INTRODUCTION

In the modern world, the drugs affecting centralvoas system plays a significant role
and these drugs are of special interest to mankind.

Neurodegenerative diseases (NDDs) are a major lgloéalth burden in the world
particularly with our ageing population. The two sh@revalent NDDs are Alzheimer’s
disease (AD) and Parkinson’s disease (PD). As @D26 35 million people worldwide
suffered from dementia, with the vast majority doeAD [Wimo and Prince 2010].
Similarly, as of 2005, > 4 million people worldwidmiffered from PD [Dorsegt al.
2007]. Similarly, as of 2005, > 4 million people newide suffered from PD [Dorsest

al. 2007]. Moreover, risk for both of these NDDs irases with age, with both of these
diseases projected to double in numbers over thetwe decades [Dorsest al. 2007,
Wimo and Prince 2010]. Other diseases such aspspileHuntington’s disease (HD),
depression, anxiety, post-stroke neurodegeneration also exert a great human toll on
the affected individuals, their families and sogieAs a consequence, the economic
burden associated with these incurable, NDDs isrneoos and continues to grow
[Dorseyet al. 2013; Kowalet al. 2013]. Thus, research into these diseases isfoineref
great importanceFigure 1.1. illustrates the World Health Organization (WHOpoet
2006 on NDDs.

1.1. Neurodegenerative diseases: biggest challerujgresent century

NDDs represent, nowadays, one of the main causedeath in the industrialized
countries. NDDs are a heterogeneous group of dissrdharacterized by progressive
degeneration of the structure and function of @mtervous system (CNS) or peripheral
nervous system (PNS). They are characterized Isydbaeurons in particular regions of
the nervous system. It is believed that this neeleloss underlies the subsequent decline
in cognitive and motor functions that patients eigee in these diseases. The NDDs
sharing such multifactorial pathogenic mechanisotuitles, among others, Alzheimer’s
disease (AD), Parkinson’s disease (PD), Huntingt@isease (HD), depression, anxiety,

post-stroke neurodegeneration, etc.

Department of Pharmaceutics, IIT (BHU), Varanasi 1



Introduction

(A 7

6 —4—
L 5
2 . _
£ s : : :
i1
2

1 .

0 - - - - - -
Neurological ~ Tuberculosis HIV/AIDS Malignant  Ischaemic heart  Respiratory Digestive
disorders neoplasms disease disease diseases

(B) 14 (€)
W2005 © 2015 2030 Lol

Alzheimer
and other
dementias
120%

% of total DALYS

Migraine
8.3%

Poliomyelitis 0.1% ’// ‘

Japanese encephalitis 0.6% /
Mutiple sclerosis 1.6% ‘
Low Lower middle Upper middie High Parkinson's disease 1.8%
Income category Meningitis 5.8%

Epilepsy 7.9%
Tetanus 7.0%

Figure 1.1.NDDs: A report from WHC( (A) Comparison of percentage of total DAL
for NDDs and other selected diseases (DAL- Disability adjusted life years). (E
NDDs as a percentage of total DALYs for 2005, 2@t%sl 20130 across World Ba
Income Category. (C) DALYs for individual NDDs aercentage of total NDDs. [Frol
WHO library cataloguin-in-Publication data 2006]

Even though each of these diseases has its owncuf@miemechanisms and clinic
manifestations, a number of common pathways might recognized in divers
pathogenic cascades. A variety of mutant geneseamvitonmental toxins have be
implicated in thecause of NDDs but the mechanism remains largeldamntified anc
needed to be explor{Mandemakers 2007; Jellinger 2009].

Literatures haveevidenced the role of numerous factors leading tODB| viz.
abnormality in the dynamics of protein resultingnelfunctioning in protein aggregatic
and misfolding, formation of reactive oxygen specid@ROS) causing free radic
formation and oxidative stresdamaged bioenergetics and mitochondrial dysfung
increased concentration of metals and pesticidegling in metal dyshomeostasis a
phosphorylation impairement, etc. all occurring Wieneously or independentlBaldi
2003] Figure 1.2). In addition to the above mentioned factorssitorth noting tha
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amyloid oligomers such as amyl-f (AB) and a-synuclein have been extensive
reported to permeabilize both the cell and mitoch@ah membrane causing neuronal
damage [Caughest al. 2003; Kagaret al. 2002].

Even though a lot of research has been carriedirouhis field to understand tt
pathophy®logy of these diseases, scientists are still éarch of new therapeut

approaches to the problem, molecular mechanisn@vied and associated viable di

targets.
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Figure 1.2 Multifactorial events leading tDDs

An early contribution of neuroptective strategies for these diseases seems partic
desirable because isolated treatments cannot ledfextive. This has inspired acti
research in the development of new drugs that covddk an important advance in t
treatment of these compleiseases.

1.2.Strategies employed folanti-neurodegenerativedrug discovery

Indeed, an array aigent have been discovered following the strategy of -drug-one-
target’ approach (mor-target model;Figure 1.3) and are currently used in varic
multi-factorial pathologies although their therapeutiicaty is limited to an essential

palliative and/or symptomatic effect. As a resuhte discovery of genuine dise-
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modifying agents addressing a m-factorial disease through a sin-target mechanism

was a limiting factor which resulted in its failu
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Figure 1.3. Neurodegenerative drug discovery approaches. (ejei-focused approach
based on one-drugre-target paradigm (b) MTDL approach based on-drug-multiple-
target paradigm

The falure of this paradigm insisted the researchersxppoee out of the ordinary way
for the treatment of such mufactorial diseases leading to the invention of
‘polypharmacology approach’ focussed on addressioigcurrently various biologici
targets Accordingly, a combination of two or more drugasaused for targeting a sing
biochemical process in such a way so as to exeareflotal therapeutic effects
modukting different targets [Korcsrros et al. 2007. However, low patient complianc
multiple dosing, increased risks of d-drug interactions and multiple competi
metabolic transformations resulted in the restdatse of this therap

1.2.1.MTDL approach

Nowadays, an emerging strategy widely followedtfee development of mu-factorial
diseasanodifying drugs is based on the m-target-directedigand (MTDL) design, ai
innovative shift from the traditional o-drug-onetarget approach to o-drug-multiple-
target approach based on the assumption that ke sprgperly designed molecular ent

might be able to interfere with a number of cellukvents simultaneously causi
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maximum therapeutic benefit against a multi-faetiordisease more efficiently in
comparison to drug cocktails.

Multi-target drug discovery is an emerging areancfeasing interest to the drug design
chemists. Drugs that modulate several targets tie/potential for an improved balance
of efficacy and safety compared to single targenég)[Morphyet al. 2004]. More than
70% of FDA (Food and Drug Administration, USA) apped drugs are known to derive
their therapeutic benefit by virtue of interactimgth “multiple targets” [Cavalliet al.
2008]. Based on these evidences, presently it delwiaccepted that a more effective
therapy for the multi-factorial nature of NDDs wduksult from the development of the
“one drug, multiple target” strategy, also callee multi-target-directed-ligand (MTDL)
approach [Morpht al. 2005].

MTDL approach suggests the use of compounds withtiptes activities at different
biological targetsKigure 1.3). MTDL approach is an alternative to combinatibarapy
with two or more drugs.

1.2.2. Rational design strategies for MTDL

To obtain MTDLs, the design strategy involves thesimilation of different
pharmacophores of diverse drugs in the same steudtu obtain hybrid fragments.
Primarily, each pharmacophore of the hybrid drugusth retain the ability to interact
with its specific site(s) on the targets produatogsequential pharmacological response.
Three major approaches are employed in the dedignotecular skeleton of a multi-
target molecular entityRigure 1.4).

a) Conjugation (Spacer-coupled linkage) approach It consists of molecular
heterodimerization of two structurally differentaffolds, each accountable for a
different pharmacological activity. These moleculs® structurally connected
through an appropriate linker (spacer) resultingaimetabolically stable single
entity that can be broken down to release the wtiveamoieties after enzymatic
activity.

b) Fusion (Direct-coupling) approach Single molecular entity is formed by the
fusion of two separate molecules possessing difteparmacological activity,
coupled through a single covalent bond. There isalasence of linker in this

approach.
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c) Hybridization approach: It is based on the recognition of the key streait
fragments accounting to a defined pharmacologici@ity in different molecules
These structural framents are then combined in a uniqgue and appropratenel
resulting in the formation of molecular hybrid. Beemolecules do not ne
enzymaticactivatior to exert the pharmacological effect.

However, further optimization of the potential ni-target l@ad compounds is needed

order to appropriately stabilize thin-vitro andin-vivo pharmacological activitie:
@ Y

Approaches

Conjugation Fusion Hybridization

Ot @ @

Figure 1.4.Schematic representation of MTDL strat
1.23. MTDLs and NDDs
Because of the multifactorial nature of NDDs andiedse cerebral mechanis
implicated in their treatment, MTDLs have come @st novel drug candidates w
beneficial therapy of NDDs. In this context, mond@en oxidases (MAOS) i.¢
monoamine oxidase A (AO-A) and/or monoamine oxidase B (M+B) and their
inhibitors and acetylcholinesterase (AChE) anahitébitors have been a steady sourci
surprises and have been regarded as attractivepeteditial targetswith the highest
prospect for therapeutic t in the treatment of widespread NDDs.
1.3.Monoamine oxidases: an overvie
The discovery of monoamine oxidases dates baclatly 928 by a young doctor
studentMary L. C. Bernheim (née) [He 1929. She hypothesized that the enzyme 1
be protective and may be involved in the metabolepotentially toxic exogenot

amines. Subsequent studies by Blaschko [Blaset al. 1937 and Zeller [Zelleret al.
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1938] demonstrated that MAOs play an important noleontrolling the concentration of
neurotransmitters into the synaptic cleft.

1.3.1. Molecular characteristics of MAO

Monoamine oxidases (MAOs; amine-oxygen oxidoredigtaEC 1.4.3.4) are the
enzymes containing the flavin adenine dinucleoffe®D) cofactor covalently bonded to
a cysteine residue [Reyes-Paragtaal. 2005], and are involved in catalyzing the
oxidative deamination of biogenic amingg. neuroamines, vasoactive and exogenous
amines, and xenobiotic amines including monoamegatransmitters and hormones in
the brain and the peripheral tissues by cataly#mey oxidative deamination [Strolin-
Benedetti and Tipton 1998; Singer and Ramsay 1B®hardset al. 1998] to prevent
their possible function as false neurotransmittdrereby resulting in the modulation of
their concentrations in brain and peripheral tiss{Rerry et al. 1994; Dostertet al.
1982]. The broad array of substrates includes sévaptable biogenic amines:
indoleamines such as serotonin (5-hydroxytryptamifieHT), and tryptamine;
catecholamines such as dopamine (DA), norepinepl{Nit) and epinephrindohnston
1968]; trace amines, such @sphenylethylamine (PEA) [Knoll and Magyar 1972],
tyramine and octopamine [Youdim and Riederer 198684 MPTP (N-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine) neurotoxiwhich immediately converts to MPP[Javitchet

al. 1985] fFigure 1.5).

The enzyme exists in the two isoforms [Biretial. 2003; Maet al. 2004; De Colibugt

al. 2005; Sonet al. 2008], namely MAO-A and MAO-B, which are located
predominantly in the outer membrane of mitochondfiaeuronal, glial and other cells
[Johnston 1968]. These two forms have the moleautaght of approximately 60 kDa.
MAO-A and MAO-B are composed of 527 and 520 amiaiol aesidues respectively and
shares about 70% amino acid sequence identity @mesent separate X-chromosome
related gene products [Baeh al. 1988]. Thus, they can be differentiated by separat
encoding genes [Bacat al. 1988; Grimsbyet al. 1991], tissue and cell distribution
[Westlundet al. 1985], their substrate selectivity and inhibitensitivity [Youdim and
Finberg, 1991; Gottowikt al. 1993; Gehat al. 2001]. The active forms of the enzymes
are homodimers with subunit molecular weights, wheiteed from their cDNA structure;
of 59,700 and 58,800; respectively.
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Figure 1.5. Substrates of MAO
The substrate specificity and tissue distributibMAO isozymes are presentedTiable
1.1.
The presence of MAO-A in glial cells should be @sgible for degradation of serotonin
in brain regions rich in serotonergic neurons wiile role of MAO-B in serotonergic
neurons is to eliminate any foreign amines and grethem from reaching the synaptic
cleft. Noradrenergic neuron contains both MAO-A aktAO-B isoforms and are
responsible for catalyzing the oxidative deamimatiof norepinephrine efficiently.
However, because the uptake of norepinephrine tilosynaptic vesicle is strongly
favourable over binding to MAO, the substrate cacape metabolic degradation to some
extent [O" Carrollet al. 1987]. Although this finding is in apparent costravith the
pharmacological evidence that serotonin levelsatenced only following MAO-A, but
not MAO-B inhibition. However, the reasons of thigsmatch are still needed to be

established.
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Table 1.1.Substrate specificity and tissue distribution A®lisozymes

MAO-A MAO-B MAO-A & MAO-B
Substrates 5-HT, Epinephrine| Benzylamine, Dopamine, Tyramine,
Norepinephrine, | Phenylethylamine| Tryptamine,
Octopamine N-phenylamine, | Kynuramine,
Methylhistamine, | 3-Methoxytyramine
Octylamine,
N-
acetylputrescine,
Milacemide,
MPTP
Tissue Brain Brain  (posteriol Human basal ganglia
distribution (catecholaminergig hypothalamus and
neurons of the dorsal raphe
locus ceruleus, thenucleus of
reticular formation serotonergic and
and presynapti¢ histaminergic
terminals of| neurons, as well
dopaminergic as in astrocytes
neurons), Gut} Blood Platelets
Liver, Placenta] Lymphocytes
Skin, Fibroblasts

The difference in the molecular nature of these iseform leads to the discovery of two
kinds of genes associated with MAO: MAO-A and MAGgBnes, whose discovery was
a big breakthrough in the field of neuropharmacgloghis discovery allowed better
understanding of the pharmacological functionshete molecules. The immunologically
distinct isozymes are coded for by the separatelosely related genes located on the X
chromosome (Xp 11.4 — Xp 11.23) [Kocherspergeal. 1986; Lanet al. 1989]; in the
opposite direction with tail-to-tail orientation. dveover, both genes display identical
number of exons and intron-exon organisation fal. 2006], suggesting that the two
genes are likely derived from the duplication @oanmon ancestral gene.

1.3.2. Role of MAO in neurodegeneration

MAO-A preferentially catalyzes the deamination efatonin and norepinephrine. Mild
retardation and prominent behavioural abnormalitlesiales [Brunneget al. 1993] and
aggressive behaviour in mice [Cassl. 1995] has been observed in case of loss of
MAO-A function. Thus MAO-A inhibitors are used ftre treatment of mental disorders,
particularly depression [Lippest al. 1979; Robinsort al. 1973]. They are indicated in
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panic attack disturbances, in dementia-associaggatedsion (non-severe forms), in
atypical depression [West and Dally 1959], in sbplaobia [Fyer and Gorman 1986] as
well as in anxiety [Rudorfer and Potter 1989; Pgéreet al. 2006]. They have also been
shown to have mild antimuscarinic effects. MAO-An®re sensitive to inhibitors like
clorgyline and moclobemide. Both genes encoding MA@nd MAO-B are deleted in
atypical Norrie disease [Sinesal. 1989].

On the other hand, MAO-B has higher affinity fsphenylethylamine and is selectively
inhibited by low concentrations of selegiline (Lpdenyl) and rasagiline [Weylest al.
1990; Lang and Lees 2002]. Selective MAO-B inhitstare used as adjuvants for the
treatment of Alzheimer’s disease (AD) [Cesura aledseher 1992; Youdinst al. 2004]
and Parkinson’s disease (PD) [Riedegtaal. 2004; Guay 2006].

The rapid degradation of brain monamines, suchd$,9\NE and DA is essential for the
proper functioning of synaptic neurotransmissiord as critically important for the
regulation of emotional and other brain functioddAO catalyses the oxidative

deamination of monoamines according to the follgnequationsKigure 1.6):

MAO
R-CH,NH, + H,0 + O, ———— R-CHO + NH3 + H,0, (1)

R-CH,NH, + E-FAD ——®  R-CH=NH + E-FADH, )
R-CH=NH + H,0 ———  R-CHO + NHj ©)
E-FADH, + O, ————® E-FAD + H,0, @)

Figure 1.6.Catalytic reaction pathways of MAO

Thus, MAO causes the oxidative metabolic degradato§ the various primary,
secondary and tertiary amines resulting in theirveosion to corresponding aldehydes
[Waldmeier 1987] with simultaneous production of momia and hydrogen peroxide
(Eqn. (1)) [Edmondsost al. 2004]. This reaction is hypothesized to proceedegns of

a ‘Pingpong mechanism’, wherein the amine is firsdized to an imine by the MAO-
bound FAD moiety viz. E-FAD (FAD reduction) (Eqn))2followed by hydrolysis to the
corresponding aldehyde with the release of ammdgui@amination) (Eqn. (3)).
Consequentially, MAOs are regenerated by the maoith oxygen (@ producing
hydrogen peroxide (30,) (FAD reoxidation) (Egn. (4)). The aldehydes e tabove

scheme are typically unstable and are then furtq@dly metabolized to carboxylic acids
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or alcohols by aldehyde dehydrogenases or alcobloydfogenases [Yaet al. 2004].
The acidic metabolites e.g. 5-Hydroxyindole acetoid (5-HIAA) obtained from the
metabolism of 5-hydroxytryptamings-HT, serotonin) or dihydroxyphenylacetic acid
(DOPAC) obtained from degradation of dopamame commonly used as the measure of
in-vitro orin-vivo MAO activity [Green and Kelly 1976].

As from the above scheme, various potentially niexio byproducts such as ammonia
and hydrogen peroxide are also generated [StratimeBetti and Dostert 1989; Zhang
and Piantadosi 1991]. The hydrogen peroxide geseredn stimulate the production of
reactive oxygen species (ROS) thereby inducingeprodisruption, lipid peroxidation,
mitochondrial and DNA damage and neuronal apoptoaissing neuronal injury and
inflammation which gradually results into a wideiety of NDDs Eigure 1.7).

For all these reasons, MAO may be considered otigeaiost interesting potential target
in the design of multifunctional ligands that mighthibit a disease-modifying activity

towards multi-factorial NDDs.

0O-A/B ADH

M
R-CH,-NH; T~ RCHO RCOOH
FAD FADH,
H,0, O, + H*
Protein disruption
Fe*2 (Fenton's reaction) /
OH"* :> Increases oxidative stress /y Lipid peroxidation
Reacts with lipids/proteins/DNA \5
Reactive oxygen Mitochondrial and DNA
species (ROS) damage
Neuronal apoptosis
Neuronal injury and
inflammation
Alzheimer's C/ Depression &
disease ﬂ X anxiety
Parkinson's .
: Epileps
disease Huntington's priepsy
disease

Figure 1.7.MAO catalyzed formation of cytotoxic chemical sggscand their
consequential neuronal effects
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1.3.3. Three dimensional structure of MAO

The determination of the crystal structure of MAOatind MAO-B has resolved the
catalytic mechanism involved in the selective iattions between the enzymes and their
ligands or substrates, and has provided a bettderstanding of the pharmacophoric
requirements for the rational design of potent aaldctive inhibitors with therapeutic
potential. The RSCB Protein Data Bank (PDB) avdlitgtof experimentally determined
co-crystals of MAO-A and MAO-B has allowed reseamsh to also perform
computational studies with the aim of proposinggmed binding modes, thereby aiding
in the rational design of new MAO inhibitors.

1.3.3.1. Crystal structure of human MAO-A

The crystal structure of human MAO-A (hMAO-A) wastdrmined for the first time by
Son and co-workers, in complex with harmine, argiaée MAO-A inhibitor, in 2008, at
a resolution of 2.2, by means of X-ray crystallographic studies. Aduogly, human
MAO-A crystallized as a monomer and exhibited tbkison hydrodynamic behaviour
of a monomeric form [Sodt al. 2008].

Further, the structure of human MAO-A may be diddato two domains, namely a
membrane binding domain (indicated in green colamg an extra-membrane domain.
The extra-membrane domain may be further dividéd ihe substrate/inhibitor binding
region (indicated in red colour) and a FAD bindiregion (indicated in blue colour)
(Figure 1.8. (A).

The active site cavity of hMAO-A is hydrophobic mature and has an approximate
volume of 55042 and is formed by a cavity-shaping loop consisthgesidues 210-216
[Youdim et al. 2006]. Further, loop comprising of the residue8-1Q8 is thought to
regulate access to the active site. The width efaiitrance is too narrow for compounds
such as harmine to pass through during the steatlyshase. As a result, the flexibility
of loop 108-118 together with anchoring of the enayinto the membrane seems to be
essential for substrate/inhibitor access to thirasite [Soret al. 2008].

The study of co-crystallized structure of hMAO-Atkiharmine revealed that harmine
interacted with the amino acid residues Tyr69, Adn1Phe208, Val210, GIn215,
Cys323, 1le325, 11e335, Leu337, Phe352, Tyr407,4%r and FAD within the active
centre cavity of hMAO-A. Additionally, the spacetiween the inhibitor (harmine) and

the aforementioned residues was occupied by seager ymolecules. GIn215 of hMAO-
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A was found to exhibiz- = interactions with coplanar aromatic rings of harenjBonet

al. 2008].

Literatures have revealed the similarity between structures of hMA-A and human
MAO-B (hMAO-B). However, substrate/inhibitor selectivity tween hMAO-A and
hMAO-B may be attributed to residues 11e335 and Phe208hMAO-A, which

corresponded to Tyr326 and Ile199 of hM-B. One of the most unique characteris
in hMAO-A being the residue Phe208 which is situated atath@ogous position ¢
residue 11€199 in hMAC-B and consequently resulted in the elimination rofeatrance
cavity in hMAO-A. Thus, hMAC-A consisted of only a single cavity [De Colibet al.

2005] that occupied a bigger volume compared to KI-B consisting of two cavitie

(A) (B)

Substrate

Cavity Entrance

Cavity

Active Site

Entrance Loop

Figure 1.8.Ribbon diagram of monomeric unit of (A) human M-A enzyme and (B)
human MAOB enzyme. The membrane binding domain, the suledbiatling domait
and the flavin binding domain is represented iregreed and blue colour respective
The covalet flavin moiety is shown in ball and stick modelyiellow.

1.3.3.2 Crystal structure of human MAO-B

The first elucidation of the crystal structure ofinmmn MAC-B (hMAO-B) was
determined by Binda et al., in 2002, at a resofutib 3.0A [Binda et al. 2002] and was
later improved to the resolution to 1.7 A, incluglinc-crystals with various inhibitor
[Binda et al. 2004]. Accordingly, in contrast to hMA-A, hMAO-B crystallized as a

dimer [Bindaet al. 2002] with a large surface contact area betweemmonomers [De
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Colibuset al. 2005]. Each of the monomers of hMAO-B consisteé @lobular domain
which is anchored to the outer mitochondrial membraia a C-terminal helix [Bindet

al. 2004; Bindeet al. 2007].

Similar to hMAO-A, the structure of hMAO-B also asted of two domains, namely a
membrane binding domain (indicated in green colamg an extra-membrane domain,
further consisting of a substrate/inhibitor bindirggion (indicated in red colour) and a
FAD binding region (indicated in blue colouBigure 1.8. (B).

The active site of the hMAO-B consisted of two t@& Figure 1.8. (B), a flat
hydrophobic substrate cavity with a volume of ~420and the entrance cavity with a
volume of ~290 A [Binda et al. 2002, Youdimet al. 2006; Bindaet al. 2007]. The
hydrophobic environment may be attributed to sdva@matic and aliphatic amino acid
residues that line the substrate cavity. Furtheemtre substrate cavity is partitioned
from the entrance cavity by the residue Tyr326,clvhs positioned in close proximity to
the junction of the two cavities [Hubalekal. 2005]. Residues Tyr326, 11e199, Leul71
and Phel68 formed the boundary between the twaiesyBindaet al. 2002; Soret al.
2008] with loop 99-112 covering the entrance cawaty290 A3 [Binda et al. 2002,
Youdim et al. 2006]. The entrance cavity is lined by the ressdihel03, Prol04,
Trpll19, Leul64, Leul67, Phel68, Leul7l, lle199061ke and Tyr326 [Bindaet al.
2002]. It was found that the substrate negotiategtss into the entrance cavity [Youdim
et al. 2006] and this required movement of loop 99-11ihdB et al. 2002]. Residue
lle199 acted as the “gateway” between the two msrifThe conformation of 11e199 side
chain depended upon the nature of the substratehdoitor. The conformation of this
residue concluded (decided/determined) if the satestand entrance cavity are either
fused or separated [Hubalekal. 2005]. Thus, fusion of the substrate and entraagéy
via residue 1le199 resulted in the accommodatiolafer ligands [Hubalekt al. 2005;
Legoabest al. 2012a].

As mentioned before, substrate/inhibitor selegtittween hMAO-A and hMAO-B may
be attributed, in part, to residue Phe208 in hMAQvAich corresponded to 11199 in
hMAO-B [Sonet al. 2008]. Binding of large MAO-B selective inhibikomay be blocked
in MAO-A due to the increased bulk of the phengeschain of the MAO-A residue Phe-
208 [Edmondsoret al. 2009; Legoabest al. 2012a]. Residue Tyr326, found at the

junction of the substrate and entrance cavity [Helet al. 2005], was also considered to
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play a role in the substrate/inhibitor selectivdf the two MAO isoforms as Tyr326
prevents the binding of MAO selective inhibitorsttee MAO-B active site [Somt al.
2008; Legoabet al. 2012], thereby aiding in selectivity towards MAOeA MAO-B.
However, the biological significance of the C-temali of membrane binding domain of
MAO-B is still unclear [Soret al. 2008]. The C-terminal was a transmembrarteelix
that is thought to be responsible for anchoring éheyme to the outer mitochondrion
membrane, while the rest of the protein was expadseithe cytoplasm [Youdinet al.
2006]. It was thought that the transmembrane hel&7 amino acids long and initiated at
Val489 [Bindaet al. 2002]. At the end of loop 99-112, two residue®{P® and lle110)
also interacted with the membrane [Hubadekl. 2005]. Interestingly, truncation of the
C-terminal may lead to a decrease in MAO-B catalgtitivity but does not significantly
change inhibitor specificity [Soet al. 2008].

1.3.3.3. Flavin binding domain

Flavin adenine dinucleotide (FAD) is consideredeasential entity which imparted the
catalytic activity to the MAO enzyme. It is covalgnbound to MAO apoenzyme
through a thioether linkage which is formed betwegsteine397 (Cys397) residue and
the &-methylene of isoalloxazine ring [Kearney al. 1971; Bachet al. 1988]. This
binding was found to be located near the C-termofuUdAO enzyme [Edmondsoet al.
2004].

Table 1.2. shows the comparison of amino acid residues whih involved in the
formation of active site of human MAO-A and MAO-Boforms. The amino acid
residues 11e335 in hMAO-A and Tyr326 in hMAO-B ptayan important role in
determining the substrate and inhibitor specifsitin human MAO-A and MAO-B. All
the amino acid residues are same in case of bot@MAand MAO-B except the amino
acid residues Leul7l, Cysl172, 1le199 and Tyr326clwhs present in MAO-B only,
whereas in case of MAO-A these residues are reglbgelle180, Asn181, Phe208 and
lle335 respectivelyRigure 1.9).
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Figure 1.9. Schematic representation of active site of MAOABterisk represents the

amino acid residues that are conserved in hMAO-& laMAO-B both. The residues in
parentheses represents the replacement side afaim&O-A for non-conserved amino
acids. Ellipsoidal frames represent the aromatite sthains while rectangular boxes
represent the other residues [Biratlal. 2002].

Table 1.2.Comparison of amino acid residues involved infdrenation of active site of
human MAO-A and MAO-B [Kruegeet al. 1995; Veselovskgt al. 2004]

Human MAO-A | Human MAO-B Human MAO-A Human MAO-B
Tyr69 Tyr60 Phe208 lle199
Phel77 Phel68 GIn215 GIn206
lle180 Leul71 lle335 Tyr326
Asn181 Cys172 Phe352 Phe343
Tyrl97 Tyrl88 Tyrd07 Tyr398
lle207 lle198 Tyrd44 Tyr435
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1.3.4. Monoamine oxidase inhibitors

Monoamine oxidase inhibitors (MAQIs) are the agewtsch inhibits the activity of
monoamine oxidase (MAO), thereby preventing the akdewn of monoamine
neurotransmitters, hence increasing their avaitgbiMAOIs may be divided into two
categories namely, reversible and irreversiblebnbis based on the interactions of the
MAOIs with the enzymeslable 1.3.lists the various non-selectivégble 1.3 (A)) and
selective MAO inhibitors Table 1.3 (B). and Table 1.3 (C).with their therapeutic

actions along with molecules in clinical trialgaple 1.3 (D)).
Table 1.3 (A).Non-selective MAO-A/MAO-B inhibitors

Name Structure Type_o_f .MAO Clinical
inhibition uses
. . Depression
Phenelzine (FDA HZN\N/\/O Irreversible Anxiety
H
H O
Iproniazid (FDA) \(N‘N | X Irreversible Depressior]
H N
O-N
. QLY H . .
Isocarboxazid N-N/\© Irreversible Depressior]
O H
Tranyl i N D i
ranylcypromine : epression
(FDA) \>,””® Irreversible Anxiety
~_N._©O N = D .
- . epression,
Ladostigil \([)]/ \©i> Irreversible AD, PD
Table 1.3 (B).Selective MAO-A inhibitors
Type of MAO Clinical
Name Structure inhibition uses
Cl
Clorgyline | JO\©\ Irreversible Depressior]
AN cl
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Pargyline (FDA) \ | \/@ Irreversible Depressior]
N
0
Moclobemide NH C “ Reversible app’r\(l)?/ted in
(FDA) o W/~ US
Br
Brofaromine 0 . .
Reversible Depression
o | WO
@)
Toloxatone O/«NO Reversible Depression
Ho\/\/
Table 1.3 (C).Selective MAO-B inhibitors
Type of
Name Structure MAO Clinical uses
inhibition
Selegiline (L \N S
elegiline (L- .
deprenyl) (FDA) //,—/ 4\_© Irreversible PD
Rasagiline (FDA) \\\% Irreversible PD
"N
Lazabemide _/NHa o
(FDA) (Ro 19- cl 4 N\ HN Reversible 'la.‘n.t"lTD.'nl
6327) o \ clinical trials
CH3 . .
Safinamide NN . Anti-PD in
(FDA) . H Reversible | clinical trials,
\©ﬂo antiepileptic
o\N
: . Antiepileptic
Zo(nFlgzle\r;nde | O\\ -0 Reversible | and anti-PD
S\NH in Japan
2
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Milacemide

/\/\/H\)kNH

O

2

Reversible

Anti-PD

Table 1.3 (D).Molecules in clinical trials

Name

Structure

Type of
MAO
inhibition

Clinical uses

Ro 41-1049

ST

Selective and
reversible
MAO-A
inhibition

Ro 16-6491

Reversible
MAO-B
inhibition

Amiflamine

Reversible
MAO-A
inhibition

Tyrima (CX157)

Reversible
MAO-A
inhibition

In 2013,
discontinued
for depression
and anxiety

Cimoxatone

Reversible
MAO-A
inhibition

Metfendrazine

Non-selective
and
irreversible
MAO-A
inhibitor

Antidepressant

Befloxatone
(M370503)

Reversible
MAO-A
inhibition
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1.3.4.1. Mode of action of MAOIs

5-HT and NE are the important components of therateansmitter system, the
metabolism of which occurs by MAO-A and resultghe depletion of their levels which
is directly linked to depression. Inhibition of MA® results in decreased degradation of
these monoamines thereby demonstrating their isetkdrain levels. Thus MAO-A
inhibitors rather than the B inhibitors potentiptearmacological and behavioural actions
mediated by 5-HT and NA and hence act as antidepnés [Finberg and Youdim 1983].
However, MAO-B inhibitors are ineffective as anfessants since there is no direct
effect of MAO-B on the metabolism of either 5-HTMNE.

MAO-B is an enzyme involved in the metabolism opdmine. It converts dopamine to
its corresponding carboxylic acid via an aldehyaermediate. Thus, MAO-B regulates
both the free intraneuronal concentration of dop@nand the releasable stores. MAO-B
inhibitors bind to and inhibit MAO-B, preventing pi@mine degradation. This results in
greater stores of dopamine available for releases Takes the selective MAO-B
inhibitor a useful drug in the treatment of Parkim's disease because the dopamine level
of the parkinsonian human brain basal gangliaasn@tically decreased. Although not all
features of their anti-Parkinson action is knowtudees on brains obtained at autopsy
from patients on (-) deprenyl showed that the seleanhibition of MAO-B with a
concomitant increase of dopamine, but not of saintoin the basal ganglia may be
responsible for its mode of action. [Youdim 198@].addition, there have been reports
that MAO-B converts some environmentally derivedrarsubstrates, namely protoxins,
into toxins which may cause damage to the neuradsparhaps contribute to the cause
or decline of function in PD [Herragt al. 2013]. Inhibition of MAO-B may thus halt the
process, and may decrease the rate of degenerafiorarious neurodegenerative
diseases.

1.3.4.2. Adverse effects of MAOIs

MAO is responsible for the metabolism of tyramiaetrace amine found in some foods
thatact as a sympathomimetic. MAO inhibition allows @owilation of excess tyramine
resulting in hypertensive crisis due to the releaS@aorepinephrine called as “cheese
effect”; therefore, patients availing MAO inhibit@MAOI) are recommended to follow
dietary restrictions to avoid tyramine-rich foodsnflersonet al. 1993]. Hypertensive

crisis may also be precipitated by using MAOIs amjanction with other drugs that have
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vasoconstrictive properties, that act as sympathmtics, or that inhibit the reuptake of
norepinephrine. Moreover, serotonin syndrome igharcserious adverse effect that can
potentially occur when using an MAOI with anotheugl that inhibits the reuptake of
serotonin [Boyer and Shannon 2005]. Hepatotoxiaigo represents one of the severe
side effects of MAOIs. Besides, the common sidea§ include dry mouth, nausea,
diarrhoea or constipation, headache, drowsineszingiss or light-headedness, skin
reaction at the patch site, sudden drop in bloabsgure upon standing up called as
orthostatic hypotension, etc.

1.4. Acetylcholinesterase: an overview

Acetylcholinesterase (AChE, EC 3.1.1.7) belongshmuitous class of serine hydrolase
family of enzymes which catalyzes the hydrolysistloé ester bond in acetylcholine
(ACh) leading to the release of choline and acaticl, thereby causing termination of
ACh activity and hence cholinergic neurotransmissiblassoulieet al. 1993; Taylor
1994].

Its catalytic mechanism is among the most efficiembwn, rate approaches that of a
diffusion-controlled reaction, the substrate tumois 25000 molecules s&cand each
turnover lasts about 40 pus. The hydrolysis reagiimceeds by nucleophilic attack of the
carbonyl carbon, involving acylation of the enzymed release of choline. This is
followed by a rapid hydrolysis of the acylated emeyyielding acetic acid, and restoring
the esteratic sité={gure 1.10).

© O\/\,*\]/CH3 ace o MO s
HsC CH; HaC CH
CHs CHs 3
Acetylcholine (ACh) Acetic acid Choline
Figure 1.10.Hydrolysis of ACh by AChE

1.4.1. Molecular characteristics of AChE
AChE is present both in the CNS and PNS. In the GA&h is believed to be involved in
learning, memory, and mood while in the PNS, ACdyplan important role in skeletal
muscle contraction and movement. AChE is abunddatigd in nervous tissue, muscles
[Brimijoin, 1983], blood cells and plasma [HellendaHanahan 1972; Szelengt al.

1982]. The molecular weight of AChE is 32 KDa.
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It exists in complex molecular polymorphs of quagey structure displaying similar
catalytic properties but differing in hydrodynanparameters and ionic or hydrophobic
interactions [Massouliet al. 1993]. Because of the selective loss of molecldians of
AChE in AD [Atack et al. 1983], understanding of its molecular polymorphismof
great interest. The various molecular forms of AGh&8udes (a) the asymmetric form
which are mainly restricted to the neuromusculaciion in the extracellular matrix, (b)
the globular form, secreted as soluble forms, wheelsts as monomers, dimers or
catalytic tetramers and are preferentially exprésse mammalian central nervous
system; these are anchored to the membrane byraghabic domain, while (c) other
forms are confined to nerves, muscles, erythrocgtess lymphocytes and are linked to
the membrane by a glycolipid anchor.
The principal biological role of AChE is the terration of impulse transmission at
cholinergic synapses as a result of rapid hydrslgéithe neurotransmitter acetylcholine,
within both the CNS and PNS, and hence its locadinas mainly related to cholinergic
system. The localization and function of AChE isgamted iTable 1.4.

Table 1.4.Localization and function of AChE

o Brain Periphery
Localization - - . . -
Cholinergic Neuron Neuromuscular junction, Heart, Liver
Brain cholinergic,| Peripheral cholinergic neurotransmission,
Function Neurotransmission, Cardiovascular regulation,
Memory and cognition| Neuromuscular activity, Papillary control

1.4.2. Role of AChE in neurodegeneration

According to the “cholinergic hypothesis”, impaient in the cholinergic function is of
crucial significance in NDDs such as AD especiatiythe brain areas associated with
learning, memory, behaviour and emotional respotisgsinclude the neocortex and the
hippocampus. Brain atrophy is the most evidenticdinfinding in NDDs in which the
levels of ACh are decreased due to its rapid hydmelby the enzyme AChE [Ladner and
Lee 1998].

Another hypothesis is “amyloid hypothesis” accogl to which AChE produces
secondary non-cholinergic functions that includetalamyloid (4) deposition in the
form senile plaques/neurofibrillary tangles in tirain of affected individuals [Castro and
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Martinez 2001; 2006; Selkoe 2002; Bartokhial. 2003]. The deposition of [Rhas been
considered to play an important role in the initiatas well as in the progression of AD
[Reeset al. 2003]. These deposits further trigger an extenaivay of neurotoxic events
including oxidative stress, tau hyperphosphoryhationflammation, apoptosis and
calcium dysregulation. Therefore, a rational apphodo enhance the cholinergic
neurotransmission and thus, the cognitive functisnto inhibit the activity of AChE
leading to increase in the availability of ACh retsynaptic cleft. Thus, AChE inhibition
has emerged as a critical target regarding thectefee management of NDDs like AD,
since its inhibition not only provides the symptdimaelief by increasing the synaptic
availability of ACh, but also may be critical inhibiting the progression of disease by
preventing the deposition ofpfA The reason behind the increased potential efficdc
AChE inhibitors stems from the occasional discovefya non-catalytic action of the
enzyme, whose peripheral anionic site (PAS) prdeeoe the important structural motif
involved in the promotion of the aggregation d¢f # form amyloid plaques [Inestrosa
al. 2008].

Thus, blockade of the enzyme AChE causes inhibitibthe hydrolysis of ACh which
results in the increase in the levels of ACh inlictergic synapses and can subsequently
affect a number of pathogenic processes and thegyebydes a possible treatment for
AD and other NDDsApart from its role in cholinergic neurotransmissiat is also
involved in non-cholinergic responses like cellfeliéntiation and proliferation, stress
and amyloid formationKigure 1.11). Thus AChE inhibition acts as one of the viable
and winning strategy to solve cognitive and behandab symptoms associated with

various NDDs.
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Figure 1.11. Role of AChE in neurodegenerat

1.4.3.Three dimensional structure of AChE

The crystal structure of AChE was elucidated far finst time from the electric orge
tissue ofElectrophorus electricus and the crystals were isolated in americ form.
[Leuzinger and Bak: 1967]. However, though their preliminary characation was
reported [Chothia and Leuzin( 1975; Schragt al. 1988], no information regarding tl
structural data were obtained. Later in 1991, Sassamd coworkers damined the first
crystal structure offcAChE at a resolution of 2.8 A [Sussmanal. 1991]. This was
followed by the discovery of a series of 3D struetuof TCAChE complexed with
broad repertoire of inhibitors, including e-Alzheimer drugs, [Greenblaet al. 2003] as
well as the structures of mouse [Bouet al. 2003] andDrosophila [Harel et al. 2000]
AChE, and those of human [Kryget al. 2000], Torpedo [Harel et al. 1995] and mouse
[Bourneet al. 1995] AChE complexed with the snake venom toxiag¢iulin

Recently, in 2012, Cheung and-workers presented a high resolut(resolution = 2.35
A) crystal structure of human AChE, in complex witte ttirug ligand; donepezil, ¢
Alzheimer’s disease drug; revealing the variousdinig sites and the interactio
involved between the ligand and the human enzyndetfad amino acid residues critic

for the inhibition of the human enzyme. This discoverys Haought an importar
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breakthrough in the field of development of -acetylcholinesterase agents anc
understand the subtle factors that govern AChBbitibh activity [Cheuncet al. 2012].
1.4.3.1 Crystal structure of human AChE

The ribbon diagram of human AChE (hAChE; PDB CodEY7) is represented
Figure 1.12. (A)

The enzyme is an/ hydrolase having the molecular weight of 6561%taming 537
amino acids and consisting of -stranded mixed-sheet surrounded by l¢-helices
(Figure 1.12. (B). The enzyme has f¢-sheet platform that bears the catalytic machil

and is rather similar in all members of the fam

Figure 1.12. Structure ofhAChE (A) Ribbon diagram. Donepezil (yellovlies in the
gorge of hAChE. (Bchematic diagram showirfi-strands (cyan) ane-helices (red).

Indeed, the three members of the catalytic trialdi-His-Ser) appeared in the same or
along the polypeptide chain in alfp hydrolase enzymes (Olliet al. 1992). Thea-
helices and loops are then ascribed by the taskaoflling the specificity elemer
substrates of different members of the family beiagy varied. It is ellipsoidal in shag
with the approximate dimensions of 45 x 60 x 65[Sussmaret al. 1991 Silver 1974].
The X+ay crystallographic structure of hAChE consists afdeep and narro
hydrophobic gorge, about 20 A long, which penetrateore than halfway into tf
enzyme, and widens out close to its beFigure 1.13). It is composed f two distinct

binding sites: thactivesite and the peripheral anionic site (PAS).
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N A
Peripheral anionic
site (PAS)
15A
Acyl binding 2
subsite (ABS) 20A
y
- Oxyanion
Catalytic hole (OH)
. site (ES) J L

Figure 1.1%. Schematic representation of binding sites of hA
1.4.3.2. Activesite of AChE
The active sites situated at the bottom of the narrow gorge anfiiither composed ¢
several sulwlomains: (a) Catalytic/esteratic/ecstatic site (HB) Anionic subsite
(AS)/anionic substrate binding site/cho-binding subsite or hydrophobic subsite
Acyl binding site (ABS) and (d) the “oxyanion hole” (O
(a) Catalytic/esteratic/ecstatic site (ES<
This site comprises the catalytic triad Serine )-203; Histidine (His-447;
Glutamic acid (GIL-334 and acts the catalytic machinery of the enzyh@hE
uses the Serd8-Glu catalytic triad to enhance the nucleophili@fythe catalytic
serine. The strongest hydrogen bond betwee-447 and S¢203 improves the
ability of Ser for a nucleophilic attack on the stibte and G334 stabilizes the
histidinium cation of he transition state during the hydrolysis of A(Figure
1.14.andFigure 1.15).
(b) Anionic subsite (AS)/anionic substrate binding sitieholine-binding subsite or
hydrophobic subsite
It consists of small number of negatively chargedlaoules and the aromc
residues viz. Trp86, Tyr341 and Glu202 that intereith quaternary ammoniul
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part of ACh throught — n cation interactionsHigure 1.14). The quaternary
nitrogen of ammonium part of ACh interacts witkelectrons of the aromatic
groups of tryptophan, glutamate and tyrosine ressd(Trp86, Tyr341 and
Glu202) [Silver 1974; Lockridget al. 1987]. Trp86 is an important residue for
binding of ACh and its substitution by an aliphatesidue (alanine) results in a
large decrease in reactivity toward ACh [Velletal. 1993].

(c) Acyl binding site (ABS)
This site contains Phe295 and PheZBigyre 1.14) that bind to acetyl group of
ACh and is responsible for the selectivity of thbstrate by preventing the access
of the larger members of choline ester series.

(d) The “oxyanion hole” (OH)
This domain consists of three amino acid residpept{de residues) i.e. Gly121,
Glyl22 and Ala204 as hydrogen bond donors thatilzmbthe tetrahedral
intermediate state of ACh in catalytic procdsg(res 1.14.and1.15).

Substrate
Tyr337
; Trp2ge N TYI72
o PAS | Asp74
N Tyrlz4
Phe295  ABS
Trp86 . HsC !
\ ; 77T Phe297
/N/CH3 \
HsC— 4 CHs
.. AS _
e . o
\\} \ Gly121
Glyl22 .
" Ala204
N OH
His447 \\\l_-_,’ Glu334
Ser203
ES

Figure 1.14.Binding orientation of ACh within the binding pcete of hAAChE (ES, AS,
ABS, OH and PAS)
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(A) /Gly121 (B) /Gly121
T )
N—_ N—_
N H /T Gly122 N H s Gly122
~
Ala20a” H - H Ala20a” \H*-x_\ A B
o
/”\ R JJ\
™~ g
) His447 0,." CHs  isaaz
(6)
>—Glu334 /° 7—/(\ >—G|u334
. )
Ser203 4 Ser203 QN o
H

Moo " represents nucleophilic attack

Figure 1.15. (A) Interaction of ACh with the catalytic triad and Y@nion hole’ of
hAChE. (B) The transfer state of substrate, tetrahedral irgdrate, ‘oxyanion hole’ an
the catalytic triad.

1.4.1.1 Peripheral anionic site

Peripheral anionic site (PA is located at the surface of AChE at a distanc20oh from
an active siteKigure 1.13). It is comprised of 5 amino acid residues TyrA2p74,
Tyrl24, Trp286 and Tyr337 forming the cage aroune entrance of the active si
gorge. It binds to ACh and allosterically modulatagalysis which represents the fi
step in the catalytic pathways. Besides, PAS hes laden identified as a site promot
non-cholinergic functions viz. cell proliferain and differentiation, cell adhesion a
neurite outgrowth in developing and transformed rakewells and amyloidosis via
interaction vith the amyloidp-peptide in AD.In addition, PAS i associated with the
surface loops that incorporate several of isidues. The large omeloop Cys69-Cys96
incorporates Tyr72 and Asp74. The latter sectiothisfloop forms part (the outer wall
of the gorge, and includes Trp86, the principal porrent of the anionic site. The surf:
loops 275-305 lies on thoopposite side of the gorge and includes Trp There are ten
acidic residues in the area surrounding the PA®ifg the “annular electrostatic moti
and results in increased concentration of neg charge, which is shared by AChE. T
aromatic PAS reidues, witl Trp286 at their core, appear to act synergisticallge
aromatic ring of Tyr72 and Tyrl124 flank the indakTrp286, displaying a variety t
interaction modes, includil stacking, aromatic-aromatic amdcation, depending upc
the nature othe ligand an interact with charged groups of ligands. It is ploigsthat the
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n electron system of the indole may be polarisedhgy adjacent Glu285, which may
result in enhancement of the stability of the iatd#ion modes.

1.4.1.2. Mechanism of action of catalytic triad

The catalytic triad has been termed the “chargayrelystem”. In hAChE, as indicated
above, the triad includes Ser203, the imidazolg ahHis447 and the carboxylic group
of Glu334. During the binding of ACh to AChE, thieacge relay system causes electron
shifts yielding to the acylation of the enzyme. Tthrahedral intermediate collapses to
the acylated enzyme by acid catalyzed exulsionhaflice by His447. The acylated
enzyme complex is finally rapidly hydrolyzed, regeating active enzyme by releasing
acetic acid.

1.4.2. Clinically approved AChE inhibitors

AChE inhibitors (AChEIs) can be classified intofdient groups, based on their mode of
interaction with the AChE enzyme. Inhibition can dither reversible, by competitively
preventing the substrate from reaching the actitee pseudo-irreversible, by covalent
reaction with the active site serine, inactivatihg catalytic ability of the enzyme or
irreversible. Competitive inhibitors act by blocgirsubstrate at the active site, non-
competitive inhibitors by binding to the PAS.

To date only four AChEIs have been clinically apjd by regulatory agencies such as
U.S. Food and Drug Administration (FDA) and the &pean Medicines Agency
(EMEA). Tacrine [1,2,3,4-tetrahydroacridin-9-amin€ognex®; THA; IG, (nM):
hAChE; 30, hChE; 95] [Qizilbaskt al. 2000] was the first clinically approved AChE
inhibitor followed by donepezi[(RS)-2-[(1-benzyl-4-piperidyl)methyl]-5,6-dimethgx
2,3-dihydroinden-1-one; Aricept®; DNP; 4¢(nM): hAChE; 5.7, hChE; 14] [Birks and
Harvey 2006], galantamine [(4aS,6R,8aS)-5,6,9,102Zhexahydro-3-methoxy-11-
methyl-4aH-[1]benzofuro[3a,3,2-ef|[2]benzazepinib-BRazadyne®; GAL; 1G (nM):
hAChE; 3800, hChE; 575] [Olin and Schneider 2008H aivastigmine [(S)-3-[1-
(dimethylamino)ethyl]phenyl-N-ethyl-N-methylcarbatea Exelon®; RIV; 1Gy (nM):
hAChE; 4150, hChE; 9120] [The Cochrane databasgystematic reviews 2009] have
been developed and are successfully availablesimédrket Figure 1.16).
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Figure 1.16.FDA approved AChE inhibitors
All these drugs have achieved various levels dficdl use for easing the effects of
dementia in the first six months following diagresi However, none of these
medications have shown good long-term tolerabiityefficacy over a wide range of
patients. The development of resistance, side tsffeost and persistent progression of
disease are major limitation of these drugs. Inwid the limited number of AChE
inhibitors currently available clinically, the sehrfor new AChE inhibitors is of great
interest worldwide. Therefore, there has been atimaous research related to the
synthesis of more potent and highly efficacious EGhhibitors for the management of
NDDs (AD). Accordingly, scientists have modifiedethmain template moieties of
clinically available AChE inhibitors in the searcdf more potent compounds. Others
have also used other scaffolds to obtain drugsriat inhibit the AChE and overcome
the symptoms of the disease.
1.4.2.1. Mode of action of AChE inhibitors in NDDs
Genetic, biochemical, and behavioural researchestgd that physiologic generation of
the neurotoxic A peptide from sequential amyloid precursor prof@RP) proteolysis is
the crucial step in the development of NDDs like . AChE inhibitors act by decreasing
the APP thereby reducing the deposition of amypi@f) through amyloid pathway.
Further, it also attempts to improve the cholinengeurotransmission by increasing the
synaptic availability of ACh through cholinergic uretransmission by increasing the

synaptic availability of ACh through cholinergictpway Figure 1.17).
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Figure 1.17.Dual role of AChE inhibitors in the managemenNDDs
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1.4.2.2. Adverseeffects of AChE inhibitors

It has been reported that AChE inhibitorsuce adverse events resulting from activa
of the peripheral cholinergic systems which inclkid@usea, vomiting and diarrho
Tolerance to these side effects often developscamdusually be managed. Howe\
among the potentially serious side eff includes abdominal pain, lack of appet
dizziness, yellowing of the skin, bradycardia, serddor substantial weight los
hypotension, hypersecretion, bronchoconstriction, tact hypermotility, decrease
intraocular pressure [Consumer Reportsug Hfectiveness Review Project 2012; Ini
2002] and SLWWGE syndrome [Wagner and Pror 2007]. Actions of AChE inhibitor
on the neuromuscular junction resulted in prolongedscle contraction [Consum
Reports: Drug Effectiverss Review Project 2012; Inglis 2002].

1.5.Recent advances in the discovery of a-neurodegenerative agent

The safety and efficacy of more than 400 pharmacauttreatments are beir
investigated in clinical trials worldwide, and appimately on-fourth of these
compounds are inHase Il clinical trials (as of 2008), which is thest step prior t
review by the regulatory agencies. One area ofcdinmesearch is focused on treating

underlying disease patholoc

In the perspective of NDDs, the most widely adoptscent aproach is to discover tr

multi-targetdirected ligands effective in encompassing dualibitibn of both the
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enzymes MAO (MAO-A and/or MAO-B) and AChE and thiave been regarded as
putative therapy to treat people suffering from NDIX has been extensively reported
that MAO inhibitors, targeting both MAO-A and MAO-Bnd AChE inhibitors may
possess enhanced benefits against NDDs such anpicevof oxidative stress conditions
resulting due to generation of reactive oxygen igse(ROS) through MAO inhibition,
reduction of A aggregation and increased cholinergic neurotrassan due to the
blockade of the dual binding site of AChE i.e. btk catalytic anionic site (CAS) and
the PAS of the enzyme.

The experimental evidences supporting this resdarehncludes the following facts: (a)
the MAO-B activity in the temporal, parietal andrital cortex part of the brain is found
to increase upto 3-fold in patients suffering fré&d in comparison to control patients
[Sauraet al. 1994]; (b) the interconnection between cognitined &ehavioural disorders
associated with decreased concentration of AChitam and the observed modification
in other neurotransmitter systems mediated by Imiegemines whose level is influenced
by the catabolic action of MAOs [Sauwataal. 1994].

LD
H‘°’C\NJ\0

=
HN—
CHs,
Ladostigil
AChE/BuChE MAO-A/MAO-B
inhibitor inhibitor

Anti-Alzheimer Anti-Parkinson  Antidepressant

Figure 1.18.Various actions of ladostigil

Several heterocyclic compounds have been reporgedassible leads for further
development based on a well-balanced profile of B@hd MAO-B inhibitory activities.
Ladostigil, a dual inhibitor of MAO and AChE hasiBhed phase Il clinical studies for
the treatment of dementia with PD-like symptoms atepression Kigure 1.18)
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Introduction

[Youdim et al. 2006].M30 andHLA20 are other examples of neuroprotective agents in
clinical trials exhibiting multifunctional charact@~igure 1.19) [Zhenget al. 2005].

| /V/
N\/% (\N Z
N
X
X
=
=
N N
OH OH
M30 HLA20
M30, HLA20
MAO-B Neuroprotective Anti-depressant Radical
inhibitor scavenger
* 5HT + NA *
ROS ’
i- i Anti-Parkinson Iron Anti-
A”Ké.'az Ee,&nger DA chelation glutaminergic
* ‘ Release of *
glutamate

Figure 1.19.Various actions oM30 andHLA20
1.6. Conclusion
The huge complexity of NDDs calls for an enormoffisreto search the moieties capable
of modulating multiple CNS targets and then to potema real improvement in the
treatment of NDDs. The multifactorial nature of shadiseases rules out the use of the
consolidated monotherapy and put scientists onwhg of discovering multipotent
agents hitting cooperatively different targets uhdeg the onset and/or progression of
the disease. The use of MTDL strategy is groundased on the idea that a MAO
inhibitor and an AChE inhibitor could exhibit a neoefficient therapeutic effect in the
cure of NDDs when both are used synergisticallgraby limiting the sources of ROS-

associated neurotoxicity.
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