Chapter- 1 Introduction

1. Introduction

Alzheimer’s disease (AD), one of the major brain diseases, is a complex and
progressive neurodegenerative disease which worsens with time. Reports suggest that AD
starts 20 years or more prior to appearance of its symptoms, which are generally the small
changes in the brain that remain unnoticeable to the affected persons.® AD is more prevalent
in elderly populations, usually characterized by cognitive impairment with loss of memory,
incoherent language and difficulty in learning skills.” AD is ranked as the fifth leading cause
of death affecting almost 47 million population worldwide, and the number is still rising and

is estimated to grow up to 130 million or more by 2050.°

Since the discovery of Alzheimer’s disease by a German psychiatrist Dr. Alois
Alzheimer in the year 1906, researchers have made great efforts to understand and unravel
the pathophysiology of AD. However the exact cause of AD still remains uncertain but
various causative factors such as misfolding and aggregation of amyloid-f8 protein, tau
protein hyperphosphorylation, oxidative stress, metal ion dyshomeostasis and deficit of

acetylcholine levels have been recognized to play important roles in pathophysiology of the

disease.
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Figure 1: Currently marketed drugs for the treatment of AD.

Till date no single drug has been clinically effective to prevent or stop the progress of

AD. Currently available drugs in the market for the management of AD (Figure 1) include
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three acetylcholinesterase inhibitors (AChEIS) viz. rivastigmine (1), donepezil (Il) and
galantamine (111), and one N-methyl-D-aspartate receptor (NMDAR) antagonist, memantine
(1V). These AD treatments are mainly effective to treat mild cognitive impairments (MCI)
providing temporary relief from symptoms; however they fail to cure or reverse the

progression of AD.*
1.1 Risk Factors for AD

In Alzheimer disease attention has been given more to the management of
pathological changes and symptoms seen in the brain of AD patients with a little botheration
about the risk factors for AD and their management/control. The major non-modifiable risk
factors for AD are aging and genetics while the modifiable risk factors include mainly
hypertension, diabetes mellitus, hypercholesterolemia, smoking, alcohol, obesity and diet,
lack of physical exercise, educational backwardness, and leisure and lack of social activities
(Figure 2).°
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Figure 2: Various non-modifiable and modifiable risk factors for AD.”

1.1.1 Non-modifiable risk factors

Age: The risk of AD increases with advanced age. Based on the age of the individuals
suffering from AD, AD is of two types, early onset AD (age < 65 years) and late onset AD
(age > 65 years). Most of the reported AD cases generally have a late onset whereas the early
onset AD cases are very rare. Majority of the early onset cases are familial AD which is

caused due to mutations in three genes i.e. Amyloid Precursor Protein (APP), Presenilin-1
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(PSEN1) and Presenilin-2 (PSEN2). Besides these, most of the AD cases can be attributed to

modifiable risk factors which could be prevented.>®

Genetic: Other than aging, genetic risk factors are the second most causative factors for AD.
Genetic risk factors are generally observed due to genetic polymorphism in the APOE gene
encoding the isoforms of cholesterol transporter apolipoprotein E: the €4 allele (APOE &4)
and due to mutation in the components of the y-secretase enzyme complex i.e. APP and
presenilin. In comparison to the population carrying the most common genotype €3, presence
of one APOE ¢4 allele increases the risk of developing AD thrice while the risk of AD is
increased by 15 times due to presence of two APOE &4 alleles, whereas in case of individuals
having the APOE &2, risk of AD is reduced by half and its clinical onset delayed.”® It was
reported that APOE &4 was responsible for both, promotion of AB aggregation and reduction
in its clearance leading to amyloid plaques and cerebral amyloid angiopathy. It has been

considered as one of the major causative genetic factors for AD.** **
1.1.2 Modifiable risk factors

Hypertension: Hypertension was reported to be concomitant with the increased levels of
amyloid plaques and neurofibrillary tangles.’> Midlife hypertension as well as late-life
hypotension exert some detrimental effects in the brain causing cognitive impairments.>** A
number of experiments performed on animals revealed the relationship between
hypertension and pathophysiology of AD. In an experiment performed on the transgenic AD
mice, induced hypertension in the mice by hypertensive drugs, high salt diet, angiotensin II
and deoxycorticosterone accelerate accumulation of AP as amyloid plaques and cerebral
amyloid angiopathy (CAA) causing loss of neuronal cells and subsequent decline in the

cognitive functions.***°

Diabetes mellitus: The relationship between diabetes mellitus (DM) and AD still remains
unclear as epidemiological studies produced conflicting results wherein some reports

1720 \vhereas other reports failed to reveal it.>* Although it was

revealed such relationship
observed in clinic-pathological studies that DM diagnosis was not associated with the
neuropathological changes in the AD brain but few preclinical studies in AD mouse models
reveal the connection between DM and AD pathology.”*** Moreover, establishing the
mechanism through which DM contributes to Ad pathology and related cognitive

impairments, remains an area of active research.’
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Hypercholesterolemia: Similar to DM, association of hypercholesterolemia with AD is not
clearly established. It is even more complex as some experiments showed positive
association” while others did not detect any significant association between
hypercholesterolemia and AD risk.® Preclinical studies on diet-induced hypercholesterolemia
in transgenic AD mice showed the increased levels of AR deposits.?”?® The use of statins such
as atorvastatin and pitavastatin decreased amyloid plaques and microglial inflammation®

while simvastatin ameliorated cognitive impairments without changing the Ap levels.®**

Smoking and Alcohol drinking: Smoking is not safe in any manner therefore it is not
surprising that smoking increases the risk of developing AD by 2-4 folds. Increased risk of
AD and dementia has also been observed in case of passive smokers or second-hand

smoking.”

In contrast to smoking, a controlled (light or moderate) consumption of alcohol in late
life reduces the risk of developing AD and dementia. Surprisingly, moderate alcohol
consumers are less prone to AD and dementia compared to non-drinkers. Resveratrol and
other polyphenols present in wines promote the APP processing by non-amyloidogenic
pathway and also inhibit AP aggregation reducing the increased levels of AB plaque and
oxidative stress. Overconsumption of alcohol (> 5 times in 14 days) increases risk of

developing AD and dementia.’

Obesity and diet: Risk of developing AD and dementia increases with the midlife obesity.
Obesity causes mainly early onset AD with increased amyloid plaques and cortical atrophy.
A healthy diet consisting of vegetables, olive oil, fruits, fish and whole-grain cereals
improves the cognitive deficits and reduces the risk of AD and dementia. In contrast, a diet
that contains high saturated fat, low contents of vitamin Bg, B1,, E and D causes deposition of

AP plagues and cognitive impairments increasing the risk of AD and dementia in late life.?

Physical exercise: Higher the physical activity, lower will be the risk of developing AD
and dementia. An aerobic exercise on regular basis improves the cognitive deficits, promotes

the non-amyloidogenic pathway of APP processing and neuronal plasticity.> % %

Educational backwardness, and leisure and social activities: Lack of education, lesser
leisure and social activities and even loneliness, single or widower marital status are
associated with the risk of AD and dementia. Risk of developing AD and dementia is
inversely proportional to the level of education while leisure cognitive and physical activities

reduce the risk.’
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1.2 Pathophysiology of AD

Due to the complexity of AD, etiology of the disease is not yet understood
completely. It is mostly caused by genetic, environmental and endogenous factors.
Inheritance from the parents has been believed to be one of the major risk factors of the
disease. Several hypotheses have also been suggested to explain the causes of the disease
which mainly include cholinergic hypothesis, amyloid B-cascade hypothesis, tau hypothesis,

oxidative stress and metal ion dyshomeostasis.**
1.2.1 Cholinergic hypothesis

According to the cholinergic hypothesis, degeneration of neuronal cells, low levels of
neurotransmitter acetylcholine (ACh) and co-related decrease in neurotransmission in the
hippocampus and cortex region of the brain mostly cause the cognitive impairments seen in
AD patients.* 3 Cholinesterases (ChEs), the serine hydrolase enzymes are responsible for the
decreased level of ACh in the brain as they rapidly hydrolyze the neurotransmitter into

acetate and choline as depicted in figure 3.%°
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Figure 3: Mechanism of hydrolysis of acetylcholine by AChE.®

ChEs are of two types viz. acetylcholinesterase (AChE) and butyrylcholinesterase
(BuChE). AChE is present in neuromuscular junctions and cholinergic neurons while BUChE
is present in hippocampus and temporal neocortex, and associated with glial cells. Though
the location and importance of AChE and BuChE are different but their structures are almost
similar to each other. AChE possesses higher affinity for ACh compared to BuChE.*® ACh is
mainly hydrolyzed by AChE rather than BuChE.*"*®
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AChE has two active sites i.e. CAS (catalytic active site) and PAS (peripheral anionic
site) as shown in figure 4. CAS consists of two binding locations which actually interact with
the substrate ACh. One binding site present at the bottom of a long and narrow pocket has a
catalytic triad of Ser200, His440 and Glu327 amino acid residues which catalyses the ester
hydrolysis of the ACh, whereas the other binding site, also known as a-anionic site contains
an amino acid residue Trp84 interacting with the quaternary ammonium moiety of the ACh.*
PAS also known as B-anionic site is present at the entrance of the pocket about 14A apart
from the CAS.*° PAS contains a number of amino acid residues, amongst which Trp279 is the
most important that is mostly involved in the interaction with the substrate.** PAS plays an
important role in the etiology of AD since it interacts with the AP peptide leading to its
accumulation in the brain in the form of amyloid plaques which further cause the neuronal

cell death.*>™*

BuChE exhibits similar actions like AChE, hydrolysing the ACh into acetate and
choline but to a lesser extent compared to AChE.* “® With the progression of AD, it has been
observed that the activity of BUChE remains unchanged or gets enhanced in certain regions of
brain of AD patients.*” Moreover, an increased level of BUChE has been observed in late
onset AD compensating the decreased activity of AChE due to decreased levels of AChE in
the AD brain.*®

Therefore, both the ChEs have emerged as potential therapeutic targets to develop

novel cholinesterase inhibitors (ChEIs) for the management of AD.
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Figure 4: Structural features of the enzyme acetylcholinesterase (AChE).
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1.2.2 Amyloid B-cascade and Tau (t) hypothesis

The major histophathological characteristics of AD are the senile plaques (SPs) and
neurofibrillary tangles (NFTs) which are the aggregates of the Ap-peptides and
hyperphosphorylated tau proteins, respectively. *“>* Amyloid hypothesis suggests that Ap, the
building block of the amyloidogenic pathway, is produced by the abnormal proteolysis of
APP which further on aggregation in various parts of the brain form amyloid fibrils causing
neuritic injury and cell death (Figure 5). There are two major metabolic pathway of APP i.e.
non-amyloidogenic and amyloidogenic. In non-amyloidogenic pathway, a-secretase enzyme

initially cleaves the APP at a-cleavage site to produce C-terminal fragment o (CTFa)) which

Non-amyloidogenic pathway Amyloidogenic pathway

a-secretase p-secretase (BACE)

sAPPa i -a _- SAPPB 1 G

o-secretase + y-secretase B-secretase (BACE) + y-secretase (PS)

sAPPa i m AICD » sAPPS = m AICD
AB: AB42, AB40, ...

Figure 5: Non-amyloidogenic and amyloidogenic pathway of APP processing.>*

on further cleavage by y-secretase form innocent soluble APPa (sAPPa). However, the
amyloidogenic pathway of APP processing is initiated with the cleavage of APP at f-
cleavage site by -secretase enzyme, also known as BACE-1 (B-site APP cleaving enzyme 1)
producing CTFp. This CTFp is then processed by y-secretase which results into formation of
AP monomers. These Ap monomers undergo self-induced, AChE-induced or metal-induced

aggregation to form amyloid plaques in the brain which damage the neuronal cells.>**®
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NFTs are mainly comprised of paired helical filaments (PHFs) of atypical
hyperphosphorylated Tau (t) protein (Figure 6). t-Proteins belonging to the group of
microtubules associated proteins (MAPs) are crucial in the normal functioning of neurons as
they stabilize microtubules and carry out neuronal trafficking.*® In the process of formation of
NFTs, hyperphosphorylated t-proteins first develop as amorphous tangles and oligomers,
which then form PHFs. These PHFs within the nerve cells combine with other proteins
including normal t-proteins and MAPs to form NFTs.>**” Deposition of NFTs in the neuronal

51,58,59

cells causes microtubule depolymerization and interruption in the neuronal transport

system leading to the death of neuronal cells.®®®®

Some of the reports indicate the association of amyloid and tau hypotheses suggesting
that AP promotes the formation of NFTs, and the oligomers of AB and hyperphosphorylated t
collectively cause neurotoxicity.®*®" Overall, inhibition of AP aggregation has been

established as the potential therapeutic target to develop clinical agents for AD therapy.

. —_— e
\

Figure 6: Hyperphosphorylation of tau producing PHFs and NFTs.%

1.2.3 Oxidative stress

Reactive oxygen species (ROS) are produced endogenously in various biological
processes inevitably at the cellular level.®® Increasing evidences indicate that the oxidative
stress caused by ROS and reactive nitrogen species (RNS) (Figure 7) is involved in the

neurodegeneration processes occurring in AD.%° Oxidative stress is responsible to increase
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Figure 7: Chemical structures of various reactive oxygen species (ROS, first row) and

reactive nitrogen species (RNS, second row).’

the activity of PB- and y-secretases and to decrease the activity of a-secretase which
subsequently causes increase in production of AB.”>’* Oxidative stress can also lead to
mitochondrial dysfunction causing increase in concentration of ROS which react with
biomolecules such as lipids, proteins, nucleic acids and carbohydrates (Figure 8).”>"* Thus,
efforts have been devoted to develop newer multifunctional antioxidants to manage or target

the oxidative stress along with other pathological factors.
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Figure 8: Various ROS and RNS damaging the biomolecules present in the brain.”
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1.2.4 Metal ion dyshomeostasis

Metal ions play a vital role in various biological processes like metabolism, catalysis
and signal transmission to name a few.®’® A number of reports have appeared in the literature
describing the roles and functions of first-row transition metals such as iron (Fe), copper (Cu)
and zinc (Zn). It has been observed that the deregulation of these active metal ions generally
lead to increase in the oxidative stress in the brain of AD patients (Figure 9).”"® Metal ions
have also been involved in producing A toxicity and hyperphosphorylation of t-proteins.”*
Interaction of metal ions with AP at low physiological concentration causes metal-induced

AP aggregation.®* Therefore, clinical candidates having the metal chelating ability would be

an additional benefit to combat AD.
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Figure 9: Metal ion dyshomeostasis inducing oxidative stress (A) and influencing protein
activity (B).%

Faculty of Pharmacy, The Maharaja Sayajirao University of Baroda 10



Chapter- 1 Introduction

1.3 References

1.

10.

11.

12.

Alzheimer's Association. 2019 Alzheimer's disease facts and figures. Alzheimer's &
Dementia, 2019, 15, 321-387.

Mucke, L. Neuroscience: Alzheimer's disease. Nature, 2009, 461, 895.

Alzheimer's Association. 2017 Alzheimer's disease facts and figures. Alzheimer's &
Dementia, 2017, 13, 325-373.

Savelieff, M. G.; Nam, G.; Kang, J.; Lee, H. J.; Lee, M.; Lim, M. H. Development of
multifunctional molecules as potential therapeutic candidates for Alzheimer’s disease,

Parkinson’s disease, and amyotrophic lateral sclerosis in the last decade. Chem.

Rev. 2018, 119, 1221-1322.

Serrano-Pozo, A.; Growdon, J. H. Is Alzheimer’s disease risk modifiable? J. Alzheimer's
Dis. 2019, 67, 795-819.

Guerreiro, R.; Bras, J. The age factor in Alzheimer’s disease. Genome Med. 2015, 7, 106.

Serrano-Pozo, A.; Qian, J.; Monsell, S. E.; Betensky, R. A.; Hyman, B. T. APOE &2 is
associated with milder clinical and pathological Alzheimer’s disease. Ann. Neurol.
2015, 77, 917-929.

Shinohara, M.; Kanekiyo, T.; Yang, L.; Linthicum, D.; Shinohara, M.; Fu, Y.; Price, L.;
Frisch-Daiello, J. L.; Han, X.; Fryer, J. D.; Bu, G. APOE2 eases cognitive decline during

aging: clinical and preclinical evaluations. Ann. Neurol. 2016, 79, 758-774.

Kepp, K. P. Bioinorganic chemistry of Alzheimer’s disease. Chem. Rev. 2012, 112, 5193-
5239.

Kim, J.; Basak, J. M.; Holtzman, D. M. The role of apolipoprotein E in Alzheimer's
disease. Neuron, 2009, 63, 287-303.

Lambert, J. C.; Ibrahim-Verbaas, C. A.; Harold, D.; Naj, A. C.; Sims, R.; Bellenguez, C.;
Jun, G.; DeStefano, A. L.; Bis, J. C.; Beecham, G. W.; Grenier-Boley, B. Meta-analysis
of 74,046 individuals identifies 11 new susceptibility loci for Alzheimer's disease. Nat.
Genet. 2013, 45, 1452,

Petrovitch, H.; White, L. R.; Izmirilian, G.; Ross, G. W.; Havlik, R. J.; Markesbery, W.;
Nelson, J.; Davis, D. G.; Hardman, J.; Foley, D. J.; Launer, L. J. Midlife blood pressure

Faculty of Pharmacy, The Maharaja Sayajirao University of Baroda 11



Chapter- 1 Introduction

13.

14.

15.

16.

17.

18.

19.

20.

21.

and neuritic plaques, neurofibrillary tangles, and brain weight at death: the
HAAS. Neurobiol. Aging, 2000, 21, 57-62.

McGrath, E. R.; Beiser, A. S.; DeCarli, C.; Plourde, K. L.; Vasan, R. S.; Greenberg, S.
M.; Seshadri, S. Blood pressure from mid-to late life and risk of incident
dementia. Neurology, 2017, 89, 2447-2454.

Cifuentes, D.; Poittevin, M.; Dere, E.; Broquéres-You, D.; Bonnin, P.; Benessiano, J.;
Pocard, M.; Mariani, J.; Kubis, N.; Merkulova-Rainon, T.; Lévy, B. I. Hypertension
accelerates the progression of Alzheimer-like pathology in a mouse model of the
disease. Hypertension, 2015, 65, 218-224.

Kruyer, A.; Soplop, N.; Strickland, S.; Norris, E. H. Chronic hypertension leads to
neurodegeneration in the TgSwDI mouse model of Alzheimer’s disease. Hypertension,
2015, 66, 175-182.

Faraco, G.; Park, L.; Zhou, P.; Luo, W.; Paul, S. M.; Anrather, J.; ladecola, C.
Hypertension enhances A B-induced neurovascular dysfunction, promotes [-secretase
activity, and leads to amyloidogenic processing of APP. J. Cereb. Blood Flow Metab.
2016, 36, 241-252.

Peila, R.; Rodriguez, B. L.; Launer, L. J. Type 2 diabetes, APOE gene, and the risk for
dementia and related pathologies: The Honolulu-Asia Aging Study. Diabetes, 2002, 51,
1256-1262.

Beeri, M. S.; Goldbourt, U.; Silverman, J. M.; Noy, S.; Schmeidler, J.; Ravona-Springer,
R.; Sverdlick, A.; Davidson, M. Diabetes mellitus in midlife and the risk of dementia
three decades later. Neurology, 2004, 63, 1902-1907.

Irie, F.; Fitzpatrick, A. L.; Lopez, O. L.; Kuller, L. H.; Peila, R.; Newman, A. B.; Launer,
L. J. Enhanced risk for Alzheimer disease in persons with type 2 diabetes and APOE ¢&4:
the Cardiovascular Health Study Cognition Study. Arch. Neurol. 2008, 65, 89-93.

Wang, K. C.; Woung, L. C.; Tsai, M. T.; Liu, C. C,; Su, Y. H.; Li, C. Y. Risk of
Alzheimer’s disease in relation to diabetes: a population-based cohort

study. Neuroepidemiology, 2012, 38, 237-244.

Akomolafe, A.; Beiser, A.; Meigs, J. B.; Au, R.; Green, R. C.; Farrer, L.A.; Wolf, P. A,;
Seshadri, S. Diabetes mellitus and risk of developing Alzheimer disease: results from the
Framingham Study. Arch. Neurol. 2006, 63, 1551-1555.

Faculty of Pharmacy, The Maharaja Sayajirao University of Baroda 12



Chapter- 1 Introduction

22.

23.

24,

25.

26.

27.

28.

29.

30.

Arvanitakis, Z.; Schneider, J. A.; Wilson, R. S.; Li, Y.; Arnold, S. E.; Wang, Z.; Bennett,
D.A. Diabetes is related to cerebral infarction but not to AD pathology in older
persons. Neurology, 2006, 67, 1960-1965.

Malek-Ahmadi, M.; Beach, T.; Obradov, A.; Sue, L.; Belden, C.; Davis, K.; G Walker,
D.; Lue, L.; Adem, A.; N Sabbagh, M. Increased Alzheimer’s disease neuropathology is
associated with type 2 diabetes and ApoE &4 carrier status. Curr. Alzheimer Res.
2013, 10, 654-659.

Dos Santos Matioli, M. N. P.; Suemoto, C. K.; Rodriguez, R. D.; Farias, D. S.; da Silva,
M. M.; Leite, R. E. P.; Ferretti-Rebustini, R. E. L.; Farfel, J. M.; Pasqualucci, C. A
Jacob Filho, W.; Arvanitakis, Z. Diabetes is not associated with Alzheimer’s disease
neuropathology. J. Alzheimer's Dis. 2017, 60, 1035-1043.

Solomon, A.; Kareholt, I.; Ngandu, T.; Winblad, B.; Nissinen, A.; Tuomilehto, J.;
Soininen, H.; Kivipelto, M. Serum cholesterol changes after midlife and late-life

cognition: twenty-one-year follow-up study. Neurology, 2007, 68, 751-756.

Mielke, M. M.; Zandi, P. P.; Shao, H.; Waern, M. M. D. P.; Ostling, S.; Guo, X. M. D. P.;
Bjorkelund, C.; Lissner, L.; Skoog, I. M. D. P.; Gustafson, D. R. The 32-year relationship
between cholesterol and dementia from midlife to late life. Neurology, 2010, 75, 1888-
1895.

Refolo, L. M.; Pappolla, M. A.; Malester, B.; LaFrancois, J.; Bryant-Thomas, T.; Wang,
R.; Tint, G. S.; Sambamurti, K.; Duff, K. Hypercholesterolemia accelerates the
Alzheimer's amyloid pathology in a transgenic mouse model. Neurobiol. Dis. 2000, 7,
321-331.

Shie, F. S.; Jin, L. W.; Cook, D. G.; Leverenz, J. B.; LeBoeuf, R. C. Diet-induced
hypercholesterolemia enhances brain AP accumulation in transgenic mice. Neuroreport,

2002, 13, 455-459.

Kurata, T.; Miyazaki, K.; Kozuki, M.; Morimoto, N.; Ohta, Y.; lkeda, Y.; Abe, K.
Atorvastatin and pitavastatin reduce senile plaques and inflammatory responses in a
mouse model of Alzheimer’s disease. Neurol. Res. 2012, 34, 601-610.

Li, L.; Cao, D.; Kim, H.; Lester, R.; Fukuchi, K. I. Simvastatin enhances learning and

memory independent of amyloid load in mice. Ann. Neurol. 2006, 60, 729-739.

Faculty of Pharmacy, The Maharaja Sayajirao University of Baroda 13



Chapter- 1 Introduction

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Tong, X. K.; Lecrux, C.; Hamel, E. Age-dependent rescue by simvastatin of Alzheimer's

disease cerebrovascular and memory deficits. J. Neurosci. 2012, 32, 4705-4715.

Nigam, S. M.; Xu, S.; Kritikou, J. S.; Marosi, K.; Brodin, L.; Mattson, M. P. Exercise and
BDNF reduce AP production by enhancing a-secretase processing of APP. J. Neurochem.
2017, 142, 286-296.

Lautenschlager, N. T.; Cox, K. L.; Flicker, L.; Foster, J. K.; Van Bockxmeer, F. M.; Xiao,
J.; Greenop, K. R.; Almeida, O. P. Effect of physical activity on cognitive function in
older adults at risk for Alzheimer disease: a randomized trial. JAMA 2008, 300, 1027-
1037.

Cavalli, A.; Bolognesi, M. L.; Minarini, A.; Rosini, M.; Tumiatti, V.; Recanatini, M.;
Melchiorre, C. Multi-target-directed ligands to combat neurodegenerative diseases. J.
Med. Chem. 2008, 51, 347-372.

Patrick, G.L. An introduction to medicinal chemistry. 2013, Oxford university press.

Soreq, H.; Seidman, S. Acetylcholinesterase—new roles for an old actor. Nat. Rev.
Neurosci. 2001, 2, 294-302.

Perry, E. K.; Perry, R. H.; Blessed, G.; Tomlinson, B. E. Changes in brain cholinesterases
in senile dementia of Alzheimer type. Neuropath. Appl. Neuro. 1978, 4, 273-277.

Arendt, T.; Bigl, V.; Walther, F.; Sonntag, M. Decreased ratio of CSF
acetylcholinesterase to butyrylcholinesterase activity in Alzheimer's disease. Lancet 1984,
323, 173.

Massoulie, J.; Bon, S. The molecular forms of cholinesterase and acetylcholinesterase in
vertebrates. Ann. Rev. Neurosci. 1982, 5, 57-106.

Singh, M.; Kaur, M.; Kukreja, H.; Chugh, R.; Silakari, O.; Singh, D. Acetylcholinesterase
inhibitors as Alzheimer therapy: from nerve toxins to neuroprotection. Eur. J. Med.
Chem. 2013, 70, 165-188.

Johnson, G.; Moore, S. W. The peripheral anionic site of acetylcholinesterase: structure,

functions and potential role in rational drug design. Curr. Pharm. Des. 2006, 12, 217-225.

Sussman, J. L.; Harel, M.; Frolow, F.; Oefner, C.; Goldman, A.; Toker, L.; Silman, I.
Atomic structure of acetylcholinesterase from Torpedo californica: a prototypic
acetylcholine-binding protein. Science, 1991, 253, 872-879.

Faculty of Pharmacy, The Maharaja Sayajirao University of Baroda 14



Chapter- 1 Introduction

43.

44,

45.

46.

471.

48.

49,

50.

51.

52.

53.

54,

55.

Inestrosa, N. C.; Alvarez, A.; Perez, C. A.; Moreno, R. D.; Vicente, M.; Linker, C,;
Casanueva, O. l.; Soto, C.; Garrido, J. Acetylcholinesterase accelerates assembly of
amyloid-p-peptides into Alzheimer's fibrils: possible role of the peripheral site of the
enzyme. Neuron, 1996, 16, 881-891.

Inestrosa, N. C.; Dinamarca, M. C.; Alvarez, A. Amyloid—cholinesterase interactions:
implications for Alzheimer’s disease. FEBS J. 2008, 275, 625-632.

Daikhin, Y.; Yudkoff, M. Compartmentation of brain glutamate metabolism in neurons
and glia. J. Nutr. 2000, 130, 1026S-1031S.

Mesulam, M.; Guillozet, A.; Shaw, P.; Quinn, B. Widely spread butyrylcholinesterase can
hydrolyze acetylcholine in the normal and Alzheimer brain. Neurobiol. Dis. 2002, 9, 88-
93.

Ciro, A.; Park, J.; Burkhard, G.; Yan, N.; Geula, C. Biochemical differentiation of
cholinesterases from normal and Alzheimer's disease cortex. Curr. Alzheimer Res. 2012,
9, 138-143.

Giacobini, E. Cholinesterases: new roles in brain function and in Alzheimer's
disease. Neurochem. Res., 2003, 28, 515-522.

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

Hardy, J.; Selkoe, D. J. The amyloid hypothesis of Alzheimer's disease: progress and
problems on the road to therapeutics. Science, 2002, 297, 353-356.

Grundke-Igbal, 1.; Igbal, K.; Tung, Y.C.; Quinlan, M.; Wisniewski, H. M.; Binder, L. I.
Abnormal phosphorylation of the microtubule-associated protein? (tau) in Alzheimer
cytoskeletal pathology. Alzheimer Dis. Assoc. Disord. 1987, 1, 202.

Mohamed, T.; Shakeri, A.; Rao, P. P. Amyloid cascade in Alzheimer's disease: recent
advances in medicinal chemistry. Eur. J. Med. Chem. 2016, 113, 258-272.

Perl, D. P. Neuropathology of Alzheimer's disease. Mt. Sinai J. Med. 2010, 77, 32-42.

Del Prete, D.; Checler, F.; Chami, M. Ryanodine receptors: physiological function and
deregulation in Alzheimer disease. Mol. Neurodegener. 2014, 9, 21.

Ballatore, C.; Lee, V. M. Y.; Trojanowski, J. Q. Tau-mediated neurodegeneration in

Alzheimer's disease and related disorders. Nat. Rev. Neurosci. 2007, 8, 663.

Faculty of Pharmacy, The Maharaja Sayajirao University of Baroda 15



Chapter- 1 Introduction

56.

S7.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Daebel, V.; Chinnathambi, S.; Biernat, J.; Schwalbe, M.; Habenstein, B.; Loquet, A.;
Akoury, E.; Tepper, K.; Miiller, H.; Baldus, M.; Griesinger, C. B-Sheet core of tau paired
helical filaments revealed by solid-state NMR. J. Am. Chem. Soc. 2012, 134, 13982-
13989.

Hall, G. F.; Chu, B.; Lee, G.; Yao, J. Human tau filaments induce microtubule and
synapse loss in an in vivo model of neurofibrillary degenerative disease. J. Cell Sci. 2000,
113, 1373-1387.

Baudier, J.; Cole, R. D. Phosphorylation of tau proteins to a state like that in Alzheimer's
brain is catalyzed by a calcium/calmodulin-dependent kinase and modulated by
phospholipids. J. Biol. Chem. 1987, 262, 17577-17583.

Goedert, M.; Spillantini, M.G.; Jakes, R.; Rutherford, D.; Crowther, R. A. Multiple
isoforms of human microtubule-associated protein tau: sequences and localization in

neurofibrillary tangles of Alzheimer's disease. Neuron, 1989, 3, 519-526.

Goedert, M.; Spillantini, M. G.; Crowther, R. A. Tau proteins and neurofibrillary
degeneration. Brain pathol. 1991, 1, 279-286.

Igbal, K.; Alonso, A. D. C.; Chen, S., Chohan, M. O.; El-Akkad, E.; Gong, C. X,;
Khatoon, S.; Li, B.; Liu, F.; Rahman, A.; Tanimukai, H. Tau pathology in Alzheimer
disease and other tauopathies. BBA-Mol. Basis Dis. 2005, 1739, 198-210.

Chun, W.; Johnson, G.V. The role of tau phosphorylation and cleavage in neuronal cell
death. Front. Biosci. 2007, 12, 733-756.

https://www.abcam.com/neuroscience/beta-amyloid-and-tau-in-alzheimers-disease
(assessed Feb 4, 2020)

Takashima, A.; Noguchi, K.; Sato, K., Hoshino, T.; Imahori, K. Tau protein kinase I is
essential for amyloid beta-protein-induced neurotoxicity. Proc. Natl. Acad. Sci. 1993, 90,
7789-7793.

Roberson, E. D.; Scearce-Levie, K.; Palop, J. J.; Yan, F.; Cheng, I. H.; Wu, T.; Gerstein,
H.; Yu, G. Q.; Mucke, L. Reducing endogenous tau ameliorates amyloid R-induced

deficits in an Alzheimer's disease mouse model. Science, 2007, 316, 750-754.

Ittner, L. M.; Gotz, J. Amyloid-p and tau-a toxic pas de deux in Alzheimer's disease. Nat.
Rev. Neurosci. 2011, 12, 67.

Faculty of Pharmacy, The Maharaja Sayajirao University of Baroda 16


https://www.abcam.com/neuroscience/beta-amyloid-and-tau-in-alzheimers-disease

Chapter- 1 Introduction

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Guerrero-Munoz, M. J.; Gerson, J.; Castillo-Carranza, D. L. Tau oligomers: The toxic

player at synapses in Alzheimer’s disease. Front. Cell. Neurosci. 2015, 9, 464.

Petersen, R. B.; Nunomura, A.; Lee, H. G.; Casadesus, G.; Perry, G.; Smith, M. A.; Zhu,
X. Signal transduction cascades associated with oxidative stress in Alzheimer's disease. J.
Alzheimer's Dis. 2007, 11, 143-152.

Pratico, D. Evidence of oxidative stress in Alzheimer's disease brain and antioxidant
therapy: lights and shadows. Ann. NY Acad. Sci. 2008, 1147, 70-78.

Zhao, Y.; Zhao, B. Oxidative stress and the pathogenesis of Alzheimer's disease.

In Oxidative medicine and cellular longevity, 2013, 2013, 1-10.

Ganguly, G.; Chakrabarti, S.; Chatterjee, U.; Saso, L. Proteinopathy, oxidative stress and

mitochondrial dysfunction: cross talk in Alzheimer’s disease and Parkinson’s

disease. Drug Des. Dev. Ther. 2017, 11, 797.

Moreira, P. I.; Nunomura, A.; Nakamura, M.; Takeda, A.; Shenk, J. C.; Aliev, G.; Smith,
M. A.; Perry, G. Nucleic acid oxidation in Alzheimer disease. Free Radical Biol.
Med. 2008, 44, 1493-1505.

Fukuda, M.; Kanou, F.; Shimada, N.; Sawabe, M.; Saito, Y.; Murayama, S.; Hashimoto,
M.; Maruyama, N.; Ishigami, A. Elevated levels of 4-hydroxynonenal-histidine Michael
adduct in the hippocampi of patients with Alzheimer's disease. Biomed. Res. 2009, 30,
227-233.

Sultana, R.; Mecocci, P.; Mangialasche, F.; Cecchetti, R.; Baglioni, M.; Butterfield, D. A.
Increased protein and lipid oxidative damage in mitochondria isolated from lymphocytes
from patients with Alzheimer's disease: insights into the role of oxidative stress in
Alzheimer's disease and initial investigations into a potential biomarker for this
dementing disorder. J. Alzheimer's Dis. 2011, 24, 77-84.

Garcia-Blanco, A.; Baquero, M.; Vento, M.; Gil, E.; Bataller, L.; Chafer-Pericas, C.
Potential oxidative stress biomarkers of mild cognitive impairment due to Alzheimer
disease. J. Neurol. Sci. 2017, 373, 295-302.

Gschwind, A.; Zwick, E.; Prenzel, N.; Leserer, M.; Ullrich, A. Cell communication
networks: epidermal growth factor receptor transactivation as the paradigm for

interreceptor signal transmission. Oncogene, 2001, 20, 1594.

Faculty of Pharmacy, The Maharaja Sayajirao University of Baroda 17



Chapter- 1 Introduction

77.

78.

79.

80.

81.

82.

Guglielmotto, M.; Giliberto, L.; Tamagno, E.; Tabaton, M. Oxidative stress mediates the
pathogenic effect of different Alzheimer's disease risk factors. Front. Aging
Neurosci. 2010, 2, 3.

Lee, H. P.; Zhu, X.; Casadesus, G.; Castellani, R. J.; Nunomura, A.; Smith, M. A.; Lee,
H. G.; Perry, G. Antioxidant approaches for the treatment of Alzheimer’s disease. Expert
Rev. Neurother. 2010, 10, 1201-1208.

Yamamoto, A.; Shin, R.W.; Hasegawa, K.; Naiki, H.; Sato, H.; Yoshimasu, F.; Kitamoto,
T. Iron (I11) induces aggregation of hyperphosphorylated t and its reduction to iron (II)
reverses the aggregation: implications in the formation of neurofibrillary tangles of
Alzheimer's disease. J. Neurochem. 2002, 82, 1137-1147.

Duce, J. A,; Tsatsanis, A.; Cater, M. A.; James, S. A.; Robb, E.; Wikhe, K.; Leong, S. L.;
Perez, K.; Johanssen, T.; Greenough, M. A.; Cho, H. H. Iron-export ferroxidase activity
of B-amyloid precursor protein is inhibited by zinc in Alzheimer's disease. Cell, 2010,
142, 857-867.

Huang, X.; Cuajungco, M. P.; Atwood, C. S.; Hartshorn, M. A.; Tyndall, J. D.; Hanson,
G. R.; Stokes, K. C.; Leopold, M.; Multhaup, G.; Goldstein, L. E.; Scarpa, R. C. Cu (II)
potentiation of Alzheimer AP neurotoxicity correlation with cell-free hydrogen peroxide
production and metal reduction. J. Biol. Chem. 1999, 274, 37111-37116.

Lee, H. J.; Korshavn, K. J.; Kochi, A.; Derrick, J. S.; Lim, M. H. Cholesterol and metal
ions in Alzheimer's disease. Chem. Soc. Rev. 2014, 43, 6672-6682.

Faculty of Pharmacy, The Maharaja Sayajirao University of Baroda 18



