu 2019).
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4.4.1.2 Tau 
AD is marked by tau protein hyperphosphorylation and aggregation; t-tau (total tau) 
represents the intensity of neuronal damage, and P-tau represents the phosphorylated 
state of tau, which has been assessed in various studies. Origin of salivary tau 
remains unknown; there are numerous possibilities which include the possibility of 
salivary tau protein release from nerves that innervate salivary glands as they are 
proximal to CNS via cranial nerves. Another possibility includes the secretion of tau 
by acinal epithelial cells of salivary glands. The P-tau/t-tau ratio was shown to be 
significantly higher in AD participants compared to cognitively healthy older 
subjects, particularly at the S396 phosphorylation site. 

4.4.1.3 Acetylcholinesterase (AChE) 
Acetylcholine (ACh) cholinergic neurotransmitter is metabolized to its subsequent 
components, i.e., choline and acetic acid, by AChE. Cholinergic neurons, which are 
essential for memory and learning, are damaged at an early stage of AD. Because of 
differences in sample methodologies and potential nonlinear changes in enzyme 
activity correlated with progression of the disease, data on changes in AchE activity 
linked with AD in peripheral bodily fluids have been inconsistent (Tvarijonaviciute 
et al. 2020). Balchitiari et al. state that despite the fact that salivary AChE activity in 
persons with AD was lower than in the control group, there were no significant 
changes (Bakhtiari et al. 2017). 

4.4.1.4 Lactoferrin 
According to a few studies and evidence reported, bacterial/viral infections in the 
brain may cause or exacerbate the pathophysiology of AD. Because of its 
antibacterial protein composition, saliva constitutes one of the body’s first lines of 
defense. Lactoferrin is an Aβ-binding glycoprotein, a foremost antimicrobial peptide 
in saliva. Chero et al. reported decreased levels of saliva lactoferrin. Decreased levels 
of saliva lactoferrin increase the risk by greater than 77% of converting into amnestic 
MCI and AD dementia (Carro et al. 2017). The accuracy of salivary lactoferrin 
diagnosis was found to be greater than that obtained from CSF biomarkers (T-tau, 
CSF Aβ) (Liang and Lu 2019). 

4.4.1.5 Others 
Reports have proposed a relation between high salivary sugar levels and progress of 
AD. Therefore, salivary sugar levels (trehalose) may serve as a potential biomarker 
of AD (Lukiw 2007) (Fig. 4.4).
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Fig. 4.4 An illustration of noninvasive biomarkers: eyes, saliva, urine, and blood 

4.4.2 Eye 

4.4.2.1 Retinal Biomarkers 

4.4.2.1.1 Retinal Nerve Fiber Layer (RNFL) and Optic Nerve 
Hinton et al. presented the first histopathological evidence of retinal abnormalities in 
AD, i.e., widespread ganglion cell losses, retinal nerve fiber layer (RNFL) thinning, 
and optic nerve degeneration in comparison to healthy controls (Hinton et al. 1986). 

Blanks et al. (1996) provide the basis for the usage of retinal imaging as a 
potential biomarker for AD. In vivo assessments of the nerve fiber layer and the 
optic nerve are often done using scanning laser ophthalmoscopy (SLO) and optic 
coherence tomography (OCT), with SLO being preferable because it uses a confocal 
scanning laser system that enables accurate depth resolution. SLO was used by 
Kergoat et al. (2001) and Danesh-Meyer et al. (2006) for identifying RNFL thinning 
in retina’s peripapillary and macula areas (Lim et al. 2016). 

Berisha et al. observed RNFL thinning in AD; these assessments are supported by 
various studies in patients with MCI and AD, which showed that ganglion cell 
complex (including ganglion cell bodies, their dendrites, and RNFL) at macula is a 
significantly better indicator than RNFL thickness. In addition, this method is used in 
order to differ AD and MCI from healthy controls (Berisha et al. 2007). 

4.4.2.1.2 Retinal Blood Flow and Vasculature 
Researchers have theorized about the possible value of evaluating the blood volume 
of the eye as a biomarker of AD due to the resemblances between the blood vessels 
of the brain and the eye. Common vascular issues linked with AD include decreased



blood vessel density, decreased blood flow, vasoconstriction, and inadequate Aβ 
clearance. 
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Berisha et al.’s (2007) study showed reduced venous blood flow and substantial 
narrowing of retinal veins in comparison to healthy controls by using Doppler 
imaging device (Berisha et al. 2007). Cheung et al. (2014), using fundus photogra-
phy and automated vessel segmentation software, showed (1) a decrease in retinal 
vessel caliber and (2) a decrease in fractal dimension (a measurement of the overall 
branching structure of the retinal vascular tree). (3) There is no change in the angle 
subtended between both daughter vessels at each bifurcation, which is the vessel 
branching angle. (4) An increase in vascular tortuosity, or the average percentage of 
curliness/“non-straightness” of retinal vessels, is also seen. 

Thus, vascular measures may be beneficial for screening, but the question is 
whether age, atherosclerosis, and vascular related problems can be distinguished 
from AD-related alteration; moreover, retinal vascular parameters that can distin-
guish MCI from AD are yet unclear (Cheung et al. 2015). 

4.4.2.1.3 Intraretinal Tau and Amyloid Deposition 
Ratnayaka et al.’s studies confirmed that retinal ganglion cells express APP in the 
inner nuclear layer of the retina and retinal pigment epithelium; these retinal 
ganglion cells also express an enzyme which is capable of producing Aβ, i.e., 
β-secretase (Ratnayaka et al. 2015). AD deposits (tagging): first successful demon-
stration of noninvasive in vivo visualization of curcumin-bound fluorescent Aβ in 
the bitransgenic mice retina, which possesses the mutated genes that regulate 
presenilin-1 (PS-1) and APP. 

The CSIRO in Australia presented extensive preliminary results in humans using 
curcumin contrast in the patients with proven brain deposits using (Pittsburg com-
pound B) PiB-PET imaging. 

However, other studies have not observed the same results, suggesting that P-tau 
could be a potential biomarker compared to Aβ; presence of P-tau is demonstrated 
using SLO imaging of FBS [(trans, trans)-1-fluoro-2,5-bis-(3-hydroxycarbonyl-4-
hydroxy) styryl benzene] bound tau in the retina of P310S human tau mouse line. 

Despite being hopeful, HO et al. (2014) were unable to locate Aβ- or P-tau 
deposits in the retina of AD donors. The authors conclude that AD hallmarks do 
not accumulate in the eye like that of the brain, despite the possibility that using 
different assays, such as limited retinal cross sections instead of whole mounts and 
paraffin-embedded sections rather than frozen tissues, may reduce the sensitivity of 
these proteins’ identification (Ho et al. 2013). 

AD deposits (visualizing): cross polarizers are newly developed imaging tech-
nology that can discriminate between controls and ex vivo human volunteer retinas 
with AD (Campbell et al. 2015; Hamel et al. 2016). By using the fibrillary arrange-
ment of Aβ, this technique produces distinct modifications to birefringence that may 
be quantified using Mueller matrix polarimetry (Campbell et al. 2015; Hamel et al. 
2016).
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4.4.2.1.4 Choroidal Thickness 
The choroid, which is placed between the retina and the outermost layer of the eye, is 
specifically responsible for the blood flow to the retina. Modern OCT devices 
include enhanced depth imaging (EDI) capabilities that use longer wavelengths in 
the 1060 nm range (Wong et al. 2011), allowing for deeper penetration into the eye’s 
layers and viewing of the choroid (Wong et al. 2011). 

According to Gharbiya et al. (2014), studies of AD participants (n = 21) had 
choroid that was 30% thinner than that of healthy controls (n = 21) directly below 
and within 1 mm of the fovea, and RNFL thinning was not observed; this indicates 
that choroidal thinning in AD occurred before RNFL alterations (Gharbiya et al. 
2014). The major challenge is that choroidal thinning endures substantial diurnal 
variations (Kinoshita et al., 2016). Moreover, choroidal thinning is a symptom of 
several other conditions, including uveitis, chronic obstructive pulmonary disease, 
myopia, and aging (Barteselli et al., 2012) (Kinoshita et al. 2017; Shah et al. 2012). 

4.4.2.2 Nonretinal Biomarker 

4.4.2.2.1 Pupillary Reactions 
The dilator muscles and iris sphincter work in harmony to balance forces that affect 
pupil size and pupillary response to light. The former is innervated by parasympa-
thetic cholinergic receptors emerging from the Edinger-Westphal nucleus, while the 
other is innervated by postganglionic sympathetic noradrenaline receptors emerging 
from the superior cervical ganglion. 

Together, these findings demonstrate that high-speed video pupillography pupil 
flash responses, which directly evaluate the integrity of the cholinergic system in the 
nervous system, may be a promising biomarker. It is unclear if using AD drugs such 
as cholinesterase inhibitors can minimize this outcome. Indeed, further research is 
needed to determine the dependability and reproducibility of these growing 
technologies (Lim et al. 2016). 

4.4.2.2.2 Crystalline Lens 
The lens is a transparent biconvex structure in most land vertebrate eyes; the 
crystalline lens, together with the cornea, aqueous and vitreous humors, is responsi-
ble for focusing incident light from the outside world towards the retina. 

The crystalline lens is primarily composed of crystalline proteins in higher 
concentration, giving the ability to examine protein aggregation, which contributes 
to cataract formation (van Wijngaarden et al. 2017). Studies have identified Aβ 
deposits in crystalline lenses of rats, rabbits, monkeys, and transgenic mice. The first 
report of an AD-specific cataract in humans was made by Goldstein et al. (2003), 
who found deposits in the cytoplasm of the equatorial supranuclear/deep cortical 
lens fiber cells (Goldstein et al. 2003). This AD cataract does not impede vision and 
is difficult to detect during a regular eye examination until full dilatation is achieved; 
studies have failed to detect Aβ in human lenses using either confocal Raman 
spectroscopy or standard immune histochemistry methods (Lim et al. 2016). 
Kerbage et al. (2013) performed two small clinical studies on people with AD;



researchers used in vivo imaging of lens. The researchers used a fluorescent ligand 
(aftobetin hydrochloride) with Aβ affinity and exhibited ocular penetration after 
topical application of an ointment (Kerbage et al. 2013). 
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Using in vivo laser fluorescence spectroscopy, the researchers were able to 
identify supranuclear amyloid in the lenses of the majority of AD patients with 
95% specificity and 85% sensitivity in a group of 20 AD and 20 healthy control 
subjects (Kerbage et al. 2015). 

The clinical prediction was more accurate using this approach than AβPET 
imaging (florbetapir F18). If this strategy is duplicated in a bigger study with a 
diverse range of people with variable disease severity, it may show promise as a 
biomarker for AD. The disadvantage of this strategy is that it will be ineffective in 
those who have had cataract surgery (van Wijngaarden et al. 2017). 

4.4.2.2.3 Eye Movements 
Due to suboptimal eye movements, AD patients are known to have difficulty in 
reading; they demonstrate decreased eye movement velocity, failure to concentrate 
on a target, and failure to track a moving target; these errors are observed due to 
damage to cortex and brain stem neural generators. Further studies are needed to 
establish a distinct AD signature, eye movements, as a possible biomarker (Lim et al. 
2016). 

4.4.2.3 Potential Future Biomarkers 

4.4.2.3.1 Ocular Fluid Biomarkers 
Since the 1990s, proteomics has been utilized for extensive protein analysis in both 
health and diseased conditions, including AD. Aqueous humor samples were 
subjected to proteomic analysis for presence of the AD-related peptides. Tear 
fluid, which is simple to obtain, has recently been demonstrated to be viable 
clinically (Kalló et al. 2016) and has demonstrated promise in the diagnosis of 
neurological illnesses like glaucoma (Kalló et al. 2016; Tezel 2013). 

miRNA has attracted a lot of interest as a subclass of noncoding RNA regulatory 
molecules that may regulate gene expression at the post transcriptional stage by 
interacting with the untranslated region of mRNAs that they target. Numerous 
potential miRNAs have already been shown to play a part in controlling the 
production of amyloid, including hsa-miR-106, -153, -101, -29, and -107 (Kumar 
et al. 2013). The viability of miRNA molecules obtained from tears as a fluid 
biomarker is further investigated (Kumar et al. 2013). 

4.4.2.3.2 Corneal Nerve Imaging 
The three layers of corneal nerves are found between the Bowman’s layer and the 
basal epithelium (subbasal nerve plexus), the Bowman’s layer and the anterior 
stroma (subepithelial nerve plexus), and the stroma (stromal nerve plexus) (Lim 
et al. 2016). 

The nerve growth factor plays an important role in the growth and maintenance of 
neuronal cells in the cornea, central nervous system, and peripheral nervous system.



Cholinergic neurodegeneration in AD has been connected to impaired retrograde 
nerve growth factor (NGF) transport (Rocco et al. 2018). The viability of the corneal 
nerve may serve as an AD biomarker. Given the direct imaging capabilities of 
corneal nerves, a functional measure of axonal transport may be more effective in 
identifying AD. The various ocular parts shown in Fig. 4.5 can serve as a source of 
AD biomarkers. 
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Fig. 4.5 Ocular biomarkers of AD 

4.4.3 Urine 

Urine is now a popular source of illness indicators due to its noninvasive nature. Its 
composition comprises cellular components, metabolic substances, and proteins 
derived from glomerular filtration. Urogenital tract secretion/renal tube secretion 
reflects the pathophysiological and metabolic condition of an individual (Bălașa 
et al. 2020). Studies have reported the presence of protein biomarkers in urine, which 
include (AD7c-NTP) AD-associated NTP; neural thread protein (NTP) levels are 
increased in CSF of people with AD, and thus, it has been considered as a possible 
AD biomarker, detected by using monoclonal antibody assay. Studies by L. Ma et al. 
showed a rise in urinary levels of NTP in patients with MCI and AD. As the 
specificity is unclear, further research is needed to distinguish AD from other 
types of dementia (Ma et al. 2015). 

Oxidative stress is one of the important factors in AD; research into the molecules 
associated with this brain damage may provide possible early AD indicators in urine 
(Bălașa et al. 2020). Isoprostane 8,12-iso-iPF (2-alpha)-VI, a free amino acid 
product of lipid peroxidation, was shown to significantly increase in several studies. 
This finding may imply a pathological transition from MCI to AD dementia (García-
Blanco et al. 2018; Praticò et al. 2002).
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4.4.4 Olfactory 

Postmortem investigations have revealed pathological abnormalities in AD, such as 
the development of neurofibrillary tangles in the anterior olfactory nucleus and 
olfactory bulb regions crucial in olfactory information processing. Braak staging is 
used for early AD pathology in entorhinal and trans-entorhinal areas (Murphy 2019). 
Based on it, studies found 90% of tau and 9% of Aβ in patients with AD (loss of 
smell) than in healthy individuals (Attems and Jellinger 2006). The basic hallmarks 
of AD are also observed in the nasal secretions, neuritic plaques, neuropil threads, 
and neurofibrillary tangles that were found to be in olfactory bulbs of AD patients in 
a study conducted in 1987 (Ohm and Braak 1987). Moon J et al. (2016) reported 
increased levels of microRNA-206 by performing an intranasal biopsy of the 
olfactory epithelia in AD patients compared to healthy controls. Preliminary research 
on oral, ocular, olfactory, and urine biofluid potential noninvasive biomarkers is still 
ongoing, which requires additional study to address methodological variability and 
difference in accuracy and specificity (Moon et al. 2016). 

4.4.5 Blood 

Compared to other bodily fluids like CSF, blood is the most easily accessible 
biological sample. It offers affordable clinical diagnostic or screening procedures 
and is even practical for achieving repeatable outcomes in clinical trials. Biofluid 
blood has been established as a biomarker in the diagnosis and study of cancer and 
cardiovascular disease; as a result, it may function as a crucial component in the 
early detection of AD (O’Bryant et al. 2017). Aβ is considered as a potential blood 
biomarker due to its ability to pass through the BBB and its presence in the 
prodromic stage of AD (Omar and Preddy 2020). 

4.4.5.1 Ab 
The results on Aβ42 and Aβ40 levels in the plasma of AD patients throughout the first 
decade of the 2000s were inconsistent and contrary. Mayeux et al. discovered 
elevated plasma Aβ42 levels, however not plasma Aβ40 levels, in AD patients. 
When compared to people with low plasma Aβ42, the chance of developing AD 
was more than twice as high in individuals with high plasma Aβ42. In further 
research, van Oijen et al. observed that high plasma Aβ40 concentration is linked 
to an improved risk of dementia (Preische et al. 2019). However, other studies 
discovered that a lesser plasma Aβ42/Aβ40 ratio is linked to higher cognitive decline 
among older adults. This discrepancy results from the clinical evaluation stage or the 
combination of different kinds of dementia. 

Trials based on immunological precipitation-mass spectrometry-based assays 
were conducted, which demonstrated a considerable decrease in both Aβ40 and 
Aβ42 concentrations in plasma, to obtain reliability and precision in the analysis of 
biomarkers (Nakamura et al. 2018; Ovod et al. 2017). A novel ELISA approach was 
used to examine in vivo levels of Aβ oligomers vs. Aβ monomers in both plasma and



brain tissues of individuals with sporadic and familial AD, which revealed a strict 
association between the Aβ oligomers and amount of Aβ42; however, the concentra-
tion of plasma Aβ is not clear yet. 
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4.4.5.2 Tau 
Studies have indicated that p-tau is a late-stage biomarker of AD (Omar and Preddy 
2020), and because t-tau levels are so low in MCI and/or AD collated to CSF, it is 
essentially undetectable in these conditions. Increased t-tau levels are seen in the 
plasma of AD patients compared to healthy controls and MCI using an ultrasensitive 
approach created by Zetlerberg et al.; however, it was unable to differentiate among 
patients with stable MCI and MCI that acquired AD (Zetterberg et al. 2013). Tatebe 
et al. developed a novel ultrasensitive immune assay for P-tau 181 quantification, 
which showed increased levels of p-tau 181 in patients with AD (Tatebe et al. 2017). 

4.4.5.3 Isoprostanes 
Increased plasma levels of isoprostanes (F2-IsoP) are observed in patients with AD 
(Praticò et al. 2000); it is considered as an unspecific biomarker for AD due to 
increased levels of isoprostanes in other diseases associated with oxidative stress 
(Montine et al. 2002). 

4.4.5.4 Post translational Modification (PTM)-Plasma 
PTMs are generally modifications (non-coded DNA) to the structure/composition of 
proteins that generate neo-epitopes (novel and distinct protein components); 
modifications include isomerization, methylation, acetylation, nitrosylation, etc. 
(Karsdal et al. 2010). Few neo-epitopes are discovered and utilized as biochemical 
markers to track disease severity. Aβ1–40, Aβ1–42, and phosphorylated tau serve as 
post translational modified protein species; however, they are not established as a 
biomarker of AD in the blood largely as a result of technical reasons (Thambisetty 
and Lovestone 2010; Mayeux and Schupf 2011). Pathologically, AD is an interest-
ing disease for PTM-based biomarker development due to the formation of Aβ, 
P-tau, and other proteins linked to neuronal pathologies such as DNA binding/ 
protein 43 and alpha-synuclein. 

4.4.5.5 Autoantibodies 
Autoantibodies are established to be present in AD, but it is unclear whether they are 
more likely to be defensive or destructive in terms of pathology. However, given that 
many of them are present in both blood and CSF, their potential as biomarkers for 
AD is of significant notice (Colasanti et al. 2010). 

Autoantibodies against Aβ have drawn a lot of interest, and there are signs that 
they may have diagnostic value (Gustaw-Rothenberg et al. 2010). They exist in both 
forms: antigen-bound and free antibodies. It is still unclear how beneficial measuring 
these autoantibodies is for AD diagnosis and/or prognosis, even though the 
instruments to do so have been developed (Maftei et al. 2012). Serum autoantibody 
profiling was utilized in a study by Nagele and colleagues, who discovered that 
autoantibodies are prevalent in serum from early to advanced stages of AD. In a



panel of ten autoantibodies, they also found remarkable specificity and sensitivity 
(90%) for AD diagnosis. It is yet unclear, nevertheless, whether these features are 
more prominent in higher AD populations and are unique to AD compared to other 
dementias. Hence, before using this strategy, there is still a lot of validation to be 
done (Nagele et al. 2011). 
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4.4.5.6 MicroRNA 
As compared to autoantibodies, here is a strong confirmation that changes in 
microRNA levels are connected to various aspects of AD pathology (Geekiyanage 
et al. 2012); as a result, efforts are being made to measure changes in the concentra-
tion of specific microRNAs in blood as AD biomarkers. The theory that blood 
microRNAs might act as biomarkers for AD and/or MCI has some value, although 
there are currently only a few studies employing a limited number of individuals. 
Compared to AD, MCI had greater variation in microRNA levels. The lack of 
overlap between two studies and the study’s comparatively small sample sizes 
point to the need for additional research to fully comprehend the utility of these 
blood-based AD biomarkers (Sheinerman et al. 2012). 

4.4.5.7 Blood-Derived Genetic Markers 
It is well known that Apoε4 alleles increase the risk of AD; they are considered as 
genetic biomarkers for early-onset types of AD. Epigenetic studies on the Apoε4 
allele have suggested that this gene may have a role in AD. More significantly, 
similar modifications were seen in corresponding blood lymphocytes as well as brain 
tissues (Wang et al. 2008). Another study found that in comparison to healthy 
control subjects, AD patients expressed hypermethylated promoter regions of the 
Apoε4 gene (Kaddurah-Daouk et al. 2011). The fact that this study only examined 
brain samples emphasizes the necessity for additional analysis of epigenetic 
modifications in blood-derived samples along with larger patient populations 
(Patel et al. 2011). However, these results indicate that abnormal gene methylation 
may have a major effect on AD, and if it can be found in blood-derived cells like 
lymphocytes, it might potentially be an AD biomarker (Henriksen et al. 2014). 

4.4.5.8 Transcriptome 
Several separate organizations have described the possible utility of blood-based 
gene expression profiling in the diagnosis of brain diseases (Sharp et al. 2006; 
Burczynski and Dorner 2006; Gladkevich et al. 2004). The transcriptome, or collec-
tion of messenger RNAs in a specific cell or tissue type, represents essential 
information for determining the final expression of the proteome that is used to 
develop a blood-based signature to distinguish AD patients from asymptomatic 
control subjects (Henriksen et al. 2014). 

Two transcriptome-based strategies, one employing a 96-gene set and the other a 
136-gene strategy, have been reported. Both methods produced useful diagnostic 
results, by comparing AD patients with control subjects who were of similar age. 
The study by Rye and colleagues, which showed a connection to CSF biomarker 
levels, emphasized the potential of these strategies (Rye et al. 2011). Interestingly,



the study by Booij and colleagues reported a distinction between AD and patients 
with Parkinson’s (Booij et al. 2011). These investigations may aid in the develop-
ment of novel ideas about the AD pathophysiology and may explicate various 
physiological phenomena, such as inflammatory processes, involved in the onset 
of the disease. Even so, there are still critical data gaps for example, validation in a 
large clinical group as the AD Neuroimaging Initiative or the Australian Imaging 
Biomarkers and Lifestyle research (Fehlbaum-Beurdeley et al. 2012). 
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4.4.5.9 Markers of Inflammation 
Amyloid deposition in the AD brain triggers several reactive inflammatory 
responses, including astrocytosis, microgliosis, an increase in proinflammatory 
cytokines, acute-phase reactions, and complement activation (Weiner and Selkoe 
2002). Because most of these proteins have difficulty crossing the BBB, it is difficult 
to determine if the buildup of cytokines and acute-phase reactants in brain are 
similarly reflected in serum or plasma. Alternatively, AD may be associated with a 
more widespread immune dysregulation that is detectable in plasma. The measure-
ment of immune mediators in AD serum or plasma is a topic of significant debate in 
the literature. While various cytokines such as IL-12, and interferon remain 
unchanged, inflammatory substances such as C-reactive protein, interleukin (IL)-1, 
tumor necrosis factor, IL-6, IL-6 receptor complex, 1-antichymotrypsin, and 
transforming growth factor show variable changes among studies (Teunissen et al. 
2002). 

For instance, IL-6 has been widely studied in AD. A receptor complex made up of 
the IL-6 receptor subunit and glycoprotein 130 mediates the effects of IL-6, a 
cytokine involved in inflammation, acute-phase reactions, and cell proliferation. 
Some studies have found elevated IL-6 levels in AD plasma and serum (Panossian 
et al. 2003; Kalman et al. 1997; Licastro et al. 2000; Maes et al. 1999; Singh and 
Guthikonda 1997; Tarkowski et al. 1999), while other cohorts did not find this to be 
the case (Angelis et al. 1998; Blum-Degen et al. 1995; Chao et al. 1994; van Duijn 
et al. 1990). Different plasma collection techniques, assay methodologies, assay 
sensitivity, limited sample numbers, varied patient demographics, impact of disease 
severity, age, and comorbid inflammatory condition are few confounding issues in 
this research. To determine if IL-6 can be an effective biomarker for AD, more 
studies are needed (Lönneborg 2008). 

4.4.6 Biomarkers Through Noninvasive Diagnostic Methods 

4.4.6.1 Cognitive Biomarkers 
The current noninvasive AD diagnostic criteria are based on a person’s medical 
history, cognitive and neuropsychological state, and clinical rating score obtained 
from the Mini-Mental State Examination (MMSE), the Wechsler Memory Scale 
(WMS), Clinical Dementia Rating (CDR), and Logical Memory (LM) test (Lopez 
et al. 2011). The MMSE (0–30) score classifies a person as having mild dementia if



their score falls between 20 and 24; moderate dementia if their score falls between 
13 and 20; and severe dementia if their score falls below 12 (Folstein et al. 1975). 
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4.4.6.2 Imaging Biomarkers 
A second line of diagnostic criteria for the diagnosis of AD has been imaging of the 
brain, including positron-emission tomography (PET), magnetic resonance imaging 
(MRI), and functional magnetic resonance imaging (fMRI) (Omar and Preddy 
2020). Current guidelines follow structural imaging in a scientific setting, such as 
magnetic resonance imaging (MRI) or computed tomography (CT), which is pri-
marily necessary for the examination of patients presenting with a cognitive/demen-
tia disease (Sheikh-Bahaei et al. 2017). MRI is utilized as a structural and functional 
imaging tool to examine the visualization of AD-related cortical atrophy and 
alterations in brain connectivity (Scheltens et al. 1992). 

The functional connectivity of the brain was also shown by fMRI investigations, 
including abnormalities in the hippocampus (Wang et al. 2006). Positron-emission 
tomography (PET) is a sophisticated imaging technique that detects Aβ-related 
metabolic activity and plaque deposition in AD by labeling substances with transient 
positron-emitting radionuclides (Kadir et al. 2012). PiB and fluoro-2-deoxy-D-
glucose (FDG), two extensively used PET tracers, show good sensitivity and 
specificity in imaging biomarkers of plaque-associated amyloid progression in 
humans, particularly in the initial phases (Cohen and Klunk 2014). 

4.5 Conclusion 

Aβ42, P-tau, and t-tau have already been identified as CSF biomarkers for AD. They 
are well known for their great diagnostic specificity. Several more candidates in 
noninvasive biological fluids are currently being studied for their potential therapeu-
tic utility in early AD diagnosis and prognosis. So far, a growing number of 
molecules have been found, with NFL showing the most promise in both CSF and 
blood, lactoferrin in saliva, and Aβ42 and p-tau in plasma. 

However, most current AD fluidic biomarkers are obtained through a single 
study, or there is a substantial inconsistency in outcomes obtained from different 
studies, including pre-analytical sample process standardization and analytical 
method validation. Other criteria such as our age, presence of multiple medical 
conditions, and disease diagnosis/stage must also be thoroughly considered. 

These restrictions are slightly relieved by advanced imaging techniques that 
enable the detection of structural and functional biomarkers associated with AD 
offering information that is simple to understand and highly accurate for identifying 
the disease stage of AD. In this context, recently developed biosensors are showing 
promise as rapid, affordable, and straightforward alternatives for diagnosing AD, 
even in its early stages. 

These techniques are powerful analytical methods with elevated sensitivity and 
selectivity, which can be used to detect AD biomarkers in physiological fluids such 
as blood, urine, and tears.
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Combining more than one of the aforementioned indicators, particularly fluidic 
molecular examination and imaging studies, is now commonly accepted as the best 
strategy to accurately diagnose AD and disease stage progression. Depending on the 
case being assessed, several biomarkers and procedures may be combined. 
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Abstract 

Diagnosis of Alzheimer’s disease (AD) is crucial especially for the complete 
comprehension of pathology and clinical therapy of the disorder, as well as in 
declining the severity of the diseased condition. There are two major biomarkers 
associated with AD. One is an accumulation of insoluble amyloid beta, which 
later on gets transformed to amyloid plaques in extracellular space, and the other 
one is an aggregation of hyperphosphorylated tau, which has the capability to 
form neurofibrillary tangles in the intracellular space of neurons. Massive 
research efforts and resources are currently being dedicated towards the develop-
ment of tools and methodologies for the identification and measurement of 
biomarkers indicative of molecular alterations in the brain and imminent 
neurodegeneration. The latest literature is showing a great interest towards the 
invention of a single chemical agent to deliver diagnosis and therapy simulta-
neously, which is entitled as “theranostics”. A theranostic agent is one that has 
both therapeutic and diagnostic qualities. Unlike the typical therapeutic method, 
in which two distinct drugs serve as deputies to achieve two different objectives, 
theranostic agents combine these two goals in a single agent to achieve them. 
Theranostics, due to their great potentiality, helps in avoiding the possible 
variations in biodistribution pattern that exist when we use separate diagnostics 
and therapeutic agents. In the framework of theranostics, the goal is so to create 
the capacity to simultaneously monitor the impaired tissue, release kinetics, and 
therapeutic treatment efficacy. In recent years, several naturally derived 
compounds have been discovered, which are well proven in their efficiency to
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treat various neurological disorders like AD and have showed defensive 
mechanisms against neuroinflammatory reactions and neurotoxic injuries. This 
concept of theranostics is now emerging as a new trend for the possibility of 
searching for new treatments for AD.
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5.1 Introduction 

Alzheimer’s disease (AD) is one of the major neurological disorders having complex 
pathological features. The most properly researched pathological biomarkers of AD, 
amyloid beta (Aβ) and neurofibrillary tangles (NFTs) in cerebral tissues, are 
employed to diagnose this disease (Breijyeh and Karaman 2020). This disease 
majorly affects older populations globally, and it is the leading cause of persistent 
brain injury that cannot be repaired, resulting in altered functionality and behaviour. 
β-Amyloidogenesis is caused by the self-assemblance of peptide forms of Aβ, which 
results in the formation of soluble misfolded forms of Aβ (oligomers and dimers that 
are much more harmful to the neurological tissues); they ultimately transform into 
insoluble fibrils with a rich β-sheet structure. Tauopathies, on the other hand, refer to 
the anomalous self-assemblance of tau proteins into NFTs. It is believed that the 
development of Aβ and tau aggregation greatly contributes to AD pathogenesis, 
resulting in vascular damage and persistent memory deficits in AD patients (Iqbal 
et al. 2010). The condition known as amyloidopathy causes Aβ species to accumu-
late from outside neurons in the form of plaques on the fibrillary nerve, which might 
interfere with neuronal signal transmission at the synaptic site and contribute to 
neuronal cell death. Whilst also NFTs destabilize microtubules and interrupt key 
processes such as axonal transport, neuronal signal transmission, and also transport 
of other important nutrients within neurons, all of this may lead to neuronal cell 
death (Wang and Mandelkow 2016). There is still research being done into early AD 
pathogenesis variables, but they are linked to a variety of factors such as age, gender 
(particularly, females are more susceptible to this disease) (Vina and Lloret 2010), 
pathogenic factors such as cholinergic neuron depletion which reduces acetylcholine 
(ACh) levels (Singh et al. 2020), a genetic disorder such as Down’s syndrome (Lott 
and Dierssen 2010), inflammatory stimuli, increased levels of reactive oxygen 
species (ROS) (Manoharan et al. 2016), and in addition to this metal ion 
dyshomeostasis such as Cu, Zn, and Fe (Eckroat et al. 2013; Akiyama et al. 2000; 
Sharma et al. 2019). AD starts to begin 10–30 years before the clinical symptoms 
appear in the disease. So, as a result, patients are unaware of the disease’s early 
progression (Beason-Held et al. 2013; Perl 2010; Bulic et al. 2010; Chintamaneni 
and Bhaskar 2012). Professionals find it difficult to make a clinical diagnosis of AD, 
especially in the early stages. A thorough and critical evaluation of the patient’s



neurobiological and neuropsychological evidence is necessary to differentiate AD 
from many other types of dementia, like Parkinson’s disease (PD), cerebrovascular 
associated dementia (CVAD), Lewy body dementia (LBD), and frontotemporal 
lobar degeneration (FTLD). Besides continued efforts by AD researchers, 
“theranostics” is a promising approach as this combines diagnosis and treatment in 
a single small molecule (Schneider et al. 2007; Viswanathan et al. 2009; Barker et al. 
2002). 
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5.2 Hypothesis of AD 

AD is a very complex disease which involves various factors. The precise pathogen-
esis of this disease is still unknown due to the complex nature of the human brain and 
the lack of research tools. Various hypotheses have been developed about AD, such 
as those involving the amyloid cascade hypothesis, tau hypothesis, cholinergic 
hypothesis, oxidative stress, inflammation, etc. (Liu et al. 2019). 

5.2.1 Amyloid Hypothesis 

The amyloid hypothesis is also called an Aβ hypothesis or amyloid cascade hypoth-
esis, proposed by John Hardy and David Allsop in 1991. This hypothesis states that 
the imbalance between the production and clearance of hazardous Aβ peptides leads 
to impairment and subsequent neuronal cell death (Selkoe 1991). Aβ production 
occurs via two biochemical pathways, namely non-amyloidogenic and 
amyloidogenic pathways (Fig. 5.1). In the non-amyloidogenic pathway, amyloid 
precursor protein (APP) is cleaved by α-secretase followed by γ-secretase, resulting 
in a normal functional protein. However, in the amyloidogenic pathway, this protein 
is first cleaved by β-secretase, and then γ-secretase results in the formation of 
amyloid species, mainly Aβ40 and Aβ42, which are the main constituents of the Aβ 
plaque. In aged persons, the metabolic ability for the degradation of Aβ is decreased; 
due to this, accumulation of Aβ will happen (Gu and Guo 2013). An increase in 
levels of this major Aβ species (Aβ40 and Aβ42) causes the formation of amyloid 
fibrils, which get accumulated and further develop into senile plaques, causing 
neurotoxicity and tau pathology induction leading to neurodegeneration and conse-
quently neuronal cell death (DeTure and Dickson 2019). The APP genes which are 
present on chromosome 21 and mutations in some genes like PSEN1 and PSEN2 
affect catabolism and anabolism of Aβ, resulting in the accumulation of Aβ and also 
the rapid development of neurodegeneration (Vetrivel et al. 2006). These pathogenic 
APP mutations have been detected near the cleavage sites of β- or  γ-secretase which 
are involved in the increased formation of Aβ or alteration occurs in the production 
of Aβ (De Jonghe et al. 2001). Patients with Down’s syndrome with trisomy 
21 display the symptoms like AD at the age of about 40 years, which was thought 
to be involved due to the increase in the amount of APP to 1.5 times the normal 
amount. Furthermore, APP locus duplication resulted in autosomal dominant early-



onset AD and also the deposition of a massive amount of Aβ peptides. Besides this, 
mutations in PSEN1 and PSEN2 (major components of γ-secretase) cause other 
familial AD. These APP and presenilin mutations are strongly linked to the Aβ 
production and also amyloid fibril formation, which are primary pathogenic causes 
of AD (Kametani and Hasegawa 2018). 
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Fig. 5.1 Schematic representation of amyloid and tau pathology 

5.2.2 Tau Hypothesis 

Neurofibrillary tangles are one of the major hallmarks of AD, mainly composed of 
tau protein. A change in the conformation of the tau protein causes its detachment 
from microtubules in pathogenic conditions. The conformational condition of tau 
proteins, as well as the equilibrium of the two main regulatory proteolytic enzymes, 
tau kinases and phosphatases, governs the fate of the microtubule-associated tau 
protein in neurobiology (Rodríguez-Martín et al. 2013). Tau protein 
hyperphosphorylation causes self-assembly, which leads to the formation of 
prefibrillar oligomeric aggregates. Aggregation progresses result in the development 
of paired helical filaments (PHFs) and, eventually, high-compact-structured neurofi-
brillary tangles (Fig. 5.1). The microtubule-associated tau protein (MATP) gene, 
found on chromosome 17q21.31, encodes the tau protein in humans, which consists 
of 16 exons. Based on the alternative mRNA splicing of exons 2, 3, and 10, six tau 
protein isoforms are recognized and differentiated (Goedert and Jakes 1990). The 
2N4R isoform of human tau is the longest one (tau441), which is divided into four 
functional domains based on the nature of amino acids or their interactions with 
microtubules (Sergeant et al. 2008; Fitzpatrick et al. 2017). Exons 9–12 encode the 
repeating units R1–R4, which are separated from one another by a spacer region



(13 or 14 residues), which enables microtubule binding and also promotes their 
assembly. Each repeat unit is made up of a strand of 18 amino acid residues that are 
highly conserved (Brandt and Lee 1993). In the region 275 VQINKKLDLS285 , 
Lys280, Ser356, and Ser262 play a critical role in the tau-microtubule interaction 
(Cohen et al. 2011; Biernat et al. 1993; Pradeepkiran and Reddy 2019). PHF6 
(VQIVYK) and PHF6* (VQIINK), two of the six amino acid residue segments, 
have been identified as being responsible for tau PHF aggregation in AD. Some 
amino acid residues such as serine residues, Ser285, Ser 289, Ser 293, and Ser 
305, and tyrosine residue at 310 (Tyr310), play important roles in the phosphoryla-
tion of tau protein. Therefore, finding and validating serine-targeted site-specific 
kinase-dependent inhibitors are probably the most promising therapeutic strategy for 
creating potent new treatments for pTau-associated abnormalities (Pradeepkiran and 
Reddy 2019). 
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5.3 Diagnosis of AD 

Diagnosis of disease by determining the presence of biomarkers in biological fluids 
is a very critical step for prescribing medicines to the patients. Plenty of literature 
evidence states that the Aβ proteins and tau proteins are the major biomarkers despite 
several pathological hallmarks of AD. In the primary stage of disease, diagnostic 
agents play an important role in the early detection, progression, and prevention of 
the disease. The assessment of the patient’s cognitive and behavioural states, both of 
which are indicators of final stages of neurotoxicity, is the basis for the current 
clinical diagnosis of AD. The development of methods and procedures for the 
identification and assessment of biomarkers, which are the primary indications of 
molecular alterations in the brain and neurodegeneration, is currently the focus of 
significant research efforts and funding. Various techniques like magnetic resonance 
imaging (MRI) (Wolz et al. 2011), positron-emission tomography (PET) (Vlassenko 
et al. 2012), and single-photon emission computed tomography (SPECT) (Maya 
et al. 2009) are currently used in clinical trials. However, these sophisticated 
techniques such as PET, MRI, and SPECT are not only difficult to use but also 
very expensive for the majority of the population (Shimojo et al. 2015). As com-
pared to the other techniques, optical imaging techniques offer good results in the 
context of the application. Also, this technique has various advantages such as being 
rapid, inexpensive, reliable, and easy for handling. Recently available techniques 
like multi-photon excitation techniques require both clinicians and scientists to 
capture the brain images (in vivo) in animal models (Svoboda and Yasuda 2006). 
However, biomarkers of AD that are found within the brain and biofluids can be 
easily detected and seen with the right resolution using optical imaging techniques. 
In addition, these optical imaging methods are economical and affordable for the 
majority of the population (Xu et al. 2016; Ono and Saji 2015). Furthermore, 
colorimetric probes allowed scientists to detect the Aβ aggregates with the naked 
eye (Rajasekhar et al. 2016). With the recent advances in optical imaging techniques 
and modern spectroscopy, this technique is no longer limited to in vitro bioimaging



of biomarkers and detection in different assays, but it has developed into a trustwor-
thy in vivo imaging device. For instance, multi-photon excitation fluorescence 
spectroscopy can be helpful as a diagnostic tool for otherwise incurable clinical 
manifestations seen with AD progression. Early detection of AD biomarkers like Aβ 
plaques and NFTs using this technique can be beneficial (Svoboda and Yasuda 
2006). Functional biosensors and fluorescent proteins have been reported to be able 
to track the physiological condition of an animal’s brain by adjusting the sensor’s 
biophysical characteristics in response to the living creature. Because of this, optical 
detection and imaging instruments are undoubtedly effective methods for the early 
identification of AD (Shimojo et al. 2015). Due to its numerous benefits and possible 
application in enhanced therapy and diagnostics in the near future, fluorescent 
molecular probes are currently receiving a great deal of attention from the research 
community. When creating optimal fluorescent probes for the detection and imaging 
of protein or peptide (tau or Aβ) aggregation species in the brain, certain design 
principles must be kept in mind (Arora et al. 2020): 
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1. Extreme alloform selectivity for a protein or peptide. 
2. Straightforward synthesis. 
3. A significant Stokes shift in the probe’s emission profile is required to prevent 

self-absorption. 
4. Activate the fluorescence response. 
5. Increased quantum yield. 
6. Appreciable binding constant. 
7. The probe’s emission wavelength must be larger than 450 nm (>450 nm), 

typically in the red and near-infrared (NIR) area, in order to minimize back-
ground fluorescence. 

8. Minimal photobleaching. 
9. Metabolic stability. 

10. Quick clearance from the brain. 
11. Blood-brain barrier (BBB) penetration of significant magnitude. 
12. Nontoxicity and biocompatibility. 

5.3.1 A Summary of Various Diagnostic ImagingMethods and Their 
Clinical Relevance 

Various imaging techniques (Fig. 5.2) have been studied for use as part of diagnostic 
tools for the diagnosis of disease. These are summarized in Table 5.1. 

5.4 Fluorescent Molecules as Diagnostic Tools in AD 

Fluorescence diagnostics has recently emerged as an appealing and promising 
choice for diagnosing and researching the progress of neurodegenerative diseases 
due to its non-invasive, speedy, delicate, simple, economical, real-time, and



increased resolution advantages (Ntziachristos 2006). Fluorescence has extensive 
applications (quantitative measurements, mapping, detecting, and theranostic 
purposes) as well as the probes should be varied according to the application 
(Fig. 5.3). Several fluorescence systems can break down or remove amyloid fibrils 
in contrast to their detecting function, which could help with the management of 
AD. The probes must be customized for each circumstance since the hurdles that 
fluorescence imaging must overcome in each are widely diverse. For instance, near-
infrared (NIR) biosensors are desperately required for tissue implementation given 
that the blood-brain barrier (BBB) is still not a restriction for in vitro tests; the sensor 
for in vivo studies must fulfil several specifications, like washout kinetic parameters 
and relatively low biological toxic effects; there exists a considerable increase of 
albumin in the serum, which would be particularly susceptible to interact with the 
testing results and demands fluorophores with high selectivity (Licha and Olbrich 
2005). 
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Fig. 5.2 Schematic representation of imaging techniques 

5.4.1 Fluorescent Probes for AD Biomarker Detection 

Several fluorescent scaffolds are being modified for enhancing their optical and 
imaging properties for the development as diagnostic tools and are briefed in the 
subsections. 

5.4.1.1 Fluorogenic and Standard Optical Probes 
Commercially accessible dyes such as thioflavin-T and Congo red have been 
extensively utilized to identify tau fibrils and Aβ aggregates in vitro. These dyes 
are still not the best for deep tissue detection due to their low emission wavelengths 
(500–550 nm), which are frequently shorter than that of the autofluorescence of 
bioactive substances (Peng et al. 2019). One of the most thoroughly researched 
structural analogues of ThT, PET tracer 11 C-labelled Pittsburgh compound-B
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Table 5.1 A summary of various diagnostic imaging methods and their clinical relevance 

Techniques Traditional characters 

Radioligand or nuclear imaging techniques 
Positron-emission tomography (Johnson et al. 
2013; Harada et al. 2015; Collier et al. 2017; 
Jie et al. 2021)

. Radiolabelling with a specific target site, 
i.e. receptor, transporter, and enzyme, a wide 
variety of readily available synthetic ligands, 
fast metabolism measurement, and rapid 
clinical translation

. Nature of probes—11 C, 18 F, 124 I, 68 Ga, 
and 64 Cu

. Tauvid (PET radiotracer)—approved by 
the FDA in 2020, useful in clinical tau 
pathology detection in AD

. Amyloid protein-
PET—18 F-flutemetamol, 18 F-florbetaben— 
demonstrate the presence of brain amyloid in 
mild cognitive impairment

. Tau protein-PET—18 F-MK-6240, 
18 F-AV-1451—excellent selectivity and noise 
ratio for neurofibrillary tangles 

Magnetic resonance imaging (MRI) (Johnson 
et al. 2012; Hojjati et al. 2019; Coimbra et al. 
2006)

. Cerebrospinal fluid, white matter, and 
grey matter visualization

. Type of probes—1 H, 19 F, protamine 
sulphate, 23 Na poly-L-lysine

. Structural MRI is used to measure 
cortical thickness as well as hippocampus 
volume, atrophy rate, and medial temporal lobe 
atrophy

. The modification of the neural network 
in the AD brain was investigated using resting-
state functional MRI (rs-fMRI)

. Functional magnetic resonance imaging 
(fMRI) is helpful in assessing the health of the 
brain’s neuroanatomical network in the early 
stages of Alzheimer’s disease

. Perfusion MRI—useful in the detection 
of areas with lower cerebral blood flow and 
volume 

Single-photon-emission computed 
tomography (SPECT) (Hammoud et al. 2007)

. Nature of probes—99 mTc, 123 I, 125 I, 
111 In

. Regional brain perfusion

. Target-specific radiolabelling

. Physical half-life that is longer

. There is no conceivable limit to the 
spatial resolution

. Fast clinical translation 

Optical imaging techniques 
Fluorescence molecular tomography (Zhang 
et al. 2015)

. Type of probes—artificial NIR probes, 
fluorescent proteins

. Reliable and inexpensive

. Real-time detection

. Wide availability 

(continued)



(11 C-PIB), is being used worldwide for the clear and specific diagnosis of fibrillar 
amyloid plaques in AD. This is very useful for distinguishing non-amyloid-related 
dementia conditions, such as frontotemporal lobar degeneration (FTLD). The very 
first US Food and Drug Administration-approved PET tracer radioisotope to mea-
sure brain amyloid deposition is 18F-AV-45 (florbetapir). Fascinatingly, the greater

5 Fluorescent Organic Molecules as Diagnostic and Theranostic Tools. . . 101

Table 5.1 (continued)

Techniques Traditional characters

. Potential for detecting Aβ plaques 
in vivo, among other available imaging 
technologies 

Bioluminescence imaging (BLI) (Mezzanotte 
et al. 2017)

. Source of luminescence: luciferin, 
coelenterazine

. It involves the use of luciferase enzyme 
to generate light

. Luciferase enzyme is genetically 
modified to target any biological cell

. Helpful for tracking biological processes 
quantitatively both in vitro and in vivo 

Other technologies 
Optical coherence tomography (OCT) (Cunha 
et al. 2016)

. Non-invasive imaging technique

. Helpful for determining neuronal fundus 
integrity

. OCT makes it possible to evaluate RGC 
layer deterioration in an indirect manner

. It makes it easier to determine how much 
the retinal nerve fibre layer’s peripapillaries 
have shrunk (RNFL)

. Offers clear cross-sectional pictures of 
the retinal structure 

Magnetic encephalography (MEG) or 
electroencephalography (EEG) (Pineda-Pardo 
et al. 2014)

. High temporal resolution is provided by 
MEG and EEG for the non-invasive 
investigation of minute fluctuations in brain 
activity

. They facilitate the capturing of the 
neuritic magnetic field, leading to a more 
precise neuronal index score than 
haemodynamic methods 

Regional metabolic cerebral blood flow 
biomarkers (Graff et al. 2022)

. Nature of probes: 18 F-FDG-PET

. To investigate the localized glucose 
metabolism

. Comparatively improved sensitivity or 
specificity for separating AD from healthy 
subjects 

Two-photon excited fluorescence laser 
scanning microscopy (TPLSM) (Theer et al. 
2003)

. TPLSM is a versatile method that 
provides clinically useful information about 
dynamic analysis and cell signalling in the 
brain

. This method enables real-time recording 
of existing cellular activity by experts



marker level in the brain areas with amyloid deposits is made possible by the 
fluorine-18 analogue 3 (Fig. 5.4) due to the presence of larger half-life (about 5.48 
times) compared to 11 C-PIB (Wong et al. 2010). Cost-effective alternatives could be 
a preferable option for early AD diagnosis considering the high cost, restricted
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High BBB permeability & logP 

value < 5.0. 

Emission wavelengths should be 

in NIR region (650-900 nm). 

Small and compact structures with 

molecular weight < 600 Da. 

Significant change in 

fluorescence noticeably when it 

interacts with biomarkers. 

There should be significant 

changes between photophysical 

properties of bound and 

unbound forms. 

Good stability, rapid uptake and 

fast clearance from the brain 

Clinical significance 

Non –invasive Method 

In-expensive and widely 

accepted 

Significant diagnostic and 

therapeutic potential 

Challenges in probe 

design 
Ideal properties of 

fluorescent probe Fluorescent 

Probe 

Fig. 5.3 Ideal characteristic features of fluorescent probes in AD



practical application, requirement of radioactivity substances, and long-lasting 
collecting data method in some techniques like PET and SPECT techniques. Numer-
ous different NIR fluorophores (Fig. 5.4), like cyanine dyes (Cy7), indocyanine 
green dyes (ICG), Alexa fluor dyes, and SRfluor dyes, display restricted BBB 
permeation and higher affinity for bioactive proteins other than the genetic disorder 
peptides in the brain. These NIR probes have a greater molecular weight and 
intrinsic charge transfer (ICT) (Cui et al. 2014).
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Fig. 5.4 Chemical structures of commercially available fluorescent dyes 

5.4.2 Classification of Fluorescent Probes for Amyloid (Ab) Species 
and Tau Species Based on Fluorophore Structure 

5.4.2.1 Thioflavin Derivatives for Ab Peptides 
The invention of fluorescent probes for AD has provided a significant amount of 
focus to the benzothiazole ring containing acceptor and donor subunits linked by a 
free C-C rotational bond. The two most often employed fluorescent probes in in vitro 
studies of AD are thioflavin-T and thioflavin-S. The cationic charge on the 
benzothiazole ring in these structures limits brain penetration, and their characteristic



short emission limits their clinical relevance in AD diagnosis. Figure 5.5 represents 
various examples of thioflavin-derived fluorescent probes having an affinity towards 
Aβ peptides. The probes 8, 9, and 10 are uncharged thioflavin-T derivatives that 
have an affinity to bind with Aβ protein and readily enter the human brain. These 
probes bind to Aβ(1–40) and stained both tangles and plaque forms in the post-
mortem AD brain (Klunk et al. 2001). 
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Fig. 5.5 Chemical structures of thioflavin-T derivatives for Aβ peptides 

New Schiff-based benzothiazole molecules with strong affinity for Aβ plaques in 
AD brain were produced and tested by Gan et al. In this series, compound (probe 11) 
with an N,N-dimethyl amino group shows high binding affinity in in vitro fluores-
cent staining of brain sections of post-mortem AD patients (Gan et al. 2013). Similar 
to this, benzothiazole-based probes were designed and created using a push-pull 
mechanism, PP-BTA 1 and PP-BTA2. These two probes succeeded in staining of Aβ 
plaques in brain slices of transgenic mice as well as in human AD patients (Xu et al. 
2016). The differentiation of Aβ subspecies, i.e. Aβ(1–40) and Aβ(1–42), is considered 
a big task for small fluorescent probes even if there are only two amino acids’ 
differentiation present between them. So, in order to overcome this problem, probe 
14 was synthesized which showed that it succeeded in differentiating both Aβ(1–40) 
and Aβ(1–42) in solutions, plasma, and brain tissues. These probes might be a crucial 
part of an AD diagnostic method (Yang et al. 2020). 

5.4.2.2 Thioflavin Derivatives for Tau Proteins 
For the purpose of identifying tau aggregation and preventing neurodegeneration, 
clinical and preclinical feature analysis will be beneficial. Tau aggregation plays a 
key role in neurotoxicity as a hallmark to assess the extent of severity linked to the 
different stages of degenerative AD. This study describes the discovery of



fluorescent probes that demonstrate a significant role in tau aggregation in AD and 
new knowledge regarding tau selectivity. A series of compounds containing phenyl/ 
pyridinyl-butadienyl-benzothiazoles/benzo-thiazoliums (PBBs) for staining various 
tau species in the brains of AD patients and animal studies of these disorders have 
been studied. Probes 15 and 16 (Fig. 5.6) are shown to have outstanding detection 
capacity and adequate selectivity for detecting tau species in living beings 
(Maruyama et al. 2013). Similarly, two (probes 17 and 18) water-soluble 
2-styrylindolium probes for fluorescent imaging of NFTs in AD have been devel-
oped. The staining experiments confirm that these probes may show selectivity to 
NFTs even in the presence of amyloid beta species with low or no toxicity in various 
cell line studies like liver hepatocellular carcinoma cells (Gu et al. 2012). In order to 
distinguish senile plaques and NFTs spectrally, Nilsson et al. devised a series of 
oligothiophene hybrids called bithiophene-vinyl-benzothiazole/benzimidazole. The 
experimental studies demonstrated that these ligands could be key for determining 
new therapeutic techniques to monitor the progression of AD (Shirani et al. 2017). 
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Fig. 5.6 Chemical structures of thioflavin-T derivatives for aggregated tau proteins 

5.4.2.3 Curcumin Derivatives for Ab Peptides 
The chemical structure of curcumin contains two o-methoxy phenols, which are 
joined symmetrically by an unsaturated diketone linker, which is responsible for its 
keto-enol tautomerism. As a result, curcumin demonstrates a variety of remarkable 
photophysical and photochemical characteristics. Curcumin’s maximum absorption 
range in various organic solvents is in between 408 and 430 nm, whereas its highest 
emission range is 460–560 nm (Priyadarsini 2009). These results indicate that 
curcumin may be among the most promising precursors for the development of 
theranostic chromophores for medical diagnosis and treatment administration in 
AD. To get over drawbacks including a lower emission wavelength, a BBB with 
restricted permeability, and other issues like curcumin-related fast metabolism 
sensitivity, Ran’s group created curcumin analogues (CRANAD 1 and CRANAD 
2) using a new difluoroboronate ring (Fig. 5.7). CRANAD-2 on binding with Aβ 
aggregates shows various changes like 70-fold increase in fluorescence intensity and 
a significant increase in quantum yield (QY) (Ran et al. 2009).
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Fig. 5.7 Curcumin-based fluorescent probes for Aβ aggregates
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CRANAD-58 was designed by Zhang et al., which shows significant fluorescent 
property changes on binding with both soluble and insoluble forms of Aβ species 
in vitro. Probes 26 and 27 share a common structural feature of probe 24, with little 
changes at phenyl ring moiety. Later, an imidazole ring containing monodentate 
curcumin scaffold CRANAD 17 was developed that could inhibit copper-induced 
Aβ42 cross linking (Zhang et al. 2013). CRANAD-3 was developed, which can 
detect both soluble and insoluble forms of Aβ species. According to in vivo imaging, 
CRANAD-3 can recognize the initial phases of molecular pathology because its 
NIRF signal was 2.29 times higher in 4-month-old transgenic AD (APP/PS1) mice 
than it was in age-matched wild-type mice (Zhang et al. 2015). 

CRANAD-28 is a bifunctional curcumin analogue, which was designed to 
overcome the low QY associated with the curcumin analogues. Its in vivo 
two-photon imaging shows that it is BBB permeable and could stain plaques and 
cerebral amyloid angiopathies (Zhang et al. 2014). CRANAD-61 has the potential to 
detect active amyloid plaques that are surrounded by high ROS species (Yang et al. 
2017). Liu et al. created a bivalent multifunctional Aβ oligomerization inhibitor 
(BMAOI) that has cell membrane lipid raft on one side for treating AD and curcumin 
on the other for detecting amyloid peptides (Liu et al. 2012). Probe 33 is a 
fluoropropyl-substituted curcumin analogue that exhibits high binding affinity for 
Aβ species, whereas its 18 F-labelled radioactive derivative probe 34 failed to get 
better in vivo Aβ imaging results (Ryu et al. 2006). Probes 35 and 36 exhibited 
favourable BBB permeability and were able to distinguish Aβ plaques in transgenic 
mouse brain sections (Kim et al. 2019). Similar to this, Yanagiswa et al. examined 
19 F-containing curcumin derivative (FMeC1), which exists in both keto and enol 
forms, out of which enol form has selectivity towards Aβ aggregates while the keto 
form does not. These studies examine the diagnostic value of molecular NIR probes 
that can be used with more flexible equipment like PET/SPECT and MRI 
(Yanagisawa et al. 2011). 

5.4.2.4 Curcumin Derivatives for Tau Proteins 
Schmidt and his colleagues synthesized bis (aryl vinyl) pyrazines, pyrimidines, and 
pyridazines as imaging agents for tau fibrils, of which pyrimidine derivatives show 
binding affinity for both NFT and Aβ. In vitro studies suggested that probes 38 and 
39 exhibit high affinity for tau aggregates than Aβ species (Boländer et al. 2012). 
Similarly, a new derivative based on curcumin with various aromatic substituents 
was developed, out of which probe 40 having a dimethylamino-2,6-dimethoxy 
phenyl moiety shows greater differences in fluorescent properties after binding 
with tau fibrils in live cells (Park et al. 2015). The 3,5-dimethoxy-N,N-
dimethylaniline-4-yl moiety, a previously found core scaffold, and the distinctive 
donor-II-acceptor architecture of multiple NIRF probes were combined to create 
probe 41 (Seo et al. 2016). Probe 42 is a difluoroboron diketone derivative which 
shows a turn-on fluorescence response for tau fibrils. Additionally, the mechanism 
for tau specificity was examined, and the results show that the molecular rotor-like 
characteristic feature of the probe allows for the specific identification of tau 
aggregates to emit high fluorescence qualities (Park et al. 2017) (Fig. 5.8).
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Fig. 5.8 Curcumin-based derivatives for aggregated tau proteins 

5.4.2.5 BODIPY Derivatives for Amyloid Aggregates 
In recent years, fluorophores with boron dipyrromethene (BODIPY) have drawn a 
lot of attention as a small-molecule fluorescent probe for imaging. As a fluorescent 
scaffold, BODIPY has exceptional photophysical characteristics, including strong 
photostability, high fluorescence QY, high extinction coefficient, and narrow emis-
sion bandwidth. These characteristics make them a good approach for designing of 
fluorescent probes (Lee et al. 2009). 

Ono and his group developed a BODIPY-based labelled radioligand probe 43 and 
used in SPECT for the first time. The BODIPY derivative displayed a strong affinity 
for the Aβ(1–42) aggregates in binding tests conducted in vitro. In a mouse brain, 
probe 43 vividly stained Aβ plaques, demonstrating its affinity for Aβ aggregates 
in vitro. These results imply that additional structural modifications to the BODIPY 
backbone may be used in dual SPECT/fluorescent probes that might be used to 
image Aβ plaques (Ono et al. 2010). Later, to increase its biological affinity, they 
created another fluorescent probe (BAP-1) 43 by switching the thiophene phenyl 
chain for p-dimethyl amino phenyl. The probe showed better binding for synthetic 
Aβ aggregates. Ex vivo fluorescence labelling of Tg2576 mouse brain slices follow-
ing BAP-1 injection revealed selective Aβ plaque binding with negligible nonspe-
cific binding (Ono et al. 2012). Watanabe and his colleagues created a series of new 
probes (BAPs) after being inspired by probe 44. The developed structures are 
thiophenyl-containing analogue of BAP-2, BAP-3 contains furanyl, BAP-4 contains 
phenyl thiophenyl, and BAP-5 contains the phenylfuranyl moiety. These probes are 
designed on the basis of such a plan that BODIPY fluorophore with a



dimethylaminoheteroaryl group could enhance the photophysical activity of the 
probes. These molecules extensively marked Aβ plaques in the brain area, which 
was consistent with their in vitro affinity for Aβ aggregation (Watanabe et al. 2013). 
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Using information from earlier findings on BODIPY derivatives, Sozmen and his 
team created a number of new BODIPY probes that are conjugated to styryl (49–53). 
These findings showed considerably good staining properties in brain sections from 
Tg2576 mice (Sozmen et al. 2014). Ren et al. synthesized another BODIPY deriva-
tive probe 54; the developed probe showed better results in fluorescence properties 
on binding with soluble and insoluble Aβ species. Additionally, it effectively stained 
the brains of 6-month-old APPswe/PSEN 1De9 Tg and wild-type mice, according to 
in vivo experiments (Yang et al. 2019a) (Fig. 5.9). 

5.4.2.6 BODIPY Derivatives for Tau Proteins 
Ojida and his team developed a new fluorescent probe (probe 55, Fig. 5.10) 
containing two nuclear Zn (II) complexes for the identification of NFTs. This 
probe is made of two Zn(II)-2,2-dipicolylamine complexes that serve as an active 
site for phosphorylated amino acid units and a fluorescent BODIPY unit. A hippo-
campal tissue cut from an AD patient was used for histological imaging, and it was 
discovered that it fluorescently visualizes NFT deposits and distinguishes between 
NFTs and senile plaques (Ojida et al. 2009). 

A newly found effective candidate for the real-time detection of in vitro tau 
protein fibrillization was found using a quinoxaline-functionalized styryl-BODIPY 
derivative probe 56. In vitro studies suggested that the compound is non-toxic to 
living cells and it has good cell permeability (Mani et al. 2017). Another probe, 
4,4-difluoro-4-bora-3a,4a-diaza-s-indacene BD-tau (probe 57), was synthesized, 
which shows increased fluorescence intensities on binding to both aggregated and 
pre-aggregated tau proteins (Lim et al. 2017). Verwilst and his group reported probes 
58 and 59, which show a high selectivity for self-assembled microtubule-associated 
tau protein both in solution and cell-based experiments. Additionally, these 
fluorophores might be used as the foundation for the creation of therapeutically 
applicable sensors, such as those dependent on PET imaging (Verwilst et al. 2017). 

5.4.2.7 Donor-P-Acceptor-Based Probes (DANIR) for Amyloid Species 
DANIR cyanine derivatives are the top option for designing the fluorescent probes 
because of their sensitivity and affinity for the protein of interest as well as the 
favourable spectrophotometric characteristics that can be attained with the right 
donor and acceptor moiety linked through conjugated pi-electron linear alkyl chain 
backbone. In 2013, Mengchao and his team developed a family of NIRF imaging 
probes with a donor-acceptor architecture that is coupled by an electron chain for 
selectivity in Aβ plaques. The synthesized probes with a longer conjugatedΠ system 
show maximum emission, which comes under the category of NIRF probes. The 
DANIR-2c upon interaction with the Aβ(1–42) aggregates shows better fluorescence 
intensity (Cui et al. 2014). Similarly, Fu et al. synthesized a class of DANIR probes, 
which contains p-dimethylaniline donor groups and various acceptor groups like 
Meldrum acid (MAAD-3), dimedone (DMDAD-3), methyl cyanoacetate (MCADD-



3), and dimethylmalonate (DMMAD-3), which are interlinked through polyene 
spacers. These four probes with the longest conjugated double-bond architecture 
showed good binding affinity to Aβ(1–42) aggregates (Fu et al. 2014). DANIR-based 
fluorescent probe (BBTO-3) containing planar barbituric acid derivatives as stronger 
acceptor groups is developed in order to get greater affinity and longer emission 
wavelength. The BBTOM-3 was inert towards photochemical isomerization and 
shows good results upon interaction with the Aβ aggregates (Zhou et al. 2015). 
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Fig. 5.9 Chemical structures of BODIPY derivatives for Aβ aggregates
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Fig. 5.10 Chemical structures of BODIPY derivatives for tau aggregates 

In order to improve the DANIR probes’ weak brain pharmacokinetic properties 
and boost their polarity, Fu et al. created DANIR-8c, which has hydroxyethyl-
substituted naphthalene as the electron donor moiety and a malononitrile group as 
the electron acceptor. DANIR 8c shows excellent fluorescence features with emis-
sion above 670 nm upon binding to Aβ aggregates and also its high sensitivity 
towards the Aβ species (Fu et al. 2016). Similarly, Petric and his group explored the 
involvement of hydrophobic naphthalene moiety in DDNP/FDDNP for bioimaging 
of plaques in AD. In addition, FDDNP as a PET probe was also studied for in vivo 
analysis of NFTs in AD patients (Agdeppa et al. 2003). 

Fu and his team developed dimethylaminonaphthyl derivatives as a donor group 
in DANIR-3b and DANIR-3c in a push-pull design with cyanoacetonitrile as an 
acceptor group. These two probes show higher QY compared to the DANIR 2c and 
good emission properties upon binding with the amyloid aggregates (Fig. 5.11). The 
selectivity and binding capability for Aβ plaques were further suggested by their 
histological imaging in 14–19-month-old female Tg mice models (Fu et al. 2015). 

5.4.2.8 Naphthalene Derivatives for Ab Aggregates and Tau Fibrils 
Later in the year 2012, a series of aminonaphthalenyl 2-cyanoacrylate-based probes 
(ANCA series) were synthesized which can differentiate different forms of amyloid 
species in the brain. The differentiation ability of these probes is because of the 
stabilization of both ground state and excited state as a function of the polarity of 
their environment. This shorter emission wavelength of these probes below the NIR 
range indicates the later invention of structural modification to design a desirable



ANCA-NIR probe (Cao et al. 2012). Similarly, in the year 2016, a novel spiropyran-
based fluorescent probe (AN-SP) that shows high binding affinity and specific nature 
against Aβ oligomers both in vitro and in vivo was synthesized. Bioimaging studies 
proved that AN-SP can penetrate BBB and specifically detect Aβ oligomers in brain 
tissues of transgenic mice (Fig. 5.12) (Lv et al. 2016). 
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Fig. 5.11 Chemical structures of DANIR derivatives for Aβ aggregates and tau fibrils 

2018 saw the creation and synthesis of several novel amino-aryl cyanoacrylate 
probes by Cao and colleagues. Their design approach is heavily reliant on the 
superior specificity and fluorescence imaging of ANCA probes for amyloid plaques 
associated with AD. The amyloidogenic proteins in AD were successfully stained by 
these probes (Cao et al. 2018). 

5.4.2.9 Quinoxaline-Naphthalene Derivatives for Ab Protein and Tau 
Fibrils 

The enhanced fluorescent properties of the quinoxaline-based probes are due to the 
presence of the two nitrogen atoms, which have the hydrogen-bonding property. In 
the year 2013, a series of pyrazine and quinoxaline probes (QNNs) with high affinity 
and selectivity for tau aggregates were synthesized. These probes show better 
features like fluorescent turn-on effects and favourable brain kinetics. In vivo 
fluorescence imaging results show that these probes could differentiate tau trans-
genic mice from wild-type controls with specific labelling of cerebral tau tangles 
(Zhu et al. 2018). Zhou et al. later developed another quinoxaline ring-containing



probe QN-18 (Fig. 5.13), by replacing the naphthalene core with a quinoxaline ring 
in the DANIR-3b structural moiety. The data from in vitro and in vivo studies 
showed that this probe has high selectivity and binding ability for Aβ aggregates 
relative to tau proteins (Zhou et al. 2019). 
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Fig. 5.12 Chemical structures of naphthalene-containing probes for Aβ proteins and tau fibrils 

5.4.2.10 Novel Benzoselenazole Derivatives for Ab Plaques 
A planar benzoselenazole-based NIRF fluorescent probe with high amyloid aggre-
gation binding affinity was created by Sundaram and his colleagues (Fig. 5.14). The 
ex vivo data shows that it has a remarkable capacity to stain Aβ plaques. Inspired 
from the above results, the same group later developed its F-radiolabelled 
18 F-florbetaben (probe 82), which has better pharmacokinetic characteristic features 
and evolved as a probe that has clinical capability in in vivo imaging of AD 
(Sundaram et al. 2016). 

5.4.2.11 Cyanine-Based Derivatives for Amyloid Peptide and Tau 
Proteins 

The first ratiometric cyanine-based probe, CyDPA2 (Fig. 5.15), was created in 2013 
by Bai and his team. It is made up of two zinc dipicolylamine structures that are 
linked to the parent probe IR820. The photophysical studies suggested that this 
probe can bind specifically to tau protein (Kim et al. 2013). In 2019, Yag et al. made 
the hemocyanin derivative ZT-1 (Fig. 5.15) by substituting the pivaloylacetonitrile



group for the cationic portion of IR-780. In vivo fluorescence imaging data shows 
that the probe is successful in detecting amyloid plaques in pre-clinical stages. All 
these results encouraged the designing of cyanine-based probes that can detect 
amyloid and tau proteins in the AD brain tissues distinctly (Yang et al. 2019b). 
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Fig. 5.13 Chemical structures of quinoxaline ring-containing probes for Aβ proteins and tau fibrils 

Fig. 5.14 Chemical structures of benzoselenazole-containing probe for Aβ proteins and tau fibrils 

5.4.2.12 Thiophene Derivatives for Ab Aggregates 
Thiophenes are the best basic components to use as the foundation for the synthesis 
of conjugated π systems because of their enormous and alluring structural variation, 
which enables tuning of the electronic properties over a broad range. Their excep-
tional chemical and physical properties and high polarizing power of sulphur atoms 
in thiophene rings stabilize the conjugated chain and result in outstanding charge-
transport properties. These properties make thiophene molecules useful for design-
ing new fluorescent probes for various applications (Cheng et al. 2012). 

Swager and his team created numerous D-A-based new thiophene-containing 
NIRF probes, including NIAD-4, NIAD-11, and NIAD-16, which are effective in 
amyloid imaging, based on the aforementioned features (Fig. 5.16). NIAD-4 shows 
better results like 400-fold enhancement in fluorescence properties and high QY, and 
much better binding affinity for aggregates of Aβ. NIAD-11 exhibits increased 
fluorescence characters on binding with the Aβ aggregates. NIAD-16 shows a red 
shift upon staining vascular amyloid plaques (Nesterov et al. 2005; Raymond et al. 
2008). 

Recently, Fu and his group developed a thiophene-π extension core-based fluo-
rescent probe QM-FN-SO3 to extend its emission wavelength towards NIR region 
and to increase its BBB permeability. This probe makes a breakthrough in in vivo 
findings of Aβ plaques with greater affinity and acts as an excellent approach to 
some of the commercially available probes such as ThT or ThS (Fu et al. 2019).
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Fig. 5.15 Chemical structures of cyanine derivatives for Aβ peptides and tau proteins 

Fig. 5.16 Chemical structures of thiophene derivatives for Aβ proteins 

5.4.2.13 Oligothiophene-Containing Probes for Ab and Tau Fibrils 
Nilsson et al. reported luminescent-conjugated oligothiophene derivatives (LCOs), 
out of which the pentamer formyl thiophene acetic acid (pFTTA) shows better 
fluorescence properties. pFTTA is able to spectrally differentiate Aβ deposits and 
NFTs (Simon et al. 2014). Another probe KTAA is analogous to the above probe 
that contains acetyl group in place of acetic acid in the previous probe. This probe 
shows greater fluorescence change in emission wavelength on binding with neuritic 
plaques and tau fibrils (Åslund et al. 2009). 

Klingstedt and his team described the degree of spectral resolution as a function 
of a number of thiophene rings from tetrathiophene (q-FTAA), pentathiophene 
(p-FTTA), hexathiophene (hx-FTTA), and (h-FTAA) heptathiophene, as well as



the significance of terminal carboxylic acid in spectral differentiation of 
amylopathies. All these probes have the ability to image neurotic plaques and 
aggregates of tau protein (Fig. 5.17) (Klingstedt et al. 2011; Verwilst et al. 2018). 
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Fig. 5.17 Chemical structures of oligothiophene derivatives for Aβ protein and tau fibrils 

Shirani and colleagues reported a series of anionic pentameric oligothiophene 
fluorescent probes HS-163, HS-165, HS-167, and HS-169. The photophysical



studies showed that these derivatives on binding with AD hall markers exhibit two 
peaks in absorption wavelengths. These probes emerged as the potential ones to stain 
vascular amyloid deposits and NFTs. In conclusion, the different optical properties 
of these probes for amyloid species and NFTs encourage their use in fluorescence 
imaging of the AD biomarkers (Shirani et al. 2015). 
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5.5 Natural Products as Theranostics in AD 

The last 10 years have seen the development of a new strategy for the management 
of AD, i.e. the theranostic strategy: a single compound having the capability of 
diagnosis and therapeutic treatment. A number of fluorescent probes for the precise 
labelling, identification, and imaging of Aβ plaques both in vitro and in vivo are in 
use. At first, these probes are designed for imaging various biomarkers of AD. Later, 
these are evolved as theranostics, which might be useful for both imaging and 
inhibition of amyloid and tau protein aggregation (Cantore 2019). 

Nowadays, several natural compound derivatives have gained attention in the 
management of AD as theranostic agents such as curcumin derivatives. In the year 
2012, Li and Wong reported cyanine fluorescent probes which have the potential to 
bind with the Aβ1–40 peptides, plaques, and aggregate forms, resulting in an increase 
in fluorescence properties, which will make them a direct imaging agent in 
AD. These probes are non-toxic to the neural cell lines; to be more important, one 
of these probes named SLOH shows strong inhibition activity on the Aβ 
fibrillogenesis. The neuroprotective activity was also demonstrated, which shows 
that it could pass BBB and binds with the Aβ plaques, which make it count as a novel 
fluorescent probe that acts as a theranostic agent in AD (Yang et al. 2012). 

Bolognesi and his team developed a styryl quinoline fluorophore (G8) as a 
diagnostic and therapeutic small molecule in the year 2013. This molecule offers 
several advantages like low molecular weight in comparison to the previously 
reported molecules, a small molecule which can be easily modified further in order 
to increase its fluorescence response and amyloid staining abilities. In addition to 
these, it offers anti-fibrillar activity which was proved by in vitro and in vivo studies, 
with low toxicity (Staderini et al. 2013). In 2014, Moore, Ran, and colleagues 
developed a new approach to inhibit Aβ aggregation by neutralizing the positive 
charges present on the amino acids of the Aβs. They reported that PiB-C, a 
conjugation product of PiB and crown ether, will prominently decrease the aggrega-
tion in vitro. It also proved as a bioimaging agent, which could label Aβ plaques in 
AD mice. Introduction of the crown ether group will be helpful not only for the 
neutralization purpose but also for increasing the hydrophobicity of the Aβ surface. 
PiB-C could be considered as a theranostic agent, because it has the potential to act 
as a diagnostic as well as a therapeutic agent (Tian et al. 2014). 

Similarly, another theranostic molecule, the curcumin-based CRANAD-28, was 
also developed by the same group in 2014. At first, they developed the curcumin 
derivative as a diagnostic agent that could detect the soluble and insoluble forms of 
the Aβ. To overcome the low QY drawbacks of the curcumin analogues, they



planned that replacing the phenyl rings with the pyrazoles will be helpful for the 
increment of fluorescence properties. By considering the above facts, they designed 
and synthesized the CRANAD-28. This molecule has good tissue penetration 
capability, because of its higher emission wavelengths. CRANAD-28 not only has 
imaging potential but also inhibits the cross linking of Aβ(42) induced by metal ions 
and natural conditions (Zhang et al. 2014). These features make it a promising 
theranostic agent. 
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Wang and his team, in 2015, reported a dual functional fluorescent molecule 
(TBT) that can bind and disassemble metal-linked Aβ aggregates and also image the 
amyloid species in the brain of the AD mice. The binding behaviour of TBT as a 
metal chelator for Zn and Cu was demonstrated by the fluorescence titration 
methods. The binding affinity for aggregate forms of Aβ was also confirmed by 
using a ThT fluorescence competition assay. Considering the amyloid specificity, 
neuroprotectivity, and efficient BBB permeability, it offers a great advantage for 
designing the probe for the chelation therapy and significant potential as a 
theranostic tool in AD (Yang et al. 2016). In 2017, Dao and his colleagues 
synthesized a series of new theranostic probes derived from phenothiazine moiety 
with the donor-acceptor architecture for the detection of Aβ plaques. Most of these 
molecules exhibit their emission wavelength in the range of NIR. In in vitro studies 
and binding experiments, they showed good affinity for the amyloid aggregates. 
Compounds 4a1 and 5a1 show high affinity for Aβ species and also good fluores-
cence imaging of the Aβ plaques in AD brain models. These molecules offer a great 
advantage of the promising profile of amyloid species aggregation together with 
good stability in mouse serum and a low toxic profile to human neuronal cells (Dao 
et al. 2017). 

Ma et al. designed and developed a new benzothiazole agent (BPB) by combining 
the two beta-sheet targeting groups into one molecule to act by both detecting and 
inhibiting the aggregates of amyloid species. BPB can selectively measure the 
soluble Aβ oligomer level and can differentiate the aggregate forms. Animal study 
results also showed that it can cross BBB and can stain the Aβ plaques in the brains 
of the AD. Aside from its diagnostic value, BPB prevents the synthesis of ROS, 
safeguards neurons from neurotoxicity, and breaks down aggregates. Aβ aggregates 
are formed by metal ions in the brain homogenates of APP transgenic mice. So, BPB 
could be a potential diagnostic as well as therapeutic agent for AD (Ma et al. 2020). 
Yang and co-workers developed a multifunctional fluorescent probe Cur-N-BF2 
with aggregation-induced emission AIE characteristics for the detection of the Aβ 
fibrils and plaques and inhibition of Aβ fibrillation. Investigation reports suggested 
that there is a significant increase in fluorescence property and also selectivity of 
probe towards the Aβ plaques and disaggregation capability towards Aβ fibrils. The 
good neuronal cell protection ability also makes it a promising theranostic agent in 
the study of AD (Yang et al. 2019c). 

Wong and his team have reported a number of uniquely charged NIR theranostic 
probes based on A-PI-D, including DMA-SLOH, DBA-SLOH, and DPA-SLM. The 
maximum binding affinity and selectivity, improved stability in bovine serum, good 
lipophilic character, low toxicity, and BBB permeability are all displayed by



DBA-SLOH with a moderate alkyl chain length. This substance inhibits Aβ aggre-
gation and performs in vivo NIR imaging of Aβ species. This approach raises a fresh 
thought for creating theranostic probes with improved BBB permeability. These 
findings support the DBA-more SLOH’s optimistic function in the diagnosis of AD 
in animal models and medicines for AD treatment (Li et al. 2016). 
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Similarly, in the year 2021, DBAN-SLM, DBAN-SLOH, and DBAN-OSLM 
(Fig. 5.18) turned-on fluorescent probes containing a 2-naphthylamine structure with 
dibutyl groups were introduced into the probe structure to increase its lipophilic 
character and BBB permeability. These probes on binding with the different Aβ 
species exhibit an increase in the emission wavelength. All these probes are 
non-toxic and importantly show an effective inhibition on Aβ self-aggregation and 
better neuronal cell protection activity against the Aβ-induced toxicity. DBAN-SLM 
is a desirable probe with real-time imaging of the Aβ oligomer in Tg-AD mice model 
(Wang et al. 2021). 

5.5.1 Nanotechnology-Based Approach 

The amyloid cascade hypothesis is most often utilized to discuss the pathophysio-
logical features of Alzheimer’s disease (AD). The mechanism states that Aβ aggre-
gation is the primary cause of chronic neurotoxicity in AD. However, medications 
developed to target this component have not shown much effect in the treatment of 
AD. Despite a critical need for treatment and substantial interdisciplinary team 
investigation in the pharmaceutical and biological fields, no viable curative drug 
has yet been developed, and pharmacotherapy for AD remains symptomatic. Until 
now, most anti-AD drugs used in clinical trials and clinics have focused on the 
brain’s central nervous system (CNS). Unfortunately, these medications did not 
cross or were not present in pharmacologically significant concentrations in the 
CNS due to their physicochemical nature and the blood-brain barrier (BBB), a 
protective barrier. The BBB represents the most crucial consideration in the creation 
of new CNS medications. Pharmaceuticals are often made up of tiny compounds that 
do not penetrate the BBB (Potschka 2010). Various attempts have been undertaken 
over the last two decades to address this critical issue by developing various 
strategies that enhance medication passage through the BBB. 

The BBB is now being penetrated by a variety of strategies, including nanotech-
nology, which has shown positive results in delivering medications to the desired 
CNS area. Techniques based on nanotechnology have made it possible to distribute 
imaging agents in addition to drugs. Smartly constructed nanoparticles (NPs) can be 
used in AD diagnosis in addition to medicine. Nanotechnology-based tactics and 
approaches have gotten a lot of attention because they have a good chance of 
overcoming the constraints of BBB passage. Nanotechnology-based theranostics 
combine highly sensitive molecular identification with precise medicine targeting, 
which can enhance AD treatment by delaying memory loss and extending life. Both 
organic and non-organic nanoparticles were successfully investigated as theranostics 
against AD. Quantum dots (QD), dendrimers, fullerenes, and carbon nanotubes are



examples of organic and inorganic nanomaterials that can be utilized to make 
theranostic nanocarriers. Other examples include polymeric nanoparticles, 
nanocapsules, nanospheres, micelles, emulsions, and liposomes (CNT) (Wong 
et al. 2012). A blueprint for theranostic nanocarriers that can cross the BBB and
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Fig. 5.18 Chemical structures of various fluorescent probes as theranostics in AD



have both therapeutic and diagnostic capabilities has been developed over the past 
10 years as a result of multidisciplinary nanotechnology research (Gauthier and 
Molinuevo 2013).
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5.5.1.1 Nanotechnology in Alzheimer’s Disease Diagnosis 
The potential for an early diagnosis of AD is the current focus in the production of 
NPs for neuroimaging and molecular recognition of biomarkers. Very effective 
signal transduction is possible with nanotechnology, which could help with AD 
early detection. The physiological, chemical, and/or biological characteristics of 
specifically made nanoparticles are the main foundation for this potential use of 
nanotechnology in imaging and detection (Nazem and Mansoori 2011). 

5.5.1.1.1 In Vitro Diagnostics 

Nanoparticle Conjugates 
Protein biomarkers can be found using DNA-NP complexes even in very low molar 
concentrations (even as low as 10–18 moles per liter). This detection method makes 
use of gold NPs linked to antibodies for certain proteins. This approach has yielded 
promising results in in vitro AD diagnosis (Georganopoulou et al. 2005). 

Localized Surface Plasmon Resonance-Based Nanosensor (LSPR) 
Surface plasmon resonance (SPR), a resonating and cumulative oscillation of outer 
electrons in solid material, occurs when exposed to incoming light. In all directions, 
photon emission and absorption have a similar frequency. Certain inorganic NPs 
have a characteristic SPR phenomenon that makes them useful for imaging and 
theranostic uses in a range of disorders, including AD. Several metallic NP-based 
ultra-sensitive and economical methods for identifying AD biomarkers like Aβ-
derived diffusible ligands (ADDL) have recently been developed and are based on 
the SPR effect (Svenson 2013). 

Scanning Tunnelling Microscopy (STM) and Two-Photon Rayleigh Spectroscopy 
Specific antibody fragment immobilization on GNPs is a component of STM. When 
STM passes GNPs, the frequency of the generated pulse, which is shown on the 
device’s scanner tip, determines the tunnelling pattern that results from a change in 
substrate or antigen concentration. With this method, Aβ can be found at 
concentrations as low as 10 fg/mL (Kang et al. 2009). Recently, the changed signal 
from GNP scattering was seen using two-photon Rayleigh spectroscopy to accu-
rately evaluate tau protein. This method is rapid, focused, and extremely sensitive, 
able to detect concentrations as low as 1 pg/mL (Neely et al. 2009). 

5.5.1.1.2 In Vivo Nanodiagnostics for Alzheimer’s Disease 

Magnetic Resonance Imaging (MRI) 
In recent years, a great deal of research has been done on magnetic or iron oxide 
nanoparticles (IONPs) as MRI contrast agents (Viola et al. 2015). An antibody-



superparamagnetic iron oxide nanoparticle (SPION) combination has been created 
by Sillerud et al. for in vivo MR imaging of Aβ plaques in transgenic animal models 
of AD. Their results showed that newly developed SPIONs considerably enhanced 
the MRI contrast in mouse brains with Aβ plaque (Sillerud et al. 2013). 
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Optical Imaging 
In vivo imaging of molecular biomarkers in various disorders, including AD, is 
currently being studied using optical imaging (OI) using a specific near-infrared 
(NIR) fluorescent dye. The most common prerequisites for an AD diagnostic test are 
the imaging probe’s ability to cross the BBB and its specificity to the target of 
AD-related biomarkers (Nesterov et al. 2005). 

5.5.1.2 Nanotechnology in Alzheimer’s Disease Therapy 
With improvements in AD cell biology, pathology, and neurophysiology, as well as 
the upcoming smart NP design capable of crossing the blood-brain barrier and 
focusing on the desired site into the CNS, nanomaterial approaches focused on 
neuroprotective and neurodegenerative techniques in AD can greatly benefit. Over 
the past 10 years, a number of NPs have been investigated to increase the bioavail-
ability and therapeutic effectiveness of AD medicines. 

5.5.1.2.1 Nanogels, Fullerene, and Nanoceria 
Because of their improved drug encapsulation, stability, and capacity to be targeted 
depending on many factors like pH, temperature, and ionic strength, nanogels are 
appealing drug delivery techniques. Ikeda et al. created novel monomeric peptide-
integrated pullulan (CHP) nanogels containing cholesterol to explore the possibility 
for therapeutic targeting. Colloidal NPs effectively decreased the aggregation of Aβ, 
reducing its toxicity to PC12 cells (Ikeda et al. 2006). 

Another important NP from the carbon family known as fullerene (C60) has been 
investigated for use in AD therapy as a neuroprotective antioxidant and free source 
of antioxidant (Dugan et al. 2001). 

The antioxidant activity of cerium oxide (CeO2) nanoparticles, commonly known 
as nanoceria, has been demonstrated to have a neuroprotective effect on in vitro 
models of AD. The generated oxygen vacancies in cerium’s two redox states, Ce2+ 
and Ce4+, make them powerful antioxidants (D’Angelo et al. 2009). 

5.5.1.2.2 Dendrimers 
Nanoscale monodispersed polymers called dendrimers have a set number of spatially 
ordered peripheral functional groups, a regular and highly branched 3D architecture 
(Stiriba et al. 2002). Usually, a series of reactions are carried out in iterative 
succession to prepare them. Experts in pharmacology and biomedicine have recently 
become interested in these NPs. It makes sense to target the Aβ peptide by 
functionalizing the nearby functional groups with the desired ligands. The potential 
of dendrimer NPs to deconstruct existing amyloid aggregates and their inhibitory 
influence on Aβ aggregation were both demonstrated by Chafekar et al. after they 
created KLVFF-functionalized dendrimer NPs (Chafekar et al. 2007).
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5.5.1.2.3 Gold Nanoparticles 
Gold nanoparticles (GNPs) have undergone extensive study for their theranostic and 
drug delivery capabilities in a range of medicinal applications, including AD treat-
ment. By producing local thermal energy, GNPs dissolved Aβ-peptide clumps and 
prevented additional Aβ-peptide aggregation when utilized in mild microwave fields 
by Kogan et al. In order to destroy an Aβ fibril bond (10–20 J binding energy per 
non-covalent link) every microsecond without damaging covalent bonds, which are 
two times stronger, GNPs release heat energy at a rate of 10–14 J/s (Kogan et al. 
2006). 

5.5.1.2.4 Diamondoid and Its Derivatives 
Several antibacterial and antiviral drugs that are either on the market or in various 
stages of development are derived from diamondoids and their derivatives 
(Mansoori 2008). Memantine, a commercially available diamondoid chemical with 
FDA approval, is used to treat moderate-to-severe AD. Memantine is a 
neuroprotective medication that prevents excitotoxicity, overexcitation of 
glutamate’s membrane receptors, or excitatory neurotransmitter’s excitotoxicity, 
which kills neurons. Excitotoxicity kills neurons by overactivating glutamate 
receptors of the N-methyl-d-aspartate (NMDA) type. Memantine has little impact 
on normal activity but lowers excessive NMDA receptor activity. 

5.5.1.2.5 Quantum Dots 
Quantum dots (QDs) are yet another sort of brilliant dye produced by nanotechnol-
ogy. The remarkable fluorescence properties of these nanoscale semiconductor 
crystals include low photobleaching, good stability, a broad absorption spectrum, 
and a very restricted size-dependent adjustable emission spectrum. QDs are now able 
to recognize and track a variety of physiological and pathological molecular events 
across time in comparison to conventional fluorescent dyes. Because there are 
various biomarkers associated with the pathology of AD, and because their presence 
in combination with one another may help rule out other possible diagnoses, this 
simultaneous multiple labelling characteristic is especially important in the diagnosis 
of AD (Jaiswal et al. 2003). 

However, the in vivo uses of the semiconductor materials currently used in QDs, 
such as cadmium selenide and cadmium sulphate, remain unknown. Of course, 
several studies have found that encapsulating QDs in polymers (such as 
phospholipids) or coating them with polyethylene glycol (PEG) reduces their toxic-
ity (Dubertret et al. 2002). Tokurako and his group created a nanoprobe for amyloid 
aggregation and oligomerization utilizing PEG-coated QDs as Aβ42 labels. They 
investigated Aβ(42) oligomerization behaviour in solution and on live cells, as well as 
microglia ingestion of Aβ(42) monomers and oligomers. However, in order to apply 
this diagnostic technology to monitor Aβ(42) biochemical behaviour in vivo, extra 
attention should be paid, in addition to QD safety considerations, to the successful 
passage of these QD-Aβ nanoprobes via the BBB (Tokuraku et al. 2009).
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5.6 Natural compounds in Clinical Trials for AD 

Despite major studies on this disease, just a few medicines capable of delaying 
disease development are currently available. Till today, there has been no report of 
one such molecular probe that has both diagnostic and therapeutic applications 
carried forward in clinical trials to counter-attack AD. Several substances with 
pharmacological effects derived from plants, animals, and microbes have been 
shown in recent years to have positive effects for the treatment of AD, targeting 
various pathogenic processes. Natural compounds were classified into two 
categories: bioactive compounds and natural extracts. A bioactive chemical is a 
medicinal molecule in this context, whereas a natural extract is a mixture of many 
molecules. Several bioactive compounds include vitamins, bryostatin, melatonin, 
resveratrol, curcumin, etc., whereas natural extracts include Ginkgo biloba, saffron, 
papaya, etc. that are in clinical trial stage. As a result, a variety of natural substances 
may be important in the prevention of AD and have been shown to be effective in 
numerous preclinical and clinical trials (Andrade et al. 2019). 

5.7 Conclusion 

Early diagnosis of the AD is vital in understanding the pathophysiology as well as to 
delay the progress of the diseased condition. In this chapter, we mainly focused on 
both diagnosis and therapeutic approaches to the AD. Here in, we highlighted the 
importance of fluorescent probes that are derived from various naturally inspired 
molecules such as curcumin and some others in diagnostic as well as therapeutic 
applications. Thereafter, we mentioned the various nanotechnology approaches 
towards AD diagnosis and treatment. Till today, there has been no such evidence 
that a single fluorescent probe that has theranostic potentiality is carried forward to 
the clinical study stage in drug development. This chapter provides knowledge about 
the importance of fluorescent probes in understanding the pathophysiological 
conditions as well as the disease state. 
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Abstract 

Alzheimer’s disease (AD), a neurodegenerative disorder characterized by pro-
gressive, continuous, and irreversible degeneration of structure and function of 
neurons, is a major cognitive dysfunction amongst elderly population. Drugs with 
different pharmacology have been developed and approved for the treatment of 
AD, but these treatments are not curative and merely provide symptomatic relief. 
Successful treatment of AD requires drug targeting to the central nervous system 
in effective therapeutic concentrations. Blood-brain barrier (BBB) is a major 
hurdle in transporting drugs to the brain. Nanostructure-based materials can 
cross the BBB by virtue of their very small size. Further, surface modification 
of these materials could aid in targeting the drugs to specific cells/organs, and to 
achieve higher drug concentrations at the required site. Nanostructure-based 
imaging modalities, therapeutic agents, and theranostics provide highly sensitive 
detection at molecular levels, optimal drug targeting, and combined effect. Recent 
advancements in the field of nanotechnology have enabled the combined delivery 
of diagnostic as well as therapeutic agents to remarkably improve the outcomes of 
AD treatment. In this chapter, we have discussed a brief overview of AD, recent 
advancements in the detection of neurotransmitters and applications of 
nanostructure-based molecules in the early detection of AD, targeted 
nanomedicines, and theranostic nanomaterials in the management of AD. We 
have also discussed the toxicity concerns with nanostructure-based materials and 
future perspectives of theranostics as personalized medicine. 
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Abbreviations 

ACh Acetylcholine 
AChE Acetylcholine esterase 
AD Alzheimer’s disease 
APP Amyloid precursor protein 
Aβ Amyloid β 
BBB Blood-brain barrier 
CHG Glutaraldehyde cross-linked, chitosan, and hyaluronic acid 

co-assembled nanoparticles 
CNS Central nervous system 
CSF Cerebrospinal fluid 
DSPE-PEG 1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine-n-[poly(ethylene 

glycol)] 
ELISA Enzyme-linked immunosorbent assay 
FF Phenylalanine-phenylalanine dipeptide 
LSPR Localized surface plasmon resonance 
MRI Magnetic resonance imaging 
NFTs Neurofibrillary tangles 
NIR Near infrared 
POC Point-of-care 
PSEN Presenilin 
SERS Surface-enhanced Raman scattering 
SPIONs Superparamagnetic iron oxide nanoparticles 

6.1 Introduction 

Alzheimer’s disease (AD) is named after Alois Alzheimer, who described the first 
case in a 55-year-old female patient (Auguste Deter) in 1906 (Amiri et al. 2013). It is 
a neurodegenerative disorder characterized by continuous and irreversible degener-
ation of structure and function of neurons in the central nervous system (CNS) and 
peripheral nervous system. The main pathological hallmarks of AD are accumula-
tion of amyloid β (Aβ) plaques outside the cells, formation of neurofibrillary tangles 
(NFTs) made up of hyperphosphorylated tau protein inside the cells, atrophy of 
cerebral cortex, and degeneration of cholinergic neurons of basal forebrain. It is 
associated with various cognitive impairments and is the foremost cause of demen-
tia. The number of people living with dementia worldwide is currently projected at



50 million, and it is predicted to reach 82 million in 2030 and about 152 million by 
the year 2050 (Dementia n.d.; Dementia statistics | Alzheimer’s Disease Interna-
tional (ADI) n.d.). The occurrence rate is higher in the elderly population than young 
adults owing to reduced or altered hormone secretions, increased oxidative stress, 
and neuronal inflammation (Alzheimer Association 2019; Apostolova 2016). 
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To date, several hypotheses have been proposed to describe the pathophysiology 
of AD including amyloid cascade hypothesis, tau hypothesis, cholinergic hypothe-
sis, and oxidative stress hypothesis. The most widely accepted hypothesis to explain 
the pathophysiology of AD is the amyloid cascade hypothesis stating that Aβ is the 
foremost contributor in the progression of AD (Suthar and Navneet 2021). However, 
the drugs aimed at targeting Aβ have not garnered much clinical success. Despite the 
advancements as well as vast research in pharmaceutical and biomedical field and an 
imperative medical need, no effective curative therapies have been developed for 
AD. The clinical treatment recommended for these disorders merely provides a 
symptomatic relief (Breijyeh and Karaman 2020). CNS is the major target site of 
action for the drugs used to treat AD. Most of the drugs fail to reach the CNS in 
sufficient concentrations either due to their physicochemical properties or the pres-
ence of protective barrier called the blood-brain barrier (BBB). The BBB is the major 
barrier between the blood and the brain acting as the gatekeeper of the brain for 
extraneous materials (Lalatsa and Butt 2018; Gauro et al. 2021; Suthar et al. 2022). 
Various efforts have been made by researchers all over the world in the past few 
decades to design drug delivery systems that can easily traverse across the BBB. 

Nanotechnology and nanostructure-based molecules have shown promising 
outcomes in delivering drugs to the CNS in effective therapeutic concentrations. 
Nanotechnology confers suitable attributes to the drugs, so that they can easily 
traverse across the BBB (Suthar et al. 2023; Ojha et al. 2021). Nanostructure-
based materials have shown promises for delivery of imaging/probing as well as 
therapeutic agents (Jain et al. 2021; Mehra et al. 2016). Further, nanostructure-based 
molecules can be utilized to effectively deliver the diagnostic, therapeutic, or 
theranostic agents to the brain. Theranostics are nano-sized agents that offer highly 
sensitive molecular detection and efficient drug targeting by serving as both diag-
nostic and therapeutic agents, simultaneously (Jain and Jain 2023; Ahmad et al. 
2022; Chauhan et al. 2022; Bajwa et al. 2015). In this chapter, we have discussed 
various biosensors and biomarkers in AD, advancements in the detection of 
neurotransmitters, and applications of nanostructure-based molecules in diagnosis 
and theranostics of AD. 

6.2 Biosensors in Alzheimer’s Disease 

A biosensor is an analytical tool that combines a biological element with a physico-
chemical detector. Research in the field of biosensors have been ongoing since over 
two decades, and their range of application includes medical diagnostics, food, 
sports, and environment monitoring (Nemane et al. 2019). They present great 
potential in providing simple, rapid, and cost-effective analyses of many diseases



by various point-of-care (POC) biosensors, which provide high degree of compli-
ance to the patients by performing in situ analysis with a limited number of 
resources. 
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Fig. 6.1 Schematic representation of a biosensor. (Reproduced with permission from (Ameri et al. 
2020)) 

A typical biosensor is composed of two parts that are connected to one another, 
i.e., the biorecognition layer and the transducer. Figure 6.1 depicts the diagrammatic 
presentation of a typical biosensor. Biorecognition layer is generally made up of 
biomaterials that interact with the analyte of interest such as enzymes, antigens, or 
antibodies. The transducer converts the biological response into a quantifiable 
signal. Electrochemical, optical, and piezoelectric approaches are some of the widely 
used techniques for signal transduction. Biosensors are generally classified on the 
basis of either the biorecognition layer used in their construction or the method used 
for their signal transduction (Mohanty and Koucianos 2006). 

Biosensors, especially POC biosensors, have shown remarkable potential in the 
improvement of AD diagnosis. Biosensor-based diagnostic tests are usually very 
simple, requiring only a minute quantity of sample and almost no hands-on time for 
the analysis. Further, biosensors can provide complex fluid analyses owing to their 
high selectivity and specificity towards the analyte of interest. The cost of biosensor-
based diagnosis of AD is much lower than the neuroimaging techniques. Further, 
they are less invasive than other methods of detection as they possess the ability to 
detect biomarkers in other bodily fluids than the cerebrospinal fluid (CSF). The 
method of detection of CSF biomarkers requires lumbar puncture, which is very 
painful and noncompliant to the patients. Also, repeated sampling of CSF affects the 
level of CSF biomarkers, making them inadequate for monitoring disease progres-
sion. Neuroimaging is a very costly diagnosis, which is only advantageous in 
diagnosing the advanced state of the disease when symptoms are prominent and 
brain structure has changed. On the other hand, biosensors can provide early-stage 
diagnosis, since they rely on the detection of biomarkers (Brazaca et al. 2020; Shui 
et al. 2018). In the following subsections, we will be discussing the biosensors for 
the diagnosis of AD according to their recognition layer and transduction techniques. 

6.2.1 Based on Transduction Mechanism 

A transducer converts the interaction of the bioreceptor with the detector into an 
easily measurable and quantifiable signal. Selection of a suitable transducer greatly



impacts the sensitivity as well as the limit of detection of the biosensor. Also, the 
compatibility of the transducer with the bioreceptor is a prerequisite in the develop-
ment of a biosensor. Some of the major types of transduction mechanisms include 
electrochemical, optical, electronic, and piezoelectric biosensors (Naresh and Lee 
2021). Electrochemical and optical transducers are the main transducers used in the 
detection of biomarkers of AD. 
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6.2.1.1 Electrochemical Biosensors 
Electrochemical transduction-based biosensors have been in existence for a long 
time, but it continues to be a very active area of research. The last decade has seen a 
remarkable expansion in the use of electrochemical biosensors in areas such as food, 
environment, forensics, and medicine. Electrochemical biosensors have made it 
possible to diagnose a vast number of diseases and ailments in almost no time. 
They provide a highly specific, sensitive, and rapid detection of the analyte of 
interest. They can convert the chemical signals into quantifiable signals using the 
potentiometric, amperometric, conductometric, and impedimetric transducers. These 
methods work by monitoring the changes in various parameters like potential, 
current, conductivity, or impedance. These changes usually occur as a result of 
reduction or oxidation of electroactive species caused due to the type or concentra-
tion of the analyte of interest (Eltzov et al. 2011). 

6.2.1.2 Optical Biosensors 
Optical biosensors consist of a biorecognition layer and an optical transducer 
system, which produces a signal as a function of concentration of analyte. Optical 
transducers detect the changes in the optical properties like absorption, refraction 
index, fluorescence, and wavelength as a result of any biological reaction. They 
provide real-time detection of analyte of interest with a very high specificity and 
selectivity. Optical biosensors including fluorescence-based, colorimetric, localized 
surface plasmon resonance (LSPR), and surface-enhanced Raman scattering (SERS) 
detectors have shown promising results in quantifying the major biomarkers of AD, 
i.e., amyloid β and tau protein for early-stage detection of AD (Shui et al. 2018). 
Fluorescence-based biosensors are the most explored optical biosensors as they offer 
real-time fluorescence detection with very high sensitivity. Colorimetric biosensors 
are used for POC detections as they detect the analyte via color changes that are 
easily observable via naked eye. LSPR biosensors detect the changes in the refrac-
tive index upon biological interaction as a function of concentration of the analyte. 
SERS-based biosensors can also detect various forms of Aβ in the diagnosis of 
AD. Other optical biosensors to detect AD biomarkers include scanning tunneling 
microscopy and near-infrared (NIR) fluorescent imaging (Phan et al. 2021). 

6.2.2 Based on Biorecognition Element 

Biorecognition element is made up of biological materials that function by 
interacting with the analyte of interest (e.g., enzymes, antigens, or antibodies). A



biorecognition layer allows the measurement of the analyte of interest in many 
complex samples due to the high specificity and selectivity of the biorecognition 
element. The most frequently used biorecognition elements in AD diagnosis include 
enzymes, antigens, antibodies, cells, and genetic material (Carneiro et al. 2020). 
Antibodies, enzymes, and genetic material are discussed briefly in the following 
subsections. 

138 T. Suthar and K. Jain

6.2.2.1 Antibodies 
The high binding affinity of antibodies to their respective antigens makes them very 
useful as a bioanalytical device. Antigen-antibody interact via non-covalent 
interactions, and specific arrangements are required between them for binding to 
occur. The application of antibodies ranges from basic science to most advanced and 
applied sciences. The high specificity, selectivity, sensitivity, and homogeneity of 
antibodies make them an ideal recognition element in the development of 
biosensors. The easy availability, regeneration possibility, and requirement of low 
sample volumes are some of the major attributes that make antibodies an excellent 
recognition element. The major constraints with antibodies include their physical 
and thermal instabilities and complex in vitro and in vivo models (Kaushik et al. 
2016a; Carneiro et al. 2017). 

6.2.2.2 Enzymes 
Enzymes are another widely used biorecognition element that acts as biological 
catalysts for chemical reactions. They offer great specificity to their substrates, and 
they are generally more selective towards the analyte of interest. They act as 
biorecognition element by causing changes in color, pH, or temperature, which 
can be detected by various transducers. Acetylcholine esterase (AChE) is one of 
the most used biorecognition enzymes in the diagnosis of AD (Brazaca et al. 2020). 

6.2.2.3 Genetic Material 
It is a well-established fact that genetic mutations are the major cause of various life-
threatening diseases. Use of DNA or RNA as a recognition layer provides easy and 
quick detection of various diseases that are related to genetic mutations and 
polymorphisms. The detection of diseases occurs on the basis of hybridization 
between the sample and single-stranded capture sequence. AD, early-onset type as 
well as late-onset type, can be diagnosed by analyzing the genome of patients. 
Single-gene mutations in chromosomes 1, 14, and 21 lead to abnormalities in 
amyloid precursor protein, presenilin 1 (PSEN-1), and presenilin 2 (PSEN-1), 
respectively, leading to early-onset-type AD. Polymorphism of ApoE is the main 
causal factor for late-onset-type AD, which can be detected by analyzing the genome 
of patients (Hardy 2010).
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6.3 Biomarkers for Detection of Alzheimer’s Disease 

Biomarkers are a group of clinical signs that accurately define the medical state of 
the patient, unlike the symptoms described and perceived by patients. National 
Institutes of Health Biomarkers Definitions Working Group defined biomarkers as 
“a characteristic that is objectively measured and evaluated as an indicator of 
pharmacologic responses, or normal or pathogenic biological processes, for a thera-
peutic intervention.” Biomarkers are important to understand any physiological or 
pathological processes in the body, for developing newer diagnostic or therapeutic 
strategies, as well as to evaluate the pharmacological effects of any therapy. 
Biological markers could be measured inside or outside the body, and they may 
indicate prevalence of any disease in the body in its early stages (Aronson and Ferner 
2017). Many reports suggest that biomarkers such as biological molecules and some 
genetic mutations can be utilized to evaluate overall pathophysiological conditions 
of aged patients to diagnose AD. The development of AD is slow and gradual, with 
cognitive dysfunction being the first symptom which starts appearing almost after a 
decade. This makes it difficult to identify the pathology of AD based on clinical 
symptoms alone. Biomarkers offer an early-stage diagnosis of AD and guide in 
decision-making process for the management of AD (Mantzavinos and Alexiou 
2017; Wattamwar and Mathuranath 2010). An ideal biomarker should fit in the 
criteria decided by scientists worldwide as stated in Table 6.1. In this chapter, we 
have discussed CSF, plasma, and genetic mutation-based biomarkers in brief for 
detection of AD. 

6.3.1 CSF Biomarkers 

CSF biomarkers provide an accurate diagnosis of various neurological disorders 
including AD. Though the protein content in CSF is much lower than in blood, CSF 
is still a reliable source for developing biomarkers in AD. CSF reflects the exact 
pathological changes as it is in intimate contact with the extracellular space in the 
brain. Many reports suggested elevated levels of total tau (T-tau) and phosphorylated 
tau (P-tau) and reduced Aβ1–42 in CSF analysis of AD patients. These biomarkers 
show a very high diagnostic accuracy with 85–90% specificity (Shui et al. 2018; 
Wattamwar and Mathuranath 2010; Blennow and Zetterberg 2009). The diagnostic 
method utilizing CSF biomarkers involves lumbar puncture, which is an invasive

Table 6.1 Criteria for an ideal biomarker 

Should be highly specific and sensitive (with specificity and sensitivity of >80%) 

Should reflect the aging of the brain 

Should be able to describe the pathophysiological processes in brain 

Should be able to reflect the pharmacological changes in patient 

Should detect AD in its early stages (e.g., in mild cognitive enhancements) 

Should be reliable, reproducible, noninvasive, and cost-effective



and very painful procedure. Further, enzyme-linked immunosorbent assay (ELISA) 
is the commonly employed assay for CSF analysis, which requires a very lengthy 
technique and costly reagents (Kaushik et al. 2016b). ApoE4 is another causal factor 
for AD, which can be utilized as a CSF biomarker for the diagnosis of AD (Genin 
et al. 2011).
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6.3.2 Plasma Biomarkers 

The high-cost, invasive nature and patient noncompliance associated with diagnosis 
of AD using CSF biomarkers make them difficult to be incorporated in the routine 
clinical practice. Thus, the focus of the scientists has shifted towards lesser invasive 
methods such as the use of plasma biomarkers. Plasma-based biomarkers are making 
their way towards routine screening of dementia, as blood collection is relatively 
noninvasive and inexpensive to perform (Wattamwar and Mathuranath 2010). 
Advancements in AD research have led to the identification of several biomarkers 
of AD in plasma, serum, and blood. The plasma screening of AD patients revealed 
two categories of biomarkers. The first one is a set of molecules with altered levels in 
plasma samples that collectively show a pathological fingerprint. Clusterin, fetuin B, 
pancreatic prohormone, and prostate-specific antigen complexed to α1-
antichymotrypsin are a set of proteins used for the detection of AD. The second 
type includes biomarkers discretely related to AD like Aβ, tau, and ApoE (Sattlecker 
et al. 2014). These molecules are also the pathological hallmarks of AD, as their 
blood levels are deregulated, and hence, they can be used for early-stage AD 
detection. The levels of Aβ42 and Aβ40 are well-known biomarkers of AD, and 
their CSF and plasma levels increase with age but decrease with cognitive 
impairments due to accumulation of Aβ. Araclon Biotech Ltd. developed ELISA 
for colorimetric measurement of Aβ1–40/Aβ1–42 ratio in patients having mild cogni-
tive impairments (Pesini et al. 2012). Although these molecules are promising 
biomarkers for AD diagnosis, further research is still required to bring them into 
routine clinical practice. 

6.3.3 Genetic Mutations 

The genetics of AD has not been completely understood owing to its complex nature 
and heterogeneity due to mutations and polymorphisms in multiple genes along with 
other nongenetic factors. Genetics play a crucial part in the development of early-
onset AD, while late-onset AD is usually a result of genetic, ecological, and lifestyle 
factors (Alzheimer’s Disease Genetics Fact Sheet | National Institute on Aging n.d.). 
The genetic mutations in AD are typically congenital and present high possibility of 
early-onset familial AD. The genetic mutations leading to early-onset familial AD 
are usually transmitted in an autosomal-dominant fashion; that is, they are less 
prevalent but have relatively high penetrance, while late-onset AD is related with 
polymorphisms which have high prevalence and low penetrance (Brazaca et al.



2020; Bertram et al. 2010). Early-onset familial AD generally occurs via single-gene 
mutations on chromosomes 21, 14, and 1, leading to abnormalities in amyloid 
precursor protein (APP), PSEN-1, and PSEN-2, respectively. Mutations in APP 
account for less than 5% of all early-onset familial AD cases. Mutations in PSEN-
1 and PSEN-2 lead to an increase in the levels of Aβ plaques (Cruts et al. 1996). 
Late-onset AD usually occurs as a result of polymorphisms in ApoE gene located on 
chromosome 19. ApoE gene has three alleles namely, ε2, ε3, and ε4. Polymorphisms 
in ε4 allele are responsible for reduced amyloid clearance and increased plaque 
buildup leading to an increased risk of late-onset AD (Coon et al. 2007). Thus, in 
conclusion, genetic mutations and polymorphisms associated with familial AD cases 
present a viable biomarker for the detection of AD. 
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6.4 The Application of Nanostructure-Based Molecules 
in the Diagnosis of Alzheimer’s Disease 

Early diagnosis of AD before the occurrence of irreversible brain damage or 
complete mental decline gives hope in the treatment of AD. The AD biomarkers 
are conventionally detected either by determining the total tau/Aβ concentrations in 
CSF/plasma or by targeting the suspected pathogenic biomarkers (e.g., 
phosphorylated tau or cleaved tau) (Blennow and Zetterberg 2018). The former 
approach does not provide very convincing results as such biomarkers may be 
present in both healthy and AD patients, whereas the latter approach gives more 
conclusive results, but their quantification by conventional ELISA or western blot-
ting may not be possible as they are present in very low concentrations (Fluri 2010). 

Nowadays, the research in the field of AD diagnosis is directed towards the 
development of nanostructure-based molecules for imaging and molecular detection 
of AD biomarkers. Nanostructure-based molecules could give a very potent signal 
transduction, aiding in the early diagnosis of AD. These smartly designed molecules 
provide detection on the basis of their physical, chemical, or biological properties. 
These probes should have high specificity and sensitivity, moderate lipophilicity, 
high in vivo stability, and ability to cross the BBB nondestructively (Mpambani et al. 
2018). The use of nanostructure-based molecular detection probes for brain imaging 
using magnetic resonance imaging (MRI) or positron-emission tomography could 
serve as a promising approach to detect the AD biomarkers like Aβ42 and tau protein 
(Bilal et al. 2020). 

MRI is a widely used diagnostic technique which relies on the relaxation time of 
protons excited with an external magnetic field. It detects the changes in signals 
caused by rotational orientation of protons of biological fluids. The most widely used 
magnetic nanoparticles are iron oxides, manganese oxide, and rare earth fluoride 
nanoparticles. The development of AD is usually very slow and gradual, which 
makes it difficult to diagnose AD till its symptoms start to appear. It is a well-known 
fact that oxidative stress and inflammation occur way before the appearance of 
diagnosable symptoms. He et al. developed a multifunctional anti-Aβ antibody 
4G8-conjugated, brain-targeted, ROS-activatable MnO2 nanoparticle-based



theranostic nanoconstruct system for enhanced MRI signals in affected areas. The 
theranostic nanoconstructs showed a 1.51–2.24-fold enhancement in T1-weighted 
MRI signals in the CSF proportional to the cerebral ROS levels with 88.9% 
sensitivity and 100% specificity on intravenous administration in AD mouse 
model. These nanoconstructs could allow for early-stage detection of AD prior to 
cognitive deficits (He et al. 2020). 
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Nanostructure-based molecules have shown the ability to traverse across the BBB 
and improve the MRI signals and thus aid in early-stage diagnosis of AD. Yin et al. 
synthesized anti-amyloid antibody-grafted meso-2,3-dimercaptosuccinic acid-
coated magnetite nanoparticles for MRI signal enhancement in the diagnosis of 
AD. The colony-forming assay demonstrated the biocompatibility of 
immunomagnetic nanoparticles in C6 cells. Their results revealed that the 
relaxivities increased with an increase in the density of immunomagnetic 
nanoparticles, indicating their applicability as excellent negative contrast agents 
for the diagnosis of AD (Yin et al. 2015). 

It is an established fact that detection of Aβ plaques in its early stages leads to 
rapid detection of AD and can support more conclusive and effective therapeutic 
interventions. Mpambani et al. studied the ability of hybrid nanomaterials containing 
gadolinium fluoride-based paramagnetic nanoparticles surrounded by luminescent-
conjugated oligothiophenes to detect Aβ aggregates using MRI/fluorescence dual-
targeting approach. Transmission electron microscopy (TEM) and fluorescence 
microscopy results revealed the ability of these contrast agents to selectively bind 
to the Aβ deposits. The results of in vivo experiments also revealed that these 
contrast agents could diffuse through the BBB and selectively stain Aβ fibrils. The 
hybrid contrast media was able to provide dual-MRI/fluorescent imaging for detec-
tion of AD biomarkers (Mpambani et al. 2018). 

These reports suggest that nanostructure-based molecules or nanocarriers can act 
as excellent contrast agents in the diagnosis of various diseases, particularly AD. In 
the next section of this chapter, we have discussed the applications of nanostructure-
based molecules in AD theranostics for simultaneous diagnosis and treatment of AD. 

6.5 The Application of Nanostructure-Based Molecules 
in Alzheimer’s Disease Theranostics 

Conventionally, the diagnosis and treatment of AD are carried out separately, which 
makes it difficult and time-consuming to efficiently monitor the progress of the 
treatment. A simultaneous or combined diagnosis and treatment of AD may prove to 
be a more efficient, personalized, and patient-friendly approach. The term 
“theranostic” was coined by John Funkhouser to describe the materials that combine 
the diagnostic and therapeutic modalities (Tripathi et al. 2021). Theranostics are 
molecular level agents that offer highly sensitive detection and efficient drug 
targeting by serving as both diagnostic and therapeutic agents, simultaneously. 
Theranostics also provides sufficient pharmacokinetic information of the targeted 
drug throughout the treatment and thus offers a huge number of aided advantages



over concrete diagnosis or treatment (Ahmad et al. 2022; Jain and Zhong 2022). 
Various nanostructure-based molecules can be used as carriers for delivering imag-
ing modalities and therapeutic agents to the target sites. Targeting ligands can be 
anchored on the surface of these molecules to guide them to the target site. 
Theranostic nanocarriers or nanotheranostics can be formulated from various 
organic and inorganic nanomaterials including polymeric nanoparticles, dendrimers, 
quantum dots, and lipidic nanoparticles (Aulić et al. 2013). 
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Ruan et al. developed nanotheranostic platform loaded with curcumin and 
superparamagnetic iron oxide nanoparticles (SPIONs) encapsulated by diblock 
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-n-[poly(ethylene glycol)] (DSPE-
PEG) surface modified with CRT (CRTIGPSVC) and QSH (QSHYRHISPAQV) 
peptides. The developed nanotheranostic platform demonstrated high peptide-
targeted BBB permeation and significant reduction of Aβ plaques in APP/PSEN1 
transgenic mice as observed by MRI. Further, there was a significant enhancement in 
the spatial learning and memory due to brain-derived neurotrophic factor-induced 
neuroprotection (Ruan et al. 2022). 

Wang et al. formulated glutaraldehyde cross-linked, chitosan and hyaluronic acid 
co-assembled nanoparticles (CHG nanoparticles) as a nanotheranostic module for 
imaging Aβ fibrils and inhibiting Aβ aggregation. The developed nanoparticles 
demonstrated a high binding affinity towards Aβ oligomers, whereas they showed 
weak emission for the Aβ monomers. The results of binding affinity studies revealed 
that theranostic nanoparticles specifically bind to negatively charged Aβ aggregates 
due to the electrostatic and hydrophobic interactions. The ThT fluorescence assay 
method was used to detect the aggregation process, and the results revealed that ThT 
fluorescence intensity reduced on increasing the concentration of CHG nanoparticles 
and the nanoparticles over 360 μg/mL concentration completely inhibited the Aβ 
aggregation. In vivo assays with Caenorhabditis elegans CL2006 showed the 
potential of CHG nanoparticles for imaging Aβ fibrils and inhibiting the Aβ aggre-
gation. Figure 6.2 shows the in vivo fluorescence images of C. elegans stained with 
ThT and CHG nanoparticles (Wang et al. 2021). 

Sharma et al. formulated self-fluorescent dopamine tryptophan nanoparticles for 
dual imaging and aggregation inhibition of Aβ polypeptides for AD theranostic 
applications. The anti-aggregation potential of the nanotheranostics was evaluated 
on in vitro amyloid aggregation model, phenylalanine-phenylalanine (FF) dipeptide, 
and the results revealed that the nanoparticles showed positive anti-aggregation 
behavior towards both FF dipeptide and preformed Aβ fibrils as observed by electron 
microscopy and circular dichroism spectroscopy. The confocal fluorescence images 
depicted red and green fluorescence in the cytoplasm of nanoparticle-treated cells, 
which confirmed successful internalization and accumulation of self-fluorescent 
nanoparticles (Fig. 6.3). Further, the theranostic nanoparticles showed 
neuroprotective effects in SH-SY5Y cells against FF fibril-induced toxicity 
(Fig. 6.3d). It also attenuated the Aβ accumulation and reduced the cognitive deficits 
in intracerebroventricular streptozotocin (ICV-STZ)-induced rat model. In conclu-
sion, the developed nanotheranostics served as excellent bioimaging agents and 
reduced cognitive impairments (Sharma et al. 2020).
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Fig. 6.2 In vivo fluorescence imaging of C. elegans strain of (a–c) N2 and (d-f) CL2006. 
Nematodes were stained with 10 μM ThT (green channel) and 30 μg/mL CHG NPs (red channel). 
(Adapted with permission from (Wang et al. 2021)) 

Wang et al. synthesized Aβ oligomer-specific surface-functionalized, Aβ 
oligomer-selective cyanine dye (F-SLOH)-modified Gd-based mesoporous silica 
nanoparticles for dual-NIR/MRI contrast agent for detection of Aβ fibrils. The 
nanoparticle probe showed high NIR and MRI sensitivity upon binding with Aβ 
fibrils. They studied the potential of nanoparticle probe for in vivo Aβ imaging and 
targeting in three different mice groups aged 7, 9, and 11 months, and the results 
showed age-dependent modifications in fluorescence intensities and higher Aβ 
content in older mice. It effectively inhibited Aβ aggregation and fibrillation and 
showed neuroprotection against Aβ-induced toxicity and ROS generation in 
APP/PSEN1 transgenic mice model (Wang et al. 2020). 

In another study, Cai et al. developed a nanotheranostic platform consisting of 
ultrasmall SPIONs coupled to a phenothiazine-based NIR fluorescent dye. In vivo 
NIR fluorescence and MR imaging studies in APP/PSEN1 transgenic mice revealed 
the ability of the developed nanotheranostic to perform simultaneous in vivo NIR 
fluorescence and MRI of Aβ plaques in the mouse brain. Further, the 
nanotheranostics was able to significantly enhance the cell viability which was 
reduced by Aβ1–42 in SH-SY5Y human neuroblastoma cells (Fig. 6.4b) and, thus, 
could prevent the AD-associated apoptosis. In addition, they also studied the inhibi-
tory effects of nanotheranostics on Aβ aggregation and disaggregation of preformed 
Aβ fibrils, and results revealed that ultrasmall SPIONs could disaggregate the Aβ 
fibrils at much lower concentrations than phenothiazine-based small molecules 
(Fig. 6.4a) (Cai et al. 2020). Various theranostic approaches involving 
nanostructure-based molecules are enlisted in Table 6.2. 

Theranostics has emerged as a very appealing approach for simultaneous diagno-
sis and treatment of various life-threatening diseases, particularly neurodegenerative 
disorders as they offer highly specific, sensitive, noninvasive, and reliable detection



in the early stages of the disease. The aforementioned studies suggest the potential of 
nanostructure-based molecules in the theranostics of AD. The next section of this 
chapter deals with the toxicity concerns associated with the use of nanotechnology 
in AD. 
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Fig. 6.3 Confocal fluorescence images depicting cellular uptake of DTNPs in SH-SY5Y cells. (a) 
DAPI-stained SH-SY5Y cells imaged in green, red, and blue channel without DTNPs; (b) DAPI-
stained SH-SY5Y cells treated with DTNPs imaged in green, red, and blue channel; (c) cytotoxicity 
of FF towards SH-SY5Y cells examined by MTT assay; and (d) protective effects of DTNPs against 
FF-induced cytotoxicity in SH-SY5Y cells. (Adapted with permission from (Sharma et al. 2020)) 

6.6 Toxicity Concerns with Use of Nanotechnology 
in Alzheimer’s Disease 

Nanotechnology-based carriers have been widely utilized in drug delivery 
applications, as they allow for accurate site-specific delivery of drugs and reduce 
the associated adverse effects. Engineered nanomaterials have garnered a lot of 
attention owing to their nano-size and relatively high surface area.



Nanostructure-based molecules including diagnostic and therapeutic nanomodalities 
have been considered in the interventions for the diagnosis and treatment of AD. The 
small size of these materials facilitates their uptake and transport into and across the 
cells. However, very limited data is available on the toxicity profile and fate of these 
nanomolecules in the biological systems (Khan and Shanker 2015; Jain et al. 2010; 
Jain 2018). They can illicit an immune response either through direct handling or 
exposure, so care should be taken in their handling and usage. Their biological 
characterization should be performed with utmost care and diligence to ensure their 
safety and eliminate the associated health hazards. Various in vitro and in vivo 
studies for testing immune responses have shown that many nanostructures,
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including metal and metal oxide-based nanoparticles, exhibit pro-inflammatory 
effects. The ability of these nanoparticles to exhibit immune response highly 
depends on their size, shape, and surface chemistry (Kononenko et al. 2015). In 
various studies involving metal and metal oxide nanoparticles, an abnormally high 
concentration of metals was found in the Aβ plaques. It can be attributed to the fact 
that metals have a tendency to increase the rate of Aβ aggregation, thus promoting 
AD progression (Liu et al. 2006). Thus, nanotechnology and nanotoxicology can be 
considered as the two sides of the same coin, as the same nano-size which provides 
benefits may also lead to undesired effects. Although most of the current toxicity 
protocols are sufficiently able to identify the hazards and toxic effects associated 
with nanostructure-based molecules, new testing methods should be researched to 
further establish the safety of these nanostructures (Carro et al. 2019).
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6.7 Conclusion 

With the rapid progression and advancements in nanotechnology, nanostructure-
based materials have shown promising outcomes in the management of various 
diseases due to their excellent physicochemical properties. Nanoscale size and 
tunable surface of nanostructure-based materials make them promising diagnostic 
as well as therapeutic agents for the management of AD. Nanostructure-based 
materials can cross the BBB and simultaneously deliver the therapeutic agent at 
the target site. Some recent reports suggest that nanostructure-based materials can 
effectively slow down the progression of AD by various mechanisms including, by 
acting as drug carriers, facilitating brain targeting, inhibiting aggregation of Aβ, 
facilitating degradation of Aβ, abolishing tau aggregates, reducing tau 
hyperphosphorylation, and relieving the oxidative stress. These nanomaterials 
need to be explored further to establish their in vivo safety. Surface modifications 
and other such methods can be utilized to improve the target specificity and reduce 
off-target accumulation of therapeutic agents. Nanostructure-based materials are 
emerging as potential theranostics, but further research is required to understand 
the role and mechanisms of these materials during the diagnosis and treatment 
of AD. 
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Abstract 

Discovery of therapeutics for multifactorial diseases and disorders involving 
multiple pathophysiological pathways is still a challenge for the researchers. 
Alzheimer’s disease (AD) is one such disease that involves multiple largely 
ambiguous pathophysiological pathways, which makes it a challenging thrust 
area of research around the globe. The current approved drugs for the manage-
ment of the disease include rivastigmine, donepezil, galantamine (all AChE 
inhibitors), and memantine (NMDA receptor antagonist). Furthermore, bulk of 
the research on AD focuses on multi-target directed ligand (MTDL) approach 
which involves combining together two or more distinct pharmacophores to 
obtain potent MTDLs. In this chapter, we have discussed synthesis and biological 
evaluation of the most active novel moieties developed on the basis of the existing 
anti-Alzheimer’s drugs reported in the last 5 years, along with the in silico 
overview of their interactions with the biological targets. 
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7.1 Introduction 

Alzheimer’s disease (AD) is considered to be a nonreversible chronic neurological 
disease currently. It has affected almost 55 million people till date and would affect 
around 78 million people worldwide by 2030 (https://www.Alzint.Org/Resource/ 
World-Alzheimer-Report-2021/). Serious efforts have been made by the scientific 
community at various levels for the development of newer anti-AD drugs all over the 
world. Common symptoms of AD include memory loss and challenges in solving 
day-to-day problems and planning of work, along with decreased judgment and 
mood swings. Major causes listed for AD include neuron death, diminishing levels 
of neurotransmitter acetylcholine (ACh), metal dyshomeostasis, oxidative stress, 
formation of amyloid plaques, and tau protein disruption in the brain (Ashraf et al. 
2019; Ge et al. 2022). Recently, activation of choline acetyltransferase (CHAT) 
activators (Kumar et al. 2019; Darreh-Shori et al. 2019) has been considered as an 
emerging approach for alleviating the problem, wherein acetylcholine synthesis is 
increased, thereby increasing the concentration of this neurotransmitter in the brain. 
A combination of drugs having the ability to increase the synthesis of acetylcholine 
(ACh) through CHAT activation along with inhibition of AChE and BuChE could 
be a significant breakthrough to treat the AD (Leng and Edison 2021). 

Since AD is a multifactorial disease, there is no singular treatment for the disease 
(Yadav et al. 2023a). Use of multi-target directed ligands (MTDLs) as drugs is the 
most commonly advocated approach for the management of AD (Yadav et al. 2018). 
As far as MTDLs for AChE inhibitors are concerned, they consist of two or more 
pharmacophores having the potential to bind to the peripheral active site (PAS) and 
catalytic anionic site (CAS) of AChE fused together to form unique molecules 
having the potential to exhibit potent effect in inhibiting the breakdown of the 
neurotransmitter ACh, thereby increasing ACh levels in the brains of the AD patients 
(Shidore et al. 2016; Barmade et al. 2017). Novel compounds have been synthesized 
which act on multiple targets, like inhibition of AChE and BuChE enzymes, inhibi-
tion of Aβ aggregation, preventing tau hyper-phosphorylation, having metal chelat-
ing ability, and ability to scavenge free radicals. 

7.2 Current Treatment Available for AD Patients 

Currently available treatment for AD includes four major drugs (1–4). Out of them, 
three drugs donepezil (1), rivastigmine (2), and galantamine (3) (natural product) are 
AChE inhibitors, whereas memantine (4) is an NMDA receptor blocker. Tacrine (5), 
the first anti-AD drug introduced in the market in 1993, is another AChE inhibitor 
which had to be withdrawn from the market in 2013 due to its hepatotoxic side effect 
(Gupta 2014). A new drug in the form of monoclonal antibody Aduhelm was 
approved by the FDA in 2021 as a β-amyloid aggregation inhibitor, but the drug 
does not have much presence in the market. Figure 7.1 shows a brief timeline of 
approved drugs for AD from 1993 till 2021 (Zhang et al. 2022). Thus, discovering 
new drugs to combat AD remains a vital necessity for the whole world, as there is no



specific drug which can be used to terminate or reverse the progression of 
AD. Therefore, research for the discovery of newer molecules remains a priority 
as the number of dementia patients is increasing with every passing day. 
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Fig. 7.1 Chronology of approved anti-Alzheimer’s drugs 
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Before designing of any new derivative, in silico interactions produced by the 
standard drugs with acetylcholinesterase and butyrylcholinesterase enzymes would 
give enough insight to assess the stability of the protein-ligand complexes. Before 
considering the molecular interactions of the ligands with the enzymes, knowledge 
of the structures and active sites of the enzymes AChE and BuChE becomes 
important to see the correlation of the groups, which would be interacting with the 
enzymes’ active sites.
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7.3 Structure of Acetylcholinesterase 
and Butyrylcholinesterase 

AChE enzyme hydrolyzes the ACh at the synaptic cleft of the neurons where the 
inhibition of AChE would result in increased concentration of the neurotransmitter, 
therefore compensating its deficit, which is a characteristic feature in AD patients 
(Martorana et al. 2010). The enzyme has ellipsoidal structure and is about 
45 Å × 60 Å × 65 Å in size. At the bottom of a deep-narrow gorge of about 20 Å, 
it contains a catalytic active site (CAS) having 14 aromatic amino acid chains 
composed of mainly Tyr-70, 121, 334, Trp 84, 279, and Phe-288, 290, and 
330 residues, where the hydrolysis of ACh takes place. At the mouth of the enzyme, 
an additional binding site, the peripheral anionic site (PAS), is present. Between 
these two binding sites, an array of low-affinity binding sites are present which are 
spread throughout the gorge that facilitates the binding of the ligands to the CAS site 
of the enzyme (Harel et al. 1993; Galdeano et al. 2012). 

Butyrylcholinesterase (BuChE) is another hydrolyzing enzyme responsible for 
the hydrolysis of ACh having about 65% homology with the amino acid sequence of 
AChE. The gorge volume of the BuChE enzyme is about 200 Å3 larger than the 
cavity of AChE, as it has a deficit of 6 aromatic amino acid residues out of the 
14 amino acids present in AChE; therefore, BuChE is supposed to be less 
stereoselective for the substrate structure, for the same reason as given above 
(Nachon et al. 2003; Saxena et al. 1997, 1999; Johnson et al. 2003; Szegletes et al. 
1999; Lane and He 2009). Moreover, the regulation of ACh hydrolysis in BuChE is 
done at the peripheral site; hence, it is the main binding site for the substrates, and 
therefore its binding with higher substrate concentration results in inhibitory activity, 
while lower concentration may result in accelerated rate of hydrolysis (Johnson et al. 
2003; Szegletes et al. 1999). The AChE gorge comprises 14 aromatic residues, 
which make a substantial portion of the gorge, while the catalytic site at the bottom 
contains π-electron cloud of Trp84 along with Phe330, which assists in the binding 
of ACh through π-cation interactions to the enzyme through its quaternary ammo-
nium center. Trp279 is additionally present at the entrance of the peripheral site 
(PAS), which is a site for binding of the substrate at the entry point. The active site of 
BuChE is located deep in the narrow gorge at the bottom of the enzyme, into which 
ACh diffuses and gets hydrolyzed. AChE is the major hydrolyzing enzyme in case of 
normal brain, and BuChE plays a supportive role, whereas BuChE is the main 
hydrolyzing enzyme for ACh in the peripheral nervous system. As the disease 
progresses, the brain AChE level and the ratio of AChE/BuChE gradually decrease 
in the AD patients, and the role of BuChE becomes more prominent as a vital 
therapeutic target to treat the AD patients (Lane and He 2009; Giacobini 2004). It is 
suggested that BuChE and AChE dual inhibition could broaden the scope of 
treatment by synergizing the effectiveness of medication and offer supplementary 
neuroprotection (Venneri et al. 2005). 

The interaction of standard drugs like donepezil and rivastigmine with the 
enzyme AChE is important in order to understand the vital interactions that are



responsible for inhibition of the enzyme activity. These interactions would be 
helpful to have a broader idea for designing new molecules as AChE inhibitors. 
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7.4 Interactions of Acetylcholine with Acetylcholinesterase 

The neurotransmitter acetylcholine is responsible for the functioning of cholinergic 
or parasympathetic nervous system. Its concentration in the system is controlled by 
the enzyme acetylcholinesterase, which is responsible for hydrolyzing the neuro-
transmitter to choline and acetate. Thus, it is important to discuss the interactions 
between ACh and AChE (Fig. 7.2) to understand their binding pattern. 

The neurotransmitter contains two fragments, an ester component and a quater-
nary ammonium ion component on either side of the ethylene chain. The carbon of 
the carbonyl group of the ester binds to the enzyme’s catalytic triad through the OH 
of Ser200, while the quaternary ammonium ion binds to the anionic sub-site which 
consists of Glu199, Trp86, and Phe330 in the gorge. The PAS site does not have any 
interaction with acetylcholine due to its small structure. It is imperative to understand 
the interactions of the choline component with the enzyme to get an idea about the 
active binding sites of the enzyme along with important amino acids taking part in 
the interaction (Martins et al. 2021). 

Fig. 7.2 Acetylcholine 
docked in the binding site of 
AChE enzyme gorge 
(Agatonovic-Kustrin et al. 
2018)
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7.5 Interaction of Rivastigmine with Cholinesterase 

The structure of rivastigmine consists of two distinct side arms, a tertiary amine and a 
carbamate moiety at positions 1 and 3 of the central phenyl ring. The carbamate part 
consists of two fragments, an aliphatic carbamate group and an aromatic residue to 
which the carbamate is attached. The carbamate group binds to the CAS site of the 
AChE receptor by interacting with the hydroxyl groups of Ser200 and Ser203, 
whereas the aryl part of the structure interacts with Trp84 of the PAS site (Lin 
et al. 2005; Bar-On et al. 2002). It is hypothesized that the CAS is also responsible 
for hydrolysis of the carbamate group, but the rate of hydrolysis is quite slow. 
Therefore, rivastigmine along with other carbamate-containing derivatives is con-
sidered to be a pseudo-irreversible inhibitor (Mishra et al. 2021; Martins et al. 2021). 

7.5.1 Designing of Rivastigmine-Based New Molecules 

On the basis of rivastigmine structure, a plethora of new molecules have been 
designed, synthesized, and evaluated, which were found to exhibit potent anticho-
linesterase activity. The following section describes the best of the compounds 
exhibiting cholinesterase inhibitory activity as reported in literature in recent years 
along with their synthesis. 

It is observed that drugs in general containing amide bond bind to a large number 
of receptors and enzymes eliciting biological responses. This observation underlines 
the importance of amide- and carbamate-based scaffolds in drug molecules and 
makes such scaffolds a dominant choice for the designing of new drugs. Based on 
fragment reassembly and in silico modeling approaches, Jiang et al. (2021) reported 
cannabidiol (CBD)-carbamate hybrids as selective BuChE inhibitors. CBD is able to 
insert itself into the BuChE binding groove, leading to multiple molecular 
interactions between Trp332 and the phenyl ring via π-π interactions, and hydropho-
bic interactions among Trp82 and His438, and cyclohexene ring, along with forma-
tion of two hydrogen bonds between Asp70 and -OH group, and with the Trp332 
fragment. In the carbamate group containing drugs, the carbamate group can be 
considered as the main interacting group with the enzymes/receptors in the modern-
day pharmacotherapy for AD as cholinesterase inhibitors. Based on the in silico 
studies, Jiang et al. (2021) designed and synthesized novel compounds among which 
compound 6 exhibited a highly selective and potent BuChE inhibitory activity 
having an IC50 value of 5.3 nM and SI of >4000. Additionally, compound 6 showed 
good BBB-penetrating ability, antioxidant activity, and pseudo-irreversible inhibi-
tion of BuChE with IC50 of 13 nM and k2 value of 0.26 min-1 , offering 
neuroprotection, thus behaving like a good drug entity.
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Compound 7 exhibited inhibition of eqBuChE in nanomolar range having an IC50 

value of 7.3 nM and selectivity index of>4000. Both the compounds 6 and 7 showed 
much potent hBuChE inhibition (IC50 values of 1.77 and 2.15 μM, respectively) in 
comparison to rivastigmine. 

For the synthesis of compounds 6 and 7, the substituted amines were converted to 
the respective carbamic chlorides by treating them with triphosgene in cold 
conditions. The respective carbamic acid chlorides were condensed with the canna-
binoid derivative in the presence of 4-(dimethylamino)pyridine (DMAP) as base and 
acetonitrile as solvent at 65 °C to obtain the desired derivatives (6, 7) (Scheme 7.1). 

To study the effect of carbamate binding to BuChE, Scheiner et al. (2021) and 
Hoffmann et al. (2019) carried out creative modification of carbamate moiety 
introducing diverse heterocycles and alkyl spacers and performed systematic evalu-
ation of the resulting compounds, including binding affinity to the enzyme and 
carbamate binding kinetics. A group of compounds having alkyl spacers (2–10 
methylenes) between different heterocycles (e.g., tetrahydroquinazoline,



benzimidazole, piperidine, and morpholine) and the carbamate residue were 
synthesized as per Scheme 7.2, and the resulting compounds were evaluated for 
their potential to inhibit the enzyme. Compound 8 was found to be the most potent 
compound among the series on the basis of enzyme inhibition and kinetic studies of 
the synthesized inhibitors, with BuChE inhibitory activity (IC50 value of 49.3 nM). 
The compounds also displayed neuroprotective activity against glutamate treatment 
and improved specifically the Aβ-induced memory impairments. 
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Compound 8 was synthesized by nucleophilic acyl substitution reaction using 
the tetrahydroquinazoline derivative and 4-nitrophenylcarbamate-containing 
morpholine derivative in the presence of pyrophoric sodium hydride (NaH) to 
offer the desired product (8) (Scheme 7.2). 

Multifactorial pathogenesis of AD involving multiple features such as metal 
dyshomeostasis, neuroinflammation, and oxidative stress is considered to be the 
causative factor for the development of AD. Scheiner et al. (2021) and Hoffmann 
et al. (2019) incorporated antioxidant moieties such as melatonin, ferulic acid, 
Trolox, and cinnamic acid into the carbamate-bearing compounds and developed 
some potent MTDLs. Among the synthesized compounds, compound 9 having 
melatonin and tetrahydroquinazoline moieties joined through carbamate linkage 
offered an IC50 value of 102 nM with additional neuroprotective and antioxidant 
activities. 

For the synthesis of compound 9, a suitably substituted indole derivative was 
reacted with 4-nitrophenyl chloroformate to offer a substituted carbamate derivative, 
which was further subjected to nucleophilic substitution reaction with 
tetrahydroquinazoline derivative in the presence of sodium hydride to offer the 
desired compound 9 (Scheme 7.3).
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Scheme 7.3 Synthesis of compound 9 

Serotonin (5-HT), an endogenous neurotransmitter, plays numerous roles in 
physiological processes like memory and learning and in many pathological 
conditions. It was observed that the concentration of serotonin receptors (5-HTRs) 
got reduced in the cortex region in AD patients to prevent the decreasing levels of 
ACh, as a means of circumventing the changes caused by the pathophysiology of the 
disease. Substantial proof appeared that activation of 5-HTRs could significantly 
reduce cholinergic transmission, and ACh production could be stimulated by inhibi-
tion of 5-HTRs, indicating that we could probably combat AD by blocking 5-HTRs 
and inhibiting AChE. Based on this observation, Toublet et al. (2021) reported 
pleiotropic prodrugs as dual-butyrylcholinesterase inhibitors and 5-HT6 receptor 
antagonists. Among the reported series, compound 10 behaves as a covalent inhibi-
tor of BuChE (IC50 = 0.97 μM). The synthesis of compound 10 was carried out 
using Scheme 7.4 employing 6-fluoro-1H-indole and converting it into an aldehyde 
using Vilsmeier-Haack aldehyde synthesis in the presence of POCl3 and DMF. The 
aldehyde is then reacted with nitromethane in the presence of ammonium acetate 
under reflux to produce an alkene, which is further reduced to an alkyl amine. The 
amine portion of indole derivative is reacted with the carbamate-containing aldehyde 
to produce a Schiff base, which is reduced to an amine in situ, to offer the desired 
compound 10 (Scheme 7.4). 
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Recently, Fu et al. (2020) reported analogs of quinolinones having a dithiocar-
bamate group. In vitro evaluation showed that compound 11 inhibited self-induced 
Aβ aggregation and acted as a mixed type of cholinesterase inhibitor. It was 
observed to be an effective inhibitor at 25 μM concentration of self-induced Aβ 
aggregation (30.67%) and the best inhibitor at 100 μM of Aβ aggregation induced by 
AChE (29.02%). Compound 11 acted as a potent inhibitor of both hAChE (IC50 

value of 0.16 μM) and eeAChE (IC50 value of 0.22 μM). Kinetic studies and 
molecular modeling studies showed that the compound 11 caused mixed type of 
inhibition with the capability to bind simultaneously to both the catalytic active site 
(CAS) and the peripheral anionic site (PAS) of AChE. Compound 11 was 
synthesized as per Scheme 7.5 wherein the hydroxyquinoline derivative was reacted 
with dibromoalkane to produce an ether which was further reacted with appropriate 
secondary amine in the presence of carbon disulfide in DMF to offer compound 11. 
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Coumarin, a well-known naturally occurring product, is reported to have excel-
lent AChE inhibition potency. The molecule has infused strong interest among the 
researchers for developing novel agents against AD using this scaffold. Rampa et al. 
(2012) reported carbamate-based coumarin derivatives as anti-AD agents. Biological 
evaluation of the prepared derivatives showed that compounds 12 and 13 exhibited 
inhibitory activity in the nanomolar range against AChE, BChE, and fatty acid amide 
hydrolase (FAAH). This was a totally new and first-of-its-kind approach adopted by 
the researchers to develop novel entities exhibiting anti-AD effects, wherein the 
designed compounds possessed dual-FAAH-cholinesterase inhibitory activities. 
Compound 12 showed IC50 value of 74.9 nM against hAChE and 1.57 nM against 
hBuChE. Compound 13 showed IC50 value of 89.5 nM against hAChE and 1.71 nM 
against hBuChE. Both the compounds 12 and 13 were synthesized as per Scheme 
7.6, wherein substituted phenol derivatives for the respective compounds were 
reacted with 5-isocyanatopentylbenzene in the presence of sodium hydride to offer 
compounds 12 and 13, respectively. 
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Terbutaline, a well-known β2-adrenergic agonist, is used as an anti-asthmatic 
drug. Bambuterol (BMB) is its prodrug, which gets hydrolyzed by ChE to terbuta-
line, the active drug. BMB exhibited weak inhibitory activity (IC50 value of 3 × 10

-

5 M) against AChE but strong inhibitory activity against BuChE (IC50 value of 
3 × 10-9 M). Based on these observations, Wu et al. (2020) designed and 
synthesized some carbamate derivatives as AChE and BuChE inhibitors. Among



the reported series, compound 14 (IC50 values of BuChE 2.2 nM and AChE 792 nM) 
and compound 15 (IC50 values of BuChE = 10.6 nM and AChE = 266 nM) were 
found to be the most potent compounds. It was interesting to note that both the 
enantiomers of these compounds 14 and 15 were found to be active against the 
enzyme BuChE. 
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The synthesis of compounds 14 and 15 was carried out (Scheme 7.7) by simple 
bromination of the substituted acetophenones to convert them into α-haloketones, 
followed by reduction of the carbonyl group to hydroxyl, ultimately substituting the 
bromo group with cyclohexylamine. 

7.6 Interaction of Donepezil with Cholinesterase Enzymes 

Donepezil (1) was approved in the year 1997 by the US FDA. It is an AChE inhibitor 
containing 5,6-dimethoxyindanone and N-benzylpiperidine moieties, which are 
connected through a methylene bridge. The molecular docking of donepezil revealed 
that benzylpiperidine part of the structure exhibited interactions at the CAS site of 
the enzyme, binding to the catalytic site composed of amino acids Tyr70, Asp72, 
Trp86, Tyr121, and Tyr334, while the indanone part of the molecule showed



interactions with the PAS site of the receptor eliciting interaction with Trp286 
(Saxena et al. 2003). 
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Donepezil has a very low selectivity for BuChE due to the presence of a larger 
gorge of BuChE, and therefore it is unable to bind with PAS and CAS simulta-
neously. The carbonyl oxygen of the indanone moiety shows hydrogen bond 
interactions in the gorge, thereby increasing the inhibitory activity, while there is 
not much discussion about the effects of benzylpiperidine and its interaction with the 
BuChE enzyme (Agatonovic-Kustrin et al. 2018). 

On the basis of in silico studies as discussed above, a number of AChE and 
BuChE inhibitors have been designed and synthesized having structure similarity to 
donepezil. Efforts have been made to retain one of the two active components of the 
drug while substituting the other part with some other moiety. The results of the 
biological evaluation of such compounds have been found to be highly satisfying. In 
the following section, the most active molecules with the highest potency along with 
their syntheses are discussed in order to give an idea about the current scenario of 
research on anti-AD activities of the resulting compounds. 

7.6.1 Design and Development of Donepezil-Based Compounds 

In order to develop a series of multi-targeted drugs for the treatment of Alzheimer’s 
disease, Benchekroun et al. (2015) reported hybrids of donepezil-ferulic acid. The 
compounds were synthesized by one-pot U-4CR technique at room temperature for 
24 h. Out of the 12 derivatives reported, compound 16 has shown the most potent 
activity against AChE and BuChE. Compound 16 showed activity similar to 
donepezil having IC50 value of 29.3 nM. The derivatives were also tested for their 
oxygen radical scavenging ability, and it has been observed that compound 16 
showed free radical scavenging activity at 8.71 μM (Benchekroun et al. 2015). 
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The compound 16 was synthesized using one-pot reaction by stirring a mixture 
of 3-(2-isocyanoethyl)-5-methoxy-1H-indole, ferulic acid, and N-benzylated piperi-
dine derivative in DCM and methanol at room temperature overnight (Scheme 7.8). 

Similarly, in 2016, Sang et al. (2017) reported ferulic acid-O-alkylamine 
derivatives as anti-Alzheimer agents. All the derivatives were screened for the 
AChE and BuChE inhibitory activity along with Aβ self-induced aggregation and 
antioxidant profiles. Among the synthesized derivatives, compound 17 showed 
promising results as AChE (IC50 = 0.39 nM) and BuChE (IC50 = 76 nM) inhibiting



agent. This compound has also shown low toxicity along with the antioxidant 
activity equivalent to 0.55 eq. of Trolox (Sang et al. 2017). 
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The most potent compound 17 was synthesized (Scheme 7.9) by reacting ferulic 
acid with 4-benzylpiperidine in the presence of HOBt and EDC using THF as the 
solvent. The reaction mixture was kept at room temperature under stirring. The 
solvent was removed under vacuum after completion of the reaction and diluted with 
water and the mixture extracted with dichloromethane. The compound so obtained 
was reacted with 1,4-dibromobutane under an inert atmosphere by heating the 
reaction mixture for 8–10 h at 60–65 °C in the presence of potassium carbonate as 
a base and acetonitrile as the solvent. The reaction mixture was extracted with DCM 
after completion of the reaction mixture and the solvent removed to obtain a 
compound, which was then reacted with tetrahydroisoquinoline (THIQ) to yield 
the final product, in the presence of K2CO3 and CH3CN at 60–65 °C and continuous 
stirring under argon atmosphere.
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In 2018, donepezil-flavonoid hybrids were explored by Estrada Valencia et al. 
(2018) and his group with an aim to synthesize multi-targeted derivatives. The 
compounds were synthesized with an aim to have affinity towards sigma-1 receptor 
along with inhibition of AChE, 5-lipoxygenase, and monoamine oxidase. Among 
the synthesized compounds, the benzylpiperidine derivative (18) has shown activity 
in nanomolar range against all the specified targets. This compound also showed 
good affinity for hAChE with IC50 value of 46 nM (Estrada Valencia et al. 2018). 
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The most active compound 18 was synthesized (Scheme 7.10) using the 
chromone derivative 6,7-dimethoxy-4-oxo-4H-chromene-2-carboxylic acid as the 
starting material. The solvent used for the reaction was DMF under nitrogen 
environment. To the reaction mixture, BOP and triethylamine were added with 
continuous stirring. After 5 min, 2-(1-benzylpiperidin-4-yl)ethan-1-amine was 
added to the reaction mixture at room temperature and the reaction mixture stirred 
overnight. On completion of the reaction, the reaction mixture was sequentially 
washed with dilute hydrochloric acid and aqueous solution of NaHCO3 followed by 
brine and purified using column chromatography. 

In 2013, potent acetylcholinesterase inhibitors were reported by Asadipour et al. 
(2013) having coumarin-3-carboxamide and benzylpiperidine moieties. A number of 
derivatives were synthesized using different linkers. Compound 19 having 
N-ethylcarboxamide linker and a nitro substituent at sixth position has shown potent 
activity with high selectivity and 46-fold higher potency against AChE with IC50 

value of 0.3 nM as compared to the standard drug donepezil (Asadipour et al. 2013).
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The compound 19 was synthesized (Scheme 7.11) using substituted coumarin-3-
carboxylic acid and amine. Firstly, the coumarin-3-carboxylic acid was refluxed with 
thionyl chloride for 3–5 h. After completion of the reaction, excess thionyl chloride 
was removed and 2-(1-benzylpiperidin-4-yl)ethanamine was added to the reaction 
mixture along with anhydrous potassium carbonate using dry toluene as a solvent. 
The reaction was refluxed for 6–12 h and monitored by TLC for the completion of 
the reaction. The reaction mixture was processed, the solvent was removed under 
vacuum, and the crude product so obtained was purified by column chromatography. 

In 2019, Zhou et al. (2019) reported that the main cause of dementia and disability 
in AD patients is cholinergic depletion, and AChE enzyme is mainly responsible for 
the cholinergic deficit. Thus, a novel series of compounds were designed having 
different chemical fragments like pyridine, acylhydrazone, and N-benzylpiperidine. 
Among the synthesized compounds, compound 20 has shown selectivity and



activity against AChE with IC50 value of 6.0 nM, while no activity was observed 
against BuChE. Drug-like property through ADMET predication and PAMPA 
permeability evaluation has also been reported for the compound (Zhou et al. 2019). 
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The synthesis of compound 20 involved green synthesis (Scheme 7.12) and was 
conducted under microwave conditions using methanol as a solvent. All the required 
chemicals along with the solvent were irradiated in a microwave reactor for 30 min at 
100 °C. The excess solvent was removed from the reaction mixture after the 
completion of the reaction. The residue so obtained was purified by column chroma-
tography to obtain the final product (20). 

In 2016, Wang et al. (2016) reported a novel series of multi-targeted compounds. 
Carboxamide-linked N-benzylpiperidine–indole-based hybrids were reported. 
Among the synthesized compounds, compound 21 has shown effective antioxidant 
activity at 20 uM and 56.3% inhibition of Aβ aggregation. Compound 21 success-
fully crossed blood-brain barrier and decreased the death of PC12 cells by chelating 
the metal ions, which led to decrease in oxidative stress in the cells. It has also shown 
effective binding affinity with CAS and PAS sites of AChE.
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The most potent compound 21 was synthesized using 1,1-carbonyldiimidazole 
as the dehydrating agent and the acid, 3-(1H-indol-3-yl)propanoic acid, as the 
starting material in tetrahydrofuran as the solvent at room temperature. 
1-Benzylpiperidin-4-ethylamine was added to the reaction mixture after 1-h stirring, 
and the reaction mixture was continued to be stirred overnight. After completion of 
the reaction, the reaction mixture was diluted with water, extracted with ethyl 
acetate, and processed further to obtain the desired compound 21 (Scheme 7.13). 

7.7 Interaction of Tacrine with Cholinesterases 

Tetrahydroaminoacridine or tacrine was the first marketed drug for AD patients, 
introduced in 1993 under the name of Cognex, which acted as reversible AChE and 
BuChE inhibitor, but unfortunately it was withdrawn from the market in the year 
2013 due to its persistent hepatotoxicity (Heilbronn 1961). From the in silico studies, 
it has been seen that tacrine is binding to AChE catalytic triad via double π stacking 
interaction with the aromatic amino acid residues Trp84 and Phe330, which is 
responsible for binding of Ach to the active site. A π–π stacking interaction was 
observed between the indole moiety of Trp84 and the phenyl ring of 
benzylpiperidine, while the tertiary amine of the piperidine moiety interacted with 
the phenyl ring of Phe330 to yield a cation–π interaction (Sussman et al. 1991). 
Tacrine was one of the most widely prescribed drugs for AD, but because of its 
major side effect of hepatotoxicity, it was stopped from clinical use. Tacrine analogs 
possess a great scope to be used as the potential treatment of choice if the issue of 
hepatotoxicity is taken care and the potency is maintained. In the following section, 
efforts have been made to discuss some recently reported potent tacrine derivatives,



which have shown potency higher than tacrine without the side effect of 
hepatotoxicity. 
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Scheme 7.14 Synthesis of compound 22 

Pourabdi et al. (2016) in 2016 designed and synthesized a series of novel pyrano 
[2,3-c]pyrazoles by taking tacrine as the lead molecule. The designed compounds 
were prepared considering AChE/BuChE as the targets. Among the synthesized 
compounds, one compound (22) produced inhibition in nanomolar concentration 
against both BuChE and AChE offering IC50 values of 0.007 and 0.081 μM, 
respectively, against the enzymes. Additionally, compound 22 was also found to 
show potent activity against 15-LOX with IC50 value of 31 μM. Most importantly, 
the compound was found to be nontoxic in comparison to tacrine in cytotoxicity 
assay on HepG2 cells even at concentrations as high as 50 μM. 

N 

N 

O 

O N 

MeO 

NH2 

(23) 

For the synthesis of compound 22, the pyrazole-carbonitrile intermediate was 
synthesized by reacting ethyl benzoylacetate with hydrazine hydrate, anisaldehyde, 
and malononitrile in water under microwave irradiation for 10–30 min. The inter-
mediate so formed is then reacted with cyclohexanone in the presence of anhydrous 
aluminum chloride under reflux to produce compound 22 (Scheme 7.14).
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Scheme 7.15 Synthesis of compound 23 

Jalili-Baleh et al. (2017) in 2017 reported fused pyrazolo[1,2-b]phthalazines as 
anti-AD agents. Compound 23 exhibited higher selectivity for AChE over BuChE, 
and it was found to be sevenfold more potent (IC50 = 49 nM) than tacrine. Using 
neuronal cell line (PC12) and hepatocytes (HepG2) for the cell-based assay, com-
pound 23 was found to show significantly low hepatotoxic effect and provided 
additional neuroprotective activity against hydrogen peroxide-induced cell damage 
in PC12 cells. Overall, it was seen that the compound was highly potent, selective, 
lowly toxic, and neuroprotective in comparison to the standard drug tacrine. 

O N 

N 

NH 

OCH3 

(24) 

For the synthesis of compound 23, phthalimide, hydrazine hydrate, 
malononitrile, and 2-methoxybenzaldehyde were refluxed in ethanol in the presence 
of nickel chloride to offer an intermediate (Scheme 7.15). The intermediate on 
refluxing with cyclohexanone in dichloromethane in the presence of anhydrous 
AlCl3 offered the desired compound 23. 

Dgachi et al. (2016) in 2016 prepared analogs of tacrine with an intent to inhibit 
the cholinesterase enzymes. Compound 24 showed the highest activity with AChE 
inhibition having IC50 value of 5.3 nM. Compound 24 was also found to be 
possessing good antioxidant and amyloid aggregation inhibitory properties. 
Six-membered ring attached to the pyrimidine ring when replaced with five- or



seven-membered rings, and the activity was found to decrease; therefore, it could be 
inferred that a six-membered ring is essential for good AChE inhibitory activity. 
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A one-pot multicomponent reaction starting from malononitrile, 
3-methoxybenzaldehyde, and β-naphthol in the presence of piperidine yielded the 
carbonitrile derivative. Condensation of the intermediate carbonitrile with the lactam 
for 15 min under microwave conditions in the presence of phosphoryl chloride as the 
Lewis acid and bromobenzene as the solvent offered the desired compound 24 
(Scheme 7.16). 

Ekiz et al. (2018) in 2018 synthesized bromoindenoquinolines using Friedlander 
reaction along with Suzuki coupling to produce compounds with cholinergic inhibi-
tory activity. Out of all the synthesized compounds, compound 25 bearing a phenyl 
substituent offered the most desirable biological activity yielding BuChE inhibition 
(IC50 value of 93 nM) and AChE inhibition (IC50 value of 37 nM), thereby making it 
a strong cholinesterase enzyme inhibitor. It was also found that the compound was 
very less hepatotoxic compared to tacrine showing higher potency. Therefore, 
compound 25 is considered to be a good lead for further drug designing and 
optimization to offer newer active molecules.
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Scheme 7.17 Synthesis of compound 25 

The synthesis of compound 25 was done (Scheme 7.17) using Friedlander 
reaction in which the carbonitrile compound was taken in toluene and added to 
bromoindanone to produce the intermediate. The bromo group was replaced with 
phenyl ring using Suzuki coupling reaction to yield the desired compound 25. 

7.8 Conclusion 

Alzheimer’s disease, a neurodegenerative disease, has offered multiple targets in its 
pathophysiology, which could be exploited in order to either slow down or inhibit 
the progression of the disease. Inhibition of the most likely and popular targets, i.e., 
AChE and BuChE, has remained a choice for researchers and medicinal chemists, 
which involved targeting the active sites PAS and CAS of the enzymes. In order to 
design and synthesize anti-Alzheimer’s drugs which act by cholinesterase inhibition, 
these sites are to be targeted to produce compounds with high potency. Therefore, 
already existing US FDA-approved marketed drugs donepezil and rivastigmine, 
which have the potential to bind to both CAS and PAS sites of the cholinesterase 
enzymes, have been considered to be the primary choice for novel drug designing 
and for which tremendous amount of work has been done in the past, and research 
work is still ongoing for the development of potent anticholinesterase inhibitors to 
treat AD. Furthermore, when we consider rivastigmine as a standard, the carbamate



part along with the tertiary amine group becomes important as these groups bind to 
the respective CAS and PAS sites of the enzyme, whereas benzylpiperidine (binding 
to CAS) and 5,6-dimethoxyindanone (binding to PAS) of donepezil are considered 
to be the other two important moieties for drug designing. On the basis of the 
information acquired from in silico studies conducted for donepezil and rivastigmine 
on AChE and BuChE enzymes, a number of reports in literature showed similar 
interactions which mimic the standard drugs wherein different moieties like ferulic 
acid, flavonoids, coumarins, quinolines, tetrahydroisoquinoline, and many 
heterocycles were attached to the active parts of either donepezil or rivastigmine, 
offering highly potent compounds when compared to the standard drugs (Yadav 
et al. 2023b). 
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Among the compounds discussed above, compound 6 which was designed on the 
basis of rivastigmine moiety containing the active carbamate component was 
synthesized by Jiang et al. (2021). Compound 6 had shown AChE inhibition with 
IC50 value of 5.3 nM and BuChE with IC50 value of 13 nM, along with good 
neuroprotective and antioxidant activities, with the capacity to permeate through the 
BBB. Compound 6 possesses drug-like properties, and therefore it could be consid-
ered as an important lead molecule to further optimize into novel anticholinergic 
drug molecules based on carbamate component of rivastigmine. The compounds 
discussed under donepezil-based designing, coumarin-3-carboxamide derivative 
attached to benzylpiperidine part of donepezil, compound 19 (Asadipour et al. 
2013), showed highly potent activity with high selectivity and 46-fold more potency 
than its lead molecule donepezil as a standard drug against AChE with IC50 value of 
0.3 nM. This proves that there is still ample scope for research to produce potent 
compounds bearing the benzylpiperidine fragment of donepezil. For the tacrine-
based derivatives, compound 24 (Dgachi et al. 2016) possessed AChE inhibition 
activity offering IC50 value of 5.3 nM, which was more potent than the lead 
compound tacrine and was comparatively very less hepatotoxic; therefore, such 
series of compounds can be considered for further development as anti-AD drugs, 
where modifications on the tricyclic ring system result in reduced hepatotoxicity and 
increased potency. 

In a nutshell, it can be concluded that rivastigmine and donepezil as lead 
molecules offer tremendous opportunities for the development of newer molecules 
to treat AD by targeting the cholinesterase enzymes, wherein the active components 
of these two marketed drugs are attached to various heterocyclic and other chemical 
moieties and the resulting compounds are evaluated for anticholinesterase activity. It 
can also be concluded that MTDL approach is one of the most preferred approaches 
of structure-based drug designing (Murumkar et al. 2023) when it comes to design-
ing of newer anti-AD drugs.
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Abstract 

Alzheimer’s disease (AD) is a chronic neurological disorder characterized by 
memory loss and cognitive decline. It is a multifactorial disease, and a number of 
hypotheses including glutamate hypothesis are associated with the initiation and 
progression of AD. The ionic glutamate receptors, mainly the N-methyl-D-
aspartate receptors (NMDAR), are largely dependent on the single excitatory 
agonist glutamate. Glutamate is released for milliseconds at the synaptic ending 
to communicate with other neurons, allowing the nervous system to transmit 
complex motor commands and sensory information and to form thoughts and 
memories. Memantine is an open-channel, low-affinity, uncompetitive antagonist 
of NMDA receptors. It was found that the physiological receptor functions of 
NMDAR were unhindered by memantine and selectively block ion channels 
under pathological conditions, and thus maintain an optimal level of NMDA. 
Memantine has emerged as a promising therapeutic approach for AD. This 
chapter explores various methodologies for the synthesis of memantine and its 
pharmacological properties. The chapter also describes selective action of 
memantine on NMDAR and recent advancements in the field of novel drug 
discovery based on memantine to target NMDAR and develop an effective 
candidate, which may help ameliorate AD symptoms and potentially slow 
down the progression of disease. Understanding memantine’s mechanisms of 
action could pave the way for novel strategies in the fight against Alzheimer’s 
disease. 
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8.1 Introduction 

Alzheimer’s disease (AD) is a chronic neurological disorder associated with an 
irreversible loss of memory and cognitive abilities. In India, only AD and 
dementia-related diseases are the 13th leading cause of death. Alzheimer’s Disease 
International stated that 75% of people suffering from dementia-related diseases go 
undiagnosed. According to the World Alzheimer Report 2021, 55 million people 
around the world suffer from dementia-related diseases, a number that is expected to 
increase to 78 million by the end of the third decade of the twenty-first century. 
Synaptic dysfunction arises from excitatory neuronal damage and death, associated 
with AD histopathology. Ca2+ influx through the ion channel at the synaptic end 
causes excitatory neuronal damage and triggers neuronal death by excessive con-
centration of excitatory neurotransmitter, viz. glutamate. 

The ionic glutamate receptors, mainly the N-methyl-D-aspartate receptor 
(NMDAR), are largely dependent on the single excitatory agonist glutamate. Gluta-
mate is present in high concentration at approximately 10 mM in most neurons and 
glial cells. Glutamate is released for milliseconds at the synaptic ending to commu-
nicate with other neurons, allowing the nervous system to transmit complex motor 
commands and sensory information and to form thoughts and memories. However, 
after sequestration, excessive glutamate concentration or prolonged glutamate 
release excites neurons and leads to neuronal cell death. Not only elevated extracel-
lular glutamate is responsible for the excitotoxic mechanism, but hyperactivity of 
NMDAR can also invoke the excitotoxic mechanism even at physiological levels of 
glutamate. The NMDAR channel is blocked with Mg2+ ions present in the channel 
and is active only for a brief period during normal synaptic transmission. However, 
overactivation of the NMDAR leads to excessive Ca2+ ions influx into nerves under 
pathological conditions. Ca2+ influx causes mitochondrial Ca2+ overload and Ca2+-
dependent activation of neuronal nitric oxide synthase (nNOS), resulting in neuronal 
injury and apoptosis (Mota et al. 2014). 

Memantine is an open-channel, low-affinity, uncompetitive antagonist of NMDA 
receptors (Bormann 1989; Reisberg et al. 2003; Xia et al. 2010). Initially, 
adamantane, a precursor of memantine, was developed as an anti-influenza drug, 
as fever severity and influenza symptoms were significantly decreased on the first 
day of treatment. Adamantane inhibits the viral matrix protein 2 action by blocking 
the migration of H+ ions into the virions. However, nowadays, it is not recommended 
due to the development of high drug resistance (Cady et al. 2010; Chang et al. 2023). 
Serendipitously, amantadine, an analogous of memantine, was found to be effective 
for Parkinson’s disease (PD) as a PD patient on amantadine treatment for influenza 
showed improvement in PD symptoms. In the early days, memantine was considered



to have the properties of dopaminergic or cholinergic drugs because dopaminergic 
and cholinergic dysfunctions were the main characteristics of PD. Later in 1989, 
Joachim Bormann showed that memantine is indeed an NMDAR antagonist as the 
effect of memantine was like that of dizocilpine maleate (MK-801), another potent 
non-competitive NMDA antagonist (Bormann 1989) (Fig. 8.1). 
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Fig. 8.1 (a) 3D structure of 
memantine; (b) 2D structure 
of memantine 

Memantine (CID 405) is a member of adamantane family having a three-ring 
system structure with bridgehead group and two methyl substituents (Fig. 8.1). 
Under pathophysiological conditions, bridgehead amine becomes positively charged 
and binds adjacent to the Mg2+ site of NMDAR. The side methyl groups play a 
crucial role in extending the dwell time of the drug and also increasing the affinity 
towards the channel (Johnson and Kotermanski 2006). It was found that the physio-
logical receptor functions of NMDAR were unhindered by memantine and selec-
tively block ion channels under pathological conditions, and thus maintain an 
optimal level of NMDA (Chen et al. 1992; Lipton 2004). 

8.2 Synthesis of Memantine 

Memantine is a derivative of adamantine, which was first isolated from petroleum. 
IUPAC name of memantine is 3,5-dimethyladamantan-1-amine. In memantine, NH2 

group acts as a hydrogen bond donor. Presence of two methyl groups is very 
important for binding with NMDA receptor. It is a crystalline solid and show very 
high water solubility. Melting point and cLogP values of memantine are 258 °C and 
3.0, respectively (Alam et al. 2017). Till date, many synthetic routes have been 
developed for the synthesis of memantine, which are described below in various 
schemes 

In 1963, Gerzon and co-workers reported the synthesis of memantine for the first 
time. Under reflux conditions, bromination of 1,3-dimethyladamantane 
(1a) produces 1-bromo-3,5-dimethyladamantane (1b). On acetylation with acetoni-
trile in sulphuric acid compound, 1b gives N-acetamido-3,5-dimethyladamantane 
(1c), which provides memantine (1d) when reacted with NaOH, and compound 1d is 
converted to the hydrochloride salt of memantine (1e). Gerzon and co-workers also



reported that 1-hydroxy-3,5-dimethyladamantane (1f) forms corresponding azide 
(1 g), which on reduction with LiAlH4 forms memantine (1 h) (Gerzon et al. 
1963) (Scheme 8.1). 
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(A) 

(B) 

Scheme 8.1 (a) Reagents and conditions: (i) Br2/reflux/6 h; (ii) acetonitrile/H2SO4/overnight/r.t.; 
(iii) diethylene glycol/NaOH/200–250 °C/6 h; (iv) dry HCI gas/ether/0–5 C.  (b) Reagents and 
conditions: (i) NaN3/57% H2SO4; (ii) LiAIH4 

Scheme 8.2 Reagents and conditions: (i) tert-BuOH/H2SO4-acetonitrile/60–65 °C/18 h; 
(ii) (a) NaOH/PEG-400; 130–135 °C/6 h (b) IPA-HCI/acetone/15 °C 

Another three-step process was developed in 2007, and this process also avoided 
the bromine vapours (by-product) as bromine was not used in this process. When 
1,3-dimethyladamantane (2a) reacts with tert-BuOH in the presence of H2SO4, it  
gives N-acetamido-3,5-dimethyladamantane (2b), which further produces the hydro-
chloride salt of memantine (2c) on reaction with NaOH and IPA-HCl (Madhra et al. 
2007; Reddy et al. 2007) (Scheme 8.2). 

Decarboxylative azide (3b) formation of 3,5-dimethyladamantane-1-carboxylic 
acid (3a) takes place when AgF as catalyst, PhSO2N3 as azide source and K2S2O8 as 
oxidizing agent are used. Compound 3b is further reduced in the presence of Pd/C 
and H2 to get memantine (3c) (Zhu et al. 2015) (Scheme 8.3).
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Scheme 8.3 Reagents and conditions: (i) PhSO2N3/AgF (20 mol%)/K2S2O8/CH3CN/H2O/55 °C/ 
24 h; (ii) Pd/C (10%)/H2 (1 atm)/MeOH/r.t./24 h 

Scheme 8.4 Reagents and conditions: (i) HNO3/r.t.; (ii) (CH3)2C(OH)(CN)/r.t.; (iii) (a) H2O/ 
110 °C (b) aq. NH3 (25%); (iv) aq. HCI (36%) 

Scheme 8.5 Reagents and conditions: (i) HNO3, NH2CHO/85 °C/2 h; (ii) (a) 21% aq. HCI/100 ° 
C/1 h 

Ivleva and Klimochkin reported a one-pot strategy for the synthesis of memantine 
hydrochloride (4e). 1,3-Dimethyladamantane (4a) reacts with HNO3 and produces 
3,5-dimethyladamantane-1-yl nitrate (4b). Compound 4b on reaction with HCN 
forms 3,5-dimethyladamantane-1-yl formamide (4c), which further on hydrolysis 
results in the formation of memantine (4d), and reaction of memantine with aq. HCl 
gives the memantine hydrochloride salt (4e) (Ivleva and Klimochkin 2017) (Scheme 
8.4). 

Recently in 2020, a two-step synthesis of memantine hydrochloride salt (5c) was 
introduced by Binh Duong Vu and his group. 3,5-Dimethyladamantane-1-yl form-
amide (5b) is formed when 1,3-dimethyladamantane (5a) reacts with formamide in 
the presence of nitric acid. Hydrolysis of compound 5b with 21% HCl produces the 
memantine hydrochloride salt (5c) (Vu et al. 2020) (Scheme 8.5).
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8.3 Structure and Domains of NMDA Receptor 

The ability of the nervous system to process and store information is fundamentally 
dependent on synaptic transmission. Synapses are specific connections between 
neurons, where neurotransmitter receptors on the membrane of the postsynaptic 
neuron are activated by the release of neurotransmitter by the presynaptic neuron 
at synapses. The amino acid glutamate plays major role in mediating excitatory 
synaptic transmission in mammals by activating two distinct glutamate receptor 
subtypes: ionotropic and metabotropic. Ionotropic glutamate receptors are ligand-
gated ion channels that are classified according to their pharmacological 
characteristics into the subtypes: GluA (AMPA, 2-amino-3-3-hydroxy-5-methyl-
isoxazol-4-yl propanoic acid), GluK (kainate), GluN (NMDA, N-methyl-D-
aspartic acid) and GluD (δ) receptors (Furukawa et al. 2005). 

N-methyl-D-aspartate receptors or NMDARs are the receptors that are principally 
accountable for learning and memory. Therefore, any interference with the 
NMDARs’ typical signalling pathway could result in CNS damage and emergence 
of Alzheimer’s disease (AD). Human genes GRIN1, GRIN2A, GRIN2B, GRIN2C 
and GRIN2D code for the NMDARs. NMDARs are selectively mediated by 
N-methyl-D-aspartate (NMDA). The NMDARs can be divided into two groups: 
synaptic and extra-synaptic NMDARs. Synaptic NMDA receptors in specific have 
drawn a lot of interest in recent years due to their crucial role in many types of neural 
plasticity on one side and their involvement in neuronal excitotoxicity on another 
side. Finding clinically applicable NMDA receptor antagonists that can preferen-
tially block excitotoxic NMDA receptor activation without affecting NMDA recep-
tor function necessary for normal synaptic transmission and plasticity is a key 
objective of a lot of recent research (Vyklicky et al. 2014). 

Functional NMDA receptors consist of hetero-tetramers containing two neces-
sary GluN1 (NR1) subunits in combination with two optional GluN2 (NR2) and/or 
GluN3 (NR3) subunits. NMDARs require occupation by two types of agonists for 
channel activation: a glutamate site agonist at NR2 subunits and a glycine site 
agonist at NR1 subunits. With a conserved domain organization, all subunits exhibit 
a high degree of structural similarity and homology. The ion channel is made up of a 
transmembrane domain (TMD), an extracellular ligand-binding domain (LBD) and 
an extracellular amino-terminal domain (ATD). The intracellular carboxy-terminal 
domain is in communication with the transmembrane helices (CTD) (Lee et al. 2014) 
(Fig. 8.2). 

The current channel gating model suggests the following three phases in order: 
(a) binding of the ligand into its pocket, (b) closing of clamshell-like LBD due to 
conformational changes and (c) spread of these changes resulting in channel open-
ing. These gating principles have been validated for NMDA receptors, where 
activation of a typical GluN1/GluN2 receptor requires the simultaneous presence 
of two distinct ligands. There are two domains in the LBD; in a dimer of two LBDs, 
the upper domain S1 creates a tight interface with the second upper domain. Both S1 
domains are kept relatively stiff by this arrangement. The bottom domain S2, in 
contrast, is relatively mobile and lacks an obvious dimerization contact (Vyklicky 
et al. 2014).
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Fig. 8.2 Structure and different domains od NMDAR 

8.4 Physiology and Pathogenesis 

Memantine, a single targeting drug approved by the FDA in 2003, is used as a 
therapeutic agent for Alzheimer’s disease. It is used as an N-methyl-D-aspartate 
receptor (NMDAR) antagonist. The common side effects of memantine include 
nausea, constipation, dizziness and headache, blood clots, etc. (Johnson and 
Kotermanski 2006). A single, potent excitatory neurotransmitter called glutamate 
is largely responsible for the nervous system’s ability to quickly transmit sensory 
information and motor impulses from one region of the body to another, as well as 
for the creation of ideas and memories. Majority of the neurons and glia have 
glutamate concentrations of at least ~10 mM (Upton and Rosenberg 1995). Gluta-
mate is briefly (milliseconds) released from synaptic vesicles after sequestration in 
order to connect with neighbouring neurons through synaptic endings. 

NMDAR channels have two distinctive features: high Ca2+ ions permeability and 
voltage-dependent channel inhibition by endogenous Mg2+ ions (Johnson and 
Kotermanski 2006). During normal neuronal resting potentials, more than 90% of 
the current produced by NMDAR is restricted by channel blockage due to endoge-
nous Mg2+ , which occurs after cation influx into the neuron via AMPA-sensitive 
glutamate receptor channels. The voltage field across the channel is altered by



postsynaptic depolarization, which drives Mg2+ out and amplifies NMDAR-
mediated currents. Presynaptic glutamate release and postsynaptic depolarization 
are therefore crucial for successful current conduction via NMDARs, enabling 
NMDARs to function as ‘coincidence detectors’. Long-term potentiation (LTP), 
which is believed to be a cellular-electrophysiological correlate of learning and 
memory formation, is induced in specific brain regions by normal NMDAR activity. 
In addition, the brainstem’s reticular activating system which controls wakefulness 
and attention, has several NMDARs. If these receptors do not work regularly, 
drowsiness and even coma can occur. Therefore, it is crucial to maintain physiologi-
cal NMDAR activity to maintain these normal functions and prevent undesirable 
clinical side effects. Second characteristic property of NMDAR channels includes 
high Ca2+ ions permeability which gives NMDAR activity considerable physiologi-
cal and clinical relevance. However, under pathological conditions excessive 
NMDAR activation results in an excessive Ca2+ ions influx into the nerve cell, 
which causes cellular injury and death. That is mainly because coincident pre- and 
postsynaptic activity provokes Ca2+ influx through NMDARs, activating a variety of 
intracellular signalling pathways, which have a variety of potential effect, including 
stabilizing synaptic connections, long-term depression or long-term potentiation of 
synaptic strength, and either necrotic or apoptotic neuronal death. These injurious 
processes include Ca2+ overload of the mitochondria, which causes oxygen free 
radical formation, activation of caspases and release of an apoptosis-inducing factor; 
Ca2+-dependent activation of the nNOS, which increases the production of nitric 
oxide (NO) and causes the formation of toxic peroxynitrite (ONOO-) and 
S-nitrosylated GAPDH; and stimulation of p38 mitogen-activated protein kinase 
(p38 MAPK), which activates transcription factors that can go into the nucleus to 
influence neuronal injury and apoptosis (Berliocchi et al. 2005; Bonfoco et al. 1995; 
Dawson et al. 1991; Lipton et al. 1993). As a result, inhibiting NMDAR activity can 
have a wide range of effects that might be either negative or positive (Fig. 8.3). 
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Disorders such as multiple sclerosis, amyotrophic lateral sclerosis (ALS), neuro-
pathic pain, glaucoma, Parkinson’s disease, HIV-associated dementia, Huntington’s 
disease, multiple sclerosis and glaucoma are having dissimilar mechanisms for 
cause; nonetheless, these disorders are connected with mutual pathway of neuronal 
injury that is caused by the overstimulation of glutamate, specially NMDA subtype 
of glutamate receptors. 

Due to its potential role in the pathophysiology of numerous acute and chronic 
neurodegenerative disorders, excitotoxicity may be a particularly appealing target 
for neuroprotective efforts. The obstacle in developing anti-excitotoxicity techniques 
is that the same processes when overactivated result in excitotoxic cell death, 
however, when at controlled levels, vitally necessary for the normal neuronal 
function. Until recently, all treatments that appeared promising as inhibitors of 
excitotoxicity also affected normal excitatory synaptic activity, resulting in undesir-
able and severe side effects.
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Fig. 8.3 (a) NMDAR model illustrating important binding and modulatory sites, (b) normal 
functioning of NMDAR and (c) NMDAR under abnormal conditions 

8.5 N-Methyl-D-Aspartate Receptor (NMDAR) and Memantine 

Memantine was synthesized for the first time in 1960s, it was discovered that it had 
CNS effects (Parsons et al. 1999). The IC50 value of memantine was found to be 
approximately 1 mM (Parsons et al. 1995), which was in line with the therapeutic 
concentration range to inhibit NMDARs (Bormann 1989). Memantine blocks the 
NMDAR channel to exert the pharmacological action. In 2003, the US FDA and the 
European Union approved memantine for the treatment of moderate-to-severe 
Alzheimer’s disease. 

Memantine is considered to be the first neuroprotective medication to achieve 
clinical approval. Previously, cholinergic medicines had been approved for the



treatment of Alzheimer’s disease, but they mainly provided symptomatic relief 
(slowing of cognitive deterioration). 
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Memantine is categorized as an ‘open-channel blocker’ because first it can enter 
in the channel and block the current flow only after channel opening. Overlap of the 
sites where memantine and Mg2+ bind is suggested by the following two 
observations: Mg2+ decreases blockade by memantine (Sobolevsky et al. 1998), 
and mutation of ‘N-site’ asparagine residues in the M2 region of NR1 and NR2 
subunits that are critical for Mg2+ blocking also strongly affects memantine blocking 
(Kashiwagi et al. 2002). After memantine blocks the NMDAR channel, and closes it 
which leads to unbinding of agonists, and memantine gets ‘trapped’ inside the 
channel (Blanpied et al. 1997). Commonly, memantine is known to be an uncom-
petitive antagonist. Several other ‘trapping channel blockers’ of NMDARs have also 
been designated, which includes ketamine, amantadine, MK-801, and phencyclidine 
(Palmer 2001). Various other channel blockers are believed to stop channel from 
closing, and thus they are bound in the NMDAR channel only when it is open. These 
types of blockers are named as ‘sequential’ or ‘foot-in-the-door’ blockers 
(Bolshakov et al. 2003). Memantine turns into a pretty effective blocker when 
NMDARs are activated for an extended period of time, as is the case under 
excitotoxic conditions. However, memantine is unable to build up in the NMDA 
channels during normal synaptic activity, which results in synaptic activity 
continuing practically uninterrupted since NMDA channels are open for only a 
few milliseconds on average during typical synaptic activity. An NMDAR or 
ionotropic glutamate receptor called GluN2D (PDB ID: 3OEM) was employed to 
dock against memantine (PubChem CID: 4054) in one investigation. Numerous 
significant amino acid residues, including ALA644, VAL644, ALA645, MET641, 
etc., are present at the memantine-binding site as shown by the co-crystallized 
structure of memantine and NMDAR. 

The capacity of memantine to reduce NMDAR responses is consistent with the 
notion that memantine can decrease the long-term course of AD through 
neuroprotective activities. After just 2 weeks of treatment, memantine also showed 
therapeutic outcomes such as enhancements in cognitive function. Memantine’s 
cognitive benefits in AD have been attributed to a number of mechanisms such as 
reduction in the synaptic ‘noise’ brought on by excessive NMDAR activation 
(Parsons et al. 1999), suppression of β-amyloid formation or toxicity (Rogawski 
and Wenk 2003) and resetting of the balance between inhibition and excitation 
(Schmitt 2005) (Fig. 8.4). 

8.6 Other Inhibitors 

With several binding sites for small-molecule ligands that function as subunit-
specific allosteric modulators of ion channel activity, the N-terminal domains 
(NTDs) give NMDARs a special ability for allosteric modulation (Zhu and Paoletti 
2015). With different recognition sites for both endogenous and exogenous allosteric 
inhibitors and potentiators, the GluN2B NTD in particular offers a diverse
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pharmacology (Karakas et al. 2011; Mony et al. 2009). GluN2B-containing 
NMDARs have a substantial class of synthetic drugs, including ifenprodil and its 
derivatives, which act as highly selective non-competitive antagonists (Layton et al. 
2006). Intriguingly, GluN2B-selective antagonists have demonstrated promising 
outcomes in several clinical trials and have a lower risk of side effects than 
pan-NMDAR antagonists like ketamine (Ibrahim et al. 2012). Since it was discov-
ered that ifenprodil inhibits GluN2B receptors only when specifically targeted, a 
wide variety of GluN2B-selective antagonists have been developed. Many have the 
same phenylethanolamine scaffold as ifenprodil, including CP101,606 (Traxoprodil 
(Chenard et al. 1995)), Ro25-6981 (Fischer et al. 1997) and besonprodil (Chizh et al. 
2001). Others, such as several extremely effective and orally active GluN2B 
antagonists like EVT-101 (Kemp and Tasker 2011) and to a lesser extent MK-22 
(Layton et al. 2011), have markedly distinct structural motifs, raising doubts about 
whether these drugs adopt a comparable binding method to ifenprodil. Crystal 
structures recently established the existence of a ‘phenylethanolamine-binding site’ 
at a dimer interface between GluN1 and GluN2B NTDs. David et al. solved the 
structures of EVT-101 and MK-22 in complex with the GluN1/GluN2B NTD 
heterodimer using a back-soaking approach to better understand the protein-ligand 
interactions required for the potency and selectivity of additional 
nonphenylethanolamine scaffolds (Stroebel et al. 2016). The binding of MK-22 
and ifenprodil is virtually superimposable, but EVT-101 occupies a different cavity 
with relatively slight overlap and forms novel interactions with the pyridazine and 
imidazole groups (Fig. 8.5). 

8 Memantine-Based Derivatives: Synthesis and Their Biological Evaluation 195

Fig. 8.4 Representation of binding site of memantine in NMDARs 

8.7 Developments on Memantine 

Wang and his group synthesized some nitrate derivatives (2) (Fig. 8.6)  o  
aminoadamantane. It was planned to combine the properties of memantine and 
nitroglycerin to increase the efficacy of compounds for neurodegenerative diseases. 
In vitro tests of the synthesized compounds were performed, but none of the nitrate 
derivative was found as potent as memantine; however, some derivatives were found



as stable as memantine and showed IC50 values close to memantine. SAR studies of 
these compounds can provide some good NMDA receptor antagonists (Wang et al. 
2006). Fernanda G. De Felice et al. discovered the relationship between neuronal 
binding of Aβ oligomers (ADDLs) and oxidative stress. It was found that the 
ADDLs are responsible for the production of excessive reactive oxygen species by 
a mechanism of activation of NMDA receptors. NMDA receptors play a significant 
role in the complete blockage of ROS production and reduce the ADDLs’ binding to 
neurons (De Felice et al. 2007). During the development of memantine derivatives, it 
was found that the two methyl groups were very important for the activity towards 
NMDA receptors. A pentamethyl aminocyclohexane (neramexane), 3 (Fig. 8.6), was 
very close to mimic the memantine. It binds to NMDA receptors at the same site
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Fig. 8.5 3D and 2D protein-ligand interaction of NMDAR inhibitors at NTD domain: (a–c) 3D  
representation of ifenprodil, MK-22 and EVT-101, respectively; (d–f) 2D representation of 
ifenprodil, MK-22 and EVT-101, respectively 

Fig. 8.6 Memantine derivatives as NMDA receptors



where memantine binds. Compound 3 advanced to clinical trials, but it failed in 
phase III trails to achieve significance for the treatment of Alzheimer’s disease 
(Alam et al. 2017; Rammes 2009). In 2012, Simoni and group reported a series of 
novel multitargeted compounds by linking memantine and galantamine together. 
These compounds were designed on the basis of the crystal structures of acetylcho-
linesterase (AChE) in complex with galantamine derivatives. Sixteen derivatives 
were synthesized using different spacers, and these compounds were screened as 
AChE inhibitors and as N-methyl-D-aspartate receptor (NMDAR) binders. Amongst 
the synthesized compounds, some displayed inhibitory activity in nanomolar 
range against AChE and showed affinity in micromolar range towards NMDAR. 
Selectivity studies of all the synthesized compounds towards NMDAR with 2B 
subunit (NR2B) were also conducted, and some of the compounds displayed affinity 
in micromolar range. In the final step, a cell-based assay for the selected compounds 
was performed to observe their neuroprotective activity. It was found that compound 
4 (memagal) (Fig. 8.6) inhibited the neurotoxicity induced due to NMDA with an 
IC50 value of 0.28 nM (Simoni et al. 2012).
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A derivative or medication that is metabolized into a pharmacologically active 
state by metabolic or physico-chemical transformations is often termed as prodrug. It 
is often inactive in its native pharmacological actions and is often used to study how 
the drug is absorbed, distributed, metabolized and excreted. Sozio and group devel-
oped memantine-based sulphur-containing antioxidant conjugates in 2013 as 
promising prodrugs to successfully treat AD. They synthesized two memantine 
derivatives by the covalent linkage via an amide bond with GSH (5) (Fig. 8.6) and 
(R)-α-lipoic acid (6) (Fig. 8.6) to give potent NMDA receptor antagonist. Compound 
6 was found to be a promising agent which showed free radical scavenging effects to 
both H2O2 and super oxide anion radical (O2) and significantly inhibited Aβ (1–42) 
aggregation to 41 ± 2.05%. In PAMPA-BBB assay, compound 6 crossed the blood-
brain barrier (BBB) easily, and hence, it may be developed as a promising ligand for 
both free radical scavenging and inflammatory activities (Sozio et al. 2013). 
Valverde and group reported some benzopolycyclic amine compounds 7, 8 and 
9 (Fig. 8.7), which showed antagonist activity against NMDA receptor. In compari-
son to amantadine, all the synthesized compounds were found to be more potent. 
Antagonist activity of the two compounds was almost similar to memantine, and one 
compound was found to be more potent than memantine (IC50 = 1.5 ± 0.1 μM). It 
was observed that the introduction of a polar moiety (hydroxyl group, methoxy 
group, etc.) decreases the potency of the compounds and replacement of primary 
amines with tertiary amines also reduces activity significantly (Valverde et al. 2014). 
For the allosteric and direct uncompetitive blockade of NMDA receptors, Jin and 
group designed and synthesized a memantine nitrate (compound 10) (Fig. 8.7) also 
known as YQW-035. In the cultured neuronal cells and rat transient stroke model, 
compound 10 was found to be a better antagonist than memantine and can be used as 
a promising lead to develop potent NMDA receptor antagonists (Jin et al. 2016). 
Based on one molecule-multitarget theory, a series of 14 compounds of 
7-methoxytacrine-memantine heterodimers have been synthesized by Gazova and 
group. β-Secretase (BACE-1) activity, Aβ fibrillization inhibition, AChE inhibition



and NMDA receptor antagonistic activities of the synthesized compounds (com-
pound 11) (Fig. 8.7) were evaluated. The hybrid compounds showed better AChE 
inhibition in micromolar range as compared to parent 7-methoxytacrine and 
1-adamantylamine. The hybrid compounds successfully decreased the fibrillization 
of the Aβ peptide while inhibiting BACE1. On investigating the interactions with 
GluN1-1a/GluN2B NMDA, the compounds showed almost similar interactions as 
done by memantine (Gazova et al. 2017). 
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Fig. 8.7 Memantine derivatives as NMDA receptor antagonists 

A series of 16 memantine nitrate derivatives were designed and synthesized by 
Lui and group in 2016 for the study of neuroprotection and vasodilatory activity for 
neurodegenerative diseases. In the in vitro studies, these nitrates were found to be 
effective neuron protection agents against glutamate-induced injuries. Lengthening 
of the linker between memantine moiety and side chain decreases the potency, while 
lengthening of the side chain increases the potency in terms of cytoprotective effects. 
In addition to this, no enhancement of neuroprotective effects was observed on 
increasing the number of nitrate groups. Compound 12 (Fig. 8.7) was found to be the 
most significant compound which efficiently reduced the free radical production and 
maintained the mitochondrial membrane potential by inhibiting Ca2+ influx (Liu 
et al. 2017). Aminoadamantane and carbazole-based new class of conjugates were 
synthesized and evaluated by Bachurin and group. The compounds were 
investigated as anti-neurodegenerative agents. These drugs specifically inhibit 
BuChE while keeping the other characteristics of MK-801-binding site blockers. 
These also block NMDA receptors that include NR2B subunits. Compound 13 
(Fig. 8.7) was found to be the most promising compound exhibiting microtubule-
stabilizing properties along with the ability to protect the nerve cells at overloaded 
calcium conditions (Bachurin et al. 2017). 

Kumamoto and group developed a new class of NMDA channel blockers in 2017 
with a polyamine-based memantine hybrid structure. A total of 25 derivatives were 
synthesized varying in alkyl chain length and functional groups. Out of these



synthesized derivatives, diaminoguanidine M44G, compound 14 (Fig. 8.8), showed 
the most potent antagonistic activity against GluN1/GluN2A and GluN1/GluN2B 
NMDA subtype receptors. It was concluded that the presence of guanidine group 
was crucial for the biological activity of the compound (Kumamoto et al. 2018). In 
2018, Koola and group studied the comparison of combination of donepezil-
memantine over combination of galantamine-memantine drug for the effective 
emphasis on kynurenic acid and mismatch negativity. Several biomarkers associated 
with AD like kynurenine pathways (KP), mismatch negativity (MMN), brain-
derived neurotrophic factors (BDNF) and oxidative stress were considered for this 
comparison. Cholinergic and glutaminergic dysfunction and alterations in the KP are 
responsible for the onset of AD symptoms. So, along with targeting of cholinergic 
and glutaminergic pathways, KP modulations may be a novel strategy for the 
treatment of AD. From the studies, it was concluded that the efficacy of the 
combination of galantamine-memantine was due to the synergistic effects of 
α7nACh and NMDA receptors (Koola et al. 2018). A novel class of multitarget-
directed ligands possessing dual P2X7-NMDA receptor antagonist activity was 
synthesized and evaluated by Karoutzou and group in 2018. The aim was to delay 
the neurodegeneration by targeting the glutaminergic NMDA receptors and to 
reduce the neuroinflammation by targeting P2X7 receptors. NMDA receptor is 
well recognized, but P2X7 receptor is not much explored as a therapeutic target 
for the treatment of AD. Compound 15 (Fig. 8.8) displayed the most potent P2X7 
antagonistic activity with an IC50 value of 6.0 ± 0.6 μM and retaining the NMDA 
receptor antagonistic activities, and hence 15 was reported as the first dual antagonist 
of both the receptors (Karoutzou et al. 2018). 
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Fig. 8.8 Memantine derivatives as multifunctional agents for AD treatment 

Another memantine prodrug (memit, 16) (Fig. 8.8) was synthesized in 2019 by 
Sestito and group as a new agent for the treatment of Alzheimer’s disease. The amine 
group of memantine was replaced with isothiocyanate functionality for retaining the 
memantine properties and as a putative H2S donor moiety. H2S is reported to play



significant anti-inflammatory and neuroprotective roles in the brain, and it is found to 
exert the neuroprotective effects against inflammation and decrease the ROS pro-
duction. It was also found to increase autophagy, which is necessary for cellular 
homeostasis and cell survival, and to lessen the Aβ (1–42) self-induced aggregation. 
Further, in vivo studies need to be performed to establish the synergistic and 
cumulative effects of H2S as neuroprotective and the native moiety memantine as 
NMDA receptor antagonist (Sestito et al. 2019). Rosini and group merged ferulic 
acids with memantine to build a connection between NMDA receptors, oxidative 
stress and Aβ peptide for the treatment of AD. An aromatic conjugated amide was 
linked with the memantine moiety with a linker aliphatic chain. Compound 17 
(Fig. 8.8) was found to be the most promising agent exhibiting voltage-dependant 
antagonist activity against NMDA receptor with the IC50 value of 6.9 μM. In SHSY-
5Y cell lines, it showed antioxidant properties at 10 μM concentration. At the same 
concentration, it was found to follow the APP processing towards α-secretase, the 
non-amyloidogenic pathway which results in the reduction of Aβ production. So, it 
may act as a promising NMDA receptor antagonist along with the inhibitor of 
NMDA-mediated neurotoxic events like ROS formation and Aβ damage (Rosini 
et al. 2019). 
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Kaniakova and group designed and synthesized a novel 6-chlorotacrine-
memantine hybrid (compound 18) (Fig. 8.8) inspired by memagal (galantamine-
memantine hybrid) as a promising multipotent lead for the treatment of AD. It 
showed better AChE inhibitory activity (IC50 = 9.41 ± 0.65 nM) compared to the 
parent compound, 6-chlorotacrine (IC50 = 20 ± 1 nM). It was also predicted to cross 
the BBB easily and efficiently block the NMDA receptor as done by memantine. 
Compared to memantine, it showed quantitively better neuroprotective effects in 
NMDA-induced hippocampal lesions (Kaniakova et al. 2019). An NMDA antago-
nist fluorobenzohomoadamantanamine was hybridized with potent AChE inhibitor 
6-chlorotacrine by using four- or five-membered carbon chain to retain the activities 
of the parent derivatives along with the development of more potent new class of 
multitargeting agents. The position of linkage of carbon chain did not show any 
direct effect on AChE inhibition and NMDA antagonism, but it is apparent in 
BuChE inhibition. The synthesized hybrids (compound 19) (Fig. 8.8) were found 
to be almost 44-fold more potent AChE inhibitors than parent 6-chlorotacrine and 
around two-fold more potent than memantine and 
fluorobenzohomoadamantanamine. These novel hybrids showed potent AChE 
inhibitory potential in the nanomolar range (0.33–1.96 nM) and NMDA receptor 
inhibition in micromolar range (0.89–8.29 μM) (Pérez-Areales et al. 2019). Drug 
combination is one of the important therapeutic strategies for eradicating the com-
plex diseases like Alzheimer’s disease. In a mouse model of AD with an amyloid-
dominant brain, combination of memantine and melatonin showed improvement in 
the memory function and brain neuronal deficits as reported by Jurgenson and 
colleagues. It was found that drug combination showed improvement in the episodic 
memory along with the reduction in the number of Aβ aggregates and reactive 
microgliosis in the brain of 5xFAD mice. It was observed that the combined use 
of 10 mg/kg memantine and 6 mg/kg melatonin was more beneficial as compared to



administration of single dose of memantine or melatonin, 20 (Fig. 8.8) (Jürgenson 
et al. 2019). Galantamine is a better positive allosteric modulator of alpha-7 nicotinic 
acetylcholine receptor (α7nAChR) than donepezil. Several preclinical studies and 
randomized controlled trial showed that the combination of galantamine-memantine 
significantly improved the cognition compared to galantamine alone (Koola 2020). 
Lui and group synthesized and investigated a series of memantine nitrates as 
glutamate-induced excitotoxicity blockers by inhibiting the calcium influx and 
impairing the PI3K/Akt/GSK3β pathway. It was found that compound 21 
(Fig. 8.9), a new memantine-derived ligand, significantly protected the rat primary 
cerebellar granule neurons of rat against glutamate-induced excitotoxicity (CGNs). 
Calcium imaging demonstrates that the NMDA receptor antagonist, compound 21, 
prevents calcium influx by inhibiting it. It was found to suppress the glutamate-
induced phosphorylated Akt and reverse the activation of GSK3β. It was concluded 
that compound 21 can be developed as a potent drug candidate for the treatment of 
AD caused by cerebral vessel dilation and neuroprotection (Liu et al. 2020). 
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Fig. 8.9 Memantine derivatives as multifunctional agents 

Tencheva and group synthesized amino acid analogues of memantine as 
neuroprotective agents and to investigate their impact on oxidative stress, 
neuroinflammation, hypoxia, excitotoxicity and resistance to Aβ toxicity. Most of 
the compounds provided multifaceted protection against injuries brought on by 
hypoxia, oxidative stress, glutamate-induced excitotoxicity and copper-triggered 
Aβ toxicity. H-4-F-Phe-memantine (compound 22) (Fig. 8.9) and H-Tyr-memantine 
(compound 23) (Fig. 8.9) were found to be the most potent compounds and 
displayed optimum lipophilicity and functional bioactivities similar to memantine 
hydrochloride. As a result, significant correlations between the biology, structural 
descriptors and physiochemical characteristics have been revealed. By using merely 
the structural formula, these correlations assist the different features of novel 
memantine derivatives (Tencheva et al. 2020). Memantine is a non-competitive 
NMDA receptor antagonist, while histone deacetylase (HDAC) is also reported to 
play an important role in neurodegenerative disorders like AD. He and group 
designed, synthesized and biologically evaluated a series of dual-acting NMDAR



and HDAC inhibitors. Amongst the synthesized compounds, compound 24 
(Fig. 8.9) exhibited balanced inhibitory activity against both HDAC and NMDAR. 
It was found to be selective towards HDAC6 with an IC50 value of 0.18 μM while 
retaining the NMDA receptor antagonistic activities (ki = 0.59 μM). The 
hydroxamic acid-based compounds with a 7-carbon spacer were found to be most 
potent HDAC inhibitors. In addition, compound 24 also exhibited 30-fold potent 
neuroprotection compared to trolox and was found to be safe against H2O2-induced 
injury (He et al. 2020). In 2020, memantine nanoemulsion was proposed for 
intranasal delivery of memantine to bypass the BBB for the treatment of AD. The 
nanoemulsion was examined in vitro for antioxidant potential. The in vivo studies 
were caried out by radiolabelling the memantine with technetium pertechnetate. The 
nanoemulsion showed 98% cell viability, and the antioxidant potential of the 
memantine was sustained. The in vitro studies showed that 80% of the drug was 
released in stimulated nasal fluid. The biodistribution results showed higher uptake 
of drug in the brain regions via internasal route of administration as compared to oral 
and intravenous administration in rats. The targeting efficiency through intranasal 
administration was found to be 207.23%. So, nanoemulsion loaded with memantine 
could be an effective strategy for the enhanced efficacy of the drug in the treatment 
of AD (Kaur et al. 2020). 
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A new derivative of memantine, fluoroethylnormemantine (FENM) (compound 
25) (Fig. 8.9), was characterized and investigated by Chen and group. An extra 
fluorine group was attached at an optimized position for the in vivo biomarker 
labelling. The compound was evaluated for its effectiveness against fear and 
behavioural despair. It was found that compound 25 decreases immobility in the 
forced swim test and did not alter any sensorimotor gating or locomotion without 
producing any non-specific side effects. Additionally, it lessened acquired fear and 
aided in extinction learning in rats. Compound 25, as an NMDA receptor antagonist, 
can be developed as a potent candidate for further preclinical stress-related 
behavioural studies (Chen et al. 2021). New multitarget chemical entities were 
reported by Chochkova and group. These compounds were obtained by the frame-
work combination of substituted cinnamic acids and memantine. The 
neuroprotective and free radical scavenging properties of these synthesized 
memantine hybrids were investigated. The free radical scavenging activities were 
evaluated against 1,1-diphenyl-2-picrylhydrazyl (DPPH), hydroxyl (OH) and super-
oxide (O2-.) radicals with respect to standard antioxidants and sinapic and ferulic 
acids. In these studies, compound 26 (Fig. 8.9) was found to be the most potent 
antioxidant amongst the synthesized compounds. It decreased the formazan produc-
tion to around 60% at 50 μM concentration and around 75% at 100 μM concentra-
tion. In addition, in the in vitro studies, these compounds also displayed moderate 
neuroprotection (Chochkova et al. 2021). Polycaprolactone (compound 27) 
(Fig. 8.9) nanocapsule (MEM@PCL) based memantine-releasing system was 
synthesized, and its physiochemical characteristics were examined by Mahmoudi 
and his research group. After 1 month of examination of the nanocapsule solution, 
there was no discernible change in the original free drug concentration. There was no 
aggregation or decomposition observed in these small-sized nanocapsules (size



<200 nm), and they were found to be stable at 25 °C up to a period of over 40 days. 
The PCL nanocapsules showed more than 80% association efficiency of the drug. 
So, MEM@PCL nanocapsules may be the promising systems that could be used as a 
strategic tool for the treatment of AD (Mahmoudi et al. 2021). 
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To comprehend the overall impact of the medicine and the electrochemical 
behaviour of memantine hydrochloride, Natekar and Dey synthesized four metal 
complexes of the compounds with iron, copper, nickel and cobalt. They also 
conducted voltametric and spectroscopic studies on the compounds. Different 
concentrations of the drug have been studied with various instrumental variables 
like scan rate. Presence of functional group makes the drug more susceptible for 
binding to the transition metals to facilitate the drug delivery. Different techniques 
like IR, atomic absorption spectroscopy and cyclic voltammetry have been used for 
understanding the electrochemical behaviour of the drug (Natekar and Dey 2022). 
Turcu and group synthesized a series of memantine analogues possessing a 
benzohomoadamantane scaffold and carried out in vitro and in vivo characterization 
for the treatment of AD. Majority of the synthetic derivatives effectively inhibited 
NMDA receptors at micromolar concentrations. The most potent derivative i.e. 
compound 28 (Fig. 8.9) exhibited electrophysical properties that were identical to 
those of memantine, including potencies, voltage dependence and blocking sites. 
Studies using the 5XFAD mouse model of AD showed that compound 28 exhibited 
similar effects as done by memantine (Turcu et al. 2022). 

Memantine, NMDA receptor antagonist, is an FDA-approved medication for the 
treatment of AD. The amount of drug reaching the target is a major challenge in 
terms of efficacy and effectiveness including its oral administration. In a new 
strategy, the drug is administered with the help of some carrier to the target. To 
achieve this, Radwan and group designed and studied the gamma-irradiated chitosan 
nanoparticles for the controlled delivery of memantine and reported it to be a 
promising approach in Alzheimer’s therapeutics (Radwan et al. 2020). Pertaining 
to the memantine’s regulated release using the non-solvent-induced phase separation 
(N-TIPS) technique, Rani and Chawla designed and synthesized memantine-loaded 
polylactic-co-glycolic acid (PLGA) nano-scaffolds. A total of 15 formulations were 
proposed to quantify the medication loading and percentage porosity. These 
memantine-loaded scaffolds diminish the accumulation of amyloid β plaques and 
result in the improved efficacy than memantine. These nano-scaffolds are reported to 
reduce the complications involved in AD including improved drug release, retention 
of the drug within the brain and maintaining the neuronal signalling (Rani and 
Chawla 2022). Four polymorphic forms of insoluble salts of memantine with a 
unique fluorescence phenomenon were synthesized by reacting memantine with 
pamoic acid (Fig. 8.10) through polymorphic screening. Pamoic acid helped in 
achieving the sustained release of drug by reducing the release rate. The synergistic 
effect of both pamoic acid and memantine on fluorescence helped in predicting the 
real-time monitoring in the controlled and continuous release of the drug (Kuang 
et al. 2022). Two types of carbon dots (CDs) (Fig. 8.10), namely carbon nitride dots 
(CNDs) and black carbon dots (B-CDs), were synthesized and biochemically 
characterized by Zhang and group who conjugated them with memantine



hydrochloride (MH) as a drug delivery system through penetration of BBB for the 
treatment of AD. The tau aggregation inhibition was measured in the presence of 
CDs. B-CDs-MH and B-CDs alone were found to be the most effective tau aggre-
gation inhibitors with the IC50 values of 1.5 ± 0.3 and 1.6 ± 1.5 μg/mL, respectively. 
In addition, it was reported that CNDs were successful in delivering the MH through 
BBB penetration because of the smaller size of these nano-dots (Zhang et al. 2022). 
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Fig. 8.10 Memantine and derivatives as drug delivery nanocarriers 

8.8 Conclusion and Future Perspectives 

The aetiology of Alzheimer’s disease is complex in nature. Several targets/ 
hypotheses are involved in the progression of the disease. A therapeutic strategy is 
desired that can simultaneously target multiple cellular pathways responsible for the 
initiation and progression of AD. Hence, combination therapy or multitarget directed 
ligand approaches are proposed as effective strategies for the complete eradication of 
the disease. FDA has already approved a combination of donepezil and memantine 
in 2014 (Deardorff and Grossberg 2016). Some other combination drugs of 
memantine like galantamine-memantine, memantine-melatonin and rivastigmine-
memantine are also being investigated by many research groups (Dantoine et al. 
2006; Jürgenson et al. 2019; Koola 2020; Koola et al. 2018). Combination therapy 
also has its own drawbacks/side effects for the treatment of complex diseases like 
AD (Schmitt et al. 2004; Shenfield 1982). Ligands, that can simultaneously target 
AChE and NMDA receptor, are under various stages of development. NMDA is a 
specific amino acid derivative that acts as an agonist at glutaminergic receptors. It is 
understood to critically regulate the memory functions of the brain. Memantine is 
used as an NMDA receptor antagonist as alone and in combination with donepezil 
for the treatment of AD. We have described the synthetic, mechanistic and physio-
logical approaches in the drug development process of memantine starting with 
adamantane. In the first three sections, we described the synthetic strategies starting 
from adamantane and its derivatives to the structural domains of memantine and 
showed how memantine is linked to NMDA receptors through glutamate ion 
channels. The next three sections explained the mechanistic approaches underling 
the pathology and pathogenesis, along with other similar inhibitors as memantine 
that functions as subunit-specific allosteric modulators of glutamate ion channel



activity. In the last section, we have discussed various recent developments made on 
memantine throughout the drug development approaches required for better inhibi-
tion of the ion channels and effective treatment of the disease. Various inhibitors 
possessing different scaffolds and varied approaches including the developments on 
combination and multitargeting modulations have been discussed with their mecha-
nistic targets and inhibitory potentials. 
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Memantine had shown promising results in preclinical studies, but there were no 
clear positive effects in clinical applications. This could be due to late administration 
of the drug after the complete disruption of neurons or maybe there is a need to 
administer the memantine with other antioxidants, anti-inflammatory, anti-aggregate 
or other potent drugs. The amount of memantine reaching the targets may be other 
criteria for the ineffectiveness of the drug. So, designing of nanocarriers or drug 
delivery systems which carry the effective concentration of the drug to the target 
might help in the development of potent drug molecule. It is presumed that 
memantine is an NMDAR-directed structure, so it can be conjugated with other 
pharmacophoric moieties of known functionalities like antioxidants, AChEIs, and 
Aβ aggregation inhibitors to get the desired multitargeting effect for the effective 
cure of the AD. So, the well-designed derivatives of memantine could help in 
improving the drug development process for the treatment of Alzheimer’s disease. 
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Abstract 

Alzheimer’s disease (AD) is a progressive illness of the nervous system typified 
by degenerative cognitive disability with challenging behavioural changes and 
dwindling physical activities for day-to-day living and remains one of the major 
reasons of dementia. As per the worldwide status report released by World Health 
Organization, the numbers of people with dementia will double every 20 years, 
reaching about 140 million in 2050. The currently used drugs for AD include 
galantamine, rivastigmine, and donepezil. These slow the progression of the 
disease or help to control cognitive and behavioural changes. Recently, 
aducanumab has been approved as a disease modifying drug targeting beta-
amyloid and helps to reduce brain lesions. Another drug, memantine, is effective 
in regulating levels of glutamate, leading to brain cell death. Thus, the future 
involves multifunctional and targeted approaches, and multipotent naturally 
occurring agents have recently drawn attention in this regard. Huperzine A, 
derived from Huperzia serrata or Lycopodium serrata is one amongst these. 
Chemically, it is an alkaloid containing quinolizidine with good potency and 
selectivity and reversible inhibition of acetylcholinesterase. Many analogs of 
huperzine A have been reported but most of them are not able to cross the 
blood–brain barrier. Structural modifications of huperzine A are in process to 
achieve analogs with better anticholinesterase activity and improve their method 
of synthesis. The present chapter is aimed to compile and review the numerous
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evidence-based scientific information related to huperzine derivatives to make it 
easily available to the scientific community and researchers.
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9.1 Introduction 

Alzheimer’s disease (AD) is a progressive illness of the nervous system typified by 
degenerative cognitive disability with challenging behavioural changes and dwin-
dling physical activities for day-to-day living and remains one of the major reasons 
of dementia (Hanns and Gabriele 2003; Reitz et al. 2011). As per the worldwide 
status report released by World Health Organization, the numbers of people with 
dementia will double every 20 years, reaching about 140 million in 2050 (Prince 
et al. 2009). 

None of the current drugs on the market can completely reverse AD, but they 
might be able to lessen or control some of its behavioural and cognitive symptoms, 
offering some solace, respect, and encouragement. Donepezil, galantamine, 
rivastigmine are the common prescription medications approved by U.S. FDA for 
the treatment of symptoms of AD (Batsch et al. 2012). These are acetylcholinester-
ase (AChE) inhibitors, involved in degradation of acetylcholine, a neurotransmitter 
important for memory, decision-making, and other cognitive processes. Besides 
these, memantine is also prescribed and seems to function through controlling a 
separate chemical messenger’s activity in the brain. Tacrine is now rarely 
recommended due to potential liver damage, and these medications have several 
common adverse effects (Alzheimer’s Association n.d.). Hence, newer mechanisms 
of drug action are in need for better treatment and management of AD. Recently, 
aducanumab has been approved as a disease modifying drug targeting beta-amyloid 
and helps to reduce brain lesions. Another drug, memantine, is effective in regulating 
levels of glutamate, leading to brain cell death. Thus the future involves multifunc-
tional and targeted approaches and multipotent naturally occurring agents have 
recently drawn attention in this regard. 

Scientists in China first discovered huperzine A (Hup A), produced from the 
Chinese herb, Huperzia serrata. It works similarly to currently available AChE 
inhibitors. Many preclinical and clinical trial studies have demonstrated the 
prospects of HupA in the management of AD (Wang et al. 1986). It has been 
shown that Hup A exhibits low toxicity while reversibly inhibiting acetylcholines-
terase. Also, it lessens soluble βA and significantly enhances aged people’s memory 
by delaying the formation of amyloid plaques. It benefits from having a long-lasting 
effect, a high safety index, strong stability, and few adverse side effects (Yang et al. 
2020).
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In the present chapter, an effort has been made to discuss the most recent 
advancements in the synthesis of huperzine A and its potential in the management 
of Alzheimer’s disease. 

9.2 Huperzine Alkaloids 

9.2.1 Source 

Huperzine A, present in Huperzia serrata, a  firmoss, is a sesquiterpene alkaloid. It 
also occurs in other species like H. carinata, H. elmeri, H. aqualupian, etc. in 
varying quantities (Lim et al. 2010). 

Often referred to as toothed clubmoss, Huperzia serrata is a widespread species 
belonging to family Lycopodiaceae and grows well in temperate areas of Asia 
including India, China, Japan, Korea, and Russia, as well as in Oceania and Central 
America (Fig. 9.1) (Jaswinder et al. 2016). It is an essential herb, particularly in 
traditional Chinese medicine. The plant taxonomical details are summarized in 
Table 9.1. 

As the use of natural products is increasing in the pharmaceutical sector, several 
promising compounds have been extracted from this plant while huperzine A being 
the most interesting amongst these. 

The isolation of HupA took place in 1986 from Huperzia Serrata while it was 
only in 1989 that it was chemically synthesized (Yang et al. 2020). Diverse alkaloids 
belonging to lycopodium genus have been isolated from H. serrata. Majority of 
these alkaloids are lipid soluble and are classified into four main structural classes— 
fawcettimine, lycodine, and lycopodine-type and group of compounds of

Fig. 9.1 Huperzia Serrata



miscellaneous-type as shown in Table 9.2. Representative compounds for each class 
have been presented in (Fig. 9.2). The AChE enzyme inhibition activity has been 
mostly found in alkaloid compounds of lycodine-type class. These include HupA, 
HupB, 6β-hydroxyHupA, N-methylHupB, and huperzine. Amongst these, HupA is 
revealed as the most potent compound (Ferreira et al. 2016) Fig. 9.2 modified.
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Table 9.1 Taxonomy 
classification 

Biological source Huperzia serrata 

Family Lycopodiaceae 

Kingdom Plantae 

Division Lycopodiophyta 

Class Lycopodiopsida 

Order Lycopodiales 

Genus Huperzia 

Species Serrata 

9.2.2 Chemistry 

Naturally, HupA is an alkaloid with quinolizidine nucleus and belongs to lycopo-
dium series with its two stereoisomers, (-)-HupA and (+)-HupA (Fig. 9.3). The 
characteristic structural features of HupA include aromatic pyridine ring conjugated 
to bicyclic system with an ethylidene group and a primary amino group. It is white 
and crystalline in nature with solubility in chloroform and aqueous acids. The L 
isomer has more active than the D isomer (Yang et al. 2020). 

9.3 Huperzine and Alzheimer’s Disease 

In neuropathology, AD is characterized by synapse loss, cerebral amyloid 
angiopathy, intraneuronal neurofibrillary tangle deposits, and neuritic plaques in 
the brain parenchyma. ACh is a neurotransmitter in the brain that is necessary for 
proper brain activity and plays a crucial role in the formation of memories and AChE 
is an enzyme that breaks down ACh. Given that acetylcholine (ACh) levels in AD 
patients’ brains are abnormally low, the current treatment for AD involves 
administering AChEIs to raise the concentration of ACh at the neuronal synaptic 
cleft by inhibiting AChE. 

To date, four AChEIs, Aricept (donepezil or E2020), Exelon (rivastigmine), 
Cognex (tacrine), and Reminyl (galanthamine hydrobromide) currently are approved 
as prescription drugs by the United States to treat the symptoms of mild-to-moderate 
AD (Fig. 9.4). However, the clinical usefulness of AChEIs has been limited due to 
their short half-lives, excessive side effects caused by activation of peripheral 
cholinergic systems as well as hepatotoxicity, which is the most frequent and main 
side effect of tacrine therapy (Zhu et al. 2005).
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Fig. 9.2 Compounds representative of the fawcettimine (a), lycodine (b), lycopodine (c), and 
phlegmarine (d) class of lycopodium alkaloids obtained from H. serrata (Ferreira et al. 2016) 

Fig. 9.3 (±) Stereoisomers of huperzine A. HupA (C15H18N2O, M 242) is chemically (1R.9S, 
13E)-1amino-13-ethylidene-11-methyl6-azatricyclo[7.3.1.02,7]trideca-2(7),3,10-trien-5-one 

AD is a commonly prevalent type of dementia typified by subtle memory loss, 
related functional impairment in thinking ability, and behavioural abnormalities that 
affects social and vocational functioning. As the condition worsens, other parts of 
the brain also experience loss of function and ultimately cell death. A person will 
eventually pass away from the loss of brain function alone if they do not already 
have another major condition. The underlying cause is not exactly known. However, 
it seems to be related to the levels of neurotransmitters in the brain cells (Ma et al. 
2007). 

Acetylcholine levels in the brain are decreased in AD patients, and this is 
accompanied with degenerative alterations to the brain tissue. Changes in oxidative



metabolism are suspected to be linked to AD. Events leading to AD may involve 
increased oxidative stress brought on by free radical damage to cellular function. The 
creation of free radicals, organic and toxic brain damage, as well as other alterations, 
all contribute to the development of AD. As a result, medications for AD frequently 
include neuroprotectives, nootropics, and cognitive enhancers. 
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Galathamine     Rivastigmine 

Fig. 9.4 Currently approved AChE inhibitors for Alzheimer’s disease 

It has been observed that HupA is better than currently approved drugs as it can 
effectively cross BBB, has high oral bioavailability and longer duration of action. It 
is known to improvise the learning ability and memory in humans as well as to 
restore or reduce loss of cognition in a variety of behavioural models and animal 
species, including non-human primates (Ma et al. 2007). 

HupA is available in U.S. market as dietary supplement to help in improving 
memory loss and mental disability, but the FDA has not yet approved it. It has 
quickly developed into a best-selling product and cult favourite in the market for 
smart-drugs market. It can be purchased online and at ‘natural product’ stores 
without prescription. The Journal of American Medical Association once stated in 
their journal that HupA with its high specificity for AChE and consequently lesser 
side effects can be beneficial for management of dementia and memory loss 
(Zangara 2003). Although AChEIs are still the most often prescribed drugs for 
AD, we are moving into a time where therapies which help in modifying diseases, 
mainly those which impart neuroprotection, are thought to contribute significantly in 
prevention of progression of AD. Research suggests that huperzine A may have the 
ability to alter the course of disease. 

In the paragraphs that follow, huperzine A’s traditional cholinergic impact and its 
unique possible non-cholinergic activities are described (Fig. 9.5) (Zhang 2012). 

Huperzine A is a reversible inhibitor and displays mixed competitive inhibition 
against AChE. The strong AChE inhibitory impact may significantly increase 
synaptic ACh release and, in turn, cholinergic neurotransmission. In addition to 
the aforementioned classic effects, new pharmacological targets independent of 
huperzine A’s AChE inhibitory effect and expanded cholinergic system effects in 
neuroprotection are two areas where huperzine A’s beneficial properties are being 
explored with the help of various models (Zhang 2012). 

Although ACh is typically thought of as a neurotransmitter, it also has cytokine 
properties and may be involved in various neuroprotective pathways: In the rat



hippocampus, there was evidence of a close relationship between ACh and the 
neurotrophins and BDGF. Non-amyloidogenic APP pathway can be activated by 
activation of M1 muscarinic ACh receptor. Also α7nAChR seems to be correlated to 
inflammatory responses and neuronal degeneration in AD. The expression of NGF 
and its secretion raises the sAPPα levels which activate the non-amyloidogenic 
pathway in relation to pathway mediated by M1 muscarinic AChR and α7nAChR 
mediated hypoxia leading to inflammation. The positive effects related to choliner-
gic system could be due to increase in levels of ACh and not directly related to 
nAChR activation. As almost similar results are observed with various AChEIs, 
these neuroprotective benefits are likely potential common outcomes of cholinergic 
stimulation (Zhang 2012). 
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Fig. 9.5 Summary of classical cholinergic and potential non-cholinergic pharmacological targets 
of huperzine A 

According to Fig. 9.5, huperzine A’s effects on the cholinergic system may not 
only aid in treating symptoms but also slowing the progression of AD. Meanwhile, 
huperzine A has recently been discovered to have additional advantages that set it 
apart from other AChEIs and seem to be unrelated to AChE inhibition. Mitochon-
drial dysfunction is one of the major intracellular diseases linked to the development 
of AD. It was recently found that huperzine A might effectively reduce brain 
mitochondrial dysfunction caused by Aβ or ischemia insult.
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Huperzine A has the ability to treat A-induced mitochondrial dysfunction by 
reducing the formation of reactive oxygen species (ROS) and increasing the activity 
of key enzymes of tricarboxylic (TCA) cycle as well as other key respiratory chain 
components. The fact that huperzine A prevented entry of Aβ into mitochondria and 
improved Aβ-induced TCA cycle failure in isolated brain cortical mitochondria 
supports the findings that mitochondrion appears to be an essential target of 
huperzine A. 

As there is no proof that isolated brain mitochondria contain a cholinergic system, 
HupA effects with mitochondria as the target seem to be unrelated to the cholinergic 
system. A multitude of physiological processes, such as signal transduction calcium 
homeostasis, oxidative stress, and apoptosis, are facilitated by mitochondria. Thus, 
various models can be used for better understanding the effects of huperzine A on 
oxidative stress and apoptosis with mitochondrion as the target. 

It has been studied that there is direct interaction of Aβ with many proteins on the 
mitochondrial membrane and inside the matrix. It could enter mitochondria through 
a pore formed by the outer membrane (TOM40) and the inner membrane (TIM22) 
and interact with mitochondrial proteins from the membrane permeability transition 
pore (MPTP) and this in turn results in changes in the mitochondrial membrane 
potential; Aβ also binds with β-amyloid binding alcohol dehydrogenase (ABAD) 
which results in mitochondrial dysfunction. The molecular target of huperzine A on 
Aβ induced mitochondrial dysfunction is yet unclear and hence the ability to 
determine whether and how huperzine A affects the aforementioned 
A-mitochondrion interactions could be an interesting area of research. 

A potent dual PPARα/γ agonist exerted anti-inflammatory and neuroprotective 
effects, suggesting that ligand-activated PPAR may be a potential drug target against 
inflammation and brain damage after ischemic injury. Moreover, the endoplasmic 
reticulum (ER), like the mitochondrion, is a versatile organelle that is crucial to 
numerous malignant processes in AD. Several studies have demonstrated that 
huperzine A can improve ischemic damage in many in vivo and in vitro models. 
Initial studies suggested that Hup A might have an impact on the aberrant ER 
function linked to Aβ. It is also worthwhile investigating whether huperzine A 
could target on PPAR or ER to better explain the aforementioned positive effects 
(Zhang 2012). 

9.4 Huperzine: Derivatives and Analogues 

With continued interest in AD, design and synthesis of HupA analogs have begun. 
But changes in the rigid structural framework of HupA mostly resulted in decrease or 
loss of activity. Few analogues have only shown apparent AChE inhibitory activity 
(Ferreira et al. 2016). Table 9.3 surmises some of the derivatives of HupA in relation 
to the changes in structure and its consequent effects on activity (Zhou and Zhu 
2000; Ros et al. 2001; Alcalá et al. 2003; Ma and Gang 2004; Jia et al. 2013). Also 
hybrids of tacrine with HupA have been prepared as AChE inhibitors (Camps et al. 
2000a; Gemma et al. 2006). Further newer molecules were designed to create tight
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(continued)
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Table 9.3 Summary of huperzine A analogs 

Structural changes in relation to 
HupA 

Consequences of the structural 
changes on compounds activity

 
Galantamine 

(±)-10,10-dimethyl-
HupA 

Two methyl groups introduced 
at position C-10 

The AChE inhibitory activity 
increased almost eightfold due 
to introduction of axial methyl 
group at C-10 position while it 
decreased 1.5-fold in the 
corresponding isomer with 
equatorial methyl group 

H-3 A brings of HupA which are 
likely to be essential for activity 
combined with tacrine by an 
alkane tether 

AChE activity was good but 
less selective than HupA 

Huprines The bridgehead component of 
HupA combined with tacrine 

Better AChE activity for 
hybrids. AChE levels increase 
in the synaptic cleft well in 
comparison to tacrine. Good 
selectivity ratio of AChE to 
BuChE. Fluorine in (±)-huprine 
Z when replaced by chlorine in 
(±)-huprine Y probably 
improves binding to AChE and 
hence potency 

Isovan iHupA Schiff base with amino group of 
HupA 

AChE activity similar to HupA 
but problems with stability 

(-)-10-Spiro-
cyclopropyl-HupA 

Cyclopropane attached at C-l 
0 position of HupA 

(-)-HupA and the cyclopropyl 
derivative similar in in vitro 
activity 

5-substituted analogs 5-substituted HupA derivatives 5-substituted analogues (A) and 
(B) exhibit 50% inhibition of 
AChE at concentrations of 
35 mM and 47 mM, 
respectively



Analogs of HupA

interactions with the catalytic or peripheral sites and also midgorge recognition sites 
of human BuChE and AChE through various binding modes. This resulted in better 
biological profile in comparison to HupA and tacrine.
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Table 9.3 (continued)

Structural changes in relation to 
HupA 

Consequences of the structural 
changes on compounds activity 

ZT-1 Schiff base of HupA and 
5-cl-O-vanillin resulting in 
prodrug with rapid absorption 
and conversion to HupA 

More selective AChE inhibitory 
activity than HupA and less 
toxic in mice. Oral 
bioavailability, ability to cross 
BBB and duration of action 
similar to HupA. Good 
tolerance in humans in phase I 
studies 

Others Tacrine-HupA hybrids with 
characteristic scaffold of 
3-methylbicyclo-[3.3.1]non-3-
ene 

Markedly improved biological 
profile for hybrids. Multisite 
inhibition of human AChE and 
comparable inhibition of AChE 
and BuChE 

9.4.1 Analogs of Huperzine A 

The U.S. Food and Drug Administration (FDA) has approved a number of novel 
AChE inhibitors (AChEIs) since 1993–2001 including tacrine, rivastigmine, and 
galantamine. However, some side effects were observed with tacrine in about 30% 
of people causing liver damage. Compared to tacrine, donepezil seems to be better in 
terms of greater effect and lesser toxicity. Rivastigmine doesn’t seem to damage liver 
unlike tacrine. It can, however, result in side effects like nausea and vomiting. 
Galantamine is a natural alkaloid derived from Galanthus nivalis L. and allied plants 
of Amaryllidaceae family and has received FDA approval. Besides AD, it has been 
shown to be effective in treating vascular dementia also. However, HupA seems to 
better than the above-mentioned AChEIs in terms of blood–brain barrier penetration, 
oral bioavailability, and duration of AChE inhibitory effect (Ma et al. 2007). 

Zhu and colleagues synthesized a semi-synthetic derivative of HupA, ZT-1 
(Kaneko et al. 1997). Experimental results showed that ZT-1 has more selectivity 
for AChE than BChE and was found to be less toxic in mice in contrast to HupA.



Regarding its oral bioavailability, capacity to cross BBB, and duration of action, 
ZT-1 is similar to HupA.
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ZT-1 

The development and assessment of potential AChE inhibitors with the strategy 
of hybridization of HupA and tacrine and derivatives of the same have been the focus 
of a multidisciplinary research consortium. Huperzine X (HupX) is one such hybrid 
which exhibits selective and potent AChE inhibitory activity. However, the 
multitarget biological profile is the most salient feature of HX. In fact, HX inhibits 
AChE induced amyloid aggregation, acts as an agonist on nicotinic and muscarinic 
M1 receptors, and shows tight-binding inhibition of AChE in reversibility assays. 
Chronic administration of HX to 3 Tg-AD transgenic mice had positive effects on 
the disease’s hallmarks at the various levels including β amyloid, synaptophysin, and 
α7 nicotinic ACh receptors resulting in neuropathological effects. This validates that 
AChE inhibitors have disease-modifying effects. 

9.4.2 Huperine X, Hup X (HupA-Tacrine Hybrid) 

AVCRI104P3 is another example of hybridization. It is a hybrid of HupA and 
donepezil with multiple targets. It not only inhibits Aβ aggregation induced by 
AChE but strongly inhibits BuChE and BACE-1 also. 

Both HX and AVCRI104P3 have demonstrated potential effects on neuropsy-
chiatric symptoms in a study on group of aged people with AD. Investigations are 
being done to determine the mechanism causing these beneficial outcomes 
(Giménez-Llort et al. 2017).
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9.4.3 AVCRI104PO3 Hup Y (HupA-Donepezil Hybrid) 

It has been discovered that the donepezil hybrid is less efficient. HupA-tacrine 
hybrids, Huprines Y and X, have been found to amplify AChE more effectively than 
tacrine. The inhibitory activity of Huprine Y and Huprine Z was found to be superior 
than both parent compounds. 

9.4.4 Design of HupA Derivatives 

Ashani et al. showed that the type and number of aromatic amino acid residues in the 
catalytic pocket of AChE and BuChE determine the stability of HupA-cholinesterase 
complex thermodynamically. Computer-aided docking studies coupled with X-ray 
crystallography studies have shown that the potency and selectivity of AChE 
inhibition by HupA. It was observed that HupA binds to the in the catalytic domain 
above Typ 84 at the bottom of the gorge and near the opening of the gorge to the 
peripheral site with its ammonium group interacting partially with the indole ring of 
Trp 279 HupA (Fig. 9.6a). The active site also contains Ser 200 and His440 residues 
(Yamada et al. 1991). 

In fact, HupA shows high affinity for AChE enzyme and this can be demonstrated 
from the orientation of HupA in the active site and its strong binding interactions 
with the active site residues. Also the hydrophobic interactions of HupA with the 
aromatic residues in the active-site gorge of AChE play an important role for better 
binding. The pyridine oxygen in (-)-HupA forms a strong H-bonding with a residue 
and has three potential H-bond donor and acceptor sites. 

The principal interactions between AChE and (-)-HupA are as under: 

1. Catalytic triad as seen by strong H-binding interactions between OH group of Tyr 
130 and HupA carbonyl group and His 440 oxygen and HupA ethylidene methyl 
group. 

2. One or two water molecules within the active-site gorge mediate indirect hydro-
gen bonds and similarly form H-bonding with other water molecules or to 
backbone and side chain atoms of the protein.
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Fig. 9.6 (a) Gorge representation with catalytic and peripheral sites and binding pocket with main 
enzyme–ligand interactions. (b) Binding pocket of AchE showing the main interactions between the 
ligand HupA and the amino acid residues in the enzyme 

3. The HupA contains a primary amine which is observed to interact with Trp 
84 and Phe 330 aromatic rings by cation-pi interactions and with Asp 72 and 
Glu 199 carboxyl groups by ionic interactions. 

4. HupA binds directly to the active-site opening and prevents the endogenous 
substrate from entry in AchE. The main chain and side chain atoms of Trp84, 
Phe331, and His440 also form key hydrophobic interactions (Fig. 9.6b) (Ha et al. 
2011). 

The NMDA receptor consists of three important sites—recognition site, cation-
selective ion channel and binding site for Gly, Zn, and phencyclidine-like (PCP) 
compounds. (+)-5-methyl-10,11-dihydro-5H-dibenzo[a,d]cyclo hepten-5,10-imine 
maleate (MK-801) also bids to PCP site and Mg ions are able to block this channel 
(Fig. 9.7). 

It was shown that HupA interacts with NMDA ion channels, causing a dose-
dependent suppression of the binding of two additional NMDA antagonists, 
[3H] thienyl cyclohexyl piperidine, and [3H](+)-5-methyl-10,11-dihydro-5H-
dibenzo [a,d]cyclohepten-5,10-imine maleate. As a result, HupA was found to 
interact with the NMDA receptor ion channel complex and to bind in the plasma 
membranes of brain synaptosomes, but not to the binding site for glycine, poly-
amine, or NMDA ligands. The noncompetitive binding results indicate that HupA 
binds and blocks the NMDA receptor ion channel with subsequent calcium mobili-
zation at or near the phencyclidine (the parent compound of 
thienylcyclohexylpiperidine) and (+)-5-methyl-10,11-dihydro-5H-dibenzo [a,d] 
cyclohepten-5,10-imine maleate ligand sites without producing psychotomimetic 
side effects (Gordon et al. 2001).
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Zinc Glycine NMDA 

PCP 

MK-801 

MG2+ 

Fig. 9.7 The regulatory sites of NMDA receptor, representing binding site for phencyclidine 
(PCP)-like compounds where MK-801also binds and can be blocked by Mg+2 . The cation-selective 
ion channel, glycine, and zinc binding sites in NMDA receptor have also been shown 

Derivatives of Hup A containing aromatic rings have recently been shown to 
offer potential therapeutic effects for AD symptoms. However, further studies are 
needed to determine the possible advantages of Hup A. Hybrids of tacrine and HupA 
(HX) exhibiting diverse functional moieties with basic nuclei of compounds have 
been synthesized as cholinesterase agonist for treatment of AD and showed good 
results for various positions. In comparison to tacrine, the halogen moiety 
demonstrated better activity and greater therapeutic efficacy. It also shows inhibition 
of BChE to a limited extent and can cross BBB (Hassan et al. 2018). 

9.4.5 Structure–Activity Relationship 

Superimposition of HupA and acetylcholine has been carried out with in-silico 
studies with (Fig. 9.8) The carbonyl groups, nitrogen, and oxygen of ACh share 
structural similarities with Hup A’s homologous carbonyl, nitrogen, and amino-
nitrogen (Bai et al. 2000). Since the amino-nitrogen atom and carbonyl group of



the pyridine ring in HupA and the equivalent quaternary nitrogen atom and ester 
carbonyl group in Ach are spaced similarly, the 5-aminomethyl-2(1H)-pyridone 
forms the pharmacophore of HupA. 
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Fig. 9.8 Similarities in the 
structural features of 
huperzine A (HupA) and 
acetylcholine (ACh) 

The amine group (1), -pyridone ring (2), exocyclic ethylene residue (3), three-
carbon bridge and its double bond (4), and methyl group (5) are structural features 
necessary for the inhibitory effect of HupA and their spatial configuration 
determines its activity (Fig. 9.9). Hence, elimination or substitution of at least one 
of these groups will significantly decrease AChE inhibitory activity (Ashani et al. 
1992). In fact, it has been found that (-)-HupA is more potent AChE inhibitor than 
(+)-HupA. 

9.5 Synthesis of Huperzine-Based Derivatives 

Chemical synthesis technology is being developed to boost HupA production. The 
crucial part in the synthesis of HupA is the three-carbon bridged ring and has been 
the focus of recent study efforts. Moreover, the process’ industrialization has 
undoubtedly boosted the amount of HupA produced chemically. Although many 
methods have been developed to manufacture HupA, the three primary techniques 
are as follows: 

1. Extraction and isolation from natural sources 
2. Synthesis of HupA chemically 
3. Biotechnological production of HupA 

HupA concentration in natural sources is also influenced by the growing area, the 
time of year, and the type of plant. Higher concentrations of HupA are found in 
plants with Huperziaceae family. Production of HupA by chemical synthesis can 
assist in achieving higher levels for commercial supply.
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Fig. 9.9 Pharmacophoric 
features of huperzine: amine 
group (1), α-pyridone ring (2), 
exocyclic ethylene residue (3), 
three-carbon bridge and its 
double bond (4), and methyl 
group (5) 

In recent years, the manufacturing of HupA has also incorporated standardized 
biosynthesis by endophytic screening and tissue culture via biotransformation and 
tissue culture. Despite the various successes, there are still many issues with the 
synthesis of HupA that needs to be resolved in order to benefit from its therapeutic 
characteristics (Yang et al. 2020). 

An alkaloid with three-carbon bridges called huperzine A is usually present as a 
racemic combination. Further research has indicated that (+)-HupA activity is 
inferior to (-)-HupA activity. Hence, building a three-carbon bridge with stereo-
specificity represents a primary hurdle in synthesis of HupA. Nonetheless, major 
advancement has been made in the synthesis of (-)-HupA and the methods include: 

1. Palladium-catalysed bisallyl substitution reaction 
2. Successive Michael addition and aldol reaction 
3. Intramolecular Heck reaction 
4. Intramolecular α-alkylation 

Synthesis 
Using commercially plentiful (R)-pulegone, the entire synthesis of the Lycopodium 
alkaloid (-)-huperzine A was completed in 10 stages with a 17% overall yield. The 
synthetic pathway includes a highly stereoselective Buchwald-Hartwig coupling 
reaction-mediated efficient synthesis of 4 followed by diastereoselective alkylation 
mediated by dianion with enamine product and its intramolecular Heck reaction. The 
highlights include the Wagner–Meerwein arrangement and stereoselective 
β-elimination (Ding et al. 2012). 

The first total synthesis of racemic HA was separately completed by two groups 
in 1989 (Qian and Ji 1989; Xia and Kozikowski 1989) The -keto ester 2 or 2a was



used as the starting point for almost the same synthetic approach. Using conven-
tional techniques, Qian and Ji created 2a with a 17.1% yield from ethyl acetoacetate. 
Methacrolein and the tandem Michael aldol reaction were used to create the three-
carbon bridge ring. Afterwards, a Wittig reaction was performed to create an 
exocyclic double bond, followed by a MsOH elimination reaction to create an 
endocyclic double bond, and finally a Curtius rearrangement and deprotection 
reaction. The significant flaw of the product from Wittig reaction is that the yield 
of the E isomer is low. (Scheme 9.1) (Qian and Ji 1989). 
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Xia and Kozikowski used a different approach to create 2a. It took longer and 
more expensive reagents, including PhSeCl and Pd(OH), than Qian and Ji’s. With 
the exception of employing PhSH/AIBN to increase the E/Z product ratio from 10: 
90 to 90:10, the other processes to produce rac-HA are comparable to those of Qian 
and Ji (Scheme 9.2) (Xia and Kozikowski 1989). 

The preparation of crucial intermediate 4 was enhanced in 1990 by Xia and 
Kozikowski from 3 (Scheme 9.3) (Kozikwoski et al. 1990). They produced 
2-pyridone 6 from a carbonyl molecule, ammonia, and methyl propiolate using an 
effective one-pot, three-component method that improved the yield of 2a and did not 
require those pricey chemicals. A palladium-catalysed bicycloannulation pathway 
(Scheme 9.4) to racemic HA from 2a in a 40% overall yield was created by Xia and 
Kozikowski in 1993 (Campiani et al. 1993). Pd-catalysed alkylation of 2a with 
2-methylenepropane-1,3-diyl diacetate on both sides of the ketone carbonyl was 
more successfully used to introduce the three-carbon bridge. The racemate showed 
an IC50 of 0.073 mM in comparison to (-) HA (0.047 mM for AChE inhibition), 
which is, within error, as expected if the unnatural enantiomer is inactive. 

Camps et al. created a pathway to (-)-HA from a keto capamate 7, which was 
produced from 1,4-cyclohexanedione monoethylene ketal 3 in an overall yield of 
22% (Scheme 9.5) (Kozikowski et al. 1994; Camps et al. 1996, 2000b). The 
pyridone moiety of racemic HA is elaborated in a late step in this novel method of 
producing HA. In this manner, the pyridone moiety in HA can be accessed in place 
of the various heterocyclic analogues. This process did not result in improved yield, 
and separation of isomers was also tedious. 

The ability to produce natural (-)-HA has received a lot of attention since it has a 
38-fold greater AChE inhibitory impact than its enantiomer (+)-HA. The first to 
describe the path to optically pure (-)-HA was Yamada et al. Yamada et al. decided 
to incorporate absolute stereochemistry at the stage of the Michael-aldol reaction, 
which generates the bridging ring of HA, based on the pathway established to (-
)-HA. According to (Scheme 9.6), over the course of 2 days at room temperature 
(r.t.), 2a was trans esterified with (-)-8-phenylmenthol and 8 interacted with 
methacrolein in the presence of tetramethylguanidine. The isolation of combination 
9 has a 90% yield. Further 9 was added in olefin 10 (Yamada et al. 1991). The optical 
intermediate (5S, 9R) 4 can be easily changed into optical (-)-HA by following 
stages in the method by Chen and Yang that are comparable to those used in the 
methods by Qian and Ji and Xia and Kozikowski (Chen and Yang 1995). Over 
10 days at room temperature, 2a and methacrolein under the presence of 0.1 
equivalents of quinine produced the (5S,9R) isomer 4.
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2 

Scheme 9.1 Synthetic route to rac-HA by Qian and Ji 

According to Kaneko et al., the crucial intermediate (+)-12 of (-)-HA was made 
with β-keto ester 2 on bicycloannulation with 2-methylene-1,3-propanediol diacetate 
11 under the catalysis of asymmetric Pd (Schemes 9.6, 9.7, and  9.8) (Kaneko et al. 
1997). Enantioselectivity for the chiral ferrocenylphosphine ligand 13 was 64% ee. 

These encouraging outcomes led to the creation of numerous novel chiral 
ferrocenylphosphine ligands (He et al. 1998, 2001). Using ligand 14, the 
bicycloannulation’s enantioselectivity was obviously enhanced, resulting in 12 in 
81% ee. It was clear that adjusting the N-substituent of the ligand with the proper



chain length had a significant impact on the reaction’s enantioselectivity. With the 
help of the (R,S)-ferrocenylphosphine ligand 15—which has a cyclopentyl group at 
the nitrogen-enantioselectivity of 90.3% ee for 12 was attained. The chiral 
nonracemic product 12 was produced in the required configuration for the synthesis 
of natural (-)-HA using the most effective chiral ligand 15 (He et al. 2001). 
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2a 

3 

4 

(+) HA 

Scheme 9.2 Synthetic approaches to (-)-HA by Xia and Kozikow ski 

Scheme 9.3 One-pot process to prepare 6 

By using a Mn(III)-mediated oxidative radical cyclization to create the skeleton 
of HA from the allylic molecule 16 produced from 2, Lee et al. created a novel



technique. According to reports in the literature, the triflic acid treatment might 
quickly isomerize the thermodynamically unstable exo double bond product 17 into 
the endo olefin 18 (Scheme 9.9) (Lee et al. 2002). 
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Scheme 9.4 Pd-catalysed route to (-)HA 

9.6 Analysis of Huperzine-Based Derivatives 

9.6.1 HPLC Method 

Researchers have created a quick, easy, and trustworthy HPLC method for analysis 
of alkaloids in TCM herb Huperzia Serrata. The chromatographic conditions for the 
RP-HPLC method are C18 column and methanol: ammonium acetate (pH 6) in 30: 
70 v/v as mobile phase with PDA detector combined with MS and in conjunction 
with UV-Vis detector. This resulted in detection of nine alkaloids in the extracts of 
H. serrata. Their content was measured using HPLC in conjunction with UV-Visible 
detector. The technique was verified. RSD was 2.44%, and the recovery rates ranged 
from 96.8 to 97.7%. The intraday and interday precision results in RSD values 
ranging from 0.53 to 1.51% and linearity in the range of 5–100 μg/mL and 
r2 = 0.9994 (Wu and Gu 2006).
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3 

Scheme 9.5 Camps et al. approach to preparing racemic HA 

9.6.2 Capillary Electrophoretic Method 

Nguyen NC et al. created a dependable capillary zone electrophoresis technique to 
assess the detection of Hup A in H. serrata. The analytical conditions for the 
technique include hydrodynamic injection for 5 sec at 50 mbar, acetate buffer 
pH 6, 20 kV voltage, 25 °C temperature, uncoated fused-silica capillary with inner 
diameter of 70 m and 50 cm actual length and wavelength 310 nm. The recovery 
rates had a R.S.D. of 2% and ranged from 98.05% to 100.64% and linearity in the 
range of 1–500 g/mL with r2 = 0.9994. The thresholds for quantification and 
detection were 0.33 and 1.0 g/mL, respectively (Nguyen et al. 2021).
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2a 8 9 

10 

Scheme 9.6 Route to optical pure (_)-HA by Yamada et al. 

2a (5S,9R)-4 (90%) 

(93-98%) 

Scheme 9.7 The route to (5S,9R)-4 by Chen and Yang
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Reagents: a) 11, (η3-allyl)Pdcl, TMG, chiral ligand, toluene; b) triflic acid, dioxane. 

13: R1=Me, R2=(CH2)4OH 

14: R1=Et, R2=(CH2)4OH 

15: R1=cyclopentyl, R2=(CH2)5OH 

Scheme 9.8 The preparation of (+)-12 by Kaneko et al. 

2 16 17 

18 

Scheme 9.9 The new method constructing the skeleton of HA by Lee et al. 

9.6.3 NMR Assignments of Huperzine A 

Huperzine A displayed indications for two methyls, two methylenes, five methines, 
and six quaternary carbons in its 1H, 13C, and APT spectra. The HETCOR spectrum 
simplifies to identify protons with carbon bonds (Lin et al. 1993) (Table 9.4).
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Table 9.4 1H NMR of 
Huperzine A 

1 H Huperzine A 

2a 6.38 (d, 9.4) 

3a 7.86 (d, 9.4) 

6a 2.85 (dd, 14.5, 5.0) 

6b 2.71 (dd, 15.4, 0.9) 

7 3.57 (hs) 

8a 5.37 (d, 5.0) 

10a 1.64 (d, 6.8) 

11a 5.44 (q, 6.8) 

14a 2.09 (s) 

14b 2.09 (s) 

16 1.50 (s) 

Compound Huperzine A was recorded in CDCl3, chemical shift 
values are reported as δ values (ppm) from TMS at 299.9 MHz or 
500.12 MHz. Signal multiplicity and coupling constants (Hz) are 
shown in parentheses 

Selective INEPT spectra of Huperzine A allowed quaternary carbon atoms to be 
assigned by demonstrating long-range correlations between 1H and 13C through 
three bonds and two bonds. Selective irradiation of the H-2 signal enhanced the C4 
signals, irradiation of H-3 enhanced the C-1, C-5, and C-13 signals, irradiation of 
H-6a at δ2.85 enhanced the C-4, C-5, C-7, and C-8 signals, irradiation of H-6b at 
δ2.71 enhanced the C-4, C-5, C-7, C-8, and C-12 signals, irradiation of H-7 
enhanced the C-5, C-6, C-8, C-11, C-12, C-13, and C-14 signals, irradiation of 
H-8 enhanced the C-7, C-12, C-13, C-14, and C-16 signals, irradiation of the H-10 
methyl signal enhanced the C-11 and C-12 signals, irradiation of the H-11 enhanced 
the C-7, C-8, C-10, and C-13 signals, irradiation of the H-14 methylene signal at δ 
2.09 enhanced the C-4, C-8, C-12, C-13, and C-15, signals, and irradiation of the 
H-16 methyl signal at δ 1.50 enhanced the C-8, C-14, and C-15 signals. Hence, a 
clear assignment of all 13C NMR signal parameters was made (Table 9.5). The 
designations of C-5 and C-12 should be reversed, it was discovered when these data 
were compared to the literature. Irradiations of H-3 and H-10, respectively, were 
crucial in achieving these reassignments (Lin et al. 1993).
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Table 9.5 13C NMR data 
of l 

13 C Huperzine A 

1 165.4 (s) 

2 116.9 (d) 

3 140.2 (d) 

4 122.8 (s) 

5 143.1 (s) 

6 35.2 (t) 

7 32.8 (d) 

8 124.2 (d) 

9 49.9 (t) 

10 12.3 (t) 

11 111.2 (d) 

12 142.4 (s) 

13 54.3 (s) 

14 49.1 (t) 

15 134.0 (s) 

16 22.6 (4) 

9.7 Pharmacokinetic and Associated Toxicities 

9.7.1 Pharmacokinetic Studies 

Healthy humans and rodents have both been used to study the pharmacokinetics of 
HupA. HupA was quickly absorbed, widely dispersed throughout the body, and 
moderately excreted (Table 9.6). In rats, the dispersion phase and elimination phase 
of [3H] HupA led to a two-phase fall in blood levels of HupA. There was 96.9% oral 
bioavailability. On injection of [3H]HupA, the kindly and liver of mice showed the 
highest radioactivity. However, most of it was eliminated in urine after 24 h. Only 
2.4% of the faces were covered again. Urine analysis by chromatography showed 
that [3H]HupA and its metabolite were eliminated in part. Autoradiographic study 
indicated presence of HupA in all areas of the mouse brain, but after intravenously 
administration, it was particularly concentrated in the frontoparietal cortex, striatal 
cortex, hippocampus, and nucleus accumbens (Wang et al. 2006). 

HupA plasma levels were measured in young, healthy participants using reverse 
phase HPLC with a spectrophotometric detector. Following oral administration of 
0.99 mg HupA, the absorption showed first order kinetics with plasma 
concentrations taken at regular time intervals in one compartment open model 
system. In vivo, HupA was quickly absorbed and broadly disseminated 
(Table 9.7). Tacrine or physostigmine has half-lives that are at least 4–17 times 
shorter than those of HupA (Tang and Han 1999).
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Table 9.6 Pharmacokinetic parameters of [3 H]HupA 13.9 mEq/kg in each group of three rats 

Parameters i.v. (mean ± S.D.) i.g. (mean ± S.D.) 
α (min-1 ) 0.107 = 0.016 0.08 ± 0.04 
β (min-1 ) 0.006 ± 0.003 0.004 ± 0.001 
Ka (min-1 ) – 0.6 ± 0.07 
T1/2α (min) 6.6 = 1.1 10 = 6 
T1/2β (min) 149 ± 96 203 ± 53 
T1/2Ka (min) – 5.1 ± 3 
K12 (min-1 ) 0.047 ± 0.02 0.05 ± 0.03 
K22 (min-1 ) 0.05 ± 0.04 0.024 ± 0.004 
K10 (min-1 ) 0.014 ± 0.006 0.013 ± 0.006 
Vc (L/kg) 1.6 ± 0.9 2.4 ± 0.7 
Vd (L/kg) 3.6 ± 1.0 7.8 ± 2.3 
C1p (L/(kg min)) 0.020 ± 0.006 0.028 ± 0.014 
AUC (10-7 × (dpm × min)/mL) 2.6 ± 0.9 1.8 ± 0.8 
Tmax (min) – 21 ± 12 
Cmax (dpm/mL) – 98,569 

F = Clp.ig .AUCig/Clp.iv .AUCiv = 96.9%. Data from Ref. Wang et al. (1988) 

Table9.7 Pharmacokineti-
c parameters of HupA after 
0.99 mg p.o. (tablet) in 
6 healthy volunteers 

Parameter Mean ± S.D. 
Ka (min-1 ) 0.061 ± 0.017 
Ke (min-1 ) 0.0025 ± 0.0006 
T1/2Ka (min) 13 ± 5 
T1/2Ke (min) 288 ± 63 
Tmax (min) 80 ± 9 
Cmax (μg/L) 8.4 ± 0.9 
T1ag (min) 25.4 ± 1.8 
Vd/F (L/kg) 0.108 ± 0.008 
AUC (mg/(L/min)) 4.1 ± 1.2 

HupA concentrations in plasma were determined by reverse phase 
HPLC (Tang and Han 1999) 

9.7.2 Clinical Trials 

There have been several clinical investigations with HupA described up to this point. 
In China, the treatment of 447 patients with dementia or age-related cognitive loss 
revealed the positive efficacy of HupA. In a preliminary investigation, all rating 
scores assessed by the Buschke Selective Reminding task significantly improved in 
100 individuals with probable AD who were given oral HupA (0.15–0.25 mg, t.i.d.) 
(Tang and Han 1999).
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Table 9.8 Antidotal effect 
of atropine on HupA 
intoxication 

Dose No. of mice 

(mg/kg, i.p.) Test 

HupA 
7.0 10 10 

Atropine + HupA 
0.5 + 7.0 10 2 

2.5 + 7.0 10 0 

9.7.3 Toxicology 

According to toxicological tests carried out on several animal species, cholinergic 
activation of HupA is associated with less severe negative side effects in comparison 
to other cholinesterase inhibitors. 4.6 mg (po), 3.0 mg (sc), 1.8 mg (ip), and 0.63 mg 
were the LD50 values for mice (iv). On administration of HupA to dogs intramus-
cularly (0.6 mg/kg) or to rats orally (1.5 mg/kg) for 180 days, histopathological 
analysis revealed no major abnormalities. Rats showed no mutagenicity and neither 
mice nor rabbits showed any teratogenic effects. 

Toxicity studies have been carried out on animals. Salivary dose response curves 
showed that HupA was less effective than other ChE inhibitors. In comparison to 
donepezil and tacrine, HupA produced less severe cholinergic hyperactivity-related 
symptoms in rats. Oral HupA, 0.48 mg, did not result in fasciculation or any other 
cholinergic symptoms. The HupA dosages for mice for determination of LD50 were 
4.5 mg, 3 mg, 1.7 mg, and 0.63 mg for different routes, i.e. oral, subcutaneous, 
intravenous, and intramuscular, respectively. Prior administration of atropine signif-
icantly counteracted the toxicity due to HupA (Table 9.8). Acute toxicity studies in 
animals revealed that after 180 days of administration of HupA, there were no 
histopathological abnormalities and no teratogenic effect was seen (Tang and Han 
1999). 

9.7.4 Drug Interactions 

Huperzine A may interact with following drugs:

. Anticholinergic drugs including antihistamines, some antidepressants, 
Parkinson medications like Cogentin (benztropine), Akineton (biperiden), Artane 
(trihexyphenidyl), and Kemadrin (procyclidine), and anti-nausea medication 
scopolamine.

. Acetylcholinesterase (AChE) inhibitors are drugs that treat Alzheimer’s disease 
and include Phospholine Iodide (echothiophate), Prostigmin (neostigmine), and 
Antilirium (physostigmine).
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. Cholinergic drugs are used to treat glaucoma, Alzheimer’s disease, and other 
conditions and include Pilocar (pilocarpine), Aricept (donepezil), and Cognex 
(tacrine) (Zhang 2012). 
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9.8 Patents Published 

Date of 
publication 

CN1781907A 2006-06-07 Method for producing high purity huperzine A 

CN101130520B 2010-05-12 Novel method for splitting and producing natural (-)-
huperzine and non-natural (+)-huperzine by racemate of 
diastereoisomer salt 

CN101485640B 2011-03-23 Huperzine A mono-layer osmotic pump-controlled release 
tablets 

CN101333190A 2008-12-31 Asymmetric synthesis for chiral huperzine A 

CN104016918B 2016-04-13 Huperzine A polymorph, its preparation method, comprise 
the medical composition and its use of described polymorphs 
body 

US5177082A 1993-01-05 Huperzines and analogs 

CN102675204B 2015-04-01 Intermediate for synthesizing (I)-huperzine A, synthesis 
method and usage thereof 

CN103570621B 2015-04-29 Preparation method of (-)-huperzine A 

CN103224467A 2013-07-31 Preparation method of (-)-huperzine A 

CN1101381C 2003-02-12 Method for extracting huperzine A as acetylcholinesterase 
depressant 

CN1383824A 2002-12-11 Nasal cavity administrated huperzine preparation 

9.9 Conclusion 

There is proof that huperzine A may outperform currently available cholinesterase 
inhibitors in terms of symptomatic effectiveness. Also, the antioxidant and 
neuroprotective qualities of huperzine A raise the possibility that it could be effective 
as a disease-modifying treatment for Alzheimer’s disease (AD). (verify this line. . . .) 
Although HupA offers therapeutic advantages in the treatment of AD, our knowl-
edge of the molecular processes underlying the restoration of neuronal function 
following HupA administration is currently limited. The burden associated with 
extremely prevalent illnesses that are expensive and damaging for not only those are 
affected but also their carers may be lessened with further study and development of 
HupA as a therapy for AD.
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Abstract 

Alzheimer’s disease (AD) is the most common type of dementia having a 
complex pathophysiology with no disease modifying treatments available in 
clinics. Polyphenolic compounds, a class of natural plant compounds, have 
been extensively studied for their potential therapeutic use in AD. The 
neuroprotective, antioxidant, as well as anti-inflammatory properties exhibited 
by these compounds are important in the treatment and management of 
AD. Phenolic compounds can inhibit the formation and aggregation of toxic 
proteins that are implicated in the disease, as well as promote their clearance 
from the brain. The anti-inflammatory effects of phenolic compounds are signifi-
cant because chronic inflammation in the brain is thought to contribute to the 
development and advancement of AD. Additionally, phenolic compounds have 
been shown to improve cerebral blood flow and enhance neuronal signaling, 
which can help to improve cognitive function in AD patients. Due to their 
potential therapeutic efficacy, polyphenols are a key focus in medicinal chemistry 
for designing multi-targeted as well as single-targeted drug ligands against 
different therapeutic targets of AD. In this chapter, we have aimed to provide 
an overview of the synthesis and pre-clinical evaluation of polyphenol derivatives 
for their potential applications in the management of AD. A short summary of 
clinical trials performed on polyphenols is also given, followed by design and 
synthesis of novel derivatives using multiple chemical modification strategies, 
including naturally inspired derivatives, to further enhance the therapeutic poten-
tial of these compounds. Overall, the potential therapeutic effects of phenolic
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Abbreviations 

AChE Acetylcholinesterase 
AD Alzheimer’s disease 
Aβ Amyloid Beta 
BChE Butyrylcholinesterase 
CAS Catalytic active site 
DHA Docosahexaenoic acid 
eeAChE Electric eel acetylcholinesterase 
EGCG Epigallocatechin-3-gallate 
MAO Mono amine oxidase 
MTDL Multi-targeted drug ligands 
ORAC-FL Oxygen radical absorbance capacity fluorescein assay 
PAS Peripheral anionic site 

10.1 Introduction 

Alzheimer’s disease (AD) is a major form of dementia that affects the brain, 
resulting in a gradual decline in memory and cognitive abilities (Mao and Zhang 
2022). World Alzheimer Report of 2022 revealed that dementia is a syndrome 
caused by neurodegeneration and is a leading cause of dependence, disability, as 
well as mortality (Fekadu et al. 2022). One of the primary causes of AD is considered 
to be the agglomeration of beta-amyloid (Aβ) plaques and neurofibrillary tangles in 
the brain. Aβ is a protein that can aggregate and form sticky plaques outside neurons, 
while neurofibrillary tangles are composed of twisted fibers of the 
hyperphosphorylated tau protein which accumulate inside neurons (Kidd 2008; 
Wang et al. 2021). These abnormal protein accumulations disrupt normal brain 
function, ultimately leading to neurodegeneration and cognitive decline in patients 
with AD. Other than the abnormal protein accumulation, inflammation, oxidative 
stress, and impaired synaptic function are also present in the diseased brain and 
complicate the pathology of AD. Chronic inflammation and oxidative stress can



damage neurons and impair their ability to communicate with one another, leading to 
cognitive decline (Kumar and Singh 2015). 
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Unfortunately, existing treatment options for AD are limited to managing 
symptoms and no disease-modifying therapeutics is available in the market despite 
the extensive research efforts made by the researchers in last couple of decades 
(Mueller et al. 2005; Sperling et al. 2011). A cure for AD is still elusive, and 
researchers are exploring various approaches, such as rational synthesis, designing 
of multi-targeted drug ligands (MTDL), structural modification or semisynthetic 
modification of different natural products, and computational approaches like AI-
and ML-based algorithms for screening large libraries to develop potential therapeu-
tics (Das et al. 2023a). 

Polyphenols, a class of natural compounds found in plant-based foods and 
beverages, are known for their antioxidant and anti-inflammatory properties, 
which make them promising candidates for preventing or alleviating symptoms of 
AD (Pasinetti et al. 2015; Syarifah-Noratiqah et al. 2018). Several studies have 
explored the biological activity of polyphenols in AD in both animal and humans 
(Rigacci and Stefani 2016). One of the most popularly studied polyphenols is 
resveratrol, which is found in grapes and red wine. Resveratrol has been reported 
to enhance cognitive function and lessen the accumulation of Aβ plaques, a hallmark 
of AD, in animal models. Other polyphenols that have been studied for their 
potential benefits in AD include curcumin, found in turmeric, and green tea 
containing epigallocatechin-3-gallate (EGCG) (Dragicevic et al. 2011). Curcumin 
has been shown to lessen inflammation and enhance cognitive function in animal 
models of AD, while EGCG decreases the accumulation of Aβ plaques (Betts and 
Wareham 2014; Tang and Taghibiglou 2017). While promising, more research is 
needed to better understand the potential benefits of polyphenols for AD and how 
they may be incorporated into prevention or treatment strategies (Maczurek et al. 
2008). Additionally, it is important to remember that while dietary polyphenols may 
have some benefits, they are not a replacement for medical treatments for AD and 
should not be used as such. 

Polyphenols have been extensively studied for their potential therapeutic effects, 
particularly their antioxidant and anti-inflammatory properties. These properties are 
attributed to the chemical structure of polyphenols, which enables them to scavenge 
free radicals, thereby preventing oxidative stress as well as inflammation in the body. 
One of the key chemical features of polyphenols is their ability to donate hydrogen 
atoms to reactive oxygen species (ROS) and other free radicals (Losada-Barreiro and 
Bravo-Diaz 2017). This is due to the occupancy of hydroxyl (-OH) groups which can 
act as electron donors (Durazzo et al. 2019). This mechanism of action allows 
polyphenols to shut out the oxidative damage to cells and reduce neuroinflammation, 
which are key factors in the pathogenesis of AD. In addition to their antioxidant 
activity, polyphenols have also been shown to inhibit the formation of Aβ plaques 
and tau neurofibrillary tangles, which are hallmark pathological features of AD. For 
example, the flavonoid EGCG present in green tea has been found to inhibit the 
aggregation of Aβ and reduce neuroinflammation in experiments (Youn et al. 2022).
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Fig. 10.1 Chemical structures of some of polyphenols studies for their potential for the treatment 
of AD 

Chemical structures of some of polyphenols studies for their potential for the 
treatment of AD are shown in Fig. 10.1. 

In this chapter, we have provided an overview of the synthesis and pre-clinical 
evaluation of polyphenol derivatives for their potential application in the manage-
ment of AD. A short summary of clinical trials performed on polyphenols is also 
given, followed by design and synthesis of novel derivatives using multiple chemical 
modification strategies, including naturally inspired derivatives, to further enhance 
the therapeutic potential of these compounds. Overall, the potential therapeutic 
effects of phenolic compounds in ameliorating the AD pathophysiology make 
them an attractive class of natural products holding great promise for the develop-
ment of therapeutics for this deadly disease. 

10.2 Natural Polyphenols Reported for the Treatment of AD 

Natural polyphenols have been reported to possess variety of valuable biological 
effects for the treatment of AD (Syarifah-Noratiqah et al. 2018; Choi et al. 2012). 
One of the imported biological effect of polyphenols is neuroprotection, by which it



can lessen and moderate the progression of AD (Spagnuolo et al. 2016). Another 
property that polyphenols possess is antioxidant which help to protect neurons from 
oxidative damage and preserve cognitive function (Choi et al. 2012). Among other 
properties, anti-inflammatory effect of polyphenols can help to reduce inflammation 
in the brain and protect it against neuronal damage (Henríquez et al. 2020). 
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Table 10.1 Examples of important natural polyphenols, their source and role in management 
of AD 

Natural 
polyphenols Source Use in AD 

Resveratrol Grapes, berries, and 
red wine 

Neuroprotective effects, improve cognitive 
function, and reduce Aβ levels in animal models of 
AD (Komorowska et al. 2020) 

Curcumin Turmeric Anti-inflammatory, antioxidant properties, reduce 
Aβ levels in AD. Clinical trials are underway to 
investigate its potential as a treatment for AD 
(Mishra and Palanivelu 2008) 

Epigallocatechin 
gallate (EGCG) 

Green tea Antioxidant, anti-inflammatory, and metal 
chelating properties (Choi et al. 2001; Reznichenko 
et al. 2006) 

Quercetin Fruits, vegetables, 
and grains 

Antioxidant and anti-inflammatory, Aβ properties 

Apigenin Parsley, chamomile, 
and other plants 

Antioxidant neuroprotective, anti-inflammatory, 
and metal chelating 

Anthocyanins Blueberries, 
blackberries, and 
raspberries 

Antioxidant, Improve cognitive function and 
reduce the accumulation of Aβ plaques IN AD 

Tannic acid Fruits, nuts, teas and 
coffee 

Antioxidant, anti-inflammatory, and metal-
chelating properties (Ono et al. 2004) 

Stilbenes Grapes, peanut Aβ inhibitors (Rivière et al. 2007) 

The accumulation of extracellular Aβ plaques in the brain is a prominent hallmark 
of AD, which ultimately results in cognitive decline and neurodegeneration (Das 
et al. 2023b). Some natural polyphenols have exhibited to inhibit the formation of 
Aβ plaques and reduce their accumulation in the brain (Freyssin et al. 2018). In 
animal models of AD, several reports have reported that natural polyphenols can 
enhance cognitive function and memory. This may be due to their neuroprotective 
and anti-inflammatory effects, as well as their ability to increase blood flow to the 
brain and enhance the activity of neurotransmitters involved in cognitive function. 

Overall, polyphenols are a group of compounds with a broad range of potential 
health benefits. While polyphenols have been studied for decades, they have not 
been able to reach clinics for the treatment of AD. However, their multi-targeting 
property can be explored to develop polyphenol derived/inspired therapeutics for the 
treatment of AD. A summary of some of the polyphenols explored for their utility in 
the treatment of AD is given in Table 10.1.
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10.3 Polyphenols in Clinical Trials for AD 

The effects of polyphenolic compounds on AD patients have been investigated 
through several clinical trials, either as single agents or in combination with other 
drugs, with the aim of exploring their potential usage in the treatment of AD (Molino 
et al. 2016). Curcumin and resveratrol have been studied in several stages of clinical 
trials (Mazzanti and Di Giacomo 2016). Quercetin and Fisetin have undergone 
several stages of clinical trials for AD, according to the previous reports and while 
some preliminary studies have suggested that these flavonoids have shown 
promising activity in the treatment of AD (Maher 2021). Table 10.2 summarizes 
the polyphenolic compounds studied in clinical trials. The results of these clinical 
trials are promising but not conclusive. Extensive studies are needed to determine the 
optimal dose, duration, bioavailability, safety, and efficacy of polyphenolic 
compounds for the treatment of AD. Additionally, the mechanisms of action and 
interactions of these compounds with other drugs and biological factors need to be 
further elucidated. Here we have reported some of the polyphenols that have 
underwent clinical trials and it is reviewed in detail elsewhere and not in the scope 
of this chapter (Molino et al. 2016). 

10.4 Polyphenol-Inspired Derivatives Targeting Pathological 
Features of AD 

Polyphenolic compounds have shown great promise in alleviating the AD pathology 
in experimental studies. However, none of them reached to the clinics after passing 
the clinical trials. Keeping in the view, the multiple properties such as potential

Table 10.2 Summary of some of the important polyphenols studied in clinical trials for the 
management of AD 

Clinical 
trial status 

Clinical trial 
NO. 

Curcumin Completed Efficacy and safety 
of curcumin 
formulation in AD 

NCT01001637 AD 
(Farkhondeh 
et al. 2019) 

Cycloastragenol Completed Telomerase 
activator and retinal 
amyloid 

NCT02530255 AD (Yu et al. 
2018) 

Resveratrol Completed Resveratrol for AD NCT01504854 AD (Berman 
et al. 2017) 

Epigallocatechin-
gallate 

Completed Effects of 
epigallocatechin 
gallate (EGCG) in 
healthy, young 
adults 

NCT01357681 AD (Lange 
et al. 2022) 

Quercetin + Dasatinib Completed Senolytic therapy to 
modulate 
progression of AD 
(SToMP-AD) 

NCT04063124 AD 
(Gonzales 
et al. 2022)



therapeutic efficacy and good pharmacokinetic properties, polyphenols have become 
the key frame in designing various molecules against different neurodegenerative 
disorders. Therefore, researchers are now focusing on exploring the polyphenolic-
derived/inspired molecules for the therapeutic management of AD.
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Several reports on solubility study suggest that alcohol group is a key functional 
group in maintaining solubility and other pharmacokinetic properties by forming 
hydrogen bonding with water and proteins inside the biological system (Das et al. 
2022). Researchers are now designing multi-target directed ligands (MTDLs) by  
using different multi-targeted strategies such as merging the natural scaffold with 
another, connecting the natural scaffold with another through a linker, and 
incorporating natural products as the primary scaffold (Ramalakshmi et al. 2021). 
In order to develop potential ligands against AD, medicinal chemists synthesize 
different derivatives from natural ligands by using various synthetic methods and 
evaluate their activity against different targets of AD. Various synthesized ligands 
have been found to possess therapeutic potential against AD. In the following 
section, several examples of natural product-inspired molecules have been discussed 
with their biological potency in AD. 

10.4.1 Caffeic Acid Inspired Molecules 

Caffeic acid is a hydroxycinnamic class of natural compounds and is commonly 
found in various plant-based foods such as coffee, fruits, vegetables, and whole 
grains (Godos et al. 2021; Sova and Saso 2020). It has antioxidant, anti-
inflammatory, and neuroprotective properties and has been studied for its potential 
role in AD (Tolba et al. 2013). Several research reports have suggested that caffeic 
acid plays an important biological significance in engaging various targets of AD 
(Habtemariam 2017). 

The biological activity of caffeic acid is expected due to the presence of both 
hydroxyl group and α,β-unsaturated carbonyl group. Medicinal chemists have 
focused on designing derivatives of caffeic acid in order to improve the potency 
against the target as well as to improve their pharmacokinetic profile. Several 
hybrids of caffeic acids and their biological activity against AD targets have been 
extensively reviewed in previous literature (Zhao et al. 2022). In this section, we 
have reported some of the examples of caffeic acid inspired compounds studied for 
their potential against AD drug targets. 

In 2012, Chao and his co-workers synthesized different MTDLs composed of 
tacrine-caffeic acid hybrids. After careful biological evaluation, compound 
8 (Fig. 10.2) showed selective inhibition towards the acetylcholinesterase (AChE) 
in comparison to butyrylcholinesterase (BChE). The compound 8 showed binding to 
both catalytic and peripheral anionic sites (PAS) of AChE as deduced from the 
enzyme kinetic study. Moreover, compound 8 also showed inhibition of self or 
AChE induced Aβ1–40 aggregation and neuroprotection against glutamate and H2O2 

induced cell death (Chao et al. 2012). Following that, in 2019 Wan and co-workers 
synthesized caffeic acid phenethyl ester 4-O-glucoside (compound 9) and after



biological evaluation it was revealed that the compound 9 showed protection against 
oxidative stress-mediated neuronal cell apoptosis in an in vitro assay using SH-SY5 
and PC12 cell lines (Wan et al. 2019). 
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Fig. 10.2 Caffeic and ferulic acid inspired lead molecules possessing activity against AD drug 
targets 

10.4.2 Ferulic Acid Inspired Molecules 

Ferulic acid, the cinnamic acid derivative found in plants, has become the key frame 
in medicinal chemistry in designing various lead compounds against different drug 
targets of AD (Chen et al. 2017; Singh et al. 2021). It has been reported to possess 
antioxidant, metal chelating and anti-inflammatory properties along with inhibition 
of Aβ aggregation and cholinesterases inhibition. Similar to caffeic acid, the 
biological effects of ferulic acid are expected due to the adjacent methoxy and 
hydroxyl group as well as α,β-unsaturated carbonyl group. Researchers are explor-
ing the potential of ferulic acid derivatives against the AD drug targets and the 
design, synthesis and biological potential of ferulic acid derivatives/hybrids has been 
nicely reviewed in previous literature (Singh et al. 2021; Zhang et al. 2018). In this 
section, we discussed some of the examples of ferulic acid-inspired molecules and 
their potential as AD therapeutics.
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In 2018, Zhipei Sang and co-workers synthesized several ferulic acid derivatives, 
and on further biological evaluation it was found that the compound 10, also known 
as TM-10, demonstrated potent inhibitory activity against BChE (IC50 = 8.9 nM) 
and monoamine oxidase A and B (IC50 = 6.3 μM and 8.6 μM, respectively). 
Additionally, compound 10 showed potent antioxidant activity as well as 
neuroprotective effect against Aβ1–42 induced neurotoxicity in SH-SY5Y cells 
(Sang et al. 2018). In 2019, Lan and co-workers synthesized a series of ferulic 
acid derivatives and evaluated them against different therapeutic targets of 
AD. Among all the compounds, compound 11 showed significant ability to inhibit 
hAChE (IC50 = 19.7 nM) and hBChE (IC50 = 0.66 μM) and good inhibitory activity 
towards Aβ aggregation. Moreover, compound 11 showed antioxidant activity 
comparable to Trolox. From the enzyme kinetic and molecular modelling studies, 
it was noted that compound 11 acts as a mixed inhibition towards AChE by binding 
to both the catalytic active site (CAS) and the peripheral anionic site (PAS) (Lan 
et al. 2020). In the same year, Simona and co-workers synthesized six different 
derivatives of polyphenolic compounds by using a smart synthetic approach and 
performed in vivo experiments by using Aβ42 oligomer-induced acute mouse model 
in order to evaluate their therapeutic effect in AD. It was found that compound 12 
(PP04) showed potent inhibition of the detrimental effects of Aβ42 oligomers 
(Tomaselli et al. 2019). In 2019, Michaela Rossini and co-workers synthesized 
molecules by conjugation of ferulic acid with memantine using a multifunctional 
approach, and the compound 13 obtained was found to have NMDA receptor 
antagonistic activity (IC50 6.9 μM). Additionally, compound 13 also showed potent 
antioxidant activity at 10 mM concentration (Rosini et al. 2019). 

In 2020, Yash and his co-workers synthesized diamide derivatives of ferulic acid 
in order to find potential lead candidates against AD drug targets. Among all of them, 
compound 14 was identified as an AChE (IC50 5.7 ± 0.3 μM) and BChE (IC50 

14.05 ± 0.10 μM) inhibitor with significant antioxidant activity as indicated by 
DPPH assay (Singh et al. 2020). 

10.4.3 Sinapic Acid Naturally Inspired Molecules 

Sinapic acid is a natural compound that is primarily found in orange, grapefruit, and 
cranberry, as well as in certain herbs such as canola, mustard seed as well as 
rapeseed. It is a derivative of cinnamic acid and is characterized by its 
3,5-dimethoxyl and 4-hydroxy substitutions on the phenyl group (7, Fig. 10.1). 
This compound has demonstrated significant biological activity and exhibited potent 
antioxidant, anti-inflammatory, anti-cancer, and hepatoprotective properties 
(Nićiforović and Abramovič 2014; Lee et al. 2012; Verma et al. 2020). Inspired 
by the biological activity of sinapic acid, researchers have developed several 
molecules containing sinapic acid scaffolds and explored them for potential thera-
peutic applications in AD (Pandi and Kalappan 2021). In this section, we have 
summarized a couple of examples of naturally inspired molecules containing sinapic 
acid scaffold.
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Fig. 10.3 Sinapic and resveratrol inspired lead molecules possessing activity against AD drug 
targets 

In 2022, George and his coworker synthesized several coumarone and sinapic 
acid derivatives and evaluated them against in vitro inhibition of AChE and BChE 
enzymes. It was observed that the compound 15 (Fig. 10.3) showed good inhibitory 
activity towards the enzyme with AChE (IC50 85.98 ± 2.59 μM) and BChE 
(105.93 ± 13.81 μM). Similarly compound 16 also showed inhibition of AChE 
(IC50 35 ± 3.05 μM) and BChE (34.77 ± 1.11 μM) (George et al. 2022). 

10.4.4 Resveratrol-Based Natural Inspired Molecules 

Resveratrol is present in different plants including grapes and berries (Shrikanta et al. 
2015). Some studies have reported that resveratrol may have potential benefits in the 
treatment of AD (Sawda et al. 2017). Resveratrol has been found to have antioxidant 
and anti-inflammatory properties, which may help to reduce oxidative stress as well 
as other inflammation in the brain, both of which are believed to play a role in the 
advancement of AD (Ahmed et al. 2017). Several studies have investigated the 
effects of resveratrol on AD in animal models and in vitro studies. Some studies have 
suggested that resveratrol may help to reduce Aβ accumulation in the brain and



improve cognitive function in mice with AD (Pasinetti et al. 2015). Other studies 
have suggested that resveratrol may help to protect neurons from oxidative damage 
and reduce inflammation in the brain (Labban et al. 2021; Jia et al. 2017). However, 
the results of human studies investigating the effects of resveratrol on AD have been 
mixed. Some small studies have suggested that resveratrol supplementation may 
help to improve cognitive function and reduce markers of inflammation in older 
adults with mild cognitive decline (Choi et al. 2012). However, further clinical trials 
of greater magnitude are required to substantiate these findings and ascertain the 
ideal dosage and duration of resveratrol supplementation for the treatment of AD 
(Albani et al. 2010). Overall, while the potential benefits of resveratrol for the 
treatment of AD are promising, further research is needed to understand its effects 
and determine its clinical utility fully. In the following section, resveratrol derived 
compounds have been summarized. 
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In 2013, Chuanjun Lu and co-workers reported several resveratrol derivatives as 
MTDLs for AD. Among all the synthesized and tested compounds, compound 17 
and 18 (Fig. 10.3) displayed the moderate inhibitory activity against self-induced Aβ 
aggregation having IC50 values of 7.56 μM and 6.51 μM, respectively. Compounds 
17 and 18 also displayed strong antioxidant activity in vitro having ORAC-FL 
values of 4.72 and 4.70, respectively. Furthermore, both the compounds displayed 
well balanced MAO inhibitory activity, for compound 17 IC50 value for MAO-A 
was 8.19 μM and for MAO-B was 12.16 μM, whereas for compound 18,  IC50 value 
for MAO-A was 7.08 μM and for MAO-B was 14.09 μM. The compounds also 
exhibited moderate cholinesterase inhibitory activity, for compound 17 IC50 value 
for electric eel acetylcholinesterase (eeAChE) was 36.04 μM and eqBuChE was 
>50 μM, likewise for compound 18,  IC50 value for eeAChE was 6.27 μM and 
eqBuChE was 21.25 μM. Furthermore, the compound 17 displayed good blood– 
brain barrier permeability in vitro thus making compound 17 the most promising 
lead compound of the series for its development as lead candidate for AD therapeu-
tics (Lu et al. 2013). In 2016, Jakub and co-workers synthesized several fused 
hybrids of tacrine-resveratrol as MTDLs against AD drug targets. Among all the 
derivatives, compounds 19 (IC50 0.80 ± 0.1 μM) and 20 (IC50 1.3 ± 0.1 μM) showed 
good potency against hAChE and self-induced Aβ aggregation (Jeřábek et al. 2017). 
In 2018, Tang and co-workers synthesized a series of resveratrol dimers and 
evaluated their MAO-B inhibition potential. The compounds were also evaluated 
for their antioxidant activity by using ABTS and FRAP methods. Among all the 
synthesized derivatives, compounds 21 and 22 showed moderate inhibition of 
hMAO-B showing an IC50 value of 3.91 ± 0.23 mM and 0.90 ± 0.01 mM, respec-
tively. In the antioxidant activity assays, compound 21 demonstrated an IC50 value 
of 46.95 ± 0.21 mM for DPPH, and 1.43 and 1.74 trolox equivalent by ABTS and 
FRAP methods, respectively. Similarly, compound 22 showed an IC50 value of 
35.33 ± 0.15 mM for DPPH, and 1.70 and 1.97 which is equivalent to trolox by 
ABTS and FRAP methods, respectively. These results indicate that both compound 
21 and 22 exhibit significant antioxidant effects (Tang et al. 2019). In 2018, Cheng 
and co-workers synthesized different hybrids of resveratrol and maltol as novel 
MTDLs against AD. All compounds were evaluated against Aβ1–42 aggregation,



and compound 23 (inhibition % 68.46 ± 2.02 at IC50 7.20 ± 0.72 μM) and 24 
(inhibition % 63.56 ± 2.40 at IC50 8.29 ± 0.91 μM) (Fig. 10.4) showed a good 
percentage of inhibition towards Aβ aggregation (Cheng et al. 2018). Additionally, 
both compounds also showed good antioxidant and metal chelating property. In 
2019, Aikaterini and co-workers reported compounds 25 and 26 which showed 
neuroprotective activity against Aβ1–42 by reducing neurotoxicity in differentiated 
SH-SY5Y cells (Pagoni et al. 2020). 
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Fig. 10.4 Naturally inspired molecules containing resveratrol and curcumin scaffolds 

10.4.5 Curcumin-Based Natural Inspired Molecules 

Curcumin, a polyphenolic compound that is extracted from the rhizomes of 
Curcuma longa L., has been found to have therapeutic potential in the treatment 
of neurodegenerative disorders, including AD (Askarizadeh et al. 2020). Curcumin 
possesses a remarkable safety profile and exhibits pleiotropic effects with the 
potential to provide neuroprotective benefits, such as its anti-inflammatory, antioxi-
dant, and anti-protein-aggregation properties (Cole et al. 2007). The lower therapeu-
tic efficacy of curcumin is due to the low BBB permeability (Subedi and Gaire 
2021). So in order to improve the BBB permeability and to increase the potency, 
several curcumin derivatives have been synthesized and evaluated for potential use 
in the management of AD. One curcumin derivative that has been studied exten-
sively is called “CNB-001” developed to improve its bioavailability and enhance its 
neuroprotective effects (Jayaraj et al. 2014). Preclinical studies have suggested that 
CNB-001 may have a potential advantage in the management of AD by reducing



inflammation and oxidative stress in the brain, inhibiting the formation of Aβ 
plaques, and improving cognitive function (Panzhinskiy et al. 2014; Jayaraj et al. 
2013). A second curcumin derivative that has been studied is called “Curcumin-
DHA” which is a combination of curcumin and docosahexaenoic acid (DHA) 
(Guerzoni et al. 2017). Preclinical studies have suggested that Curcumin-DHA 
showed good therapeutic activity against AD by reducing inflammation and Aβ 
accumulation in the brain, and improving cognitive function. While the preclinical 
data on these curcumin derivatives are promising, clinical studies in humans have 
yielded mixed results, and larger, well-designed clinical trials are needed to deter-
mine their clinical use in the treatment of AD. The potential biological significance 
of curcumin is expected due to the presence of o-methoxy phenolic and α,-
β-unsaturated β-diketone groups (Nelson et al. 2017). It also believes that α,-
β-unsaturated carbonyl known as Michael acceptor plays a major role in 
therapeutic activity of curcumin in AD (Anand et al. 2011; Thapa et al. 2021). 
Different curcumin-based naturally inspired molecules have been well discussed in 
the previous (Noureddin et al. 2019). In this section, we have summarized some of 
the curcumin derivatives with their biological activity in AD. 
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In 2015, Daijiro Yanagisawa and co-workers synthesized curcumin derivatives 
having substitutions at C-4 position, of which compound 27 (FMeC1) in vivo studies 
displayed by reduced cognitive deficits, thereby modulating the formation of Aβ 
aggregates which were comparable to the standard curcumin (Yanagisawa et al. 
2015). In 2021, Simeonova and coworkers synthesized MTDLs from galantamine 
and curcumin and investigated them for their AChE inhibitory activity and antioxi-
dant activity using in vitro DPPH assay. The compound 28 emerged as a potent low 
nanomolar AChE inhibitor as well as exhibited moderate antioxidant activity at low 
micromolar concentration (Simeonova et al. 2021). In order to develop potential lead 
molecules against AD drug targets, in 2016, different derivatives of curcumin were 
synthesized by Okuda and colleagues, who evaluated their inhibitory activity against 
tau and Aβ. The compound 29 was identified as a potent inhibitor of tau as well as 
Aβ aggregation. The compound 29 also showed better pharmacokinetic as well as 
good therapeutic efficacy in vivo as compared to curcumin (Okuda et al. 2016). 

10.4.6 Other Natural Product-Inspired Molecules 

Polyphenolic compounds such as galantamine, genistein, and quercetin have 
demonstrated significant activity against different AD drug targets (de Moura et al. 
2021). In light of these findings, researchers are exploring the therapeutic potential of 
these compounds by synthesizing novel polyphenolic compounds, not only through 
semi-synthetic modifications of natural polyphenols but also through synthetic 
means. This approach has yielded a range of polyphenolic compounds inspired by 
natural compounds but exhibit unique properties. In this section, we have covered 
some of the natural compound-inspired polyphenolic compounds and their potential 
as AD therapeutic.
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In 2001, Manabu Node and co-workers reported an improved phenolic oxidative 
coupling synthesis of (±)-narwedine (30) and (±)-galanthamine (31). Galanthamine 
is an alkaloid obtained from the Amaryllidaceae family and is a known selective 
inhibitor of acetylcholinesterase, it has been recognized by Austria and United 
Kingdom for the treatment of AD (Node et al. 2001). In 2012, Kenji Sugimoto 
and co-workers reported some novel dihydrofuran-fused perhydrophenanthrenes 
having a phenolic hydroxyl group inspired from mono-protected catechol of 
perhydrophenanthrenes. Among the synthesized compounds, compound 32 
(DF-10) displayed the best potency with regard to the dendritic and axonal regener-
ation activities comparable to the previously reported, potent anti-AD drug 
candidates sominone and denosomin (Sugimoto et al. 2012). 

In 2016, Angela Rampa and co-workers synthesized different compounds by 
using a pharmacophore combination strategy connecting BACE-1 inhibitory scaf-
fold with the metal chelating pharmacophore having chalcone. Among all the 
compounds, they found conjugate 33 showing good neuroprotective effects by 
inhibiting BACE-1 at low-micromolar concentration. Additionally, the compound 
33 also showed neuroprotective effect by inhibiting the ROS formation induced by 
the Cu2+ ions (Rampa et al. 2016). 

In 2016, Lais Flavia Nunes Lemes and co-workers designed and synthesized 
some novel cardanol derivatives as acetylcholinesterase inhibitors. Cardanol is a 
byproduct phenolic lipid compound obtained from the cashew nutshell food 
processing. The in vitro testing against eeAChE as well as eqBuChE revealed that 
compound 34 displayed moderate inhibition of cholinesterase, i.e., eeAChE (IC50 of 
6.6 μM) and eqBuChE (IC50 of 5.0 μM) as well as had similar inhibitory results 
against the human isoform AChE having IC50 of 5.7 μM. Moreover, compound 34 
showed good BBB permeability determined using PAMPA-BBB assay and good 
cholinesterase inhibitory activity as well (Motta et al. 2016). In 2017, Riho Taguchi 
and co-workers reported some rosmarinic acid derivatives having good inhibitory 
activity against Aβ aggregation and antioxidant properties. Among the synthesized 
compounds 35 and 36 displayed moderate Aβ (Mao and Zhang 2022; Fekadu et al. 
2022; Kidd 2008; Wang et al. 2021; Kumar and Singh 2015; Mueller et al. 2005; 
Sperling et al. 2011; Das et al. 2023a, b, 2022; Pasinetti et al. 2015; Syarifah-
Noratiqah et al. 2018; Rigacci and Stefani 2016; Dragicevic et al. 2011; Betts and 
Wareham 2014; Tang and Taghibiglou 2017; Maczurek et al. 2008; Losada-Barreiro 
and Bravo-Diaz 2017; Durazzo et al. 2019; Youn et al. 2022; Choi et al. 2001, 2012; 
Spagnuolo et al. 2016; Henríquez et al. 2020; Freyssin et al. 2018; Komorowska 
et al. 2020; Mishra and Palanivelu 2008; Reznichenko et al. 2006; Ono et al. 2004; 
Rivière et al. 2007; Molino et al. 2016; Mazzanti and Di Giacomo 2016; Maher 
2021; Farkhondeh et al. 2019; Yu et al. 2018; Berman et al. 2017; Lange et al. 2022; 
Gonzales et al. 2022; Ramalakshmi et al. 2021; Godos et al. 2021; Sova and Saso 
2020; Tolba et al. 2013) aggregation inhibitory activity by MSHTS assay having 
EC50 value of 2.58 μM and 2.82 μM, respectively. Furthermore, the DPPH radical 
scavenging activity of compound 35 and 36 at 100 μM concentration were 46% and 
48%, respectively. Thus, making compound 35 and 36 the most promising lead 
compound for development (Taguchi et al. 2017). In 2017, Chiara Lambruschini



synthesized some polyphenol-containing peptidomimetics with an objective to 
inhibit the Aβ oligomerization. A short fragment-based approach and Ugi multicom-
ponent reaction mechanism for synthesis of phenol containing simple substrates 
were utilized. In thioflavin T (ThT) fluorescence assay, it was found that the 
compound 37 displayed best inhibition of Aβ1–42 fibrillation process, whereas for 
AβpE3–42, it was found that the compound 38 displayed the best inhibitory effect 
during the aggregation process (Lambruschini et al. 2017). 
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In 2017, Zhipei Sang and co-workers reported some novel 2-acetyl-5-O-(amino-
alkyl)phenol analogues as MTDLs for the treatment of AD. The synthesized com-
pound 39 displayed selective inhibition of AChE having IC50 value of 0.96 μM. 
Enzyme inhibition kinetics and molecular modelling analysis suggested that it has 
mixed-type inhibition and ability to bind with both CAS and PAS site of AChE. 
Compound 39 also displayed selective MAO-B inhibitory activity having IC50 value 
of 6.8 μM, along with moderate antioxidant, neuroprotective, and selective metal 
chelating activity. The compound also exhibited good BBB permeability as well as 
other pharmacokinetic properties (Sang et al. 2017). 

In 2018, Alberto Martinez and co-workers synthesized some ionophoric 
polyphenols inspired novel MTDLs in order to target multiple drug targets involved 
in the development of AD. The synthesized compounds on evaluation against BACE 
1 enzyme inhibition and Aβ aggregation inhibition revealed that compounds 40 
(IC50 4.4 ± 0.3 μM) and 41 (IC50 1.7 ± 0.3 μM) displayed moderate to good 
inhibition of BACE1 enzyme activity performed using FRET assay which was in 
agreement with the molecular docking analysis having the best binding affinities for 
compound 40 and 41 (Fig. 10.5). The compounds also had selective Cu2+ metal ion 
chelation forming 2:1 complexes resulting in the complete inhibition of Aβ-Cu2+ 

catalyzed hydroxyl radical production (Martínez et al. 2018). 

10.5 Future Prospects 

Polyphenols exhibit potent activity against a plethora of drugs targets of AD making 
it a key scaffold in design and development of potential therapeutics against AD 
(Henríquez et al. 2020; Cassidy et al. 2020). While the current evidence is 
promising, more research is needed to determine the potential therapeutic use of 
polyphenols in AD. Future studies may include clinical trials in humans to investi-
gate the safety as well as therapeutic efficacy of polyphenol-based treatments for 
AD. Additionally, researchers are also focusing on developing several novel poly-
phenolic derivatives and also focusing to increase the bioavailability of existed 
natural polyphenolic compounds. 

Polyphenols have gained significant attention for their potential health benefits. 
However, their low bioavailability due to poor solubility, stability, and absorption in 
the gastrointestinal tract can significantly limit their therapeutic potential. To con-
quer these limitations, various techniques have been employed to enhance their 
bioavailability and potency. Chemical modification is one such technique that 
involves esterification, glycosylation, and incorporation of other heterocyclic



scaffolds to improve the aqueous solubility of polyphenols. Formulation of 
polyphenols with other compounds, such as lipids, proteins, or polysaccharides, 
has also been investigated to enhance their solubility and stability, thus preventing 
their degradation in the gastrointestinal tract and increasing their bioavailability. 
Nanotechnology is another promising approach that involves encapsulating 
polyphenols in nanoparticles to enhance their absorption and protect them from 
degradation. This method offers targeted delivery of polyphenols to specific tissues, 
further improving their therapeutic potential. Polyphenols can also degrade during 
food processing and storage, which can lead to a reduction in their bioactivity and 
health benefits. Hence, gentle processing techniques, such as freeze-drying or 
air-drying, are employed to minimize polyphenol degradation. Further research is 
required to optimize these approaches and develop effective polyphenol-based 
therapies for various health conditions. By overcoming the limitations of 
polyphenols, researchers can maximize their therapeutic potential and contribute to 
improving human health. 
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Fig. 10.5 Overview of some other naturally inspired that have demonstrated biological activity 

However, to tackle the limitations associated with polyphenols and to convert 
them to promising lead molecules, medicinal chemists are using several chemical



strategies to synthesize various analogues of polyphenols, which are similar in 
structure but have different chemical properties. These modifications can improve 
their bioavailability, stability, and potency. For example, chemical modifications can 
be made to increase the solubility of polyphenols in water, which can improve their 
absorption in the body. Moreover, these modifications can increase their ability to 
cross the BBB, improve their binding affinity for specific protein targets, and their 
ability to activate specific signaling pathways. 
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Overall, designing polyphenol-based drugs to treat AD offers a promising avenue 
for developing effective and affordable therapies for this devastating disease. 
Despite the promising findings, further research is necessary to gain a comprehen-
sive understanding of the mechanisms underlying the effects of polyphenols in AD 
and to develop optimized compounds with better bioavailability and efficacy. 
Researchers are using machine learning and computational methods to identify 
new polyphenol-based drug candidates. By analyzing large databases of chemical 
compounds and their properties, researchers can identify polyphenol analogs with 
optimal drug-like properties such as bioavailability, specificity, and safety. Further-
more, novel synthetic phenolic compounds, semi-synthetic phenolic compounds, 
and combinational compounds currently under study are showing promise in 
overcoming the present challenges of phenolic compound therapy in 
AD. Therefore, the future for phenolic compounds in AD treatment provides hope 
for a better tomorrow. 

10.6 Conclusion 

Polyphenolic compounds are having tremendous biological significance against 
different therapeutic targets of AD. This mechanism of action allows polyphenols 
to prevent oxidative damage to cells and reduce inflammation, which are key factors 
in the pathogenesis of AD. Due to the presence of hydroxyl groups, these can form 
good number of hydrogen bonds with various protein and non-protein molecules 
inside the biological systems. Among various dietary natural polyphenolic 
compounds, compounds such as ferulic acid, caffeic acid, sinapic acid, resveratrol, 
and several others were found to act on multiple drug targets of AD. Phenolic 
compounds, including curcumin, resveratrol, and EGCG, have been extensively 
researched, showing promising results in preclinical and clinical trials. Natural 
product inspired molecules were synthesized to increase the bioavailability and 
therapeutic efficacy of existing natural polyphenolic compounds. 

There have been studies on the protective effects of polyphenols on AD; how-
ever, the results were not confirmative and need further large trails. Results from 
some studies suggest the possibility of developing a “combination” of dietary 
polyphenolic compounds for AD prevention and/or therapy by modulating multiple 
drug targets of AD. However, exploration of these scaffolds and their optimization 
into a lead drug candidate for the treatment of AD is possible and researchers are 
working on it with full efforts, and polyphenolic derived compounds can be possible 
(see the clinics in near future for the treatment of AD).
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Abstract 

Alzheimer’s disease (AD), an advanced multifactorial neurodegenerative disease 
mainly accompanied by cognitive impairment, is the most conversant form of 
dementia. Contemporary studies have shown that inhibition of oxidative stress 
and target enzymes such as cholinesterase, β-secretase, monoamine oxidase, 
inhibition of hyperphosphorylation of tau protein and aggregation of amyloid-β 
plagues, inflammatory responses and unfolded protein responses perform a vital 
role in AD genesis. Flavonoids are polyphenol structured neuroprotecting agents, 
naturally found in plants and have imperative protective effects against neural 
dysfunction and injuries. Exhaustive research work has been performed on 
flavonoids of natural origin and its derivatives, to obtain effective drugs/therapy 
for AD control. This review is mainly focusing on the flavonoid derivatives which 
have been suggested to have anti-AD effects and may be utilized for reducing the 
risk and used for the effective treatment of AD. 
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11.1 Introduction 

Alzheimer’s disease (AD) is an ever-increasing global epidemic. It is an advanced 
multifactorial neurodegenerative disease and the popular form of dementia. Its 
prevalence among elderly population increases aggressively with age, and it has 
been evaluated that it increases from 10% to approximately 50% from the age of 
65 to 85 years. It has been estimated that globally more than 47 million people were 
affected in the year 2015 and number get twice in each 20 years, and anticipated to 
enhance to 115 million by 2050 (Brookmeyer et al. 2011; Prince et al. 2013; Ballard 
et al. 2016). In addition to language disturbances, behavioural changes, memory, and 
orientation loss, AD is mainly associated with cognition impairment in activities of 
daily living (Yiannopoulou and Papageorgiou 2013). 

In recent years, two forms of the AD were recognized, a familial and a sporadic 
form (Kozlov et al. 2017). In more general way, it is supposed that AD is triggered 
by an amalgamation of three components, i.e., genetic, lifestyle, and environment, 
where the genetic component is responsible for about 70% cases of AD (Dorszewska 
et al. 2016). The apolipoprotein E gene (APOE gene) appears to be mainly account-
able for sporadic form (Karran et al. 2011), whereas the familial form of AD was 
related with the genes PSEN1 (presenilin 1), PSEN2 (presenilin 2), and APP 
(amyloid precursor protein), along with other co-morbidity factors, including gene 
TREM2, which played an important role in the disorder of the lipid such as ABCA1 
and ABCA7, or for bio-thiol metabolism MTHFD1 and gamma-secretase and 
metabolites transport (BIN1) (Dorszewska et al. 2016; Jayne et al. 2016). Neverthe-
less, both the forms (familial and sporadic) of AD show analogous molecular and 
neuropathological manifestations such as accumulation of hyperphosphorylated tau 
protein intracellularly, deposition of amyloid beta (Aβ) extracellularly, disfigure-
ment of N-methyl-D-aspartate receptor-related signalling pathways, abnormalities in 
metal ion metabolism and lipid metabolism, oxidative stress, and disturbances in 
mitochondrial functions with structural distortion (Kozlov et al. 2017; Swerdlow 
et al. 2014; Karran et al. 2011; Šimić et al. 2016; Agostinho et al. 2010a; Bush 2013). 
AD is recognized by the occurrence of beta amyloid (Aβ) deposition as Aβ plaques 
and the presence of neurofibrillary tangles (NFTs) in the aggrieved patient brain 
region and also by the selective neuronal cell death (Selkoe 2001, 2005; Lahiri et al. 
2003; Meleleo et al. 2019; Hardy and Selkoe 2002). Neurochemically, the AD is 
related with a rapid loss of cholinergic neurons and decrease of presynaptic markers 
in the cholinergic system, principally in brain regions associated with memory and 
learning (Bartus et al. 1982; Davies and Maloney 1976; Perry et al. 1978). 

Previous years studies have indicated that inhibition of oxidative stress and target 
enzymes such as cholinesterase, monoamine oxidase, β-secretase, and inhibition of 
hyperphosphorylation of tau protein and aggregation of amyloid-β plagues, inflam-
matory responses, and unfolded protein responses have a vital role in AD genesis. So 
far, no cure nor treatment is available to cure AD or alter its progression. The 
foremost reason for the ineffective treatment of AD relies on the fact that the disease 
is of multifactorial in nature, therefore, a single molecule graced with a definite target 
might not be adequately operative for the AD treatment. Consequently, the recent



approaches are generally founded on the concept of molecular hybridization which 
involve the combination of two or more pharmacophores with specific properties to 
reach array of characteristics in a single molecule to overcome the multifarious 
complex nature of AD (Rampa et al. 2011; León et al. 2013; Agis-Torres et al. 2014; 
Wang et al. 2016a). In this regard, nowadays huge number of naturally occurring or 
bioactive molecules have been applied for the development of hybrid molecules to 
combat AD pathogenesis (Rampa et al. 2011). 
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Flavonoids are polyphenol structured neuroprotectant and have significant pro-
tective effects against neural dysfunction and injuries. These naturally occurring 
compounds are widespread in vegetables, fruits, cocoa, and certain beverages 
including tea and coffee, to directly inhibit uncontrolled pathological events respon-
sible for neurodegeneration (Gu et al. 2010; Solfrizzi et al. 2011). 

The higher intakes of vegetables and fruits result in overall decrease in the risk of 
cognitive decline which is more likely referable to an increase consumption of 
specific flavonoids present in vegetables and fruits (Barberger-Gateau et al. 2007). 
It also has been found that a higher total intake of flavonoids in middle-aged adults 
results in better language performance and episodic memory (Kesse-Guyot et al. 
2012) and greater cognitive performance in the older-aged adults (Letenneur et al. 
2007). These findings have inspired further investigation of flavonoids and its 
derivatives for their possible health benefits and to explore the underneath 
mechanisms. Therefore, significant research work has been executed to modify 
naturally occurring flavonoid scaffolds, to develop such drugs which manage AD 
effectively. This review is mainly focusing on different molecular mechanism, 
targets, and the flavonoid derivatives which have been suggested to have anti-AD 
effects and may be utilized for reducing the risk and used for the effective medical 
care of AD. 

11.2 Alzheimer’s Disease (AD): Molecular Targets 

The various targets and molecular mechanism which are involved in Alzheimer’s 
disease treatment are shown in Fig. 11.1. 

11.2.1 Amyloid Beta (Ab) Protein 

Amyloid beta (Aβ) proteins recognised as well-known hallmark of AD, is an 
important constituent of amyloid plaques, typically 39–42 residues long, and formed 
by the proteolysis of amyloid precursor protein (APP) (Wilquet and De Strooper 
2004). The C-terminal and N-terminal of transmembrane protein APP are 
connecting to the neuronal cells through its phospholipid bilayer (Beyreuther et al. 
1991). Proteolytic cleavage of APP causes its fragmentation and a number of events 
have been occurred which results in the formation of fibrils, oligomers, and aggre-
gation of the neurotoxic forms of Aβ into plaques, all of which causes neuronal 
dysfunction in the AD patients (Haass and Selkoe 2007).
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Fig. 11.1 AD molecular mechanism and major targets 

The three major enzymes playing a crucial role in the processing of APP are 
α-secretase, β-secretase, and γ-secretase enzymes (Silva et al. 2014). The former two 
enzymes are principally responsible for the breakdown of APP into Aβ protein 
(Lichtenthaler 2011; Vassar et al. 2009). The non-amyloidogenic pathway has 
been accompanied by α-secretase enzyme to generate subunit of APPα, however, 
β-secretase followed amyloidogenic pathway to produce subunit of APPβ (Nistor 
et al. 2007). Furthermore, γ-secretase enzyme is accountable for cleavage of β 
subunit which produces toxic Aβ42 isoforms. Aβ42 is the most abundant isoforms 
of Aβ, which is highly prone to aggregate and produce oligomers. These oligomers 
are highly toxic and recognized as vital neurotoxin for this disease. The mutations 
within the APP gene and accumulation of excessive Aβ isoforms, followed by the 
self-assembly results in the generation of insoluble Aβ aggregates. Various factors 
such as improved ratio of Aβ42/Aβ40, enhanced Aβ aggregation, and less clearance 
of Aβ protein are responsible for the development of amyloid plaques around the 
neurons (see Fig. 11.4). The amyloid plaques accumulation and formation of 
neurofibrils are principally accountable for the AD pathogenesis progression 
(De Strooper et al. 2010). This process is acknowledged as the amyloid cascade 
hypothesis. From the last 25 years, this hypothesis dominated in AD research and 
drug development and has been considered as the most probable cause of Alzheimer 
disease. The senescent amyloid plaque development may be incarcerated with the 
utilization of specific secretase inhibitors in clinical therapies. Although the relation 
between AD development and amyloid plaques is still poorly unspecified, however, 
Aβ accumulations have been found to persuade a higher neurotoxicity than the 
insoluble neurofibrils (Tseng 2014).
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Additionally, genetic mutation of Presenilin 1 and 2 (genes encode PSEN 1 and 
PSEN 2) is correspondingly accountable to increase Aβ level. Presenilin, the cata-
lytic portion of the γ-secretase enzyme is accountable for the breakage of APP 
derived proteins (De Strooper 2007). Therefore, nowadays, it is considered that 
several Aβ isoforms may be liable for initiating AD pathogenesis and to develop 
novel therapeutic drugs with high potential necessitating a lot of persistence, knowl-
edge, and research associations from various related research areas. 

11.2.2 Cholinesterase 

In mid-1970s, it was found in the study of post-mortem brain of Alzheimer diseased 
individual that the level of choline acetyltransferase (CAT) was lessen. ACh pro-
duction is dependent on CAT (Wilcock et al. 1982); being neurotransmitter ACh has 
a vital role in memory function (Lombardo and Maskos 2015), cognitive functions 
(Wallace and Bertrand 2013), and learning (Hasselmo 2006). The uncontrolled 
release and transport of ACh, malfunctioning of allied receptor result in behavioural 
changes and impairment of cognitive functions in AD individuals (Winkler et al. 
1995). These results suggested that AD is accompanied with an intense decay of 
different types of neurons, together with cholinergic neurons (Davies and Maloney 
1976). Cholinesterase, extracellular serine hydrolase enzyme, primarily found in the 
central nervous system (CNS) and at peripheral neuromuscular junctions and 
accountable for the breakdown of ACh present in the hippocampus region of basal 
forebrain’s (Terry and Buccafusco 2003). Their key function is to hydrolyse neuro-
transmitter ACh into choline and acetic acid (Čolović et al. 2013). The mechanism 
involved in the hydrolysis has an important role for normal cell signalling, and for 
the inhibition of neurons overstimulation. Therefore, a cholinergic replacement may 
serve as an initial goal to vanquish AD. The acetylcholinesterase (AChE) and 
butyrylcholinesterase (BuChE) are the two enzymes existing in the cholinergic 
nervous system (Pejchal et al. 2011). It is well documented that the AChE levels 
significantly increased around amyloid plaques and neurofibrillary tangles (NFTs) 
throughout every stage of AD, and it has also been anticipated that direct interaction 
of AChE with Aβ may promote the formation of plaques (Čolović et al. 2013). 
BuChE, a pseudo-neuronal cholinesterase enzyme intensifies the catalytic process of 
choline ester hydrolysis (Darvesh et al. 2003). AChE possesses two distinct binding 
sites within the enzyme gulley: one is peripheral anionic site (PAS) present at the 
entry of the gulley, and the catalytic site (CAS) present at the bottommost of gulley 
(Čolović et al. 2013). It has been found that AChE inhibitors mostly bind to these 
binding sites at one or more places in order to inhibit the AChE activity and also 
decrease the disintegration rate of acetylcholine, hence enhance the cholinergic 
neurotransmission (Čolović et al. 2013). 

All the clinical drugs presently accessible in the market are AChE inhibitors 
(donepezil, galantamine, and rivastigmine), except memantine which is an antago-
nist of N-methyl-D-aspartate (NMDA) (Chen and Pan 2015).
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While existing clinical AChE inhibitor drugs only provide symptomatic relief and 
show improvement in cognitive function, however, none of these treatments are 
efficient for arresting the AD progression (Rosini et al. 2014), which further 
illustrates the multifactorial nature of AD pathogenesis. Several other approaches 
such as stimulation of M1 and M4 muscarinic ACh receptors (Foster et al. 2014) and 
nicotinic ACh receptor (Parri et al. 2011) also increase the cognitive functions 
directly or indirectly but they are unsuccessful at certain extent during the process 
of drug discovery and development. Hence, for the cure of AD pathogenesis 
effectively, optimization and development of multi-targeted new cholinergic 
inhibitors with drug remodelling strategies are urgently required. 

11.2.3 Tau Protein 

Tau is a microtubule-related neuronal phosphoprotein, generally present in the 
central and peripheral nervous system and imperative part of cytoskeleton in 
neurons. Six isoforms of this protein with three foremost binding sites involving 
C-terminal microtubule binding domain, N-terminal projection, and shorter tailing 
sequence are present (Lee et al. 1989). Tau protein plays a crucial role in microtubule 
stability by maintaining cell integrity. The microtubules present in neurons are 
important for the protection of synaptic plasticity and neuronal structure and also 
for the maintenance of axonal transport of organelles, for example, ER, 
mitochondria, lysosomes, and vesicles comprising neurotransmitters and proteins. 
The microtubules properties present in axons and dendrites determine the neuronal 
polarity. Tau protein directs and controls the uniform orientation of microtubules in 
axons (Kosik 1993; Shahani and Brandt 2002; Lindwall and Cole 1984). 

There is a phosphorylation gradient in different regions of brain, particularly 
along the axon (Buée et al. 2000; Hernández and Avila 2007). In a normal condition, 
tau protein present in the axonal membrane in its phosphorylated form. Alteration in 
the Tau phosphorylation state happened during cytoskeleton transformation process. 
The mechanisms which are involved in regulation of phosphorylation of Tau have 
become important for enhancement of synaptic plasticity. Hyperphosphorylated Tau 
impairs synaptic metabolism and axonal transport, causing microtubule instability 
which leads to NFT generation and bring about lack of cell viability and eventually 
causes microtubular cytoskeleton collapse and neuronal death. The phosphorylation 
and dephosphorylation of tau are vital regulatory events in neuronal homeostasis at 
serine and threonine phosphoepitopes. 

There are various factors responsible for hyperphosphorylation of tau protein in 
AD such as tumour necrosis factor-alpha (TNF-α) (Xia and Hyman 2002), nuclear 
factor-kB (NF-kB) (Alawdi et al. 2017), and interleukins (ILs) (Ghosh et al. 2013), 
which are ultimately responsible for neurotic injury in the brain. 

Several protein kinases and proteases such as glycogen synthase kinase-3-beta 
(GSK-3β), tau protein kinase-1 (TPK-1), AMP-activated protein kinase (AMPK), 
mitogen-activated protein kinase (MAPK), microtubule-affinity regulating kinase 
(MARK), and dual-specificity tyrosine phosphorylation-regulated kinase 1A



(Dyrk1A) are found to engaged in phosphorylation of tau and their hyperactivation 
creates a number of incidents which leads to hyperphosphorylation of tau (Ferrer 
et al. 2005). Among all, glycogen synthase kinase-3β (GSK3β) is an important tau 
kinase in neurons (Iqbal et al. 2005). Kinase-induced hyperphosphorylation of tau is 
upregulated by silencing of phosphatases protein (PP). The expression of PP1, 
PP2A, and PP5 get diminished in cerebral tissues of AD patients (Buée et al. 
2000; Wang et al. 2007). Tau kinases are among the family members of the 
proline-directed kinases (Wang et al. 2007), such as MAP kinases (MAPK), GSK, 
and cyclin-dependent kinases (CDK5) (Lovestone and Reynolds 1997) and are 
efficient for in vitro tau phosphorylation and found to be appeared in the brain of 
AD patient. Other proline-directed kinases including protein kinase A and C (PKA 
and PKC), calcium calmodulin-kinase II (CaMPK-II) (Lovestone and Reynolds 
1997; Johnson and Stoothoff 2004), casein-kinases I and II (Drechsel et al. 1992), 
all have been recognized in neurofibrillary tangles (NFTs) and also found to regulate 
phosphorylation of tau. 
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During the course of development, hyperphosphorylated neuronal tau is predom-
inant in the embryonic stages, as there is an excessive need for neuroplastic changes 
in neurons and synapses of the CNS (Lovestone and Reynolds 1997). However, the 
mature CNS has dephosphorylated state of neuronal tau, this makes cytoskeleton 
steady to maintain neuronal homeostasis (Johnson and Stoothoff 2004). 
Neurodegeneration occurs when hyperphosphorylated tau has been found to 
transformed into insoluble intracellular NFTs. The insolubility of NFTs displays 
minimized clearance and consequences into cognitive impairment. Hence, the 
demand to design and development of new approaches either by inhibiting the 
NFTs formation or by intensifying their clearance is upsurge. 

11.2.4 Oxidative Stress 

Oxidative stress is accompanied by many pathological conditions, including diabe-
tes, cancer, asthma, and neurological diseases (Jenner 2003; Lyras et al. 1997; Sayre 
et al. 2001). The disproportion between prooxidants and antioxidants, whereby there 
is either excessive production of oxidants or deficiency of antioxidants, is the root 
cause of oxidative stress. This imbalance results in overproduction of reactive 
oxygen species (ROS), for example, nitric oxide, hydrogen peroxide, superoxide 
anions, and monoxide and hydroxyl radicals and other free radicals (Federico et al. 
2012; Nunomura et al. 2012) which can potentially impair cell components such as 
DNA, proteins, and lipids and can result in stimulation of various stress-induced 
transcription factors and generation of proinflammatory and anti-inflammatory 
cytokines (Phaniendra et al. 2015). As ROS are highly reactive species and have 
capability to begin a series of oxidation reactions in the presence of essential cellular 
molecules, which generate toxic side products and result in cell death. ROS initiate 
the lipid peroxidation which may be accompanied by the majority of neurodegener-
ative diseases. The lipids present in the bilayer of cellular membranes undergo free 
radical attacks in this process and result in the deactivation of membrane-bound



enzymes and receptors and the generation of highly reactive molecules which have 
the capability to damage proteins and DNA (Jenner 2003; Lyras et al. 1997; Sayre 
et al. 2001). Alternately, it can be inherently produced by the electron transport chain 
in mitochondria, respiratory bursts from inflammatory cells, and some enzyme 
activities (for example, NADH oxidase) (Jenner 2003; Lyras et al. 1997; Sayre 
et al. 2001). 
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An immoderate consumption of oxygen in the brain might result in excessive free 
radical generation and hence brain is highly vulnerable for oxidative stress because it 
holds high levels of unsaturated fatty acids which are prone to attack by free radicals 
and lipid peroxidation (Phaniendra et al. 2015). Immoderate genesis of free radicals 
and reduced number of enzymes related to antioxidant properties may become the 
reason for neurodegeneration (Gandhi and Abramov 2012). 

The abnormal energy metabolism, presence of trace elements such as zinc 
(Zn) and iron (Fe), and nucleic acid oxidase are also accountable for oxidative 
stress. This mitochondrial hypothesis illustrates one of the most significant factors 
for the AD pathogenesis (Swerdlow 2018). Initial studies on AD patients have 
shown that amyloid beta protein (Aβ) entered into the mitochondria, interrupted 
the electron transport chain (ETC) mechanism and resulted in oxidative stress due to 
excessive free radical generation, and eventually lead to neurodegeneration 
(Butterfield and Boyd-Kimball 2004). The neuronal death is only happened when 
Aβ is capable to activate a vital phase of the cell death cascade allied to mitochon-
drial permeability transition (MPT) pore opening (Du and ShiDu Yan 2010; 
Shevtzova et al. 2001). Therefore, MPT may aid as a most probable target to develop 
new and effective AD drugs which can be preferably applicable for the formation of 
drugs with multi-target and accompanied with various inhibitory activities such as 
AChE and BuChE (Makhaeva et al. 2019; Shevtsova et al. 2021). Various environ-
mental factors may also be accountable for oxidative stress which include chemicals, 
UV radiation (Singh et al. 2004), and infectious organisms. Some enzymes such as 
NADPH oxidase (Kleinschnitz et al. 2010), lipoxygenase (LOX) (Praticò et al. 
2004), xanthine oxidase (XO) (Gandhi and Abramov 2012), nitric oxide oxidase 
(Brown 1997), cytochrome p450 (Halliwell 2006), cyclooxygenase (COX) (Phillis 
et al. 2006) may also lead to free radical generation. Hence, there is an urgent need to 
investigate and elaborate the oxidative stress mechanism and its AD correlation. 

11.2.5 Monoamine Oxidases (MAO) 

Flavin-containing enzymes, monoamine oxidases (MAO), are occurring externally 
on mitochondrial membrane and catalyse the biogenic monoamines oxidation by 
substituting the amine group (NH2) with oxygen. The MAO enzymatic activity 
comprises of catalytic deamination of various neurotransmitters (noradrenaline, 
dopamine, and serotonin) and exogenous amines (tyramine) which results in the 
generation of hydrogen peroxide, which may serve as a principal source of oxidative 
stress (Melo et al. 2011).
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Based on inhibitor specificity and coding at the genetic level, MAO can be 
categorized into two categories of isozymes: (1) MAO-A and (2) MAO-B (Kennedy 
et al. 2003). Inhibition of MAO-A is principally accountable for the advancement of 
antidepressant therapy (Meyer et al. 2009). MAO-A takes part in the deamination of 
serotonin and sensitive for Clorgyline, MAO-A inhibitor. MAO-B inhibitors are 
currently applicable for the treatment and alleviation of Parkinson’s disease as they 
stop the cleavage of dopamine in the brain (Ucar et al. 2005). The enzymatic activity 
of MAO-B has been found to be enhanced in the AD patient brains. However, their 
role in AD pathogenesis is not clear yet. MAO-B isozyme deaminate 
β-phenylethylamine, is sensitive for Selegiline, specific MAO-B inhibitors 
(Carreiras and Marco 2004). Now a days, scientists and researchers are exploring 
more about MAO physiopathology and its AD corelation, for the development of 
new MAO inhibitors. 

11.2.6 NMDA Receptor 

Glutamate, an excitatory neurotransmitter, situated in the cortex and hippocampal 
region of the brain, after tie up to its specific receptor, assists the maintenance of Na+ 

and Ca2+ ions by controlling their entry into the neuronal cell (Green and LaFerla 
2008). Hyperactivation of glutamate may result in excitotoxicity and finally causes 
the death of neuronal cell (Zott et al. 2019). In brain, glutamate receptors are of two 
types: (1) G protein coupled (GPCR) receptor, (2) Ionotropic (ion-channel) receptor 
(Barnes and Slevin 2003). N-Methyl-D-aspartate (NMDA) receptor is considered as 
an ionotropic receptor which after attaching with glutamate (agonist) 
neurotransmitters has a crucial role in learning and memory via maintaining Na+ 

and Ca2+ ions influx in the neuronal cell (Lynch et al. 1983). It has been suggested 
that in AD patients, either there is hyperactivation of the NMDA receptor or there is 
an impairment of glutamate uptake mechanisms which consequently increases the 
glutamate availability to attach to NMDA receptor and results in the abrupt and 
frequent Na+ and Ca2+ ions influx producing suppression of neuronal signalling, 
neurodegeneration, and finally neuronal cell death (Liu et al. 2019). Many NMDA 
receptor antagonists have proven unsuccessful because of severe adverse effects. 

Further, it was found that, while inhibiting hyperactivation of NMDA receptor, it 
was anticipated to maintain the normal function of the receptor (Liu et al. 2019) Till 
date, memantine is the solitary NMDA receptor antagonist which was clinically 
approved for the AD treatment, it functions by blocking the NMDA receptor 
channel; in the meantime, it continues to permit the essential physiological activation 
important for normal brain function (Liu et al. 2019). Therefore, further investigation 
of NMDA receptor may provide key information which could help for the better 
understanding of AD and also help to develop new competitive inhibitors against 
glutamate receptors for the treatment of AD.
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11.2.7 Histone Deacetylases (HDACs) 

Histone deacetylases (HDACs), the enzyme removes the acetyl (CH3CO-) group 
present on amino acid ε-N-acetyl-lysine, therefore, also known as deacetylase lysine 
(Van Dyke 2014). There are 11 HDACs and founded on their sequence homology to 
yeast equivalents, it can be classified into four major classes: class I, class II, class 
III, and class IV (de Ruijter et al. 2003). 

Class I comprises of HDAC 1, 2, 3, and 8, which mainly confines in the nucleus. 
Class II is further divided into two subtypes: class IIa which comprises HDAC 4, 5, 
7, and 9 and class IIb which comprises HDAC 6 and 10. In response to cellular 
signals, class IIa HDACs transport among the nucleus and the cytoplasm, while class 
IIb of HDACs primarily present in cytoplasm. Class III of HDAC, known as 
“sirtuins”, includes SirT1–7 (Michishita et al. 2005). Class IV HDAC has only 
one member, HDAC11, which locates in the cellular nucleus (Gao et al. 2002). 
Among all the classes, zinc-dependent enzymes belong to class I, class II, and class 
IV, while nicotinamide adenine dinucleotide (NAD+ ) dependent enzymes belong to 
class III (Chuang et al. 2009; Carey and la Thangue 2006). HDAC 6, as a cytosolic 
enzyme, is appeared in the cytoplasm of hippocampal neuronal cells. HDAC-6 is 
used to catalyse various nonhistone proteins, such as HSP90 deacetylase and 
α-acetyl-tubulin (Bali et al. 2005; Zhao et al. 2010) to keep microtubule stability. 
Consequently, HDAC-6 overexpression results in dysfunction of microtubule. 
HDAC-6 also affects the phosphorylated tau protein level (Hubbert et al. 2002). In 
AD patients, HDAC6 protein level is markedly improved in hippocampus and cortex 
compared with the normal brains (Zhang et al. 2013). The selective inhibition of 
HDAC-6 increases the mitochondrial movement inside the hippocampal neuronal 
cells. Glycogen synthase kinase-3β (GSK-3β) actively regulates HDAC-6 by phos-
phorylation pathway. Therefore, deregulation of HDAC-6 by GSK-3β may result in 
abnormal mitochondrial transportation (Chen et al. 2010). Furthermore, selective 
inhibition of HDAC-6 provides protection against oxidative stress-induced 
neurodegeneration and intensifies neurite overgrowth in neurons of cortical region 
(Rivieccio et al. 2009). 

HDAC-4 of class IIa also plays a key role in nerve function. Abnormal expression 
of nuclear-localized HDAC-4 assists neuronal apoptosis; however, HDAC-4 inacti-
vation suppresses neuronal cell death (Bolger and Yao 2005). Hence, continuous 
efforts are required for the development of selective and specific HDACs inhibitors 
for AD management and cure. 

11.2.8 Cyclase 

Recently, it has been found that AD patients have increased amounts of 
pyroglutamates, namely (PE) Aβ3–40/42 and (PE) Aβ11–40/42. Pyroglutamate 
amino acid residues such as Glu-3 and Glu-11 are linked with various N-truncated 
Aβ (Schlenzig et al. 2009). Glutamate residues with truncated Aβ undergo cycliza-
tion and result in pyroglutamate (PE) Aβ, cyclase enzyme is responsible for this



cyclization process. These modified Aβ play a vital role in the development of Aβ 
plaques in AD patients. Modified Aβ elevates the Aβ accumulation, increases the 
hydrophobic nature of Aβ plaques and hence creates them indolent towards various 
proteolytic degrading enzymes. It has also been found that the cyclization of 
glutamate residues having truncated Aβ is enhanced in the presence of glutaminyl 
cyclases (QCs, QPCT, EC 2.5.2.3), majorly found at cortex and hippocampal region 
of the brain. Therefore, QCs overexpression directly increase PE Aβ3–42 and other 
PE Aβ levels in AD patient’s brain. It has been observed that precise inhibition of 
QCs remarkably decreases the PE Aβ3–42 level (Morawski et al. 2014) and hence 
enhancing the enzymatic degradation of PE Aβ3–42 by proteolysis along with its 
clearance may serve as a favourable approach for the development of novel drug 
candidates for AD treatment. 
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11.2.9 Exopeptidase 

A protease enzyme, Cathepsin B (CTSB), performs a crucial part in the pathophysi-
ology of number of diseases, for example, AD and cancer. It occurs in lysosomes and 
endosomes where Aβ is produced, therefore, this is related to the production and 
aggregation of Aβ plaques in AD. It has also been found that CTSB splits APP at 
β-sites more effectively than BACE-1. The research work on CTSB gene knockout 
AD mice models revealed that the application of specific CTSB inhibitor results in 
decreased pGlu A production. N-terminally truncated species of Aβ, namely pGlu A, 
have an important role in Aβ oligomers aggregation (Hook et al. 2020). 

Aminopeptidase A is an important exopeptidase involved in the N-terminal 
truncation of Aβ, and research findings have shown that it performs a crucial part 
in the control of structural and behavioural abnormalities in AD patients. Therefore, 
development of specific inhibitor for aminopeptidase A might affect its proteolytic 
activity which directly impacts the AD pathology. 

11.2.10 Lipid Dys-Homeostasis 

The bulk of the brain dry mass is constituted of lipids and therefore, lipid is 
associated with healthy functioning of the brain and could also be used for predicting 
the general pathological conditions of the brain. Lipids are at the centre of AD 
pathology, established on their participation in the blood–brain barrier (BBB) 
function, receptor signalling, amyloid precursor protein (APP) processing, 
remodelling, membrane inflammation, myelination, oxidation, and energy balance. 
Therefore, lipid disturbances may contribute to dysfunction in brain and may serve 
as the hallmark of AD. Under healthy conditions, a balanced cellular environment is 
achieved by lipid homeostasis, which further allows the normal functioning of brain 
cells. The major factors that interrupt lipid metabolism and responsible for lipid 
disruption in AD are demographic factors, genetic factors, and lifestyles. In addition, 
the most common genetic risk factor of AD is apolipoprotein E (APOE) E4 genotype,



which engaged in lipid metabolism and transport through the whole body including 
central nervous system (CNS) and in free form, it has a tendency for Aβ aggregation; 
however, lipidated-ApoE has a tendency to prevent Aβ aggregation (Kim et al. 
2009). Periphery high density lipids (HDLs) and cholesterol withdrawn in CNS 
through blood–brain barrier (BBB) are metabolized with the help of HMG-CoA 
reductase and hence its inhibition results in lower production of Aβ aggregates 
(Vance et al. 2005). The enzyme sterol O-acetyltransferase 2 (ACAT) is responsible 
for transformation of free cholesterol into a cholesterol ester, and selective inhibition 
also impacts the Aβ accumulation by limiting their aggregation (Bhattacharyya and 
Kovacs 2010). Therefore, development of selective novel inhibitors for ACAT 
enzyme and HMG-CoA reductase could improve AD therapy (Di Paolo and Kim 
2011). 
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11.2.11 Neurovascular Dysfunction 

Blood vessels are accountable for providing oxygen and essential nutrients to nerve 
cell and remove other toxic metabolic remains from the brain interstitial fluid. AD 
and other neurodegenerative diseases are related with neurovascular disintegration, 
malfunctioning of BBB and neurovascular system. All these neurovascular 
deficiencies worsen the supply of blood into the brain and sequentially inhibit the 
oxygen flow, nutrients, and energy supplements to the cerebral region. Due to 
improper blood supply, the excretion of other neurotoxic metabolites is also 
decreased, which results in accumulation of toxic residues and causes cerebral 
β-amyloidosis, neurotoxicity, angiopathy, and cerebral amyloid (Kalaria 2010; 
Zipser et al. 2007; Zlokovic 2005). By the consideration of the specific pathogenesis 
related with blood–brain barrier impairment in AD, researchers may develop an 
effective and preventive therapeutic approach against these neurovascular 
dysfunctions. 

11.2.12 Cysteine Protease 

Cysteine proteases, a class of protease enzymes (Richard 2005), are generally 
distributed in all living beings (Grzonka et al. 2001) and play a key role in AD 
pathology (Lee et al. 2013; Urbanelli et al. 2008; Rohn 2010). It includes caspases, 
cathepsins, calpains, small ubiquitin-like modifier (SUMO) protease, and 
deubiquitinating enzymes (Richard 2005). Based on abnormal protein turnover, all 
the members of cysteine protease family are important in the development and 
advancement of many diseases (Grzonka et al. 2001). Cystatin C (CysC), a cysteine 
protease inhibitor, acts as protectors in AD and in related neurodegenerative diseases 
(Kaur and Levy 2012). AD pathology is characterized by Aβ aggregations (Aβ 
oligomers) in walls of cerebral vessel, and NFTs made up of mainly 
hyperphosphorylated tau. From in vitro studies, it has been shown that CysC inhibits 
Aβ aggregation and fibril formation due to binding with Aβ. Therefore, design and



development of new potent and selective inhibitors for cysteine protease can serve as 
an area of interest for AD treatment. 
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11.2.13 Glycogen Synthase Kinase-3 

Glycogen synthase kinase 3 (GSK3), proline-directed serine/threonine kinase, that 
regulates several physiological processes extending from glycogen synthesis and 
metabolism to gene transcription (Welsh and Proud 1993; Troussard et al. 1999). 
GSK3 has a crucial role in the AD pathogenesis, cancer, and diabetes. 
Overexpression of GSK3 accounts for increased Aβ production, 
hyperphosphorylation of tau, memory impairment, and microglial-mediated inflam-
matory responses associated with local plaque along with the loss of cholinergic 
neurons, apoptosis, synaptic loss, and inflammation as well; all these characteristics 
are of hallmark for AD (Aplin et al. 1996). Evidence suggested that GSK-3 is 
upregulated by the hippocampus and peripheral lymphocytes of AD patient’s brains 
(Welsh and Proud 1993; Troussard et al. 1999). Therefore, the GSK3 inhibitors 
would be able to open new avenues for therapeutic intervention in AD. 

11.2.14 Pathogen Porphyromonas gingivalis 

Epidemiological studies have recognized an association between periodontitis and 
AD. Brain occupied by the periodontal pathogen Porphyromonas gingivalis may 
associated with these two inflammatory and degenerative conditions. In chronic 
periodontitis (CP) condition, P. gingivalis gets translocated and collected in extra-
neuronal spaces (Kamer et al. 2015). Evidence of P. gingivalis permeation has been 
detected in autopsy specimens obtained from the cerebrospinal fluid of AD patients. 
P. gingivalis colonized themselves and oozes out gingipains, a class of P. gingivalis 
proteases, comprising of arginine-gingipain A (RgpA), arginine-gingipain B 
(RgpB), and lysine-gingipain (Kgp) in extra-neuronal spaces which results in neu-
rotoxicity. It is found associated with neurons, beta amyloid, and tau tangles in the 
individual’s brain suffering from AD. Collection and colonization of P. gingivalis 
activate several immunological phenomena such as microglial activation, abnormal 
cytokines and cause neuroinflammation (Gui et al. 2016). Therefore, the gingipain 
inhibition may provide a good approach to the treatment of both periodontitis and 
AD (Dominy et al. 2019). 

11.3 Flavonoids, Their Cellular and Molecular Aspects Towards 
Cognitive Effects 

Flavonoids are polyphenolic compounds embracing of a benzo-γ pyrone moiety, 
synthesized in plants via phenylpropanoid pathway to protect themselves from 
microbial infections and in most cases, their function is structure dependent



(Mahomoodally et al. 2005; Pandey 2007). They display diverse biological activities 
including antioxidants, neuroprotection, anti-inflammatory, and vasodilatory. 
Flavonoids are made up of a C15 skeleton with two (A and B) benzene rings, 
connected by a heterocyclic pyran ring (C). Plants remain the solitary source of 
flavonoids and those occurred in humans or animals are also of plant origin. 
Generally, the chemical nature of flavonoids relies on their structure, various patterns 
of substitutions or conjugations, degree of hydroxylation, and polymerization (Heim 
et al. 2002). 
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Different classes of flavonoids along with their examples and dietary sources 
have been depicted in Table 11.1. 

Evidence from in vitro studies suggests that among all the depicted mechanisms 
of action associated with flavonoids, reduced cell damage is the most probable one 
and it has been interrelated to their intensive inherent capacity to serve as free radical 
scavenger and also eliminates various other nitrogen species (Halliwell 2006; 
Pannala et al. 1997; Russo et al. 2000; Visioli et al. 1998). The poor bioavailability 
and extensive metabolism of flavonoids restrict them to reach the threshold for action 
(Williams et al. 2004). However, recent studies revealed that small dosages of 
flavonoids are also sufficient for their pharmacological effects on neuronal cells. 
Therefore, various other probable mechanisms have also been proposed for the 
explanation of their action (Mandel et al. 2008; Schroeter et al. 2007a). The other 
probable mechanisms through which flavonoids provide prevention against 
neurodegeneration are as follows: 

11.3.1 By Reducing Accumulation of Neuropathological Protein 

The neuropathological hallmarks of AD include the aggregation of amyloid plaques 
extracellularly as well as accumulation of hyperphosphorylated tau proteins intra-
cellularly (Savonenko et al. 2012). Most preclinical studies exploring that the 
flavonoids effects have been concentrated on the models where Aβ production has 
been increased (Walsh and Selkoe 2007). The one proposed pathway through which 
flavonoids may break the Aβ accumulation is by stopping the neuronal apoptosis 
through activation of α-secretase (ADAM10) (Williams and Spencer 2012) and 
inhibition of β-secretase (BACE-1) (Mori et al. 2012). In animal studies, it has 
found that administration of epigallocatechin-3-gallate (EGCG) for 6 months sub-
stantially reduced cognitive decline and Aβ accumulation in an AD mouse model 
(Rezai et al. 2008), and administration of green tea catechin helps to improve 
memory and spatial learning in senescence-prone mice (Li et al. 2009), the improve-
ment in memory is associated with proteins upregulation linked to synaptic plasticity 
in the brain’s hippocampus region and reduced Aβ accumulation. The mechanisms 
through which flavonoids may stop Aβ accumulation include inhibition of NFTs 
formation as well as amyloid aggregation (Ono et al. 2008), either by simplifying 
non-toxic oligomers production (Ehrnhoefer et al. 2008) or by metal chelation 
activity (Amit et al. 2008) in addition to the α-secretase protein upregulation through 
variation of metalloproteinase domain-containing protein 10 (ADAM10) and A
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disintegrin (Obregon et al. 2006). The flavonoids, for example, (-)-epicatechin and 
hesperetin inhibit the development of NFTs through the activation of protein kinase 
B to reduce the GSK3β-driven hyperphosphorylation of tau (Fig. 11.2) (Schroeter 
et al. 2007b; Vauzour et al. 2007).
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Fig. 11.2 The plausible mechanisms of flavonoids in impeding different signalling pathways 

11.3.2 By Stimulating Neuronal Signalling Pathways and Synaptic 
Plasticity 

The specific positions of interconnections among flavonoids and neuronal signalling 
pathways although ambiguous, however, prevailing evidences suggested that 
flavonoids may employ their effects through three processes: (1) affecting mitochon-
drial activity, (2) modulating specific genes expression, and (3) modifying signalling 
cascades which ultimately regulate neuronal apoptosis (Vauzour 2012). The current 
studies suggested that flavonoids affect the signal-regulated kinase (ERK) pathway 
extracellularly (Schroeter et al. 2007b), facilitated by interactions of mitogen-
activated protein kinase (MEK) 1 and 2, and most probable membrane receptors 
(Schroeter et al. 2002). For example, flavanol (-)-epicatechin (Schroeter et al. 2001) 
and citrus flavanone hesperetin (Vauzour et al. 2007) have been found to involved in 
ERK1/2 activation. In cortical neurons, the sub-micromolar (μm) and nanomolar 
(nm) concentrations of EGCC were reported for restoration of activities of ERK1/ 
2 in serum-deprived or 6-hydroxydopamine treated neurons (Levites et al. 2002). 
The CREB transcription factor, vital for assisting synaptic plasticity (Impey et al.



1998) and managing neuronal existence by controlling a number of significant genes 
expression, for example, brain-derived neurotrophic factor (BDNF), may get 
activated by ERK activation (Tully et al. 2003). Flavonoids are also well known to 
control the Akt/PKB enzyme activity, by regulating phosphoinositide 3-kinase 
(PI3K) enzyme. A citrus flavanone hesperetin is found to activate Akt/PKB enzyme 
system which is followed by deactivation of proteins accountable for neuronal 
apoptosis along with inhibition of apoptosis signal-regulating kinase 1 (ASK1), 
caspase-3, caspase-9, and Bad (Vauzour et al. 2007). Moreover, flavonoid-elicited 
stimulation of Akt in hippocampal neurons results in higher activity-regulated 
cytoskeletal-associated protein (Arc/Arg3.1) for mRNA translation (Ramirez et al. 
2005). Enhanced arc expression enables changes in morphology and dendritic spines 
synaptic strength (Waltereit et al. 2001). In vitro studies claimed that flavonoid 
supplementation is responsible for morphological changes in neurons and also 
affects the growth of dendrites (Reznichenko et al. 2005). 
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11.3.3 Neuroinflammation 

Normal inflammatory response plays an important part for supporting health, more 
particularly, the brain’s defence system against impairment. A chronic upregulation 
of neuroinflammation, shown by enhanced level of circulatory pro-inflammatory 
cytokines including tumour necrosis factor (TNF-α) and biomarkers, could result in 
a number of events which results in progressive neuronal injury (Agostinho et al. 
2010b; Calder et al. 2009). Chronic neuroinflammation may interrupt proper neuro-
nal functioning, obstruct episodic memory encoding, and activate Aβ plaques 
aggregation. Individuals with mild cognitive impairment (MCI) were found to 
have excess amounts of circulating serum TNF-α (Trollor et al. 2010) and are 
overexpressed in cerebrospinal fluid (CSF) (Tarkowski et al. 2003) and in affected 
neural regions of AD brain (Akiyama et al. 2000). Moreover, the excess serum 
C-reactive protein (CRP), also known as acute phase protein, is related to high risk of 
dementia inception (Kravitz et al. 2009), memory impairment, and co-localized with 
accumulation of Aβ plaques and NFTs present in AD patient brains (Duong et al. 
1997; Wood et al. 1993). 

Increased concentrations of CRP in plasma have been constantly occurred in MCI 
(Roberts et al. 2009) and AD (Zaciragic et al. 2007) patients. Neuroinflammation 
also contributes to AD pathology via enhanced stimulation of microglial and subse-
quently increased stimulation of acetyl cholinesterase (AChE) and generation of free 
radicals (Williams et al. 2011). Usage of non-steroidal anti-inflammatory drugs 
(NSAIDs) (Szekely et al. 2004) for long-duration indeed lowers the AD risk and 
helps in development of anti-inflammatory agents to lessen the neuroinflammation 
effect on brain disease. Usage of flavonoids may stop neuroinflammation through 
various anti-inflammatory mechanisms, which include (1) inhibition of microglial 
stimulation of inflammatory cytokines, for example, TNF-α and IL-1β; (2) inhibition 
of NADPH oxidase activation and consequently ROS production in activated glia; 
(3) inhibition of iNOS induction and consequently production of nitric oxide with



n

response to stimulation of microglial; and (4) downregulation of pro-inflammatory 
transcription factors, for example, NF-κB via modification of glial and neuronal 
signalling pathways (Fig. 11.3) (Spencer et al. 2012; Bakhtiari et al. 2017). 
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Fig. 11.3 Neuro-inflammation and flavonoids 

The flavonols epicatechin and catechin have been found to inhibit TNF-α release, 
but did not show any effect on expression of iNOS or production of nitric oxide in 
primary glial cells (Vafeiadou et al. 2009), which provide satisfactory evidence of 
anti-inflammatory effects of flavanols at physiologically relevant concentrations. 
Human-based studies have also shown that increase in a flavonoid-rich diet lowers 
the level of inflammatory biomarkers such as IL-6, CRP, and adhesion factors (Nanri 
et al. 2008). Moreover, the specific flavonols-rich diet such as anthocyanidins and 
isoflavones have been associated with lowering of CRP amounts in blood (Chun 
et al. 2008). Blueberry anthocyanin also helps to reduce NF-kB-related 
pro-inflammatory cytokines and chemokines (IL-4, IL-8, IL-13, and IFN-α) i  
plasma (Karlsen et al. 2007). Therefore, the protective anti-inflammatory effects of 
flavonoid supplement strengthen the requirement of more investigation including 
larger sample sizes with random trials. 

11.3.4 Vascular Function and Angiogenesis 

There are several threats for reduced vascular health and function, for example, 
hypertension, diabetes mellitus, arteriosclerosis, smoking, in conjunction with dif-
ferent kinds of dementia including AD (Breteler 2000). The various findings have 
shown that flavonoid-rich diets help to lower the blood pressure and hence



decreasing cardiovascular risk by improving arterial flow mediated dilation (Balzer 
et al. 2008) and increasing nitric oxide bioavailability (Grassi et al. 2008). In brain, 
vascular functions are important to inhibit ischemic events and also responsible to 
regulate continuous cerebral blood flow to support cognitive functions. Research 
studies suggest that flavonoids have some effect on the cerebral and peripheral 
vascular system through which it helps to improve cerebrovascular blood flow 
(Sorond et al. 2008). Neuroimaging studies have claimed that the cocoa consump-
tion, rich in flavanol, remarkably enhances the cerebral blood flow in regard to 
cognitive tasks in both healthy older (Sorond et al. 2008, 2013; Lamport et al. 2015; 
Brickman et al. 2014) and younger adults (Francis et al. 2006). Additionally, studies 
have also shown that after drinking of a flavonoid-rich citrus drink by healthy adults 
result in significant increase in vascularization in the middle and inferior right frontal 
gyrus (Lamport et al. 2016). The increased cerebrovascular function facilitates adult 
neurogenesis (Gage 2000) and enhances vascularisation (Zhao et al. 2008), both the 
events are important for the cognitive performance. Therefore, flavonoid-rich diet 
might have necessary capacities to decrease the development of neurodegeneration 
and cognitive decline and at the same time, it potentially reverses the cognitive 
impairment by stimulating neural growth in the hippocampus region of the brain. 
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11.3.5 By Interactions with the Microbiome 

The gastrointestinal (GI) tract has a crucial part in protection and promotion of 
health, and it also supports immune system by controlling energy metabolism and 
serving as a barricade against potentially toxic compounds present in the consumed 
diet. Flavonoids and their metabolites directly come into contact with the gut 
microbiota which regulate the GI tract functioning. The molecular structure of 
flavonoids is considered to be the determining factor for its impact on specific strains 
of bacteria (Xie et al. 2015), for e.g., A-type pro-anthocyanidins found in cranberries 
prevent the adhesion of E. coli in the human urinary tract (Howell et al. 2005). 
Similarly, quercetin has potential to break the development of B. galacturonicus, 
R. gauvreauii, and  Lactobacillus sp. strains (Duda-Chodak 2012). Flavonoids found 
in berries also show potential towards inhibitory effects against C. perfringens, 
B. cereus, H. pylori, S. aureus, C. albicans, S. epidermidis, and C. jejuni (Nohynek 
et al. 2006). 

There are bidirectional relations between microbiota and flavonoids, as 
microbiota present in the GI tract have capacity to control the absorption and 
bioavailability of flavonoids found in consumed diet, for example, 
pro-anthocyanidins, which are badly absorbed in the GI tract, were easily 
metabolized by the microbiota into phenolic acids which get easily absorbed 
(Zhang et al. 2016). 

Flavonoid metabolites have been found to impact health in a different way with 
respect to their parent flavonoid compounds (Verbeek et al. 2005; Wang et al. 2015; 
di Gesso et al. 2015). More particularly, flavonoid metabolites in their specific 
compositions result in reduction of IL-Iβ secretion, which further suggest its



potential application as anti-inflammatory agents (di Gesso et al. 2015). Moreover, 
elaborate research studies are essential to completely perceive the underneath inter-
active mechanism between flavonoids and the microbiota, which help to explore and 
recognize the particular nature of their local and systemic health benefits. 
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11.4 Flavonoids Derivatives in AD Management 

In the last few years, various reasons which are responsible for the AD onset have 
been investigated, however, the etiopathogenesis of AD is remain unclear. Among 
various factors, accumulation of Aβ plaques, oxidative stress, and low concentration 
of acetylcholine have a crucial role in the genesis of AD (Citron 2010). To deal with 
the multifactorial nature of AD pathogenesis, there is an immediate requirement to 
develop multipotent novel anti-AD drugs to seize and inverse the AD progression, 
this led to the development of multi-target directed ligand (MTDL) approach, which 
attract a lot of attention towards the natural product including flavonoids (Cavalli 
et al. 2008; Bolognesi et al. 2007). Flavonoids are non-toxic, therefore, may serve as 
important scaffold for AD treatment (Williams and Spencer 2012). 

Recently, few research groups have screened flavonoids and modified their 
chemical structures for the advancement of new anti-AD drugs. Based on their 
work, Shrivastava et al. have proposed the structure–activity relationship (SAR) 
for flavonoids as shown in Fig. 11.4 (Verma et al. 2022). 

11.4.1 Flavone Analogues 

Sang et al. discovered multifunctional agents for AD treatment. They have planned 
and prepared a series of scutellarin carbamate derivatives and scutellarin-O-
alkylamine derivatives (Sang et al. 2015a, b, c). They have evaluated these 
derivatives in vitro for antioxidant activities, metal chelating properties, AChE and 
BChE inhibitory activities, and neuroprotective effects against hydrogen peroxide 
induced PC12 cell injury and found that most of the derivatives exhibited good 
multifunctional activities. Scutellarin carbamate derivative 1 (N,N-
dimethylcarbamic acid-4-(5,6,7-trihydroxy-4-oxo-4H-1-benzopyran-2-yl)phenyl 
ester) (Fig. 11.5) exhibited dual inhibitory potency towards AChE 
(IC50 = 1.2 ± 0.03 μM) and BuChE (IC50 = 22.1 ± 0.15 μM) and had the strong 
antioxidant activity (10.3 Trolox equivalents). It has a selective metal chelation and 
neuroprotective properties. Compound 1 can be used for improvement of memory 
impairment brought by sodium nitrite, ethanol, and scopolamine (Sang et al. 2015a). 
Compound 2 (4-(5-Hydroxy-6,7-dimethoxy-4-oxo-4H-chromen-2-yl)phenyl N, 
N-diethylcarbamate) (Fig. 11.5) was obtained, on substituting hydroxyl groups at 
position 6 and 7 of flavone ring of compound 1 by methoxy groups, has more 
inhibitory effect towards AChE (IC50 = 0.57 μM) without remarkable changes in 
BuChE inhibitory activity (IC50 = 22.6 μM) and has less antioxidative activity (1.3-
fold of Trolox equivalents) (Sang et al. 2015b). Compound 2 also behaved as a
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Fig. 11.4 SAR of Flavonoid Molecules 

Fig. 11.5



selective bio-metal chelator and abled to traverse the blood–brain barrier (BBB) 
in vitro. It also had imperative neuroprotective effects in scopolamine-induced 
cognitive impaired mice (Sang et al. 2015b). Similarly, scutellarin-O-alkylamine 
compound 3 (5-Hydroxy-4′-(3-((ethyl)(2-methoxybenzyl)amino)butoxy)-6,7-
dimethoxyflavone) (Fig. 11.5) having alkyl-N-ethyl-benzylamine moiety at position 
4′ of ring B, exhibited moderate antioxidative activity and AChE inhibitory potency 
and an excellent inhibitory potency on Aβ1–42 accumulation and disassembled Cu2+ 

induced Aβ1–42 accumulation of the well-structured Aβ1–42 fibrils. Furthermore, 
compound 3 also behaved as metal chelator and showed good protective effect 
against H2O2-induced PC12 cell injury and reduced toxicity towards SH-SY5Y 
cells (Sang et al. 2015c).
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Fig. 11.6 

Fig. 11.7 

Earlier Rampa et al. have synthesized compound 4 (2-(3-((7-((3-hydroxybenzyl) 
(methyl)amino)heptyl)oxy)phenyl)-4H-chromen-4-one) (Fig. 11.6) which is a 3′-
-modified flavonoid with inhibitory potency towards hAChE and hBuChE 
(IC50 = 0.52 μM and 63.7 μM, respectively) (Rizzo et al. 2009). Thus, the 
compounds having substitutions at position 4′ have potential as AChE inhibitors. 

Li et al. (2013a) have strategically synthesized and biologically screened a novel 
series of flavonoid derivatives as potential multifunctional AChE inhibitors for the 
treatment of AD. Most of these derivatives were potent AChE inhibitors and 
exhibited moderate to good inhibitory activities against self-mediated Aβ42 accu-
mulation. Among all, compound 5 (7-(4-(diethylamino)butoxy)-8-methyl-2-phenyl-
4H-chromen-4-one) (Fig. 11.7), with a diethyl amino linkage to flavonoid scaffold 
by a 4-carbon bond spacer, served as most active AChE inhibitor (IC50 = 0.13 μM), 
highly selective for AChE over BuChE, enhanced biometal-chelating properties and 
found to inhibit Aβ42 aggregation by 38.95% with comparable results to reference 
compound curcumin which inhibit Aβ42 aggregation by 50.12%. The molecular 
modelling studies and inhibition kinetic analysis showed that compound 5 attached 
to AChE through CAS region via cation-π interactions occurred between Phe330 
and Trp84 as well as through PAS region via π–π stacking interactions occurred 
between Tyr334 and Trp279. Overall, compound 5 has strong probability to serve as 
a multifunctional AChE inhibitor for AD cure and treatment and this type of 
multifunctional flavonoid compounds with amino-alkyl substituted group might



serve as a good lead candidate for the development of new anti-AD agents with 
multiple activities. 
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Fig. 11.8 

By the use of multi-target directed ligands (MTDLs) approach, Silakari et al. 
(Singh and Silakari 2016; Singh et al. 2017) have prepared several new flavonoid 
derivatives and biologically screened all of them as acetylcholinesterases (AChEs) 
inhibitors, for advanced glycation end product (AGEs) production and free radical 
scavenging activity. Most of the compounds have acetylcholinesterase (AChE) 
inhibitory activity with IC50 values ranging from low micromolar to nanomolar 
range as verified from in vitro studies. Among all, derivatives 6a 
(2-(4-Methoxyphenyl)-7-(2-morpholinoethoxy)-4H-chromen-4-one), 6b 
(2-(4-Methoxyphenyl)-7-(2-(4-methylpiperidin-1-yl)ethoxy)-4H-chromen-4-one), 
and 6c (7-(2-(4-(Hydroxyethyl)piperazin-1-yl)ethoxy)-2-(4-methoxyphenyl)-4H-
chromen-4-one) are strong AChE inhibitors (Fig. 11.4.), having IC50 values of 
6.33 nM, 7.56 nM, and 11.0 nM, respectively, and found more active in comparison 
to the reference compound donepezil (IC50 = 12.7 nM) (Singh and Silakari 2016). 
Moreover compound 6d (7-(2-(4-methylpiperidin-1-yl)ethoxy)-2-(3,4,5-
trimethoxyphenyl)-4H-chromen-4-one) (Fig. 11.8) have 3′,4′,5′-trimethoxy-
substituted flavone moiety containing 4-methylpiperidine strongly inhibited AChE 
(IC50 = 5.87 nM) and represented most potent inhibitor of the series. Additionally, 
compound 6d also displayed the capability to prevent AGEs formation 
(IC50 = 23.0 μM) with free radical scavenging property (IC50 = 37.12 μM) (Singh 
et al. 2017). 

Li et al. (2013b) have planned the synthesis of a new series of tacrine-flavonoid 
hybrids as potent multifunctional ChE inhibitors for AD treatment. In vitro studies of 
these hybrids have shown that majority of the molecules have remarkable ChE 
inhibitory ability and exhibited self-induced amyloid-β (Aβ1–42) aggregation. Com-
pound 7a has shown highest potency with balanced inhibitory profile against ChE 
such as IC50 = 0.133 μM for AChE and 0.558 μM for BChE and 79.1% self-induced 
Aβ1–42 aggregation (Fig. 11.9). Furthermore, compound 7a has also shown strongest



metal chelating property and low cell toxicity. Therefore, compound 7a might serve 
as an unrivalled multifunctional agent for AD treatment. 
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Fig. 11.9 

Fig. 11.10 

Luo et al. have prepared a number of 4-dimethylamine flavonoid scaffolds and 
biologically assessed them as potent multifunctional agents for the treatment of 
Alzheimer patients. They found that majority of the synthesized compounds have 
AChE and BChE inhibitory potency with IC50 values in the micromolar range 
(IC50 = 1.83–33.20 μM for AChE and 0.82–11.45 μM for BChE) (Luo et al. 
2013). Among all the derivatives, compound 8a (7-(8-(Diethylamino)octyloxy)-2-
(4-(dimethylamino)phenyl)-4H-chromen-4-one) and compound 8b 
(2-(4-(Dimethylamino)phenyl)-7-(8-(pyrrolidin-1-yl)octyloxy)-4H-chromen-4-one) 
were most potent compounds with IC50, 1.83, and 1.99 μM for AChE and 5.01 and 
2.60 μM for BChE, respectively (Fig. 11.10) (Luo et al. 2013). In continuation of 
their works (Luo et al. 2013), the substitution of naphthyl group at 2′ position results 
in increase in AChE and BChE inhibitory activities of compound 8c (2-(naphthalen-
1-yl)-7-(8-(pyrrolidin-1-yl)octyloxy)-4H-chromen-4-one)  with  IC50 = 0.72 μM for 
AChE and 0.42 μM for BChE without any toxic effects on cell viability of PC12 and 
HepG2 cells, these results were found to be better than their earlier reported



compounds as well as in comparison with the reference cholinergic agent 
rivastigmine (Fig. 11.10) (Luo et al. 2015). Further, optimization of A-ring by 
tacrine modification results in most potent compound 8d (2-(2-(4-(Dimethylamino)-
phenyl)-4-oxo-4H-chromen-7-yloxy)-N-((1,2,3,4-tetrahydroacridin-9-ylamino) 
methyl)acetamide) with IC50 = 0.059 μM for AChE and 0.046 μM for BChE, which 
have about 5- and 18-fold additional potency in comparison to compound 7b against 
AChE and BuChE, respectively and have 79.3% anti-Aβ1–42 aggregation activity in 
comparison to 12.2% for compound 7b (Figs. 11.9 and 11.10) (Luo et al. 2016). 

11 Flavonoid-Based Derivatives for Modulating Various Targets of Alzheimer’s. . . 293

Fig. 11.11 

Fig. 11.12 

Cruz et al. reported Mannich base compound 9 (8-((Dimethylamino)methyl)-
5,6,7-trihydroxy-2-phenyl-4H-chromen-4-one) as dual agents for AChE inhibition 
(IC50 values of 81.99 μM) and antioxidant activity and further, work as an active 
metal chelating agent (Fig. 11.11) (Cruz et al. 2017). 

Deng et al. have synthesized new 5,6,7-trimethoxyflavone-6-chlorotacrine 
analogues and biologically screened them as potential multifunctional agents for 
AD cure (Liao et al. 2015). Most of the compounds had remarkable antioxidant 
activities and displayed good AChE inhibitory activity with high selectivity toward 
AChE over BuChE and also exhibited notable inhibitory activity toward 
self-induced Aβ aggregation. Hybrid compound 10 (N-(((6-chloro-1,2,3,4-
tetrahydroacridin-9-yl)amino)methyl)-2-(4-(5,6,7-trimethoxy-4-oxo-4H-chromen-
2-yl)phenoxy)acetamide) has shown the strongest AChE inhibitory activity 
(IC50 = 12.8 nM) and potent inhibition of self-induced Aβ1–42 aggregation with 
inhibition ratio of 33.8% at 25 μM (Fig. 11.12). Additionally, compound 10 
represented as an antioxidant, a neuroprotectant and have potency to traverse the 
blood–brain barrier (BBB) in vitro (Liao et al. 2015). 

Shah and co-workers have prepared a number of flavone analogues and biologi-
cally screened all for anticholinesterase potential (as AChE and BuChE inhibitors) 
(Shoaib et al. 2015; Al-Joufi et al. 2022). They found that compound 11a 
(2-(2,5-dichlorophenyl)-4H-chromen-4-one) was the most active AChE inhibitor



(IC50 = 98.42 μM) followed by compound 11b (2-(3,4-dichlorophenyl)-4H-
chromen-4-one, IC50 = 112.33 μM), whereas compound 11c 
(2-(2,4-dichlorophenyl)-4H-chromen-4-one) was the most promising BuChE inhib-
itor (IC50 = 105.20 μM) (Fig. 11.13). In scopolamine-induced amnesic models, 
compound 11a has shown remarkable anti-amnesic effects and helped to upgrade the 
memory loss in behavioural model studies. 
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Fig. 11.13 

Fig. 11.14 

Chimenti et al. have found that flavanone analogues are more potent and selective 
hMAO-B inhibitors than their flavones, and thio-flavones analogues. Further, they 
have shown that insertion of double bond in the flavanone framework and replace-
ment of oxygen atom with sulphur atom in the flavones result in the reduction of 
hMAO-B inhibitory activity such as for 12a (2-(4-fluorophenyl)-7-methylchroman-
4-one), IC50 = 0.13 μM, for 12b (7-fluoro-2-(4-methoxyphenyl)-4H-chromen-4-
one), IC50 = 1.34 μM, and for 12c (2-(4-methoxyphenyl)-4H-chromene-4-thione), 
IC50 = 0.48 μM (Fig. 11.14) (Chimenti et al. 2010). 

Peng and co-workers synthesized a new number of phosphorylated flavonoids 
and pharmacologically evaluated these compounds in vitro for pancreatic cholesterol 
esterase (CEase) and AChE inhibitory activity. They found that majority of the 
derivatives has shown activity against CEase in nanomolar range and micromolar 
potency against AChE. The utmost active and selective compound 13 (5-hydroxy-4-
oxo-2-phenyl-4H-chromen-7-yl dimethyl phosphate) has showed inhibitory activity 
against CEase (IC50 value of 0.72 nM) and AChE (IC50 = 8.520 μM) (Fig. 11.15). 
Compound 13 exhibited 11,800-fold selectivity for CEase over AChE. The SAR 
studies revealed that insertion of hydroxyl (-OH) group at position 5 and phosphate 
(-PO3 

2-) group at position 7 of flavonoid moieties are favourable for CEase inhibi-
tion (Wei et al. 2014).
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Fig. 11.15 

Fig. 11.16 

Choi and co-workers have synthesized the C-glycosylated product of luteolin 
(14), namely orientin (14a) and isoorientin (14b) and evaluated their structure– 
activity relationships (SAR) (Fig. 11.16) (Choi et al. 2014). They explored the 
impacts of C-glycosylation of flavonoids, together with antioxidant, anti-
inflammatory, and antidiabetic effects of compound 14 and its two C-glycoside 
analogues 14a and 14b, via in vitro assays of AChE, BChE, BACE1, total reactive 
oxygen species (ROS), 1,1-diphenyl-2-picrylhydraxyl (DPPH), peroxynitrite 
(ONOO-), nitric oxide (NO), aldose reductase, protein tyrosine phosphatase 1B 
(PTP1B), cellular assays of NO production, and inducible nitric oxide synthase 
(iNOS)/cyclooxygenase-2 expression in lipopolysaccharide (LPS)-stimulated 
RAW 264.7 cells and found that among all the three compounds 14, 14a, and 14b, 
isoorientin (14b) exhibited the maximum free radical scavenging activity against 
DPPH, ONOO- and NO, whereas luteolin was found to be the most active inhibitor 
of ROS generation. Additionally, luteolin also exhibited maximum anti-AD activity 
as it inhibits AChE, BChE, and BACE1 (Choi et al. 2014).
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11.4.2 Isoflavone Analogues 

In isoflavonoids, the position-3 of the chromone core is occupied by the aromatic 
ring-B. Genistein (4′,5,7-trihydroxyisoflavone) (Fig. 11.17), the omnipresent isofla-
vone, may serve as a preparatory template for the designing of multifunctional drugs 
for AD cure. Although the alkyl side chain with amine group has shown significant 
AChE inhibition; therefore, linking of genistein with suitable secondary amines by 
varying lengths of carbon spacers results in AChE inhibitors with a dual binding site 
and also have metal chelating properties, anti-Aβ accumulation, and antioxidant 
activities (Fig. 11.17). 

Deng and co-workers have prepared several genistein derivatives with carbon 
spacer-linked alkyl benzylamines and screened them as multifunctional agents for 
AD cure (Qiang et al. 2014). They found that majority of the derivatives showed 
good AChE inhibitory activity, with moderate to good antioxidative activity. Partic-
ularly, compounds 15a (7-((6-(Benzyl(ethyl)amino)hexyl)oxy)-5-hydroxy-3-
(4-hydroxyphenyl)-4H-chromen-4-one), 15b (3-(4-(4-(Ethyl(2-methoxybenzyl) 
amino)butoxy)phenyl)-5,7-dihydroxy-4H-chromen-4-one), and 15c (7-(4-(Ethyl 
(2-methoxybenzyl)amino)butoxy)-3-(4-(4-(ethyl(2-methoxybenzyl)amino) butoxy) 
phenyl)-5-hydroxy-4H-chromen-4-one), exhibited remarkable inhibition of Aβ 
aggregation (at 25 μM) with inhibition ratios of 34.3%, 24.6%, and 35%, respec-
tively (Fig. 11.17), compared with curcumin (43.1% at 25 μM) and exhibited metal 
chelating properties. 

Moreover, both the molecular modelling study and kinetic analysis of AChE 
inhibition suggested that 15c binds instantaneously to CAS and PAS of AChE 
(Qiang et al. 2014). 

Fig. 11.17
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Fig. 11.18 

Fig. 11.19 

Wang et al. have planned and prepared genistein-polyamine hybrids and screened 
all the hybrids as multifunctional agents for the treatment of AD. Compound 16 
(N-(2-(dimethylamino)ethyl)-2-((5-hydroxy-3-(4-hydroxyphenyl)-4-oxo-4H-
chromen-7-yl)oxy)acetamide) displayed the strongest AChE inhibition with 
IC50 = 2.75 μM (Fig. 11.18), this result was better in comparison to rivastigmine 
(5.60 μM) and not affect the HepG-2 cell viability at 10 μM concentration (Zhang 
et al. 2015). 

Hu and co-workers have prepared and evaluated the biological activity of novel 
flavonoid derivatives as acetylcholinesterase inhibitors (Shen et al. 2009; Sheng 
et al. 2009). Among them, compound 17a (3-(4-(1-Benzylpiperidin-4-yloxy)phenyl)-
6,7-dimethoxy-4H-chromen-4-one) displayed inhibitory activity (IC50 = 0.093 μM) 
in the same range as donepezil (IC50 = 0.025 μM) and compound 17b (6,7-
Dimethoxy-3-[4-(pyrrolidin-1-ylmethyl)-phenyl]-4H-chromen-4-one) with 
pyrrolidine group was highly active AChE inhibitor (IC50 = 0.004 μM) of the series 
which exhibited large AChE/BuChE inhibition ratio (4575-fold) (Fig. 11.19). Their 
study indicated that the isoflavone unit has a significant role in the interaction of 
these derivatives with AChE as it acts as an anchor in the PAS region of AChE. 

Wu et al. have synthesized new genistein derivative by modification at seventh 
position as a multi-target-directed compound for AD treatment (Shi et al. 2012). 
They investigated the AChE inhibitory effect, estrogenic activity, and 
neuroprotective effect of compound 18 (7-(4-(diethylamino)butoxy)-5-hydroxy-3-
(4-hydroxyphenyl)-4H-chromen-4-one) and found that compound 18 acted as selec-
tive AChE inhibitor in vitro with IC50 value of 0.17 μM (Fig. 11.20), showed 
neuroprotective activity against Aβ-induced death in SH-SY5Y cells and at the 
same time also displayed an estrogenic activity with no undesirable side effects, 
therefore may be used in place of oestrogen (Shi et al. 2012).
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Fig. 11.20 

Fig. 11.21 

Fig. 11.22 

11.4.3 Homoisoflavonoids Analogues 

Homoisoflavonoids have been reported as an antidiabetic, antioxidant, anti-
inflammatory, antibacterial, antifungal (Castelli and López 2017), AChE and 
MAO-B inhibitors with high activities towards Aβ aggregates (Liu et al. 2017; 
Desideri et al. 2011; Gan et al. 2014). 

Desideri and co-workers have synthesized various homoisoflavonoid derivatives 
and biologically screened them in vitro as human monoamine oxidase isoforms A 
and B (hMAO-A and hMAO-B inhibitors). They found that the majority of the 
compounds were displayed potent activities in the nano- or micromolar range in 
association with major selectivity against hMAO-B. Among entire series of the 
compounds, compounds 19a ((E)-3-(4-(Dimethylamino)benzylidene)chroman-4-
one) and 19b ((E)-5,7-dihydroxy-3-(4-hydroxybenzylidene)chroman-4-one) have 
utmost potential, showing hMAO-B affinity with IC50 values 8.51 nM and 
8.61 nM, respectively. These results were better in comparison to the results 
obtained for the selective inhibitor selegiline (Fig. 11.21) (Desideri et al. 2011). 

Wang and co-workers have developed a new series of homoisoflavonoid 
analogues and evaluated all these analogues for inhibitory activities towards MAO 
and AChE. Among them, compound 20 ((E)-3-(4-(2-(dimethylamino)ethoxy) 
benzylidene)chroman-4-one) showed moderate AChE inhibition (eeAChE 
IC50 = 0.89 ± 0.02 μM; hAChE IC50 = 0.657 ± 0.002 μM) and significant 
MAO-B inhibition (hMAO-B IC50 = 0.0372 ± 0.0002 μM) which traverse through 
the blood–brain barrier in vitro (Fig. 11.22). Above all, when compound 20 was 
administrated orally, it had not shown any noticeable signs of acute toxicity and it



had tendency to reverse scopolamine-induced memory impairment in mice (Liu et al. 
2017). 
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Fig. 11.23 

Fig. 11.24 

Li and co-workers have synthesized a novel tacrine–homoisoflavonoid hybrids 
and screened them as ChEs and hMAOs inhibitors and found that majority of the 
compounds have shown potency against both ChEs and MAO-B. Compound 21a 
((E)-3-(4-Methoxybenzylidene)-7-(6-(1,2,3,4-tetrahydroacridin-9-ylamino) 
hexyloxy)chroman-4-one), with six-carbon linkage between tacrine and (E)-7-
hydroxy-3-(4-methoxybenzylidene)chroman-4-one, has shown highest potency 
against MAO-B and AChE with IC50 values of 0.401 μM and 67.9 nM, respectively 
(Fig. 11.19) and penetrate BBB in a parallel artificial membrane permeation assay 
(PAMPA) (Sun et al. 2013). Later on, a required balance between AChE and 
hMAO-B inhibition activities has been achieved by the synthesis of compound 
21b ((E)-3-(4-methoxybenzylidene)-7-(3-(piperidin-1-yl)propoxy)chroman-4-one) 
with IC50 = 3.94 μM and 3.44 μM, respectively. The SAR analysis of these 
compounds revealed that the inhibitory activity against MAO-B increases by 
increasing carbon spacer length (Fig. 11.23) (Wang et al. 2016b). 

Deng and co-workers have developed a new series of homoisoflavonoid Mannich 
base hybrids and evaluated them as AChE and MAO-B. Among all, compound 22 
((E)-3-(3-hydroxy-4-(piperidin-1-ylmethyl)benzylidene)-6,7-dimethoxychroman-4-
one) displayed an excellent AChE and MAO-B inhibitory activities with IC50 values 
of 2.49 nM and 1.74 μM, respectively, bio-metal chelating ability, antioxidant 
activity, good self- and Cu2+-induced Aβ1–42 aggregation inhibitory potency, and 
superior BBB permeability (Fig. 11.24). All these multifunctional properties make 
compound 22 an outstanding template to develop new and effective drugs for AD 
cure (Li et al. 2017).
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11.5 Flavonoid Therapy, Challenges, and Future Studies 

Currently, only four drugs for AD patients are approved by FDA which are mostly 
cholinesterase inhibitors (galantamine, rivastigmine, and donepezil) and N-methyl-
D-aspartate (NMDA) antagonist (memantine). Among them, cholinesterase 
inhibitors have been extensively used for mild to moderate symptoms of AD and 
memantine is mainly used for moderate to severe symptoms of AD. Though FDA 
has approved the above said drugs, however all of these are used to treat the 
symptoms only that are too up to certain duration (Schneider et al. 2014; 
Mangialasche et al. 2010). These medications only improve the quality of life of 
patients, but they are ineffective to prevent disease progression and could not alter 
the disease status (Chen and Pan 2015). In this continuation, all the treatments 
targeting the Aβ accumulation get failed to produce any significant improvement 
in memory performance of AD patients, even though they are reducing amyloid 
peptides deposits (Karran and Strooper 2016). Failure of some other clinical trials 
also led to the scientific community to develop some new hypotheses for AD 
pathogenesis (Hardy and Strooper 2017; Pugazhenthi 2017; Strooper and Karran 
2016; McGeer and McGeer 2013; Sarazin et al. 2013) which may help to explore 
novel targets that will effectively prevent the progression of AD and alter the 
underlying causes of memory loss in AD patients. 

In recent years, flavonoids have received special attention to be effective against 
many neurodegenerative pathologies, including halt of symptoms associated with 
AD (Loera-Valencia et al. 2018) and Parkinson’s Disease (PD) (Kemppainen et al. 
2018). Flavonoids (Table 11.1) are also well-known for their antioxidant activity, 
which can be responsible for neuroprotective effect against oxidative stress. How-
ever, till date several pharmacological and toxicological aspects of flavonoids have 
not been well explored that restrict its application as the solution for AD therapy. 

Additionally, despite their great abundance in many common food products such 
as fruits, herbal extracts, and vegetables, they have limited bioavailability and their 
extract undergoes rapid metabolization that restrict their beneficial effects. This 
challenge of flavonoid therapy can be overcome by the formation of such derivatives 
which are more stable and more active than flavonoids. Over the few years, numer-
ous strategies have been applied in the development of multi-target flavonoid 
derivatives to combat AD, which may serve as a fruitful approach for further 
explorations and development. Various studies have shown that multi-target flavo-
noid derivatives could interact with PAS and CAS region of ChEs and act as dual 
binding inhibitors. Moreover, selection of substitution pattern and type of cross-
linker in flavonoid scaffolds may introduce additional pharmacological properties 
including BACE-1, MAO, BuChE, Aβ aggregation inhibition, metal chelation, 
radical scavenging, where all play a key role for the AD treatment. 

Furthermore, technology improvements from imaging to gene editing help to 
provide precise evidence behind alternative mechanisms and have opened new lines 
of research which would be helpful to understand and explain the genesis and 
progression of AD (Worker et al. 2018; Fraser et al. 2015; Vos et al. 2016; Baptista 
et al. 2014; Ay et al. 2017).
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11.6 Conclusion 

Till date, the exact cause of AD is not properly understood, therefore, drug develop-
ment for AD treatment faces one of the highest failure rates than any other therapeu-
tic area. This may be due to development of drug candidates for the wrong target, or 
there may be the multiple targets involved in the disease. Therefore, an increased 
focus on the development of different strategies to treat AD patients is urgently 
required. A deeper understanding of the underneath biology of innate immune 
response cells might play a pivotal role towards the development of new drugs. 
Moreover, the multifunctional flavonoid derivatives might provide a useful proto-
type for the development of new anti-AD agents with multiple potencies and use to 
combat pathological neurodegeneration and age-related cognitive decline. The pres-
ent chapter will provide assistance to the scientific community to address the current 
difficulties they are facing in AD cure. Our concise information will help to 
recognize and investigate newly developed flavonoid-based hybrids which might 
show potential to prevent AD progression and also delivers greater understanding of 
various targets involved into the pathophysiological mechanism. The present chapter 
highlights the recent advancements and possible derivatization approaches on every 
side of the flavonoid molecule that has been exploited to develop anti-AD 
compounds. Finally, we have tried to include all newly reported flavonoid 
derivatives that can be serve as either potential candidate or template for the 
target-specific advancement and for the development of multi-targeting agents for 
AD management. 
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Abstract 

Vitamins are organic compounds; they help in the regulation of many bodily 
functions like cell proliferation and differentiation, immunological response, and 
metabolism. A deficiency of these molecules can cause severe medical 
conditions, i.e., beriberi, xerophthalmia, scurvy, Crohn’s disease, and others. 
Furthermore, studies have shown that vitamin deficiency might lead to many 
neuronal dysfunctions, even hampering the growth of neurons. This chapter 
explores the role of vitamins and their derivatives in the pathology of Alzheimer’s 
disease. Alzheimer’s disease is a multifactorial neurodegenerative disease, and 
the cause of this disease is still unknown. However, several hypotheses try to 
explain the aetiology of the disease, such as Aβ hypothesis, metal ion hypothesis, 
calcium homeostasis, cholinergic hypothesis, tau propagation, etc. Scientific 
literature reports several derivatives that show potential to treat Alzheimer’s 
disease. Primarily these compounds act on nuclear receptors to activate 
ADAM10, inhibiting AChE or BuChE, neutralisation of ROS, inhibition of 
GSK-3, and amyloid-beta aggregation. Moreover, some can easily pass the 
BBB, which is crucial in targeting neurological disease. Vitamins and their 
derivatives show promising results in managing Alzheimer’s disease, even sev-
eral are in clinical trials. 
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Abbreviations 

AChE Acetylcholinesterase 
AD Alzheimer’s disease 
ADAM10 A Disintegrin metalloproteinase 10 
APL Acute promyelocytic leukaemia 
ApoE Apolipoprotein E 
APP Amyloid precursor protein 
ATP Adenosine triphosphate 
ATRA All-trans RA 
Aβ Amyloid-beta 
BACE1 Beta-site APP-cleaving enzyme 1 
BBB Blood-brain barrier 
BEXA Bexarotene 
BFT Benfotiamine 
BHQ Biotin-8-hydroxyquinoline 
BuChE Butyrylcholinesterase 
CAS Catalytic anionic site 
CNS Central nervous system 
COVID-19 Coronavirus disease 2019 
COX Cyclooxygenase 
DBT Dibenzoylthiamine 
DNA Deoxyribonucleic acid 
FDA Food and Drug Administration 
GLUT Glucose transporters 
GSH Glutathione 
GSK-3 Glycogen synthase kinase 3 
HBHQ 8-Hydroxyquinolyl-biotin hydrazine 
IL-6 Interleukin-6 
LPS Lipopolysaccharides 
MAO-B Monoamine oxidase B 
MAPK Mitogen-activated protein kinase 
MARRS Membrane-associated, rapid response steroid-binding 
MEM Memantine 
NAD Nicotinamide adenine dinucleotide 
NADP Nicotinamide adenine dinucleotide phosphate 
NEP Neprilysin 
NMDA N-Methyl-D-aspartate 
PAS Peripheral anionic site 
RA Retinoic acid 
RAR-α Retinoic acid receptor alpha 
RNA Ribonucleic acid 
RNS Reactive nitrogen species 
ROS Reactive oxygen species
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RXR Retinoid X receptor 
SVCT1 Sodium-dependent vitamin C transporter-1 
SVCT2 Sodium-dependent vitamin C transporter-2 
ThT Thioflavin T 
TrkB Tyrosine kinase receptor B 
VDR Vitamin D receptor 
VK Vitamin K 
VK2 Vitamin K2 
VK3 Vitamin K3 
α-T3 Αlpha-tocotrienol 
α-TOC Αlpha-tocopherol 
α-TQ Alpha-tocopherolquinone 
γ-T3 Gamma-tocotrienol 

12.1 Introduction 

In 1912, Casimir Funk coined the term vitamine, which is originated from the Latin 
word “vita” meaning “life” since these molecules are important part of normal 
functioning body, and “amine” since vitamins were assumed to include amino 
acids. Later, scientists uncovered the true nature of the substance, and vitamine 
was modified to vitamin (Semba 2012). Vitamins are organic compounds required 
for the body’s development and normal functioning. They regulate various 
biological processes, including cell and tissue growth, differentiation, and mineral 
metabolism, and commonly act as antioxidants and enzymatic cofactors or 
precursors. Not all vitamins can be synthesised by the body. As a result, they must 
be obtained through dietary means. Vitamins can be classified into two main 
categories: (1) fat-soluble vitamins which includes vitamin A, D, E, K and 
(2) water-soluble vitamins which includes vitamin B complex and vitamin 
C. Generally, fat-soluble vitamins are stored in the body whereas water-soluble 
vitamins require a continual exogenous daily supply. Vitamin balance is necessary 
for biological processes and human body development. 

Vitamin deficiency develops several disorders, such as night blindness, beriberi, 
pellagra, scurvy, megaloblastic anaemia, haemolytic anaemia, and osteomalacia. In 
recent years, vitamins are found to have advantageous effects in the management of 
numerous diseases such as peripheral vascular diseases (Collins et al. 2003), cardio-
vascular diseases (Czernichow and Hercberg 2001), coronavirus disease 2019 
(COVID-19) (Abobaker et al. 2020), neurodegenerative diseases (Rai et al. 2021), 
and others. Among all neurodegenerative disorders, Alzheimer’s disease (AD) is the 
most prevalent worldwide and has no cure (Dong et al. 2019). 

Alzheimer’s disease (AD) is named after the psychiatrist Alois Alzheimer who 
reported the first case of Alzheimer’s disease. Major symptoms of AD are a decline 
in cognitive ability and progressive memory loss. Although the nature of this



disorder’s onset, progression, and severity is quite diverse, the types of symptoms, 
such as behavioural changes and the inability to perform everyday living tasks, are 
common. It is believed that the oxidative stress is a crucial factor that influences the 
initiation and progression of AD. Research shows that the antioxidative 
characteristics of vitamins are advantageous and can be utilised in the treatment 
and management of Alzheimer’s disease (Singh et al. 2021). As a result, vitamins 
have been used as adjuvants in AD therapy (Kurutas 2016). 
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It is widely known that amyloid-beta (Aβ) induced oxidative stress, which aids in 
the formation of reactive oxygen species (ROS) that results into lipid peroxidation, 
tau hyperphosphorylation, protein oxidation and has deleterious effects on synapses 
and neurons. For these reasons, antioxidant therapy might be beneficial in AD 
patients. Vitamins A, C, and E have antioxidant activity; these vitamins and their 
derivatives enhance cognition and prevent dementia. Many studies have investigated 
the role of vitamins in the treatment of AD and other types of dementia. Such studies 
suggest that vitamin A can reduce the production of Aβ plaques, whereas vitamins 
like B, C, D, and E can intervene the progression of neurocognitive decline. 
Furthermore, vitamin D deficiency is associated with an increased risk of dementia 
and AD (Bhatti et al. 2016). Vitamin B supplements, such as pyridoxine (B6), folate 
(B9), and cyanocobalamin (B12), reduce the risk of dementia since they are involved 
in homocysteine metabolism (Bhatti et al. 2016; Littlejohns et al. 2014; Ford et al. 
2010). Dietary vitamin A deficiency disrupts the retinoid signalling pathway, 
resulting in amyloid-beta (Aβ) deposition in the cerebral blood vessels through 
down-regulation of retinoic acid receptor alpha (RAR-α) in the forebrain neurons 
and loss of choline acetyltransferase (ChAT) expression. Administration of retinoic 
acid which is a vitamin A derivative can reverse these changes. Amyloid-β (Aβ) 
deposition and a similar RAR-α impairment were seen in the pathological samples 
from AD patients. The same has been reported for thiamine (vitamin B1) insuffi-
ciency and vitamin E (La Fata et al. 2014), which is linked to significant cognitive 
impairment and advancing dementia. Thiamine supplementation in those who were 
impacted helped with these symptoms (Lu’o’ng and Nguyen 2011). Cobalamin 
(vitamin B12) deficiency has also been linked to reversible dementia in older persons 
(Osimani et al. 2005). 

A significant deal of interest in vitamins has been sparked by the development of 
the free radical theory, which explains the pathophysiology of brain ageing and 
neurodegenerative disorders like AD. The theory claims that oxidative and 
nitrosative modifications of several biological molecules are caused by reactive 
oxygen species (ROS) and reactive nitrogen species (RNS). Accumulation of free 
radical-mediated damage to neuronal components, combined with other age-related 
changes, is one of the leading causes of neurodegeneration. Therefore, preventing or 
reducing oxidative and nitrosative stress may counteract the molecular cause of 
pathological brain ageing and the subsequent neurodegeneration that results in brain 
damage, indicating that antioxidants vitamins may be an effective preventive and 
therapeutic approach (Bhatti et al. 2016; Singh et al. 2022). 

The first acetylcholinesterase inhibitor approved for the symptomatic treatment of 
AD was tacrine although it is no longer used because of its hepatotoxicity (Joe and



Ringman 2019); Currently AD is managed by acetylcholinesterase inhibitors, i.e., 
galantamine, rivastigmine, and donepezil (Kumar et al. 2022) and antagonist of N-
Methyl-D-aspartate (NMDA) receptor, i.e., memantine. Moreover, current pharma-
cological treatments for AD are expensive, sometimes accompanied by various side 
effects, and alleviate symptoms rather than halt the eventual decline in cognitive and 
behavioural function. Additionally, medication must be administered after a signifi-
cant amount of cognitive impairment, which may be accompanied by irreversible 
functional deterioration. Antioxidant use might be an effective strategy that can 
assist in treating this illness. Apart from the excellent antioxidant properties of 
vitamins or their derivatives shown to have the inhibitory activities on AChE, 
BuChE, and GSK-3β. Several vitamin B derivatives can act as metal chelators and 
help to maintain the bio-metal homeostasis in the brain. Additionally, vitamins like 
ascorbic acid have special transporters which ensures the passage through BBB. 
Combining all these properties, vitamins and their derivatives can be explored to find 
new therapy for Alzheimer’s disease. The current chapter explores the various 
vitamin-based derivatives and their ability to halt AD progression. 
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12.2 Vitamins and Their Derivatives 

12.2.1 Vitamin A 

Vitamin A is one of the fat-soluble and essential vitamins which is commonly known 
as retinol. The body cannot synthesise Vitamin A, so it must be taken in the diet. 
Retinol is metabolised in our body and converted to retinoic acid (RA), specifically 
all-trans RA (ATRA). Retinoic acid has several stereoisomers like all-trans RA, 
13-cis RA, and 9-cis RA. Vitamin A is a vital nutrient for normal vision, growth, cell 
division, reproduction, and immunity. Vitamin A shows strong antioxidant 
properties and hence protects cells against ROS. Studies have shown that free 
radicals can cause heart diseases, cancer, and other diseases, including neurodegen-
erative diseases (like AD). Studies have shown that Alzheimer’s disease 
(AD) patients have lower levels of Vitamin A, β-carotene, and Provitamin A in 
their plasma or cerebral fluid. Clinical studies have suggested that these vitamins 
may be effective in slowing the onset of dementia. In laboratory studies, Vitamin A 
(retinol, retinal, and retinoic acid) and β-carotene have been found to prevent the 
production, elongation, and are helpful in destabilisation of β-amyloid fibrils. Fur-
ther, when transgenic animal models of AD were given, intraperitoneal infusions of 
Vitamin A, there was a reduction in Aβ deposition and tau phosphorylation, a 
slowdown in neuronal degeneration, and an enhancement of spatial learning and 
memory (Ding et al. 2008). Depriving mice of retinoic acid severely impairs their 
spatial learning and memory, demonstrating the importance of vitamin A in 
maintaining memory function. Retinoids have been found to suppress the expression 
of pro-inflammatory cytokines and chemokines in activated microglia and astrocytes 
in AD. Retinoid signalling has been linked to a variety of biological activities in the 
healthy brain, including cell proliferation, neurogenesis, dendritic spine



development, and immune system modulation (Hou et al. 2015). These findings 
suggest that vitamin A and β-carotene or their derivatives could be a promising 
treatment option for managing AD. Several derivatives of vitamin A were obtained 
either from natural sources or via synthesis and tested for its activity in 
AD. Compounds like ATRA, tamibarotene, bexarotene, isotretinoin, and acitretin 
showed beneficial effects (Fig. 12.1). 
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Fig. 12.1 Vitamin A and its derivatives 

All-trans-retinoic acid (ATRA) is a bioactive derivative of vitamin A with 
established clinical indications. It is approved by the United States Food and Drug 
Administration (FDA) for treating acute promyelocytic leukaemia (APL) and has 
also been used to treat acne vulgaris. Being a RA isoform, ATRA interacts with 
retinoic acid receptors (RARs) and retinoid X receptors (RXRs). RARs and RXRs 
are nuclear receptors that each have three different subtypes (α, β, and γ); each 
subtypes have various isoforms. These isoforms have varying affinities towards the 
RA stereoisomers. These nuclear receptors can affect many cellular processes, 
including cellular differentiation, proliferation, and apoptosis. ATRA activates the 
manganese superoxide dismutase (MnSOD2) gene, which translates to the antioxi-
dant enzyme in mitochondria (Kapoor et al. 2013). 

ATRA is also involved in the regulation of arachidonic acid metabolites. Exces-
sive generation of these metabolites can cause inflammation, oxidative stress, and 
neurodegeneration. ATRA might be passively involved in the regulation of 
the amyloid precursor protein (APP) processing. RAR-α and RAR-β can activate 
the disintegrin metalloproteinase 10 (ADAM10). Activation of ADAM10 promotes 
the production of a soluble form of Amyloid-β (APP-α) (Fahrenholz et al. 2010). It is 
also affected by other derivatives of vitamin A, like acitretin (Tippmann et al. 2009) 
and Am80. 

Acitretin is an orally active drug and is currently used for the treatment of 
psoriasis. By activating the α-secretase ADAM10, the aromatic retinoid acitretin 
was discovered to have an anti-amyloidogenic impact in mice models and human 
patients. After being administered intravenously, it has previously been shown to 
traverse the blood–brain barrier and boost nest-building ability in the 5xFAD mouse 
model. It also shows immune-modulatory potential in the 5xFAD mice model. 
Administration of acitretin results in significant rise of interleukin-6 (IL-6) in both 
mice and humans, despite the fact that some serum analytes did not alter. This shows



that, in addition to inducing α-secretase, acitretin also has an immune stimulatory 
effect that may help to improve the learning and memory in the mouse model 
(Endres et al. 2014). Acitretin improves non-amyloidogenic APP processing in a 
human and has a protective effect against neurodegeneration. 
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Am80 or Tamibarotene, a selective agonist for the retinoic acid receptor alpha/ 
beta currently being used to treat leukaemia. Due to its transcriptional regulation of 
numerous genes implicated in the aetiology and pathogenesis of AD, tamibarotene is 
regarded as a potential candidate for the treatment of AD. Administration of Am80 to 
APP23 AD model mice showed reduced accumulation of insoluble amyloid-β. The 
retinoid-induced potentiation of either phagocytosis or α-secretase transcription by 
alternatively activated microglia may be the cause of this decrease in insoluble 
amyloid-β. Tamibarotene significantly reduced the inflammation of central nervous 
system cells caused by LPS-interferon (IFN). Micromolar doses of Am80 restored 
neuronal viability in organotypic midbrain slice cultures. An LPS-induced inflam-
matory model also revealed tamibarotene’s neuroprotective effects on midbrain 
neurons. In cultured SH-SY5Y neuroblastoma cells, both RA and tamibarotene 
enhanced substantial neurite outgrowth and elevated expression of neurotrophic 
tyrosine kinase receptor B (TrkB), which encodes the cognate receptor for brain-
derived neurotrophic factor (BDNF). Vitamin A derivatives, including tamibarotene, 
boost the gene transcription of ADAM10 (a member of the disintegrin and 
metalloprotease), as well as the activity of α-secretase, which cleaves the APP 
protein at a different site and releases the soluble neuroprotective protein sAPP 
(Fukasawa et al. 2012). 

Bexarotene (BEXA), a retinoid X receptor agonist, is currently being used in the 
treatment of cutaneous T-cell lymphoma. The liver X receptor and retinoid X 
receptor (RXR) transcriptionally regulate the expression of apolipoprotein E 
(ApoE), which is essential for Aβ clearance. A possible treatment for AD that 
addresses amyloid pathology and memory loss might be bexarotene, which boosts 
ApoE expression and microglia phagocytosis (Tousi 2015). However, some 
investigations do not favour bexarotene as the new drug for AD due to several 
failures. A study has examined bexarotene’s impact in vivo at various levels in 
TASTPM transgenic mice. These mice did not exhibit any discernible memory 
enhancement, plaque reduction, or increased microglial cell activation after receiv-
ing BEXA orally for 7 days. When analysed the microglial phagocytic state, no 
differences were discovered (Balducci et al. 2015). Because of these irregularities in 
results, bexarotene remains a topic of research and discussion for its use to treat 
AD. Isotretinoin is another vitamin A derived drug currently used for the treatment 
of acne. It acts on the retinoid receptors. Isotretinoin, patented by a pharmaceutical 
company Hexal AG, is in phase II clinical trials for the treatment of AD. 

12.2.2 Vitamin B 

Vitamin B is a set of eight water-soluble, structurally unrelated compounds that 
functions in highly similar ways inside the cells. These eight compounds include



thiamine (B1), riboflavin (B2), niacin (B3), pantothenic acid (B5), pyridoxine (B6), 
biotin (B7), folic acid (B9), and cobalamin (B12). They participate in a variety of 
anabolic and catabolic enzymatic processes as co-enzymes and assist in synthesising 
neurochemicals and signalling molecules, DNA/RNA synthesis and repair, energy 
generation, and methylation of molecules. Most animals require vitamin B in their 
diets except vitamin B7, which the body can produce. Each of these vitamins 
performs a particular function and is essential to cellular processes. All the functions 
of vitamin B can be classified into two categories; one functions in catabolic 
metabolism, which are associated with energy generation, and second in anabolic 
metabolism, which are related to the formation and modification of biomolecules 
(Kennedy 2016). 
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Vitamin B is used by brain cells in a variety of enzymatic reactions that result in 
the production of energy and the creation of neurotransmitters. Lack of these 
substances may result in the failure of these processes, which can lead to brain 
dysfunction, such as disruption of glucose metabolism, which might lead to AD. In 
mammalian brains, the pentose phosphate pathway and the Krebs cycle are the two 
main mechanisms for glucose metabolism; thiamine is essential for both. Thiamine 
depletion and the disruption of thiamine-dependent pathways in glucose metabolism 
have long been recognised to be linked with AD. Thiamine deficiency causes 
pathophysiological changes that are strikingly similar to those of AD, including 
tau protein hyperphosphorylation, selective neuron loss, the formation of neurofi-
brillary tangles, increased secretion of the Aβ protein, and abnormal deposition in the 
hippocampus and nearby regions. Recent research has demonstrated that thiamine 
shortage increases the production and deposition of Aβ in the brains of animal 
models for AD. Unfortunately, due to its limited bioavailability, thiamine has not 
demonstrated a significant therapeutic effect in clinical studies for AD (Pan et al. 
2010; Tapias et al. 2018). 

Fursultiamine is a thiamine derivative (Fig. 12.2) containing a disulphide moi-
ety; Yasuyo et al. studied the effect of fursultiamine on AD and concluded that it 
might have a modest therapeutic effect in patients with AD. Fursultiamine therapy 
not only showed improvement in emotional and mental symptoms but, in some 
cases, intellectual abilities were also enhanced. However, they also stated that a 
favourable effect was only evident in certain patients; people with severe impairment 
showed no beneficial effect (Mimori et al. 1996). Another study performed on the 
transgenic mice supports the above observation, although they reported that 
benfotiamine performs better than fursultiamine (Pan et al. 2010). Benfotiamine is 
S-acyl thiamine derivative (Fig. 12.2), whereas the majority of other thiamine 
derivatives, including fursultiamine, are disulphide derivatives. This specific alter-
ation may impart distinctive pharmacological effects of benfotiamine. Benfotiamine 
(BFT) could reduce the production of amyloid plaques by modifying glycogen 
synthase kinase 3 (GSK-3) activities, it promotes the phosphorylation of Akt, 
which is the upstream kinase of GSK-3β (Pan et al. 2010, 2016). BFT therapy has 
been shown to have significant positive benefits in mice models of Alzheimer’s and 
other brain diseases; however, to show its pharmacological action, it requires in large 
dosages (100–200 mg/kg per day). This would be equal to 10 g per day in people if



equivalent. Though BFT has no noticeable adverse effects, it appears challenging to 
give patients significantly larger dosages of the drug. Thus, there is a need to identify 
precursors that work at lower dosages and have advantageous effects comparable to 
those of BFT. Recently, it was shown that dibenzoylthiamine (DBT) might fulfil
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Fig. 12.2 Several vitamin B and their derivatives



these requirements. In Japan, DBT is legal as a food ingredient and has been known 
for a very long time. Even though no toxic or tumour-causing side effects have been 
documented, there is no data about its biological effects. It was more well tolerated 
than thiamine or BFT in salmon yearlings and increased thiamine retention over 
time. Moreover it can act as an anti-inflammatory agent, thiamine precursor, and 
antioxidant at very low concentration compared to BFT. DBT offers therapeutic 
promise for brain disorders connected to inflammation and oxidative stress (Sambon 
et al. 2020, 2021).
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A thiamine derivative (Fig. 12.2) called Sulbutiamine was made in Japan in the 
middle of the 1960s as a beriberi therapeutic medication. Since then, other prospec-
tive uses have been proposed. Sulbutiamine, for instance, could have antioxidant, 
nootropic, and anti-fatigue benefits. Two thiamine molecules are fused to form 
sulbutiamine, after the respective thiazolium rings of each half-molecule are opened 
and esterification is done by an isobutyryl group to the primary alcohol of each 
molecule. When compared to thiamine, these changes make this derivative more 
lipophilic. In particular, sulbutiamine’s thiol content, which can have 
neuroprotective benefits and can impact antioxidant status. Since it provides a 
large antioxidant pool made up of (1) sulphur bound in disulphide bridges, (2) thiols 
bound to proteins, and (3) free thiol primarily in the form of reduced glutathione 
(GSH), the global thiol concentration is well known to play a significant role in the 
regulation of cellular redox status. It’s interesting to note that sulbutiamine and other 
thiol-containing substances have been demonstrated to increase GSH, which may 
decrease oxidative stress in neurons. Sulbutiamine administration has furthermore 
shown to be advantageous in AD (Starling-Soares et al. 2020). 

Niacin-derived nucleotides such as nicotinamide adenine dinucleotide phosphate 
(NADP) and nicotinamide adenine dinucleotide (NAD) are essential for a wide 
range of enzymes and processes that are involved across every aspect of peripheral 
and nerve cell activity. These include oxidative reactions, DNA metabolism and 
repair, cellular signalling functions (through intracellular calcium), antioxidant pro-
tection, and folate to tetrahydrofolate conversion, in addition to energy generation 
(Kennedy 2016). Moreover, some vitamin B3 derivatives (Fig. 12.2) exhibit 
notable cholinesterase inhibitory action. In one study, the activity of the tested 
vitamin B3 derivatives on both cholinesterases was reversible and depended on 
the presence of a substituent on the side ring of the compound. The tested analogues 
were shown to be more selective acetylcholinesterase (AChE) inhibitors. According 
to this study, nicotinamide analogues 6 and 8 were the most effective AChE 
inhibitors. Derivative 6 shows selective inhibition of AChE which is 80 times higher 
than inhibition of BuChE. The nicotinamide derivative 8 was the most effective 
inhibitor of BuChE, indicating that the binding of both enzymes’ active site is 
considerably influenced by the presence of an aromatic ring as a substituent. Four 
of the tested analogues, however, had a cytotoxic impact on both HEK293 and 
SH-SY5Y cells. Although the IC50 values did not place these molecules in the 
category of being very cytotoxic (Zandona et al. 2020). 

Vitamin B5 (Pantothenic acid) is a water-soluble B complex that serves as a 
coenzyme A (CoA) synthesis substrate. Vitamin B5 deficiency in the cerebral region



of the brain can cause dementia and neurodegeneration in AD, which may be 
prevented or perhaps reversible in its early stages with oral vitamin B5 doses 
adequate to normalise brain levels (Xu et al. 2020). Most of the pantothenic acid 
derivatives can biotransform into the CoA which leads to the numerous biological 
activity. Because acetyl-CoA is a key molecule in choline acetylation, the effects of 
pantothenic acid derivatives on CoA metabolism make them a promising tool for 
manipulating biosynthesis of acetylcholine. These compounds can potentially be 
employed in the treatment of AD in conjunction with glutamatergic drugs such as 
memantine (MEM). To modulate the cholinergic system, acetylcholinesterase 
inhibitors are typically employed in combination therapy; however, many of these 
medications are toxic and unsafe for daily use. In such cases, pantothenic acid 
derivatives may be advantageous because of their low cost, availability, and most 
importantly safety. 
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Pantothenic acid and its derivatives can potentially increase GSH concentrations 
in the brain. Tripeptide GSH plays a vital function as an antioxidant and in redox 
state maintenance in neurons and glial cells in the brain. Because of its interaction 
with glutamate receptors, GSH can operate as a neuromodulator. Deficits in the 
production and metabolism of GSH plays a pivotal role in neurodegenerative 
disorders. These deficiencies may lead to both neural plasticity and neuronal 
death. It has been suggested that GSH depletion occurs before neurodegeneration. 
Stepanichev et al. conducted behavioural study to examine the impact of calcium 
pantothenate (PAC) and panthenol (PL), which are derivatives of pantothenic acid, 
on the rat subjects, moreover they observed the CoA content and redox state of GSH 
in a scopolamine-induced amnesia model. They also investigated how these 
substances interacted with the anti-amnesic drug MEM. In order to regulate CoA 
metabolism in the brain, PAC and PL were used. Derivatives of pantothenic acid 
shielded different tissues including nerve tissue against various harmful elements. 
Most of these detrimental effects are brought on by oxidative stress. Pantothenic acid 
preincubation was found to dramatically boost the concentration of GSH in the cells. 
Pantothenic acid, PL, and PAC all have preventative antioxidant actions that are 
related to how they affect the GSH system (Turnaturi et al. 2016). 

Transition metals are dangerous for the ageing brain and many disorders, includ-
ing Alzheimer’s disease (AD), despite being crucial for neuronal function. Cellular 
activity is hampered by oxidative stress and macromolecular damage brought on by 
the abnormal accumulation and distribution of reactive iron, copper, and zinc. A rear 
up body of research suggests that abnormal transition metal homeostasis plays a 
substantial role in the aetiology of AD, an age-related neurodegenerative disease that 
manifests massive accumulations of oxidative stress-induced damage (Turnaturi 
et al. 2016). 

Metals’ substantial significance in AD-type neurodegeneration is intriguing, and 
it opens up a possible opportunity for therapeutic intervention in these disorders. 
Graziella Vecchio and colleagues synthesised and characterised biotin derivatives 
with an 8-hydroxyquinoline moiety, such as Biotin-8-hydroxyquinoline (BHQ) 
and 8-hydroxyquinolyl-biotin hydrazone (HBHQ), a hydrazone conjugate of 
biotin (Fig. 12.2) with HQ and a series of transition metal complexes. Their metal



complexes were also investigated as antioxidant agents. This research found that 
8-hydroxyquinoline derivatives could be utilised to treat AD by regulating metal 
imbalances and reducing oxidative stress. Additionally, the inclusion of biotin may 
enhance their pharmacokinetics, such as improving absorption in the intestine and 
increasing bioavailability via the sodium-dependent multivitamin transporter 
(SMVT) (Turnaturi et al. 2016). 
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Pyridoxine (vitamin B6) was long thought to have only an enzyme cofactor role. 
Recently, it was discovered that it is a strong antioxidant. According to studies, 
pyridoxine prevents the synthesis of free radicals and acts as a single oxygen 
quencher. Additionally, epidemiological and clinical investigations revealed that 
an increased homocysteine (Hcy) level in the blood is a risk factor for developing 
AD. Pyridoxine deficiency causes Hcy levels to rise noticeably (Kennedy 2016; 
Yang et al. 2017). In addition, excessive Hcy concentrations may lead to elevated Aβ 
levels and are shown to accumulate in a transgenic mouse model of amyloidosis 
similar to AD. These advantages suggest that adding pyridoxine to a supplement 
may help with AD therapy. 

The diverse spectrum of biological activities of resveratrol, a naturally occurring 
compound having a stilbene structure, has been studied intensively. Resveratrol 
seems to be an anti-AD agent with anti-inflammatory, antioxidant, and 
neuroprotective properties. Studies have also demonstrated that it has the capacity 
to inhibit monoamine oxidase, and these biological actions depend heavily on the 
stilbene structure (Yang et al. 2017). Additionally compounds with phenolic 
Mannich base moieties may show strong antioxidant, AChE inhibitory activity, 
and metal chelating characteristics. These findings point to vitamin B6 and resvera-
trol with Mannich base moieties as possible beginning points for the development of 
multifunctional medicines for the treatment of AD. Pyridoxine-resveratrol hybrids 
Mannich base compounds were synthesised and tested for their effect in AD. The 
majority of them demonstrated AChE and MAO-B-specific inhibition. In general, 
the inhibitory action against AChE was greatly boosted by the insertion of the 
Mannich base moiety to the 3′ or 4′ position of the benzene ring. However, it 
could drastically lessen MAO-B inhibitory action. Compounds 7d and 8b, having 
IC50 values of 2.11 μM and 1.56 μM, respectively, had the greatest efficacy for 
AChE inhibition among these derivatives. According to a kinetic analysis study, 
molecule 7d is bound to both the catalytic anionic site (CAS) and peripheral anionic 
site (PAS) of AChE, exhibiting a mixed-type inhibition. The majority of these 
molecules were specific MAO-B inhibitors for MAO. The strongest MAO-B inhibi-
tion was seen with compound 7e, having an IC50 value of 2.68 μM (Yang et al. 
2017). 

For the treatment of AD, another family of pyridoxine-based triazole 
compounds was identified as multi-target directed ligands. According to this study, 
6 of the 17 produced pyridoxine-based triazoles exhibited high AChE inhibition and 
antioxidant activity. AChE activity was benefited by meta- and ortho-substitution on 
the aromatic ring. They discovered that 5i (EeAChE IC50 = 1.56 mM) is the best 
molecule in this new series through additional metal chelation studies (Pal et al. 
2020).
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Pyridoxine-carbamate-type derivatives of pyridoxine have metal chelating 
characteristics that can be used to modify bio-metals. Metal homeostasis in the 
brain is rather restrictive in normal physiological environments for healthy neuronal 
tissue functioning. Metal chelators may be employed to mitigate bio-metals’ 
impairment. In several disorders, including Wilson’s, thalassemia, multiple sclero-
sis, and AD, the preventive impact of metal chelators has been studied. In cases of 
copper, lead, mercury, and nickel poisoning, some medications, such as penicilla-
mine, are utilised as chelators. The pyridoxine-carbamate series compound can be 
used to manage AD; these classes of molecules exhibited metal chelating and AChE 
binding capabilities in an experimental study (Pal et al. 2021). Pyridoxine and its 
derivatives are given in Fig. 12.3. 

Folic acid and vitamin B12 are essential for the proper functioning of the central 
nervous system (CNS) at all stages of life, particularly in the conversion of homo-
cysteine to methionine through the action of methionine synthase. This process is 
critical for nucleotide synthesis and methylation of both genomic and non-genomic 
material. Folic acid and vitamin B12 may also have a preventative role in the 
development of CNS abnormalities, mood disorders, and various forms of dementia, 
such as Alzheimer’s disease and vascular dementia in the elderly (Reynolds 2006). 
Vitamin B12 and folate are risk factors for dementia based on their relations as 
cofactors in homocysteine metabolism, and homocysteine has been related to the 
risk of developing AD. Folic acid is also involved in the metabolic pathway for 
acetylcholine synthesis. Another possible biological mechanism of folate effects on 
dementia is folate deficiency, which may decrease acetylcholine, a neurotransmitter 
that helps send messages between nerve cells, thus which leads to AD. Furthermore, 
a lack of folate increases oxidative stress; in terms of dementia, it may contribute to 
cognitive impairment of the ageing brain, sometimes resulting in reversible dementia 
but also increasing the likelihood of AD and vascular dementia (Reynolds 2002). 

12.2.3 Vitamin C 

A class of water-soluble vitamins includes vitamin C, commonly known as ascorbic 
acid. Most mammalian organisms can produce ascorbic acid on their own. Unfortu-
nately, some animals, including guinea pigs, fruit bats, humans, and other primates, 
lack this ability because they lack the l-gulono-1,4-lactone oxidase enzyme; this 
enzyme is part of the biochemical pathway that produces vitamin C from glucose. 
Consequently, gut bacteria do not generate vitamin C. The factors mentioned above 
make these species rely entirely on nutritional consumption. The general recommen-
dation of everyday intake of vitamin C is 90 mg for men and 75 mg for women. This 
amount should be raised by 35 mg for smokers (Kocot et al. 2017). 

Vitamin C has two forms inside the organism. One is ascorbic acid; at bodily pH, 
it occurs in its anion form, ascorbate. Another form is dehydroascorbic acid. 
Ascorbate has a wide range of actions in the central nervous system (CNS) and 
brain. It acts via the donation of a single electron. It can directly scavenge oxygen- or 
nitrogen-based reactive species produced during regular cellular metabolism in



terms of its antioxidant properties. Ascorbate will efficiently scavenge superoxide at 
the millimolar amounts found in neurons in vivo, a significant diffusible result of fast 
neuronal mitochondrial metabolism. According to research, ascorbic acid interacts 
with sodium-dependent vitamin C transporter-2 (SVCT2) to traverse the blood– 
brain barrier (BBB). Dehydroascorbic acid also penetrates the BBB through glucose
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Fig. 12.3 Pyridoxine and its derivatives



transporters (GLUT) in its oxidised form. Vitamin C is a well-known antioxidant and 
can be helpful in AD (Harrison and May 2009).
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Despite the advantages mentioned, ascorbic acid has significant pharmacological 
disadvantages, such as limited bioavailability. At neutral pH, ascorbic acid usually 
exists in the anionic form, which results in a slower diffusion through the plasma 
membrane. The bioavailability is observed to decline with increasing oral dosage, 
probably because of saturation of sodium-dependent vitamin C transporter-1 
(SVCT1). Additionally, active transporters are necessary for distribution from the 
circulation to the intended organs. As a result, the concentration of ascorbic acid in 
plasma is 2.5 times greater than that in tissue. Applying a greater daily dose might 
not be able to get around this problem (Jiaranaikulwanitch et al. 2021). 

Additionally, high consumption raises the risk of haemolysis in individuals with 
iron excess, paroxysmal nocturnal haemoglobinuria, oxalate kidney stone formation, 
and glucose 6-phosphate insufficiency. Moreover, vitamin C acts as a pro-oxidant 
because of its reducing nature. This phenomenon produces more ROS by reducing 
catalytic metals like Fe3+ or Cu2+ to Fe2+ and Cu+ (Jiaranaikulwanitch et al. 2021). 

Ascorbic-triazole conjugates (Fig. 12.4) containing tryptoline and phenolic 
moieties were effective in AD. While phenolic moieties impact oxidative stress 
and amyloid aggregation, tryptoline is a well-known inhibitor of BACE1 (beta-site 
APP-cleaving enzyme 1) and choline esterase. Six ascorbic acid derivatives 
containing tryptoline and phenolic moieties connected by triazole linkers were 
described by Jutamas et al. 2c and 5c; two of these six compounds displayed 
encouraging results (Jiaranaikulwanitch et al. 2021). Both compounds demonstrated 
effectiveness against the amyloid cascade hypothesis, including inhibition of 
BACE1 (2c IC50 = 725.70 μM; 5c IC50 = 593.10 μM), suppression of amyloid 
aggregation (2c IC50 = 92.33 μM; 5c IC50 = 136.00 μM), and antioxidant 
(2c IC50 = 72.26 μM; 5c IC50 = 62.89 μM), anti-inflammatory, and neuroprotective 
action. Additionally, authors suggested that compounds 2c and 5c could work 
together to enhance molecules’ anti-amyloid and BACE1 inhibitory effects. As 
these compounds interact with the SVCT2 transporter, in silico studies indicate 
their possible permeability through the BBB (Jiaranaikulwanitch et al. 2021). 

Ascorbic acid can be conjugated with other molecules to treat various disorders 
linked with the brain since it can pass across the BBB. Diclofenamic acid 
conjugates of ascorbic acid (Fig. 12.4) were explored extensively for their potential 
use in treating Alzheimer’s disease. Inhibition of cyclooxygenase (COX) might be 
beneficial in managing Alzheimer’s (Manfredini et al. 2002). Axel et al. developed a 
natural product based on palinurin-inspired derivatives (Asc1, Asc2, and Asc3) of 
ascorbic acid (Fig. 12.4) that demonstrated activity against GSK-3β.  IC50 values of 
Asc1, Asc2, and Asc3 were>50 μM, 6.1 μM and 5.8 μM, respectively, for inhibition 
of GSK-3β. A hydrophobic chain was attached to ascorbic acid; this modification 
improved the kinase inhibitory activity. GSK-3β is a well-known target for AD 
treatment. Moreover, the authors reported that all three derivatives (Asc1, Asc2, and 
Asc3) bind to the allosteric site and do not compete with ATP or peptide substrate 
(Bidon-Chanal et al. 2013).
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Fig. 12.4 Vitamin C and its derivatives 

12.2.4 Vitamin D 

The word “vitamin D” refers to a group of structurally similar and fat-soluble 
secosteroids such as ergocalciferol, cholecalciferol, 25-hydroxyvitamin D 
(calcidiol), and 1,25-dihydroxyvitamin D (calcitriol). Ergocalciferol (vitamin D2) 
and cholecalciferol (vitamin D3) are the two major compounds under vitamin 
D. Vitamin D3 (cholecalciferol) is generally synthesised by humans’ epidermis 
(part of skin) from precursor molecule 7-dehydrocholesterol. Additionally it can 
be also obtained through the consumption of animal-based foods, while vitamin D2 
(ergocalciferol) is mostly manufactured and added to food. Commercially produced 
vitamin D3 and vitamin D2 can be found in dietary supplements and foods that have 
been fortified. Only the side chain structure differentiates the D2 and D3 types. Both 
isoforms serve as prohormones; the variations do not alter metabolism (i.e., activa-
tion). When activated, it has been shown that the D2 and D3 forms show the same 
bodily reactions, and their effectiveness in treating vitamin D deficiency disease is



equivalent. In addition, vitamin D2 has been found to be less harmful than vitamin 
D3 in experimental animal tests, although this has not been proven in humans 
(Jurutka et al. 2001; Gall and Szekely 2021). 
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Vitamin D is very crucial for humans and all other vertebrates. It plays a signifi-
cant role in the maintenance of calcium and phosphate concentration in blood. It 
promotes the development of normal bone, optimum muscular contraction mainte-
nance, and cellular functioning in many parts of the body. It is also involved in a 
wide range of biological processes, including cell proliferation and differentiation, 
immunological response, and cytokine control, in addition to their most well-known 
impact of regulating calcium absorption and stimulating bone mineralisation. 
According to published studies in the last two decades, the vitamin D signalling 
pathway has been implicated in several brain illnesses and brain functions (Gall and 
Szekely 2021). First, animal models’ studies showed that it influences how the brain 
develops in infancy and supports neuroprotection, synaptic plasticity, neural con-
nectivity, and dopaminergic system turnover in adulthood. Second, epidemiological 
evidence demonstrated a link between children’s cognitive development 
abnormalities and low mother blood calcidiol levels during pregnancy. Third, 
serum calcidiol levels were lower in those with neurodegenerative disorders (such 
as Alzheimer’s and Parkinson’s disease), neuroinflammatory diseases, and neuro-
psychological ailments. Based on these findings, vitamin D supplementation was 
tried as a treatment for many neuropsychiatric conditions, such as dementia and 
cognitive impairment. However, there is no proof that higher vitamin D consump-
tion increases vitamin D receptor (VDR) activation in the human brain (Gall and 
Szekely 2021). 

Vitamin D can influence neurocognition via various pathways, including oxida-
tive stress modulation, neuroprotection induction, inflammatory process suppres-
sion, and calcium homeostasis regulation (Bivona et al. 2019). The vitamin D 
receptor (VDR) goes through a conformational shift upon binding of vitamin D 
that enables the retinoid X receptor (RXR) association. Being a nuclear receptor 
RXR can bind to various sites on DNA and leads to many activities of vitamin D. It 
is hypothesised that the VDR-RXR complex actively interacts with the vitamin D 
response region found on the DNA. Vitamin D receptor as well as the CYP450 
enzyme CYP27B1 that activates vitamin D both shows the expression in brain, 
additionally vitamin D and its metabolites are known to have blood–brain barriers 
permeability. Vitamin D decreases the breakdown of amyloid precursor protein 
(APP) by amyloidogenic β-secretase and increases the degradation of Aβ. In accor-
dance with this, 25(OH) vitamin D therapy raised Aβ-degradation resulting in higher 
neprilysin (NEP) expression along with its activity, suggesting vitamin D derivatives 
as a rational approach for treatment of AD (Annweiler and Beauchet 2011; Grimm 
et al. 2017). 

Most vitamin D analogues have side-chain modifications and have less calcaemic 
action than vitamin D3 which is naturally found, but they nonetheless have many of 
the same therapeutic qualities. For example, Maxacalcitol, a 1,25-hydroxylate 
vitamin D3 analogue which is used in the treatment of renal patients with secondary 
hyperparathyroidism. In contrast, Calcipotriol, a 1,24-hydroxylated vitamin D3



aanalogue which is used in the treatment of psoriasis, and Alfacalcidol,  
1-hydroxylated vitamin D3 analogue which is used to treat secondary hyperparathy-
roidism and osteoporosis (Grimm et al. 2017; Fan et al. 2019). 
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Fig. 12.5 Vitamin D and its derivatives
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Paricalcitol and Doxercalciferol are vitamin D2 analogues. Paricalcitol has 
hydroxyl groups at C1 and C25, just like the vitamin D3 analogue maxacalcitol; 
however, it has a side chain of vitamin D2 instead of a vitamin D3 side chain. The 
vitamin D2 analogue 1-hydroxylated doxercalciferol is equivalent to alfacalcidol in 
terms of hydroxylation status. Paricalcitol and doxercalciferol treat secondary hyper-
parathyroidism, characterised by increased plasma parathyroid hormone levels 
(Grimm et al. 2017; Fan et al. 2019). 

Vitamin D and all of the aforementioned D2 and D3 derivatives (Fig. 12.5) were 
investigated for their implications on Alzheimer’s disease. Marcus et al. reported 
that vitamin D3, vitamin D2 and their derivatives could be beneficial in signalling 
pathways related to AD. They also noted that these molecules elevate A-
β-degradation which indicates that vitamin D and its analogues play a crucial role 
in Aβ-homeostasis (Grimm et al. 2017). Their findings support vitamin D adminis-
tration as a strategy for management and possible treatment of AD by increasing rate 
of Aβ catabolism, reducing Aβ anabolism, and lowering pro-inflammatory 
cytokines. Moreover, the studied vitamin D analogues have similar potencies for 
reducing Aβ levels. Still, they vary slightly in the effectiveness and exact mecha-
nism, showing that different AD patients may benefit from vitamin D analogues to 
varying degrees. Vitamin D molecules like calcifediol and paricalcitol show 
increased non-amyloidogenic APP processing; therefore, AD patients having 
suppressed anti-amyloidogenic β-secretase activity may show better outcome from 
this treatment. As per their observations, vitamin D analogues with the major 
impacts on Aβ-degradation, such as calcipotriol and maxacalcitol, may be most 
beneficial for people with impaired Aβ-degradation (Grimm et al. 2017). 

Almost all the vitamin D analogues show comparable effects for β- and 
γ-secretase processing, suggesting that those with higher amyloidogenic secretase 
activity shows beneficial effect from vitamin D derivatives in a similar way. It must 
be emphasised that there are only small differences in effect intensity and that all of 
the derivatives have been demonstrated to have similar positive effects on the Aβ 
level. Additionally, there were no discernible differences between vitamin D 
derivatives and vitamin D, indicates that vitamin D analogues as a treatment of 
AD had no therapeutic advantage over using calcifediol (or calcitriol) (Grimm et al. 
2017). 

Another important derivative of vitamin D3 is Denosomin-VD3 hybrids 
synthesised by Kenji et al. Denosomin (1-deoxy-24-norsominone) is a derivative 
of sominone, which is a natural steroid and found in Ashwagandha. Denosomin 
shows axonal extension activity on Aβ-damaged neurons. Kenji et al. reported that 
the denosomin-VD3 hybrid shows beneficial activity in Alzheimer’s via a 1,25D3-
MARRS pathway (Sugimoto et al. 2015). 

12.2.5 Vitamin E 

Fat-soluble vitamin E is an antioxidant that regulates the generation of RNS and 
ROS. The hydroxyl group of vitamin E has antioxidant activity. It also modulates



several cell signalling pathways and acts as a modulator of gene expression. Vitamin 
E has multiple forms depending upon their chemical structure, such as α-, β-, γ-, and 
δ-tocopherols and their related corresponding tocotrienols (Fig. 12.6), among which 
γ-tocopherol is the most prevalent in the diet. According to preclinical data, it is 
suggested that supplementing with vitamin E may be beneficial in AD since it not 
only reduces oxidative stress caused by Aβ but also improves memory and cognitive 
deficits. Tocotrienols exhibited promising results in AD animal models, exerting in 
some cases a more robust action than α-tocopherol, despite the fact that α-tocopherol 
is the vitamin E family member that has been the subject of most research. It shows 
synergistic antioxidant and anti-inflammatory activity when combining vitamin E 
with other compounds, thus which may help to treat AD (Gugliandolo et al. 2017). 
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Fig. 12.6 Vitamin E and its types 

Sang et al. designed several distinct chalcone-Vitamin E-donepezil hybrids 
(Fig. 12.7) multi-target active small molecules by combining vitamin E, donepezil, 
and chalcone. According to their studies, 17f is a good antioxidant, huMAO-B 
inhibitor, and a selective metal chelator as it inhibited AChE effectively (eeAChE 
IC50 1.88 μM and ratAChE IC50 0.41 μM). Also, the docking and kinetic 
experiments confirmed that 17f was an AChE inhibitor of mixed type. Additionally, 
it inhibited Cu2+- and self-induced Aβ1–42 aggregation with notable percentage 
rates of 93.5% and 78.0% at 25 M, respectively, and disassembled self- and Cu2+-
induced aggregation of the accumulated Aβ1–42 fibrils with rates of 72.3% and 
84.5%, respectively. Especially, 17f demonstrated good BBB permeability in vitro 
and neuroprotective impact on H2O2-induced PC12 cell damage, which indicates 17f 
is a potent multi-targeted ligand for treating AD (Sang et al. 2022). 

An oxidative metabolite of α-tocopherol Alpha-Tocopherolquinone (α-TQ) 
(Fig. 12.7) has been shown to decrease Aβ induced cytotoxicity, oxidative stress, 
and inflammation by blocking Aβ42 fibril formation. It protects cells from oxidative 
stress by reversible two-electron redox cycling. Furthermore, it shows detox effects 
by eliminating reactive metabolites, suppressing ROS via quinine redox cycling, and 
generating the antioxidant hydroquinone (Crisostomo et al. 2007). α-TQ also 
inhibits Aβ aggregation, attenuated Aβ-induced cytotoxicity in SH-SY5Y neuro-
blastoma cells, and decreases inflammatory cytokine release as ROS and NO



generation in BV-2 microglial cells in vitro (Yang et al. 2010). To investigate the 
effects and mechanisms of α-TQ on cognition and diseases in vivo, Wang et al. 
administered α-TQ orally to transgenic mice with AD. Their results demonstrated 
that α-TQ attenuated memory impairment, decreased Aβ oligomer levels, reduced 
lipid peroxidation, and restored superoxide dismutase activity in mice with 
AD. Furthermore, suppressing NF-κB signalling α-TQ decreased microglial activa-
tion and cytokine generation. These data imply that α-TQ has therapeutic promise in 
treating AD (Wang et al. 2016). 
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Tocotrienols and tocopherols vary structurally, as tocotrienols contain unsatu-
rated isoprenoid side chains, whereas tocopherols comprise saturated side chains. It 
can address aspects of AD such as mitochondrial dysfunction, oxidative stress, and 
aberrant cholesterol production. Tocotrienol has been shown in preclinical 
investigations to lower oxidative stress by activating microbial activity and cellular 
repair, acting as a free radical scavenger; also, it protects cells from toxicity induced 
by glutamate. Human epidemiological research revealed a substantial inverse asso-
ciation between tocotrienol levels and AD development (Chin and Tay 2018). 
Tocotrienol is a potentially neuroprotective compound by lowering oxidative stress 
and promoting cellular repair, can halt the onset and progression of AD. 

Ibrahim, Nor Faeizah, and colleagues studied the effects of vitamin E analogues 
such as α-tocotrienol (α-T3), γ-tocotrienol (γ-T3), and α-tocopherol (α-TOC) on Aβ 
oligomerization, aggregation, and disaggregation in vitro. They performed 
Thioflavin T (ThT) assay, which showed α-T3 reduced Aβ aggregation at 10 μM 
concentration. α-T3 and γ-T3 showed Aβ disaggregation, as evidenced by a decrease 
in ThT fluorescence α-TOC, on the other hand, had no impact. ThT assay results 
were confirmed with scanning electron microscopy imaging. Examination in the 
photoinduced cross-linking of unmodified protein assay revealed that γ-T3 reduced 
Aβ oligomerisation. Thus, tocotrienols have the potential role in developing thera-
peutic agents for AD (Ibrahim et al. 2021). 

Trolox (Fig. 12.7) is the water-soluble and cell-permeable derivative of vitamin E 
that accumulates in the cytoplasm. It appeared to reduce Aβ plaque-induced oxida-
tive stress and structural alterations in neurites and may neutralise free radical 
species, thus considered to be associated with ageing or AD. It can also prevent 
hydrogen peroxide and Aβ induced neurotoxicity and suppress GSK-3β (Munoz 
et al. 2002). As a result, various biological actions strengthen its neuroprotective 
capacity, making it a good lead for developing multifunctional drugs to treat 
AD. The increased tau hyperphosphorylation produced by Aβ depends on p38 
mitogen-activated protein kinase (MAPK) and can be prevented by inhibiting 
MAPK. p38 is involved in the linkage of tau and Aβ. Giraldo et al. investigated 
the role of p38 signalling in AD and the protection provided by Trolox and found 
that incubation with Trolox inhibits Aβ-induced p38 activation (Giraldo et al. 2014). 

Trolox has been used to develop tacrine–trolox hybrids to reduce metal-induced 
oxidative stress in AD. Teponnou et al. designed and synthesised tacrine-trolox 
hybrids having different linker chain lengths. Trolox moiety inhibited eqBuChE and 
TcAChE with IC50 of 3.16–128.82 nM, 17.37–2200 nM, respectively, and had free 
radical scavenging activities with IC50 in the range of 11.48–49.23 μM. Chains with



longer linker lengths hybrids improved ChE inhibitory activity. The docking 
experiments showed that compound 8d could bind to the PAS and CAS of TcAChE 
and eqBuChE, implying that it can inhibit ChE-induced Aβ aggregation. Out of all 
the derivatives, they found compound 8d the most potent and the best lead molecule 
showing an ability to inhibit AChE and BuChE and acting as a robust antioxidant. 
With these results, 8d can be used as a multifunctional agent for treating AD 
(Teponnou et al. 2017). 
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Fig. 12.7 Vitamin E and its derivatives 

Nepovimova et al. designed and synthesised 21 tacrine–trolox hybrids (7a–u) as 
multifunctional candidates against AD which exerts antioxidant and anticholinester-
ase activities with less in vivo toxicity after intramuscular administration in rats and 
the possible to cross the BBB. Their results demonstrated that derivative 7u is the 
key structure (Nepovimova et al. 2015).
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12.2.6 Vitamin K 

Vitamin K (VK) refers to a class of fat-soluble chemicals known as 
naphthoquinones, which includes naturally present vitamins K1 and K2 as well as 
synthetic vitamin K3 (Fig. 12.8). Olive oil and other green vegetables are the main 
sources of vitamin K1, while vitamin K2 is found in trace amounts in eggs, butter, 
etc. VK is mainly found as menaquinone-4 in the CNS, which controls the action of 
proteins taking part in chemotaxis, mitogenesis, cell proliferation, myelination, and 
neuroprotection (DiNicolantonio et al. 2015; Ferland 2012). VK, long known for its 
involvement in bone development and blood clotting, has recently emerged as a 
critical nutrient for brain function. Its deficiency is associated with changes in 
sphingolipid homeostasis that seem to be detrimental to the mechanisms responsible 
for producing and absorbing Aβ peptides (Grimm et al. 2016). 

Derivatives of vitamin K2 (VK2) by Josey et al. revealed that for 
neuroprotective effect, particular structural core is important; for example, 
naphthoquinone and amine substitution at the 2′ carbon considerably increased its 
protective activity. After adding a benzyl group at 2′ amine, the compound’s safety 
index increased by eliminating neurotoxicity further; it also improved the 
compound’s protective potency by chloro-substitution at the meta site of an aromatic 
ring. They derived a series of VK2 analogues as 1a–g, of which 2j and 2q are more 
effective even at lesser concentrations. Compounds 2j, 2q, and VK2 are most likely 
exert their effects through PARL regulatory mechanism (Josey et al. 2013). 

Huy, Pham Dinh Quoc, and colleagues developed analogues of vitamin K3 
(VK3) that effectively protect neuroblastoma cells from Aβ-induced toxicity and 
prevent Aβ aggregation. They studied the VK3 analogue’s effects on various Aβ 
amyloidogenic properties, viz. free radical formation, cell viability, and aggregation, 
using biological and spectroscopic methods. Using molecular dynamics modelling, 
they determined the binding mode and affinity of VK3 analogues binding to Aβ and 
found several VK3 analogues inhibited Aβ aggregation. The computed inhibition 
constants for VK3–6, VK3–9, and VK3–10 were in the μM range, which is close to 
the IC50 of curcumin. It also revealed that VK3–9 might efficiently reduce free 
radicals and protect against Aβ-induced cytotoxicity and inhibit Aβ aggregation. 
Modified analogues of VK3 can thus be designed as efficient anti-amyloidogenic 
drugs for treating AD (Huy et al. 2013). 

12.3 Conclusion 

In conclusion, vitamin-based derivatives may show to be a promising strategy for the 
treatment of Alzheimer’s disease. Since it is a multifactorial disease, it needs therapy 
that can modify multiple cellular pathways. Vitamin-based derivatives exhibit anti-
oxidant action, cholinesterase inhibitory activity, GSK-3β inhibitory activity, metal 
chelating activity, as well as some other properties that possibly slow the progression 
of Alzheimer’s disease. This chapter discusses the several vitamin derivatives that
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are developed and biologically evaluated for their effectiveness on Alzheimer’s 
disease. 
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Fig. 12.8 Vitamin K and its derivatives
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Abstract 

Alzheimer’s disease (AD) is a neurological condition that causes behavioural 
abnormalities and a progressive decline in intellectual abilities. In the brain, metal 
ions equilibria are essential for appropriate brain functioning, while 
dyshomeostasis of free metal ions is associated with Alzheimer’s disease. In the 
brain, dysregulated metal ions trigger various responses, such as promoting 
Aβ(1–42) aggregation, tau hyperphosphorylation, oxidative stress, and disruption 
of organelles, which leads to autophagic failure. Approved drugs for AD only 
have palliative effects. Thus, potential molecules with contrasting features, such 
as chelating agents and metal-based medicines, have been proposed to act on 
various molecular targets to treat AD. This chapter aims to highlight the various 
applications and current advancements of metal-based medications, including 
metal complexes and metal-chelating agents, as potential therapeutic agents for 
treating AD. 
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13.1 Introduction to Alzheimer’s Disease 

Alzheimer’s disease (AD) is the most common type of dementia. It results in a 
significant loss of nerve cells in the regions of the brain necessary for memory and 
learning. The amyloid-β (Aβ) plaques, tau-associated intraneuronal microtubules, 
neurofibrillary tangles (NFTs), and loss of synapses in the brain are the primary 
symptoms of this disease (Selkoe 2003; Selkoe 2002). The brain of AD patients has 
extracellular deposits of senile plaques surrounded by dystrophic neuritis and NFT 
inside the cells. The brain areas affected by plaques typically have fewer synapses 
and impaired neuritis that connect the plaques to other brain regions. Plaques and 
tangles are more common in brain parts like the hippocampus, entorhinal cortex, 
basal forebrain, and amygdala that help in learning, memory, and emotional 
behaviour (Selkoe and Hardy 2016; Grundke-Iqbal et al. 1984). 

13.1.1 Discovered Therapies and Highlighted AD Targets 

FDA had approved five drugs for AD treatments: tacrine, rivastigmine, donepezil, 
galantamine and memantine (Fig. 13.1). Except memantine, all four drugs are 
acetylcholinesterase enzyme (AChE) inhibitors, which are accountable for acetyl-
choline breakdown. The mechanism of AChE hydrolysis includes blocking acetyl-
choline metabolism, extending its action and increasing levels in the cerebral cortex 
(Table 13.1) (Santos et al. 2016). 

Memantine, an NMDA receptor antagonist that reduces neuronal mortality and 
corrects the Aβ-induced Ca2+ imbalance (intracellular Ca2+ build up), is the only 
available non-cholinergic drug (Parsons et al. 2007). A combination of memantine 
and donepezil was also utilized in 2014. However, These FDA-approved 
medications give short-term (6–12 months) relief of cognitive and behavioural 
symptoms in moderate forms of AD only rather than cure the underlying illness or 
slow its development. Several hundred promising medicines have been developed 
and tried since the approval of memantine in 2003, but they have all failed

Fig. 13.1 Drugs for AD



(Cummings et al. 2014). Besides the cholinergic symptomatic medication relief, 
researchers have looked at additional AD targets, such as aggregated Aβ and tau 
proteins (Wischik et al. 2014), as well as oxidative stress dysregulation.
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Table 13.1 List of medications approved by USFDA for AD 

Drug name Brand name Approved for Approved in 

Tacrine Cognex All stages/discontinued 1993 

Donepezil Aricept All stages 1996 

Rivastigmine Exelon All stages 2000 

Galantamine Razadyne Mild to moderate 2001 

Memantine Namenda Mild to moderate 2003 
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Fig. 13.2 Multiple pathological features of AD 

13.1.2 Molecular Targets for AD Treatment 

The study of how the brain works normally and the factors that cause AD, has greatly 
increased. Numerous innovative treatments for AD that are now being developed 
aim to change the course of the disease by focusing on multiple brain changes in 
Alzheimer’s patients (Dalvi et al. 2020). AD involves various pathological features 
(Fig. 13.2). Hence no cure has developed to date. According to research, Aβ protein 
plaques and metal dysregulation may be the focus of future pharmaceutical 
treatments (Selkoe 2001).
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Β-secretases and γ-secretases proteolytically cut Amyloid Precursor Protein 
(APP) to produce Aβ. AD brains are characterized by the manifestation of senile 
plaques formed when Aβ-oligomers clump together (Roland and Jacobsen 2009). 
These plaques are responsible for neuronal death and are connected to oxidative 
stress, loss of membrane coherence, mitochondrial dysfunction, abnormal calcium 
homeostasis, and triggered apoptosis (Crouch et al. 2008). 

Studies have shown that AD patients have 3–7 times greater metal ion levels than 
healthy people (Huang et al. 2014). It is worthwhile to build specialized metal 
chelators with low toxicity that might re-establish metal homeostasis in AD brains, 
especially if the chelators have additional essential functional groups that could 
address additional disease targets (Santos et al. 2016; Grill and Cummings 2010). 

13.2 Metals and Their Role in Central Nervous System 

Metal ions are essential for sustaining plant, animal, and human life. Their impor-
tance in biological systems is well-known. They are crucial to survival because their 
absence can lead to developmental problems, severe malfunction, cancer, or even 
death. They play pivotal roles as macro- or micro-elements in various cellular 
structures and processes and are involved in a wide array of biochemical activities, 
and manifest in various morphological states. They also play a crucial role in cellular 
and intercellular communication, the preservation of electrical charges and osmotic 
pressure, photosynthesis and the transfer of electrons, the upkeep of base pairing, 
stacking stability, and the regulation of DNA transcription. Many biological pro-
cesses rely on metals for their normal functioning, including oxygen transport, nerve 
and muscle cell function, brain and heart function, and many others, and it is 
impossible to conceive of the existence of life without them (Moustakas 2021). 

The most common ionic forms of these metals are iron (Fe), cobalt (Co), nickel 
(Ni), calcium (Ca), zinc (Zn), copper (Cu), and chromium (Cr). Lack of these 
minerals can cause a variety of health problems, including anaemia (in the case of 
Fe and Co), brain and heart disease (in the case of Cu), stunted growth (in the case of 
Zn), skin changes (in the case of Ca), bone deterioration (in the case of Ca), and 
decreased glucose tolerance (in the case of Cr). As a result, modern medicinal 
chemistry strongly emphasises investigating and treating disorders associated with 
metal ion deficiencies and excesses at the molecular level (Gupta 2018). 

13.2.1 Therapeutic Agents Containing Metals 

In addition to its usage in the treatment of bladder, cervical, oesophageal, nasopha-
ryngeal, and head and neck cancers, cisplatin is also effective in the treatment of 
germ-cell malignancies, prenatal trophoblastic tumours, epithelial ovarian cancer, 
and small-cell lung cancer. However, cisplatin resistance was discovered in some 
malignancies, and other unwanted adverse effects were discovered to accompany 
it. Titanocene (MTK4) and budotitane are two titanium complexes shown anticancer



activity (INN). Titanocene had demonstrated anticancer potential in research labs 
and was the first non-platinum chemical to be evaluated as a chemotherapy drug. 
Budotitane (INN) is a highly sophisticated non-platinum compound. The most 
promising molecules have been made from ruthenium. However, there are currently 
no direct analogues in clinical use. Two ruthenium drugs, NAMI-A and KP1011, are 
tested for their anticancer properties. NAMI-A is effective against lung metastasis 
in vivo and tumour cell invasion in vitro, whereas KP1019 is useful for metastatic 
tumours and cisplatin-resistant malignancies. It displays strong cytotoxicity, when 
applied directly to primary tumours, especially those caused by colorectal cancer. 
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Compounds containing bismuth have been utilized to treat a wide range of 
gastrointestinal issues due to their antacid and astringent characteristics. Bismuth 
subsalicylate, sold under the brand name “Pepto-Bismol,” is an antacid drug that 
temporarily relieve stomach and gastrointestinal discomforts like diarrhoea, indiges-
tion, heartburn, and nausea. Several additional compounds are in the process of 
being developed. Researchers developed two gold complexes: aurothioglucose (also 
known as gold thioglucose) and auranofin, to alleviate the symptoms of rheumatoid 
arthritis. Joint discomfort, tenderness, swelling, and morning stiffness are all aided 
by auranofin treatment for arthritis. Although aurothioglucose and other gold 
complexes designed for the treatment of rheumatoid arthritis have been in use for 
over 70 years, they were recently removed from the US market, leaving just 
auranofin as the sole gold salt available there (Gupta 2018) (Table 13.2). 

13.2.2 Role of Metals in Central Nervous System 

The distribution of metals in every organ of the human body is distinct. Compared to 
other organs in the body, the human brain has the highest concentration of trace 
metals. It is widely acknowledged that growing older is the most significant risk 
factor for getting neurodegenerative disorders (Fig. 13.3) (Wang and Wang 2017). 
Iron (Fe), Zinc (Zn), Copper (Cu), and Manganese (Mn) are essential for a wide 
variety of human physiological and biochemical functions due to their roles in 
protein structure and regulation, cellular signalling pathways, oxygen transport, 
and other processes. Some other metals like Calcium (Ca), Aluminum (Al), and 
Magnesium (Mg) also play a crucial role in the neurological system. 

Iron, or the heme iron, which is bound to haemoglobin in red blood cells, is 
widespread. Evidence shows that it can be found in every type of brain cell, 
including neurons, microglia, astrocytes, and oligodendrocytes. The brain requires 
a significant amount of both energy and iron to function properly. Iron is vital in 
ATP synthesis since it is a part of several enzymes and cellular structures involved in 
the process, including the electron transport chain’s Fe-sulfur complexes, cyto-
chrome oxidase, cytochromes a, b, and c. Apart from its function in oxygen transfer, 
iron is a cofactor for several enzymes involved in neurotransmitter production, 
particularly tyrosine hydroxylase and tryptophan hydroxylase (Yehuda et al. 
1989). Iron also has a few additional tasks in the CNS, including regulating synaptic



S. No. Drug name Structure Uses

plasticity, myelinating neuronal axons, and regulating the energy status of individual 
neurons (Clardy et al. 2006). 
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Table 13.2 Metal containing therapeutic agents 

Complex 
type 

1. Platinum 
complex 

Cisplatin Anticancer 

2. Titanium 
complex 

Titanocene 
(MTK4) 

Anticancer 

3. Ruthenium 
complex 

KP1019 Anticancer 

4. Bismuth 
complex 

Pepto-
Bismol 

Antacid and 
astringent 

5. Gold 
complex 

Auranofin Anti-
rheumatoid 

The second most prevalent trace element in the human brain is zinc. Like iron, 
zinc regulates synaptic plasticity. Being one of the brain's most prevalent divalent 
metal ions, it is a non-redox active important element vital to neurochemistry (James 
et al. 2017). It also influence neurotransmission, regulates neurogenesis, neuronal 
migration, and neuronal differentiation (Fukada et al. 2011). Over 300 enzymes use 
zinc as a cofactor, making it a vital structural and catalytic component of proteins. 
Zn-Importing Proteins (ZIPs), Zn Transporters (ZnTs), and buffering proteins such 
as metallothioneins are all present in large quantities (MTs) that bind cytosolic Zn 
are the critical regulators of Zn homeostasis in the brain (James et al. 2017). It also 
aids in maintaining the stability of several transcription regulators. Additionally, zinc 
protects against oxidative stress and has neuroprotective properties (Tapiero and 
Tew 2003). 

Copper is the third most prevalent trace metal in the human brain. Like zinc, 
copper also functions as a cofactor for several enzymes and is necessary for 
producing neurotransmitters (Peña et al. 1999). Cu is an important micronutrient



and crucial for all aerobic species due to the prosthetic group’s ability to accelerate 
electron transport during vital enzyme operations (Waggoner et al. 1999). The brain 
needs copper for healthy growth and function (Lutsenko et al. 2010), and an average 
adult’s brain contains approximately 7.3% of the body’s total copper (Lutsenko et al. 
2010; Hung et al. 2009). The brain’s primary cell compartments contain copper 
(nucleus, mitochondria, and cytosol). However, it is not evenly distributed through-
out the CNS (Lutsenko et al. 2010). Cu is a metal that can exist in both reduced (Cu+ ) 
and oxidized (Cu2+ ) states. Both states can bind to various enzymes, including 
cytochrome c oxidase, ceruloplasmin, dopamine hydroxylase, and Cu, Zn dependent 
superoxide dismutase (Cu-ZnSOD or SOD 1) (Hung et al. 2009). Copper is needed 
as a cofactor by the enzyme Cu/Zn-superoxide dismutase, which is essential for 
scavenging ROS. 
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Fig. 13.3 Healthy brain vs. AD brain 

Manganese is needed as a cofactor by the enzymes pyruvate carboxylase, 
arginase, protein serine/threonine phosphatase 1, glutamine synthetase, and manga-
nese superoxide dismutase (MnSOD). Additional Mn requirements include the 
ATM-p53 pathway and other Mn-sensitive pathways (Horning et al. 2015). 

The intracellular calcium (Ca2+ ) concentration is essential for normal neuronal 
function and has various other functions. Long-term potentiation (LTP) and long-
term depression (LTD) are two types of synaptic plasticity that can be affected by 
modulating neurotransmitter release from presynaptic terminals. Ca2+ is a ubiquitous 
second messenger that has been shown to affect regulating gene expression,



membrane excitability, dendritic development, synaptogenesis, and many other 
processes that contribute to neurons' basic activities, including information 
processing and memory storage (Kawamoto et al. 2012). The amplitude, spatial 
distribution, and temporal patterns of calcium movements inside neuronal cellular 
compartments are carefully regulated by a complicated protein system that allows for 
the specificity of distinct biological outcomes. Plasma membrane Ca2+ channels are 
principally regulated by receptor-operated (ligand-gated) channels and voltage-
dependent Ca2+ channels (VDCCs), both of which are involved in controlling 
Ca2+ influx into neurons (ROCs) (Catterall 2011; Paoletti 2011). 

354 B. Dewangan et al.

Aluminum is the most abundant metal on earth and has countless applications in 
modern life. The human body can absorb aluminium via the environment, food, and 
medicine. Because aluminium serves no known physiological function in the body, 
it may have deleterious consequences on health. Although research on aluminum 
effects on neural tissues is abundant, research on aluminium effects on extraneural 
tissues is less thoroughly characterized (Nayak 2002). 

Magnesium is a crucial macromineral because it participates in over 300 enzy-
matic reactions and plays various other roles in the human body (Gröber et al. 2015). 
Magnesium, a vital biometal ion, controls synaptic plasticity, muscular function, 
protein synthesis, and the stability of the ribosome structure (Slutsky et al. 2004). 
Magnesium’s protective effect against excitotoxicity in the neurological system is 
only one of the many reasons why it is so crucial for proper nerve transmission and 
neuromuscular coordination (excessive excitement that kills cells) (Gröber et al. 
2015). Magnesium’s interaction with the N-methyl-D-aspartate (NMDA) receptor is 
essential for several neurological processes. Glutamatergic excitatory transmission 
requires magnesium’s removal because it acts as a blocker of the NMDA receptor’s 
calcium channel (Kirkland et al. 2018). Magnesium deficiency has been 
hypothesized to amplify glutamatergic neurotransmission, promote excitotoxicity, 
and ultimately result in oxidative stress and neuronal cell death (Castilho et al. 2001). 

Trace metals are therefore necessary for the induction of enzymes, regulation of 
gene expression, catalysis, and defence against ROS. They are also essential for 
healthy brain development, growth, and operation. The blood–brain barrier (BBB) is 
actively crossed by various transport proteins, which maintain a constant level of 
metal ion concentration in the brain. Any disruption of the metal balance, including 
deficiencies in absorption, distribution, and excretion, gene mutations in metal 
transport or metal-binding proteins, competition between metals for binding sites 
(such as Zn and Cu), or other factors, can cause an imbalance of essential trace 
metals or an increase in non-essential trace elements (Sensi et al. 2018). 

13.3 Metal Dyshomeostasis and Alzheimer’s Disease 

Many neurodegenerative illnesses, including Huntington’s disease, Parkinson’s 
disease, and AD (Fig. 13.4), contain the hallmarks of toxic metal accumulation 
and biometal dyshomeostasis. Among the neurotoxic consequences of metal imbal-
ance are a decline in enzyme activity, an increase in protein aggregation, and



oxidative stress in the brain, which sets off a chain of events that results in cell death 
and neurodegeneration (Chin-Chan et al. 2015; Zhang et al. 2016). Although the 
connections between biometal imbalance and neurodegenerative diseases are still 
unclear, during the past few decades, research has focused more and more on a 
significant group of homeostatic proteins that facilitate metal transfer. The patho-
physiology of AD and biometal imbalance have been linked to these proteins' 
aberrant expression (Li et al. 2017b). 
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Fig. 13.4 Metal homeostasis vs. metal dyshomeostasis. (a) Cu/Zn-superoxide dismutase (SOD) 
requires Cu/Zn as a cofactor, essential for scavenging Reactive Oxygen Species (ROS). (b) Metal 
activates astrocytes which regulates synaptogenesis, controls BBB permeability (c) and helps in 
neural production. (d) Metal ions bind to amyloid beta to promote the formation of oligomers, 
stabilising Aβ1–42, and by the Fenton pathway and the H2O2 cycle metal dyshomeostasis occurs 
which results in oxidative stress and excessive ROS production. (e) Free metals may directly bind to 
tau monomers, activate many kinases to phosphorylate tau proteins and promote tau aggregation 
and Neurofibrillary Tangles (NFT) formation. (f) Microglia, astrocytes, and neurons are all brain 
cell types, and when microglia become activated, they can emit free radicals and pro-inflammatory 
cytokines, which have been related to neuroinflammation and neurodegeneration 

Cu, Fe, and Zn have received the majority of the interest in this field of study as 
these transition metals are found prevalently in eukaryotes. Research on the brain has 
shown that amyloid plaques have higher concentrations of Cu, Fe, and Zn due to 
their binding to Aβ. However, their concentrations are reduced in the areas of the AD



brain that are affected, indicating a disparity between these metals in AD and 
reducing their bioavailability. Amyloid plaque post-mortem study reveals an abnor-
mal buildup of copper, iron, and zinc that is 5.7, 2.9, and 2.8 times greater than in 
healthy brains, respectively. 
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13.3.1 Copper 

Myelin formation and maintenance are negatively impacted by copper deficiency in 
the brain, which can also cause nervous system deterioration. In contrast to iron, 
which has been extensively studied for its role in free radical formation, it has been 
demonstrated that high concentrations of copper perform the same function (Brewen 
2008; Gybina et al. 2009). 

A substantial body of research supports copper involvement in AD 
neurodegeneration (Li et al. 2017a). Serum copper levels were roughly 54% higher 
in AD patients than in controls, and copper is one of the peripheral oxidative stress 
markers and trace metals that may distinguish between AD patients and healthy 
people in a high proportion of instances (95%). Additionally, greater serum copper 
concentrations are linked to the epsilon 4 allele of the apolipoprotein E (APOE-ε4) 
gene, a significant genetic risk factor for AD. Impaired plasma copper levels may 
determine abnormal brain copper levels in AD (Bagheri et al. 2018; Hordyjewska 
et al. 2014). It is unclear how copper plays a role in AD pathophysiology. High 
copper concentrations have been discovered in senile plaques (Lovell et al. 1998). 
According to a recent statistical analysis, the total copper level in plasma and serum 
was greater in AD patients, some investigations showed low levels of overall copper 
in the AD brain (Klevay 2008; Bagheri et al. 2018). This variability can be rationally 
attributed to significant amounts of copper precipitating with AD-related senile 
plaques, causing copper deficiencies in other areas. 

It is widely acknowledged that copper impacts tau and Aβ and worsens their 
pathogenic effects (Sparks and Schreurs 2003). Aβ and copper interact quite 
favourably and encourage the formation of its oligomers (Dalvi et al. 2021; Tõugu 
et al. 2008; Jin et al. 2011). Even though copper and Aβ can catalyse hydrogen 
peroxide in vitro, oxidative stress may play a role in the copper-mediated cytotoxic-
ity of Aβ oligomers (Matlack et al. 2014). The copper-binding site is also present in 
APP and Aβ precursor-like protein 2 (APLP2) (Barnham et al. 2003). As APP or 
APLP2 mutant mice displayed increased cerebral cortex copper levels, it has been 
proposed that APP may have a role as a copper transporter (White et al. 1999a). The 
same author did, however, publish a different work in which cortical neurons with 
APP loss did not affect copper uptake (White et al. 1999b). There might be a 
possibility that APP is not a copper carrier but instead shows inappropriate 
interactions with copper, according to certain evidence. By increasing exocytosis 
and decreasing endocytosis, the cell membrane’s redistribution of APP is aided by 
copper (Acevedo et al. 2011). Additionally, copper promotes the proteolytic cleav-
age of endogenous APP to produce Aβ by increasing its phosphorylation via GSK3B 
(Acevedo et al. 2014). It was discovered that copper can also connect to tau’s



microtubule-binding region. In vitro, Tau binds to copper, which causes it to 
aggregate (Su et al. 2007). Tau hyperphosphorylation and hydrogen peroxide gener-
ation were triggered by copper exposure in an in vivo AD animal model. The 
stimulation of the CDK5 and GSK3B pathways is suggested to be the mechanism 
of copper-mediated tau phosphorylation (Crouch et al. 2009a). 
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Other AD-related proteins, such as there have also been reports of interactions 
between copper and the beta-site APP-cleaving enzyme 1 (BACE1) (Vassar and 
Cole 2007). BACE1 is an aspartic protease that can break down APP during the 
beginning phases of the synthesis of Aβ. Therefore, experimental studies have 
demonstrated that the metalloproteins BACE1, APP, and Aβ are involved in copper 
homeostasis in the brain (Maynard et al. 2005; Kaden et al. 2011). Activated 
microglia surrounding Aβ plaques in the brains of TgCRND8 AD model mice 
have been shown to upregulate ATP7A, which may encourage Cu absorption by 
increasing CTR1 expression (Zheng et al. 2010). Therefore, the sequestration of 
copper by microglia in AD may act as a neuroprotective mechanism by lowering the 
quantity of free extracellular copper available for Aβ aggregation and plaque devel-
opment (Choo et al. 2013). Contrarily, a lack of copper within cells brought on by 
downregulating APP, elevated ATP7A levels may prevent the development of Aβ, 
as evidenced by the ATP7A transfection in fibroblast cell lines, which led to 
decreased APP expression and copper loss in cells (Choo et al. 2013; Acevedo 
et al. 2011). 

Copper’s role in neurodegeneration caused to AD also involves oxidative stress. 
In vitro, APP or Aβ and Cu2+ interaction results in a decrease in Cu+ and increases 
the formation of neurotoxic H2O2. As a result, Cu

2+ + Aβ1–42 peptide com-
plex regulates the redox cycles of oxidative stress, H2O2 production, Aβ oligomers, 
and plaque formation (Gu et al. 2018; Cheignon et al. 2018). 

The APP’s copper-binding domain can interact with Cu-Aβ interactions to 
produce Cu+ and ROS, which leading to neuronal malfunction or death (Cheignon 
et al. 2018; White et al. 1999a). Copper’s site-directed redox activity has the 
potential to fragment APP and encourage amyloid peptide aggregation, both of 
which can lead to SP development. Additionally, copper has a direct impact on 
how peroxides are made. Although it is unclear whether clinical improvement or a 
slowdown of development may happen, substantial drops in peroxide concentrations 
have been observed in AD patients when bioavailable copper is reduced with D-
penicillamine (Cheignon et al. 2018; Squitti et al. 2002). In neurons with insufficient 
GSH levels, Cu poisoning was found to be more pronounced. Both in vivo and 
in vitro alterations in glutathione peroxidase (GPx) were seen in AD. Glutathione 
reductase (GR) activity changed in the AD brain, and amyloidogenic AP exposure 
dramatically boosted GR activity in cultured neurons (White et al. 1999a; Wojsiat 
et al. 2018). These findings support the concept that altered GSH metabolism plays a 
role in the etiopathology of AD, with copper toxicity perhaps playing a part as well.
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13.3.2 Iron 

Iron deficiency causes several neurological abnormalities, particularly in infancy, 
which slows down brain development. Ageing increases brain iron levels, but too 
much iron triggers Fenton chemistry, producing too much ROS and eventually 
damaging cells (Dröge and Schipper 2007; Muhoberac and Vidal 2013). Further-
more, some research suggests that there may be a disturbance in iron homeostasis, a 
defining feature of various neurodegenerative diseases (Ward et al. 2014; Jiang et al. 
2017). 

Research has found that using various approaches the iron level is elevated in AD 
brains, particularly in the putamen and globus pallidus (Wang et al. 2015; Moon 
et al. 2016). However, statistical analyses have shown that AD patients’ serum iron 
levels are either unchanged or lower than healthy persons (Tao et al. 2014; Wang 
et al. 2015). Scientific investigations into iron’s impact on AD have revealed that 
having too much iron stimulates the Fenton reaction, which may lead to higher levels 
of oxidative stress in AD, even though the cause of this imbalance is still unknown. 
Iron chelators can counteract the harmful effects of oxidative damage to protein 
aggregates connected to AD, which can result in synaptic dysfunction and neurolysis 
(Salkovic-Petrisic et al. 2015). Senile plaques are loaded with high iron content, 
which increases the generation of Aβ by boosting the expression of APP. Because 
APP mRNA contains iron-responsive elements (IREs) in its 5′-untranslated portion, 
iron regulates APP transcription (Rogers et al. 2002). Iron regulatory proteins (IRPs) 
become detached from their IRE binding sites and lose their ability to repress APP 
mRNA, in contrast to lead (Pb), which prevents the IRE-mediated upregulation of 
APP translation (Rogers et al. 2016). Previous research has shown that Aβ-reduced 
ROS are present when neurodegeneration first begins. These ROS may benefit from 
reducing oxidative stress caused by binding iron (Jolivet-Gougeon and Bonnaure-
Mallet 2018). However, an abundance of iron compromises the antioxidant system 
to become overworked, which over time damages cells and causes a vicious cycle in 
which Aβ production increases due to increased oxidative stress (Tamagno et al. 
2007). Iron binds to tau in addition to Aβ, which encourages its aggregation in iron-
enriched areas (Sayre et al. 2001). The activation of the glycogen synthase kinase 3b 
(GSK3b) and cyclin-dependent kinase 5 (CDK5) pathways has also been shown to 
trigger tau phosphorylation in response to iron (Lovell et al. 2005). 

Transporter proteins are crucial for maintaining a dynamic equilibrium between 
iron influx and efflux for intracellular iron homeostasis. Deregulation of the iron 
importers transferrin (Tf), divalent metal transporter 1 (DMT1), lactoferrin (Lf), and 
melanotransferrin (MTf), as well as the iron exporter ferroportin, may be the source 
of iron accumulation in the damaged brain regions of AD patients (Fpn). Divalent 
cation transporter 1, or DMT1, is essential for the influx of Fe2+ . It is found on 
astrocytes, microglia, and neurons but not oligodendrocytes (Lovell et al. 2005). In 
the AD brain’s plaques, two DMT1 isoforms, DMT1-IRE and DMT1CIRE, have 
been demonstrated to colocalize with Aβ and had considerably higher amounts of 
both DMT1 isoforms in the frontal brain and hippocampus in a transgenic mouse 
model of APP/PS1 (Zheng et al. 2009), which had an accompanying decrease in Fpn



expression (Xian-hui et al. 2015), indicating that the iron-mediated 
neuropathogenesis of AD is significantly influenced by the deregulation of the 
proteins DMT1 and Fpn related to iron metabolism. 
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13.3.3 Zinc 

After iron, the second most common metal in the body is zinc, an essential part of 
countless proteins and enzymes. Because it may function as a neurotransmitter, zinc 
is more extensively involved in cell signalling than other metals (Barr and Burdette 
2017). By upregulating zinc transporters, it has been shown that zinc deficiency 
increases the overabundance of other metals, including nickel, copper, and possibly 
toxic metals (Antala and Dempski 2012). However, the mitochondria can hold onto 
zinc and cause the production of ROS by impeding complex III’s ability to carry out 
the electron transport chain. This plays a crucial role in several disorders by causing 
mitochondrial dysfunction and neuronal death (Frazzini et al. 2006). 

It is important to note how zinc promotes the formation of aggregates across the 
C-terminal histidine residues of Aβ. Aβ is bound to zinc with a stronger affinity than 
iron and copper at various pH levels (Yoshiike et al. 2001). For example, this 
binding hides the metalloproteases’ proteolytic cleavage site where Aβ is degraded 
(Crouch et al. 2009b). However, binding causes a decrease in zinc bioavailability in 
the synaptic cleft, causing cognitive decline in AD and altering synaptic plasticity 
(Deshpande et al. 2009). 

In neurons, three transporter classes, including the zinc transporters (ZnTs), iron-
and zinc-regulated transporter-like proteins (ZIPs), and metallothioneins (MTs), are 
primarily responsible for maintaining zinc homeostasis. ZnTs promote zinc efflux 
from cells or mediate the accumulation of extra zinc in organelles and intracellular 
vesicles from the cytoplasm (Huang and Tepaamorndech 2013). ZIPs perform 
functions almost exactly the opposite of those of ZnTs, promoting the transport of 
zinc from intracellular vesicles to the cytoplasm or enabling the import of zinc into 
cells (Huang and Tepaamorndech 2013). MTs are proteins that regulate cellular 
levels of zinc and associated signalling pathways (Krężel et al. 2007). According to 
immunofluorescent research, ZnTs (ZnT1, 3, 4, 5, 6, and 7) were found in high 
concentrations in the cortex of human AD brains (Zhang et al. 2008). Of these, zinc-
containing glutamatergic neurons’ synaptic vesicles predominately contain ZnT3. 
Older people’s levels of ZnT3 decline with age, especially in those with AD 
(Whitfield et al. 2014). In contrast, mice overexpressing APP but lacking ZnT3 
exhibited reduced plaque load and synaptic zinc levels, suggesting that zinc from 
synapses plays a role in the development of amyloid plaques in AD. ZnT3 knockout 
animals showed an age-dependent cognitive loss. On the other hand, ZnT3 deletion 
increased intraneuronal zinc, which aggravated neuronal damage in AD (Adlard 
et al. 2008; Lee et al. 2002; Lovell et al. 1998).
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13.4 Metal Chelators for AD 

The Greek word “chele” is where the word “chelator” comes from, means “claw” 
and helps us understand how these molecules trap metal ions like a lobster claw. A 
chelator, or chelating agent, refers to a ligand that coordinates to a metal center by 
more than one point of attachment, thereby forming a ring with the metal atom. The 
resulting metal complex is referred to as a chelate. The name “chelator” does not 
discriminate between the number of attachment points to, a metal; hence, a chelator 
can be bidentate or multidentate. Multiple attachment sites boost the complex’s 
stability due to the chelation effect. The name “chelate” indicates nothing else 
about the compound’s characteristics, distinct from both chelates made of the 
same metal but various ligands and those made of the metal ion and ligand alone. 
Charge, solubility, lipophilicity, redox potential, shape, pH dependency, and the 
kinetics and thermodynamics of ligand and metal exchange are examples of chemi-
cal characteristics which might affect a chelator’s biological effects (Haas and Franz 
2009). 

A metal-chelating agent must have a metal ion with high specificity to minimize 
unintended binding and depletion of other biometal ions. Traditional toxic chelators 
include polyaminocarboxylic acids like EDTA. To treat heavy metal toxicity, acids 
that bind calcium, magnesium, zinc, copper, and iron have been utilized. Bidentate 
or polydentate chelators can coordinate a metal ion at two or more sites. The metal 
complexes are stabilized by this chelation effect, which rises with the number of 
chelate rings and their size for the same sort of atoms, such as coordinating atoms 
and metal ions (and their oxidation state). The coordinating or donor atom a ligand 
uses to bind to a metal ion determines its selectivity (Fig. 13.5). Pearson’s “hard and 
soft acids and bases” principle applies ligand-metal preference. For intermediate 
hard-soft copper(II), zinc(II), and iron(II) chelators, N- and O-donor atoms are 
needed, whereas S- and N-atoms are required for copper(I) chelators. 

Hard iron chelators should have anionic O-donor atoms like phenoxides (III). The 
late first-row transition metal ions, such as Ni(II), Cu(II), and Zn(II), are stabilised 
mainly by ligands with two N-donor atoms, followed by N, O- and O, O-donor 
ligands, according to the Irving-Williams series, which categorizes metals based on 
the stability of metal–ligand complexes. Chelation affinity can be increased by 
adding an atom with an oxygen- or nitrogen-donor to bidentate scaffolds. There 
have been reports on tri- and tetradentate chelators for AD metal modulation. 

Fig. 13.5 Chelating rings: 
metal-ligating atoms and 
number of ring atoms
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Fig. 13.6 Examples of chelating agents that have been approved by the FDA and used to manage 
copper overload (Wilson’s disease), iron overload (beta thalassemia-related disorders), and heavy 
metal toxicity 

Metal chelator (complex) materials should be polydentate (have several places of 
attachment for metal ions) for removing metal ions in overload circumstances. It also 
possess a high thermodynamic stability without relying on dilution effects. Conse-
quently, fewer ligand molecules will be needed to achieve full coordination and 
prevent demetallization or transmetallation reactions. Fig. 13.6 contains Chelating 
agents structures that have been approved by the FDA for management of excess 
copper, zinc and iron. 

For AD treatment, restoring metal ion balance is viewed as a significant difficulty. 
Metal chelator has not been explored significantly to date. It is probable that 
“classical chelators” and, by mistaken implication, all chelators are viewed as 
toxic by certain medical professionals. Therefore, there hasn’t been much progress 
made with chelators. The truth is that toxic chelators, such as EDTA, are 
non-specific chelators that bind a wide variety of metal ions, such as iron, copper, 
zinc, calcium, magnesium, etc. However, the requirement for having chelators in 
order to reduce harmful side effects has received little attention. Table 13.3 enlists 
various representative chelators that were tested as anti-AD medications over the 
past decades, instances of biological data are cited. Very little information about 
in vivo effectiveness or safety is available for the majority of these ligands. The 
medications are advertised as metal-specific ligands; however, metal selectivity is 
infrequently and experimentally demonstrated.



Drugs Effect of the drug References
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Table 13.3 Metal intervention in preclinical and clinical trials 

Targeted 
metal 

Deferiprone Fe Improved cognitive function Rao et al. 
(2020) 

Deferasirox Fe, Cu, 
Zn 

Decrease hyperphosphorylated tau Kwan et al. 
(2022) 

Deferoxamine Al, Fe Reduction of mental deterioration Borgna-
Pignatti and 
Cohen (1997) 

Decrease level of Aβ plaque, 
enhancement of memory retention and 
learning 

Guo et al. 
(2013) 

Pyrrolidine 
Dithiocarbamate 
(PDTC) 

Cu Better spatial learning without 
lowering Aβ levels 

Malm et al. 
(2007) 

L2b Cu, Zn Reduce metal–Aβ-induced ROS 
production 

Beck et al. 
(2015) 

ENDIP Cu, Zn Reduce metal–Aβ-induced ROS 
production 

Lakatos et al. 
(2010) 

L(a) Cu Rescuing antioxidant markers like 
SODs, malondialdehyde 

Singh et al. 
(2013) 

Bis 
(thiosemicarbazones) 
(BTSC) 

Cu, Zn Reduction of Aβ plaque Donnelly et al. 
(2008b) 

Clioquinol (CQ) Fe, Cu, 
Zn 

Reduction of plaque surface area, Aβ 
serum levels, and sedimentable Aβ by 
50%, and rise in Aβ soluble fraction 

Cherny et al. 
(2001) 

Preventing cognitive decline and 
lowering Aβ plasma levels 

Ritchie et al. 
(2003) 

PBT2 Fe, Cu, 
Zn 

Improvements in learning and memory 
as well as a drop in soluble and 
insoluble Aβ levels and plaque burden 
in the MWM 

Adlard et al. 
(2008) 

Lower Aβ plasma and CSF levels and 
improved executive function 

Lannfelt et al. 
(2008), Faux 
et al. (2010) 

Feralex-G Al, Fe Hyperphosphorylated tau-bound high 
Al/Fe elimination 

Shin et al. 
(2003) 

DP-109 Fe, Cu, 
Zn 

Reduction of Aβ plaques and CAA Lee et al. 
(2004), Petri 
et al. (2007) 

Zn7MT3 Zn Regulate metal Homeostasis, 
reduction of oxidative damage, 
neurodegeneration, and Aβ 
aggregation 

Xu et al. 
(2017a), 
Carpenter et al. 
(2016) 

XH1 Cu, Fe, 
Zn 

Aβ plaque reduction Dedeoglu et al. 
(2004)
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13.4.1 Targeting Iron 

Age-related or pathological disorders that affect iron homeostasis can cause 
neurodegeneration. Neurotoxicity may result from intracerebral heme release by 
microhemorrhages and an increase in the breakdown of heme enzymatically. Iron 
chelators are still being researched as a possible therapy for AD. It mainly consists of 
research ligands (deferasirox, deferiprone, and deferoxamine) or the already 
authorized conjugates of these drugs to treat chronic iron overload caused by 
blood transfusions given repeatedly to thalassemia patients (Guo et al. 2013). 

Deferiprone (1). Based on deferiprone structure (1) (Fig. 13.7), other substituted 
3-hydroxy-4-pyridinones, such as bis- and tris(3-hydroxy-4-pyridinone) 
derivatives, were investigated for iron chelation. To cross the BBB, which has 
many GLUT-1 transporters, glycoside derivatives that release 3-hydroxy-4-
pyridinone upon enzymatic cleavage are used. The 3-hydroxy-4-pyridinone 
moiety, however, is not limited to Zn(II) and Cu(II), but also to iron chelation 
(III). Dendritic chelators with 3-hydroxy-2-methyl-4-pyridinone residues have 
been developed to improve copper-binding affinity. Researchers have looked on 
linking deferasirox (2) (Fig. 13.7) with lactoferrin or conjugating deferiprone 
with nanoparticles to enhance drug delivery to the brain (Ward et al. 2014; Liu 
et al. 2006). 

Deferoxamine (DFO) (3). Intranasal DFO (3) (Fig. 13.7) therapy prevented the 
processing of amyloidogenic APP and restored Fe-induced memory deficits in 
APP/PS1 AD mice. DFO alters the expression of APP, iron regulatory protein-1, 
and hypoxia-induced factor, which may prevent the generation of ROS by 
suppressing the iron redox cycle (Guo et al. 2013). 

13.4.2 Targeting Copper and Zinc 

Dithiocarbamate of Pyrrolidine (PDTC) (4). PDTC (4) (Fig. 13.7) can deliver 
outside Cu(II) to a cell to reduce tau phosphorylation in the hippocampus of 
transgenic APP/PS1 mice and to shield hippocampal neurons from the toxicity of 
Aβ oligomers. Without changing the β-amyloid load, (4) was found to stop the 
deterioration of transgenic APP/PS1 mice’s cognition. This was probably 
achieved by blocking Cu activation of the Akt pathway in both astrocytes and 
neurons (Malm et al. 2007). 

Pyridine Derivatives. It was discovered that the 2-methylaminopyridine derivative 
(5), when chelated with Cu(II) and Zn(II), produced mixtures of 1/1 and 1/2 
metal/ligand complexes with Kd values similar to those reported for Cu-Aβ and 
Zn-Aβ,  (5) (Fig. 13.7) had a considerably stronger affinity for copper than zinc. In 
vitro, (5) was able to affect the structure of metal-induced Aβ-aggregates and 
govern Zn- or Cu-induced Aβ-aggregation, perhaps through a ternary (5)-Zn-Aβ 
complex. This compound demonstrated the usefulness of disassembling human 
Aβ aggregates and restoring the viability of human neuroblastoma cells treated
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with Aβ/Cu(II) or Aβ/Zn(II). Compound (5) was thought to specifically interact 
with metal-Aβ complexes and diminish Aβ aggregation and ROS generation after 
intraperitoneal given to 5XFAD AD animals. At physiological pH, the dipyridine 
derivative ENDIP (6) (Fig. 13.7) binds to Cu(II) and Zn(II) to produce a very 
stable tetradentate 1/1 complex with log Kapp values of 16.6 and 11.4, respec-
tively. By displacing Cu(II) from Aβ, compound (6) can resolubilize amyloid 
precipitates and stop metal-induced amyloid aggregation (Lakatos et al. 2010). 

Reduced Schiff Bases (7) and (8). To remove Cu(II) from Cu(Aβ), prevent Aβ from 
aggregating, and serve as antioxidants, compounds (7) and (8) (Fig. 13.7) were 
proposed. In a typical square planar N2O2 environment, these water-soluble 
ligands join with copper(II) to create tetradentate complexes. Zinc and nickel 
complexes with a comparable structure were also produced for ligand (7). At 
physiological pH, it was determined that the log Kapp values of Cu(II) and Zn 
(II) were around 9 and 6, respectively. At neutral pH, the log Kapp values of 8 for 
Cu(II) and Zn(II) are 14.6 and 6.1, respectively, demonstrating a clear preference 
for copper for this ligand. These ligands claimed that biological functions have 
not yet been published (Noël et al. 2012). 

L(a) (9). In a DMSO/water combination, this compound L(a) (9) (Fig. 13.7) forms a 
Cu/L complex with log Kaff = 6. Compound L(a) (9) decreases the Cu-induced 
retinal neurotoxicity in a transgenic Drosophila model of AD where Aβ is 
overexpressed (Singh et al. 2013). 

Bis(thiosemicarbazones) (btsc) (10). Cu(II)(btsc) complexes have a square planar 
N2S2 shape, are stable (log Kaff = 18), and can pass through cell membranes. 
Intracellular reductants convert the series’ leader, Cu(II)-10, to Cu(I), which 
subsequently separates from its ligand. Cu(II)-10 (Fig. 13.7) therapy of neuron-
like cells that overexpress APP led to intracellular copper release, a decrease in 
monomeric Aβ secretion, and an elevation of the phosphorylation of enzymes 
involved in apoptosis, including phosphoinositol 3-kinase and glycogen synthase 
kinase 3. A dose-dependent reduction of monomeric Aβ levels followed treat-
ment induced by an increase in intracellular zinc levels with less stable Zn(II) 
(btsc) complexes (Donnelly et al. 2008a). 

Clioquinol. Clioquinol, also known as 5-chloro-7-iodo-8-hydroxyquinoline (CQ, 
(14), Fig. 13.7), is a non-specific copper-zinc chelator that can enhance the 
learning and memory abilities of APP transgenic mice while reducing Aβ 
deposits. As a Zn-specific chelator, N,N,N′,N′-tetrakis (2-pyridylmethyl) 
ethylenediamine (TPEN) inhibits the neurotoxicity generated by soluble Aβ, 
demonstrating a strong link between Zn and Aβ neurotoxicity (Chen et al. 
2021). In vitro, CQ also partially recovered Zn-containing Aβ amyloid’s sensitiv-
ity to MMP2 destruction. Unfortunately, subacute myelo-optic neuropathy was 
caused by the antifungal and antiprotozoal drug clioquinol, which was taken off 
the market in 1983. Zinc chelation has been implicated in neurotoxicity. In 
actuality, 8-hydroxyquinolines are non-specific metal chelators, and CQ’s  affinity 
for Cu(II) is only slightly greater than that for Zn(II) (log K = 10 and 9, respec-
tively). CQ, a bidentate ligand, interacts with Zn(II) ions and Cu(II) to create 
square planar complexes with a 2/1 (ligand/metal ratio) (Fig. 13.7). CQ is
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efficient in decreasing Aβ toxicity in yeast, but analogues without a nitrogen atom 
or hydroxyl group are ineffective, showing that bidentate metal binding is 
necessary for CQ to be effective. These findings also demonstrate a connection 
between Aβ’s toxicity and its capacity to retain metal ions. In addition, amyloid is 
a competitor for the chelation of Zn and Cu. CQ raised the content of copper 
inside yeast cells (Matlack et al. 2014). 

PBT2. Clioquinol served as a model for additional 8-hydroxyquinolines that could 
restrict metal-Aβ interactions and PBT2 (15) (Fig. 13.7), whose structure was just 
recently disclosed. PBT2 is a metal-protein attenuating substance (MPAC) that 
inhibits the harmful oligomerization of Aβ that is mediated by Cu2+ and Zn2+ in 
AD. Robust preclinical effectiveness results and early clinical safety studies 
preceded this phase IIa study. This drug candidate underwent a phase IIa, 
double-blind, placebo-controlled clinical trial, and it was well tolerated and 
showed some efficacy. PBT2 failed to achieve its primary goal lower the levels 
of statistically significantly amyloid plaques in the brains of patients with prodro-
mal/mild AD (Adlard et al. 2008; Lannfelt et al. 2008; Faux et al. 2010). 

Bis(8-hydroxyquinolines). Bis(8-hydroxyquinolines) (16) and (17) (Fig. 13.7) pro-
vide that one molecule has four N2O2 binding sites, as opposed to mono 
(8-hydroxyquinolines), leading to complexes with a ligand/metal ratio of 1/1 at 
low concentrations. These tetradentate ligands have a log Kapp of 15.5–20.6 at 
physiological pH, which is 4 to 6 orders of magnitude higher than that of 
monovalent ligands for copper(II) (Log Kapp for Zn(II) = 12.5–14.2). The 
range of copper’s ligand selectivity toward zinc is 100–1000. These compounds 
are also very effective at dissolving Aβ peptides and inhibiting the formation of 
H2O2 by the CuAβ/ascorbic acid system (Nguyen et al. 2014). 

13.4.3 Miscellaneous Compounds 

DP-109. The large synthetic pro-drug known as hexadentate chelator, or DP-109 
(18) (Fig. 13.7), is activated after its two long-chain esters cleavage. Over 
3 months, daily oral gavage DP-109 treatment to female Tg2576 mice decreased 
the production and cerebral amyloid angiopathy deposition, amyloid plaques, and 
re-solubilized Aβ (Lee et al. 2004; Petri et al. 2007). 

Feralex-G (19). Inhibition and dissociation of this Al(III)/Fe(III) binding linked to 
hyperphosphorylated tau (PHFtau) may slow or stop the neurofibrillary degener-
ation by tau in AD patients. Feralex-G and deferoxamine removal PHFtau-bound 
Al(III)/Fe(III) was compared and contrasted under reaction conditions at 37 °C. 
Both compounds successfully chelated Fe(III), with no apparent differences in 
their chelating capacities. In contrast, the two chelators in the current system each 
produced a distinct Al(III) chelation reaction. Deferoxamine failed to achieve 
noticeable Al(III) chelation during incubation at 37 °C, whereas Feralex-G (19) 
(Fig. 13.7) showed effective Al(III) chelation. Therefore, Feralex-G is a more 
effective chelator for Al(III) than deferoxamine when it comes to the competitive 
elimination of Al(III) from brain PHFtau (Shin et al. 2003).
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Zn7MT3. APP/PS1 mice treated with prolonged pharmacological release of 
Zn7MT3 directly to the CNS and the role and molecular mechanism of 
Zn7MT3 to protect against AD mice were explored. Zn7MT3 reduced cognitive 
impairments, metal homeostasis, Aβ plaque burden, and oxidative stress. MT3 
also penetrates AD mice’s blood–brain barrier (Xu et al. 2017b; Carpenter et al. 
2016). 

XH1 (20). XH1 (Fig. 13.7) compound designed based on a “pharmacophore conju-
gation” concept lipophilic compound with amyloid-binding and metal-chelating 
amide linkages. Computational chemistry modelling suggests that it binds to Aβ 
peptide and reduces Zn(II)-induced Aβ aggregation in vitro. Pilot studies showed 
that XH1 has no appreciable neurotoxicity or acute animal toxicity at low 
micromolar dosages. XH1 reduced APP expression in human SH-SY5Y neuro-
blastoma cells and alleviated cerebral Aβ amyloid pathology in PS1/APP trans-
genic mice without toxicity or behaviour abnormalities (Dedeoglu et al. 2004). 

13.5 Prospective and Conclusion 

Long-term neuronal function necessitates a precise balance of transition metal 
activity. Errors inevitably happen in any physical system, and transition metals 
gradually occupy disproportionate positions in the brain, impairing cellular function. 
This aberration in metal homeostasis, at least in part, is the cause of AD, which 
exhibits a strong correlation with ageing. As a result, transition metal chelation offers 
a therapeutic approach that focuses on early disturbances in transition metal activity. 
Such sequestration would eventually aid in preventing ROS generation and accu-
mulation that causes oxidative damage to neuronal tissue, as well as preventing Aβ 
peptide aggregation and deposition. 

This book chapter examines the role played by various biometals in the primary 
pathological symptoms of AD. Due to increased APP expression, the aggregation of 
Aβ plaques, and tau hyperphosphorylation, biometals iron, zinc, and copper are 
known to be deposited in the brains of AD patients. Exposure to harmful metals like 
mercury, cadmium, lead, and aluminium may also begin an AD-specific pathol-
ogy through mechanisms such as oxidative stress, neuroinflammation, and protein 
modification. As a result, any therapeutic approach aimed at specific drug delivery 
methods must be used when lowering trace metal levels in AD and consider how it 
will affect the concentration of a given metal. 

As a result, any therapeutic approach aimed at reducing the levels of trace metals 
in AD must be precise regarding drug delivery and consider the impact on metal 
concentration. Even though they weren’t entirely successful, preclinical and clinical 
research on manipulating trace metals was one of the most promising ways to treat 
AD and this could be achieved through the targeted distribution of trace metals to Aβ 
aggregates and NFTs. To achieve this, novel delivery platforms, novel metal 
chelators, and novel compounds will be required.
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Abstract 

The most commonly known dementia, i.e., Alzheimer’s disease (AD) occurs in 
older age people and it is an irreversible neurodegenerative disorder of the brain 
that is primarily regarded as a decline in thinking and independence in daily 
activities. It is well documented that the disease development starts the years 
before the warning signs are evidenced and at that point most treatments become 
ineffective. Over a long time, vascular risk factors have been connected with 
cognitive decline and higher risk of AD through increased tau and cerebral 
amyloid β (Aβ) aggregates. Unlike programmed cell fate to death, ferroptosis is 
oxidative stress or aggregation of lipid peroxide and iron-reliant cell death 
associated with AD. The exact mechanism of action of ferroptosis in AD, related 
pathways, and differentially expressed genes need to be widely investigated. 
Ferroptosis hallmarks such as high levels of iron level, oxidative stress, and 
accumulation of lipid peroxides were investigated in the AD brain. Further, it 
was noticed that the development of neurofibrillary tangles and Aβ plaques are 
associated with iron burden in AD mice models. Here, we summarize the recent 
development of a ferroptosis-related molecular mechanisms, and chemical 
modulators of ferroptosis in order to control the progression of AD progression. 
The details of the existing potential targets for therapeutics in order to avert the 
ferroptosis in AD have been discussed. Ferroptosis-related studies for AD treat-
ment in the future might be based on creating novel techniques and therapeutic
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agents to modulate ferroptosis in AD brain and construct animal models of AD in 
order to identify ferroptosis modulators to stop or reverse the neurodegeneration 
in AD.
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14.1 Introduction 

Alzheimer’s disease (AD) is a multifactorial progressive neurodegenerative disorder 
that normally occurs in elderly people. AD is one of the major causes of dementia 
globally where irreversible neuronal loss leads to loss of memory and reduced ability 
to carry out their daily routine independently. The first case of AD was reported by 
Alois Alzheimer, a German physician in 1907 who described particular changes in 
the cortical cell clusters after brain biopsy and accredited the behavioral changes in 
the patient due to these lesions. Alzheimer portrayed nerve fibrillary tangles and 
plaques which were identified as amyloid β (Aβ) plaques and NFTs (neurofibrillary 
tangles) in 1980. The diagnostic basis for AD was standardized in 1984 in the USA. 
These criteria were revised in 2011 and 2018 to distinguish the role of biomarkers in 
diagnosing AD and to create distinct diagnoses for the preclinical stages, cognitive 
impairment, and different phases of dementia in AD. This disease is usually 
diagnosed at a late stage when significant neurodegeneration has occurred. Diagno-
sis is based on clinical tests as no robust biomarkers have been identified so far. 

14.1.1 Statistics of AD 

The occurrence of dementia globally is approximately over 45 million where AD is 
the main reason of dementia and is accountable for approximately more than 70% of 
cases (Crous-Bou et al. 2017). It is estimated that globally approximately 35.6 
million people are affected by AD. It is projected to rise up to 65.7 million by 
2030 and by 2050 it will be around 115.4 million (Mcgirr et al. 2020). Whereas in 
India deaths due to AD were highest in three decades in 2019. AD-related deaths 
increased almost five times in India between 1990 and 2019. According to India 
Report 2010, 3.7 million people were living with AD in India which is now 
increased to 4 million. The actual figure of patients affected by dementia in India 
is expected to double by 2050 (Perianayagam et al. 2022). 

14.1.2 Current Treatment for AD 

Currently, available therapy for AD includes NMDA and cholinesterase inhibitors. 
Cholinesterase inhibitors and NMDA receptor antagonists are the two classes of



medications used to treat AD. The acetylcholine neurotransmitter plays a crucial role 
in learning and memory, and cholinesterase enzyme hydrolyzes acetylcholine and 
converts it into acetic acid and choline whereas cholinesterase inhibitors like 
donepezil, rivastigmine, and galantamine prevent the hydrolysis of acetylcholine 
(Cai et al. 2018). By increasing the amount of acetylcholine in the brain, these 
medications can improve cognitive function and manage the symptoms of AD, 
including memory loss, confusion, and difficulties with language and thinking 
(Colović et al. 2013). Cholinesterase inhibitors are primarily used to treat mild to 
moderate AD, and they are generally well-tolerated. NMDA receptor antagonists, 
such as memantine, work by regulating the neurotransmitter glutamate, which is 
involved in learning and memory. In AD, excessive glutamate release can lead to 
neuronal damage and death. By blocking the overactivity of glutamate receptors, 
NMDA receptor antagonists can protect neurons from this damage and improve 
cognitive function (Liu et al. 2019). Memantine is primarily used to treat moderate to 
severe AD, although its side effects can include dizziness, confusion, and headaches 
(Khalaf et al. 2019). While cholinesterase inhibitors and NMDA receptor antagonists 
can help manage the symptoms of AD, they do not cure the disease, and their 
effectiveness varies from person to person. Moreover, they do not address the 
underlying causes of AD, which are complex and not fully understood. Ongoing 
research is focused on identifying new targets for drug development and developing 
more effective treatments that can slow or halt the progression of the disease. 
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The most recent drug approved for the treatment of Alzheimer’s disease (AD) is 
Aducanumab, which was approved by the “US Food and Drug Administration 
(FDA)” in June 2021 (Vaz et al. 2022). Aducanumab is a monoclonal antibody 
that targets amyloid beta, a protein that accumulates in AD patients’ brains and is 
believed to contribute in the development of the disease (Beshir and Aadithsoorya 
2022). The approval of aducanumab was based on data from clinical trials that 
showed a reduction in the amount of amyloid beta in the brains of people with early-
stage AD who received the drug (Tampi et al. 2021). However, the efficacy of 
aducanumab in slowing down cognitive decline and improving the overall function 
of people with AD remains controversial, with some experts questioning the clinical 
relevance of the trial data (Tampi et al. 2021). 

Despite the approval of aducanumab, there is still a need for more effective 
treatments for AD, as the disease remains a significant public health challenge. 
Ongoing research is focused on identifying new targets for drug development, 
including tau protein and inflammation, as well as developing more personalized 
and targeted treatments that can address the complex nature of the disease. More-
over, other treatment options consist of escalating cognitive reserve and offering a 
nutritional approach to slow down and prevent the disease progression. AD progres-
sion starts years prior to the symptoms get visible and at this stage the available 
therapies become ineffective. The major proteins occupied through JAK2/STAT3 
pathway in the hippocampus, like p-STAT3-Tyr705 and p-JAK2-Tyr1007 were 
overexpressed in several AD experimental models. It is well documented that glial 
cells like astrocytes, play a major part in the succession of AD. Devoid of showing a 
substantial result on amyloid pathologies and tau protein, the above pathway has



shown a considerable impact on animal models of AD via tau and Aβ pathologies. 
Moreover, in AD, cholinergic atrophy that is necessary to the maintenance or 
survival of BFCN (basal forebrain cholinergic neurons) was outlined as a trophic 
failure during the NGF (nerve growth factor) metabolic pathway. In the case of AD, 
a modification in the alteration of the proNGF—NGF as well as augment in 
degradation of mature NGF occurs. Therefore, in the AD experimental studies, the 
function of exogenous mature NGF was exposed to recover the atrophic BFCN. In 
addition to this, it is also reported that the microRNA-107 mediated signaling 
pathway like FGF7/FGFR2/PI3K/Akt signaling pathway is also involved in the 
pathophysiology of AD. Several studies have suggested that dysregulation of 
miRNA expression could be associated with various human pathological conditions, 
including neurological disorders. Studies on miRNA therapies in neurodegenerative 
diseases are still in infant stage. Moreover, it is coming into the knowledge that, 
vascular dysfunction is connected to the reasonable turn down and higher threat of 
AD. Vascular risk factors were linked with elevated Aβ and tau protein burden, 
whereas collegially performing with Aβ to persuade reasonable turndown. For 
example, one of the main vascular risk factors like, apolipoprotein E4 polymorphism 
is genetically associated risk factor of AD. Various mechanisms of cell death were 
studied in AD pathology. 
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In recent decades, several reports suggest that besides apoptosis and necrosis, 
ferroptosis appears to be associated with AD (Dixon 2017; Hambright et al. 2017). 
Ferroptosis, which is increasing with aging, is genetically different from another 
form of cell death even though its biochemical and morphological properties are 
different (Dixon et al. 2012; Zhou et al. 2020). 

14.1.3 Ferroptosis 

It is a type of nonapoptotic cell death reliant on intracellular iron. The process of 
ferroptosis is one of the newest types of synchronized cell death associated with the 
overloading of iron species and lipid-based ROS (reactive oxygen species) accumu-
lation, reduced glutathione levels, and inhibition of GPX4, resulting in disturbance 
in iron homeostasis and cell death (Stockwell et al. 2017; Dixon and Stockwell 
2019). In 2012, the term ferroptosis was introduced by Dixon and his group, in order 
to describe the erastin-driven cell death, which mainly act by inhibiting the system 
Xc. The process ferroptosis can be incited by inhibiting system Xc, glutathione 
depletion, targeting excess iron, and directly inhibiting GPX4 enzyme. At the same 
time, ferroptosis inhibition is achieved by blocking excessive lipid peroxidation by 
targeting different pathways. These mechanisms are often related to the pathophysi-
ology and development of diseases like cancer and AD. It is fundamentally different 
from other cell deaths like necrosis and apoptosis in biochemistry, functions, and 
morphology. The mechanism by which ferroptosis acts as a regulatory factor in 
many diseases remains elusive. The activation and inhibition of ferroptosis to 
alleviate different disease progression is a topic of great interest and has become a 
hotspot for etiological research and treatment. Here, we focus on systemically



summarizing the various mechanisms implicated in the inhibition and initiation of 
ferroptosis. We have also discussed in depth various ferroptosis inducers and 
inhibitors. 
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The overload of iron molecules may persuade ferroptosis in the AD mice model, 
and it could be exclusively prohibited by means of an iron chelator (Dixon et al. 
2012; Wang et al. 2017). Rising evidences have recommended that ferroptosis might 
be revealed in cell death connected to neurons in several neurological diseases, like 
PD, Huntington’s and stroke escorted by mitochondrial dysfunction, lipid peroxida-
tion, and GPX4 reduction (Alim et al. 2019; Wu et al. 2018; Tuo et al. 2017; Skouta 
et al. 2014). Moreover, ferroptotic inhibitors have been revealed as neuron protectors 
which also recover empirical function in stroke disease animal models (Alim et al. 
2019; Tuo et al. 2017). GPX4 knockout mice directly showed significant neuronal 
loss and age-dependent neurodegenerative changes (Hambright et al. 2017). Taking 
into consideration that the iron burden in AD significantly generates elevated ROS 
level in the brain somehow strengthen the point that ferroptosis is implicated in the 
cognitive impairment and loss of neurons. However, the evidences are not enough to 
make a direct connection to it (Praticò et al. 2001; Praticò and Sung 2004; Castellani 
et al. 2007; Derry et al. 2020). Ferroptosis hallmarks, such as augmented oxidative 
stress and iron levels have been extensively noted in the AD brain. It is reported that 
formation of NFTs and Aβ plaques is connected with iron overload in AD mice 
model (Yamamoto et al. 2002; Peters et al. 2018). Moreover, iron level completely 
associated with cognitive decline in glutathione peroxidase (GPX4) and human 
subjects is protective in mice model of AD (Yoo et al. 2010; Ayton et al. 2017). 
After various efforts made by researcher globally on tau protein 
hyperphosphorylation and Aβ deposition, still an efficient and effective therapeutic 
option to decline the neurodegeneration in case of AD is missing. However, besides 
these rising evidences advocate that ferroptosis contributes to neurodegeneration. 
Therefore the involvement of ferroptosis and the mechanism connected with a clas-
sical pathway of ferroptosis during progression of AD became one of the major 
hurdles to deal with novel pathophysiological studies and therapeutics. 

14.2 Mechanism Concerned to the Fundamental Ferroptotic 
Pathway 

On the basis of available literature till date mechanism of ferroptosis can be 
separated into three fractions: (1) iron homeostasis, (2) GSH (glutathione) metabo-
lism, and (3) lipid peroxidation or oxidative stress. Disturbance in any of these 
mechanisms either alone or in combination can induce ferroptosis. 

14.2.1 Iron Homeostasis 

It was reported that transferrin 1 receptor facilitates the entry of iron inside the cells 
where it get reduced from Fe3+ to Fe2+ in the endosome through



STEAP3 (six-transmembrane epithelial antigen of the prostate 3) metalloreductase 
and plays a crucial role in ferroptosis (Zhang et al. 2012; Yan and Zhang 2020). In 
2019, Gao et al. reported that Fe2+ accumulated in ferritin and ferroportin mediates 
its exportation from the cell. Further ferritin deprivation through NCOA4 (nuclear 
receptor coactivator 4) strengthen the ferroptotic process by accumulating the 
intracellular iron. In addition to this Fe2+ accumulation further leads to production 
of oxidative stress and ROS (Hou et al. 2016; Ward et al. 2014). Production of ROS 
such as O2

- (superoxide anion) and hydroxyl free radical (. OH) due to excessive free 
intracellular iron accumulation results into oxidative damage to membrane or lipid 
enclosed molecules and lipid peroxidation which further lead to harm at cellular 
level and eventually to ferroptotic cell death (Aprioku 2013). 
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14.2.2 Glutathione Metabolism 

Blocking of the glutamate/cystine antiporter can cause a decrease in intracellular 
GSH levels that ultimately results in the deactivation of GPX4, a critical enzyme 
involved in antioxidant defense and the regulation of ferroptosis (Seibt et al. 2019). 
These processes ultimately lead to ferroptosis cell death via ROS accumulation and 
enhanced lipid peroxidation (Wang et al. 2020). Further, it was reported that GPX4 
reduces PL-PUFA(PE)-OOH to PL-PUFA(PE)-OH, where GPX4, also referred as 
GS-SG (glutathione disulfide), changes GSH into its oxidized form (Seibt et al. 
2019; Cozza et al. 2017). Moreover, under oxidative stress despite Nrf2, xCT 
mRNA positively coordinated by ATF4 activation (transcription factor 4), whereas 
negative regulation of xCT mRNA via P53 leads to cysteine deprivation and 
susceptibility toward ferroptosis (Cai et al. 2018; Sato et al. 2004; Jiang et al. 
2015; Habib et al. 2015). 

14.2.3 Lipid Peroxidation and Oxidative Stress 

It is well known that ROS-mediated lipid peroxidation that leads to oxidative stress 
is the main key to ferroptosis (Kuang et al. 2020). A decrease in GSH levels and 
GPX4 inhibition leads to 12/15 LOX (12/15-lipoxygenase) activation. Further the 
association of Fe2+ with 12/15-LOX results in the oxygenation of PUFA (polyunsat-
urated fatty-acids) and triggers lipid peroxidation- mediated ferroptosis (Kagan et al. 
2017). Among the six isoforms of LOX, 12/15-LOX are most the abundant and 
considered as key ferroptotic cell death regulators (Kagan et al. 2017; Yang et al. 
2016). Besides accumulated free intracellular iron-induced ROS generation, 
mitochondria also facilitate ROS production. Electron leakage from mitochondrial 
complexes I and III during the electron transport process gives rise to the production 
of ROS like superoxide (O2

-) and hydrogen peroxide (H2O2). Consequently, this 
can lead to a reduction in mitochondrial membrane potential (Gao et al. 2019). 
Recently in 2020, Kuang et al. reported that reduction in mitochondrial membrane 
potential associated with ferroptosis and engaged regulatory mechanism different



from apoptosis. Activation of 12/15-LOX due to GSH depletion can enhance 
cytosolic calcium ion (Ca2+ ) via importation from the mitochondrial extracellular 
compartment and by releasing from endoplasmic reticulum and mitochondria 
(Maher et al. 2018). GSH levels depletion may also induce the dysregulation of in 
and out Ca2+ transport from mitochondria via VDAC (voltage dependent anion 
channels) and MCU (mitochondrial Ca2+ uniporter) (Zorov et al. 2014; DeHart 
et al. 2018). Due to overload of Ca2+ and loss of mitochondrial function induce 
the Ca2+ dependent proteases (DeHart et al. 2018). Subsequently, ROS-mediated 
BID transactivation and induction of AIF (apoptosis-inducing factor) translocation 
to nucleus from mitochondria lead to cell death (Neitemeier et al. 2017). Reduction 
of MAMs (mitochondria-associated endoplasmic reticulum membranes) communi-
cation and activation of calcium-activated potassium channel have the potential to 
defence against ferroptosis dependent cell death (Krabbendam et al. 2020). The 
various pathways associated with ferroptosis are shown in Fig. 14.1. 
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Fig. 14.1 Molecular mechanisms involved in cell death due to ferroptosis. Ferroptosis pathway 
can be separated into three modes (1) iron metabolism, (2) glutathione metabolism, and (3) polyun-
saturated fatty acid metabolism. Well-recognized ferroptosis inhibitors and their method of action 
are indicated in green
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14.3 Role of Ferroptosis During AD Progression 

In 2012, ferroptosis was first illustrated and stated that it differs from normal 
apoptosis corresponding to biochemical reaction and structural morphology, further 
ferroptosis is characterized by the accumulation of lipid peroxidation induced by free 
intracellular iron (Dixon et al. 2012; Stockwell et al. 2017). Erastin is considered as 
one of the major ferroptosis inducer that inhibits import of cystine from cystine-
glutamate antiporter system Xc- and further leads to glutathione reduction (Dixon 
et al. 2012). A well-known selenoenzyme GPX4 uses glutathione as substrate in 
order to convert a potent toxic lipid hydroperoxides to non-toxic lipid alcohols 
(Yang et al. 2014; Ursini et al. 1982; Friedmann Angeli et al. 2014). Several reports 
suggest that tiny mitochondria with diminishing mitochondrial crista, solid mito-
chondrial membrane, transparent nuclei, and ruptured outer membrane of 
mitochondria are the morphology-related characteristic quality of ferroptosis (Mou 
et al. 2019; Miyake et al. 2020). Recently, it was reported that ferritinophagy 
facilitates ferroptosis regulation (Tang et al. 2018). It is reported that when 
ferroptosis occurs due to cysteine depletion, ferritinophagy comes into play and 
releases the free intracellular iron with the help of nuclear receptor coactivator 
4 (Tang et al. 2018). A well-known modulator of ferritinophagy, i.e., HER2C 
regulates the FBXL5 turnover, which emerges to play a key function in the metabo-
lism of iron and is basically a part of complex that aims proteasomal degradation via 
iron regulatory protein 2 (Tang et al. 2018; Moroishi et al. 2014). Further it is 
reported that HER2C deficiency may trigger neurodegeneration via the release of 
free iron, a damaging response to enhanced iron levels that may lead to 
ferritinophagy and damage of neurons (Tang et al. 2018). Nrf2 (Erythroid 
2-related factor 2) is a well-known transcriptional regulator which control genes 
related to the mitochondrial function and involved in the lipid, glutathione, and iron 
metabolism (Abdalkader et al. 2018). Further Nrf2 can assist to defend against 
ferroptosis, and hence increasing Nrf2 signal may offer neuroprotective effects 
(Abdalkader et al. 2018). In recent decades, researchers demonstrate that ferroptosis 
may affect AD prognosis or pathogenesis, and elevated lipid peroxides level in brain 
is one of the characteristic quality of AD (Adibhatla and Hatcher 2010). GPX4 
deletion in mice model of AD displays degeneration of hippocampus and cognitive 
impairment similar to ferroptosis-mediated neurodegeneration which includes 
neuroinflammation, lipid hydroperoxides, neuroinflammation, and ERK establish-
ment which is improved by ferroptotic inhibitors (Hambright et al. 2017). 
Ferroptosis may intensify AD via heme oxygenase-1 pathways and targeting the 
Hif-1α (Tang et al. 2018). Reports suggest that it is altered by the interruption in lipid 
restoration involving GPX4 and glutathione (Stockwell et al. 2017). Cellular death 
via ferroptosis can be obscured by lipid peroxidation inhibitors, iron chelators, 
reduction of PUFAs, and lipophilic antioxidants (Stockwell et al. 2017). Therapeutic 
studies in AD models with potent anti-ferroptosis activity and experimentation with 
vitamin E supplements to treat AD have produced contradictory results or prevent 
cognitive decline (Lloret et al. 2019). Hybrids of donepezil-butylated 
hydroxytoluene used as potential anti-AD therapies (Cai et al. 2018). Moreover, 
cognitive improvement in AD has been achieved by idebenone, but irrefutable



evidence for a clinically significant benefit is lacking (Thal et al. 2003; Senin et al. 
1992; Weyer et al. 1997). Further vildagliptin showed significant biochemical 
changes, declined tau phosphorylation, memory improvement, amyloid-β attenua-
tion, and enhanced expression of synaptic plasticity proteins in the hippocampus of 
AD rat models (Khalaf et al. 2019; Ma et al. 2018; Kosaraju et al. 2013). Linagliptin 
alleviated tau phosphorylation, amyloid-β attenuation, cognitive deficits, and 
neuroinflammation in rodent model of 3xTg-AD (Kosaraju et al. 2017). It is 
shown that linagliptin improved amyloid-β-activated intracellular ROS and dysfunc-
tion of mitochondria in cultured human neuronal cells. It was shown that baicalein 
prevents tau phosphorylation, declined amyloid-β and improved cognition in AD 
mouse models (Zhang et al. 2013; Gu et al. 2016). Certain reports demonstrated that 
in the case of AD, PD-146176 decreases tau pathology and amyloid-β, diminished 
autophagy and preserved memory in a 3xTg mouse model (Di Meco et al. 2017; Chu 
et al. 2015). It is reported that zileuton compound improves memory and lessens tau 
and Aβ pathophysiology in 3xTg AD mice model (Di Meco et al. 2014; Chu et al. 
2013). A controlled and randomized use of sodium selenate reduce the raised 
concentration of selenium in CSF sample. This decrease in CSF selenium concen-
tration correlated with changes in cognitive function as assessed by the Mini-Mental 
Status Examination (MMSE) (Cardoso et al. 2019). 
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14.4 Ferroptosis Inhibitors 

14.4.1 Radical Trapping Antioxidants (RTAs) 

These agents act by inhibiting the autoxidation of lipids, which is a crucial step in 
lipid peroxidation. The RTAs are also known as chain-breaking antioxidants that act 
by reacting with the chain that carries peroxyl radical, due to which the process of 
autoxidation of lipids does not occur (Ingold 1961; Ingold and Pratt 2014). The 
petroleum industry has widely used the RTAs for many years. It prevents the 
autoxidation of oil, fuels, rubber, and plastics; due to this property, they are widely 
used as excipients in petroleum (Burton and Ingold 1986). The role of RTA in 
suppressing lipid peroxidation was revealed after the characterization of 
α-tocopherol (Fig. 14.7), the highest biologically active form of vitamin E. It is 
one of the most potent RTA reported till date. The research on tocopherol has 
concluded that antioxidants have essential roles in treating cardiovascular and 
Alzheimer’s disease (Bowry and Stocker 1993). One of the primary disadvantages 
of antioxidants is that they frequently fail in in vivo tests. The activity that occurs 
in vitro does not cross over to the in vivo research. There are many misconceptions 
about antioxidants’ beneficial effects in disease prevention, and as a result, very little 
research has been done in this field (Angeli et al. 2017). Vitamin E deficiency leads 
to premature neurodegeneration onset, which is mainly related to ferroptosis-linked 
disease (Ulatowski and Manor 2015). So it is suggested that antioxidants carry 
beneficial therapeutic effects. Still, presently we have very little understanding 
regarding antioxidants, due to which fewer compounds have come into existence 
(Harding et al. 1982; Doba et al. 1985).



384 G. Singh et al.

14.4.2 Vitamin E Analogs 

After the identification of α-tocopherol, it has come to notice that vitamin analogs are 
one of the promising candidates that act as antioxidants. It is one of the naturally 
occurring lipid-soluble RTA which acts on the chain carrying peroxyl radical 
(Angeli et al. 2017). Much work has been done to enhance the reactivity of these 
analogs with peroxyl radicals. Many researchers have introduced different groups in 
naturally occurring vitamin E analogs. After synthesizing a large number of 
compounds and studying their SAR, the compound tetrahydronaphthyridinols 
(THNs) is identified as (Yang 2016) the promising lead with enhanced activity 
toward peroxyl radical. The SAR studies have suggested that the introduction of 
nitrogen group on the 3 and 5 positions in the ring relative to a hydroxyl group of 
classical phenolic RTA promisingly stabilizes electron-rich phenol against autoxi-
dation. The substitution of N,N-dialkylamino (strongly electron-donating group) 
increased the rate of reaction toward the free radicals, mainly peroxyl radicals, by 
weakening the O–H bond and not compromising their resistance toward autoxida-
tion (Wijtmans et al. 2003; Pratt et al. 2001). Considering these facts, the compound 
tetrahydronaphthyridinols THNs (Aza-Phenols) comes into existence, which 
possesses the best combination of stability and reactivity. The THNs showed 
30-folds higher activity toward peroxyl radicals in organic solution and liposomes 
compared with α-tocopherol (Nam et al. 2007). After recognizing that oxidative lipid 
degradation is necessary for the execution of ferroptosis, the excellent activity of 
RTA toward the inhibition of lipid peroxidation makes them one of the most 
privileged candidates to inhibit ferroptosis, which is one of the key processes in 
many diseases like cardiac diseases, ischemia, and neurodegenerative disorders. 
Zilka et al. have shown that when THNs with different chain lengths were treated 
with alkyl chain ranging from 22 to 15, they exhibited excellent inhibitory properties 
toward ferroptosis and even showed more significant activity than ferrostatin and 
liproxstatin-1, well-known ferroptosis inhibitors (Zilka et al. 2017). THNs have also 
demonstrated higher tissue distribution because they efficiently bind with 
α-tocopherol transfer protein (αTPP) and protect themselves from liver metabolism 
(Li et al. 2013). These properties make THNs the essential candidates in the form of 
ferroptosis inhibitors. 

14.4.3 Lipoxygenase Inhibitor 

Different studies have suggested that lipoxygenase is one of the key enzymes that 
plays a crucial role in the execution of ferroptosis by accelerating the process of lipid 
peroxidation (Fan and Fan 2018; Feng and Stockwell 2018). Lipoxygenase enzyme 
can activate the nuclear factor-кB (NF-кB) pathway, which expresses the transcrip-
tion of genes like inducible nitric oxide synthase (iNOS), which is recognized as one 
of the critical factors in inflammatory responses (Mendes et al. 2017; Guo et al. 
2019; Vallance and Leiper 2002). The iNOS accelerates the generation of NO 
radicals, which is an important parameter in many physiological processes.



Excessive production of NO leads to the generation of reactive nitrogen species 
(RNOS), and excessive accumulation of RNOS shows a toxic effect and causes cell 
death and tissue damage (Blaise et al. 2005). The main drawback of lipoxygenase as 
a target is that it lacks specificity, as lipoxygenase exists in six isoforms in humans. 
So many researchers have studied the different isoforms to design isoform-specific 
inhibitors, which were of great medicinal effect (Gilbert et al. 2011). The other main 
obstacle regarding lipoxygenase was the lack of 3D structure information of human 
lipoxygenase. There has been no conclusive evidence that a particular isoform is 
entirely responsible for ferroptosis. One genetic study has suggested that the defi-
ciency of Alox 15, the isoform of lipoxygenase, is capable of oxidizing esterified 
PUFAs and further suggested that it is responsible for cell death (Brütsch et al. 
2015). Alox15 is an iron-containing enzyme without heme, which generates lipid 
peroxides from polyunsaturated acids like arachidonic acid and linoleic acid 
(LA) (Guo et al. 2019). Alox15 acts by oxidizing either AA or LA and converts 
them into their respective peroxides, which are 15-hydroxyeicosatetraenoic acid and 
13-hydroperoxy-octadecadienoic acid (13-HpODE), respectively. Alox15 also 
generates lipoxins, which act as important inflammatory mediators (Solomon et al. 
1997; Ivanov et al. 2010). Excessive generation of these lipid peroxides has toxic 
effects on the cell and causes death by ferroptotic cells. Although the cellular 
antioxidant system balances lipid peroxides, an imbalance of this process leads to 
ferroptotic cell death (Yang and Stockwell 2016). Several types of research have 
shown that the development of new lipoxygenase inhibitors can prevent ferroptosis. 
Based on their mechanism, the lipoxygenase inhibitors are divided into five groups: 
(1) redox inhibitors maintain the concentration of active site iron atom into its 
inactive form, which was reported as reduced form; (2) iron chelators remove the 
iron from the active sites due to which the enzyme losts its activity; (3) competitive 
inhibitors, (4) suicide substrates have a property to irreversibly bind with enzyme 
and inactivate the enzyme; and (5) allosteric inhibitors have a property to bind with a 
specific site which is responsible for the enzyme activity and inactivate that specific 
site (Haeggström and Funk 2011). Alox15 has been involved in a wide variety of 
illnesses, including asthma, diabetes, stroke, atherogenesis, cancer, Alzheimer’s 
disease, and Parkinson disease. This exerts the focus of many researchers to design 
Alox15 inhibitors for drug discovery. Rather than targeting a single lipoxygenase, 
several studies show that focusing on multiple lipoxygenase inhibition yields supe-
rior outcomes with greater ferroptosis suppression (Kagan et al. 2017; Friedmann 
Angeli et al. 2014). It remains elusive whether to develop specific lipoxygenase or 
pan-lipoxygenase inhibitors as novel drug which efficiently inhibits the execution of 
the ferroptosis process. Some compounds are reported as lipoxygenase inhibitors, as 
shown in Fig. 14.2. 
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14.4.4 Ferrostatin 

Ferrostatin is an alkylamine derivative that came into existence by high-throughput 
screening of a large library of compounds targeting ferroptosis (Skouta et al. 2014;



Hofmans et al. 2016). Ferrostatin mainly acts by inhibiting lipid peroxidation, but it 
does not inhibit the accumulation of mitochondrial ROS and does not inhibit 
lysosomal membrane permeability (Skouta et al. 2014). It has previously been 
reported that diarylamines and hindered dialkylamines effectively reduce agents 
and antioxidants. They are already employed as a preservative in the food industry 
to slow the oxidation process and prevent food spoilage. These antioxidants are 
widely used in the material sector to prevent oxidative deterioration of polymers, 
plastics, and other materials and in the chemical industry to prevent the autoxidation 
of rubber and plastics (DeHart et al. 2018). The diarylamines are exciting molecules 
and are under investigation as possible antioxidants that work as excellent free 
radical scavengers and have the therapeutic potential. The exploration of 
diarylamines has led to the discovery of ferrostatin-1, the first ferroptosis inhibitor. 
Ferrostatin-1 suppresses ferroptosis caused by erastin, although the specific site 
where ferrostatin-1 reacts is unclear. It is hypothesized that it works by preserving 
the levels of PUFA and their derivatives rather than changing the cysteine and 
glutathione levels. PUFAs are prone to oxidation. PUFAs are highly prone to 
oxidation, and it gets oxidized by both enzymatic (lipoxygenase mediated) and 
non-enzymatic (Fenton process mediated) processes (Loscalzo 2008). Ferrostain-1 
acts by preventing the degradation of oxidized PUFA and their fragments by 
inhibiting their oxidative destruction. The ferrostatin-1 traps the free lipid peroxyl 
radical either by transferring the hydrogen atoms or by directly reducing lipid
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Fig. 14.2 The chemical structures of various lipoxygenase inhibitors



peroxide (Skouta et al. 2014). Ferrostatin-1 suffers from poor efficacy and metabolic 
stability. The ester group in this gets hydrolyzed into the inactive carboxylic acid 
group. It also exhibits weak microsomal activity and gets trapped into the 
microsomes due to its acidic nature (Hofmans et al. 2016; Devisscher et al. 2018).
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Fig. 14.3 Structures of ferroptosis inhibitors derived from ferrostatin-1 

Stockwell et al. established structure–activity relationship and suggested that the 
replacement of the amine group (-NH2) of ferrostatin with a nitro group (NO2) leads 
to the drastically reduction of ferroptosis. The amine group acts as a radical trapper 
and helps to quench the free radical, which was an essential factor as an excellent 
radical trapping agent. The amino group acts as the tremendous hydrogen source and 
transfers one of the hydrogen atoms into free radicals to retard or inhibit the free 
radical chain reactions. Similarly, in phenolic-based RTA, the OH group of phenol 
acts as a hydrogen atom source. The N-substituted cycloalkyl (cyclohexyl) present in 
the ferrostatin is necessary for the activity. They also vary the number of carbon 
atom of the N-substituted cycloalkyl moiety and synthesized ten analogs. After 
studying these analogs, the conclusion comes that the compound with a large 
lipophilic bulky group, cycloalkyl moiety shows greater potency (Dixon et al. 
2012; Dixon and Stockwell 2014). Skouta et al. also performed an SAR study of 
ferrostatin-1. They suggested that the introduction of heteroatoms in the 
N-substituted cycloalkyl moiety can reduce the potency and also studied the role 
of hydrophobicity in the interaction with the lipophilic membrane environment. The 
substitution of aryl group with electron withdrawing or donating group or containing 
heteroatom on central primary amine can ameliorate the potency of ferrostatin. The 
tertiary amines turned out to be less potent compared to secondary or primary 
amines. The replacement of ester with the amide group can decrease the activity 
by ten folds (SRS9–11, Fig. 14.3,  IC50 = 950 nM) when compared to ferrostatin-1 
(IC50 = 95 nM) (Skouta et al. 2014). The substitution of the benzyl group on the 
central amine leads to a potent compound (~6-fold) with higher activity (SRS11–92, 
Fig. 14.3,  IC50 = 6 nm) when compared to ferrostain-1. These studies are mainly 
focused on ferrostatin-1 to improve its existing potency (Hofmans et al. 2016). 
Linkermann et al. designed a ferrostatin-1-derived compound with improved plasma



and microsomal activity. In this compound, ethyl ester was replaced with the 
tertiary-butyl ester to increase microsomal stability. Also, the imine group was 
introduced to the central amine group to generate SRS16–84, with higher plasma 
stability (t1/2 ≥ 120 min), and to show more excellent metabolic stability toward 
mouse microsomes. Intriguingly, SRS16–84 turned out to be of poor potency 
(IC50 = 350 nm) when compared with ferrostatin-1. Further, the compound 
UMAC-2418 was designed by substituting the benzyl group on central amine and 
replacing ethyl ester with sulfonamide, which could inhibit erastin-induced 
ferroptotic cell death. In human and mouse microsomes, the compound UMAC-
2418 showed better potency with IC50 = 4 nM and t/2 of 90 min and 180 min. With 
complete plasma stability up to 6 h (Hofmans et al. 2016). Further, the same research 
group reported UAMC-3203 (Jiang et al. 2015) with slightly less potency (12 nM) 
over UMAC-2418 with improved microsomal stability (with t1/2 (Human) = 20.5 h, 
t1/2 (Rat) = 16.5 h and t1/2 (Mouse) = 3.5 h), enhanced plasma stability up to 6 h and 
with improved water solubility. The compound UAMC-3203 (Fig. 14.3) also 
showed rapid redistribution into various tissues. It is worth mention that UAMC-
3203 was found to be efficacious in the acute iron-induced poisoning injury in mice 
(Devisscher et al. 2018). 
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14.4.5 Liproxstatin 

Liproxstatin is an anti-ferroptotic molecule discovered in high-throughput screening 
of a vast library of small molecules utilizing the cell-based assays (Zilka et al. 2017). 
The ferroptotic cell death was induced primarily through the deletion of the gluta-
thione peroxidase-4 (GPX4) gene or by inhibiting the System Xc antiporter that 
allows the exchange of intracellular glutamate and extracellular cysteine, which is 
necessary for the generation or synthesis of glutathione (GSH). The liproxstatin 
suppresses the ferroptosis activity by inhibiting the accumulation of lipid hydroper-
oxide (LOOH). Liproxstatin was evaluated in an inducible GPX4 KO mouse cell 
line, and it inhibited the cell death in this model (Friedmann Angeli et al. 2014). The 
liproxstatin is a highly potent active spiroquinoxalinamine derivative that acts by 
scavenging the lipid peroxide by transferring hydrogen atom from the amine group 
(-NH) to the free radical and acts as radical trapping antioxidant, which differs from a 
well-known phenolic RTA, where phenolic OH group acts as the trapping free 
radicals (Sheng et al. 2017). Several efforts are underway further to improve the 
anti-ferroptosis activity of the ferroptosis inhibitors to optimize these inhibitors as 
better drug candidates for AD (Reichert et al. 2020), ischemia (Magtanong and 
Dixon 2018), and heart diseases (Xie et al. 2016). The underlying molecular 
mechanism of action of liproxstatin is still illusive (Sheng et al. 2017). It inhibits 
the cell death induced by ferroptosis by inactivating the 15-lipoxygenase 
(15-ALOX) enzyme activity (Kagan et al. 2017). In another study, Pratt et al. 
reported inhibition of autoxidation of lipid or lipid peroxidation process by 
liproxstatin (Zilka et al. 2017). The study also suggested that liproxstatin also acts 
as an excellent radical trapping antioxidant, which scavenges lipid peroxide by



trapping free radicals. The computational studies revealed the intrinsic mechanism of 
liproxstatin activity using density functional theory (DFT). They used the methyl 
peroxyl radical (CH3OO

-) model to carry this experiment to know how liproxstatin 
traps the free radicals (Tejero et al. 2007). 
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Liproxstatin and its analogues 

Fig. 14.4 Chemical structures of liproxstatin-1 derived ferroptosis inhibitors 

Further, a detailed SAR study on liproxstatin suggested the presence of the 
benzene group to be essential for the activity and its replacement, completely 
abolished activity (Friedmann Angeli et al. 2014). Similarly, amine (NH2) also 
plays a vital role in the activity because the amine group is essential for antioxidant 
properties for scavenging free radicals. The process of radicalization occurs due to 
the transfer of an electron from the HOMO of the liproxstatin to the LUMO of 
methyl peroxy radical (CH3OO

-). The compounds with a higher value of HOMO 
energy exhibit potent antioxidant properties. Therefore, liproxstatin-1, -2, and -3 
showed promising antioxidant properties with the HOMO value of -5.44, -5.36, 
and-5.34, respectively (Fig. 14.4). The compounds liproxstatin-4 and liproxstatin-5 
are found to be weak antioxidants due to the lack of one of the amine groups in the 
structure of liproxstatin-4, and the substitution of methyl with chlorine further 
decreased the antioxidant property of liproxstatin-5 with HOMO values -5.50 eV, 
and 5.49 eV, respectively. Liproxstatin-6 showed less bioactivity with the lowest 
HOMO value of -6.17 eV. The main factor in reducing the HOMO value for 
liproxstatin-6 is the absence of the phenyl group, which plays a crucial role in the 
HOMO energy (Fig.14.4). This study further suggests that the aromatic amine group 
plays an important role and is an essential requirement for better activity. The 
aromatic amine is also necessary for the resonance effect. So, after studying a 
SAR by substituting and withdrawing different groups in the parent molecule 
(liproxstatin-1), we notice that the aromatic amine is crucial for an antioxidant 
property; by increasing the HOMO value, we can further improve the antioxidant 
property of the compounds (Sheng et al. 2017). 

The SAR study by Sheng et al. has suggested that the amine group is essential for 
the activity; however, out of the three amines, the amine group participating in the 
radical trapping by donating a hydrogen atom to the free radicals is still illusive. All



three -NH groups act as attacking sites for radicals carrying the radicalization 
process. Therefore, Sheng et al. carried out a study to find out the most reactive
-NH site by using methyl peroxyl (CH3COO

-) radical. Thus, the energy required to 
cross the barrier was calculated and found to be 13.45, 18.28, and 20.41 kcal mol-1 

for 1-NH, 2-NH, and 3-NH, respectively. So, the smaller the energy required to cross 
the barrier, the better the reactive site. Comparing all three -NH sites, 1-NH and 
2-NH (Fig. 14.5) sites required less energy to cross the energy barrier. Still, the 3-NH 
group showed a high energy barrier, so it might be possible that it does not show any 
antioxidant property. Therefore, the reactivity arrangement for -NH group in 
liproxstatin is 1-NH > 2-NH > 3-NH, based on the reaction energy barrier. 
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Fig. 14.5 Structure of 
liproxstatin-1 with their amine 
numbering 

14.4.5.1 Role of Ubiquinol (UQH2) or Coenzyme Q10 (Antioxidant 
Synthesized by Body) in the Activity of Liproxtatin-1 

UQH2 (Fig. 14.7) is one of the crucial components which acts as an antioxidant agent 
synthesized by the body. It is mainly a 2,3 dimethoxy-5-methyl-6-poly prenyl-1,4-
benzoquinol, in which poly prenyl side chain contains 10 units with lipid-soluble 
properties (Dhanasekaran and Ren 2005; Saini 2011). CoQ 10 is converted into 
ubiquinol with the help of ferroptosis, thereby suppressing protein 1 (FSP1). During 
the radical trapping mechanism, liproxstatin itself gets oxidized into liproxstatin-1 
radical, which acts as a new radical and causes damage to the bio-membrane and the 
DNA (Niki et al. 2005). So here, the role of UQH2 comes into existence, as it acts 
like an antioxidant system of the living organism and can trap the free radical 
generated by liproxstatin-1 and donates one hydrogen atom to the radical by 
which the radical again comes into its active form, the process is reported as 
regeneration of liproxstatin-1 and acts as a key factor to study the antioxidant 
property of liproxstatin in vivo (Wang and Hekimi 2013; Bowry and Stocker 
1993). So, ubiquinol is the critical parameter in studying the regeneration process 
of liproxstatin-1. Therefore, ubiquinol has a phenolic OH group, which acts as a 
phenolic radical trapping antioxidant and transfers one hydrogen atom to the 
liproxstatin-1 radical. The energy required by the UQH2 hydrogen atom to cross 
the energy barrier is reported to be 15.65 kcal mol-1 , and the process is exothermic 
(4.49 kcal mol-1 ) in nature (Sheng et al. 2017). The UQH2 radical is further reduced 
to its active form with the other redox reactions (Nohl et al. 2001). This free radical 
of tocopherol is recycled back to its active form by UQH2. The essential energy 
barrier required to transfer hydrogen atoms from UQH2 is reported as 
12.1 kcal mol-1 , which has been proved in an experiment (Ouchi et al. 2010). 
This study suggested that liproxstatin-1 acts as a good candidate as an antioxidant 
and inhibits the process of lipid peroxidation to a great extent by trapping a free



radical (LOO) generated during the lipid peroxidation process. The free radical 
generated by the oxidation of liproxstatin-1 is recycled back by other antioxidants 
present in the body, like ubiquinol (Sheng et al. 2017). So ubiquinol shows a 
synergistic effect with liproxstatin and increases its antioxidant efficacy. 

14 Ferroptosis Modulators: A Potential Therapeutic Target in Alzheimer’s. . . 391

14.4.6 ACSL4 Inhibitors 

ACSL4 plays a crucial role in the execution of ferroptosis. During ferroptosis, it 
accelerates the esterification of polyunsaturated fatty acids (PUFA) such as 
arachidonic acid and adrenic acid to generate oxidized phosphatidylethanolamines 
(PE). It also accelerates the synthesis of AA-COA or AdA-CoA, which is required to 
form phospholipid hydroperoxide (PL-OOH), a key component in the lipid peroxi-
dation process (Ivanov et al. 2010). The rosiglitazone, a peroxisome proliferator-
activated receptor-γ (PPAR-γ) activator, inhibits ACSL4 activity and suppresses 
ferroptotic death (Askari et al. 2007). Rosiglitazone was used in in vivo studies to 
inhibit ACSL4 activity from finding its impact on ferroptosis during lung ischemia-
reperfusion, it reduced the MDA production in ischemia reperfusion-injured lung 
tissues and attenuated ferroptosis (Xu et al. 2020). In the genetic model of 
ferroptosis, rosiglitazone (Fig. 14.7) can also alleviate and reduce the rate of 
mortality due to acute renal failure (Angeli et al. 2017; Doll 2017). Similarly, 
thiazolidinedione also inhibited ACSL4 and suppressed ferroptosis (Angeli et al. 
2017). The above findings suggest that ACSL4 may be a potential therapeutic target. 
The pharmacological inhibition of ACSL4 by its inhibitors acts as the new paradigm 
in inhibiting ferroptosis and other lipid peroxidation-derived processes by limiting 
substrate availability. The ACSL4 inhibitors may offer opportunities for novel 
interventions for the treatment of neurodegenerative diseases caused due to lipid 
peroxidation. 

14.4.7 Deuterated Phospholipids 

The oxidative damage contributes to ferroptosis’s execution. The PUFA is more 
prone to oxidative damage because it contains bis-allylic protons, which are easily 
abstracted and produce alkyl radicals. These alkyl-radicals react with free oxygen to 
form peroxyl radicals, which then react with additional PUFAs to form a lipid 
peroxidation chain reaction. Malondialdehydes (MDA) and 4-hydroxynonenal, the 
two end products of lipid peroxidation, cause cell damage (Yang 2016). In 2007 
Shchepinov et al. substituted linoleic acid (LA) with deuterated linoleic acid (D-LA). 
The 11,11-d2-LA (D-LA) experienced a propagation step of autoxidation, a 13-fold 
lesser than LA (Shchepinov 2007). Based on the findings, deuterated LA supple-
mentation of cell medium was investigated and found to be beneficial in many cell 
models of lipid peroxidation linked to neurological illnesses such as Parkinson’s 
disease and Friedreich’s ataxia (Shchepinov et al. 2011; Cotticelli et al. 2013). In 
2011, Shchepinov et al. did a study to find the role of PUFAs in ferroptosis. When



H-PUFA is replaced with D-PUFA, which has deuterium in place of hydrogen at all 
bis-allylic positions, the initiation of deuterium abstraction and radical production 
gets decelerated as compared to H-PUFA (Shchepinov et al. 2011). Similarly in 
2016, Yang et al. treated G-401 cell with D-linoleate (D-Lin), H-linoleate (H-lin), 
and vehicle (0.1% ethanol) for overnight and then exposed these cells to erastin and 
RSL3 to evaluate the impact of D-PUFA in the execution of ferroptosis. The 
D-PUFA showed a potential protective effect against erastin and RSL3 treated 
conditions and suppressed ferroptosis by inhibiting lipid peroxides generation 
which was measured by C11-BODIPY (Yang et al. 2016). In 2018, Shah et al. 
conducted a study to determine the role of LOX enzyme. In this study, they used 
deuterated arachidonic acid. All bis-allylic hydrogen atoms were replaced with their 
heavy isotope deuterium. The LOX did not abstract hydrogen to initiate lipid 
peroxidation and suppressed RSL3 induced cell death (Shah et al. 2018). The 
above finding suggested that deuterated phospholipids give important contribution 
to suppress ferroptosis by inhibiting lipid peroxidation process and can therefore be 
used as ferroptosis inhibitors to treat various neurodegenerative diseases (Figs. 14.6 
and 14.7; Table 14.1). 
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Fig. 14.6 Structure of 11,11-Linoleic Acid and 11,11-d2-Linoleic Acid 

Fig. 14.7 Chemical structures of some different classes of ferroptosis inhibitors
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Table 14.1 Ferroptosis inhibitor along with their target and mechanism followed to inhibit 
ferroptosis 

S. No. 
Ferroptosis 
inhibitor Target Mechanism Reference 

1 Ferrostatin Lipid 
peroxidation 

It suppresses lipid 
peroxidation 

Skouta et al. 
(2014) 

2 Liproxstatin Lipid 
peroxidation 

It suppresses lipid 
peroxidation 

Zilka et al. 
(2017) 

3 Deferoxamine Iron It acts as an iron 
chelator and obstructs 
an iron-dependent 
lipid peroxidation 

Kontoghiorghe 
and 
Kontoghiorghes 
(2016) 

4 CDC, PD-146176, 
AA-861, baicalein 

Lipoxygenase Inhibits lipoxygenase-
mediated lipid 
peroxidation 

Yang (2016) 

5 Cycloheximide Protein synthesis It represses ferroptosis 
persuaded by system 
Xc inhibitors 

Kwon et al. 
(2015) 

6 Dopamine Neurotransmitter It inhibits GPX4 
degradation 

Ayton et al. 
(2013) 

7 Beta-
mercaptoethanol 

Reducing agent It reduces 
extracellular cystine 
into cysteine, which 
bypasses system Xc 

Shimada and 
Stockwell 
(2015), Cao and 
Dixon (2016) 

8 Vitamin E and its 
analog 

Lipid 
peroxidation 

It inhibits the 
proliferation of lipid 
peroxidation. It may 
inhibit lipoxygenases 

Brigelius-Flohé 
(2009) 

9 Deferiprone Iron It attenuates iron and 
acts as an iron chelator 

Kontoghiorghe 
and 
Kontoghiorghes 
(2016) 

10 Selenium Selenoprotein It increases the 
abundance of 
selenoprotein 

Arbiser et al. 
(2018) 

11 D-PUFAs Lipid 
peroxidation 

It suppresses the 
initiation and 
proliferation of lipid 
peroxidation 

Probst et al. 
(2017) 

12 Ubiquinol Lipid 
peroxidation 

It is a natural 
antioxidant released in 
the body that 
functions as a free 
radical trapper and 
inhibits lipid 
peroxidation 

Ouchi et al. 
(2010) 

13 Thiazolidinediones 
(TZNs) 

ASCL4 It inhibits the ASCL4 
enzyme and oxidation 
of AA and Adrenic 
acid (AdA) 

Doll et al. (2017)
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14.5 Conclusion 

The prognosis and pathogenesis of AD are multifactorial, and further continual 
discovery of novel signaling pathways on ferroptosis driven AD imitates the com-
plexity of the disease. These complexity should be addressed in management of AD 
in patients for better therapeutic outcomes, and anti-ferroptotic drugs like iron 
chelators or inhibitors of better fit should be included as AD treatment options. 
This chapter sum up the evidences following the role of ferroptosis in AD pathogen-
esis and signifies what is known about the therapeutic targets for inhibition of AD 
progression. In addition to this ferroptosis-related differentially expressed genes in 
AD supported that the inhibition of ferroptosis might slow down the progression of 
disease and declination of memory, however this area is still uncovered and need to 
be widely investigated. Further development of new models for AD is needed to 
understand how ferroptosis affects cell-to-cell interaction and time duration of 
development of ferroptosis in AD. In future, studies must be focused on developing 
detection tools of ferroptosis and systematizing huge and randomized clinical trials 
of drugs related to ferroptosis inhibition in early or later stage of disease progression 
in AD models. 
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Abstract 

A family of signalling proteins called sirtuins is involved in the control of 
metabolism. The sirtuin family of NAD+-dependent protein lysine deacylases 
controls a range of physiological processes, including stress reactions and energy 
metabolism. For ageing-related illnesses such type 2 diabetes, inflammatory 
diseases, gene repression, metabolic regulation, apoptosis and cell survival, 
DNA repair, and neurodegenerative disorders, the human sirtuin isoforms (1–7) 
are thought to be promising therapeutic targets. The search for small compounds 
that alter the activity of sirtuins is becoming more and more popular since it may 
have positive implications on treating human ailments. Here, we discussed the 
sirtuin synthesis, biological importance, potent and specific pharmacological 
sirtuin activators and inhibitors, isoforms, and the current status of sirtuin-
targeted therapeutic research. The rationale behind continued medication devel-
opment is based on the progressive understanding of the sirtuin modulation 
processes by such compounds. 
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15.1 Introduction 

Sirtuins are existing in both prokaryotes and eukaryotes, which are NAD+-dependent 
mono-ADP ribosylases and protein lysine deacylases. The sirtuin family in living 
things consists of seven isoforms, each with a unique subcellular location and 
biological functions (Alvarez et al. 2011; Fiorentino et al. 2022b). Sirtuins have 
established cumulative consideration in the past couple of decades specified their 
vital roles in a range of biological processes, including cytodifferentiation, transcrip-
tional control, cell cycle progression, apoptosis, swelling, breakdown, brain-related 
and heart physiology, and cancer. Thus, it has been noted that sirtuin activity 
regulation represents a prospective therapeutic approach for several illness 
(Fiorentino et al. 2022a). 

Since 2000, sirtuins (SIRT1–7) have drawn increasing interest for their 
associations with an extensive variety of biological functions, including the control 
of cellular metabolism, neuroprotection, apoptosis, inflammation, and the growth of 
cancer (Mellini et al. 2015). In particular, SIRT1 has received the greatest research 
attention, both for its involvement in calorie restriction and as an eventual path for 
the therapy of illnesses associated with aging (Yeong et al. 2020). SIRT suppression 
can have advantageous effects on aging-related conditions including metabolic, 
cardiovascular, and neurodegenerative illnesses, whereas SIRT inhibitors may be 
beneficial for the treatment of muscular disorders, HIV infection, or cancer (Mellini 
et al. 2015; Valente et al. 2016). 

The sirtuin route has drawn superior interest since it is linked to the advantages of 
calorie restriction for anti-aging (Mohamad Nasir et al. 2018). In aging-related 
laboratory models, pharmacological or genetically overexpression of the sirtuin 
system has also revealed encouraging outcomes. Mammalian sirtuins, which are 
related of the yeast Sir2 family, consist of seven members (SIRT1–SIRT7). 
ADP-ribosyltransferase and a deacetylase activity are two distinct actions that 
sirtuins have been discovered to exhibit (Liszt et al. 2005; Landry et al. 2000). 
Histones, transcription factors, and apoptosis modulators are just a few of the targets 
that sirtuins use to convey out their deacetylase activity (Youcef et al. 2007; Dai et al. 
2018). 

Similar to this, the revelation which are catalytic action requires NAD+ ,  a  
opposed to Zn2+ in the situations of other groups of deacetylases, suggests their 
potential significance in balancing management in the cell’s breakdown and its 
functional state. Seven sirtuin iso-forms regulate numerous metabolic, anxiety, and 
aging processes in living things. For illnesses associated with metabolism and aging, 
such as metabolic syndrome and neurodegenerative disorders, sirtuins are supposed 
to be promising therapeutic targets. Sirtuins are thought to be prospective therapeutic



targets for disorders of metabolism and aging, such as neurodegenerative illnesses 
and metabolic disorders. 
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Few powerful and selective compounds have been produced despite intensive 
attempts to generate minor-molecule sirtuin inhibitors and activators, in part because 
of the limitations of currently available assays and a lack of mechanistic 
characterisation of discovered compounds (Schutkowski et al. 2014). 

15.2 Types of Sirtuin 

See Table 15.1. 

15.3 Pharmacological Sirtuin Modulation 

Sirtuins have fascinated attention as possible therapeutic targets, therefore much 
work has been put into developing specialised sirtuin agonist and inhibitors, both are 
utilised in research for understanding sirtuin function and as potential anti-ageing 
medications. Recent growths in sirtuin biochemistry, analytical test, and crystal 
structures of sirtuin/modulator composite, which disclose a challenging relationship 
between numerous chemicals and the structure and function of the enzyme, are 
currently assisting in the discovery of pharmacological sirtuin modulators (Dai et al. 
2018). 

15.3.1 Sirtuin Activators 

Since more than 75 years ago, it has been recognised that calorie restriction 
(CR) increases mammalian longevity and promotes better health. When sirtuins 
were eliminated, it had been assumed that food restriction did not increase lifespan 
(Rogina and Helfand 2004; Lin et al. 2000) and that calorie restriction might 
lengthen mammalian lifetime by bringing SIRT1 expression (Cohen et al. 2004) 
led researchers to study sirtuins and to discover and develop molecules that could 
stimulate them. 

Despite the fact that the function of sirtuins in enhancing lifespan is currently 
being called into doubt, based on the beneficial effects of calorie restriction on 
mammalian health and the consequent rises in SIRT1 (Cohen et al. 2004), sirtuins 
are gaining a lot of attention and compounds that can activate them due to the 
identification and formation of medicines that activate SIRT1. 

15.3.1.1 Resveratrol 
Two phenyl rings of the polyphenol resveratrol (RSV), which are connected by a 
methylene bridge (Fig. 15.1a), was the primary substance to be found that can 
imitate calorie restriction via activating sirtuins (Howitz et al. 2003; Wood et al. 
2004). The primary substance identified that may imitate calorie restriction through
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activating sirtuins is resveratrol, a polyphenol comprising two phenyl rings split 
apart by a methylene bridge (Fig. 15.1a) (Howitz et al. 2003; Wood et al. 2004).
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Fig. 15.1 Sirtuin activators. (a) Resveratrol (3,5,4′-Trihydroxy-trans-stilbene) (b) SRT1720; (c) 
Oxazolo[4,5-b]pyridines derivative; (d) Imidazo[1,2-b]thiazole derivatives; (e) 
1,4-Dihydropyridine (DHP) derivatives are a few examples 

RSV significantly reduced ageing symptoms without altering the pattern of 
expression of any sirtuin genetic factor and mimicked CR-induced gene expression 
patterns in several organs (Barger et al. 2008; Pearson et al. 2008). RSV’s



bioavailability and pharmacokinetics have been updated and reported in the past 
(Alcain and Villalba 2009; Vang et al. 2011). It has been shown that RSV, in in vivo 
testing to significantly slow down the ageing process in mice fed a diet loaded with 
calories (Baur et al. 2006). The occurrences of cataracts and albuminuria are 
reduced, vascular endothelium inflammation and apoptosis are decreased, aortic 
flexibility is increased, motor coordination is enhanced, and bone mineral density 
is maintained (Pearson et al. 2008). RSV’s limited bioavailability has led to 
modifications to boost bioavailability. A nutraceutical product called resVida, 
which contains 150 mg of resveratrol daily, has demonstrated success in lowering 
intrahepatic lipid levels, moving glucose, fatty acids, alanine-aminotransferase, or 
signs of inflammation in healthy obese males. These outcomes are identical to CRs 
(Timmers et al. 2011). 
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Severe dose-sensitive improvements in vasodilation mediated by the endothelium 
were also seen by oral RSV supplementation, and these improvements were 
associated with higher plasma RSV concentrations (Wong et al. 2011). After 
3 months of treatment, RSV administered when nutritional preparation Longevinex® 

increased dilatation mediated by flow, but 3 months later Longevinex® was stopped. 
This option went back to its default value. The medication had no effect on 
inflammatory markers, lipid profiles, blood pressure, insulin resistance, or any of 
these parameters (Fujitaka et al. 2011). 

15.3.1.2 Sirtuin Activators Structurally Unrelated to Resveratrol 
The hunt for new compounds that may activate sirtuins more efficiently than RSV 
has gained attention because sirtuins are important for maintaining metabolic 
activities and disorders linked to ageing. Milne et al., in 2007 found small molecule 
SIRT1 activators that are structurally different from RSV but 100 times more 
powerful. 

The most efficient substance was SRT1720, which at 10 M increased SIRT1 
activity by 750%. Due to additive SIRT1 activation caused by medication combina-
tion, it was shown that SRT1720 (Fig. 15.1b) binds to and activates the enzyme at 
the same molecular site as RSV. The key domain’s nitrogen-terminal protein 
sequences 183–225 were significant in identifying the chemical attaching region. 

In vivo and in vitro, SRT1720 boosted the deacetylation of SIRT1 substrates such 
p53, the transcriptional co-activator PGC-1α, and Foxo1a. Innately overweight mice 
(Lep ob/ob), DIO mice, and the Zucker fa/fa rat were used as in vivo disease models 
to examine the healing potential of SIRT1720 to cure insulin resistance and type-
2 diabetes (Smith et al. 2009). 

SRT1720 treatment significantly decreased fasting blood glucose in mice on a 
high-fat diet to levels close to normal, moderately controlling raised insulin amount, 
and protected mice from DIO and insulin resistance by improving oxidative metab-
olism in skeletal muscle, the liver, and brown adipose tissue through a general 
metabolic change that mimicked low energy levels (Feige et al. 2008). 

Mice fed a diet rich in fat received SRT1720, which significantly dropped their 
fasting blood glucose levels to levels that were almost normal, partially normalised 
their increased insulin levels, and reduced their feeding glucose levels (Messa et al.



2020). By increasing oxidative metabolism in skeletal muscle, the liver, and brown 
adipose tissue through a general metabolic adaptation imitating low energy levels, 
these results effectively protected mice from DIO and insulin resistance (Feige et al. 
2008). 
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Novel small molecule SIRT1 stimulants that are distinct from RSV have been 
identified, including a series of Oxazolo[4,5-b]pyridines (Fig. 15.1c). Additionally, 
a series of imidazo(1,2-b)thiazole derivatives bearing an oxazolopyridine core have 
been synthesised, and they may represent novel healing aims for the treatment of 
several illnesses. 

Compound 29 (Fig. 15.1d), the least effective homologue in this generation, 
demonstrated oral antidiabetic activity for three distinct forms of type-2 diabetes 
and had a significant oral bioavailability in mouse and rat models of type-2 diabetes. 
In the DIO model after 2 weeks of dosage, in the genetic Zucker fa/fa rat model after 
3 weeks, and in the ob/ob deficient mice after just 1 week of therapy, an intake of 
100 mg/kg of compound 29 administered per day resulted in a considerable drop in 
fasting blood glucose content. Compound 29 was capable to control a noticeably 
minor amount of administered insulin and glucose in the DIO mice even after 
10 weeks of dosage without having any effects on body weight, overall clinical 
chemistry, or haematology (Vu et al. 2009) (Fig. 15.2). 

15.3.2 Sirtuin Blockers 

Entirely sirtuins comprise the co-factor nicotinamide adenine dinucleotide (NAD+ ) 
(Landry et al. 2000). The acetyl-peptide remains bound by ADP-ribose, which 
causes the creation of a 0-alkylamidate intermediate, in the first stage of the 
suggested reaction process, which involves the cleavage of nicotinamide (NIC) 
from NAD+ . 

NIC is a powerful process product inhibitor due to its potential to re-bind the 
enzyme’s intermediate form the 0-alkylamidate and target the intermediate (Sauve 
and Schramm 2003). The NIC promotes megakaryocyte maturation and ploidy, in 
part, by inhibiting SIRT1 and by enhancing p53 binding to the NIC consensus DNA 
binding sequence (Giammona et al. 2009). 

Due to up-regulated SIRT1 being reported in cancer cell lines, sirtuin inhibitors 
may also be effective as therapeutic drugs. That opens up the possibility of sirtuin 
inhibition can restrict the tumorigenesis. In various animal models, increased SIRT1 
activity was discovered to be advantageous, which stimulated the creation of phar-
macological sirtuin activators, perhaps as CR mimics. Sirtuin blockers are also 
suggested for the therapy for other condition like Parkinson’s disease, leishmaniosis, 
or HIV in along with treatment of cancer (Pagans et al. 2005). It is also crucial to take 
into account that SIRT3, SIRT4, and SIRT5 are found in the mitochondria, wherever 
many mitochondrial proteins undergo run of acetylation/deacetylation (Verdin et al. 
2010) processes crucial for energy utilisation and apoptotic the beginning, as well as 
in the situation of certain illnesses such as cancer and the metabolic disorder (Pereira 
et al. 2012).
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Fig. 15.2 Sirt1 activation 
pathway by resveratrol 

High-throughput and computational analysis screens identified sirtuin inhibitors 
for SIRT1, SIRT2, SIRT3, and SIRT5, in contrast to the activators sector, where 
only SIRT1 activators have been discovered (Villalba and Alcaín 2012). The 
majority of sirtuin inhibitors that have been studied till now, only SIRT1 and/or 
SIRT2 have been inhibited; however, a few of them have lesser affinity inhibitory 
effects on SIRT3 and SIRT5. 

15.3.2.1 Splitomicin and Its Derivatives 
Bedalov et al., discovered a substance called splitomicin (Fig. 15.3a) that produces a 
restricted phenocopy of a Sir2 deletions variant in Saccharomyces cerevisiae, 
provide a fresh method to study the vital function of Sir2 in vivo. IC50 for 
splitomicin’s inhibition of Sir2 is 60 μM (Bedalov et al. 2001). Splitomicin’s effects 
on human SIRT1 were, however, only moderately inhibited.
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Fig. 15.3 Sirtuin inhibitors. (a) Splitomicin, (b) HR73, (c) sirtinol, (d) AGK2, (e) cambinol, (f) 
salermide, (g) tenovin, (h) Suramin 

One of the two β-phenylsplitomicin stereoisomers was clearly preferred, as 
shown by docking and free energy computing, and a connection between enhanced 
enzyme inhibition and antiproliferative action in MCF-7 breast cancer cells was 
identified (Neugebauer et al. 2008). 

By heterochromatinizing the regulator and silencing the gene, SIRT1 contributes 
significantly to the amplification of the CGG.CCG-repeat tract that causes Fragile X 
syndrome, one of maximum prevalent genetic form of psychological illness. Its 
interesting to note that the Fragile X intellectual disabilities syndrome gene silence is 
reduced by splitomicin-mediated regulation of SIRT1 activity (Biacsi et al. 2008). 

The HIV Tat protein is controlled by process of acetylation and deacetylation. 
Through its acetyl group and the bromodomain of PCAF, acetylated Tat that is



linked to the expanding polymerase attracts the transcriptional coactivator PCAF. 
Tat’s separation from the expanding polymerase and PCAF might result from 
SIRT1’s deacetylation of the protein. A splitomicin analogue known as HR73 
(Fig. 15.3b) was shown by Pagans et al. to decrease SIRT1 functioning in vitro 
with an IC50 value less than 5 μM, confirming SIRT1 as a new therapeutic aim for 
HIV infection (Pagans et al. 2005). 
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The Tat protein of the HIV virus is controlled by processes of acetylation and 
deacetylation (Chen et al. 2020). Through the polymerases elongating domain and 
the bromodomain of PCAF, acetylated Tat attracts the transcriptional coactivator 
PCAF. Tat’s separation from the elongating polymerase and PCAF could occur if 
SIRT1 deacetylates Tat. A splitomicin analogue (Villalba and Alcaín 2012) 
identified as HR73 (Fig. 15.3b) was discovered by Pagans et al. (2005) and it 
suppressed SIRT1 action in vitro with an IC50 value of less than 5 μM, establishing 
SIRT1 as a new HIV infection treatment target (Pagans et al. 2005). 

15.3.2.2 Sirtinol 
An additional sirtuin antagonist, sirtinol (2-[(2-hydroxy-naphthalen-1-ylmethylene)-
amino]-N-(1-phenyl-ethyl)-benzamide) (Fig. 15.3c), was also found by Grozinger 
et al. (2001), in a cell-based screen. This substance decreased both yeast Sir2 and 
human SIRT2 action in vitro. It was proven that the 2-hydroxyl-1-napthol portion 
was enough to block (Grozinger et al. 2001). Sirtinol’s two derivatives, m- and p-
sirtinol, were two- to tenfold highly effective against human SIRT1 and SIRT-2 than 
sirtinol (Mai et al. 2005). The activation of SIRT1 may be crucial in fostering cell 
development. As a result of decrease in apoptosis in consequence of diverse 
genotoxic stimuli caused by deacetylation of p53, SIRT1 inhibitors like sirtinol 
have potential to treat cancer (Mirzayans et al. 2017). Sirtinol also led to 
senescence-like growth arrest in human breast cancer MCF-7 and lung cancer 
H1299 cells, in addition to raising chemosensitivity to camptothecin and cisplatin 
in PC3, DU145, and HeLa cells (Carafa et al. 2016). The result of an increase in 
programmed cell death, this led to a large decrease in viable cells (Kojima et al. 
2008; Peck et al. 2010). 

It has also been discovered that sirtinol, nicotinamide, and SIRT3 down-
regulation reduced cell proliferation and expansion in oral squamous cell carcinoma 
(OSCC) cell lines in vitro and in vivo, whereas SIRT3 is abundantly expressed 
comparison to other sirtuins, and triggered apoptosis. Additionally, SIRT3 
downregulation increased OSCC cells susceptible to radiotherapy and cis-platin’s 
cytotoxic effects (Alhazzazi et al. 2011). 

Oculopharyngeal muscular dystrophy is modeled using nematodes, a condition 
brought on via polyalanine increase in the nuclear protein PABPN1, sirtinol therapy 
proved protective, by boosting the dose of Sir2/SIRT1, increased muscle prognosis 
(Pasco et al. 2010). Furthermore, sirtinol treatment decreased pain and swelling in 
human superficial microvascular endothelial cells, modulated the appearance of 
binding molecules and monocyte sticking in main human cutaneous microvascular 
endothelial cells and induced cell death in Leishmania infantum, greatly reducing 
this axenic amastigote’s in vitro proliferation (Orecchia et al. 2011).



414 S. K. Kori et al.

15.3.2.3 AGK2 
According to reports, neuroprotection is provided by inhibiting SIRT2 activity. The 
protein α-synuclein (α-syn) is found in Lewy bodies which are the most prevalent 
histological characteristic of Parkinson disease (PD). The inhibition of SIRT2 with 
short interfering RNA or including AGK2 (Fig. 15.3d) prevented the impairment of 
dopaminergic nerve cells caused on by α-syn toxicity in a Drosophila PD model and 
lessened the neurotoxicity generated by mutant α-syn in rat primary dopamine-
positive neurons (Outeiro et al. 2007). 

Treatment with AGK2 increased the amounts of acetylated tubulin, but it also 
made PC12 cells more susceptible to necrosis without changing autophagy and 
caused C-6 glioma cells to undergo caspase-3-dependent apoptosis (He et al. 
2012; Nie et al. 2011). Additionally, through down-regulated the RNAs necessary 
for sterol production. In both animal and cell-based models of Huntington’s disease 
(HD), sirt2 inhibition produced neuroprotection (Luthi-Carter et al. 2010). In con-
trast to the neuroprotective effects of SIRT2 suppression in PD and HD models, 
pharmacological inhibition of SIRT1/2 by nicotinamide, AGK2, or cambinol 
increased multiplication in cultivated megakaryocytic cells, boosting acetylation of 
nucleosomes and p53 (Giammona et al. 2009). 

15.3.2.4 Cambinol 
The chemically stable molecule cambinol (Fig. 15.3e), which suppresses both SIRT1 
and SIRT2 in vitro with IC50 values of 56 and 59 μM, consequently, is known as 
β-naphtol. It shares a pharmacophore with sirtinol and splitomicin. Cambinol has 
individual marginal suppression effect (42% suppression at 300 μM) against SIRT5 
(Heltweg et al. 2006). Mice showed good tolerance to cambinol and prevented the 
spread of Burkitt lymphoma xenografts by triggering apoptosis through 
hyperacetylation of the BCL6 oncoprotein and p53 (Heltweg et al. 2006). 

Although the efficacy against SIRT2 improved in vitro when the substituent at the 
N1-position was utilised or this was not the case for SIRT1, changes to the phenyl 
ring of cambinol improved activity and increased selectivity for SIRT1, leading to 
the identification of a variety of SIRT2 selective analogues (Medda et al. 2009). 

15.3.2.5 Suramin 
Suramin, which has an IC50 value of 22 M, is a more powerful blocker of SIRT5 
NAD+-dependent deacetylase activity than cambinol (Fig. 15.3h). Suramin has a 
strong inhibitory effect on SIRT1 and SIRT2 (IC50 = 0.297 μM and 1.15 μM, 
respectively) (Trapp et al. 2007). In addition to its antiproliferative and antiviral 
properties, the polyanionic naphthylurea known as suramin was first used to treat 
trypanosomiasis (Perabo and Müller 2005). A stronger inhibition of SIRT5 NAD+-
dependent deacetylase activity than cambinol is suramin (Fig. 15.3h), with an IC50 
value of 22 μM. SIRT1 and SIRT2 are both significantly inhibited by suramin (IC50 
values of 0.297 μM and 1.15 μM, respectively) (Trapp et al. 2007). Originally used 
to treat trypanosomiasis, suramin is a polyanionic naphthylurea that also has 
antiproliferative and antiviral properties (Perabo and Müller 2005).
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15.3.2.6 Tenovin 
Two SIRT1 inhibitors were discovered by Lain et al. (2008) looking for tiny 
molecules that might stimulate p53 and stop cancer development utilising a cell-
based screening method: tenovin-1 and its more water-soluble counterpart, tenovin-6 
(Fig. 15.3g). Both substances inhibited tumour development in vivo at one-digit 
micromolar doses in vitro, all without producing appreciable over-all toxicity. In 
chronic myelogenous leukaemia (CML), SIRT1 activation enhances cell survival, 
and proliferation was linked to the deacetylation of many SIRT1 substrates, includ-
ing FOXO1, p53, and KU70. Tenovin-6, an inhibitor of SIRT1, was administered to 
mice to stop the course of the illness (Yuan et al. 2012). 

Tenovin-1 and tenovin-6 have recently undergone a series of more water-soluble 
counterparts that, generally, kept the required biological activity. In the presence of a 
solution, tenovin-1 analogues take on a preferred shape that includes an intramolec-
ular hydrogen bond necessary for SIRT1 binding. Additionally, When the 4-tert-
butyl substituent in tenovin-6 was replaced with shorter alkyl chains (4-propyl or 
4-iso-propyl substituent), analogues with longer n-alkyl chains (4-n-butyl or 4-n-
pentyl substituent) showed hazardous or ineffective in cells (Mccarthy et al. 2012). 

15.3.2.7 Salermide 
A reverse amide with a strong in vitro inhibitory effect on SIRT1 and SIRT2 is 
salermide is (N-{3-[(2-hydroxy-1-naphthalenylmethylene)-amino]-phenyl2}-phe-
nyl-propionamide) (Fig. 15.3f). At dosages up to 100 μM, salermide was tolerated 
effectively by mice and induced p53-independent apoptosis in cancer cells but not in 
healthy cells. This was accomplished by regenerating proapoptotic genes that SIRT1 
had been epigenetically suppressed in cancer cells (Lara et al. 2009). A further 
SIRT1 and SIRT2 inhibitor called sirtinol requires p53, as well as salermide-induced 
apoptosis, according to a different research utilising breast cancer cell lines and 
p53-insufficient mice fibroblasts (Peck et al. 2010). The salermide impact in human 
non-small cell lung cancer cells could be mediated by an increase in death receptor 
5 expression (Liu et al. 2012). 

15.3.2.8 Other Inhibitors of Human Sirtuins 
There are many of other SIRT1 and SIRT2 inhibitors that have been found and 
thoroughly explored. Tripeptide analogues based on lysine, N-thioacetyl lysine 
found in non-peptides, thiobarbiturates, indole derivatives (EX-527), and other 
inhibitors with various structural cores are among them. 

15.4 Natural Sirtuin Inhibitors and Modulators Beneficial 
Effects on Health 

See Table 15.2.
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Table 15.2 Sirtuin inhibitors and modulators 

Compound Medical advantages Mode of action References 

Fisetin Against cardiovascular 
disease and anti-aging

. Senotherapeutic action 
is demonstrated in mice 
and human tissue
. Lowers the 
concentrations of p25, the 
p35 cleavage product of 
the cyclin-dependent 
kinase 5 (Cdk5) activator, 
in the brains of patients 
with Alzheimer’s disease 
and control subjects
. Increases the p25/p35 
ratio, which raises p25 
concentrations and leads 
to a dysregulation of Cdk5 
activity, which culminates 
in neuroinflammation and 
neurodegeneration 

Heltweg et al. 
(2006), Trapp et al. 
(2007), Perabo and 
Müller (2005) 

Chemopreventive/ 
chemotherapeutic agent 

Activates caspases
. Boosts Bak synthesis 
and causes its 
oligomerization in the 
mitochondria
. Akt/mTOR signalling 
blockers 

Lain et al. (2008), 
Yuan et al. (2012) 

Antioxidant agent Unknown Mccarthy et al. 
(2012) 

Antidiabetic Reduces glycation of 
methylglyoxal-dependent 
proteins 

Lara et al. (2009) 

Orientin Anti-inflammatory . Reduces cytokine 
production and 
myeloperoxidase (MPO) 
activity in rats
. Suppresses the 
translocation of NF-κB 
p65, the activity of 
NF-κB-luciferase, and the 
expression of NF-κB 
target genes
. By blocking TLR4 and 
deactivating the NF-κB 
and MAPK pathways, it 
lessens the severity of 
experimental 
inflammatory bowel 
disease (IBD) in rats 

Peck et al. (2010) 

Antioxidant and antiaging Decreases the 
β-galactosidase activity 
generated by H2O2 

Liu et al. (2012)
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Table 15.2 (continued)

Compound Medical advantages Mode of action References 

Antiviral and antibacterial 
agent

. Shows a moderate to 
strong antiviral response 
to the para 3 virus
. On Hep-2 cells, it was 
demonstrated that the 
flavonoid combination, 
which contains orientin, 
rutin, quercetin, and 
kaempferol, completely 
inhibited Herpes Simplex 
Virus Type 2 (HSV-2) of 
various viral titres (1, 10, 
and 100 TCID50) 

Yousefzadeh et al. 
(2018), Currais 
et al. (2014), Zhu 
et al. (2017) 

Anti-inflammatory agent . HMGB1-mediated 
cytoskeletal 
rearrangements as well as 
lipopolysaccharide (LPS)-
induced elevation of the 
protein level of HMGB1 
are both prevented in 
umbilical vein endothelial 
cells (HUVECs)
. Suppresses the effects 
of LPS on membrane 
rupturing, monocyte 
movement, cell adhesion 
molecule (CAM) 
expression, and EPCR 
detachment 

Syed et al. (2013), 
Lall et al. (2016), 
Tripathi et al. 
(2011) 

Anticancer effects . Controls the 
expression of the p53 and 
bcl-2 genes that are 
involved to apoptosis
. Oesophageal cancer 

Khan et al. (2013) 

Weight loss . Prevents the formation 
of intracellular 
triglycerides (TG) in 
mouse adipocyte 3T3-L1 
cells
. Reduces the mRNA 
levels of the genes 
involved in adipogenesis, 
lipogenesis, lipolysis, and 
the generation of TG, 
inhibits glycerol from 
being released, and 
inhibits the release of 
glycerol
. Reduces the 
expression of adipogenic 

Maher et al. (2011)



master transcription
factors like C/EBP and
PPAR in the early stages
of adipogenesis by
downregulating the
CCAAT/enhancer
binding protein (C/EBP)
gene
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Table 15.2 (continued)

Compound Medical advantages Mode of action References 

Protect bone marrow Decreases bone marrow 
cells with chromosomal 
aberrations 

Sun et al. (2016), 
Nayak and Uma 
(2006) 

Other (e.g., vasodilatation, 
cardioprotective, 
radioprotective, 
neuroprotective, 
antidepressant-like, 
antiadipogenesis, 
antinociceptive)

. Blocks the production 
of PPAR γ and C/EBPα 
proteins in proteins
. Reduces the writhing 
and discomfort that 
capsaicin and glutamate in 
mice cause
. Acetylsalicylic acid 
(commonly known as 
aspirin), a popular 
analgesic, and 
indomethacin, a common 
anti-inflammatory 
medicine, were shown to 
be 20 times more 
powerful and 3.5 times 
more dynamic, 
respectively, than orientin 

Lin et al. (2004) 

Piceatannol Anticancer effects . Prevents prostate 
cancer cells from 
migrating and invading, 
potentially through 
reduced interleukin-6 
signalling
. Inhibits 
CSN-associated kinase 
and COX-1/2 

Li et al. (2002), 
Boominathan et al. 
(2014) 

Metabolic diseases Inhibits adipogenesis
. Restricts the growth of 
clonal mitotic
. Non-competitive 
binding to the insulin 
receptor slows down 
insulin signalling
. Reduces lipid buildup 
during the last phases of 
differentiation 

Yoo et al. (2014)
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Table 15.2 (continued)

Compound Medical advantages Mode of action References 

Cardiovascular diseases . Peroxisome 
proliferator-activated 
receptor alpha (PPAR-) 
isoform is activated on rat 
hepatoma (H4IIEC3 cells) 
in vitro
. Reduces cholesterol 
and lipoprotein levels 

Bae (2015), An 
et al. (2015) 

Quercetin Cancer treatment Tyrosine kinase inhibition Nagai et al. (2018), 
Nayak and Devi 
(2005) 

Colitis and gastric ulcer 
therapy 

Unknown Uma Devi et al. 
(1999) 

Treatment of respiratory 
tract infection 

Unknown Lam et al. (2016) 

Treatment of type 
2 diabetes 

Increase the antioxidant 
level of type 2 diabetic 
individuals 

Syed et al. (2013), 
Kwon et al. (2012) 

Treatment of high blood 
pressure 

Unknown Kershaw and Kim 
(2017) 

Treatment of oral lichen 
planus

. Control of cytokines 
including IL12, INFγ, 
INFα, IL8, 
cyclooxygenase 2, and 
prostaglandin E 

Tang and Chan 
(2014) 

Other health benefits Unknown Rimando et al. 
(2005) 

Resveratrol Obesity treatment Modulation of sirtuin Yuan et al. (2006) 

Colon cancer prevention Inhibits signaling pathway 
involved in colon cancer 
initiation 

Ferry et al. (1996) 

Cardioprotection Reduce low-density 
lipoprotein (LDL) 
oxidation 

Hamdy and 
Ibrahem (2010) 

Trans-(-
)-ε-Viniferin 

Anti-inflammatory, 
antioxidant, platelet 
antiaggregatory, and 
anticarcinogenic properties 

Monoamine oxidase 
activity (MOA) 

Heinz et al. (2010) 

Rotaviral diarrhoea Intestine’s calcium-
activated chloride channel 
is blocked 

Mazloom et al. 
(2014) 

Alzheimer’s disease Induces the 
disaggregation of amyloid 
β (Aβ) peptide 

Zahedi et al. (2013)
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Table 15.2 (continued)

Compound Medical advantages Mode of action References 

Diabetes . Maintenance of Ca2+ 

and preservation of 
mitochondrial membrane 
potential (MMP) to 
prevent high glucose-
induced apoptosis 

Rezvan et al. 
(2017) 

Anticancer effects . Controls the 
expression of the 
apoptosis-related genes 
p53 and bcl-2
. Potential medicinal 
agents for oesophageal 
cancer therapy
. Specifically targeting 
U937 cell apoptosis 

Serban et al. 
(2016), 
Amirchaghmaghi 
et al. (2015) 

Anti-oxidant effects Effects of antioxidants 
reduces the action of the 
antioxidant enzymes in 
cells and the sulfhydryl in 
the protein of the red cell 
membrane, as well as 
oxygen free radicals 

Miles et al. (2014), 
Poulsen et al. 
(2013) 

Vitexin Anti-inflammatory effects . Prevent IL-1β, IL-6, 
IL-8, IL-17, and IL-33
. Prevent tumour 
necrosis factor-α (TNF-α) 
secretion
. Prevent COX-2
. Prevent NF-κB 
activation
. Prevent iNOS 
(inducible nitric oxide 
synthase)
. Prevent NO, PGE2, 
monocyte chemoattractant 
protein-1 (MCP-1), and 
neutrophil influx
. Increase in IL-10 and 
reduce the expression of 
p-p38, p-ERK and p-JNK 

Nguyen et al. 
(2009), Magyar 
et al. (2012), Yáñez 
et al. (2006) 

Anti-neoplastic effects Promotes autophagy Yu et al. (2018) 

Anti-microbial and anti-
viral effects

. Activity against anti-
H. pylori
. Anti-phytoviral 
activity against Tobacco 
mosaic virus 

Vion et al. (2018), 
Zhao et al. (2016)
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15.5 Conclusions 

Sirtuins are a significant group of histone deacetylases that take part in NAD+-
dependent deacetylation processes. Activation, inhibition, and regulation of sirtuins 
are engaged in a variety of key metabolic processes that are connected to conditions 
including type 2 diabetes, ageing, and inflammation. As a result, they have anti-
cancer, anti-oxidant, anti-microbial, and anti-viral effects and are a significant drug 
target class. Natural products are renowned for being significant sources of lead 
compounds. In this study, we’ve made an effort to give a quick rundown of the most 
current findings about natural products that have been found to interact with sirtuins. 

Natural sirtuin modulators and inhibitors may have positive effect on health in 
addition to well-recognised mechanisms of action and individuals being researched 
in clinical studies. Alkaloids, bichalcones, resveratrol, xanthone, tanikolide, and 
flavonoids are a few examples of natural substances and chemical types that have 
been demonstrated to have actions against sirtuins. The next generation sirtuins 
modulators are anticipated to be natural product derivates beginning from the 
discovered lead compounds. 
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Abstract 

Alzheimer’s disease (AD), a neurodegenerative disease, is a chronic form of 
dementia. AD is mostly prevalent in the elderly and is characterised by the 
impairment of learning and loss of memory. AD is pathologically characterised 
by neurofibrillary tangles, amyloid-β (Aβ) plaques with eventual loss of neurons. 
The abnormal Aβ plaques accumulation leads to the apoptosis of the neurons 
resulting in the pathogenesis of AD. Though AD is caused by multiple factors, its 
pathogenesis hasn’t been completely studied. Recent studies in this direction 
found that epigenetic regulation might offer a new way of understanding AD 
and its pathogenesis. Among various epigenetic processes, targeting histone 
acetylation was found to be one of the promising treatment strategies of 
AD. Histone deacetylases (HDACs) regulate the levels of histone acetylation 
and deacetylation, thus affecting the gene expression and underlying pathways. It 
is believed that the targeting of HDACs might offer more potential treatment 
regimens for AD. The epigenetic research reported that numerous HDAC 
inhibitors (HDACis) were found to be promising in improving cognition and 
memory through several in vitro cellular and in vivo animal mouse models 
of AD. Though several HDACis were reported and studied, the identification of 
isoform-specific HDACis was found to be critical in understanding the action of 
specific HDAC isoforms in the pathogenesis of AD and its cure. In this direction, 
HDACis either derived from natural products or their analogues were designed, 
synthesised, and biologically evaluated towards enhancing the therapeutic
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specificity and efficacy in AD models. However, extensive research in this area is 
needed to address the clinical limitations of the HDACis in the treatment of AD.
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Abbreviations 

AD Alzheimer’s disease 
APP Amyloid precursor protein 
Aβ Amyloid-beta 
Bcl 2 B-cell lymphoma 2 protein 
BDNF Brain derived neurotrophic factor 
CBP CREB binding protein 
CNS Central nervous system 
CREB cAMP response element-binding protein 
ERK Extracellular regulated kinase 
Gap 43 Growth associated protein 43 
GRIP1 Glutamate receptor-interacting protein 
Grn Granulin 
GSK 3β Glycogen synthase kinase 3 β 
HAT Histone acetyltransferase 
HDAC Histone deacetylases 
IL 1β Interleukin 
IL 6 Interleukin 
Keap1/Nrf2 Kelch like ECH associated protein 1/nuclear factor erythroid 2 related 

factor 2 
LTM Long-term memory 
MAP 2 Microtubule-associated protein 2 
MMP9 Matrix metalloproteinase 9 
N2a Neuro 2a cells 
NEP Neprilysin 
NMDA N-methyl-D-aspartate receptor 
NOR Novel object recognition 
Nr4a2 Nuclear receptor 4A2 
PI3K/Akt Phosphoinositide 3 kinase protein kinase B/Ak strain transforming 
PKC Protein kinase C 
PS1 Presenilin 1 
PSD 95 Postsynaptic density protein 95 
PTM Post translational modifications 
SAP 102 Synapse-associated protein 102 
SYP Synaptophysin 
TNF Tumour necrosis factor
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16.1 Introduction 

Alzheimer’s disease (AD) is a neurodegenerative disorder, that is mostly seen in the 
elderly, after 65 years of age and is the cause of premature death in many (Liang et al. 
2021). Nearly, >47 million population is suffering from AD in the world today that 
is impacting their daily activities (Lane et al. 2018). AD is characterised by the loss 
of memory and the impairment of cognitive abilities. Two types of AD are known 
either genetic (familiar) or sporadic. Sporadic form of AD is more frequent in the 
patients with the late onset of the disease and also with no known family history of 
brain disorders (Vickers et al. 2016). Even though AD is caused due to various 
factors, its cause and pathogenesis are not completely understood. The major cause 
of AD pathogenesis is due to the synaptic and neuronal loss caused by the extracel-
lular Aβ plaques produced by the abnormal processing of amyloid precursor protein 
(APP), abnormal phosphorylation of tau proteins leading to intracellular neurofibril-
lary tangles (NFT), and generation of reactive oxygen species (ROS) that may lead 
to protein oxidation, degradation, mitochondrial damage, and eventually neuronal 
cell death (Wenk 2003; Hardy and Higgins 1992; Misrani et al. 2021). The aggrega-
tion of Aβ neuritic plaques is neurotoxic, and their deposition leads to pathophysio-
logical changes in cerebral cortex and eventually nerve cell death (Chu and Liu 
2019). Another major cause of AD might also be due to genetic and environmental 
factors including life style, which indicates that epigenetic mechanisms and their 
intervention might have a major role in the pathogenesis and disease progression of 
AD (Chouliaras et al. 2010). 

Epigenetics is one of the new and most promising approach for investigating AD 
pathogenesis. Epigenetics involves the gene expression regulation, chromatin 
remodelling, and reorganisation and micro-RNA (miRNA) regulation with no 
change in the underlying DNA sequence both transcriptionally and post-
transcriptionally (Wang et al. 2013a). Among the different epigenetic mechanisms, 
DNA methylation and histone post-translational modifications (PTMs) are most 
widely studied in the implication of brain disorders in particular, AD (Xiao et al. 
2020). The role of histone PTMs has been widely documented over the past decade 
in the therapeutic intervention of AD and among these, histone acetylation is found 
to be very critical in rescuing the cognitive decline, learning and memory (Li et al. 
2022). Two enzymes, histone acetyl transferases (HATs) and histone deacetylases 
(HDACs), catalyse and regulate the acetylation and deacetylation processes of 
histones, and the dysregulation of these enzymes leads to abnormal gene expression 
and their further implications (Fig. 16.1) (Turner 2000). Histone acetylation 
upregulates gene expression and activates transcription, whereas histone 
deacetylation represses gene transcription (Haggarty and Tsai 2011). Abnormal 
histone acetylation is reported to contribute to the disease progression in AD, and 
HDACs were found to be implicating several mechanisms or pathways leading to the 
pathogenesis of the disease in various animal models (Haggarty and Tsai 2011; 
Levenson and Sweatt 2005; McQuown et al. 2011). Histone acetylation is known to 
occur in the hippocampus region of the brain in response to the contextual fear 
conditioning and learning. Moreover, literature reports suggested that the reduction



of histone acetylation by inhibiting HAT promoted amnesia and also disrupted the 
consolidated learning and memory in the hippocampus (Levenson et al. 2004; 
Hemstedt et al. 2017; Vecsey et al. 2007). Moreover, HDAC inhibition led to 
increased acetylation with enhanced gene transcription, thus promoting 
hippocampus-dependent memory formation (Levenson et al. 2004; Vecsey et al. 
2007; Lattal et al. 2007; McQuown et al. 2011; Stefanko et al. 2009; Fischer et al. 
2007). Thus, targeting HDACs might be considered as one of the most promising 
therapeutic strategies in the treatment as well as in understanding the underlying 
mechanisms in the AD pathogenesis. Therefore, HDAC inhibitors (HDACis) have 
been widely reported as an attractive and alternative treatment method in case of 
Alzheimer’s disease. 
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Fig. 16.1 Histone modifications and transcriptional regulation by HATs and HDACs 

HDACis were known to exhibit both neurotoxic and neuroprotective effects in 
different in vivo animal models of AD and thus the design and development of 
HDACis are very crucial in the drug discovery of AD (Haggarty and Tsai 2011). 
Several HDACis known so far are pan-HDACis and very few are isoform-specific 
HDACis. These pan-HDACis are non-selective and thus lead to toxic side effects 
and also poor bioavailability. Hence, the development of isoform selective HDACis 
is very essential in understanding the role of specific HDAC isoform in the disease 
mechanisms, pathogenesis, and progression in case of AD. Few isoform-specific 
HDACis were also reported until recently, and much more research needs to be 
carried out to obtain a more suitable therapeutic molecule towards the treatment and 
studying the pathology of Alzheimer’s disease. 

This book chapter details the role of different HDAC isoforms and their selective 
inhibitors with respect to the treatment and the pathogenesis of Alzheimer’s disease. 
Further, the literature reports of the existing HDACis, both from natural sources and



etheir derivatives including pan-HDACis and isoform selective HDACis will b  
discussed. The details of their design and synthesis of the molecules along with 
their biological evaluation in vitro and in vivo animal models of AD are presented in 
this review. The various pathways that are implicated in the disease progression as 
well as pathology will be mentioned across the reported HDAC inhibitors. 
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16.2 Histone Deacetylation and Its Implication in Alzheimer’s 
Disease 

Mammalian histone deacetylases constitute a family of 18 HDAC isoforms reported 
till date. These are further classified based on their mechanism of action, their 
structural homology with yeast protein, and cellular localisation into four classes. 
The four different classes of HDAC isoforms are distinct in terms of their structural 
features, cellular localisation and their expression patterns (de Ruijter et al. 2003). 
Based on their mechanism of action, they are also further classified into zinc 
dependent HDACs where Zn2+ acts as a co-factor includes HDACs class I, II, and 
IV and nicotinamide adenine dinucleotide (NAD+ ) dependent HDACs where NAD+ 

acts as a co-factor for their catalytic activity including class III HDACs called as 
sirtuins (Park and Kim 2020). Among the 18 HDAC isoforms, class I HDACs 
include isoforms HDAC1–3 and HDAC8 primarily located in the nucleus with 
histones as their major substrate. Class II HDACs, divided into class IIa that includes 
HDAC4, HDAC5, HDAC7, and HDAC9 and class IIb that includes HDAC6 and 
HDAC10 based on their sequence homology and catalytic active sites. Class II 
HDACs were found in both nucleus and cytoplasm with class IIb HDACs being 
primarily cytoplasmic in its localisation and these act through various non-histone 
proteins as their substrates. Another Zn2+ dependent HDAC is isoform HDAC11 
which belongs to class IV HDAC, that is known to be similar to HDAC3 and 
HDAC8 in its characterisation. Class III HDACs, known as sirtuins include SirT 
1–SirT 7, are the only class of NAD+ dependent HDACs known to share homolo-
gous sequence with Sir2 yeast protein (Xu et al. 2011; Pulya et al. 2020). 

The dysregulation of HDAC activity that is associated with chromatin 
remodelling and transcription factors is involved in many neurological disorders, 
particularly in AD. This imbalance leads to the alteration of transcriptional regula-
tion of various genes involved in the AD pathogenesis. Therefore, inhibiting HDACs 
indirectly increases the acetylated histone levels, which further promotes the tran-
scription of memory genes and proteins such as Aβ, GSK-3β, and tau that are known 
to restore cognitive functions of the brain (Fig. 16.2). 

One of the first reports suggested that class I HDACs have a major role in 
affecting learning and memory, thus leading to cognitive decline in the elderly AD 
patients (Fischer et al. 2010; Gräff et al. 2012; Penney and Tsai 2014). Reports 
demonstrated the increase of class I HDACs in the hippocampal region and their 
decrease in the cortex of the brain (Kilgore et al. 2010; Rumbaugh et al. 2015). A 
very interesting study by Pascoal et al. reported the use of [11 C] Martinostat, a novel 
PET imaging agent that selectively binds to class I HDACs and is known to cause



changes in the genes associated with synaptic plasticity and neurodegeneration 
(Pascoal et al. 2022). Among the class I HDACs, HDAC2 isoform overexpression 
in CK-p25 AD mice resulted in reduced synaptic plasticity and eventually cognitive 
impairment and later the treatment with vorinostat, a pan-HDACi is found to restore 
the cognitive function of the brain. Further, HDAC2 but not HDAC1 or HDAC3 has 
increased in the hippocampal brain region of the AD patients (Gräff et al. 2012). 
HDAC2 is also known to be negatively regulating learning and memory functions 
(Guan et al. 2009). Only HDAC2 is known to significantly contribute to the 
hippocampus-dependent age-related cognitive decline (Akhtar et al. 2009; Guan 
et al. 2009). The overexpression of HDAC3 in the brain known to cause neuronal 
cell death. HDAC3 inhibition caused significant enhancement of the long-term 
memory formation in HDAC3-flox-modified mice or in the mice treated with 
HDAC3i RGFP136 (McQuown et al. 2011; McQuown and Wood 2011). The first 
evidence provided by Krishna et al. demonstrated that inhibiting HDAC3 by 
RGFP966 in either single or a population of neurons could prevent Aβ oligomer 
induced synaptic plasticity (Krishna et al. 2016). Another study by Janczura et al. has 
reported that selective HDAC3 inhibition or silencing has increased Bdnf expression, 
decreased tau phosphorylation, acetylation, and β-secretase cleavage of APP at the 
diseased sites, thus decreasing Aβ1–42 accumulation (Janczura et al. 2018). Further-
more, the overexpression of HDAC3 increased Aβ levels and reduced dendritic 
spine density in APP/PS2 mice of 6 month old, thus indicating the role of HDAC3 as 
a negative regulator of spatial memory (Zhu et al. 2017). HDAC4 was known to be 
highly expressed in the brain tissue and thus is involved in the synaptic plasticity and 
memory (Sando et al. 2012). In another report, loss of HDAC5 has led to memory
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Fig. 16.2 Role of HDACs and HDACis in Alzheimer’s disease



impairment suggesting its role in the implication of AD (Agis-Balboa et al. 2013). 
Moreover, several other recent reports have identified and indicated the role of 
HDAC4 and HDAC5 in AD disease pathogenesis (Sando et al. 2012; Parra 2015; 
Mielcarek et al. 2015; Colussi et al. 2023). A study involving the use of a novel 
radiotracer, [18F]TFAHA reported an increase in the HDAC4 expression in 
response to Aβ deposition in a triple transgenic AD mouse model, and when treated 
with a HDAC4 selective inhibitor, the upregulation of the genes related to synaptic 
plasticity was reported, further establishing HDAC4 as another promising therapeu-
tic target of AD (Chen et al. 2021). HDAC6, a class IIb HDAC isoform, is one of the 
most essential isoforms that is attributed to Alzheimer’s disease pathology. Higher 
levels of HDAC6 were found in the hippocampus and cortex brain regions of AD 
patients when compared to normal brains (Simões-Pires et al. 2013). HDAC6 is also 
known to facilitate hyperphosphorylation of tau and its aggregation which further 
leads to microtubule instability and eventually apoptotic neuronal cell death 
(Selenica et al. 2014; Tran et al. 2007). Inhibiting HDAC6 is well known to restore 
cognitive abilities in the mouse model of AD (Govindarajan et al. 2013). Several 
mechanisms were described for the implication of HDAC6 in AD, and selective 
inhibition of HDAC6 led to its neurogenesis and neuroprotective activity of cortical 
neurons (Pulya et al. 2020; Govindarajan et al. 2013; Rivieccio et al. 2009; Chen 
et al. 2010).
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Altogether, the role of various HDAC isoforms particularly, HDAC1–3 of class I 
and HDAC6 of class IIb, has been largely implicated in the pathogenesis of 
AD. Furthermore, studies have also demonstrated the use of HDAC inhibitors as 
possible therapeutic strategies that restore and improve cognitive abilities in the 
in vivo animal models of AD. 

16.3 HDAC Inhibitors in Alzheimer’s Disease 

A number of HDACis are reported till date as therapeutics against life-threatening 
diseases such as cancer and neurodegenerative disorders. These HDACis are further 
classified into five different categories based on their zinc binding groups. They are 
hydroxamates, benzamides, cyclic tetrapeptides, and short chain fatty acids, and the 
most recent one is hydrazides. Most of the reported HDACis are pan-HDACis, and 
few selectively inhibit one or the other HDAC isoform. Though most of the 
clinically approved HDACis are reported for their anti-tumour therapy, studies 
have also reported the activity of HDACs in neurodegenerative disorders. Therefore, 
the attention towards HDACis as promising therapeutics for neurodegenerative 
disorders, namely Alzheimer’s disease and other CNS disorders has increased 
(Hahnen et al. 2008). 

Several literature reports have been established since then by the usage of several 
HDACis as cognition enhancing agents using different animal models. The animal



models used different experiments such as behavioural paradigms, contextual fear 
conditioning, formation of learning and memory in rat and mice models. In this 
direction, studies proved that upregulation of histone acetylation by HDAC inhibi-
tion was found to improve memory and learning in Alzheimer’s disease 
(AD) (Xu et al. 2011; Kazantsev and Thompson 2008; Fischer 2014). In this 
exploration, most widely used pan-HDACis (Fig. 16.3) are trichostatin A (1, 
TSA), vorinostat (2, SAHA). sodium butyrate (3, NaB), phenyl butyrate (4, PBA), 
and valproic acid (5, VPA) and further, research also developed their analogues and 
studied their activity in various animal models against AD. 
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Fig. 16.3 Structures of reported pan-HDAC inhibitors 

Fischer et al. for the first time tested HDACis in CK-p25 mice of AD and 
demonstrated that the inducible prolonged overexpression of p25 in hippocampus 
caused amyloid and tau aggregates that leads to the neurodegeneration and cognitive 
impairment (Fischer 2014). Another study by employing the use of NaB via intra-
peritoneal (i.p.) route of administration for a period of 4 weeks was found to restore 
learning and memory in CK-p25 mice suggesting the neuroprotective and 
neurogenesis properties of HDACis (Fischer et al. 2007). One of the first and most 
widely studied HDACi, Trichostatin A (TSA), a hydroxamate class of HDACi, 
naturally derived from Streptomyces hygroscopicus bacterial strain, is a highly 
potent pan-HDACi with reported activity at nanomolar range and was found to 
inhibit mammalian histones both in vitro and in vivo (Yoshida et al. 1990). Several 
studies reported the neuroprotective effects of TSA in the in vivo animal models. In a 
study conducted by Francis et al., the administration of TSA intraperitoneally in the 
mouse model of AD demonstrated the improved contextual fear conditioning as well 
as hippocampal long-term potentiation along with the upregulation of acetylated 
histone H4 in APP/PS1 mice (Francis et al. 2009). In another study conducted by 
Yang et al., TSA treatment was found to increase plasma gelsolin (a protein known 
for the clearance of amyloid-beta protein) levels in the transgenic mouse model of 
AD leading to the clearance of Aβ protein from the brain tissues (Yang et al. 2014a). 
Same group reported the increased gelsolin expression in the hippocampus and 
cortex regions of the brain tissue and also further increased activity of γ- and 
β-secretase, with no change in the amyloid load in the brain of the APP/PS1 
transgenic mice. Interestingly, this study also demonstrated the prevention of 
the formation of new amyloid plaques (Yang et al. 2014b). Recent studies reported 
the various mechanistic pathways of TSA activity in AD mouse models. In one of 
the studies, the TSA when treated in SH-SY5Y cells was found to increase cell 
viability and its antioxidant capacity through Keap1-Nrf2 pathway, thus inhibiting 
Aβ peptide mediated cell death (Li et al. 2019). Recent report by Su et al. 
demonstrated the TSA treatment improved cognition abilities that is attributed to



the increased Aβ oligomer clearance further reducing the aggregation of Aβ plaques 
in the brain of APP/PS1 transgenic mice. The in vitro study demonstrated the 
upregulation of albumin expression led to the inhibition of Aβ aggregation and 
also promoted the phagocytosis of Aβ oligomers (Su et al. 2021). Another natural 
pan-HDACi, sodium butyrate (NaB), produced by gut bacteria, Cytophaga and 
Flavobacterium group in the colon, is well known to exert neuroprotective effects, 
and several reports have demonstrated that NaB has attenuated memory deficits 
in vivo (Tan et al. 2014). The studies involving the supplementation of NaB in diet to 
5×FAD mice demonstrated significant effects on Aβ levels further on the learning 
and cognitive functions when studied in behavioural testing experiments at an early 
disease stage (Fernando et al. 2020). Another important in vitro study in N2a cells 
reported that NaB regulated the expression of APP, Nep, Bdnf, AD-related genes by 
acting on GPR109A receptor, thus protecting N2a cells from injury (Sun et al. 2020). 
Jiang et al. reported that at the early stage of the disease progression, the administra-
tion of NaB leads to the increased synaptic plasticity in 5×FAD mice through 
increasing PSD 95, SYP, NR2B, synapse-associated proteins and also by decreasing 
TNF α, IL  6, IL 1β (Jiang et al. 2021). Recently, Wang et al. reported that NaB 
promoted the differentiation of astrocytes. In this study, the oral administration of 
NaB has increased the astrocyte-neuron lactate shuttle (ANLS) by promoting the 
mitochondrial function of astrocytes, that is known to be important in synaptic 
plasticity and LTM formation (Wang et al. 2022). All these findings further reinstate 
that NaB, at the early stages of the disease, could be potentially enhancing the 
cognitive deficits caused by Aβ25–35 in mice. Another pan-HDACi, 4-phenyl buty-
rate sodium (Na salt of PBA) was found to reinstate fear learning and memory in 
Tg2576 mouse model irrespective of the disease stage. PBA was found to restore 
dendritic spine densities of hippocampal CA1 neurons and also effect NR2B and 
SAP102 expression, a synaptic scaffold responsible for memory and learning 
(Ricobaraza et al. 2012). Several mechanistic studies involved the use of PBA in 
the enhancement of spatial learning and memory associated with improved synaptic 
function through various pathways such as PKC-cAMP, CREB activation thus 
activating the neutrophil synthesis in the astrocytes in in vivo mouse model of AD 
(Corbett et al. 2013; Ricobaraza et al. 2009; Ricobaraza et al. 2011; Corbett et al. 
2017). Valproic acid (VPA), a pan-HDACi, though initially approved as an anti-
convulsant and a mood stabilising agent, has been extensively studied in the in vivo 
mouse models of AD for its neuroprotective and neurogenesis properties. It was 
found to reduce Aβ production and plaque formation of neurites, thus enhancing 
spatial learning and memory in the APP23 and APP23/PS45 mice (Qing et al. 2008). 
VPA was widely studied in the pathways leading to neurogenesis and 
neuroprotective activities in various transgenic mouse models of AD. VPA is 
known to inhibit GSK-3β by activating Wnt/β-catenin pathways leading to 
neurogenesis and PI3K/Akt pathway, thus promoting synaptogenesis and plasticity 
as well as through regulating mitochondria mediated apoptotic pathway (Zeng et al. 
2019; Zhao et al. 2018a; Zhang et al. 2010; Singh et al. 2021). VPA is reported to 
alleviate spatial learning and memory deficits, also reducing Aβ deposits via 
activating ERK pathways, thus upregulating GAP 43 and Bcl 2 expression and
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also the downregulation of NEP in the APP/PS1 mouse model (Xuan et al. 2015; 
Wang et al. 2013b). Vorinostat (SAHA) is another pan-HDACi that was found to 
have a role in cognition and memory. SAHA was found to selectively enhance 
postsynaptic excitatory synapses in its in vitro treatment. In case of in vivo Tg2576 
mouse model of AD, SAHA treatment did not rescue the memory impairment 
(Hanson et al. 2013). On the other hand, the intra-hippocampal administration of 
SAHA demonstrated to rescue age-related cognitive impairment (Peleg et al. 2010). 
But the recent reports demonstrate the use of combination of SAHA, curcumin, and 
silibinin reversed Aβ-induced neuronal toxicity through the activation of 
Akt-MDM2-p53 pathway, thus improving therapeutic selectivity and 
neuroprotective abilities (Meng et al. 2019). Thus, all these studies suggested the 
decreased histone acetylation levels in the AD models which was then upregulated 
via HDAC inhibition, thus rescuing the cognitive deficits in the AD mice 
(Table 16.1). 
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Table 16.1 Summary of the HDACis tested so far 

Class of HDAC HDAC isoform Name of inhibitor/cpd no.a 

Class I HDAC1 Trichostatin A 
Sodium butyrate 
Vorinostat 
Valproic acid 
Crebinostat 
Sodium phenylbutyrate 
Entinostat, 10 

HDAC2 RGFP968 
RGFP963 

HDAC3 RGFP966 
RGFP136 
BG 45 
PT3, 17 

HDAC8 xx 

Class IIa HDAC4 9, 10, 26, 27 

HDAC5 xx 

HDAC7 xx 

HDAC9 xx 

Class IIb HDAC6 Tubastatin A 
ACY-1215 
MPT0G211 
ACY-738 
9, 10, 12, 23, 26, 27, 29 
T-518 

HDAC 10 xx 
a Compound number mentioned in the table corresponds to the number assigned in Figures 

Apart from the pan-HDACis, several isoform selective HDACis (Figs. 16.4 and 
16.5) were also reported to be promising drug candidates for Alzheimer’s disease. 
Entinostat (MS 275, 6), a class I selective HDACi with an IC50 (HDAC1 = 163 nM) 
is shown to prevent neuronal cell death and also inhibits neuroinflammation



activities in transgenic mice (Zhang et al. 2014). MS275 when evaluated in the 
in vivo transgenic mice, demonstrated increased H4 acetylation in the cortex and 
amygdala leading to decreased Aβ plaque deposition in the hippocampal and cortical
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Fig. 16.4 Structures of reported isoform selective HDAC inhibitors (6–20) with their HDAC 
isoform inhibition values (IC50) 

Fig. 16.5 Structures of reported isoform selective and multi-target-directed inhibitors (21–30) with 
their HDAC isoform inhibition values



regions, thus enhancing the consolidation of fear memory extinction (Fischer 2014; 
Whittle et al. 2016; Zhang and Schluesener 2013). Another study reported that 
MS275 treatment enhanced the activation of Bdnf/TrkB pathway leading to the 
object recognition memory consolidation in the cortex (Whittle et al. 2016). 
Tubastatin A (Tub A, 7), one of the very first HDAC6 selective inhibitor identified 
from homology modelling of structure-based drug discovery method, when tested in 
primary cortical neuronal cultures demonstrated the dose-dependent neuro protec-
tive activity against the oxidative stress due to the glutathione depletion with no 
neuronal toxicity (Butler et al. 2010). Zhang et al. reported that the use of Tub A and 
ACY1215 (8) in the transgenic mouse model of AD reduced tau 
hyperphosphorylation, promoted Aβ autophagic clearance, improvement of micro-
tubule stability leading to improved cognitive abilities (Zhang et al. 2014). Two 
HDACis compound 9 and 10 were reported by Sung et al. and studied their effects 
on Aβ levels and cognition (Sung et al. 2013). Compound 9 is a mercaptoacetamide 
based class II HDACi, whereas compound 10 is a hydroxamic acid-based class I and 
II HDACi. Compound 9 was found to decrease Aβ40 and Aβ42 in vitro, whereas 
compound 10 was found to decrease only Aβ40 but not Aβ42. These HDACis were 
found to improve learning and memory functions when studied in the morris water 
maze (MWM) test and also were found to decrease tau phosphorylation. They also 
reduced Aβ levels by affecting Aβ synthesis and also reduced the γ-secretase enzyme 
expression and further increased the Aβ degradation enzyme, MMP2 (Sung et al. 
2013). Yu et al. reported a series of potent HDAC6is with hydroxamates as ZBG and 
quinazoline-4-one as a cap group against AD. Among the series, compound 11, (E)-
3-(2-Ethyl-7-fluoro-4-oxo-3-phenethyl-3,4-dihydroquinazolin-6-yl)-N-
hydroxyacrylamide, was the most potent with of 8 nM (HDAC6 IC50) potency. The 
in vitro studies of these compounds enhanced neurite outgrowth via GAP 43 expres-
sion and were also found to enhance synaptic plasticity in PC12 and SH-SY5Y cells 
with no neuronal toxicity. Another compound 12, N-Hydroxy-3-(2-methyl-4-oxo-3-
phenethyl-3,4-dihydroquinazolin-7-yl)-acrylamide, most promising HDAC6 inhibi-
tor with a IC50 of 24 nM reported to improve learning abilities of mice with Aβ 
induced hippocampal lesions (Yu et al. 2013). Rumbaugh et al. reported the class I 
selective HDACis such as RGFP963 (13), RGFP968 (14), and RGFP966 (15) to  
stimulate synaptogenesis in the dorsal hippocampus of mature mice (Rumbaugh 
et al. 2015). Similarly, oral administration of ACY-738 (16), a HDAC6i in the 
amyloid mouse model was reported to improve the in vivo axonal transport causing 
improved hyperactivity and contextual learning and memory. ACY-738 treatment 
was also found to improve amyloid pathology in transgenic mice by decreasing the 
levels of insoluble Aβ1–42 (Majid et al. 2015). Recent study involving the use of 
RGFP966, a selective HDAC3i, increased Bdnf expression, decreased tau acetyla-
tion and phosphorylation, and further reduced β-secretase cleavage of APP along 
with decreasing Aβ1–42 accumulation in vitro. Moreover, this compound when 
treated in vivo in the APP-PS1 triple transgenic mouse model of AD revealed the 
increased levels of Aβ degrading enzyme, NEP, thus reducing the Aβ1–42 levels in 
the brain, leading to improved spatial learning and memory (Janczura et al. 2018). A 
series of aroyl-indole hydroxamate derivatives as HDAC6is were reported by Lee
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et al. and compound 17, the most potent among them with 3.92 nM, HDAC6 IC50. 
Compound 17 displayed high selectivity towards HDAC6 with >50-fold selectivity 
over other HDAC isoforms. This compound upon treatment in vivo was found to 
downregulate phosphorylated tau proteins and also Aβ in the hippocampal CA1 
region of mice. Compound 17 was also found to exert its neuroprotective effects 
through ubiquitination, thus ameliorating AD phenotypes (Lee et al. 2018). 
MPT0G211 (18), an orally administrated, blood–brain barrier (BBB) penetrant, 
highly selective HDAC6i, improved learning and memory deficits in the in vivo 
mouse model of AD by reducing tau phosphorylation and aggregation (Fan et al. 
2018). MPT0G211 induced the acetylation of Hsp90, due to the decreased binding 
of HDAC6–Hsp90, further reduced tau phosphorylation followed by ubiquitination 
of tau proteins and their degradation. Furthermore, MPT0G211 treatment also 
reduced the GSK 3β activity that is associated with phosphor-tau Ser396 through 
Akt phosphorylation. Oral treatment of MPT0G211 demonstrated significant reduc-
tion of phosphorylated tau in the hippocampal CA1 regions in the mouse models of 
AD (Fan et al. 2018). HDAC3 was found to be highly expressed in brain tissue and is 
found to negatively regulate the learning and memory abilities when treated with 
HDAC3 selective inhibitors in various in vivo mouse models. RGFP136 (19), a 
selective HDAC3i was found to regulate the CBP-dependent transcription mecha-
nism, therefore enhancing LTM formation. Crebinostat (20), a class I selective 
HDACi, upregulated the expression of the CREB target Erg 1. When treated in the 
in vivo mouse model by systemic administration, Crebinostat was found to enhance 
the learning, memory, and synaptic plasticity by upregulating Bdnf, Grn and 
downregulating tau gene expression in the hippocampus-dependent, contextual 
fear conditioning study, thus demonstrating its wide implication in the age-related 
cognitive decline and cognitive disorders (Fass et al. 2013). Further, studies involv-
ing the use of class I selective HDACis were found to enhance long-term memory 
formation by upregulating the memory associated genes, thus modulating 
neuroplasticity in the hippocampal tissue of treated mice (Fass et al. 2013; Zhao 
et al. 2018b; Pulya et al. 2021). BG 45 (21), a class I HDACi when administered to 
an Aβ-treated cells, in vitro and in vivo has upregulated the synapse-related genes 
grik2, scn3b, synpr via HDAC inhibition (Han et al. 2021). Much recently, Ma et al. 
and group investigated BG 45 in the APP-transfected cells and also in APP/PS1 
transgenic mouse model of AD. BG 45 further upregulated SYP, PSD 95, spinophilin 
and also repaired cytoskeletal damage. When treated in vivo, BG 45 reduced the Aβ 
plaque deposition and tau phosphorylation further reducing the hippocampal neuro-
nal loss by apoptosis. Therefore, the application of BG 45 by inhibiting class I 
HDACs in particular HDAC1, HDAC2, and HDAC3 rescued the synaptic damage 
by enhancing synapse-related gene expression and modulating AMPA receptor 
transduction via GRIP1/AMPA pathway, thus increasing the function of excitatory 
synapses in the early stage of in AD disease progression (Han et al. 2022). PT3 (22), 
a selective HDAC3i was found to enhance long-term memory in the novel object 
recognition experiment. PT3 has a good BBB permeability and is known to 
upregulate CREB1, Bdnf, TRKB, Nr4a2, c-fos, PKA, GAP 43, PSD 95, and
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MMP9 gene expression both in vitro and in vivo of C57/BL6 mice (Pulya et al. 
2021).
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Apart from the selective HDACis, recently multi-target agents including HDACis 
have gathered attention towards the treatment of AD. A set of multi-target agents 
were synthesised incorporating the pharmacophores of SAHA and the antioxidant 
ebselen and were tested against AD. These compounds were found to exert HDAC 
inhibitory activity along with the pharmacological effect of ebselen. Among the 
series, compound 23 was reported to be the most potent with the HDAC6 IC50 of 
37 nM. These compounds also exhibited free oxygen radical scavenging ability 
along with the neuroprotective effects against peroxidase damage in PC12 cells 
in vitro (Hu et al. 2018). One of the recent interesting reports described the first in 
class HDACis derived from the natural source, cashew-nut shell liquid (CNSL), 
compounds 24 and 25 displaying similar HDAC inhibitory profile and increased 
safety compared to that of SAHA. These hydroxamate derivatives were found to 
regulate inflammatory responses via glial cell activation thus suggesting their further 
development as sustainable drug candidates for AD (Uliassi et al. 2021; Soares 
Romeiro et al. 2019). In a report published by Tseng et al., hybrid compounds that 
incorporated HDAC inhibitor core into the acridine-derived moiety were studied as 
HDAC-Ab-AChE inhibitors and they were found to enhance neurite outgrowth with 
no neurotoxicity effects. Among the compounds in the series, compounds 26 and 
compound 27 were found to be strongly inhibiting Aβ-aggregation and also 
disrupted Aβ oligomer along with inhibiting acetylcholinesterase enzyme (Tseng 
et al. 2020). Novel multifunctional HDAC6 inhibitors incorporated with 
phenothiazine-, memantine-, and 1,2,3,4-tetrahydro-γ-carboline-cap groups with 
different linkers have been reported. In that series, compound 28, a HDAC6i with 
phenothiazine based hydroxamic acid containing pyridyl moiety as the linker was 
found to reduce the hyperphosphorylated tau at Ser396. It was also found to inhibit 
Cu2+-induced Aβ1–42 aggregation and disrupted Cu2+-induced Aβ1–42 oligomers. 
The in vitro studies revealed that the mRNA expression of GAP 43, N-myc, and 
MAP 2 were enhanced, thus promoting the neurite outgrowth differentiation (Wang 
et al. 2021). 

A multi-target-directed inhibitor series was designed and developed as the hybrid 
of melatonin and ferulic acid structures into the amide-based HDAC6is that is 
known to have antioxidant effects along with potent HDAC6 inhibition. From the 
series, compound 29 has exhibited an HDAC6 IC50 of 30.7 nM with >25-fold 
HDAC6 selectivity over other HDAC isoforms. This compound exhibited compara-
ble antioxidant activity to melatonin with no neurotoxicity on HT-22 cells when used 
in vitro. Further, compound 29, when treated in vivo displayed significant efficacy 
in vivo by preventing Aβ25–35 induced spatial learning and memory at a very low 
oral dose of 0.3 mg/kg as against ACY-1215 alone or the combination of 
ACY-1215, melatonin and ferulic acid together (He et al. 2021). Recently, a novel 
HDAC6i, T-518 (30) with oxadiazole as ZBG reported as a potential drug candidate 
against AD and tauopathy. T-518, an orally available, highly potent and selective 
HDAC6i has displayed 4.6 nM IC50 with good CNS penetration ability. Short-term 
treatment with T-518 was found to restore damaged axonal transport and NOR,



whereas the long-term treatment reduced tau accumulation in the in vivo AD model 
(He et al. 2021). 
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16.4 Summary 

In conclusion, various studies in both in vitro and in vivo animal models of AD 
indicated the role of specific HDAC isoforms by inhibiting HDAC enzyme activity 
using either pan-HDACis or isoform selective inhibitors with respect to their 
neuroprotective as well as neurogenesis activity. Most of the clinically approved 
anticancer HDACis are pan-HDACis and their use led to unwanted side effects and 
toxicities due to their non-specific nature. Further, multi-targeted agents that include 
HDAC inhibitor pharmacophore incorporated into a hybrid structure compound, 
thus addressing several other targets of AD has also been extensively studied 
recently. Altogether, the major challenge ahead lies in identifying and developing 
HDAC isoform-specific inhibitors, and to further study in detail their implications in 
various underlying mechanisms and pathways in relation to the pathogenesis of 
Alzheimer’s disease and of course finding a potential therapeutic candidate for AD 
treatment. 
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