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Abstract 

 

Neurodegenerative diseases, namely Alzheimer’s and Parkinson’s diseases are a major 

challenge for medicine and public health due to their prevalence in developed countries. 

Thus, the research for therapies for neurodegenerative diseases, such as Parkinson’s and 

Alzheimer’s diseases, should be based on understanding their molecular and biochemical 

pathogenesis. 

The research conducted in this thesis involves screening of different families of compounds 

(isoquinolinones, azepanones, indolinones, diether-esters, chromanones, chromanols and 

rivastigmine derivatives) based on their ability to inhibit the activity of the therapeutic 

targets acetylcholinesterase, butyrylcholinesterase and monoamine oxidase B. These 

targets were chosen for their importance in the neuropathology of Alzheimer’s and 

Parkinson’s diseases. The most promising compounds were then selected, and the 

determination of their action at the molecular level was studied via STD-NMR. These 

studies allow us to understand the importance of different functionalities within the 

inhibitor molecule on the inhibition of the selected targets, and thus direct the investigation 

in the sense of developing compounds that can be better inhibitors. Toxicological and 

pharmacological evaluation of the most promising synthesized compounds was performed 

using two different biological models, A. salina and Swiss mouse model. Compound 4-[(3-

hydroxy-2-oxo-3-phenylindolin-1-yl)methyl]piperidin-1-ium chloride was tested ex vivo 

against hepatic AChE and BuChE, showing IC50 values of 594.64 µM and 434.51 µM, 

respectively. This compound was also assayed in vivo after intraperitoneal administration 

of 3 mg kg-1 and 6 mg kg-1 in Swiss mice, using donepezil (3 mg kg-1) as a benchmark. This 

synthetic compound gave better brain AChE inhibition than donepezil, indicating that this 

compound might have a similar brain uptake mechanism to that of donepezil. 

 

 

Key words: Alzheimer, Parkinson, acetylcholinesterase, butyrylcholinesterase, 

monoamine oxidase B, spectrometry, fluorometry, STD-NMR, inhibitors. 
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Resumo 

Mecanismos bioquímicos e alvos terapêuticos em patologias neurodegenerativas 

As doenças neurodegenerativas, nomeadamente as doenças de Alzheimer e Parkinson são um 

enorme desafio quer para a medicina quer em termos de saúde pública devido à sua prevalência nos 

países desenvolvidos. Assim, a pesquisa de terapias para doenças neurodegenerativas, como o 

Parkinson e o Alzheimer, deve ser baseada na compreensão da sua patogénese molecular e 

bioquímica.   

Este trabalho envolve screening de diferentes famílias de compostos; derivados de isoquinolinonas, 

azepanonas, indolinonas, dieter-ester, cromanonas, cromanois e de rivastigmina, baseado na sua 

capacidade de inibir a atividade de alvos terapêuticos de algumas doenças neurodegenerativas como 

Alzheimer e Parkinson, nomeadamente: acetilcolinesterase, butirilcolinesterase e monoamino 

oxidase B. Os compostos promissores foram selecionados para determinação da sua ação a nível 

molecular por STD-NMR. Este estudo permite compreender a importância dos diferentes grupos 

funcionais na inibição dos alvos selecionados, e desta forma, direcionar a investigação no sentido 

de desenvolver compostos com maior atividade inibitória. A avaliação toxicológica e farmacológica 

dos compostos sintetizados mais promissores foi efetuada utilizando dois modelos biológicos 

diferentes, A. salina e ratinho Swiss. O composto cloreto de 4-[(3-hidroxi-2-oxo-3-fenilindolin-1-il) 

metil] piperidin-1-ium foi testado ex vivo em homogenatos de hepatócito de murganho Swiss, tendo 

apresentado valores de IC50 de 594.64 µM e de 434.51 µM para as atividades de AChE e BuChE, 

respetivamente. A capacidade inibitória deste composto foi também avaliada in vivo após 

administração interperitoneal de 3 mg kg-1 e 6 mg kg-1 em ratinhos Swiss, utilizando donepezilo (3 

mg kg-1) como padrão. Os resultados mostraram que o composto sintetizado apresentou valores de 

inibição de atividade de AChE no cérebro superiores aos observados para o donepezilo, podendo 

indicar que a sua captação pelos tecidos cerebrais poderá ser efetuada de modo semelhante à do 

donepezilo.  

 

 

 

Palavras chave: Alzheimer, Parkinson, acetilcolinesterase, butirilcolinesterase, monoamino 

oxidase B, espetrometria, fluorimetria, STD-NMR, inibidores. 
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Chapter 1 

An Overview on Neurodegenerative Diseases 

___________________________________________ 
“Everyone is a genius at least once a year. 

The real geniuses simply have their bright ideas closer together.” 

 

George Christoph Lichtenberg (1742-1799) 
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For purposes of better understanding neurodegenerative diseases, this chapter is divided into two 

main sections. The first section describes general aspects of the brains anatomy, in order that the 

reader can easily identify the areas affected by these illnesses, and a brief description of the nervous 

system function, as well as metabolic pathways of two different neurotransmitters involved in AD 

and PD. The importance of understanding how these neurotransmitters work and how they are 

degraded by specific enzymes is crucial for the development of new strategies for treatment of 

neurodegenerative diseases. The second one is devoted to neurodegenerative diseases, particularly 

Alzheimer’s disease (AD) and Parkinson’s disease (PD); including epidemiology, etiology and 

neuropathological aspects of these disorders. This chapter also comprise a review of the existing 

therapeutic approaches for AD and PD diseases.  

1.1. Objectives 

 

The present thesis has its main focus on the study of biochemical mechanisms in neurodegenerative 

diseases, involving the relation with the chemical structure of commercial drugs used in AD and PD 

treatment and different families of synthesized compounds with biological activity, their protein-

ligand and molecular interactions and toxicological and pharmacological studies. 

 

1.2.   Nervous System and Brain  

 

The Nervous System is responsible for the coordination of many of the activities of the human body. 

It is divided into the central nervous system (CNS) and the peripheral nervous system (PNS). The 

CNS is constituted by the brain and the spinal cord, and is surrounded and protected by three 

connective tissue coverings called meninges. Within the CNS are fluid-filled spaces called 

ventricles. The bone of the skull and vertebral column surround the brain and spinal cord, 

respectively. The PNS is constituted by neurons, that divide into sensory neurons (receive 

information) and motor neurons (transmit information). The autonomic nervous system innervates 

smooth muscle and glands, whereas the somatic nervous system innervates mainly musculoskeletal 

structures and the sense organs of skin (Fig. 1) [1]. 
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Figure 1 - Nervous system organization. Adapted from [2]. 

 

The CNS is composed entirely of two kinds of specialized cells: neurons and glia; while the PNS is 

only composed by neurons (Fig. 2). Neurons are the anatomical and functional unit of the nervous 

system, which consists of a nerve cell body, dendrites (which receive signals from other neurons), 

and an axon (which transmits the signal to another neuron) [1].  

 

 

Figure 2 - Cells of the nervous system. Adapted from [3]. 
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Glia (or glial cells) are the cells that provide support to the neurons. These non-neural cells form the 

interstitial tissue of the nervous system. There are different types of glial cells, which include 

astrocytes, oligodendrocytes, microglia, ependymal and Schwann cells [1]. 

The neuron is constituted by four different parts (Fig. 3A): the cell body (or soma), where neuronal 

proteins are synthesized (Fig. 3B); the dendrites, that receive incoming signals from other neurons; 

the axon, that allows the flow of the outgoing signal to the axon terminals to another neuron [4].  

The cytoskeleton of a neuron consists of fibrillar elements (e.g., neurofilaments and microfilaments) 

and their associated proteins (Fig. 3B) [4]. In Alzheimer’s disease (AD), neurofilaments become 

modified and form a neurofibrillary tangle [5]. 

 

 

 

Figure 3 - Neuron structure. (A) Constitution of a neuron. (B) Components of the neuron: the cell membrane, nucleus, nuclear 

membrane, nucleolus, and the organelles. Adapted from [4]. 

javascript:glossary('glia');
http://what-when-how.com/wp-content/uploads/2012/04/tmp14261.jpg
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To support the general function of the nervous system, neurons have evolved unique capabilities 

for intracellular and intercellular signaling. To achieve long distance, rapid communication, 

neurons have evolved special abilities for sending electrical signals (action potentials) along axons. 

This mechanism, called conduction, is how the cell body of a neuron communicates with its own 

terminals via the axon. Communication between neurons is achieved at synapses by the process 

of neurotransmission [6]. 

Neurotransmission (or synaptic transmission) is communication between neurons as accomplished 

by the movement of chemicals or electrical signals across a synapse. 

At electrical synapses, two neurons are physically connected to one another through gap junctions. 

Gap junctions permit changes in the electrical properties of one neuron to affect the other, and vice 

versa, so the two neurons essentially behave as one. Electrical synapses are not common in the 

nervous system, but they exist between adjacent cardiac muscle cells. These types of synapses are 

also important in many types of smooth muscle (i.e. stomach walls, blood vessels walls) [7]. 

Electrical neurotransmission is the communication between two neurons at electrical synapses [8]. 

Chemical neurotransmission occurs at chemical synapses (Fig. 4). In chemical neurotransmission, 

the presynaptic neuron and the postsynaptic neuron are separated by a small gap — the synaptic 

cleft. The synaptic cleft is filled with cerebrospinal fluid (CSF). The synaptic cleft creates a physical 

barrier for the electrical signal carried by one neuron to be transferred to another neuron. The 

neurotransmitter acts like a chemical messenger, thereby linking the action potential of one neuron 

with a synaptic potential in another [9]. In Figure 4 we can see that when an action potential reaches 

the presynaptic terminal, voltage-gated Ca2+ channels open, and Ca2+ moves into the cell. This influx 

of Ca2+ causes the release of neurotransmitters by exocytosis from the postsynaptic terminal. The 

neurotransmitters diffuse across the synaptic cleft and bind to specific receptor molecules on the 

postsynaptic membrane. The binding of neurotransmitters to these membrane receptors causes 

chemically gated channels for Na+, K+ or Cl- to open or close in the postsynaptic membrane, 

depending on the type of neurotransmitter in the presynaptic terminal and the type of receptors on 

the postsynaptic membrane. The response maybe either stimulation or inhibition of an action 

potential in the postsynaptic cell. For example, if  a Na+ channels opens, the postsynaptic cell 

becomes depolarized, and an action potential will result if a threshold is reached. If K+ or Cl- 

channels open, the inside of the postsynaptic cell tends to become more negative, or hyperpolarized, 

and an action potential is inhibited from occurring [7]. 
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Figure 4 – A chemical synapse: 1- Action potentials arriving at the presynaptic terminal cause voltage-gated Ca2+ channels to open; 

2- Ca2+ diffuses into the cell and causes synaptic vesicles to release neurotransmitter molecules; 3- Neurotransmitter molecules 

diffuse from the presynaptic terminal across the synaptic cleft; 4- Neurotransmitter molecules combine with their receptor sites and 

cause ligand-gated Na+ channels to open. Na+ diffuses into the cell (shown in illustration) or out of the cell (not shown) and causes a 

change in membrane potential. Adapted from [10].  

 

The decrease in the neurotransmitter acetylcholine which is involved in AD (see section 1.3.1.1.) 

and the decrease in the neurotransmitter dopamine that is involved in PD (see section 1.3.2.1.) cause 

a decrease in chemical synapses. 

 

The brain is the part of the central nervous system (CNS) that is contained within the cranial cavity.  
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It’s major regions are the cerebrum, the cerebellum, the brainstem and the diencephalon (Fig. 5) [7].  

 

 

Figure 5 - Regions of the brain. Medial view of a mid-saggital section of the right half of the brain. Adapted from [10].  

 

The cerebellum controls muscle movement, governs balance and is involved in learning motor skills 

[10].  

The diencephalon connects the brainstem to the cerebrum and is divided into two parts: the thalamus 

and the hypothalamus. The thalamus is responsible for relaying and integrating information to 

different regions of the cerebral cortex from a variety of structures associated with sensory, motor, 

autonomic, and emotional processes. The hypothalamus roles include the regulation of a host of 

visceral functions, such as temperature, endocrine functions, feeding, drinking, emotional and 

sexual behaviors [11].  

The brainstem connects the spinal cord to the cerebrum and consists of the medulla oblongata, pons 

and midbrain.  The medulla oblongata functions as center for vital reflexes, such as those involved 

in regulating heart rate, blood vessel diameter, breathing, coughing, sneezing, swallowing, 

vomiting, balance and coordination [10]. The pons relay information between the cerebrum and the 

cerebellum and is also involved, along with medulla oblongata, in controlling balance, breathing 

and swallowing. The midbrain is involved in visual reflexes and receive touch and auditory input. 

The substantia nigra is part of the basal nuclei, which comprises the midbrain, the diencephalon 

and the cerebrum, and is involved in general body movement [7]. Damage to this region results in  

motor dysfunctions such as dyskinesias (i.e., disorders of movement at rest). Other prominent 

structures of the basal nuclei are the caudate nucleus, putamen, and globus pallidus [11]. 
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 The cerebrum is the largest part of the brain. It is divided into left and right hemispheres by a 

longitudinal fissure. On the surface of each hemisphere are numerous folds called gyri (sing. gyrus) 

which increase the surface area of the cortex, and intervening grooves called sulci (sing. sulcus) [7]. 

Each cerebral hemisphere is divided into four lobes: frontal lobe, parietal lobe, occipital lobe and 

temporal lobe. Analysis of Figure 6 shows the major structures that include the central sulcus, the 

precentral gyrus (primary motor) and postcentral gyrus (primary somatosensory). The cortex 

consists of both cells and nerve fibers. The cellular components constitute the gray matter1 of cortex 

and the nerve fibers constitute the white matter2 of the cortex [11]. 

 

Figure 6 – Lateral view of the left cerebral hemisphere, showing the lobes, as well as the motor and sensory regions of the cerebral 

cortex. Adapted from [12]. 

 

The lobes of the cerebral cortex integrate motor, sensory, autonomic, and intellectual processes. The 

frontal lobe is important in the control of voluntary motor functions, motivation, aggression, mood 

and olfactory reception. The parietal lobe is the principal center for receiving and consciously 

perceiving most sensory information, such as pain, touch, balance and temperature. The frontal and 

parietal lobes are separated by the central sulcus. The occipital lobe functions in receiving and 

perceiving visual input and is not distinctly separate from the other lobes. The temporal lobe is 

involved in olfactory (smell) and auditory (hearing) functions and plays an important role in memory 

[10].  

 

 

                                                           
1The gray matter consists mainly of neuronal cell bodies (nuclei) and lacks myelinated axons. 
2The white matter consists of a large number of myelinated axons (largely lipid membranes that wrap around the 

axons). 



An Overview on Neurodegenerative Diseases 

______________________________________________________________________________________ 

10 
 

Although the two cerebral hemispheres perform somewhat different functions, the human being 

perceptions and memories are unified. This unity is accomplished by the corpus callosum, a large 

band of axons that connects corresponding parts of the cerebral cortex of the left and right 

hemispheres: The left and right temporal lobes are connected, the left and right parietal lobes are 

connected, and so on. Because of the corpus callosum, each region of the association cortex knows 

what is happening in the corresponding region of the opposite side of the brain [12]. 

1.3.  Neurodegenerative diseases 
 

More than 600 disorders are related to the brain and the nervous system. Neurodegenerative diseases 

are defined as hereditary and sporadic conditions which are characterized by progressive nervous 

system dysfunction. These disorders are often associated with atrophy of the affected central or 

peripheral structures of the nervous system (Fig. 7). They include diseases such as Alzheimer's 

Disease and other dementias, Brain Cancer, Degenerative Nerve Diseases, Encephalitis, Epilepsy, 

Genetic Brain Disorders, Head and Brain Malformations, Hydrocephalus, Stroke, Parkinson's 

Disease, Multiple Sclerosis, Amyotrophic Lateral Sclerosis (ALS or Lou Gehrig's Disease), 

Huntington's Disease, Prion Diseases, among others [13, 14].  

 

 

Figure 7 - Overview of the anatomical location, macroscopic and microscopic changes characteristic of neurodegenerative disorders. 

Note that the full neuropathological spectrum of these disorders is much more complex than depicted here. When there is more than 

one characteristic histopathological feature, these are depicted from left to right, as indicated in the labels listing microscopic changes 

(e.g., the 2 panels for AD depict an Aβ plaque [left] and neurofibrillary tangles [right]). AD-Alzheimer disease; PD-Parkinson disease; 

ALS–Amyotrophic lateral sclerosis; HD-Huntington disease; LBD-Lewy body dementia; FTD-Frontotemporal dementia. Adapted 

from [14]. 
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Neurodegenerative disorders will become a major challenge for medicine and public health in future 

years because of demographic changes worldwide. AD, PD, and ALS share two main 

characteristics: (1) the incidence and prevalence increase with age; (2) most cases are sporadic, 

although are familial, including monogenetic forms with early age of onset under 50 years old [15]. 

The number of people living with neurodegenerative disorders has increased worldwide, mainly 

because of population ageing. The associated increase in demand for care raises two main types of 

economic questions. First, the increasing societal costs due to neurodegenerative disorders are 

becoming a major health policy issue. Costs-of-illness studies investigate the level of care 

expenditures and the main drivers for these expenditures. Second, studies of the organization of care 

giving point out the importance of informal caregivers who are the main care providers for most 

community-dwelling patients: it has been estimated that informal care time represents 80% of total 

care in AD [16].  

1.3.1.   Alzheimer’s Disease   

 

Alzheimer’s disease (AD) was discovered by Alois Alzheimer in 1907 [17]. AD, the most common 

cause of dementia [18], is a neurodegenerative disorder characterized by progressive decline of 

memory and cognition [19]. Biochemical changes affecting multiple pathways contribute to AD 

pathology. Neuropathologically, it is characterized by the presence of amyloid-β plaques (Aβ) 

between nerve cells in the brain and neurofibrillary tangles (NFT) [5].  

Familial Alzheimer's disease is a very rare autosomal dominant disease with early onset, caused by 

mutations in the amyloid precursor protein and presenilin genes, both linked to Aβ metabolism [20]. 

By contrast with familial disease, sporadic Alzheimer's disease is very common with more than 15 

million people affected worldwide. The cause of the sporadic form of the disease is unknown, 

probably because the disease is heterogeneous [21], caused by ageing in concert with a complex 

interaction of both genetic and environmental risk factors [5]. 

As Alzheimer’s disease progresses, brain tissue shrinks. However, the ventricles, chambers within 

the brain that contain cerebrospinal fluid, are noticeably enlarged. In the early stages of Alzheimer’s 

disease, short-term memory begins to decline when the cells in the hippocampus degenerate. Those 

with the disease lose the ability to perform routine tasks. As Alzheimer’s disease spreads through 

the cerebral cortex (the outer layer of the brain), judgment worsens, emotional outbursts may occur  

 

and language is impaired. Advancement of the disease leads to the death of more nerve cells and 

subsequent changes in behavior, such as wandering and agitation [22, 23]. In the final stages, people 
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may lose the ability to feed themselves, speak, recognize people and control bodily functions. 

Memory worsens and may become almost non-existent, and eventually death [24].  Constant care 

is typically necessary. About 20% of individuals over 80 years are affected by the disease. The 

annual incidence of AD increases with age, ranging from 1% to 8% for people with 65 to 85 years 

old [25]. The incidence in women is slightly higher than in men [26]. On average, those with 

Alzheimer’s live for 8 to 10 years after diagnosis, but this terminal disease can last for as long as 20 

years [25] .  

In this section several hypotheses are reviewed that try to explain this multifactorial disorder, as 

well as a summary of therapeutic strategies related with the pathophysiological mechanisms of AD. 

1.3.1.1. Cholinergic Neurotransmission  

 

Acetylcholine (ACh) is the neurotransmitter substance at most parasympathetic neuroeffector 

junctions, autonomic ganglia, the adrenal medulla, somatic myoneural junctions, and certain CNS 

regions [27-29]. 

ACh is synthesized within cholinergic nerves by the enzymatic transfer of an acetyl group from 

acetyl coenzyme A to choline. This reaction is catalyzed by the enzyme choline acetylase (also 

referred to as choline acetyltransferase) (Scheme 1). The acetyl coenzyme A (AcetylCoA) is formed 

by the action of an enzyme, acetyl kinase, which mediates the transfer of an acetyl group from 

adenylacetase (formed from acetate and ATP) to the coenzyme A molecule. Choline is transported 

from the extracellular fluid into the cholinergic nerve by an energy-requiring axoplasmic uptake 

process. ACh is stored within the axonal vesicular structures in a concentrated solution or bound to 

the membrane or both. 

 

 

Scheme 1 - Formation of ACh involving choline acetyltransferase, choline and acetic acid. The source of the acetic acid moiety is 

acetyl coenzyme A. Adapted from [28]. 

 

 

ACh is released from the nerve terminal upon arrival of an axonal action potential. ACh within the 

junctional spaces is rapidly inactivated by hydrolysis by a specific enzyme, acetylcholinesterase 
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(AChE, EC 3.1.1.7). AChE is present in cholinergic nerves, autonomic ganglia, and neuromuscular 

and neuroeffector junctions [30]. A somewhat similar enzyme, pseudocholinesterase or 

butyrylcholinesterase (BuChE, EC 3.1.1.8), is present in serum and other body tissues [31].  

The mechanism of cholinergic neurotransmission is summarized in Figure 8. Briefly, glucose 

arrives through the nerve terminal by facilitated diffusion, glycolysis occurs in the neuronal 

cytoplasm, and pyruvate molecules are generated. Pyruvate is transported into the mitochondria, 

and an acetyl group derived from pyruvic acid combines with coenzyme-A present in the 

mitochondria to form acetylcoenzyme-A, which is transported back into the cytoplasm [32]. 

Choline, the precursor for ACh, is actively transported into the neuronal terminal from the synaptic 

cleft via Na+ (sodium) and choline transporters. ACh is synthesized in the cytoplasm of the nerve 

terminal from choline and acetylcoenzyme-A in the presence of an enzyme, choline 

acetyltransferase. ACh is then transported into vesicles and stored there. It is then released into 

the synaptic cleft by exocytosis and hydrolyzed by acetylcholinesterase. High concentrations of an 

enzyme, acetylcholinesterase, are present on the outer surfaces of the nerve terminal (prejunctional 

site) and the effector cell (postjunctional site). Acetylcholinesterase is synthesized in the 

endoplasmic reticulum of neuronal cell bodies and major dendrites and is transported to the 

presynaptic terminal membrane by microtubules. This enzyme hydrolyses ACh in the junctional 

extracellular space; choline liberated in this reaction re-enters the nerve terminal and is again used 

for the synthesis of ACh. 
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Figure 8 – Cholinergic neurotransmission: 1. Facilitated diffusion of glucose; 2. Glycolysis; 3. Acetyl group derived from pyruvic 

acid combines with coenzyme-A; 4. Active transport of choline; 5. Acetylcholine is synthesized; 6. Acetylcholine is then transported 

into vesicles and stored there; 7. Exocytosis of Acetylcholine; 8. Acetylcholinesterase hydrolyze acetylcholine to choline and acetate. 

Adapted from [6, 32]. 

 

 

There are two basic types of cholinergic receptors with the peripheral efferent autonomic nerve 

tracts: nicotinic and muscarinic. Early studies demonstrated that small doses of nicotine mimicked 

certain actions of ACh, and large doses inhibited the same ACh responses. The nicotinic responsive 

sites were found to be present in autonomic ganglia, adrenal medullary chromaffin cells, and also 

the neuromuscular junctions of the somatic nervous system. Accordingly, these sites have been 

referred to as nicotinic cholinergic receptors. 

However, nicotine does not simulate or block the action of ACh at the parasympathetic 

neuroeffector junctions in heart muscle, smooth muscle, or secretory glands. The plant alkaloid 

muscarine was found to simulate the activity of ACh at these sites but not at the previously described  
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nicotinic receptors. Muscarinic receptors therefore designate the type of receptor present at 

cholinergic neuroeffector junctions in muscle and glands [33]. 

A nicotinic response usually denotes an excitatory response, whereas muscarinic receptor activation 

may elicit an excitatory or inhibitory response, depending on the tissue. This seems to be related to 

either a general increase in permeability to all ions (depolarization-excitatory) or a selective increase 

in permeability to small ions like K+ (hyperpolarization-inhibitory) respectively [33, 34]. 

 

1.3.1.2. Catalytic reaction mechanism of AChE and BuChE 

 

Cholinesterases are serine hydrolases. AChE is located at neuromuscular junctions and the CNS on 

the outside of post-synaptic cell membrane, mainly in a tetrameric form [35], although it also exists 

as a monomer in lower amounts [36]. BuChE is found mostly in plasma as a soluble monomer 

secreted by glial cells [37], but is also present in intestine, liver and lung [38]. These two 

cholinesterases share 65% homology and a similar hydrophobic active site structure. Their main 

difference lies on two aromatic residues (Phe295 and Phe297) present in AChE, that constrict its 

gorge, giving AChE and BuChE different specificities [37, 39].  Figure 9 shows the three-dimension 

structures of human acetylcholinesterase (A) and butyrylcholinesterase (B). 

 

   

Figure 9 – Ribbon diagram based on the X-ray crystallography structures of (A) human AChE (Protein Data Bank ID: 4PQE) and 

(B) human BuChE (Protein Data Bank ID: 4P0I). 

 

A B 
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Figure 10 illustrates both AChE and BuChE active site with homologous residues. The active site 

of human AChE (hAChE) is located at the base of a long gorge of 20 Å and consists of two subsites 

[40-42]. An “esteratic” subsite includes the catalytic triad (side chains of Ser203, His447, and 

Glu334) and the oxyanion hole (peptidic NH groups of Gly121, Gly122, and Ala204) and is the 

essential catalytic functional unit of AChE [40-43]. The “anionic” subsite is formed by side chains 

of Glu202, Trp86, and Tyr337 and is mainly responsible for binding the quaternary 

trimethylammonium tail group of ACh [44, 45]. 

 

 

 
Figure 10 - Stick representation of the active site gorge with homologous residues shown for hAChE (Protein Data Bank ID: 1B41) 

and hBuChE (Protein Data Bank ID: 1POI). Adapted from [46]. 

 

The active site of human BuChE (hBuChE) is located at the base of a long gorge of 20 Å, whose 

catalytic triad is composed by Ser198, His438, and Glu325. The oxyanion hole comprises Gly116, 

Gly117, and Ala199. The acyl pocket, which accommodates the acyl group of substrates, is 

comprised of residues Leu286 and Val288. The central residue of the choline binding site at the 

bottom of the gorge is Trp82. Substrates are bound between these two subsites [39]. 

 

AChE is one of the most efficient enzymes in nature and catalyzes the hydrolysis of the 

neurotransmitter acetylcholine (ACh) with a reaction rate close to the diffusion-controlled limit [43]. 

Like many other members of the serine hydrolase and serine protease families [47, 48], the catalytic 

process of AChE [43] has been suggested to proceed in two successive stages, acylation and 

deacylation, as shown in Scheme 2. AChE employs the catalytic triad (Ser203, His447, and Glu334)  
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as the essential catalytic functional unit. Ser203 serves as a nucleophilic attacking group to initiate 

the whole ACh hydrolysis process, and His447 is generally assumed to act like a general acid-base 

element in both acylation and deacylation stages. The main catalytic role of Glu334 is to stabilize 

the positive charge on the imidazole ring of His447 at transition states and intermediates through 

electrostatic interactions [30]. 

 

 

 

Scheme 2 - Reaction mechanism of ACh hydrolysis catalyzed by AChE. Adapted from [44].  

 

The physiological role of BuChE remains unclear [49, 50]. Although it is capable of hydrolyzing 

ACh, so far, no endogenous natural substrate has been described for this enzyme. BuChE is 

relatively abundant in plasma (3 mg/L) and can degrade a large number of ester-containing 

compounds [51]. Due to its characteristics, this enzyme plays an important pharmacological and 

toxicological role that can be used as a prophylactic scavenger against neurotoxic organophosphates 

such as the nerve gas soman [52-55].   
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1.3.1.3. Cholinergic hypothesis 

 

The nature of the cholinergic system makes it important in determining the clinical manifestations 

of AD, as well as its response to treatment. The cholinergic system is the most affected in AD 

because is it the location of the neurons responsible for cognitive functions, like memory and 

learning (Fig. 11) [56]. 

 

 

Figure 11 - Cholinergic pathway. Adapted from [57].  

 

The basal forebrain includes major groups of cholinergic cells in the medial septal nucleus, the 

nucleus of the diagonal band and the nucleus basalis. These cholinergic cells project the 

hippocampus and amygdala as well as throughout the cerebral cortex. A smaller group of 

cholinergic cells in the pedunculopontine and laterodorsal tegmental nuclei project to the reticular 

formation and thalamus, and are believed to be involved in arousal and the sleep/wake cycle [57]. 

Cholinergic systems in the cortex are crucial for learning and memory, and wide spread loss of these 

cells is a characteristic of AD, so it is believed that there is a direct connection between basic cerebral 

functions and the decrease of ACh [58]. These discoveries lead to the cholinergic hypothesis, that 

postulates that the cognitive decline associated to AD and aging is the result of loss of cholinergic 

function in the CNS [58, 59]. According to the cholinergic hypothesis there is an irreversible 

deficiency in cholinergic functions in the brain that leads to memory impairment of patients with 

AD [56].   However, one of the major therapeutic strategies adopted for primarily symptomatic AD 

is based on the cholinergic hypothesis targeting cholinesterase enzymes [60, 61]. 
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1.3.1.4. Amyloid-β hypothesis and the Amyloid Precursor Protein 

 

One of the hallmarks of Alzheimer’s disease is the accumulation of amyloid plaques between 

neurons. The amyloid hypothesis states that a 42-amino-acid form of Aβ (Aβ42) becomes harmful 

when, owing to its overproduction or reduced clearance from the brain, individual Aβ42 monomers 

come together in various numbers and conformations to form soluble oligomers and insoluble 

fibrils. Amyloid-β is a fragment of a protein snipped from another protein called amyloid precursor 

protein (APP) (Fig. 12).  

 

Figure 12 - Schematic diagram illustrating proteolytic cleavage of the amyloid precursor protein (APP). Adapted from [62]. 

 

In the non-amyloidogenic pathway, α-secretase cleaves APP within the Aβ domain to liberate two 

peptides, including the neuroprotective soluble APPα, whereas in the amyloidogenic pathway, β- 

and γ-secretases cleaves APP sequentially in the N- and C-terminal portions of the Aβ region, 

producing Aβ42 peptide and initiating neurodegenerative activity [62]. In a healthy brain, the APP 

protein fragments would break down and be eliminated. In AD the Aβ42 fragments aggregate to 

trigger a cascade of neurobiological events, including: certain inflammatory responses; aggregation, 

phosphorylation and propagation of protein tau (τ) that is associated with microtubules. These 

events contribute to the formation of Aβ plaques and τ-containing tangles (Fig. 13). Affected 

neurons and synapses become dysfunctional and can die, leading to additional inflammatory 

responses. Loss of neurons and the synaptic connections between them is associated with cognitive 

decline and disability, and other features of AD [63]. 
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Figure 13 – Histological cut formation of amyloid plaques and neurofibrillary tangles (NFTs). Adapted from [64]. 

 

A common feature of most Familial Alzheimer's Disease (FlAD) mutations is an increase in the 

generation of Aβ peptides, particularly Aβ42. Mutations associated with early-onset FlAD are found 

in the APP gene itself on chromosome 21, in presenilin-1 (PSEN1) gene on chromosome 14 and in 

presenilin-2 (PSEN2) gene on chromosome 1 [65]. Ubiquilin, a ubiquitin-like protein, interacts with 

PSEN2 and is believed to promote presenilin protein accumulation. FAD genetics and mouse 

models have shed light on early-onset AD pathogenesis, but the vast majority of AD cases occur 

late in life. The 4 allele of the apolipoprotein E (ApoE) gene (ApoE ε4 variant) is a major risk for 

late-onset AD (LOAD) compared to the ApoE ε2 and ApoE ε3 variants [66]. ApoE mediates 

binding, internalization and catabolism of lipoprotein particles via interaction with members of the 

low density lipoprotein receptor (LDLR) family. The basic functions of ApoE in normal brain and 

the role of ApoE in neurodegenerative disease remain unknown. It is thought the full length and 

soluble forms of the ApoE receptors alter APP processing and Aβ clearance, thus contributing to 

AD pathogenesis.  

Down's syndrome (DS) patients, who have an extra copy of the APP gene on chromosome 21, and 

FlAD families with a duplicated APP gene locus, exhibit total Aβ overproduction and all develop 

early-onset AD. In FlAD, the Aβ42 increase is present years before AD symptoms arise, suggesting 

that Aβ42 is likely to initiate AD pathophysiology [67, 68]. Figure 14 represents the normal 

processing of APP as well as missense mutations associated to FlAD. These mutations (indicated 

by the yellow burst symbols) either interfere with α-secretase or enhance β- or γ-secretase cleavage, 

resulting in an increase in the production of the toxic Aβ42 peptide rather than the wild-type Aβ40 

peptide. The thickness of the arrows represents the amount of each peptide being made relative to 

the other peptides. The mutation of Ala692 to Gly692 favors the cleavage of the APP gene by β- 

and γ-secretase, increasing the production of Aβ40 and Aβ42 instead of the normal APPα. The 

mutation of Val717 to Gly, Ile, or Phe increases the production of Aβ42 neurotoxic form.    
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Importantly, in specific transgenic mouse models of AD the lack of Aβ42 correlates with the absence 

of neuronal loss and improved cognitive function [69]. Such data provides direct evidence for the 

amyloid hypothesis in vivo, and also indicates that Aβ42 is directly responsible for neuronal death 

[70].  

Drugs with selectivity for certain secretases might reduce or eliminate the processing of  β-amyloid 

precursor protein to the toxic Aβ42 and therefore can contribute to prevent Alzheimer’s disease or 

to avoid its progression.[71] 

 

 

Figure 14 - The normal processing of B-amyloid precursor protein as well as the effect on processing of alterations in the protein 

resulting from missence mutations associated with early-onset familial Alzheimer’s disease. Adapted from [71]. 
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1.3.1.5. Hyperphosphorylation of Tau (τ) protein  

 

Another focus in AD research centers on inflammation caused by neurofibrillary tangles (NFT), 

which are insoluble twisted fibers found inside the brain’s nerve cells. They primarily consist of a 

protein called Tau (τ), which forms part of a microtubule. The microtubule helps transport nutrients 

and other important substances from one part of the nerve cell to another [72]. In Alzheimer’s 

disease the τ protein is abnormal and the microtubule structures collapse. Hyperphosphorylation of 

tau reduces its binding affinity to microtubules, thus disrupting the structural organization and 

maintenance. Excess levels of unbound τ protein leads to the formation of tau aggregates, insoluble 

fibrils, and intracellular neurofibrillary tangles observed in AD and other tauopathies (Fig. 15) [73].  

 

 

 

 

Figure 15 – (A) Tau protein in healthy neurons; (B) Formation of neurofibrillary tangles (NTFs) in AD neurons. Adapted from [68]. 
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1.3.1.6. Oxidative stress 

 

Oxidative stress and inflammatory processes in the CNS are involved in Alzheimer’s progression 

[74]. Given the high oxygen consumption in the brain, the formation of reactive oxygen species 

(ROS) (e.g. superoxide anion, hydroxyl radical) may cause damage in neuron lipids or DNA. ROS 

may also be implied in Aβ aggregation and in the process of tau hyperphosphorylation. Alteration 

in metals homeostasis is also responsible for the increase of ROS in the brain. Given the complexity 

of AD and ROS paper in its etiology, some therapeutic strategies include antioxidants administration 

[74, 75]. 

 

 

1.3.2. Parkinson’s Disease 

 

Parkinson’s disease (PD) is the second most common degenerative disease after Alzheimer’s 

disease. Although PD is most common in the over 60's, many people are diagnosed in their 40's and 

younger. The prevalence of the disease is of 360 per 100000 persons and the incidence of 18 per 

100000 persons [2]. The prevalence increases in people over 60 years old.  About 1% of the human 

population over 65 years suffers from PD [1]. With the progressive aging of the population, the 

incidence and prevalence of PD will increase in the future [1]. Geographically, the prevalence of 

the disease is higher in Europe and North America (100 to 300 per 10000 person) and smaller in 

Africa and Asia (10 to 60 per 100000 person). European studies presented an overall incidence rate 

529 per 100000 person/year [28]. A recent study in North America reported an incidence rate of 

224 per 100000 person/year in people with more than 65 years [34]. Asian studies showed an 

incidence or 17 per 100000 person/year [32]. This disease is two times more frequent in men than 

women [55].  

The disease is characterized by the loss of dopaminergic cells in the substantia nigra pars compacta, 

resulting in the dopamine diminution in the basal ganglia [76], and by the presence of Lewy bodies 

(LB), proteinaceous inclusions mainly composed of filamentous α-synuclein (α-syn) aggregates 

[77]. Patients suffer a progressive degeneration in the motor system [78]. The core symptoms are 

tremor, rigidity (stiffness), bradykinesia (slowness of movement) and postural instability (balance 

difficulties). The high metabolic velocity of the substantia nigra associated to high levels of 

oxidized species and iron, high levels of free radicals (ROS) and low levels of antioxidants 

contribute to the apoptosis of dopaminergic neurons [78].  
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Mutations in the α-synuclein gene are associated with hereditary cases of PD due to the ability of 

this protein to aggregate with sinaptosin and tau, forming the Lewy bodies. Mutations in LRRK2, 

PINK and Parkin genes are also associated with PD [79]. Figure 16 relates idiopathic and genetic 

forms of PD. In most of the cases, PD is a sporadic disorder caused by the loss of dopaminergic 

neurons in the substantia nigra pars compacta and associated with Lewy bodies. Actually, less than 

10% of the cases are caused by mutations in genes with autosomal dominant or recessive 

inheritance. Most cases with autosomal recessive PD are due to mutations in genes with 

mitochondrial functions, like PINK or Parkin. At the neuropathological level, it most often presents 

as pure nigral dopaminergic cytopathy without Lewy bodies, although sometimes, autosomal 

recessive PD may be clinically indistinguishable from sporadic PD. Autosomal dominant PD, 

caused by mutations in the α-syn gene SCNA and in LRRK2, is clinically similar to sporadic PD 

and most often presents with typical Lewy body pathology. It is still unclear whether sporadic PD 

and familial PD with distinct genetic causes are separate clinical and etiological entities. 

Nevertheless, mitochondrial dysfunction, impaired autophagy/lysosomal degradation of 

proteins/organelles, altered glutathione homeostasis, and abnormal α-syn build-up are pathogenic 

mechanisms that may be shared between these diseases (Fig. 16) [80]. 

 

 

 

Figure 16 – Molecular pathways linking idiopathic and genetic forms of PD. Adapted from [80]. 
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Standard care medical treatments for PD are limited to medications that focus on symptom 

management. Unfortunately, to date no medication has been shown to slow progression in PD. Some 

supportive therapies such as physical exercise have shown improved quality of life [81, 82], but 

there is a significant need to continue exploring therapies that might improve symptoms and 

positively impact the disease process.  

 

 

1.3.2.1. Adrenergic neurotransmission 

 

Norepinephrine, epinephrine and dopamine are endogenous catecholamines; they are sympathetic 

neural and humoral transmitter substances in most mammalian species. Norepinephrine and 

dopamine are believed to transmit impulse information in specific areas within the CNS; 

norepinephrine is also the neurotransmitter at most peripheral sympathetic neuroeffector junctions. 

Epinephrine is the major hormone released from the adrenal medulla. Catecholamines are stored in 

inactive form within granular structures in nerve terminals and chromaffin cells [83]. 

Norepinephrine is synthesized from the amino acid phenylalanine in a stepwise process (scheme 3). 

The aromatic ring of phenylalanine is hydroxylated by the action of an enzyme, phenylalanine 

hydroxylase (EC 1.14.16.1). This reaction yields tyrosine, which is converted to 

dihydroxyphenylalanine (DOPA) by the enzyme tyrosine hydroxylase (EC 1.14.16.2). This reaction 

involves additional hydroxylation of the benzene ring, and it is believed to represent the rate-limiting 

step in catecholamine synthesis [84]. DOPA is decarboxylated by the enzyme L-aromatic amino 

acid decarboxylase (DOPA decarboxylase, EC 4.1.1.28) to dihydroxyphenylethylamine 

(dopamine). Conversion of tyrosine to DOPA to dopamine is believed to occur within the cytoplasm. 

Dopamine is taken up into a storage granule. In some central anatomic sites (e.g. the mammalian 

extrapyramidal system), dopamine seems to act as the primary neurotransmitter rather than its 

metabolites norepinephrine and epinephrine [85, 86]. 

In peripheral adrenergic neurons and adrenal medullary chromaffin cells, intragranular dopamine is 

hydroxylated in the β position of the aliphatic side chain by dopamine β-hydroxylase to form 

norepinephrine. In the adrenal medulla, norepinephrine is released from the granules of chromaffin 

cells and is N-methylated within the cytoplasm by phenylethanolamine N-methyltransferase (EC 

2.1.1.28) to form epinephrine. Epinephrine is subsequently localized in what seems to be another 

type of intracellular storage granule prior to its release from the adrenal medulla. 

 

http://enzyme.expasy.org/EC/4.1.1.28


An Overview on Neurodegenerative Diseases 

______________________________________________________________________________________ 

26 
 

 

 

Scheme 3 - The biosynthetic pathway of norepinephrine and epinephrine. Adapted from [31]. 

 

Catecholamines are taken up from the cytoplasm into granules by an active transport system that is 

adenosine triphosphate (ATP) and Mg2+ dependent. Storage within the granular vesicles is 

accomplished by complexation of the catecholamines with ATP and a specific protein, 

chromogranin. This complexation renders the amines inactive until their release [87]. The 

intragranular pool of norepinephrine is the principal source of neurotransmitter released upon nerve 

stimulation. The cytoplasmic amine pool is taken up by the granules for storage or inactivated by a 

deaminating enzyme, monoamine oxidase (MAO, EC 1.4.3.4), that is located in the neuronal 

mitochondria.  

Excitation-secretion coupling and release of norepinephrine from adrenergic nerve terminals are 

dependent upon an inward movement of Ca2+. Released norepinephrine migrates across the synaptic 

cleft and interacts with specific adrenergic receptor sites on the postjunctional membrane. 

A very active amine uptake system is present in the axonal membrane of postganglionic sympathetic 

nerve terminals. This transport system is Na+ and energy dependent, and it functions to recapture or 

reuptake catecholamines that have been released from the nerve [88]. The duration of action of 

norepinephrine can be terminated by active reuptake into the nerve across the axoplasmic 

membrane, diffusion from the cleft via extracellular fluid, or metabolic breakdown by an 

extraneuronal enzyme, catechol-O-methyltransferase (COMT, EC 2.1.1.6). Activity of COMT 

involves methylation of one of the ring hydroxyl groups (3-OH) [31]. 

Norepinephrine that has been taken back into the nerve may be restored in granules or deaminated 

by MAO. Deamination of norepinephrine or epinephrine by MAO initially yields the corresponding 

aldehyde, which in turn is further oxidized to 3,4-dihydroxymandelic acid. Alternatively, the 3-

hydroxyl group of norepinephrine and epinephrine can first be methylated by COMT to yield 
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normetanephrine and metanephrine respectively. The O-methylated or deaminated metabolites can 

then be acted upon by the other enzyme to yield 3-methoxy-4-hydroxymandelic acid. The 

deaminated O-methylated metabolites can then be conjugated with sulfate or glucuronide prior to 

excretion by the kidneys [31]. 

Physiologic events involved in adrenergic neurotransmission and susceptibility of these events to 

pharmacologic agents are outlined schematically in Figure 17. The amino acid tyrosine (hydroxy-

phenylalanine) is present in all food products and can be synthesized from phenylalanine. It enters 

the neuron by active transport. In the cytoplasm of the dopaminergic neuron, tyrosine is converted 

into dihydroxyphenylalanine (DOPA) by the tyrosine hydroxylase enzyme. DOPA is converted to 

dopamine in the cytoplasm by the enzyme aromatic L-amino acid decarboxylase (DOPA-

decarboxylase). Dopamine is then actively transported into the storage vesicles by the vesicular 

transport mechanism. In the dopaminergic neuron, dopamine remains unchanged in the storage 

vesicles and is ready for release by exocytosis. Dopamine released into the synaptic cleft is actively 

transported back into the neuronal terminal. This process is called reuptake-1 and is the most 

important mechanism by which dopamine and other catecholamines are removed from the synaptic 

cleft. Some of the dopamine entering the neuronal terminal (about 50%) is transported into the 

vesicles for storage and release. The remaining dopamine that enters the neuronal terminal is 

destroyed by a mitochondrial enzyme, monoamine oxidase (MAO). Some of the dopamine that is 

released into the synaptic cleft (about 10%) is actively transported into the effector cells. This 

process is known as reuptake-2. Dopamine entering the effector cells is inactivated primarily by an 

enzyme, catechol-O-methyltransferase (COMT). Although MAO is also present in the effector cells, 

its role in the inactivation of dopamine is unclear. 
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Figure 17 - Adrenergic neurotransmission: 1. Tyrosine enters the neuron by active transport; 2. Tyrosine is converted into DOPA 

by tyrosine hydroxylase; 3. DOPA is converted to dopamine in the cytoplasm by the enzyme DOPA-decarboxylase; 4. Dopamine is 

then stored in vesicles by the vesicular transport mechanism; 5. Dopamine is ready for release by exocytosis; 6. Dopamine released 

into the synaptic cleft is actively transported back into the neuronal terminal; 7. Part of the dopamine that enters the neuronal terminal 

is destroyed by monoamine oxidase (MAO); 8. Some of the dopamine that is released into the synaptic cleft is actively transported 

into the effector cells and is inactivated primarily by an enzyme, catechol-O-methyltransferase (COMT) [6]. 

 

 

About a million nerve cells contain dopamine. Dopaminergic neurons are found in several main 

groups including the mesostriatal system and the mesolimbocortical pathway (Fig. 18). As the name 

indicates the mesostriatal pathway, also called the nigrostriatal pathway, originates in the substantia 

nigra and nearby areas of the mesencephalon or midbrain and descends as part of the 

medialforebrain bundle to enervate the striatum, specific the caudate nucleus and the putamen. The 

mesolimbocortical pathway also originates in the midbrain, in the ventra tegmental area and projects 

to the limbic system, amygdala, nucleus accumbens, hippocampus and the cortex. The mesostriatal 

dopamine system normally plays a crucial role in motor control and damage to these neurons results 

in the resting tremors or even complete paralysis of PD [57]. 
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Figure 18 - Dopaminergic pathway. Adapted from [57]. 

 

1.3.2.2. Catalytic reaction mechanism of MAO-B 

 

Monoamine oxidase (MAO, E.C. 1.4.3.4) is an outer mitochondrial membrane flavoenzyme and is 

essential for the enzymatic decomposition of neurotransmitters. Figure 19 shows the three- 

dimensional structures of monoamine oxidase A (MAO-A) and monoamine oxidase B (MAO-B). 

Although the crystal structure of human MAO-A is monomeric while MAO-B is dimeric, both 

enzymes are dimeric in their membrane-bound forms. 

    

Figure 19 – Ribbon diagram based on the X-ray crystallography structures of (A) MAO-A (Protein Data Bank ID: 2Z5Y) and (B) 

MAO-B (Protein Data Bank ID: 1GOS). 

A B 



An Overview on Neurodegenerative Diseases 

______________________________________________________________________________________ 

30 
 

Although these two enzymes share 70% sequence identity, have highly conserved chain folds and 

are structurally identical in their flavin adenine dinucleotide (FAD)-binding sites, they differ 

considerably in the structures of their active sites opposite the flavin cofactor. MAO-A has a 

monopartite cavity of approximately 550 cubic angstroms, and MAO-B exhibits a bipartite cavity 

structure with an entrance cavity of 290 cubic angstroms and a substrate cavity of approximately 

400 cubic angstroms (Fig. 20). Ile199 functions as a conformational “gate” separating the two 

cavities [89]. This amino acid is replaced by Phe208 in MAO-A.  

 

Figure 20 - Ribbon diagram of (A) human MAO-A structure and (B) human MAO-B structure. The covalent flavin moiety is shown 

in a ball and stick model in yellow. The flavin binding domain is in blue, the substrate domain in red and the membrane binding 

domain in green. Adapted from [90]. 

 

The substrate-binding sites of MAO-A and MAO-B are both mainly hydrophobic, composed of 

aromatic and aliphatic residues [91]. An exception is Lys305 in MAO-A (Lys296 in MAO-B) that 

interacts with a water molecule that also binds the N5 atom of the flavin cofactor [92]. The 

recognition site for the substrate amino group is an aromatic cage formed by Tyr407 and Tyr444 in 

MAO-A (Tyr 398 and Tyr 435 in Mao-B) [91, 93, 94]. Another difference in the substrate-binding 

sites of the two enzymes is caused by the structural differences arising from Ile-335 in MAO-A and 

Tyr-326 in MAO-B, which contribute to the substrate and inhibitor selectivity of the two enzymes 

[95].  

The two-dimensional representation of the interactions of the covalently-bound FAD (Fig. 21) 

shows the coenzyme to be in a hydrophobic environment within the enzyme with specific 

interactions dominated by H bonding to either side chains or peptide bonds in the protein [96]. 

 



Chapter 1 

______________________________________________________________________________________ 

31 
 

 

Figure 21 - Illustration of FAD binding site in MAO-B. Dashed lines indicate H-bonds. Carbons are in black, nitrogens in blue, 

oxygens in red, and sulfurs are shown as cyan spheres. Adapted from [96]. 

 

 

MAO-A and MAO-B catalyze the oxidation of primary, secondary and tertiary amines to their 

corresponding imines [97]. While it is commonly accepted that the rate limiting step of the reaction 

is the stereoselective abstraction of a hydrogen from the substrate, the precise mechanism is 

unknown [98]. Due to the ability of the flavin cofactor to accept one or two electrons, several 

mechanisms have been proposed for the transfer of electrons from the substrate to the cofactor 

(Scheme 4). The single electron transfer mechanism (Scheme 4A) involves formation of 

semiquinone flavin and aminium cation radical intermediates, with subsequent transfer of a 

hydrogen atom equivalent [99]. Direct hydrogen atom transfer from the substrate α-carbon to the 

flavin either directly or via non-flavin radical (Scheme 4B) is another possible mechanism for 

substrate oxidation [100]. Variations of a nucleophilic mechanism (Scheme 4C), in which the amino 

group of the substrate attacks the C4a of the flavin, forming a covalent intermediate, followed by 

proton abstraction by an active site base, have also been proposed [101]. Finally, the reaction could 

occur by direct hydride transfer from the substrate to the flavin (Scheme 4D) [102]. 
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Scheme 4 - Proposed reaction mechanisms for amine deamination by MAO-B in the literature. Adapted from [92]. 

 

Notice that scheme 4 doesn’t show the next step in the reaction, in which the imine salt is hydrolyzed 

by water with subsequent aldehyde formation (Scheme 5).  

 

Scheme 5 – FAD catalyzed deamination of a primary amine to its corresponding aldehyde. Adapted from [92]. 
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1.3.2.3. α-Synuclein 

 

α-Synuclein (α-syn) is a pre-synaptic 14 kDa protein (Fig. 22) that is suggested to play a role in the 

regulation of neurotransmitter release, synaptic function and plasticity [103]. α-Syn was originally 

identified in the human brain as the precursor protein of the non-β-amyloid component of AD [104]. 

Although mutations in α-syn  have proved to be extremely rare in familial PD, over 90% of sporadic 

Parkinsonian disorders are characterized by α-syn containing Lewy bodies, demonstrating that this 

protein could be involved in the molecular chain of events leading to the disease [105]. 

 

Figure 22 – Schematic representation of micelle-bound α-synuclein (Protein Data Bank ID: 1XQ8). 

 

Monomeric, soluble α-syn is normally present in neurons but misfolding can cause α-syn to 

oligomerize, including transient spherical and ring-like oligomers that eventually convert to fibrils. 

The α-syn oligomers are in equilibrium with monomers and convert to fibrils by monomer addition 

via a nucleated polymerization mechanism. These amyloid fibrils are a major component of Lewy 

bodies, which are intracellular protein aggregates associated with neurodegenerative conditions, 

such as Parkinson’s disease and Lewy body dementia [106]. Membrane-bound monomeric α-syn 

adopts a predominantly α-helical confirmation, but at high concentrations the protein undergoes a 

conformational change either before or coincident with its oligomerization to form membrane-

bound β-sheet-rich structures that self-associate to form oligomers, including trans-membrane 

amyloid pores and fibrils. Ring-like cytosolic oligomers can also associate with the membrane and 

form trans-membrane pores [103]. The oligomeric form of α-syn spreads from neuron to neuron and 

can seed the formation of protein aggregates in stem cells [106]. This protein enters cells through 

endocytosis and can be transferred between cells through nanotubes [107]. Other spreading 

mechanisms could be trans-synaptic transmission, direct penetration or membrane receptors [103] 

(Fig. 23).  

α-syn Oligomers and amyloid fibrils are highly toxic [108], affecting mitochondrial function [109], 

endoplasmic reticulum–Golgi trafficking [110, 111], protein degradation and/or synaptic 
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transmission [112], and these intracellular effects are thought to induce neurodegeneration. The 

transmembrane pores disrupt membrane integrity as well as intracellular calcium homeostasis and 

signaling, and may also contribute to neuronal toxicity [113].  

Despite all the efforts, the exact molecular mechanisms through which α-synuclein determines the 

loss of dopaminergic neuronal functions and viability in the context of PD is not clear [114]. 

 
 

Figure 23 - Mechanisms of α-synuclein aggregation and propagation. Adapted from [103].  
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1.3.2.4. Oxidative Stress 

 

A number of studies have suggested the importance of oxidative stress in the pathophysiology of 

PD [115]. Oxidative stress results from either excess formation of oxidants or a decrease in the 

amount of function of antioxidants [116]. Oxidative damage in the brain of patients with PD are 

related with an increase in the amount of lipid peroxidation products such as malondialdehyde and 

4-hydroxynonenal, an increase in protein oxidation (cross-linking and fragmentation), and an 

increase in the concentration of 8-hydroxy-2′-deoxyguanosine, a product of DNA oxidation [117]. 

There is evidence to suggest that reactive oxygen species (ROS) are derived from dopamine, and 

that this auto-oxidation may be increased in the early stages of PD when dopamine turnover is 

increased to compensate for dying dopaminergic neurons [118]. 

Glutathione, an important reducing agent in the neurons, has been found to be depleted in the brain 

of PD patients [119] and the amount of the depletion seems to be directly proportional to the severity 

of the disease and is the earliest known indicator of substantia nigra degeneration, even before 

dopamine losses in the striatum [119, 120]. The brain has difficulty withstanding substantial 

amounts of oxidative stress because of the presence of high amounts of polyunsaturated fatty acids, 

low levels of antioxidants such as glutathione, and increased iron content in specific areas such as 

the globus pallidus and the substantia nigra [117]. 

An additional component to the relationship between oxidative stress and PD is related to α-

synuclein [121]. Previous studies have implicated the role of oxidative stress in the formation of α-

synuclein aggregates [122, 123]. In addition, several studies have suggested that iron-related 

oxidative stress can promote α-synuclein aggregation [124, 125]. Furthermore, soluble nitrated α-

synuclein, which results from interactions with oxidized nitrogen species, appears to activate 

microglia to produce substantial amounts of ROS through modulation of specific ion channels [126]. 
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1.3.3. Therapeutic approaches 

 

Although there are many ongoing research activities in the search of drugs for treating AD [72, 127], 

only four drugs are currently approved by INFARMED [128], three anti-cholinergic drugs 

(Donepezil, Rivastigmine and Galantamine) and the NMDA glutamate receptor antagonist, 

Memantine (Fig. 24).  

 

           

Figure 24 - Drugs currently approved by INFARMED against Alzheimer's disease. 

 

Donepezil is a piperidine based, reversible and non-competitive cholinesterase inhibitor [129]. 

Rivastigmine belongs to the carbamate group of cholinesterase inhibitors and is described as a 

pseudo-irreversible enzyme inhibitor due to its prolonged effect when compared to the drug 

presence in the plasma [130, 131].  

Galantamine is a tertiary alkaloid drug that binds competitively and reversibly to the AChE active 

site and has proven activity as an allosteric modulator of nicotinic acetylcholine receptors [132]. 

The treatment with these drugs have resulted in a modest improvement in memory and cognitive 

function for AD patients, while unable to prevent progressive neurodegeneration [5, 133-138]. This 

could be due to the multiple pathogenic mechanisms involved in AD including Aβ aggregation to 

form plaques, τ hyperphosphorylation to disrupt microtubule to form neurofibrillary tangles, 

calcium imbalance, enhanced oxidative stress, impaired mitochondrial function, apoptotic neuronal 

death, and deterioration of synaptic transmission, particularly at cholinergic neurons [139]. 
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The amyloid-β protein was proposed as the trigger for a cascade of events in the brain that lead to 

Alzheimer’s disease [140]. Several anti-Aβ treatments have been developed to short-circuit this 

cascade [141]. Compounds that are intended to reduce Aβ production, inhibit Aβ aggregation, and 

promote Aβ clearance are currently in clinical trials [127]. This is the case of the monoclonal 

antibody aducanumab that selectively binds to soluble Aβ oligomers and insoluble fibrils [142]. 

This will prevent inflammatory response by τ protein and subsequent neuronal loss (Fig. 25). 

 

 

Figure 25 - The amyloid hypothesis. Adapted from [63]. 

 

In addition, there is compelling evidence demonstrated that oxidative stress played an important 

role in the processes of AD pathogenesis, cellular changes show that it precedes the appearance of 

two hallmark pathologies of the disease, neurofibrillary tangles and senile plaques [143]. Therefore, 

compounds with radical scavenging activities (such as melatonin and vitamin E) were supposed to 

be useful for either the prevention or the treatment of AD [144, 145]. Recently, elevated 

concentrations of copper, zinc and iron have been detected in amyloid plaques, and in vitro 

experiments have proved that copper and zinc metals are able to bind to Aβ and promote its 

aggregation.[146, 147] Moreover, evidence showed that redox-active Cu and Fe contribute to the 

production of reactive oxygen species (ROS) and oxidative stress [148]. Therefore, modulation of 

these biometals in the brain may exert potential therapeutic effect on AD, and several metal chelators 

such as desferrioxamine [149], D-penicillamine [64], clioquinol (PBT1) and PBT2 [150, 151] have 

been used for the treatment of AD in preclinical or clinical trials, while the poor target specificity 

and brain barrier permeability limited their widespread use in clinic. 

To combat the complex profile of Alzheimer’s disease, more attention has been focused on the 

development of novel multitarget directed ligands (MTDLs), which interacts with multiple targets 

in the complex neurotoxic cascades would achieve better efficacy by a complementary manner [139, 

152-154]. Many MTDLs with a variety of scaffolds have been developed in the past few years, 

including AChE/BuChE and Aβ aggregation inhibitor memoquin [155], AChE inhibitor and VDCC 
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antagonist ITH4012 [156] iron chelating agent and MAO-B inhibitor M30 [157]. Especially, an 

AChE and MAO-B dual inhibitor ladostigil [158, 159] had been advanced into phase II clinical trial 

in 2011, which confirmed the rationality and feasibility of MTDLs strategy in the treatment of AD 

(Fig. 26). 

 

Figure 26 – The multitarget directed ligand Ladostigil. Adapted from [158]. The carbamate group of Rivastigmine is highlighted in 

blue and the propargyl group of Rasagiline is highlighted in purple. 

 

Ladostigil comprises the carbamate functional group (blue) of Rivastigmine, which inhibits AChE 

and the propargyl moiety (purple) of Rasagiline, that inhibits MAO-B (Fig. 26). 

 

In spite of the extensive studies performed on postmortem substantia nigra from Parkinson’s disease 

patients, the etiology of the disease has not yet been established. The existing drugs do not prevent 

or cure the disease, but attenuate the symptoms. INFARMED [128] approved several therapeutic 

drugs (Table 1) that are divided into two major groups: anticholinergics (Fig. 27) and dopamine 

mimetics (Fig. 28). 

 

 

Figure 27 - Anticholinergic drugs for treating Parkinson's disease. 
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Figure 28 - Dopamine mimetic drugs used in Parkinson's disease. 
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Table 1 - Drugs approved by INFARMED for PD treatment (used individually or as a combination therapy). 

Mechanism of action Drug Commercial name 

Anticholinergics Biperiden Akineton® 

Trihexyphenidyl Artane® 

Dopamine precursors Levodopa+benserazide Madopar® 

Levodopa+carbidopa Sinemet® 

Levodopa+carbidopa+entecapone Stalevo® 

Dopamine agonists Bromocryptine Parlodel® 

Dihydroergocryptine mesylate Striatal® 

Piribedil Trivastal® 

Pramipexol Pramipexol® 

Ropinirole Ropinirol® 

MAO-B inhibitors Selegiline (L-deprenyl) Jumex® 

Rasagiline Azilect® 

COMT inhibitors Entecapone Comtan® 

Glutamate inhibitors Amantadine Parkadina® 

 

 

There is a growing interest in search for new drugs with neuroprotection effects [160, 161]. 

Hypothetical mechanisms of neuroprotection include anti-oxidation, anti-apoptosis, anti-

inflammation, mitochondrial stabilization, trophic factor action, and N-methyl-D-aspartate 

(NMDA)–receptor antagonism [162, 163]. There is also a growing interest in strategies to modify 

the expression of oligomeric α-synuclein. One possible strategy is the introduction of short 

interfering RNA (siRNA) to modify expression of the synuclein [164]. Another approach is to find 

small molecules that can prevent misfolding of the protein or development of antibodies that could 

block toxic aggregation.  
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Even with the advent of powerful new tools such as genomics, proteomics, brain imaging, gene 

replacement therapy and knockout animal models, the desired end result of neuroprotection is still 

beyond researchers current capability [165]. 
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Chapter 2 

Methodology optimization for selecting therapeutic 

targets  

___________________________________________ 
“Anyone who has never made a mistake has never tried anything new."  

Albert Einstein (1879-1955) 
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2.1.    Introduction 

 

Acetylcholinesterase (AChE) reversible inhibitors have provided the first-generation drugs for AD 

treatment in order to increase levels of ACh in the brain [166, 167]. ACh is hydrolyzed by both 

AChE and butyrylcholinesterase (BuChE). Although little is known about the physiological role of 

BuChE [168, 169], particularly in the central nervous system, studies have been made in order to 

determine its influence on the treatment of AD [170, 171]. It was found that in the course of the 

disease, levels of AChE in the CNS decrease contrary to what happens with BuChE [172]. Both 

enzymes represent legitimate therapeutic targets for ameliorating the cholinergic deficit 

characteristic of AD.  

The enzyme monoamine oxidase metabolized primary, secondary and tertiary amines, including 

adrenaline and noradrenaline [173]. The neurotransmitters phenylethylamine and benzylamine were 

identified as MAO-B substrates [174], while serotonin, adrenaline and noradrenaline are MAO-A 

substrates [173]. Tyramine and dopamine are substrates for both isoforms [174]. MAO-B not only 

exists in large quantities in the human brain, but also is related with PD. So, it represents a legitimate 

therapeutic target for ameliorating the dopaminergic loss characteristic of PD [175, 176]. 

To evaluate these therapeutic targets, two different techniques were used: UV-Vis molecular 

absorption spectrometry and fluorescence spectrometry.  

eeAChE and eqBuChE kinetic parameters were evaluate by UV-Vis spectrometry, as well as the 

specificity of these enzymes for different substrates, namely acetylthiocholine (ATCI) and 

butyrylthiocholine (BTCI). This approach was also used to evaluate the influence of different assay 

conditions in the IC50 determination of the standards donepezil, rivastigmine and galantamine, the 

active ingredients of some commercial drugs used in AD treatment, such as, Aricept®, Exelon® and 

Reminyl®. 

MAO-B kinetic parameters were determined by two different techniques, UV-Vis and fluorescence 

spectrometry, to determine which one was more accurate, by determining IC50 values for pargyline, 

commercialized as Ethonyl®, and rasagiline, the active ingredient of the commercial drug used in 

PD treatment, Azilect®. 
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2.2.    Materials and Methods 

 

2.2.1. Enzymatic activity quantification for AChE and BuChE by 

spectrophotometry 

2.2.1.1. Chemicals  
 

AChE, BuChE, 5,5-dithio-bis-(2-nitrobenzoic acid) (DTNB), acetylthiocholine iodide (ATCI), 

butyrylthiocholine iodide (BTCI), rivastigmine tartrate, donepezil hydrochloride and galantamine 

bromide were purchased from Sigma-Aldrich. AChE used in the assay was from Electrophorus 

electricus (type VI-S lyophilized powder, 518 U mg-1 solid, 814 U mg-1 protein), BuChE used in the 

assay was from equine serum (lyophilized powder, 219.6 U mg-1 solid, 1830 U mg-1 protein). The 

lyophilized enzymes were prepared in 20 mM Tris-HCl pH 7.6 buffer. DTNB was prepared in 50 

mM Tris-HCl, 0.1 M NaCl, 0.02 M MgCl2 buffer (pH 8.0). ATCI and BTCI were prepared in 50 

mM Tris-HCl buffer (pH 8.0). 

 

2.2.1.2. Influence of substrate concentration in enzymatic activity 

 

The assay for determining the substrate concentration to be used was modified from the literature 

[177, 178]. To 75 μL of Tris-HCl buffer (50 mM, pH 8) were added 25 μL of ATCI or BTCI (with 

concentrations between 1.25 mM and 25 mM), 125 μL of DTNB (with concentrations between 0.25 

mM and 5 mM) and 25 μL of eeAChE or eqBuChE (0.3 U mL-1), to a final volume of 250 μL.  

In addition, it was optimized the DTNB concentration ranging from 0.5 mM to 7.5 mM. A 

concentration of 3 mM was chosen for the assays, not only because of the satisfactory absorbance 

value obtained, but also because both the substrate and DTNB concentrations would be equimolar 

in the assay. The molar absorption coefficient of purified TNB2- at 405 nm is 13300 M-1 cm-1. Based 

on the reaction curve it was possible to see that substrate concentrations higher than 1.5 mM gave 

the same Vmax. So 1.5 mM of ATCI was selected as the concentration to determine the enzymatic 

activity for AChE. In the same way, 1.5 mM of BTCI was chosen as the concentration to determine 

the enzymatic activity for BuChE. 

The microplate was read at 25 ºC and 405 nm, with a BIO-TEK ELX800G (with software Gen5 

v.1.05) spectrometer during 60 min. The rate of the reaction was measured. All experiments were 

done in triplicate. A calibration curve for the enzymes was built (Figs. S1 and S2).  
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2.2.1.3. Determination of the kinetic parameters for AChE and BuChE 

 

The assay for measuring cholinesterases kinetic parameters was modified from the literature [177, 

178]. To 75 μL of Tris-HCl buffer (50 mM, pH 8) were added 25 μL of ATCI or BTCI (with 

concentrations between 1,25 mM and 25 mM), 125 μL of DTNB (with concentrations between 0,25 

mM and 5 mM) and 25 μL of eeAChE or eqBuChE (0.3 U mL-1), to a final volume of 250 μL. The 

microplate was read at 25 ºC and 405 nm, with a BIO-TEK ELX800G (with software Gen5 v.1.05) 

spectrometer during 60 min. The rate of the reaction was measured. All experiments were done in 

triplicate. The kinetic parameters were determined with software Hiper 3.2. 

 

2.2.1.4. Evaluation of enzymatic selectivity for the substrate  

 

The assay to determine enzymatic selectivity for ATCI and BTCI was modified from the one 

described in literature.[177, 178] To 75 μL of Tris-HCl buffer (50 mM, pH 8.0) were added 25 μL 

of ATCI (concentrations between 1.25 mM and 25 mM) or BTCI (concentrations between 1.25 mM 

and 25 mM), 125 μL of DTNB (concentrations between 0.25 mM and 5 mM) and 25 μL of eeAChE 

(0.3 U mL) or eqBuChE (0.3 U mL-1), to a final volume of 250 μL. The microplate was read at 25 

ºC and 405 nm, with a BIO-TEK ELX800G (with software Gen5 v.1.05) spectrometer during 60 

min. The rate of the reaction was measured. All experiments were done in triplicate. The kinetic 

parameters were determined with software Hiper 3.2. 

 

2.2.1.5. Evaluation of eeAChE and eqBuChE inhibitory activity of 

rivastigmine, donepezil and galantamine 

 

To 75 μL of a mixture of different inhibitor concentrations and Tris-HCl buffer (0.05 M, pH 8.0) 

were added 25 μL of ATCI (15 mM) or BTCI (15 mM), 125 μL of DTNB (3 mM) and 25 μL of 

eeAChE (0.3 U mL-1) or eqBuChE (0.3 U mL-1), to a final volume of 250 μL. The microplate was 

read at 25 ºC choosing two different wavelengths (405 nm or 412 nm) and at 37 ºC using the same 

wavelengths, with a Thermo Scientific MultiSkan Go spectrophotometer during 15 min. The rate of 

the reaction was measured. All experiments were done in triplicate. The same assay was done with 

AChE using phosphate buffer (0.1 M, pH 8.0) instead of Tris-HCl buffer (0.05 M, pH 8.0). 
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2.2.2. Enzymatic activity quantification for MAO-B by spectrophotometry 

 

2.2.2.1. Chemicals 

 

MAO-B, benzylamine, rasagiline mesylate, pargyline hydrochloride, peroxidase (type II, from 

horseradish), vanillic acid, 4-aminoantipyrine, resorufin and amplex-red were purchased from 

Sigma-Aldrich. All samples were prepared in 0.2 M phosphate buffer (pH 7.4). 

 

2.2.2.2. Influence of MAO-B concentration 

 

To determine the optimum concentration of enzyme to use in the assays, the following 

concentrations were tested: 0.470, 0.705, 0.940 and 1.175 U. To 133-130 μL of phosphate buffer 

(0.1 M, pH 7.6) were added 2-5 μL of MAO-B, 15 μL of benzylamine (100 mM) and 50 μL of 

chromogenic solution to a final volume of 200 μL. A negative control without the enzyme was also 

used. The chromogenic solution contained vanillic acid (1 mM), 4-aminoantipyrine (0.5 mM) and 

peroxidase (12 U mL-1). The chromogenic solution was prepared on a daily basis and kept at 4 ºC 

until needed. The molar absorption coefficient of the quinoneimine dye at 498 nm is 4654 M-1 cm-

1. The mixture was incubated at 37 ºC for 60 min. The reaction was then followed for another 60 

minutes at 37 ºC and 490 nm, with a Thermo Scientific MultiSkan Go spectrophotometer. The rate 

of the reaction was measured. All experiments were done in triplicate. A calibration curve for the 

enzyme was built (Fig. S3).  

It is important that the enzyme concentration isn’t rate limiting so that Vmax can be reached, so a 

MAO-B concentration of 0.940 U was chosen for the assays.  

 

2.2.2.3. Influence of substrate concentration in enzymatic activity 

 

To determine the concentration of benzylamine (substrate) to use in the assay, the following 

concentrations were tested: 2.5, 5, 7.5 and 10 mM. To 4 μL of MAO-B (0.94 U) were added 5-20 

μL benzylamine (100 mM), 50μL of chromogenic solution and phosphate buffer (0.1 M, pH 7.6) to 

a final volume of 200 μL. The reaction was then followed for 120 min at 37 ºC and 490 nm, in a 

spectrophotometer Thermo Scientific MultiSkan Go. The rate of the reaction was measured. All 

experiments were done in triplicate.  
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The substrate concentration must be high enough to saturate the enzyme, so Vmax can be reached. 

Substrate concentration higher than 7.5 mM give the same Vmax. So, 7.5 mM of benzylamine was 

selected as the concentration to determine the enzymatic activity for MAO-B. 

 

2.2.2.4. Determination of kinetic parameters for MAO-B 

 

The assay for measuring MAO-B kinetic parameters was modified from the literature [179]. To 4 

μL of MAO-B (0.94 U) were added 5-20 μL benzylamine (100 mM), 50μL of chromogenic solution 

and phosphate buffer (0.1 M, pH 7.6) to a final volume of 200 μL. The chromogenic solution 

contained vanillic acid (1 mM), 4-aminoantipyrine (0.5 mM) and peroxidase (12 UmL-1). The 

chromogenic solution was prepared on a daily basis and kept at 4 ºC until needed. The reaction was 

then followed for 60 min at 37 ºC and 490 nm, with a Thermo Scientific MultiSkan Go 

spectrophotometer. The rate of the reaction was measured. All experiments were done in triplicate. 

 

2.2.2.5. Evaluation of MAO-B inhibitory activity of pargyline and 

rasagiline  

 

Two different approaches were used to evaluate the inhibitory MAO-B activity for pargyline and 

rasagiline. 

In the first assay (without previous incubation), to a mixture of 131 μL of phosphate buffer (0.2 M, 

pH 7.4) and pargyline (0.00625-0.2 μM) or rasagiline (0.0125-0.150 μM), were added 4 μL of 

MAO-B (0.94 U), 15 μL of benzylamine (100 mM) and 50 μL of chromogenic solution (to a final 

volume of 200 μL). A negative control without the enzyme and a positive control without inhibitor 

were also done. The mixture was incubated for 30 minutes at 37 ºC, after that the reaction was 

followed for 60 minutes at 37 ºC and 490 nm, with a Thermo Scientific MultiSkan Go 

spectrophotometer. The rate of the reaction was measured. All experiments were done in triplicate. 

In the second (with previous incubation), to a mixture of 131 μL of phosphate buffer (0.1 M, pH 

7.6) and pargyline (0.00625-0.2 μM) or rasagiline (0.0125-0.150 μM), were added 4 μL of MAO-B 

(0.94 U). This mixture was incubated at 37 ºC for 15 minutes. Then 15 μL of benzylamine (100 

mM) and 50 μL of chromogenic solution (to a final volume of 200 μL) were added followed by 

further incubation at 37 ºC for 15 more minutes. A negative control without the enzyme and a 

positive control without inhibitor were also carried out. The reaction was followed for 60 more 
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minutes at 37 ºC and 490 nm, with a Thermo Scientific MultiSkan Go spectrophotometer. The rate 

of the reaction was measured. All experiments were done in triplicate. 

2.2.3. Enzymatic activity determination for MAO-B by fluorometry 

 

2.2.3.1. Influence of MAO-B concentration 

 

In order to determinate the optimum excitation and emission wavelengths for resorufin, a solution 

of 1 μM resorufin was prepared in a 1:10 phosphate buffer (0.1 M, pH 7.6) to a final volume of 900 

μL, and was used to determine the excitation and emission λmax for this compound. The excitation 

wavelength was kept constant at three different values (560 nm, 570 nm, 580 nm) and the emission 

wavelength varied from 580 ± 10 nm for each of the excitation wavelength values. The fluorescence 

was measured with a PerkinElmer LS 55 spectrometer. All the experiments were done in triplicate. 

The results showed a maximum excitation wavelength of 570 nm and a maximum emission 

wavelength of 584 nm. These results were in agreement with the ones described in literature [180].   

A calibration curve for resorufin was constructed using the following concentrations: 1, 5, 10, 15 

and 20 μM. These were diluted 1:100 in a phosphate buffer (0.1 M, pH 7.6) to a final volume of 900 

μL. The fluorescence was read with a PerkinElmer LS 55 spectrometer. All the experiments were 

done in triplicate.  

In order to optimize the enzyme activity quantification a set of assays were performed with 

concentration range from 0.185 U to 5.7872 mU. The enzyme solution was diluted in phosphate 

buffer (0.1 M, pH 7.6). To the different enzyme concentrations was added the reaction mixture 

composed of benzylamine (2 mM), amplex red (400 μM) and HRP (2 U mL-1) and phosphate buffer 

(0.1 M, pH 7.6) diluting to a final volume of 900 μL.  The fluorescence was read with a PerkinElmer 

LS 55 spectrometer. All the experiments were done in triplicate. A calibration curve for Resorufin 

was built (Fig. S4). 

2.2.3.2. Evaluation of MAO-B inhibitory activity of pargyline and 

rasagiline 

 

The assay for measuring the IC50 for pargyline and rasagiline was modified from the literature [180]. 

To 5.782 mU of MAO-B were added 0.150, 0.100, 0.050, 0.025 or 0.0125 μM of pargyline or 

rasagiline and phosphate buffer (0.1 M, pH 7.6) diluting to a final volume of 500 μL. The mixture 

was incubated for 30 minutes at 25 ºC. After which, where added 500 μL of the reaction mixture 
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and the fluorescence was read with a PerkinElmer LS 55 spectrometer. This mixture was left to 

incubate at 25 ºC for 30 minutes and a second reading was done. A negative control composed of 

phosphate buffer (0.1 M, pH 7.6) and a positive control without inhibitor were used. All experiments 

were done in triplicate.  

 

2.2.4.   Statistical analysis 

 

All data was expressed as mean ± standard deviation of triplicate measurements. The dose-response 

curve allows to determine the IC50 value.  GraphPad Prism 5TM software was used to draw all dose-

response curves as well as the corresponding IC50 for all the samples, following Equation 1: 

 

                                                      𝑦 =
𝑦𝑚𝑎𝑥−𝑦𝑚𝑖𝑛

1+(
[𝐼]

𝐼𝐶50
)

+𝑦𝑚𝑖𝑛                                               (1)                                          

 

Were y is the fractional activity of the enzyme in the presence of inhibitor at concentration [I], ymax 

is the maximum value of y that is observed at zero inhibitor concentration (for fractional activity, 

this is 1.0), ymin is the minimum value of y that can be obtained at high inhibitor concentrations 

and.IC50 is the concentration that inhibits the enzyme by 50%. 

 

The kinetic constants, Km and Vmax, where determined with the software Hyper 3.2, through the 

Michaelis-Menten equation (Eq. 2), were the velocity (v) of enzyme-catalyzed reactions is 

hyperbolically related to the substrate concentration ([S]):  

 

                                                                       𝑣 =
𝑉𝑚𝑎𝑥×[𝑆]

𝐾𝑚+[𝑆]
                                                           (2) 

Two different linearization derived from Equation 2 were also presented, namely the Lineweaver-

Burk Plot (Eq. 3) and the Eadie-Hofstee Plot (Eq. 4), using software Hyper 3.2:  

                                                           
1

𝑣
=

𝐾𝑚

𝑉𝑚𝑎𝑥
×

1

[𝑆]
+

1

𝑉𝑚𝑎𝑥
                                                      (3) 

                                                   𝑣 = 𝑉𝑚𝑎𝑥 −
𝑣

[𝑆]
× 𝐾𝑚                                                      (4) 
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2.3.   Results and Discussion 

 

2.3.1   Enzymatic activity of AChE and BuChE by UV-Vis spectrometry 

 

The assays were based on the Ellman method [178], which uses DTNB to quantify the amount of 

thiocholine (TCh) produced from the hydrolyses of ATCI by eeAChE. TCh reacts with DTNB to 

give a yellow anion, 2‐nitro‐5‐thiobenzoate (TNB2-) (Scheme 6).  

 

 

 

Scheme 6 - ATCI hydrolysis by AChE. Adapted from [178]. 

 

In a first step, the methodology was optimized taking into account the concentration of both 

substrate and DTNB (see section 2.2.1.2.).  

The study of the effects of substrate concentration is complicated due to the fact, that [S] varies 

during the course of the reaction, as long as the substrate is converted into product. One way to 

simplify this problem is to measure V0. In a kinetic experiment [S] is always higher than the 

concentration of the enzyme [E] [181]. The effect on V0 provoked by the substrate concentration 

variation when [E] is constant is represented in Figures 29A and 29B. 
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Figure 29 – Michaelis–Menten curve for (A) eeAChE in the presence of ATCI; (B) eqBuChE in the presence of BTCI. 

 

The dose-response curve for eeAChE using ATCI as substrate and the dose-response curve for 

eqBuChE using BTCI as substrate both followed a Michaelis-Menten kinetics, reaching a maximum 

concentration for 1.5 mM in both cases.  

The kinetic parameters, Km and Vmax, for eeAChE and eqBuChE were determined using, 

respectively, ATCI and BTCI as substrates. The results are presented in Tables 2 and 3.  

 

Table 2 - Kinetic parameters for eeAChE using ATCI as substrate.   

 Michaelis-Menten Eadie-Hofstee Lineweaver-Burk 

Km (mM) 0.092 ± 0.006 0.109 0.157 

Vmax (U mg-1) 4.697 ± 0.584 4.788 5.249 

 

The value of Km for eeAChE varied between 0.092 mM and 0.157 mM and the Vmax ranged from 

4.697 to 5.249 U mg-1 using Michaelis-Menten equation and two different linearization methods.  

 

Table 3 - Kinetic parameters for eqBuChE using BTCI as substrate. 

 Michaelis-Menten Eadie-Hofstee Lineweaver-Burk 

Km (mM) 0.132 ± 0,052 0.145 0.233 

Vmax (U mg-1) 0.906 ± 0.074 0.911 1.062 
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For eqBuChE, the value of Km ranged from 0.132 mM to 0.233 mM and Vmax varied between 0.906 

and 1.062 U mg-1 using Michaelis-Menten equation and two different linearization methods. 

The results obtained for eeAChE Km parameter is lower than the result obtained for eqBuChE, which 

means that the first needs lower substrate concentration to reach half maximal velocity for the 

enzymatic reaction. Therefore, if an enzyme has a small value of Km, it achieves maximal catalytic 

efficiency at low substrate concentrations [32]. Actually, Voet et al. report for AChE a Km value of 

0.095 mM and a catalytic efficiency3 of 1.5 x 108 M-1 s-1 under similar conditions as described above 

(see 2.2.1.3.)  [32]. With regards to Vmax, AChE (Table 2) presents a result 4 times higher than 

BuChE (Table 3), which is in concordance with the catalytic efficiency of AChE.  

Ramsay et al. reported a Km value of 0.1 mM for AChE and 0.15 mM for BuChE [35]. In another 

study Di Giovanni et al. presented a Km of 0.12 ± 0.02 mM and a Vmax of 1.39 ± 0.06 mM min-1 U-1 

for AChE under similar conditions to the ones used in this thesis, the exception was the 412nm 

wavelength used by Di Giovanni  [182]. Comparing these results with the ones presented in Tables 

2 and 3, is possible to assume they are in agreement.   

In the case of the Lineweaver-Burk results from both Tables (2 and 3) a big discrepancy is observed, 

especially for Km. Actually, Copeland and coworkers previously mentioned that Lineweaver-Burk 

plots were not suitable for determining Km and Vmax, instead they recommended following a non-

linear regression analysis of the untransformed data fit to the Michaelis-Menten equation [183]. 

Dowd and Riggs confirmed this by using a computer program to generate random samples from 

populations of simulated data (using 500 replicates), and to estimate Km and Vmax from each sample, 

by the method of least squares, without weighting, for three different linear transformations, 

including Lineweaver-Burk. The distribution of the sample estimates of the parameters were then 

compared with the Michaelis-Menten equation values, and the results depicted by the Lineweaver-

Burk equation were the least reasonable [184]. So, it is possible to say that the results obtained with 

the Lineweaver-Burk linearization method (Tables 2 and 3) are unreliable when compared to Eadie-

Hofstee linearization method and to the untransformed data fitted to the Michaelis-Menten equation. 

 

 

 

                                                           
3 Increasing the reaction rate of a chemical reaction allows the reaction to become more efficient, and hence more 

products are generated at a faster rate. Increase of the reaction rate, will result in a more efficient chemical reaction 

within a biological system. 
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2.3.1.1. Evaluation of enzymatic selectivity for the substrate 

 

ACh is hydrolyzed by eeAChE and eqBuChE. An important fact that distinguishes the two enzymes 

is their kinetic response to different concentrations of the neurotransmitter acetylcholine (ACh), 

which is reflected by their Km and Vmax values. The results from this experiment are presented in 

Figures 30A and 30B and Table 4. Actually, Figure 30A shows the hydrolysis of ATCI for eeAChE 

(dot) and eqBuChE (square), were it is clear that ATCI hydrolysis catalyzed by eqBuChE is slower 

than the same substrate hydrolysis by eeAChE [185, 186]. 

In the case of BTCI (synthetic substrate), Vmax for eqBuChE was 1000 times greater than for 

eeAChE. This, allied to the analysis of Figure 30B, that shows the hydrolysis of BTCI by eeAChE 

(dot) and eqBuChE (square), led to the conclusion that eeAChE had no affinity for BTCI (see the 

dot line over the xx axis), contrary to what was verified for eqBuChE, for which this is a specific 

substrate (Fig. 30B). 
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Figure 30 - Michaelis–Menten curve kinetic representation of eeAChE and eqBuChE using: (A) ATCI as substrate; (B) BTCI as 

substrate. 

  

From these results, it’s possible to see that both eeAChE and eqBuChE hydrolyze ATCI, although 

the affinity of the substrate to eeAChE was bigger, showing a Km  value seven times inferior for this 

enzyme when compared to eqBuChE. It’s possible to assume that, if eqBuChE hydrolyzes ATCI 

(the synthetic substitute for ACh) it should also hydrolyze ACh in the brain. In fact, Silver stated 

that eqBuChE could efficiently catalyze ACh hydrolysis [186]. 
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Table 4 – Kinetic parameters for eeAChE (using ATCI as substrate) and eqBuChE (using both ATCI and BTCI as 

substrates) . 

 AChE BuChE 

 ATCI ATCI BTCI 

Km (mM) 0.092 ± 0.006 0.672 ± 0.033 0.132 ± 0.052 

Vmax (U mg-1) 4.697 ± 0.584 0.391 ± 0.07 0.906 ± 0.074 

 

 

2.3.1.2. eeAChE and eqBuChE inhibitory activity evaluation for 

rivastigmine, donepezil and galantamine 

 

The variety of different parameters presented in the literature for calculating IC50 values produces 

numerous results. These different parameters include temperature, wavelength, buffer, pH value, 

the source of the enzyme, previous incubation (or not) of the inhibitor with the enzyme and the 

substrate used. To properly compare the results of existing compounds with new ones, a study of 

these variables was carried out in this dissertation.  

The active ingredients of three commercial compounds used in AD therapy (donepezil, rivastigmine 

and galantamine) were studied for the effects of different parameters on their IC50 determination for 

eeAChE and eqBuChE. These parameters include: wavelength (405 nm or 412 nm); temperature 

(25 ºC or 37 ºC); buffer (Tris-HCl 0.05M, pH 8 or Phosphate 0.1M, pH 8); pre-incubation (or not) 

of the inhibitor with the enzyme before adding the substrate. The dose-response graphs are presented 

in Figures 31 to 34 and the IC50 results are presented in Tables 5 to 8. 
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Figure 31 – eeAChE dose-response curves for donepezil, rivastigmine and galantamine in Tris-HCl buffer and 405 nm, at 25 °C 

(A, C, E) and 37 °C (B, D, F). 
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Figure 32 - eeAChE dose-response curves for donepezil, rivastigmine and galantamine in Tris-HCl buffer and 412 nm, at 25 °C 

(A, C, E) and 37 °C (B, D, F). 
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Table 5 - eeAChE IC50 values of the active ingredients of the commercial drugs used in AD treatment with Tris-HCl 

0.05 M, pH 8, measured at 25 ºC and 37 ºC (with/without pre-incubation at 405 nm).  

 25ºC 37ºC 

 No pre-incubation Pre-incubation No pre-incubation Pre-incubation 

Donepezil 

  Hydrochloride 14.3 ± 0.1 nM 6.12 ± 0.5 nM 26.9 ± 1.3 nM 11.5 ± 4.0 nM 

Rivastigmine 

Tartrate 342.5 ± 13.0 μM 127.6 ± 5.9 μM 478.0 ± 5.1 μM 163.2 ± 3.9 μM 

Galantamine 

Bromide 
2.9 ± 0.2 μM 4.4 ± 0.0 μM 2.0 ± 0.4 μM 2.5 ± 0.0 μM 

 

 

Table 6 - eeAChE IC50 values of the active ingredients of the commercial drugs used in AD treatment with Tris-HCl 

0.05 M, pH 8, measured at 25 ºC and 37 ºC (with/without pre-incubation at 412 nm).  

 25ºC 37ºC 

 No pre-incubation Pre-incubation No pre-incubation Pre-incubation 

Donepezil 

  Hydrochloride 42.1 ± 1.8 nM 21.5 ± 10.3 nM 73.3 ± 2.9 nM 57.7 ± 4.9 nM 

Rivastigmine 

Tartrate 914.0 μM 228.3 ± 31.6 μM 966.0 μM 199.0 ± 6.2 μM 

Galantamine 

Bromide 
2.2 ± 0.4 μM 1.6 ± 0.0 μM 2.2 ± 0.1 μM 2.7 ± 0.2 μM 

 

The results of eeAChE activity, with and without incubation at 25 ºC and 37 ºC using Tris-HCl 

buffer (tables 5 and 6) showed that the IC50 values for both donepezil and rivastigmine improved 

with pre-incubation. For galantamine there was no considerable change. Between the two different 

temperatures the overall results are better at 25 ºC, except for rivastigmine. If the different 

wavelengths are considered (Tables 5 and 6), the results are similar in the case of galantamine but 

very different for donepezil and rivastigmine, showing IC50 results much better for a wavelength of 

405 nm (Figs. 31-32).  
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Figure 33 – eeAChE dose-response curves for donepezil, rivastigmine and galantamine in phosphate buffer and 405 nm, at 25 °C 

(A, C, E) and 37 °C (B, D, F). 
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Table 7 – eeAChE IC50 values of the active ingredients of the commercial drugs used in AD treatment with phosphate 

buffer 0.1 M, pH 8 measured at 25 ºC and 37 ºC (with/without pre-incubation at 405 nm). 

 25ºC 37ºC 

 No pre-incubation Pre-incubation No pre-incubation Pre-incubation 

Donepezil 

  Hydrochloride 32.9 ± 4.5 nM 1.6 ± 0.7 nM 41.9 ± 7.5 nM 28.8 ± 3.4 nM 

Rivastigmine 

Tartrate 789.5 ± 77.9 μM 22.4 ± 1.6 μM 175.4 ± 4.0 μM 78.2 ± 13.8 μM 

Galantamine 

Bromide 
2.8 ± 0.0 μM 2.7 ± 0.4 μM 3.1 ± 0.3 µM 3.5 ± 0.3 µM 

 

 

Comparing the results of the assays, in the presence of eeAChE, with and without incubation at 25º 

C and 37 ºC using phosphate buffer (Table 7, Figure 33) shows that, once again, galantamine doesn’t 

change significantly it’s IC50 values. On the other hand, donepezil and rivastigmine present better 

results for incubation at 25 ºC in phosphate buffer. Rivastigmine also shows better IC50 results at 37 

ºC with and without incubation in phosphate buffer. 
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Figure 34 - eqBuChE dose-response curves for donepezil, rivastigmine and galantamine in phosphate buffer and 405 nm, 

at 25 °C (A, B, C). 

 

 

Table 8 - eqBuChE IC50 values of the active ingredients of the commercial drugs used in AD treatment with Tris-HCl 

0.05 M, pH 8, measured at 25 ºC (with/without pre-incubation at 405 nm). 

 25ºC 

 No pre-incubation Pre-incubation 

Donepezil 

  Hydrochloride 3.3 ± 0.1 μM 3.4 ± 0.2 μM 

Rivastigmine 

Tartrate 26.7 ± 3.8 μM 1.3 ± 0.0 μM 

Galantamine 

Bromide 
14.9 ± 0.7 μM 10.9 ± 0.2 μM 
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Analyzing the results on Table 8, only rivastigmine presented considerable changes in activity 

against eqBuChE, with better results when incubated at 25 ºC. When compared, Tables 5 and 8 

show that the both donepezil and galantamine were better inhibitors against eeAChE and 

rivastigmine was   a better inhibitor against eqBuChE. 

The overall results (Tables 5-8 and Figs. 31-34) show donepezil as the best inhibitor for eeAChE.  

Anand and Gharabawi describe Rivastigmine as a “pseudo-irreversible” enzyme inhibitor 

(dissociates more slowly) that undergoes hydrolysis by AChE [131]. 

Enz and coworkers reported that the activity of Rivastigmine against AChE is 100 to 1000 times 

less potent in vitro (without previous incubation) than that of tacrine or physostigmine, but only 10-

fold lower in vivo [187]. This can explain the discrepancy of IC50 results against eeAChE, between 

rivastigmine and the other two inhibitors, donepezil and galantamine.   

As stated earlier, IC50 values can suffer slight to major variation, depending on the inhibitor and on 

the assay conditions. For instance, galantamine presents an activity against AChE that ranges from 

0.55 µM to 6.60 µM [167, 182, 188-190], and is of 7.3 µM for BuChE [171]. The activity of 

donepezil against AChE varies between 11 nM and 7.61 µM [35, 182, 191-194], and against BuChE 

ranges from 4.1 µM to 7.3 µM [35, 191-193]. The lower IC50’s presented for these compounds were 

achieved with pre-incubation of the enzyme, which show its importance on the assay conditions.  

 

2.3.2. Enzymatic activity for MAO-B  

 

The assays were based on the method described by Holt et al.[179]. The reaction mechanism of 

MAO involves oxidative deamination of primary, secondary and tertiary amines to the 

corresponding aldehyde and free amine, with the generation of hydrogen peroxide (Scheme 7). In 

this case, the substrate benzylamine (which is specific for MAO-B) is deaminated by the enzyme to 

form benzaldehyde. The aldehyde is rapidly metabolized by aldehyde dehydrogenase to acidic 

metabolites [195]. The aldehyde formed can be detected by spectrophotometry [179]. It is also 

possible to detect the amount of hydrogen peroxide formed during the reaction. 
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Scheme 7 - Reaction pathway of monoamine metabolism by oxidative deamination by mitochondrial MAO. Adapted from [195]. 

 

In this test reaction, the H2O2 formed is detected instead of the aldehyde. 4-Aminoantipyrine acts as 

the proton donor in the peroxidase reaction and then condenses with vanillic acid to afford the 

quinoneimine dye (Scheme 8) [179]. 

 

 

 

Scheme 8 - Peroxidase assay for MAO-B activity determination. Adapted from [179]. 

 

Results show that MAO-B follows a Michaelis-Menten kinetic (Fig. 35) with a maximum 

concentration of 7.5 mM. 
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Figure 35 - Determination of kinetic parameters for MAO-B. 

 

Table 9 presents Km and Vmax values for Michaelis-Menten and two different linearization methods 

(Eadie-Hofstee and Lineweaver-Burk). 

 

 

Table 9 - Kinetic parameters for MAO-B using benzylamine as substrate. 

 Michaelis-Menten Eadie-Hofstee Lineweaver-Burk 

Km (mM) 0.675 ± 0,044 0.668 0.665 

Vmax (U mg-1) 29.180 ± 2.374 29.150 29.130 

 

The value of Km for MAO-B varied between 0.665 mM and 0.675 mM and the Vmax ranged from 

29.130 to 29.180 U mg-1 using different linearization methods.  

Finberg et al. reported for MAO-B a Km of 0.305 mM and a catalytic efficiency of 4.9 x 104 M-1s-1 

[196]. When comparing these results with the ones for eeAChE or eqBuChE (Tables 2 and 3) the 

difference in Km and Vmax is significant, showing that MAO-B is an enzyme that needs a higher 

substrate concentration to reach half-maximum velocity and presents a catalytic efficiency 104 lower 

than eeAChE. 

To determine the IC50 values for pargyline and rasagiline by UV/Vis absorption spectrometry, two 

different approaches were used, with or without inhibitor pre-incubation before substrate addition 

(see Section 2.2.2.5.).   

In the first approach, without inhibitor incubation with the enzyme before substrate addition, there 

was no variation in the percentage of inhibition of the enzymatic activity with the variation of 
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substrate concentration (results not shown). On the other hand, in the second approach, when the 

inhibitor was previously incubated with the enzyme prior to substrate addition followed by addition 

of the other reagents, it was possible to build a dose-response curve for both inhibitors (Fig. 36). 

 

Figure 36 - Dose-response graph of MAO-B activity against rasagiline and pargyline. 

 

Based on the pargyline concentrations, that varied between 3.9 and 250 nM, it was possible to 

observe a variation in MAO-B inhibition between 19% and 95%, with an IC50 of 27.87 nM. For 

rasagiline, the concentrations varied between 12.5 and 150 nM showing a variation in MAO-B 

inhibition between 18% and 78%, with an IC50 of 42.09 nM. 

The first approach wasn’t suitable for determining MAO-B enzymatic activity. It was possible that 

these irreversible inhibitors (also called suicide inhibitors) didn’t have enough time to out-compete 

the substrate for the enzyme active center. On the other hand, the second approach gave similar 

results to those from the literature, leading to the use of this method for further assays. In fact, 

according to Fowler et al., pargyline inhibits phenylethylamine (PEA) deamination in human brain 

in vitro with an IC50 of 40 nM [197], whilst Usdin reported an IC50 for pargyline of 30 nM [198]. 

Regarding rasagiline, our results are somewhat different from those published by Youdim et al., 

4.43 nM for rat brain and 14 nM for human brain in vitro [199]. This discrepancy could be due to 

the different methods used to determine MAO-B activity, since Youdim et al. used a liquid 

scintillation counting technique, with selegiline as substrate and a 60 min pre-incubation at 37 ºC, 

as we used spectrometry UV-Vis, with benzylamine as substrate and 30 min pre-incubation at 37 

ºC. 
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Another assay method used for determining the enzymatic activity of MAO-B is based on the 

detection of hydrogen peroxide (H2O2) in a horseradish peroxidase-coupled reaction using N-acetyl-

3,7-dihydroxyphenoxazine (Amplex Red), a highly sensitive and stable probe for H2O2. HRP (E.C. 

1.11.1.7.) is a metalloenzyme with a heme group and two calcium ions located at the distal and 

proximal regions of the enzyme. These calcium ions confer stability to the enzyme [200]. 

Hydrogen peroxide is the oxidizing agent of HRP reaction and is produced from the oxidative-

deamination of the substrate, which is then followed by hydrolysis of the iminium ion to the 

corresponding aldehyde by MAO-B (see scheme 5). H2O2 then reacts with amplex red (non-

fluorescent) in the presence of HRP producing resorufin (fluorescent). The stoichiometry of the 

reaction is 1:1 [201]. By measuring the fluorescence it is possible to calculate the product 

concentration (scheme 9). HRP (purple) catalyzes a one-electron oxidation of non-fluorescent 

Amplex Red to the non-fluorescent Amplex Red radical. The formation of fluorescent resorufin 

from the Amplex Red radical is an enzyme independent reaction. The overall reaction stoichiometry 

between Amplex Red and H2O2 (red) is 1 : 1 [202].  

 

Scheme 9 – Horseradish peroxidase assay (showing the catalytic cycle of peroxidase) for MAO-B activity determination by tracing 

hydrogen peroxide. Adapted from [202]. 
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In scheme 9, HRP first oxidizes Amplex Red to non-fluorescent radical intermediates, which 

subsequently undergo an enzyme independent reaction to form fluorescent resorufin [202]. In the 

peroxidase cycle, hydrogen peroxide binds to the iron atom on the distal side of the ferric enzyme 

which forms a peroxide adduct, that upon elimination of water, forms an oxoferryl species plus a 

porphyrin-based π cation radical, compound I. Reduction of compound I by elimination of the π 

cation radical forms compound II which is reduced to return the enzyme to the resting state [200, 

203]. 

To determine the IC50 for pargyline and rasagiline, the fluorescence was measured at the initial time 

and after 30 minutes. By applying the calibration curve equation, a dose-response graph was drawn 

for each inhibitor (Fig. 37), which allowed to determine the corresponding IC50 values.  

 

 

Figure 37 - Dose-response curves and IC50 values for pargyline and rasagiline by flourometry. 

 

The IC50 for both inhibitors were very similar (20.14 nM and 17.72 nM), but the value for pargyline 

was greater. When we compared these results with the ones obtained by the spectrometric method 

(28.70 nM and 40.72 nM), we observed that these results were lower. In a study by Zhou and 

coworkers, they used a fluorometric method to measure MAO-B with a sensitivity 10-fold higher 

than the conventional spectrophotometric assay method, and were able to detect MAO-B activity as 

low as 1.2 x 10-5 U/mL [180]. Another point favorable to the fluorometric method is the use of much 

lower amounts of enzyme, making this method much more sensitive (and less expensive) than the 

previous one. This makes it a reliable method for a bioassay screening test.  
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2.3. Conclusions  

 

The kinetic parameters for eeAChE, eqBuChE and MAO-B were optimized. eeAChE was the most 

efficient of the three enzymes studied. Both eeAChE and eqBuChE presented selectivity for ATCI, 

but only eqBuChE presented selectivity for BTCI. 

The lack of information in terms of comparison of the three major commercial drugs used in AD 

led to their study under different assay conditions. The IC50 values of Donepezil, Rivastigmine and 

Galantamine, suffered slight to major variation, depending on the assay conditions. According to 

the results obtained (see Section 2.3.1.2.) the following conditions were chosen for the proceeding 

assays: no incubation at 25 ºC with a wavelength of 405 nm and Tris-HCl 0.05 M, pH 8 buffer.   

The comparative study of rasagiline and pargyline was made using two different methods, to 

determine their accuracy. UV-Vis molecular absorption spectrometry and fluorometric methods 

were compared, and although the fluorometric method was much more sensitive, a good correlation 

in the bioassay screening test was achieved with the UV-Vis molecular absorption spectrometry 

method, allowing this technique to be used in a simpler and less expensive way. 
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neurodegenerative diseases  

___________________________________________ 
“One never notices what has been done; 

One can only see what remains to be done.” 

 

Marie Curie (1867-1934) 
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3.1.    Introduction 

 

In the healthy human brain, AChE activity is greater than BuChE activity. One of the hallmarks 

of AD is the significant loss of cholinergic neurons, accompanied by the decline of ACh available 

in the brain [204]. During AD progression AChE levels in the CNS decrease contrary to what 

occurs with BuChE [172]. Based on the cholinergic hypothesis (see section 1.3.1.3), targeting 

these enzymes will help increase the neurotransmitter ACh levels.  

PD is associated with the loss of dopaminergic neurons resulting in dopamine decrease by MAO-

B, by oxidative deamination [76]. One of the promise strategy to delay PD symptoms is based on 

targeting MAO-B (see section 1.3.2.5). 

The increasing mortality rate of AD, PD and the reduced therapeutic potential of the currently 

available options have led to focus these research activities on the development of MTDLs as 

potential cholinesterase and monoamine oxidase inhibitors. This research led to the screening of a 

wide range of structurally diverse small molecules, in an in vitro bioassay which involved the 

search for “hits”, which are active substances having a preferential activity for the target [205].  

All the compounds, except stated otherwise were tested as a racemic mixture. Many drugs having 

a center of asymmetry are still used in clinical practice as racemates. Often, racemic drugs were 

introduced in clinical practice because the animal and the clinical pharmacology, the toxicology, 

and the teratology were performed with the racemates [206]. A large proportion of therapeutic 

agents are chiral molecules, being single enantiomer or racemic mixtures. The best and most 

simple definition to date for chirality is that given by Mislow, which states: “An object is chiral if 

and only it is not superimposable on its mirror image; otherwise it is achiral” [207]. This term 

describes the nature of the molecule but does not refer to its stereochemical composition [208]. 

There is a large number of natural occurring molecules that are pharmacologically active 

substances with a broad spectrum, i.e., antimicrobial, antineoplasic, CNS-active, anti-

inflammatory and cardiovascular [209]. Most compounds in nature present the same sense of 

chirality, for instance, with rare exceptions α-aminoacids occurring in nature consistently have the 

L configuration; similarly, monosaccharides are of the D configuration. Closely related molecules 

usually have the same sense of chirality. Specific interaction of the chiral drug with the chiral 

space of the biological receptor is preferential for only one of the enantiomers. So, it is not 

surprising that many of the compounds that are used as therapeutic agents are chiral and present a 

specific enantiomeric form [208]. 

The screening methods used were as described in chapter 2.  
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3.2.   Materials and methods 

 

3.2.1.   Chemicals 

 

eeAChE, eqBuChE, 5,5-dithio-bis-(2-nitrobenzoic acid) (DTNB), acetylthiocholine iodide 

(ATCI) and butyrylthiocholine iodide (BTCI) were purchased from Sigma-Aldrich. AChE used in 

the assay was from Electrophorus electricus (type VI-S lyophilized powder, 814 U mg-1 protein), 

BuChE used in the assay was from equine serum (lyophilized powder, 1830 U mg-1 protein). The 

lyophilized enzymes were prepared in 20 mM Tris-HCl pH 7.6 buffer. DTNB was prepared in 50 

mM Tris-HCl, 0.1 M NaCl, 0.02 M MgCl2 buffer (pH 8.0). ATCI and BTCI were prepared in 50 

mM Tris-HCl buffer (pH 8.0).  

 

 

3.2.2.  Compound Screening 

 

All synthesized compounds were developed by the Group of Medicinal Chemistry/Organic 

Synthesis of Prof. Anthony Burke.The isoquinolinone and azepanone derivatives were synthesized 

by Dr. Daniela Peixoto and Dr. Carolina Marques [210]. The indolinone derivatives were 

synthesized by Dr. Jane Totobenazara, Dr. Carolina Marques and Luís Fernandes [211]. The 

diether-ester derivatives as well as the chromanone and chromanol derivatives were synthesized 

by Dr. Hugo Viana [212]. Compounds 17a and 17b were enantiomers of compound 17 (racemate). 

All the other compounds were racemic. Compounds 48a and 48b were presented in the form of 

salt.  

The rivastigmine derivatives were synthesized by Prof. Maurizio Benaglia Chemistry Group in the 

context of the bilateral project, FCT/ITALIA CNR - 2015/2016 (Ref. 441.00), “Using 

enantioselective reductions with organocatalysts as a means to obtaining key drugs for 

neurodegenerative diseases”. These compounds were enantiomerically pure and presented in the 

form of salt. Table 10 shows the name, structure and family of the compounds tested in this chapter. 
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Table 10 - Compounds in study. 

Family Compound structure Compound name Number 

Isoquinolinone 

 

4-hydroxy-3,4-dihydroisoquinolin-1(2H)-

one 

1 

 

Isoquinolinone 

 

4-hydroxy-7-methyl-3,4-

dihydroisoquinolin-1(2H)-one 

2 

Isoquinolinone 

 

4-hydroxy-6-methyl-3,4-

dihydroisoquinolin-1(2H)-one 
3 

Isoquinolinone 

 

6-chloro-4-hydroxy-3,4-

dihydroisoquinolin-1(2H)-one 
4 

Isoquinolinone 

 

4-hydroxy-7-methoxy-3,4-

dihydroisoquinolin-1(2H)-one 
5 

Isoquinolinone 

 

4-methoxy-3,4-dihydroisoquinolin-1(2H)-

one 
6 

Isoquinolinone 

 

5-hydroxy-2,3,4,5-tetrahydro-1H-

benzo[c]azepin-1-one  
7 

Isoquinolinone 

 

5-hydroxy-8-methyl-2,3,4,5-tetrahydro-

1H-benzo[c]azepin-1-one 
8 

Azepanone 

 

-hydroxy-7-methyl-2,3,4,5-tetrahydro-1H-

benzo[c]azepin-1-one 

9 
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Table 10 – (continued). 

Azepanone 

 

5-hydroxy-8-methoxy-2,3,4,5-tetrahydro-

1H-benzo[c]azepin-1-one  

 

10 

Azepanone 

 

8-hydroxy-7,8-dihydro-1,6-naphthyridin-

5(6H)-one5 
11 

Azepanone 

 

8-hydroxy-2-methyl-7,8-dihydro-1,6-

naphthyridin-5(6H)-one 

12 

Azepanone 

 

9-hydroxy-6,7,8,9-tetrahydro-5H-

pyrido[3,2-c]azepin-5-one 

13 

Azepanone 

 

9-hydroxy-2-methyl-6,7,8,9-tetrahydro-

5H-pyrido[3,2-c]azepin-5-one 

14 

Azepanone 

 

4-hydroxy-5,6-dihydrothieno[2,3-

c]pyridin-7(4H)-one 

15 

Azepanone 

 

4-hydroxy-6,7-dihydro-4H-thieno[2,3-

c]azepin-8(5H)-one 

16 

Indolinone 

 

 

 

 

 

 

 

1-benzyl-3-hydroxy-3-phenylindolin-2-

one 

17 
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Table 10 – (continued). 

Indolinone 

 

(R)-1-benzyl-3-hydroxy-3-phenylindolin-

2-one 

17a 

Indolinone 

 

(S)-1-benzyl-3-hydroxy-3-phenylindolin-

2-one 

17b 

Indolinone 

 

1-benzyl-3-phenyl-3-(prop-2-yn-1-

yloxy)indolin-2-one 

18 

Indolinone 

 

1-benzyl-3-methoxy-3-phenylindolin-2-

one 

19 

Indolinone 

 

1-benzyl-3-hydroxy-3-methylindolin-2-

one 

20 

Indolinone 

 

1-benzyl-3-hydroxy-3-(prop-2-yn-1-

yl)indolin-2-one 

21 

Indolinone 

 

1-benzyl-3-hydroxy-3-(4-

methoxyphenyl)indolin-2-one 

22 
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Table 10 – (continued). 

Indolinone  

 

1-benzyl-3-(4-fluorophenyl)-3-

hydroxyindolin-2-one 

23 

Indolinone 

 

1-benzyl-3-(4-bromophenyl)-3-

hydroxyindolin-2-one 

24 

Indolinone 

 

1-benzyl-3-cyclohexyl-3-hydroxyindolin-

2-one 

25 

Indolinone 

 

1-benzyl-3-hydroxy-3-(pyridin-2-

yl)indolin-2-one 

26 

Indolinone 

 

3-hydroxy-1,3-diphenylindolin-2-one 27 

Indolinone 

 

3-hydroxy-3-phenyl-1-(pyridin-2-

yl)indolin-2-one 

28 

Indolinone 

 

3-hydroxy-1-phenethyl-3-phenylindolin-2-

one 

29 
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Table 10 – (continued). 

Indolinone 

 

3-hydroxy-3-phenyl-1-(3-

phenylpropyl)indolin-2-one 

30 

Indolinone 

 

1-butyl-3-hydroxy-3-phenylindolin-2-one 31 

Indolinone 

 

1-(cyclohexylmethyl)-3-hydroxy-3-

phenylindolin-2-one 

32 

Indolinone 

 

3-hydroxy-1-(4-hydroxybutyl)-3-

phenylindolin-2-one 

33 

Indolinone 

 

3-hydroxy-3-phenyl-1-((tetrahydro-2H-

pyran-4-yl) methyl)indolin-2-one 

34 

Indolinone 

 

 

 

3-hydroxy-1-(morpholinomethyl)-3-

phenylindolin-2-one 

35 

Indolinone 

 

3-hydroxy-3-phenyl-1-(piperidin-1-

ylmethyl)indolin-2-one 

36 
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Table 10 – (continued). 

Indolinone 

 

tert-butyl 4-((3-hydroxy-2-oxo-3-

phenylindolin-1-yl)methyl)piperidine-1-

carboxylate 

37 

Indolinone 

 

tert-butyl 4-((3-hydroxy-2-oxo-3-

phenylindolin-1-yl)methyl)piperazine-1-

carboxylate 

38 

Indolinone 

 

3-hydroxy-3-phenyl-1-(pyridin-2-

ylmethyl)indolin-2-one 

39 

Indolinone 

 

3-hydroxy-3-phenyl-1-(pyridin-4-

ylmethyl)indolin-2-one 

40 

Indolinone 

 

 

  

3-hydroxy-1-(4-methoxybenzyl)-3-

phenylindolin-2-one 

41 

Indolinone 

 

 

 

 

 

 

1-(4-fluorobenzyl)-3-hydroxy-3-

phenylindolin-2-one 

42 
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Table 10 – (continued). 

Indolinone 

 

1-(2-chlorobenzyl)-3-hydroxy-3-

phenylindolin-2-one 

43 

Indolinone 

 

1-(4-chlorobenzyl)-3-hydroxy-3-

phenylindolin-2-one 

44 

Indolinone 

 

1-(3-chlorobenzyl)-3-hydroxy-3-

phenylindolin-2-one 

45 

Indolinone 

 

3-hydroxy-1-(4-phenoxybenzyl)-3-

phenylindolin-2-one 

46 

Indolinone 

 

 

  

1-((1-benzylpiperidin-4-yl)methyl)-3-

hydroxy-3-phenylindolin-2-one 

47 

Indolinone 

 

 

 

 

 

 

 

4-((3-hydroxy-2-oxo-3-phenylindolin-1-

yl)methyl)piperidin-1-ium chloride 

48a 
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Table 10 – (continued).  

Indolinone 

 

4-((3-hydroxy-2-oxo-3-phenylindolin-1-

yl)methyl)piperidin-1-ium 2,2,2-

trifluoroacetate 

48b 

Indolinone 

 

1-benzyl-5-bromo-3-hydroxy-3-

phenylindolin-2-one 

49 

Indolinone 

 

1-benzyl-6-chloro-3-hydroxy-3-

phenylindolin-2-one 

50 

Indolinone 

 

1-benzyl-3-hydroxy-3-phenyl-6-

(trifluoromethyl) indolin-2-one 

51 

Indolinone 

 

3-hydroxy-3-phenyl-1-(prop-2-yn-1-

yl)indolin-2-one 

52 

Indolinone 

 

  

3-amino-1-methyl-3-phenylindolin-2-one 53 

Indolinone 

 

 

 

 

 

 

tert-butyl(1-methyl-2-oxo-3-

phenylindolin-3-yl) carbamate 

54 
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Table 10 – (continued). 

Indolinone 

 

tert-butyl(1,5-dimethyl-2-oxo-3-

phenylindolin-3-yl) carbamate 

55 

Indolinone 

 

tert-butyl(5-bromo-1-methyl-2-oxo-3-

phenylindolin-3-yl)carbamate 

56 

Diether-ester 

 

2-(2-bromo-5-fluorophenoxy)ethyl-2-(2-

bromo-5-fluorophenoxy)acetate 

57 

Diether-ester 

 

2-(2-bromo-4,5-difluorophenoxy)ethyl-2-

(2-bromo-4,5-difluorophenoxy)acetate 

58 

Diether-ester 

 

3-(2-bromo-5-fluorophenoxy)propyl-3-(2-

bromo-5-fluorophenoxy)propanoate 

59 

Diether-ester 

 

2-((1-bromonaphthalen-2-yl)oxy)ethyl 2-

((1-bromonaphthalen-2-yl)oxy)acetate 

60 

Chromanone 

 

3,3-dimethylchroman-4-one 61 

Chromanone 

 

7-fluoro-3,3-dimethylchroman-4-one 62 

Chromanone 

 

3,3,6-trimethylchroman-4-one 63 

Chromanone 

 

6,7-difluoro-3,3-dimethylchroman-4-one 64 

Chromanol 

 

 

 

3,3-dimethylchroman-4-ol 65 
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Table 10 – (continued). 

Chromanol 

 

3,3-dimethyl-3,4-dihydro-2H-

benzo[g]chromen-4-ol 

66 

-

Methylbenzyl-

amine 

 

(S)-bis((S)-1-phenylethyl)ammonium 

chloride 

67 

-

Methylbenzyl-

amine 

 

(R)-bis((R)-1-phenylethyl)ammonium 

chloride 

68 

-

Methylbenzyl-

amine

 

(S)-1-(3-methoxyphenyl)-N-((S)-1-

phenylethyl) ethanaminium chloride 

69 

-

Methylbenzyl-

amine 
 

(R)-1-(3-methoxyphenyl)-N-((R)-1-

phenylethyl) ethanaminium chloride 

70 

-

Methylbenzyl-

amine 
 

(S)-1-(3-(benzyloxy)phenyl)-N-((S)-1-

phenylethyl) ethanaminium chloride 

71 

-

Methylbenzyl-

amine 

 
 

(R)-1-(3-(benzyloxy)phenyl)-N-((R)-1-

phenylethyl) 

ethanaminium chloride 

72 

Carbamate 

substituted 

-

Methylbenzyl-

amine 

 

 

(S)-1-(3-

((ethyl(methyl)carbamoyl)oxy)phenyl)-N-

((S)-1-phenylethyl)ethanaminium chloride 

73 

Carbamate 

substituted 

-

Methylbenzyl-

amine 

 

 

(R)-1-(3-

((ethyl(methyl)carbamoyl)oxy)phenyl)-N-

((R)-1-phenylethyl)ethanaminium chloride 

74 
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3.2.2.    eeAChE and eqBuChE IC50 evaluation of isoquinolinone, azepanone, 

indolinone, diether ester, chromanone, chromanol and rivastigmine derivatives    

 

To 75 μL of a mixture of different inhibitor concentrations and Tris-HCl buffer (50 mM, pH 8.0) 

were added 25 μL of ATCI (15 mM) or BTCI (15 mM), 125 μL of DTNB (3 mM) and 25 μL of 

eeAChE (0.3 U mL) or eqBuChE (0.3 U mL-1), to a final volume of 250 μL. The synthesized 

compounds were dissolved in the reaction buffer with a maximum of 5% DMSO.  

The microplate was read at 25 ºC and 405 nm, in a spectrophotometer Thermo Scientific MultiSkan 

Go, during 15 min. The rate of the reaction was measured. All experiments were done in triplicate. 

 

3.2.3.   MAO-B IC50 evaluation of isoquinolinone, azepanone, indolinone, diether 

ester, chromanone, chromanol and rivastigmine derivatives 

 

To a mixture of 131 μL of phosphate buffer (0.1 M, pH 7.6) and several concentrations of the 

synthesized compounds (0.04883-100 μM), were added 4 μL of MAO-B (0.94 U). This mixture 

was incubated at 37 ºC for 15 minutes. Then 15 μL of benzylamine (100 mM) and 50 μL of 

chromogenic solution (to a final volume of 200 μL) were added, followed by 15 more minutes of 

incubation at 37 ºC. A negative control without the enzyme and a positive control without inhibitor 

were also conducted. The reaction was followed for a further 60 minutes at 37 ºC and 490 nm, in 

a Thermo Scientific MultiSkan Go spectrophotometer. The rate of the reaction was measured. All 

experiments were done in triplicate. 

 

3.2.4.   Statistical analysis 

 

All data was expressed as mean ± standard deviation of triplicate measurements. Statistical 

analysis of data was performed using one-way ANOVA. A probability value of p < 0.05 was 

considered statistically significant. Multiple comparisons of means were analyzed using the b-

Tukey test. Analyses were performed using SPSS® 22 Windows, IBM. The dose-response curves 

were built with the software GraphPad Prism 5TM and the IC50 for all the samples was determined 

with the software OriginPro® 8. The selectivity index (S.I.) for eeAChE is calculated by using 

Equation 5. 

                                                                𝑆. 𝐼. =
𝐼𝐶50𝐵𝑢𝐶ℎ𝐸

𝐼𝐶50𝐴𝐶ℎ𝐸
                                                         (5) 
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3.3.   Results and discussion 

 

3.3.1.   eeAChE and eqBuChE IC50 evaluation  

3.3.1.1.   Isoquinolinone and Azepanone derivatives 

 

Considering their broad biological activity spectrum, the isoquinolinone scaffold is a privileged-

scaffold lead for targeting various diseases. Isoquinolines are alkaloids found in several bioactive 

natural products [213-216]. These molecules are derived from phenylalanine [217], and exhibit 

antidepressant [218], anti-inflammatory [219] and analgesic [220, 221] characteristics. For this 

reason, this family was chosen for evaluating their inhibitory properties against AChE and BuChE. 

The azepanone family was chosen on the basis of their analogy with galantamine which contains 

an azepane ring, and it is the azepane ring which is recognized as the important pharmacophore 

element for AChE inhibition.   

A library of 16 isoquinolinone and azepanone derivatives with benzyl, pyridyl and thiophene cores 

(Fig. 38) was tested for eeAChE and eqBuChE inhibition [210].  

 

 

Figure 38 – Isoquinolinone and azepanone derivatives. 
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The dose-response curves of both eeAChE and eqBuChE are presented in Figures 39 and 40. The 

results of these inhibition studies are shown in Table 11 and the corresponding statistical analysis 

is shown in Figures 41(for eeAChE) and 42 (for eqBuChE), as well as in Table A1.  

 

Figure 39 - Dose-response curves for compounds 1, 6, 7, 8 and rivastigmine for eeAChE inhibition; and of compounds 4, 6, 7, 8, 

galantamine and rivastigmine for eqBuChE inhibition.  
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Figure 40 - Dose-response curves for compounds 5, 9, 10, 11, 12, 13, 14, 15 and 16 for eeAChE inhibition; and of compounds 2, 

10, 12, 15 and 16 for eqBuChE inhibition (continues next page). 
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Figure 40 - Dose-response curves for compounds 5, 9, 10, 11, 12, 13, 14, 15 and 16 for eeAChE inhibition; and of compounds 2, 

10, 12, 15 and 16 for eqBuChE inhibition (continued). 

 

 

Analysis of the dose-response curves (Fig. 39) revealed some interesting insights. Both compounds 

6 and 7 showed similar behavior for eeAChE and eqBuChE inhibition (Fig. 39), this along with 

the respective IC50 values (Table 11), made these compounds potential target inhibitors for both 

enzymes, and a structural basis for lead development design. Compound 1 presented a good 

sigmoidal shape dose-response curve, and along with it the corresponding IC50 value showed 

potential to be a target drug for AChE (Fig. 39). Compounds 5, 11, 12, 13, 14, 15 and 16 acted as 

eeAChE activators, which means that they increased AChE activity, at concentrations lower than 

120.2, 426.6, 346.7, 331.1, 446.7, 363.1 and 190.5 µM, respectively (Fig. 40). It is not yet clear 

why these compounds presented this behavior. For higher concentrations, they acted as inhibitors. 

The same was true for the eqBuChE inhibitors 10 and 12 that acted as activators for concentrations 

lower than 61.7 and 93.8 μM, respectively. For concentrations above 61.7 µM, compound 10 

showed good inhibition of eqBuChE (Fig. 40). In the case of compound 4, for eqBuChE it 

presented an IC50 of 226.1 µM, but at half this concentration (108 μM) it presented a significant 

40% inhibition and at a quarter the IC50 concentration (54 μM), 30% inhibition (Fig. 39). 

Compound 9 presented an IC50 of 564.4 µM for eeAChE, but at a concentration 2.5 times lower 

(226 μM) it gave a significant 30% inhibition. The same behavior was observed for compound 10 

in the case of eeAChE inhibition (Fig. 40).  
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Table 10 – Inhibition studies for eeAChE and eqBuChE activities. 

a IC50 values are expressed as mean ±SD (n =3) based on dose-response curves, using the Origin 8.0 Pro. 

N.D. – Not determined in the tested concentrations (because the inhibitory activities were too weak to permit an IC50 determination). 

 

 

 

Compound IC50 eeAChE (μM)a IC50 eqBuChE (μM)a Selectivity Index 

(IC50 eqBuChE/ IC50 eeAChE) 

1 136.0 ± 8.8 807.5 ± 1.9 5.938 

2 N.D. 352.1 ± 17.7 N.D. 

3 N.D. N.D. N.D. 

 

4 N.D. 226.1 ± 20.8 

 

N.D. 

 

5 311.3 ± 2.3 

 

N.D. N.D. 

 

6 89.5 ± 2.0 

 

153.8 ± 2.6 

 

1.718 

 

7 108.4 ± 3.4 

 

277.8 ± 7.7 

 

2.563 

 

8 536.3 ± 37.7 

 

108.0 ± 8.1 

 

0.201 

9 564.4 ± 21.8 

 

269.4 ± 6.5 

 

0.477 

10 585.1 ± 23.6 

 

108.6 ± 15.7 

 

0.186 

 

11 1296.7 ± 22.8 

 

N.D. N.D. 

 

12 1251.7 ± 80.9 N.D. N.D. 

13 550.4 ± 17.8 N.D. N.D. 

14 > 1500 

 

N.D. N.D. 

15 1366.2 ± 48.9 N.D. N.D. 

16 756.4 ± 24.4 

 

825.6 ± 16.1 

 

1.091 

Rivastigmine 342.5 ± 13.0 5.1 ± 0.9 0.015 

Galantamine 2.9 ± 0.2 14.9 ± 0.7 5.138 
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From the analysis of eeAChE activity, compound 6 provided a good inhibition value (Table 11), 

showing the importance of the methoxy group in position-4 (compare compound 1 and 6, Table 

11). The presence of electron withdrawing and electron donor substituents in the aryl ring of 

isoquinolin-1(2H)-ones derivatives does not affect the IC50 value considerably (compounds 2 to 4, 

Table 11), with the exception of compound 5 – a compound bearing a methoxy group in the 8-

position) showing an IC50 of 311.3 μM (Table 11), once again demonstrating the importance of 

the methoxyl group for binding to the enzyme active site. Comparing the azepanone compounds 

with their isoquinolinone counterparts it was noticed that compounds 8-10 gave better inhibition 

values than 2- 4 (Table 11), although they’re still very high when compared to the benchmarks 

rivastigmine and galantamine. Compound 7 was the exception since it had a similar value to 

compound 1 (Table 11). Isoquinolinones and azepin-1(2H)-ones with pyridyl cores, independently 

of having, or not, electron donor groups in the aryl ring gave similar IC50 values for eeAChE (Table 

11, compounds 11, 12 and 14), compound 13 (IC50 of 550 µM) was the best candidate (Table 11), 

but still with no significant inhibition properties. There was a big difference observed in the two 

molecules containing a thiophene core, for instance, isoquinolin-1(2H)-one (15) had an IC50 almost 

twice that of azepin-1(2H)-one (16) (Table 11). When compared to the rivastigmine benchmark, 

all compounds (except 1, 5, 6 and 7) showed higher IC50 values for eeAChE and when compared 

to the galantamine benchmark, all compounds showed higher IC50 values for eeAChE.  

Analyzing eqBuChE activity, the azepin-1(2H)-one compounds gave better results than their 

isoquinolin-1(2H)-one counter-parts, independently of the type of substituent in the aryl ring. 

Compounds 8 and 10 gave the best results, with moderately good IC50 values, 108.0 μM and 108.6 

µΜ, respectively (Table 11). Higher IC50 values were obtained for the isoquinolin-1(2H)-ones, as 

compound 6 gave an IC50 value of 153.8 μM (Table 11), which was the best result for these 

compounds with this enzyme. Moreover, the pyridyl and thiophene containing derivatives, 

regardless of the ring size, did not present any major differences in their IC50 values (Table 11, 

compounds 11 to 15), and displayed poor inhibition. Unfortunately, all these compounds were less 

active with eqBuChE than the benchmarks (all presented higher IC50 values). Compound 8 gave 

the lowest value of 108.0 µM. As can be seen from Table 11, and the selectivity indexes, the 

isoquinolin-1(2H)-ones and azepin-1(2H)-ones with no substituents in the aryl ring, and the 

isoquinolinones and azepin-1(2H)-ones with pyridyl and thiophene units were selective for 

eeAChE, whilst isoquinolin-1(2H)-ones and azepin-1(2H)-ones with substituents in the aryl ring 

were selective for eqBuChE. 
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Figure 41 – In vitro eeAChE activity, in the presence of rivastigmine, galantamine and compounds 1, 5-13 and 15-16. Different 

letters represent values significantly different (p<0.05). 

 

The statistical analysis for AChE inhibitory activity in the presence of isoquinolinone and 

azepanone derivatives (Fig. 41) shows that galantamine is significantly different from all the 

compounds. Compounds 1, 6 and 7 aren’t significantly different from each other, and present the 

best IC50 values, although higher than galantamine they are lower than the benchmark 

rivastigmine. Compound 5 is not significantly different from rivastigmine but differs significantly 

from galantamine. Compounds 8-10 and 13 are not significantly different from each other, and the 

same applies for compounds 11-12 and 15. As for compound 16, it is significantly different from 

all others.  

The statistical analysis for eqBuChE activity in the presence of isoquinolinone and azepanone 

derivatives (Fig. 42) shows that all the compounds are significantly different from the benchmarks. 

Compounds 8 and 10 aren’t significantly different from each other, as well as compounds 7 and 9 

and compounds 1 and 16 (p >0.05). Compounds 2, 4 and 6 are significantly different from all 

others (p<0.05). The compounds that showed higher activity were the azepanones 8 and 10, 

although lower than the benchmarks.  
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Figure 42 – In vitro eqBuChE activity, in the presence of rivastigmine, galantamine and compounds 1, 2, 4, 6-10 and 16. 

Different letters represent values significantly different (p<0.05). 

 

 

3.3.1.2.   Indolinone derivatives 

 

Oxindole is a core unit present in many natural product and bioactive compounds [222-227]. The 

structural analogy between oxindoles and donepezil specifically in regard to the indanone unit, 

make these compounds of interest for AChE and BuChE inhibition [228]. With this in mind, a 

library of 43 compounds was tested for their inhibition ability of these enzymes (Fig. 43).  

The dose-response curves of both eeAChE and eqBuChE are presented in Figure 44. The results 

of these inhibition studies are shown in Table 12 and the corresponding statistical analysis is shown 

in Figures 45 (for eeAChE) and 46 (for eqBuChE), as well as in Table A1. 
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Figure 43 - Indolinone derivatives (continued in next page). 
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Figure 43 -  Indolinone derivatives (continued). 
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Figure 44 – Dose-response curves for compounds (17)-(56) for eeAChE and eqBuChE (continued in next page). 
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Figure 44 – Dose-response curves of compounds (17)-(56) for eeAChE and eqBuChE (continued). 
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Figure 44 – Dose-response curves of compounds (17)-(56) for eeAChE and eqBuChE (continued). 
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Table 11 - Inhibition studies for eeAChE and eqBuChE activities with oxindole derivatives (continued next page). 

Compound IC50 eeAChE (µM) IC50 eqBuChE (µM) Selectivity Index 

(IC50 eqBuChE/IC50 eeAChE) 

17 237.18 ± 6.97 7.41 ± 0.001 0.03 

17a 143.13 ± 2.09 6.19 ± 0.88 0.04 

17b 160.01 ± 23.08 53.95 ± 3.78 0.34 

18 N.D. 71.32 ± 8.40 N.D. 

19 392.05 ± 46.88 69.03 ± 1.69 0.18 

20 640.85 ± 34.41 26.44 ± 1.51 0.04 

21 315.68 ± 19.64 53.52 ± 10.11 0.17 

22 154.77 ± 11.08 147.12 ± 7.97 0.95 

23 203.32 ± 12.27 315.30 ± 14.60 1.55 

24 171.04 ± 12.93 484.09 ± 6.34 2.83 

25 59.62 ± 5.77 60.30 ± 6.37 1.01 

26 N.D. 126.53 ± 13.59 N.D. 

27 179.21 ± 4.42 217.31 ± 8.24 1.21 

28 206.09 ± 23.94 N.D. N.D. 

29 227.37 ± 49.34 11.20 ± 0.21 0.05 

30 229.25 ± 9.35 23.11 ± 1.99 0.10 

31 1275.76 ± 33.60 15.30 ± 0.28 0.01 

32 170.58 ± 2.11 23.12 ± 1.95 0.14 

33 881.63 ± 71.43 103.86 ± 3.88 0.12 

34 N.D. 392.17 ± 22.94 N.D. 

35 N.D. 1158.95 ± 51.93 N.D. 

36 901.29 ± 52.74 264.06 ± 23.05 0.29 
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Table 12 - (continued).   

37 273.92 ± 9.07 265.78 ± 54.00 0.97 

38 61.26 ± 3.70 1127.43 ± 78.85 18.40 

39 1037. 78 ± 112.64 22.67 ± 2.28 0.02 

40 192.45 ± 16.86 39.82 ± 2.24 0.21 

41 185.21 ± 7.19 13.52 ± 1.33 0.07 

42 218.30 ± 32.45 600.41 ± 69.08 2.75 

43 813.53 ± 96.85 51.60 ± 2.42 0.06 

44 154.88 ± 4.59 146.33 ± 1.44 0.94 

45 128.62 ± 18.48 1.02 ± 0.001 0.01 

46 181.35 ± 2.92 N.D. N.D. 

47 193.09 ± 10.12 6.61 ± 0.26 0.03 

48a 500.21 ± 62.01 18.26 ± 0.75 0.04 

48b N.D. 47.07 ± 3.89 N.D. 

49 215.15 ± 9.31 363.07 ± 8.39 1.69 

50 96.19 ± 0.95 N.D. N.D. 

51 53.80 ± 2.47 108.00 ± 7.22 2.01 

52 462.39 ± 13.53 111.18 ± 8.32 0.24 

 53 609.03 ± 1.69 141.24 ± 5.99 2.24 

54 1046.23 ± 12.46 692.06 ± 76.79 0.60 

55 1083.64 ± 25.83 555.61 ±13.17 0.51 

56 299.99 ± 32.77 678.76 ± 85.22 2.26 

Donepezil 0.014 ± 0.0001 3.3 ± 0.1 235.71 

 

N.D. – Not determined in the tested concentrations (because the inhibitory activities were too weak to permit an IC50 determination). 
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Although compound 17 showed good inhibitory activity, particularly for eqBuChE (Table 12), the 

(R)-enantiomer (compound 17a) presented better inhibitory activity for both eeAChE and 

eqBuChE. The (S)-enantiomer (compound 17b) presented better inhibition results for eeAChE but 

not for eqBuChE when compared to the racemate (compound 17). In the case of the two 

enantiomers, 17a and 17b, it was the (R)-enantiomer that presented the best results, especially for 

eqBuChE. Compounds 18 and 19 presented lower inhibition activity compared to compound 17 

(Table 12), showing the importance of the free alcohol as a hydrogen bond donor in the ligand-

protein interaction. This seems to be the case for eeAChE.  

In the case of eqBuChE, substitution of the phenyl group by an alkyl (compound 20) or a propargyl 

group (compound 21), presents better inhibition results than the substitution of the phenyl group 

in the para-position with a halogen (F, Br) or a OMe (compounds 22-24) as seen in Table 12.  

Interesting, the isosteric replacement of the substituted phenyl by a cyclohexyl (compound 25) or 

a pyridine (compound 26) gave better results for eqBuChE than compounds 22 to 24. Actually, 

the non-aromatic units of compounds 20, 21 and 25, most probably developed CH/π interactions 

with the aromatic ring of the enzymes gorge. None of these compounds (20-26) was a better 

inhibitor than compound 17. In the case of eeAChE, compounds 22 to 25 gave better inhibition 

results than compound 17, with compound 25 being the best in this group. Although the presence 

of a 3-Ph group is desirable for eqBuChE inhibition, the presence of a 3-cyclohexyl should give 

better inhibition in the case of eeAChE. 

Analyzing the results for BuChE inhibition of compounds 27 to 48b, the lower inhibition of 

compound 27 – with a phenyl group directly attached to the oxindole nitrogen – and for compound 

28 -  with a 2-pyridyl unit – were noteworthy. Compounds 29 to 32 presented much better 

inhibitory activities for BuChE than for AChE. Extending the side chain by one methylene unit 

(compound 30) decreased BuChE inhibition by half, but didn’t affect AChE inhibition. In the case 

of compound 33, the OH group of the side chain didn’t improve the inhibition of the enzyme. The 

attachment of a cyclohexylmethyl unit as in the case of compound 32 gave an IC50 of 170.58 µM, 

this was probably due to the lack of π-π stabilizing interactions. The replacement of the phenyl 

group of compound 17 with an acyclic unit, like in the case of compounds 31 and 33 gave very 

poor inhibitions for eeAChE. The alicyclic terminal units incorporated into the molecule in the 

case of compounds 34-36, failed to improve the inhibition with either AChE or BuChE. 

Compounds 37 and 38 were poor inhibitors for BuChE. None the less, compound 38 presented 

good results for AChE. On the other hand, the pyridine substituted analogues (compounds 30 and 

40) proved to be good inhibitors for BuChE. Compound 40 also presented better inhibition results 

for AChE than compound 17. In the case of electron-donor compounds, as 41 and 46, very different 
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results were obtained. Compound 41 presented a good inhibition to BuChE, but compound 46 

didn’t inhibit the enzyme. Electron-withdrawing substituents, like compound 45, gave a very good 

inhibition result for BuChE, and a good result for AChE (Table 12). A good result was also 

obtained by compound 43 for BuChE, but when these substituents were placed into the para-

position (compounds 42 and 44) much lower inhibitions were obtained. So it would seem that both 

steric and electronic factors can influence the inhibitor activity in the case of BuChE.  

Compound 47 gave the second best inhibition for BuChE (IC50=6.61 μM). This was expected on 

the basis of the molecular docking studies [211]. The benzene A-ring of compound 17 was 

substituted with halogens in different positions, to give compounds 49 and 50, but none of these 

compounds showed significant inhibition, with either enzyme (Table 12). 

By looking at the results on Table 12 it’s interesting to see that almost all the compounds were 

selective for BuChE. The exceptions were compounds 23, 24, 27, 28, 38, 42, 46, 49, 50 and 51. 

 

 

 

Figure 45 - In vitro eeAChE activity, in the presence of donepezil and compounds 17-17b, 19-33 and 36-56. Different letters 

represent values significantly different (p<0.05). 
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Figure 46 - In vitro eqBuChE activity, in the presence of donepezil and compounds 17-27, 29-45, 47-49 and 51-56. Different 

letters represent values significantly different (p<0.05). 

 

All the compounds are significantly different from donepezil. In the case of eeAChE, the best 

results were obtained with compounds 25, 38 and 51, although they are all significantly different 

from each other (Fig. 45). In the of eqBuChE, the best results were given by compounds 17, 17a, 

45 and 47, with 17a and 47 not significantly different from each other (Fig. 46). 

 

3.3.1.3.   Diether-ester derivatives 

 

The diether ester compounds 57-60 (Fig. 47) had structural characteristics that suggested they 

could potentially inhibit both AChE and BuChE [229]. They could interact favorably in the active 

site, especially through aromatic π−π interactions with the active site aromatic amino acid residues 

and via H-bonding interactions of the ester group with the catalytic triad residues [212]. So, these 

four compounds were evaluated for their inhibition of eeAChE and eqBuChE. The dual inhibitor 

Rivastigmine was used as a standard. Dose-response curves for eeAChE and eqBuChE are 

presented in Figure 48. The results of these inhibition studies are shown in Tables 13 and 14 as 

well as in Figures 49 and 50 (see also Table A1). 
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Figure 47 – Diether-ester derivatives. 

 

By analysing the dose-response curves for eeAChE and eqBuChE (Fig. 48), it is possible to 

determine the corresponding IC50 values. All the curves present a sigmoidal shape and are very 

similar for eeAChE, reaching 100% inhibition for all compounds, except 60, that with pre-

incubation reached a maximum of 80% inhibition. All the compounds presented better results with 

pre-incubation. For eqBuChE inhibition, none of the compounds reached 100 % inhibition, 

although the results were better with pre-incubation. 

 

Table 13 - Inhibition studies for eeAChE and eqBuChE with diether-ester derivatives. 

 IC50 eeAChEa (M) IC50 eqBuChEa (M) 

Compound No pre- 

incubation 

Pre- 

incubation 

No pre- 

incubation 

Pre- 

incubation 

57 146.65 ± 2.68   67.95 ± 8.21   863.12 ± 12.55   664.10 ± 11.76 

58 188.24 ± 3.79   107.25 ± 0.69   951.31 ± 12.90   481.79 ± 20.09 

59 191.66 ± 5.78 103.67 ± 1.48 836.11 ± 8.91 335.76 ± 10.70 

60   145.21 ± 13.36   38.37 ± 1.38 > 1500   437.85 ± 10.15 

Rivastigmine  342.50 ± 13.00 127.60 ± 5.90 26.71 ± 3.77 1.3 ± 0.0 

a IC50 values are expressed as mean ±SD (n =3) based on dose-response curves, using the Origin 8.0 Pro. 

 

The incubation time was studied for the compounds with both enzymes, and was found to be 

crucial to the inhibition process (Table 13). All the compounds showed higher inhibition for 

eeAChE than for eqBuChE, thus being more selective for this enzyme (Table 14).  
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Figure 48 - Dose-response curves with and without incubation, for eeAChE and eqBuChE with diether-ester derivatives. 
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 Figure 49 - In vitro eeAChE activity, in the presence of rivastigmine and compounds 57 to 60. Different letters represent values 

significantly different (p<0.05). 

 

In the case of eeAChE, all compounds presented higher inhibition than the standard, Rivastigmine. 

Compound 60 provided the best IC50 value, 38.37 M, showing the importance not only of the 

aromatic rings in this process, with putative π-π interactions, but also the ester group that perhaps 

was hydrolyzed by the catalytic triad in the enzymes’ active site. This result for compound 60 was 

significantly different from all others (p<0.05) in the case of pre-incubation with eeAChE, but not 

in the absense pre-incubation, where compounds 57 and 60 are not significantly different (p>0.05).  

On comparing the IC50 values for 57 and 58 it’s clear that the p-fluorine atoms didn’t favour 

eeAChE inhibition (Table 14) with values significantly different (Fig. 49). Compounds 58 and 59 

didn’t present any significant difference with or without pre-incubation with eeAChE (Fig. 49), 

which led us to believe that the elongation of the chain wasn’t the principal factor for better 

eeAChE inhibition with these compounds. In the case of eqBuChE, compound 59 gave the best 

IC50 value, 335.76 μM (with pre-incubation) and this value was significantly different from all 

others (p<0.05). Without pre-incubation all of the compounds showed significantly different 

inhibitory results to Rivastigmine and to each other (Fig. 50). Contrary to eeAChE, the presence 

of different substituents in the aryl ring favours eqBuChE inhibition (Table 14, with incubation).  
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Figure 50 - In vitro eqBuChE activity, in the presence of rivastigmine and compounds 57 to 60. Different letters represent values 

significantly different (p<0.05). 

 

In the case of the eqBuChE inhibition, although the IC50 values with pre-incubation are far better 

than without pre-incubation, they were all significantly different from each other (Fig. 50), and 

besides, the inhibition was very low compared to the standard. Actually, compound 60 didn’t 

inhibited eqBuChE without pre-incubation. Ultimately, these results showed that these compounds 

were unsuitable for inhibiting eqBuChE, as we can see from Table 14 (higher values indicate 

selectivity towards eeAChE).  

 

Table 14 – Selectivity index for cholinesterase studies with diether-ester derivatives. 

 Selectivity Index  

(IC50 eqBuChE /IC50 eeAChE) 

Compound No pre- 

incubation 

Pre-  

incubation 

57 5.89   9.77 

58 5.05   4.49 

59 4.36 3.24 

60   N.D.   11.41 

Rivastigmine  0.08 0.05 

 

 

Interestingly, unlike rivastigmine, the diether-ester 57-60 were highly selective for eeAChE, 

especially with previous incubation (Table 14).  
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3.3.1.4.   Chromanone and chromanol derivatives 

 

The structural analogy between chromanones and donepezil - specifically in regard to the 

chromanone unit - made these compounds of interest for AChE and BuChE inhibition. With this 

in mind, 6 compounds were tested for the inhibition ability of these enzymes (Fig. 51). Donepezil 

was used as standard. 

The dose-response curves are presented in Figure 52 and the corresponding IC50 results of these 

studies are presented in Table 15. Figure 53 (and Table A2) shows the statistical analysis for 

eeAChE and eqBuChE inhibition in the presence of compounds 61-66 and donepezil.  

 

 

Figure 51 - Chromanone and chromanol derivatives. 

 

In the case of eeAChE, compound 62 had the higher inhibition, probably due to the existence of 

electron withdrawing substituents in the m-position of the aryl ring. Compound 61 showed a very 

weak interaction, contrary to compounds 62-64, which led to the conclusion that the existence of 

substituents in the aryl ring potentiates eeAChE inhibition. None the less, substitution in both m- 

and p-position wasn’t so favorable (Table 15, compound 64). The existence of an electron donor 

group in the p-position of the aryl ring (compound 63) also showed a weak interaction with the 

enzyme. Interestingly, compounds 65 and 66 presented similar inhibition values for eeAChE  

(Table 15). When compounds 61 (IC50= 692.60 μM) and 65 (IC50= 181.60 μM) were compared, 

there was a significant preference of compound 65 for eeAChE, most likely due to hydrogen 

bonding between the alcohol group and enzyme catalytic triad.  

 



Chapter 3 

_____________________________________________________________________________________ 
 

109 
 

 

Figure 52 - Dose-response curve for eeAChE and eqBuChE with chromanone and chromanol derivatives. 

In the case of eqBuChE, compounds 61, 65 and 66 had similar inhibition values (Table 15). 

Compound 63 didn’t inhibit the enzyme and compound 64 presented a weak inhibition, similar to 

the one it had for eeAChE (Table 15). On the other hand, compound 62 showed the lower IC50 

(12.00 μM), suggesting that electron withdrawing substituents in the m-position were favorable to 

eqBuChE inhibition. Compounds 61, 62 and 65 were selective for eqBuChE, whilst compounds 

64 and 66 were slightly selective for eeAChE. Compound 63 was selective for eeAChE (Table 

15). 
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Table 15 – Inhibition studies for eeAChE and eqBuChE activities with chromanone and chromanol derivatives. 

Compound IC50 eeAChEa (M) IC50 eBuChEa (M) Selectivity Index 

(IC50 eqBuChE/  

IC50 eeAChE) 

61 692.60 ± 22.00 123.30 ± 6.10 0.18 

62 100.00 ± 1.79 12.00 ± 0.02 0.12 

63 380.00 ± 5.78 N.D. N.D. 

64 215.14 ± 10.40 249.00 ± 17.8 1.16 

65 181.60 ± 10.10 147.00 ± 10.10 0.81 

66 160.67 ± 8.47 163.72 ± 12.44 1.02 

Donepezil 0.014 ± 0.0001 3.3 ± 0.1 235.71  

a IC50 values are expressed as mean ±SD (n =3) based on dose-response curves, using the Origin 8.0 Pro. 

N.D. – Not determined in the tested concentrations (because the inhibitory activities were too weak to permit an IC50 determination). 

 

From Figure 53 it is possible to see that for eeAChE, all the compounds showed inhibitions 

significantly different from donepezil, and besides the results obtained for 65 and 66 were rather 

similar. Compound 62 didn’t present significantly different results from donepezil for eqBuChE 

and 65 and 66 were not significantly different from each other. 

 

Figure 53 - In vitro eeAChE and eqBuChE activity, in the presence of donepezil and compounds 61 to 66. Different letters 

represent values significantly different for each enzyme experiment (p<0.05). 
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3.3.1.5.   Rivastigmine analogues 

 

Rivastigmine is a carbamate derivative used in the treatment of initial to mild forms of AD. It 

binds to both ionic and esteratic sites of AChE in a similar way to ACh [36]. Just like the natural 

substrate, rivastigmine undergoes hydrolysis by the enzyme, in this case, to produce a phenolic 

derivative and a carbamic acid (Scheme 11).  

 

 

Scheme 10 – Mechanism of action of Rivastigmine on AChE. Adapted from [36]. 

 

The possibility of developing new and better dual ChE inhibitors led to the study of 8 analogues 

of this commercial drug (Fig. 54).  The dose-response curves are presented in Figure 55 and the 

corresponding IC50 results of these studies are presented in Table 16. Figure 56 (and Table A2) 

shows the statistical analysis for eeAChE and eqBuChE inhibitory activity in the presence of 

compounds 67-74 and rivastigmine. 
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Figure 54 - Rivastigmine analogues. 

 

None of the tested compounds inhibited eeAChE. For compounds 67 to 72, the absence of the 

carbamate group was associated with the lack of inhibition. In the case of compounds 73 and 74, 

which contained a carbamate group, the lower inhibition, when compared to rivastigmine, could 

be related to the substitution of the ethyl group by a phenyl group, although there is a difference 

in the results between compounds 73 and 74, which is probably due to enantiomeric selectivity. 

Compounds 71 and 72 failed to show any significant inhibition of eqBuChE (Table 16), which 

might be related to the presence of the m-benzyloxy group. (Fig. 54).  

For eqBuChE, compounds 67 and 68 showed very weak inhibition and compounds 69 and 70 

showed moderately weak inhibition. Contrary to these results, compounds 73 and 74, which were 

highly selective for eqBuChE, presented very good inhibition for this enzyme, with an IC50 that 

was, respectively, 15 and 6 times lower than rivastigmine (Table 16). This was in some ways to 

be expected, since the bioactive form of rivastigmine has the (S) configuration [36]. None the less, 

what was surprising was that compound 70 and not 69 (with the (S) configuration) presented the 

lower IC50 (Table 16). The same applied to compounds 68 and 67. The preference for the (R) 

enantiomer changed with the introduction of the carbamate group (compounds 73 and 74) (Table 

16). These two compounds were selective for BuChE, and when compared to rivastigmine, the 

selectivity was almost 20 times higher. 
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Figure 55 – Dose-response curves of compounds 73 and 74 for eeAChE, and of compounds 67, 68, 69, 70, 71, 73 and 74 for 

eqBuChE activities.  
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Table 16 - Inhibition studies of eeAChE and eqBuChE activities with rivastigmine analogues. 

Compound IC50 eeAChE (µM) IC50 eqBuChE (µM) Selectivity Index 

(IC50 BuChE/IC50 AChE) 

67 N.D. 515.92 ± 50.62 N.D. 

68 N.D. 499.60 ± 11.53 N.D. 

69 N.D. 247.38 ± 18.44 N.D. 

70 N.D. 177.99 ± 15.19 N.D. 

71 N.D. 1124.54 ± 18.16 N.D. 

72 N.D. N.D. N.D. 

73 913.58 ± 87.79 1.72 ± 0.12 0.002 

74 1286.78 ± 70.47 4.04 ± 0.29 0.003 

Rivastigmine 342.50 ± 13.00 26.71 ± 3.77 0.08 

Rivastigminea 3.12 ± 0.46 0.38 ± 0.02 0.12 

N.D. – Not determined in the tested concentrations (because the inhibitory activities were too weak to permit an IC50 determination). 
aResults from the literature for human AChE and BuChE [230]. 

 

 

 

Figure 56 - In vitro AChE and BuChE activity, in the presence of rivastigmine, compounds 67 to 71 and 73-74. Different letters 

represent values significantly different for each enzyme experiment (p<0.05). 
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The statistical analysis presented in Figure 56 reveals significantly different results for AChE. 

With regards to BuChE, compounds 73 and 74 didn’t present significantly different results from 

rivastigmine, contrary to the rest of the compounds, and 67 and 68 are not significantly different 

from each other. 

 

Mustazza et al. [231] synthesized a variety of dimethyl, diethyl and n-hexylcarbamates related to 

Rivastigmine, that showed IC50 values ranging from 7 to >1000 nM (for rat brain AChE) and of 8 

to >1000 nM (for rat plasma BuChE), which are far better results than the ones presented for 

rivastigmine. When comparing the result obtained for rivastigmine with AChE from two sources: 

eeAChE (342.50 µM, Table 16) and hAChE (3.12 µM) the difference is striking. The same is true 

for BuChE: eqBuChE (26.71 µM) and hBuChE (0.38 µM). This leads to the conclusion that 

rivastigmine is a better inhibitor for human ChEs than for other species. With this in mind, we 

might speculate that in the case of compounds 67 to 74, it is quite possible that better inhibitions 

might be obtained for both hAChE and hBuChE. Curiously, the selectivity index for both 

Rivastigmine entries is similar, meaning that this compound is a better inhibitor for BuChE than 

for AChE, independently of the enzyme source. 

 

3.3.2.   MAO-B IC50 evaluation  

 

Some of the compounds tested for eeAChE and eqBuChE were also tested for hMAO-B inhibition, 

namely, compounds 21 and 68 to 75. Unfortunately, none of these compounds presented inhibitory 

properties for MAO-B in the tested concentrations. Crucial insightful molecular docking studies 

were conducted by Luís Fernandes in order to understand what was happening and to explain the 

lack of activity in the case of these compounds (Fig. 57).  These simulations revealed that the 

interaction of compound 21 with MAO-B, involved π-π stacking with the Tyr 398 and Tyr 435 

residues, respectively. However, these calculations also showed the presence of a hydrogen-

bonded water network that stabilizes the FAD moiety, but on the other hand, the water molecules 

clash with the phenyl and benzyl group in positions 1 and 3 of the inhibitor (Fig. 57B), making it 

very difficult for the inhibitor to be reasonably accommodated within the enzyme active site.   
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Figure 57 - Binding mode of compound (21) obtained by docking with hMAO-B (1OJA, resolution 1.7 A). Water molecules in 

the active site are represented as red and grey spheres. (A) Scheme and (B) Catalytic site view. 

  

3.4.    Conclusions 

 

In this chapter were tested seven different families of compounds to determine which one 

presented the best inhibition for the enzymes eeAChE, eqBuChE and MAO-B. Those families 

were: isoquinolinone, azepanone, indolinone, diether-ester, chromanol, chromanone and 

rivastigmine derivatives. 

Considering the totality of the compounds studied in this thesis, the one that presented the best 

inhibitory capability for AChE was compound 60, and compound 45 for BuChE, with similar 

results for compound 74. Unfortunately, none of these compounds showed inhibition of MAO-B. 

As regards dual inhibition of cholinesterases, both 25 and 62 showed favorable inhibitory profiles. 

In order to better understand how the different families of compounds bind to the target enzymes, 

a Saturation Transfer Difference-NMR (STD-NMR) study was carried out, which is discussed in 

Chapter 4. 
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Chapter 4 

Studying Inhibitor-Enzyme Interactions:  

Saturation Transfer Difference NMR (STD-NMR) 

and molecular docking 

___________________________________________ 
“Absence of evidence is not evidence of absence.” 

 

 (Carl Sagan, 1934-1996) 
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The studies discussed in this chapter led to the following publication: 

 

1. Bacalhau, P., San Juan, A., Goth, A., Caldeira, A. T., Martins, M. R., Burke, A. J. 

Insights into (S)-rivastigmine inhibition of butyrylcholinesterase (BuChE): Molecular 

docking and saturation transfer difference NMR (STD-NMR). Bioorg. Chem. 67, 105–

109 (2016). 
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4.1.    Introduction 

 

Nuclear magnetic resonance (NMR) is a spectroscopic method capable of yielding information on 

the structure of molecules, interactions between molecules and molecular motion. This method is 

based upon the principle that a spinning charge (i.e., the nucleus) generates a magnetic field. In 

the context of protein-ligand interactions, their kinetic properties (typically medium-weak binding 

affinities) make them very suitable to be studied by NMR techniques based on the observation of 

the ligand. Therefore, STD-NMR experiments represent a very robust and powerful ligand-based 

NMR technique to study, at atomic resolution, the hot spots of ligand-receptor interactions, without 

any need for processing NMR information about the receptor and at the same time only using small 

quantities of non-labeled macromolecule [232].  

A sample containing the receptor at low concentration and a large molar excess of the ligand 

(ranging from 1:50 to 1:1000) is usually employed in STD NMR experiments. This precludes the 

perturbations of absolute STD intensities due to rebinding effects (i.e, a ligand already saturated 

experiences another association process, without previous full relaxation), thus hindering a correct 

group epitope mapping assignment [233]. 

The shorter the protein-ligand proton-proton distance (bound state), the stronger the intensity of 

the corresponding STD signal. So, by normalizing all the measured STD intensities (I0-Isat/I0) 

against the most intense signal (which is arbitrarily assigned a value of 100%), the so-called “group 

epitope mapping” is obtained (expressed as percentages). This represents the fingerprint of 

protein-ligand contacts in the bound state, such that it shows which of the units of the ligand are 

key for molecular recognition in the binding site [234].  

Some STD studies were carried out for AChE, BuChE and MAO-B. Donepezil hydrochloride and 

galantamine bromide were used as benchmarks and tested with AChE, rivastigmine tartrate was 

used for both AChE and BuChE, and rasagiline mesylate was the benchmark for MAO-B.  

Key STD-NMR experiments were also performed to map the ligand-protein interactions for 

compounds 6 and 47a with both AChE and BuChE and compound 17 with BuChE. The selection 

of these compounds for this study was based on their inhibition profiles, and the necessity to 

understand their mechanism of inhibition.  

The molecular modeling determinations and their figures presented in this section were courtesy 

of Luís Fernandes.   
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4.2.   Materials and methods 

 

4.2.1. Chemicals 

 

AChE, BuChE, MAO-B, rivastigmine tartrate, donepezil hydrochloride, galantamine bromide and 

rasagiline mesylate were purchased from Sigma-Aldrich. AChE used in the assays was from 

Electrophorus eletricus (VI-S lyophilized powder, 814 U mg-1 protein), BuChE used in the assays 

was from equine serum (lyophilized powder, 1830 U mg-1 protein). The lyophilized enzymes were 

prepared in 20 mM Tris-HCl D2O pH 7.6 buffer. MAO-B used in the assays was human 

recombinant expressed in baculovirus infected BTI insect cells (1U mg-1 protein, 2.5 mg protein 

mL-1 in 0.5 mL solution of 100 mM potassium phosphate, pH 7.4, 0.25 M sucrose, 0.1 mM EDTA, 

and 5% glycerol). Rivastigmine tartrate and donepezil hydrochloride were prepared in DMSO-d6, 

galantamine bromide, MAO-B and rasagiline mesylate were prepared in D2O to the desired 

concentrations. 

 

4.2.2. Conducting the STD experimente 

 

The NMR spectroscopy experiments were performed on a Bruker Avance III 400 MHz HD 

spectrometer equipped with a 5 mm broadband (PABBO BB/19F-1H/D Z-GRD) resonance probe 

head. STD NMR experiments were carried out with solvent suppression and a 10 ms spin-lock 

filter after the 90º pulse to reduce residual signals from the protein. For selective saturation, 

cascades of Gaussian pulses with a length of 50 ms and 40 - 60 dB of attenuation were employed, 

with an interpulse delay of 1 ms [234, 235]. The on-resonance and off-resonance frequencies were 

set to 0 and 12000 Hz, respectively. STD-NMR controls were performed using the ligand itself. 

Blank experiments were performed to guarantee the absence of direct saturation of the ligand 

proton signals. The relaxation delay was properly adjusted so that the experiment time length was 

kept constant at 6.5 s. Water suppression at 1880 Hz (4.7 ppm) was conducted. A sweep-width of 

8012.82 Hz (20.03 ppm) was employed. Specifically, the saturation time to obtain the STD buildup 

curves were recorded at 0.25, 0.5, 1, 2, 3, 4, and 5 s [233, 236]. 

A 5 μM eqBuChE or eeAChE solution was prepared in a Tris-HCl buffer in 99.9 % D2O (20 mM 

at pH 7.4). A 5 mM stock solution was prepared for each compound (ligand). Samples for NMR 

analysis were prepared by adding 100 µL of the ligand to a 500 µL of enzyme solution. 
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Donepezil hydrochloride, galantamine bromide, rivastigmine tartrate and rasagiline mesylate were 

used as benchmarks for these experiments. 

 

4.2.3. Calculation of the STD Amplification factor 

 

For comparing the relative STD effects, the STD amplification factor (ASTD) was calculated 

according the Equation 5 [232]: 

 

                       𝐴𝑆𝑇𝐷= 
𝐼0− 𝐼𝑆𝐴𝑇

𝐼0
x 𝐿 𝑃⁄ molar ratio = 

𝐼𝑆𝑇𝐷

𝐼0
 x 𝐿 𝑃⁄  𝑚𝑜𝑙𝑎𝑟 𝑟𝑎𝑡𝑖𝑜                           (5) 

 

where I0 and ISAT are the intensity of the signals in the reference and saturated spectra, respectively. 

 

 

4.2.4. Mapping of the binding moieties 

 

The ASTD allows the mapping of the ligand hydrogen’s that are closer to the protein, by choosing 

a saturation time that allows a good distinction between the different ASTD. For all the experiments 

the saturation time chosen was of 3s. The STD signal with the highest intensity was set to 100 % 

and all the signal percentages were calculated accordingly [232]. 

 

4.3.   Results and discussion 

 

4.3.1.   Protein-ligand interaction studies by STD-NMR  

 

Cholinesterases are among the most efficient enzymes known. The active site of AChE comprises 

2 subsites - the anionic subsite and the esteratic subsite at the gorge rim. The anionic subsite 

accommodates the positively charged quaternary amine of acetylcholine as well as other cationic 

substrates and inhibitors. X-ray crystallography studies of AChE and BuChE [237] show an 

identical catalytic triad of amino acid residues in the esteratic subsite (serine, histidine and 

glutamate), where ACh is hydrolyzed to acetate and choline, but significant differences at the 

peripheral anionic site (PAS). The PAS in both AChE and BuChE is essentially composed of 
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aromatic amino acids, however, six aromatic residues in human AChE (hAChE) (Tyr72, Tyr124, 

Trp286, Phe295, Tyr337, and Tyr341) are replaced by polar and mostly aliphatic residues in 

human BuChE (hBuChE) (Asn68, Gln119, Val279, Val288, Leu330, and Ala334). Due to their 

large catalytic site, ChE tolerate a wide variety of substrates from small natural or synthesized 

heterocycles to larger molecules like donepezil-tacrine hybrids [238]. 

eeAChE possesses the three amino acids of the catalytic triad Ser203, Glu334 and His447, the 

aromatic residues Phe295 and Phe297, which define an acetylcholine-specific acyl pocket, the 

tryptophan residue Trp86, which interacts with the choline moiety in the active site, Gly121 and 

Gly122 as well as the 14 aromatic residues lining the walls of the gorge [239]. All 14 amino acids 

in the aromatic gorge are highly conserved across different species. Together with Trp86, Tyr337 

constitutes the choline-binding subsite of the catalytic site [240]. 13 residues of the gorge are 

identical to Torpedo californica (ray) AChE (tcAChE), only Tyr330 of EeAChE is replaced by 

Phe330 in tcAChE [239]. The X-ray crystallographic analysis of tcAChE showed that it consists 

of a catalytic triad (Ser200-His440-Glu327) which lies close to the bottom of the deep and narrow 

gorge, which is lined with 14 aromatic amino acid residues [42, 241].  

hBuChE and hAChE share 65% amino acid sequence homology [242]. The crystal structure of 

hBuChE has already been solved [39]. This enzyme can hydrolyze toxic esters such as cocaine 

and scavenge organophosphorous pesticides and nerve agents [39]. It is characterized by 

possessing the catalytic triad which is constituted by Ser198, Glu325 and His438, and the 

hydrophobic residues Leu286 and Val288, which define the acyl pocket. These changes make the 

binding with the bulkier butyrate substrate possible [39]. The tryptophan residue Trp82, which 

interacts with the choline moiety in the catalytic active site via a cation-π interaction, the residues 

Asp70, Tyr332 and Asn83 constitute the peripheral anionic site [39].  

When compared, both eeAChE and eqBuChE have the catalytic triad at the bottom of the gorge 

(20 Å deep). In the case of eeAChE the gorge consists of aromatic residues and in the case of 

eqBuChE the gorge has hydrophobic residues. In contrast to eeAChE, the eqBuChE acyl pocket 

(PAS) has smaller, hydrophobic, amino acid residues, so it can accommodate bulkier substrates. 

In both enzymes, the PAS is located at the outer rim of the gorge, and is an attraction center for 

substrates. The anionic site for both eeAChE and eqBuChE is found half-way down the gorge, 

between the peripheral and the acylation sites. 
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4.3.1.1. STD-NMR of AChE-Donepezil hydrochloride  

 

Donepezil is a reversible and selective AChE inhibitor and is administered as a racemic mixture 

[243]. In the interest of developing more potent analogues of donepezil for hAChE inhibition, and 

for refining screening methods, it was undertaking a detailed study of the key interactions between 

AChE and donepezil using the STD-NMR technique [232-236].  

It should be noted that as donepezil hydrochloride was used for the experiment, certain ion-dipole 

interactions in the vicinity of the piperidine unit would be expected (Fig. 58). 

 

 

Figure 58 -Key binding regions of donepezil. Adapted from [243]. 

 

To precisely map ligand epitopes in close contact with the protein, STD build up curves were 

acquired by collecting spectra at different saturation times [232, 233, 236, 244]. The observed STD 

amplification (ASTD) is not the same for all the hydrogen atoms in donepezil (Figs. 59). This is 

due to the fact that not all the proton signals in the STD-NMR spectrum received the same amount 

of saturation [232, 233].  

 

 

Figure 59 - STD-AF values of selected protons of donepezil as a function of saturation time for a 200-fold ligand excess. 
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Figure 60 - STD-NMR of donepezil with eeAChE, performed at 400 MHz, 15 ºC, and 3 s saturation time. (A) STD of donepezil 

(0.8 mM) with eeAChE enzyme (4 μM) and binding epitope of donepezil from STD NMR experiment. The numerical values 

designate the fraction of saturation as percentage, between the ligand protons and the protein active site, based on the maximum 

ligand STD signal (H3; 100%). Percentage saturation (75–100%) signifies strong interatomic contacts to the eqBuChE active site.; 

(B) Reference of donepezil (0.8 mM) with eeAChE enzyme (4 μM). 

 

The phenyl showed excellent interaction with an STD signal of 99% for 5 hydrogens (Fig. 60), 

probably due to a π-π interaction with Trp86 near the bottom of the gorge. It occupies the binding 

site for quaternary ligands [40, 245], which was also modeled for the quaternary group of the 

natural substrate, ACh [42, 246]. There is kinetic evidence showing that donepezil binds to the 

free and the acylated forms of AChE [247]  demonstrating that donepezil does not interact with 

the catalytic triad [243]. In the constricted region, halfway up the gorge, the charged nitrogen of 

the piperidine ring makes a cation-π interaction with the phenyl ring of Tyr 330 [248]. The 

methylene hydrogens of the piperidine showed an enhancement of 95%, and the methylene 

hydrogens adjacent to the piperidine nitrogen showed enhancements of 55% and 52% respectively, 

most probably due to CH/π interactions with aromatic groups that would include the imidazole 

unit of H447. The same goes for the benzyl methylene hydrogens that showed an enhancement in 
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the order of 66% again due to possible CH/π interactions with the H447 imidazole unit. As already 

mentioned, the indole ring of Trp 86 is the binding site for the quaternary nitrogen of ACh, which 

suggest that Tyr 330 may serve as an additional quaternary binding site, midway down the gorge, 

between the peripheral site and the anionic subsite of the active site [243].  

At the top of the gorge the indanone ring stacks against the indole ring of Trp 285, with 

enhancement in the signals of the aromatic hydrogens (100% and 91%, respectively) that is 

possibly due to π-π interactions [211]. Both the methoxy hydrogens of the dimethoxyindanone 

moiety also show significant interaction with enhancements of 79% and 80%, respectively. This 

is probably due to CH/π interactions [249] with the tryptophan residue Trp 285. The enhancement 

in the signal for the dimethoxyindanone methane hydrogen of 42% is most probably due to van 

der Waals contacts with the aromatic rings of Phe 331 and Phe 290. Curiously, a homolog of 

donepezil, which lacks this carbonyl, was reported to be inactive [250]. It’s suggested that the van 

der Waals contacts made by the carbonyl function help orient the indanone moiety to make a 

favorable interaction with the indole ring of Trp285. In the homolog which lacks this carbonyl 

function, the indanone moiety would be less constrained and would consequently make a poorer 

interaction with Trp 285 [243]. 

From the STD results (Fig. 60), it can be seen that overall the 3-main regions interact with the 

enzyme active site, corroborating the evidence obtained from both X-ray crystallography and 

molecular docking [211, 243], which essentially indicates what is happening in the liquid state. 

 

 

4.3.1.2. STD-NMR of AChE-Galantamine bromide  

 

To precisely map ligand epitopes in close contact with the protein, STD build up curves were 

acquired by collecting spectra at different saturation times [232, 233, 236, 244]. The observed STD 

amplification (ASTD) is not the same for all the hydrogen molecules in galantamine (Figs. 61). 

This is due to the fact that not all the proton signals in the STD-NMR spectrum received the same 

amount of saturation [232, 233].  

Galantamine is a selective AChE inhibitor containing an azepane ring, and is known to form a 

tight complex with TcAChE [251-253]. In the galantamine-TcAChE case, the amino acids residues 

that are within close proximity (i.e. defined as less than 5 Å) were Glu199, Phe330, Trp84, His440, 

Phe288, Phe290, Tyr121, Phe331, Gly119, Ser200, Gly118, and Gly117 [251-253]. It binds 

principally with Trp84 (but not via the amine nitrogen N-10 [253]) in the anionic binding site and 
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Phe288 and Phe290 of the peripheral anionic site (PAS) at the entrance to the gorge. The crystal 

structure of galantamine-RhAChE was also determined and the binding was deemed to be similar 

to that of galantamine-TcAChE [253]. However, an additional hydrogen bond was formed between 

the galantamine N-10 and Tyr337, which was in a different orientation than the corresponding 

Phe330 of TcAChE [254]. 

An STD-NMR study of the complex formed between eeAChE and galantamine was conducted 

(Fig. 62). It showed important interactions between the aromatic ring protons (H6, 100% and H5 

68%) and the enzyme, with the stronger interaction coming from H6. On comparing this with the 

report by Greenblatt et al. [252], this was presumably a π-π interaction with most likely Phe295 or 

Phe297 of eeAChE (in the report by Greenblatt et al. [252] a proximity of these protons with the 

Phe331 residue was observed). The methoxy group and the methyl group attached to N10 also 

showed significant interaction (62% and 51%, respectively). In the case of the methoxy group this 

was probably due to H-bonding with His447 (in the study by Greenblatt et al. [252] there was a 

close approximation of His440 with the MeO group). The significant values of 37% and 30% 

observed for H-14 and H-8, could probably be due to a π-π and CH/π interaction [249] with Trp86. 

As in the X-ray crystal structure the Trp84 indole was observed very close to this region of the 

molecule [252]. 

 

 

Figure 61 - STD-AF values of selected protons of galantamine as a function of saturation time. The sample contained 0.8 mM of 

ligand and 4 μM of eeAChE. 
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Figure 62 - STD-NMR of galantamine with eeAChE: (A) reference 1H spectrum of galantamine with eeAChE and (B) STD 

spectrum of the solution of galantamine (0.8 mM) with eeAChE (4 μM) (3s of saturation time). The relative degree of saturation 

of the individual hydrogens are mapped into the structure and normalized to that of hydrogen H6. Percentage saturation (75–100%) 

signifies strong interatomic contacts to the eeAChE active site. 

 

4.3.1.3. STD-NMR of BuChE-Rivastigmine tartrate  

 

A key STD-NMR experiment to map the ligand-protein interaction of rivastigmine (as its tartrate 

salt) with EqBuChE was performed. To precisely map ligand epitopes in close contact with the 

protein, STD build up curves were acquired by obtaining spectra at different saturation times [232, 

233, 236, 244]. The observed STD amplification (ASTD) is not the same for all the hydrogens in 

rivastigmine (Fig. 63). This is due to the fact that not all the proton signals in the STD-NMR 

spectrum received the same amount of saturation [232, 233]. Thus, the distribution of saturation 

transferred among the different compound protons indicates spatial proximities between the 

protons of the compound molecule and the enzyme in the bound state [234].  As stated above, to 

quantitatively express the relative STD effects at a given saturation time, all of the STD signals 

are normalized against the most intense signal, which is arbitrarily assumed to be 100% [234]. It 
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can be concluded that protons with relative STD values close to 100% belong to parts of the ligand 

that are very intimately recognized by the receptor binding-pocket, and hence must be regarded as 

significant for the interaction.  

In the case of rivastigmine the aromatic group of the NAP unit showed high STD enhancement in 

agreement with both X-ray crystallography and with docking study [255] which was most likely 

to be due to both π-π and CH/π interactions with the tryptophan residue in the choline binding 

pocket and the hydrophobic residues in the PAS. The CH/π interactions are a form of weak 

hydrogen bond, that can be described as a non convalent interaction between CH groups (proton 

donor) and π electron density of the aromatic ring (proton acceptor). In addition, both the benzylic 

methyl group (93%) and the N-methyl groups (38% each) of the NAP unit showed significant 

enhancements supporting again CH/ interactions with hydrophobic residues in the PAS. The N-

ethyl group of the carbamate unit showed an intensification of almost 49%, most probably due to 

approximation to Tyr120. As a final note, the tartrate moiety of the rivastigmine also showed some 

significant enhancement at the H-19 and H-21 (74% and 68%, respectively, Fig. 64). However, it 

is unknown whether this plays a role in the rivastigmine-enzyme binding. 

 

 

Figure 63 - STD-AF values of selected protons of rivastigmine as a function of saturation time for a 200-fold ligand excess. 
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Figure 64 - STD-NMR of rivastigmine with EqBuChE, performed at 400 MHz, 15 ºC, and 3 s saturation time. (a) Reference (top) 

and STD (bottom) of the rivastigmine (0.8 mM) with EqBuChE enzyme (4 μM). (b) Binding epitope of rivastigmine from STD 

NMR experiment. The numerical values designate the fraction of saturation as percentage, between the ligand protons and the 

protein active site, based on the maximum ligand STD signal (H6; 100%). Percentage saturation (75–100%) signifies strong 

interatomic contacts to the EqBuChE active site. 

 

 

4.3.1.4. STD-NMR MAO-B-Rasagiline mesylate  

 

Rasagiline (N-propagyl-1(R)-aminoindan) is currently used for PD treatment. It’s a selective 

inhibitor for MAO-B [256] and has been shown to have neuroprotective properties [256, 257]. 

We performed a key STD-NMR experiment to map the key ligand-protein interactions of 

rasagiline with MAO-B. The binding epitope of rasagiline was calculated as previously described 

(2.3.3.1.).  

The STD-NMR results obtained were actually very different from what it was expected, since 

rasagiline is an irreversible inhibitor of MAO-B. It binds covalently to N5 of the flavin moiety 

(Fig. 65) [258] – which is located between two tyrosine residues (Tyr 398 and Tyr 435) – and are 

found in a conformation approximately perpendicular to the re face of the flavin ring (Fig. 66). 
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The adjacent Cys 397 residue  forms a covalent thioether linkage to the 8α position of the flavin 

ring [259]. The indan group is oriented perpendicular to the FAD unit so that its projection onto 

the flavin plane falls into the flavin central pyrazine ring (Fig. 66) [94]. 

 

 

Figure 65 –  Chemical formula of the covalent adduct formed between rasagiline and FAD. The atomic numberings of the flavin 

and the covalently bound rasagiline are shown. Adapted from [258]. 

 

Figure 66 - Ligplot schematic drawings showing the interactions of Rasagiline with MAO-B. Carbon atoms are in black, oxygen 

atoms are in red, nitrogen atoms are in blue, and sulfur atoms are in yellow. Water molecules are shown as cyan spheres. Dashed 

lines indicate all potential H bonds. “Radiating” spheres indicate hydrophobic contacts between carbon atoms of the inhibitor and 

the neighboring residues. Adapted from  [94]. 
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Figure 67 show the STD amplification factor (ASTD), derived from the buildup saturation spectra, 

allowing the assignment of the epitope map. 

 

Figure 67 - STD-AF values of selected protons of rasagiline as a function of saturation time. 

 

The aromatic ring presented the best interaction, with both H1 and H2 showing 100% attenuation 

respectively (see Fig. 68), whilst both H3 and H6 showed attenuations of 44% and 49%, 

respectively, possible due to π-π interaction with Tyr 326 in both cases. The hydrogens of the indan 

ring showed attenuations of 30% and 33%, respectively, and we attribute this again to π-π 

interactions with the aromatic residues of the catalytic site. H14 showed a lower attenuation of 

24% (Fig. 68). The fact that it was possible to obtain any results in this experiment could be 

explained by the lack of covalent bonding between C13 and N5 of the FAD unit, as it was expected. 

The reasons for this could be due to the pH of the solution, or the temperature used in the 

experiment (25 ºC). 

 

0

2000

4000

6000

8000

10000

12000

0 2 4 6

A
st

d

Saturation time (s)

Rasagiline (MAO-B)

H3

H1,H2

H6

H8a

H9

H8b

H14



Studying Inhibitor-Enzyme Interactions: Saturation Transfer Difference-NMR (STD-NMR) and 

Molecular Docking 

_____________________________________________________________________________________ 
 

134 
 

  

Figure 68 - STD-NMR of rasagiline with MAO-B, performed at 400 MHz, 15 ºC, and 3 s saturation time. (A) reference 1H spectrum 

of rasagiline with MAO-B and (B) STD spectrum of the solution of rasagiline (5 mM) with MAO-B (5 μM) (3s of  saturation time). 

The relative degree of saturation of the individual hydrogens are mapped into the structure and normalized to that of hydrogens H1 

and H2. (a) Reference (top) and STD (bottom) of the rivastigmine (0.8 mM) with EqBuChE enzyme (4 μM). (b) Binding epitope 

of rivastigmine from STD NMR experiment. The numerical values designate the fraction of saturation as percentage, between the 

ligand protons and the protein active site, based on the maximum ligand STD signal (H1,H2; 100%). Percentage saturation (75–

100%) signifies strong interatomic contacts to the EqBuChE active site. 

 

 

4.3.1.5. STD - NMR study of the interaction of AChE with 4-

methoxy-3,4-dihydroisoquinolin-1(2H)-one (6) and 4-methoxy-3,4-

dihydroisoquinolin-1(2H)-one (6) with BuChE  

 

To precisely map ligand epitopes in close contact with the protein, STD build up curves were 

acquired by collecting spectra at different saturation times.[260-263] The observed STD 

amplification (ASTD) is not the same for all the hydrogen atoms in compound 6 (Figs. 69, 70, S5 

and S6), as well as for Galantamine and Rivastigmine [264]. This is due to the fact that not all the 

proton signals in the STD-NMR spectrum received the same amount of saturation [260, 261]. 

Thus, the distribution of saturation transferred among the different compound protons indicates 

spatial proximities between the protons of the compound molecule and the enzyme in the bound 
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state [265]. Qualitatively, it can be assumed that a stronger intensity of a compound signal in the 

STD-NMR spectrum indicates closer inter-hydrogen distances between the compound proton and 

the receptor surface in the bound state [261]. To quantitatively express the relative STD effects at 

a given saturation time, all of the STD signals are normalized against the most intense signal, 

which is arbitrarily assumed to be 100% [265]. 

 

Figure 69 - STD amplification factor of compound 6 interaction with AChE as a function of saturation time. 

 

 

 

Figure 70 - STD amplification factor of compound 6 with BuChE as a function of saturation time. 
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It can be concluded that protons with relative STD values close to 100% belong to parts of the 

compound that are very intimately recognized by the receptor binding-pocket, and hence must be 

regarded as important for the interaction.   

In the case of compound 6, it was inferred that the hydrogen atoms namely, H1 and H3 were 

directly involved in the binding to the AChE and BuChE active sites (Fig. 71B and C). According 

to this qualitative analysis, the aromatic hydrogens (Fig. 71B and C) and the hydrogens from the 

methoxy group (Fig. 71C), were observed to be strongly involved in the binding. In contrast, the 

hydrogens H7, H8a, H8b and H11 showed a relatively lower STD value, indicating that they were 

probably more distant from the active site residues for both enzymes [251].  

It wasn’t possible to localize the NH peak in the 1H NMR spectrum, which made it impossible to 

confirm if there was an interaction of the NH proton with the enzyme. 

These results were in agreement with the molecular docking reported by Bacalhau et al. [210]. 

Even though in the case of the docking study a single enantiomer was used, in the STD-NMR 4 

compound 6 was used in racemic form.  

 

 

                                                           
4 Due to purification issues it was not possible to isolate these derivatives in pure form.  
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Figure 71 - STD-NMR of 4-methoxy-3,4-dihydroisoquinolin-1(2H)-one (6) with both AChE and BuChE, performed at 400 MHz, 

15oC, and 3 s saturation time. (A) reference spectrum, (B) STD spectrum of compound (6) (0.8 mM) with AChE enzyme (4μM) 

and (C) STD spectrum of compound 6 (0.8 mM) with BuChE enzyme (4 μM). Binding epitope of 6 from the STD NMR experiment. 

The numerical values designate the fraction of saturation as a percentage, between the ligand protons and the protein active site, 

based on the maximum ligand STD signal (H1,3 of Ar; 100%). 

 

With regards to AChE and according to the molecular modelling study that was performed by our 

group [210], compound 6 showed H-bonding with the oxyanion pocket residues Gly121 and 

Gly122. Furthermore, the carbonyl oxygen formed a H-bond with Ser203 while the hydroxyl 

group formed a H-bond with Tyr124. Interesting, a π-π stacking interaction formed between the 

aromatic ring of 6 and the Trp86 of the catalytic site stabilized the interactions between the ligand-

protein complex (Fig. 72). 
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Figure 72 - Binding mode of compound (6) obtained by docking with hAChE. Hydrogen bonds are shown as green dotted lines, 

formed between the ligand (6) (green color) with the residues in the active site (grey color). Water molecules in the active site are 

represented as red spheres. Adapted from [210].  

 

In the case of BuChE, and based on molecular docking studies performed by our group, the amide 

nitrogen of compound 6 is predicted to interact with Ser79 and Asp70, mediated by a water 

molecule, whereas, Thr120 formed another H-bond interaction with another water molecule. In 

addition, the hydroxyl group O3 of Tyr332 formed two H-bonds, one with the amide nitrogen and 

other with carbonyl O2 of compound 6 (Fig. 73).  

 

 

Figure 73 - Binding mode of compound 6 obtained by docking with hBuChE. Hydrogen bonds are shown as green dotted lines, 

formed between the ligand 6 (green color) with the residues in the active site (grey color). Water molecules in the active site are 

represented as red spheres. Adapted from [210] .  
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4.3.1.6. STD-NMR study of the BuChE-1-benzyl-3-hydroxy-3-

phenylindolin-2-one (17) interaction  

 

Some good interactions between compound 17 and the protein (Fig. 74 and S7) were observed, as 

indicated by several significant STD-enhancements.  

 

Figure 74 - STD amplification factor of selected protons of compound 17 as a function of saturation time. 

 

H6 showed the higher interaction with the protein (100%), followed by H1 and H3 (Fig. 75). The 

interactions of Ar1 are probably due to π-π stacking with Phe329. Ar2 presented 125% attenuation, 

which could be related with π-π stacking with Tyr332 and the 90% interaction of Ar3 with the 

protein was probably due to π-π stacking with Trp82. With regards to H12, the 78% interaction 

could be assigned to the H-bond network made with Ser79 and Asp70 through a probable water 

molecule mediator (Fig. 76) [211].  

Figure 76 shows that the benzyl group of Ar3 flipped into the bottom of the gorge to maximize its 

hydrophobic π-π stacking interaction with Trp82. 
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Figure 75 - STD-NMR of 1-benzyl-3-hydroxy-3-phenylindolin-2-one (17) with BuChE: (A) reference 1H spectrum of 17 with 

BuChE and (B) STD spectrum of the solution of 17 (5 mM) with BuChE (5 μM) (3s of saturation time). The relative degree of 

saturation of the individual hydrogens are mapped into the structure and normalized to that of hydrogen H6. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 76 - Binding mode for compound 17 interaction with hBuChE. Hydrogen bonds are shown as green dotted lines, formed 

between compound 17 (green color) with the residues in the active site (grey color). Water molecules in the active site are 

represented as red spheres. Adapted from [211]. 
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Figures 77 and 78 show a molecular docking study of the two enantiomers of compound 17 (17a 

and 17b) with hBuChE. Compound 17a establishes an H-bond with His 438. The phenyl ring of 

Ar2 presents a π-π stacking with Trp82 and Ar1 shows a π-π stacking interaction with Tyr332 

(compound 17b). 

 

 

Figure 77 - (A) Interaction diagram of compound 17a with hBuChE (PDB file 4TPK); (B) Binding mode for compound 17a with 

hBuChE (PDB file 4TPK).  

  

 

Figure 78 - (A) Interaction diagram of compound 17b with hBuChE (PDB file 4TPK); (B) Binding mode for compound 17b with 

hBuChE (PDB file 4TPK).  

 

A  B  

A  B  
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The STD-NMR interaction of compound 17 (racemate) with AChE wasn’t studied due to the poor 

IC50 results (when compared to BuChE). None the less, a previous molecular docking study using 

hAChE showed key interactions between compound 17 and some hAChE active site residues (Fig. 

79). This study predicted the presence of a H-bond between the hydroxyl group of compound 17 

and the NH group of Trp86, including another H-bond between the carbonyl oxygen of compound 

17 and the OH group of Tyr341. There were also indications of the likelihood of π-π interactions 

between the aromatic rings (Ar2 and Ar3) of compound 17 and the Trp86 and Tyr341 residues. In 

the case of Phe297 (of the acyl binding pocket) there was a distinct edge-to face interaction with 

the benzyl phenyl group [211]. 

 

 

Figure 79 - Binding mode for compound 17 interaction with hAChE. Hydrogen bonds are shown as green dotted lines, formed 

between compound 17 (green color) with the residues in the active site (grey color). Adapted from [211].  

 

Figures 80 and 81 show a molecular docking study of the two enantiomers of compound 17 (17a 

and 17b) with hAChE. Ar2 and the hydroxyl group of 17a forms a H-bond with Asp 74. As for 

17b, the most significant interaction is a π-π stacking effect between the phenyl ring of Ar1 and 

Tyr337. The hydroxyl group of 17b also forms a H-bond with Asp 74.   
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Figure 80 - (A) Interaction diagram of compound 17a with hAChE (PDB file 4EY7); (B) Binding mode for compound 17a 

interaction with hAChE (PDB file 4EY7).  

 

          

Figure 81 – (A) Interaction diagram of compound 17b with hAChE (PDB file 4EY7); (B) Binding mode for compound 17b 

interaction with hAChE (PDB file 4EY7).  

 

 

It is interesting to observe how compound 17 flipped at the N of Ar1 forcing it to position itself 

towards the surface peripheral site as it binds with AChE (Fig. 79), whilst it is forced down to the 

bottom of the gorge in the case of BuChE (Fig. 76). The benzyl group (Ar3) of compound 17 

flipped into the bottom of the gorge to maximize its π-π stacking interaction with Trp82 of BuChE 

[211]. The difference in the binding mode of compound 17 with BuChE and AChE could explain 

the IC50 values obtained with these enzymes (7.41 µM for BuChE and 237.18 µM for AChE). 

A B 

A B 
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4.3.1.7. STD-NMR study of the AChE-4-((3-hydroxy-2-oxo-3-

phenylindolin-1-yl)methyl)piperidin-1-ium chloride (48a)  

interaction and of 4-((3-hydroxy-2-oxo-3-phenylindolin-1-

yl)methyl)piperidin-1-ium chloride (48a) with BuChE 

 

Although the IC50 results were only significant for BuChE (18.26 µM), the interaction with AChE 

was also studied (Fig. 82 and S8). Donepezil was used to validate this study (see 4.3.1.1). 

H19 presented a 100% attenuation and the piperidine ring a 65% STD- attenuation, probably due 

to CH-π interaction with Trp 86. The phenyl ring showed a 47%-59% attenuation, probably due 

to π-π stacking with Tyr 341. According to this study (Fig. 83), we presume that the NH2 group 

forms a H-bond interaction with Glu 202, and the ethyl substituent presents an CH-π interaction 

with Phe 338. 

 

 

Figure 82 - STD-NMR of 48a with eeAChE, performed at 400 MHz, 15oC, and 3 s saturation time. (A) reference spectrum, (B) 

STD spectrum of compound 48a (0.8 mM) with AChE enzyme (4μM). Binding epitope of 48a from STD NMR experiment. The 

numerical values designate the fraction of saturation as a percentage, between the ligand protons and the protein active site, 

normalized to the maximum ligand STD signal (H19; 100%). 

 



Chapter 4 

_____________________________________________________________________________________ 
 

145 
 

Although this was not observed in the STD-NMR experiment (Fig. 82), docking studies (Figs. 

83(A)-83(B)) revealed that there is likely to be an CH-π interaction between the 3-OH and Phe 

338. None the less, we believe that these interactions are not sufficient to make compound 48a a 

good inhibitor for AChE which was found to be the case (IC50 of 500.21 µM).   

    

Figure 83 – (A) Interaction diagram of compound 48a with hAChE; (B) Binding mode for compound 48a interaction with 

hAChE. 

 

Very different results were obtained, upon conducting a similar study with BuChE. The phenyl 

group protons presented an STD-attenuation of 74%-100%, probably due to π-π stacking with Tyr 

332 and the benzyl group protons showed a 79%-100% STD-attenuation attributed to π-π stacking 

with Trp 82 (Figs. 84-85 and S9). These interactions would appear to be more stabilizing than those 

calculated in the case of AChE, suggesting a better level of inhibition of this molecule with this 

enzyme, which was found to be the case (IC50 of 18.26 µM). 

 

A B 
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Figure 84 - STD-NMR of 48a with BuChE, performed at 400 MHz, 15oC, and 3 s saturation time. (A) reference spectrum, (B) 

STD spectrum of compound 48a (0.8 mM) with BuChE enzyme (4μM). Binding epitope of 48a from STD NMR experiment. The 

numerical values designate the fraction of saturation as a percentage, between the ligand protons and the protein active site, 

normalized to the maximum ligand STD signal (H2, H14, H16; 100%). 

 

       

Figure 85 - (A) Interaction diagram of compound 48a with hBuChE; (B) Binding mode for compound 48a interaction with 

hBuChE. 

A B 
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4.3.  Conclusions 

 

All three sections of the donepezil molecule are required for good interaction with the AChE 

active-site, but the crucial information obtained from the STD-NMR experiment implies that both 

the dimethoxyindanone benzene and the N-benzyl group show the closest interactions with the 

enzyme. The indanone cyclopentanone and the piperidine units, also show significant interactions. 

This would imply that for the design of potential donepezil analogues, these three pharmacophore 

units should be preserved, and contain suitable functionality to bind with the key hAChE residues 

indicated in the preceding discussion, but at the same time allowing one to alter both sterically and 

electronically these units to improve the enzyme binding affinity of the analogues.  

Rasagiline binds irreversibly to the MAO-B cofactor FAD. The results obtained by the STD-NMR 

study showed no covalent bonding between rasagiline and FAD, probably due to experiment 

conditions (pH and temperature). An in depth study of this interaction is of key importance, not 

only for developing new and better MAO-B inhibitors, but also for understanding the poor 

inhibition results obtained for our compounds.  

The studies of 48a with both eeAChE and eqBuChE were in agreement with the IC50 for the in 

vitro testing. These results were encouraging and further tests were made for this compound, 

namely toxicological and pharmacological. 
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Chapter 5 
 

Pharmacological and toxicological evaluation of 

selected target molecules for neurodegenerative 

diseases 

____________________________________________ 
“All substances are poisons; there is none that is not a poison.  

The right dose differentiates a poison and a remedy.”  

Paracelsus (1493-1541) 
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5.1   Introduction 

 

Cholinergic inhibitors are a main group of target drugs for AD and several have been investigated 

clinically in AD patients, like Tacrine, Galantamine and Heptylphysostigmine. Tacrine showed 

several side effects as well as liver toxicity, so the development of new cholinergic inhibitors that 

are tolerable and present low toxicity is paramount [266]. 

In the development of new drugs, besides their potency, distribution and efficacy, their toxicity is 

also a very crucial issue, an issue that can prevent the commercialization of any potent 

pharmaceutical. Acute toxicology is determined using two important parameters; the median lethal 

dose5 (LD50) and  the median lethal concentration6 (LC50) [267].   

Ideally, if toxicity testing is intended to provide information on the safety of a compound in 

humans, the animal model chosen for testing should ideally have similar physiology to humans, 

and in the way it handles the drug substance pharmacodinamically. Substantial differences in 

Absorption, Distribution, Metabolism or Elimination (ADME) between animal models and 

humans will reduce the predictive value of the test result. From a practical point of view, often the 

pharmacokinetics are unknown in humans or in many animal models. The most commonly used 

animal models are rodent species, like mice and rats, and often toxicity testing is conducted in one 

or both species. Most toxicity and teratology studies conducted in mice are designed to provide 

information on potential human toxicity [268]. The Food and Drug Administration (FDA) 

provides human equivalent dose interspecies conversion factors for converting most animal model 

No Observed Adverse Effect Levels (NOAELs) to the human equivalent. The conversion factor for 

the mouse is 12.1, meaning an observed NOAEL in a mouse of 12.1 mg kg-1day-1 would be 

converted to 1 mg kg-1day-1 for conservative human administration 1 [268].   

Different pharmacological models, mainly those using rodents, were created to select substances 

that could act as AChE inhibitors [269-273]. However, the cost of the acquisition and maintenance 

of animals in vivo, the need for an adequate physical structure, including care in handling and 

minimizing animal suffering, justifies the demand for alternative more accessible and  low cost 

methods that have a higher number of individuals, and be able to achieve results in less time than  

with conventional trials [274].   

                                                           
5 The DL50 is the estimated dose that, when the toxicant is administered directly to experimental test animals, 
results in the death of 50% of the population so exposed under the defined conditions of the test. 
6 The LC50 is the estimated concentration, in the environment to which animals are exposed, that kill 50% of the 
population so exposed under the defined conditions of the test. 
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The brine shrimp Artemia salina Leach, an anostracan crustacean, is to date an important model 

for the routine use of this species in aquatic toxicology. Indeed, the use of cysts as “starting” 

biological material solves one of the major biological, technological and financial bottlenecks in 

routine ecotoxicology, namely the need for culturing or maintenance of livestock of test organisms 

in a healthy state and in sufficient numbers [275]. Presently, Artemia salina L. is used as a bioassay 

species for a variety of objectives: investigation of source of toxicity in chemical mixtures and 

environmental samples, acute screening of chemicals, detection of toxins and in pharmaceuticals, 

and studies of models of toxic action of substances [276, 277]. 

The brine shrimp model appears as a screening alternative that allows a great number of samples 

to be tested at low-cost, in a simple and quick way. Moreover, there are studies that indicate the 

existence of a good correlation between the two assays, suggesting that the brine shrimp bioassay 

is a useful alternative model [275, 278]. 

 

This chapter presents the acute toxicity study of selected target like drugs using two different 

biological models for two different applications, the citotoxicity in A. salina L. (LC50) and the 

lethal dose in Swiss mice (LD50). Studies in vivo and ex vivo for IC50 determination of selected 

inhibitors are also presented in this chapter. 

5.2   Materials and Methods 
 

5.2.1   Samples 

 

Compounds used in the A. salina assay: donepezil hydrochloride, compound 48a, rasagiline 

mesylate, pargyline hydrochloride, and potassium dichromate sample solutions were prepared in 

a saline solution. Compound 21 was prepared in a mixture of 50% DMSO in saline solution. 

Compound 48a, used in the animal acute toxicity assay, was prepared in distilled water. 

Compounds used in the in vivo animal assay: donepezil hydrochloride and compound 48a, were 

prepared in distilled water. 

Compounds used in the ex vivo animal assay: donepezil hydrochloride, galantamine bromide, 

rivastigmine tartrate, rasagiline mesylate, pargyline hydrochloride, compound 48a, compound 

17b, compound 18, compound 21 and compound 48b, were prepared in phosphate buffer. 
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5.2.2   Citotoxicity in Artemia salina L. 

 

The toxicity of standard and sample solutions was evaluated using the A. salina L. lethality 

bioassay in order to determine the median lethal concentration (LC50) [267]. The procedure was 

performed according the Artoxkit M protocol (MicroBioTests, Inc.) [279] In a multiwell test plate, 

100 µL of each solution was added to 900 µL of a saline medium. In each well were added 10 A. 

salina L. nauplii, previously rehydrated and hatched from cysts, that were placed in a saline 

medium in absence of light during 48 h. Assays were repeated nine times for each concentration. 

Plates were observed after 24h of incubation, at 25 ºC, using a Research Stereomicroscope System 

(Olympus SZX9) and dead nauplii counted. LC50 was determined using GraphPad Prism 5TM 

software. Potassium dichromate was used as a positive control (3.125 µg mL-1 to 150 µg mL-1). A 

negative control was prepared with a saline medium without DMSO and another negative control 

was prepared with 50% DMSO. 

We used the following criteria to make our final conclusions on the toxicity of these compounds 

[278]:  

• LC50 values superior to 1000 μg mL-1 indicated that the compounds were non-toxic; 

• LC50 values between 500 and 1000 μg mL-1 indicated that the compounds had low toxicity; 

• LC50 values inferior to 500 μg mL-1 indicated that the compounds were toxic. 

 

 

5.2.3   Acute toxicity in animal model 

 

 5.2.3.1   Animals 

The acute toxicity study was carried out using female Swiss albino mice (Mus musculus), with 8 

weeks old, weighting 23 ± 1 g. They were housed in a controlled environment (12 h light/dark 

cycles, 23 ± 1 ºC) with food and water ad libitum. Food was withheld 16 h before the experiments. 

Procedures were conducted in accordance with the National Institutes of Health Guide for Care 

and Use of Laboratory Animals Guidelines and European Community Guidelines. All procedures 

involving animals were supervised by a research coordinator accredited by Federation of 

European Laboratory Animal Science Association (FELASA) nº 020/08. 
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5.2.3.2   Acute intraperitoneal toxicity evaluation 

 

Acute toxicity of compound 48a was evaluated in swiss albino mice and the LD50 was determined 

according to the OECD Up-and-Down standard procedure [280, 281]. 

The animals were divided into two groups of 3 mice each. The compound administration was by 

intraperitoneal (i.p.) injection in the upper left quadrant of the animal’s abdomen. The animals 

were kept in observation for 15 days, during which they were housed in a controlled environment 

(12 h light/dark cycles, 23 ± 1 ºC) with food and water ad libitum. 

 

5.2.4   Ex vivo pharmacological evaluation 

 

       5.2.4.1   Animals 

 

The IC50 study was carried out using male Swiss albino mice (Mus musculus), with 8 weeks old, 

weighting 23 ± 1 g. They were housed in a controlled environment (12 h light/dark cycles, 23 ± 1 

ºC) with food and water ad libitum. Food was withheld 16 h before the experiments. 

Procedures were conducted in accordance with the National Institutes of Health Guide for Care 

and Use of Laboratory Animals Guidelines and European Community Guidelines. All procedures 

involving animals were supervised by a research coordinator accredited by FELASA nº 020/08 

(Federation of European Laboratory Animal Science Association). 

 

 

      5.2.4.2   Spectrophotometric measurement of cholinesterase and monoamine 

oxidase activity 

 

Animals were sacrificed by decapitation, and brains and livers were dissected out, washed in ice-

cold potassium phosphate buffer (0.2 M, pH 7.6), and homogenized. The brain homogenate was 

prepared in potassium phosphate buffer 0.1 M, pH 7.6 (1:10, w/v), and then centrifuged at 10000 

g and 4 ºC for 10 min. The liver homogenate was prepared in potassium phosphate buffer 0.1 M, 

pH 7.6 (1:10, w/v), and then centrifuged at 1000 g and 4 ºC for 15 min. 

Donepezil hydrochloride, galantamine bromide, rivastigmine tartrate, compounds 48a and 48b 

were prepared in potassium phosphate buffer (0.2 M, pH 7.6), and were tested against AChE 

activity in the brain. 
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Donepezil hydrochloride, galantamine bromide, rivastigmine tartrate, compounds 48a and 48b 

were prepared in potassium phosphate buffer (0.2 M, pH 7.6), compounds 17, 20 and 21 were 

prepared in 5% DMSO, and all the compounds were tested against AChE and BuChE activity in 

the liver. 

AChE and BuChE activity was determined following a modified Ellman’s method [210], and the 

IC50 values were calculated.   

Rasagiline mesylate, pargyline hydrochloride and compound 48a were prepared in potassium 

phosphate buffer (0.2 M, pH 7.6), compounds 17, 18 and 21 were prepared in 5% DMSO, and all 

the compounds were tested against MAO-B activity in the liver. 

MAO-B activity was determined following the method described in literature [282, 283], and the 

IC50 values were calculated.  

Total protein quantification followed the Lowry method [284]. 

 

5.2.5   In vivo pharmacological evaluation 

 

       5.2.5.1   Animals 

 

The pharmacological evaluation was carried out using male Swiss albino mice (Mus musculus), 

with 8 weeks old, weighting 28 ± 2 g. They were housed in a controlled environment (12 h 

light/dark cycles, 23 ± 1 ºC) with food and water ad libitum. Food was withheld 16 h before the 

experiments. Procedures were conducted in accordance with the National Institutes of Health 

Guide for Care and Use of Laboratory Animals Guidelines and European Community Guidelines. 

All procedures involving animals were supervised by a research coordinator accredited by 

FELASA nº 020/08 (Federation of European Laboratory Animal Science Association). 

 

       5.2.5.2   Spectrophotometric measurement of cholinesterase activity 

 

The animals were divided into four groups of six animals. The compounds administration was by 

intraperitoneal (i.p.) injection in the upper left quadrant of the animal’s abdomen. Group I was 

administered with the vehicle (distilled water), group II was administered with 3 mg kg-1 of 

donepezil hydrochloride, group III was administered with 3 mg kg-1 of compound 48a and group 

IV was administered with 6 mg kg-1 of compound 48a. 
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Animals were sacrificed by decapitation, 1 h after i.p. injection, and brains and livers were 

dissected out, washed in ice-cold potassium phosphate buffer (0.2 M, pH 7.6), and homogenized. 

The brain homogenate was prepared in potassium phosphate buffer 0.1 M, pH 7.6 (1:10, w/v), and 

then centrifuged at 10000 g and 4 ºC for 10 min. The liver homogenate was prepared in potassium 

phosphate buffer 0.1 M, pH 7.6 (1:10, w/v), and then centrifuged at 1000 g and 4 ºC for 15 min. 

AChE and BuChE activities were determined following a modified Ellman’s method [210], and 

the IC50 values were calculated.   

Total protein quantification followed the Lowry method [284] with some modifications. 

 

 

5.2.6   Statistic analysis 

 

All data was expressed as mean ± standard deviation of triplicate measurements. Statistical 

analysis of data was performed using one-way ANOVA. A probability value of p < 0.05 was 

considered statistically significant. Multiple comparisons of means were analyzed using the b-

Tukey test. Analyses were performed using SPSS® 22 Windows, IBM. The dose-response curve 

and the LC50 values, as well as the IC50 for all the samples were determined with the software 

GraphPad Prism 5TM. 

 

5.3   Results and Discussion 
 

5.3.1   Citotoxicity in Artemia salina L. of cholinesterase and monoamine oxidase 

inhibitors 

 

The toxicity of AChE and BuChE inhibitors (donepezil hydrochloride and compound 48a), as well 

as the toxicity of MAO-B inhibitors (rasagiline mesylate, pargyline hydrochloride and compound 

21), was evaluated in the bioassay with A. salina (Fig. 86). 
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Figure 86 - Compounds tested for their toxicity with A. salina. 

 

Potassium dichromate (K2Cr2O7) was used as a positive control and a concentration of 100 µg   

mL-1 caused 100% mortality. The dose-response curve in Figure 87 showed an LC50 value of 15.04 

µg mL-1, and the compound was considered very toxic [278], as was expected. 

 

  
Figure 87 - Dose-response relation in A. salina, in the presence of potassium dichromate. 

 

There was no mortality in the negative control, with and without DMSO and the assay was 

considered valid for the rest of the samples.  

Compound 48a showed 5% mortality for a concentration of 1000 µg mL-1 and it was considered 

non toxic. The commercial standard, donepezil, used as an AChE inhibitor in AD presented 26% 

mortality for a concentration of 1000 µg mL-1 and was also considered non toxic [278]. 

Figure 88 (A) shows the dose-response curve for commercial standard rasagiline, used as MAO-

B inhibitor in PD. The concentration of 250 µg mL-1 yielded a 99% mortality and the compound 

was considered of high toxicity (LC50= 93.33 µg mL-1), although not as high as potassium 

dichromate. On the other hand, Figure 88 (B) shows the commercial MAO-B inhibitor pargyline, 
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that wasn’t used in PD treatment, and was considered moderately toxic (LC50= 387.26 µg mL-1), 

with 75% mortality for a concentration of 500 µg mL-1. Figure 88 (C) shows compound 21, one 

of the synthesized compounds for this research, with a toxic effect (LC50= 43.45 µg mL-1) on A. 

salina higher than both commercial standards [278]. 

 

Figure 88 - Dose-response relation in A. salina, in the presence of (A) rasagiline mesylate, (B) pargiline hydrochloride and (C) 

compound 21. 

 

5.3.2   Acute intraperitoneal toxicity evaluation of cholinesterase inhibitors 

 

Acute toxicity of compound 48a was evaluated in swiss albino mice and the LD50 was determined 

according to Up and Down procedure [280, 281]. The estimated LD50 was of 100 mg kg-1. 

Donepezil presented a LD50 of 45.2 mg kg-1 for oral administration and of 3.7 mg kg-1 for 

intravenous administration, according to the literature [285]. When comparing these results with 

the one for compound 48a, it is possible to see that the LD50 is twice the value of that for donepezil 

oral uptake, and is 27 times higher than donepezil for intravenous administration.  
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5.3.3   Ex vivo pharmacological evaluation 

 

The biological activity of a drug is linked to its ability to bind to a specific recognition site on 

target protein. In the in vitro assays the activity of the purified enzyme is measured in the presence 

of an inhibitor. The next step in the characterization of drug effects is the ex vivo experiments, 

which means that the inhibitor is administered by different routes (i.e. orally, intravenous, 

intraperitoneal) to a living animal or to a human and that the evaluation of drug effects is performed 

in vitro via tissue samples or fluid aliquots (cerebrospinal fluid or blood) of the organism under 

study [286].  

The activity of AChE in the brain was measured in the presence of the three commercial drugs, 

donepezil hydrochloride, galantamine bromide and rivastigmine tartrate (Fig. 89) as well as 

compound 48a, which presented 28% inhibition for the highest concentration tested.  Donepezil 

was the compound with the lower IC50, followed by rivastigmine and galantamine. The same drugs 

tested in the brain were also tested in the liver (Fig. 90), along with compounds 17, 20 and 21. 

Contrary to the results obtained for the brain, rivastigmine presented the lowest IC50 for both 

cholinesterases in the liver, followed by donepezil and galantamine, which is in agreement with 

the literature [287, 288]. Rivastigmine showed selectivity for AChE, galantamine for BuChE and 

donepezil showed no selectivity, inhibiting both enzymes with similar IC50.   

 
Figure 89 - Dose-response relation of AChE in the brain of Swiss mice in the presence of (A) donepezil, (B) galantamine and (C) 

rivastigmine. 
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Figure 90 - Dose-response relation of AChE and BuChE in the liver of swiss mice, in the presence of (A-B) donepezil,    

  (C-D) galantamine and (E-F) rivastigmine. 
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The two compounds, 48a and 48b, were also tested for AChE and BuChE (Fig. 91). They were 

both better inhibitors of BuChE, and compound 48b showed the lowest IC50. Regarding AChE, it 

was compound 48a that presented the best inhibition result. By comparing these results with those 

of the commercial standards, compound 48a showed better IC50 results for AChE than galantamine 

and the same IC50 for BuChE. As for compound 48b, the IC50 for AChE was a bit higher than that 

of galantamine, but for BuChE the IC50 value was lower than the one presented by galantamine. 

The other 3 synthesized compounds didn’t inhibit AChE or BuChE. 

 

 

 
Figure 91 - Dose-response relation of AChE and BuChE in the liver of swiss mice, in the presence of (A-B) compound 48a,  

(C-D) compound 48b. 

 

 

Rasagiline mesylate and pargyline hydrochloride were used as standards in MAO-B activity 

evaluation in the liver. Figure 92 shows the dose-response curves of the tested compounds. 

Through analysis of the respective IC50 values it is possible to conclude that rasagiline was a potent 

inhibitor of MAO-B, with an IC50 value of 1.82 nM, which is similar to the IC50 value for human 

brain (1.4 nM) [197]. Pargyline had a higher IC50 (731.14 nM) than Rasagiline, but Fišar et al. 
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presented a study with a very different IC50 for pargyline (only 8.20 nM), but this value was 

obtained from a radiochemical assay with pig brain MAO-B [289].    

Both standards had IC50 results lower than any of the tested compounds, that showed values 

ranging from 20.56 to 1558.55 µM. This lead to the conclusion that none of the tested compounds 

was a suitable inhibitor of MAO-B. 

 

Figure 92 - Dose-response relation of MAO –B in the liver of swiss mice, in the presence of (A) compound 48a,  

(B) compound 17, (C) compound 18, (D) compound 21, (E) rasagiline and (F) pargyline. 
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5.3.4   In vivo pharmacological evaluation  

 

Both donepezil hydrochloride and compound 48a decreased AChE activity in the brain, with 

values significantly different from the control (p < 0.05) (Fig. 93 and Table A3). Interestingly, 

compound 48a presented higher AChE inhibition than donepezil, although the results were not 

significantly different (p > 0.05). These results suggest that compound 48a (oxindole based) could 

have similar brain uptake than donepezil (piperidine based) [287]. The two concentrations of 

compound 48a tested decreased AChE activity in the brain by the same percentage, showing no 

benefits in the administration of a dose higher than 3 mg kg-1. With regards to BuChE activity in 

the brain, no useful results were obtained since it was not possible to quantify this enzyme activity 

in the brain of a healthy mouse model [290, 291]. 

 

 

Figure 93 - In vivo AChE activity in the brain of swiss mice, in the presence of donepezil and compound 48a. Different letters 

represent values significantly different (p<0.05). 

 

 

Besides the brain, it was possible to determine both AChE and BuChE activity in the liver (Fig. 

94 and Table A3). Donepezil and compound 48a didn’t present values significantly different, 

suggesting no relevant inhibition of both cholinesterases in the liver. On the other hand, the 3 mg 

kg-1 of donepezil and compound 48a presented the same level of inhibition for liver BuChE.    
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Figure 94 - In vivo AChE and BuChE activity in the liver of swiss mice, in the presence of donepezil and compound 48a. 

Different letters represent values significantly different (p<0.05) to each enzymatic activity. 

 

5.4.   Conclusions 

 

The results of this study showed that compound 21 presented significant toxicity for Artemia 

salina, with an LC50 of 43.45 µg mL-1 and was only tested ex-vivo for AChE, BuChE and MAO-

B. This compound showed no inhibition for any of the enzymes tested. 

On the other hand, compound 48a showed low toxicity against Artemia salina (LC50 > 1000 µg 

mL-1) and demonstrated to be less toxic than donepezil, with a LD50 near 100 mg kg-1. This 

compound visibly decreased AChE activity in the brain, having similar results to donepezil, and 

in the ex-vivo assay presented a dual inhibition for the cholinesterases with an IC50 similar to 

galantamine. In the context of developing new therapeutic drugs for AD, these are encouraging 

results.  
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Chapter 6 
 

Final Considerations and Future Perspectives 

____________________________________________ 
“In my opinion nothing occurs contrary to nature,   

Except the impossible, and that never occurs.”  

Galileu Galilei (1564-1642) 
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The present thesis has its main focus on the study of target drugs in neurodegenerative diseases, 

involving the screening of commercial drugs used in AD and PD treatment (Chapter 2) and 

different families of synthesized compounds with biological activity (Chapter 3), their protein-

ligand and molecular interactions (Chapter 4) and toxicological and pharmacological studies 

(Chapter 5). 

Two different screening spectroscopic methods were used, namely molecular absorption 

spectroscopy and fluorescence, to determine the enzymes’ kinetic parameters. Molecular 

absorption spectroscopy was used for AChE, BuChE and MAO-B studies. MAO-B was also 

studied by fluorescence spectroscopy. Both eeAChE and eqBuChE presented selectivity for ATCI, 

but only eqBuChE presented selectivity for BTCI. hMAO-B belongs to a different enzyme family, 

presenting selectivity for benzylamine.  

In chapter 2, the following active ingredients of prescribed drugs for AD, which included: 

donepezil, rivastigmine and galantamine, were screened. Molecular absorption spectroscopy was 

used to compare the different assay conditions for the IC50 determination of donepezil, 

rivastigmine and galantamine. It was found that IC50 can suffer slight to major variation, depending 

on the assay conditions. According to these studies, the best conditions found were: no pre-

incubation at 25 ºC with a wavelength of 405 nm and Tris-HCl 0.05 M, pH 8 buffer. Molecular 

absorption spectroscopy and fluorescence spectroscopy were used to determine the IC50 values for 

rasagiline (the active ingredient of a commercial drug used in PD treatment) and pargyline. On 

comparing the results of the two techniques it was observed that fluorescence spectroscopy was 

much more accurate than the molecular absorption spectroscopy. Due to its greater sensitivity, less 

quantity of enzyme was required. 

In chapter 3, a wide range of structurally diverse small molecules were screened in vitro to test 

their cholinesterase and monoamine oxidase inhibition potential as MTDLs. Unfortunately, none 

of the compounds was able to successfully inhibit both cholinesterase and monoamine oxidase. In 

fact, there were two compounds that presented very good results as dual cholinesterase inhibitors, 

one was an oxindole derivative (compound 25) and the other a chromanone derivative (compound 

62). Nonetheless, compound 60, a diether ester derivative, proved to efficiently inhibit eeAChE, 

and compounds 45 (oxindole derivative) and 74 (rivastigmine analogue) showed good inhibition 

for eqBuChE. 
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In chapter 4, molecular modelling and STD-NMR studies were carried out to understand how the 

compounds (ligands) interacted with the enzymes. This was very useful as it allowed us to 

understand the key structural attributes that allow for good interactions of the ligands with the 

enzyme active site, and as a corollary it allowed us to understand why these ligands were not 

suitable for hMAO-B inhibition. 

All three parts of the donepezil molecule are required for good interaction with the eeAChE active-

site, but this was substantiated by conducting key STD-NMR experiments, which showed that 

both the dimethoxyindanone benzene and the N-benzyl group had the closest interactions with the 

enzyme. The indanone cyclopentanone and the piperidine units, also showed significant 

interactions. This would imply that for the design of potential donepezil analogues, these three 

pharmacophore units should be preserved, and contain suitable functionality to bind with the key 

hAChE residues, but at the same time allowing one to alter both sterically and electronically these 

units in order to improve the enzyme binding affinity of the analogues. 

Rasagiline binds irreversibly to hMAO-B cofactor FAD. 

The results on chapter 5 showed that compound 21 presented significant toxicity for Artemia 

salina, with an LC50 of 43.45 µg mL-1 and was only tested ex-vivo for AChE, BuChE and MAO-

B. This compound showed no inhibition for any of the enzymes tested. 

On the other hand, 4-((3-hydroxy-2-oxo-3-phenylindolin-1-yl)methyl)piperidin-1-ium chloride 

(compound 48a) showed low toxicity against Artemia salina, with an LC50 > 1000 µg mL-1 and 

showed to be less toxic than donepezil, with a LD50 near 100 mg kg-1. This compound visibly 

decreased AChE activity in the brain of Swiss mice, with results similar to donepezil, and in the 

ex-vivo assay presented a dual inhibition to both cholinesterases with an IC50 similar to 

galantamine, although it didn’t inhibit MAO-B.  

These are very promising results in the quest for finding new therapeutic drugs for AD. The next 

step would be to conduct pharmacokinetic and histological studies with 4-[(3-hydroxy-2-oxo-3-

phenylindolin-1-yl)methyl]piperidin-1-ium chloride (compound 48a) in order to better understand 

its absorption, distribution, as well as its metabolism and elimination.  

Studies of compound 48a (as well as others) with β-secretase might also be undertaken, since this 

enzyme is involved in the production of β-amiloid oligomers and fibrils, responsible for neuron 

degeneration in AD.  

Future studies involving the design of new MTDLs would be of interest, especially with the 

challenge of adding neuroprotective properties to progress to a disease modifying drug. 
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Appendix 1. Enzymatic Monitorization 

 

              

                      Figure S1 - AChE calibration curve.                                              Figure S2 - BuChE calibration curve. 
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                     Figure S3 - MAO-B calibration curve.                                                Figure S4 - Resorufin calibration curve.  
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Appendix 2. STD-NMR sobreposition spectra 

 

Figure S5 – STD-NMR sobreposition spectrum of compound 6 with AChE at different relaxation time. 

 

 

Figure S6 – STD-NMR sobreposition spectrum of compound 6 with BuChE at different relaxation time. 
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Figure S7 – STD-NMR sobreposition spectrum of compound 17 with BuChE at different relaxation time. 

 

 

Figure S8 – STD-NMR sobreposition spectrum of compound 48a with AChE at different relaxation time. 
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Figure S9 - STD-NMR sobreposition spectrum of compound 48a with BuChE at different relaxation time. 
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Appendix 3. Statistical Analysis 

 

Table A 1 - Analysis of variance (ANOVA) of enzymatic activity of isoquinolinone, azepanone, indolinone, and 

diether ester derivatives.  

  Sum of Squares df Mean Square F Sig. 

AChE_Isoquinolinone 
and Azepanone 
derivatives 

Between groups 
8205392.510 13 631184.039 223.150 0.000 

Within groups 
79198.427 28 2828.515     

Total 
8284590.936 41       

BuChE_Isoquinolinone 
and Azepanone 
derivatives 

Between groups 
2413383.856 10 241338.386 1855.865 0.000 

Within groups 
2860.900 22 130.041     

Total 
2416244.756 32       

AChE_Indolinone 
derivatives 

Between groups 
11949392.899 38 314457.708 30.135 0.000 

Within groups 
813929.731 78 10434.996     

Total 
12763322.631 116       

BuChE_Indolinone 
derivatives 

Between groups 
10076855.387 40 251921.385 321.955 0.000 

Within groups 
64162.875 82 782.474     

Total 
10141018.262 122       

AChE_Diether ester   
(no pre-incubation) 

Between groups 
78964.801 4 19741.200 245.266 0.000 

Within groups 
804.889 10 80.489     

Total 
79769.690 14       

AChE_Diether ester 
(pre-incubation) 

Between groups 
15134.177 4 3783.544 177.157 0.000 

Within groups 
213.570 10 21.357     

Total 
15347.747 14       

BuChE_Diether ester 
(no pre-incubation) 

Between groups 
3329630.083 4 832407.521 103.168 0.000 

Within groups 
80684.614 10 8068.461     

Total 
3410314.696 14       

BuChE_Diether ester 
(pre-incubation) 

Between groups 
719114.929 4 179778.732 1183.661 0.000 

Within groups 
1518.836 10 151.884     

Total 
720633.765 14       
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Table A 2 - Analysis of variance (ANOVA) of enzymatic activity of chromanone and chromanol derivatives and 

rivastigmine analogues. 

  Sum of Squares df Mean Square F Sig. 

AChE_Chromanone 
and Chromanol 
derivatives 

Between groups 
934813.149 6 155802.191 1358.983 0.000 

Within groups 
1605.047 14 114.646     

Total 
936418.195 20       

BuChE_Chromanone 
and Chromanol 
derivatives 

Between groups 
5056197.131 6 842699.522 9657.277 0.000 

Within groups 
1221.648 14 87.261     

Total 
5057418.779 20       

AChE_Rivastigmine 
analogues 

Between groups 
1357075.325 2 678537.662 158.511 0.000 

Within groups 
25684.210 6 4280.702     

Total 
1382759.535 8       

BuChE_Rivastigmine 
analogues 

Between groups 
3091014.826 7 441573.547 978.504 0.000 

Within groups 
7220.384 16 451.274     

Total 
3098235.210 23       

 

Table A 3 - Analysis of variance (ANOVA) of enzymatic activity for the brain and liver of Swiss mice in the presence 

of compound 48a and donepezil. 

  Sum of Squares df Mean Square F Sig. 

AChE_brain Between Groups 
0.006 3 0.002 6.634 0.005 

Within Groups 
0.004 15 0.0003     

Total 
0.010 18       

AChE_liver Between Groups 
0.00003 3 0.00001 3.926 0.030 

Within Groups 
0.00004 15 0.000003     

Total 
0.00007 18       

BuChE_liver Between Groups 
0.000008 3 0.000003 0.518 0.676 

Within Groups 
0.00008 15 0.000005     

Total 
0.00009 18       
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