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RESUM 

 

En l’actualitat, el tractament de la malaltia d’Alzheimer es basa principalment en 

l’ús d’inhibidors de colinesterases, els quals, juntament amb un antagonista de receptor 

NMDA han estat aprovats per la FDA. Tanmateix, l’ús d’aquests fàrmacs no només ha 

resultat terapèuticament ineficaç, sinó que a més el benefici simptomàtic que aquests 

compostos produeixen és temporalment. En el context d’una malaltia multifactorial com 

l’Alzheimer, la recerca de nous fàrmacs capaços de produir un efecte modulador de 

llarga durada és urgentment necessària.  

         Una de les aproximacions farmacològiques més acceptades recentment pel 

tractament de l’Alzheimer és l’ús dels lligands dirigits multidiana o MTDL. Aquests 

compostos multifuncionals són capaços de presentar diverses activitats farmacològiques 

amb la finalitat d’actuar simultàniament sobre diferents dianes terapèutiques.   

En aquesta tesi s’ha realitzat l’estudi i avaluació del compost ASS234 i de 

diverses sèries de compostos MTDL de nova síntesi derivats del donepezil com a agents 

potencialment actius en la teràpia d’Alzheimer. Primerament, l’estudi s’ha dirigit en la 

millora de la caracterització del compost ASS234, un MTDL àmpliament descrit pel 

nostre grup com a agent amb diverses propietats que incluen una potent capacitat 

inhibitòria de les activitats MAO i ChE, un efecte neuroprotector i antiagregant de la 

proteïna beta amiloide in vitro i in vivo i una activitat antioxidant i antiapoptòtica. S’ha 

dut a terme la caracterització el mecanisme i cinètica del compost ASS234 com a 

inhibidor de les MAO i s’ha estudiat mitjançant HPLC el seu efecte modulador en el 

sistema monoaminèrgic en cultius cel·lulars i per microdiàlisi i UHPLC en rates 

tractades amb una única dosi d’aquesta molècula. Seguidament, compostos derivats de 

l’ASS234, com a híbrids de donepzil i propargilamines, han estat evaluats 

farmacològicament com a molècules potencials per l’Alzheimer. D’entre aquests 

compostos, s’han identificat potents inhibidors (en rang nanomolar) duals de les MAO i 

colinesterases com a estructures útils per al disseny i síntesi de futurs derivats millorats.  

Finalment, s’ha seleccionat el compost DPH-4, d’entre una nova sèrie de 

compostos  MTDL amb activitat quelant de metalls. Amb aquesta molècula s’han 

identificat múltiples propietats d’interés farmacològic en l’Alzheimer incloent una 

capacitat d’inhibició equimolar de les activitats MAO i ChE, un potent efecte quelant 

per complexar coure, ferro i zinc, una habilitat per restablir dels dèficits cognitius en 

rates tractades amb escopolamina, i efectes antioxidants, antiagregants de proteïna beta 

amiloide i antiinflamatoris in vitro.   

En general, els resultats d’aquesta tesi reafirmen els potencials beneficis en l’ús 

farmacològic dels MTDLs en la teràpia d’Alzheimer, i proposen la molècula DPH-4 

com a lead d’especial interés pel seu ús contra aquest transtorn neurològic.     
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  ABSTRACT 

 

The current treatment of Alzheimer’s disease is essentially based on the use of 

cholinesterase inhibitors that together with a NMDA receptor antagonist have been 

approved by the FDA. Nevertheless, the use of these drugs in therapy has been reported 

ineffective accompanied with temporary sympomatic benefits. In the context of a 

multifactorial disorder such as Alzheimer’s disease, the search for new 

pharamacological approaches able to produce real long-term modulator effects is 

urgently encouraged.   

A well-accepted recent pharmacological approach for the treatment of 

Alzheimer’s disease is the so-called Multi-target directed ligards or MTDLs, as 

multifunctional compounds exhibiting multiple pharmacological activites to 

simultaneously interact with several therapeutic targets.   

In this thesis, the study and evaluation of compound ASS234 and other series of 

novel donepezil-derived MTDLs has been carried out as potentially active ligands for 

use in Alzheimer’s disease. First, a study focused on the improvement of the 

biochemical characterisation of compound ASS234 has been undertaken. This widely 

described MTDL by our group is a molecule bearing multiple properties including 

potent dual MAO and ChE inhibition, neuroprotective and anti-Aβ aggregating effect in 

vivo and in vitro and antioxidant and anti-apoptotic capacities. With ASS234, the 

mechanism and kinetics as MAO inhibitor was studied and its modulator effect on the 

monoaminergic system in both cell culture by HPLC and in vivo by microdialysis and 

UHPC was also assessed. Subsequently, novel ASS234-derived compounds as 

donepezil and propargylamine hybrids, were pharmacologically evaluated as potential 

drugs for potential use in Alzheimer’s disease therapy. Among the tested compunds, 

some potent dual MAO/ChE inhibitors were identified (nanomolar range) as scaffolds 

for further design a synthesis of new derivatives. 

  Finally, compound DPH-4 was selected among a new series of MTDLs with 

metal-chelating properties. Multiple interesting activites were identified with this 

molecule for use in Alzheimer’s disease including a moderate equimolar capacity to 

dually inhibiting MAO/ChE activities, an ability to complex metals copper, iron and 



xiv 
 

zinc, an effect to restore the cognitive deficits in scopolamine-treated rats and 

antioxidant, anti-Aβ aggreganting and anti-inflammatory properties in vitro.     

Overall, the results obtained in this thesis reinforce the potential 

pharmacological benefits of MTDLs for use in Alzheimer’s disease and suggest 

molecule DPH-4 as a lead compound for the treatment of this neurologic disorder.  
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I. INTRODUCTION  

 

1. Ageing, neurodegeneration and Alzheimer´s disease 

Ageing is an irreversible process that combines predictable and random effects 

leading to cellular damage and weakening cell repair and compensatory mechanisms 

(Kirkwood TB 2003), including physical, psychological and social changes. The 

variation in ageing is accounted for by lifestyle and environment, with genes 

representing only 25% of variability (Kirkwood TB 2003). 

Ageing is a major risk factor of neurodegeneration, and brain cells are particularly 

susceptible to the neuronal death occurring throughout the ageing process, in which 

cellular and molecular changes interact with genes and environmental factors to 

determine the progression of the neurodegenerative course. Nevertheless, during 

ageing, compensatory protective strategies against cell damage rise including 

mitochondrial oxygenation, ubiquitinisation and proteolysis by proteasomes and 

activity of chaperones and lysosome-mediated autophagy. In fact, ageing is closely 

associated with mitochondrial dysfunction, increase in free radical production and 

oxidative stress (OS), which lead to DNA instability and reduced survival (Migliore 

L 2009).  

Ageing not only makes patients more prone to neurodegenerative diseases, but also 

impairs their abilities of self-repair. To date, a number of signalling pathways 

involved in the regulation of ageing and lifespan have been identified, and an 

alteration of these molecular mechanisms may contribute to the pathogenesis of 

neurodegenerative diseases (Bishop NA ). Many age-related neurodegenerative 

diseases are characterised by accumulation of specific misfolded proteins in the 

central nervous system (CNS) (van Ham TJ 2009), including amyloid peptides or 

phosphorylated tau protein in Alzheimer’s disease (AD), α-synuclein in Parkinson’s 

disease (PD), superoxide dismutase in amyotrophic lateral sclerosis (ALS) or mutant 

huntingtin in Huntington’s disease (HD).  

The association between age and protein misfolding is not clear yet, but it might be 

related to cellular changes that occur during the ageing process (Gaczynska M 2001; 

Reznick AZ 1979). Neurodegenerative diseases comprise a range of conditions that 

primary affect neurons in the human brain. At present, they are incurable 

debilitating conditions that result in progressive degeneration and/or death of nerve 

cells, leading to movement problems or ataxias and/or mental malfunctioning or 

dementias.  
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Dementias are responsible for the greatest burden of disease, with AD representing 

approximately 60-70% of all cases. Other neurodegenerative disorders include PD, 

HD, ALS, prion disease, motor neuron disease, stroke, spinocerebellar ataxia or 

spinal muscular atrophy, among others.  

AD is one of the most common neurodegenerative diseases accounting for more 

than 80% of total dementia cases in elderly people. It is estimated that currently 47 

million victims of AD exist worldwide and that number is expected to grow up to 

more than 130 million cases by 2050 as a result of life expectancy increase over the 

next decades (Thies W 2012; Thies W 2013). It is predicted that by 2050, one new 

case of AD will appear every 33 seconds, or nearly a million new cases per year. 

In 2015, the World Alzheimer Report estimated that the current annual societal and 

economic cost of dementia was US $818 billion worldwide and that amount is 

expected to rise up to 1 trillion by 2018. The findings also show that the cost 

associated with dementia has increased by 35% since 2010. The clinical 

manifestations of AD are characterised by the malfunctioning and gradual death of 

neuron resulting in a progressive memory deterioration and cognitive decline. The 

anatomopathology of AD has been described by a progressive loss of synaptic 

neurons that triggers atrophy in the hippocampus and frontal and tempoparetal 

cortex. Two distinctive hallmarks of AD include the presence of accumulated 

amyloid beta (Aβ) plaques around neurons (Glenner GG ) and 

hyperphosphorylated microtubes associated with tau protein in the form of 

neurofibrillary tangles (NFT) (Goedert M ) within the cells (Fig. 1).   
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Fig. 1. Distinctive presence of amyloid plaques and NFTs within the neurons and brain anatomical 

alterations during AD progression (from the American Health Assistance Foundation 2014). 

 

According to the Global Deterioration Scale or Reisberg Scale, the progression of 

AD can be split into seven stages: 

 Stage 1: No impairment. Memory and cognitive abilities appear normal. 

 Stage 2: Minimal Impairment. Memory lapses and changes in thinking rarely 

detected by close people. 

 Stage 3: Mild Cognitive Impairment (MCI). Subtle difficulties begin to impact 

function. Difficulty with retrieving words, planning, organization, misplacing 

objects, and forgetting recent learning. Depression and other changes in mood 

can also occur at this stage. Duration: 2 to 7 years. 

 Stage 4: Mild AD. Problems handling finances, forgetfulness in conversations, 

problems carrying out sequential tasks, withdrawal from social situations. 

Accurate diagnosis of AD is possible at this stage. Lasts roughly 2 years. 

 Stage 5: Early Dementia/Moderate AD. Decline is more severe and requires 

assistance. No longer able to manage independently. Frequently disoriented. 

There is a severe decline in numerical abilities and judgment skills. Problems in 

basic daily living tasks. Duration: an average of 1.5 years. 

 Stage 6: Middle Dementia/Moderately Severe AD. Total lack of awareness of 

present events and inability to accurately remember the past. Progressive loss of 

the ability to take care of daily living activities. Appearance of agitation, 

hallucinations and dramatic personality change. Lasts approximately 2.5 years. 
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 Stage 7: Late or Severe Dementia. Speech becomes severely limited, as well as 

the ability to walk or sit. Total support around is needed for daily functions. 

Duration is impacted by quality of care and average length is 1 to 2.5 years. 

AD can be divided into two types: Familial AD (fAD) and sporadic AD (sAD), both 

differing from genetic occurrence and onset time of clinical symptoms (Fig. 2).   

 

 

Fig. 2. Comparison in the age of the onset of AD hallmarks Aβ and tau pathologies and clinical 

symptoms between fAD and sAD (Karran E 2011). 

 

i. Familial Alzheimer’s disease  

Familial AD (fAD) or early onset AD is an uncommon form of the disease affecting 

less than 3% of total AD cases (Harvey RJ 2003), which typically strikes earlier in 

life, defined as before the age of 65, usually between 50 and 65, although it can 

appear as early as 15.  

This type of AD is inherited in an autosomal dominant fashion and identified by 

genetic mutations in the amyloid precursor protein (APP) or presenilin-1 and -2 

(PS1 and PS2) genes (Levy-Lahad E 1995; Bayer TA 1999), a family of multi-pass 

transmembrane proteins constituting the catalytic subunits of the α-secretase 

intramembrane protease complex. Of these, mutations occurring on PS1 account for 

most fAD, while those on APP and PS2 are less common. 
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ii. Sporadic Alzheimer’s disease 

The late-onset form of AD (sAD) is the most common, cause of disease cases, and 

its onset still remains unclear. While age constitutes the main risk factor for sAD, 

environmental and genetic elements have been observed to also influence on the 

manifestation of the pathology.  

The most relevant genetic factor is the inheritance of the ε4 allele of the 

apolipoprotein E (ApoE), which enhances the proteolytic breakdown of Aβ peptide 

within and between cells. At least one allele is present in 40-80% of sAD cases 

(Mahley RW ) and its presence increases the risk of AD by three times in 

heterozygosis and by 15 in homozygosis (Blennow K 2006). 

Recently, genome-wide association studies have found 19 areas in genes related to 

AD risk (Lambert JC 2013). Other risk factors linked to sAD include head trauma 

and vascular-related diseases such as high blood pressure, heart diseases, stroke, 

diabetes or high cholesterol levels. In addition, environmental agents such as diet, 

aluminium and viruses have also been reported as factors involved in the etiology of 

AD (Grant WB 2002). 

 

2. Pathophysiology of Alzheimer’s disease 

i. Cholinergic hypothesis  

The cholinergic system is based on the neurotransmitter acetylcholine (ACh), firstly 

described by Loewi in the 1920s (Loewi O 1921) and located in both central and 

peripheral nervous systems. The basal forebrain cholinergic complex contains 

medial septum, diagonal band of Broca and nucleus basalis of Meynert and provides 

the major cholinergic projections to the cerebral cortex and hippocampus. The 

pontine cholinergic system, however, acts through the thalamic intralaminar nuclei 

providing a minor innervation of the cortex (Fig. 3).    
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Fig. 3. Schematic representation of the cholinergic projections in the human brain                

(Scarr E 2013). 

 

The cholinergic neurotransmission plays a key role in the control of cerebral 

blood flow (Biesold D 1989), cortical activity (Détári L 1999) and the sleep-

wake cycle (Lee MG 2005). It also modulates the cognitive function and cortical 

plasticity (Arendt T 1986). In 1971, Deutsch and colleagues postulated the 

involvement of the cholinergic system in learning and memory, which was later 

corroborated in studies with animal models and humans (Fibiger HC 1991; 

Christensen H Schliebs R 2005). 

Similarly to the ageing process, first physiological evidence of the involvement 

of the cholinergic system in AD pathology was found by a reduction in the 

presynaptic cholinergic markers such as ACh, or the expression of choline 

acetyltransferase (ChAT), responsible for the ACh synthesis. In addition, it has 

been reported a decrease in the binding of both muscarinic acetylcholine 

receptors (mAChR) and nicotinic acetylcholine receptors (nAChR), which are 

located in the nervous system, neuromuscular junctions and expressed in 

multiple cells including endothelial and some types of immune cells (Wessler I 

2008), as well as cell atrophy.  

These findings exhibit a direct link between cholinergic neurotransmission and 

AD, and constitute the premises for the so-called “cholinergic hypothesis of 

AD” (Deutsch JA 1971), which has been used to establish the primary 

therapeutic approach to date to address the cognitive loss associated with AD. 
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Cholinesterases 

Cholinesterases (ChE) are a family of enzymes that catalyse the hydrolysis of 

ACh into choline and acetic acid, a process required in the cholinergic 

neurotransmission. There are two types of cholinesterases: acetylcholinesterase 

(AChE, EC 3.1.1.7) and butyrylcholinesterase (BuChE, EC 3.1.1.8). Both 

enzymes are type α/β hydrolases folded with an α-helix bound with β-sheet 

containing a catalytic domain (Ollis DL 1992) (Fig. 4). 

 

 

Fig. 4. Three-dimensional structures of AChE and BuChE enzymes (extracted from the PDB). 

 

a. Acetylcholinesterase  

Although AChE and BuChE are structurally similar, resembling each other by more 

than 50%, both their significance and location are substantially different. AChE is 

expressed in cholinergic neurons and neuromuscular junctions and relatively high 

activity levels of this enzyme can also be found in blood cells, responsible for the 

degradation of ACh in plasma (Fujii T 1997).  

The primary function of AChE is the rapid breakdown of the neurotransmitter ACh 

during the cholinergic neurotransmission (Fig. 5).   
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Fig. 5. Scheme of the AChE role in the synaptic cleft of cholinergic neurotransmission. (1) ACh 

is synthesised from choline and acetylCoA by ChAT. (2) ACh is rapidly broken down to acetate 

and choline by AChE. (3) Choline is reuptaken into the axon terminal for the ACh synthesis.  

  

When inhibited or knocked out, over-stimulation of ACh receptor has been observed 

in mice as well as an increase of up to 60-fold of the extracellular levels of ACh 

compared to control animals (Fukuto TR 1990). The structure of AChE has been 

widely studied since the 1990s. Both the structure and the active site of this enzyme 

have remained evolutionary conservative, sharing numerous regions with other 

serine hydrolases. The active site of AChE lies on a bottom of long and narrow 

cavity of 20 Å deep. The active site contains a catalytic triad within an esterasic site 

with amino acid positions Ser 200, His 440 and Glu 327. The anionic site or α-

anionic site is another part of the active site that interacts with ACh quaternary 

ammonium atom and is responsible for its correct orientation. Closely located, the 

esterasic site hydrolises the ester bond (Fig. 6). 

Substrate penetration is allowed by cation –π interactions between ACh atom and π 

electrons of phenylalanine, tryptophan and tyrosine aromatic cores.The peripheral 

anionic site or β-anionic site is located on the enzyme surface, around the cavity 

entrance. This site was first recognised in the 1960s as a target for multiple AChE 

activity modulators (Sussman JL. 1991) such as toxins and promising drugs, as it 

plays an important role in AD. Aβ peptide interacts with the peripheral anionic site 

resulting in the contribution of the formation of amyloid plaques by accelating the 

aggregation process. This site is inhibited by propidium iodide.   
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Fig. 6. Structure of AChE displaying the active site at the bottom of a narrow gorge, lined with 

hydrophobic amino-acid side chains within the catalytic triad, the choline binding site and the 

peripheral binding site (Soreq H 2001). 

 

Cholinesterases conformation can be monomeric, dimeric or tetrameric. In monkey 

brains, 83% of AChE molecules are tetramers, 10% dimers and 5% monomers (Liao 

J 1993). Different abilities between AChE and BuChE to split substrates have been 

reported. While AChE is not able to hydrolise high molecular weight esters as 

BuChE, it exhibits higher affinity for ACh. These differences in substrate affinity 

may be due to specific changes in the aromatic gorge disposition.  

Since the 1970s, one of the most consistent changes associated with AD has been 

the degeneration of neurons from the cholinergic nuclei in the basal forebrain region 

and their terminals in the hippocampus (Struble RG 1982). More recently, the 

neuronal atrophy has been associated with a loss of cholinergic markers, occurring 

specifically in the nucleus basalis of Meynert (Vogels OJ 1990). The cholinergic 

system function, responsible for the storage and retrieval of items in memory, is 

therefore highly impaired in AD pathology.  

 

b.  Butyrylcholinesterase 

In AD brain, neuritic plaques and neurofibrillary tangles (NFT) contain large 

amounts of AChE and BuChE, the latest present in the neuroglia (Wright CI 1993), 

possessing different histochemical properties from the analogous enzymes in intact 

neuronal cell bodies and axons. Moreover, these two enzymes may play a role in the 

processing of APP (Wright CI 1993), though it is unclear whether inhibition could 

influence the pathogenic course of AD. Butyrylcholinesterase (BuChE, EC 3.1.1.8), 
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also known as pseudocholinesterase or plasma cholinesterase, is an enzyme that 

hydrolyses different choline esters. 

While AChE is expressed in nerve and blood cells hydrolysing ACh, the biological 

significance of BuChE still remains not well understood, even though it has been 

described to be able to partially modulate or compensate the diminished AChE 

activity in the deficient animals (Xie W 2000). 

Similarly to AChE, neurotransmitter ACh can also be metabolised to choline by 

glial BuChE (Mesulam M 2002; Daikhin Y ) but with different kinetic 

behaviour. While AChE predominates in neurons and exhibits high affinity for ACh 

with low KM values, BuChE is present in endothelia, glia and neuronal cells with 

low affinity for ACh and high KM values (Soreq H 2001). 

Enzyme BuChE is expressed in the hippocampus and temporal neocortex, but at 

lower levels than AChE, and it is associated with glial cells (Mesulam M 2002). 

However, Darvesh and colleagues reported that, in the hippocampal formation, 

AChE is present in both neurons and neuropil, while BuChE is only detected in 

neurons, suggesting that these enzymes may colocalize. In the amygdala, the 

number of BuChE-positive neurons is reported to exceed the number of AChE-

positive neurons, with BuChE residing predominantly in the neurons and their 

dendritic processes and AChE residing in the neuropil (Darvesh S, Grantham DL, 

and DA 1998). The distinct distribution of AChE and BuChE within the brain 

suggests that these enzymes may both play interactive central biological roles.  

In addition to its role in the hydrolysis of ACh, non-enzymatic functions have also 

been attributed to BuChE. As previously mentioned, while AChE may accelerate 

amyloid deposition in the AD brain, BuChE can associate with Aβ protein possibly 

delaying the onset and rate of neurotoxic Aβ fibril formation in vitro (Diamant S 

2006). Furthermore, since neurotransmitter ACh has been reported to display anti-

inflammatory properties, the activity of both AChE and BuChE might also be 

considered as a potential marker of low-grade systemic inflammatory conditions 

such as AD (Das UN 2007). 

In certain AD brain regions, BuChE activity has been found unaltered or increased 

(Perry EK 1978; Ciro A 2012), which has been associated with amyloid plaques and 

NFTs (Geula C Guillozet AL 1997). In addition to changes in activity, 

changes in AChE and BuChE protein expression also occur over the progression of 

AD. Furthermore, an increase in the levels of glial-derived BuChE and decreases in 

synaptic AChE have also been observed, triggering a dramatic increase in the 

BuChE: AChE ratio in cortical regions from 0.6 in healthy conditions to 11 in AD 

(Giacobini E 2003). 
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 High levels of BuChE in gray matter have been correlated with annual cognitive 

decline in a prospective, autopsy-confirmed population with dementia with Lewy 

bodies (Perry E 2003). However, high CSF BuChE activity may be associated with 

greater levels of cognitive function in patients with AD (Darreh-Shori T 2006). It 

has been hypothesized that low levels of BuChE in the CSF may correlate with high 

levels of BuChE/AChE/Aβ/ApoE complexes (BAβAC) in the vicinity of, or trapped 

within, plaques, along with cerebral amyloid angiopathy, increased neurotoxicity, 

and greater central neurodegeneration (Darreh-Shori T ). 

The observed changes in BuChE activity and expression throughout the course of 

AD, and its relationship with cognitive function, emphasize the potential value of 

BuChE and AChE inhibition as a therapeutic target in AD patients. 

Thus, cholinesterase inhibitors (ChEIs) have provided a dose-dependent increase in 

ACh levels, enhancing cholinergic transmission in AD patients and providing relief 

from symptoms of cholinergic deficits. A number of ChEIs have been developed 

with varying potency against AChE and BuChE, many of which are close analogues 

of the same pharmacophore. The selectivity (AChE-selective, BuChE-selective, or 

dual inhibitor) of some of the available ChEIs, based on their inhibitory potency 

against human erythrocyte AChE and plasma BuChE is shown in Table 1. Several 

of these compounds are BuChE-selective, while others show inhibitory potency 

against both AChE and BuChE. 

 

Table 1. Some available selective and dual ChE inhibitors. 

AChE-selective inhibitors BuChE-selective inhibitors Dual inhibitors 

BW284c51 Bambuterol Eptastigmine 

Donepezil Bisnorcymserine (-)-Heptyl-physostigmine 

Diisopropylfluorophosphate Cymserine Metrifonate 

Echothiophate Ethopropazine Physostigmine 

Edrophonium (-)-4’-Isopropylphenyl Rivastigmine 

Galantamine Carbamate of thiaphysovenol Tacrine 

Huperzine-A Iso-OMPA  

Neostigmine MF-8622  

Phenserine   

 

To date, no large-scale randomized controlled trials of a BuChE-selective inhibitor 

in patients with AD have been performed. Studies in patients with mild-to-moderate 

AD would be unlikely to highlight treatment advantages of BuChE inhibitors 

(Ballard C 2003). BuChE-selective inhibitors may be more effective than AChE-

selective inhibitors in patients with severe AD, although this remains to be tested 

clinically. 
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Mounting preclinical and clinical evidence suggests that BuChE may be significant 

in maintaining normal cholinergic function and in neurologic conditions in AD and 

that this role may become more pronounced during the disease course. Available 

data on the effect of BuChE genotype are limited and are largely based on 

prospective or retrospective analyses of clinical trial databases. Moreover, these 

analyses are generally based on reduced patient numbers, and the studies are not 

powered to detect differences in efficacy between treatment groups stratified 

according to genotype. However, further investigation in more severe disease stages 

and advantages of dual inhibitors in specific patient populations is necessary. An 

increased understanding of AD pathology, including the role of BuChE, will enable 

physicians to make best use of the available therapeutic options for those patients. 

 

ii. Amyloid hypothesis 

The amyloid cascade hypothesis postulates that the neurodegeneration in AD is 

caused by abnormal accumulation of Aβ plaques in various areas of the brain 

(Hardy JA 1992; Evin G ). This accumulation acts as a pathological trigger for 

a cascade that includes neuritic injury, formation of NFTs via tau protein to neuronal 

dysfunction and cell death (Hardy JA 1992; Selkoe DJ ). Genetic, biochemical 

and pathological evidences support this hypothesis as the primary cause of AD 

(Kayed R 2003).  

The Aβ senile plaques are composed by Aβ peptides, which consist of 39-43 amino 

acid residues proteolytically derived from the sequential enzymatic action of β- and 

γ-secretases of transmembrane APP (Coulson EJ 2000). The length of Aβ peptides 

varies at C-terminal according to the cleavage pattern of APP, being the Aβ1-40 the 

most prevalent form followed by Aβ1-42, an hydrophobic form that aggregates faster 

(Perl DP ). Within plaques, Aβ peptides and β-sheet conformation assemble 

and polymerise into structurally distinct forms such as fibrillar, protofibers and 

polymorphic oligomers (Selkoe DJ ). 

The kinetics of aggregation process of Aβ peptide follows a sigmoidal curve due to 

the presence of β-sheets in its structure (LeVine H 1993), and it can be monitored in 

vitro by the use of dye molecules. The aggregating process comprises two main 

phases: lag phase and elongation phase. During the lag or nucleation phase, soluble 

monomers or dimers with random-coil structures form a nucleus that proceeds 

rapidly to the formation of fibrils. At the end of this phase, low-weight soluble 

oligomeric species are formed, which are spherical, globular and described as 

micelles or amorphous aggregates. The molar mass of these species varies between 

25 and 50 KDa (Lambert MP 1998).Throughout the elongation phase, the 
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oligomeric species link together to form high-molecular weight oligomers of up to 

1,000 KDa approximately (Huang TH 2000). These prefibrillar species transform 

into protofilaments or protofibrils, which are short, flexible and fibrillar. The 

protofibrils are the precursors of full-length fibrils by simple lateral association and 

structural organisation. Mature fibrils are straight, unbranched, twisted and can 

reach up to 10 µm in length (Dobson J ) (Fig. 7).  

 

 

Fig. 7. Nucleation-dependent fibril formation process The sequence of events along the fibril 

formation pathway includes: (Lag phase) aggregation of misfolded monomers into small intermediate 

oligomers; (Growth phase) re-arrangement of these oligomers into an organized conformation 

containing the cross beta structure; (Saturation phase) association of beta structured oligomers into 

proto-fibrils and finally into fibrils (Iannuzzi C 2015). 

 

The Aβ aggregation process is highly susceptible to many factors including pH, 

ionic strength of the solvent, purification process or temperature, which are 

responsible for complications in reproducibility when experimentally assayed in 

vitro. Distinct oligomerisation and assembly processes between Aβ1-40 and Aβ1-42 

have described (Bitan G 2003). While Aβ1-42 exhibits higher neurotoxicity and is 

able to form hexamers, heptamers or octamers, Aβ1-40 reach equilibrium from 

monomers to tetramers. These differences are related to differences in the Ile-41-

Ala-42 dipeptide at the C-terminus of Aβ. Until recently, it was assumed that 

fibrillary Aβ deposits were the responsible agents for the neuronal injury and 

neurodegenerative process of AD (Selkoe DJ Hardy JA 1992). However, later 

findings showed that soluble oligomeric species were able to disrupt synaptic 

function (Lambert MP 1998) and recent data support the belief that soluble dimeric 

species are highly toxic (Jin M 2011).The mechanism by which Aβ induce cell 

damage have been reported to be by ROS production (Schubert D 1995), altered 
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signalling pathways (Mattson MP 1997), mitochondrial dysfunction (Shoffner JM 

1997) and interaction with biometals (Jin L 2011). 

The Aβ deposition and plaque formation also lead to local microglia activation, 

cytokine release, reactive astrocytosis and multi-protein inflammatory response 

(Rogers J 1996) (Fig. 8). Also, the multifaceted biochemical and structural changes 

in surrounding axons, dendrites and neuronal cell bodies, induce the synapse loss, 

and a remarkable cerebral atrophy in AD (Braak H ). 

 

 

Fig. 8. Role of APP cleavage processing in AD and microglial activation (Heppner FL 2015).  

 

Nonetheless, no correlation between the Aβ accumulation with extent of neuronal 

loss and cognitive dysfunction has been reported so far. In addition, the direct Aβ-

peptide neurotoxicity has been difficult to prove in animal models, revealing the 

existence of key intermediate between amyloidosis and neurodegeneration (Nelson 

PT 2012; Serrano-Pozo A 2013). Despite these studies, genetic research has 

suggested that neurodegenerative processes in AD are the consequence of an 

imbalance between Aβ peptide production and clearance.  

Since the postulation of the “amyloid hypothesis of AD”, tremendous efforts have 

been undertaken in clinical research in order to develop novel therapeutics and this 

hypothesis has continued to gain support over the last two decades, particularly from 

genetic studies.   
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a. Amyloid precursor protein and presenilins  

APP is a poorly understood type I membrane glycoprotein that present multiple 

isoforms derived by alternative splicing. APP gene is located on chromosome 21, 

and individuals suffering from Down’s syndrome are reported to develop fAD (Ling 

Y 2003). The Swedish mutation in APP gene (APPswe) allows changes in amino 

acid residues 670 and 671 that increase Aβ peptide generation by increasing β-

secretase processing activity (Citron M 1992). This mutation has been widely used 

to generate AD animal models. 

As aforementioned, APP can be proteolytically processed through two pathways: 

the non-amyloidogenic and the amyloidogenic pathways (Fig. 9). In the non-

amyloidogenic pathway, APP is cleaved by α- and γ-secretases activity resulting the 

production of soluble form of APP (sAPPα), which has been reported to possess 

several neuroprotective properties (Selkoe DJ 2003). In the amyloidogenic 

pathway, APP is cleaved by β-secretase generating a membrane-bound C-terminal 

fragment (C99) which is subsequently cleaved by γ-secretase activity to produce Aβ 

peptide (Selkoe DJ 2003). The enzymes β-secretases 1 and 2 (BACE1 and BACE2) 

are also capable to cleave APP at β site. It was shown that γ-secretase cleaves APP 

near the boundary of the cytoplasmic membrane and middle of the membrane called 

ε-cleavage and γ-cleavage, respectively (Weidemann A 2002). 

 

 

Fig. 9. Scheme of the APP processing through either non-amyloidogenic or amyloidogenic pathways. 

Modified from (Bush AI 2008). 
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Presenilins 1 and 2 (PS1, PS2) proteins are mainly located in the endoplasmic 

reticulum and Golgi subcellular compartment, but also in the nucleus, endosomal 

system and plasma membrane (De Strooper B 1997). Although the functions of PS 

have not been understood yet, some observations pointed that they might be 

involved in protein trafficking and Notch signalling (Mercken M ). To date, 

several mutations in both PS have been identified as the cause of fAD (Bertram L 

). In addition, specific mutations in PS1 are responsible for an alteration in 

cleavage pattern of γ-secretase triggering higher Aβ1-42 levels. However, only few 

mutations on PS2 cause fAD (Herreman A 1999). 

 

iii. Tau hypothesis  

Neuropathologically, AD is defined as the presence of intraneuronal neurofibrillary 

lesions consisting of tau proteins (Forman MS ). Tau proteins are mainly found 

in the axons of neurons and belong to the family of microtubule-associated proteins 

(Tucker RP 1990).  

In the adult brain six isoforms of tau protein have been identified which derived 

through alternative splicing from single gene located on chromosome 17 (Neve RL 

1986).  They play an important role in microtubule assembly and stabilisation of 

neuronal microtubule network (lee 1989). Tau is composed by a microtubule 

binding domain integrated by three or four conserved repeats of 18 amino acids on 

the C-terminal half of the protein.   

In AD, tau protein in abnormally phosphorylated, resulting from an imbalance 

between kinases and phosphatase activities. This phosphorylation occurs at serine 

and threonine by protein kinases cyclin-dependent kinase-5 (CDK-5), glycogen 

synthase kinase-3 (GSK-3) and mitogen-activated protein kinase (MAPK). Other 

kinases including Akt, Fyn, protein kinase A (PKA), calcium-calmodulin protein 

kinase-2 (CaMKII) and microtubule affinity-regulating kinase (MARK) are also 

involved in the tau phosphorylation process (Fig. 9).  
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Fig. 9. (A) Tau facilitates microtubule stabilisation within cells and is particularly abundant in 

neurons. Microtubules are essential for normal trafficking of cellular cargo along the lengthy axonal 

projections of neurons. (B) In AD and other tauopathies, tau function is compromised as a result of 

its hyperphosphorilation into NFTs, which reduce the amount of tau that is available to bind 

microtubules. The loss of tau function leads to microtubule instability and reduced axonal transport, 

which could contribute to neuropathology (Brunden KR 2009).  

 

The hyperphosphorilation of tau induce a destabilisation of microtubules (Alonso 

AC 1994) that leads to loss of neural cytoskeletal architecture and plasticity 

(Mandelkow EM 1998) and to an impared neuronal transport which finally leads to 

cell death by the formation and accumulation of NTFs (Trojanowski JQ 1993).   

Several pathogenic events have been reported to contribute to tau 

hyperphosphorylation including tau gene mutation as a cause of frontotemporal 

dementia and Parkinsonism (Goedert M 2005) or dysregulation of tau kinases and 

phosphatases (Mazanetz MP 2007). Consequently, recent therapeutic approaches 

against tau hyperphosphorylation have been addressed to the inhibition of kinases to 

block tau deposition (Mazanetz MP 2007) or the upregulation of tau phosphatises 

(Gong CX 2008), however their role under pathophysiological conditions is not yet 

clear.    

 

iv. Oxidative stress 

Within any functional aerobic cell, the process involved in respiration inevitably 

generates reactive oxygen species (ROS) (Petersen RB 2007). In particular, redox 

reactions are necessary for the generation of ATP and free radical intermediates are 

produced via the establishment of a proton gradient in oxidative phosphorylation. 
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Multiple damaging mechanisms coexist in AD pathology, affecting each other at 

multiple levels (von Bernhardi R 2012). In this respect, oxidative stress (OS), which 

could be secondary to several other pathophysiological events, appears to be a major 

determinant in case of AD pathogenesis and progression. Experimental evidence 

indicates that at a dysregulation of the redox state strongly participates in an early 

stage of AD, including and activating multiple cell signalling pathways that 

contribute to the initial progression of the neurodegenerative process (Feng Y 2012).  

Constant evidence of ROS and reactive nitrogen species (RNS) mediated injury is 

observed in AD (Praticò D 2008). Increased levels of oxidative markers of 

biomolecules including proteins, lipids, carbohydrates, and nucleic acids, have been 

detected in a number of studies (Sultana R 2011; Moreira PI Fukuda M 2009). 

In addition, levels of antioxidant enzymes were found to be altered in specific AD 

brain regions (Sultana R ). Consequently, the “oxidative stress hypothesis of 

AD” emerged as a key event in both the onset and progression of this disease. OS is 

a widespread cellular process that currently lacks a specific treatment target such as 

a receptor or a single major metabolic pathway (Galasko DR 2012). The wide 

variety of sources and sites of OS production goes along with an even higher 

heterogeneity in the antioxidant response.  

Specifically, the activity of cytochrome oxidase and the pyruvate and α-

ketoglutarate dehydrogenase complexes have been observed reduced as a result of 

oxidative damage (Aliev G 2011). In AD, there are established connexions between 

OS and other key AD events, which amplify its complexity (Fig. 10).  

 

 

Fig. 10. Prevailing connections between OS and other key players in AD (Mattson MP 2004). 
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The aforementioned presence of oxidation markers indicates that OS in fact 

precedes these other hallmarks. Moreover, the accumulation of oxidative active 

modification products, such as 8-hydroxyguanosine (8-OHG) and nitrotyrosine, in 

the cytoplasm of cerebral neurons from Down’s syndrome patients temporary has 

reported to precede amyloid deposition (Nunomura A 2000; Odetti P 1998). This 

was also demonstrated in an APP transgenic mice model of AD (Praticò D 2001; 

Smith MA 1998). In post-mortem brains of MCI patients, CSF, plasma urine, 

showed increased levels of lipid peroxidation, nuclear acid oxidation and diminished 

levels of antioxidant enzymes (Butterfield DA 2006; Keller JN ). Besides, 

heme oxygenase-1 (HO-1) levels were also reported to be increased in both AD and 

MCI post-mortem brain tissues (Schipper HM 2006). 

Although Aβ and its aggregated senile plaques are undoubtedly involved in the 

neurodegenerative process of AD, the chronology of its presence has been now 

deemed secondary by many studies (Castellani RJ 2006; Zhu X 2007). Evidence 

suggests that secretion and deposition of Aβ within the neurons are compensatory 

measures taken by cells in effort to protect themselves against damage triggered by 

OS (Hayashi T 2007; Nakamura M 2007). 

Mitochondrial abnormalities, initially caused by gradual oxidative disturbances are 

an enormous contributor of ROS to the cell (Bonda DJ 2010). Oxidative 

perturbances in mitochondrial operations create damaged metabolic capacity (Wang 

X 2009) that would prevent the effective transferring of electrons during oxidative 

phosphorylation, thus generating excessive ROS. This abnormality creates a vicious 

positive feedback cycle where ROS produce OS that eventually yields more ROS, 

along with other cellular detriments. ROS gradually accumulates in the cell over the 

years and once a threshold is reached, the cell is no longer able to control the 

debilitating cycle propagation and a compensatory “steady state” is unavoidably 

initiated in order to regain control of its environment (Zhu X 2007). This state that 

intends to prolong cell life increases its vulnerability to additional insults such as Aβ 

peptides, and therefore becoming subject to oxidative damage produced by 

oligomerisation and aggregation (Wang X 2008), and, in turn, leading to 

neuroinflammation, mitochondrial damage, and further ROS generation. 

In addition, cellular oxidative damage has also been linked to tau 

hyperphosphorylation and formation of NFTs (Lee YJ 2004). As a consequence of 

this aberrant cycle, cells succumb to neurodegeneration, exhibiting the common 

cognitive decline and dementia descriptive of AD (Zhu X 2007). Altogether, the 

primary role of OS in AD onset and progression has been overwhelmingly 

confirmed, offering the chance to develop specific disease-modifying antioxidant 

approaches to confronting the disease.  
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v. Biometal dyshomeostasis 

Numerous studies in AD and other neurodegenerative disorders have described an 

increase in the levels of oxidative stress reflected by a dysregulated content of 

metals iron, copper and zinc in the brain of patients. Recent findings have strongly 

pointed to brain oxidative stress as one of the earliest changes in AD pathogenesis 

that might play a central role in the disease progression (Guglielmotto M 2010; Lee 

HP 2010). Redox-active metals, especially Fe
2+

, Cu
2+

 and Zn
2+

, are capable of 

stimulating free radical formation via Fenton reaction (Fig. 11), increasing protein 

and DNA oxidation and enhancing lipid peroxidation.  

 

 

Fig. 11. Free iron reacts through the Fenton reaction with hydrogen peroxide, leading to the 

generation of reactive and damaging hydroxyl radicals (OH
-
) through the Fenton reaction. 

Superoxide can also react with ferric iron by the Haber-Weiss reaction leading to the production of 

Fe
2+

, which affects redox cycling. The highly hydroxyl radicals lead to OS-induced lipid 

peroxidation, mitochondrial dysfunction and increase in intracellular free-calcium concentration, 

causing neuronal death (Khalil M 2011).  

 

Biometals have also shown to mediate Aβ toxicity in AD (Duce JA 2010). It has 

been described that Aβ peptide itself is a strong redox-active metalloprotein able to 

directly produce hydrogen peroxide and OH
-
 in the presence of copper or iron, 

which, in turn, are enriched in the amyloid cores of senile plaques (Huang X, LE, 

and Tanzi RE 1999; Huang X et al. 1999). Also, metal ions can interact with Aβ 

peptide enhancing its self-aggregation and oligomerisation at low physiological 

concentrations or at mildly acidic conditions (Huang X, LE, and Tanzi RE 1999; 

Huang X et al. 1999). Moreover, metals can promote tau hyperphosphorilation and 

subsequent formation of neurofibrillary tangles (NFTs) inducing its aggregation 

upon interaction with Aβ (Yamamoto A and Yoshimasu F 2002).  

The presence of iron-responsible element (IRE) in the 5’ untranslated region (UTR) 

of AβPP mRNA was revealed as another link between iron metabolism and AD 
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(Rogers JT, H, and Lahiri DK 2002; Silvestri L 2008). Iron closely upregulates the 

intracellular levels of AβPP holo-protein by a mechanism that is similar to the 

translational control of ferritin L- and H- mRNAs through an IRE in their 5’ UTR 

(Rogers JT, H, and Lahiri DK 2002; Silvestri L 2008). 

 

a. The role of copper 

Copper is an essential trace element for all living animals. In humans, this biometal 

is essential to the proper functioning of organs and metabolic processes and it is 

constantly controlled by homeostatic mechanisms to prevent an excess or deficiency 

of it, which may trigger a unique set of adverse health effects. Copper can undergo 

redox cycling between Cu
1+

 and Cu
2+

 and the activity of some copper-containing 

enzymes including SOD, cytochrome c oxidase, ceruloplasmin or tyrosinase, are 

linked to important biological functions. However, copper is also involved in the 

formation of free radicals by the Fenton reaction, in which free copper catalyses the 

formation of toxic hydroxyl radicals from physiologically available hydrogen 

peroxide (Barnham KJ 2004). Two classic disorders related to copper metabolism 

are Menkes and Wilson diseases, and neurodegenetation is a common complication 

present in both disorders (Kodama H 1999; Merle U 2007). 

In AD pathology, copper is mislocalised in brains, where decreased levels of this 

metal have been reported in affected regions (Deibel MA 1996; Magaki S 2007), 

with enrichment in amyloid plaques and tangles (Lovell MA 1998). Copper is 

released into the glutamatergic synaptic cleft facilitated by ATP7A at concentrations 

of 15µM approximately (Hopt A 2003; Hartter DE 1988). There, it causes S-

nitrosylation of NMDA receptors inhibiting their activation (Schlief ML 2005; 

Schlief ML ).   

The central theory of Aβ toxicity is well-established to be linked with the presence 

of redox metals, especially the binding of copper and non-redox zinc (Tougu V 

2008; Hou L 2006), whose precise mechanism is still a subject of investigation 

(Minicozzi V 2008; Syme CD 2004; Alies B 2011; Ma QF 2006). 

The copper binding site of Aβ1-42 has an affinity of logKapp of 17.2, whereas that of 

Aβ1-40 is 10.3 (Atwood CS 2000) when measured by competitive metal-capture 

analysis. Moreover, copper is reported to modify and accelerate Aβ aggregation. 

Purified human plaques contain fewer histamine and tyrosine residues by the 

copper-mediated oxidation (Tanzi RE ). Copper promotes dityrosine cross-

linking of Aβ, and therefore accelerating Aβ aggregation (Atwood CS 2004; Ali FE 

). Copper-induced Aβ oligomer contains membrane-penetrating structure with 

histamine bridging (Curtain CC 2001; Smith DP ). This remarks the importance 
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of histidine in the copper- Aβ interaction, which, unlike zinc, forms oligomers rather 

than fibrils (Jiao Y 2005; Jiao Y 2007). 

The copper-Aβ complex has been reported to exhibit cytotoxic properties (You H 

) as this binding ameliorates Aβ-induced cell death in cell culture (Wu W 2008; 

Perrone L 2010). A hypothesis for this finding is the potential inhibition of 

cytochrome c (Crouch PJ 2005). Additionally, the increase of oxidative stress 

triggered by the generation of hydrogen peroxide by Aβ and copper via a catalytic 

cycle is another assumption (Huang X et al. 1999; Huang X 1999).  

APP also interacts with copper by binding to it between residues 142 and 166 

(White AR 1999; Barnham KJ 2003; Cappai R 2004) and catalytically reducing 

Cu
1+

 to Cu
2+ 

(Multhaup G ). Copper promotes APP internalisation, and its 

deficiency promotes Aβ secretion, but not APP cleavage (Acevedo KM 2011). 

Therefore, APP may not directly influence copper homeostasis, but inappropriate 

interaction with copper could result neurotoxic. 

Tau phosphorylation and aggregation may also be induced by copper. Certain 

fragments in the four-repeat microtubule-binding domain of tau were shown to 

aggregate in the presence of copper in vitro (Ma QF 2005; Zhou LX 2007). Besides, 

copper binding to tau induces in vitro a hydrogen peroxide production (Su XY 

2007), and NFTs have also been shown to bind copper in a redox-dependent 

manner, as a source of ROS within the neuron (Sayre LM 2000). In addition, copper 

exposure induces tau hyperphosphorylation promoting tau pathology in a mouse 

model of AD (Kitazawa M 2009).   

 

b. The role of zinc 

The brain is the main pool of zinc within the body (Frederickson 1989). Zinc is an 

essential component for hundreds of enzymes and transcription factors. In healthy 

conditions, most of zinc content is compartmentalised in membrane-bound 

metalloproteins (MP I, II and III), loosely bound zinc within the cytoplasm, and 

vesicular zinc enriched in synapses. Synapse transmission releases high 

concentrations of zinc (Vogt K 2000; Qian J 2005; Frederickson CJ 2006) into the 

synapse, where it acts as a GABA (Molnar P 2001; Ruiz 2004) and NMDA 

receptors antagonist (Vogt K 2000; Paoletti P 1997; Traynelis SF 1998) and 

activates GPR39 (Besser L 2009), which underlies its functional roles in signal 

transmission. Zinc levels in AD have been reported inconsistently over the years. 

Early surveys of brain tissue found no difference in zinc levels between AD and 

controls (Hershey LA 1984). Later studies showed a decrease in zinc levels in the 

neocortex (Danscher G 1997), in the superior frontal and parietal gyri, the medial 
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temporal gyrus and thalamus (Panayi AE 2002), and the hippocampus (Panayi AE 

2002; Corrigan FM 1993). However, conflicting reports have shown elevated zinc 

levels in AD-affected amygdala (Danscher G 1997), hippocampus (Danscher G 

1997; Deibel MA 1996), cerebellum (Danscher G 1997), olfactory areas 

(Samudralwar DL 1995), and superior temporal gyrus (Religa D 2006).  

The cause of zinc dysregulation remains unknown, but may be involved in the 

failure of proteins such as metallothionein III, found in neurons and reduced in AD 

brains (Uchida Y 1991; Yu WH 2001). In contrast, metallothionein I/II is increased 

in astrocytes of post-mortem and preclinical AD brains (Adlard PA 1998). In AD 

pathogenesis, enriched zinc levels have been found in amyloid plaques (Bush AI 

1994c), also reported from studies using microparticle-induced X-ray emission 

tomography, in which 3-fold zinc concentrations were found in plaques surrounding 

neuropil in the amigdala (Lovell MA 1998). These findings were later corroborated 

by histochemistry (Suh SW 2000), autometallographic tracing (Stoltenberg M 2005) 

and synchrotron-based infrared and X-ray imaging (Miller LM 2006).  

Aβ binds zinc at residues 6-28 (Bush AI 1994c; Bush AI 1993; Bush AI 1994a, 

1994b), with up to three zinc ions bound to histidines 6, 13 and 14 (Damante CA 

2009), inducing the aggregation of Aβ into soluble precipitates (Bush AI 

1994c).Therefore, zinc, like copper, accelerates Aβ-induced toxicity and zinc 

sequestration into amyloid deposits (Bush AI 1994c) (Fig. 12), inducing loss of 

functional zinc in the synapses. This loss may contribute to cognitive decline in AD 

due to ZnT-3 depletion (Adlard PA 2010).  

 

 

Fig. 12. The role of copper and zinc in the amyloid cascade hypothesis (Faller P 2013). 
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Zinc may also interfere with APP processing and function as these processes are 

coordinated by secretases under the zinc regulation. This metal increases the 

synthesis of PS-1 (Park IH 2001); however, the γ-secretase activity is inhibited by 

Zn
2+

 (Hoke DE 2007). Zinc binds directly to Aβ, hiding its proteolytic cleavage site 

(Bush AI 1994b) and therefore inhibiting its degradation by matrix metalloproteases 

(Crouch PJ 2009). Secreted Aβ is normally degraded by proteases such as neprilysin 

within a short period of time. However, zinc and other metals enhance the 

oligomerisation and accumulation of the amyloid protein. After being incorporated 

into the membrane, the conformation of Aβ changes and aggregates on the 

membranes. These aggregates are able to form channels, which unlike endogenous 

Ca
2+

 channels, are not regulated by standard channel blockers. Thus, a continuous 

flow of Ca
2+

 is initiated and disruption of calcium homeostasis triggers several 

apoptotic pathways, including free radical formation and tau phosphorylation 

leading to cell death. Conversely, secreted zinc into synaptic clefts, inhibits Aβ-

induced Ca
2+

 entry, and thus confers a protective function in AD (Kawahara M 

2014).    

In agreement with these findings, in vivo studies revealed that high intake of dietary 

zinc triggered elevated expression of APP and enhanced amyloidogenic APP 

cleavage and Aβ deposition in APP/PS1 transgenic mice (Wang CY 2010; 

Borchardt T and Beyreuther K 2000; Cuajungco MP 2003). Finally, zinc may also 

be involved in tau pathology as it is enriched in tangle-containing neurons (Suh SW 

2000). Zinc moderates translation of tau and modulates its phosphorylation by 

affecting the activities of GSK-3β, protein kinase B, ERK1/2, and c-Jun N-terminal 

kinase (An WL 2005; Pei JJ 2006; Lei P 2011). In addition, zinc can also bind to tau 

monomers, altering its conformation (Boom A 2009) and inducing both aggregation 

and fibrillation of this protein (Mo ZY 2009). 

 

c. The role of iron 

Iron is a fundamental element in biology for energy metabolism. It is a transition 

element that exists in oxidative states from -2 to +8, though in biological systems 

only ferrous (Fe
2+

) and ferric (Fe
3+

) states exist. The cycling between ferric to 

ferrous states is used in biology for various redox reactions essential to life. 

However, deleterious reactions with oxygen, such as Fenton reaction, are a source of 

oxidative stress (Zigler Jr JS ). 

In the brain, iron is involved in development (Beard J. 2003), neurotransmitter 

systems (Agarwal KN. 2001), and myelination (Schulz K 2012). It is therefore 

regulated by multiple proteins and involved in different cellular functions. In AD 
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brains, iron is enriched in both NFTs (Smith MA 1997) and senile plaques 

(Goodman L. ) with an estimated concentration of 3-fold higher that of the 

normal neuropil levels (Lovell MA 1998). Iron accumulation occurs in the cortex 

but not in the cerebellum (Duce JA 2010; Andrasi E ). The iron storage protein 

ferritin binds most iron within the brain (Collingwood JF 2005) and its levels 

increase with age and AD (Bartzokis G 2000).Transferrin (Tf) is an extracellular 

iron-transporting protein expressed in the brain that exchanges iron between cells. 

The complex Fe-Tf is endocytosed (Eckenroth BE 2011) and iron is reduced to its 

ferrous state by an unknown ferrirreductase. 

Recently, AD-associated APP was identified as a neuronal ferroxidase (Duce JA 

2010). APP-knockout mice exhibit iron accumulation in the brain and peripheral 

tissues, and loss of APP ferroxidase activity in AD brains is coincident with iron 

retention in the tissues (Duce JA 2010). It is been lately reported that iron-export 

capability of APP requires tau protein (Lei P 2012), which is involved in axonal 

transport (Lei P 2010) and binds to APP (Islam K 1997). Moreover, the loss of tau 

in mice is reported to cause age-related iron accumulation (Lei P 2012). In AD 

brains, iron-regulatory system is disturbed. Ferritin has been reported to be elevated 

and co-localised with senile plaques (Connor JR 1992), found to be expressed in 

astrocytes (Connor JR 1992) and increased in frontal cortex of AD brains (Loeffler 

DA 1995). However, the amount of APP was not significantly reduced in cortex 

(Duce JA 2010) but both ferroxidase activity and soluble tau protein level were 

observed to be decreased (Duce JA 2010; Shin RW 1992; van Eersel J 

Zhukareva V 2001; Khatoon S 1994). Genetic factors have also been linked to 

higher susceptibility to iron burden in AD (Bertram L Blazquez L Percy 

M ). Iron burden enriches around the senile plaques region (Meadowcroft MD 

2009) and promotes Aβ aggregation in vitro (Mantyh PW 1993). Furthermore, iron-

aggregated Aβ toxicity in cell culture (Schubert D 1995) is mediated by ROS 

production (Rottkamp CA 2001) or by the activation of Bcl-2/Bax-related apoptosis 

pathway (Kuperstein F 2003). As mentioned, iron also binds to tau, but only Fe
3+

 

has reported to induce aggregation of hyperphosphorylated tau, which can be 

reversed by reducing Fe
3+

 to Fe
2+

 (Yamamoto A 2002) or by the use of iron-

chelators (Amit T ). In AD brain, NFTs bind iron, which acts as a source of 

ROS within the neurons (Sayre LM 2000).  In hippocampal neurons treated with 

Fe
3+

 a decrease of tau phosphorylation was observed (Egaña JT 2003), which 

corresponds with a decrease in CDK5 activity. Conversely, treatment with Fe
2+

 also 

shown hyperphosphorylation (Lovell MA 2004) without inducing aggregation, 

possibly caused by upstream activation of the ERK1/2, MAPK pathway (Huang X 

2007; Muñoz P 2006). Recently, oxygen tension-dependent transcriptional factor, 

hypoxia inducible factor-1α (HIF-1α) has emerged as a potential target in 
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neurodegenerative diseases. This protein regulates intracellular iron by binding to 

HIF-responsive elements (HREs) that are located within the genes of iron-related 

proteins such as Tf receptor and heme oxygenase-1 (Fig. 13).  

 

 

Fig. 13. Schematic representation of the regulation of HIF-1α pathways. Under normoxia, HIF-1α 

accumulates, dimerises with HIF-β, binds to DNA, and transcriptionally regulates hypoxia-

responsive genes. In presence of oxygen and Fe
2+

, propyl hydroxylase domain (PHD) enzymes 

hydroxylate specific proline residues in HIF-α for ubiquitination and mediates its proteosomal 

degradation (Petousi N 2014).    

 

Particularly in AD, recent research and clinical trials have confirmed that HIF-1α 

activation may be a potent strategy to postpone the pathogenesis and ameliorate the 

outcomes of AD. In this context, the use of iron chelators such as M30, has reported 

an increased of the levels of this protein by elevating the expression of its target 

genes VEGF and EPO. Overexpression of HIF-1α has been shown to protect 

cultured cortical neurons from Aβ-induced neurotoxicity, through activating 

glycolytic and hexose monophosphate shunt-related enzymes. Therefore, an 

additional use of iron-chelators to overexpress HIF-1α may contribute to prevent 

neuron death and ameliorate symptomatology of AD by inducing the expression of 

neuroprotection-related genes (Benkler C 2010).  

Overall, in the context of AD pathology, the role of both OS and metal ions 

dyshomeostasis in brain (Fig. 14) confirms the use of antioxidant-chelators as 

potential benefitial agents in the prevention and treatment of the disease by 

scavenging free radicals and, more importantly, blocking their production, as well as 

restoring metal dyshomeostasis. 
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Fig. 14. Overview of the role of metals dyhomeostasis (zinc, copper and iron) in AD leading to 

neurodegeneration (Ayton S 2013).  

 

vi. Monominergic neurotransmission impairment 

a.  Monoaminergic systems 

The monoaminergic neurotransmission comprises four pathways with specific 

locations in the brain and neurotransmitters: dopaminergic (DAergic), noradrenergic 

(NAergic), serotonergic and histaminergic (HAergic) pathways (Fig. 15).   
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Fig. 15. Scematic representation of the monoaminergic systems (NAnergic, DAnergic, serotonergic 

and HAnergic) and their projections in human brain (Fuchs E 2004). 

 

Monoamines are able to induce modulatory and trophic effects on a large number of 

neighboring cells through diffusion to distant extra-synaptic sites (Fuxe K 2007). By 

using wire and volume transmission, the monoaminergic systems impose a strong 

modulatory influence on most of the regions of the brain. In many instances, 

different monoaminergic systems share similar input and output regions and directly 

project to each other (Bolte TJ 1998). The interaction between various 

monoaminergic systems is complex and site and receptor specific (Gonzalez-Burgos 

I 2008).  

Selective vulnerability of brainstem nuclei monoaminergic cells has been described 

in AD. While the rostral raphe complex is especially susceptible to tangle formation, 

other monoamiergic nuclei frequently exhibit both pathological markers (plaques 

and tangles) (Parvizi J 2001). An additional link between the monoaminergic 

systems and the pathophysiology of AD stems from genome-wide association 

studies. Polymorphisms in mDNA have been linked to a higher incidence of AD, 

though the precise role of them is yet to be fully understood (Kazuno AA 2006). 
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i. DAergic system in AD 

DA is a catecholamine synthesised from L-tyrosine by the sequential action of 

tyrosine hydroxylase (TH) and aromatic L-aminoacid decarboxylase (AADC). It is 

metabolised by DA-hydroxylase (DBH) into NA, and, by cathechol-O-

methyltranferase (COMT) and preferably by MAO B in humans to homovanillic 

acid (HVA). The main DAnergic regions are located in the midbrain. The DAnergic 

neurons arising from SN and VTA together form mesencephalic DAnergic system. 

DAnergic neurons play a central role in reward-oriented behaviours (Schultz W 

2007). By improving DA signalling, a reinforcement of motivating actions was 

observed, while when those levels are reduced, these actions are suppressed 

(Bromberg-Martin ES 2009). 

In AD pathology, significantly lower levels of DA, its precursor L-3,4-

dihydroxyphenylalanine (L-DOPA) and its metabolite DOPAC have been found in 

the cigulate gyrus, amygdala, striatum, and raphe nuclei in AD brains (Storga D 

1996). In addition, lower levels of this neurotransmitter have also been reported in 

CSF (Tohgi H 1992) and urine. This reduction may correlate with both the loss of 

DA transported (DAT) (Allard P 1990) and the duration of the disease in AD 

(Pinessi L 1987). In addition, D1 receptor has been described to be reduced in the 

putamen and hippocampus (Cortes R 1988) as well as in striatum together with D2 

receptors (kemppainen 2000) in AD brains. Conversely, D3 receptors were found to 

be selectively increased in AD subjects with psychosis (Sweet RA 2001). A 

reciprocal relationship between severity of AD and the status of the DAergic system 

seems to exist as accumulation of Aβ oligomers impair memory by possibly 

promoting long-term depression and inhibiting long-term potentiation (Lacor PN 

2007). 

It has been shown that by stabilising monomeric state of amyloid aggregation 

pathway, COMT inhibitors were able to reduce Aβ oligomerisation (Di GS 2010). 

Moreover, amyloid oligomers have been observed to affect synaptic function by 

altering the internalisation of AMPA and NMDA receptors. In APP-expressing 

mice, a significant reduction in the density of TH-positive fibers in the vicinity of 

amyloid deposits has been reported (Diez M 2003). Interestingly, a restoration of the 

cognitive function was also reported after L-DOPA injections in those mice 

(Ambree O 2009). In this context, the use of MAO B inhibitors have been 

considered as promising clinical interventions in AD, even if the results have been 

inconsistent to date (Filip V 1999).  

In conclusion, degeneration of the DAergic system and deficits in its modulatory 

effects on cortical regions play a significant role in both cognitive and non-cognitive 
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symptoms associated with AD. Therefore, more successful clinical intervention 

targeting this system would be achieved. 

 

ii. NAergic system in AD 

NA is produced from DA by DBH and is metabolised through various pathways 

involving MAO A and COMT, into vanillylmandelic acid (VMA) and 3-methoxy-4-

hydroxyphenylglycol (MHPG). NAergic cells in the brain are found in the LC, the 

periaqueductal grey area, the paragigantocellular nucleus and in the ventral nucleus 

of the lateral lemniscus. The majority of ascending fibers from the NAergic system 

start in the LC. These ascending fibeRs reach the olfactory bulb, the neocortex, the 

hippocampus, thalamus, striatum, basal forebrain, preoptic area, and the 

hypothalamus. LC neurons are characterised by extensive arborisation. Ascending 

NA system plays an important role in attention, stress, and in navigational and 

contextual memory regulation (van Stegeren AH 2008). LC neurons send extensive 

projections to hippocampal and cortical regions.  

In AD, diminished levels of NA have been detected in regions receiving LC 

terminals including the hippocampus, the frontal and temporal cortices, and the 

cingulate gyrus in AD (Reinikainen KJ 1988). Interestingly, NA reduction was 

found to be more severe in early-onset rather than in late onset cases of AD (Arai H 

1992). Reduced levels of NA in AD have also been detected in the CSF and urine of 

individuals with AD as compared to non-demented controls (Martignoni E 1992). In 

addition, the enzymes involved in the biosynthesis of NA have also been shown to 

undergo alterations in AD, as significant reduction in the density of TH and 

dopamine-beta-hydroxilase-positive terminals has been found in the hippocampus in 

AD (Iversen LL 1983).  

Morphological alterations of LC neurons in AD include swelling of cell body and 

shortening and thickening of dendrites (Chan-Palay V 1989). It has been shown that 

the severity of cell loss and NFT degeneration in the LC correlates well with the 

duration and severity of dementia (Bondareff W 1987) and with the occurrence of 

aggressive behaviour (Matthews KL 2002). Recent therapeutic approaches 

combining long-term treatment with NA reuptake inhibitors and NA prodrugs have 

shown to significantly improve cognitive function in mouse models of AD (Kalinin 

S 2012).  

Both DA and NA systems have reciprocal and mutual connections to the frontal 

cortex, therefore exhibiting a high interdependency. Moreover, there are striking 

similarities between the factors that govern the activity of DA and NA neurons, 

suggesting that both neurotransmitters are released simultaneously. NA has multiple 
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effects on targeting neurons membrane potential, cellular excitability, intracellular 

cascade and synaptic plasticity and it is able to enhance or block excitatory 

responses to glutamate, depending on its concentration. Furthermore, NA has 

recently been reported to play an important role regarding the new concept of 

“cognitive reserve”, a set of variables that include intelligence, education, mental 

stimulation, social networking and which allow the brain to adapt to underlying 

pathologies such AD by maintaining cognitive function (Robertson IH 2013).  

 

iii. Serotonergic system in AD 

Neurotranmitter 5-HT is an indolamine produced from L-tryptophan by the 

sequential action of tryptophan hydroxilase (TPH) and AAAD and is metabolised by 

MAO A into 5-hydroxyindoleacetic acid (5-HIAA). Ascending serotonergic fibers 

arise predominantly from the dorsal ralphe nucleus and median ralphe nucleus, both 

targeting the cortex and projecting to the hippocampus, septum, and hypothalamus, 

and the striatum. 5-HT has been proposed to encode aversive stimuli and signals to 

achieve behavioural inhibition, alerting about punishment or rewarding outcomes 

(Boureau YL 2011). 

The 5-HT levels are severely affected in AD brains (Gottfries CG 1986). These 

alterations might be attributed to a combination of neuronal loss and a failure in 

compensating turnover mechanisms. In fact, both 5-HT and 5-HIAA cortical levels 

correlate negatively with the number of NFTs, suggesting that the impairment of the 

serotonergic system parallels disease progression (Palmer AM 1987).  

Later studies confirmed that 5-HT is significantly decreased in AD in the amygdala, 

striatum, SN, and raphe nuclei. Some authors found reduced levels of 5-HT and 

5HIAA in the cortex (superior frontal gyrus, insula, temporal cortex, occipital 

cortex, cingulate gyrus), globus pallidus, amygdala, the hippocampus, and lateral 

nucleus of the thalamus of AD patents (Arai H 1984). Interestingly, alterations in 5-

HT levels have been found to be more pronounced in early onset familial forms of 

AD. Decreased 5-HT levels and have also been detected in platelets in AD (Koren P 

1993), leading to their altered physiology. It has been shown that platelets in AD 

exhibit higher MAO B activity levels (Saura J 1996). Since platelets constitute the 

primary source of Aβ in the blood, they may play a significant role in AD 

pathophysiology (Prodan CI 2011). 

Patients with AD plus depression show significant decrease in 5-HTT binding in the 

midbrain, nucleus accumbens, and thalamus. As for the 5-HT receptors, while the 

density of hippocampal 5-HT1A receptors is significantly reduced in AD, individuals 

with amnestic MCI show increased level of 5-HT1A (Truchot L 2007) which has 
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been suggested to be due to a compensatory mechanism (Dickerson BC 2005). It 

appears that various 5-HT receptors are altered differently in the course of AD. 

While the density of 5-HT1A receptors diminishes in the neocortex, hippocampus 

and amygdala along with progression of AD, 5-HT2 receptor density reduction 

occurs early in the course of the disease and correlates with the number of NFTs 

(Perry G 1987). Medial temporal cortex also shows a significant reduction in 5-

HT1A receptor density in AD (Lanctot KL 2007), which correlates with aggression 

and dementia severity in this disease (Lai et al., 2003). The 5-HT4 receptor, 

implicated in learning and memory, has been shown to mediate ACh release and 

increase the secretion of non-amyloidogenic soluble products of APP in vitro 

(Robert PH 2008).  

These studies suggest that targeting the serotonergic system might improve non-

cognitive and to some extent cognitive symptoms in AD (Henry G 2011). 

 

iv. Monoamine oxidases  

Monoamine oxidases (MAO, EC 1.4.3.4) are a family of flavin adenine dinucleotide 

(FAD)-containing enzymes that catalyse the oxidative deamination of primary, 

seconddary or tertiary amines, producing hydrogen peroxide, ammonia and the 

corresponding aldehyde (Fig. 16).  

 

Fig. 16. Oxidative deamination of amines by MAO activity. 

 

There are two isoforms of MAO present in mammals: MAO A and MAO B, which 

share approximately 70% sequence identity and are encoded by separate genes 

located on the X chromosome. Both rat MAO isoforms crystallise as dimers with 

similar monomer-monomer interactions while human MAO A does as a monomer 

for the presence of a lysine that lies at the dimer interface (De Colibus 2005). 

The C-terminal regions of MAOs are transmembrane α-helices that anchor the 

enzymes to the mitochondrial outer membrane as the rest of the protein is exposed 

to the cytoplasm. The entry of a substrate or inhibitor into the active site of MAOs is 

MAO
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predicted to occur near the intersection of the enzyme with the surface of the 

membrane (Fig. 17). 

 

 

Fig. 17. Ribbon diagrams of monomeric units of human MAO A (A) and MAO B (B) structures. In 

yellow, the covalent flavin moiety is shown. In blue, the flavin binding domain. In red, the substrate 

domain and in green, the membrane binding domain (Edmondson DE 2007).  

 

In selective MAO-knockout mice, the two MAO isoforms were found to 

significantly differ in both metabolism and behaviour. While the lack of MAO A 

triggered aggressive phenotypes as a result of elevated levels of 5-HT and NA and 

lesser of DA (Chester DS 2015), only the levels of 2-phenylehylamine were 

increased in MAO B-knockout mice, which exhibited traits such as sensation 

seeking, impulsiveness and extraversion. MAO A and MAO B were originally 

distinguished by their sensitivity to nanomolar concentrations of the acetylenic 

inhibitors clorgyline and l-deprenyl, respectively as well as by their substrate 

specificities. The content of MAO varies over time as MAO A appears before MAO 

B, which levels dramatically increases in the brain after birth (Nicotra A 2004; 

Tsang D 1986; Strolin-Benedetti M 1992) and throughout lifetime and in AD. In the 

rat peripheral nervous system, MAO is localised in the endothelial cells of the 

endoneurial vessels, Schwann cells and in the unmyelinated axons of some neurons 

(Matsubayashi K 1986).   

In the human brain, MAO activity differs among regions. While the highest levels 

are found in basal ganglia and hippocampus, the lowest are observed in the 

cerebellum and neocortex (O’Carroll AM 1983). The anatomical distribution of 

MAO isoforms in human brains were confirmed by positron-emission topography 

MAO A MAO B
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(PET) using intravenous
 11

C-labelled irreversible inhibitors (Fowler JS 1987; Saura 

J 1992). 

Immunohistochemical studies have revealed that serotonergic neurons and 

astrocytes are rich in MAO B whereas catecholaminergic neurons contain mainly 

MAO A (Westlund KN). Caudate dopaminergic nerve endings contain only MAO A 

and small amounts of this isoform is also found in the serotonergic nerve terminals 

(O’Carroll AM 1987). 

Some differences in the dopamine metabolism have been observed between species. 

For instance, only MAO A isoform is involved in the rat brain whereas MAO B is 

primary responsible for dopamine metabolism in human brain (Fornai F 1999).     

Some MAO substrates include indolamines 5-HT or HA and catecholamines DA, 

NA and adrenaline, exhibiting different specificities as shown in Table 2. 

 

Table 2. MAO substrates and their specificities in the cerebral cortex (Youdim MH 2006). 

 

 

Since MAO activity is involved in neurotransmission, specific MAO A inhibitors 

have been therapeutically used as effective antidepressants to increase the 

diminished levels of affection-related amines such as 5-HT or NA. Conversely, 

specific MAO B inhibitors have been widely used in PD therapy as enhancers of the 

levels of DA, which is preferably metabolised by this isoform in human brain 

(Riederer P 2011). In addition, MAO inhibitors provide additional benefits in these 

neurologic disorders by reducing the formation of neurotoxic products such as 

hydrogen peroxide and aldehydes, which are derived from MAO activities and 

promote ROS generation contributing to increase neuronal damage. In 

neurodegeneration, MAO inhibitors, especially those containing a propargylamine 

group, have been reported to possess multiple beneficial activities including 

neuroprotective, anti-apoptotic and antioxidant properties (Sanz E 2004, Bar-Am O 

2005; Jenner P 2004; Sanz E 2008). 
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vii.  Neuroinflammation 

Inflammation is a defensive mechanism of the body against multiple threats such as 

infections and injury. It is a complex event that involves both soluble factors and 

specialised cells (Brown KL ). Similar inflammatory processes occur in the 

brain and peripheral tissues. In the brain, glial cells, including astrocytes and 

microglia, undergo activation under pro-inflammatory conditions, by the increase in 

the production of inflammatory cytokines in the CNS, which become deleterious 

leading to progressive tissue damage in degenerative diseases (Fig. 18).  

 

Fig. 18. The neuroinflammatory process. Both astrocytes and microglia suffer a gradual activation 

triggered by damage or injury leading to secretation of pro-infammatory elements such as cytokines, 

cytotoxic elements or ROS. The constant exposure to factors causing injuries induces a 

neuroinflammatory process that eventually triggers neuronal death (Morales I 2014). 

 

In chronic disorders such as AD pathology, inflammation plays a critical role. It has 

been reported that insoluble fibrillar Aβ surrounding microglia, reactive astrocytes 

and dystrophic neurites contributes to the neuronal process of degeneration by 

initiating a series of cellular events which are able to elicit an immune response. 

Moreover, Aβ deposition in parenchyma and blood vessels has been described to 

trigger microglial migration and mediation of acute and chronic inflammatory 

response against the aggregates, thus inducing the production of nitric oxide (NO), 

ROS, pro-inflammatory cytokines such as tumour necrotic factor α (TNFα) or 

inteleukins-1β and -6 (IL-1β, IL-6) and prostaglandin E2 (PGE2), which eventually 

may promote neuronal death (Kitazawa M 2004) (Fig. 19). 
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Fig. 19. Neuroinflammation in AD condition. Neuronal damage and Aβ deposition triggers 

microglial and ascrocytes activation and generation of inflammation molecular mediators such as 

complement system, cytokines, chemokines that induce NO and OS, favouring the production of 

COX-2 and leading to cell death (Meraz-Rios MA 2013).  

 

Although the role of Aβ as a potential initiator of neuroinflammation is not obvious, 

its accumulation exerts an indirect effect by activating caspases and transcriptional 

factors such as NF-κB and AP-1, which produce numerous inflammation amplifiers. 

Furthermore, APP, BACE1 and PS expression is governed by transcription factors 

such as NF-κB. The genes encoding these proteins have sites in their promoter 

regions, which are recognized by NF-κB, and in turn, the expression of these factors 

is upregulated by the presence of pro-inflammatory cytokines. Inflammatory 

mediators acting on neurons contribute to an increase in amyloid production and 

activate microglia-mediated inflammation. The microglia-neuron communication 

amplifies the production of factors that contribute to AD-type pathology. However, 

the neural response is specific for the receptor type expressed in the different 

neuronal populations.  

Therefore, the slow but steady inflammation state generated for long periods in the 

AD brain eventually may destroy neurons and contribute to the clinical symptoms 

observed in this disease. Consequently, both the current lack of clinical trials on 

anti-inflammatory treatments and the limited safety of immunotherapy have recently 

prompted the development and implement of novel effective strategies for AD 

immunological treatments.    
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Overall, the aforementioned multifaceted nature of AD, in which multiple 

pathological events occur in the brain, has become a global medical challenge for 

this century that urgently requires novel effective therapeutic disease-modifying 

approaches.  

   

1. Therapeutic strategies against AD  

The abovementioned complexity of AD pathology has encouraged the development 

of multiple therapeutic approaches targeting several pathological events occurring in 

this multifaceted pathology (Fig. 20).  

 

 

Fig. 20. Schematic representation of the main cellular targets that are currently under development to 

prevent and/or delay the progression of AD (Aso E 2013). 

 

i. FDA-approved drugs 

To date, only five drugs (Fig. 21) have been approved by the U.S. Food and Drug 

Administration (FDA, USA) for use in the treatment of AD. Four of them are 

cholinesterase inhibitors (tacrine, rivastigmine, donepezil and galantamine) and 

memantine, an NMDA receptor antagonist.  
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Fig. 21. Chemical structures of FDA-approved agents for use in AD: (1) Tacrine, (2) 

Donepezil, (3) Rivastigmine, (4) Galantamine, (5) Memantine. 

  

a. Cholinergic agents: Cholinesterase inhibitors 

Cholinergic neurotransmission is highly impaired in AD pathology due to a 

progressive loss of cholinergic neurons in the nucleus basalis of Meynert, and hence 

cholinergic activity (Davies P 1976). In this context, the “cholinergic hypothesis” 

was the first theory postulated to describe the onset of AD. This finding led to the 

development of drugs specifically designed to treat the distinctive hallmarks of this 

neurologic disorder by increasing the reduced levels of the neurotransmitter ACh in 

AD: the acetylcholinesterase inhibitors (Bartus RT. 2000; Bartus RT 1982). 

There are currently three FDA-approved ChE inhibitors being used to treat mild-to-

moderate AD, with reported similar effectiveness. 

 

i. Tacrine 

Tacrine or tetrahydroaminoacridine (THA) was the first drug approved for use in 

AD by the FDA in 1993 marketed as Cognex
®
. It is a competitive AChE inhibitor 

with high lipid solubility (Nielsen JA 1989) able to interact with muscarinic 

receptors (Adem A 1993) and MAO A and B (Adem A 1989). Despite the relatively 

small proportion of benefits on cognition, tacrine was withdrawn from the market in 

2013 due to the high incidence of side effects, mostly from hepatotoxicity 

(Qizilbash N 1998).  

 

ii. Donepezil 

Donepezil, marketed under the trade name of Aricept
®
 in 1996, is a brain-permeable 

reversible non-competitive ChE inhibitor approved for use in AD (Birks J. and R.J. 
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2006) and currently the most widely prescribed drug for the treatment of this 

disease. It is a piperidine derivative soluble in water, chloroform and glacial acetic 

acid highly selective for AChE over BuChE activity (405:1) (Nochi S 1995). 

Compared to other approved AChE inhibitors, donepezil is similarly effective in 

ameliorating cognitive and functional decline in AD with comparable safety and 

tolerability. Moreover, benetifital effects have been observed at lower doses (5 

mg/day), which is valuable preventing adverse reactions.   

Although clinical trials with donepezil have reported modest but reproducible 

improvements in cognition and global functioning in treated patients compared to 

placebo, these effects were not permanent as patients continue exhibiting a decline 

in cognitive functioning over time (Doody RS 2001). Besides its AChE-inhibitory 

activity, donepezil has also been reported as a moderate NMDAR antagonist in the 

synaptic membranes of rat cerebral cortex (Wang XD 1999) while in a later study, 

contradictory findings were revealed describing it as an enhancer of NMDA currents 

(Narahashi T 2004). It has also shown to be muscarinic M1 receptor antagonist 

(Snape MF 1999).  

In recent years, the costs of donepezil have considerably dropped, which has 

contributed to being favoured among prescribing physicians compared with other 

AChE inhibitors. Moreover, it is proven to be effective as antidementia drug.  

In recent years, the consistent failure of pharmaceutical approaches targeting 

traditional AD targets such as Aβ and tau protein together with the existing number 

of drugs to be tested in pre-dementia stages of the disease has left no effective 

disease-modifying treatment of AD at the horizon. Thus, additional benefits of 

donepezil might be achieved with the use of this molecule in combination with other 

active moieties.   

 

iii. Rivastigmine 

Rivastigmine was marketed under the trade name of Exelon
® 

since 1998. It is a non-

selective pseudoreversible ChE inhibitor reported to produce enhanced benefits over 

AChE inhibition alone (Touchon J 2006; Bullock R 2007). Moreover, a recent study 

using a transdermal patch reported a reduction in the prevalence of side effects as 

well as positive results after administering rivastigmine to mild-to-moderate AD 

patients, in which, in comparison with placebo group, better outcomes were 

observed for rate of decline of cognitive function and activities of daily living (Birks 

JS ).  
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iv. Galantamine 

Galantamine (Razadyne
®

) is a well-studied drug approved in 2001 by the FDA for 

the treatment of AD possessing a dual mechanism of action to attenuate the 

symptoms of cognitive decline in AD. It is a reversible selective competitive AChE 

inhibitor (Greenblatt HM 1999) able to simultaneously modulate nAChERs (Dajas-

Bailador FA). The main mechanism of action of this molecule is the ability to 

increase the content of ACh, enhancing the cholinergic neurotransmission and 

therefore improving cognition in AD patients. Moreover, galantamine has also 

demonstrated to directly interact with the nAChER as low-affinity agonist 

allosterically binding to a distinct binding site from where nicotinic agonists, such as 

ACh, choline or carbachol, bind (Akk G 2005). Moriguchi and colleagues 

(Moriguchi S 2003) also showed that galantamine potentiates the activity of 

NMDARs, so that the dual mechanism of action on both the cholinergic and 

glutamatergic systems in AD patients may be the reason of the improvement in 

cognition, memory and learning found in the clinical trial with this drug (Wilkinson 

D 2001).       

 

b. Glutamatergic agents: NMDA receptor antagonists 

i.  Memantine 

Memantine, marketed as Namenda
®

 or Ebixa
®
, was the first and only NMDAR 

antagonist up-to-date approved by FDA in 2003 for the treatment of moderate-to-

severe AD and dementia. In clinical trials, memantine has showed significant 

benefits on cognition, function, and global status of AD patients. Moreover, it is safe 

and well-tolerated, with a safety profile compared to placebo (Doody RS 2007). 

Moreover, memantine possesses highly low-affinity binding to NMDARs with a 

low-micromolar IC50 value.  Furthermore, it has poor selectivity among NMDARs 

subtypes, with under micromolar IC50 values for NR2A, NR2B, NR2C and NR2D 

receptors expressed in Xenopus oocytes (Parsons CG1 1999).  

Thus, memantine was initially regarded as a poor drug candidate for AD therapy; 

however the mechanisms by which it exerts clinical benefits with safe profile have 

attracted a great interest in the field of medicinal chemistry (Lipton SA 2006). 

Accumulating evidence has indicated that memantine can also bind to many other 

CNS targets and modulate their activities, such as neuronal nAChRs at potencies 

similar to the NMDA receptors and 5-HT3 receptors non-competitively (Rammes G 

2001). Furthermore, memantine possesses agonist action at dopamine D2
high

 

receptors (Seeman P 2008).  
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In addition, memantine also exhibits neuroprotective activities against Aβ toxicity 

(Tremblay R Hu M 2007; Miguel-Hidalgo JJ ), tau phosphorylation 

(Song MS 2008), neuroinflammation (Willard LB 2000), and oxidative stress (Liu 

W 2013; Figueiredo CP 2013). 

 

ii. Drugs under development 

a. Secretase modulators 

The rationale for the development of agents able to modify secretase activity or 

processing stems from the idea that the increase of these enzymes is related to the 

conversion of APP into non-toxic by-products. Therefore, by inhibiting β- and γ-

secretases a decrease in amyloidogenic APP processing is expected. Ligands 

binding at the cell surface receptors including muscarinic/GABA agonists, and 

activation of signalling cascades such as protein kinase C, regulates the activation of 

α-secretase strongly. 

 

i. Tarenflurbil 

Tarenflurbil, an enantiomer of flurbiprofen, modulates γ-secretase activity and 

thereby reduce Aβ levels (Eriksen JL 2003). A Phase II trial of the drug showed 

genuine promise, whereas Phase III trials proved to be a considerable failure and so, 

is no longer used. Subsequent analyses of the study results demonstrated the reasons 

for tarenflurbil fiasco. In the study, CSF levels of tarenflurbil attained were much 

lower than the predicted concentrations from the preclinical evidence; in addition, 

there was no change in CSF Aβ levels (Galasko DR 2007). The apparent benefits of 

tarenflurbil in Phase II trials were, in fact, due to an accelerated cognitive worsening 

in the placebo arm. The anti-inflammatory actions of tarenflurbil could also be a 

contributory reason for the observed failure (Imbimbo BP 2009). 

 

ii. EVP-0962  

Although technically an amyloid-related approach, EVP-0962 is a γ-secretase 

modulator that decreases the generation of Aβ1-42 in favour of shorter Aβ proteins 

while allowing for cleavage of the Notch substrate, preventing many of the toxic 

side effects typically associated with γ-secretase inhibitors. In preclinical animal 

studies, this drug reduced Aβ1-42, decreased neuroinflammation and lowered the 

hippocampal plaque load as well as reversed memory deficits in fear conditioning 
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tests. At last report, EVP-0962 is in a single-centre Phase II trial to evaluate safety, 

tolerability, pharmacokinetics and pharmacodynamics (EnVivo Pharmaceuticals).  

 

iii. Avagacestat 

Avagacestat or BMS-708163 is a γ-secretase inhibitor that was recently 

discontinued in Phase II. In Phase I trials, avagacestat decreased both Aβ1-40 and 

Aβ1-40 in CSF by 30% for lower doses and 60% for higher doses. However, in a trial 

of 209 patients with 5 dosage groups (25, 50, 100, 125 mg/day and placebo), equal 

numbers of patients discontinued in the treatment cohorts compared with placebo. 

Additionally, patients on higher dosages indicated a faster cognitive decline 

compared with lower dosages and the placebo, causing the discontinuation of any 

development for this drug (Coric V 2012). 

 

iv.  Etazolate 

Etazolate, also called EHT 0202, is hypothesized to stimulate the α-secretase 

pathway while inhibiting Aβ-induced neuronal death. By redirecting APP 

processing away from amyloid pathways, this is supposed to both reduce symptoms 

and to slowdown/stop disease progression.  

This drug showed only ‘precognitive’ properties in rodent trials but is undergoing 

human safety studies to investigate potential viability as a supplement to standard 

treatments, even though it is not suitable as a singular therapy in and of itself. 

Etazolate is currently in Phase II testing (Vellas B 2011). 

 

b. Amyloid-based approaches 

i. TC-6683  

An α4b2 nicotinic receptor activator, TC-6683 was hypothesized to activate the 

α4b2 nicotinic receptor to enhance the release of ACh; although agonist binding to 

α4b2 nAChR has been shown to attenuate Aβ production in vitro, the Phase II trials 

for TC-6683 was concluded due to poor enrolment without conclusive results 

(Mousavi M 2009). 
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ii. Affitope AD02  

This drug is a synthetic peptide composed of six amino acids designed to allow for 

the production of Aβ antibodies without triggering an inflammatory response. The 

Phase I safety study showed a favourable profile for both safety and tolerability after 

1 year. Phase II trials of affitope AD02 are currently underway (AFFiRiS AG). 

 

iii. Bapineuzumab 

Bapineuzumab is a humanized monoclonal antibody that acts on the nervous 

system and may have potential therapeutic value for the treatment of AD and 

possibly glaucoma (Sample I 2007). However, in a 2012 study, no significant 

cognitive improvements were observed in patients in two major trials, despite 

lowering key biomarkers of AD: amyloid brain plaque and phosphorylated tau 

protein in CSF. 

Bapineuzumab is an Aβ antibody believed to underlie AD neuropathology. In 

previous clinical trials for vaccination against human beta amyloid, called AN-1792, 

AD patients using active immunization experienced positive outcomes with plaques 

removal, but 6% of subjects developed aseptic meningitis and the trial was stopped 

(Woodhouse A 2007).
  

 

iv. Solanezumab 

Solanezumab is a monoclonal antibody directed against the mid-domain of the Aβ 

peptide. It recognizes soluble monomeric, not fibrillary Aβ. The therapeutic 

rationale is that it may exert benefit by sequestering Aβ and removing small soluble 

species of Aβ that are synaptotoxic. In two Phase III clinical trials, people with 

mild-to-moderate AD were randomized to receive intravenous infusions of 

solanezumab or placebo once a month. Solanezumab was noted to be safe, but 

treatment showed no improvement on the primary outcome (Doody RS 2014). 

However, in a subgroup analysis, a trend to improved cognition with solanezumab 

in people with mild AD was observed, but with missed statistical significance. 

Statistically significant benefit was seen in a pooled analysis of patients with mild 

AD in both trials (Doody RS 2014). In mid-2013, a Phase III clinical trial was 

started with mild AD patients whose results are expected in late 2016. 

 

 

 

https://en.wikipedia.org/wiki/Humanized_monoclonal_antibody
https://en.wikipedia.org/wiki/Nervous_system
https://en.wikipedia.org/wiki/Nervous_system
https://en.wikipedia.org/wiki/Glaucoma
https://en.wikipedia.org/wiki/Active_immunization
https://en.wikipedia.org/wiki/Aseptic_meningitis
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v. Gantenerumab 

Gantenerumab is a monoclonal antibody designed to bind to a conformational 

epitope on fibrillary Aβ (Bohrmann B 2012). The therapeutic rationale for this 

antibody is that it acts centrally to disassemble and degrade amyloid plaques by 

recruiting microglia and activating phagocytosis. Gantenerumab preferentially 

interacts with aggregated brain Aβ, both parenchymal and vascular. In a Phase II 

clinical trial, gantenerumab was injected subcutaneously into a number of 

participants and in 2012 the study was expanded to a Phase II/III.  

A futility analysis led to halting a trial in December 2014 due to lack of perceived 

efficacy as compared to placebo. Besides removal of Aβ, another approach in AD 

therapeutic development has been to reduce production of Aβ (Rafii MS 2015). 

Recent genetic evidence shows that mutations near the β-secretase cleavage site, that 

prevent such cleavages, lead to decreased production of Aβ and are, indeed, 

protective against developing AD dementia, despite ApoE4 status (Jonsson T 2012). 

 

vi. Crenezumab 

Crenezumab or MABT102A is a form of passive immunotherapy. It is a humanized 

monoclonal antibody designed to bind to human Aβ1-40 and Aβ1-42 in the brain and to 

remove it to the periphery. In addition to Phase II testing, this drug will be evaluated 

in a trial against placebo for the prevention of cognitive decline in presymptomatic 

carriers of autosomal dominant genetic mutations. Crenezumab was proven to be 

safe in Phase I trials, and Phase II trials have been completed for treatment of mild-

to-moderate AD (Adolfsson O 2012). 

 

c. Muscarinic receptor antagonists 

Nicotinic receptor antagonists are mainly developed as modulators of the nicotinic 

receptors α7, α2β2, α4β2, α6β2 to influence on several neurotransmitters including 

ACh, NA, DA, GABA or glutamate.  

AZD-3480 is a modulator of nicotinic receptors α2β2 and α4β2. No evidence of 

benefit was observed in a Phase II trial with mid-to-moderate AD patients (Frolich L 

). Other trials with this compound are being undertaken.  
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EVP-6124 is a modulator of the α7 receptor that showed positive results in a Phase 

IIb trial in cases of mild-to-moderate AD patients (Hilt D ). Two Phase III trials 

with mild-to-moderate patients are currently ongoing.  

 

d. Glutamatergic agents 

Besides well-reported memantine, some other NMDA receptor antagonists are 

currently under clinical trials for their potential use in AD therapy. 

DAOI-B is a NMDA enhancer in Phase II trial with MCI and mild AD patients 

(results not published) and AVP923 or dextromethorphan is in Phase II for use with 

mild-to-moderate AD patients.  

   

e. Serotonergic agents: 5-HT receptors modulators 

A number of serotonomimetic compounds being used in clinical are under 

consideration in AD as monotherapy or along with AChE inhibitors (Rodriguez JJ 

2012). Many novel ligands with agonistic or antagonistic properties targeting 

different 5-HT receptors (5-HT1A, 5-HT4 and 5-HT6) are currently available (King 

MV 2008).  

A 5-HT1A antagonist, lecozotan, proved to be safe and effective in Phase I (Patat A 

2009) and Phase II clinical trials. Further studies with this molecule are under 

investigation. 5-HT4 agonists such as PRX-03140, Velusetrag, TD-8954, RQ-

00000009, SUVN-D1003019 or SUVN-1004028 have exhibited cognitive benefits 

in preclinical studies with potential effects on amyloid processing (Shen F 2011). 

The safety and pharmacokinetic potential of Velusetrag are known as this drug is 

currently used for gastrointestinal disorders (Long DD 2012). 

The novel 5-HT6 agonist SB-422457 has also shown positive results in Phase II 

clinical trials as a monotherapy or combined with donepezil (Maher-Edwards G 

2011; Maher-Edwards G 2010). 5-HT6 antagonists RO-4368554, SB-258585 or SB-

399885 have also exhibited cognition enhancing properties in animal experiments 

(Gravius A 2011; Hirst WD 2006), hence the clinical utility of these ligands needs 

to be fully comprehended.  

Inverse agonists of 5-HT2A receptors may improve cognitive and non-cognitive 

processes. Pimavanserin successfully reversed psychosis-like features in PD animal 

models (Price DL 2012) and in PD patients (Meltzer HY 2010). Finally, the role of 

5-HT7 receptor has been recently characterised in learning and memory processes, 

and its therapeutic interest is currently under consideration (Cifariello A 2008).  
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f. Anti-tau therapies 

In AD pathology, it is believed that NFTs are formed in later stages of the disease 

following Aβ accumulation, while in frontotemporal dementia (FTD), no Aβ is 

present.  

Despite its critical role in neurodegenerative diseases, therapies targeting tau have 

not progressed as quickly as those targeting Aβ, certainly because tau aggregates are 

found intracellularly (Golde TE ). Recent anti-tau therapies have emerged as 

approaches targeting phosphorylation (Yang Y 2013; Claxton A ), microtubes 

stabilisation (Gozes I. ), prevention of oligomerisaton (Badiola N 2013), 

enhancement of degradation (Ma QL 2013), or immunotheraphy (Rosenmann 

2013). 

 

i. Rember  

Rember or methylthioninium chloride, methylene blue or LMTX is a drug that is 

supposed to be an inhibitor of tau protein aggregation. As an inhibitor of tau 

aggregation, Rember may be able to halt or reverse the progression of AD. 

Furthermore, it is able to enhance mitochondrial biochemical pathways and, as such, 

can activate and increase complex IV, which is correlated with AD when inhibited. 

In Phase IIB clinical trials, Rember was able to slow down the development of AD 

symptoms in patients by 81%. This drug is currently in Phase III trials (Gerald Z 

2013). 

 

ii. Epothilone D  

Epothilone D, also known as BMS-241027, is presently undergoing Phase I trials for 

is tolerability and efficacy following successful preclinical animal studies. BMS-

241027 unlike Epothilone D compounds is studied for application in oncology and 

in that it can both cross the BBB and is relatively safe. Epothilone D is a small-

molecule microtubule stabilizer. Hyperphosphorylated tau dissociates from 

microtubules and is potentially related to neurodegeneration and cognitive decline; 

although no specific tau mutation is currently associated with AD. It is hypothesized 

that epothilone D will prevent this dissociation by stabilizing the microtubules 

(Brunden KR 2010), thus counteracting tau abnormalities.  

In animal studies on mice expressing human mutant tau, epothilone D reduced 

hippocampal neuronal loss and restored spatial memory. In both young and old 

tauopathy animals wherein tau pathology was either developing or well established, 

epothilone D cleared tau pathology, curbed neuron loss and reversed behavioural as 
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well as cognitive deficits. Additionally, epothilone D can be used in both 

preventative and interventional treatment depending on disease stage (Zhang B 

2012). 

 

iii. T-817MA 

T-817MA is a Phase II neurotrophic/neuroprotective agent that prevents Aβ-induced 

cell loss in the dentate gyrus and increases hippocampal neurogenesis when 

intracerebroventricular infused. 

In animal studies with P301L mice displaying tau pathology, administration of T-

817MA decreased spatial memory impairment, increased synaptic terminal density 

in the hippocampal gyrus, improved cognition and decreased tau-related 

neurodegeneration (Fukushima T 2011). 

 

g. Monoamine oxidase inhibitors 

MAO inhibitors (MAOI) have been reported to possess a range of potential 

therapeutic uses. The first MAOI developed were iproniazid, an antidepressant 

initially developed for treatment of tuberculosis, and some hydrazines derivatives 

such as phenelzine, whose use was discontinued due to reported major side effects 

such as hepatotoxicity. 

Non-hydrazine-derived inhibitors tranylcypromine and pargyline were later 

developed to avoid liver toxicity, yet numerous cases of hypertensive crises were 

reported. This side-effect, commonly known as ‘cheese effect reaction’, occurs after 

the ingestion of foods rich in tyramine and other sympathomimetic amines such as 

cheese (Da Prada M 1988), causing a potentiation of the sympathetic cardiovascular 

activity by inducing NA release from vesicles (Fig. 22). 
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Fig. 22. Potentiation of cardiovascular effects of tyramine by the use of MAO A inhibitors: the 

‘cheese effect reaction (Youdim MBH 2006). 

 

This undesirable outcome only occurs when MAO A is irreversibly inhibited, as it is 

the most abundant isoform in the intestine (Knoll J 2000; Youdim MBH 2004), 

where tyramine is effectively metabolised by this isoenzyme (Hasan F 1988).  

The development of reversible MAO A inhibitors, such as moclobemide or 

lazabemide (Knoll J 2000; Youdim MBH 2004), has emerged as a suitable 

pharmacological approach to avoid the ‘cheese effect reaction’. The use of these 

inhibitors can sufficiently block MAO A in the CNS to achieve an antidepressant 

effect while dietary tyramine is able to displace the reversible inhibitor from the 

peripheral MAO A allowing its metabolism (Anderson MC 1993).   

Alternatively, brain-selective irreversible MAO A inhibitors such as Ladostigil or 

M-30 can also be used to prevent the ‘cheese effect reaction’ by using a precursor 

that is activated by L-amino acid decarboxylase together with a peripheral inhibitor 

of that enzyme (Palfreyman MG 1985).  

There is a wide array of MAOIs (Table 3) available for use in different conditions 

such as neurodegenerative diseases (PD or AD), cerebral ischemia, affective 

diseases or ageing.   
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Table 3. List of some MAOI and their current and therapeutic potential uses (Youdim MH 2006). 

 

 

The use of MAOIs in AD pathology has been mainly focused on the contribution of 

these enzymes to produce oxidative stress, through its own catalytic action, 

especially since the activity of MAO B is increased in the brain of such patients 

(Kennedy BP 2003) and the inhibition of MAO A may alleviate the depressive-like 

symptoms also present in some stages of this disorder. Nevertheless, a combined 

treatment with MAOIs plus one of the FDA-approved drugs for use in AD might 

enhance their single therapeutic effect.     

 

Neuroprotective propargylamine-containing monoamine oxidase inhibitors 

Propargylamines have been defined as potent anti-apoptotic and neuroprotective 

agents in both in vitro and in vivo studies. Propargylamines are presumably able to 

maintain glyceraldehyde-3-phosphate deshydrogenase (GAPDH) as a dimer and 

thereby preventing its nuclear translocation to block the upregulation of pro-

apoptotic proteins. Also, in several studies using propargylamine-containing 

molecules, it has been observed an induction of cell survival in response to serum 

withdrawal or neurotoxins in cell culture through the activation of Bcl-2 and Bcl-XL 

and the downregulation of Bad and Bax (Tatton WG 2002; Bar-Am 2005; Wadia JS 

1998; Akao Y 2002; Youdim MBH 2005).  



Introduction 

 

 

52 
 

In addition, propargylamines have been also described to interact with the 

mitochondrial membrane (Wadia JS 1998; Youdim MBH 2005), by avoiding the 

formation of the mitochondrial pore, preventing the collapse of the mitochondrial 

membrane potential and inducing the expression of antioxidant enzymes such as 

catalase or superoxide dismutase 1 (SOD-1) (Kitani K 2000) (Fig. 23). 

 

 

Fig. 23. Mechanism of neurotoxin-induced neuronal death and its prevention by propargylamine 

(Youdim MBH 2006). 

 

Since the discovery of the neuroprotective activity and anti-apoptotic properties of 

propargylamines, numerous molecules bearing this moiety have been designed and 

developed for use in different neurodegenerative diseases such as PD or AD (Fig. 

24).   
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Fig. 24. Chemical structures of some propargylamine-containing compounds with neuroprotective 

properties for use in the treatment of neurodegenerative diseases.  

 

i. Selegiline or l-deprenyl 

Selegiline is an irreversible MAO B inhibitor approved by the FDA for use in PD 

therapy (Birkmayer W 1984; Birkmayer W 1983) since dopamine is preferably 

metabolised by this isoenzyme in humans (Kaseda S 1999) as well as to potentiate 

the pharmacological action of L-DOPA (Heinonen EH 1989).  

The therapeutic use of selegiline has been limited since methamphetamine and L-

amphetamine were identified as a result of its metabolism (Heinonen EH 1994), 

hence potentially damaging and hampering the reported neuroprotective properties 

of selegiline (Bar Am O 2004; Moszczynska A). Yet, beneficial properties have 

been reported with this molecule from several clinical trials in PD (Pålhagen S 

2006; Przuntek H 1999; Zhao YJ 2011). 

Moreover, selegiline was also described to prevent from the extrapyramidal 

symptoms induced by the neurotoxin MPTP, which is selectively metabolised by 

MAO B, to generate the toxic metabolite MPP
+
 in striatal microglia and hence 

producing degeneration by oxidative stress (Wu RM 1993). 

 

ii. Rasagiline 

Rasagiline is a selective irreversible MAO B inhibitor approved by the FDA in 2006 

as a second-generation agent for the treatment of PD.  
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It is dosed daily and can be administered alone or in combination with other PD 

medications without causing significant side effects (Finberg JP 2002). The efficacy 

of rasagiline has been demonstrated in a number of Phase III-IV randomised double-

blind placebo-controlled trials (Olanow CW 2009; Group. 2005, 2002; Rascol O 

2005). 

Rasagiline has been conclusively demonstrated to improve motor function in PD 

pathology over at least 5 years, but to date any potential neuroprotective benefit has 

been confirmed. 

 

iii. Safinamide 

Safinamide is another potently selective MAO B inhibitor (Cattaneo C 2003) 

recently approved by the European Commission as an add-on to levodopa or in 

combination with other PD medications in mid-to-late stage PD patients with motor 

fluctuations. It is currently under review by the FDA for use in both early and mid-

to-late stage PD. Safinamide presents additional properties such as the ability to 

blocking voltage-dependent sodium channels and the inhibition of glutamate release 

(Chazot PL 2007).  

The efficacy of safinamide has been established for early and advanced PD in phase 

II and phase III trials. Two phase III clinical trials have been conducted in early PD 

with patients receiving dopamine agonists and two in mid-to-late stage PD for 

patients receiving levodopa with motor fluctuations (Stocchi F 2012; Barone P 

2013; Schapira AH 2013; Borgohain R 2014). A potential advantage of safinamide 

over the other MAO-B inhibitors is a purported antidyskinetic effect, which is 

thought to be related to its anti-glutamate activity (Caccia C 2006). The 

antidyskinetic properties have been demonstrated in MTPP-lesioned dyskinetic 

macaque monkeys, which were pre-treated with safinamide and both reduced 

dyskinesias and prolonged the duration of the antiparkinsonian effect of levodopa 

(Gregoire L 2013). 

As with the other MAO-B inhibitors, safinamide possesses neuroprotective 

properties in vitro and in vivo. It has been shown to prevent neuronal cell death in 

animal and tissue culture models (Caccia C 2006). Therefore, both laboratory and 

clinical evidence confirmed that safinamide is mechanistically different than other 

MAO-B inhibitors. These findings could provide significant advantages over 

selegiline and rasagiline, especially whether the potential of safinamide as a 

neuroprotective and anti-dyskinetic agent is fully comprehended. 
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iv.  PF9601N  

PF9601N or FA-73 is a propargylamine-containing irreversible selective MAO B 

inhibitor identified in our group amongst an extensive series of acetylenic and alenic 

tryptamine derivatives (Balsa D 1991; Avila M 1993; Perez V 1996). It is a potent 

selective MAO B inhibitor endorsed with numerous benefits including the lack of 

amphetamine-like products from its metabolism (Dragoni S 2007).  

PF9601N was reported to block the responses elicited by endoplasmic reticulum 

(ER) stress (Sanz E 2009), as one of the factors underlying the pathogenesis of 

several diseases such as AD (Scheper W 2009). It was also been reported to 

attenuate the MPTP-induced striatal dopamine depletion in young adult and old 

adult C57/BL6 mice (Perez V 2003) and to reduce the loss of tyrosine hydroxylase 

(TH)-positive neurons after nigrostriatal injection of 6-hydroxydopamine (6-OH) in 

rats (Cutillas B 2002). The antiapoptotic effects of PF9601N might be attributed to 

the prevention of transcription factor p53 stabilisation and its subsequent 

transcriptional activity (Sanz E 2008). The protective effects observed with 

PF9601N led to consider it as a potential therapeutic agent for use in 

neurodegenerative disorders involved in neurotoxicity such as PD and AD. 

 

h. Other single-target approaches 

The complexity of AD has encouraged the development of a massive number of 

diverse pharmacological approaches in recent years. In addition to the above 

mentioned therapeutic startegies, others including neurotrophic agents NGF (Bruno 

MA 2009), BDNF (Cattaneo A 2008) or TGFβ1 (Zhang H 2005) or metabolic 

enhancers (targeting reduced glucose metabolism (Bomfim TR 2012) or the use of 

alternative energy sources (Yao J 2011) are currently under development.  

 

i. Multi-target approaches 

Both the multifactorial nature of AD and the lack of therapeutic effectiveness of the 

current FDA-approved drugs (Opar A. 2008), which are based on the single-target 

paradigm, has inexorably prompted to the rational design and development of a 

novel and improved pharmacological approach against AD: the Multi-Target-

Directed Ligands (MTDL) or ‘dirty drugs’. These molecules are conceived to 

directly interact with multiple targets associated with AD by the molecular 

hybridisation of different pharmacophoric subunits from identified bioactive 

molecules. 
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To date, the therapeutic potential of MTDLs for the treatment of complex 

neurodegenerative diseases and age-related cognitive impairment has been partially 

realised since desired responses are difficult to insure for the particular targets. From 

studies carried out over the last decade, the efficacy of single-target drugs for the 

treatment of cognition and memory decline has been widely limited (Buccafusco JJ 

2000; Youdim MHB 2005). Moreover, the complexity of AD therapy requires 

addressing the diverse pathological aspects present in the disease.  

Thus, in this context, although the combination of single-target drugs with diverse 

therapeutic activities is feasible; the development of MTDLs obviates the challenge 

of simultaneously administering multiple drugs with potentially different degrees of 

bioavailabity, pharmacokinetics and metabolism. Furthermore, this pharmacological 

approach also provides AD patients with a simplification of the therapeutic regimen 

(Fig. 25).    

 

 

Fig. 25. Scheme of the therapeutic design strategy of MTDL for the treatment of the multifaceted 

nature of AD pathology.  

 

Multifaceted diseases such as AD are mainly caused by perturbations of the 

complex intracellular network that links to tissue and organs systems. Therefore, 

approaches relying on targeting single proteins/mechanisms are not likely to 

outcome effective. Because of the existence of feedback mechanisms in biological 

systems, a long-term enzymatic inhibition may not be able to decrease, but instead 

may increase the activity as reported from the use of rapid-reversible AChE 

inhibitors, which significantly increased both protein activity and expression levels 

in the CSF of AD patients after long-term treatment (Darreh-Shori T 2010). This 

may contribute to the limited efficacy of these inhibitors in AD treatment as well as 
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the robustness of our bodies that makes drugs, in particular, single-target drugs, less 

effective or even ineffective (Kitano H. 2007).   

Since 2005, the literature has shown several promising results from applying this 

innovative approach or drug design. Well-known drugs such as donepezil, tacrine or 

rivastigmine (Samadi A 2011; Bolognesi ML 2007) as well as bioactive natural 

products such as curcumin (Malar DS 2014), berberine (Shan WJ 2011; Jiang H 

2011) or 8-hydroxyquinoline (Gomes LM 2014) have been used as structural 

scaffolds for the development and search of new chemical entities with multiple 

properties or MTDLs for the treatment of AD (Fig. 26).      

 

 

Fig. 26. Some MTDLs developed for use in AD and other neurodegenerative diseases: Ladostigil, M-

30, Clioquinol, PBT2 and ASS234. 

 

Although the MTDLs are not true network medicines yet, they may be considered as 

simplified versions or lead drugs possessing a great value as a real alternative to the 

current unsuccessful pharmacological therapies for effectively fighting against AD 

and other complex diseases.    

 

i. Ladostigil 

Ladostigil (TV3326) is a MTDL bearing the carbamate moiety of rivastigmine 

introduced into the sixth position of rasagiline, responsible for both ChE inhibition 

and neuroprotective activity against oxidative stress. This modification resulted in a 
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reduction of approximately 5-fold MAO B inhibitory activity in vitro compared to 

that of rasagiline.  

 

Surprisingly, on repeated oral administration with different doses of ladostigil to rats 

and mice, brain MAO-A and -B were similarly inhibited to ChEs (Weinstock M 

2000a). As a ChEI, this MTDL may enhance the cognitive function by increasing 

the cholinergic activity and provide symptomatic improvement of extrapyramidal 

symptoms by boosting nigrostriatal dopamine transmission. In vitro, ladostigil was 

found to selectively inhibit 100-fold more potently BuChE than AChE, which could 

be advantageous as levels of BuChE are not reduced in AD, contributing to the 

maintenance of ACh levels in the synaptic cleft (Giacobini E. 2001). In in vivo 

experiments, cortical ChE activity of rats was inhibited by 20-80% after oral 

administration of 9-200 mg/kg of ladostigil. Furthermore, ladostigil increased dose-

dependently brain ACh levels in scopolamine-induced spatial memory deficits in 

rats (Weinstock M 2000b).  

Moreover, the ability of ladostigil to inhibit both brain MAO isoforms provides it 

with effective antidepressant capacity. In vivo experiments with rats described that a 

single dose of 120 mg/kg of ladostigil was necessary to inhibit brain MAO isoforms 

activity by at least 50%. However, a daily administration of 26 mg/kg of ladostigil 

for two weeks, brain MAO A and MAO B were inhibited by 66% and 71%, 

respectively. Minor effects were observed on the MAO present in the guts under the 

same treatments (Weinstock M 2000a; Weinstock M 2002). The fact that ladostigil 

does not inhibit MAO A and MAO B in vitro at concentrations below 250 µM and 1 

mM, respectively, but it does in the brain isoforms in vivo, seems to be due to the 

formation of an active metabolite. One of these is produced by the hydrolysis of the 

carbamate moiety by ChE to yield the 6-OH derivative, a molecule able to inhibit 

MAO A and MAO B with IC50 values of 0.46 µM and 0.35 µM, respectively. 

Therefore, patients receiving ladostigil should exhibit few symptoms related to the 

inhibition of MAO A in the intestine after the intake of tyramine-containing foods or 

beverages. This finding was observed in rabbits treated with ladostigil, in which 

blood pressure only increased by 30 mm Hg at doses of 30 mg/kg compared to 60-

70 mg/kg in control animals. Comparatively, a reasonable equivalent daily amount 

of tyramine intake would be about 900 mg in humans (Da Prada M 1988). 

Additionally, a daily administration of ladostigil (26 mg/kg) for 14 days completely 

prevented the depletion of striatal dopamine and reduction of DOPAC and HVA in 

MPTP mice model of PD (Sagi Y 2003). Brain levels of serotonin and noradrenaline 

were also increased under the same experimental conditions.     
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On July 2014, it was announced by Avraham Pharmaceutical Ltd. 

(www.avphar.com) that ladostigil successful interim results in a Phase IIb clinical 

trial for the evaluation of its safety and efficacy in patients diagnosed with MCI. 

New provisional results are expected at Q3 2015 and the final results at Q3 2016. 

These findings suggest that like selegiline, ladostigil may possess a therapeutic 

value for the treatment of extrapyramidal symptoms in AD and dementia with Lewy 

bodies (DLB).  

 

ii. M30 and M30D 

The MTDL M30 is a potent brain-permeable propargylamine-containing metal-

chelator (Fig. 27) with MAO-A/B inhibitory activities found in vitro and in vivo 

(Gal S 2005; Zheng H and Fridkin M 2005). In addition, it also exhibited 

neuroprotective and neurorestorative activities in three classical animal models of 

PD: MPTP (Zheng H and Fridkin M 2005), lacatcystin (Zhu W and J 2007) and 6-

OH (Kupershmidt L unpublished). 

 

Fig. 27. Scheme of structure and pharmacophores of multifunctional M30.   

 

As a potent brain-selective MAO inhibitor, M30 produces in vivo similar effects on 

increased levels of neurotransmitters DA, 5-HT and NA as those of ladostigil 

(Youdim MB 2013).  

M30 has shown to possess a wide range of pharmacological activities, including 

pro-survival neurorescue effects, induction of neuronal differentiation and 

regulation of APP and Aβ levels. M30 was also found to decrease apoptosis in a 

serum deprivation model using SH-SY5Y cells, via reduction of the pro-apoptotic 

proteins Bad and Bax, and inhibition of the apoptosis-associated phosphorylated 

H2A.X protein (Ser 139) and caspase-3 activation. In addition, this molecule was 

reported to induce the outgrowth of neurites, triggered cell cycle arrest in G(0)/G(1) 

http://www.avphar.com/
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phase and to enhance the expression of growth associated protein-43. Furthermore, 

M-30 markedly reduced the levels of cellular APP and β-C-terminal fragment 

(βCTF) and the levels of the amyloidogenic Aβ peptide in the medium of SH-SY5Y 

cells and Chinese hamster ovary (CHO) cells stably transfected with the APPswe. 

Levels of the non-amyloidogenic soluble APPα and α-CTF in the medium and cell 

lysate respectively were coordinately increased.  

The ability of this novel metal chelator to regulate APP is in line with the presence 

of an iron-responsive element (IRE) in the 5’-untranslated region (5’UTR) of APP. 

In a systemic treatment of APP/PS1 Tg mice with M30 for nine months, cognitive 

impairments were significantly attenuated in a variety of tasks of spatial learning 

and memory retention, working memory, learning abilities, anxiety levels, and 

memory for novel food and nesting behaviour. Furthermore, M30 reduced cerebral 

iron accumulation accompanied by a marked decrease in several AD-like 

phenotypes, including cerebral APP levels, Aβ levels and plaques, phospho-APP 

and phospho-tau.  

Additionally, the systemic chronic administration of M30 resulted in up-regulation 

of hypoxia inducible factor (HIF)-1α protein levels in various brain regions (e.g. 

cortex, striatum, and hippocampus) and spinal cord of adult mice. Real-time RT-

PCR revealed that M30 differentially induced HIF-1α-dependent target genes, 

including vascular endothelial growth factor, erythropoietin, enolase-1, transferrin 

receptor, heme-oxygenase-1, inducible nitric oxide synthase, and glucose 

transporter-1. In addition, mRNA expression levels of the growth factors, BDNF 

and GDNF and three antioxidant enzymes (catalase, superoxide dismutase (SOD)-1, 

and glutathione peroxidase) were up-regulated by M30 treatment in a brain-region-

dependent manner. Immunoblotting studies revealed that M30 induced a differential 

enhanced phosphorylation of protein kinase C, mitogen-activated protein kinase 

(MAPK)/ERK kinase (MEK), protein kinase B (PKB/Akt), and glycogen synthase 

kinase-3β (GSK-3β). As antidepressant, similar results to those observed with 

ladostigil were obtained with M30 in the same animal models with 5 mg/kg dose 

given orally for three weeks. (Kupershmidt L, unpublished work). 

Together, these results suggest that the multifunctional iron-chelator M30 is able to 

up-regulate a number of neuroprotective adaptive mechanisms and pro-survival 

signalling pathways in the brain that might function as important therapeutic targets 

for the drug in the context of neurodegenerative disease therapy (Fig. 28).  
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Fig. 28. Scheme of the multiple neuroprotective mechanisms reported with M30. 

 

These properties, together with its brain selective MAO inhibitory and 

propargylamine-dependent neuroprotective effects, suggest that M30 might serve as 

an suitable drug for use in different neurodegenerative disorders, such as AD or PD, 

in which oxidative stress and iron dysregulation are highly involved. 

M30D is a MTDL rationally designed as a new lead based on the structural 

modification of M30 (Fig. 29) to target several key disease-related 

enzymes/pathway of network dysfunction in AD including Aβ, tau, ChEs, MAO 

A/B, metal dyshomeostasis, oxidative stress, and anti-inflammatory and 

neuroprotective pathways. 

 

 

Fig. 29. Design strategy of M30D based on the structures of rasagiline, rivastigmine and M30 (Zheng 

H 2014). 
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Preliminary results revealed M30D as a potent pseudo-irreversible AChE inhibitor 

and moderate BuChE inhibitor. In addition, it is a highly potent MAO A inhibitor 

and weak MAO B inhibitor in rat brain homogenates. Moreover, M30D was found 

to possess poor metal ion chelating properties in vitro, however, upon incubation 

with AChE, it exhibited high metal-binding affinity (Meunier J 2006). In in vivo 

studies, M30D acted as a pro-chelator being metabolised to M30 following pseudo-

inhibition of AChE. In human lesioned-SH-SY5Y cells, M30D was found to 

significantly reduce toxicity compared to M30 (Zheng H 2010).     

 

iii. Clioquinol 

Clioquinol (CQ) is a derivative of 8-hydroxyquinoline initially designed as 

antiparasitic agent for intestinal amebiasis used from 1930 to 1970. The oral usage 

of this molecule was withdrawn from the market in 1985 due to neurotoxic side 

effects including subacute myelo-opticoneuropathy (Tsubaki T 1971; Tateishi J. 

2000). Nevertheless, later studies revealed that CQ possessed a moderate metal-

chelating activity, and further investigations were carried out towards this new 

finding.  

CQ contains two electron donor sites located at the quinoline ring nitrogen atom and 

phenolate oxygen atom, responsible for its chelating ability. Moreover, halogen 

groups help increase its lipophilicity for proper absorption to target sites in the brain 

(Bush AI 2003). An in vivo study using an AD mouse model revealed that oral 

treatment with CQ for nine weeks reduced brain Aβ deposits by 40% (Cherny RA 

2001), and another work showed that memory impairment was rescued by this 

molecule (Grossi C 2009). CQ has also been described as a modulator of copper 

efflux activities of APP (Treiber C 2004), inhibitor of the Aβ oligomer formation 

(Mancino AM 2009; LeVine H 2009) and preventive of Aβ-injection-induced cell 

loss (Ibach B 2005).  

In neurodegeneration animal models, CQ protected against DA depletion and nigral 

neuronal loss MPTP-administered (Kaur D 2003) and tau knock-out mice (Lei P 

2012). Positive results were also obtained in a murine model of HD disease (Nguyen 

T 2005). CQ was reported to attenuate the effects of aging by reducing the levels of 

mitochondrial hydroxylase CLK-1, required for the ubiquinone biosynthesis 

(Ewbank JJ 1997; Jonassen T 2001). The precise mechanism of action of CQ 

remains unknown, yet most studies pointed that the therapeutic effects of this 

molecule are related to its metal-chelating properties (Treiber C 2004; Raman B 

Priel T 2007). 
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Recent works confirmed CQ as an ionophore metal chaperone able to redistribute 

metals into the cell (Cherny RA 2001; Nitzan YB 2003; Adlard PA 2008; Li C 

2010) (Park MH 2011; Crouch PJ 2011) hence conferring neuroprotection as iron-

chelator from metal-protein interactions (Crouch PJ 2012; Tamura Z 1973; Kidani Y 

1974; Ohtsuka K 1982).  Additionally, this molecule can affect the PI3K pathway, 

and therefore upregulate matrix MP activity to promote Aβ degradation (White AR 

2006; Filiz G 2008a; Filiz G 2008b). A recent study also revealed that CQ restores 

endosomal trafficking in the vacuoles of Aβ-expressing cells, and dramatically 

reduced Aβ peptide levels by increasing degradation (Matlack KES 2014). In a 

phase II clinical trial, improvement in cognitive outcomes for AD patients was 

reported, however, this investigation was discontinued due to difficulties with large-

scale manufacturing of the compound as a consequence of the presence of small 

amounts of a carcinogenic contaminant (Crouch PJ 2012). 

 

iv. PBT2 

PBT2 is a second-generation 8-hydroxyquinoline derivative developed to resolve 

the toxicity problem of CQ as well as to improve its solubility and ability to cross 

the BBB (Crouch PJ 2012). It was observed that PBT2 selectively chelates copper 

and zinc while forming soluble complexes able to pass through cellular membranes, 

leading to bioavailable delivery of these two metals into the cells (Adlard PA 2008; 

Crouch PJ 2011; Adlard PA 2011). PBT2 also displayed significant therapeutic 

effects on both AD mouse model (Adlard PA 2008) and phase II clinical trials 

(Lannfelt L 2008; Faux NG 2010). In a similar way to CQ, this molecule also 

exhibited neuroprotective activity as a copper-zinc ionophone able to induce 

inhibition of the phosphorylation of the GSK-3 α- and β-isoforms and subsequently 

lower Aβ levels (Crouch PJ 2011). It is also being investigated for applications 

treating HD. 

 

v. ASS234 

ASS234 is a MTDL designed and conceived for use in AD therapy. Structurally, 

ASS234 is based on the hybridisation of the benzylpiperidine moiety of donepezil, 

responsible for the ChE inhibition, and the indolyl propargylamine of FA65, a 

potent MAO inhibitor and derivative of PF9601N (Fig. 30). Previous studies 

reported ASS234 as a potent dual inhibitor of both cholinesterases and the two 

MAO isoforms activities (Bolea I 2011). 
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More recently, new findings with this brain-permeable molecule have revealed 

neuroprotective properties of ASS234 against Aβ1-42-associated toxicity in SH-

SY5Y cells. By potently reducing Aβ self-aggregation in vitro, ASS234 was able to 

prevent the formation of fibrillary and oligomeric species. This effect was confirmed 

by SDS-PAGE analysis, in which amyloid species with low molecular weight such 

as monomers or trimers were found increased following an incubation with this 

molecule. This activity might be due to the direct interaction of ASS234 with the 

amyloid peptides during the oligomerisation process, by stabilising the less extended 

forms of Aβ hence preventing further assembly towards toxic species. Moreover, 

ASS234 was also able to block the AChE-dependent aggregation of both Aβ1-40 and 

Aβ1-42, revealing its capacity to bind to the PAS (Bolea I 2013). In addition, ASS234 

was also reported to protect SH-SY5Y cells from Aβ1-42-mediated toxicity by 

decreasing the activation of caspases 3 and 9 and PARP fragmentation. These 

findings suggest that ASS234 might antagonise the mitochondrial pathway of 

apoptosis, possibly due to the well-reported neuroprotective activity of 

propargylamine-containing derivatives (Bolea I 2013). 

 

 

Fig. 30. The design strategy of multi-target ASS234 based on active moieties of donepezil and 

PF9601N for an enhanced use in AD therapy (Bolea I 2013).  

 

Besides the anti-amyloid properties of ASS234, in the same study, this multi-target 

molecule was also reported to possess significant antioxidant activity to capture free 

radical species in vitro (ORAC-FL) as well as to increase the expression of the 

antioxidant enzymes catalase and superoxide dismutase-1 (SOD-1) in Aβ1-42-treated 

SH-SY5Y cells. In ASS234-treated SH-SY5Y cells, an induction of canonical and 

non-canonical Wnt pathways was described as another protective mechanism by 
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which this molecule rescues memory loss and improves synaptic dysfunction in 

transgenic mice model of AD (Del Pino J 2014).  

In vivo studies revealed ASS234 to be able to inhibit MAO and ChE activities after 

subcutaneous administration in rats (Stasiak A 2014). To date, several properties 

have been reported to ASS234 (Fig. 31), providing strong evidence to consider this 

molecule a promising compound for use in AD therapy that has encouraged to carry 

out new studies currently under investigation.       

 

 

Fig. 31. Scheme of the multiple targets and activities reported with multi-target ASS234 for use in 

AD pathology (Bolea I 2013). 

 

vi. Other MTDLs 

i. Berberine-derived ligands 

Berberine is a quaternary ammonium salt found in several plants and used in the 

Chinese traditional medicine for its activity against fungal infections, Candida 

albicans, yeast, parasites, and bacterial/viral infections. Berberine has been used as a 

scaffold for the design of hybrid compounds with molecular moieties including 

melatonin or ferulic acid. These derivatives have exhibited antioxidant and anti-Aβ 
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aggregation properties with weak AChE and BuChE inhibitory activity (Jiang H 

2011).  

 

ii. Memoquin  

Memoquin is a quinone-bearing polyamine compound that has recently emerged as 

a promising drug prototype for AD (Cavalli A Cavalli A 2012). This MTDL 

exhibited 10-fold more potent anti-ChE activity compared to donepezil. In addition, 

memoquin has shown dose-dependent inhibition of spontaneous and AChE-

mediated Aβ1-42 oligomers-induced neurotoxicity in SH-SY5Y cells (Bolognesi ML 

2011).  

Moreover, memoquin is also able to inhibit BACE-1 activity dose-dependently as 

well as to possess antioxidant properties to neutralise the formation of free radicals 

and ROS in sulforaphane-treated SH-SY5Y cells (Bolognesi ML 2009). In a recent 

in vivo study using two behavioural models, memoquin was able to rescue several 

features related to cognitive impairment (Capurro V 2013).  

 

vii. Natural products for use in AD 

Since decades ago, the beneficial properties of some natural products have been 

under investigation to use in AD. Among them, curcumin, EGCG, resveratrol or 

huperzine A, among others, have provided mounting evidence of their potential 

therapeutic action in neurodegeneration and age-related conditions (Fig. 32).  
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Fig. 32. Chemical structures of some natural products with potential use in AD therapy. 

 

i. Huperzine A 

Huperzine A (HupA) is a natural AChE inhibitor derived from the Chinese folk 

medicine Huperzia serrata (Ratia M 2013) . It has been traditionally used to treat 

different disorders including bruises, strains, swelling, rheumatism, schizophrenia or 

fever (Ma X 2007). HupA has been licensed as anti-AD drug in China and it is 

available as a nutraceutical in the US (Orhan IE 2011). Recent studies have 

demonstrated that HupA could effectively reverse or attenuate cognitive deficits in 

rodents, primates and humans (Howes MJ 2011). Thus, in a meta-analysis of 

randomised clinical trials, HupA was concluded to improve cognitive function, daily 

living activity and global clinical assessment in AD patients, displaying few adverse 

effects (Yang Y 2014). In addition, recent findings have reported mounting evidence 

of non-cholinergic properties of HupA including the ability to protect neurons 

against Aβ-induced oxidative injury and apoptosis, to ameliorate mitochondrial 

malfunction, to antagonize NMDA receptors, to regulate NGF, to promote non-

amyloidogenic APP processing or to reduce iron in the brain (Huang XT 2014). 

 

ii. ECGC 

Epigallocatechin-gallate (EGCG) is a polyphenol present in green tea. Recent 

investigations have suggested that EGCG possesses strong antioxidant properties 

and induces α-secretase activity and thus non-amyloidogenic APP processing (Smith 

EGCG

Resveratrol

Huperzine A

Curcumin
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A 2010). A Phase II trial investigating the benefit of EGCG in early stages of AD is 

currently underway (NCT00951834). 

 

iii.  Resveratrol 

Resveratrol is a polyphenol naturally produced by several plants, including grapes 

and berries, to avoid bacteria or fungi attack. It has been recently investigated as a 

cardioprotective, anticancer and anti-ageing compound (Richard T 2011; Baur JA 

2006; Yao R 2013). But, to date, little evidence of beneficial effects has been proven 

in humans.  

However, in recent years, many resveratrol-based compounds have been developed 

and reported to possess strong Aβ antiaggregation and antioxidant activities (Sharma 

M Jang J 2003). Moreover, some compounds also exhibited metal-chelating 

properties with dual ChE and MAO inhibitory activity (Lu C 2013).      

 

iv. Curcumin 

Curcumin is currently in Phase IIb testing for AD as a neuroprotective MTDL 

bearing anti-inflammatory, antioxidant and anti-amyloid mechanisms. In rats, 

curcumin decreases inflammation, oxidation rates, inhibits tau aggregation and aids 

for Aβ plaques clearance. Curcumin may also promote metal-chelation and 

neurogenesis. It is a natural polyphenol that occurs in turmeric and has been used in 

traditional Eastern medicinal practice for centuries; as such, it has an unusually 

robust safety record (Cole GM 2007). 

Another action recently found with curcumin is the ability to inhibit the heat shock 

protein 90 (Hsp 90) (Giommarelli C 2010), a chaperone involved in folding the 

denatured proteins that seems to play a role in preventing tau degradation (Dickey 

CA 2007). Curcumin treatment alleviated tau pathology in tau transgenic mice by 

suppressing tangle formation as well as promoting dissolution of already formed 

tangles (Ma QL 2013). 
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II. AIMS 

 

The multifactorial nature of Alzheimer’s disease (AD) together with the lack of 

therapeutic effectiveness of the current single-target FDA-approved drugs, prompted 

us to design and evaluate new MTDL molecules based on the “one drug, multiple 

targets” paradigm for use in this neurological disorder.  

In this context, the aim of this PhD thesis has been the design and biological 

assessment of multiple MTDL molecules bearing the N-benzylpiperidine group of 

donepezil and the propargylamine group present in the neuroprotective MAO B 

inhibitor PF9601N, linked to other chemical moieties such as pyridyl, indolyl and 8-

hydroxyquinoline groups. Taken together, these results will potentially contribute to 

improve the current pharmacological therapy of AD. 

Thus, the aims of this PhD thesis have been divided into three main objectives: 

1. To study the kinetic and structural mechanism of human MAO inhibition by the 

multi-target compound ASS234 and its effects in the monoaminergic 

transmission of both cell culture and rats by in vivo microdialysis. 

2. To assess the pharmacological evaluation of novel donepezil-indolyl and 

donepezil-pyridyl hybrids as MTDLs derived from ASS234 for the potential 

design and synthesis of new derivatives to use in AD.  

3. To biologically evaluate new series of MTDLs with metal-chelating properties 

as a promising therapeutic approach against AD condition.  
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 III. MATERIAL AND METHODS 

 

Determination of monoamine oxidase activity radiometrically 

The activities of MAO A and MAO B were determined by using specific 
14

C-labeled substrates 

(Perkin Elmer).  Rat liver homogenates, prepared as previously described (Gomez N 1986), were 

used as source of MAO, loading 100-200 mg of protein, whose concentration was previously 

determined by the Bradford method (Bradford MM 1976). Specific MAO A activity was 

determined using 100 mM (0.5 mCi/mmol) [
14

C]-(5-hydroxytryptamine) (5-HT), whereas MAO 

B activity was determined using 20 mM (2.5 mCi/mmol) [
14

C]-phenlyethylamine. Enzyme was 

pre-incubating in the presence of a range of inhibitor concentrations for 30 minutes in 50 mM 

phosphate buffer (pH 7.4). Inhibitor-free samples were used to determine the maximum enzyme 

activity. At the end of the pre-incubation, 25 ml of each substrate were added and reactions 

allowed for 20 minutes (MAO A) and 4 minutes (MAO B). Next, reactions were stopped by 

adding 2 M citric acid and radiolabeled aldehyde products extracted into toluene/ethylacetate 

(1:1, v/v) containing 0.6 % (w/v) 2,5-diphenyloxazole prior to scintillation counting (Tri-Carb 

2810TR). From dose-response curves, IC50 values were accordingly determined by using 

GraphPad PRISM software (versions 3.0 and 4.0) as the inhibitor concentration producing half 

of enzyme activity.   

 

Determination of monoamine oxidase activity fluorimetrically 

Activities of human recombinant MAO A and MAO B (Sigma-Aldrich) were performed using a 

fluorimetric method of AmplexUltraRed
®
. Tyramine hydrochloride was used as substrate for 

both isoforms in 96-well black opaque microplates (OptiPlate-96F, Perkin Elmer) in a final 

volume of 200 μl. Serial dilutions of each inhibitor were pre-incubated with 360 U/l hMAO A or 

67.5 U/l hMAO B for 30 minutes at 37ºC. Following the pre-incubations, enzymatic reactions 

were started upon the addition of 100 μl of a mixture containing 1 mM tyramine, 40 U/l 

horseradish peroxidise and 25 μM Amplex UltraRed
®
 reagent (Life Technologies) in 250 μM 

sodium phosphate buffer (pH 7.4), as final concentrations. The fluorescence production 

associated with peroxidise-coupled production of resorufin from the reagent was constantly 

measured for at least one hour at 530 nm spectrophotometrically (FluoStar OPTIMA, BMG 

Labtech). In control samples, inhibitor was replaced with distilled water. The possible capacity 

of compounds to modify the fluorescence generated by the reactions mixture due to non-

enzymatic inhibition was determined by adding these compounds to solutions containing the 

reagent and buffer only.  
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Assessment for reversibility of MAO inhibition  

Reversibility of MAO inhibition was determined by using two methods: consecutive washes or 

large dilution. By consecutive washes, rat liver MAO was first pre-incubated in presence or 

absence of the inhibitor for 30 minutes at 37 ºC. MAO activity was then measured 

radiometrically before and after three consecutive washes with 50 mM phosphate buffer (pH 7.4) 

centrifuged at 25,000 x g for 10 minutes at 4 ºC. Next, activity is expressed as a percentage of 

corresponding control values before and after the washes. Conversely, reversibility of human 

recombinant MAO inhibition was determined by the assessment of the recovery of the 

enzymatic activity after a large dilution of the enzyme-inhibitor complex. MAO concentration of 

100-fold over that required for regular assays was used with inhibitor concentrations equivalent 

to 10-fold their IC50 values previously determined. After 30 minute pre-incubation at 37ºC, the 

mixture was rapidly diluted 100-fold into reaction phosphate buffer containing 40 U/l 

horseradish peroxidase, 25 μM Amplex UltraRed
®
 reagent and 1 mM tyramine as final 

concentrations in order to initiate the enzymatic reaction in order to recover typical enzyme 

concentration whereas inhibitor is diluted at 0.1 x IC50 value. Then, activity levels are expressed 

as percentage of control before and after the dilution. Standard irreversible MAO A and MAO B 

inhibitors clorgyline and l-deprenyl were used as controls in both assays, respectively.     

  

Study of time-dependent inhibition of MAO  

Time-dependent MAO inhibition was evaluated by pre-incubating varying concentrations of the 

inhibitor with the enzyme for different times (0-240 minutes). Then, after substrate addition, IC50 

values were calculated from dose-response curves as previously described. 

 

Assessment of ChE activities spectrophotometrically 

Activity of recombinant AChE from electric eel (eeAChE) and equine BuChE (eqBuChE) 

(Sigma-Aldrich) was assessed following a spectrophotometric method of Ellman (Ellamn GL 

1961). Enzymatic reactions were allowed in 96-well plates in solutions containing 0.1 M 

phosphate buffer (pH 8.0), 35 mU/ml eeAChE or 50 mU/ml eqBuChE and 0.35 mM 5,5-

dithiobis-2-nitrobenzoic acid (DTNB, Sigma-Aldrich). Dose-response curves were plotted after 

pre-incubating the mixture with serial concentrations of each inhibitor for 30 minutes. The 

activity in absence of compound was used to determine the maximum enzymatic activity. 

Following the pre-incubations, 50 μl of substrate were added to a final concentration of 0.35 mM 

acetylthiocholine iodide (ASCh) or 0.5 mM butyrylthiocholine iodide (BuSCh) (Sigma-Aldrich). 

Enzymatic reactions were followed for 5 minutes with AChE and 25 minutes with BuChE. 
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Changes in absorbance at 405 nm in a spectrophotometric plate reader (FluoStar OPTIMA, 

BMG Labtech) were detected, and IC50 values accordingly calculated by using the GrapPad 

PRISM software (versions 3.0 and 4.0).   

 

Determination of metal-chelating properties in vitro 

Metals-compounds complex studies were performed in distilled water at room temperature using 

a UV-VIS spectrophotometer (Lambda25, Perkin Elmer). Spectra (220-300 nm) of compounds 

alone and in the presence of varying concentrations of metals CuSO4, Fe2(SO)3 or Zn(SO)4 

(Sigma-Aldrich) were recorded in 1 cm-quartz cells. The stoichiometry of the complexes was 

determined by the Job’s method (Job P 1928). Series of different solutions containing 

compounds and metals were prepared at a final concentration sum of 10 μM, ranging the 

proportions of both components from 0 to 100 %. Absorbance at 257 nm was then plotted versus 

the mole fraction of the compound for each metal.  

 

Induction of hydrogen peroxide by copper and ascorbic acid in vitro.  

The production of hydrogen peroxide was induced in vitro by incubating 0.2 μM Cu (II) and 10 

μM ascorbic acid (Sigma-Aldrich) following an incubation of 10 minutes at room temperature 

with different concentrations of compound, a mixture containing horseradish peroxidase and 

Amplex UltraRed
®
 reagent was added to quantify the amount of hydrogen peroxide produced. 

Still water was used to determine the maximum levels of hydrogen peroxide. 

 

Assessment of in vitro Aβ self- and hAChE-mediated aggregation 

The inhibition of Aβ1-42 self-aggregation by compound DPH-4 was studied using the thioflavin T 

(ThT)-based fluorometric assay (Bolea I 2011). Briefly, Aβ1-42 peptide (Bachem AG) was pre-

treated with 1,1,1,3,3,3-hexafloro-2-propanol (HFIP, Sigma Chemicals), liquid removed by 

lyophilisation and kept at -20ºC until use. For experiments, Aβ1-42 peptide was resolved in 10 

mM basic phosphate buffer (PBS, pH 11.2 adjusted with NH4OH). Experiments were performed 

by incubating the peptides (20μM) with or without the compounds with 35μM ThT. The 

fluorescence intensity was monitored at 485/528 nm at 37ºC every 10 minutes for at least 6 

hours on a Synergy HT microplate reader (Bio-Tek). Representative figures are shown in FU 

and expressed as percentage of control at plateau with blanks subtracted. For Aβ1-42 hAChE-

mediated aggregation, human recombinant AChE (Sigma-Aldrich) was co-incubated with the 
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peptide at ratio Aβ: AChE, 100:1 in presence of absence of compounds. The same method as 

previously was employed for calculations.    

Oxygen Radical Absorbance Capacity (ORAC) 

The ORAC assay was based on the procedure previously described and partially modified by 

Dávalos et al. (Dávalos A 2004). Briefly, was used as a free radical generator and trolox as 

standard and melatonin as a reference compound (Sigma-Aldrich). Test compounds were diluted 

in 75 mM PBS pH 7.4 and measured at eight different concentrations (0.1-1 μM), whereas trolox 

calibration solutions (1-8 μM) were prepared for the standard curve. Samples were pre-incubated 

15 minutes at 37ºC with 70nM fluorescein. Then, upon the addition of 12 mM APPH, 

fluorescence intensity at 485/520 nm was monitored every minute for 80 minutes by using a 

Polaris Galaxy plate reader (BMG Labtechnologies). The area under the curve (AUC) of the 

fluorescence decay was calculated by subtracting AUC for the sample or standard from that for 

the blank. A calibration curve was made from the net AUC values of trolox standard solutions. 

The ORAC value for each compound was expressed as trolox equivalents, in which ORAC 

value for trolox was assigned as 1.     

Determination of antioxidant activity by DPPH radical method 

In a 96-well plate and a final volume of 200μl per well, a methanol 2,2-diphenyl-1-

picrylhydrazyl (DPPH) (Sigma-Aldrich) solution at 135μM final concentration was added and 

mixed with different DPH-4 or trolox concentrations (1-100μM). The resulting mixture was then 

incubated for 2 hours at room temperature in the dark. Then, the absorbance was measured at 

517 nm in a spectrophotometric plate reader (Labsystems Multiscan RC). Reactions were 

prepared in triplicate and the antioxidant activity was determined as the percentage of radical 

scavenger activity (RSA) calculated as follows: RSA%= 100[(A0-Ai)/A0] x 100, where A0 and Ai 

are the DPPH absorbance in absence or presence of added compound concentration i, 

respectively.  

Inhibition of linoleic acid lipid peroxidation  

Production of conjugated diene hydroperoxide by oxidation of linoleic acid in an aqueous 

dispersion was monitored at 234 nm. AAPH was used as a free radical generator. 10μl of 16 mM 

linoleic acid sodium salt were added to the UV-VIS cuvette containing 0.93 ml of 50 mM 

phosphate buffer pH 7.4 at 37ºC. The oxidation reactions were initiated under air by adding 50μl 

of 40 mM APPH solution. Oxidation was carried out in the presence of aliquots. DMSO was 

used to measure the lipid peroxidation without antioxidant activity. The rate of oxidation at 37ºC 
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was monitored and by recording the increase in absorption caused by conjugated diene 

hydroperoxides. Trolox was used as an appropriate standard.         

Cell culture and treatments 

Human neuroblastoma SH-SY5Y cell line was obtained from the European Collection of Cell 

Cultures (ECACC). Cells were grown in Dulbecco’s modified Eagle medium/Ham’s F-12 

(DMEM/F-12) containing 15 % (v/v) FBS, non-essential aminoacids (Sigma-Aldrich), 100 U/ml 

penicillin, 100 μg/ml streptomycin and 2 mM l-glutamine (PAN Biotech) maintained at 37ºC 

with 5 % CO2. Cells were seeded at a density of 250,000 cells/ml onto 24-well plates for both 

cell viability assays and Hoechst staining, and onto 60 mm-diameter dishes for western blot 

analyses. After 24 hours from seeding, cells were starved with serum-free medium overnight and 

then pre-treated with compounds for one hour prior to 24-hour treatments.  

PC12 cell line was purchased from the American Type Culture Collection and grown in DMEM 

media supplemented with 7% FBS, 7% FHS, 1.14 mM HEPES pH 6.8 and 

penicillin/streptomycin. Both cell lines were maintained at 37 ºC in a saturating humidity 

atmosphere containing 5% CO2. For treatments, cells were seeded at a density of 2.5·10
4
 

cells/mL onto rat tail collagen type I-coated plates until 70-80% confluence was reached.  

For HPLC analyses, cells were treated either with PBS (cnt) or 1 μM inhibitor (clorgyline or 

ASS234) for 3 or 24 hours. For activity assays, at the end of treatments, cells were washed twice 

with PBS, scrapped, and collected in 50 mM phosphate buffer pH 7.4. Then, lysates were 

sonicated for 10 seconds on ice and kept at -80 ºC prior to measurement of MAO activity. For 

monoamine analysis, treated cells were washed twice with PBS, scrapped and centrifuged at 

3,000 x g for 5 minutes. Then, pellets were resuspended in homogenisation solution containing 

0.25 M perchloric acid, 100 μM sodium bisulphite and 250 μM EDTA and lysates sonicated for 

10 seconds on ice and kept at -80 ºC prior to analysis. 

Murine microglial BV-2 cells were obtained from the European Collection of Cell Cultures 

(ECACC). Cells were grown in RPMI medium (LifeTechnologies) containing 10 % FBS and 

0.1% penicillin/streptomycin at 37ºC with 5 % CO2. Cells were seeded into 24-well plates at a 

density of 10
5
 cells/ml onto collagen type-I-coated plates (BD Biosciences). Once 60-70 % 

confluence was reached, medium was replaced to 0.5 % FBS final concentration. After 16 hours, 

cells were pre-treated with compounds for 1 hour prior to 24-hour treatments.  
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MTT reduction assay  

The mitochondrial activity of cells was measured by quantitative colorimetric assay with 3-[4,5-

dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide (MTT) (Sigma-Aldrich) as previously 

described (Plumb JA 1989). Briefly, 50 μl of the MTT reagent were added into each well to a 

final concentration of 0.5 mg/ml at the end of each treatment time. Then, the plate was placed in 

a humidified incubator at 37ºC with 5 % CO2 and 95% air (v/v) for at least 30 minutes. Next, the 

insoluble formazan was dissolved with DMSO and colorimetric determination was carried out at 

540/620 nm in a microplate reader (Labsystems Multiscan RC). Untreated cells were used as 

control of 100 % cell viability.  

LDH release assay 

Cell viability was assessed by the quantification of lactate dehydrogenase (LDH) activity in cells 

using the TOX7 kit (Sigma-Aldrich). Briefly, after treatments cell media was collected and 

centrifuged at 800 x g for 10 minutes at 4°C to discard the dead cells. The supernatants were 

collected and directly used for LDH determination. The LDH mixture was first prepared by 

mixing equal volumes of substrate solution, LDH assay dye solution and 1X LDH assay cofactor 

preparation. Next, the sample media were transferred to a clean flat-bottom plate and lactate 

dehydrogenase assay mixture was added to each sample in a volume equal to twice that of the 

sample media. The plate was then covered to protect it from light and incubated at RT for 20-30 

minutes. Absorbance was spectrophotometrically measured at 490/690 nm in a microplate reader 

(Labsystems Multiscan RC).  

Hoechst staining 

After treatments, cells washed with PBS (pH 7.4) and fixed with 4 % paraformaldehyde (Sigma-

Aldrich) in PBS for 10 minutes at 25ºC. Cell were then stained with 0.5 μg/ml Hoechst 33258 

(Sigma-Aldrich) for 30 minutes at 25ºC. Stained nuclei were visualised under an inverted 

microscope (Nikon Eclipse TE2000-E, Nikon) and quantitative image analysis was performed 

by counting six fields from each well. Data was expressed as the percentage of total nuclei per 

field relative to untreated cells. 

Determination of intracellular ROS and O2
-
 levels 

Intracellular accumulation of ROS levels after treatment with H2O2 was assessed using 2,7-

dichlorofluorescein diacetate (DCFH-DA) staining. SH-SY5Y cells were incubated with 10 μM 

DCFH-DA in HEPES-buffered saline solution for 20 minutes. Next, cells were washed and the 
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basal DCF fluorescence levels were measured in a fluorimeter at 485/530 nm. Then, DPH-4 

(5μM or 10μM) or vehicle was pre-incubated for 1 hour and 250μM or 500μM H2O2 added for 

an additional hour. After this time, fluorescence levels were measured and basal values were 

subtracted. The intracellular levels of superoxide anion (O2
-·
) were monitored by the selective 

oxidation of dihydroethidium (DHE) to ethidium. Cells were loaded with 10μM DHE for 10 

minutes. Next, basal fluorescence levels were measured at 485/590 nm in a fluorimeter. Next, 

cells were treated with DPH-4 (5μM or 10μM) or vehicle for 30 minutes and then H2O2 (250μM 

or 500μM) was added for an hour. Fluorescence was measured, and basal levels subtracted. In 

both assays, ROS and O2
-·
 levels were expressed as percentage of those in non-treated cells.     

Western blot analysis 

For Aβ1-42 aggregation experiments, peptide samples were removed from the microplate at the 

end of the ThT aggregation assays, heated at 95ºC for 2 minutes and 50 ng loaded into 10% 

SDS-PAGE pre-cast gels (BioRad) and electrophoresed for 1.5 hours at 100V using a running 

gel containing 2.5 mM Tris, 19.2 mM glycine and 0.1 % SDS pH 8.3 (Sigma-Aldrich). Resolved 

bands were then transferred onto a PVDF membrane using 10 mM CAPS pH 11.0 as transfer 

buffer and blocked in PBS pH 7.4 containing 10 % non-fat milk and 0.1 % BSA for one hour. 

Membranes were then incubated with mouse monoclonal anti-Aβ 6E10 antibody (Covance; 

1:500) at 4ºC overnight. Then, blots were exposed to horseradish peroxidise-conjugated rabbit 

anti-mouse (DAKO; 1: 2000) for one hour at room temperature. Membranes were rinsed with 

peroxidase/luminol solution and bands were analysed and quantified using ChemiDoc
®
MP 

Imaging System (BioRad) and ImageLab software.        

For the rest of enzyme determination, cells were collected in 50 mM Tris-HCl pH 7.5 buffer 

containing 10 mM EDTA and 1 % (v/v) Triton X-100 after treatments. Protein concentration 

was determined by the Bradford protein assay. Samples were then diluted in SDS sample buffer 

containing 70 mM Tris-HCl, 10 % β-mercaptoethanol and 0.1 % (w/v) bromophenol blue. 

Protein samples (20-30 μg) were heated at 96ºC for 4 minutes, resolved in SDS-PAGE gels and 

then transferred onto nitrocellulose membranes (Whatman-Schleicher & Schuell). Transferred 

membranes were then blocked with 5 % (w/v) non-fat dry milk in Tris-buffered saline (TBS) 

containing 0.1 % (v/v) tween-20 for one hour and then incubated with primary antibodies anti-

APP 20.1 (W.E. Van Nostrand, Stony Brook University, NY, USA; 1: 1000), anti-SOD-1 

(SantaCruz; 1: 1000), anti-GPx-1 (Abcam; 1:1000), anti-Nrf-2 (SantaCruz; 1:1000), anti-full-

length PARP (Upstate; 1:1000), anti-COX-2 (SantaCruz; 1: 1000), anti-β-actin (Sigma-Aldrich; 

1: 5000) and anti-GAPDH (glyceraldehyde-3-phosphate dehydrogenase) (Ambion-Invitrogen; 

1:20000) for 16 hours at 4ºC. Then, blots were exposed to horseradish peroxidise-conjugated 

goat anti-rabbit (BD Biosciences; 1: 2000) or rabbit anti-mouse (DAKO; 1: 2000) for one hour 
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at room temperature. Membranes were rinsed with peroxidase/luminol solution and bands were 

analysed and quantified using ChemiDoc
®
MP Imaging System (BioRad) and ImageLab 

software.       

DEDV-directed caspase-like activity assay 

Caspase activity in lysates from 250μM H2O2-treated SH-SY5Y cells for 24 hours was 

determined by DEVD-directed caspase-like activity method. Quantitative caspase-like activity in 

cell lysates were performed as previously described with minor modifications (Gozzelino R 

2008). Briefly, after the indicated treatments, cells were collected and assays were performed 

using 25 μg of protein in the specific buffer containing 100 mM Tris (pH 7.2–7.4), 4 mM 

EDTA, 4 mM EGTA, 20% sucrose, 10 mM dithiothreitol, 1 mM PMSF plus 40 μM of the 

fluorogenic substrate Ac-DEVD-afc. The resulting 96-multiwell microplates were incubated at 

35°C, and caspase activity was monitored for at least one hour in a BIO-TEK Synergy HT 

fluorimeter at 360/530 nm. For each condition, triplicates of each sample were used.  

 

Determination of nitrite content 

The nitrite content was measured in the culture medium as an indicator of the NO production 

process in BV-2 cells by the method of Griess following manufacturer’s instructions (Molecular 

Probes). Briefly, after treatments, 50 µl of medium were incubated with the equal volume of the 

Griess reagent and the absorbance was determined at 570 nm using a microplate reader.  

 

HPLC analysis 

Levels of 5-HT and 5-HIAA in SH-SY5Y cells and levels of DA, NA, DOPAC and HVA in 

PC12 cell lysates were determined by high-performance liquid chromatography (HPLC) with 

electrochemical detection. The Elite LaChrom system from Hitachi (Tokyo, Japan) with L-2130 

pump and L-2200 autosampler and the Coulochem 5100A electrochemical detector from ESA 

(Chelmsford, USA) with a Model 5011 dual-electrode analytical cell with porous graphite 

electrodes were used. Both SH-SY5Y and PC12 cell lysates were thawed and centrifuged at 

12,000 x g for 10 minutes at 4 ºC. Next, the supernatants of each sample were placed in the 

autosampler, cooled at 10 °C and 20 µL was injected. DHBA was used as standard external 

control. The mobile phase contained 99% v/v of a buffered aqueous solution (50 mM citric acid, 

0.05 mM EDTA and 1.2 mM sodium octanesulfonate, adjusted to pH 2.75 with triethylamine) 



Material and Methods 

 

 

83 
 

and 1% v/v acetonitrile. Elution was performed on a Chromolith Performance RP-18e 

monolithic column (100 x 4.6 mm) from Merck (Darmstadt, Germany) at room temperature (20-

25ºC) using a flow rate of 1 mL/min. The potentials of the electrodes were set at -50 mV and 

+400 mV. Instrument control and data acquisition were carried out by EZChromElite version 

3.1.7 of Scientific Software (Pleasanton, California). GraphPad PRISM version 4.03 was 

employed for statistical analyses, with the α level chosen at 0.05.  

 

Statistical analysis 

Data are shown as the mean ± S.E.M. All statistical analyses were completed using GraphPad 

PRISM software (versions 3.0 or 4.0). Differences were established by one-way ANOVA 

followed by the Bonferroni post-test with *p<0.05, **p<0.01 and ***p<0.001.
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Chapter I. 

“Kinetic and structural analysis of the irreversible inhibition 

of human monoamine oxidases by ASS234, a multi-target 

compound designed for use in Alzheimer’s disease” 
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Monoamine oxidases (MAO) and cholinesterases are validated targets in the design of drugs for the treatment of
Alzheimer's disease. The multi-target compound N-((5-(3-(1-benzylpiperidin-4-yl)propoxy)-1-methyl-1H-
indol-2-yl)methyl)-N-methylprop-2-yn-1-amine (ASS234), bearing the MAO-inhibiting propargyl group
attached to a donepezil moiety that inhibits cholinesterases, retained activity against human acetyl- and
butyryl-cholinesterases. The inhibition of MAO A and MAO B by ASS234 was characterized and compared to
other known MAO inhibitors. ASS234 was almost as effective as clorgyline (kinact/KI = 3 × 106 min−1 M−1)
and was shown by structural studies to form the same N5 covalent adduct with the FAD cofactor.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Alzheimer's disease (AD) is a complex neurodegenerative disorder
with a multifaceted pathogenesis. The neurodegeneration and accumu-
lation of the characteristic plaques in AD is accompanied by loss of
cholinergic function important for cognition and by decreases in seroto-
nergic and noradrenergic transmission [1]. Despite the recent advances
in the knowledge of the factors involved in the etiology of AD, slowing
or halting the neurodegenerative process has not yet been accom-
plished. The lack of effectiveness of the current anticholinergic therapies
(such as donepezil, rivastigmine or galanthamine)may be related to the
multifactorial and complex nature of AD, which makes one single drug
hitting a single pathway or target, inadequate as treatment [2–4]. In
this context, it is now widely accepted that a more effective therapy
would result from the use of compounds able to target the multiple
r@st-and.ac.uk (R.R. Ramsay).
mechanisms underlying the etiology of AD in multi-target drug design
strategy [4,5].

Both acetylcholinesterase (EC 3.1.1.7, AChE) and butyrylcholin-
esterase (EC 3.1.1.8, BuChE) are important in the breakdown of
the neurotransmitter acetylcholine, with butyrylcholinesterase
becoming more important as acetylcholinesterase decreases in AD
so that inhibition of both may be needed in the treatment of neuro-
degeneration [6,7]. The isoenzymes MAO A and MAO B (EC 1.4.3.4)
metabolize serotonin (mainly MAO A) and dopamine and noradren-
aline (both MAO A and MAO B), but only MAO B increases with
age [8,9]. Starting from dual inhibitors of cholinesterases (ChE)
and monoamine oxidases (MAO) to combat the neurotransmitter
deficits [2–4], other capabilities can be added [10–12]. Youdim
and co-workers pursued this idea by developing (R)-3-(prop-2-yn-
1-ylamino)-2,3-dihydro-1H-inden-5-yl ethyl(methyl)carbamate
(ladostigil), which combines brain-specific MAO and non-selective
ChE inhibition with the neuroprotective action of the propargyl
group [11,13,14]. That this strategy can be successful is demonstrat-
ed, for example, by the antagonism of scopolamine-induced spatial
memory impairment exerted by ladostigil [11].

MAO A and MAO B share 70% sequence identity and the same FAD
cofactor covalently attached at a conserved cysteine residue [15,16].

http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbapap.2014.03.006&domain=pdf
http://dx.doi.org/10.1016/j.bbapap.2014.03.006
mailto:claudia.binda@unipv.it
mailto:rrr@st-and.ac.uk
http://dx.doi.org/10.1016/j.bbapap.2014.03.006
http://www.sciencedirect.com/science/journal/15709639
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Their deep active site cavities are different in volume and shape [17] con-
ferring very different substrate and inhibitor specificities [15,18,19]. The
majority of MAO inhibitor drugs in current use are mechanism-based ir-
reversible inhibitors [16,20], including L-deprenyl which is selective for
MAO B and whose adduct formed with the N5 of the flavin ring has
been identified both chemically [21] and in the crystal structure of
MAO B [22,23]. Clorgyline, selective for MAO A, forms the same N5 ad-
duct with MAO A [23]. Chronic treatment with either drug giving N85%
inhibition of one isoform results in decreased breakdown of the neuro-
transmitters normally metabolized by that isoform, either MAO A
(serotonin, noradrenaline, dopamine) or MAO B (dopamine). Restora-
tion of the activity is slow because human MAO turnover in the brain
has a half-life of 30 days [24].

Using the same propargyl group that is present in clorgyline and
deprenyl, a new MAO A-selective dual-target compound, N-((5-(3-(1-
benzylpiperidin-4-yl)propoxy)-1-methyl-1H-indol-2-yl)methyl)-N-
methylprop-2-yn-1-amine (ASS234, Fig. 1),was developed andpatented
(Reference: PCT/ES070186;WO2011/113988 A1) to address the need to
inhibit the cholinesterases and MAOs in one molecule [25]. This com-
pound derives from the acetylcholinesterase inhibitor, donepezil, and
the MAO B inhibitor N-((5-(benzyloxy)-1H-indol-2-yl)methyl)prop-2-
yn-1-amine (PF9601N, Fig. 1) [26–28]. In addition to enzyme inhibition,
ASS234 inhibits Aβ1-42 self-aggregation in vitro, prevents depletion of
the antioxidant enzymes, catalase and superoxidase-1, and is able to
cross the blood brain barrier [29]. In this work we report themechanism
of inhibition of human MAOs by ASS234 and compare the efficacy of
ASS234 to that of the established isoform-specific propargyl MAO inhib-
itors, clorgyline and L-deprenyl, highlighting the selectivity of ASS234 for
MAO A and the nature of the adduct.
2. Material and methods

2.1. Materials

Kynuramine, tyramine, benzylamine, Ampiflu™ Red, horseradish
peroxidase (Type II), and 5,5′-dithiobis-2-nitrobenzoic acid (DTNB)
were purchased from Sigma-Aldrich and β-octylglucoside fromMelford
Laboratories Ltd, Ipswich, UK. Plastic-ware items (tips, microfuge tubes
and 96-well plates) free from the contaminants known to inhibitmono-
amine oxidase [30] were purchased from Eppendorf UK Ltd (Stevenage,
UK). Human recombinant AChE and BuChE (lyophilized powder) were
purchased from SigmaAldrich (Madrid, Spain). HumanMAOAwas pre-
pared from yeast cells (Saccharomyces cerevisiae) as before [31,32].
Some membrane-bound MAO A was reserved from the preparation to
allow measurement of the inactivation in membranes where the lipo-
philicity of the inhibitor can alter association with the target. Human
MAO B was purified from yeast cells after expression in Pichia pastoris
[33]. Compounds PF9601N [28] and ASS234 [25] were synthesized as
previously described.
Fig. 1. Structures of propargyl inhibitors: clorgyline, L-deprenyl,N-((5-(benzyloxy)-1H-indol-2-
methyl-1H-indol-2-yl)methyl)-N-methylprop-2-yn-1-amine (ASS234).
2.2. Kinetic assessment of the compounds as cholinesterase (ChE) inhibitors

Cholinesterase activities were assessed using the spectrophotomet-
ric method of Ellman [34] using human recombinant AChE and BuChE
(lyophilized powder). Enzymatic reactions took place in 96-well plates
in a final volume of 300 μl containing 0.1 M phosphate buffer (pH 8),
0.035 U/ml AChE or 0.05 U/ml BuChE and 0.35 mM of 5,5′-dithiobis-2-
nitrobenzoic acid (DTNB). Inhibition curves were obtained by pre-
incubating this mixture with serial dilutions of each compound for
30min at 37 °C. The activity in absence of compoundwas used to deter-
mine the 100% of enzyme activity. At the end of the pre-incubation
period, 50 μl of substrate was added to a final concentration of
0.35 mM acetylthiocholine iodide or 0.5 mM butyrylthiocholine iodide
(Sigma-Aldrich, Madrid, Spain) and the reaction followed for 30 min.
Changes in absorbance were measured at 405 nm in an absorbance
plate reader (FluoStar OPTIMA, BMG Labtech). IC50 values were calcu-
lated using the GraphPad PRISM software (version 3.0). Data were
expressed as means ± S.E.M. of at least three different experiments in
quadruplicate.

2.3. Kinetic assessment of the compounds as MAO inhibitors

Continuous assays for MAO were used: a) the spectrophotometric
(direct assay in duplicate) for purifiedMAO [35,36], and b) a plate read-
er assay (triplicate wells) where production of hydrogen peroxide is
coupled via horseradish peroxidase to a dye producing the fluorescent
resorufin for membrane-bound MAO [37,38]. For the reversible inhibi-
tion, multiple data sets obtained at varied inhibitor and substrate con-
centrations were analyzed in Graphpad PRISM for the best global fit to
the Michaelis–Menten equation for a competitive inhibitor, using Y =
Vmax ∗ X/(KM(1 + [I]/Ki) + X) where Y is the measured activity, X is
substrate concentration, and KM is the Michaelis constant for the
substrate.

The IC50 values for the irreversible inactivation ofMAO A andMAOB
by these inhibitors were determined from the activity remaining after
30 min of incubation. The remaining activity was determined using
the coupled assay with 1 mM tyramine as the substrate. To determine
the kinetic parameters KIi and kinact, spectrophotometric assays were
used to determine the remaining activity after various incubation
times (0–20 min) and the data analyzed by a non-linear version of the
Kitz–Wilson analysis [39] as shown in Supplementary Fig. S1. Pre-
incubations were carried out at 30 °C in quartz cuvettes in a volume of
200 μl containing 50 nM membrane-bound MAO A and inhibitor in
50 mM potassium phosphate buffer, pH 7.5, containing 0.05% Triton
X-100 and 10% glycerol. The range of inhibitor concentrations used
was from 2.5 μM to 200 μM for PF9601N, from 50 μM to 500 μM for
L-deprenyl and from 100nM to 1 μM for ASS234 and clorgyline. At the
end of each incubation period, kynuramine in 800 μl of buffer was
added to give a final concentration of 0.75 mM, and the product forma-
tion followed at 314 nm in a Shimazu UV2101 spectrophotometer.
yl)methyl)prop-2-yn-1-amine (PF9601N),N-((5-(3-(1-benzylpiperidin-4-yl)propoxy)-1-



Table 1
Inhibition of purified human cholinesterases.

IC50 (μM)a

AChE BuChE

ASS234 0.81 ± 0.06 1.82 ± 0.14
PF9601N N100 N100
Donepezil 0.011 ± 0.001 6.22 ± 0.77

a Expressed as means ± standard error of the mean (S.E.M.) of at least three different
experiments using quadruplicate assays.

Table 2
IC50 values for irreversible inhibition of human MAO A and MAO B.a

IC50 (nM) MAO A selectivity

MAO A MAO B IC50 B/IC50 A

A. Purified enzymes
ASS234 5.44 ± 1.74 177 ± 25 32
Clorgyline 0.23 ± 0.05 1436 ± 377 6243
PF9601N 3830 ± 795 3.1 ± 1.0 0.00105
L-deprenyl 16990 ± 440 3.2 ± 1.1 0.00018

B. Membrane enzyme preparations
ASS234 0.17 ± 0.03 15830 ± 1040 93118
Clorgyline 0.42 ± 0.08 10660 ± 953 25380
PF9601N 790 ± 105 11 ± 2 0.0139
L-deprenyl 630 ± 86 3.0 ± 0.9 0.0048

a Activity was measured after 30 minutes incubation with the inhibitor using 1 mM
tyramine as substrate for both MAO A and MAO B.
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Inhibitory rates were determined as a percentage of the control assay
rate (no inhibitor) at each reaction time. The kobs value was determined
as the slope of the semilog plot, log of % remaining activity against
preincubation time as shown in Supplementary Fig. S1A. Fitting a rect-
angular hyperbola (Michaelis–Menten equation, using non-linear re-
gression in PRISM) to the rate constants at several inhibitor
concentrations (shown as the linearized Kitz–Wilson plot, Fig. S1B)
gave the irreversible kinetic parameters, KI and kinact [39,40]. The parti-
tion ratio (PR), defined as the number of product species being generat-
ed per formation of covalently modified enzyme was determined from
the plot of the percentage of activity remaining (no inhibitor as control)
after 20 min against [I]/[E] as shown in Fig. S1C.

2.4. Characterization of the MAO-ASS234 adduct by visible spectroscopy
and mass spectrometry

Spectra were collected in a Shimazu 2101PC spectrophotometer in
50 mM HEPES pH 7.4 [31]. Adduct formation was complete within
20 min for each addition at the micromolar concentrations required
for spectrophotometry. Samples were sent for mass analysis after cen-
trifugal filtration and overnight dialysis against 50mMpotassiumphos-
phate pH 7.4 to remove the β-octylglucoside detergent present in the
purified enzyme preparation. For whole protein mass spectrometry
using ESI-TOF, the protein sample (20 ul, 10 μM) was desalted on-line
through a Waters MassPrep on-line desalting column (2.1 × 10 mm),
eluting with an increasing acetonitrile concentration (from 2% acetoni-
trile, 98% aqueous 1% formic acid to 98% acetonitrile 2% aqueous 1%
formic acid) and delivered to the electrospray ionization mass spec-
trometer (LCT, Micromass, Manchester, U.K.) which had previously
been calibrated using myoglobin. An envelope of multiply charged
signals was obtained and deconvoluted using MaxEnt1 software to
give the molecular mass of the protein.

2.5. Crystallographic studies

A pure and homogeneous sample of humanMAOB (MAO B)was in-
cubated with 1 mM ASS234 (or either analog) for 1 h and crystallized
following published protocols [41]. UV/Visible measurements on the
inhibited protein showed the spectral modification corresponding to
the covalent adduct formed by propargyl inhibitors. Crystals were
soaked in a cryoprotectant solution containing 18% (v/v) glycerol and
flash-cooled in a stream of gaseous nitrogen at 100 K. X-ray diffraction
data were collected at the X06DA beamline of the Swiss Light Source
(Villigen, Switzerland). Data processing and scaling (Table S1) were
carried out using MOSFLM [42] and programs of the CCP4 package
[43]. The structure of MAO B in complex with L-deprenyl [17] deprived
of water and inhibitor atomswas used as initial model and inspection of
the unbiased 2Fo-Fc and Fo-Fc maps indicated the presence of the
ASS234 molecule bound in the MAO B active site. Whereas the N-
benzylpiperidine moiety of the inhibitor was only partly visible in the
electron density, the ASS234 propargyl unit was unambiguously found
forming a covalent adduct with the N5 atom of the flavin. Crystallo-
graphic refinement (Supplementary Table S1) was performed with
Refmac5 of the CCP4 package [43] and figures of the crystal structure
were made using CCP4mg [44].

3. Results and discussion

3.1. Enzyme inhibition

A previous study on ASS234 inhibition of the target enzymes used
equine and fish sources for the cholinesterases and rat brain mitochon-
dria for MAO [26]. To provide a molecular basis for its potential use in
AD treatment, the inhibition mechanism of this compound has now
been evaluated in human enzymes by using purified samples of these
proteins. The design of ASS234 aimed to maintain inhibition of both
AChE and BuChE in the dual compound. This ChE inhibitory profile
was confirmed using purified human enzymes (Table 1) with the stan-
dard AChE inhibitor, donepezil, for comparison. Whereas the parent
MAO B inhibitor PF9601N did not inhibit either ChE, ASS234 inhibited
both AChE and BuChE.

To demonstrate that the desired MAO inhibitory properties are
maintained in the presence of the additional structural features re-
quired for effective inhibition of the other target, ASS234was compared
with PF9601N and the known drugs, clorgyline and L-deprenyl (Fig. 1),
for consistency inmechanism and for efficacy and selectivity. Clorgyline
(MAO A-selective) and L-deprenyl (MAO B-selective) are extensively
used in vivo [45,46], so this information will be a useful background
for future in vivo profiling of the new compounds. Kinetic studies were
performed for the human MAO isoenzymes both in the purified form
necessary for spectra and crystallography and in themembrane because
differences in the kinetics of MAO after extraction from the membrane
have been reported [47]. First, a coupled assay [48]measuringH2O2 pro-
duction was used to compare the selectivity of the irreversible inhibi-
tion of MAO A and MAO B by the four inhibitors. The IC50 values for
the inhibition of MAO A and MAO B by all four inhibitors (Table 2) con-
firmed the previously reported selectivity of ASS234 for MAO A and
PF9601N for MAO B [25,28]. ASS234 and clorgyline inactivate purified
MAO A at sub-nanomolar concentrations whereas the IC50 values with
MAO B are in the micromolar range (Table 2A). Using membrane-
bound enzymes (Table 2B), the selectivity of ASS234 and clorgyline
for MAO A is almost 105, with ASS234 almost 4-fold more selective
than clorgyline. The excellent selectivity of PF9601N and L-deprenyl
for MAO B can be seen in the low MAO B IC50 to MAO A IC50 ratios in
Table 2. In membranes, PF9601N was almost 3-fold less selective that
L-deprenyl.

The IC50 data performed on human enzymes confirmed the selectivity
of ASS234 for MAO Awith respect to MAO B.We then focused onMAO A
to perform a more in-depth kinetic analysis on this compound and to
characterize itsmechanismofMAO inactivation byUV/visible spectrosco-
py. Clorgyline and L-deprenyl form covalent adductswith the N5 group of
the FAD moiety of MAO [17,22]. To determine whether the new com-
pounds form the same adduct, the spectral changes upon inhibitor bind-
ing were compared for all four inhibitors (Fig. 2). In all cases, the MAO A



Fig. 2. Spectral changes in MAO-A after modification with ASS234 and clorgyline. (A) Oxidized MAO A (17.4 μM) alone and after 15 min incubation at 20 °C with clorgyline (6–20 μM).
(B) OxidizedMAO A (21.5 μM) alone and after 15min incubation at 20°°C with ASS234 (5–25 μM). (C) The change induced in the spectrum of MAO A after inactivation by each inhibitor.
The difference spectra were calculated by subtracting the absorbance of the purifiedMAO A from the absorbance of the inactivated MAO A inhibitor complex. (D) The difference spectra
after inactivation by PF9601N and L-deprenyl are included for comparison.
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flavin absorbance above 456 nm was bleached and the absorbance at
415 nm increased proportionally. The concentration required to induce
the maximum increase at 415 nm varied with the inhibitor. Following
the addition of a slight excess (20 μM) of either ASS234 or clorgyline,
MAOAwas fully inactivated and therewas no further change in the spec-
trum. The difference spectra (Fig. 2C) were calculated by subtracting the
pure MAO A spectrum from the spectrum of the complex with inhibitor.
There is no significant difference at 415 nm between clorgyline and
ASS234, which is consistent with full modification of the flavin and sug-
gests formation of the same covalent adduct form at the N5 of the FAD
molecule. PF9601N and L-deprenyl gave similar spectral changes
(Fig. 2D) indicating that the adduct formed is likely to be the same for
all four compounds.

We then evaluated the inhibitors for their reversible and irreversible
modes of MAO A inhibition. When the assay was initiated by adding
purifiedMAOA, all four compounds acted as competitive inhibitors. Con-
centrations of inhibitor in themicromolar rangewere required to see in-
hibition and this inhibition was reversible by immediate dilution with
excess substrate. Both clorgyline and ASS234 gave sub-micromolar Ki

values for the reversible inhibition of purified human MAO A (Table 3).
For membrane-bound MAO A, the competitive Ki values were 14 nM
Table 3
Reversible inhibition of human MAO A by acetylenic inhibitors.a

Ki (μM)

Purified MAO A Membrane-bound MAO A

ASS234 0.20 ± 0.06 0.053 ± 0.013
Clorgyline 0.040 ± 0.004 0.014 ± 0.001
PF9601N n.d.b 25 ± 5
L-deprenyl n.d.b 75 ± 11

a From initial rates of kynuramine oxidation where MAO A was added last.
b n.d., not determined.
for clorgyline and 53 nM for ASS234, whereas those for PF9601N and
L-deprenyl were 1000-fold higher (Table 3).

After pre-incubationwith the enzyme, the inhibitionby all four com-
pounds was irreversible and the activity was not restored by the addi-
tion of excess substrate (5-fold KM) nor after overnight dialysis. The
kinetic parameters for the mechanism-based irreversible inactivation
of purified andmembrane-boundMAO-A, termed KI and kinact [39], de-
termined as shown in Supplementary Fig. S1, are presented in Table 4.
The specificity constant (kinact/KI) for inactivation of purified MAO A
by clorgyline and ASS234 (Table 4A) revealed that ASS234 was less ef-
fective than clorgyline as an irreversible inhibitor, mainly because the
KI value of 220 nM for clorgyline was 16-fold lower than the KI value
for ASS234 (3.54 μM). Nevertheless, this difference in KI disappeared
in themembrane boundMAO A (Table 4B) and the rates of inactivation
were similar for either compound in both purified and membrane-
bound enzyme. The kinact/KI values also indicate that ASS234 and
clorgyline are N1000-fold better at forming an irreversible adduct
with MAO A than are the MAO B-selective inactivators. Clorgyline
inactivated MAO A with a partition ratio close to 2, meaning that two
product molecules were formed per inactivation event. The partition
ratio for inactivation by ASS234 was 9 (7 for the membrane-bound
MAO A), suggesting that adduct formation after the enzyme-catalyzed
oxidation is only slightly less likely than that occurring with clorgyline.

When membrane-bound MAO A was assayed, ASS234 was highly
effective as an irreversible inhibitor with a KI value of 45 nM, 78-fold
lower than that determinedwith purifiedMAOA. However, a compara-
ble kinact (0.133 min-1) and partition ratio (7) were found (Table 4B),
showing that the mechanism-based reaction and adduct formation
were the same in both membrane-bound and purified MAO A. The in-
creased association with the membrane-bound MAO A with respect to
purified MAO A could be due to differences in ligand access into the
enzyme active site between the free and membrane-associated states
[47] as well as to the partition of ASS234 into the membrane itself. In
comparison to ASS234 and clorgyline, L-deprenyl and PF9601N gave



Table 4
Kinetic parameters for the irreversible inhibition of MAO A.

KI kinact kinact/KI × 103 Partition ratio

(μM) (min−1) (min−1 M−1)

A. Purified MAO A
ASS234 3.54 ± 1.46 0.216 ± 0.093 61 9
Clorgyline 0.22 ± 0.08 0.126 ± 0.047 570 2
PF9601N 159 0.036 0.2 6981
L-deprenyl 106 0.157 1.3 245

B. Membrane-bound MAO A
ASS234 0.045 ± 0.008 0.133 ± 0.041 3000 7
Clorgyline 0.031 ± 0.009 0.157 ± 0.018 5100 b2
PF9601N 118 ± 28 0.97 ± 0.11 8.25 35
L-deprenyl 193 ± 41 0.252 ± 0.04 1.31 482
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much higher KI values against membrane-bound MAO A (193 μM and
118 μM, respectively, Table 4B), indicating a poor affinity for the active
site of MAO A. The kinact values of 0.252 min−1 for L-deprenyl and
0.973 min−1 for PF9601N are of the same order as those for ASS234
and clorgyline, suggesting that MAO A can catalyze the reaction with
any of these acetylenic inhibitors. However, thehigh PRs for inactivation
by PF9601N and L-deprenyl indicate that very few turnovers result in
inactivated MAO A.
A

C

Fig. 3. Crystal structure of the ASS234 adduct with human MAO B. (A) Stick model and unbias
buried in the MAO B structure (in gray ribbon semi-transparent representation). Atoms are col
blue; oxygen in red. Themodel includes all ASS234 atoms except for theN-benzylpiperidinemo
of the overall structure of MAOB in complexwith ASS234. Themolecule is rotated of approxima
phosphorous atoms inmagenta. (C) Stick representation of the active site ofMAOB in complexw
colored in gray andwatermolecules represented as red spheres. Hydrogen bonds are highlighte
superposed (L-deprenyl carbon atoms colored in purple). (D) Chemical formula of the covale
phosphoribityl moiety of FAD, whereas to simplify the drawing the inhibitor molecule is repre
3.2. Structural studies of ASS234 inhibition

Co-crystallization experiments with ASS234 were carried out with
both human MAO A and MAO B, but diffracting crystals were obtained
only with the latter, so this isoformwas selected for the structural anal-
ysis of the mode of MAO inhibition by ASS234. The crystal structure of
humanMAOB in complexwith ASS234was determined at 1.8 Å resolu-
tion (Fig. 3A–C; Table S1). Inspection of the electron density map
B

D

ed electron 2Fo-Fc density map (in blue, contoured at 1.2 σ) for the ASS234-flavin adduct
ored as follows: carbon in yellow and green, for FAD and ASS234, respectively; nitrogen in
iety whichwas not visible in the electron densitymap. (B) Ribbon representation (in gray)
tely 90° clockwisewith respect to the orientation in Fig. 3A. Color code is as in Fig. 3A,with
ith ASS234 (orientation as in Fig. 3A). Color code is as in Fig. 3A,with protein carbon atoms
d as dashed lines. The structure of the deprenyl-flavin covalent adduct (PDB code 2BYB) is
nt adduct formed by ASS234 with the MAO flavin N5 atom. R stands for the adenosine-
sented by R' and only the acetylenic adduct formed with the flavin ring is highlighted.

image of Fig.�3
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(Fig. 3A) revealed that the inhibitor is undoubtedly bound in the active
site of the enzymewith the acetylenicmoiety forming a covalent adduct
with the N5 atom of the flavin (Fig. 3D), as was hypothesized on
the basis of UV/visible spectra measurements (Fig. 2). The ASS234
methylindole ring lies in the active site cavity inducing the gating resi-
due Ile199 to adopt the open conformation (Fig. 3C) that has been
observed in all human MAO B crystal structures in complex with
bulky inhibitors including L-deprenyl [23]. The propoxy chain of the
inhibitor extends towards the rear of the cavity in proximity to the pro-
tein surface (Fig. 3B), but no full electron density for the terminal
N-benzylpiperidine moiety was detected so this part of the molecule
was not included in the final model. This raised the question whether
ASS234 is partly disordered or it undergoes degradation upon binding
to the enzyme, the latter being a process that may occur enzymatically
as MAOs are known to oxidize tertiary amines. To investigate
this issue mass analysis was performed on intact MAO A and B before
and after incubation with ASS234. The results for MAO A modified
with ASS234 or clorgyline showed the expected increases in mass
of 446 Da for ASS234 and 267 Da for clorgyline (Table 5). Similarly,
with MAO B, ASS234 inactivation gave a mass increase of 446 Da and
L-deprenyl inactivation resulted in an increase of 182 Da. This demon-
strates that intact ASS234 binds to MAO B in solution and, presumably,
this binding mode is retained also in the crystals with the whole com-
pound incorporated into the adduct.

Beside the covalent linkage to the flavin cofactor, ASS234 binding to
MAO B relies on van der Waals contacts with the protein active site
residues and does not involve any hydrogen bond (Fig. 3C). Apart
from inducing the open conformation of Ile199 as occurs with many
other MAO B inhibitors, the enzyme active site structure is not
perturbed by ASS234 binding and even the position of the water mole-
cules is highly conserved. Comparisonwith the humanMAO B structure
in complexwith L-deprenyl (Fig. 3C) showed that ASS234 fills the active
site cavity, a feature which generally correlates with tighter binding
[23]. In contrast, although extending enough to move Ile199 in the
open conformation, L-deprenyl leaves the entrance cavity space essen-
tially unoccupied by the inhibitor.

4. Conclusions

A biochemical and structural analysis was performed in order to
characterize the effects of themulti-target inhibitor ASS234. The kinetic
studies demonstrate that ASS234 is not only a reversible inhibitor of
both acetyl- and butyryl-cholinesterases with μM affinity, but is also a
highly potent irreversible inhibitor of MAO A similar to clorgyline. In
contrast, PF9601N and L-deprenyl are effective againstMAOB. Although
the mechanism of inactivation is the same, the selectivity of ASS234 for
MAO A indicated by the IC50 values for both purified and membrane-
bound protein samples is clear and is consistent with the data previous-
ly reported [25,28]. Although ASS234 and clorgyline share the same
propynamine structure, ASS234 is much larger and more hydrophobic.
The initial reversible binding parameter (Ki 0.4 μM) indicates that
ASS234 has a slightly lower affinity for MAO A than clorgyline
(Ki 0.02 μM), and this is also reflected in the higher KI for the irreversible
reaction. Nevertheless, these data demonstrate that the addition of the
donepezil moiety, which endowed ASS234 with desirable multi-target
Table 5
Mass changes after adduct formation with MAO A and MAO B.

Sample Intact protein mass
(Da)

Mass change
(Da)

MAO A 60092
MAO A-ASS234 60538 446
MAO A-Clorgyline 60359 267
MAO B 59467
MAO B-ASS234 59913 446
MAO B-L-deprenyl 59648 182
inhibitory properties in the context of AD treatment (namely ChE en-
zyme inhibition in the same affinity range as for MAO A), did not affect
significantly the MAO inhibition properties of ASS234. The UV/visible
spectral analysis showed that ASS234 irreversible modification of the
flavin gives an absorbance profile highly similar to that found with the
other propargyl MAO inhibitors. The crystal structure of human MAO
B in complex with ASS234 highlights the covalent adduct formed with
the flavin N5 atom which, based on the spectral changes, occurs also
with the MAO A cofactor. Although the N-benzylpiperidine moiety is
not fully visible in the electron density, the mass determinations dem-
onstrate that ASS234 binds as the intact molecule to the MAO B active
site, which rules out the possibility that the inhibitor may undergo deg-
radation in the cellular context.

Overall, we have demonstrated the efficacy of ASS234 as inhibitor of
both the “classic” AD-targeting ChE enzymes andMAOs, the latter being
oxidative enzymes whose expression increased significantly with age.
These data indicate that ASS234 is a promising compound in the context
of neurodegenerative diseases and a model for further development of
multi-target inhibitors.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at doi: http://
dx.doi.org/10.1016/j.bbapap.2014.03.006.

One supporting figure and the table with the crystallographic details
are reported in this Supporting Information.

PDB ID codes: coordinates and structure factors for the MAOB-
ASS234 complex structure were deposited in the Protein Data Bank
with the ID codes 4crt and r4crtsf, respectively.
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Abstract 

 

Alzheimer’s disease (AD) is a neurodegenerative disorder frequently accompanied by 

psychiatric alterations caused by a monoaminergic dysfunction. The aim of the present work 

is to evaluate the in vitro and in vivo effects of ASS234, a promising multi-target-directed 

ligand (MTDL) for use in AD therapy, on the monoaminergic neurotransmission. In vitro, 

ASS234 exhibited a modulatory effect on the monoaminergic metabolism in both SH-SY5Y 

and PC12 cell lines, similar to the effect of clorgyline. ASS234 induced a significant increase 

of serotonin (5-HT) levels in SH-SY5Y cells. The catecholaminergic metabolism in PC12 

cells was modulated by ASS234 with a significantly increased ratio of dopamine (DA) over 

the sum of its metabolites homovanillic acid (HVA) and 3,4-dihydroxyphenylacetic acid 

(DOPAC), though no apparent differences in noradrenaline (NA) could be observed. 

Furthermore, in vivo microdialysis showed a significant increase in the extracellular levels of 

5-HT and NA in the hippocampus and those of DA and NA in the prefrontal cortex of freely 

moving Wistar rats following s.c. administration of ASS234. In conclusion, this study reveals 

that the MTDL ASS234 is able to enhance the monoaminergic neurotransmission supporting 

its potential in AD therapy. 
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1. Introduction 39 

 40 

Alzheimer’s disease (AD) is the most common cause of dementia in the elderly population 41 

affecting over 30 million individuals worldwide (Wimo et al., 2011). Despite the widely 42 

described dysfunction of the basal forebrain cholinergic neurons (Davies and Maloney, 1976; 43 

Geula and Mesulam, 1999), the accumulation of hyperphosphorylated tau protein (Ballatore 44 

et al., 2007) and the presence of amyloid-beta peptide (Palop and Mucke, 2010), the 45 

pathogenesis of AD is not yet fully understood, though a wide consensus in describing it as a 46 

multifaceted neurological disorder exists (Kumar et al., 2015; Perl, 2010). In AD, specific 47 

brain areas such as the basal forebrain, hippocampus and neocortex closely associated with 48 

learning and memory are highly affected. Besides the distinctive cognitive deficits, AD 49 

symptoms are frequently accompanied by psychiatric alterations caused by a dysfunction of 50 

the monoaminergic transmission (Ballard et al., 2008; Rossor and Iversen, 1986). In a 51 

reported study including 100 autopsy-confirmed AD cases, depression, mood change and 52 

social withdrawal were diagnosed two years prior to the onset of AD (Jost and Grossberg, 53 

1996). In depression, levels of noradrenaline (NA) and serotonin (5-hydroxytryptamine, 5-54 

HT) are affected, and the disturbance of dopamine (DA) metabolism in patients suffering 55 

endogenous depression has been widely reported (Birkmayer and Riederer, 1975; van Praag 56 

and Korf, 1975). The onset and progression of AD might thus be triggered by several factors 57 

including cholinergic dysfunction, excessive protein misfolding and aggregation, oxidative 58 

stress, biometal dyshomeostasis, excitotoxic and neuroinflammatory processes, as well as 59 

disturbances in the monoaminergic systems. 60 

Current Food and Drug Administration-approved drugs for the treatment of the cognitive 61 

deficits featured in AD are based on the cholinergic hypothesis, exhibiting a limited 62 

therapeutic efficacy (Davies and Maloney, 1976; Geula and Mesulam, 1999). In view of this 63 

lack of therapeutic effectiveness of anti-cholinergic therapies together with the multifactorial 64 

nature of AD, some authors have proposed a new paradigm, the so-called multi-target-65 

directed ligand (MTDL) approach, which supports the beneficial use of compounds bearing 66 

multiple pharmacological profiles able to interact with various cellular targets (Buccafusco 67 

and Terry, 2000; Youdim and Buccafusco, 2005). In this context, ASS234, a MTDL molecule 68 

resulting from the juxtaposition of the benzylpiperidine moiety of donepezil, an 69 

acetylcholinesterase (AChE) inhibitor, and the indolopropargylamine moiety of PF9601N, a 70 

potent and selective monoamine oxidase (MAO)-B inhibitor, was designed, synthesised and 71 

evaluated for the potential treatment of AD, and exhibits an interesting pharmacological 72 

profile (Bolea et al., 2011; del Pino et al., 2014) (Fig. 1). In vitro studies have described 73 

ASS234 as a dual inhibitor of cholinesterase (AChE and BuChE) and monoamine oxidase 74 

(MAO-A and MAO-B) activities, with anti-aggregating amyloid-beta antioxidant and anti-75 

apoptotic properties (Bolea et al., 2013). Moreover, an effective blood-brain barrier (BBB) 76 

permeability was reported (Bolea et al., 2013). Reduced activities of MAO-A, MAO-B, 77 
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AChE and histamine N-methyltransferase and increased cerebral concentrations of the 78 

monoamines 5-HT, DA, NA and histamine examined in post-mortem samples of rats were 79 

reported following administration of ASS234. Moreover, in the latter study, improved 80 

working and reference memory in rats with experimental vascular dementia were observed 81 

(Stasiak et al., 2014). 82 

 83 

 84 
Fig. 1. Design strategy of MTDL ASS234. Inhibitory concentrations (IC50, in μM) of cholinesterases and MAOs 85 

by donepezil, PF9601N and ASS234 are shown (Bolea et al., 2011). 86 

 87 

Taking into account the widely reported data on the involvement of psychiatric disorders in 88 

AD, the aim of the present work was to study the modulatory effect of the MTDL ASS234 on 89 

the monoaminergic system. The in vitro modulation of the monoaminergic metabolism by 90 

ASS234 was assayed in SH-SY5Y and PC12 cells. Clorgyline, a standard irreversible 91 

inhibitor of MAO-A, was used for comparative purposes. Next, in vivo investigation of the 92 

possible effect of ASS234 on the extracellular levels of the neurotransmitters 5-HT, DA and 93 

NA in hippocampus and prefrontal cortex of freely moving Wistar rats was assessed by 94 

microdialysis.   95 
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2. Material and methods  96 

 97 

2.1 Chemicals and reagents 98 

ASS234 was synthesised as previously described (Bolea et al., 2011). Clorgyline, (D)L-99 

noradrenaline hydrochloride, dopamine hydrochloride, serotonin hydrochloride, 5-100 

hydroxyindoleacetic acid (5-HIAA), 4-hydroxy-3-methoxyphenylacetic acid (homovanillic 101 

acid, HVA), 3,4-dihydroxyphenylacetic (DOPAC) and 2,5-dihydroxybenzoic acid (DHBA) 102 

were purchased from Sigma-Aldrich (Madrid, Spain or Steinem, Germany). Radiolabelled 103 

substrates [
14

C]-(5-hydroxytryptamine) and [
14

C]-phenylethylamine were purchased from 104 

Perkin Elmer (USA). Toluene, ethylacetate and 2,5-diphenyloxazol were purchased from 105 

Sharlab (Spain). Dulbecco’s modified Eagle’s medium/Ham’s F12 medium (DMEM/F-12) 106 

was purchased from Gibco (Alcobendas, Spain). Cell culture reagents fetal bovine serum 107 

(FBS), fetal horse serum (FHS), HEPES, glutamine, non-essential amino acids, penicillin, 108 

streptomycin and phosphate buffered saline (PBS) were purchased from Sigma-Aldrich 109 

(Madrid, Spain). Rat-tail collagen type I was purchased from BD Biosciences (Spain). EDTA, 110 

sodium bisulphite, perchloric acid and acetonitrile were purchased from Sigma-Aldrich 111 

(Israel), bovine serum albumin (BSA) form Sigma-Aldrich (USA), citric acid from Sharlab 112 

(Germany), sodium octanesulfonate from Romil (USA) and triethylamine from Fluka (Spain). 113 

Diazepam 10 mg/2 mL was purchased as Valium from Roche (Cenexi, Fontenay-sous-Bois, 114 

France), ketamine 1000 mg/10 mL as Ketamine 1000 from Ceva (Libourne, France), 115 

Ketoprofen 1% as Ketofen from Merial (Toulouse, France) and NaCl 0.9% from Baxter 116 

(Lessines, Belgium). L-ascorbic acid, citric acid monohydrate, sodium acetate trihydrate, 117 

sodium chloride, sodium decanesulfonate and sodium hydroxide pellets were purchased from 118 

Sigma-Aldrich (Steinheim, Germany). Potassium chloride was supplied by Merck 119 

(Darmstadt, Germany). Calcium chloride hexahydrate and disodium edetate (EDTA) were 120 

purchased from Fluka (Steinheim, Germany). Purified water was obtained via an Arium pro 121 

UV system of Sartorius Stedim Biotech (Vilvoorde, Belgium). Hydrochloric acid 37% was 122 

from Acros Organics (Geel, Belgium), glacial acetic acid from Fisher Scientific 123 

(Loughborough, Leics, United Kingdom) and acetonitrile for ULC-MS from Biosolve 124 

(Valkenswaard, The Netherlands). 125 

 126 

2.2 Cell cultures and treatments 127 

Human neuroblastoma SH-SY5Y cell line was purchased from the European Collection of 128 

Cell Cultures and grown in DMEM/Ham’s F-12 media supplemented with 15% FBS, 200 129 

mM glutamine, non-essential amino acids and penicillin/streptomycin. PC12 cell line was 130 

purchased from the American Type Culture Collection and grown in DMEM media 131 

supplemented with 7% FBS, 7% FHS, 1.14 mM HEPES pH 6.8 and penicillin/streptomycin. 132 

Both cell lines were maintained at 37 ºC in a saturating humidity atmosphere containing 5% 133 

CO2. For treatments, both SH-SY5Y and PC12 cells were seeded at a density of 2.5·10
4
 134 
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cells/mL onto rat tail collagen type I-coated plates until 70-80% confluence was reached. 135 

Cells were treated with PBS (control) or 1 μM inhibitor (clorgyline or ASS234) for 3 or 24 136 

hours.  137 

For activity assays, at the end of treatments, cells were washed twice with PBS, scrapped, and 138 

collected in 50 mM phosphate buffer pH 7.4. Then, lysates were sonicated for 10 seconds on 139 

ice and kept at -80 ºC prior to measurement of MAO activity.  140 

For monoamine analysis, treated cells were washed twice with PBS, scrapped and centrifuged 141 

at 3,000 x g for 5 minutes. Then, pellets were resuspended in homogenisation solution 142 

containing 0.25 M perchloric acid, 100 μM sodium bisulphite and 250 μM EDTA and lysates 143 

sonicated for 10 seconds on ice and kept at -80 ºC prior to analysis. 144 

 145 

2.3 Measurement of MAO activity 146 

The specific activity of MAO-A and MAO-B in lysates of SH-SY5Y and PC12 cells was 147 

determined radiometrically (Fowler and Tipton, 1981) using 100 mM (0.5 mCi/mmol) [
14

C]-148 

(5-hydroxytryptamine) and 20 mM (2.5 mCi/mmol) [
14

C]-phenylethylamine, respectively. 149 

Enzymatic reactions were allowed for 20 min (MAO-A) and 5 min (MAO-B) in a bath at 37 150 

ºC and stopped by adding 2 M citric acid. Radiolabelled aldehyde products were extracted 151 

into toluene/ethylacetate (1/1, v/v) containing 0.6% (w/v) 2,5-diphenyloxazole prior to liquid 152 

scintillation counting (Tri-Carb 2810TR). Specific activity is expressed in pmol/min/mg
 
of 153 

protein. Total protein amount was measured by the method of Bradford (Bradford, 1976) 154 

using BSA as standard. 155 

 156 

2.4 Microdialysis experiment 157 

In vivo experiments were carried out according to the national guidelines on animal 158 

experimentation and approved by the Ethical Committee for Animal Experiments of the 159 

Faculty of Medicine and Pharmacy of the Vrije Universiteit Brussel (VUB). Male albino 160 

Wistar rats (250-300 g) purchased from Charles River Laboratories (Cedex, France) were 161 

anaesthetised with a ketamine/diazepam mixture (60/4.5 mg/kg) i.p. and received ketoprofen 162 

(3 mg/kg) s.c. prior to surgery. Intracerebral guide cannulas were implanted in the 163 

hippocampus of the left hemisphere and in the prefrontal cortex of the right hemisphere, with 164 

stereotactic coordinates respectively AP -5.6, L -4.6, V +4.1 and AP +2.2, L +0.6, V +1.2 165 

relative to bregma, according to the atlas of Paxinos and Watson (Paxinos and Watson, 1986), 166 

and fixed with dental cement. After recovery, a microdialysis probe (MAB 6.14.3, 0.6 mm 167 

outer diameter, 3 mm length, 15 kDa cut-off) of Microbiotech (Stockholm, Sweden) was 168 

inserted into each cannula. The probes were continuously perfused with modified Ringer’s 169 

solution (147 mM NaCl, 4 mM KCl and 2.3 mM CaCl2) at a flow rate of 2 µL/min. 170 

The day after surgery, microdialysis samples were collected with a temporal resolution of 20 171 

min and 10 µL of an antioxidative mixture (100 mM acetic acid, 0.27 mM EDTA and 12.5 172 

µM ascorbic acid) was added to 40 µL microdialysate (Van Schoors et al., 2015). Six baseline 173 
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samples were collected, followed by a sham injection of 500 µL 0.9% NaCl (saline) s.c. and 174 

another six dialysis collections. Subsequently, ASS234 was injected s.c. in a dose of 5 (n = 7), 175 

15 (n = 9) or 30 (n = 7) mg/kg. Doses and route of administration are based on previous work 176 

(Stasiak et al., 2014). Nine more samples were collected during three hours after 177 

administration of the compound. 178 

 179 

2.5 Chromatographic methods 180 

Levels of 5-HT and 5-HIAA in SH-SY5Y cells and levels of DA, NA, DOPAC and HVA in 181 

PC12 cell lysates were determined by high-performance liquid chromatography (HPLC) with 182 

electrochemical detection. The Elite LaChrom system from Hitachi (Tokyo, Japan) with L-183 

2130 pump and L-2200 autosampler and the Coulochem 5100A electrochemical detector 184 

from ESA (Chelmsford, USA) with a Model 5011 dual-electrode analytical cell with porous 185 

graphite electrodes were used. Both SH-SY5Y and PC12 cell lysates were thawed and 186 

centrifuged at 12,000 x g for 10 minutes at 4 ºC. Next, the supernatants of each sample were 187 

placed in the autosampler, cooled at 10 °C and 20 µL was injected. DHBA was used as 188 

standard external control. The mobile phase contained 99% v/v of a buffered aqueous solution 189 

(50 mM citric acid, 0.05 mM EDTA and 1.2 mM sodium octanesulfonate, adjusted to pH 2.75 190 

with triethylamine) and 1% v/v acetonitrile. Elution was performed on a Chromolith 191 

Performance RP-18e monolithic column (100 x 4.6 mm) from Merck (Darmstadt, Germany) 192 

at room temperature (20-25ºC) using a flow rate of 1 mL/min. The potentials of the electrodes 193 

were set at -50 mV and +400 mV. Instrument control and data acquisition were carried out by 194 

EZChromElite version 3.1.7 of Scientific Software (Pleasanton, California). 195 

For quantification of 5-HT, DA and NA in the microdialysis samples, ultra-high performance 196 

liquid chromatography (UHPLC) with electrochemical detection was used. The ALEXYS 197 

neurotransmitter analyzer from Antec (Zoeterwoude, The Netherlands) consisted of an AS 198 

110 autosampler, an OR 110 degasser unit, an LC 110S pump and a DECADE Elite 199 

electrochemical detector equipped with a SenCell electrochemical cell (2 mm glassy carbon 200 

working electrode, ISAAC reference electrode, spacing distance 12 µm), kindly provided by 201 

Antec. The sample tray in the autosampler was cooled at 4°C and the injection volume was 5 202 

µL. The mobile phase consisted of 92.5% v/v of a buffered aqueous solution (150 mM 203 

sodium acetate trihydrate, 20 mM citric acid monohydrate, 12 mM sodium decanesulfonate, 8 204 

mM KCl and 0.5 mM EDTA, pH adjusted to 5.5 with sodium hydroxide 8 M) and 7.5% v/v 205 

acetonitrile and was pumped at a flow rate of 60 µL/min. Separations were performed on an 206 

Acquity UPLC BEH C18 column (100 x 1.0 mm, 1.7 µm) (Waters, Milford, Massachusetts, 207 

USA). The separation and detection temperature was set at 50°C. The applied potential was 208 

+340 mV and Fast Fourier Transformation was applied on the unfiltered chromatograms. 209 

Instrument control and data acquisition were carried out by Clarity Chromatography Software 210 

version 5.0.5 (Data Apex, Prague, The Czech Republic). 211 

  212 
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2.6 Data analysis and statistical procedures 213 

GraphPad Prism version 4.03 was employed for statistical analyses, with the α level chosen at 214 

0.05. 215 

Significant in vitro effects of treatment groups versus the control group were analysed 216 

applying one-way ANOVA followed by Dunnett’s multiple comparison test, separately for 217 

the 3 hours and 24 hours incubation groups. Differences in incubation time were evaluated by 218 

two-way ANOVA followed by Bonferroni post hoc test. 219 

Some in vivo microdialysis data sets had to be discarded because of technical problems during 220 

the microdialysis experiment or due to low probe recovery resulting in undetectable 221 

monoamine levels in the samples. Microdialysis data were analysed applying one-way 222 

ANOVA for repeated measures and the Dunnett’s multiple comparison test was used as post 223 

hoc test. 224 

 225 

 226 

 227 

3. Results 228 

 229 

3.1 In vitro study 230 

 231 

3.1.1 Characterisation of MAO in SH-SY5Y and PC12 cell lines 232 

The presence of both MAO isoforms was characterised in monoaminergic cell lines of human 233 

neuroblastoma SH-SY5Y and undifferentiated PC12. To assess the corresponding activities, 234 

[
14

C]-labelled 5-HT and [
14

C]-labelled phenylethylamine were used as specific substrates for 235 

MAO-A and MAO-B activities, respectively. In both cell lines, MAO-A activity was revealed 236 

as the predominant isoform responsible for the monoaminergic metabolism (Fig. 2A and 2B). 237 

These findings are in agreement with those previously reported (Maruyama et al., 1997). 238 

 239 

3.1.2 Inhibition of MAO-A by ASS234 in SH-SY5Y and PC12 cells 240 

The inhibition of MAO-A activity by the multi-target compound ASS234 and clorgyline was 241 

studied in both SH-SY5Y and PC12 cell lines treated with 1 μM of either inhibitor. The 242 

activity of MAO-A was fully inhibited following 3 hours of treatment with either ASS234 or 243 

clorgyline in both cell lines (Fig. 2C and 2D). Similar results were observed when cells were 244 

incubated for 24 hours (data not shown). Comparatively, the rapid inhibition of MAO-A 245 

exerted by both inhibitors is in agreement with previously reported work (Esteban et al., 246 

2014). These treatment conditions were selected to further investigate the monoaminergic 247 

effect resulting from selective inhibition of MAO-A activity by both ASS234 and clorgyline.   248 
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 249 
Fig. 2. Activity levels of MAO-A and MAO-B in SH-SY5Y (A) and PC12 (B) cells using 5-HT and 250 

phenylethylamine as substrates, respectively. Activity of MAO-A was inhibited by 1 μM clorgyline or ASS234 251 

in SH-SY5Y cells (C) and PC12 cells (D) treated for 3 hours. Values are the mean of specific activity expressed 252 

in pmol/min/mg of protein ± SEM of two independent experiments in duplicate. 253 

 254 

3.1.3 Effect of ASS234 on the serotonergic metabolism of SH-SY5Y cells  255 

To study the effect of ASS234 on the serotonergic metabolism, human neuroblastoma SH-256 

SY5Y cells were used since elevated levels of 5-HT were detected in this cell line under the 257 

described experimental conditions (data not shown).  258 

Compared to control conditions, 5-HT levels were only increased after 24 hours of incubation 259 

with both compounds, but this effect was more pronounced for ASS234. Indeed, the 5-HT 260 

increase at the 24 hour incubation time point compared to the 3 hour incubation was only 261 

significant for ASS234 (Fig. 3A). Concurrently, levels of 5-HIAA after 3 hours of incubation 262 

could not be measured while those at 24 hours were found significantly reduced with both 263 

inhibitors compared to control (Fig. 3B). These in vitro findings reveal ASS234 as a 5-HT-264 

enhancing agent.  265 

 266 
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 267 
Fig. 3. Effect of clorgyline or ASS234 on levels of 5-HT (A) and 5-HIAA (B) in SH-SY5Y cells after 3 (light 268 

gray) and 24 (dark gray) hours of incubation. Values are expressed as the mean percentage of non-treated cells 269 

(control) ± SEM from at least three independent experiments in triplicate. * P < 0.05, ** P < 0.01 significant data 270 

compared to control group by Dunnett’s multiple comparison test. §§§ P < 0.001 significant data by Bonferroni 271 

post test. 272 

 273 

3.1.4 Effect of ASS234 on the catecholaminergic metabolism of PC12 cells  274 

The modulation of the catecholaminergic system through the selective inhibition of MAO-A 275 

activity by ASS234 or clorgyline was studied in undifferentiated PC12 cells, since high levels 276 

of catecholaminergic metabolites were detected in this cell line under the described 277 

experimental conditions (data not shown). 278 

The levels of DA remained nearly unaltered after 3 hours of treatment with either compound 279 

and significantly decreased at 24 hours of incubation compared to the control group. Yet, only 280 

with ASS234 a significant difference between both incubation times was observed (Fig. 4A).  281 

Not surprisingly, the levels of DA metabolites DOPAC (Fig. 4B) and HVA (Fig. 4C) 282 

decreased significantly following the treatment with either inhibitor, triggered by the 283 

inhibition of MAO activity, which mediates the enzymatic breakdown of DA into DOPAC 284 

and HVA. 285 

 286 

 287 
Fig. 4. Effect of clorgyline or ASS234 on levels of DA (A), DOPAC (B) and HVA (C) in PC12 cells after 3 288 

(light gray) and 24 (dark gray) hours of incubation. Values are expressed as the mean percentage of non-treated 289 

cells (control) ± SEM from at least three independent experiments in triplicate. * P < 0.05, ** P < 0.01 290 
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significant data compared to control group by Dunnett’s multiple comparison test. § P < 0.05 significant data by 291 

Bonferroni post test. 292 

In order to confirm the prevention of DA breakdown via MAO inhibition, the ratio 293 

DA/(HVA+DOPAC), an index inversely related to the oxidative metabolism of DA by MAO, 294 

was determined. Compared to control values, the ratio was significantly increased after 3 and 295 

24 hours of incubation with ASS234 or clorgyline (Fig. 5). 296 

 297 

 298 
Fig. 5. Effect of clorgyline or ASS234 on the ratio DA/(HVA+DOPAC) in PC12 cells after 3 (light gray) and 24 299 

(dark gray) hours of incubation. Values are expressed as the mean ratio ± SEM from at least three independent 300 

experiments in triplicate. * P < 0.05, ** P < 0.01 significant data compared to control group by Dunnett’s 301 

multiple comparison test. 302 

 303 

For NA, no significant changes were observed after incubation with either clorgyline or 304 

ASS234 (data not shown). 305 

 306 

 307 

3.2 In vivo microdialysis study 308 

 309 

Average basal extracellular concentrations in the hippocampal microdialysis samples were 310 

115 pM, 164 pM and 228 pM for 5-HT, DA and NA, respectively. Monoamine levels after 311 

sham injections were not significantly different from these mean basal levels (P > 0.05). 312 

Effects of ASS234 treatment on extracellular monoamine concentrations in hippocampus are 313 

expressed as percentages of baseline (Fig. 6). Results of the statistical analysis are given in 314 

Table 1.  315 

No significant changes on the levels of monoamines were observed in the rats receiving 5 316 

mg/kg ASS234. However, at a dose of 15 or 30 mg/kg ASS234, significant increases in 317 

hippocampal 5-HT (Fig. 6A) and NA (Fig. 6C) levels were obtained. Though, we cannot 318 

explain why no consistent dose-response effects could be observed at these dose regimens. In 319 

vivo DA concentrations in hippocampus were not significantly altered following the 320 

administration of ASS234 (Fig. 6B). 321 

  322 
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Table 1 323 
Statistical analysis (one-way ANOVA for repeated measures) of the monoamine levels in hippocampus after 324 
ASS234 treatment for the three tested doses, compared to mean levels after sham injection. 325 
 326 
neurotransmitter dose ASS234 (mg/kg) n F P 

5-HT 5
 

5 F9,36 = 1.047 P = 0.4235 

 15 7 F9,54 = 5.077 P < 0.0001 *** 

 30 4 F9,27 = 12.24 P < 0.0001 *** 

 

DA 5 4 F9,27 = 0.5777 P = 0.8034 

 15 6 F9,45 = 1.159 P = 0.3439 

 30 3 F9,18 = 0.9154 P = 0.5337 

 

NA 5 7 F9,54 = 1.724 P = 0.1059 

 15
 

7
 

F9,54 = 4.003 P = 0.0006 *** 

 30 6 F9,45 = 13.43 P < 0.0001 *** 

*** P < 0.001 significant data compared to mean level after sham injection 327 
 328 

In the microdialysis samples of the prefrontal cortex, average concentrations of 225 pM 5-HT, 329 

355 pM DA and 312 pM NA were found under basal conditions. After sham injections, 330 

monoamine levels were not significantly different from these mean basal levels (P > 0.05). 331 

Effects of ASS234 treatment on extracellular monoamine concentrations in prefrontal cortex 332 

are expressed as percentages of baseline levels (Fig. 7). Results of the statistical analysis are 333 

given in Table 2. 334 

The most pronounced effect was found on the extracellular levels of NA. Administration of 335 

ASS234 indeed enhanced dose-dependently the in vivo NA levels in prefrontal cortex of 336 

conscious rats (Fig. 7C). ASS234 also significantly increased DA levels after doses of 5 or 30 337 

mg/kg (Fig. 7B). On the other hand, levels of 5-HT in the prefrontal cortex were only slightly 338 

affected (5 mg/kg group) by the MTDL ASS234 (Fig. 7A). 339 

 340 

Table 2 341 
Statistical analysis (one-way ANOVA for repeated measures) of the monoamine levels in prefrontal cortex after 342 
ASS234 treatment for the three tested doses, compared to mean levels after sham injection. 343 
 344 
neurotransmitter dose ASS234 (mg/kg) n F P 

5-HT 5
 

6 F9,45 = 2.358 P = 0.0281 * 

 15 7 F9,54 = 0.5355 P = 0.8422  

 30 6 F9,45 = 0.7872 P = 0.6293 

 

DA 5 6 F9,45 = 5.858 P < 0.0001 *** 

 15 7 F9,54 = 1.817 P = 0.0861 

 30 7 F9,54 = 5.164 P < 0.0001 *** 

 

NA 5 6 F9,45 = 5.679 P < 0.0001 *** 

 15
 

9 F9,72 = 2.332 P = 0.0229 * 

 30 7 F9,54 = 5.888 P < 0.0001 *** 

* P < 0.05, *** P < 0.001 significant data compared to mean level after sham injection 345 
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 346 
Fig. 6. Effect of ASS234 on the extracellular levels of 5-HT (A), DA (B) and NA (C) in the hippocampus. Three 347 

doses of ASS234 were tested: 5 mg/kg (green squares), 15 mg/kg (blue circles) and 30 mg/kg (pink triangles). 348 

Data are presented as the mean percentage of the basal level (baseline) ± SEM. Vertical lines indicate sham 349 

(saline s.c.) and treatment (ASS234 s.c.) injection. * P < 0.05, ** P < 0.01 significant data compared to mean 350 

level after sham injection by Dunnett’s multiple comparison test.  351 
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 352 
Fig. 7. Effect of ASS234 on the extracellular levels of 5-HT (A), DA (B) and NA (C) in the prefrontal cortex. 353 

Three doses of ASS234 were tested: 5 mg/kg (green squares), 15 mg/kg (blue circles) and 30 mg/kg (pink 354 

triangles). Data are presented as the mean percentage of the basal level (baseline) ± SEM. Vertical lines indicate 355 

sham (saline s.c.) and treatment (ASS234 s.c.) injection. * P < 0.05, ** P < 0.01 significant data compared to 356 

mean level after sham injection by Dunnett’s multiple comparison test. 357 

 358 

  359 
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4. Discussion 360 

 361 

Psychiatric alterations such as depression underlying AD symptoms are possibly caused by 362 

monoaminergic dysfunction. The therapeutic efficacy of clinically used antidepressant drugs 363 

is based on the selective inhibition of MAO-A, as the main isoform responsible for the 364 

metabolism of 5-HT, NA, DA and/or on the blockage of the corresponding reuptake systems 365 

at the pre-synaptic nerve endings. Both approaches induce an enhancement of the 366 

neurotransmitter concentrations at the synaptic cleft and hence are able to re-establish the 367 

deficient monoaminergic neurotransmission in brain regions such as for instance prefrontal 368 

cortex.  369 

In this context, both in vitro and in vivo analyses have been carried out with the aim of 370 

investigating the possible modulation of the monoaminergic neurotransmission and 371 

metabolism by the multi-target compound ASS234, as a potent selective MAO-A inhibitor. 372 

Incubation of ASS234 in SH-SY5Y cells for 24 hours produced a significant increase in the 373 

levels of 5-HT associated with a significant reduction in the levels of its metabolite 5-HIAA 374 

as a result of a prolonged irreversible inhibition of MAO-A. For comparative purposes, 375 

clorgyline, a selective MAO-A inhibitor, was assessed under the same experimental 376 

conditions and similar, though less pronounced effects were revealed, possibly due to the 377 

potential inhibition of the residual MAO-B activity by ASS234.  378 

The results concerning the catecholaminergic metabolism in PC12 cells are less apparent. The 379 

content of DA decreased significantly after 24 hours of incubation with ASS234 compared to 380 

the control group. This unpredicted effect might be elucidated by the modulation of the 381 

enzymes tyrosine hydroxylase (TH) and aromatic L-amino acid decarboxylase (AAAD), both 382 

required for the synthesis of DA. Previous studies described that elevated levels of DA are 383 

responsible for a reduction of both activity and expression of these two enzymes following an 384 

acute administration of selective MAO-A inhibitors in mouse striatum (Cho et al., 1996). The 385 

reduced levels of DA found after longer incubations may apparently be the cause of a 386 

prolonged depletion of its own synthesis triggered by a reduced activity of either TH or 387 

AAAD.  388 

Besides, it is obvious that the DA metabolites DOPAC and HVA decreased versus control 389 

after both incubation times. Considering the ratio DA/(HVA+DOPAC), DA is relatively 390 

increased versus its metabolites via MAO-A oxidation. These findings correlate again with 391 

those obtained with clorgyline, suggesting beneficial characteristics of ASS234 concerning 392 

MAO-A inhibition.   393 

Since it is shown that the MTDL ASS234 specifically inhibits MAO-A activity in vitro, the 394 

significant effects on the monoaminergic levels in vivo are most likely attributable to MAO-A 395 

inhibition. The obtained results reveal for the first time that compound ASS234 is able to alter 396 

the extracellular levels of monoamines in vivo in both hippocampus and prefrontal cortex, the 397 

two main cerebral regions affected in AD. Indeed, this technique is the pre-eminent tool to 398 
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monitor extracellular neurotransmitter levels after administration of a test compound in freely 399 

moving rats. Despite three doses of ASS234 tested, not all microdialysis results are univocal.  400 

In hippocampus, significant increases in the levels of 5-HT and NA were observed; while in 401 

prefrontal cortex, levels of DA and NA markedly increased. Differences at this stage might be 402 

attributed to the different neuronal presence of various metabolising enzymes in both brain 403 

areas as well as to the complex in vivo neurochemical interactions between monoamines in 404 

different cerebral regions. The possibility that ASS234 interacts with other neurobiological 405 

targets (such as acetylcholine, histamine) cannot be dismissed at this stage. What is shown, is 406 

the final effect on monoaminergic neurotransmitters in vivo which is probably not solely due 407 

to MAO-A inhibition. 408 

Overall, the observed in vivo  monoaminergic effects reinforce the findings of Stasiak et al. 409 

who reported post-mortem cerebral increases for 5-HT, DA and NA after administration of 410 

ASS234 on five consecutive days in a rat model of vascular dementia, induced by permanent 411 

bilateral occlusion of the common carotid arteries (Stasiak et al., 2014). Nevertheless, the 412 

present work is distinguished from the former work since time-dependent effects on 413 

extracellular neurotransmitter levels are revealed after administration of a single dose of 414 

ASS234. It is noticeable that the significant elevated extracellular monoamine levels are only 415 

apparent more than one hour following ASS234 administration, which can be explained by 416 

multiple causes. Firstly, the lag time inherent to the microdialysis experiment is in the range 417 

of a few minutes. Secondly, the subcutaneous administration route and pharmacokinetic 418 

aspects probably delay the availability of the tested compound at the site of action. 419 

Furthermore, enzymatic inhibition is a relatively slow process for the accumulation of 420 

neurotransmitters. Lastly, the possible existence of active metabolites of ASS234 can explain 421 

the delay of the effects in vivo and may be the underlying rationale for differences with the 422 

results obtained in vitro. Ultimately the delayed effects can be correlated to the effects 423 

observed by Stasiak et al. where the animals were sacrificed prior to analysis two hours after 424 

subcutaneous administration of the compound. 425 

It has been reported that in AD patients the levels of DA and NA are decreased in cortex and 426 

hippocampus, while those of 5-HT are decreased in hippocampus (Reinikainen et al., 1988). 427 

Furthermore, characteristic clinical symptoms of AD including depressive disorders, 428 

psychosis and memory impairment are related to alterations in serotonergic, 429 

catecholaminergic and cholinergic neurotransmissions (Vermeiren et al., 2015). Although we 430 

are not able to explain all the in vivo effects, it is clear that the presented increased 431 

monoaminergic levels in hippocampus and prefrontal cortex of the rat are the observed net 432 

effects of ASS234. In this study, the MTDL ASS234 is described as a compound able to alter 433 

the monoaminergic neurotransmission besides multiple beneficial effects reported to date 434 

(Bolea et al., 2013; Stasiak et al., 2014), which may confirm the relevance of this molecule 435 

for future use in AD. However, it is worth mentioning that the observed differences cannot be 436 

explained by the investigation of the effects on MAO alone and further functional studies may 437 



16 

 

be addressed to elucidate the underlying mechanism of action of ASS234 on the 438 

monoaminergic neurotransmission.  439 
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5. Conclusions 440 

 441 

The results herein reported confirm for the first time that the multi-target compound ASS234 442 

modulates the monoamine levels both in cell cultures and in hippocampus and prefrontal 443 

cortex of freely moving rats. In addition to the well-reported properties of ASS234 as a 444 

promising compound for the therapy of AD, the current study unveils additional benefits of 445 

this molecule to ameliorate the clinical symptoms of AD related to the serotonergic and 446 

catecholaminergic neurotransmissions dysfunction and hence to potentially improve the 447 

neurological outcome and delay of AD progression. 448 

 449 
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The design, synthesis, and pharmacological evaluation of donepezileindolyl based amines 7e10, amides
12e16, and carboxylic acid derivatives 5 and 11, as multipotent ASS234 analogs, able to inhibit simul-
taneously cholinesterase (ChE) and monoamine oxidase (MAO) enzymes for the potential treatment of
Alzheimer’s disease (AD), is reported. Theoretical studies using 3D-Quantitative StructureeActivity
Relationship (3D-QSAR) was used to define 3D-pharmacophores for inhibition of MAO A/B, AChE, and
BuChE enzymes. We found that, in general, and for the same substituent, amines are more potent ChE
inhibitors (see compounds 12, 13 versus 7 and 8) or equipotent (see compounds 14, 15 versus 9 and 10)
than the corresponding amides, showing a clear EeAChE inhibition selectivity. For the MAO inhibition,
amides were not active, and among the amines, compound 14 was totally MAO A selective, while amines
15 and 16 were quite MAO A selective. Carboxylic acid derivatives 5 and 11 showed a multipotent
moderate selective profile as EeACE and MAO A inhibitors. Propargylamine 15 [N-((5-(3-(1-
benzylpiperidin-4-yl)propoxy)-1-methyl-1H-indol-2-yl)methyl)prop-2-yn-1-amine] resulted in the
most potent hMAO A (IC50 ¼ 5.5 � 1.4 nM) and moderately potent hMAO B (IC50 ¼ 150 � 31 nM), EeAChE
(IC50 ¼ 190 � 10 nM), and eqBuChE (IC50 ¼ 830 � 160 nM) inhibitor. However, the analogous N-allyl and
the N-morpholine derivatives 16 and 14 deserve also attention as they show an attractive multipotent
profile. To sum up, donepezileindolyl hybrid 15 is a promising drug for further development for the
potential prevention and treatment of AD.

� 2014 Elsevier Masson SAS. All rights reserved.
1. Introduction

Alzheimer’s disease (AD) is a neurodegenerative disorder char-
acterized by dementia and other cognitive impairments [1]. From
the biochemical point of view, amyloid-b (Ab) and hyper-
phosphorylated s-protein aggregates [2], oxidative stress [3] and
low levels of acetylcholine (ACh) [4] play, among other, key roles in
the in the progress and development of AD.
telles).
ork.

son SAS. All rights reserved.
Acetylcholinesterase inhibitors, such as donepezil, galanth-
amine, and rivastigmine, increase the ACh concentration in the
synaptic cleft, but with limited success and efficiency in the current
clinical therapy for AD [5e7].

Similarly, some symptoms of AD are due to alterations in the
dopaminergic, serotoninergic and monoaminergic neurotrans-
mitter systems [8e10]. In particular, monoamine oxidases (MAO) A
and B are the enzymes that catalyze the oxidative deamination of
biogenic amines [11], rendering the corresponding aldehyde,
ammonia and hydrogen peroxide asmetabolic products. Thus, MAO
inhibitors (MAOI) might increase amine neurotransmission and
reduce reactive oxygen species affording potential valuable effect

Delta:1_-
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
mailto:iqoc21@iqog.csic.es
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ejmech.2013.12.028&domain=pdf
www.sciencedirect.com/science/journal/02235234
http://www.elsevier.com/locate/ejmech
http://dx.doi.org/10.1016/j.ejmech.2013.12.028
http://dx.doi.org/10.1016/j.ejmech.2013.12.028
http://dx.doi.org/10.1016/j.ejmech.2013.12.028


Chart 2. New multipotent ChE þ MAO inhibitors 3e16 described in this work.
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for the treatment of AD [11,12] by decreasing the neuronal damage
[13,14]. Recent studies have shown that the propargylamine group
present on MAOIs, such as rasagiline and ladostigil, is the respon-
sible for the neuroprotective, anti-apoptotic [15e17], and Ab ag-
gregation inhibition power of these compounds [18].

Unfortunately, and despite the recent advances reported, no
efficient therapy has been implemented for the treatment of AD
patients. This is possibly due to the multifactorial and complex
nature of AD, which makes inadequate the use of magic bullets
targeted to a single receptor or enzymatic system for the efficient
treatment of the disease [7,15].

However, it is now widely accepted that a more effective ther-
apy would result from the use of multipotent compounds able to
intervene in the different pathological events underlying the eti-
ology of AD [19,20].

In the last years our laboratory has been particularly active in
this area, and very recently we have described a number of multi-
potent MAO/ChE inhibitors [21,22]. These drugs, exemplified by
compound ASS234 {N-[5-(3-(1-benzylpiperidin-4-yl)propoxy)-1-
methyl-1H-indol-2-yl]methyl]-N-methylprop-2-yn-1-amine]} [22]
(Chart 1), are hybrids of donepezil, an AChE inhibitor, and
PF9601N [N-((5-(benzyloxy)-1H-indol-2-yl)methyl)prop-2-yn-1-
amine] (Chart 1) [23], a potent and selective MAO B inhibitor [23].
PF9601N is also an effective neuroprotective agent in several in vivo
models of Parkinson’s disease, attenuates theMPTP-induced striatal
dopamine depletion in young-adult and old-adult C57/BL mice,
reduces the loss of tyrosine hydroxylase (TH)-positive neurons after
nigrostriatal injection of 6-hydroxydopamine in rats [24], and en-
hances the duration of L-3,4-dihydroxyphenylalanine (L-DOPA)-
induced contralateral turning in 6-hydroxydopaminelesioned rats
[25].

Compound ASS234 inhibits both MAO A/B, AChE and BuChE
enzymes. In addition, recent studies have shown that hybrid
ASS234 retains the anti-apoptotic and antioxidant properties
observed by the parent compound PF9601N, and possesses a
favorable bloodebrain barrier permeability [26]. These findings
suggest that ASS234 is a new promising multitarget drug candidate
for the potential treatment of AD.

Now, in this context, we have designed, synthesized and sub-
mitted to pharmacological evaluation the new multipotent
ChE þ MAO inhibitors of type I and II (Chart 1). The structure of
inhibitors of type I, such as 5e10 (Chart 2), is based on donepezil
(1) and ASS234 (2), by fixing the N-benzylpiperidine motif linked
by a three methylene carbon chain to the oxygen at C5 in the indole
nucleus, while the methylene group at C2 becomes a carbonyl
group, resulting in ester 5, carboxylic acid 6, amides 7e10, or a
Chart 1. General structure of donepezil, ASS234, PF9601N, and the novel MAOI/ChEI
hybrids I and II, described in this work.
primary alcohol in 11. Precedents that support this selection are
known in the recent literature [27]. Similarly, ASS234 analogs of
type II have been considered, resulting in the secondary amines
12e16 (Chart 2) when substituting the N(Me)propargylamine motif
by N(H)benzyl, N(H)phenyl, morpholino, N(H)propargyl and N(H)
allyl derivatives, respectively. Note that the use of the morpholino
motif is not casual, as it is found in moclobemide, a well-known
selective MAO A reversible, non-covalent inhibitor [28]. Finally,
simple O-methyl ethers 3 and 4 (Chart 2) have been prepared in
order to evaluate the pharmacological effect of the donepezil-like
motif present in related compounds 7 and 12 (Chart 2).

In this work we have also applied and described the 3D-QSAR
approach in order to design potent inhibitors of ChEs and MAO,
with optimal selectivity profile. Themain aim of the 3D-QSAR study
was to define specific molecular determinants for MAO A/B, AChE,
and BuChE inhibition and to create QSAR models for evaluation of
MAO A/B, AChE, and BuChE activity of the designed multipotent
inhibitors.

2. Results and discussion

2.1. Chemistry

The synthesis of the target molecules 3e16 has been carried out
as shown in Schemes 1e3 (see Experimental part).

The synthesis of N-benzyl-5-methoxy-1-methyl-1H-indole-2-
carboxamide (3) is shown in Scheme 1. Thus, the reaction of ethyl
5-methoxy-1-methyl-1H-indole-2-carboxylate (17) [29] with so-
dium hydroxide in ethanol, at reflux, gave the corresponding car-
boxylic acid 18 [30], whose reaction with benzylamine, in the
presence of DDC/HOBT, to afford amide 3, followed by reductionwith
lithium aluminum hydride (LiAlH4), provided amine 4 in 79% yield.

Reaction of 1-benzyl-4-(3-chloropropyl)piperidine (19) [22] and
ethyl 5-hydroxy-1-methyl-1H-indole-2-carboxylate (20) [31], in
the presence of potassium carbonate, in DMF, gave product 5-(3-(1-
benzylpiperidin-4-yl)propoxy)-1-methyl-1H-indole-2-carboxylate
(5) in 63% yield, which after hydrolysis with lithium hydroxide,
yielded 5-(3-(1-benzylpiperidin-4-yl)propoxy)-1-methyl-1H-
indole-2-carboxylic acid (6), whose reaction with phosphorus
pentachloride provided acid chloride (21) (Scheme 2). This inter-
mediate, without further purification or isolation, was reacted with
the selected amines, such as benzylamine, aniline, morpholine and
propargylamine, under the usual conditions, to give amides 7e10 in
good yields (Scheme 2).

Next, {5-[3-(1-benzylpiperidin-4-yl) propoxy]-1-methyl-1H-
indol-2-yl} methanol (11) was obtained by reduction of the ester 5
with LiAlH4 in dry THF (Scheme 3).
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All the amines 12e16 were prepared from the corresponding
amides 7e10 by reaction with LiAlH4 (Scheme 2).

Interestingly, in the case of the reduction of 5-(3-(1-
benzylpiperidin-4-yl)propoxy)-1-methyl-N-(prop-2-yn-1-yl)-1H-
indole-2-carboxamide (10), besides the expected amine 15 (51%),
the N-allylamine 16 (29%) was also isolated. The structure of this
product was easily deduced by inspection of its analytic and
spectroscopic data. In particular, the presence of signals at d 5.91
(m, 1H, NCH2CH]CH2), 5.21 (dd, J ¼ 17.1 and 1.5 Hz, 1H, NCH2CH]
CH2), 5.12 (dd, J¼ 10.3 and 1.5 Hz,1H, NCH2CH]CH2), and at d 136.6
(NHCH]CH2) and 116.2 (NHCH]CH2), in the 1H and 13C NMR
spectra, respectively, corresponded to a double bond in an N-
allylamine, obtained as the result of further reduction of the acet-
ylenic bond in the corresponding propargylamine.

All new compounds showed analytical and spectroscopic data
were in good agreement with their structure, and data reported in
the literature for similar compounds (see Experimental part).

2.2. Pharmacological evaluation

The in vitro activity of these new indoles 3e16 against EeAChE
and eqBuChE was determined using Ellman’s method [32].

In order to test their multipotent profile, compounds 3e16 have
also been evaluated as human MAO A/B inhibitors following a
fluorometric method [33], giving the IC50 values shown in Table 1,
with donepezil (1) and ASS234 (2) as reference compounds.

Regarding the ChEs inhibition, the active indole derivatives here
analyzed are from moderate to potent, in the low micromolar
range, EeAChE inhibitors. For the selectivity, EeAChE is in general
more strongly inhibited than eqBuChE. Compounds 5, 6, 9e11 are
EeAChE selective, while indoles 12e16 show a remarkable eqBuChE
inhibition power. Note also that amides 3, 7 and 8 do not inhibit the
ChEIs. The most potent and selective AChE inhibitor was amine 13
(IC50 ¼ 0.084 � 0.016 mM), bearing a N-phenyl residue in the
aminomethyl chain at C2. Compared to donepezil (1), indole 13
results 6.6-fold less active for the AChE inhibition and almost
equipotent for BuChE. We found that, in general, and for the same
substituent, amines aremore potent (see compounds 12,13 versus 7
and 8) or equipotent (see compounds 14, 15 versus 9 and 10) than
the corresponding amides. While this is not surprising taking into
account that amide 3 is not a donepezil-like derivative, the results
observed for amides 7 and 8 allowed us to conclude that the
presence of a N-benzyl or N-phenyl substituent at the aminomethyl
chain at C2 is detrimental for the ChE activity.

Comparing compounds 3 and 4, the effect of the amide
(“CONHR”) versus the corresponding amine (“CH2NHR”) is clear and
positive, rendering now amine 4 a moderately active and selective
AChEI. Note also that the moclobemide-like compound 14 is a
potent and moderately selective AChE inhibitor, while the
moclobemide-like amide 9 is totally AChE selective. Comparedwith
ASS234 (2), the N-propargylated analogs 10 and 15 are 2.6 and 1.8-
fold, respectively, more potent for the inhibition of AChE. However,
and regarding the BuChE inhibition, amide 10 is inactive, but
compound 15 is 1.8-fold less active than ASS234 (2). The observed
values for N-propargylamine 15 and N-allylamine 16 deserve also
some comment, as compound 16 shows a similar EeAChE inhibition
power, but a slightly better eqBuChE inhibitory profile, in the same
Scheme 1. Reagents and conditions: (a) NaOH 10 N, EtOH, reflux (9
range that ASS234 (2). Finally, it was very interesting to find that
the alcohol 11, ester 5 and carboxylic acid 6 are selective and potent
AChEI, in the 0.24e0.40 mM range.

Regarding the MAO inhibition (see Table 1), unfortunately, most
of the indoles proved inactive. This is the case of amides 3, 4, 7e10,
or amines 12 and 13, while only amines bearing the morpholino
(14), the N-propagylamino (15) or the N-allylamino (16) groups
were potent and selective MAO A inhibitors. Note also that again
the alcohol 11 and the ester 5, but not the acid 6, were quite potent
and selective MAO A inhibitors. Particularly, and not surprisingly,
indole 15 is a potent MAO A inhibitor [(IC50 ¼ 5.5 � 1.4 nM)], in the
same range that ASS234 (2), but 3.5-fold less potent than ASS234
(2) for the inhibition of hMAO B.

To sum up, and looking for newmultipotent ChE/MAO inhibitors
for AD, and concerning our effort to improve the pharmacological
results with ASS234 (2) [22], we can conclude that donepezil-like
indole derivative 15, bearing the N(1)Me/N(H)propargylamine
structural motif, is a very potent and selective EeAChE and hMAO A
inhibitor showing also a non-negligible eqBuChE and hMAO B ac-
tivities, comparing very favorably with hybrid ASS234 (2) regarding
the EeAChE and MAO A inhibition, but showing a poorer eqBuChE
and MAO B inhibition profile than ASS234 (2).

2.3. QSAR Analysis of novel donepezileindolyl hybrids

In Supplementary material, a 3D-QSAR study has been carried
out on these new indoles to explain and predict the binding on the
active sites of the enzymes based on the pharmacological activities
observed on these derivatives.

The created 3D-pharmacophore models are further applied in
order to design novel multipotent inhibitors and for the selection of
new promising ligands (Chart 2). The designed donepezileindolyl
hybrids have been synthesized and examined for MAO/ChE inhib-
iting activity (Tables 2 and 3). As shown, the agreement between
predicted and measured MAO/ChE inhibiting activity for the novel
ligands confirmed the predicting capacity of the formed 3D-QSAR
models. Therefore the 3D-QSAR models could be further used for
designing and the evaluation of novel donepezileindolyl hybrids.

2.4. Molecular modeling

2.4.1. Molecular modeling of compound 15. Inhibition of AChE and
BuChE

To shed light onto the putative orientation of the cholinesterase
inhibitor 15 in both cholinesterases, molecular modeling studies
were carried out using the Autodock Vina software [34]. A structure
of EeAChE (PDB: 1C2B) was used for the in silico studies and
exploited in the in vitro biochemical assays presented above. The
binding site for docking was designed such that the entire receptor
molecule was included within the selection grid. Eight side chains,
Trp286, Tyr124, Tyr337, Tyr72, Asp74, Thr75, Trp86 and Tyr341 are
allowed to change their conformations at the same time as the
ligand that is being docked.

The binding mode for 15 (�11.9 kcal/mol) confirmed that the
indole fragment was bound to near the bottom of the gorge (Fig. 1).
The propargylamine scaffold of inhibitor 15 exerted strong parallel
pep stacking to Trp86. In the middle of the gorge, the aliphatic
3%); (b) HOBT, DIPEA, DCC, benzylamine, DMF; (c) LiAIH4, THF.



Scheme 2. Reagents and conditions: (a) K2CO3, dry DMF, reflux; (b) LiOH, EtOH, reflux; (c) PCI5, CH2CI2; (d) RNH2 (or morpholine) TEA, CH2CI2; (e) LiAIH4, dry THF.
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alkyl chain of compound 15 was surrounded with the phenyl rings
of Tyr124, Tyr341 and Phe338 providing 15eEeAChE complex,
stabilization and constriction. At the rim of the gorge within pe-
ripheral anionic site, the phenyl ring is stacked betweenTrp286 and
Tyr72 (Fig. 1).

The docking study of 15 within the active site of eqBuChE was
also carried out. In the absence of X-ray structure of eqBuChE, a
homology model was used. SWISS-MODEL [35e37], a fully auto-
mated protein structure homology-modeling server was used to
design the receptor. A putative three-dimensional structure of
eqBuChE has been created based on the crystal structure of hBuChE
(pdb: 2PM8) as these two enzymes exhibited 89% sequence iden-
tity. In order to simulate the binding of compound 15 to eqBuChE,
docking experiments were performed as blind dockings following
the same computational protocol used for EeAChE. As depicted in
Fig. 2, compound 15 was well accommodated inside the gorge
active site. The orientation of 15 in the eqBuChE active site was
different from what observed in EeAChE, showing a binding mode
where the ligand adopted an U-shaped conformation. The indole
ring faced to Ser198 and Hys438 and the nitrogen atom of the
propargylamine moiety is bridged to His438 via hydrogen bonding.
Besides, pep interaction can be observed within propargylamine
moiety and Trp82. The phenyl group is in T-shaped orientationwith
respect to Trp231.
Scheme 3. Synthesis
Analysis of the intermolecular interactions indicated key resi-
dues responsible for ligand binding. The propargylamine group is
likely to be an important feature for these derivatives to exhibit
both AChE- and BuChE-inhibitory activities.

It is significant to note that the linear conformation allows
compound 15 to span both the catalytic active site (CAS) and PAS,
contributing to its superior binding toward AChE.

2.4.2. Molecular modeling of compound 15. Inhibition of MAO A
and MAO B

Compound 15was docked into the active site of bothMAOA and
MAO B isoforms using the program Autodock Vina [34] in order to
structurally understand the interactions with these biotargets
together with the inhibitory profiles. Since inhibition data were
determined on human MAOs, docking simulations were run on the
human model of the MAO A and MAO B. The 3D structures for
hMAOs were retrieved from the PDB (PDB ID: 2Z5X for hMAOA and
PDB ID: 2V5Z for hMAO B).

Results from several studies have shown that it must be the
neutral amine that reaches the active site of MAO A and MAO B to
allow the chemistry [38e41]. The docking simulations were done
with compound 15 as neutral specie despite of at physiological pH,
most of the piperidine rings would be in the protonated, positively
charged form.
of compound 11.



Table 2
Experimental and QSAR activities of novel MAO A and MAO B inhibitors.

Compound R pIC50
(hMAO A)

Pred-pIC50

(MAO A)
pIC50
(hMAO B)

Pred-pIC50
(MAO B)

Donepezil (1)
4 4.000 4.912 4.000 6.275

12 4.000 7.806 4.000 6.099

13 4.000 6.875 4.000 6.127

15 8.260 8.146 6.824 6.000

16 6.009 8.590 4.815 6.219

Table 3
Experimental and QSAR activities of novel EeAChE and eqBuChE inhibitors.

Compound R pIC50
(EeAChE)

Pred pIC50
(EeAChE)

pIC50
(eqBuChE)

Pred pIC50
(eqBuChE)

Donepezil (1)
4 4.818 6.252 4.640 4.876

12 6.854 7.695 6.538 6.188

13 7.076 6.399 6.071 6.051

15 6.721 7.524 6.081 6.442

16 6.854 8.150 6.337 6.093

Table 1
Inhibition of AChE from Electrophorus electricus (EeAChE), equine serum butyrylcholinesterase (eqBuChE) and human monoamine oxidase (hMAO A/B) by donepezil (1),
ASS234 (2) and compounds 3e16.

Compound R IC50 (mM)a Selectivity IC50 (mM)a Selectivity

EeAChE eqBuChE eqBuCh/EeAChE hMAO A hMAO B hMAO B/hMAO A

Donepezil (1) 0.013 � 0.001 0.84 � 0.05 65 850 � 13 15 � 2.2 0.017
ASS234 (2) 0.35 � 0.01 0.46 � 0.06 1.3 0.0042 � 0.0005 0.039 � 0.004 9.2
3 >100 >100 >1 >100 >100 >1
4 15.2 � 2.1 22.9 � 5.1 1.5 >100 >100 >1
5 OEt 0.27 � 0.02 >100 >370 1.53 � 0.21 >100 >65
6 OH 0.40 � 0.04 >100 >250 >100 >100 >1

7 >100 >100 >1 >100 >100 >1

8 >100 >100 >1 >100 >100 >1

9 0.27 � 0.02 >100 >370 >100 >100 >1

10 0.13 � 0.02 >100 >770 >100 >100 >1

11 OH 0.24 � 0.03 >100 >416 4.26 � 0.56 >100 >23

12 0.14 � 0.02 0.29 � 0.07 2 >100 >100 >1

13 0.084 � 0.016 0.85 � 0.25 10 >100 >100 >1

14 0.10 � 0.01 0.79 � 0.077 7.9 4.40 � 0.84 >100 >22.7

15 0.19 ± 0.01 0.83 ± 0.16 4.4 0.0055 ± 0.0014 0.15 ± 0.031 27.3

16 0.14 � 0.01 0.46 � 0.08 3.3 0.98 � 0.22 15.3 � 2.5 15.6

a Values are expressed as mean � standard error of the mean of at least three different experiments in quadruplicate.
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Fig. 1. Binding mode of inhibitor 15 at the active site of EeAChE. Compound 15 is
illustrated in blue. Ligands are rendered as balls and sticks and the side chains con-
formations of the mobile residues are illustrated in the same color light as the ligand.
Different subsites of the active site were colored: catalytic triad (CT) in green, oxyanion
hole (OH) in pink, anionic sub-site (AS) in orange, except Trp86, acyl binding pocket
(ABP) in yellow, and peripheral anionic subsite (PAS) in blue. Black dashed lines are
drawn among atoms involved in hydrogen bond interactions. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)
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As reported in our previous paper [42], a number of six struc-
tural water molecules were explicitly considered in the docking
simulations. These water molecules are labeled as w72, w193, w11,
w23, w15, and w53 in accordance with the numbering reported for
the hMAO B crystallographic structure (PDB ID: 1S3E) and they are
located near the FAD cofactor.

Analysis of the binding modes revealed that compound 15 could
bind to hMAO A in two modes (Mode I and Mode II) as shown in
Fig. 3. In Mode I (�9.4 kcal/mol, in red), the benzyl moiety occupies
Fig. 2. Complex of compound 15 and eqBuChE homology built 3D-model. Compound
15 is illustrated in blue sticks. Black dashed lines are drawn among atoms involved in
hydrogen bond interactions. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
the “entrance cavity”, while the indole ring is well accommodated
by the catalytic cleft, leaving the propargylamine substituent facing
the FAD cofactor. Glu215 contributes to the stabilization of complex,
acting as a hydrogen bond acceptor with the amino group of the
propargylamine moiety also involving a water molecule. Further-
more, the highly hydrophobic environment of the “entrance cavity”
contributes to the stabilization of the ligand, as the N-benzylpi-
peridine moiety undergoes stable hydrophobic interactions with
Val93, Leu97 and Ala111.

Slightly different binding features were revealed in analysis of
the results obtained for the Mode I relative Mode II. In Mode II
(�9.3 kcal/mol, in yellow), compound 15 is turned by 180� with
respect to the position adopted in Mode I. The N-benzyl moiety
binds the “entrance cavity” of the receptor with the phenyl ring
directed toward Thr205, while the propargylamine motif is stably
linked to the substrate cleft. On one hand, the propargyl group
forms favorable pep stacking interactions with Tyr407, Tyr444 and
FAD cofactor, while the amino group of the propargylamine moiety
interacts with the carbonyl oxygen atom of the Gln215 via a
hydrogen bond. A hydrogen bond interaction occurs between the
ether oxygen of the compound 15 and the thiol group of Cys323.

It should be noticed that the propargyl group present in com-
pound 15, is faced to the FAD cofactor. By analogy with the prop-
argyl containing MAO A inhibitors, such as clorgyline, able to
inactivate the enzyme by covalent interactions with the N5 of FAD
isoalloxazine [43], compound 15 could also establish such covalent
interactions via their propargyl group, which can be considered the
irreversible-enzyme inactivating moiety.

We also docked compound 15 into hMAO B to study the
different behavior against both isoenzymes, MAO A and MAO B.
Blind docking studies were done and the six structural water
molecules selected for hMAO A were also included in the study.

Regarding MAO B binding modes, our findings revealed that
unique pattern recognition is present (�8.8 kcal/mol). This inhibi-
tor also crosses both cavities, presenting the piperidine nucleus
located between the “entrance” and “catalytic” cavities, separated
by the residues Ile199 and Tyr326 (Fig. 4). The substituted-indole
ring is oriented toward the bottom of the substrate cavity, inter-
acting with the FAD cofactor through pep interactions. In addition,
the predicted orientation of the substituted-indole moiety allowed
the interaction of the NH hydrogen of the propargylamine moiety
with a water molecule, thereby preventing a hydrogen bond
interaction with the enzyme. Finally, the phenyl ring is oriented to
an entrance cavity, a hydrophobic sub-pocket, which is defined by
Leu 88, Pro102 and Ile316.

The study confirmed the selectivity of compound 15 for MAO A.
Selectivity is likely due to the orientation of the propargylamine
and phenyl moieties of 15 in MAO A and in MAO B. The pose ob-
tained in hMAO B for compound 15 showed a preference for the
ligand to be placed in a deeper region (see Fig. 4b), resulting in an
energetically less favorable complex. Compound 15 established
more interactions with the MAOA active site compared to the MAO
B active site which may indicate the 15 interacts more tightly with
MAO A.

2.5. ADMET analysis

A variety of key ADMET (Absorption, Distribution, Metabolism,
Excretion and Toxicity) properties has been calculated, with special
emphasis on the requirements of the central nervous system (CNS).
These requirements for CNS penetration by drugs are reasonably
well understood and accordingly many theoretical models have
been developed, although additional work still needs to be done on
the effect and optimal range of molecular structure on penetration.
The drugs used for neurological disorder treatment, such as AD, are



Fig. 3. Docking pose of inhibitor 15 into hMAO A. (a) Crystal structure of hMAO A represented in ribbon diagram. Binding modes I and II are represented as red and yellow sticks,
respectively. (b) Amino acid residues of the binding site are color-coded. The flavin adenine dinucleotide cofactor (FAD) and the six water molecules are represented as an integral
part of the MAO A structure model and are rendered as orange sticks and red balls, respectively. Green dashed lines are drawn among atoms involved in hydrogen bond interactions.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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generally CNS acting drugs, so factors that are important to the
success of CNS drugs were analyzed. In particular, the new mole-
cules should present a good CNS penetration profile and low toxic
effects. Computer predictions were performed with ADMET Pre-
dictor 6.5 [44] and ACD/Percepta 14.0.0 [45] software packages (see
Table S3, Supplementary material).

The lipophilicity (expressed as log P) predicted for 2, 5, 7, 8, 12
and 13 is higher than the traditionally cutoff value of 5 used in drug
design (log P < 5 and/or mlog P < 4.1 [46]). Therefore, these
structures violate the Lipinski’s rules [47]. Moreover, CNS drugs
require more strict rules for a successful penetration to CNS. Thus,
CNS drugs have significantly reduced molecular weights compared
with other therapeutics. Van de Waterbeemd [48] has suggested
that MW should be kept below 450 to facilitate brain penetration
and to be lower than that for oral absorption [49]. All the structures
reported herein show suitable values (MW < 450), with the
exception of the large tetracycles 7e9 and 12e14.

As the polarity is involved as the molecule approaches the polar
surface of the cell membrane and desolvates as it moves into the
lipid portion, polar surface area is a key parameter to predict
penetration to CNS. According to Kelder [50] andWaterbeemd [49],
the drugs can be targeted to the CNS with a polar surface area less
than 60e70 �A2, a lower range than for other kinds of therapeutics.
Hence, the predicted values for 2e16 fall into the appropriate range.

The bloodebrain barrier (BBB) is a separation of circulating
blood and cerebrospinal fluid in the CNS. Predicting BBB
Fig. 4. Docking pose of inhibitor 15 into hMAO B. (a) The protein structure of hMAO B is rend
residues of the binding site are color-coded. The flavin adenine dinucleotide cofactor (FAD)
model and are rendered as orange sticks and red balls, respectively. (For interpretation of the
article.)
penetration means predicting whether compounds pass across the
bloodebrain barrier. This is crucial in drug design because CNS-
active compounds must pass across it. According to the computed
values [51], 3, 4, 6, 7 and 10 could be CNS inactive due to low brain
penetration, whereas 2, 5, 8, 9 and 11e16 should be good candi-
dates. In particular, the hybrids 2, 5 and 13e16 show a brain
penetration sufficient for CNS activity [52].

Peff quantifies effective permeability across the intestinal
membrane, and characterizes absorption whether by passive
diffusion, active transport, facilitated diffusion, paracellular diffu-
sion, or any other mechanism [53]. MDCK models predict apparent
permeability measured using the MDCK (Madin-Darby Canine
Kidney) [54]. According to the predictions, all the structures show
an adequate permeability to be good candidates (Peff > 0.1,
MDCK > 25), and should be well absorbed compounds (%HIA) [55].
In addition, a middle Caco-2 cell permeability is suggested [56]. The
percent of drug bound with plasma proteins was estimated and the
compounds were predicted to bind weakly to plasma proteins, so it
will be available for diffusion or transport across cell membranes
and thereby finally interact with the target.

The hERG (human Ether-à-go-go Related Gene) encodes potas-
sium channels, which are responsible for the normal repolarization
of the cardiac action potential. Blockage or any other impairment of
these channels in the heart cells can lead to fatal cardiac problems.
Therefore, drug-induced blockage of potassium channels has been
a major concern for the pharmaceutical industry. All the structures,
ered as a blue cartoon model. Compound 15 is represented as red sticks. (b) Amino acid
and the six water molecules are represented as an integral part of the MAO-B structure
references to color in this figure legend, the reader is referred to the web version of this
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except molecules 3, 4 and 6, show hERG liability [57]. To note that
these three hybrids present the lower lipophilicity of the whole
series. Many drug parameters are affected by lipophilicity. High
lipophilicity frequently leads to compounds with high rapid
metabolic turnover [58] and low solubility and poor absorption. As
lipophilicity (log P) increases, there is an increased probability of
binding to hydrophobic protein targets other than the desired one,
and therefore, there is more potential for toxicity. So, hERG K-
channel blockade is hydrophobic and bind lipophilic substrates
[59]. On other hand, hybrids 3, 4, 7, 8, 12, 13 and 16 could induce
carcinogenicity in chronic mouse studies, whereas none of the
molecules is predicted to present hepatotoxicity [60,61].

To sum up, despite that compounds 13e16 show good brain
penetration profiles, it can be concluded that structure 15 presents
the best drug-like characteristics and ADMET properties of the series.

3. Conclusions

In this paper we have reported the synthesis and pharmaco-
logical evaluation of a series of new donepezileindolyl hybrids as
multifunctional drugs for the potential treatment of AD, using the
multipotent ASS234 hybrid. We have designed amides of type I and
amines of type II (Chart 1), as well as ester 5, carboxylic acid 6 and
alcohol 11 (Chart 2). We have found that, in general, and for the
same substituent, the amines are more potent ChE inhibitors (see
compounds 12,13 versus 7 and 8) or equipotent (see compounds 14,
15 versus 9 and 10) than the corresponding amides, showing a clear
EeAChE inhibition selectivity. For the MAO inhibition activity, am-
ides were not active, and among the amines, compound 14 was
totally MAO A selective, while amines 15 and 16 were quite MAO A
selective. Carboxylic acid derivatives 5 and 11 showed a multi-
potent moderate selective profile as EeACE and MAO A inhibitors.
As a result, we have identified N-((5-(3-(1-benzylpiperidin-4-yl)
propoxy)-1-methyl-1H-indol-2-yl)methyl)prop-2-yn-1-amine
(15), as a potent, in the nanomolar range, inhibitor of MAO A
(IC50 ¼ 5.5 � 1.4 nM) and moderately potent inhibitor of MAO B
(IC50 ¼ 150 � 31 nM), AChE (IC50 ¼ 190 � 10 nM), and BuChE
(IC50 ¼ 830 � 160 nM).

Molecular modeling analysis suggests that inhibitor 15 is a
mixed-type EeAChE inhibitor, and that its linear conformation allows
compound 15 to span both the CAS and PAS, contributing to its su-
perior binding toward AChE. We have also observed that the prop-
argylamine group is likely to be an important feature for these
derivatives to exhibit both AChE- and BuChE-inhibitory activities. For
MAO enzymes, docking simulations have shown that the selectivity
of inhibitor 15 for MAO A vsMAO B is likely due to the orientation of
their propargylamine and phenyl moieties in MAO A/B. The pose
obtained in hMAO B for compound 15 showed a preference for the
ligand to be placed in a deeper region, resulting in an energetically
less favorable complex. Compound 15 established more interactions
with the MAOA active site compared to the MAO B active site which
may indicate the 15 interacts more tightly with MAO A.

To sum up, and based on the best observed drug-like charac-
teristics and ADMET properties of the series, compound 15 is a new
and interesting molecule that deserves further analysis as a po-
tential drug for the prevention and treatment of AD.

4. Experimental part

4.1. Chemistry

4.1.1. General methods
Melting points were determined in a Koffler apparatus, and are

uncorrected. 1H and 13C NMR spectra were recorded at room
temperature in CDCl3 or DMSO-d6 at 300, 400 or 500 MHz and at
75.4, 100.6 or 125.6 MHz, respectively, using solvent peaks [CDCl3:
7.27 (D), 77.2 (C) ppm and DMSO-d6 2.50 (D) and 39.7 (C) ppm] as
internal references. The assignment of chemical shifts was based on
standard NMR experiments (1H, 13C, 1He1H COSY, 1He13C HSQC,
HMBC, DEPT). NMR values (*) can be interchanged. Mass spectra
were recorded on a GC/MS spectrometer with an API-ES ionization
source. Elemental analyses were performed at the IQOG (CSIC,
Spain). TLC analyses were performed on silica F254 and detection
by UV light at 254 nm, or by spraying with phosphomolybdic-
H2SO4 dyeing reagent. Column chromatographies were performed
on silica Gel 60 (230 mesh). “Chromatotron” separations were
performed on a Harrison Research Model 7924. The circular disks
were coated with Kieselgel 60 PF254 (E. Merck).

4.1.2. General procedure for the preparation of hydrochlorides
The hydrochlorides were prepared by dissolving the compounds

in a minimum quantity of ethyl ether, and adding dropwise a
saturated solution of HCl(g) in ethyl ether. Awhite solid was formed
immediately, that was separated by filtration, washed with ether
and dried.

4.1.3. N-Benzyl-5-methoxy-1-methyl-1H-indole-2-carboxamide (3)
To a solution of known 5-methoxy-1-methyl-1H-indole-2-

carboxylic acid (18), obtained for ester 17 [39] as described [30]
(85 mg, 0.42 mmol) in DMF (3 mL), were added N,N0-dicyclohex-
ylcarbodiimide (DCC) (103.0 mg, 0.5 mmol), hydroxybenzotriazole
(HOBT) (67.6 mg, 0.5 mmol). The reaction mixture was stirred
overnight. Benzylamine (92.0 mL, 0.84 mmol) and N,N-di-iso-
propylethylamine (DIPEA) (88 mL, 0.50 mmol) were added, and the
reaction was stirred for 3 h. After complete reaction (tlc analysis),
the solvent was evaporated, and the residue was purified with
column chromatography (1% of MeOH in CH2Cl2) to give amide 3
(73 mg, 60%): mp 201e205 �C; IR (KBr) n 3287, 2933, 2838, 1636,
1550, 1454, 1423, 1396, 1272, 1239, 1217 cm�1; 1H NMR (500 MHz,
CDCl3) d 7.38e7.31 (m, 5H, Ph), 7.28 (d, J ¼ 8.7 Hz, H-7), 7.01e6.98
(m, 2H, H-4, H-6), 6.75 (s, H-3), 6.44 (br s, 1H, NH), 4.63 (d,
J ¼ 5.8 Hz, 2H, NHCH2), 4.06 (s, 3H, NCH3), 3.84 (s, OCH3); 13C NMR
(126 MHz, CDCl3) d 162.3 (CONHCH2Ph), 154.6 (C5), 138.1 (C01, Ph),
134.5 (C3a), 131.9 (C2), 128.8, 127.7 (4C, C30,C50,C20,C60, Ph), 127.6
(C40, Ph), 126.1 (C7a), 115.2 (C6), 111.0 (C7), 103.1 (C3), 102.2 (C4),
55.7 (OCH3), 43.5 (NHCH2), 31.7 (NCH3); MS (EI) m/z (%): 146 (54)
[C9H8NO]þ, 161 (100) [C10H11NO]þ, 189 (28) [C11H11NO2]þ, 294 (96)
[M]þ. HRMS (ESI): Calcd for C18H18N2O2: 294.1368. Found:
294.1362. Anal. Calcd. for C18H18N2O2: C, 73.45; H, 6.16; N, 9.52.
Found: C, 73.20; H, 6.04; N, 9.54.

4.1.4. N-Benzyl-1-(5-methoxy-1-methyl-1H-indol-2-yl)
methanamine (4)

To a suspension of LiAlH4 (38.7 mg, 1.02 mmol) in dry THF
(2 mL), at 0 �C, under argon, was added dropwise a solution of the
amide 3 (100 mg, 0.33 mmol) in dry THF (3 mL) and stirring. The
reaction mixture was heated for 5 h. Then, the reaction was cooled
in an ice bath, and water was added carefully. The precipitate was
filtered, the solution was concentrated and the crude, purified by
column chromatography (5% MeOH/CH2Cl2) to afford the amine 4
(75 mg, 79%): mp 101e103 �C; IR (KBr) n 3436, 3313, 2929, 2829,
1618, 1489, 1452, 1402, 1218 cm�1; 1H NMR (500 MHz, CDCl3)
d 7.37e7.28 (m, 5H, Ph), 7.18 (d, J ¼ 8.8 Hz, 1H, H-7), 7.03 (d,
J¼ 2.4 Hz, 1H, H-4), 6.85 (dd, J¼ 8.8, 2.4 Hz, 1H, H-6), 6.33 (s, 1H, H-
3), 3.91 (s, 2H, CH2NH), 3.86 (s, 2H, NCH2Ph), 3.85 (s, 3H, CH3O), 3.73
(s, 3H, CH3eN) [the CH2NHCH2Ph signal was not detected]; 13C
NMR (126MHz, CDCl3) d 154.0 (C5), 140.0 (C10, Ph), 139.0 (C2), 133.2
(C7a), 128.4e128.1 (4C, C20,C30,C50,C60, Ph), 127.6 (C04, Ph), 127.0
(C3a), 111.2 (C6), 109.6 (C7), 102.1 (C4), 100.4 (C3), 56.0 (OCH3), 53.1
(NCH2Ph), 45.2 (NHCH2), 29.8 (NCH3); MS (EI) m/z (%): 160 (28)
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[C10H10NO]þ, 175.1 (100) [C11H13NO]þ, 277.1 (44) [C18H17N2O]þ,
280.1 (19) [M]þ. HRMS (ESI): Calcd for C18H20N2O: 280.1576. Found:
280.1575. 4$HCl was prepared using the usual manner to give a
white solid (mp 224e225 �C). Anal. Calcd. for C18H21ClN2O$1/6H2O:
C, 67.60; H, 6.72; N, 8.76. Found: C, 67.62; H, 6.57; N, 9.03.

4.1.5. Ethyl 5-(3-(1-benzylpiperidin-4-yl)propoxy)-1-methyl-1H-
indole-2-carboxylate (5)

To a solution of 1-benzyl-4-(3-chloropropyl)piperidine 19 [22]
(0.419 g, 1.665 mmol) and ethyl 5-hydroxy-1-methyl-1H-indole-
2-carboxylate (20) [31] (0.365 g, 1.665 mmol) in DMF (20 mL),
K2CO3 (0.92 g, 6.656 mmol, 4 equiv) was added. The reaction
mixture was stirred at reflux for 24 h. After complete reaction (tlc
analysis), the solvent was evaporated, the crude diluted with water,
and extracted with CH2Cl2. The organic phase was washed with
brine, dried (MgSO4), and evaporated at reduced pressure. The
crude product was purified by flash chromatography (CH2Cl2/
EtOAc,10:1 to 5/1, v/v) to give compound 5 (0.452 g, 63%) as awhite
solid: mp 91e94 �C; IR (KBr) n 3435, 2937, 2917, 1713, 1518, 1471,
1220, 1204, 1087 cm�1; 1H NMR (500 MHz, CDCl3) d 7.32e7.29 (m,
5H, Ph), 7.26 (d, J ¼ 8.9 Hz, 1H, H7-indole), 7.18 (s, 1H, H3-indole),
7.04 (d, J ¼ 1.9 Hz, 1H, H4-indole), 7.01 (dd, J ¼ 8.9, 1.9 Hz, 1H, H6-
indole), 4.36 (q, J ¼ 7.3 Hz, 2H, CO2CH2CH3), 4.04 [s, 3H, N(1)CH3],
3.97 [t, J ¼ 6.6 Hz, 2H, OCH2(CH2)2], 3.49 (s, 2H, NCH2Ph), 2.88 [d,
J¼ 11.2 Hz, 2H, N(CH2)eq], 1.93 [tm, J¼ 11.2 Hz, 2H, N(CH2)ax], 1.83e
1.79 (m, 2H, OCH2CH2CH2), 1.70e1.68 [m, 2H, N(CH2)2(CH2)eq],
1.44e1.37 {m, 5H [2H (OCH2CH2CH2) þ 3H (CO2CH2CH3)]}, 1.32e
1.25 [m, 3H, N(CH2)2(CH2)axCH]; 13C NMR (125 MHz, CDCl3) d 162.2
(CO2CH2CH3), 153.9 (C5-indole), 138.6 (C01, Ph), 135.2 (C2-indole),
129.2 (2� CH, Ph),128.1 (C7a-indole),128.0 (2� CH, Ph),126.8 (C3a-
indole), 126.0 (C04H, Ph), 119.9 (C6-indole), 111.0 (C7-indole), 109.3
(C3-indole), 103.5 (C4-indole), 68.8 (CH2CH2CH2O), 63.5 (NCH2Ph),
60.4 (CO2CH2CH3), 53.9 [2� CH2, N(CH2)2(CH2)2CH], 35.6 [CH,
N(CH2)2(CH2)2CH], 32.9 (CH2CH2CH2O), 32.4 [2� CH2,
N(CH2)2(CH2)2CH], 31.7 [N(1)CH3], 26.7 (CH2CH2CH2O), 14.3
(CO2CH2CH3); MS (EI) m/z (%): 91 (58) [PhCH2]þ, 216 (77) [Bne
Piperidinee(CH2)3]þ, 343 (7) [M � CH2Ph]þ, 389 (11) [M � Ph]þ,
434 (67)[M]þ. Anal. Calcd. for C27H34N2O: C, 74.62; H, 7.89; N, 6.45.
Found: C, 74.81; H, 7.94; N, 6.74.

4.1.6. 5-(3-(1-Benzylpiperidin-4-yl)propoxy)-1-methyl-1H-indole-
2-carboxylic acid (6)

To a solution of the ester 5 (1.18 g, 2.7 mmol) in EtOH (10 mL)
was added a solution of lithium hydroxide (129 mg, 5.4 mmol) in
EtOH (3mL). The reactionmixturewas stirred at reflux for 2 h. After
complete reaction, the solvent was evaporated, water was added
and acidified with cc HCl. until pH 6. Then, ethyl acetate was added
and the precipitate filtered, washed with ethyl acetate to afford the
corresponding free acid 6 (1.082 g, 98%): mp 104e106 �C; IR (KBr) n
3435, 3023, 2936, 1622, 1562, 1516, 1466, 1393, 1286, 1199 cm�1; 1H
NMR (500 MHz, CDCl3) d 7.47e7.45 (m, 2H, Ph), 7.38e7.35 (m, 3H,
Ph), 7.21 (d, J ¼ 8.9 Hz, 1H, H7-indole), 7.18 (s, 1H, 3-indole), 7.02 (d,
J ¼ 2.0 Hz, 1H, H4-indole), 6.90 (dd, J ¼ 8.9, 2.0 Hz, 1H, H6-indole),
4.08 [s, 3H, N(1)CH3], 4.04 (s, 2H, NCH2Ph), 3.93 [t, J ¼ 6.4 Hz, 2H,
OCH2(CH2)2], 3.36 [d, J ¼ 11.3 Hz, 2H, N(CH2)eq], 2.39 [t, J ¼ 11.3 Hz,
2H, N(CH2)ax], 1.81e1.65 (m, 6H, OCH2CH2CH2, N(CH2)2(CH2)eq,
OCH2CH2CH2), 1.45e1.41 [m, 3H, N(CH2)2(CH2)axCH] [the CO2H
signal was not detected]; 13C NMR (125MHz, CDCl3) d 167.0 (CO2H),
153.3 (C5-indole), 134.8 (2C: C01, Ph; C2-indole), 130.9 (2� CH, Ph),
128.8 (C7a-indole), 128.7 (2� CH, Ph), 126.4 (2C: C04, Ph; C3a-
indole), 115.6 (C6-indole), 110.8 (C7-indole), 107.7 (C3-indole),
103.7 (C4-indole), 68.7 (CH2CH2CH2O), 60.8 (NCH2Ph), 51.9 [2�
CH2, N(CH2)2(CH2)2CH], 34.2 [N(CH2)2(CH2)2CH], 32.2 [CH2e

(CH2)2O], 31.6 [N(1)CH3], 29.7 N(CH2)2(CH2)2CH], 26.5
(CH2CH2CH2O); MS (EI) m/z (%): 91 (100) [PhCH2]þ, 172 (50), 216
(32) [Bnepiperidinee(CH2)3]þ, 406 (11) [M]þ; EM (ESI)m/z (%): 407
(M þ 1). HRMS (ESI): Calcd. for C25H30N2O3: 406.2256. Found:
406.2273.

4.1.7. 5-(3-(1-Benzylpiperidin-4-yl)propoxy)-1-methyl-1H-indole-
2-carbonyl chloride (21)

A solution of acid 6 (91,6 mg, 0.22 mmol) and phosphorous
pentachloride (70.4 mg, 0.34 mmol) in dry dichloromethane
(10 mL) was stirred at reflux for about 2 h. Solvent was removed in
vacuum, the residue treated with a dry ethyl ether and solvent
removed in vacuum again. This operation was repeated twice with
ethyl ether and then twice with chloroform to obtain compound 21
(94.8 mg, 99%) as an oil, that was used immediately, without any
further purification, for the synthesis of the amides 7e10.

4.1.8. General procedures for the synthesis of 5-(3-(1-
benzylpiperidin-4-yl)propoxy)-1-methyl-1H-indole-2-carboxamide
derivatives (7e10)

The crude acyl chloride (21) obtained was dissolved in dry
CH2Cl2 (10 mL) and the solution cooled in an ice-bath. To the so-
lution was added dropwise with stirring, triethylamine (4 equiv)
and an appropriate amine (4 equiv). The mixture was refluxed.
Solvents were removed in vacuum, the residue obtained was pu-
rified by column chromatography. The following compounds were
obtained.

4.1.9. N-Benzyl-5-(3-(1-benzylpiperidin-4-yl)propoxy)-1-methyl-
1H-indole-2-carboxamide (7)

Following the General procedure, reaction of 5-(3-(1-
benzylpiperidin-4-yl)propoxy)-1-methyl-1H-indole-2-carbonyl
chloride (21) (95.7 mg, 0.22 mmol) with benzylamine (50 mL,
0.45 mmol), and triethylamine (0.12 mL, 0.88 mmol) in dry
dichloromethane (10 mL), after 12 h, and column chromatography
(1% of MeOH in CH2Cl2) gave product 7 (89.3 mg, 80%) as a white
solid: mp 165e167 �C; IR (KBr) n 3435, 3307, 3082, 2936, 2917, 1637,
1548, 1465, 1390, 1240, 1205 cm�1; 1H NMR (500 MHz, CDCl3)
d 7.37e7.30 (m, 10H, 2� Ph), 7.27 (d, J ¼ 8.8 Hz, 1H, H7-indole), 6.99
(d, J ¼ 2.4 Hz, 1H, H4-indole), 6.97 (dd, J ¼ 8.8, 2.4 Hz, 1H, H6-
indole), 6.73 (s, H1, H3-indole), 6.40 (t, J ¼ 5.4 Hz, 1H,
CONHCH2Ph), 4.63 (d, J¼ 5.4 Hz, 2H, CONHCH2Ph), 4.05 [s, 3H, N(1)
CH3], 3.95 (t, J ¼ 6.6 Hz, 2H, OCH2CH2CH2), 3.49 (s, 2H, NCH2Ph),
2.88 [d, J ¼ 9.7 Hz, 2H, N(CH2)eq], 1.94 [m, 2H, N(CH2)ax], 1.83e1.80
(m, 2H, OCH2CH2CH2), 1.78e1.68 [m, 2H, N(CH2)2(CH2)eq], 1.43e
1.39 (m, 2H, OCH2CH2CH2), 1.28e1.24 [m, 3H, N(CH2)2(CH2)axCH];
13C NMR (125MHz, CDCl3) d 162.3 (CONHCH2Ph),154.0 (C5-indole),
138.1 (2C, 2� C01, Ph), 134.5 (C7a-indole), 131.9 (C2), 129.2e126.8
(2� 5CH, 2�NCH2C6H5),126.2 (C3a-indole),115.7 (C6-indole),110.9
(C7-indole), 103.3 (C4-indole), 103.0 (C3-indole), 68.8
(OCH2CH2CH2), 63.5 (NCH2Ph), 53.9 [2� CH2, N(CH2)2(CH2)2CH],
43.5 (CONHCH2Ph), 35.6 [N(CH2)2(CH2)2CH], 32.9 (OCH2CH2CH2),
32.3 [2� CH2, N(CH2)2(CH2)2CH], 31.7 [N(1)CH3], 26.7
(OCH2CH2CH2); MS (EI) m/z (%): 91 (100) [M � Bn]þ, 172 (63)
[C12H14N]þ, 202 (9) [M � C18H17N2O2],þ 216 (41)
[M � C17H15N2O2]þ, 495 (3) [M]þ. HRMS (ESI): Calcd. for
C32H37N3O2: 495.2886. Found: 495.2903. Anal. Calcd. for
C32H37N3O2: C, 77.54; H, 7.52; N, 8.48. Found: C, 77.17; H, 7.25; N,
8.57.

4.1.10. 5-(3-(1-Benzylpiperidin-4-yl)propoxy)-1-methyl-N-phenyl-
1H-indole-2-carboxamide (8)

Following the General procedure, reaction of 5-(3-(1-
benzylpiperidin-4-yl)propoxy)-1-methyl-1H-indole-2-carbonyl
chloride (21) (95 mg, 0.22 mmol) with aniline (41 mg, 0.44 mmol)
and triethylamine (0.12 mL) in dry dichloromethane (10 mL), after
overnight, and column chromatography (MeOH/CH2Cl2 from 1%
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to 3%) gave product 14 (90.4 g, 84%) as a white solid: mp 189e
192 �C; IR (KBr) n 3435, 3294, 3060, 2917, 1644, 1597, 1538, 1499,
1466, 1443, 1316, 1243, 1207 cm�1; 1H NMR (500 MHz, CDCl3)
d 7.84 (s, 1H, NHC6H5), 7.62e7.59 (m, 2H, H02, H06, NHC6H5), 7.39e
7.36 (m, 2H, H03, H05, NHC6H5), 7.32e7.17 (m, 6H, NCH2C6H5, H7-
indole), 7.15 (t, J ¼ 7.3 Hz, 1H, H04, NHC6H5), 7.05 (d, J ¼ 2.4 Hz, 1H,
H4-indole), 7.02 (dd, J ¼ 9.3, 2.4 Hz, 1H, H6-indole), 6.89 (s, 1H,
H3-indole), 4.06 [s, 3H, N(1)CH3], 3.98 (t, J ¼ 6.6 Hz, 2H,
OCH2CH2CH2), 3.50 (s, 2H, NCH2Ph), 2.89 [d, J ¼ 10.8 Hz, 2H,
N(CH2)eq], 1.95 [m, 2H, N(CH2)ax], 1.83e1.80 (m, 2H,
OCH2CH2CH2), 1.71e1.69 [m, 2H, N(CH2)2(CH2)eq], 1.58 (m, 2H,
OCH2CH2CH2), 1.44e1.42 [m, 2H, N(CH2)2(CH2)axCH], 1.30 [m, 1H,
N(CH2)2(CH2)axCH]; 13C NMR (125 MHz, CDCl3) d 160.4 (CONHPh),
154.1 (C5-indole), 137.7 (2C, 2� C01, CONHC6H5, NHCH2C6H5),
134.8 (C7a-indole), 132.1 (C2), 129.2 (2� CH, CONHC6H5), 129.1
(2� CH, NHCH2C6H5), 128.1 (2� CH, NHCH2C6H5), 126.9 (C04,
NHCH2C6H5), 126.1 (C3a-indole), 124.4 (C04, CONHC6H5), 119.9
(2� CH, CONHC6H5), 116.2 (C6-indole), 111.0 (C7-indole), 103.5
(C3-indole), 103.5 (C4-indole), 68.8 (OCH2CH2CH2), 63.4
(NCH2Ph), 53.9 [N(CH2)2(CH2)2CH], 35.5 [N(CH2)2(CH2)2CH], 32.9
(OCH2CH2CH2), 32.3 [N(CH2)2(CH2)2CH], 31.7 [N(1)CH3], 26.7
(OCH2CH2CH2); MS (EI) m/z (%): 91 (100) [M � Bn]þ, 172 (72)
[C12H14N]þ, 216 (41) [M � C16H13N2O2]þ. HRMS (ESI): Calcd. for
C31H35N3O2: 481.2729. Found: 481.2729. Anal. Calcd. for
C31H35N3O2$1/3H2O: C, 76.35; H, 7.37; N, 8.62. Found: C, 76.68; H,
7.06; N, 8.77.

4.1.11. (5-(3-(1-Benzylpiperidin-4-yl)propoxy)-1-methyl-1H-indol-
2-yl)(morpholino)methanone (9)

Following the General procedure, reaction of 5-(3-(1-
benzylpiperidin-4-yl)propoxy)-1-methyl-1H-indole-2-carbonyl
chloride (21) (162.0 mg, 0.38 mmol) with morpholine (66 mL,
0.76 mmol) and triethylamine (0.20 mL) in dichloromethane
(10 mL), after 12 h, and column chromatography (1% of MeOH in
CH2Cl2) gave product 9 (130 mg, 72%): as a white solid: mp 125e
128 �C; IR (KBr) n 3435, 3084, 2921, 2851, 1615, 1532, 1453, 1273,
1236,1116 cm�1; 1H NMR (500MHz, CDCl3) d 7.35e7.32 (m, 5H, Ph),
7.27 (d, J¼ 9.3 Hz,1H, H7-indole), 7.05 (d, J¼ 2.4 Hz,1H, H4-indole),
6.98 (dd, J¼ 9.3, 2.4 Hz, 1H, H6-indole), 6.52 (s, 1H, H3-indole), 3.99
(t, J ¼ 6.8 Hz, 2H, OCH2CH2CH2), 3.85 [s, 3H, N(1)CH3], 3.84e3.80
[m, 4H, CON(CH2)2(CH2)2O], 3.77e3.71 [m, 4H, CON(CH2)2(CH2)2O],
3.53 (s, 2H, NCH2Ph), 2.92 (dm, J ¼ 10.7 Hz, 2H, N(CH2)eq], 1.98 [m,
2H, N(CH2)ax], 1.86e1.84 (m, 2H, OCH2CH2CH2), 1.83e1.80 [m, 2H,
N(CH2)2(CH2)eq], 1.46e1.44 (m, 2H, OCH2CH2CH2), 1.36e1.32 [m,
3H, N(CH2)2(CH2)axCH]; 13C NMR (125 MHz, CDCl3) d 163.2 [CON(-
CH2)2(CH2)2O],153.9 (C5-indole),138.4 (C01, Ph),133.4 (C7a-indole),
131.3 (C2), 129.2 (2� CH, Ph), 128.1 (2� CH, Ph), 126.9 (C04, Ph),
126.5 (C3a-indole), 114.9 (C6-indole), 110.6 (C7-indole), 103.5 (C4-
indole), 103.4 (C3-indole), 68.9 (OCH2CH2CH2), 67.0 [2C, CON(-
CH2)2(CH2)2O], 63.5 (NCH2Ph), 53.9 [N(CH2)2(CH2)2CH], 35.5
[N(CH2)2(CH2)2CH], 32.9 (OCH2CH2CH2), 32.3 [N(CH2)2(CH2)2CH],
31.9 [N(1)CH3], 26.7 (OCH2CH2CH2); MS (EI) m/z (%): 172 (100)
[C12H14N]þ, 202 (19) [M � C15H17N2O3]þ, 216 (89)
[M � C14H15N2O3]þ, 475 (24) [M]þ. HRMS (ESI): Calcd. for
C29H37N3O3: 475.2835. Found: 475.2842. Anal. Calcd. for
C29H37N3O3.1/3H2O: C, 72.32; H, 7.88; N, 8.72. Found: C, 72.37; H,
7.56; N, 8.84.

4.1.12. 5-(3-(1-Benzylpiperidin-4-yl)propoxy)-1-methyl-N-(prop-
2-yn-1-yl)-1H-indole-2-carboxamide (10)

Following the General procedure, reaction of 5-(3-(1-
benzylpiperidin-4-yl)propoxy)-1-methyl-1H-indole-2-carbonyl
chloride (21) (63.8 mg, 0.15 mmol) with prop-2-yn-1-amine
(20.0 mL g, 0.30 mmol) and triethylamine (83.0 mL, 0.60 mmol) in
dry dichloromethane (10 mL), after 12 h, and column
chromatography (MeOH/CH2Cl2 from 1% to 3%) gave product 10
(40mg, 60%) as awhite solid: mp 163e165 �C; IR (KBr) n 3435, 3291,
3060, 2919, 1638, 1542, 1466, 1391, 1275, 1242, 1206 cm�1; 1H NMR
(500 MHz, CDCl3) d 7.32e7.29 (m, 5H, Ph), 7.25 (d, J ¼ 8.8 Hz, 1H,
H7-indole), 7.01e6.99 (m, 2H, H4-indole, H6-indole), 6.77 (s, 1H,
H3-indole), 6.29 (s, 1H, CONH), 4.23 (dd, J ¼ 5.4, 2.5 Hz, 2H,
NHCH2C^CH), 4.02 [s, 3H, N(1)CH3], 3.96 (t, J ¼ 6.6 Hz, 2H,
OCH2CH2CH2), 3.50 (s, 2H, NCH2Ph), 2.88 [m, 2H, N(CH2)eq], 2.29 (t,
J ¼ 2.5 Hz, 1H, NHCH2C^CH), 1.96 [m, 2H, N(CH2)ax], 1.82e179 (m,
2H, OCH2CH2CH2),1.70e1.68 [m, 2H, N(CH2)2(CH2)eq], 1.43e1.41 (m,
2H, OCH2CH2CH2), 1.29e125 [m, 3H, N(CH2)2(CH2)axCH]; 13C NMR
(126 MHz, CDCl3) d 162.0 (CONH), 154.0 (C5-indole), 138.3 (C01, Ph),
134.6 (C7a-indole), 131.2 (C2-indole), 129.3 (2� CH, Ph), 128.1 (2�
CH, Ph), 126.9 (C04, Ph), 126.1 (C3a-indole), 116.0 (C6-indole), 111.0
(C7-indole), 103.6 (C3-indole)*, 103.3 (C4-indole)*, 79.4
(NCH2C^CH), 71.8 (NCH2C^CH), 68.8 (OCH2CH2CH2), 63.4
(NCH2Ph), 53.8 [N(CH2)2(CH2)2CH], 35.5 [N(CH2)2(CH2)2CH], 32.9
(OCH2CH2CH2), 32.2 [N(CH2)2(CH2)2CH], 31.6 [N(1)CH3], 29.2
(NHCH2C^CH), 26.7 (OCH2CH2CH2); MS (EI) m/z (%): 91 (100)
[M� Bn]þ, 172 (68) [C12H14N]þ, 188 (7), 202 (9) [M� C14H13N2O2]þ,
216 (35) [M � C13H11N2O2]þ, 443 (9) [M]þ. HRMS (ESI): Calcd. for
C28H33N3O2: 443.2573. Found: 443.2577. Anal. Calcd. for
C28H33N3O2.1/3H2O: C, 74.80; H, 7.55; N, 9.35. Found: C, 74.89; H,
7.21; N, 9.46.

4.1.13. (5-(3-(1-Benzylpiperidin-4-yl)propoxy)-1-methyl-1H-indol-
2-yl)methanol (11)

Following the General procedure, reaction of ethyl 5-(3-(1-
benzylpiperidin-4-yl)propoxy)-1-methyl-1H-indole-2-carboxylate
5 (221.8 mg, 0.51 mmol) with LiAlH4 (58.1 mg, 1.53 mmol, 3 equiv)
in THF (3 mL), after 15 min, and column chromatography (MeOH/
CH2Cl2 from 1% to 5%) gave product 11 (200 mg, 99%) as a white
solid: mp 93e96 �C; IR (KBr) n 3435, 3101, 3101, 3065, 2929, 2812,
1620, 1488, 1474, 1196, 1157, 1032 cm�1; 1H NMR (500 MHz, CDCl3)
d 7.31e7.29 (m, 5H, Ph), 7.19 (d, J ¼ 8.8 Hz, 1H, H7-indole), 7.03 (d,
J ¼ 2.4 Hz, 1H, H4-indole), 6.88 (dd, J ¼ 8.8, 2.4 Hz, 1H, H6-indole),
6.35 (s, 1H, H3-indole), 4.77 (s, 2H, CH2OH), 3.96 [t, J ¼ 6.6 Hz, 2H,
OCH2(CH2)2], 3.77 [s, 3H, N(1)CH3], 3.48 (s, 2H, NCH2Ph), 2.87 [d,
J¼ 11.7 Hz, 2H, N(CH2)eq], 1.93 [tm, J ¼ 11.7 Hz, 2H, N(CH2)ax], 1.81e
1.78 (m, 2H, OCH2CH2CH2), 1.69e1.67 [m, 2H, N(CH2)2(CH2)eq],
1.41e1.39 (m, 2H, OCH2CH2CH2), 1.28e127 [m, 3H,
N(CH2)2(CH2)axCH] (the signal for CH2OH was not detected); 13C
NMR (125 MHz, CDCl3) d 153.4 (C5-indole), 139.0 (C01, Ph), 138.6
(C2-indole), 133.5 (C7a-indole), 129.2 (2� CH, Ph), 128.0 (2� CH,
Ph), 127.3 (C3a-indole), 126.8 [C0(4)H, Ph], 112.9 (C6-indole), 109.8
(C7-indole), 103.7 (C4-indole), 100.9 (C3-indole), 69.0
(CH2CH2CH2O), 63.5 (NCH2Ph), 57.2 (CH2OH), 53.9 [2� CH2,
N(CH2)2(CH2)2CH], 35.6 [CH, N(CH2)2(CH2)2CH], 32.9*
(CH2CH2CH2O), 32.3* [2� CH2, N(CH2)2(CH2)2CH], 29.9 [N(1)CH3],
26.7 (CH2CH2CH2O); MS (EI) m/z (%): 91 (100) [M � Bn]þ, 172 (68)
[C12H14N]þ, 202 (9) [M � C14H13N2O2]þ, 216 (35)
[M � C13H11N2O2]þ, 392 (9) [M]þ. HRMS (ESI): Calcd. for
C25H32N2O2: 392.2464. Found: 392.2477. Anal. Calcd. for
C25H32N2O2: C, 76.49; H, 8.22; N, 7.14. Found: C, 75.9; H, 7.93; N,
7.15.

4.1.14. General procedures for the synthesis of (5-(3-(1-
benzylpiperidin-4-yl)propoxy)-1-methyl-1H-indol-2-yl)
methanamine derivatives (12e16)

A suspension of LiAlH4 in freshly distilled dioxane was cooled at
0 �C and a solution of the amides (7e10) in dioxane was added
dropwise with stirring. The mixture was refluxed for the time
indicated for each case. When the reaction was over, the mixture
was cooled in an ice-bath and, water was added dropwise. The
precipitate was removed by filtration. The solvent was removed,
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and the residue purified by column chromatography to afford the
amines.

4.1.15. N-Benzyl-1-(5-(3-(1-benzylpiperidin-4-yl)propoxy)-1-
methyl-1H-indol-2-yl)methanamine (12)

Following the General procedure, reaction of N-benzyl-5-(3-(1-
benzylpiperidin-4-yl)propoxy)-1-methyl-1H-indole-2-
carboxamide (7) (98 mg, 0.21 mmol) with LiAlH4 (24 mg,
0.63 mmol) in dry dioxane (10 mL), after 7 h, and column chro-
matography (MeOH/CH2Cl2 from 1% to 3%) gave product 12 (60 mg,
63%) as a white solid: mp 74e76 �C; IR (KBr) n 3435, 3310, 3025,
2936, 1619, 1491, 1472, 1453, 1393, 1249, 1195, 1160 cm�1; 1H NMR
(500 MHz, CDCl3) d 7.36e7.26 (m, 10H, 2Ph), 7.17 (d, J ¼ 8.9 Hz, 1H,
H7-indole), 7.02 (d, J ¼ 2.3 Hz, 1H, H4-indole), 6.83 (dd, J ¼ 8.9,
2.3 Hz, H6-indole), 6.30 (s, H1, H3-indole), 3.97 (t, J ¼ 6.6 Hz, 2H,
OCH2CH2CH2), 3.90 [br s, 2H, C(2)CH2NHCH2Ph]*, 3.85 [s, 2H, C(2)
CH2NHCH2Ph]*, 3.72 [s, 3H, N(1)CH3], 3.52 (s, 2H, NCH2Ph), 2.90 [d,
J ¼ 10.1 Hz, 2H, N(CH2)eq], 1.97 [m, 2H, N(CH2)ax], 1.83e1.76 (m, 2H,
OCH2CH2CH2), 1.71e1.69 [m, 2H, N(CH2)2(CH2)eq], 1.43e1.41 (m, 2H,
OCH2CH2CH2), 1.39e1.30 [m, 3H, N(CH2)2(CH2)axCH] (the signal for
C(2)CH2NHCH2Ph could not be detected); 13C NMR (125 MHz,
CDCl3) d 153.3 (C5-indole), 140.1 (2C, 2C01, Ph), 138.9 (C7a-indole),
133.2 (C2), 129.3, 128.4, 128.1, 127.6 (10C, NCH2C6H5, NHCH2C6H5),
127.0 (C3a-indole), 111.8 (C6-indole), 109.5 (C7-indole), 103.3 (C4-
indole), 100.4 (C3-indole), 69.0 (OCH2CH2CH2), 63.7 (NCH2Ph),
53.8 [C(2)CH2NHCH2Ph]*, 53.2 [2CH2, N(CH2)2(CH2)2CH]*, 45.2
[C(2)CH2NHCH2Ph]*, 35.5 [N(CH2)2(CH2)2CH], 32.8 (OCH2CH2CH2),
32.1 [2� CH2, N(CH2)2(CH2)2CH], 30.0 [N(1)CH3], 26.7
(OCH2CH2CH2); MS (EI) m/z (%): 172 (46), 216 (37), 283 (14), 374
(100), 383 (13), 481 (11) [M]þ. HRMS (ESI): Calcd. for C32H39N3O:
481.3093. Found: 481.3111. Bis-chlorhydrate 12$2HClwas prepared
using the usual method to afford a white solid (mp 245e248 �C).
Anal. Calcd. for C32H39N3O$2HCl$3/2H2O: C, 66.08; H, 7.63; N, 7.22.
Found: C, 66.06; H, 7.07; N, 7.42.

4.1.16. N-((5-(3-(1-Benzylpiperidin-4-yl)propoxy)-1-methyl-1H-
indol-2-yl)methyl)aniline (13)

Following the General procedure, reaction of 5-(3-(1-
benzylpiperidin-4-yl)propoxy)-1-methyl-N-phenyl-1H-indole-2-
carboxamide (8) (174 mg, 0.36 mmol) with LiAlH4 (41.2 mg,
1.1 mmol) in dry dioxane (7 mL), after 5 h, and column chroma-
tography (MeOH/CH2Cl2 from 1% to 3%) gave product 13 (123 mg,
73%) as a white solid: mp 114e116 �C; IR (KBr) n 3412, 3022, 2941,
2905, 1624, 1599, 1501, 1476, 1424, 1312, 1250, 1197, 1026 cm�1; 1H
NMR (500 MHz, CDCl3) d 7.32e7.27 (m, 5H, NCH2C6H5), 7.25e7.22
(m, 2H, H02, H06, CH2NHC6H5), 7.19 (d, J ¼ 8.8 Hz, 1H, H7-indole),
7.03 (d, J ¼ 2.4 Hz, 1H, H4-indole), 6.87 (dd, J ¼ 8.8, 2.4 Hz, 1H, H6-
indole), 6.78 (m, 1H, H04, CH2NHC6H5), 6.71 (m, 2H, H03, H05,
CH2NHC6H5), 6.39 (s, 1H, H3-indole), 4.39 [d, J ¼ 4.9 Hz, 2H, C(2)
CH2NHPh], 3.97 (t, J ¼ 6.6 Hz, 2H, OCH2CH2CH2), 3.72 [s, 3H, N(1)
CH3], 3.50 (s, 2H, NCH2Ph), 2.89 (d, J¼ 11.2 Hz, 2H, N(CH2)eq], 2.05e
1.93 [m, 2H, N(CH2)ax], 1.82e1.80 [m, 2H, OCH2CH2CH2), 1.79e1.69
[m, 2H, N(CH2)2(CH2)eq], 1.44e1.40 (m, 2H, OCH2CH2CH2), 1.30e
1.26 [m, 3H, N(CH2)2(CH2)axCH] (the signal for C(2)CH2NHPh could
not be detected); 13C NMR (125 MHz, CDCl3) d 153.5 (C5-indole),
147.8 (C001, CH2NHC6H5), 138.7 (C01, NCH2C6H5), 137.5 (C2), 133.2
(C7a-indole), 129.3 (2� CH, C003, C005, CH2NHC6H5), 129.2 (2� CH,
NCH2C6H5), 128.1 (2� CH, NCH2C6H5), 127.6 (C04, NCH2C6H5), 126.8
(C3a-indole), 118.3 [CH, C004, CH2NHC6H5], 113.0 (2� CH, C002, C006,
CH2NHC6H5), 112.4 (C6-indole), 109.6 (C7-indole), 103.5 (C4-
indole), 100.8 (C3-indole), 69.1 (OCH2CH2CH2), 63.5 (NCH2Ph),
53.9 [2CH2, N(CH2)2(CH2)2CH], 41.0 [C(2)CH2NHPh], 35.5
[N(CH2)2(CH2)2CH], 32.9 (OCH2CH2CH2), 32.1 [2� CH2,
N(CH2)2(CH2)2CH], 30.1 [N(1)CH3)], 26.8 (OCH2CH2CH2); MS (EI)m/
z (%): 160 (15), 172 (23) [C12H14N]þ, 216 (17) [C15H22N]þ, 375 (100)
[C25H31N2O]þ, 467 (12) [M]þ. HRMS (ESI): Calcd. for C31H37N3O:
467.2937. Found: 467.2935. Bis-chlorhydrate 13$2HClwas prepared
using the usual method to afford a white solid (mp 166e168 �C).
Anal. Calcd. for C31H37N3O$2HCl$1/2H2O: C, 67.75; H, 7.34; N, 7.65.
Found: C, 67.94; H, 7.10; N, 8.07.

4.1.17. 4-((5-(3-(1-Benzylpiperidin-4-yl)propoxy)-1-methyl-1H-
indol-2-yl)methyl)morpholine (14)

Following the General procedure, reaction of (5-(3-(1-
benzylpiperidin-4-yl)propoxy)-1-methyl-1H-indol-2-
yl)(morpholino)methanone (9) (192 mg, 0.40 mmol) with LiAlH4
(46.0 mg, 1.21 mmol) in dry dioxane (8 mL), after 5 h, and column
chromatography (MeOH/CH2Cl2 from 1% to 3%) gave product 14
(121 mg, 65%) as a white solid: mp 113e115 �C; IR (KBr) n 3436,
3029, 2938, 2905, 2850, 2804, 2761, 1621, 1489, 1467, 1452, 1201,
1114 cm�1; 1H NMR (500 MHz, CDCl3) d 7.33e7.29 (m, 5H, Ph), 7.17
(d, J¼ 8.8 Hz,1H, H7-indole), 7.01 (d, J¼ 2.5 Hz,1H, H4-indole), 6.84
(dd, 1H, H6-indole), 6.27 (s, 1H, H3-indole), 3.96 (t, J ¼ 6.8 Hz, 2H,
OCH2CH2CH2), 3.76 [s, 3H, N(1)CH3], 3.67 [m, 4H, N(CH2)2(CH2)2O],
3.59 [s, 2H, C(2)CH2N(CH2)2(CH2)2O)], 3.50 (s, 2H, NCH2Ph), 2.88 (d,
J¼ 10.3 Hz, 2H, N(CH2)2(CH2)eq], 2.45 (m, 4H, N(CH2)2(CH2)2O], 1.94
[m, 2H, N(CH2)ax], 1.81e1.78 (m, 2H, OCH2CH2CH2), 1.76e1.68
[N(CH2)2(CH2)eq], 1.43e1.39 (m, 2H, OCH2CH2CH2), 1.29 [m, 3H,
N(CH2)2(CH2)axCH]; 13C NMR (125 MHz, CDCl3) d 153.3 (C5-indole),
136.3 (2C, C01, Ph; C2-indole), 133.3 (C7a-indole), 129.2 (2� CH, Ph),
128.1 (2� CH, Ph), 127.4 (2C, C04, Ph; C3a-indole), 112.0 (C6-indole),
109.5 (C7-indole), 103.3 (C4-indole), 102.1 (C3-indole), 69.1
(OCH2CH2CH2), 67.0 [2C, N(CH2)2(CH2)2O], 63.5 (NCH2Ph), 55.3
[C(2)CH2N(CH2)2(CH2)2O)], 53.9 [2CH2, N(CH2)2(CH2)2CH], 53.4 [2C,
N(CH2)2(CH2)2O], 35.5 [N(CH2)2(CH2)2CH], 32.9 (OCH2CH2CH2),
32.3 [2C, N(CH2)2(CH2)2CH], 29.9 [N(1)CH3], 26.8 (OCH2CH2CH2);
MS (EI) m/z (%): 172 (86) [C12H14N]þ, 188 (12) [C13H18N]þ, 202 (10)
[C14H20N]þ, 216 (89) [C15H22N]þ, 375 (100) [C25H31N2O]þ, 461 (51)
[M]þ. HRMS (ESI): Calcd. for C29H39N3O2: 461.3042. Found:
461.3047. Bis-chlorhydrate 14$2HCl was prepared using the usual
method to afford a white solid (mp 249e252 �C). Anal. Calcd. for
C29H39N3O2$2HCl$3/2H2O: C, 62.02; H, 7.90; N, 7.48. Found: C,
62.07; H, 7.20; N, 7.75.

4.1.18. Reduction of 5-(3-(1-benzylpiperidin-4-yl)propoxy)-1-
methyl-N-(prop-2-yn-1-yl)-1H-indole-2-carboxamide (10)

Following the General procedure, reduction of 5-(3-(1-
benzylpiperidin-4-yl)propoxy)-1-methyl-N-(prop-2-yn-1-yl)-1H-
indole-2-carboxamide (10) (50 mg, 0.11 mmol) with LiAlH4
(12.8 mg, 0.33 mmol) in dry THF (5 mL), after 8 h, and column
chromatography (MeOH/CH2Cl2 from 1% to 3%) gave products 15
(24.7mg, 51%) and 16 (14.1mg, 29%).N-((5-(3-(1-Benzylpiperidin-4-
yl)propoxy)-1-methyl-1H-indol-2-yl)methyl)prop-2-yn-1-amine
(15): mp 89e92 �C; IR (KBr) n 3436, 3301, 3269, 2919, 2862, 1621,
1490, 1472, 1451, 1198 cm�1; 1H NMR (500 MHz, CDCl3) d 7.33e7.26
(m, 5H, Ph), 7.17 (d, J¼ 8.8 Hz,1H, H7-indole), 7.02 (d, J¼ 2.3 Hz,1H,
H4-indole), 6.84 (dd, J ¼ 8.8, 2.3 Hz, 1H, H6-indole), 6.33 (s, 1H, H3-
indole), 4.00 [br s, 2H, C(2)CH2NHCH2C^CH], 3.96 (t, J¼ 6.6 Hz, 2H,
OCH2CH2CH2), 3.73 [s, 3H, N(1)CH3], 3.54 (s, 2H, NCH2Ph), 3.45 [d,
J ¼ 2.4 Hz, 2H, C(2)CH2NHCH2C^CH], 2.92 [d, J ¼ 10.4 Hz, 2H,
N(CH2)eq], 2.27 [t, J¼ 2.4 Hz,1H, C(2)CH2NHCH2C^CH], 1.99 (m, 2H,
N(CH2)ax], 1.79e1.77 [m, 2H, OCH2CH2CH2), 1.76e1.72 [m, 2H,
N(CH2)2(CH2)eq], 1.43e1.41 (m, 2H, OCH2CH2CH2),1.39e1.32 [m, 3H,
N(CH2)2(CH2)axCH)] (the signal for C(2)CH2NHCH2C^CH could not
be detected); 13C NMR (126 MHz, CDCl3) d 153.5 (C5-indole), 137.8
(2C, C01, C6H5; C2-indole), 133.2 (C7a-indole), 129.4 (2xCH, Ph),
128.2 (2xCH, Ph), 127.5 (2C, C04, Ph; C3a-indole), 112.0 (C6-indole),
109.5 (C7-indole), 103.3 (C4-indole), 100.9 (C3-indole), 81.8
(NCH2C^CH), 76.6 (NCH2C^CH), 69.0 (OCH2CH2CH2), 63.7
(NCH2Ph), 53.7 [2CH2, N(CH2)2(CH2)2CH], 44.1 [C(2)
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CH2NCH2C^CH], 37.1 (NCH2C^CH), 35.3 [N(CH2)2(CH2)2CH], 32.8
(OCH2CH2CH2), 32.0 [N(CH2)2(CH2)2CH], 29.7 [N(1)CH3], 26.7
(OCH2CH2CH2); MS (EI) m/z (%): 172 (100) [C12H14N]þ, 188 (12)
[C13H18N]þ, 202 (13) [C14H20N]þ, 216 (83) [C15H22N]þ, 374 (79)
[C25H30N2O]þ, 429 (33) [M]þ. HRMS (ESI): Calcd. for C28H35N3O:
429.278. Found: 429.2801. Bis-chlorhydrate 15$2HCl was prepared
using the usual method to afford a white solid (mp 204e205 �C).
Anal. Calcd. for C28H35N3O$2HCl$4/5H2O: C, 64.05; H, 7.58; N, 8.09.
Found: C, 64.15; H, 7.09; N, 8.25. N-((5-(3-(1-Benzylpiperidin-4-yl)
propoxy)-1-methyl-1H-indol-2-yl)methyl)prop-2-en-1-amine (16):
mp 57e60 �C; IR (KBr) n 3435, 3076, 3060, 2912, 1620, 1490, 1473,
1452, 1203 cm�1; 1H NMR (500 MHz, CDCl3) d 7.32e7.29 (m, 5H,
Ph), 7.16 (d, J ¼ 8.8 Hz, 1H, H7-indole), 7.01 (d, J ¼ 2.5 Hz, 1H, H4-
indole), 6.83 (dd, J ¼ 8.8, 2.5 Hz, 1H, H6-indole), 6.28 (s 1H, H3-
indole), 5.91 (m, 1H, NCH2CH]CH2), 5.21 dd, J ¼ 17.1, 1.5 Hz, 1H,
NCH2CH]CH2), 5.12 (dd, J¼ 10.3,1.5 Hz,1H, NCH2CH]CH2), 3.96 (t,
J ¼ 6.6 Hz, 2H, OCH2CH2CH2), 3.89 [s, 2H, C(2)CH2NHCH2CH]CH2],
3.73 [s, 3H, N(1)CH3], 3.51 (br s, 2H, NCH2Ph), 3.32 (m, 2H,
NHCH2CH]CH2), 2.90 [d, J ¼ 10.2 Hz, 2H, N(CH2)eq], 1.97 [m, 2H,
N(CH2)ax], 1.81e1.78 (m, 2H, OCH2CH2CH2), 1.70e1.68 [m, 2H,
N(CH2)2(CH2)eq], 1.59 (br s, 1H, NHCH2CH]CH2), 1.42e1.40 (m, 2H,
OCH2CH2CH2), 1.30 [m, 3H, N(CH2)2(CH2)axCH]; 13C NMR (126 MHz,
CDCl3) d 153.3 (C5-indole), 139.0 (C2-indole), 136.6 (NHCH]CH2),
133.2 (C7a-indole), 129.3 (C01, Ph), 128.1 (2� CH, Ph), 127.6 (C3a-
indole), 126.9 (2� CH, Ph), 116.2 (NHCH]CH2), 111.9 (C6-indole),
109.5 (C7-indole), 103.4 (C4-indole), 100.2 (C3-indole), 69.1
(OCH2CH2CH2), 63.4 (NCH2Ph), 53.8 [2CH2, N(CH2)2(CH2)2CH], 51.7
[C(2)CH2NCH2C]CH2], 45.1 [C(2)CH2NCH2CH]CH2], 35.5
[N(CH2)2(CH2)2CH], 32.9 (OCH2CH2CH2), 32.2 [N(CH2)2(CH2)2CH],
29.8 [N(1)CH3], 26.8 (OCH2CH2CH2); MS (EI) m/z (%): 172 (52)
[C12H14N]þ, 188 (7) [C13H18N]þ, 202.2 (6) [C14H20N]þ, 216 (45)
[C15H22N]þ, 374 (100) [C25H30N2O]þ, 431 (24) [M]þ; HRMS (ESI):
Calcd. for C28H37N3O: 429.2937. Found: 429.2934. Bis-chlorhydrate
16$2HCl was prepared using the usual method to afford a white
solid (mp 225e226 �C). Anal. Calcd. for C28H37N3O$2HCl$3/5H2O: C,
62.91; H, 7.98; N, 7.86. Found: C, 62.72; H, 7.24; N, 8.19.

4.2. Pharmacology

4.2.1. Cholinesterase activity
Cholinesterase activities were assessed following a spectro-

photometric method [32] using AChE from Electrophorus elec-
tricus (type V-S) and BuChE from equine serum (lyophilized
powder) (SigmaeAldrich, Madrid, Spain). Donepezil and ASS234
were used as standard compounds. Enzymatic reactions took
place in 96-well plates in a final volume of 300 mL containing
0.1 M phosphate buffer (pH 8.0), 0.035 U/ml AChE or 0.05 U/mL
BuChE and 0.35 mM of 5,50-dithiobis-2-nitrobenzoic acid (DTNB,
SigmaeAldrich, Madrid, Spain). Inhibition curves were plotted by
pre-incubating this mixture with serial dilutions of each com-
pound for 20 min at 37 �C. The activity in absence of compound
was always performed to determine the 100% of enzyme activity.
At the end of the pre-incubation period, 50 mL of substrate were
added to a final concentration of 0.35 mM acetylthiocholine io-
dide or 0.5 mM butyrylthiocholine iodide (SigmaeAldrich).
Enzymatic reactions were allowed for 5 min incubation for AChE
and 25 min for BuChE as the yellowish anion 5-thio-2-
nitrobenzoic acid is continuously produced due to the DTNB
oxidation along with the enzymatic degradation of both sub-
strates. Changes in absorbance were detected at 405 nm in a
spectrophotometric plate reader (FluoStar OPTIMA, BMG Lab-
tech). Color generation is reduced as the enzymatic activities are
inhibited by the compounds and IC50 values were calculated at
the compound concentration that produces 50% of enzymatic
activity inhibition by using the GraphPad ‘PRISM’ software
(version 3.0). Data are expressed as mean � SEM of at least three
different experiments performed in triplicate.

4.2.2. Monoamine oxidase activity
Monoamine oxidase activities from recombinant human MAO A

and MAO B (SigmaeAldrich, Madrid, Spain) were performed using
a fluorometric method [33]. Tyramine hydrochloride was used as
substrate for both enzymes in a 96-well black opaque microplates
(OptiPlate-96F, PerkinElmer) in a final volume of 200 mL. Serial
dilutions of each inhibitor were pre-incubated for 30 min at 37 �C
with 0.36 U/mL hMAO A or 0.0675 U/mL hMAO B. Following the
pre-incubations, enzymatic reactions were started by adding 100 ml
of a mixture containing 1 mM tyramine, 0.04 U/ml horseradish
peroxidase (HRP) and 25 mM Amplex UltraRed reagent in 0.25 mM
sodium phosphate (pH 7.4) as final concentrations. The fluores-
cence production associated with peroxidase-coupled production
of resorufin from Amplex UltraRed was continuously measured for
at least one hour at 530 nm in a spectrophotometric plate reader
(FluoStar OPTIMA, BM G Labtech). Control experiments were car-
ried out simultaneously by replacing the inhibitors by distilled
water. In addition, the possible capacity of compounds to modify
the fluorescence generated in the reaction mixture due to non-
enzymatic inhibition was determined by adding these com-
pounds to solutions containing only the Amplex UltraRed reagent
in a sodium phosphate buffer. Substrate-free samples were used as
blanks. Doseeresponse curves were plotted by using the GraphPad
‘PRISM’ software (version 3.0) and IC50 values were accordingly
calculated. Data are expressed as mean � SEM of at least three
different experiments performed in triplicate.

4.3. Molecular modeling

4.3.1. Molecular docking into AChE and BuChE
Compound 15 was assembled as hydrochloride and free base

within Discovery Studio, version 2.1, software package, using
standard bond lengths and bond angles. With the CHARMm force
field [62] and partial atomic charges, the molecular geometry of 15
was energy-minimized using the adopted-based NewtoneRaphson
algorithm. Structures were considered fully optimized when the
energy changes between iterations were less than 0.01 kcal/mol
[63].

4.3.2. Molecular docking of compound 15 into EeAChE
The coordinates of E. electricus AChE (PDB ID: 1C2B), were ob-

tained from the Protein Data Bank (PDB). For docking studies, initial
protein was prepared by removing all water molecules, hetero-
atoms, any co-crystallized solvent and the ligand. Proper bonds,
bond orders, hybridization and charges were assigned using pro-
tein model tool in Discovery Studio, version 2.1, software package.
CHARMm force field was applied using the receptoreligand in-
teractions tool in Discovery Studio, version 2.1, software package.
Docking calculations were performed with the program Autodock
Vina [34]. AutoDockTools (ADT; version 1.5.4) was used to add
hydrogens and partial charges for proteins and ligands using Gas-
teiger charges. Flexible torsions in the ligands were assigned with
the AutoTors module, and the acyclic dihedral angles were allowed
to rotate freely. Trp286, Tyr124, Tyr337, Tyr72, Asp74, Thr75, Trp86,
and Tyr341 receptor residues were selected to keep flexible during
docking simulation using the AutoTors module. Because VINA uses
rectangular boxes for the binding site, the box center was defined
and the docking box was displayed using ADT. For E. electricus AChE
(PDB ID: 1C2B) the docking procedurewas applied towhole protein
target, without imposing the binding site (“blind docking”). Using
the GridBox option, the 3-dimensional parameters for docking the
ligand to the protein were determined; the grid center coordinates
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were x ¼ 21.5911, y ¼ 87.752, z ¼ 23.591 and the size coordinates
were x ¼ 60, y ¼ 60, z ¼ 72 with grid points separated 1 �A. Default
parameters were used except num_modes, which was set to 40.
The AutoDock Vina docking procedure used was previously vali-
dated [64].

4.3.3. Molecular docking of inhibitor 15 into eqBuChE
The eqBuChE model has been retrieved from the SWISS-

MODEL Repository. This is a database of annotated three-
dimensional comparative protein structure models generated by
the fully automated homology-modeling pipeline SWISS-MODEL.
A putative three-dimensional structure of eqBuChE has been
created based on the crystal structure of hBuChE (PDB ID: 2PM8),
these two enzyme exhibited 89% sequence identity. Proper bonds,
bond orders, hybridization and charges were assigned using pro-
tein model tool in Discovery Studio, version 2.1, software package.
CHARMm force field was applied using the receptoreligand in-
teractions tool in Discovery Studio, version 2.1, software package.
Docking calculations were performed following the same protocol
described before for EeAChE. All dockings were performed as
blinds dockings where a cube of 75 �A with grid points separated
1 �A, was positioned at the middle of the protein (x ¼ 29.885;
y ¼ �54.992; z ¼ 58.141). Default parameters were used except
num_modes, which was set to 40. The lowest docking-energy
conformation was considered as the most stable orientation.
Finally, the docking results generated were directly loaded into
Discovery Studio, version 2.1.

4.3.4. Molecular docking of compound 15 into human MAO A/B
Compound 15 was assembled as non-protonated amine within

Discovery Studio, version 2.1, software package, following the
procedure described before for cholinesterases. The crystal struc-
tures of humanMAOA in complex with harmine (PDB ID 2Z5X) and
human MAO B in complex with safinamide (PDB ID 2V5Z) were
obtained from the Protein Data Bank. For docking studies initial
proteins were prepared. First, in the PDB crystallographic structures
any co-crystallized solvent and the ligand were removed. Then,
proper bonds, bond orders, hybridization and charges were
assigned using protein model tool in Discovery Studio, version 2.1,
software package. CHARMm force field was applied using the re-
ceptoreligand interactions tool in Discovery Studio, version 2.1,
software package. Six water molecules located around the FAD
cofactor were considered in the docking experiments because of
their well-known role into the MAO’s inhibition. Finally, atoms of
the FAD cofactor were defined in their oxidized state. Docking
calculations were performed following the same protocol described
before for EeAChE. For MAO-A, the grid center coordinates were
x ¼ 54.181, y ¼ 160.270, z ¼ 22.052 and the size coordinates were
x¼ 50, y¼ 40, z¼ 40with grid points separated 1�A; for MAO-B, the
grid center coordinates were x¼ 55,743, y¼ 161.175, z¼ 19.420 and
the size coordinates were x ¼ 46, y ¼ 40, z ¼ 40 with grid points
separated 1 �A. Default parameters were used except num modes,
which was set to 40. According to Vina best scored poses, the most
stable complex configurations were considered. The docked ligand
output files was viewed and atomic distances and interactions were
analyzed using Discovery Studio.
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Abstract: The design, synthesis, and biochemical evaluation of donepezil-pyridyl hybrids 

(DPHs) as multipotent cholinesterase (ChE) and monoamine oxidase (MAO) inhibitors 

for the potential treatment of Alzheimer’s disease (AD) is reported. The 3D-quantitative 

structure-activity relationship study was used to define 3D-pharmacophores for inhibition of 

MAO A/B, acetylcholinesterase (AChE), and butyrylcholinesterase (BuChE) enzymes and to 

design DPHs as novel multi-target drug candidates with potential impact in the therapy of AD. 

DPH14 (Electrophorus  electricus AChE [EeAChE]: half maximal inhibitory concentration 

[IC
50

] =1.1±0.3 nM; equine butyrylcholinesterase [eqBuChE]: IC
50

 =600±80 nM) was 318-fold 

more potent for the inhibition of AChE, and 1.3-fold less potent for the inhibition of BuChE than 

the reference compound ASS234. DPH14 is a potent human recombinant BuChE (hBuChE) 

inhibitor, in the same range as DPH12 or DPH16, but 13.1-fold less potent than DPH15 for the 

inhibition of human recombinant AChE (hAChE). Compared with donepezil, DPH14 is almost 

equipotent for the inhibition of hAChE, and 8.8-fold more potent for hBuChE. Concerning 

human monoamine oxidase (hMAO) A inhibition, only DPH9 and 5 proved active, compound 

DPH9 being the most potent (IC
50 

[MAO A] =5,700±2,100 nM). For hMAO B, only DPHs 

13 and 14 were moderate inhibitors, and compound DPH14 was the most potent (IC
50 

[MAO 

B] =3,950±940 nM). Molecular modeling of inhibitor DPH14 within EeAChE showed a binding 

mode with an extended conformation, interacting simultaneously with both catalytic and periph-

eral sites of EeAChE thanks to a linker of appropriate length. Absortion, distribution, metabolism, 

excretion and toxicity analysis showed that structures lacking phenyl-substituent show better 

druglikeness profiles; in particular, DPHs13–15 showed the most suitable absortion, distribu-

tion, metabolism, excretion and toxicity properties. Novel donepezil-pyridyl hybrid DPH14 is a 

potent, moderately selective hAChE and selective irreversible hMAO B inhibitor which might 

be considered as a promising compound for further development for the treatment of AD.

Keywords: donepezil-pyridyl hybrids, ChE, MAO, 3D-QSAR, molecular modeling, ADMET

Introduction
Alzheimer’s disease (AD) is a neurodegenerative disorder characterized by demen-

tia and other cognitive impairments.1 Previous biochemical studies indicated that 

amyloid-β (Aβ) deposits,2 hyperphosphorylated τ-protein aggregation,3 and oxidative 

stress4 play crucial roles in the pathophysiology of the disease. AD is characterized 

by a selective loss of cholinergic neurons as a consequence of decreasing levels of 
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acetylcholine (ACh) in specific brain regions that mediate 

memory and learning functions.5 Inhibitors of acetylcholin-

esterase (AChE; EC 1.1.1.7) prevent the hydrolysis of ACh 

and thus increase ACh concentration in the synaptic cleft. 

Donepezil,6 galantamine,7 and rivastigmine8 are US Food and 

Drug Administration (FDA)-approved drugs that improve 

AD symptoms by inhibiting AChE. Also, some symptoms 

of AD are related to the alterations in the dopaminergic9 and 

serotoninergic neurotransmitter systems.10 

Monoamine oxidase (MAO; EC 1.4.3.4) is the enzyme 

that catalyzes the oxidative deamination of various biogenic 

amines,11 rendering the corresponding aldehyde, ammonia, and 

hydrogen peroxide as metabolic products. Thus, MAO inhibi-

tors might increase amine neurotransmission and exert valuable 

biochemical effects in the treatment of AD.11 Increased levels of 

MAO B due to enhanced astrogliosis in the brain of AD patients 

has been reported,12 indicating that dual inhibition of MAO A/B 

may be valuable AD therapy. Beneficial properties of MAO 

inhibitors are also related to the reduction of the formation of 

the reactive oxygen species, which may influence the increased 

neuronal damage.13,14 Finally, recent biochemical and clinical 

studies indicated that the propargylamine group of the MAO 

B inhibitors, such as rasagiline and ladostigil, is responsible 

for neuroprotective, antiapoptotic activities,15–17 and inhibitory 

effect on the Aβ aggregation of these compounds.18 

Because of the multifactorial nature of AD and diverse 

cerebral mechanisms implicated in the control of AD,1,11 

multi-target-directed ligands have been extensively examined 

as novel drug candidates with beneficial effects in therapy 

of AD.7,15,19,20 

In this context, in previous communications from our 

laboratory, we have identified the pyridine structural and 

functional motif affording molecules endowed with cholin-

esterase inhibition potential.21

Our recently synthesized hybrids22 exerted appreciable 

MAO A/B, AChE, and butyrylcholinesterase (BuChE) 

inhibitory activity. These molecules, exemplified by the 

most attractive compound ASS234 (Figure 1), are hybrids 

of donepezil, a potent AChE inhibitor currently used to treat 

AD, and PF9601N, an inhibitor of MAO B,23 connected 

through an appropriate linker to facilitate the binding of both 

N-benzylpiperidine and indole-propargylamine moieties 

at catalytic anionic site (CAS) and peripheral anionic site 

(PAS), respectively, in AChE. 

With these ideas in mind, we have designed, synthesized, 

and submitted to biochemical evaluation donepezil-pyridyl 

hybrids (DPHs) of type I (Figure 1), as multipotent ChE and 
MAO inhibitors. 

In a recent communication we have reported preliminary 

results on DPHs1–8 (Figure 2).24 These compounds are based 

on donepezil and ASS234 by fixing the N-benzylpiperidine 

motif linked by a methylene carbon chain (n=0 to 3) attached 

through an amino group to C2 of a pyridine substituted with 

a phenyl group or a hydrogen at C4, used now as the central 

heterocyclic core instead of the indole motif, while retain-

ing the N(H,Me)-propargylamine moiety at C6. We have 

observed24 that most of these DPHs showed no MAO inhibi-

tion activity, and that the only active compound (DPH5) was 

a very weak MAO A inhibitor (Table 1).24 Consequently, 

more work was needed in order to improve in power and 

selectivity the multipotent profile of our molecules. As a 

result, we have synthesized new DPHs9–16 (Table 1), and 

report here the biochemical evaluation for the inhibition of  

MAO A/B, AChE, and BuChE, as well as a 3D-quantitative 
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Figure 1 General structure of donepezil, ASS234, and donepezil-pyridyl hybrids (DPHs) (l) described here.
Abbreviations: Bn, benzyl; Me, methyl; Ph, phenyl.
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Figure 2 Recently reported donepezil-pyridyl hybrids (DPHs1–8).
Note: Data from Samadi A, Chioua M, Bolea I, et al. Synthesis, biological assessment and molecular modeling of new multipotent MAO and cholinesterase inhibitors as 
potential drugs for the treatment of Alzheimer’s disease. Eur J Med Chem. 2011;46(9):4665–4668.24

Abbreviations: Bn, benzyl; Me, methyl; Ph, phenyl.

Table 1 Inhibition (IC50 [µM]) of Electrophorus electricus acetylcholinesterase (EeAChE), equine serum butyrylcholinesterase (eqBuChE) 
and human monoamine oxidase (hMAO A and hMAO B) by ASS234, donepezil, and DPHs1–16

Drug IC50 (nM)a Selectivity IC50 (nM)a Selectivity

EeAChE eqBuChE BuChE/AChE hMAO A hMAO B MAO B/MAO A

DPH124 1,200±200 100 83 100 100 nd
DPH224 270±52 5,000±700 18 100 100 nd
DPH324 16±2 1,110±30 69 100 100 nd
DPH424 14±1 230±30 16.4 100 100 nd
DPH524 4,000±100 100 25 14,100±3,800 100 7.1
DPH624 13±1 3,100±300 238 100 100 nd
DPH724 530±70 100 189 100 100 nd
DPH824 16±2 100 6,250 100 100 nd
DPH9 23±3 220±10 9.6 5,700±2,100 100 17
DPH10 31±7 100 18,083 100 100 nd
DPH11 19±5 100 5,379 100 100 nd
DPH12 1.7±0.3 840±100  494 100 100 nd
DPH13 6.2±1.4 1,120±160 181 100 6,110±1,400b 0.06
DPH14 1.1±0.3 600±80 545 100 3,950±940 0.039
DPH15 4.7±0.5 2,030±370 434 100 100 nd
DPH16 1.3±0.3 530±60 408 50 50 nd
ASS234 350±10 460±60 1.3 4±1 39±4 9.2 

donepezil 13±10 6,910±1,250 532 100 15,000±2,200 0.15

Notes: aValues are expressed as mean ± standard error of the mean of at least three different experiments in quadruplicate. bResidual activity (10%–20%) was observed. 
Abbreviations: Bn, benzyl; DPHs, donepezil-pyridyl hybrids; nd, not determinable; IC50, concentration of compound that produces 50% activity inhibition; Me, methyl; 
MAO, monoamine oxidase; Ph, phenyl.

structure-activity relationship (QSAR) study used to define 

specific molecular determinants for MAO A/B, AChE, and 

BuChE inhibition and to create QSAR models for evaluation 

of MAO A/B, AChE, and BuChE activity of the designed 

multipotent inhibitors. From this work, we have identified 

the novel donepezil-pyridyl hybrid DPH14 as a moder-

ately potent, selective AChE and MAO B inhibitor, whose 

molecular modeling has also been investigated.
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Materials and methods
General
Melting points were determined on a Koffler apparatus, and are 

uncorrected. Infrared spectra were recorded in a Perkin-Elmer 

apparatus (“Spectrum One”; PerkinElmer Inc., Waltham, MA, 

USA). 1H nuclear magnetic resonance (NMR) and 13C NMR 

spectra were, recorded in deuterated chloroform (CDCl
3
) or 

deuterated dimethylsulfoxide (DMSO-d
6
) at 300, 400, or 500 

MHz and at 75, 100, or 125 MHz, respectively, in a Brucker 

Avance III HD (Brucker Corporation, Billerica, MA, USA) 

apparatus, using solvent peaks [CDCl
3
: 7.27 (D), 77.2 (C) ppm] 

as internal reference. The assignment of chemical shifts was 

based on standard NMR experiments (1H, 13C, DEPT [Distortion-

less Enhancement by Polarization Transfer], COSY, gHSQC, 

gHMBC [2D NMR correlation spectroscopy experiments]). 

High-resolution mass spectrometry spectra were recorded in a 

Hewlett-Packard (Palo Alto, CA, USA) HP-5973 mass selective 

detector apparatus. Mass spectra were recorded on a gas chroma-

tography-mass spectrometry spectrometer with an electrospray 

ionization source in a Hewlett-Packard HP-1100 MSD apparatus. 

Elemental analyses were performed at Centro Quimica Organica 

(Consejo Superior de Investigaciones Cientificas, Madrid, Spain) 

in a Carlo Erba (Milan, Italy) instrument (CHNS/O EA1108). 

Thin-layer chromatography were performed on silica F254 and 

detection by ultraviolet light at 254 nm or by charring with either 

ninhydrin, anisaldehyde, or phosphomolybdic-H
2
SO

4
 dyeing 

reagents. Anhydrous solvents were used in all experiments. Col-

umn chromatography was performed on silica gel 60 (230 mesh). 

All known compounds have been synthesized as reported. 

Chemistry
The synthesis of the target DPH molecules was carried 

out as shown in schemes 1 and 2 (Supplementary material 

http://www.iqog.csic.es/iqog/sites/default/files/public/

User/Jos%C3%A9%20Luis%20Marco%20Contelles/

Supplementary%20material.pdf).

Target DPHs py(C6)N(Me)propargylamines 9, 13, and 14 

have been synthesized starting from known intermediates 2,6-

dichloro-4-phenylpyridine-3,5-dicarbonitrile (17)25 and 2,6-di

chloropyridine-3,5-dicarbonitrile (18),26 easily prepared from 

readily available precursors 2-amino-6-chloro-4-phenylpyri-

dine-3,5-dicarbonitrile27 and 2-amino-6-chloropyridine-3,5-

dicarbonitrile,28 respectively. The reaction of pyridines 17 and 

18 with N-methylprop-2-yn-1-amine afforded pyridines 1924 

and 20,24 respectively, is shown in Figure 3. In the synthesis 

of compound 20, minor amounts of N,N′-di(C2,6)alkylated 

product were isolated and characterized (Supplementary 

material http://www.iqog.csic.es/iqog/sites/default/files/

public/User/Jos%C3%A9%20Luis%20Marco%20Contelles/

Supplementary%20material.pdf). Next, the reaction of com-

pound 19 with 4-(1-benzylpiperidin-4-yl)butan-1-amine (22)29 

gave the desired target compound DPH9 in good yield (Figure 

3). Similarly, the reaction of 20 with amines 3-(1-benzylpiperi-

din-4-yl)propan-1-amine (21),30 and 2229 gave the desired target 

compounds DPHs13 and 14 in good yields (Figure 3). 

Next, we attacked the synthesis of target DPHs py(C6)

N(H)propargylamines 10–12, 15, and 16. Thus, the reac-

tion of 2,6-dichloropyridine 1725 with propargylamine gave 

2-chloro-4-phenyl-6-(prop-2-yn-1-ylamino)pyridine-3,5-

dicarbonitrile (23) (Figure 4) that after coupling with amines 

2-(1-benzylpiperidin-4-yl)ethanamine (24),31 21,30 and 2229 

cleanly afforded the desired target molecules DPHs10–12 

in good overall yield (Figure 4). Finally, the synthesis of 

DPHs15 and 16 was carried out from the key intermediate 

25 (prepared as usual from precursor 18)26 and reaction with 

amines 21 and 22, respectively (Figure 4).

Figure 3 Synthesis of target DPHs 9, 13, and 14.
Abbreviation: Bn, benzyl; DPHs, donepezil-pyridyl hybrids; EtOH, ethanol; Me, methy; Ph, phenyl; TEA, triethylamine; THF, tetrahydrofuran.
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Figure 4 Synthesis of target DPHs10–12, 15, and 16.
Abbreviation: Bn, benzyl; DPHs, donepezil-pyridyl hybrids; EtOH, ethanol; Ph, phenyl; TEA, triethylamine; THF, tetrahydrofuran.

Biochemical methods
Inhibition experiments of AChE and BuChE
To assess the inhibition of the activities of AChE from Elec-

trophorus electricus (type V-S), human recombinant AChE 

(hAChE) or BuChE from equine serum (lyophilized powder) 

and human recombinant BuChE (hBuChE) (Sigma-Aldrich 

Co., St Louis, MO, USA), the spectrophotometric method 

of Ellman was followed.32 The reactions took place in a final 

volume of 300 μL in a phosphate-buffered solution (0.1 M) at 

pH 8, containing 116.7 U/L of AChE or 166.7 U/L of BuChE 

and 0.35 mM of 5,5′-dithiobis-2-nitrobenzoic acid (DTNB; 

Sigma-Aldrich Co.). Inhibition curves were made by pre-in-

cubating this mixture with at least nine concentrations of each 

compound for 20 minutes. A sample with no compound was 

always present to determine the 100% of the enzyme activity. 

After this pre-incubation period, 0.35 mM acetylthiocholine 

iodide or 0.5 mM butyrylthiocholine iodide (Sigma-Aldrich 

Co.) were added, allowing the enzymatic reaction for 5 min-

utes with AChE and 30 minutes with BuChE while the DTNB 

produces the yellow anion 5-thio-2-nitrobenzoic acid along 

with the enzymatic degradation of the substrates. Changes in 

absorbance were detected at 405 nm in a spectrophotometric 

plate reader (FluoStar OPTIMA; BMG Labtech, Ortenberg, 

Germany). Compounds inhibiting AChE or BuChE activity 

would reduce the color generation, thus the half maximal 

inhibitory concentration (IC
50

) values were calculated as 

the concentration of compound that produces 50% activity 

inhibition. Data are expressed as means ± standard error of 

the mean (SEM) of at least three different experiments in 

quadruplicate.

Inhibition experiments of MAO A/B
MAO activities from recombinant human MAO A/B 

(Sigma-Aldrich Co.) were performed using a fluorometric 
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method.33 Tyramine hydrochloride was used as substrate 

for both enzymes in a 96-well black opaque microplate 

(OptiPlate-96F, PerkinElmer Inc.) in a final volume of 

200 µL. Serial dilutions of each inhibitor were pre-incubated 

for 30 minutes at 37°C with 360 U/L human monoamine oxi-

dase (hMAO) A or 67.5 U/L hMAO B. Following the pre-in-

cubations, enzymatic reactions were started by adding 100 µL 

of a mixture containing 1 mM tyramine, 40 U/L horseradish 

peroxidase, and 25 µM Amplex UltraRed (Life Technologies, 

Eugene, OR, USA) reagent in 0.25 mM sodium phosphate 

pH 7.4 as final concentrations. The fluorescence production 

associated with peroxidase-coupled production of resorufin 

from Amplex UltraRed was constantly measured for at least 1 

hour at 530 nm in a spectrophotometric plate reader (FluoStar 

OPTIMA, BMG Labtech). Control experiments were carried 

out simultaneously by replacing the inhibitors with distilled 

water. In addition, the possible capacity of compounds to 

modify the fluorescence generated in the reaction mixture 

due to nonenzymatic inhibition was determined by adding 

these compounds to solutions containing only the Amplex 

UltraRed reagent in a sodium phosphate buffer. Samples 

with no substrate were used as blanks. 

Determination of IC50 values
IC

50
 values were determined from dose–response curves, 

plotted by using the GraphPad “PRISM” software (version 

3.0; GraphPad Software, Inc., La Jolla, CA, USA), as the 

inhibitor concentration producing 50% of activity inhibition. 

Data are expressed as mean ± SEM of at least three different 

experiments performed in triplicate.

Test of reversibility inhibition of human  
recombinant MAO B by DPH14
Reversibility of MAO B inhibition by DPH14 was determined 

by studying the recovery of the enzymatic activity after a large 

dilution of the complex. MAO B concentration of 100-fold 

over the concentration required for the activity assay was 

used with 50 μM DPH14 and 0.5 μM R-deprenyl (as standard 

irreversible MAO B inhibitor), concentrations equivalent to 

10-fold their IC
50 

values previously determined. After 30 min-

utes pre-incubation at 37°C, the mixture was rapidly diluted 

100-fold into reaction buffer containing 40 U/L horseradish 

peroxidase, 25  µM Amplex UltraRed reagent, and 1 mM 

p-tyramine in order to initiate enzymatic reaction. Curves of 

each sample were plotted and compared to that of enzyme 

samples incubated and diluted in absence of inhibitor. After 

enzyme dilutions, enzyme concentrations were equal to that 

used in previous dose-curve experiments, but MAO B concen-

tration changing from 10× IC
50

 to 0.1× IC
50

 upon dilution.

The resulting progress curves were plotted and followed for 

at least 1 hour reaction. Activity rates were calculated and final 

data were expressed as percentage of remaining enzyme activ-

ity as mean ± SEM of at least three different experiments. 

Results and discussion 
Biochemical evaluation
The in vitro activity of DPHs9–16 derivatives inhibiting 

E.  electricus AChE (EeAChE) and equine BuChE 

(eqBuChE) was determined using the Ellman’s method.32 

Donepezil and ASS234 were also assayed for comparative 

purposes. In order to test their potential multipotent profile, 

DPHs9–16 were also evaluated as human recombinant 

MAO A/B inhibitors using a fluorometric assay,33 giving 

the values shown in Table 1, where we have incorporated 

the corresponding IC
50

 values of compound DPHs1–8 for 

comparative purposes.24

Regarding ChEs inhibition, DPHs were very active 

and selective EeAChE versus (vs) eqBuChE inhibitors. 

Particularly, DPH12, 14, and 16 were potent, in the low 

nanomolar range, AChE inhibitors, DPH14 being the most 

active (AChE: IC
50

 =1.1±0.3 nM; BuChE: IC
50

 =600±80 nM), 

exhibiting one of the most active ChE inhibitory potencies 

ever determined by us.34 

DPH14 bears a hydrogen at C4, four methylene groups in 

the chain linker, and an NMe-propargylamine moiety at C6, 

three structural motifs that seem relevant for a strong AChE 

inhibition power in this family of compounds, although struc-

tural changes in these groups still afford potent acetylcho-

linesterase inhibitors (AChEI) (Table 1). As shown in Table 

1, and compared with the reference compound ASS234,22 

DPH14 was 318-fold more potent for the inhibition of AChE, 

but 1.3-fold less active for the inhibition of BuChE, while, by 

comparison with donepezil, DPH14 was 11.8- and 11.5-fold 

more active at inhibiting AChE and BuChE, respectively. 

As shown in Table 1, on-going from DPH1 to DPH4 and 

DPH9, by increasing the linker length (n) from 0 to 4, while 

retaining a phenyl group at C4 and an NMe-propargylamine 

at C6, the most potent AChEI was DPH4 (n=3) (AChE: 

IC
50

 =14±1 nM), 1.6-fold more potent than DPH9 (n=4), 

and in the same range than DPH3 (n=2). Concerning the 

selectivity (BuChE/AChE), DPH1 and DPH3 showed the 

highest values, while DPH9 was the most potent BuChE 

inhibitor (IC
50 

=220±10 nM), similar to DPH4. 

Next, in DPHs5, 10–12 compared to DPHs1, 3, 4, and 

9, the NMe-propargylamine at C6 was changed by an NH-

propargylamine. In this group, the most potent AChEI was 

DPH12 (n=4) (AChE: IC
50

=1.7±0.3 nM), being the only 

active BuChE inhibitor (IC
50

 =840±100 nM). DPH10 and 
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11 were significantly less active than DPH12. It is also 

remarkable that for the same value of n (0, 2, and 3), by com-

paring DPH1 with DPH5 (n=0), DPH3 with DPH10 (n=2), 

and DPH4 with DPH11 (n=3), the most potent was always 

the DPH bearing the NMe-propargylamine moiety, while 

for n=4, by comparing DPH9 with DPH12, the most potent 

was the DPH bearing the NH-propargylamine moiety.

In compounds DPHs6–8, and 13–16 (Table 1), the same 

type of modifications was explored, but instead of a phenyl 

group at C4, a proton was incorporated at the same position.

Concerning DPHs6, 13, and 14, bearing the NMe-

propargylamine moiety at C6, the power and selectivity 

increased from n=2 to 4, DPH14 being the most active 

(AChE: IC
50

  =1.1±0.3 nM; BuChE: IC
50

  =600±80 nM). 

However, compared with DPH9, both bearing the same value 

of n (4) and an NMe-propargylamine moiety at C6, DPH14 

was 20-fold more potent at inhibiting AChE, but 2.7-fold 

less active at inhibiting BuChE. 

Regarding hybrids DPHs7, 8, 15, and 16, bearing an 

NH-propargylamine moiety at C6, the inhibitory potency 

and selectivity also increased from n=0, 2 to 4, DPH16 being 

the most active inhibitor (AChE: IC
50

 =1.3±0.3 nM; BuChE: 

IC
50

 =530±60 nM). DPH12 and DPH16, both bearing the 

same n value (4) and an NH-propargylamine moiety at C6, 

were almost equipotent at inhibiting AChE and BuChE, respec-

tively, but highly selective for the inhibition of AChE. Concern-

ing AChE inhibition, it was also noticed that for the same n 

values (n=2 or 4), DPH6 and DPH8, DPH14 and DPH16, were 

equipotent, whereas comparing DPH13 with DPH15 (n=3), the 

most potent was the DPH15 bearing the NH-propargylamine 

moiety. However, in the BuChE inhibition, for the same n value, 

in the case of DPH6 and 8 (n=2) and DPH13 and DPH15 (n=3), 

the most potent was the DPH bearing the NMe-propargylamine 

moiety, while DPH14 and 16 (n=4)] were equipotent.

Based on these results, the activity of DPHs9, 12–16, 

possessing potent EeAChE/eqBuChE inhibitory profiles, was 

also determined as hAChE and hBuChE inhibitors.

As shown in Table 2, all selected compounds exhibited 

similar trends as previously observed in nonhuman ChEs, 

revealing hAChE-selectivity and displaying IC
50

 values in 

low nanomolar range. DPH15 (IC
50

 =1±0.4 nM) and DPH12 

(IC
50

 =770±140 nM) were the most potent hAChE and 

hBuChE inhibitors, respectively. DPH16 showed the most 

satisfactory balance in terms of inhibitory activity power 

for both enzymes [hAChE (IC
50

 =2.9±0.8 nM); hBuChE 

(IC
50

 =790±110 nM)], but DPH15 was the most selective 

hAChE inhibitor (selectivity index: 1920). Very interestingly, 

DPH14 is still a potent hBuChE inhibitor, in the same range 

as DPH12 or DPH16, but 13.1-fold less potent than DPH15 

for the inhibition of hAChE. Finally, note that DPH16 was 

3.1- and 9.2-fold more active than donepezil for the inhibi-

tion of hAChE and hBuChE, respectively. 

Concerning MAO inhibition by DPHs (Table 1), some 

of them (DPHs10–12, 15, 16) were inactive, or moderate 

inhibitors, such as DPHs9, 5, 13, and 14. Among those active, 

DPH9 [IC
50

 (MAO A) =5,700±2,100 nM] and DPH14 [IC
50

 

(MAO B) =3,950±940 nM] exhibited the most interesting 

profile, as moderately selective MAO A/B inhibitors, respec-

tively, in the low µM range. 

Regarding our multi-target approach, DPH14 showed a 

very potent and slightly selective EeAChE inhibition, and 

a moderately selective hMAO B inhibition activity. DPH5 

showed a potent and selective hAChE inhibition as well as a 

moderate, but selective hMAO A inhibition activity.

Once IC
50

 values were determined as a preliminary evalu-

ation, DPH14 was selected as the most relevant MAO B 

inhibitor to next investigate its mechanism of inhibition.

Thus, the study of reversibility of hMAO B inhibition by 

DPH14 was assessed by pre-incubating for 30 minutes 100-

fold enzyme concentration used in the experiments previously 

described with inhibitor concentrations equivalent to 10-fold 

their IC
50

 values: 50 μM DPH14 and 0.5 μM R-deprenyl, as 

standard irreversible MAO B inhibitor. After pre-incubations, 

the mixture was diluted 100-fold into a buffered solution 

containing 1  mM p-tyramine to recover previous enzyme 

activity levels. Figure 5 shows that initial MAO B inhibition 

by DPH14 (55%) was not recovered after a 100-fold dilution 

in saturated-substrate concentration, suggesting an irreversible 

MAO B inhibition by DPH14. Control tests were carried out 

by pre-incubating and diluting in the absence of inhibitors. 

In order to further characterize the mechanism of hMAO B 

inhibition by DPH14, dose–response curves (IC
50

) were 

Table 2 Inhibition (IC50 [µM]) of human recombinant ace
tylcholinesterase (hAChE) and human recombinant butyry
lcholinesterase (hBuChE) by DPHs9, 12–16, ASS234, and donepezil

Drug IC50 (nM)a Selectivity

hAChE hBuChE BuChE/AChE

DPH9 25±3 1,190±310 48
DPH12 6±1.3 770±140 128
DPH13 26.3±8.1 1,680±240 64
DPH14 13.1±2.1  835±139 64
DPH15 1±0.4 1,920±680 1,920
DPH16 2.9±0.8 790±110 275
ASS234 913±122 1,845±365 2.0
donepezil 9.1±1 7,330±1,136 805

Note: aValues expressed as mean ± standard error of the mean of at least three 
different experiments in quadruplicate.
Abbreviations: DPHs, donepezil-pyridyl hybrids; IC50, concentration of compound 
that produces 50% activity inhibition.
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obtained by varying pre-incubation times (15–60 minutes). 

A time-dependent inhibition was clearly observed since 

IC
50 

values were found to decrease in a pre-incubation time-

dependent manner (Table 3). These findings agree with the 

previously determined irreversible behavior. 

3D-QSAR study of novel DPHs 
The 3D-QSAR study has been carried out on these 

hybrids with main goal to define structural requirements 

for high inhibitory activity on the enzymes involved, 

following the usual methods (Supplementary material 

http://www.iqog.csic.es/iqog/sites/default/files/public/

User/Jos%C3%A9%20Luis%20Marco%20Contelles/

Supplementary%20material.pdf). 

The IC
50

 inhibition values of MAO A/B and AChE/

BuChE by donepezil-pyridine hybrids (Chart S1, Supplemen-

tary material http://www.iqog.csic.es/iqog/sites/default/files/

public/User/Jos%C3%A9%20Luis%20Marco%20Contelles/

Supplementary%20material.pdf), and 37 donepezil-indole 

(Charts S2 and S3, Supplementary material http://www.iqog.

csic.es/iqog/sites/default/files/public/User/Jos%C3%A9%20

Luis%20Marco%20Contelles/Supplementary%20material.

pdf)22–24 derivatives were used for the 3D-QSAR study. In 

the examined data set, the pIC
50

 (MAO A) interval spanned 

6 log units (3.07–9.10), the pIC
50

 (MAO B) interval was 6.6 

log units (4.00–10.60), the pIC
50

 (AChE) activity was 4.2 log 

units (4.00–8.17), and pIC
50

 (BuChE) activity was 2.6 log 

units (4.00–6.64). Relatively wide activity interval of the 

training set provides extensive applicability domain for the 

formed 3D-QSAR models. 

Hydrogen bond acceptor (HBA) properties of O-bridge 

create crucial favorable interactions (v892: N1-TIP) (Figure 

S1, Supplementary material http://www.iqog.csic.es/iqog/

sites/default/files/public/User/Jos%C3%A9%20Luis%20

Marco%20Contelles/Supplementary%20material.pdf) for 

MAO A inhibiting activity with steric properties of the 

propargylamine moiety (Donz-D4/Donz-D9, Figure S2a/B, 

Supplementary material http://www.iqog.csic.es/iqog/

sites/default/files/public/User/Jos%C3%A9%20Luis%20

Marco%20Contelles/Supplementary%20material.pdf). The 

unsaturated bond of the propargylamine moiety also forms 

a favorable interaction (v287: TIP-TIP, v344: TIP-TIP) 

with the nearest terminal hydrogen (Donz-D4/Donz-D9, 

Figure  S2a/B, Supplementary material http://www.iqog.

csic.es/iqog/sites/default/files/public/User/Jos%C3%A9%20

Luis%20Marco%20Contelles/Supplementary%20material.

pdf). The 3D-QSAR study confirmed previous experimen-

tal findings,22–23 which indicated the essential role of the 

propargylamine moiety for the MAO A inhibiting activity. 

Substitution of the terminal hydrogen of propargylamine 

moiety (Donz-D4/Donz-D9, Figure S2a/B, Supplementary 

material http://www.iqog.csic.es/iqog/sites/default/files/

public/User/Jos%C3%A9%20Luis%20Marco%20Con-

telles/Supplementary%20material.pdf) with bulky groups 

could enhance MAO A inhibiting activity of the examined 

compounds by facilitating the favorable interactions (v892: 

N1-TIP, v287: TIP-TIP, v344: TIP-TIP). 

Also, HBA O-bridge forms very specific unfavor-

able interactions (v854: N1-TIP and v868: N1-TIP) with 

N-Me group of the indole moiety (Donz-D9, Figure S2B, 

Supplementary material http://www.iqog.csic.es/iqog/

sites/default/files/public/User/Jos%C3%A9%20Luis%20

Marco%20Contelles/Supplementary%20material.pdf). 

Furthermore, the N-Me group of the indole moiety forms 

unfavorable interactions (v301: TIP-TIP, v325: TIP-TIP, 

and v332: TIP-TIP) with meta/para positions of the benzyl 

moiety (Donz-D4/Donz-D9, Figure S2a/B, Supplementary 

material http://www.iqog.csic.es/iqog/sites/default/files/
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Figure 5 Assessment of reversibility of hMAO B activity inhibited by DPH14 
(50 μM) and R-deprenyl (500 nM). 
Notes: hMAO B was pre-incubated with each inhibitor for 30 minutes and remain
ing activity was measured prior and following a rapid 100-fold dilution with 1 mM 
tyramine. No changes were observed in enzyme inhibition by DPH14 revealing an 
irreversible inhibitory behavior. Bars expressed as mean ± standard error of the 
mean of at least three different experiments.
Abbreviations: hMAO B, human monoamine oxidase B; DPH, donepezil-pyridyl 
hybrid; Depr, R-deprenyl; NT, non-treated. 

Table 3 Time-dependent inhibition (IC50) of human recombinant 
MAO B by DPH14 following different pre-incubation times

Pre-incubation time (minutes) IC50 (nM)a

15 64,800±11,900
30 3,260±860
45 205±44
60 2.7±0.4

Note: aValues expressed as mean ± standard error of the mean of at least three 
different experiments in quadruplicate.
Abbreviations: MAO B, monoamine oxidase B; DPH, donepezil-pyridyl hybrid; 
IC50, concentration of compound that produces 50% activity inhibition.
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public/User/Jos%C3%A9%20Luis%20Marco%20Contelles/

Supplementary%20material.pdf).

Finally, the HBD properties of the N-atom in the piper-

idinyl or piperazinyl moiety create very specific unfavorable 

interactions (v783: O-TIP) with meta positions of the benzyl 

moiety (Donz-D4/Donz-D9, Figure S2a/B, Supplemen-

tary material http://www.iqog.csic.es/iqog/sites/default/

files/public/User/Jos%C3%A9%20Luis%20Marco%20

Contelles/Supplementary%20material.pdf). 

Therefore, substitution of the methyl group with hydro-

gen in the N-Me group of the indole could enhance MAO A 

inhibiting activity, while bulky groups in meta/para positions of 

the benzyl moiety could decrease MAO A inhibiting activity.

The HBA group of compounds does not have propar-

gylamine moiety to form essential pharmacophores (v287: 

TIP-TIP and v892: N1-TIP) for MAO A inhibiting activity.

Predictive potential of the developed 3D-QSAR (MAO A) 

model was tested by use of leave-one-out cross validation 

of the training set (Q2: 0.87, R2
Observed vs Predicted

: 0.977, and 

root mean square error of estimation [RMSEE]: 0.229) and 

verification set (R2
Observed vs Predicted

: 0.804 and root mean square 

error of prediction [RMSEP]: 0.578) (Table S1, Supplemen-

tary material http://www.iqog.csic.es/iqog/sites/default/files/

public/User/Jos%C3%A9%20Luis%20Marco%20Contelles/

Supplementary%20material.pdf). The obtained statistical param-

eters indicated that the created 3D-QSAR (MAO A) model has 

good prognostic capacity for MAO A inhibiting activity.

Hydrogen bond donor (HBD) properties of amino 

groups of propargylamine and indole moieties create very 

specific favorable interactions (v765: O-TIP, v775: O-TIP) 

(Figure S3, Supplementary material http://www.iqog.csic.

es/iqog/sites/default/files/public/User/Jos%C3%A9%20

Luis%20Marco%20Contelles/Supplementary%20material.

pdf) for MAO B inhibiting activity with unsaturated back 

chain (Donz-D3/Donz-D5, Figure S4a/B, Supplemen-

tary material http://www.iqog.csic.es/iqog/sites/default/

files/public/User/Jos%C3%A9%20Luis%20Marco%20

Contelles/Supplementary%20material.pdf). Thus, new elec-

tron-donating groups in propargylamine or indole moiety 

could increase electron densities of the groups and therefore 

selectively enhance MAO B activity of the compounds. The 

propargylamine group creates favorable interaction (v295: 

TIP-TIP, v314: TIP-TIP) with N-CH
3
 group of the indole 

moiety, and also forms favorable interaction with meta/para 

positions of the benzyl moiety (Donz-D3/Donz-D5, Figure 

S4a/B, Supplementary material http://www.iqog.csic.

es/iqog/sites/default/files/public/User/Jos%C3%A9%20

Luis%20Marco%20Contelles/Supplementary%20material.

pdf). Therefore, substitution of the methyl substituent on 

N-atom of the indole moiety and meta/para positions of 

the benzyl moiety with ethyl or other bulkier group could 

selectively increase MAO B activity of the compounds. 

The 3D-QSAR study confirmed previous experimental 

findings15–17 that propargylamine moiety has essential posi-

tive influence on the MAO B inhibiting activity. 

Also, the hydrophobic part of the propargylamine moiety 

forms unfavorable interactions (v477: N1-DRY, v527: N1-DRY) 

with HBA ortho-C-atom of the benzyl moiety (Donz-D3, Fig-

ure S4A, Supplementary material http://www.iqog.csic.es/

iqog/sites/default/files/public/User/Jos%C3%A9%20Luis%20

Marco%20Contelles/Supplementary%20material.pdf). There-

fore, electron withdrawing groups at meta/para positions of the 

benzyl moiety could enhance MAO B inhibiting activity of the 

examined compounds.

The HBA group of compounds does not have propar-

gylamine moiety to form essential pharmacophores (v765: 

O-TIP, v775: O-TIP, v295: TIP-TIP, and v314: TIP-TIP) for 

MAO B inhibiting activity.

Predictive potential of the developed 3D-QSAR (MAO B) 

model was tested by use of leave-one-out cross validation of 

the training set (Q2: 0.82, R2
Observed vs Predicted

: 0.956, and RMSEE: 

0.314) and verification set (R2
Observed vs Predicted

: 0.924 and RMSEP: 

0.410) (Table S2, Supplementary material http://www.iqog.

csic.es/iqog/sites/default/files/public/User/Jos%C3%A9%20

Luis%20Marco%20Contelles/Supplementary%20material.

pdf). The obtained statistical parameters indicated that the 

created 3D-QSAR (MAO B) model has good prognostic 

capacity for MAO B inhibiting activity.

HBD properties of N-atom in the piperidine ring and 

secondary N-atom in the propargylamine group create very 

specific unfavorable interactions (v133: O-O) (Figure S5, 

Supplementary material http://www.iqog.csic.es/iqog/

sites/default/files/public/User/Jos%C3%A9%20Luis%20

Marco%20Contelles/Supplementary%20material.pdf) 

for AChE inhibition (DPH8, Figure S6A, Supplementary 

material http://www.iqog.csic.es/iqog/sites/default/files/

public/User/Jos%C3%A9%20Luis%20Marco%20Contelles/

Supplementary%20material.pdf). Thus, extension of the 

N-alkyl bridge could selectively enhance AChE inhibiting 

activity of the pyridine derivatives.

HBD feature of N-atom in piperidinyl moiety creates 

very specific unfavorable interaction (v678: O-N1) with 

the cyano group (DPH4, Figure S6B, Supplementary mate-

rial http://www.iqog.csic.es/iqog/sites/default/files/pub-

lic/User/Jos%C3%A9%20Luis%20Marco%20Contelles/

Supplementary%20material.pdf). The propargylamine group 

creates unfavorable interactions (v334: TIP-TIP) with meta/

para position of benzyl moiety (DPH8 and 4, Figure S6a/B, 
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Supplementary material http://www.iqog.csic.es/iqog/sites/

default/files/public/User/Jos%C3%A9%20Luis%20Marco%20

Contelles/Supplementary%20material.pdf). All these results 

indicated that extension of the N-alkyl bridge could selectively 

decrease three very specific unfavorable interactions, v133: O-O, 

v334: TIP-TIP, and v678: O-N1, and therefore significantly 

enhance AChE inhibiting activity of the pyridine derivatives. 

HBA feature of N-atom in the pyridine ring creates 

favorable interactions with meta/para position of benzyl 

moiety (v895: N1-TIP) for AChE inhibition (DPH8 and 4, 

Figure  S6a/B, Supplementary material http://www.iqog.

csic.es/iqog/sites/default/files/public/User/Jos%C3%A9%20

Luis%20Marco%20Contelles/Supplementary%20material.

pdf). The propargylamine moiety creates crucial favorable 

interaction with hydrophobic phenyl substituent of the pyri-

dine moiety (v803: DRY-TIP) (DPH4, Figure S6B, Supple-

mentary material http://www.iqog.csic.es/iqog/sites/default/

files/public/User/Jos%C3%A9%20Luis%20Marco%20

Contelles/Supplementary%20material.pdf). Therefore, phenyl 

substituent in the pyridine ring is able to selectively enhance 

AChE inhibiting activity. Since meta position of the phenyl 

substituent of the pyridine moiety forms one unfavorable inter-

action with N-atom of the pyridine ring (v909: N1-TIP), sub-

stitution of the meta position of the phenyl substituent could 

result in decrease of AChE inhibiting activity (DPH4, Figure 

S6B, Supplementary material http://www.iqog.csic.es/iqog/

sites/default/files/public/User/Jos%C3%A9%20Luis%20

Marco%20Contelles/Supplementary%20material.pdf).

HBD properties of N-bridge forms a very specific favor-

able interaction (v785: O-TIP) with the propargylamine 

group (DPH8 and 4, Figure S6A/B, Supplementary mate-

rial http://www.iqog.csic.es/iqog/sites/default/files/public/

User/Jos%C3%A9%20Luis%20Marco%20Contelles/

Supplementary%20material.pdf).

Predictive potential of the developed 3D-QSAR (AChE) 

model was tested by use of leave-one-out cross validation 

of the training set (Q2: 0.87, R2
Observed vs Predicted

: 0.979, and 

RMSEE: 0.203) and verification set (RMSEP: 0.574). The 

obtained statistical parameters indicated that the created 

3D-QSAR (AChE) model has good prognostic capacity for 

AChE inhibiting activity.

HBD feature of N-atom in piperidinyl moiety creates 

crucial favorable interactions (v690: O-N1) (Figure S7, 

Supplementary material http://www.iqog.csic.es/iqog/

sites/default/files/public/User/Jos%C3%A9%20Luis%20

Marco%20Contelles/Supplementary%20material.pdf) for 

BuChE inhibition with the HBA properties of N-atom of the 

pyridine ring (DPH3 and 4, Figure S8a/B, Supplementary 

material http://www.iqog.csic.es/iqog/sites/default/files/

public/User/Jos%C3%A9%20Luis%20Marco%20Contelles/

Supplementary%20material.pdf).

HBA feature of N-atom in the pyridine ring also creates 

a crucial favorable interaction (v984: N1-TIP) with meta/

para position of benzyl moiety (DPH3 and 4, Figure S8a/B, 

Supplementary material http://www.iqog.csic.es/iqog/

sites/default/files/public/User/Jos%C3%A9%20Luis%20

Marco%20Contelles/Supplementary%20material.pdf).

The propargylamine group creates two favorable interac-

tions (v334: TIP-TIP, v351: TIP-TIP) with meta/para position 

of benzyl moiety (DPH3 and 4, Figure S8a/B, Supplemen-

tary material http://www.iqog.csic.es/iqog/sites/default/files/

public/User/Jos%C3%A9%20Luis%20Marco%20Contelles/

Supplementary%20material.pdf). 

The propargylamine (DPH3, Figure S8A, Supplementary 

material http://www.iqog.csic.es/iqog/sites/default/files/

public/User/Jos%C3%A9%20Luis%20Marco%20Contelles/

Supplementary%20material.pdf) or benzyl (DPH4, Figure 

S8B, Supplementary material http://www.iqog.csic.es/iqog/

sites/default/files/public/User/Jos%C3%A9%20Luis%20

Marco%20Contelles/Supplementary%20material.pdf) moi-

eties create crucial favorable interactions (v317: TIP-TIP) 

with phenyl substituent of the pyridine ring. Therefore, the 

donepezil-pyridine hybrids with phenyl substituent in the 

pyridine ring are good leads for further design of novel mul-

tipotent ligands. Since meta position of the phenyl substituent 

of the pyridine moiety forms one unfavorable interaction 

with N-atom of the pyridine ring (v884: N1-TIP), substitution 

of the meta position of the phenyl substituent could result in 

decrease of BuChE inhibiting activity (DPH3 and 4, Figure 

S8B, Supplementary material http://www.iqog.csic.es/iqog/

sites/default/files/public/User/Jos%C3%A9%20Luis%20

Marco%20Contelles/Supplementary%20material.pdf).

HBA properties of cyano group of compound DPH3 

forms a crucial unfavorable interaction (v907: N1-TIP) with 

meta position of benzyl moiety, while the compounds with 

longer N-alkyl chain (such as compound DHH4) do not 

create the v907: N1-TIP unfavorable interaction for BuChE 

inhibiting activity (DPH3 and 4, Figure S8A/B, Supplemen-

tary material http://www.iqog.csic.es/iqog/sites/default/files/

public/User/Jos%C3%A9%20Luis%20Marco%20Contelles/

Supplementary%20material.pdf). 

These results indicated that extension of the N-alkyl 

bridge could decrease unfavorable interaction, v907: N1-TIP, 

and therefore influence a modest increase of BuChE inhibit-

ing activity.

Predictive potential of the developed 3D-QSAR (BuChE) 

model was tested by use of leave-one-out cross validation 

of the training set (Q2: 0.78, R2
Observed vs Predicted

: 0.931, and 
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RMSEE: 0.254) and verification set (R2
Observed vs Predicted

: 0.619 

and RMSEP: 0.550). The obtained statistical parameters 

indicated that the created 3D-QSAR (BuChE) model has 

good prognostic capacity for BuChE inhibiting activity.

The created 3D-QSAR models were further applied for 

design of novel multipotent inhibitors, prediction of their 

inhibitory activity on the enzymes, and for selection of the 

most promising ligands. Results of the 3D-QSAR (AChE) 

study were mainly applied for design of novel multipotent 

MAO/ChE ligands with strong AChE inhibiting activity 

(Figure 2). Since the QSAR (AChE) study indicated that 

the longer N-butyl bridge and phenyl substituent in the pyri-

dine ring are crucial for enhancement of AChE inhibiting 

activity of the donepezil-pyridine derivatives, several new 

donepezil-pyridine hybrids have been designed, examined for 

MAO/ChE inhibiting activity. Since the designed compounds 

contain unique N-butyl bridge between two pharmacophores, 

while the QSAR-training set ligands contain O-methyl, 

O-ethyl, O-propyl, N-methyl, N-ethyl, and N-propyl, bridge, 

relatively good agreement was obtained between QSAR-

predicted and observed MAO/ChE inhibiting activity for the 

novel compounds. The designed compounds with 3D-QSAR 

predicted pIC
50

 (AChE) 6.0 were selected for synthesis 

(Table 1) and examined in vitro (Tables 4 and 5).

Next, we have investigated the molecular modeling of 

compound DPH14 following the usual methods (Supplemen-

tary material http://www.iqog.csic.es/iqog/sites/default/files/

public/User/Jos%C3%A9%20Luis%20Marco%20Contelles/

Supplementary%20material.pdf).

Molecular modeling of compound DPH14
Inhibition of AChE and BuChE
The ligand-enzyme binding interactions of the potent ChE 

inhibitor DPH14, (EeAChE IC
50

 =0.0011±0.0003 µM; 

eqBuChE IC
50

 =0.60±0.08 µM) were investigated by molecu-

lar modeling studies. We have used the 3D structure of the 

enzyme species (EeAChE and eqBuChE), which was also 

used for the biochemical studies.

Docking simulations of EeAChE (Protein Data Bank 

[PDB]: 1C2B) and compound DPH14 were performed using 

Autodock Vina program (Molecular Graphics Laboratory, 

Scripps Research Institute, La Jolla, CA, USA).35 The bind-

ing site for docking was designed so that the entire receptor 

molecule was included within the selection grid. Autodock 

Vina introduces side chain flexibility into the target mac-

romolecule. Eight side chains, Trp286, Tyr124, Tyr337, 

Tyr72, Asp74, Thr75, Trp86, and Tyr341, are allowed to 

change their conformations at the same time as the ligand 

that is being docked. 

The docking study of inhibitor DPH14 within EeAChE 

indicates that two major binding modes at the enzyme-

binding site can be proposed. In Figure 6, the two most 

favored binding modes are presented along with the first 

shell of residues surrounding DPH14. In both modes, com-

pound DPH14 showed a binding mode with an extended 

conformation and interacted simultaneously with both 

catalytic and peripheral site of EeAChE thanks to a linker 

of appropriate length.

In Mode I (Figure 6A; binding energy: -13.1 kcal/mol), 

the N-benzylpiperidine structural motif was oriented toward 

the PAS, where the benzene ring was stacked over Trp286 

and Tyr124. The pyridine ring was positioned at the bottom 

of the active site and it was stacked between Trp86 and a 

tyrosine pocket comprising Tyr124, Tyr337, and Tyr341. 

This ligand also showed hydrophobic interactions with 

His447 at the choline-binding site.

In Mode II (Figure 6B; binding energy: -11.9 kcal/mol), 

the ligand is oriented the other way around than in Mode I. 

As can be seen in Figure 6B, compound DPH14 had several 

Table 4 Experimental and QSAR activities of novel MAO A and 
MAO B inhibitors

ID Data  
set

pIC50  
(MAO A)

Pred-pIC50  
(MAO A)

pIC50  
(MAO B)

Pred-pIC50  
(MAO B)

T1 DPH9 4.936 5.089 6.658 4.030
T2 DPH10 4.000 4.277 4.000 4.713

T3 DPH11 4.000 3.391 4.000 4.105

T4 DPH12 4.000 3.945 6.215 4.393

T5 DPH13 4.000 3.360 5.924 5.290

T6 DPH14 4.000 4.134 6.260 4.342

T7 DPH15 4.000 3.571 5.693 5.215

T8 DPH16 4.273 4.628 6.292 3.911

Abbreviations: QSAR, quantitative structure-activity relationship; ID; compound 
identification name; MAO A, monoamine oxidase A; MAO B, monoamine 
oxidase B; DPH, donepezil-pyridyl hybrid; pIC50, predicted half maximal inhibitory 
concentration; Pred-pIC50, predicted half maximal inhibitory concentration.

Table 5 Experimental and QSAR activities of novel EeAChE and 
eqBuChE inhibitors

ID Data  
set

pIC50  
(EeAChE)

Pred-pIC50  
(EeAChE)

pIC50  
(eqBuChE)

Pred-pIC50  
(eqBuChE)

T1 DPH9 7.638 6.204 6.658 5.353
T2 DPH10 9.824 7.742 4.000 5.686
T3 DPH11 9.959 7.189 4.000 5.681
T4 DPH12 11.678 7.579 6.215 4.826
T5 DPH13 8.208 8.071 5.924 4.693
T6 DPH14 9.131 7.284 6.260 4.920
T7 DPH15 8.328 7.768 5.693 4.858
T8 DPH16 9.959 6.850 6.292 5.972

Abbreviations: QSAR, quantitative structure-analysis relationship; ID; compound 
identification name; Pred, predicted; DPH, donepezil-pyridyl hybrid; pIC50, predicted 
half maximal inhibitory concentration; EeAChE, Electrophorus electricus acetylcho
linesterase; eqBuChE, equine serum butyrylcholinesterase.
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Figure 6 Binding mode of inhibitor DPH14 at the active site of EeAChE. 
Notes: (A) Mode I, compound DPH14 is illustrated in violet. (B) Mode II, compound DPH14 is illustrated in blue. Ligands are rendered as balls and sticks and the side 
chains conformations of the mobile residues are illustrated in the same color as the ligand. Different sub-sites of the active site were colored: catalytic triad (CT) in green, 
oxyanion hole (OH) in pink, anionic sub-site (AS) in orange, except Trp86, acyl binding pocket (ABP) in yellow, and PAS in light blue. Black dashed lines are drawn among 
atoms involved in hydrogen bond interactions. 
Abbreviations: DPH, donepezil-pyridyl hybrid; PAS, peripheral anionic site; EeAChE, Electrophorus electricus acetylcholinesterase.

interactions along the active site of EeAChE. Near the bottom 

of the gorge, the phenyl ring stacked against the Trp86 indole 

ring. At the top of the gorge, the pyridine ring and Trp286 

indole ring formed a favorable face-to-face π–π interaction. The 

nitrogen of the cyano group was undergoing hydrogen bonding 

with the hydroxyl group of Tyr72. The amino-alkyl linker was 

positioned midway through the active site gorge and the NH 

group was undergoing hydrogen bonding with the hydroxyl 

group of Tyr124 and the carboxylate group of Asp74. 

On the other hand, the docking study of DPH14 within the 

active site of eqBuChE was also carried out. In the absence 

of X-ray structure of eqBuChE, a homology model was used. 

SWISS-MODE,36–38 accesible via the ExPASy web server 

(http://swissmodel.expasy.org/), a fully automated protein 

structure homology-modeling server was used to design the 

receptor. A putative 3D structure of eqBuChE has been cre-

ated based on the crystal structure of hBuChE (pdb: 2PM8) 

as these two enzymes exhibited 89% sequence identity. 

In order to simulate the binding of compound DPH14 

to eqBuChE, docking experiments were performed as blind 

dockings following the same computational protocol used 

for EeAChE. As depicted in Figure 7, compound DPH14 

was well accommodated inside the active site gorge and 

two major binding modes (Modes I and II) can be pro-

posed. In both modes, compound DPH14 showed a binding 

mode with a U-shaped conformation. Modes I and II (Fig-

ure 7a and b) placed the substituted-pyridine moiety into 

the binding pocket interacting with the residues involved in 

catalysis. In these orientations, the phenyl moieties interact 

with Trp82 allowing π–π stacking interactions.

In Mode I (Figure 7A; binding energy: -9.3 kcal/mol), a 

close examination of the first shell of residues surrounding 

DPH14 revealed that the cyano group formed a hydrogen 

bond with the hydroxyl of Ser198. The NH group of the 

linker formed a hydrogen bond with residue Leu286. The 

bound ligand is also stabilized by hydrophobic interactions 

with the catalytic triad residue His438. 

In Mode II (Figure 7B; binding energy: -9.8 kcal/mol), 

two hydrogen bonds were observable. Compound DPH14 

preserved the hydrogen bond already observed in Mode I, and 

it is established between the cyano group and the hydroxyl 

group of Ser198. The NH group of the protonated piperidine 

ring was also undergoing hydrogen-bonding interaction with 

the hydroxyl group of Tyr332.

Analysis of the intermolecular interactions indicated 

key residues responsible for ligand binding. The cyano 

group is likely to be an important feature for these 

derivatives to exhibit both AChE- and BuChE-inhibitory 

activities.

It is significant to note that the linear conformation allows 

DPH14 (Modes I and II) to span both CAS and PAS that 

contributes to its superior binding toward EeAChE.

Inhibition of MAO A and MAO B
In order to explore the nature of the ligand–receptor interac-

tions, the ligand was docked to the active site of both MAO A 

and MAO B isoforms using the program Autodock Vina.35 

We have focused on the compound DPH14, which showed 

the best hMAO B (IC
50

 =3.95±0.94 µM) inhibitory activity, 

with very significant EeAChE inhibitory potency.
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Figure 7 Complexes of compound DPH14 and eqBuChE homology built 3D-model. 
Notes: (A) Mode I, compound DPH14 is illustrated in violet (B) Mode II, compound DPH14 is illustrated in blue. Compound DPH14 is rendered as sticks. 
Abbreviations: DPH, donepezil-pyridyl hybrid; eqBuChE, equine serum butyrylcholinesterase; CAS, catalytic active site; PAS, peripheral anionic site.

Since inhibition data were determined on human MAOs, 

docking simulations were run on the human model of the 

MAO A and MAO B isoforms. The 3D structures for hMAOs 

were retrieved from the PDB (PDB ID: 2Z5X for hMAO A 

and PDB ID: 2V5Z for hMAO B). Following the protocol 

previously described for eqBuChE, we have theoretically 

investigated the recognition process between compound 

DPH14 (chosen as reference compound) and hMAOs. 

Results from several studies have shown that it must be 

the neutral amine that reaches the active site of MAO A and 

MAO B that allows the chemistry.39–42 The docking simula-

tions were done with compound DPH14 as neutral species 

despite that at physiological pH, most of the piperidine rings 

would be in the protonated, positively charged form. 

As reported in our previous paper,43 a number of six 

structural water molecules were explicitly considered in the 

docking simulations. These water molecules are labeled as 

w72, w193, w11, w23, w15, and w53 in accordance with 

the numbering reported for the hMAO B crystallographic 

structure (PDB ID: 1S3E) and they are located near the flavin 

adenine dinucleotide (FAD) cofactor.

Figure 8 illustrates the binding mode of DPH14 into the 

hMAO A binding cavity (binding energy: -6.5 kcal/mol). 

Visual inspection of the pose of compound DPH14 into the 

MAO A binding site revealed that the phenyl ring placed in the 

“aromatic cage” framed by Tyr407, Tyr444 side chains, as well 

as the isoalloxazine FAD ring and the aromatic ring is oriented 

to establish π–π stacking interactions with the carbonyl group of 

Gln215 residue. The pyridine moiety is located in a hydrophobic 

core delimited by residues Val93, Leu97, and Ala111. More-

over, the amino group of the propargylamine moiety is also able 

to form a hydrogen bond with Ser209 side chain.

To rationalize the selectivity of MAO A/B, blind docking 

studies of compound DPH14 into the MAO B were done. 

The six structural water molecules selected for hMAO A 

were also included in the study. 

Visual inspection of the pose of compound DPH14 into 

the MAO B binding site revealed that this inhibitor also 

crosses both cavities, presenting the piperidine nucleus 

located between the “entrance” and “catalytic” cavities, 

separated by the residues Ile199 and Tyr326 (Figure 9; 

binding energy: -8.3 kcal/mol). The substituted-pyridine 

ring is oriented toward the bottom of the substrate cav-

ity, interacting with the FAD cofactor as well as Tyr398, 

Tyr435, and Gln206 through van der Waals, hydropho-

bic interactions and π–π interactions. In addition, the 

predicted orientation of the substituted-pyridine moiety 

allowed the interaction of the NH hydrogen of the prop-

argylamine moiety with Cys172, showing a favorable 

geometry for the formation of hydrogen bond between 

the ligand and the receptor. Moreover, the cyano group in 

ortho-position with respect to the propargylamine group 

formed a hydrogen bond with a water molecule. Finally, 

the phenyl ring is oriented to an entrance cavity, a hydro-

phobic sub-pocket, which is defined by Pro102, Thr201, 

Thr314, and Ile316. 

The study confirmed the selectivity of compound DPH14 

for MAO B isoform. Thus, selectivity is likely due to the 
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Figure 8 Docking pose of inhibitor DPH14 into hMAO A. 
Notes: (A) Crystal structure of hMAO A represented in ribbon diagram. Compound DPH14 is represented as green sticks. (B) Amino acid residues of the binding site 
are color-coded. The flavin adenine dinucleotide cofactor (FAD) and the six water molecules are represented as an integral part of the hMAO A structure model and are 
rendered as orange sticks and red balls, respectively. Green dashed lines are drawn among atoms involved in hydrogen bond interactions.
Abbreviations: DPH, donepezil-pyridyl hybrid; hMAO A, human monoamine oxidase A.
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Figure 9 Docking pose of inhibitor DPH14 into hMAO B. 
Notes: (A) The protein structure of hMAO B is rendered as a blue cartoon model. Compound DPH14 is represented as pink sticks. (B) Amino acid residues of the binding 
site are color-coded. The flavin adenine dinucleotide cofactor (FAD) and the six water molecules are represented as an integral part of the hMAO B structure model and 
are rendered as orange sticks and red balls, respectively.
Abbreviations: DPH, donepezil-pyridyl hybrid; hMAO B, human monoamine oxidase B.

orientation of the pyridine and phenyl moieties of DPH14 in 

MAO A and in MAO B. For MAO A, the pyridine system 

was hosted in the entrance cavity and for MAO B this system 

occupied the substrate cavity. Compound DPH14 established 

more interactions with the MAO B active site than with the 

MAO A active site, indicating that DPH14 might interact 

more tightly with MAO B. 

Absortion, distribution, metabolism, 
excretion and toxicity analysis 
Absortion, distribution, metabolism, excretion and toxicity 

(ADMET; ADMET Predictor, v.6.5, Simulations Plus, Inc., 

Lancaster, CA, USA) analysis has been carried out following the 

usual methods (Supplementary material http://www.iqog.csic.es/

iqog/sites/default/files/public/User/Jos%C3%A9%20Luis%20

Marco%20Contelles/Supplementary%20material.pdf).44

Drugs that penetrate the central nervous system (CNS) 

should have lower polar surface areas than other kinds of 

molecules,45 namely, in the range 60–90 Å2. In our study, 

all the compounds present appropriate values. 

The lipophilicity increases with the hydrocarbon 

tether chain, in such a way that DPH4, 9, and the unm-

ethylated structures DPH11 and DPH12 show logP  5 

(and/or MlogP  4.1).46 Similarly, the molecular weight 

of DPHs4, 9, and 12 fall outside the recommended range 

(molecular weight ,500). Therefore, these structures violate 

the Lipinski’s rule of five.47 Moreover, a more rigid rule for 

CNS drug-like characteristics48 (molecular weight 450, 

hydrogen bond donor 3, hydrogen bond acceptors 7, 

logP 5, polar surface area 90, and number of rotatable 

bonds 8) is only satisfied for DPH5 and 6. DPHs13–16 also 

show good values despite being too flexible.
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The blood–brain barrier (BBB) is a separation of circulat-

ing blood and cerebrospinal fluid in the CNS. Predicting BBB 

penetration means predicting whether compounds pass across 

the BBB. This is crucial in drug design because CNS-active 

compounds must pass across it and CNS-inactive compounds 

must not pass across it in order to avoid CNS side effects. 

According to the computed values, one of the models predicts 

that DPHs4, 6, 9–11, 13–16 should be good candidates. In 

particular, DPHs13–15 show a brain penetration sufficient 

for CNS activity.49,50

Peff quantifies permeability across the intestinal mem-

brane and characterizes absorption whether by passive dif-

fusion, active transport, facilitated diffusion, paracellular 

diffusion, or any other mechanism. According to the predic-

tions, all the structures show an adequate permeability to be 

good candidates (Peff 0.1),51 and should be well absorbed 

compounds (% human intestinal absorption).52 Moreover, a 

middle Caco-2 cell permeability is suggested.53 

The human Ether-à-go-go Related Gene (hERG) encodes 

potassium channels, which are responsible for the normal 

repolarization of the cardiac action potential. Blockage or 

any other impairment of these channels in the heart cells 

can lead to fatal cardiac problems. Therefore, drug-induced 

blockage of potassium channels has been a major concern 

for the pharmaceutical industry. DPHs4, 6, 9, 14 and 16 

show hERG liability.54 On other hand, DPHs1–5, 9–12 could 

induce carcinogenicity, whereas none of the molecules is 

predicted to present hepatotoxicity.55

To sum up, the structures lacking phenyl substituent 

show better druglikeness profiles; in particular, DPHs13–15 

present the more suitable ADMET properties of the DPH 

compounds studied here (Table S3, Supplementary mate-

rial http://www.iqog.csic.es/iqog/sites/default/files/public/

User/Jos%C3%A9%20Luis%20Marco%20Contelles/

Supplementary%20material.pdf).

Conclusion
In this paper, the synthesis and biochemical evaluation of the 

designed novel DPHs is reported. Compound DPH9 was iden-

tified as a very potent hAChE inhibitor (IC
50

 =25±3 nM) and 

moderate hBuChE inhibitor (IC
50

 =1,190±310 nM) with low 

selectivity toward hMAO B. However, DPH14 was revealed 

to be an active hAChE (IC
50

 =13.1±2.1 nM) and hBuChE 

(IC
50

 =835±139 nM) inhibitor and a selective moderate irrevers-

ible hMAO B inhibitor (IC
50

 =3,950±940 nM). As suggested 

by one of the reviewers, the increased potency on BuChE 

inhibition might potentiate emetogenic side effects certainly, 

but as it is very well-known, in old AD patients, AChE levels 

are decreased, and BuChE activity is elevated,56 suggesting that 

ACh hydrolysis in AD may largely occur via BuChE catalysis.57 

Consequently, increased and/or specific inhibition of BuChE is 

important in raising ACh levels and improving cognition.58

Taking these initial results into account, and consider-

ing that in AD brain MAO B isoform is overexpressed 

and contributing consequently to the oxidative stress,59 

DPH14 was selected as the most promising candidate to 

be further studied. 

The 3D-QSAR study of 37 donepezil-indolyl and DPHs 

was used to define 3D-pharmacophores for inhibition of 

MAO A/B, AChE, and BuChE enzymes and to design 

DPHs as novel multipotent ligands (Supplementary mate-

rial http://www.iqog.csic.es/iqog/sites/default/files/public/

User/Jos%C3%A9%20Luis%20Marco%20Contelles/

Supplementary%20material.pdf). The 3D-QSAR study has 

selected structural modifications of the examined hybrids 

that could selectively enhance inhibiting activity on MAO 

A/B, AChE, and BuChE. Substitution of the terminal 

hydrogen of propargylamine moiety with bulky groups and 

replacement of the methyl substituent with hydrogen in the 

N-Me group of the indole moiety could selectively increase 

MAO A inhibiting activity, while bulky groups in meta/para 

positions of the benzyl moiety are able to decrease MAO A 

inhibiting activity of the examined hybrids. New electron-

donating substituents in propargylamine or indole moiety 

and also bulky substituents on N-atom of the indole moiety 

could selectively enhance MAO B activity. Furthermore, an 

electron withdrawing bulky groups at meta/para positions of 

the benzyl moiety are able to selectively increase MAO B 

inhibiting activity of the examined hybrids. Extension of the 

N-alkyl bridge could selectively and strongly enhance AChE 

inhibiting activity, while BuChE inhibiting activity could 

be slightly increased too. Phenyl substituent in the pyridine 

ring is able to selectively enhance AChE inhibiting activity, 

while substitution in meta position of the phenyl group could 

result in decrease of AChE inhibiting activity.

In addition, we have found that the structures lacking 

phenyl substituent show better druglikeness profiles; in 

particular, DPH14 presents the more suitable ADMET prop-

erties of the series.

Molecular modeling of inhibitor DPH14 within EeAChE 

showed a binding mode with an extended conformation, 

interacting simultaneously with both catalytic and peripheral 

sites of EeAChE thanks to a linker of appropriate length. It 

is clear that the linear conformation allows DPH14 (Modes I 

and II) to span both CAS and PAS which contributes to 

its superior binding toward EeAChE. Similarly, visual 
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inspection of the pose of compound DPH14 into the MAO B 

binding site revealed that this inhibitor also crosses both 

cavities, presenting the piperidine nucleus located between 

the entrance and catalytic cavities, separated by the residues 

Ile199 and Tyr326. The observed MAO A/B selectivity is 

likely due to the orientation of the pyridine and phenyl moi-

eties of DPH14 in MAO A and in MAO B. For MAO A, the 

pyridine system was hosted in the entrance cavity and for 

MAO B this system occupied the substrate cavity. Compound 

DPH14 established more interactions with the MAO B active 

site compared to the MAO A active site, which may indicate 

that DPH14 interacts more tightly with MAO B.

To sum up, donepezil-pyridyl hybrid DPH14 is a promis-

ing new multipotent molecule for the potential prevention 

and treatment of AD.
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The synthesis, biochemical evaluation, ADMET, toxicity and molecular modeling of novel multi-target-
directed Donepezil þ Propargylamine þ 8-Hydroxyquinoline (DPH) hybrids 1e7 for the potential pre-
vention and treatment of Alzheimer’s disease is described. The most interesting derivative was racemic
a-aminotrile4-(1-benzylpiperidin-4-yl)-2-(((8-hydroxyquinolin-5-yl)methyl)(prop-2-yn-1-yl)amino)
butanenitrile (DPH6) [MAO A (IC50 ¼ 6.2 � 0.7 mM; MAO B (IC50 ¼ 10.2 � 0.9 mM); AChE
(IC50 ¼ 1.8 � 0.1 mM); BuChE (IC50 ¼ 1.6 � 0.25 mM)], an irreversible MAO A/B inhibitor and mixed-type
AChE inhibitor with metal-chelating properties. According to docking studies, both DPH6 enantiomers
interact simultaneously with the catalytic and peripheral site of EeAChE through a linker of appropriate
length, supporting the observed mixed-type AChE inhibition. Both enantiomers exhibited a relatively
similar position of both hydroxyquinoline and benzyl moieties with the rest of the molecule easily
accommodated in the relatively large cavity of MAO A. For MAO B, the quinoline systemwas hosted at the
cavity entrance whereas for MAO A this system occupied the substrate cavity. In this disposition the
quinoline moiety interacted directly with the FAD aromatic ring. Very similar binding affinity values were
also observed for both enantiomers with ChE and MAO enzymes. DPH derivatives exhibited moderate to
good ADMET properties and brain penetration capacity for CNS activity. DPH6 was less toxic than
donepezil at high concentrations; while at low concentrations both displayed a similar cell viability
profile. Finally, in a passive avoidance task, the antiamnesic effect of DPH6 was tested on mice with
experimentally induced amnesia. DPH6 was capable to significantly decrease scopolamine-induced
learning deficits in healthy adult mice.
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Chart 1. General structure of donepezil, M30, M30A, M30B, HLA20A, ASS234, and the
new multifunctional ChE/MAO DPH inhibitors described in this work.
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1. Introduction

Alzheimer’s disease (AD) is an age-related neurodegenerative
process characterized by progressive memory loss and other
cognitive impairments [1]. Although its etiology has not yet been
elucidated, b-amyloid (Ab) deposits [2], s-protein phosphorylation,
oxidative stress [3] and deficits of acetylcholine (ACh) [4] are
considered to play significant roles in the pathophysiology of AD
[5]. Consequently, AD patients have been treated with acetylcho-
linesterase inhibitors (AChEI) [6] with limited therapeutic success.
This might be due to the multifactorial nature of AD, a fact that has
prompted the hunt for new Multi-Target-Directed Ligands (MTDL),
based on the “one molecule, multiple target” paradigm [7]. Thus, in
this context, multifunctional molecules able to simultaneously bind
both cholinesterases and monoamineoxidases have been investi-
gated [8,9].

Monoamine oxidase (MAO; EC 1.4.3.4) is an important target to
be considered for the treatment of AD, as it catalyzes the oxidative
deamination of a variety of biogenic and xenobiotic amines with
the concomitant production of hydrogen peroxide, a key interme-
diate via Fenton reaction in the production of toxic radical
oxygenated species implicated in the progress of AD. MAO is a FAD
(Flavin-Adenine Dinucleotide)-containing enzyme bound to mito-
chondrial outer membranes of neuronal, glial and other cells [10].
MAO exists as two isoenzymes, MAO A/B, displaying different
substrate specificity, sensitivity to inhibitors, and amino acid se-
quences. While MAO A preferentially oxidizes neurotransmitters
norepinephrine and serotonin and it is selectively inhibited by
clorgyline, MAO B preferentially deaminates b-phenylethylamine
and it is irreversibly inhibited by l-deprenyl [11]. X-ray crystal
structures of rat MAO A [12] and human MAO B have been reported
[13].

Taken these facts into account, we previously reported the
synthesis and biological evaluation of new multifunctional MAO/
ChE inhibitor ASS234 [8,9] (Chart 1) by combining the N-benzyl-
piperidine and the N-propargylamine moieties present in done-
pezil, and PF9601N [14], ChE and MAO inhibitors, respectively.

In this work we report the design, synthesis, biochemical eval-
uation and molecular modeling of
Donepezil þ Propargylamine þ 8-Hydroxyquinoline (DPH) hybrids
1e7 and the identification of the racemic a-aminonitrile 4-(1-
benzylpiperidin-4-yl)-2-(((8-hydroxyquinolin-5-yl)methyl)(prop-
2-yn-1-yl)amino)butanenitrile (DPH6) (Table 1), as a multifunc-
tional lead molecule for the potential treatment of AD. These hy-
brids are the result of the juxtaposition of donepezil, a selective
AChE inhibitor currently used in the pharmacological treatment of
AD, and M30 (Chart 1), a potent brain selective MAO A/B inhibitor
and neuroprotective biometal-chelator [15]. HLA20A (Chart 1) is a
novel pro-chelator with improved cytotoxicity exhibiting poor af-
finity for metal ions while not being activated to an active chelator
by binding and inhibiting AChE, being able to modulate amyloid
precursor protein (APP) and to reduce Ab aggregation [16].

2. Results and discussion

2.1. Chemistry

DPHs 1e7 were prepared as shown in Schemes 1e5 by using
reductive amination of suitable and different carbaldehydes
bearing the N-benzylpiperidine nucleus and propargylamine, fol-
lowed by N-alkylation with easily available 5-(chloromethyl)qui-
nolin-8-ol (8) [17] (Experimental Part).

In the reductive amination leading to the intermediates for the
preparation of DPH3, DPH5 and DPH7, we have also isolated and
characterized the unexpected a-aminonitriles 11, 16 and 21 that
have been similarly transformed into racemic a-aminonitriles
DPH2, DPH4 and DPH6. In order to confirm the structure of DPH6,
an alternative, unequivocal synthesis of a-aminonitrile 21 has been
achieved from aldehyde 19 via Strecker-type reaction (Scheme 5),
followed by standard N-alkylation as shown above.

All new compounds showed analytical and spectroscopic data,
in good agreement with their structure (Experimental Part).
2.2. Pharmacological evaluation

2.2.1. Cholinesterase inhibition
The in vitro activity of DPHs 1e7 derivatives as EeAChE and

eqBuChE inhibitors was assessed using the Ellman’s method [18]
(Table 1).

From these data some interesting structureeactivity relation-
ships (SAR) were obtained. DPH1, bearing no methyl in the linker
connecting the N-benzyl-piperidin-40-yl residue to the N-propargyl
core, was inactive. In comparison, DPHs 2e7 derivatives were non-
selective moderate ChE inhibitors, DPH6 (n ¼ 3 in the linker)
exhibiting the most potent profile [EeAChE (IC50 ¼ 1.8 � 0.1 mM);
eqBuChE (IC50¼ 1.6� 0.25 mM)]. Regarding tertiary amines DPHs 3,
5 and 7, activity at inhibiting both cholinesterases gradually
increased from DPH3 (n ¼ 1) to DPH7 (n ¼ 3), which displayed the
most active profile [EeAChE (IC50 ¼ 2.7 � 0.4 mM); eqBuChE
(IC50 ¼ 4.5 � 0.3 mM)]. A similar trend was detected with the a-
aminonitrile series (DPHs 2, 4 and 6), with DPH6 (n¼ 3) as themost
potent anticholinesterasic compound. Generally, for equivalent
linker length, a-aminonitriles derivatives proved to be more potent
than amines at inhibiting both enzymes, with the exception of



Table 1
Dose-response values [IC50 (mM)] of membrane-bound MAO A and MAO B from rat liver, electric eel AChE (EeAChE) and equine BuChE (eqBuChE) with DPH derivatives and
standard inhibitors.

DPH EeAChEa eqBuChEa SIc ratMAO Ab ratMAO Bb SId

1 �100 �100 e �100 �100 �1
2 14.5 � 3.7 13.5 � 1.8 0.92 22.1 � 0.7 39.5 � 1.4 1.7
3 17.0 � 4.7 12.8 � 1.4 0.75 85.4 � 3.7 19.4 � 3.2 0.22
4 5.5 � 0.5 6.1 � 0.6 1.1 9.7 � 1.5 12.4 � 2.5 1.2
5 5.0 � 0.8 14.5 � 3.6 2.8 �100 50.1 � 5.0 �0.5
6 1.8 � 0.1 1.6 � 0.2 0.92 6.2 � 0.7 10.2 � 0.9 1.7
7 2.7 � 0.4 4.5 � 0.3 1.6 �100 34.5 � 3.5 �0.34
Donepezil 0.0067 � 0.0004 7.4 � 0.1 1100 850 � 13 15 � 2.2 0.02
M-30 [15]

113.9 � 14.05
�100 e 0.037 � 0.02 0.057 � 0.02 1.5

l-Deprenyl [14]
�500

�500 e 3 0.02 0.0067

Clorgyline [22] �500 �500 e 0.03 8 267

end ¼ values not determined.
Values are expressed as mean � standard error of the mean of at least three different experiments in quadruplicate.

a 20-min pre-incubation.
b 30-min pre-incubation.
c eqBuChE selectivity index ¼ IC50 (eqBuChE)/IC50 (EeAChE).
d MAO B selectivity index ¼ IC50 (MAO B)/IC50 (MAO A).

Scheme 1. Synthesis of DPH1. Reagents and conditions: (a) i. 1-Benzyl-4-piperidone,
MeOH, TFA; ii. NaBH3CN (31%); (b) 5-(chloromethyl) quinolin-8-ol (8), DCM, Et3N
(33%).

Scheme 2. Synthesis of DPH2 and DPH3. Reagents and conditions: (a) i. Propargyl-
amine, MeOH, TFA; ii, NaBH3CN; (b) 5-(chloromethyl) quinolin-8-ol (8), DCM, Et3N.
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DPH4 and DPH5 exhibiting similar antiacetylcholinesterase activ-
ity. In comparison to donepezil, DPH6 was significantly less active
EeAChE inhibitor, but more potent at inhibiting eqBuChE (4.5-fold).
Moreover, DPH6 was 64-fold more potent inhibiting both cholin-
esterases than M30 (Chart 1), inactive on this enzyme.
Scheme 3. Synthesis of DPH4 and DPH5. Reagents and conditions: (a) Dieth-
yl(cyanomethyl)phosphonate, K2CO3, THF (99%); (b) I2, Mg, MeOH (74%); (c) DIBALH,
THF, -78 �C (27%); (d) i. Propargylamine, MeOH, TFA; ii. NaBH3CN; (e) 5-(chloromethyl)
quinolin-8-ol (8), DCM, Et3N.



Scheme 4. Synthesis of DPH6 and DPH7. Reagents and conditions: (a) Dieth-
yl(cyanomethyl) phosphonate, K2CO3, THF (33%); (b) I2, Mg, MeOH (99%); (c) DIBALH,
THF, -78 �C (28); (d) i. Propargylamine, MeOH, TFA; ii. NaBH3CN; (e) 5-(chloromethyl)
quinolin-8-ol (8), DCM, Et3N.

Scheme 5. Alternative synthesis of compound 21. Reagents and conditions: (a) Prop-
argylamine, TMSCN, MWI, 125 �C, 10 min (60%)
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To determine the type of AChE inhibition exerted by DPH6,
LineweavereBurk reciprocal plots were obtained (Fig. 1). Increasing
slopes (decreasing Vmax) and intercepts (increasing Km) with higher
inhibitory concentration were determined suggesting a mixed type
inhibition. Reversible inhibition constant (ki) of 1.21 � 0.25 mMwas
estimated from the slopes of double reciprocal plots versus DPH6
concentrations.
2.2.2. Monoamine oxidase inhibition
In order to assess their multipotent profile, the inhibitory ca-

pacity of DPHs 1e7 as dual MAO A and MAO B inhibitors was
evaluated using [14C]-5HT and [14C]-phenylethylamine as sub-
strates, respectively [19]. As shown in Table 1, most of DPH de-
rivatives poorly inhibited MAO, except DPH 4 and DPH6 that
Fig. 1. Steady-state inhibition of EeAChE hydrolysis of acetylthiocholine (ASCh) by
DHP6 (0e5 mM). LineweavereBurk reciprocal plots of initial velocity and substrate
concentrations (0.1e1 mM) are presented. Lines were derived from a weighted least-
squares analysis of data.
showed moderate, almost equipotent inhibitory activity on both
enzyme isoforms. Once more, DPH6 revealed the most potent
profile at inhibiting both monoamine oxidase isoforms [MAO A
(IC50 ¼ 6.2 � 0.7 mM; MAO B (IC50 ¼ 10.2 � 0.9 mM)]. Compared to
M30 (Chart 1) [15], DPH6 was 166-fold and 179-fold less potent
inhibiting MAO A and MAO B, respectively. Yet, DPH6 was 138-fold
more active than donepezil, showing equipotency at inhibiting
MAO A and MAO B, respectively. The previously mentioned SAR
also applied: for similar linker length, a-aminonitriles were more
potent inhibitors than their corresponding amines versus both
isoenzymes, with the exception of DPH2 as MAO B inhibitor. From
doseeresponse curves (IC50), DPH6 showed a non-selective MAO
inhibition in comparison to standard selective MAO B and MAO A
inhibitors l-deprenyl [14] and clorgyline [20], respectively.

To further characterize MAO inhibition by DPH6, reversibility
study of this inhibitor was addressed. Irreversible inhibition was
observed in both isoforms since enzyme activities were not
significantly reverted after three consecutive centrifugations and
washings with phosphate buffer (Fig. 2) followed by a pre-
incubation with the inhibitor. Simultaneously, and for comparison
purpose, the same assay was performed with irreversible MAO A
inhibitor clorgyline and irreversible MAO B inhibitor l-deprenyl.

Next, the assessment of time-dependent inhibition of both MAO
isoforms with DPH6 was assessed by pre-incubating the enzyme
with the inhibitor at times ranging 0e360 min (Fig. 3A). Samples
with no compound were used to determine the maximum enzyme
activity. Enzyme inactivation was not achieved before a pre-
incubation of 180 min and 120 min for MAO A and MAO B,
respectively, revealing time-dependent inhibition in both isoforms.
These findings were confirmed by determining a constant variation
on IC50 values as longer pre-incubations with DPH6 were per-
formed with both MAO isoforms (Fig. 3B, C and D).

2.2.3. Assessment of metal-chelating properties
Metal-chelating properties of compound DPH6 were also

investigated towards biometals Cu(II), Fe(III) and Zn(II) by UVeVIS
spectrometry. The increase on brain levels of iron, zinc and
particularly copper is reported to actively contribute to the for-
mation of senile plaques by generating more reactive oxygen spe-
cies through the Ab1-42-metal complex [21].

Upon the addition of varying concentrations of CuSO4, Fe2(SO4)3
or ZnSO4, the maximum absorption detected at 240 nm with the
compound alone shifted to 257 nm, exhibiting the formation of
complexes DPH6-Cu(II), DPH6-Fe(III) and DPH6-Zn(II) (Fig. 4AeC).
Significant variations on complexation times were observed
depending on the metal. No spectral differences were identified
when Cu(II) and was added after 5-min incubation whereas 1 h or
O/N incubations were required to detect the formation of DPH6-
Zn(II) and DPH6-Fe(III) complexes, respectively. These results
confirm that DPH6 selectively complexes Cu(II) salts. The equations
obtained by the Job’s method provided a solution at a mole fraction
of 0.65 for compound DPH6 complexing Cu(II) and Zn(II) and a
mole fraction between 0.5 and 0.6 for the complex DPH6-Fe (III).
This data revealed a 2:1 stoichiometry for all complexes.

2.3. Molecular modeling of DPH6

2.3.1. Inhibition of EeAChE
A modeling study was carried out through docking simulations

for the purpose of gaining insights on the nature and spatial loca-
tion of the key interactions of the (R)- and (S)-enantiomers of DPH6
modulating the inhibitory activity of AChE and BuChE. As in our
previous studies, we have chosen the 3D structure of the enzyme
species (EeAChE and eqBuChE) used for the kinetic studies. The
kinetic data provide evidence that compound 6 displays a mixed



Fig. 2. (A) Reversibility study of MAO A inhibition by 10 mM DPH6 and 50 nM clorgyline. (B) Reversibility study of MAO B inhibition by 20 mM DPH6 and 20 nM l-deprenyl. MAO A
and MAO B inhibition was performed following a 30-min pre-incubation. After three consecutive washes with buffer MAO activity was not significantly reverted. Data expressed as
the mean � SEM of six independent experiments in triplicate. KruskaleWallis one-way analysis was used.

Fig. 3. (A) Study of time-dependent inhibition of MAO A and MAO B by DHP6 (10 mM and20 mM, respectively) over different pre-incubation times (0e360 min). (B and C) Dose-
response curves (IC50) following different pre-incubation times (0e240 min) with DPH6 inhibiting MAO A and MAO B. (D) IC50 values determined following different pre-
incubations. Data are the mean � SEM of three independent experiments in triplicate.

L. Wang et al. / European Journal of Medicinal Chemistry 80 (2014) 543e561 547



Fig. 4. (A) UVeVIS spectrum of a solution containing 10 mM DPH6 and 0e4 mM CuSO4 following 5-min incubation. (B) UVeVIS spectrum of a solution containing 10 mM DPH6 and
0e4 mM Fe2(SO4)3 following O/N incubation. (C) UVeVIS spectrum of a solution containing 10 mM DPH6 and 0e4 mM ZnSO4 following 1-h incubation. (D) Determination of the
stoichiometry of complex DPH6-Cu(II), (E) complex DPH6-Fe(III) and (F) complex DPH6-Zn(II) following 5-min, O/N and 1-h incubation, respectively by using the Job’s method. All
solutions were prepared in distilled water and incubations performed at room temperature.
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type inhibition and argue in favor of interactions ofDPH6with both
catalytic and peripheral binding sites of AChE. Molecular modeling
studies have been carried in order to validate this assumption.
Ligand docking studies were performed with Autodock Vina [22]
using a single catalytic sub-unit of EeAChE (PDB: 1C2B). This
docking procedure allows the docking of ligands on the entire
protein surface, without prior specification of the binding site. As in
previous studies, the recognition process between (R)- and (S)-
enantiomers of DPH6 was theoretically investigated by flexible
docking experiments. Flexible torsions in the ligands were assigned
and protein side chain flexibility was incorporated allowing the
rearrangement of the side chains of eight residues, Trp286, Tyr124,
Tyr337, Tyr72, Asp74, Thr75, Trp86 and Tyr341. These residues
delineate the shape of the gorge entry and lining and their motion
may significantly enlarge the gorge to facilitate bulky ligand access
to the catalytic site [23,24]. As shown in Figs. 5 and 6, it appears that
both enantiomers of DPH6 interact simultaneously with both cat-
alytic and peripheral site of EeAChE thanks to a linker of
appropriate length showing a strong correlation with the obser-
vations we have from LineweavereBurk plots.

2.3.1.1. Docking studies of (R)-DPH6 with EeAChE.
Computational docking studies of (R)-DPH6 with EeAChE yielded
four major binding modes at the enzyme binding site. In Fig. 7, the
four most favored binding modes are presented along with the first
shell of residues surrounding (R)-DPH6.

Mode I and Mode II (Fig. 5A and B) placed the quinoline moiety
near the opening of the binding pocket. Mode III and Mode IV
(Fig. 5C and D) placed the quinoline deep into the binding pocket
next to the residues known to be involved in catalysis. The classical
catalytic triad is shaded in green in all four panels. A close exami-
nation of (R)-DPH6 in Mode I revealed that the interactionwith the
AChE peripheral site involved a face to face pep stacking between
the indole ring of Trp286 and the quinoline moiety and a T-shaped
pep stacking between the phenyl ring of Tyr72 and the quinoline
moiety. Besides, in this complex, a bifurcated hydrogen bond was



Fig. 5. Binding mode of inhibitor (R)-DPH6 at the active site of EeAChE. (A) Mode I, compound (R)-DPH6 is illustrated in green. (B) Mode II, compound (R)-DPH6 is illustrated in
blue. (C) Mode III, compound (R)-DPH6 is illustrated in red (D) Mode IV, compound (R)-DPH6 is illustrated in violet. Ligands are rendered as sticks and the side chains conformations
of the mobile residues are illustrated in the same color light as the ligand. Different subsites of the active site were colored: catalytic triad (CT) in green, oxyanion hole (OH) in pink,
anionic sub-site (AS) in orange, except Trp86, acyl binding pocket (ABP) in yellow, and peripheral anionic subsite (PAS) in blue. Black dashed lines are drawn among atoms involved
in hydrogen bond interactions. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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formed between the nitrogen atom of the cyano group and Arg296-
NH and Phe295-OH. The benzyl moiety pointed towards the bot-
tom of the gorge and established edge-to-face pep interactions
with Trp86 and face-to-face pep interactions with Tyr337. In Mode
Fig. 6. Binding mode of inhibitor (S)-DPH6 at the active site of hAChE. (A) Mode I, compound
(C) Mode III, compound (S)-DPH6 is illustrated in pink. Ligands are rendered as sticks and the
as the ligand. Different subsites of the active site were colored: catalytic triad (CT) in green,
pocket (ABP) in yellow, and peripheral anionic subsite (PAS) in blue. Black dashed lines are
references to colour in this figure legend, the reader is referred to the web version of this
II, the benzyl and the quinoline moieties interacted with Trp86 of
the catalytic pocket and Trp286 of the peripheral site, respectively.
In the middle of the gorge, the nitrogen atom of the cyano group
forms a hydrogen bond with the hydroxyl group of the Phe295. At the
(S)-DPH6 is illustrated in gray. (B) Mode II, compound (S)-DPH6 is illustrated in brown.
side chains conformations of the mobile residues are illustrated in the same light color
oxyanion hole (OH) in pink, anionic sub-site (AS) in orange, except Trp86, acyl binding
drawn among atoms involved in hydrogen bond interactions. (For interpretation of the
article.)



Fig. 7. Complex of compound (R)-DPH6 and (S)-DPH6 and eqBuChE homology built 3D-model. (A) Mode I, compound (R)-DPH6 is illustrated in orange and compound (S)-DPH6 in
green. (B) Mode II, compound (R)-DPH6 is illustrated in yellow and compound (S)-DPH6 in blue. The compounds are rendered as sticks. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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top of the gorge, the hydroxyl group of the quinoline moiety forms
a hydrogen bond with the carboxylate group of Asp74. As can be
seen in Fig. 5C (Mode III), (R)-DPH6 has several interactions along
the active-site gorge of EeAChE. At the top of the gorge, the benzyl
ring and Trp286 indole ring formed a favorable T-shaped pep
interaction. Near the bottom of the gorge the quinoline moiety
stacked against the Trp86 indole ring. In this region, the nitrogen
atom of the quinolinemoiety was hydrogen bonded to the hydroxyl
group of Tyr133. Comparison of Mode IV (Fig. 5D) and Mode III
(Fig. 5C) revealed a broadly similar interaction but with two key
differences: a) a significant movement of the Trp286 indole and
benzyl rings in order to establish a face-to-face pep interaction,
and b) the rotation of the hydroxyl group of the quinoline moiety to
form a hydrogen bond with the carbonyl group of Gly120. In both
poses (Mode III and Mode IV), the three methylene units in the
spacer of (R)-DPH6were long enough to allow a proper interaction
between (R)-DPH6 and both sites of the enzyme. The linker was
lodged in a narrow cavity described by Asp74, Tyr124, Phe297,
Tyr337, Phe338, and Tyr341. The protonated nitrogenwas favorably
interacting with the residues of a kind of “electrostatic cage”
(Tyr124, Asp74, Tyr337 and Tyr341 side chains).
2.3.1.2. Docking studies of (S)-DPH6 with EeAChE. Docking studies
of (S)-DPH6with EeAChE yielded three major binding modes at the
enzyme binding-site. In Fig. 6 the three most favored binding
modes are presented along with the first shell of residues sur-
rounding (S)-DPH6. Mode I and Mode II (Fig. 6A and B) placed the
quinoline moiety near the opening of the binding pocket. Mode III
(Fig. 6C) placed the quinoline deep into the binding pocket next to
the residues involved in catalysis. In Mode I (Fig. 6A), the main
stabilizing factors that keep stable the (S)-DPH6-AChE complex
were found to be the hydrophobic contacts, pep interactions and
hydrogen bonding interactions. Compound (S)-DPH6 can simulta-
neously bind at both the peripheral anionic site (PAS) and the
catalytic active site (CAS) of EeAChE. (S)-DPH6 is able to bind in the
PAS by face-to-face and edge-to-face pep interactions between the
quinoline moiety of the ligand and the Trp286 indole ring and the
Tyr72 phenyl ring, respectively. Other interactions like a bifurcated
hydrogen bond between the nitrogen atom of the cyano group and
Arg296-NH and Phe295-OH could also play an important role in
positioning and stabilizing the ligand inside the active site gorge.
The benzene ring of (S)-DPH6 formed a pep stacking interaction
with Trp86. InMode II (Fig. 6B), compound (S)-DPH6 can also adopt
a similar binding conformation to that in Mode I. The ligand had an
orientation along the active-site gorge, extending from the anionic
sub-site of the active site at the bottom, to the peripheral anionic
site at the top, via aromatic stacking interactions with Trp86,
Trp286 and Tyr72 residues (Mode II, Fig. 6B). Conversely, in this
orientation, compound (S)-DPH6 was not able to form hydrogen
bonds but a stronger stacking interaction between benzene ring
and Trp86. Mode III (Fig. 6C) also placed the ligand along the active-
site gorge. The quinoline ring formed a pep interaction with the
indole ring of Trp86 and also established three additional hydrogen
bonds, which have an important contribution to the binding po-
tency of the ligand. The hydroxyl group of Tyr133 formed two
hydrogen bonds with the nitrogen and the hydroxyl group of the
quinoline moiety, the later group is also hydrogen bonded to the
carbonyl oxygen from the backbone of Gly120. On the other hand,
at the peripheral anionic site (PAS), the benzene ring of the ligand
form edge-to-face pep interaction with the indole ring of Trp286
and with the benzene ring of Tyr72. In comparison with the other
poses, the cyano residue is involved in the interactions with the
catalytic triad of the active site gorge. This group is able to bind by
mean of hydrogen bond with the Ser203 side chain.

On the basis of the similar orientation and the set of in-
teractions, which were identified between the (R) enantiomer
(Modes I-III, Fig. 5AeC) and (S) enantiomer (Modes I-III, Fig. 6AeC)
and the protein residues within the gorge, it can be hypothesized
that both enantiomers of DPH6 could simultaneously bind at both
the peripheral anionic site (PAS) and the catalytic active site (CAS)
of EeAChE.
2.3.2. Inhibition of eqBuChE
With respect to BuChE, in the absence of X-ray structure of

eqBuChE, a homology model was used. The modeling of the 3D
structure was performed by an automated homology-modeling
program (SWISS-MODEL) [25e27]. A putative three-dimensional
structure of eqBuChE has been created based on the crystal struc-
ture of human BuChE (pdb: 2PM8), as these two enzymes exhibited
89% sequence identity. In order to simulate the binding of both
enantiomers of compound DPH6 to eqBuChE, docking experiments
were performed as blind dockings following the same
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computational protocol used for EeAChE. The best-ranked docking
solutions revealed that BuChE can effectively accommodate both
enantiomers of DPH6 inside the active site gorge and two major
binding modes can be proposed (Fig. 7). Modes I and II (Fig. 7A and
B) for both enantiomers placed the quinoline moiety into the
binding pocket next to the residues involved in catalysis. In this
orientation, the phenyl moiety interacts with Trp231 by means of
hydrophobic interactions and Trp82 allowed a pep stacking
interactionwith the quinoline ring of the ligand. In Mode I (Fig. 7A),
a close examination of the first shell of residues surrounding (R)-
DPH6 and (S)-DPH6 revealed that in both enantiomers the hy-
droxyl group of the quinoline ring formed one hydrogen bond with
the carboxylate group of Glu197 and another onewith the hydroxyl
group of the Tyr128. Moreover, the cyano group for the (R)-DPH6
enantiomer, formed a hydrogen bond with the NH2 of the side
chain of Asn83, this bond was bifurcated in the case of (S)-DPH6
enantiomer. In this orientation, hydrophobic interactions with the
catalytic triad residues, Ser198 and His438 were found. In mode II
(Fig. 7B), only one hydrogen bond was observable for the (R)
enantiomer, it was formed between the cyano group and the hy-
droxyl group of Thr120. The (S) enantiomer preserved the cyanide
bifurcated hydrogen bond already observed in Mode I, and the
hydroxyl group of the quinoline ring established a hydrogen bond
with the catalytic triad residue His438.

Analysis of the intermolecular interactions indicated key resi-
dues responsible for ligand binding. The cyanide group is likely to
be an important feature for these derivatives to exhibit BuChE
inhibitory activity.

2.3.3. Inhibition of MAO A and MAO B
In order to explore the nature of the ligandereceptor in-

teractions, the ligand was docked to the active site of both MAO A
and MAO B isoforms using the program Autodock Vina [22]. We
have focused on DPH6, which showed the best both MAO A
(IC50 ¼ 1.8 � 0.1 mM) and MAO B (IC50 ¼ 1.6 � 0.25 mM) inhibitory
activities, with significant EeAChE and eqBuChE inhibitory po-
tencies. Although rat MAO A (rMAO A) and rat MAO B (rMAO B) are
w90% identical in sequence with human enzymes, their functional
properties are similar but not identical to those of human enzymes.
Given that MAO inhibition assays were carried out on rat brain
mitochondria, docking experiments were carried out using the X-
ray structure of rMAO A (PDB ID: 1O5W) and the homology model
of rMAO B developed from a human MAO B (hMAO B) crystallo-
graphic structure (PDB ID: 1S3E) [28], as previously described for
eqBuChE. The recognition process between (R)- and (S)-enantio-
mers of DPH6 (chosen as reference compound) was theoretically
investigated by blind docking experiments, in accordance with a
protocol previously defined by us and well validated [29]. The
enzymeeinhibitor interactionsmight allow a theoretical evaluation
of which enantiomer of the inhibitor could be better accommo-
dated into the catalytic site of MAO A and MAO B. Results from
several studies have shown that it must be the neutral amine that
reaches the active site of MAO A and MAO B to allow the chemistry
[30e33]. Therefore, the docking simulations were done using both
enantiomers of DPH6 as neutral species despite of at physiological
pH, most of the piperidine rings would be in the protonated,
positively charged form. In docking with MAO A, during each run,
the side chains of twenty-one residues (Tyr 69, Leu97, Gln99,
Ala111, Phe112, Tyr124, Trp128, Phe173, Leu176, Phe177, Ile180,
Asn181, Ile207, Phe208, Gln215, Cys323, Ileu325, Ileu335, Phe352,
Tyr407 and Tyr444) were allowed to relax with the ligand, while
the remainder of the enzyme was fixed in 3-D space. Six water
molecules labeled as w72, w193, w11, w23, w15, and w53 in
accordance with the numbering reported for the hMAO B crystal-
lographic structure (PDB ID: 1S3E) located near the FAD cofactor
were considered as integral components of the protein structure
during the docking simulation. Docking of DPH6was performed for
both enantiomers and a sole binding mode per enantiomer was
found. Fig. 8A and B illustrated the binding modes of (R)-DPH6 and
(S)-DPH6 enantiomers into the hMAO A binding cavity. Both en-
antiomers showed a relatively similar localization for the hydroxy-
quinoline and benzyl moieties, with the rest of the molecule easily
accommodated in the relatively large cavity of MAO A.
2.3.3.1. Inhibition of MAO A by (R)- and (S)-DPH6. Fig. 8A showed
that the optimal position for the (R)-DPH6 enantiomer placed the
quinoline ring in an “aromatic cage” formed by Tyr407, Tyr444 side
chains, as well as the isoalloxazine FAD ring. (R)-DPH6 forms pep
stacking interactions with Tyr407 and the carbonyl group of Gln215
residue. The hydroxy-quinoline moiety was involved in two
hydrogen bonds between the OH and the carbonyl oxygen of the
FAD and the 193w molecule. The benzyl group is located in a hy-
drophobic core delimited by residues Phe173, Phe208, Ileu325,
Ala111 Phe112 and Leu176. The cyano group is also able to form a
hydrogen bond with Cys323 side chain. Compound (S)-DPH6
showed a binding geometry very similar to that displayed by (R)-
DPH6 as for the hydroxy-quinoline and benzyl moieties (see
Fig. 8B), which displayed a set of intermolecular interactions
described before in the case of the (R)-enantiomer. The main dif-
ference with respect to the recognition of (R)-DPH6 was in the
spatial orientation of the propargyl, piperidine and cyano groups,
the later accommodated this time to establish hydrogen bond with
Thr336 residue. The docking studies rationalized the relevant
inhibitory activity of DPH6 towards MAOA, as due to the formation
of several favorable interactions with the catalytic site of the
enzyme.

The importance of the cyano group in properly positioning the
ligand by H-bond formation is pointed out. It is worth noting that
compounds lacking this CN, like in the case of DPH7, showed the
inhibitory activity drastically lowered.
2.3.3.2. Inhibition of MAO B by (R)- and (S)-DPH6. To rationalize the
selectivity towards MAO A and MAO B of (R)- and (S)-DPH6, blind
docking studies of DPH6 into the MAO B were done. Up to date, a
reliable 3-D structure of rMAO B is not available and we used a 3D
homology model of rMAO B for the docking studies. The six
structural water molecules selected for rMAO Awere also included
in the model. For MAO B, the inhibitor (R)-DPH6 crosses both
cavities, presenting the piperidine nucleus located between the
“entrance” and “catalytic” cavities, separated by the residues Ile199
and Tyr326. This complex was stabilized by hydrophobic contacts
of quinoline ring with Phe103, Pro104, Trp119, His90, Val316 and
Tyr115. Besides, the phenyl ring is hosted into the “aromatic cage”
framed by Tyr398, Phe343, Tyr435, and the FAD aromatic ring,
where it forms a number of pep interactions also including
Gln206. No intermolecular H-bonds between ligand and enzyme
were observed (Fig. 9A). For MAO B, the quinoline system of the
inhibitor (S)-DPH6 was hosted in the entrance cavity made up by
lipophilic residues Phe103, Pro104, Trp119, His90, Ileu164, Val316
and Tyr115. The phenyl ring occupied the substrate cavity and was
in direct contact with the Tyr398, Phe343, Tyr435, and the FAD
aromatic ring. The compound established a H-bondwith Tyr115 OH
hydrogen by its OH oxygen (Fig. 9B). The study confirmed the
selectivity of DPH6 for MAO A isoform. Selectivity is likely due to
the orientation of the quinoline and phenyl moieties of DPH6 in
MAO A and in MAO B. For MAO B, the quinoline systemwas hosted
in the entrance cavity and for MAO A this system occupied the
substrate cavity. In this disposition the quinoline moiety interacted
directly with the FAD aromatic ring.



Fig. 8. Docking poses of inhibitor DPH6 into rMAO A. (A) (R)-DPH6 (purple sticks). (B) (S)-DPH6 (blue sticks). Amino acid residues of the binding site are color-coded. The flavin
adenine dinucleotide cofactor (FAD) and the six water molecules are represented as an integral part of the MAO A structure model and are rendered as yellow sticks and red balls,
respectively. Green dashed lines are drawn among atoms involved in hydrogen bond interactions. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 9. Docking pose of inhibitor DPH6 into rMAO B. (A) (R)-DPH6 (green sticks). (B) (S)-DPH6 (pink sticks). Amino acid residues of the binding site are color-coded. The flavin
adenine dinucleotide cofactor (FAD) and the six water molecules are represented as an integral part of the MAO B structure model and are rendered as yellow sticks and red balls,
respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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2.3.4. Predicted binding affinities
AutoDock Vina provides a computed binding affinity for each

dockingmode predicted. Binding affinity data for both enantiomers
with the four enzymes are summarized in Table 2. The more
negative the value, the tighter the predicted bonding. For the (R)-
DPH6 interaction with the AChE, predicted binding affinities were
very similar for the four modes (IeIV), ranging from �11.0
to �12.3 kcal/mol. Predicted binding affinities for (R)-DPH6 with
BuChE (�10.4 and �10.7 kcal/mol) were slightly lower in range
than those for the AChE complex (Table 2). Data for (S)-DPH6 in-
teractions gave very similar predicted binding than that for (R)-
DPH6 interactions: predicted binding energies of �11.5
Table 2
Predicted binding affinities (kcal/mol).

DPH Mode EeAChE EqBuChE MAO A MAO B

(R)-DPH6 I �11.0 �10.4 �7.8 �8.9
II �12.3 �10.7
III �12.1
IV �12.1

(S)-DPH6 I �11.9 �9.9 �7.9 �8.8
II �11.5 �9.7
III �12.4
to �12.4 kcal/mol for AChE and �9.9 and �9.7 kcal/mol for BuChE.
Consistent with biological trends, both enantiomers were predicted
to have similar binding interactions with AChE and BuChE. The
weakest predicted binding affinities were computed for the both
enantiomers interactions with the MAO A and MAO B enzymes.
Very similar binding affinity values were also observed for both
enantiomers with MAO A and MAO B.
2.4. Theoretic ADMET analysis of DPH hybrids

ADMET properties are important conditions and major parts of
pharmacokinetics. Viable drugs should have proper ADMET prop-
erties to be approved as a drug in clinical tests. The drugs used for
neurological disorder treatment, such as AD, are generally CNS
acting drugs, so factors that are important to the success of CNS
drugs were analyzed. In particular, the new molecules should
present a good CNS penetration profile and low toxic effects. Cur-
rent in silico ADMET predictions cannot fully replace well-
established in vitro cell-based approaches or in vivo assays, but
they can provide significant insights [34]. Computer predictions
were performed with ADMET Predictor 6.53 [35] and ACD/Percepta
14.0.04 [36] software packages. According to the predictions
(Table 3), the lipophilicity increases with the hydrocarbon tether



Table 3
Calculated physicochemical properties for DPH1-7.a,b

Molecular
weight

No. of H-bond
donors

No. of H-bond
acceptor

No. of rotatable
Bondsa

logP (Moriguchi)a,c logPa TPSA No. violations
Lipinski’s rule

LogBBa,d

1 385.51 1 4 6 3.55 3.79 39.60 0 �0.12
2 424.55 1 5 6 3.09 3.51 63.39 0 �0.31
3 399.54 1 4 7 3.75 4.16 39.60 0 0.03
4 438.58 1 5 7 3.29 3.76 63.39 0 �0.14
5 413.57 1 4 8 3.95 4.54 39.60 0 0.20
6 452.60 1 5 8 3.48 4.05 63.39 0 0.07
7 427.59 1 4 9 4.09 4.95 39.60 0 0.36
Donezepil 379.50 0 4 6 3.52 4.59 38.78 0 0.88
M-30 226.28 1 3 3 2.06 2.32 36.36 0 0.17

LogBBb,d logPSe Log (PS*fu, brain)e Peff (cm/s � 104) Human intestinal
absorption (%)f

In vitro Caco-2
perm (nm/sec)g

MDCK (cm/s � 107)h % Plasma protein
binding (in vitro)i

Toxicitya

1 �0.02 �1.6 �2.8 4.47 96.79 45.66 350.7 72.68 hERG
2 �0.11 �1.6 �2.9 3.36 96.83 49.28 348.2 80.31 hERG
3 0.29 �1.5 �3.0 4.99 96.84 52.26 325.9 76.37 hERG
4 0.26 �1.6 �3.1 3.75 96.91 51.96 321.9 78.44 hERG
5 0.36 �1.4 �3.2 5.59 96.87 54.36 313.0 77.11 hERG
6 0.34 �1.5 �3.3 4.18 96.99 54.37 306.1 79.97 hERG
7 0.46 �1.4 �3.4 6.24 96.90 54.08 301.9 77.40 hERG
Donezepil 0.31 �1.4 �3.0 6.69 97.95 55.51 306.4 84.62 hERG
M-30 �0.27 �1.5 �2.1 2.5 95.86 42.90 429.3 69.02

a ADME Predictor, v.6.5.
b ACD/Percepta 14.0.
c Moriguchi model (ref. [4]).
d According to the classification made by Ma et al. [9]: High absorption to CNS: logBB more than 0.3; Middle absorption to CNS: logBB 0.3 w �1.0; Low absorption to CNS:

logBB less than �1.0.
e Other estimated parameters related to brain penetration were used to classify the compounds as CNS permeable or non-permeable: rate of brain penetration (LogPS) is the

rate of passive diffusion/permeability; brain/plasma equilibration rate (Log(PS*fu,brain)); fu,brain e fraction unbound in plasma.
f Human intestinal absorption is the sum of bioavailability and absorption evaluated from ratio of excretion or cumulative excretion in urine, bile, and feces. A value

between 0 and 20% indicates poor absorption, 20�70% shows moderate absorption, and 70�100% indicates good absorption.
g Caco-2 cells are derived from human colon adenocarcinoma and possess multiple drug transport pathways through the intestinal epithelium. A value <4 indicates low

permeability, 4�70 shows middle permeability, and >70 indicates high permeability.
h TheMDCK cell systemmay be used as a good tool for rapid permeability screening. A value<25 indicates low permeability, 25�500 showsmiddle permeability, and>500

indicates high permeability.
i The percent of drug binds to plasma protein. A value <90% indicates weak binding, and >90% indicates strong binding to plasma proteins.
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chain, and for the same value of n, the a-aminonitriles show the
expected slightly lower lipophilicity. All of the DPH show good
values (log P< 5 andmlog P< 4.15) [37], and as can be deduced, the
whole series of structures meets the Lipinski’s rule of five [38].
Moreover, a more severe rule for CNS drugs-like characteristics [39]
(MW � 450, HB donor � 3, HB acceptors � 7, log P � 5, PSA � 90,
and number of rotatable bonds � 8) is satisfied for all structures,
although the molecular weight of DPH6 is on the borderline.
However, drugs that penetrate CNS should have lower polar surface
areas (PSA) than other kinds of molecules, being the optimal range
60e70 �A2 [40]. Therefore, only the a-aminonitriles DPH fall in the
suitable range of values.

The bloodebrain barrier (BBB) is a separation of circulating
blood and cerebrospinal fluid in the central nervous system (CNS),
so an estimation of BBB penetration means predicting whether
compounds pass across the bloodebrain barrier. This is a crucial
pharmacokinetic property in drug design because CNS-active
compounds, such as those for AD, must pass across it. According
to the computed values [41], for the same n, the a-aminonitriles
present slightly lower values, whereas the values increase with the
chain length. In any case, the two models predict that all structures
should be moderate to good candidates, showing middle to high
absorption to CNS. In particular, the DPH3 and DPHs 5e7 show the
best results suggesting a brain penetration sufficient for CNS ac-
tivity [42,43].

Generally, the degree to which any drug binds to plasma protein
influences not only the drug action but also its disposition and ef-
ficacy. Usually, the drug that is unbound to plasma proteins will be
available for diffusion or transport across cell membranes and
thereby finally interact with the target. Herein, the percent of drug
bound with plasma proteins was estimated and the compounds
were predicted to be weakly bind to plasma proteins.

Other ADMET predictions of the present DPH compounds show
satisfactory results. Thus, all of them show good intestinal ab-
sorption (HIA [44] of about 96% and effective permeability across
the intestinal membrane [45], Peff > 0.1), moderate apparent
permeability for in vitro MDCK cells (>25) [46] and middle
permeability for in vitro Caco-2 cells [47]. Regarding toxicity
properties, these compounds are predicted to show cardiac toxicity
(hERG potassium channel blockage), but, according to the models
used, they could lack carcinogenicity and hepatotoxicity [48e50].

In summary, these structures show moderate to good ADMET
properties; in particular those with increasing values of n in the
linker present proper drug-like properties and brain penetration
capacity for CNS activity.
2.5. Toxicological evaluation of DPH6

Based on the predicted non hepatotoxicity (see above) of the
DHP compounds, next we analyzed our hit DHP6 hybrid in an
in vitro toxicity test in HepG2 cells, determining the cell viability
with MTT method [51], using donepezil as a reference molecule.
The results shown in Table 4 are very interesting as they prove that
DPH6 is by far less toxic than donepezil at high concentrations
(from 30 mM to 1000 mM), while at low concentrations (from 1 mM



Table 4
In vitro toxicity in HepG2 cells.a

Compounds Viability (%) HepG2 cells

1 mM 3 mM 10 mM 30 mM 100 mM 300 mM 1000 mM

DPH6 98.4 � 1.64ns 94.8 � 2.42 ns 94.4 � 1.91ns 92.4 � 2.20 ns 85.6 � 4.10* 71.44 � 3.33*** 51.5 � 3.39***
Donepezil 98.6 � 0.62ns 97.0 � 1.77 ns 92.4 � 1.05* 83.5 � 2.15*** 80.0 � 2.36*** 53.4 � 1.44*** 40.9 � 1.50***

***P � 0.001, **P � 0.01, *P � 0.05 and ns not significant, with respect to control group. Comparisons between drugs and control group were performed by one-way ANOVA
followed by the NewmaneKeuls post-hoc test.

a Cell viability was measured as MTT reduction and data were normalized as % control. Data are expressed as the means � s.e.m. of triplicate of four different cultures. All
compounds were assayed at increasing concentrations (1e1000 mM).
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to 10 mM) both are non toxic showing a very similar cell viability
profile.

To sum up, hybrid DPH6 preserves all the anti-cholinesterasic
properties related to donepezil, but, as expected, shows an addi-
tional multipotent inhibitory activity in agreement with the in vitro
results previously determined such as MAO inhibition capacity,
biometal (Cu, Zn and Fe) chelating properties, favorable ADMET
data and a notorious lack of hepatotoxicity. Consequently, and
based on these in vitro pharmacological analyses, next we stepped
forward to preliminary in vivo tests in order to investigate the po-
tential biological profile of selected derivative DPH6.
2.6. Relief of scopolamine-induced long-term memory deficit in
mice by DHP6

To analyze the in vivo effect on contextual memory, DPH6 was
administered to scopolamine-treated mice that were subjected to
passive avoidance behavioral test. This task is based on contextual
memory in which the hippocampus plays an important role, with
the association between an environmental context that the animal
learns to avoid and an aversive stimulus (foot-shock). This behav-
ioral test has been extensively used to evaluate learning and
memory in rodent models of central nervous system disorders and
for screening of novel chemical entities on memory function
[53,54]. Scopolamine, a well-known non-selective muscarinic
antagonist that produces amnesic effects in both rodents and hu-
man, is frequently used to perform pharmacological assays for
studying the effects of enhancers on cognitive functions [52].
During the training day, no significant differences in the latency
time between treated groups were found (Fig. 10), even though
scopolamine has been reported to influence motivational behavior
[55]. In the probe session (Fig. 11), scopolamine (1 mg/kg)-induced
Fig. 10. Comparative effect of DPH6, donepezil and scopolamine on latency time in the
training day. Bars represent the mean of latency time in seconds (sec) corresponding to
each of experimental handling group No significant differences were found between
groups. Values expressed as mean � SEM of 8e10 independent experiments.
cognitive deficits was reflected by a decreased latency in compar-
ison to saline (vehicle) group (***p < 0.001). Not surprisingly,
donepezil þ scop group showed a latency time similar to that
observed in the vehicle group. Likewise, scopolamine effect was
widely reversed in the DPH6 þ scop group (***p < 0.001). Char-
acteristically, not statistical difference in the latency time between
DPH6 þ scop and donepezil þ scop groups were observed and it
was similar to that exhibited by the vehicle.

When comparing individual groups between training and probe
sessions (Fig. 12), it is noteworthy that in the vehicle þ scop group
no significant differences were observed in the latency time. In
striking contrast, during the probe session, handling groups: saline,
donepezilþ scop (1 mg/kg) and DPH6 þ scop (35 mg/kg) remained
in the brightly lit compartment for longer time than that measured
in the training session, significantly increasing the latency time. The
retention impairment observed in the probe session after a single
dose of scopolamine (1 mg/kg), administered 30 min before
training, is in good agreement with previous reports [56]. Taken
these results together, we might conclude that both DPH6 (35 mg/
kg) and donepezil (1 mg/kgg) are able to induce similar effects on
cognition.
3. Conclusion

DPHs 1e7, designed as hybrids from donepezil andM30, bearing
N-benzylpiperidine and a pro-chelator 8-hydroxyquinoline moi-
eties attached to a central N-propargylamine core, have been syn-
thesized and subjected to pharmacological evaluation. DPHs 1e7
were readily prepared in good yields, in short synthetic sequences,
from easily available precursors.
Fig. 11. Comparative effects on latency time of DPH6 and donepezil on scopolamine-
induced amnesia in the probe session. Bars represent the mean of latency time in
seconds (sec) corresponding to each of experimental handling group. SEM is repre-
sented by error bars. Analysis of variance (ANOVA) followed by Bonferroni’s post hoc
test shows significant differences (***p < 0.001) between groups DPH6, donepezil or
vehicle with the scopolamine group. Values expressed as mean � SEM of 8e10 in-
dependent experiments.



Fig. 12. Statistical differences within groups (training versus probe) determined by the Student’s t-test (**p < 0.01; ***p < 0.001).
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The biochemical evaluation of these molecules showed DPHs
2e7 hybrids as non-selective ChE and MAO inhibitors with
moderate-to-low micromolar activity. Particularly interesting
resulted DPH6, an irreversible MAO A/B, mixed-type EeAChE
inhibitor able to complex biometals Cu(II) and Zn(II) and Fe(III).
Compared to related M30A [15] (Chart 1), the demethylated
derivative of M30 [15], or M30B [39] (Chart 1), DPH6 showed a
very similar MAO inhibitory profile with biometal chelating
properties.

Computational docking studies of (R)- and (S)-enantiomers of
DPH6 in AChE and BuChE yielded several binding modes for each
enantiomer, but we have not observed significant differences be-
tween the binding energies of the different binding patterns for
each enantiomer. For both MAO A and MAO B, only one binding
mode has been proposed based on the most stable complex formed
between the (R)- and (S)-enantiomers of DPH6 and the enzymes,
showing also very similar binding energies. In addition, we have
discovered an essential role for the cyano group in properly posi-
tioning the ligand by hydrogen-bond formation with the amino
acid residues of the binding sites of AChE, BuChE and MAO A. It is
worth noting that compounds lacking the cyano motif, like in the
case of DPH7, showed drastically lowered inhibitory activity.
Finally, it is worth pointing out that a-aminonitriles have been
seldom investigated as ChE inhibitors [40], and to the best of our
knowledge, they have never been analyzed as MAO inhibitors [41].
However, some works have described nitriles as MAOIs [42], and
Tipton and collaborators have reported that cyanide potentiates the
inhibition of MAO by the irreversible inhibitor, phenelzine and
pheniprazine [43]. One of the reviewers has kindly addressed our
attention to the fact that “historically, prescribing MAO inhibitors
have been reserved as a lasteline of treatment because of poten-
tially lethal effects due to drug interactions with a wide variety of
therapeutic agents”. Also, donepezil produces a wide assortment of
side effects that include bradycardia, nausea, diarrhea, loss of
appetite and stomach pain [44].

In addition, and according to the theoretic ADMET analysis,DPH
compounds showed proper drug-like properties and brain pene-
tration capacity for CNS activity. In particular, DPH6 is lees toxic tan
donepezil at high concentrations in an in vitro model of toxicity in
HepG2 cells.

Finally, in terms of translational science, it is remarkable the
in vivo effect of DPH6 as enhancer on cognitive functions. Scopol-
amine induced memory deficits is greatly dependent on the
cholinergic system [57]. We have found that donepezil is much
more powerful than DPH6 as cholinesterase inhibitor. This result is
consistent with our own results on ASS234 [8,9] (more potent ChEI
than DPH6) which significantly lowers scopolamine-induced
learning deficits in healthy adult mice, suggesting that product
ASS234 works as cognitive enhancer, as efficiently as donepezil at
lower dosage, likely useful for the treatment of AD. Given the latter,
the well-balanced anti-cholinesterasic and MAO inhibition profile
in addition to the other attractive pharmacological properties of
DPH6 described here, and that DPH6 has effect as enhancer on
cognitive functions, prompt us to propose DPH6 as the first racemic
a-aminonitrile identified so far as a multifunctional chelator for
biometals, able to interact in two key enzymatic systems implicated
in AD, and a new lead compound that deserves further investiga-
tion for the potential treatment of this disease.

To sum up, the well-balanced anti-cholinesterasic and MAO
inhibition profile, in addition to the other attractive pharmacolog-
ical properties described here, prompt us to propose DPH6 as the
first racemic a-aminonitrile that has been identified as a multi-
functional chelator for biometals, able to interact in two key
enzymatic systems implicated in AD, and a new lead compound
that deserves further investigation for the potential treatment of
this disease.
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4. Experimental section

4.1. Chemistry

4.1.1. General methods
Melting points were determined on a Koffler apparatus, and are

uncorrected. 1H NMR and 13C NMR spectra were recorded in CDCl3
or DMSO-d6 at 300, 400 or 500 MHz and at 75, 100 or 125 MHz,
respectively, using solvent peaks [CDCl3: 7.27 (D), 77.2 (C) ppm; and
DMSO-d6: 2.49 (D), 40 (C) ppm] as internal reference. The assign-
ment of chemical shifts WAs based on standard NMR experiments
(1H, 13C, DEPT, COSY, gHSQC, gHMBC). Mass spectra were recorded
on a GC/MS spectrometer with an API-ES ionization source.
Elemental analyses were performed at CNQO (CSIC, Spain). TLC
were performed on silica F254 and detection by UV light at 254 nm
or by charring with either ninhydrin, anisaldehyde or phospho-
molybdic-H2SO4 dyeing reagents. Anhydrous solvents were used in
all experiments. Column chromatography was performed on silica
gel 60 (230 mesh). All known compounds have been synthesized as
reported. All compounds were �95% purity as determined by ex-
amination of their combustion analyses.

4.1.2. 5-(Chloromethyl) quinolin-8-ol (8) [17]
To a cooled solution of 8-hydroxyquinoline (14.6 g,100mmol) in

conc. HCl (44 mL) at 0 �C, a 37% aqueous formaldehyde solution
(20 mL) was added. Then HCl (g) was bubbled through the solution
with stirring for 2 h. The mixture was allowed to warm to rt with
further stirring for 6 h and without stirring for 2 h more. The
product was filtered and the solid was rinsed with conc. HCl, giving
product 8 [17] (19.9 g, 77.5%).

4.1.3. 5-(((1-Benzylpiperidin-4-yl)(prop-2-ynyl)amino)methyl)
quinolin-8-ol (DPH1)

To a solution of commercial 1-benzyl-4-piperidone (1.3 g,
7.0 mmol) and propargylamine (580 mg, 10.5 mmol) in MeOH
(22 mL) at 0 �C, was added a small amount of CF3CO2H (5 drops).
After being stirred for 1 h, NaBH3CN (1.3 g,19.7mmol) was added to
the solution. The mixture was stirred at 0 �C overnight and then
quenched with aqueous saturated NaHCO3. The mixture was
concentrated in vacuo and extracted with AcOEt. The combined
organic layers were dried over MgSO4 and concentrated under
reduced pressure. The crude product was purified by column
chromatography (SiO2, AcOEt/MeOH ¼ 4:1 v/v) to give 1-benzyl-N-
(prop-2-ynyl)aminopiperidine (9) (500 mg, 31.2%) as an orange oil
[Rf ¼ 0.19 (AcOEt/MeOH ¼ 4:1); 1H NMR (400 MHz, CDCl3) d 1.34e
1.49 (m, 2H), 1.76e1.88 (m, 2H), 2.00e2.15 (m, 3H), 2.17e2.22 (t,
J ¼ 2.3 Hz, 1H), 2.65e2.76 (m, 1H), 2.81e2.90 (m, 2H), 3.41e3.46 (d,
J ¼ 2.3 Hz, 2H), 3.52 (s, 2H), 7.20e7.35 (m, 5H); 13C NMR (100 MHz,
CDCl3) d 31.8, 34.9, 51.8, 62.7, 62.8, 71.1, 82.0, 126.8, 128.0, 128.9,
138.0]. To a solution of compound 9 (475 mg, 2.1 mmol) and
quinoline 8 (387 mg, 1.5 mmol) in CH2Cl2 (12 mL), was added Et3N
(0.84 mL, 6.0 mmol) at rt. After being stirred overnight, the mixture
was quenched with aqueous saturated NaHCO3. The product was
extracted with CH2Cl2. The organic layer was dried over Mg2SO4
and concentrated in vacuo. The product was purified by column
chromatography (SiO2, hexane/AcOE by increasing the gradient
from 5:1 to 3:1 v/v). Further purification was achieved by recrys-
tallization (hexane/AcOEt ¼ 1:1) to give compound DPH1 (196 mg,
33.8%) as a white solid: mp 145.5 �C; IR (KBr) n 3289, 2958, 2914,
2805, 2754, 1582, 1510, 1422, 1360, 1281, 1229, 1186, 1152, 1107,
1069, 1001 cm�1; 1H NMR (400 MHz, CDCl3) d 1.60e1.76 (m, 2H),
1.90e2.02 (m, 4H), 2.17 (t, J ¼ 2.3 Hz, 1H), 2.48e2.60 (m, 1H), 2.91
(d, J ¼ 11.5 Hz, 2H), 3.16 (d, J ¼ 2.3 Hz, 2H), 3.46 (s, 2H), 4.00 (s, 2H),
7.00 (d, J ¼ 7.6 Hz, 1H), 7.15e7.29 (m, 5H), 7.31e7.40 (m, 2H), 8.60
(dd, J ¼ 8.5, 1.6 Hz, 1H), 8.69 (dd, J ¼ 4.3, 1.5 Hz, 1H) (the OH signal
was not detected); 13C NMR (100 MHz, CDCl3) d 29.6, 38.0, 51.3,
53.0, 58.5, 63.0, 73.1, 80.0, 108.8, 121.4, 124.9, 127.1, 127.7, 128.2 (2C),
129.2, 129.3, 133.9, 138.7, 147.5, 151.8. Anal. Calcd. for C25H27N3O: C,
77.89; H, 7.06; N, 10.90. Found: C, 77.88; H, 7.10; N, 10.89.

4.1.4. 2-(1-Benzylpiperidin-4-yl)-2-(((8-hydroxyquinolin-5-yl)
methyl)(prop-2-yny)amino)acetonitrile (DPH2)

To a cooled solution of 1-benzyl-4-piperidinecarboxaldehyde
[58] (407 mg, 2.0 mmol) and propargylamine (165 mg, 3.0 mmol)
in MeOH (6 mL) at 0 �C, a small amount of CF3CO2H (5 drops) was
added. After being stirred for 1 h, NaBH3CN (189mg, 2.9 mmol) was
added to the solution portionwise. The mixture was stirred at rt
overnight and then quenched with aqueous saturated NaHCO3. The
mixture was concentrated in vacuo and then extracted with AcOEt.
The combined organic layers were dried over MgSO4 and concen-
trated under reduced pressure to give a mixture that was purified
by column chromatography (SiO2, eluting solvent was changed
from hexane/AcOEt ¼ 5:1 to AcOEt and then AcOEt/MeOH ¼ 4:1 v/
v) to give N-[(1-benzylpiperidin-4-yl)methyl]prop-2-yn-1-amine
(10) (232 mg, 50.2%), as an orange oil [Rf ¼ 0.23 (AcOEt/
MeOH ¼ 4:1); IR (film) n 3287, 3028, 2918, 2801, 2758, 1495, 1454,
1366, 1342, 1121, 1078 cm�1; 1H NMR (400 MHz, CDCl3) d 1.15e1.55
(m, 3H), 1.72 (d, J ¼ 12.5 Hz, 2H), 1.95e2.11 (m, 2H), 2.20 (t,
J ¼ 2.3 Hz, 1H), 2.57 (d, J ¼ 6.6 Hz, 2H), 2.94 (d, J ¼ 11.7 Hz, 2H),
3.33e3.65 (m, 4H), 7.19e7.40 (m, 5H) (the NH signal was not
observed); 13C NMR (100 MHz, CDCl3) d 30.1, 35.8, 38.4, 53.4, 54.5,
63.1, 71.4, 82.2, 127.3, 128.3, 129.4, 137.3], and (1-benzylpiperidin-4-
yl)(prop-2-yn-1-ylamino)acetonitrile (11) (165 mg, 30.9%) as an
orange oil [Rf ¼ 0.78 (AcOEt/MeOH ¼ 4:1); IR (film) n 3296, 2940,
2920, 2803, 2760, 1732, 1452, 1368, 1246, 1223, 1072 cm�1; 1H NMR
(400 MHz, CDCl3) d 1.37e1.72 (m, 4H), 1.76e1.88 (m, 2H), 1.92e2.02
(m, 2H), 2.26e2.33 (m, 1H), 2.87e2.98 (m, 2H), 3.44e3.69 (m, 5H),
7.17e7.44 (m, 5H); 13C NMR (100 MHz, CDCl3) d 28.4, 29.0, 36.8,
39.0, 53.0, 54.5, 63.0, 72.8, 80.1, 118.7, 127.1, 128.2, 129.1, 138.3].

To a solution of compound 11 (70 mg, 0.29 mmol) and Et3N
(0.085 mL, 0.58 mmol) in CH2Cl2 (2 mL), chloride 8 (70 mg,
0.25 mmol) was added. After stirring for 30 min at rt, brine was
added to the mixture. The product was extracted with CH2Cl2, the
extract was dried over Mg2SO4 and then concentrated in vacuo. The
crude product was purified by column chromatography (hexane/
AcOEtby increasing the gradient from 5:1 to 1:1 v/v), to give
compound DPH2 (99 mg, 80.6%) as a white solid: IR (KBr) n 3443,
3300, 3026, 2949, 2814, 1580, 1504, 1476, 1454, 1424, 1371, 1269,
1229, 1193,1150,1072 cm�1; 1H NMR (600MHz, CDCl3) d 0.68e0.70
(m, 1H), 1.17e1.22 (m, 1H), 1.65e1.95 (m, 5H), 2.41 (s, 1H), 2.65 (s,
1H), 2.81e2.83 (m, 1H), 3.23e3.29 (m, 3H), 3.34 (s, 1H), 3.45e3.48
(m, 1H), 3.68 (d, J ¼ 13.2 Hz, 1H), 4.63 (d, J ¼ 13.8 Hz, 1H), 7.1e7.20
(m, 1H), 7.21e7.28 (m, 5H), 7.40e7.44 (m, 2H), 8.60 (d, J ¼ 8.4 Hz,
1H), 8.76 (d, J¼ 4.2 Hz,1H) (the signal for OHwas not detected); 13C
NMR (150 MHz, CDCl3) d 29.4, 30.7, 36.0, 40.0, 52.5, 54.2, 57.7, 63.1,
74.0, 78.8, 84.7, 108.9, 111.8, 116.0, 121.7, 122.2, 127.2, 127.5, 128.2,
129.3, 130.0, 134.0, 138.8, 148.9, 152.6. Anal. Calcd for C27H28N4O: C,
76.39; H, 6.65; N, 13.20. Found: C, 76.45; H, 6.75; N, 13.17.

4.1.5. 5-((((1-Benzylpiperidin-4-yl)methyl)(prop-2-ynyl)amino)
methyl)quinolin-8-ol (DPH3)

To a stirring solution of compound 10 (638 mg, 2.6 mmol) and
chloride 8 (694 mg, 2.7 mmol) in CH2Cl2 (12 mL), Et3N (1.09 mL,
5.2 mmol) was added at rt. After being stirred overnight, the
mixture was quenched with water and the product was extracted
with CH2Cl2, dried over Mg2SO4, concentrated in vacuo, and puri-
fied by column chromatography (SiO2, hexane/AcOEt by increasing
the gradient from 5:1 to 1:1 v/v) to give amine DPH3 (572 mg, 55%)
as a light brown solid: mp 128.5 �C; IR (KBr) n 3320, 3248, 2946,
2914, 2754, 2365, 1734, 1580, 1506, 1478, 1422, 1366, 1279, 1229,
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1192, 1128, 1065 cm�1; 1H NMR (400 MHz, CDCl3) d 0.97e1.14 (m,
2H), 1.32e1.48 (m, 1H), 1.60 (d, J ¼ 12.5 Hz, 2H), 1.84 (t, J ¼ 11.0 Hz,
2H), 2.19 (s, 1H), 2.36 (d, J¼ 7.2 Hz, 2H), 2.76 (d, J¼ 11.1 Hz, 2H), 3.15
(d, J ¼ 1.9 Hz, 2H), 3.39 (s, 2H), 3.83 (s, 2H), 6.98 (d, J ¼ 7.8 Hz, 1H),
7.12e7.37 (m, 7H), 8.53 (dd, J ¼ 8.5, 1.4 Hz, 1H), 8.68 (dd, J ¼ 4.2,
1.4 Hz,1H) (the signal for OHwas not detected); 13C NMR (100MHz,
CDCl3) d 30.8, 33.5, 40.8, 53.6, 56.6, 59.1, 63.5, 73.4, 78.4,108.7,121.3,
124.9, 126.9, 127.8, 128.1, 129.1, 129.2, 134.1, 138.5, 138.7, 147.5, 151.9.
Anal. Calcd for C26H29N3O: C, 78.16; H, 7.32; N, 10.52. Found; C,
78.05; H, 7.36; N, 10.40.

4.1.6. (1-Benzylpiperidin-4-ylidene)acetonitrile (12) [59]
A solution of diethyl (cyanomethyl)phosphonate (2.13 g,

12 mmol) [prepared by heating triethylphosphite (1.0 equiv) and
chloroacetonitrile (1.0 equiv) at 150 �C for 3.5 h; the crude product
was directly used in the next reaction] and K2CO3 (1.39 g, 10 mmol)
in dry THF (5 mL) was stirred for 15 min at rt. Then the mixture was
heated to reflux for 20 min. After cooling down to rt, 1-benzyl-4-
piperidone (1.90 g, 10 mmol) was added dropwise to this solu-
tion. Then the mixture was heated at reflux for 12 h. After cooling
down to rt, 10% K2CO3 aqueous solution was added. The reaction
mixture was extracted with AcOEt, and the organic layers were
dried over MgSO4 and concentrated in vacuo to give the crude
product 12 (2.7 g, >99.0%), which was directly used in next step.

4.1.7. (1-Benzylpiperidin-4-yl)acetonitrile (13) [60]
To a solution of nitrile 12 (2.7 g,10mmol) in MeOH (100mL), Mg

(4.6 g, 191 mmol) and infinitesimal quantity of I2 was added. The
mixture was stirred until it became gray gel. After conc. HCl was
added, the mixture became clear solution. Then it was treated with
10 N NaOH to alkaline. The precipitate was filtered and washed
with large amount of EtOAc. The filtrate was extracted with AcOEt,
and the combined organic layers were dried over MgSO4 and
concentrated in vacuo to give the product 13 (1.59 g, 74.5%).

4.1.8. (1-Benzylpiperidin-4-yl)acetaldehyde (14) [61]
To an oven-dried and argon-purged flask were added the nitrile

13 (1.29 g, 6.0 mmol) and THF (13 mL). The mixture was cooled
to �78 �C, and DIBAL-H (6.22 mL, 1 mmol/mL) was added to the
reaction via syringe. The reaction was stirred at �78 �C for 1 h, and
then quenched with aqueous saturated NaHCO3. The precipitate
was filtered and washed with large amount of EtOAc. The filtrate
was extracted with EtOAc. The combined organic layers were
washed with brine and dried over MgSO4. After concentrated in
vacuum, the crude product was purified by chromatography (SiO2,
CH2Cl2/MeOH ¼ 20:1 v/v) to give product 10 (365 mg, 27.8%).

4.1.9. 3-(1-Benzylpiperidin-4-yl)-2-(((8-hydroxyquinolin-5-yl)
methyl)(prop-2-ynyl)amino)propanenitrile (DPH4)

A solution of 14 (365 mg, 1.68 mmol) and propargylamine
(187 mg, 3.4 mmol) in MeOH (10 mL) was stirred at 0 �C for 1 h;
then NaBH3CN (214 mg, 3.4 mmol) was added. The mixture was
stirred at rt overnight. Water was added to the mixture and MeOH
was removed under reduced pressure. Then aqueous saturated
NaHCO3 was added, and themixturewas extracted with AcOEt. The
separated organic layers were dried over MgSO4 and concentrated
in vacuo to give the crude product. Further purification was ach-
ieved by column chromatography (SiO2, eluting solvent was
changed with gradient from hexane/AcOEt 5:1 to 1:5v/v and then
change from AcOEt to AcOEt/MeOH 4:1 v/v) to give N-[2-(1-
benzylpiperidin-4-yl)ethyl]prop-2-yn-1-amine (15) (168 mg,
38.9%), as an orange oil [Rf ¼ 0.11 (MeOH/AcOEt ¼ 1:4); IR (film) n
3302, 2922, 2945, 2801, 2758, 1493, 1454, 1366, 1148, 1121, 1078,
1028 cm�1; 1H NMR (400 MHz, CDCl3) d 1.15e1.45 (m, 5H), 1.61 (d,
J ¼ 10.5 Hz, 2H), 1.94 (t, J ¼ 11.1 Hz, 2H), 2.13 (t, J ¼ 2.1 Hz, 1H), 2.63
(t, J ¼ 7.2 Hz, 2H), 2.84 (d, J ¼ 11.5 Hz, 2H), 3.30e3.55 (m, 4H), 7.12e
7.33 (m, 5H) (the NH signal was not observed); 13C NMR (100 MHz,
CDCl3) d 32.0, 33.3, 36.3, 38.0, 45.9, 53.5, 63.1, 71.2, 82.0, 127.0, 128.0
(2C), 129.2 (2C), 137.5], and 3-(1-benzylpiperidin-4-yl)-2-(prop-2-
yn-1-ylamino)propanenitrile (16) (190 mg, 40.2%) as an orange
oil [Rf ¼ 0.56 (MeOH/AcOEt ¼ 1:4); IR (film) n 3295, 2924, 2905,
2782, 1493, 1452, 1388, 1343, 1125, 1074 cm�1; 1H NMR (400 MHz,
CDCl3) d 1.15e1.38 (m, 2H), 1.43e1.73 (m, 5H), 1.92 (t, J ¼ 11.5 Hz,
2H), 2.21 (t, J ¼ 2.3 Hz, 1H), 2.82 (d, J ¼ 10.7 Hz, 2H), 3.35e3.64 (m,
4H), 3.66e3.78 (m, 1H), 7.13e7.33 (m, 5H) (the NH signal was not
observed); 13C NMR (100 MHz, CDCl3) d 31.7, 31.8, 32.2, 36.4, 39.9,
46.9, 53.2, 63.2, 72.7, 79.8 (2C), 119.6, 126.9, 128.0 (2C), 129.0 (2C),
138.1].

To a cooled mixture of 16 (84 mg, 0.3 mmol) and Et3N (0.093mL,
0.67 mmol) in CH2Cl2 (6 mL), chloride 8 (77 mg, 0.3 mmol) was
added at 0 �C. After being stirred at rt overnight, the reaction was
quenched with aqueous 5% NaHCO3. The reaction mixture was
extracted with CH2Cl2, and extracts were dried with Mg2SO4 and
concentrated in vacuo. The crude product was purified by column
chromatography (hexane: AcOEt by increasing the gradient from
5:1 to 1:1 v/v) to give compound DPH4 (91.4 mg, 69.5%) as an or-
ange oil: IR (film) n 3298, 2934, 2807, 1580, 1505, 1476, 1370, 1273,
1233, 1198, 1148, 1072, 1028 cm�1; 1H NMR (400 MHz, CDCl3)
d 0.81e0.93 (m,1H), 0.93e1.07 (m,1H),1.12e1.32 (m, 2H),1.38e1.62
(m, 3H), 1.69 (ddd, J¼ 14.1, 8.8, 5.5 Hz, 1H), 1.76e1.89 (m,1H), 2.39e
2.47 (m,1H), 2.58 (d, J¼ 11.3 Hz, 1H), 2.80 (d, J¼ 11.5 Hz, 1H), 3.21e
3.32 (m, 1H), 3.36e3.53 (m, 3H), 3.65e3.75 (m, 2H), 4.60 (d,
J ¼ 13.1 Hz, 1H), 7.06e7.11 (m, 1H), 7.21e7.33 (m, 5H), 7.40e7.47 (m,
2H), 8.58e8.65 (m, 1H), 8.75e8.81 (m, 1H) (the signal for OH was
not detected); 13C NMR (100 MHz, CDCl3) d 30.6, 31.5, 37.2, 39.8,
49.6, 52.7, 53.0, 53.6, 62.8, 74.1, 78.6, 108.9, 117.0, 121.6, 122.3, 127.2,
127.5, 128.1, 129.3, 129.8, 133.6, 138.6, 147.7, 152.5. HRMS. Calcd. for
C28H31N4O (M þ H)þ: 439.2428. Found: 439.2532 (M þ H)þ.

4.1.10. 5-(((2-(1-Benzylpiperidin-4-yl)ethyl)(prop-2-ynyl)amino)
methyl)quinolin-8-ol (DPH5)

To a cooled mixture of 15 (46 mg, 0.18 mmol) and Et3N
(0.053 mL, 0.38 mmol) in CH2Cl2 (2.5 mL) at 0 �C, chloride 8 (47 mg,
0.18 mmol) was added. After being stirred at rt overnight, the re-
action was quenched with aqueous 5% NaHCO3. The product was
extracted with CH2Cl2, and extracts were dried over Mg2SO4 and
then concentrated in vacuo. The crude product was purified by
column chromatography (hexane/AcOE tby increasing the gradient
from 5:1 to 1:1 v/v) to give compound DPH5 (40 mg, 53.5%) as a
yellow oil: IR (film) n 3254, 2945, 2915, 2805, 2758, 1578, 1508,
1478, 1420, 1375, 1350, 1279, 1231, 1194, 1148, 1121 cm�1; 1H NMR
(400 MHz, CDCl3) d 1.24 (s, 3H), 1.44 (d, J ¼ 33.20 Hz, 4H), 1.82 (m,
2H), 2.67 (t, J ¼ 2.40 Hz, 1H), 2.58 (t, J ¼ 7.20 Hz, 2H), 2.83 (d,
J ¼ 11.20 Hz, 2H), 3.26 (d, J ¼ 2.40 Hz, 2H), 3.48 (s, 2H), 3.92 (s, 2H),
7.08 (d, J ¼ 8.00 Hz, 1H), 7.30e7.44 (m, 7H), 8.61e8.61 (m, 1H),
8.76e8.77 (m, 1H) (the signal for OH was not detected);13C NMR
(100 MHz, CDCl3) d 32.2, 33.5, 33.9, 41.0, 50.3, 53.7, 55.9, 63.3, 72.3,
78.3, 108.7, 121.4, 124.9, 127.0, 127.9, 128.1, 129.2, 129.3, 134.0, 138.7,
147.5, 151.8. HRMS. Calcd. for C27H32N3O (M þ H)þ: 414.2545.
Found: 414.2570 (M þ H)þ.

4.1.11. (2E)-3-(1-benzylpiperidin-4-yl)prop-2-enenitrile (17) [62]
A mixture of diethyl (cyanomethyl)phosphonate (2.2 g,

12 mmol) and K2CO3 (1.4 g, 10 mmol) in dry THF (100 mL) was
stirred at rt for 15 min, and then heated at reflux for 20 min. After
cooling down to rt, 1-benzyl-4-piperidinecarboxaldehyde [58]
(2.0 g, 10 mmol) was added. The mixture was heated to reflux for
3 h. Aqueous 10% K2CO3 water (100 mL) was added after cooling
down to rt. The product was extracted with AcOEt and dried over
MgSO4. After concentrated in vacuum, the crude product was
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purified by column chromatography (SiO2, hexane/AcOEt from 5:1
to 1:1 v/v) to give nitrile 17 (0.74 g, 32.6%).

4.1.12. 3-(1-Benzylpiperidin-4-yl)propanenitrile (18) [63]
To a solution of 17 (1.74 g, 7.70 mmol) in MeOH (33 mL) at rt,

turning of Mg (3.70 g, 154 mmol) and infinitesimal quantity of I2
was added to the mixture. The mixture was stirred until it became
gray gel. After conc. HCl was added, the mixture became clear so-
lution. Then it was treated with 10 N NaOH to alkaline. The pre-
cipitates were filtered and washed with large amount of EtOAc. The
filtrate was extracted with AcOEt, and the combined organic layers
were dried over MgSO4 and concentrated in vacuo to give the crude
product 18 (1.76 g, 99.9%).

4.1.13. 3-(1-Benzylpiperidin-4-yl)propanal (19) [64]
To an oven-dried and argon-purged flask were added the nitrile

18 (1.00 g, 4.4 mmol) and THF (10 mL). The reaction was cooled
to �78 �C, and DIBAL-H (4.54 mL, 1 mmol/mL) was added to the
reaction via syringe. The mixture was stirred at �78 �C for 1 h, and
then quenched with aqueous saturated NaHCO3. The precipitates
were filtered and washed with large amount of EtOAc. The filtrate
was extracted with EtOAc. The combined organic layers were
washed with brine and dried over MgSO4. After concentrated in
vacuum, the crude product was purified by chromatography (SiO2,
CH2Cl2/MeOH ¼ 20:1 v/v), to give aldehyde 19 (427 mg, 42.7%).

4.1.14. 4-(1-Benzylpiperidin-4-yl)-2-(((8-hydroxyquinolin-5-yl)
methyl)(prop-2-yny)amino)butanenitrile (DPH6)

A solution of aldehyde 19 (427 mg, 1.9 mmol) and propargyl-
amine (204 mg, 3.7 mmol) in MeOH (6 mL) was stirred at 0 �C for
1 h, then NaBH3CN (1.3 g, 2.0 mmol) was added. The mixture was
stirred at rt overnight. Water was added to the mixture and MeOH
was removed under reduced pressure. Then, aqueous saturated
NaHCO3 was added, and themixturewas extracted with AcOEt. The
separated organic layers were dried over MgSO4 and concentrated
in vacuo to give the crude products. Further purification was ach-
ieved by column chromatography (SiO2, eluting solvent was
changed with gradient from hexane/AcOEt 5:1 to 1:5v/v and then
change from AcOEt to AcOEt/MeOH 4:1 v/v) to give N-[3-(1-
benzylpiperidin-4-yl)propyl]prop-2-yn-1-amine (20) (221 mg,
44.2%), as a yellow oil [Rf ¼ 0.19 (MeOH/AcOEt ¼ 1:4); IR (film) n
3304, 3028, 2922, 2847, 2794, 2758, 1495, 1452, 1386, 1343, 1119,
1028 cm�1; 1H NMR (600 MHz, CDCl3) d 1.10e1.26 (m, 5H), 1.33e
1.46 (m, 2H),1.58 (d, J¼ 9.9 Hz, 2H),1.87 (br s, 2H), 2.13 (t, J¼ 2.3 Hz,
1H), 2.31e2.39 (m, 1H), 2.59 (t, J ¼ 7.1 Hz, 1H), 2.81 (d, J ¼ 10.8 Hz,
2H), 3.35 (d, J ¼ 2.3 Hz, 2H), 3.43 (s, 2H), 7.13e7.29 (m, 5H) (the NH
signal was not observed); 13C NMR (150 MHz, CDCl3) d 24.6, 27.0,
32.2, 32.3, 34.1, 35.6, 38.0, 48.8, 53.8, 63.4, 71.1, 82.2, 126.7, 128.0,
129.1, 138.4], and 4-(1-benzylpiperidin-4-yl)-2-(prop-2-yn-1-
ylamino)butanenitrile (21) (234 mg, 42.7%), as an yellow oil
[Rf ¼ 0.59 (MeOH/AcOEt ¼ 1:4); IR (film) n 3296, 2911, 2845, 2801,
2780, 1493, 1452, 1368, 1343, 1312, 1260, 1146, 1119, 1074; 1H NMR
(400 MHz, CDCl3) d 1.18e1.69 (m, 8H), 1.70e1.83 (m, 2H), 1.85e2.02
(m, 2H), 2.23e2.37 (m, 1H), 2.87 (d, J ¼ 10.5 Hz, 2H), 3.29e3.76 (m,
4H), 7.16e7.38 (m, 5H) (the NH signal was not observed); 13C NMR
(100 MHz, CDCl3) d 31.0, 31.6, 32.1, 32.2, 32.3, 35.4, 36.6, 49.5, 53.7,
63.4, 72.8, 80.0, 119.4, 126.7, 127.9, 128.9, 138.1].

To a mixture of amine 21 (89 mg, 0.3 mmol) and Et3N (0.09 mL,
0.7 mmol) in CH2Cl2 (6 mL) at 0 �C, chloride 8 (77 mg, 0.3 mmol)
was added. After being stirred at rt overnight, the reaction was
quenched with aqueous 5% NaHCO3 and the product was extracted
with CH2Cl2. The extracts were dried Mg2SO4, and concentrated in
vacuo. The crude products were purified by column chromatog-
raphy (SiO2, hexane/AcOEt by increasing the gradient from 5:1 to
1:1 v/v), to give compound DPH6 (89 mg, 65.4%) as a yellow oil: IR
(film) n 3295, 2931, 2812, 1578, 1505, 1476, 1371, 1271, 1203, 1196,
1148,1123,1072,1028 cm�1; 1H NMR (400MHz, CDCl3) d 0.99e0.77
(m, 1H), 1.40e1.38 (m, 6H), 1.53e1.40 (m, 1H), 1.84e1.60 (m, 5H),
2.42 (t, J ¼ 2.4 Hz, 1H), 2.77 (ddt, J ¼ 12.0, 8.3, 2.1 Hz, 1H), 3.28 (dd,
J ¼ 16.8, 2.4 Hz, 1H), 3.45 (s, 2H), 3.58 (dd, J ¼ 16.8, 2.4 Hz, 1H), 3.75
(d, J ¼ 13.1 Hz, 1H), 4.60 (d, J ¼ 13.1 Hz, 1H), 7.11 (d, J ¼ 7.6 Hz, 1H),
7.32e7.22 (m, 5H), 7.57e7.39 (m, 2H), 8.64 (dd, J ¼ 8.5, 1.6 Hz, 1H),
8.78e8.80 (m, 1H) (the signal for OH was not detected); 13C NMR
(100 MHz, CDCl3) d 28.1, 31.5, 31.9, 32.0, 34.4, 39.8, 52.3, 53.4, 53.5,
53.7, 63.3, 74.2, 78.6, 108.9, 117.2, 121.8, 122.5, 127.1, 127.6, 128.2,
129.3, 129.9, 133.7, 138.8, 147.9, 152.6. HRMS. Calcd for C29H33N4O
(M þ H)þ: 453.2654. Found: 452.2526 (M þ H)þ.

4.1.15. 5-(((3-(1-Benzylpiperidin-4-yl)propyl)(prop-2-ynyl)amino)
methyl)quinolin-8-ol (DPH7)

To a cooled mixture of amine 20 (189 mg, 0.70 mmol) and Et3N
(0.51 mL, 2.5 mmol) in CH2Cl2 (15 mL) at 0 �C, chloride 8 (186 mg,
0.73 mmol) was added. After being stirred at rt overnight, the re-
action was quenched with aqueous 5% NaHCO3. The product was
extracted with CH2Cl2, and extracts were dried over Mg2SO4 and
then concentrated in vacuo. The crude products were purified by
column chromatography (SiO2, hexane/AcOEt by increasing the
gradient from 5:1 to 1:1 v/v) to give compound DPH7 (162 mg,
54.3%) as a yellow oil: IR (film) n 3381, 3293, 2911, 2801, 1738, 1580,
1505, 1476, 1425, 1373, 1289, 1238, 1198, 1047 cm�1; 1H NMR
(300 MHz, CDCl3) d 0.99e1.33 (m, 5H), 1.42e1.66 (m, 4H), 1.86 (t,
J ¼ 11.3 Hz, 2H), 2.29 (t, J ¼ 2.1 Hz, 1H), 2.56 (t, J ¼ 7.1 Hz, 2H), 2.86
(d, J ¼ 11.4 Hz, 2H), 3.26 (d, J ¼ 2.2 Hz, 2H), 3.48 (s, 2H), 3.93 (s, 2H),
7.09 (d, J ¼ 7.6 Hz, 1H), 7.20e7.37 (m, 5H), 7.37e7.49 (m, 2H), 8.65
(dd, J¼ 8.5,1.3 Hz,1H), 8.77 (dd, J¼ 4.1,1.3 Hz,1H) (the signal for OH
was not detected); 13C NMR (100 MHz, CDCl3) d 24.4, 32.2, 34.0,
35.3, 40.9, 53.2, 53.8 (2C), 55.8, 63.4, 73.4, 78.4, 108.9, 121.4, 124.9,
127.0, 127.9, 128.2, 129.2, 129.3, 134.1, 138.7, 147.6, 152.0. Anal. Calcd
for C28H33N3O: C, 78.65; H, 7.78; N, 9.83. Found; C, 76.90; H, 8.03; N
9.98.

4.1.16. 4-(1-Benzylpiperidin-4-yl)-2-(prop-2-yn-1-ylamino)
butanenitrile (21)

3-(1-Benzylpiperidin-4-yl)propanal (19) (136 mg, 0.59 mmol),
prop-2-yn-1-amine (47 mL, 0.74 mmol, 1.25 equiv) and trime-
thylsilyl cyanide (TMSCN) (0.14 mL, 1.1 mmol, 1.85 equiv) were
mixed and submitted tomicrowave irradiation at 125 �C for 10min.
The crude reaction was purified by column chromatography (SiO2,
hexane/AcOEt from 9:1 to 1:1 v/v) to give compound 21 (104 mg,
60%) as a yellow oil, that showed identical spectroscopic data to the
compound isolated in the Mannich reductive amination of alde-
hyde 19. a-Aminonitrile 21 was also transformed into target com-
pound DPH6 (see above).

4.2. Pharmacological evaluation

4.2.1. Cholinesterase inhibition
Cholinesterase activities were assessed following a spec-

trophometric method [18], using purified AChE from Electrophorus
electricus (type VeS) and purified BuChE from equine serum
(lyophilized powder) (SigmaeAldrich, Madrid, Spain). Enzymatic
reactions took place in 96-well plates in solutions containing 0.1 M
phosphate buffer (pH 8.0), 0.035 U/mL AChE or 0.05 U/mL BuChE
and 0.35 mM of 5,50-dithiobis-2-nitrobenzoic acid (DTNB, Sigmae
Aldrich, Madrid, Spain). Inhibition curves were plotted by pre-
incubating this mixture with serial dilutions of each compound
for 20 min. The activity in absence of compounds was used to
determine the 100% of enzyme activity. After pre-incubation times,
50 ml of substrate were added to a final concentration of 0.35 mM
acetylthiocholine iodide or 0.5 mM butyrylthiocholine iodide
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(SigmaeAldrich). Enzymatic reactions were followed for 5 min
with AChE or 25minwith BuChE. Changes in absorbance at l405 in a
spectrophotometic plate reader (FluoStar OPTIMA, BMG Labtech)
were detected and IC50 values calculated at the compound con-
centration inhibiting 50% of enzymatic activity by using the
GraphPad ‘PRISM’ software (version 3.0). Data were expressed as
mean � SEM of at least three different experiments performed in
triplicate.

4.2.1.1. Kinetic studies of AChE inhibition by DHP6. To estimate the
mechanism of action of DPH6 inhibiting AChE, reciprocal plots of 1/
V versus 1/[S] were determined at different acetylthiocholine
(ASCh) concentrations (0.1e5 mM). The plots were assessed by a
weighted least-squares analysis. Slopes of reciprocal plots were
plotted against concentration of DPH6 (0e5 mM) for AChE to
determine the reversible inhibition constant (Ki).

4.2.2. Monoamine oxidase inhibition
To assess the inhibition of MAO A and MAO B by derivatives

DHPs 1e7, 14C-labeled substrates were used (Perkin Elmer, USA).
Rat liver homogenates were used as source of MAO [19]. MAO A
activity was determined using 100 mM (0.5 mCi/mmol) [14-C]-(5-
hydroxytryptamine) (5-HT) whereas MAO B activity was deter-
mined using 20 mM (2.5 mCi/mmol) [14C]-phenylethylamine (PEA).
Inhibition curves were plotted by pre-incubating the enzyme with
several concentrations of each compound for 30 min in 50 mM
phosphate buffer (pH 7.4). Inhibitor-free samples were used to
determine the 100% of enzyme activity. At the end of each pre-
incubation, substrate (25 ml) was added in a final volume of
225 ml and reactions allowed for 20 min (MAOA) or 4 min (MAO B).
Reactions were stopped by adding 2M citric acid and radiolabelled-
aldehyde products extracted into toluene/ethylacetate (1:1, v/v)
containing 0.6% (w/v) 2,5-diphenyloxazole prior to liquid scintil-
lation counting (Tri-Carb 2810TR). Inhibition curves were plotted as
previously mentioned. Total protein was measure by the method of
Bradford (1976) using bovine-serum albumin as standard.

4.2.2.1. Reversibility and time-dependence of MAO by DHP6.
The study of reversibility inhibition exerted by DPH6 towards MAO
A and MAO B were determined by incubating the enzyme in the
presence and in the absence of the inhibitor before and after three
consecutive washings with buffer. MAOA andMAO B samples were
pre-incubated for 30 min at 37 �C with 10 mM DPH6 and 20 mM
DPH6, respectively. A sample of 50 nM clorgyline and 20 nM l-
deprenyl was also used as control of irreversible MAO A and MAO B
inhibition. Samples were washed with 50 mM phosphate buffer
(pH 7.4) and centrifuged at 25,000 g for 10min at 4 �C consecutively
three times. Total protein was measured by the Bradford method
and MAO activity determined as described above. Time-
dependence inhibition of DPH6 towards MAO A and MAO B was
evaluated by pre-incubating varying concentrations of the inhibitor
with the enzyme at different times (0e180 min). Dose-response
curves (IC50) values were accordingly determined for each time as
described above.

4.2.3. Determination of metal-chelating properties
Complexing studies were performed in distilled water at room

temperature using a UVeVIS spectrophotometer (Lambda25, Per-
kinElmer). Spectrums (220e300 nm) of DPH6 alone (10 mM) and in
presence of varying concentrations of CuSO4 (no changes observed
after 5-min incubation), Fe2(SO)3 (no changes observed following
O/N incubation) and ZnSO4 (no changes observed after 1-h incu-
bation) were recorded in 1 cm quartz cells. The stoichiometry of the
complexes DPH6-Cu(II)/Zn(II)/Fe(III) was determined by the Job’s
method [65]. Series of different solutions containing DPH6 and
biometals CuSO4, ZnSO4 or Fe2(SO4) 3 were prepared at a final sum
of concentrations of both species of 10 mM, varying the proportions
of both components between 0 and 100%. Absorbance at 257 nm
was plotted versus the mole fraction of DPH6 for each metal.

4.2.4. Toxicity in human hepatoma cell line HepG2: culture of
HepG2 liver cells and treatment

Human hepatoma cell line HepG2 was cultured in Eagle’s min-
imum essential medium (EMEM) supplemented with 15 non-
essential amino acids, 1 mM sodium pyruvate, 10% heat-
inactivated fetal bovine serum (FBS), 100 units/mL penicillin, and
100 mg/mL streptomycin (reagents from Invitrogen, Madrid, Spain).
Cells were seeded into flasks containing supplemented medium
and maintained at 37 �C in a humidified atmosphere of 5% CO2 and
95% air. For assays, HepG2 cells were subcultured in 96-well plates
at seeding density of 8 � 104 cells per well. When HepG2 cells
reached 80% confluence, the medium was replaced with fresh
medium containing 1e1000 mM compounds or 0.1% DMSO as a
vehicle control.

4.2.5. MTT assay and cell viability
Cell viability, virtually the mitochondrial activity of living cells,

was measured by quantitative colorimetric assay with 3-[4,5
dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide (MTT)
(Sigma Aldrich), as described previously [51]. Briefly, 50 ml of the
MTT labeling reagent, at a final concentration of 0.5 mg/ml, was
added to each well at the end of the incubation time and the plate
placed in a humidified incubator at 37 �C with 5% CO2 and 95% air
(v/v) for an additional 2 h period. Then, the insoluble formazanwas
dissolved with dimethylsulfoxide; colorimetric determination of
MTT reduction was measured at 540 nm. Control cells treated with
EMEM were used as 100% viability.

4.2.6. In vivo analysis: relief of scopolamine-induced long-term
memory deficit in mice by DHP6
4.2.6.1. Animals. Thirty-six male C57BL/6J mice (Harlan), weighing
25 g served as subjects in order to obtain our results. Animals were
housed under controlled light (with a 12-h light/12-h dark cycle,
lights on at 7:00 a.m.). Procedures were carried out following the
European Communities Council Directive (86/609/EEC) on animal
experiments.

4.2.6.2. Drugs and treatments. Scopolamine hydrobromide, 1 mg/
kg (Sigma, St. Louis, MO, USA), donepezil, 1 mg/kg (Tocris Biosci-
ence, R&D Systems Inc., Minneapolis, USA), and DPH6 (35 mg/kg)
were given in 10 ml/kg of saline solution (0.9% NaCl) by intraperi-
toneal via. Animals were divided into four experimental handling
groups: mice administered with i) saline (vehicle, n ¼ 9); ii)
scopolamine (vehicle þ scop, n ¼ 9); iii) donepezil plus scopol-
amine (donepezil þ scop, n ¼ 10); and iv) DPH6 plus scopolamine
(DPH6 þ scop, n ¼ 8).

4.2.6.3. Passive avoidance task. The test was performed using the
Ugo Basile (Comerio, Italy) apparatus. Basically, the device consists
of two compartments (10 � 13 � 15 cm) connected by a sliding
door. One compartment is brightly lit (10 W) and, on the contrary,
the other one is dark and equipped with an electrified grid floor.
Rodents tend to prefer dark environments and will immediately
enter the darkened compartment. The day before of the experi-
ment, mice are placed in the experimental room for 1 h. The
experiment is performed in two consecutive days. The first day,
scopolamine or saline is administered 30 min before the training
session and saline, donepezil or DPH6 are administered 90 min
prior to the administration of scopolamine or saline. During the
training session, each mouse is individually placed in the
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illuminated compartment with the sliding door closed. 30 sec later,
the door is open so that the mouse can move freely to each room.
Once the mouse gets into the dark compartment, the sliding door
closes automatically and the animal receives an electric foot shock
(0.5 mA, 1 s). Then, mice are returned their home cage and 24 h
later, in the second day, the probe session takes place. In the second
day, each individual is placed again into illuminated box. Then the
sliding door opens for 5 s with the electric foot-shock switched off
in the dark room. The latency in seconds taken by a mouse to enter
the dark compartment after door opening during the training and
the probe session was automatically determined by the computer
device. A cut-off time of 5 min was defined.

4.2.6.4. Statistical analysis. Significance was determined using a
one-way analysis of variance (ANOVA), followed by Bonferroni’s
post hoc test. Statistical analysis of differences within a group be-
tween training and probe sessions were determined by using the
Student’s t- test. These statistical analyses have been carried out by
using GraphPad Prism 5 computer software. Results are expressed
as the average of latencies �S.E.M. Differences are considered sta-
tistically significant at p < 0.05.

4.2.7. Molecular modeling
4.2.7.1. Molecular docking into AChE and BuChE. (R)-DPH6 and (S)-
DPH6 were assembled as hydrochlorides and free bases within
Discovery Studio, version 2.1, software package, using standard
bond lengths and bond angles. With the CHARMm force field [66]
and partial atomic charges, the molecular geometries of (R)-DPH6
and (S)-DPH6 were energy-minimized using the adopted-based
NewtoneRaphson algorithm. Structures were considered fully
optimized when the energy changes between iterations were less
than 0.01 kcal/mol [67].

4.2.7.2. Molecular docking of (R)-DPH6 and (S)-DPH6 into EeAChE.
The coordinates of E. electricus AChE (PDB ID: 1C2B), were obtained
from the Protein Data Bank (PDB). For docking studies, initial pro-
tein was prepared by removing all water molecules, heteroatoms,
any co-crystallized solvent and the ligand. Proper bonds, bond or-
ders, hybridization and charges were assigned using protein model
tool in Discovery Studio, version 2.1, software package. CHARMm
force field was applied using the receptoreligand interactions tool
in Discovery Studio, version 2.1, software package. Docking calcu-
lations were performed with the program Autodock Vina
[22]. AutoDockTools (ADT; version 1.5.4) was used to add hydro-
gens and partial charges for proteins and ligands using Gasteiger
charges. Flexible torsions in the ligands were assigned with the
AutoTors module, and the acyclic dihedral angles were allowed to
rotate freely. Trp286, Tyr124, Tyr337, Tyr72, Asp74, Thr75, Trp86,
and Tyr341 receptor residues were selected to keep flexible during
docking simulation using the AutoTors module. Because VINA uses
rectangular boxes for the binding site, the box center was defined
and the docking box was displayed using ADT. For E. electricus AChE
(PDB ID: 1C2B) the docking procedurewas applied towhole protein
target, without imposing the binding site (“blind docking”). A grid
box of 60 � 60 � 72 with grid points separated 1 Ǻ, was positioned
at the middle of the protein (x ¼ 21.5911; y ¼ 87.752; z ¼ 23.591).
Default parameters were used except num_modes, which was set
to 40. The AutoDock Vina docking procedure used was previously
validated [23].

4.2.7.3. Molecular docking of inhibitors (R)-DPH6 and (S)-DPH6 into
eqBuChE. The horse BuChE model has been retrieved from the
SWISS-MODEL Repository. This is a database of annotated three-
dimensional comparative protein structure models generated by
the fully automated homology-modeling pipeline SWISS-MODEL. A
putative three-dimensional structure of eqBuChE has been created
based on the crystal structure of hBuChE (PDB ID: 2PM8), these two
enzyme exhibited 89% sequence identity. Proper bonds, bond or-
ders, hybridization and charges were assigned using protein model
tool in Discovery Studio, version 2.1, software package. CHARMm
force field was applied using the receptoreligand interactions tool
in Discovery Studio, version 2.1, software package. Docking calcu-
lations were performed following the same protocol described
before for EeAChE. All dockings were performed as blinds dockings
where a cube of 75 Ǻwith grid points separated 1 Ǻ, was positioned
at the middle of the protein (x ¼ 29.885; y ¼ �54.992; z ¼ 58.141).
Default parameters were used except num_modes, which was set
to 40. The lowest docking-energy conformation was considered as
the most stable orientation. Finally, the docking results generated
were directly loaded into Discovery Studio, version 2.1.

4.2.7.4. Molecular docking of compounds (R)-DPH6 and (R)-DPH7
into rat MAO A/B. Compounds (R)-DPH6 and (R)-DPH7 were
assembled as non-protonated amine within Discovery Studio,
version 2.1, software package, following the procedure described
before for cholinesterases. The crystal structure of rat MAO A in
complex with its irreversible inhibitor MLG-709 was obtained from
the Protein Data Bank (PDB ID 1O5W). The rat MAO B model has
been retrieved from the SWISS-MODEL Repository. A putative
three-dimensional structure of rat MAO B has been created based
on the crystal structure of hMAO B (PDB ID: 1S3E), these two en-
zymes exhibited 89% sequence identity. For docking studies initial
proteins were prepared. First, in the PDB crystallographic structure
1O5W (rat MAO A), any co-crystallized solvent and the ligand were
removed; it is not necessary in the PDBMAO Bmodel. Then, proper
bonds, bond orders, hybridization and charges were assigned using
protein model tool in Discovery Studio, version 2.1, software
package. CHARMm force field was applied using the receptore
ligand interactions tool in Discovery Studio, version 2.1, software
package. Six water molecules located around the FAD cofactor were
considered in the docking experiments because of their well-
known role into the MAO’s inhibition. Finally, atoms of the FAD
cofactor were defined in their oxidized state. Docking calculations
were performed following the same protocol described before for
EeAChE. In docking with MAO A, Tyr 69, Leu97, Gln99, Ala111,
Phe112, Tyr124, Trp128, Phe173, Leu176, Phe177, Ile180, Asn181,
Ile207, Phe208, Gln215, Cys323, Ileu325, Ileu335, Phe352, Tyr407
and Tyr444 receptor residues were selected to keep flexible during
docking simulation using the AutoTors module. All dockings were
performed as blind dockings where a cube of 40 Ǻ with grid points
separated 1 Ǻ, was centered on the FAD N5. Default parameters
were used except num_modes, which was set to 40. According to
Vina best scored poses, the most stable complex configurations
were considered. At the end of the docking, the best poses were
analyzed using Discovery Studio.

4.3. Statistical analysis

Significance was determined using a one-way analysis of vari-
ance (ANOVA), followed by Bonferroni’s post hoc test. Significant
differences within group were determined with the Student’s t-
test. Results are expressed as the average of latencies � S.E.M.
Differences are considered statistically significant at p < 0.05.
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Abstract 

Currently available drugs against Alzheimer’s disease (AD) are only able to ameliorate the disease 

symptoms resulting in a moderate improvement in memory and cognitive function without any efficacy 

in preventing and inhibiting the progression of the pathology. In an effort to obtain disease-modifying 

anti-Alzheimer’s drugs (DMAADs) following the multifactorial nature of AD, we have recently 

developed multifunctional compounds. We herein describe the design, synthesis, molecular modeling 

and biological evaluation of a new series of donepezil-related compounds possessing metal chelating 

properties, and being capable of targeting different enzymatic systems related to AD (cholinesterases, 

ChEs, and monoamine oxidase A, MAO-A). Among this set of analogues compound 5f showed 

excellent ChEs inhibition potency and a selective MAO-A inhibition (vs MAO-B) coupled to strong 

complexing properties for zinc and copper ions, both known to be involved in the progression of AD. 

Moreover, 5f exhibited relevant antioxidant properties as found by in vitro assessment. This compound 

represents a novel donepezil-hydroxyquinoline hybrid with DMAAD profile paving the way to the 

development of a novel class of drugs potentially able to treat AD. 

 

Keywords: MAO-A, MAO-B, Human Acetylcholinesterase, Human Butyrylcholinesterase, Molecular 

Modeling, Molecular Docking, Alzheimer’s Disease, Metal Chelating Properties, Antioxidant 

properties, ADME+T properties. 
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1. Introduction 

Alzheimer’s disease (AD) represents the most prevalent pathology associated to neurodegenerative 

senile dementia, characterized by selective loss of cholinergic neurons and reduced level of 

acetylcholine (ACh) neurotransmitter, driving to memory deficit and progressive impairment of 

cognitive functions up to debilitating dementia before death [1, 2]. This pathology has been found to be 

related to many factors including ACh levels, β-amyloid plaques deposition, oxidative damage, free 

radicals formation and metal ions [3-6]. AD currently affects millions of aging people (WHO report 

2012, Dementia: a public health priority) [7], a number which, with the greying of society, will lead to 

a dramatic increase expecting a double of patients by 2030 and triple by 2050 [8]. To date, healthcare 

or financial systems in developed countries are not prepared to manage this worrisome scenario [7]. 

Indeed the only available therapeutics for AD, focused on increasing cholinergic neurotransmission in 

the brain (by inhibiting cholinesterases, ChEs), have resulted in a modest improvement in memory and 

cognitive function and are devoid of any therapeutic potential concerning prevention and progression 

of neurodegeneration [9]. All the currently registered drugs for the treatment of AD are ChEIs 

(donepezil, 1, rivastigmine, 2, and galantamine, 3, Figure 1) with the N-methyl-D-aspartate (NMDA) 

antagonist memantine (for the treatment of moderate to severe AD [10, 11]), while tacrine, 4 (Figure 1) 

the first drug approved for the treatment of AD, was withdrawn from the market [12] due to its 

hepatotoxicity [13, 14]. The narrowness of therapies for AD has become as the current biggest unmet 

medical need in neurology unless an effective disease-modifying anti-Alzheimer’s drug (DMAAD) is 

found [15]. 
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Figure 1 Current cholinesterase inhibitors approved for the treatment of AD. 

 

The multifactorial nature of AD has brought to “the failure of the so-called one-drug-one-target 

paradigm” [16, 17]. Besides the well-recognized symptomatic efficacy of ChEs inhibition for the 

treatment of AD a therapeutic potential was proposed for monoamine oxidase inhibitors (MAOIs). 

Indeed, among the factors that may contribute to cell death in neurodegenerative disorders such as AD, 

oxidative stress plays a relevant role. MAOIs capability to reduce the formation of neurotoxic products 

such as H2O2 and aldehydes, which in turn, promote the generation of reactive oxygen species (ROS) 

[18], endorses MAOIs with strong neuroprotective properties [19].  

Amyloid beta (Aβ) aggregation and Aβ 

amyloid cascade hypothesis of AD postulates that excessive Aβ formation is one of the causes of 

neurodegeneration. Furthermore, the metallostasis evidence points iron, copper and zinc as relevant 

metals in the pathogenesis of AD, either by direct interaction with Aβ, thus increasing its aggregation, 

or by enhancing the production of H2O2 and ROS. Consequently, the modulation of the homeostasis of 

these biometals is a potential therapeutic strategy for AD therapy [20]. In healthy people amyloid 

precursor protein and Aβ interact with the mentioned metal species in a subtle equilibrium. Disruption 
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of this balance drives to an abnormal Aβ metabolism as well as an alteration in copper and zinc uptake, 

leading to the formation of fibrillar Aβ. The formation of fibrils may induce an inflammatory reaction 

with consequent decrease of pH, also modifying the zinc homeostasis [21]. Zinc is thus released into 

the cellular environment triggering the events that lead to oxidative stress-induced cell death. Copper 

ions are then free to compete for zinc binding site on Aβ, and these ions can catalyse H2O2 production 

by Aβ. As a consequence of the inflammatory response, a highly reactive free radical, nitric oxide is 

released to regulate the process [22].  

Accordingly, in the last years the multifactorial etiology of AD has conducted the research to develop 

novel multitarget anti-AD agents [23-28]. In this frame, we have previously explored: i) 

multifunctional compounds able to inhibit both ChEs [29-31], ii) compounds with multifunctional 

profile coupling the inhibition of ChEs with Aβ aggregation as well as with the disruption of preformed 

fibrils [32, 33], iii) compounds with acetylcholinesterase (AChE) and MAOs inhibition capacity [34, 

35], and iv) compounds and AChE and MAOs inhibition capacity showing additional antioxidant 

properties [36, 37]. Based on our knowledge by a scaffold hopping approach, we herein report the 

development of novel chemical entities (compounds 5a-f, Figure 2) which represent an improved series 

of our previously developed analogues typified by DPH6 (Table 1) [38]. Compounds 5a-f combine the 

N-benzylpiperidine moiety of 1 with a metal chelating portion represented by a 8-hydroxyquinoline 

system functionalized at position 2. Since 1 is a weak MAO-B inhibitor and is devoid of MAO-A 

affinity, for improving the MAO inhibition properties of the compounds, we also introduced the 

propargylamine moiety.  
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Figure 2. Design of the title compounds 5a-f. 

Pharmacological analysis revealed the developed compounds as potent AChE and 

butyrylcholinesterase (BuChE) inhibitors, with IC50 values in the nanomolar range combined with 

micromolar MAO-A selective inhibition (vs MAO-B), metal-chelating capability and antioxidant 

properties. In-depth bioinformatics analysis of the analogues with AChE BuChE and MAO-A and -B 

helped rationalize the observed enzyme inhibition data. Among the analogues described, compound 5f 

showed the most interesting profile as multifuntional tool, thus representing an innovative scaffold for 

the development of improved donepezil-hydroxyquinoline hybrids as potential DMAADs. 

 

2. Results and Discussion 

2.1. Chemistry 

To obtain the compounds presented in this paper the following synthetic schemes 1-3 were adopted.  

ω-(1-Benzylpiperidin-4-yl)alkanals 10a,b were prepared in our previous methods [38]. Thus, two-

carbon homologation of the commercial ketone 6a and aldehyde 6b with Horner-Wadsworth-Emmons 

reagent 7 (derived from Arbuzov reaction between triethyl phosphite and 1-chloroacetonitrile) gave 
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8a,b. On the latter olefins double bond reduction with Mg-I2 in MeOH followed by DIBAL-H 

reduction of the resulting alkanenitriles 9a,b gave the correspondent aldehydes 10a,b (Scheme 1).  

The secondary amine, N-(2-propynyl)-N-(quinolin-2-yl)methylamine, 14 was prepared by reductive 

amination of the quinoline-2-carbaldehyde 13 with propargylamine, using NaBH4 under acidic 

conditions. For this process, 13 was derived from commercially available 2-methylquinolin-8-ol (11) 

by SeO2 oxidation followed by silylation of 12 with TBSCl (Scheme 2).  

Reductive amination of 6b and ω-(1-benzylpiperidin-4-yl)alkanals 10a,b with the secondary amine 14, 

using NaBH4 under acidic conditions, afforded two component coupled tertiary amines 15a-c, which 

were desilylated by treatment with Bu4NF to give the desired donepezil + propargylamine + 8-

hydroxyquinoline hybrid compounds (DPHs) 5a-c (Scheme 3). DPHs 5d-f were prepared in short 

synthetic sequences through Lewis acid-catalyzed Strecker reaction as the key operation [39]. Thus, the 

aldehydes 6a, 10a and 10b were treated with TMSCN in the presence of ZnI2, forming the 

corresponding cyanohydrin TMS ethers 16a-c, which was immediately followed by addition of the 

secondary amine 14 to give the corresponding α-aminonitriles 17a-c, respectively. Finally, the TBS-

protective group of 17a-c was removed by treatment with Bu4NF in THF, affording the desired DPHs 

5d-f (Scheme 3). All new molecules showed analytical and spectroscopic data in good agreement with 

their structures, and then submitted to biological evaluation as racemic mixtures.  
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Scheme 1. Synthesis of aldehydes 1a,b. Reagents and 

conditions: (a) K2CO3, THF, rt–reflux; (b) Mg/I2, 

MeOH, 0 °C, rt; (c) DIBAL-H/toluene, -78 °C.  

 

 

Scheme 2. Synthesis of intermediate 

amine 14. Reagents and conditions: (a) 

SeO2/1,4-dioxane, 60 °C–reflux; (b) 

propargylamine, imidazole, 

TBSCl/DCM, 0 °C–rt; (c) 

CF3COOH/MeOH, 0 °C–rt then NaBH4, 

0 °C–rt. 
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Scheme 3. Synthesis of title compounds 5a-f. Reagents and conditions: (a) 

compound 14, CF3CO2H/MeOH, 0 °C–rt then NaBH4, 0 °C–rt; (b) TBAF/THF, rt; 

(c) TMSCN, ZnI2/DCM, rt; (d) compound 14, MeOH, 50 °C, 3 h. 

 

2.2. Pharmacological evaluation, structure-activity relationship, and molecular modeling studies 

2.2.1. Enzyme assays 

 

Donepezil (Aricept
®

) is an AChE inhibitor able to increase concentrations of ACh in the brain and 

improving the symptoms of disease without delaying the progression of AD. Donepezil was approved 

by the FDA in 1996 with the trade name of Aricept
®
 and in 2006 the drug was also approved for 

treating severe dementia. As shown in Table 1, donepezil displayed an IC50 value in the nanomolar 

range AChE activity inhibition with weak selectivity for other enzymatic systems (BuChE and MAOs). 

In an effort to design multifunctional compounds as DMAADs the benzyl-piperidine moiety of 

donepezil and 8-hydroxyquinoline nucleus, were combined for maintaining both the ChEs inhibitory 

activity metal-chelating properties. A propargylamine moiety for inhibiting MAO was also inserted 

between these two moieties by a carbon chain of variable length. This approach led to the design of 
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compounds 5a-f (Figure 2 and Table 1). Further in compounds 5d-f the spacer was decorated with a 

cyano group as a further interacting group for potentiating enzyme inhibition. The obtained compounds 

were evaluated in vitro for assessing their inhibition properties at the human enzymes of interest 

(MAO-A, MAO–B, AChE, and BuChE). As shown in Table 1 the compound 5f exhibited the most 

interesting profile of the series. In fact, 5f inhibited AChE activity in the nanomolar range with an IC50 

value of 29 nM, similar to that found for 1. Furthermore, our prototypic multifunctional compound 5f 

showed an excellent inhibitory potency (IC50 = 39 nM) against the BuChE being more potent than 

reference compound 1 (IC50 = 7.5 μM). In addition 5f was found to be a selective MAO-A (vs MAO-B) 

inhibitor in the micromolar range (IC50 = 10.1 μM), whereas 1 did not show appreciable MAO-A 

inhibitory activity and displayed MAO-B inhibition potency in the micromolar range (IC50 = 15.2 μM). 

DPH6 (Table 1) [38], the progenitor molecule of all these compounds, when compared with 5f, it 

showed similar IC50 values versus MAO-A, but higher affinity versus MAO-B and lower inhibition 

potency towards AChE and BuChE. Taken into account these data, we can assess that compound 5f 

nicely challenged the in vitro profile of DPH6. 
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Table 1. Inhibitory activities (IC50) and selectivity ratios of derivatives inhibiting human 

recombinant MAO (hrMAO) isoforms and human ChEs.  

Compound IC50 (μM)
a
  IC50 (μM)

a
  

 hrMAO-A hrMAO-B SI
b
 hAChE hBuChE SI

c
 

5a  

46.5 ± 4.4 >100 >2.2 9.7 ± 1.0 0.064 ± 0.005 152 

5b  

35.6 ± 3.7 >100 >2.8 4.1 ± 0.6 0.079 ± 0.013 52 

5c  

37.0 ± 3.8 >100 >2.7 1.5 ± 0.2 0.023 ± 0.003 65 

 

5d  

10.2 ± 1.2 >100 >9.8 64.2 ± 7.1 0.030 ± 0.004 2140 

5e 

12.2 ± 1.3 >100 >8.2 3.3 ± 0.6 0.002 ± 0.0003 1650 

5f 

10.1 ± 1.1 >100 >9.9 

0.029 ± 0.003 

0.0108 (Ki) 

0.039 ± 0.003 

0.0116 (Ki) 

0.7 

0.9 

Clorgyline 0.016 ± 0.003 65.5 ± 7.1 4094 >500 >500 - 

l-Deprenyl 55.4 ± 6.5 0.02 ± 0.003 0.0004 >500 >500 - 

1 (Donepezil) >1000 15.2 ± 1.7 <0.0152 0.009 ± 0.001 7.5 ± 0.8 0.0012 

DPH6 

6.7 ± 0.8 11.8 ± 1.5 1.8 0.35 ± 0.11 2.1± 0.2 0.17 

a
Values obtained after 30 min pre-incubation expressed as the mean ± S.E.M. of at least three independent 

experiments. 
b
MAO-A selectivity index: [IC50(hrMAO-B)]/[ IC50(hrMAO-A)]. 

c
hBuChE selectivity index: 

[IC50(hAChE)]/[IC50(hBuChE)]. 
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In order to provide some relevant information about the mechanism of action of 5f, an assessment to 

establish the reversibility and time-dependent inhibition of hrMAO-A and hChEs was performed. In 

Figure 3 the output of these in vitro studies concerning MAO-A is shown. 

 

 

Figure 3. Assessment for reversibility and time-dependent inhibition of hrMAO-A by derivative 

5f. 

 

Unequivocally, the lack of recovery of activity after enzyme inactivation by 5f (Figure 3A) confirms an 

irreversible MAO-A inhibition similarly to that observed with the reference inhibitor clorgyline. This 

result is consistent with the covalent interaction between the propargylamine moiety and the flavin 

adenine dinucleotide (FAD) co-factor present in the MAO-A enzyme. This type of inhibition is also in 

agreement with molecular modelling studies discussed below (see paragraph 2.2.2 for further details). 

Moreover, a time-dependent inhibition mechanism of hrMAO-A (Figure 3B and 3C) was evidenced 

from the dose-response curves (IC50) when different pre-incubations times were employed. 
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Figure 4. Kinetic assessment of 5f as ChEs inhibitor. Lines were derived from a 

weighted least-squares analysis of data. Acetylthiocholine iodide (ASCh) and S-

butyrylcholine iodide (BuSCh) were used as substrates. 

 

For better characterizing compound 5f inhibition properties at ChEs, kinetic assessments were 

performed as reported in Materials and Methods section. The results of this study are summarized in 

Figure 4. The assessment was performed by means of steady-state inhibition (Lineweaver-Burk plots of 

initial velocity) of hAChE (Figure 4A) and hBuChE (Figure 4B) by 5f (0-200 nM) using 

acetylthiocholine iodide and S-butyrylcholine iodide (0.1-2 mM) as substrates, respectively. The data 

obtained by kinetic studies clearly showed a mixed-type inhibition for both enzymes since decreasing 

Km values and increasing Vmax values were determined as higher 5f concentrations were used (Figure 

4C). Moreover the studies performed allowed us to calculate inhibition constants (Ki) by employing the 

Cheng-Prusoff equation for 5f of 10.8 nM and 11.6 nM concerning hAChE and hBuChE inhibitions, 

respectively. 
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2.2.2. Structure-activity relationship and molecular modeling studies 

Computational studies allowed us to rationally explain the experimentally determined different 

selectivity degrees of compounds 5a-f on the hrMAO-A and -B enzyme isoforms. The structural 

requirements governing the inhibitory potency of the title compounds on hAChE were also investigated 

exploiting our experience in the field [29, 30, 40]. The potential binding modes of a subset of the 

analyzed compounds were found by applying the Induced Fit Docking (IFD) protocol [41] available in 

Schrödinger Suite [42] as already reported by us [31, 32]. The mentioned protocol involves various 

steps such as ligands and proteins preparation and molecular docking. In particular, in order to improve 

the reliability of our calculations, the ligands were prepared taking into account their protonation state 

at physiological pH (7.4) [33, 43-46]. In agreement with the literature data and software output, we 

have considered the 8-hydroxyquinoline moiety in its zwitterionic form, and the piperidine nitrogen as 

protonated (Table S1). Analysis of the data suggested that the presence of a CN group is relevant for 

improving MAO-A activity and selectivity (5d vs 5a, 5e vs 5b, and 5f vs 5c, Table 1). For verifying 

this issue we have performed docking calculations for 5f and 5c in complex with hMAO enzymes. 

Results are depicted in Figure 5 for 5f S-enantiomer (docking calculations of R-enantiomer were 

provided in Supporting Information in Figure S1) and Figure 6 for 5c. As shown in Figure 5A, 

compound (S)-5f interacts in the active site of MAO-A with a combination of polar contacts and 

hydrophobic interactions, targeting the key residues of the protein [47]. In particular, (S)-5f establishes 

a series of H-bonds with Lys305, Tyr444 and Phe208 (backbone), and a π-π stacking with Phe208 and 

with Phe352 (Figure 5A). In line with the experimentally determined irreversible mode of inhibition of 

5f (Figure 3), the propargylamine moiety of (S)-5f was found to lay in close proximity to the FAD 

molecule (3.3 Å). Accordingly, (S)-5f showed satisfactory docking score and free binding energy 

values (GlideXP score -10.82 kcal/mol, and ΔGbind = -180.03 kcal/mol, respectively) which is 

consistent with good affinity for the isoform A of MAO enzyme. Notably, we observed a partial 
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stereoselective interaction with the enzyme. The R-enantiomer (Figure S1A) showed indeed a different 

pattern of interaction with respect to those found for the S-enantiomer. Although free binding energy 

values (GlideXP score and ΔGbind of -8.54 kcal/mol and -176.16 kcal/mol) were found slightly lower 

with respect to those obtained for the S-enantiomer, the different binding mode of (R)-5f with MAO-A, 

could prevent strong interactions with the enzyme. In fact, (R)-5f can establish only a π-π stacking with 

Phe173 and polar contacts with Val210 and Thr336. However, the propargylamine moiety lies far from 

the FAD molecule (14.1 Å) thus precluding a potential covalent interaction with the enzyme. These 

findings are in agreement with the micromolar inhibition potency found for the racemic mixture (the S-

enantiomer showed an excellent predicted affinity with a binding mode that could allow a correct 

interaction within the enzyme, while the R-enantiomer appeared to possess a reduced predicted 

affinity). 
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Figure 5. Docked pose of (S)-5f into hMAO-A (PDB ID: 2Z5X) (panel A) binding site and into 

hMAO-B (PDB ID: 2V5Z) (panel B). In the bottom part of the picture is represented a schematic 

ligand-protein interaction. The docked poses are visualized by means of PyMOL (The PyMOL 

Molecular Graphics System, v1.6-alpha; Schrodinger LLC, New York, NY, 2013), while the ligand-

protein interaction diagram was generated by means of Maestro. 

 

On the contrary, the IFD results obtained for (S)-5f revealed a poor affinity for MAO-B as depicted in 

Figure 5B. Due to the different arrangement of the enzyme active sites, (S)-5f could not engage a 

suitable pattern of interaction with the MAO-B binding site. In particular, the replacement of Ile335 
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and Ile180 (MAO-A) with Tyr326 and Leu171 (MAO-B) respectively appeared to limit cavity 

accessibility for our inhibitors. In addition, the replacement of Phe208 (MAO-A) with Ile199 (MAO-B) 

did not assure a correct accommodation of (S)-5f into MAO-B active site (Figure 5B). Consequently, 

the compound produced only a stacking with Trp119 that is located at the boundary of the binding 

pocket and no other contacts along the cleft were evident (Figure 5B). Moreover, the 8-

hydroxyquinoline moiety appeared to be solvent exposed and the distance between the propargylamine 

and FAD is very large (8.74 Å) and not consistent with any potential covalent interaction. All these 

data and free binding energy calculation (GlideXP score -7.62 kcal/mol, and ΔGbind is -127.49 

kcal/mol) are in line with the observed MAO-A and -B selectivity. For, the (R)-5f (Figure S1B) we 

obtained similar results and no stereoselective interactions with MAO-B were detected (GlideXP score 

-8.04 kcal/mol and the ΔGbind -130.81 kcal/mol). Similarly to the S-enantiomer into MAO-B with the 

R-enantiomer the distance of the propargylamine group from FAD (6.7 Å) did not assure any chance of 

covalent interaction thus well explaining the selectivity profile of 5f for the two MAO isoforms.  

For evaluating the influence of structural differences in MAO-A inhibition we have performed IFD 

studies also for 5c for comparison with data obtained for 5f. Compound 5c, lacking the CN group, 

showed a decreased MAO-A inhibition activity when compared to 5f, and the molecular docking 

output (Figure 6A) evidenced a slight different pattern of interaction with respect to 5f. Indeed, 5c 

could reproduce contacts with Lys305 and Phe208 (H-bonds), and could establish a π-π stacking with 

Phe352, but the absence of the CN group did not allow interaction with Tyr444 and the π-π stacking 

with Phe208 as for 5f (Figure 6A). Moreover, the propargylamine group was found at 4.4 Å distance 

from the FAD molecule a larger distance than that found for 5f (3.3 Å). All these evidences clearly 

demonstrate that the presence of the CN group is relevant for better interaction with MAO-A binding 

site (5c indeed showed a slight decrease of docking score value and estimated free binding energy with 

respect to 5f) and for higher inhibition potency (Table 1). 
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Figure 6. Docked pose of 5c into hMAO-A (PDB ID: 2Z5X) (panel A; Docking score -9.96 kcal/mol; 

ΔGbind = -174.29 kcal/mol) binding site and into hMAO-B (PDB ID: 2V5Z) (panel B; Docking score -

7.56 kcal/mol; ΔGbind = -131.68 kcal/mol). In the bottom part of the picture is represented a schematic 

ligand-protein interaction. 

 

Similarly to 5f, also 5c showed a poor MAO-B inhibition potency. Our docking results (Figure 6B) 

showed that 5c is able to form only a H-bond with Tyr435 and a π-π stacking with Phe168 in a similar 

fashion to 5f, since the stacking with aromatic residues located at the boundary of the MAO-B binding 

site prevented a deep accommodation of the compound into the cleft, thus precluding strong 
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interactions of 5c within the active site and the propargylamine group was found at 5.8 Å from FAD. 

All together these features led to a decrease of docking score values and of the estimated binding 

affinity in line with the poor MAO-B inhibition potency of 5c (Figure 6B). 

Overall this series of compounds (5a-f) was found to inhibit the hChEs from the micromolar to the 

nanomolar range and the compounds were in general more potent inhibitors of hBuChE than hAChE. 

Analysis of the data reported in Table 1 evidenced that hAChE inhibition potency of the compounds is 

more sensible to small variations of the structure with respect to hBuChE inhibition potency and this is 

in line with the wider gorge dimensions of the BuChE enzyme. 

In order to better explain this behavior we performed IFD calculations for all the compounds within 

hAChE (PDB ID:1B41). The results (Figure 7 and 8) highlighted the importance of the length of the 

molecule for correct interaction with the enzyme since potency increased with the length of the 

compounds in both the 5a-c and the CN containing 5d-f sub-series. The lengthiest compounds 5c and 

5f were indeed found to be the most potent hAChE inhibitors of the series since they possess the 

correct distance between the aromatic moieties and an appropriately positioned basic center for 

interacting with the peripheral anionic site (PAS), mid-gorge, and catalytic site (CAS). In addition, the 

length of 5f (S- and R-enantiomer) also assured a better accommodation of the CN group into the gorge 

of the enzyme with respect to the 5d and 5e (Figure 8 and Figure S2).  
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Figure 7. Docked poses of selected compounds (panels A-C; A: 5a; B: 5b; C: 5c) into hAChE enzyme 

(PDB ID: 1B41). The pictures were generated by means of PyMOL, while the ligand-interaction 

diagrams were generated by means of Maestro. 

 

In particular, the obtained binding mode of compound 5a (Figure 7A) clearly revealed its impossibility 

to reach the CAS of hAChE. In fact, 5a established a series of limited hydrophobic and polar contacts 

only with the PAS (Trp286 and Tyr72). Accordingly, the docking score and the ΔGbind of 5a are -7.91 

kcal/mol and -84.26 kcal/mol, respectively. A moderate improvement in the inhibitory activity was 

observed with the homologation of linker between the propargylamine moiety and piperidine group. In 

fact, compound 5b displayed a better accommodation into the binding site of hAChE (Figure 7B), 

interacting by a π-π stacking with Trp286 the PAS region with its 8-hydroxyquinoline moiety, and can 

engage a polar contact with the mid-gorge Asp74. These interactions account for the docking score and 



21 

 

the ΔGbind of -8.91 kcal/mol and -102.22 kcal/mol, respectively. A further homologation was beneficial 

for activity and 5c strongly interacted with PAS, mid-gorge and CAS recognition sites (Figure 7C). In 

particular, 5c established a double π-π stacking with Trp286 and Tyr72 in the PAS region and 

establishes a polar contact with the mid-gorge region targeting the key residue Asp74. Notably, 5c was 

also able to interact with the CAS region by a π-π stacking with Trp86 by its benzyl moiety (Figure 

7C). Also the docking score of -9.95 kcal/mol and the ΔGbind of -112.08 kcal/mol supported the 

observed improvement of affinity of 5c vs 5a for hAChE.  

The same trend was observed with the introduction of CN group on the molecules 5d-f (Figure 8). In 

fact, 5f displayed the correct length and spatial arrangements of its features for appropriate interaction 

with hAChE. In fact, the CN group is perfectly tolerated in 5e and 5f and establishes a series of 

relevant polar interactions with Phe295 or/and Arg296 (backbone) as reported in Figure 8B,C and in 

Figure S2, accounting for the favorable docking score and ΔGbind. Notably, and in line with the IC50 

values (Table 1), our computational analysis also revealed that the mid-gorge Asp74 is targeted by both 

5f enantiomers and by only one enantiomer of 5e.  
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Figure 7. Docked poses of S-enantiomer of selected compounds (A-C; A: 5d; B: 5e; C: 5f) into hAChE 

enzyme (PDB ID: 1B41). The docking output for the R-enantiomers is provided in Figure S2. The 

pictures were generated by means of PyMOL, while the ligand-interaction diagrams were generated by 

means of Maestro. 

 

Our calculations also explained the worst hAChE inhibition properties of 5d (S- and R-enantiomer) 

which did not establish interactions at the mid-gorge and CAS level as observed for the analogue 5a 

devoid of the CN group. 5d only interacts with PAS by a H-bond with Tyr72 by its 8-hydroxyquinoline 

moiety (Figure 8A and Figure S2A). Notably, a non-classical conformation of Trp286 was detected 

which supported the poorest affinity of 5d for hAChE. Also the docking score values (S-enantiomer -

7.58 kcal/mol; R-enantiomer -7.33 kcal/mol) and ΔGbind (S-enantiomer -79.42 kcal/mol; R-enantiomer -

78.15 kcal/mol) are in agreement with a 6-fold lower potency with respect to 5a. As above reported for 

compound 5b, the elongation of the spacer in this scaffold improved hAChE inhibition potency. In fact, 



23 

 

5e (S- and R-enantiomer, Figure 8B and Figure S2B, respectively) inhibiting hAChE in the micromolar 

range revealed a better pattern of interaction than 5d. In fact, 5e established a series of contacts with 

PAS and mid-gorge, but could not reach the CAS due to the lack of appropriate length of the linker. In 

particular (S)-5e established a π-π stacking by its aromatic moieties with Trp286 and with Tyr337 

(Figure 8B). In addition, the CN group interacts with the backbone of Phe295 by a H-bond. The 

improvement of affinity by one order of magnitude was confirmed by the presence of a stronger pattern 

of interaction with hAChE and a good docking score (-9.46 kcal/mol) coupled to a significant ΔGbind of 

-109.81 kcal/mol. In addition, the R-enantiomer lacks the interaction with Tyr337 but it forms a H-bond 

with the mid-gorge site Asp74 (Figure S2B). A comparable docking score (-10.34 kcal/mol) and ΔGbind 

(-107.60 kcal/mol) were found for R-enantiomer with respect to the S-enantiomer.  

Finally, the IFD calculation performed on 5f, possessing the appropriate length for optimally 

interacting with all the key sites of hAChE gorge (Figures 8C and S2C), revealed a good fitting within 

the enzyme. In particular, (S)-5f was able to establish a double π-π stacking by its 8-hydroxyquinoline 

and benzyl groups with Trp286 and Trp86/Tyr337, respectively. Moreover, a series of H-bonds were 

found with Phe295 by the cyano group, and with Asp74 by the piperidine moiety. This enantiomer 

showed a very high docking score (-12.93 kcal/mol) as well as the estimated free-binding energy 

(ΔGbind -129. 67 kcal/mol). Similarly, the R-enantiomer (Figure S2C) was able to reproduce all the 

contacts found for the S-enantiomer (Figure 8C) with few additional contacts (H-bonds with the 

backbone of Arg296 by its CN group, with Tyr72 sidechain by its 8-hydroxyquinoline moiety, and a π-

π stacking with His447 by the benzyl moiety, Figure S2C). These additional contacts led to a 

significant improvement in the docking score (-14.87 kcal/mol) as well as in the ΔGbind (-146.31 

kcal/mol). This strong pattern of interaction found for both 5f enantiomers perfectly parallels and 

explains the in vitro data (Table 1). Last, but not least, all the compounds showed an excellent drug-like 

profile (ADME+T properties prediction) as calculated by means of QikProp [48] (Table 2).  
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Table 2. Calculated physicochemical properties for compounds presented in this 

study by means of QikProp application. 

 

Cpd SASA
a
 QPlogP

b
 QPlogS

c
 QPlogHERG

d
 %HOA

e
 

5a 743.9 3.78 -3.37 -8.21 88.0 

5b 800.9 4.84 -4.59 -8.90 95.4 

5c 827.7 5.19 -4.91 -8.89 84.7 

5d 757.1 3.03 -3.80 -8.23 75.2 

5e 818.1 4.23 -5.18 -8.87 84.6 

5f 851.7 4.50 -5.61 -8.97 84.2 

The calculated properties and their recommended range according to QikProp user manual are follows: 
a
SASA 300-1000; 

b
QPlogP -2.00 – 6.5; 

c
QPlogS -6.5 – 0.5; 

d
QPlogHERG <-5; 

e
%HOA: %human oral 

absorption >80% high, <25% poor. 

 

2.2.3. Assessment of metal-chelating properties of 5f 

Our investigation of the relevant properties of compound 5f as a potential DMAAD was implemented 

with the in vitro assay for establishing its metal-chelating properties. Chelating tests reported in Figure 

9 allowed to understand the metal-chelating properties of 5f evaluating the formation of metal-

complexes. Indeed, the ability of 5f to interact with metals relevant for Aβ misfolding such as zinc, 

copper, and iron was assessed [49]. 
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Figure 9. Assessment of metal-chelating properties of compound 5f. Job’s method for iron was not plotted 

as no significant spectral changes were observed at 262 nm after several pre-incubations as reported in the 

main text.  

 

In particular, the influence of abnormally high levels of redox-active metal ions such as Cu
2+

, Fe
2+

 was 

characterized as well as the compromised regulation of redox-active metals in the promotion and 

formation of cytotoxic ROS and neuronal damage [50]. Moreover, the role of mentioned metals in 

formation and progression of aberrant Aβ species causing the misfolding of proteins and their 

subsequent aggregation was also established. Numerous studies have demonstrated that a surplus of 

metal ions such as Cu
2+

, Fe
2+

, Zn
2+

 and Al
3+

 were present in Aβ plaques of AD patients’ brain [49]. 

Furthermore an excess of Cu
2+

 and Zn
2+

 promotes Aβ aggregation [51, 52]. For these reasons, the 

research with multitarget compounds additionally decorated for obtaining metal-chelating effect might 

provide an additional and therapeutic, rather than only symptomatological, strategy for the treatment of 

AD. Our in vitro analyses (Figure 9) reveal that 5f is able to interact with metals. Additionally, an 

extinction coefficient (ε) of 20800 M
-1

·cm
-1

 was determined with 5f, while a maximum complexation 

peak was detected at 262 nm. As showed in Figure 9A, 5f displayed a spectral changes at 10 μM 
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forming a complex with Zn
2+

 after incubations of 15 h. Remarkably, 5f formed a complex with Cu
2+

 

(Figure 9B) after 5 minutes of incubation. On the contrary, with Fe
3+

 (Figure 9C) no significant spectral 

changes were observed at 262 nm after longer pre-incubations. In summary, 5f was determined as 

metal-chelating agent, a stoichiometry complexation of 1:2 metal-compound with both Cu
2+

 (Figure 

9D) and Zn
2+

 (Figure 9E) revealed a metal-compound ration of 1:2.  

2.2.4. Evaluation of antioxidant properties of 5f 

The assessment of antioxidant properties of compound 5f was carried out by different in vitro assays. 

Figure 10A shows the Cu(II)-chelating activity of 5f at blocking the production of H2O2 in vitro by 

Cu(II) and ascorbic acid using the Amplex Red reagent. This effect was in agreement with the metal-

chelating properties previously observed as a stoichiometry of 1:2 Cu(II)/compound was also found. 

Compound 5f also displayed oxygen radical absorbance capacity (ORAC) values equivalent to those 

observed with the antioxidant Trolox (Figure 10B). Lipid peroxidation induced in vitro by linoleic acid 

and 2,2'-azobis(2-amidinopropane) dihydrochloride (AAPH) (Figure 10C) was significantly reduced by 

5f though this effect was prolonged similarly (Tinh) over time as that observed in the control. Finally, 

the radical scavenger activity of 5f induced by 2,2-difenil-1-picrilidrazile (DPPH, Figure 10D) was 

observed to decrease in a dose-dependent manner, being significantly reduced when 5f concentrations 

higher than 50 μM were used.  
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Figure 10. Evaluation of in vitro antioxidant properties of compound 5f. A) Effect of compound 5f 

on the in vitro production of H2O2 in presence of Cu(II) and ascorbic acid expressed in fluorescence 

units (FU). B) ORAC-FL values of 5f and melatonin as trolox equivalents. C) Inhibition of lipid 

peroxidation (LPO) by compound 5f and trolox. Inhibition times (Tinh) are expressed in minutes. D) 

Radical scavenger activity (RSA) induced by DPPH with compound 5f and 50 μM trolox. Statistical 

analysis was performed using one-way ANOVA test followed by Bonferroni post-test. **, p<0.01, 

***, p<0.001. 

 

3. Conclusion 

In summary, in this study, the development of novel donepezil-related compounds (5a-f) characterized 

by a multifunctional profile is reported. Among the series of the novel chemical entities assayed, 

compound 5f exhibited the most interesting profile to be further characterized as AD potential 

therapeutic. In fact, 5f was defined as a mixed-type hAChE and hBuChE inhibitor of nanomolar 
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potency, and was also found a selective irreversible MAO-A inhibitor in the micromolar range. 

Molecular modeling studies were performed to rationalize the mode of action and the selectivity profile 

of the developed compounds. These studies evidenced the structural requirements of these donepezil-

related analogues to optimally interact with the enzymes of interest. Additionally, 5f, conceived for 

interacting with metals targeting the citotoxicity derived from A misfolding leading to oligomers 

formation,. was demonstrated to be able to form complexes with Zn
2+

 and Cu
2+

. These data confirm 5f 

metal-chelating properties which might be relevant for modulating A misfolding. Notably, 5f is also 

endowed with relevant antioxidant properties. The calculated physico-chemical properties enrich the 

profile of this promising hit as it shows a drug-likeness in line with other marketed drugs. Taken 

together these findings will pave the way to the development of novel anti-AD based on 5f that 

deserves to be further investigated as DMAAD. 

 

4. Experimental section  

4.1. Chemistry 

4.1.1. General procedures 

Unless otherwise specified, materials were purchased from commercial suppliers and used without 

further purification. Silica gel 60 (0.040 - 0.063 mm) were used for column chromatography. 
1
H NMR, 

and 
13

C NMR, spectra were recorded on a Varian INOVA-600, Varian INOVA-400 or Varian Mercury 

300MHz, spectrometers by using the residual signal of the deuterated solvent as internal standard. 

Splitting patterns are described as singlet (s), doublet (d), triplet (t), quartet (q), quintet (p), and broad 

(br); the value of chemical shifts (d) are given in ppm and coupling constants (J) in Hertz (Hz). IR 

spectra were obtained with a Shimazu, Model FT-IR 8400. Purity of the compounds was assessed by 
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HRMS, spectra were recorded on a Bruker Daltonics Bio TOF mass spectrometer. Yields refer to 

purified products and are not optimized. All moisture-sensitive reactions were performed under argon 

atmosphere using oven-dried glassware and anhydrous solvents.  

4.1.2. 2-(1-Benzylpiperidin-4-ylidene)acetonitrile (8a) 

Diethyl (cyanomethyl)phosphonate (7). Chloroacetonitrile (3 g, 40 mmol) and triethyl phosphite (6.65 

g, 40 mmol) were heated at 150 
o
C for 3.5 h. And the crude product was directly used in the next 

reactions.  

A solution of diethyl (cyanomethyl)phosphonate 7 (2.13 g, 12 mmol) and K2CO3 (1.66 g, 12 mmol) in 

10 mL of dry THF was stirred for 15 min at rt. Then the mixture was heated to reflux for 20 min. After 

cooling down to rt, ketone 6a (10 mmol of in 5 mL of dry THF) was added dropwise to this mixture 

and then resulting mixture was heated at reflux for 12 h. After cooling down to rt, 10% K2CO3 aqueous 

solution was added. The reaction mixture was extracted with AcOEt three times, the organic phase 

were collected, dried with anhydrous Na2SO4 and concentrated in vacuum to obtain the crude product 

which was directly used for the following reactions without further purification. Title compound was 

obtained as yellow oil, 92.0% yield; 
1
H NMR (300 MHz, CDCl3) δ 7.26–7.34 (m, 5 H), 5.10 (s, 1 H), 

3.55 (s, 2 H), 2.51–2.63 (m, 6 H), 2.40 (t, J = 5.1 Hz, 2 H). 

4.1.3. 3-(1-Benzylpiperidin-4-yl)acrylonitrile (8b). 

Following the procedure described for compound 8a the title compound was obtained as yellow oil, 

95.0% yield; 
1
H NMR (300 MHz, CDCl3) δ7.19–7.38 (m, 5 H), 6.31 (t, J = 10.4 Hz, 1 H), 5.23 (d, J = 

10.9 Hz, 1 H), 3.50 (s, 2 H), 2.89 (d, J = 11.7 Hz, 2 H), 2.51–2.71 (m, 1 H), 1.93–2.14 (m, 2 H), 1.62–

1.77 (m, 2 H), 1.40–1.60 (m, 2 H). 

4.1.4. 2-(1-Benzylpiperidin-4-yl)acetonitrile (9a). 



30 

 

To a solution of compound 8a (7.7 mmol) in 35 mL MeOH, Mg (154 mmol) and catalytic amount of I2 

were added while stirring at rt. The mixture was then stirred in an ice bath was until the reaction 

mixture became gray gel. Then, conc. HCl was slowly added till the reaction became clear. 10 N NaOH 

was added to neutralize the pH to 8-9. The precipitate was filtered and washed with large amount of 

AcOEt. The filtrate was extracted with AcOEt three times, and the combined organic layers were dried 

with anhydrous Na2SO4 and concentrated in vacuum to give the crude product which was directly used 

for the following reactions without further purification. Title compound was obtained as yellow oil 

82% yield; 
1
H NMR (300 MHz, CDCl3) δ 7.24–7.34 (m, 5 H), 3.55 (s, 2 H), 2.93 (d, J = 11.8 Hz, 2 H), 

2.28 (d, J = 6.60 Hz, 2 H), 2.00 (t, J = 52.77 Hz, 2 H), 1.78 (m, 2 H), 1.68 (m, 1 H), 1.48 (m, 2 H). 

4.1.5. 3-(1-Benzylpiperidin-4-yl)propanenitrile (9b). 

Following the procedure described for compound 9a the title compound was obtained as yellow oil 

87% yield; 
1
H NMR (300 MHz, CDCl3) δ 7.19–7.37 (m, 5 H), 3.50 (s, 2 H), 2.89 (d, J = 11.8 Hz, 2 H), 

2.35 (t, J = 7.3 Hz, 2 H), 1.96 (td, J = 11.5, 1.9 Hz, 2 H), 1.54–1.73 (m, 4 H), 1.17–1.52 (m, 3 H). 

4.1.6. 2-(1-Benzylpiperidin-4-yl)acetaldehyde (10a).  

An over dried and argon-purged flask nitrile 9a (10.0 mmol) in 20 mL of dry toluene was cooled to –78 

o
C, and 12 mL 1 mol/L DIBAL-H toluene solution was added dropwise to the solution. The reaction 

mixture was stirred at –78 
o
C for 1.5 h. Then 10 mL MeOH were added, and the solution was poured 

into 100 mL 5% H2SO4 aqueous solution and then alkaline with conc. NH4OH. The precipitate was 

filtered and washed with AcOEt. The filtrate was extracted with AcOEt for three times. The combined 

organic phase was washed with brine and dried with anhydrous Na2SO4. After concentration, the crude 

product was purified by silica gel chromatography Hex/AcOEt, 2:1 to give pure title compound as 

orange oil, 87% yield; 
1
H NMR (300 MHz, CDCl3) δ 9.76 (t, J = 1.9 Hz, 1 H), 7.17–7.42 (m, 5 H), 
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3.51 (s, 2 H), 2.88 (d, J = 11.2 Hz, 2 H), 2.36 (dd, J = 6.7, 1.76 Hz, 2 H), 1.60–2.15 (m, 5 H), 1.20–

1.50 (m, 2 H). 

4.1.7. 3-(1-Benzylpiperidin-4-yl)propanal (10b). 

Following the procedure described for compound 10a the title compound was obtained as yellow oil, 

83% yield; 
1
H NMR (400 MHz, CDCl3) δ 9.76 (t, J = 1.6 Hz, 1 H), 7.19–7.38 (m, 5 H), 3.44–3.53 (m, 

2 H), 2.87 (d, J = 11.1 Hz, 2 H), 2.43 (td, J = 7.5, 1.6 Hz, 2 H), 1.92 (t, J = 11.8 Hz, 2 H), 1.52–1.72 

(m, 4 H), 1.16–1.35 (m, 3 H). 

4.1.8. 8-Hydroxyquinoline-2-carbaldehyde (12). 

SeO2 (20 mmol, 2.22 g) in 70 mL 1.4-dioxane and 1 mL water mixture were heated to 60 
o
C. To this 

solution 2-methylquinolin-8-ol 11 (1.59 g, 10 mmol) in 15 mL 1.4-dioxane was added dropwise over 

30 min. The obtained mixture was heated at reflux for 12 h. After cooling down to rt, the precipitate 

was filtered and the filtrate was concentrated. The crude product was purified by silica gel 

chromatography using Hex/AcOEt, 5:1 to give 1.49 g of pure title compound as yellow solid, 86% 

yield; 
1
H NMR (600 MHz, CDCl3), δ 10.22 (s, 1H), 8.32 (d, J = 8.4 Hz, 1H), 8.20 (br, 1H), 8.06 (d, J = 

8.4 Hz, 1H), 7.62 (t, J = 7.8 Hz, 1H), 7.43 (d, J = 8.4 Hz, 5H), 7.29-7.26(m, 1H), 7.16 (d, J = 7.2 Hz, 

1H). 

4.1.9. 8-((tert-Butyldimethylsilyl)oxy)quinoline-2-carbaldehyde (13). 

To a solution of 12 (1.5 g, 8.66 mmol) and imidazole (1.3 g, 19.1 mmol) in 30 mL of dry DCM tert-

butylchlorodimethylsilane (1.44 g, 9.53 mmol) was added while stirring at 0 
o
C. The mixture was 

allowed to warm slowly to rt for further 16 h while stirring, then 30 mL water were added. The aqueous 

phase was extracted with DCM three times and the combined organic phase was washed with saturated 

NaHCO3 solution, brine and dried with anhydrous Na2SO4. After concentration in vacuum, the crude 
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product was purified by silica gel chromatography using Hex/AcOEt, 10:1 to give 2.16 g of pure title 

compound as yellow oil, 87% yield, 
1
H NMR (600 MHz, CDCl3), δ 10.22 (d, J = 0.6 Hz, 1H), 8.25 (d, 

J = 8.4 Hz, 1H), 7.99 (d, J = 8.4 Hz, 1H), 7.56-7.54 (m, 1H), 7.48 (d, J = 8.4 Hz, 5H), 7.25-7.24 (m, 

2H), 1.09 (s, 9H), 0.32 (s, 6H). 

4.1.10. N-((8-((tert-Butyldimethylsilyl)oxy)quinolin-2-yl)methyl)prop-2-yn-1-amine (14). 

Aldehyde 13 (1.44 g, 5 mmol) and prop-2-yn-1-amine (550 mg, 10 mmol) were dissolved in 50 mL of 

MeOH and cooled to 0 
o
C. 10 drops of CF3COOH were added and the reaction mixture was stirred at 0 

o
C for 1 h and rt for further 2 h. Then NaBH4 (380 mg, 10 mmol) were added to the reaction at 0 

o
C and 

the obtained mixture was stirred for another 1 h at rt. The reaction was quenched with 50 mL of 

saturated NH4Cl solution and the water phase was extracted with AcOEt for three times. The 

combinied organic phase was washed with brine and dried with anhydrous Na2SO4. After concentrated 

in vacuum, the crude product was purified by silica gel chromatography using a mixture Hex/AcOEt, 

2:1 to give 1.4 g of pure title compound as yellow oil, 86% yield; 
1
H NMR (600 MHz, CDCl3), δ 8.07 

(dd, J = 1.8 Hz, J = 8.4 Hz, 1H), 7.41-7.36 (m, 3H), 7.15-7.14 (m, 1H), 4.21 (d, J = 1.2 Hz, 2H), 3.58 

(dd, J = 1.8 Hz, J = 2.4 Hz, 1H), 2.90 (br, 1H), 2.25 3.58 (d, J = 1.8 Hz, 1H), 1.08 (s, 9H), 0.25 (s, 6H). 

4.1.11. N-((1-benzylpiperidin-4-yl)methyl)-N-((8-((tert-butyldimethylsilyl)oxy)quinolin-2-

yl)methyl)prop-2-yn-1-amine (15a). 

A mixture of amine 14 and 1 mmol and aldehyde 6b (1.5 mmol) in MeOH (10 mL) was cooled at 0 
o
C. 

3 drops of CF3COOH were added, and the reaction was stirred at 0 
o
C for 1 h and then kept at rt for 12 

h. After that time NaBH4 (3 mmol) was added at 0 
o
C and the reaction was stirred for 1 h at rt. 20 mL 

saturated NH4Cl solution were then added to quench the reaction, and water phase was extracted with 

AcOEt for three times. The combined organic phase was washed with brine and dried with anhydrous 

Na2SO4. After concentration in vacuum, the crude product was purified by silica gel chromatography 
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using Hex/AcOEt from 10:1 to 2:1 to obtain the pure title compound as yellow oil, 54.6% yield. The 

title compound was submitted to the following step without any further characterization.  

4.1.12. N-(2-(1-benzylpiperidin-4-yl)ethyl)-N-((8-((tert-butyldimethylsilyl)oxy)quinolin-2-

yl)methyl)prop-2-yn-1-amine (15b). 

Following the procedure described for compound 15a the title compound was obtained as yellow oil, 

51.2% yield. The title compound was submitted to the following step without any further 

characterization. 

4.1.13. N-(3-(1-benzylpiperidin-4-yl)propyl)-N-((8-((tert-butyldimethylsilyl)oxy)quinolin-2-

yl)methyl)prop-2-yn-1-amine (15c). 

Following the procedure described for compound 15a the title compound was obtained as yellow oil, 

46.1% yield. The title compound was submitted to the following step without any further 

characterization. 

4.1.14. 2-((((1-Benzylpiperidin-4-yl)methyl)(prop-2-yn-1-yl)amino)methyl)quinolin-8-ol (5a). 

To a solution of 15a (0.4 mmol) in 10 mL of THF a 2 mL of a 1 M solution of TBAF in THF were 

added and the mixture was stirred at rt for 3 h. Then the solvent was removed, and the residue was 

purified by silica gel chromatography using Hex/AcOEt from 10:1 to 1:1 to obtain the pure title 

compound as yellow oil, 93.5% yield IR νmax = 3289, 2922, 2801, 1713, 1601, 1574, 1506, 1474, 1456, 

1435, 1366, 1327, 1279, 1246, 1220, 1202, 1126, 1117, 1090, 1076, 984, 909, 833, 754, 739. 
1
H NMR 

(400 MHz, CDCl3), δ 8.08 (d, J = 8.4 Hz, 1H), 7.62 (d, J = 8.4 Hz, 1H), 7.41 (t, J = 7.8 Hz, 1H), 7.30-

7.25 (m, 5H), 7.25-7.23(m, 1H), 7.16 (d, J = 7.2 Hz, 1H), 3.93(s, 2H), 3.48 (s 2H), 3.40 (s 2H), 2.87 (d, 

J = 10.8 Hz, 2H), 2.44 (d, J = 7.2 Hz, 2H), 2.26 (d, J = 1.8 Hz, 1H), 1.93 (t, J = 11.4 Hz, 2H), 1.77 (d, J 

= 12.6 Hz, 2H), 1.53-1.50 (m, 1H), 1.21-1.15 (m, 2H),; 
13

C NMR (150 MHz, CDCl3), δ 158.1, 152.0, 
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138.5, 137.4, 136.4, 129.2, 128.1, 127.5, 127.2, 126.9, 121.8, 117.6, 110.0, 78.7, 73.3, 63.5, 60.7, 59.3, 

53.6, 42.8, 33.7, 30.7. HRMS (ESI): m/z [M + H]
+
 calcd for C26H30N3O: 400.2383; found 400.2387. 

4.1.15. 2-(((2-(1-Benzylpiperidin-4-yl)ethyl)(prop-2-yn-1-yl)amino)methyl)quinolin-8-ol (5b). 

Following the procedure described for compound 5a the title compound was obtained as yellow oil, 

91.6% yield; IR νmax = 3302, 2911, 2797, 2787, 1713, 1574, 1506, 1474, 1454, 1435, 1396, 1366, 1327, 

1248, 1200, 1150, 1123, 1086, 978, 910, 839, 754, 738. 
1
H NMR (400 MHz, CDCl3), δ 8.09(d, J = 8.4 

Hz, 1H), 7.60 (d, J = 8.4 Hz, 1H), 7.40 (t, J = 7.8 Hz, 1H), 7.30-7.25 (m, 5H), 7.25-7.23 (m, 1H), 7.16 

(d, J = 7.2 Hz, 1H), 3.94 (s, 2H), 3.47 (s, 2H), 3.41 (d, J = 2.4 Hz, 2H), 2.84 (d, J = 11.4 Hz, 2H), 2.62 

(t, J = 7.2 Hz, 2H), 2.26 (d, J = 1.8 Hz, 1H), 1.90 (t, J = 12.0 Hz, 2H), 1.59 (d, J = 12.6 Hz, 2H), 1.46-

1.44 (m, 2H), 1.31-1.25 (m, 3H); 
13

C NMR (150 MHz, CDCl3), δ 157.8, 152.1, 138.5, 137.5, 136.4, 

129.2, 128.2, 127.5, 127.3, 126.9, 121.8, 117.6, 110.0, 78.5, 73.3, 63.5, 60.3, 53.8, 51.0, 42.4, 34.2, 

33.8, 32.4, 31.6. HRMS (ESI): m/z [M + H]
+
 calcd for C27H32N3O: 414.2540; found 414.2539. 

4.1.16. 2-(((3-(1-Benzylpiperidin-4-yl)propyl)(prop-2-yn-1-yl)amino)methyl)quinolin-8-ol (5c). 

Following the procedure described for compound 5a the title compound was obtained as yellow oil, 

97.1% yield. IR νmax = 3300, 2907, 27847, 2797, 2758, 1713, 1601, 1574, 1506, 1471, 1454, 1435, 

1368, 1327, 1248, 1200, 1125, 1090, 972, 910, 839, 735. 
1
H NMR (400 MHz, CDCl3), δ 8.08(d, J = 9.0 

Hz, 1H), 7.60 (d, J = 8.4 Hz, 1H), 7.40(t, J = 7.8 Hz, 1H), 7.30-7.28 (m, 5H), 7.25-7.22(m, 1H), 7.16 

(d, J = 7.8 Hz, 1H), 3.94(s, 2H), 3.46 (s, 2H), 3.41 (d, J = 2.4 Hz, 2H), 2.84 (d, J = 11.4 Hz, 2H), 2.57 

(t, J = 7.2 Hz, 2H), 2.25 (d, J = 1.2 Hz, 1H), 2.14 (s, 1H), 1.86 (t, J = 12.0 Hz, 2H), 1.60 (d, J = 12.0 

Hz, 2H), 1.52-1.50 (m, 2H), 1.26-1.18 (m, 5H); 
13

C NMR (150 MHz, CDCl3), δ 157.8, 152.1, 138.5, 

137.5, 136.4, 129.2, 128.1, 127.5, 127.2, 126.9, 121.9, 117.6, 110.0, 78.6, 73.3, 63.5, 60.2, 53.9, 53.6, 

42.4, 35.5, 34.1, 32.4, 24.7. HRMS (ESI): m/z [M + H]
+
 calcd for C28H34N3O: 428.2696; found 

428.2700. 
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4.1.17. 2-(1-Benzylpiperidin-4-yl)-2-(((8-(tert-butyldimethylsilyloxy)quinolin-2-yl)methyl)(prop-2-

ynyl)amino)acetonitrile (17a). 

To a mixture of aldehyde 6a (1.5 mmol) and TMSCN (2 mmol in 20 mL DCM, ZnI2 (0.2 mmol) was 

added, and the reaction mixture was stirred for 1 h at rt the intermediate compound 16a. After removal 

of the solvent amine 14 (1 mmol) in MeOH (15 mL) was added and the resulting mixture was heated to 

50 
o
C for further 3 h. After that, MeOH was removed and the residue was purified by silica gel 

chromatography Hex/AcOEt from 10:1 to 2:1 to obtain pure title compounds as yellow oil 54% yield. 

The title compound was submitted to the following step without any further characterization. 

4.1.18. 3-(1-Benzylpiperidin-4-yl)-2-(((8-(tert-butyldimethylsilyloxy)quinolin-2-yl)methyl)(prop-2-

ynyl)amino)propanenitrile (17b). 

Following the procedure described for compound 17a the title compound was obtained as yellow oil, 

31.8% yield. The title compound was submitted to the following step without any further 

characterization. 

4.1.19. 4-(1-Benzylpiperidin-4-yl)-2-(((8-(tert-butyldimethylsilyloxy)quinolin-2-yl)methyl)(prop-2-

ynyl)amino)butanenitrile (17c). 

Following the procedure described for compound 17a the title compound was obtained as yellow oil, 

63.3% yield. The title compound was submitted to the following step without any further 

characterization. 

4.1.20. 2-(1-Benzylpiperidin-4-yl)-2-(((8-hydroxyquinolin-2-yl)methyl)(prop-2-yn-1-

yl)amino)acetonitrile (5d). 

Following the procedure described for compound 5a the title compound was obtained as yellow oil, 

90% yield. IR νmax = 2928, 2818, 2361, 2328, 1715, 1597, 1574, 1504, 1472, 1435, 1368, 1327, 1248, 
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1196, 1150, 1130, 1086, 988, 835, 758. 
1
H NMR (400 MHz, CDCl3), δ 8.11 (d, J = 8.4 Hz, 1H), 7.52 

(d, J = 9.0 Hz, 1H), 7.42 (t, J = 7.8 Hz, 1H), 7.30-7.22 (m, 6H), 7.16 (d, J = 7.2 Hz, 1H), 4.24 (d, J = 

14.4 Hz, 1H), 3.87 (d, J = 14.4 Hz, 1H), 3.55 (d, J = 13.6Hz, 2H), 3.49 (s, 1H), 3.43 (dd, J = 1.8 Hz, J 

= 16.8 Hz, 1H), 3.34 (dd, J = 2.4 Hz, J = 16.8 Hz, 1H), 2.94-2.88 (m, 2H), 2.31 (t, J = 2.4 Hz, 2H), 

2.14-1.91 (m, 4H), 1.81-1.78 (m, 1H), 1.38-1.36 (m, 1H), 1.26-1.23 (m, 1H); 
13

C NMR (150 MHz, 

CDCl3), δ 155.8, 152.0, 137.4, 137.3, 137.1, 129.3, 128.3, 127.8, 127.6, 127.3, 121.3, 117.7, 116.3, 

110.4, 78.6, 74.0, 62.9, 59.5, 57.4, 52.7, 52.6, 41.5, 36.6, 29.4, 29.2. HRMS (ESI): m/z [M + H]
+
 calcd 

for C27H29N4O: 425.2536; found 425.2335. 

4.1.21. 3-(1-Benzylpiperidin-4-yl)-2-(((8-hydroxyquinolin-2-yl)methyl)(prop-2-yn-1-

yl)amino)propanenitrile (5e) 

Following the procedure described for compound 5a the title compound was obtained as yellow oil, 

94.5% yield. IR νmax = 3287, 2936, 2799, 2768, 1711, 1601, 1574, 1505, 1474, 1452, 1368, 1327, 1248, 

1150, 1129, 1088, 1028, 978, 910, 839, 741. 
1
H NMR (400 MHz, CDCl3), δ 8.05(d, J = 9.0 Hz, 1H), 

7.46 (d, J = 8.4 Hz, 1H), 7.35(t, J = 7.8 Hz, 1H), 7.23-7.21 (m, 5H), 7.20-7.14 (m, 1H), 7.16 (dd, J = 

1.2 Hz, J = 7.8 Hz, 1H), 4.17(d, J = 14.4 Hz, 1H), 3.93 (t, J = 7.8 Hz, 1H), 3.79 (d, J = 14.4 Hz, 1H), 

3.39-3.29 (m, 3H), 3.29-3.26 (m, 1H), 2.81-2.76 (m, 2H), 2.50 (d, J = 1.2 Hz, 1H), 1.88-1.82 (m, 2H), 

1.74-1.66 (m, 2H), 1.52-1.47 (m, 3H), 1.25-1.17 (m, 2H); 
13

C NMR (150 MHz, CDCl3), δ 155.9, 152.0, 

138.3, 137.5, 137.0, 129.2, 128.2, 127.8, 127.1, 127.0, 121.4, 117.7, 117.4, 110.5, 78.5, 74.2, 63.3, 

57.0, 53.4, 53.3, 53.0, 51.6, 41.5, 32.2, 32.0, 31.6. HRMS (ESI): m/z [M + H]
+
 calcd for C28H31N4O: 

439.2492; found 439.2497. 

4.1.21. 4-(1-Benzylpiperidin-4-yl)-2-(((8-hydroxyquinolin-2-yl)methyl)(prop-2-yn-1-

yl)amino)butanenitrile (5f). 
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Following the procedure described for compound 5a the title compound was obtained as yellow oil, 

94.5% yield. yellow oil, 166.1 mg, 91.8% yield. IR νmax =3289, 2922, 2805, 2766, 1711, 1599, 1574, 

1504, 1474, 1454, 1435, 1366, 1329, 1248, 1196, 1125, 1030, 980, 910, 839, 737. 
1
H NMR (400 MHz, 

CDCl3), δ 8.10 (d, J = 8.6 Hz, 1H), 7.53 (d, J = 8.6 Hz, 1H), 7.41 (t, J = 7.8 Hz, 1H), 7.28-7.26 (m, 

5H), 7.22-7.20 (m, 1H), 7.15 (d, J = 7.8 Hz, 1H), 4.23 (d, J = 14.4 Hz, 1H), 3.88 (d, J = 13.8 Hz, 1H), 

3.81 (t, J = 7.8 Hz, 1H), 3.46-3.42 (m, 3H), 3.36-3.33 (m, 1H), 2.81 (d, J = 10.8 Hz, 2H), 2.32 (d, J = 

1.8 Hz, 1H), 2.13 (s, 3H), 1.84-1.81 (m, 4H), 1.57-1.54 (m, 2H), 1.39-1.37 (m, 2H), 1.22-1.18 (m, 3H); 

13
C NMR (150 MHz, CDCl3), δ 156.0, 152.0, 138.4, 137.4, 137.0, 129.2, 128.1, 127.7, 127.6, 126.9, 

121.5, 117.7, 117.4, 110.4, 78.5, 74.2, 57.1, 54.1, 53.6, 41.4, 35.0, 32.5, 32.2, 32.0, 28.9. HRMS (ESI): 

m/z [M + H]
+
 calcd for C29H33N4O: 453.2649; found 453.2652. 

4.2. In vitro biological assays. 

4.2.1. Monoamine oxidase inhibition 

Inhibition of human recombinant MAO-A and MAO-B (Sigma-Aldrich) by the selected derivatives 

was performed using a fluorometric method [53]. Enzymatic reactions took place in 96-well black 

opaque microplates (OptiPlate-96F, PerkinElmer) in a final volume of 200 µL. Serial dilutions of each 

inhibitor were pre-incubated for 30 minutes at 37 ˚C with 360 mU/mL MAO-A or 67.5 mU/mL MAO-

B. Following the pre-incubations, enzymatic reactions were initiated by adding 100 µL of a mixture 

solution containing 1 mM p-tyramine as MAO substrate, 40 U/mL horseradish peroxidase (HRP) and 

25 µM Amplex UltraRed™ reagent as final concentrations in 0.25 mM sodium phosphate (pH 7.4). 

The fluorescence production associated with peroxidase-coupled production of resorufin from Amplex 

UltraRed™ was continuously measured for at least one hour at λ530(exc)/ λ590(em) in a 

spectrophotometric plate reader (FluoStar OPTIMA, BMG Labtech). Control experiments were carried 

out simultaneously by replacing the inhibitors by distilled water. In addition, the possible capacity of 
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compounds to modify the fluorescence generated in the reaction mixture due to non-enzymatic 

inhibition was determined by adding these compounds to solutions containing the Amplex UltraRed™ 

reagent only in phosphate buffer. Samples containing no substrate were used as blanks. Dose-response 

curves were plotted by using the GraphPad PRISM software (version 4.0) and IC50 values were 

accordingly calculated. Data were expressed as mean ± S.E.M. of at least three different experiments 

performed in triplicate. 

4.2.2. Cholinesterase inhibition 

Cholinesterase inhibition was assessed following a spectrophometric method of Ellman [54], using 

purified human cholinesterases AChE and BuChE (Sigma-Aldrich). Enzymatic reactions took place in 

96-well plates in solutions containing 0.1M phosphate buffer (pH 8.0), 0.035 U/mL AChE or 0.05 

U/mL BuChE and 0.35 mM of 5,5’-dithiobis-2-nitrobenzoic acid (DTNB, Sigma-Aldrich). Inhibition 

curves were plotted by pre-incubating this mixture with serial dilutions of each compound for 30 

minutes at 37˚C. The activity in absence of compound was used as control of the 100% of enzyme 

activity. After pre-incubation times, substrate was added to a final concentration of 0.35 mM 

acetylthiocholine iodide or 0.5mM S-butyrylthiocholine iodide (Sigma-Aldrich) and enzymatic 

reactions were followed for at least 30 minutes. Changes in absorbance at λ405 were detected in a 

spectrophotometic plate reader (FluoStar OPTIMA, BMG Labtech) and IC50 values were calculated as 

the compound concentration inhibiting 50% of enzymatic activity by using the GraphPad PRISM 

software (version 4.0). Data were expressed as the mean ± S.E.M. of at least three different 

experiments performed in triplicate. 

4.2.3. Assessment of reversibility and time-dependent inhibition  

The reversibility of inhibition of human recombinant MAO-A by 5f was determined by measuring the 

recovery of enzymatic activity after a rapid and large dilution of the enzyme-compound complex. To 
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perform so, MAO-A was pre-incubated for 30 minutes at 100-fold over the concentration required for 

the activity assay with 3 μM 5f, corresponding to 10-fold of IC50 value previously determined. The 

mixture was diluted 100-fold into reaction buffer containing 1mM p-tyramine. The progress curves 

were measured at λ405 and compared to that of samples with no inhibitor. Time-dependent inhibition of 

human recombinant MAO-A by 5f was evaluated by carrying out several pre-incubations (0-240 

minutes) of serial concentrations of the inhibitor with the enzyme. Dose-response curves (IC50) were 

determined accordingly for each pre-incubation as previously described. 

4.2.4. Cholinesterase kinetic assessment  

To estimate the mechanism of action of 5f inhibiting both human cholinesterases (AChE and BuChE), 

reciprocal plots of 1/V versus 1/[S] were determined using substrate concentrations ranging 0.1-2mM 

of acetylthiocholine iodide (ASCh) or S-butyrylthiocholine iodide (BuSCh), respectively. Enzyme 

activity was determined by using the Ellman’s method [54], adding enzyme at last. The plots were 

assessed by a weighted least-squares analysis and slopes of reciprocal plots were plotted against 5f 

concentration (0-200nM). Inhibition constants (Ki) were estimated using the Cheng-Prusoff equation 

[55]. 

4.2.5. Assessment of metal-chelating properties  

Complexing studies were performed in distilled water at room temperature using a UV-VIS 

spectrophotometer (Lambda25, PerkinElmer). Spectral changes (220-300 nm) of 10µM 5f in presence 

of metals CuSO4, Fe2(SO)3 and ZnSO4 at concentrations ranging 1-5 μM of were detected in 1cm-

quartz cells. The stoichiometry of the complexes 5f-Cu(II)/Zn(II) was determined using the Job’s 

method [56]. To realise so, 21 different solutions containing 5f and biometals CuSO4 and ZnSO4 were 

prepared at a final sum of concentrations of both species of 10µM, varying the proportions of both 
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components between 0 and 100%. Absorbance at 262 nm was plotted versus the mole fraction of 5f for 

each metal. 

4.2.6. Evaluation of antioxidant properties of 5f 

4.2.6.1. Inhibition of lipid peroxidation (LPO).  

Production of conjugated diene hydroperoxide by oxidation of linoleic acid in an aqueous dispersion 

was monitored at 234 nm as previously described [57]. AAPH was used as a free radical initiator. Ten 

microliters of 16 mM linoleic acid dispersion was added to the UV cuvette containing 0.93 mL of 0.05 

M phosphate buffer pH 7.4 at 37 ˚C. The oxidation reaction was initiated upon the addition of 50 mL of 

40mM AAPH solution. Oxidation was carried out in the presence of aliquots (10 mL) in the assay 

without antioxidant; lipid oxidation was measured in the presence of the same level of DMSO. The rate 

of oxidation at 37 ˚C was monitored by recording the increase in absorption at 234 nm caused by 

conjugated diene hydroperoxides. 

4.2.6.2. Oxygen Radical Absorbance Capacity (ORAC) assay.  

The ORAC assay was performed as previously described [58]. Briefly, AAPH was used as free radical 

generator and trolox as standard while melatonin was used as a reference compound (both compounds, 

Sigma-Aldrich). Compounds 5f and melatonin were diluted in 75 mM PBS pH 7.4 and measured at 

different concentrations (0.1-1 μM). Trolox calibration was used for the standard curve. Samples were 

pre-incubated for 15 minutes at 37 ˚C with 70 nM fluorescein (Sigma-Aldrich). Upon the addition of 

12 mM AAPH, the fluorescence intensity (λexc = 485 nm, λem = 520 nm) was monitored every minute 

for 1 h using a Polarstar Galaxy plate reader (BMG Labtechnologies GmbH). The area under the curve 

(AUC) of the fluorescence decay was calculated by subtracting AUC values for the same sample or 

standard from that for the net AUC values of trolox standard solutions. The ORAC value for each 
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tested compound was expressed as trolox equivalent (μmol of trolox/μmol of compound). The ORAC 

value for trolox was assigned as 1.  

4.2.6.3. Determination of the reducing activity of the stable radical DPPH 

As previously reported [59], to an ethanolic solution of 0.1mM DPPH in absolute ethanol, an equal 

volume of the compounds dissolved in DMSO was added. The mixture was shaken vigorously and 

allowed to stand for 60 min. Then, absorbance at 517 nm was determined spectrophotometrically and 

the percentage of activity was calculated. All tests were undertaken on three replicates and the results 

were averaged.  

4.2.6.4. Induction of H2O2 by Cu(II) and ascorbic acid 

The production H2O2was induced in vitro by incubating 0.2 μM Cu(II), 10 μM ascorbic acid (Sigma-

Aldrich). Following an incubation of 10 min at rt with different concentrations of 5f, a mixture 

containing horseradish peroxidase and Amplex Red reagent was added to quantify the amount of H2O2 

produced. Distilled water was used to determine the maximum levels of H2O2.  

4.3. Molecular Modeling 

All calculations performed in this work were carried out on Cooler Master Centurion 5 (Intel Core i5–

2500 CPU @ 3.30 GHz Quad) with Ubuntu 10.04 LTS (long-term support) operating system running 

Maestro 9.3 (Schrödinger, LLC, New York, NY, 2012). 

4.3.1. Proteins and Ligands preparation 

The three-dimensional structure of the human MAO-A, MAO-B and AChE enzymes were taken from 

PDB (ID 2Z5X, 2V5Z, and 1B41, respectively). The co-crystallized ligands, compounds used for 

solving the structures and molecules of water were removed from the proteins and the resulting 
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structures were submitted to protein preparation wizard implemented in Maestro suite 2012 (Protein 

Preparation Wizard workflow 2012; http://www.schrodinger.com/supportdocs/18/16). Three-

dimensional structure building for all compounds in this study was carried out by means of Maestro 

[42]. Molecular energy minimizations were performed in MacroModel [60] using the Optimized 

Potentials for Liquid Simulations-all atom (OPLS-AA) force field 2005 [61, 62]. The solvent effects 

are simulated using the analytical Generalized-Born/Surface-Area (GB/SA) model [63], and no cutoff 

for nonbonded interactions was selected. Polak-Ribiere conjugate gradient (PRCG) method with 1000 

maximum iterations and 0.001 gradient convergence threshold was employed. All compounds reported 

in this paper were prepared taking into account the protonation state reported in Table S1 calculated by 

means of ACDlabs (ACD/pKa DB software, version 12.00; Advanced Chemistry Development, Inc., 

Toronto, Canada).  

4.3.2. Induced Fit Docking (IFD) 

Molecular docking was carried out using the Schrödinger suite 2012 by applying the IFD protocol [64]. 

This procedure induces conformational changes in the binding site to accommodate the ligand and 

exhaustively identify possible binding modes and associated conformational changes by side-chain 

sampling and backbone minimization. The proteins and the ligands used in this step were prepared as 

reported in the previous paragraphs. The boxes for docking calculation was built starting from the 

crystallized non-covalent inhibitors for MAO enzymes, while for hAChE from the centre of the gorge 

selecting the residues Asp74 as previously reported [31, 32]. IFD includes protein side-chain flexibility 

in a radius of 5.0 Å around the poses found during the initial docking stage of the IFD protocol. 

Complexes within 30.0 kcal/mol of minimum energy structure were taken forward for redocking. The 

Glide redocking stage was performed by XP (Extra Precision) methods. The calculations were 

performed using default IFD protocol parameters. No hydrogen bonding or other constraints were used.  

http://www.schrodinger.com/supportdocs/18/16
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4.3.3. Estimated free-binding energies 

The Prime/MM-GBSA method implemented in Prime software [65] consists in computing the change 

between the free and the complex state of both the ligand and the protein after energy minimization. 

The technique was used on the docking complexes herein reported. The software was used to calculate 

the free-binding energy (ΔGbind) as previously reported [33, 46, 66-68]. 

4.3.4. Predicted physicochemical properties 

QikProp application [48] was used for predicting the physicochemical properties of compounds 

presented in this study.  
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Abstract 

 

Alzheimer's disease (AD), the most common form of adult onset dementia, is an age-

related neurodegenerative disorder characterised by progressive memory loss, decline in 

language skills and other cognitive impairments. Although its etiology is not completely 

known yet, several factors including β-amyloid deposits, τ-protein phosphorylation, 

oxidative stress, excitotoxicity and neuroinflammation, metal dyshomeostasis, and 

deficits of neurotransmitter acetylcholine are considered to play significant roles in the 

pathophysiology of AD. This complex ethiology may account for the failure of anti-

AChE inhibitors in AD therapy, which are focused on the enhancement of the 

cholinergic neurotransmission in the brain. Based on the “one molecule, multiple 

target” paradigm, we have previously designed and synthesised a new series of 

MTDL molecules as donepezil-propargylamines+8-hydroxyquinoline hybrids. Among 

them, derivative DPH-4 exhibited the most interesting pharmacological profile. In this 

work, the effect of DPH-4 on Aβ aggregation, oxidative stress, inflammation, and 

apoptosis has been assessed. The results obtained allow to confirm DPH-4 as a 

multifunctional molecule with potential interest in AD therapy. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



1. Introduction 

 Alzheimer's disease (AD), the most common form of adult onset dementia, is an 

age-related neurodegenerative disorder characterised by progressive memory loss, 

decline in language skills and other cognitive impairments. Although its etiology is not 

completely known to date, several factors including β-amyloid deposits, τ-protein 

phosphorylation, oxidative stress (OS), excitotoxicity and neuroinflammation, metal 

dyshomeostasis and deficits of neurotransmitter acetylcholine (ACh) are considered to 

play significant roles in the pathophysiology of this disease [1]. This complex ethiology 

may account for the failure of AChE inhibitors in the AD therapy, which effect is 

focused on the enhancement of the cholinergic neurotransmission in the brain by 

increasing the levels of ACh in the synaptic transmission [2].  

In addition, OS also appears as a major contributor in the progression of AD 

pathogenesis. Experimental evidence indicates that a dysregulation of the redox state 

strongly participates in early stage of AD by activating multiple cell signaling pathways 

that contribute to the initial progression of the neurodegenerative process [3]. Increased 

levels of oxidative markers of biomolecules including proteins, lipids, carbohydrates, 

and nucleic acids, have been detected in a number of studies [4]. In addition, levels of 

antioxidant enzymes were found to be altered in specific AD brain regions [4]. 

Consequently, the “OS hypothesis of AD” has emerged as a relevant factor in both the 

onset and progression of this disease. Aggregation and accumulation of amyloid beta 

protein (Aβ) is one of the main pathological event that contributes to neuronal death in 

this neurodegenerative disorder. This is a metal-binding protein and metals such as iron, 

copper or zinc, present in brain, are able to promote and accelarate its aggregation in a 

situation of metal dyshomeostasis, a factor underlying AD pathology. Besides, metals 

are also able to generate hydrogen peroxide (H2O2) when combining with Aβ, hence 

contributing to the formation of OS [5, 6].  

Taken these facts into account, increasing levels of OS appear as a major alteration in 

early stages in AD pathology and are enhanced by the metals presence throughout the 

progression of the disease [7]. Consequently, both OS and biometal dyshomeostasis 

counteraction might be an appropriate potential therapeutic target for AD [8]. 

Based on the “one molecule, multiple target” paradigm, we have previously reported a 

series of new MTDL molecules, as donepezil+propargylamine+8-hydroxyquinoline-

containing hybrids bearing dual ChE/MAO inhibitory activities. Moreover, these 



molecules were described to exhibit strong metal-chelating properties towards biometals 

Cu(II), Fe(III) and Zn(II) by UV-VIS spectrometry as well as an ability to restore 

scopolamine-induced cognitive deficits in mice, as appealing pharmacological features 

in AD treatment [9].  

Among the series of MTDL molecules tested, DPH-4 (Fig. 1) exhibited a promising 

pharmacological profile, with an additional beneficial effect on stroke condition 

reported to protect brain endothelial cells from damage induced by oxygen—glucose 

deprivation (OGD) and reoxygenation and to effectively protect against this injure in 

presence of Aβ as a model of AD pathology [10].  

 

 
Fig. 1. Chemical structure of multi-target-directed ligand DPH-4. 

 

 

Taken all these findings into account, herein we report a further biological assessment 

of multi-target DPH-4 as a potential drug for use in AD therapy. Its combination of 

inhibition of key enzymes of interest in AD, an anti-Aβ aggregating effect, antioxidant 

behaviour, an anti-inflammatory effect and a blockade of the apoptotic pathway are 

fully reported in the present work. These results will allow to confirm this MTDL as a 

suitable candidate for its potential use in the prevention or delay of the cognitive decline 

present in AD pathology. 

 
 

2. Results and discussion 

 

2.1.  Inhibition of human monoamine oxidases and cholinesterases by DPH-4 

The activity of multi-target DPH-4 as an inhibitor of human recombinant monoamine 

oxidases A and B was assessed fluorometrically [11], whereas inhibition of human 

recombinant cholinesterases AChE and BuChE was determined by the use of Ellman’s 

method [12].  



From dose-response activities, equimolar IC50 values in low micromolar range were 

obtained with DPH-4 as an inhibitor of both human MAO A and MAO B (3.8 and 3.0 

μM, respectively) and human cholinesterases AChE and BuChE (4.0 and 7.2, 

respectively), as shown in Table 1. Remarkably, these values are slightly lower than 

those previously described using different source of enzyme [9].   

In comparison to donepezil, DPH-4 exhibited was strongly more active hMAO A 

inhibitor (≥263-fold) and 5.0-fold more potent at inhibiting hMAO B. However, DPH-4 

exhibited less inhibitory activity than multi-target M30 (103-fold and 53-fold, 

respectively).     

As a hAChE inhibitor, DPH-4 was significantly less active than donepezil (444-fold) 

but equally potent at inhibiting hBuChE. Yet, DPH-4 was a potent ChE inhibitor 

compared to M30, inactive on these enzymes.  

 
 
Table 1. Dose-response values (IC50, in μM) and selectivity indexes (SI) of compounds DPH-4, donepezil 

and M30 as human monoamine oxidases and human cholinesterases inhibitors. 

Compound hMAO A
a
 hMAO B

a
 SI

b
 hAChE

a
 hBuChE

a
 SI

c
 

DPH-4 3.8 ± 0.9 3.0 ± 0.6 0.79 4.0 ± 0.8 7.2 ± 0.7 0.55 

Donepezil ≥1000 15.2 ± 1.7 <0.015 0.009 ± 0.001 7.5 ± 0.8 0.0012 

M30* 0.037 ± 0.01 0.057 ± 0.02 1.54 ≥1000 ≥1000 ≥1 

a
Values obtained after 30 minutes of pre-incubation expressed as the mean ± S.E.M. of at least three 

independent experiments. 
b
hMAO A selectivity index: [IC50(hMAO-B)]/[ IC50(hMAO-A)]. 

c
hBuChE 

selectivity index: [IC50(hAChE)]/[IC50(hBuChE)].*Values extracted from [13]. 

 

In conclusion, DPH-4 displayed an ability to inhibit human both AChE and BuChE, the 

main enzymes involved in AD according to the “cholinergic hypothesis” and therefore 

contributing to re-establish the cholinergic transmission by its inhibition. Moreover, 

because of the presence of a propargylamine group, DPH-4 is also able to inhibit both 

MAO isoforms, exhibiting a neuroprotective effect. As mentioned, all these enzymes 

are inhibited by DPH-4 with similar IC50 values at low micromolar range, which seems 

of great pharmacological value in terms of pharmacokinetics and administration 

considerations, permitting, with a single dose, a concurrent interaction with multiple 

enzymes involved in AD pathology.  

 

 

 



2.2.  Assessment of anti-amyloid activity of DPH-4 

The main histopathological hallmark of AD is the anomalous extra-neuronal deposits of 

β-amyloid protein forming the senile plaques. However, relatively weak correlations 

between fibrillar plaque density and dementia severity are found in AD brains whereas a 

correlation between soluble Aβ levels, synaptic loss and cognitive impairment was 

strong [14]. In this context, therapeutic strategies targeting different steps in the 

aggregation process of Aβ have already been performed and some of them are even 

being currently tested in clinical trials [15]. Therefore, the overwhelming role of Aβ 

aggregation and deposition in the progression of AD pathogenesis encouraged the 

comprehensive investigation of the potential anti-amyloid activity of multifunctional 

compound DPH-4.    

The activity of DPH-4 against in vitro Aβ1-42 aggregation was studied by using the 

thioflavin T method [16]. Aggregation reactions were followed over time (0-500 

minutes) in absence or presence of compounds DPH-4 or clioquinol (CQ), used as 

standard. As shown in Fig. 2A, a significant reduction of 28.6 ± 5.6 % and 32.1 ± 12.2 

% of the levels of Aβ42 self-aggregation (20μM) was observed with 5μM DPH-4 and 

25μM CQ, respectively. When Aβ42 was incubated in presence of 0.02μM hAChE (ratio 

AChE:Aβ, 1:1000) (Fig. 2B), an increase of 29.6 ± 7.2 % of the FU was detected as an 

activity exerted through the peripheral anion site (PAS) present in the enzyme [17]. In 

presence of either DPH-4 or CQ, hAChE-mediated Aβ42 aggregation was significantly 

decreased by 27.7 ± 1.8 % and 45.1 ± 12.5 %, respectively.     

These results were confirmed by SDS-PAGE analysis of the assayed samples using the 

6E10 antibody, which specifically binds to the N-terminal of Aβ peptide, and compared 

to control samples. As shown in Fig. E and F, the co-incubation of Aβ42 with DPH-4 

produced a dose-dependent decrease of the highly-aggregated species (fibers and 

oligomers) (≥25 KDa) from 69.3 % of signal in control samples to 61.1 % and 58.1 % 

with 5 and 10μM DPH-4, respectively. However, no apparent effect was observed in the 

relative amount of trimers. Conversely, low-MW species (monomers and dimers) (<10 

KDa) were increased dose-dependently from 22.4 % in control to 27.1 % with 5μM and 

32.3 % with 10μM DPH-4. 

In addition, the expression levels of amyloid precursor protein (APP) were also 

analysed in lysates of human SH-SY5Y cells treated with 0.3 to 10 μM DPH-4 for 24 

hours. As shown in Fig. 2D, APP levels were significantly decreased when DPH-4 

concentrations around 2.5μM were used. This concentration range was similar to that 



able to inhibit the four enzymes, AChE, BuChE and MAO (A and B) previously 

described.  

 

 
Fig. 2. Anti-amyloidal activity of DPH-4. Effects of 5 μM DPH-4 and 25 μM CQ on both in vitro Aβ1-42 

self- (A) and hAChE-mediated (B) aggregations (20μM) by using the thioflavin T method monitored at 

37ºC over time. (C and D) Dose-dependent reduction of the basal APP protein levels in SH-SY5Y cells 

by DPH-4. Values are expressed as the mean ± S.E.M. of at least three independent experiments.  

 

 

2.3.  Assessment of the antioxidant properties of DPH-4    

It has been widely reported that oxidative stress (OS) is one of the main factor that 

contributes to the neurodegenerative diseases [18] and it has been described that perhaps 

OS is the earliest feature in AD brain [19], which results from an imbalance of the pro-
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oxidant/antioxidant homeostasis. In AD brain, the combination of the high metabolic 

rate, the low concentration of antioxidant enzymes such as glutathione peroxidase 

(GPx) and catalase together with the high proportion of polyunsaturated fatty acids 

make the brain tissue particularly susceptible to oxidative damage [20]. The role of OS 

in AD has been also confirmed by the significant amount of lipid peroxidation detected 

in brain of AD patients as well as the increased levels of 4-hydroxynonenal found in 

post-mortem cerebrospinal fluid of these patients [21, 22, 23]. Furthermore, ROS has 

been reported to mediate amyloid β-protein damage [24]. Thus, and considering the 

main involvement of OS in AD, the antioxidant properties of DPH-4 were assessed by 

using different experimental approaches. 

First, the capacity of this multi-target compound to capture free-radical species was 

evaluated by the ORAC-FL (Oxygen Radical Absorbance Capacity by Fluorescence) 

method [25] (Fig. 3A). Trolox, an analogue of vitamin E, was used as standard and 

results were expressed as trolox equivalents (μmol of trolox/μmol of tested compound). 

Melatonin, a well-known antioxidant compound was used as standard, which exhibited 

an ORAC value of 2.5 ± 0.1. Compared to trolox, compound DPH-4 showed a highly 

significant antioxidant capacity to capturing free-radical species with an ORAC value of 

5.0 ± 0.6. Next, the radical scavenger activity (RSA) of DPH-4 and trolox was measured 

on the scavenging activity of the stable 1,1-diphenyl-2-picrylhyorazyl (DPPH) free 

radical according to the method described by Brand-Williams [26] (Fig. 3B). Both 

DPH-4 and trolox exhibited dose-dependent scavenger activity, but no significant effect 

was observed with DPH-4 concentrations lower than 100μM. Inhibition of lipid 

peroxidation (LP) in vitro was also assessed by using the water-soluble azo compound 

APPH (2,2’-azobis(2-amidinopropane) dihydrochloride), used as a clean an controllable 

source of thermally-produced alkyl peroxyl free radicals, as initiator of free radical 

reactions of the acid oxidation of linoleic acid.  As shown in Fig. 3C and 3D, both 

trolox and DPH-4 diminished LP by 63.4 ± 6.5 % and 79.2 ± 8.5 %, respectively with 

similar induction times (Tinh), as representing periods in which antioxidants inhibit lipid 

peroxidation by reacting with APPH-derived peroxyl radicals, expressed in minutes.  

 



 
Fig. 3. Antioxidant activity of DPH-4 by different in vitro assays. (A) Oxygen radical absorbance 

capacity (ORAC) of DPH-4 and melatonin expressed as trolox equivalents. (B) Radical scavenger activity 

(RSA) of DPH-4 and trolox determined by the DPPH radical method. (C and D) Inhibition of linoleic 

acid lipid peroxidation (LPO, %) and inhibition time of DPH-4 and trolox using APPH as a free radical 

initiator. Values are expressed as the mean ± S.E.M. of at least three independent experiments.   

 

2.4. Neuroprotection of H2O2-damaged SH-SY5Y cells by DPH-4 

The antioxidant properties of DPH-4 previously found by different in vitro assays were 

confirmed by the finding of potent neuroprotective properties in cell culture of human 

neuroblastoma SH-SY5Y cells damaged with H2O2.   

Cultured SH-SY5Y cells were pre-treated with either 5μM or 10μM DPH-4 for one 

hour and treated with 250μM or 500μM H2O2 for 24 hours. At the end of treatment 

times, cell viability was measured by three assays: MTT, LDH and Hoechst staining. As 

shown in Fig. 4A, DPH-4 was able to almost fully recover the NAD(P)H-dependent 

oxidoreductase activity in cells damaged with H2O2 concentrations as high as 500μM 

measured by MTT assay. This neuroprotection was also observed by the assessment of 

cytoplasmic enzyme lactate dehydrogenase (LDH) activity released into the medium 

(Fig. 4B).  Not surprisingly, LDH activity was significantly increased after the treatment 

with H2O2 as an indicator of cell death. However, in cells pre-treated with DPH-4, LDH 

activity in the medium was found significantly decreased in a dose-dependent manner. 

Finally, cell viability was also investigated by Hoechst 33258 staining (Fig. 4C and 4D). 
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The number of nuclei per field highly depleted upon the treatment with 250 μM H2O2 

for 24 hours was significantly increased when cells were pre-treated with 5 μM DPH-4.     

 

 
Fig. 4. Neuroprotective effect of DPH-4 in human SH-SY5Y cells. (A and B) Protection of DPH-4 in 

H2O2-induced toxicity in SH-SY5Y cells by MTT and LDH cell viability assays. (C and D) Hoechst 

staining images and quantification of nuclei of H2O2-damaged SH-SY5Y cells pre-treated with 5μM 

DPH-4. Values are expressed as the mean ± S.E.M. of at least three independent experiments. 

 

        

2.5.  Prevention of ROS and O2
-
 generation in H2O2-treated SH-SY5Y cells by DPH-4 

 

The prevention of ROS formation and anion superoxide production in H2O2-damaged 

SH-SY5Y cells by DPH-4 was determined using dichlorofluorescein (DCF) and 

dihydroethidium (DHE) in vitro assays, respectively. After 3-hour co-treatment of either 

250μM or 500μM H2O2 and 5μM or 10μM DPH-4, a dose-response effect was observed 

with DPH-4 able to significantly reduce both ROS and anion superoxide levels (Fig 5A 

and 5B). Interestingly, these effects were observed at compound concentrations similar 

to those previously determined active at inhibiting both MAO and ChE activities.  
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Fig. 5. Prevention of ROS (A) and anion superoxide (B) production in H2O2-treated SH-SY5Y cells pre-

treated with DPH-4, detected by the use of DCF and DHE in vitro assays, respectively. Values are 

expressed as the mean ± S.E.M. of at least three independent experiments. 

 

 

2.6. Induction on the expression of antioxidant enzymes 

In order to elucidate the mechanism of DPH-4 neuroprotection observed against H2O2 

toxicity as well as the capacity to reduce the levels of ROS and O2
-
, the expression of 

antioxidant enzymes superoxide dismutase-1 (SOD-1), catalase and glutathione 

peroxidase-1 (GPx) was studied in undamaged SH-SY5Y cells treated with an array of 

DPH-4 concentrations (0-10μM) for 24 hours.   

As shown in Fig. 6A, only in low concentrations of DPH-4 (0.62 and 1.25μM) a 

significant increase on the expression of GPx levels was identified, an enzyme that 

reduces lipid hydroperoxides to alcohol and H2O2 to water. In all compound 

concentrations tested, the levels of this enzyme were found higher than those untreated. 

Conversely, a tightly dose-dependent effect of DPH-4 in SOD-1 levels was found (Fig. 

6B), which expression was significantly increased at the highest compound 

concentrations tested (5 and 10 μM). SOD-1 catalyses the dismutation of superoxide 

radical into either molecular oxygen (mediated by metals Cu
2+

, Mn
3+

, Fe
3+

 and Ni
3+

) or 

H2O2 (mediated by Cu
+
, Mn

2+
, Fe

2+
 and Ni

2+
). However, although increases in the 

expression levels of catalase were found in all tested concentrations of DPH-4, no 

significant changes were observed (Fig. 6C). Catalase is an enzyme that catalyses the 

decomposition of H2O2 to water andoxygen mediated by the presence of iron, which is 

attached to the heme group of the enzyme. 

Next, the expression levels of nuclear factor (erythroid-derived 2)-like 2 (Nrf-2) in SH-

SY5Y cells were studied over time (0-24 hours) upon single-dose treatment of 5μM 

DPH-4 (Fig. 6D). Nrf-2 is a transcription factor that regulates the expression of a 
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number of cytoprotective proteins including NAD(P)H dehydrogenase [quinone] 1 

(NQO-1), glutamate cysteine ligase (GCL) or heme oxygenase-1 (HO-1). Only a 

significant increase of the Nrf-2 levels was observed after 8 hours of treatment with 

DPH-4 but the levels of this transcription factor remained higher than control from 4 

hours.   

     

 
Fig. 6. Dose-dependent expression of antioxidant enzymes glutathione peroxidase-1 (A), superoxide 

dismutase-1 (B), catalase (C) and the time-dependent expression of the cellular regulator of resistance to 

oxidants Nrf-2(D) in SH-SY5Y cells treated with DPH-4. Values are expressed as the mean ± S.E.M. of 

at least three independent experiments.   

 

It has been reported that the presence of a propagylamine group in one molecule confers 

significant antioxidant potency arising from the increase in the activity of catalase, 

SOD-1 and GPx enzymes [27]. Moreover, the presence of a propargyl group in the 

DPH-4 might be responsible for its antioxidant behaviour. 

 

 

2.7. Anti-apoptotic effect of DPH-4 

 

Some other MTDL containing a propargyl group has been previously described to be 

able to maintain the mitochondrial membrane potential (Ψm) and to inhibit the opening 
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of the permeability transition pore (PTP), hence showing an anti-apoptotic behaviour 

[28, 29]. In this regard, the potential inhibitory role in the apoptosis process of DPH-4, 

as a propargyl-containing compound, was studied. Then, SH-SY5Y cells were pre-

treated with DPH-4 and lesioned with 250μM H2O2 for 24 hours. After treatment, levels 

of full-length poly-(ADP-ribose) polymerase (PARP) were found significant decreased 

as induction of DNA damage while pre-treated cells with DPH-4 exhibited a dose-

dependent increase of those levels (Fig. 7A).  

Also, the levels of DEDV-directed caspase-like activity in SH-SY5Y lysates were 

studied (Fig. 7B). The activity of caspase, responsible for chromatin condensation and 

DNA fragmentation, increased by 5.5-fold in H2O2-treated samples, suggesting an 

activation of the caspase-like pathway under these experimental conditions. Conversely, 

in cells pre-treated with either 5 or 10 μM DPH-4, those levels were significantly 

decreased, with a similar effect detected between the two compound concentrations 

tested. 

    

 
Fig. 7. Anti-apoptotic effect of DPH-4 in SH-SY5Y cells. (A) Increase of the expression of full-length 

PARP levels in H2O2-damaged SH-SY5Y cells. (B) Decrease in the activity levels of caspase-3 in H2O2-

injured SH-SY5Y cell pre-treated with DPH-4. Values are expressed as the mean ± S.E.M. of at least 

three independent experiments. 

 

Altogether, these results suggest that DPH-4 exerts an anti-apoptotic activity by 

antagonizing the mitochondrial pathway of apoptosis, directly or indirectly. However, 

further experimental studies are necessary in order to elucidate the involved pathway by 

evaluating the levels of caspase-8, a marker of the death receptor-associated pathway, or 

caspase-12, as the final activated caspase of the ER-stress pathway. Overviewing all 
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these data, the propargyl moeity, present in the DPH-4 molecule, might be a main  

responsible for this antiapoptotic behaviour.  

 

 

2.8. Anti-inflammatory activity of DPH-4 

 

Neuroinflammation is an early event in AD pathology and it is not a passive system 

activated by senile plaques (SP) and neurofibrillary tangles (NFT) once both are 

formed. Data from human autopsies revealed that both SP and NFTs are co-localised 

with activated glial cells suggesting that reactive gliosis might exert a key pathogenic 

role in AD [30]. Aβ oligomers induce activation of astrocytes and microglia by 

promoting cytokines release and inflammatory mediators that affect synapses and 

neuronal plasticity at early stages of the disease, inducing the vascular unit 

dyshomeostasis, neuronal death and cognitive decline. In this context, it is essential to 

highlight that once initiated; inflammatory process may contribute independently to 

neural dysfunction and cell death, thereby establishing a self-fostering vicious cycle, by 

which the inflammation represents a substantial cause of further neurodegeneration 

[31]. In order to examine the anti-inflammatory properties of multi-target compound 

DPH-4, murine microglial BV-2 cell line, a well-established cell model to study 

inflammation, was used. Inflammation was induced in these cells by co-treating 100 

ng/ml lipopolysaccharid (LPS) with 0.5 ng/ml interferon γ (IFN-γ) for 24 hours, as 

previously described experimental conditions. Nitric oxide (NO) is an important free 

radical that is involved in a number of mechanisms including the activation of NF-κB, 

an important transcription factor in iNOS gene expression in response to inflammation 

[32]. Under inflammatory processes, nitrite ions (NO2
-
) are released from the cells into 

the medium and its levels can be measured spectrophotometrically as an indicator of 

inflammation.   

Expectedly, in BV-2 cells treated with LPS+INFγ nitrite levels were strongly increased 

whereas in those pre-treated with both any of DPH-4 concentrations tested (0.01-10 

μM) or 200 μM ibuprofen, used as an anti-inflammatory standard, NO2
- 

levels were 

significantly decreased (Fig. 8A).  

In order to confirm the anti-inflammatory effect of DPH-4, the levels of 

cyclooxigenase-2 (COX-2), whose expression is upregulated during inflammation, were 

also studied under the same experimental conditions. As shown in Fig. 8B, LPS+IFN-γ-

treated cells exhibited significantly increased levels of this enzyme, whose levels dose-



dependently decreased in those pre-treated with DPH-4. A significant decrease was also 

found with 10 μM ibuprofen. 

    

 
Fig. 8. Anti-inflammatory effect of DPH-4. (A) Decrease of the nitrite amount of LPS+INFγ-induced 

inflammation in microglial BV-2 cells by DPH-4 or ibuprofen. (B) Dose-dependent reduction on the 

expression of COX-2 in 100 ng/ml LPS+ 0.5 ng/ml INFγ-treated BV-2 cells pre-treated with DPH-4 or 

ibuprofen. Results are expressed as the mean ± S.E.M. of at least three independent experiments. 
*
vs 

untreated. 
#
vs LPS+INFγ-treated.  

    

 

3. Conclusions 

  

The multi-target drug design is a promising therapeutic approach against the complex 

neurological disorder of AD. In this context, the multi-target compound DPH-4, 

designed as a hybrid of donepezil and M30 bearing N-benzylpiperidine and the pro-

chelator 8-hydroxyquinoline moiety attached to a central N-propargylamine core [9], 

has been subjected to pharmacological evaluation. In this work, multiple properties with 

DPH-4 of potential benefit in AD therapy are reported. Among these, the initial finding 

of the well-balanced activity as a dual inhibitor of human ChE/MAO encouraged the 

exploration of further properties with this compound. Next, the ability of DPH-4 to 

reduce A1-42 self- and hAChE-mediated aggregation, through the prevention of the 

formation of fibrillary and oligomeric species was found, revealing a potential 

neuroprotective effect of this compound against A1-42-induced neurotoxicity by 

reducing the formation of high-MW species and by promoting the appearance of 

monomers and hence non-toxic forms. The presence of oligomeric forms correlates well 
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with the severity of this neurological disorder [33]. Drugs able to prevent or reverse the 

oligomerisation and fibrillation processes of A show a therapeutic value in AD 

treatment [35]. Moreover, DPH-4 was capable to partially block AChE-dependent Aβ1-42 

aggregation, demonstrating its interaction with the PAS and reinforcing its role in 

avoiding Aβ aggregation. Moreover, DPH-4 showed a strong antioxidant behaviour 

confirmed by a wide number of different experimental approaches and furthermore 

being able to induce the expression of antioxidant enzymes SOD-1, GPx, catalase and 

the transcriptional factor Nrf-2, responsible for the expression of other cytoprotective 

proteins. The presence of a propargyl moiety in the structure of DPH-4 could explain its 

antiapoptotic behaviour. Finally, the anti-inflammatory behaviour observed by the 

decreasing levels of nitrite of LPS+INFγ-induced inflammation in BV-2 cells was 

confirmed by the decreasing in the expression levels of COX-2. 

To sum up, the findings from the present study of DPH-4, a multi-target compound with 

a well-balanced anti-cholinesterasic and MAO inhibition profile in addition to other 

remarkable pharmacological properties, prompt us to propose this molecule as a 

promising multi-target drug to be considered for therapeutic development against AD.  

 

 

4. Experimental section 

Determination of human monoamine oxidase activity fluorimetrically. 

Activities of human recombinant MAO A and MAO B (Sigma-Aldrich) were performed 

using a fluorimetric method [11]. Tyramine hydrochloride (Sigma-Aldrich) was used as 

substrate for both isoforms in 96-well black opaque microplates (OptiPlate-96F, 

PerkinElmer) in a final volume of 200 μl. Serial dilutions of each inhibitor were pre-

incubated with 360 U/l hMAO A or 67.5 U/l hMAO B for 30 minutes at 37ºC. 

Following the pre-incubations, enzymatic reactions were started upon the addition of 

100 μl of a mixture containing 1 mM tyramine, 40 U/l horseradish peroxidise and 25 

μM Amplex UltraRed
®
 reagent (LifeTechnologies) in 250 μM sodium phosphate buffer 

(pH 7.4), as final concentrations. The fluorescence production associated with 

peroxidise-coupled production of resorufin from the reagent was constantly measured 

for at least 1 hour at 530/590 nm spectrophotometrically (FluoStar OPTIMA, BMG 

Labtech). In control samples, inhibitor was replaced with distilled water. The possible 

capacity of compounds to modify the fluorescence generated by the reactions mixture 



due to non-enzymatic inhibition was determined by adding these compounds to 

solutions containing the reagent and buffer only.  

Determination of ChE activities spectrophotometrically 

Activity of both recombinant AChE from human recombinant (hAChE) and human 

recombinant BuChE (hBuChE) (Sigma-Aldrich) was assessed following the 

spectrophotometric method of Ellman [12]. Enzymatic reactions were allowed in 96-

well plates in solutions containing 0.1 M phosphate buffer (pH 8.0), 35 mU/ml hAChE 

or 50 mU/ml hBuChE and 0.35 mM 5,5-dithiobis-2-nitrobenzoic acid (DTNB, Sigma-

Aldrich). Dose-response curves were plotted after pre-incubating the mixture with serial 

concentrations of each inhibitor for 30 minutes. The activity in absence of compound 

was used to determine the maximum enzymatic activity. Following the pre-incubations, 

50 μl of substrate were added to a final concentration of 0.35 mM acetylthiocholine 

iodide (ASCh) or 0.5 mM butyrylthiocholine iodide (BuSCh) (Sigma-Aldrich). 

Enzymatic reactions were followed for 30 minutes with both enzymes at 37ºC and 

changes in absorbance at 405 nm were detected in a spectrophotometric plate reader 

(FluoStar OPTIMA, BMG Labtech). From dose-response curves, IC50 values were 

accordingly calculated by using the GrapPad PRISM software (versions 3.0 and 4.0).  

Assessment of in vitro Aβ self- and hAChE-mediated aggregation 

The inhibition of Aβ1-42 self-aggregation by compound DPH-4 was studied using the 

thioflavin T (ThT)-based fluorometric assay [16]. Briefly, Aβ1-42 peptide (Bachem AG) 

was pre-treated with 1,1,1,3,3,3-hexafloro-2-propanol (HFIP, Sigma Chemicals), liquid 

removed by lyophilisation and kept at -20ºC until use. For experiments, Aβ1-42 peptide 

was resolved in 10 mM basic phosphate buffer (PBS, pH 11.2 adjusted with NH4OH). 

Experiments were performed by incubating the peptides (20μM) with or without the 

compounds with 35μM ThT. The fluorescence intensity was monitored at 485/528 nm 

at 37ºC every 10 minutes for at least 6 hours on a Synergy HT microplate reader (Bio-

Tek). Representative figures are shown in FU and expressed as percentage of control at 

plateau with blanks subtracted. For Aβ1-42 hAChE-mediated aggregation, human 

recombinant AChE (Sigma-Aldrich) was co-incubated with the peptide at ratio Aβ: 

AChE, 100:1 in presence of absence of compounds. The same method as previously 

was employed for calculations.    



Oxygen Radical Absorbance Capacity (ORAC) 

The ORAC assay was based on the procedure previously described and partially 

modified by Dávalos et al. [25]. Briefly, was used as a free radical generator and trolox 

as standard and melatonin as a reference compound (Sigma-Aldrich). Test compounds 

were diluted in 75 mM PBS pH 7.4 and measured at eight different concentrations (0.1-

1 μM), whereas trolox calibration solutions (1-8 μM) were prepared for the standard 

curve. Samples were pre-incubated 15 minutes at 37ºC with 70nM fluorescein. Then, 

upon the addition of 12 mM APPH, fluorescence intensity at 485/520 nm was 

monitored every minute for 80 minutes by using a Polaris Galaxy plate reader (BMG 

Labtechnologies). The area under the curve (AUC) of the fluorescence decay was 

calculated by subtracting AUC for the sample or standard from that for the blank. A 

calibration curve was made from the net AUC values of trolox standard solutions. The 

ORAC value for each compound was expressed as trolox equivalents, in which ORAC 

value for trolox was assigned as 1.     

Determination of antioxidant activity by DPPH radical method 

In a 96-well plate and a final volume of 200μl per well, a methanol 2,2-diphenyl-1-

picrylhydrazyl (DPPH) (Sigma-Aldrich) solution at 135μM final concentration was 

added and mixed with different DPH-4 or trolox concentrations (1-100μM). The 

resulting mixture was then incubated for 2 hours at room temperature in the dark. Then, 

the absorbance was measured at 517 nm in a spectrophotometric plate reader 

(Labsystems Multiscan RC). Reactions were prepared in triplicate and the antioxidant 

activity was determined as the percentage of radical scavenger activity (RSA) calculated 

as follows: RSA%= 100[(A0-Ai)/A0] x 100, where A0 and Ai are the DPPH absorbance in 

absence or presence of added compound concentration i, respectively.  

Inhibition of linoleic acid lipid peroxidation  

Production of conjugated diene hydroperoxide by oxidation of linoleic acid in an 

aqueous dispersion was monitored at 234 nm. AAPH was used as a free radical 

generator. 10μl of 16 mM linoleic acid sodium salt were added to the UV-VIS cuvette 

containing 0.93 ml of 50 mM phosphate buffer pH 7.4 at 37ºC. The oxidation reactions 

were initiated under air by adding 50μl of 40 mM APPH solution. Oxidation was 



carried out in the presence of aliquots. DMSO was used to measure the lipid 

peroxidation without antioxidant activity. The rate of oxidation at 37ºC was monitored 

and by recording the increase in absorption caused by conjugated diene hydroperoxides. 

Trolox was used as an appropriate standard.         

Cell culture and treatments 

Human neuroblastoma SH-SY5Y cell line was obtained from the European Collection 

of Cell Cultures (ECACC). Cells were grown in Dulbecco’s modified Eagle 

medium/Ham’s F-12 (DMEM/F-12) containing 15 % (v/v) FBS, non-essential 

aminoacids (Sigma-Aldrich), 100 U/ml penicillin, 100 μg/ml streptomycin and 2 mM l-

glutamine (PAN Biotech) maintained at 37ºC with 5 % CO2. Cells were seeded at a 

density of 250,000 cells/ml onto 24-well plates for both cell viability assays and 

Hoechst staining, and onto 60 mm-diameter dishes for western blot analyses. After 24 

hours from seeding, cells were starved with serum-free medium overnight and then pre-

treated with compounds for one hour prior to 24-hour treatments.  

Murine microglial BV-2 cells were obtained from the European Collection of Cell 

Cultures (ECACC). Cells were grown in RPMI medium (LifeTechnologies) containing 

10 % FBS and 0.1% penicillin/streptomycin at 37ºC with 5 % CO2. Cells were seeded 

into 24-well plates at a density of 100,000 cells/ml onto collagen type-I-coated plates 

(BD Biosciences). Once 60-70 % confluence was reached, medium was replaced to 0.5 

% FBS final concentration. After 16 hours, cells were pre-treated with compounds for 1 

hour prior to 24-hour treatments.  

MTT reduction assay  

The mitochondrial activity of cells was measured by quantitative colorimetric assay 

with 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide (MTT) (Sigma-

Aldrich) as previously described [35]. Briefly, 50 μl of the MTT reagent were added 

into each well to a final concentration of 0.5 mg/ml at the end of each treatment time. 

Then, the plate was placed in a humidified incubator at 37ºC with 5 % CO2 and 95% air 

(v/v) for at least 30 minutes. Next, the insoluble formazan was dissolved with DMSO 

and colorimetric determination was carried out at 540/620 nm in a microplate reader 



(Labsystems Multiscan RC). Untreated cells were used as control of 100 % cell 

viability.  

LDH release assay 

Cell viability was assessed by the quantification of lactate dehydrogenase (LDH) 

activity in cells using the TOX7 kit (Sigma-Aldrich). Briefly, after treatments cell 

media was collected and centrifuged at 800 x g for 10 minutes at 4°C to discard the 

dead cells. The supernatants were collected and directly used for LDH determination. 

The LDH mixture was first prepared by mixing equal volumes of substrate solution, 

LDH assay dye solution and 1X LDH assay cofactor preparation. Next, the sample 

media were transferred to a clean flat-bottom plate and lactate dehydrogenase assay 

mixture was added to each sample in a volume equal to twice that of the sample media. 

The plate was then covered to protect it from light and incubated at RT for 20-30 

minutes. Absorbance was spectrophotometrically measured at 490/690 nm in a 

microplate reader (Labsystems Multiscan RC).  

Hoechst staining 

After treatments, cells washed with PBS (pH 7.4) and fixed with 4 % paraformaldehyde 

(Sigma-Aldrich) in PBS for 10 minutes at 25ºC. Cell were then stained with 0.5 μg/ml 

Hoechst 33258 (Sigma-Aldrich) for 30 minutes at 25ºC. Stained nuclei were visualised 

under an inverted microscope (Nikon Eclipse TE2000-E, Nikon) and quantitative image 

analysis was performed by counting six fields from each well. Data was expressed as 

the percentage of total nuclei per field relative to untreated cells. 

Determination of intracellular ROS and O2
-
 levels 

Intracellular accumulation of ROS levels after treatment with H2O2 was assessed using 

2,7-dichlorofluorescein diacetate (DCFH-DA) staining. SH-SY5Y cells were incubated 

with 10 μM DCFH-DA in HEPES-buffered saline solution for 20 minutes. Next, cells 

were washed and the basal DCF fluorescence levels were measured in a fluorimeter at 

485/530 nm. Then, DPH-4 (5μM or 10μM) or vehicle was pre-incubated for 1 hour and 

250μM or 500μM H2O2 added for another hour. After this time, fluorescence levels 

were measured and basal values were subtracted. The intracellular levels of superoxide 

anion (O2
-·
) were monitored by the selective oxidation of dihydroethidium (DHE) to 



ethidium. Cells were loaded with 10μM DHE for 10 minutes. Next, basal fluorescence 

levels were measured at 485/590 nm in a fluorimeter. Next, cells were treated with 

DPH-4 (5μM or 10μM) or vehicle for 30 minutes and then H2O2 (250μM or 500μM) 

was added for an hour. Fluorescence was measured, and basal levels subtracted. In both 

assays, ROS and O2
-·
 levels were expressed as percentage of those in non-treated cells.     

Western blot analysis 

For Aβ1-42 aggregation experiments, peptide samples were removed from the microplate 

at the end of the ThT aggregation assays, heated at 95ºC for 2 minutes and 50 ng loaded 

into 10% SDS-PAGE pre-cast gels (BioRad) and electrophoresed for 1.5 hours at 100V 

using a running gel containing 2.5 mM Tris, 19.2 mM glycine and 0.1 % SDS pH 8.3 

(Sigma-Aldrich). Resolved bands were then transferred onto a PVDF membrane using 

10 mM CAPS pH 11.0 as transfer buffer and blocked in PBS pH 7.4 containing 10 % 

non-fat milk and 0.1 % BSA for one hour. Membranes were then incubated with mouse 

monoclonal anti-Aβ 6E10 antibody (Covance; 1:500) at 4ºC overnight. Then, blots were 

exposed to horseradish peroxidise-conjugated rabbit anti-mouse (DAKO; 1: 2000) for 

one hour at room temperature. Membranes were rinsed with peroxidase/luminol 

solution and bands were analysed and quantified using ChemiDoc
®
MP Imaging System 

(BioRad) and ImageLab software.        

For the rest of enzyme determination, cells were collected in 50 mM Tris-HCl pH 7.5 

buffer containing 10 mM EDTA and 1 % (v/v) Triton X-100 after treatments. Protein 

concentration was determined by the Bradford protein assay. Samples were then diluted 

in SDS sample buffer containing 70 mM Tris-HCl, 10 % β-mercaptoethanol and 0.1 % 

(w/v) bromophenol blue. Protein samples (20-30 μg) were heated at 96ºC for 4 minutes, 

resolved in SDS-PAGE gels and then transferred onto nitrocellulose membranes 

(Whatman-Schleicher & Schuell). Transferred membranes were then blocked with 5 % 

(w/v) non-fat dry milk in Tris-buffered saline (TBS) containing 0.1 % (v/v) tween-20 

for one hour and then incubated with primary antibodies anti-APP 20.1 (W.E. Van 

Nostrand, Stony Brook University, NY, USA; 1: 1000), anti-SOD-1 (SantaCruz; 1: 

1000), anti-GPx-1 (Abcam; 1:1000), anti-Nrf-2 (SantaCruz; 1:1000), anti-full-length 

PARP (Upstate; 1:1000), anti-COX-2 (SantaCruz; 1: 1000), anti-β-actin (Sigma-

Aldrich; 1: 5000) and anti-GAPDH (glyceraldehyde-3-phosphate dehydrogenase) 

(Ambion-Invitrogen; 1:20000) for 16 hours at 4ºC. Then, blots were exposed to 



horseradish peroxidise-conjugated goat anti-rabbit (BD Biosciences; 1: 2000) or rabbit 

anti-mouse (DAKO; 1: 2000) for one hour at room temperature. Membranes were 

rinsed with peroxidase/luminol solution and bands were analysed and quantified using 

ChemiDoc
®
MP Imaging System (BioRad) and ImageLab software.       

DEDV-directed caspase-like activity assay 

Caspase activity in lysates from 250μM H2O2-treated SH-SY5Y cells for 24 hours was 

determined by DEVD-directed caspase-like activity method. Quantitative caspase-like 

activity in cell lysates were performed as previously described with minor modifications 

[36]. Briefly, after the indicated treatments, cells were collected and assays were 

performed using 25 μg of protein in the specific buffer containing 100 mM Tris (pH 

7.2–7.4), 4 mM EDTA, 4 mM EGTA, 20% sucrose, 10 mM dithiothreitol, 1 mM PMSF 

plus 40 μM of the fluorogenic substrate Ac-DEVD-afc. The resulting 96-multiwell 

microplates were incubated at 35°C, and caspase activity was monitored for at least one 

hour in a BIO-TEK Synergy HT fluorimeter at 360/530 nm. For each condition, 

triplicates of each sample were used.  

Determination of nitrite content 

The nitrite content was measured in the culture medium as an indicator of the NO 

production process in BV-2 cells by the method of Griess following manufacturer’s 

instructions (Molecular Probes). Briefly, after treatments, 50 µl of medium were 

incubated with the equal volume of the Griess reagent and the absorbance was 

determined at 570 nm using a microplate reader.  

Statistical analysis 

Data are shown as the mean ± S.E.M. All statistical analyses were completed using 

GraphPad PRISM software (versions 3.0 or 4.0). Differences were established by one-

way ANOVA followed by the Bonferroni post-test with *p<0.05, **p<0.01 and 

***p<0.001.    
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V. DISCUSSION 

 

Alzheimer’s disease (AD) is an age-linked irreversible neurodegenerative 

disorder characterised by a progressive loss of cholinergic neurons leading to 

cognitive decline. Although the etiology of AD has not been yet fully elucidated, 

several factors including the presence of amyloid beta peptide deposits, aggregates 

of hyperphosphorilated tau protein, high levels of oxidative stress, metal 

dyhomeostasis and neuroinflammatory processes are assumed to play a relevant role 

in both the onset and progression of AD pathology. The combination of all these 

events irrevocably lead to the selective loss of cholinergic neurons in specific brain 

areas producing the characteristic pathological hallmarks of AD. To date, the high 

number of pharmacological approaches developed against this neurological disorder 

have emerged long-term inefficient against its complex multifaceted nature. 

Amongst the few drugs approved by the FDA for the treatment of AD, the 

pharmacological activity of AChE inhibitors donepezil, rivastigmine and 

galantamine, mostly devolved upon the restoration of ACh levels in the synaptic 

cleft, has exhibited limited disease-modifying benefits.  In this context, our group 

has been considering the use of the so-called multi-target-directed ligands (MTDL), 

based on the “one drug, multiple targets” paradigm as an innovative and enhanced 

approach for the treatment of AD pathology. Firstly described by Buccafusco and 

colleagues in 2000 (Buccafusco JJ 2000), MTDLs arise as rationally-designed 

compounds possessing multiple pharmacological profiles to specifically combat a 

disease caused by multiple pathological events such as AD. Consequently, a number 

of ongoing research investigations have been redirected their efforts towards this 

promising therapeutic strategy. 

 

In this context, the multi-target compound ASS234, a propargylamine-

containing dual ChE/MAO inhibitor, was first identified by our group as a suitable 

candidate for use in AD amongst several series of novel derivatives extensively 

screened. To date, multiple beneficial properties have been reported with this 

MTDL including numerous neuroprotective properties (Sanz E 2009), high 

permeability value to cross the BBB and penetrate into the CNS corroborated by in 
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vivo experiments (Stasiak A 2014), capacity to partially reduce both Aβ1-40 and Aβ1-

42 aggregations and the neurotoxicity associated to Aβ1-42 in human neuroblastoma 

SH-SY5Y cells with  remarkable anti-apoptotic effect and significant antioxidant 

potency arising from the increase in the activity of catalase and SOD-1 enzymes. In 

addition, in an in vivo approach using transgenic APP/PS1AE9 mice administered 

with ASS234, both Aβ plaques in cortex and activated glia were found decreased 

(Martínez-Murillo R, under revision). 

In order to further explore the multifunctional behaviour of ASS234 as an 

anti-AD drug, a biochemical and structural analysis was first carried out with aims 

to better characterise the effects of this molecule as an inhibitor of MAO, whose 

involvement in depressive-like disorders as well as its increase in the expression 

accompanied with an induction of oxidative damage, reveal this enzyme as an AD 

target of interest (Esteban G 2014). From kinetic studies, ASS234 was confirmed as 

not only a reversible inhibitor of both cholinesterases with micromolar affinity, but 

also as a highly potent irreversible MAO A inhibitor similar to clorgyline. 

Comparatively, both PF9601N and l-deprenyl were endorsed as effective selective 

MAO B inhibitors. Although the mechanism of inactivation was found to be the 

alike, the selectivity of ASS234 for MAO A, indicated by the IC50 values for both 

purified and membrane-bound protein samples, was clear and consistent with the 

data previously reported (Perez V 1999; Bolea I 2011). Differences observed 

between ASS234 and clorgyline might be attributed to the shared propynamine 

structure, which is larger and more hydrophobic in ASS234. The initial reversible 

binding parameter (Ki value of 0.4 μM) indicated that ASS234 has a slightly lower 

affinity for MAO A than clorgyline (Ki value of 0.02 μM), and this was also 

reflected in the higher KI for the irreversible reaction. Nevertheless, these data 

demonstrate that the addition of the donepezil moiety, which endowed ASS234 with 

desirable multi-target inhibitory properties in the context of AD treatment (namely 

ChE enzyme inhibition in the same affinity range as for MAO A), did not affect 

significantly the MAO inhibition properties of ASS234.  

From UV-VIS spectral analysis, the irreversible modification of the MAO 

flavin group by ASS234 gave an absorbance profile highly similar to that found 

with the other propargyl MAO inhibitors. The crystal structure of human MAO B in 

complex with ASS234 highlighted the formation of a covalent adduct with the flavin 
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N5 atom which, based on the spectral changes, occurs also with the MAO A 

cofactor. Although the N-benzylpiperidine moiety was not fully visible in the 

electron density, the mass determinations demonstrated that ASS234 binds as the 

intact molecule to the MAO B active site, which ruled out the possibility that the 

inhibitor may undergo degradation in the cellular context. Overall, the efficacy of 

ASS234 as inhibitor of both the “classic” AD-targeting ChE enzymes and MAOs 

was fully demonstrated by this study.  

Following the search of additional activities of multi-target ASS234, the 

potential modulation of the monoaminergic transmission and metabolism by this 

molecule was also investigated both in vitro and in vivo (Esteban G, under revision). 

As aforementioned, behavioural alterations such as depression, as featured 

symptoms in AD, are possibly caused by monoaminergic dysfunction. Therefore, 

the therapeutic use of antidepressant drugs based on the selective inhibition of MAO 

A, an enzyme possessing a key activity in the metabolic regulation of 

neurotransmitters 5-HT, NA, DA and/or on the blockage of the corresponding 

reuptake systems at the pre-synaptic nerve endings, may also be considered.  

In this context, significant increase in the levels of 5-HT associated with a 

reduction in the levels of its metabolite 5-HIAA was observed as a result of 

irreversible inhibition of MAO A in SH-SY5Y cells treated with multi-target 

ASS234. Comparatively, similar, though less pronounced effects were revealed with 

the highly-selective MAO A inhibitor clorgyline under the same experimental 

conditions, revealing therefore an active effect of this multi-target to enhance 5-HT 

levels. Unexpectedly, DA levels were significant decreased in PC12 cells treated 

with ASS234 by a possible reduction of both activity and expression of DA 

synthesis precursor enzymes TH and AAAD as a consequence of first-step rapidly 

elevated levels of DA following the blockage of MAO activity. However, ASS234, 

as MAO A inhibitor clorgyline, selectively modulated the levels of DA metabolites 

DOPAC and HVA, whose levels were decreased after incubations.   

In vivo administration of ASS234 in freely-moving rats revealed an alteration 

on the extracellular monoamines levels in both hippocampus and prefrontal cortex, 

two highly impaired brain areas in AD. Interestingly, the effect of ASS234 differed 

from brain areas and dosage. In hippocampus, levels of 5-HT and NA were detected 

increased whereas those of DA and NA were markedly augmented in prefrontal 
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cortex. These differences might be attributed to the presence of metabolising 

enzyme in both brain areas as well as to the complexity in the monoaminergic 

neurochemical interactions existing in the brain. In addition, ASS234 as a multi-

target compound could be modulating other neurobiological systems and therefore 

producing a combined pharmacological effect. These findings reinforced those 

previously reported in (Stasiak A 2014) increased levels of 5-HT, DA and NA in 

post-mortem cerebral samples of rats induced by permanent bilateral occlusion 

treated with ASS234 for five consecutive days. The present in vivo study revealed a 

time-dependent effect on extracellular levels of monoaminergic neurotransmitters 

after a single-dose subcutaneous administration of ASS234 and can be used to in-

depth study the pharmacokinetics and bioavailability of the compound to reach its 

therapeutic target. Many factors including route of administration or the existence of 

active metabolites may also explain the delay on the in vivo effects observed with 

ASS234.  

 In AD, levels of DA and NA are diminished in cortex and hippocampus while 

those of 5-HT are decreased in hippocampus (Reinikainen KJ 1988), altering some 

behavioural symptoms including depressive-like disorder, psychosis or memory 

impairment related to alterations in serotonergic, catecholaminergic and cholinergic 

neurotransmissions (Vermeiren Y 2015). Therefore, the effects observed in vivo 

with ASS234 in addition with those previously found, confirm a reinforcement to 

further elucidate the underlying mechanism of action of ASS234 on the 

monoaminergic neurotransmission as a relevant molecule for use in AD. Compound 

ASS234 has been patented under US 8,999,994B2 (USA) and PCT/ES2011/070186; 

WO 2011/ 113988 (Spain). 

 

 Next, and with the effort to search for improved MTDLs, two series of novel 

compounds structurally-derived from ASS234 as multipotent donepezil-indolyl and 

donepezil-pyridyl hybrids were pharmacologically evaluated for their potential use 

in AD (Bautista-Aguilera OM 2014; Bautista-Aguilera OM 2014(2)). Among the 

tested compounds, a donepezil-indolyl hybrid was identified to exhibit the most 

interesting profile as potent MAO A inhibitor (IC50= 5.5 nM) moderately able to 

inhibit MAO B (IC50= 150 nM), AChE (IC50= 190 nM) and BuChE (IC50= 830 nM). 

Moreover, by molecular modelling studies, this compound was suggested as a 
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mixed-type AChE inhibitor able to span both the CAS and PAS of this enzyme. 

Interestingly, docking simulations revealed that the selective inhibition of MAO 

isoforms by propargyl-containing compounds accounts for the orientation on their 

propargylamine and phenyl moieties in MAO, which energetically affects the 

interaction with the active site. Also, a donepezil-pyridyl hybrid was recognised as a 

very potent human AChE inhibitor (IC50= 25 nM) and moderate human BuChE 

inhibitor (IC50 =1.2 µM) with low selectivity toward human MAO B. Interestingly, 

the design and development of non-selective ChE inhibitors for use in AD seems of 

valuable pharmacological interest as the hydrolysis of neurotransmitter ACh may 

largely occur via BuChE catalysis in old AD brains as the activity levels of this 

enzyme have been found elevated on late-stages of the disease, similarly to MAO B. 

Moreover, as BuChE is also found in glial cells while recruited and activated around 

the plaques and tangles, the inhibition of this enzyme might provide additional 

benefits at reducing neuroinflammation. Suitable druglikeness profile and ADMET 

properties of these two novel MTDLs were confirmed by 3D-QSAR studies. 

 Since metal dyshomeostasis has been recently considered a key event in AD as 

an early factor closely related to increased levels of both oxidative stress and 

amyloid beta protein toxicity in AD brains, the development of metal-chelators has 

concurrently emerged as a novel pharmacological approach in AD. A series of 

newly-designed MTDLs (DPH and WMY) bearing the benzylpiperidine moiety 

from donepezil and the 8-hydroxyquinoline group, previously reported to possess 

metal-chelating properties, linked to a central N-propargylamine core were 

synthesised and pharmacologically evaluated (Wang L 2014; Wu MY 2015). 

Remarkably, these derivatives were identified as equimolar irreversible MAO and 

mixed-type ChE inhibitors in low micromolar range able to strongly complex 

biometals Cu (II), Zn (II) and Fe (III). In addition, an essential role for the cyano 

group, present only in some of these derivatives, was discovered at binding sites of 

AChE, BuChE and MAO A. Despite α-aminonitriles have been seldom investigated 

as ChE inhibitors, some previous works described nitriles as MAO inhibitors, 

reporting that cyanide potentiates irreversible MAO inhibition (Ramadan ZB 2007). 

From theoretic ADMET analyses, DPH and WMY compounds exhibited proper 

druglikeness properties and good brain penetration capacity for CNS activity. 

Moreover, less toxicity than donepezil in HepG2 cells was also revealed. These 



Discussion 

 

 

246 
 

findings are of noteworthy relevance since the simultaneous administration of 

multiple therapeutic agents can lead to potentially lethal side effects triggered by 

drug-to-drug interactions. Therefore, the mentioned undesirable outcomes might be 

significantly reduced by the use of multi-target derivatives exhibiting low toxicity 

such as DPH/WMY compounds. Furthermore, these molecules also displayed well 

performance in terms of translational science since scopolamine-induced memory 

deficits were partially restored by a DPH derivative, revealing effective 

pharmacokinetics in vivo.  

  

 

Once multi-target compound DPH-4 was identified from an initial 

pharmacological screening as an appropriate lead compound for AD, further 

compelling properties were revealed from subsequent investigations on this 

molecule (Esteban G, under preparation). As widely reported, the presence of 

amyloid beta protein oligomeric forms correlates well with the severity of AD. 

Therefore, the ability of DPH-4 to reduce both Aβ1-42 self- and hAChE-mediated 

aggregations by preventing the formation of both fibrillary and oligomeric species 

together with the reduction of high-molecular weight species into non-toxic dimers 

or monomers, revealed a potential neuroprotective effect of this compound against 

Aβ-induced neurotoxicity. Drugs capable to prevent or block the oligomerisation or 

fibrillation processes of amyloid beta protein have been extensively designed and 

developed in recent years as a convenient approach against AD. Moreover, DPH-4 

significantly reduced the expression of physiological levels of APP dose-

dependently in SH-SY5Y cells after 24 hour treatments. This finding is in 

agreement with those previously reported in a study using APP/PS1 Tg mice treated 

with the 8-hydroxyquinoline-containing metal-chelator M30 for nine months 

(Kuperschmidt L 2012). In this work, cerebral iron accumulation accompanied by a 

marked decrease in several AD-like phenotypes, including cerebral APP levels, Aβ 

levels and plaques, phospho-APP and phospho-tau were reported after treatment 

with M30.  

 Since oxidative stress is markedly considered as a determinant mediator of 

AD neuronal damage by the enhancement of both metal dyshomeotasis-derived 
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toxicity and noxious effect of Aβ, the search for antioxidants has emerged as a 

valuable therapeutic approach for use in early stages of AD.    

The outcome of the strong antioxidant capacity of DPH-4 was confirmed by 

a wide number of different experimental approaches. First, by an induction of the 

expression of antioxidant enzymes SOD-1, GPx-1, catalase and the transcriptional 

factor Nrf-2, responsible for the expression of other cytoprotective proteins, in 

undamaged SH-SY5Y as well as potential capabilities of this compound of 

capturing free radical species in vitro. Secondly, by a potent neuroprotective activity 

of DPH-4 against H2O2-induced toxicity in SH-SY5Y cells that was subsequently 

confirmed by different cell viability assays. Additionally, and although further 

studies are encouraged, anti-apoptotic properties were also observed with DPH-4 

since increased levels of caspase-3 activity, an executioner caspase able to trigger 

the cleavage of other nuclear substrates such as PARP, were significantly reduced in 

H2O2-damaged cells in presence of DPH-4 while expression levels of full-length 

PARP decreased accordingly. The anti-apoptotic properties of DPH-4 might be 

elucidated by the presence of a propargyl moiety in its structure, a chemical group 

widely reported for conferring neuroprotective effects through the stabilisation of 

mitochondrial membrane permeability, induction of anti-apoptotic Bcl-2 and 

neurotrophic factors and regulation of antioxidant enzymes (Naoi M 2009). 

Moreover, propargylamine-containing compounds have also been reported to 

prevent a number of apoptotic processes including mPT-induced Δψm reduction, 

mitochondrial swelling and cytochrome c release, caspase activation, condensation 

and fragmentation of nuclear DNA and nuclear translocation of GAPD (Naoi M 

2009).   

Lastly, recent research into AD pathogenesis has established that immune 

system-mediated actions in fact contribute to and drive AD. These insights have 

suggested both novel and well-defined potential therapeutic targets for AD, 

including microglia and several cytokines. In this concern, the anti-inflammatory 

behaviour of DPH-4 observed by decreasing levels of nitrites in Aβ-like 

inflammation model induced by LPS+INFγ in microglial BV-2 cells as well as by  

decreased expression levels of COX-2, revealed the potentiality of this multi-target 

compound in AD-occurring inflammation. Thus, additional studies in vivo 

confirming the encouraging effects revealed in this thesis with DPH-4 would 
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therefore prompt to propose this molecule as a promising disease-modifying drug to 

be considered for as an appropriate therapeutic strategy against AD.  

  Overall, the findings presented in this thesis robustly reinforce the 

suitability of MTDLs as an appropriate pharmacological approach to be used in AD 

therapy. Amongst all the compounds tested, multi-target DPH-4 particularly 

emerged as a ligand possessing a number of remarkable potential benefits for this 

neurological disorder including well-balanced dual AChE/MAO inhibition, strong 

metal-chelating activity, neuroprotective and anti-apoptotic properties, potent 

antioxidant capacities and anti-inflammatory action.  
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VI.  CONCLUSIONS 

 

The results obtained in this thesis allow to draw the following conclusions: 

 

1. Multi-target compound ASS234 is confirmed as a highly-selective irreversible 

MAO A inhibitor able to inhibit both purified and membrane-bound forms of the 

enzyme similarly by covalently interacting with the flavin N5 atom. 

2. Compound ASS234 is able to modulate the monoaminergic neurotransmission in 

both SH-SY5Y cells and in vivo in freely-moving rats.    

3. Newly-synthesized multi-targets based on the hybridization of indolyl-donepezil and 

pyridyl-donepezil moieties exhibited appropriate profiles as dual MAO/ChE 

inhibitors for further design and development of new improved derivatives for use in 

Alzheimer’s disease. 

4. First-time reported α-aminonitriles as MTDLs (DPH) able to display an equimolar 

inhibitory profile inhibiting MAO/ChE exhibit higher affinities with longer carbon 

chain linker and a cyano group.  

5. Structurally modified multi-target DPH compounds potently increase the selectivity 

as ChE inhibitors.    

6. The MTDL DPH-6 is identified as a moderate equimolar dual MAO/ChE inhibitor 

with strong metal-chelating properties to complex copper, iron and zinc, exhibiting 

low toxicity levels and able to restore cognitive deficits in scopolamine-treated 

mice.   

7. Metal-chelator DPH-4 is selected as a multifunctional molecule for use in 

Alzheimer’s disease exhibiting potent antioxidant capacity, anti-Aβ aggregation 

activity, anti-apoptotic and anti-inflammatory properties.  

8. The compound DPH-4 has been identified as a promising MTDL exhibiting 

multiple potential disease-modifying properties for use in Alzheimer’s disease 

therapy.  
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new multipotent MAO and cholinesterase inhibitors as potential 
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a b s t r a c t

The synthesis, biological evaluation and molecular modeling of new multipotent inhibitors of type I and
type II, able to simultaneously inhibit monoamine oxidases (MAO) as well as acetylcholinesterase (AChE)
and butyrylcholinesterase (BuChE), is described. Compounds of type I were prepared by sequential
reaction of 2,6-dichloro-4-phenylpyridine-3,5-dicarbonitrile (14) [or 2,6-dichloropyridine-3,
5-dicarbonitrile (15)] with prop-2-yn-1-amine (or N-methylprop-2-yn-1-amine) and 2-(1-benzyl-
piperidin-4-yl)alkylamines 22e25. Compounds of type II were prepared by Friedländer type reaction
of 6-amino-5-formyl-2-(methyl(prop-2-yn-1-yl)amino)nicotinonitriles 32 and 33 with 4-(1-
benzylpiperidin-4-yl)butan-2-one (31). The biological evaluation of molecules 1e11 showed that most
of these compounds are potent, in the nanomolar range, and selective AChEI, with moderate and
equipotent selectivity for MAO-A and MAO-B inhibition. Kinetic studies of compound 8 proved that this
is a EeAChE mixed type inhibitor (IC50 ¼ 16 � 2; Ki ¼ 12 � 3 nM). Molecular modeling investigation on
compound 8 confirmed its dual AChE inhibitory profile, binding simultaneously at the catalytic active site
(CAS) and at the peripheric anionic site (PAS). In overall, compound 11, as a potent and selective dual
AChEI, showing a moderate and selective MAO-A inhibitory profile, can be considered as an attractive
multipotent drug for further development on two key pharmacological targets playing key roles in the
therapy of Alzheimer’s disease.

� 2011 Elsevier Masson SAS. All rights reserved.
1. Introduction

Alzheimer’s disease (AD) is an age-related neurodegenerative
process characterized by a progressive memory loss, decline in
language skills and other cognitive impairments [1]. Although the
etiology of AD is not known, amyloid-b (Ab) deposits [2], s-protein
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aggregation, oxidative stress [3] and low levels of acetylcholine [4]
are thought to play significant roles in the pathophysiology of the
disease [5]. The cholinergic theory [6] suggests that the loss of
cholinergic neurons in AD results in a deficit of acetylcholine (ACh)
in specific brain regions that mediate learning and memory func-
tions [7]. Consequently, a number of acetylcholinesterase inhibitors
(AChEI) such as tacrine [8], rivastigmine [9], donepezil [10] and
galanthamine [11] have been developed, but with limited thera-
peutic benefits, mainly due to the multifactorial nature of AD. The
multi-target-directed ligand (MTDL) approach, based on the “one
molecule, multiple target” paradigm [12], has been the subject of
increasing attention by many research groups, which have devel-
oped a number of compounds acting simultaneously on different
receptors implicated in AD [13]. In this context, alterations in other
neurotransmitter systems, especially the serotoninergic and
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Chart 2. Structure of precursors: Pyridines 14,15, and amines 22e25.
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dopaminergic, are also thought to be responsible for the observed
behavioral disturbances [14,15]. Monoamine oxidase (MAO; EC
1.4.3.4) is an important target to be considered for the treatment of
AD, as catalyzes the oxidative deamination of a variety of biogenic
and xenobiotic amines, with the concomitant production of
hydrogen peroxide [16]. MAO is a FAD-containing enzyme bound to
mitochondrial outer membrane of neuronal, glial and other cells
[17]. MAO exists as two isozymes: MAO-A and MAO-B, showing
different substrate specificity, sensitivity to inhibitors, and amino-
acid sequences. MAO-A preferentially oxidizes norepinephrine and
serotonine, and is selectively inhibited by chlorgyline, while MAO-B
preferentially deaminates b-phenylethylamine and is irreversibly
inhibited by l-deprenyl [18]. X-ray crystal structures of human
MAO-A [19] and MAO-B [20] have been reported.

With these ideas inmind, and based on our previous work in the
synthesis and biological evaluation of MAO inhibitors (MAOI) [21]
and AChE inhibitors (AChEI) [22], we have now designed new
multipotent MAO and ChE inhibitors (I and II, Chart 1) for the
potential treatment of AD. This approach has been previously
analyzed with success by other laboratories [23e26]. What is new
and original in our strategy is that the design of our molecules
based on a conjunctive approach that combines for the first time
the N-benzyl piperidine and the N-propargylamine moieties
present in the AChE inhibitor donepezil [10], and PF9601N, a well
known MAOI [21], respectively, connected through an appropriate
linker to a central pyridine (or 1,8-naphthyridine) ring (Chart 1). In
this preliminary communication, we report the synthesis and
pharmacological evaluation of polyfunctionalized pyridines 1e8,
naphthyridines 9e11 (Table 1), and the identification of compound
11, as a potent, in the nanomolar range, and selective dual AChEI,
showing a moderate and selective MAO-A inhibitory profile.
2. Results and discussion

2.1. Chemistry

Type I compounds (Chart 1)were prepared by sequential reaction
of 2,6-dichloro-4-phenylpyridine-3,5-dicarbonitrile (14) [27] (or 2,6-
dichloropyridine-3,5-dicarbonitrile (15) [28]) with commercially
available prop-2-yn-1-amine (or N-methylprop-2-yn-1-amine) and
2-(1-benzylpiperidin-4-yl)alkylamines 22-25 (Chart 2). Compounds
of type IIwere prepared by Friedländer type reaction of 6-amino-5-
formyl-2-(methyl(prop-2-yn-1-yl)amino)nicotinonitriles 32 and 33
with 4-(1-benzylpiperidin-4-yl)butan-2-one (31) (Supplementary
data).

The in vitro activity of these new molecules against EeAChE and
eqBuChE was determined using Ellman’s method [29]
(Supplementary data) with tacrine and donepezil as reference
compounds (Table 1). From these data some interesting SAR can be
obtained. The IC50 values suggest that most of these molecules are
Chart 1. General structure of PF9601N, and the MAO and ChE inhibitors I and II.
potent, in the nanomolar range, and selective EeAChE inhibitors, the
most potent are compounds 3, 4, 6, and 8 [IC50 (EeAChE) ¼
13e16nM],which aremorepotent than tacrine, but equipotentwith
donepezil for the EeAChE inhibition.

All compounds are less potent than the reference compounds
for BuChE inhibition, except compound 4, 4-fold more potent than
donepezil. Regarding the effect of the linker, for compounds 1e4
bearing a phenyl group at C4 and a methyl group at N(C6), the
inhibition of both EeAChE and eqBuChE increases on going from
n ¼ 0 to n ¼ 2 or 3. For the same length in the linker (n ¼ 0),
changing only the methyl group by hydrogen (compare compound
1 with 5), the EeAChE inhibitory potency decreases 3.3-fold, while
both compounds remain inactive for eqBuChE inhibition. Similarly,
for the same length in the linker (n ¼ 2), changing only the phenyl
at C4 by a hydrogen (compare compound 3 with 6), the EeAChE
inhibitory potency remains similar, affording the most potent
AChEI (6) in this series [IC50 (EeAChE) ¼ 13 nM], while the eqBuChE
potency is reduced, becoming around 3-fold less potent. Very
interestingly, the substitution of the methyl group in compound 6
by a hydrogen, with the same length (n ¼ 2), results in the potent,
but completely selective EeAChEI 8. However, this potency is lost in
inhibitor 7 bearing the same type of substituent, the length of the
linker being now n ¼ 0. Note also that for n ¼ 2, compound 3 with
the functional couple Ph(C-4)/N(C-6)Me is equipotent with
compound 8 bearing the functional couple H(C-4)/N(C-6)H for the
inhibition of EeAChE. Definitively, compound 4 with the longest
length (n ¼ 3), bearing a phenyl group at C4 and a methyl group at
N(C6) remains as the most potent eqBuChe inhibitor [IC50
(eqBuChE) ¼ 230 nM].

Based on our previous work on the area [30], and in order to
evaluate the presumed critical effect of the pyridine ring in
compounds 1e8 on the biological activity, we prepared naphthyr-
idine derivatives 9e11 [31] (Table 1). According to the observed IC50
values (Table 1), these three compounds are also potent and
selective AChEI, the most potent is compound 11 [IC50 ¼ 37 nM],
while compound 10 shows the worst inhibitory potency for both
enzymes.

To determine the type of the EeAChE inhibition mechanism on
these compounds, a kinetic study was carried out with inhibitor 8
[IC50 (EeAChE ¼ 16 � 2 nM); IC50 (eqBuChE > 100000 nM)]
(Supplementary data). The type of inhibition was established from
the analysis of LineweavereBurk reciprocal plots (Fig. 1) showing
both increasing slopes (lower Vmax) and intercepts (higher Km) with
higher inhibitory concentration. This suggests a mixed-type inhi-
bition [32]. The graphical analysis of steady-state inhibition data for
compound 8 is shown in Fig. 1. A Ki value of 12.2 nM was estimated
from the slopes of double reciprocal plots versus compound 8
concentrations.

Based on these results, compound 8 was analyzed in order to
investigate the possible interactions between the inhibitor and the
amino acid residues on the catalytic active site (CAS), and in the
peripheral anionic site (PAS) of AChE. Ligand docking studies were
performed with AUTODOCK VINA [33] using a single catalytic sub-
unit of EeAChE (PDB: 1C2B) (Supplementary data). The docking
procedure was applied to the whole protein target (“blind dock-
ing”). To account for side chain flexibility during docking, flexible



Table 1
Inhibition of AChE from Electrophorus electricus (EeAChE), equine serum butyrylcholinesterase (eqBuChE) andmonoamineoxidase (MAO-A andMAO-B) by compounds 1e11.a

Compound R1 R2 n IC50 (nM) Selectivity IC50 (mM) Selectivity

EeAChE EqBuChE BuChE/AChE MAO-A MAO-B MAO-B/MAO-A

1 Ph Me 0 1200 � 200 >100 000 >83 >100 >100 >1
2 Ph Me 1 270 � 52 5000 � 700 18.5 >100 >100 >1
3 Ph Me 2 16 � 2 1110 � 30 69.4 >100 >100 >1
4 Ph Me 3 14 � 1 230 � 30 16.4 >100 >100 >1
5 Ph H 0 4000 � 100 >100 000 >25 25 � 1 >100 >4
6 H Me 2 13 � 1 3100 � 300 238.5 >100 >100 >1
7 H H 0 530 � 70 >100 000 >188 >100 >100 >1
8 H H 2 16 � 2 >100 000 >6250 >100 >100 >1
9 53 � 3 3500 � 350 66 >100 32 � 3 >0.32
10 2300 � 300 >100 000 >34 >100 97 � 24 >1
11 37 � 4 1990 � 270 54 41 � 7 >100 >2.4
tacrine 27 � 2 5.2 � 0.2 0.19 40 � 10 >100 >2.5
donepezil 13.4 � 0.9 840 � 50 63 >100 15 � 2 >0.15

a Values are expressed as mean � standard error of the mean of at least three different experiments in quadruplicate.
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torsions in the ligandwere assigned, and the acyclic dihedral angles
were allowed to rotate freely. In the docking simulation, the pose
with the lowest docking energy was selected as the best solution.
The “blind docking” of the 8-EeAChE molecules was successful as
indicated by the statistically significant scores. Fig. 2 shows the
complex of EeAChE with ligand 8. As can be seen, docking results
indicate that the cyano group makes hydrogen bonding with
residue Ser203 in the catalytic triad, playing an important role in
the molecular recognition as well as in the inhibition process. The
pyridine nitrogen of compound 8 is likely to form a hydrogen
interaction with the OH Tyr337 side chain, located in the con-
stricted region in the gorge. Additionally, inhibitor 8 seems to
stabilize through pep stacking interactions between the phenyl
group and the indole ring of Trp286 in the PAS. Therefore, ligand 8
is a dual EeAChEI, able to simultaneously interact with both, the
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Fig. 1. Steady-state inhibition of AChE hydrolysis of acetylthiocholine (ATCh) by
compound 8. LineweavereBurk reciprocal plots of initial velocity and substrate
concentrations (0.1e1 mM) are presented. Lines were derived from a weighted least-
squares analysis of data.
CAS and PAS of the enzyme, a result that is in good agreement with
its mixed-type inhibition profile [34]: the pyridine moiety of this
inhibitor binds at the CAS, while the linker spans theactive-
sitegorge, and the phenyl ring binds at the PAS [35].

Finally, and in order to test their multipotent profile, compounds
1e11 have been evaluated as MAO-A and MAO-B inhibitors
(Table 1) (Supplementary data). These results show that pyridines
2, 3, 6 and 7 are inactive, and pyridines 1, 4, 8, and naphthyridine 10
are poor MAO inhibitors. Only pyridine 5 (IC50 ¼ 25 � 1 mM) and
naphthyridine 11 (IC50 ¼ 41 � 7 mM) were moderate, in the
micromolar range, selective MAO-A inhibitors, while pyridine 9
showed selective MAO-B inhibition activity (IC50 ¼ 32 � 3 mM).
Thus, the substitution of a phenyl at C4 in compound 9 by
a hydrogen in inhibitor 11 drives the MAO selectivity from MAO-B
to MAO-A, with the potency remaining similar. In general, the
Fig. 2. Binding mode of 8 on EeAChE as the outcome of docking simulations. The
compound is rendered as sticks and illustrated in green. The hydrogen bonds are
represented in dashed yellow lines. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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naphthyridine core seems to be a more promising hit. However, no
clear SAR can be deduced from these results, and a careful molec-
ular modeling analysis in progress should possibly afford the keys
in order to rationalize the observed inhibition trends.
3. Conclusions

To sum up, compounds 1e11, designed as hybrids from done-
pezil and PF9601N, bearing N-benzyl piperidine and propargyl-
amine moieties attached to a central pyridine or naphthyridine
ring, have been synthesized and subjected to pharmacological
evaluation. The biochemical results clearly identify compound 8,
and particularly, 11 as multipotent drugs showing strong and
selective AChE inhibitory activity [(IC50 ¼ 37 � 4 nM)], and
moderate, but selective MAO-A inhibitory profile [(IC50 ¼
41 � 7 mM)]. We conclude that the most sensitive moiety to
modulate AChE inhibition is the length of the spacer, which would
control the dual interaction of these molecules with both CAS and
PAS sites, improving inhibition when both binding sites are
spatially targeted at the same time. Compared to tacrine,
compound 11 is equipotent for the AChE andMAO-A inhibition, less
potent for the inhibition of BuChE and more potent for the inhibi-
tion of MAO-B. Compared to donepezil, compound 11 is less potent
for the inhibition of AChE, BuChE, and MAO-B, and more potent for
the inhibition of MAO-A. Comparing the two pyridine derivatives 9
and 2, with the same length in the linker, compound 9 (linker:
CH2CH2) is 5-fold less potent than inhibitor 2 (linker: CH2NH) for
the inhibition of EeAChE, and 1.4-fold less active for the inhibition
of eqBuChE. Conversely, regardingMAO inhibition, while pyridine 2
was inactive, naphthyridine 9 showed a moderate, but selective
MAO-B inhibitory profile. The pharmacological profile of
compound 11, as well as the fact that it is a readily available
compound in a short synthetic sequence, in good chemical yields,
prompts us to select it as a lead-compound for further optimization
in our current research programme targeted to the preparation of
new molecules for the potential treatment of AD. Work is now in
progress and will be reported in due course.
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Abstract Herein, we report the biological evaluation of a

series of indole substituted hydrazides and hydrazines

throughout the assessment of their multipotent inhibitory

potency towards monoamine oxidase (MAO) A and B,

semicarbazide-sensitive amine oxidase/vascular adhesion

protein-1 (SSAO/VAP-1), and the cholinesterases, acetyl-

cholinesterase (AChE) and butyrylcholinesterase (BuChE).

Hydrazine JL72 (3-(3-hydrazinylpropyl)-1H-indole) showed

a potent, reversible and non-time-dependent inhibition of

MAO-A, which suggests its capacity in restoring seroto-

ninergic neurotransmission being devoid of the side effects

observed for classic MAO-A inhibitors. In addition, JL72

behaved as a moderate BuChE inhibitor. Finally, both

hydrazines and hydrazides derivatives showed high affinity

towards SSAO/VAP-1. Among them, JL72 behaved as a

noncompetitive and the most potent inhibitor (IC50 =

0.19 ± 0.04 lM), possessing also a significant anti-inflam-

matory activity. The combined inhibition of SSAO/VAP-1,

MAO (A and B), AChE and BuChE appear as an important

therapeutic target to be considered in the treatment of cere-

brovascular and neurological disorders such as Alzheimer’s

disease.

Keywords Hydrazine � Hydrazide �Monoamine oxidase �
Vascular adhesion protein-1 � Acetylcholinesterase �
Butyrylcholinesterase

Abbreviations

Ach Acetylcholine

AChE Acetylcholinesterase

AChEI Acetylcholinesterase inhibitor

AD Alzheimer’s disease

BuChE Butyrylcholinesterase

CAA Cerebral amyloid angiopathy

DTNB 5,50-Dithiobis-2-nitrobenzoic acid

5-HT 5-Hydroxytryptamine

MAO Monoamine oxidase

MAOI Monoamine oxidase inhibitor

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide

MA Methylamine

SSAO/VAP-1 Semicarbazide sensitive amine oxidase/

vascular adhesion protein-1

Introduction

Alzheimer’s disease (AD) is a progressive neurodegener-

ative disorder of the central nervous system, associated

with cognitive impairment and dementia (Goedert and

Spillantini 2006). b-Amyloid (Ab) accumulation in the

brain parenchyma produces senile plaques, a characteristic

hallmark of AD and also produces the vascular deposits of

cerebral amyloid angiopathy (CAA) (Castro et al. 2006).

CAA is present in most cases of AD and it is characterised

by the deposition of Ab in the tunica media and adventitia

of leptomeningeal vessels and intracortical microvessels,

thus producing the degeneration of vascular smooth muscle
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Bellaterra, 08193 Barcelona, Spain

e-mail: mercedes.unzeta@uab.cat

A. Samadi � J. Marco-Contelles

Laboratorio de Quı́mica Médica (IQOG, CSIC),

C/Juan de la Cierva 3, 28006 Madrid, Spain

123

J Neural Transm (2013) 120:911–918

DOI 10.1007/s00702-012-0949-x



cells and endothelial cells (Vinters et al. 1988). The fact

that AD and cerebrovascular diseases share risk factors

supports the common view that there is a link between

vascular degeneration and AD. It has been suggested that

the accumulation of Ab in the vessel wall causes the

functional deterioration of the blood brain barrier, which is

essential for the correct transport and clearance of Ab from

parenchyma (Deane et al. 2004; Zlokovic 2005).

Semicarbazide-sensitive amine oxidase, also called

vascular adhesion protein-1 (SSAO/VAP-1, E.C 1.4.3.21)

is a multifunctional enzyme involved in the metabolic

deamination of primary amines, the functions of which

depend on the tissue where it is expressed (Jalkanen and

Salmi 2008). SSAO/VAP-1 shows some overlap with

monoamine oxidase [E.C.1.4.3.4], which is responsible of

the primary, secondary and tertiary amine metabolism in

human brain. MAO is present in most mammalian tissues

and exists as two distinct enzymatic isoforms, MAO-A and

MAO-B, based on their substrate and inhibitor specificities

(Johnston 1968). SSAO/VAP-1 is a circulating and mem-

brane-bound ectoenzyme, present in vascular tissue local-

ised in two different types of cells such as smooth muscle

cells and endothelial cells being these involved in the

leukocyte and neutrophil recruitment through its SSAO

catalytic activity (Koskinen et al. 2004). Alterations of

SSAO/VAP-1 levels in human plasma have been related to

several pathological situations, such as AD (Ferrer et al.

2002) and ischaemic stroke, where abnormally high plasma

VAP-1/SSAO activity has been found in patients with

certain vascular and/or inflammatory conditions with bad

prognosis (Hernández-Guillamon et al. 2012, 2010). In this

context, the inhibition of SSAO/VAP-1 and/or MAO-A and

MAO-B activities, appears as an important therapeutic

target to be used in the treatment of these cerebrovascular

disorders. On the other hand, low levels of acetylcholine

(ACh) (Geula and Mesulam 1999) are thought to play

significant roles in the pathophysiology of AD (Perry et al.

1977). The cholinergic theory of AD suggests that the

selective loss of cholinergic neurons in this disorder results

in a deficit of ACh in specific brain regions that mediate

learning and memory functions (Davies and Maloney

1976). However, alterations in other neurotransmitter sys-

tems, especially the serotoninergic and dopaminergic, are

also thought to be responsible for the behavioral distur-

bances observed in patients with AD (Garcı́a-Alloza et al.

2005; Terry et al. 2008). Thus, in addition to cholinesterase

enzymes (acetylcholinesterase, AChE and butyrylcholin-

esterase, BuChE) and SSAO/VAP-1, monoamine oxidases

also (MAO; EC 1.4.3.4) appear as an important target to be

considered for the treatment of specific features of this

complex and multifactorial disease.

Herein, we report the biological evaluation (MAO-A,

MAO-B, SSAO/VAAP-1, AChE and BuChE inhibitory

profile) of a number of indole substituted hydrazides and

hydrazines. These compounds were designed and synthe-

sized for the first time by Prof. Fernández-Álvarez’s lab-

oratory in the IQOG (CSIC, Madrid, Spain) as potential

in vitro bovine MAO inhibitors (Alemany et al. 1966,

1975; Bernabé et al. 1971; Monge et al. 1985). In the

present work, we have found that some of them and

especially JL72 (3-(3-hydrazinylpropyl)-1H-indole) are

able to interact with human SSAO/VAP-1, MAO (A and

B), as well as AChE and BuChE, showing an interesting

pharmacological profile and suggesting their potential to be

used in the therapy of cerebrovascular and cognitive

decline disorders.

Materials and methods

HUVEC and HUVEC hSSAO/VAP-1 cell culture

These cell lines were prepared in our laboratory as previ-

ously described (Sole et al. 2011). Cells were cultured

in M199 (Invitrogen), supplemented with 5 % FBS,

1.2 mM L-glutamine and antibiotics (50 U/ml penicillin/

0.05 mg/ml streptomycin). The selected antibiotic geneticin

(G418) was added at a final concentration of 100 lg/ml to

maintain the SSAO/VAP-1 expression in HUVEC hSSAO/

VAP-1 cells. Cells were maintained in an incubator at

37 �C, 5 % CO2, and were subcultured every 5–7 days.

Chemistry

The indole substituted hydrazides and hydrazines JL34,

JL40, JL71, JL87, JL317, JL432, JL72, JL411, and

JL418 (Fig. 1) were synthesized and purified according to

the methods described in the literature (Alemany et al.

1966, 1975; Bernabé et al. 1971; Monge et al. 1985).

Inhibition experiments of MAO (A and B)

and SSAO/VAP-1

Mitochondria from rat liver homogenates were used as

source for MAO activities (Gómez et al. 1986). The

inhibitory activity of the compounds towards MAO-A and

MAO-B was determined as previously described (Fowler

and Tipton 1981), using [14C]-labelled substrates (Perkin

Elmer, USA). For comparative purposes, phenelzine was

used as reference compound. MAO-B activity was deter-

mined towards 20 lM [14C]-phenylethylamine (PEA)

(2.5 mCi/mmol) and MAO-A activity towards [14C]-(5-

hydroxy-triptamine) (5-HT) 100 lM (0.5 mCi/mmol).

SSAO/VAP-1 activity was measured towards [14C]-ben-

zylamine 100 lM (2 mCi/mmol) using microsomes from

bovine lung as source (Lizcano et al. 1996). Inhibition
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curves were made by pre-incubating the enzyme with at

least nine concentrations of each compound for 30 min in

50 mM phosphate buffer (pH 7.2). A sample without

compound was always present to determine the 100 %

enzyme activity. The reaction was carried out at 37 �C

adding 25 lL of substrate in a final volume of 225 lL

and stopped by the addition of 100 lL in 2 M citric

acid. Radiolabelled aldehyde products were extracted into

toluene/ethyl acetate (1:1, v/v) containing 0.6 % (w/v) 2,5-

diphenyloxazole before liquid scintillation counting (Tri-

Carb 2810TR). The inhibition curves were expressed in

percentage of total activity and the IC50 values were cal-

culated by using the GraphPad Prism program (Prism 3.0,

GraphPad Software Inc). Total protein was measured by

the method of Bradford (1976) using bovine–serum albu-

min as standard. Data are the mean ± SEM of at least three

different experiments realised in triplicate.

Inhibition experiments of AChE and BuChE

To assess the inhibitory activity of the compounds towards

AChE (E.C.3.1.1.7) and BuChE (E.C.3.1.1.8), we followed

a spectrophotometric method (Ellman et al. 1961), using

purified AChE from Electrophorus electricus (Type V–S),

or BuChE from equine serum (lyophilized powder)

(Sigma-Aldrich, Madrid, Spain). For comparative pur-

poses, donepezil was used as reference compound. The

reaction took place in 96-well plates in a final volume of

300 lL in 0.1 M phosphate-buffered solution (pH 8.0)

containing 0.035 U/ml AChE or 0.05 U/ml BuChE and

0.35 mM of 5,50-dithiobis-2-nitrobenzoic acid (DTNB,

Sigma-Aldrich, Madrid, Spain). Inhibition curves were

made by pre-incubating this mixture with serial dilutions of

each compound for 20 min. The activity in the absence of

compounds was always performed to determine the 100 %

of enzyme activity. After the mentioned pre-incubation

period, 0.35 mM acetyltiocholine iodide or 0.5 mM buty-

rylthiocholine iodide (Sigma-Aldrich) were added, allow-

ing five more minutes of incubation, where the DTNB

produces the yellow anion 5-thio-2-nitrobenzoic acid along

with the enzymatic degradation of both substrates. Changes

in absorbance were detected at 405 nm in a spectrophoto-

metric plate reader (FluoStar OPTIMA, BMG Labtech).

Compounds inhibiting AChE or BuChE activity would

reduce the colour generation, thus, IC50 values were cal-

culated as the concentration of compound that produces

50 % AChE or BuChE activity inhibition. Data are

expressed as mean ± SEM of at least three different

experiments in triplicate.

Reversibility and time-dependence inhibition studies

To study the nature of the MAO-A enzymatic inhibition

exerted by JL72, the derivative with the most interesting

pharmacological profile, the activity of the enzyme was

determined in the presence and in the absence of the inhibitor

before and after three consecutive washings with buffer.

Enzyme samples were preincubated for 30 min at 37 �C

with 100 nM JL72 or 40 nM clorgyline, the latter used as

control of irreversible inhibition. Samples were then washed

with 50 mM phosphate buffer (pH 7.2) and centrifuged at

25,000g for 10 min at 4 �C consecutively three times.

Finally, total protein was measured and MAO-A activity was

determined as described above. We next evaluated the time-

dependence inhibition of the reaction. Samples of enzyme

plus JL72 at the indicated concentration range (10-9 to

Fig. 1 Structures of the indole

substituted hydrazides and

hydrazines, and the reference

compounds donepezil and

phenelzine
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10-3 M), were preincubated for 0, 30, 60, 120, and 180 min

before MAO-A activity determination as described above.

Kinetic analysis of MAO-A and SSAO/VAP-1

inhibition

To obtain estimates of the mechanism of action of JL72 on

MAO-A and SSAO/VAP-1, reciprocal plots of 1/V versus

1/[S] were constructed at different concentration of the

substrate 5-HT (10–500 lM) for MAO-A and benzylamine

(10–200 lM) for SSAO/VAP-1, as previously described

(Fowler and Tipton 1981). The plots were assessed by a

weighted least-squares analysis. Data analysis was per-

formed with GraphPad Prism 3.0 software. Slopes of the

reciprocal plots were then plotted against the concentration

of JL72 (0–1 lM for SSAO and 50–500 lM for MAO-A)

to evaluate Ki data.

Leukocyte (THP-1)-endothelial (HUVEC) cell

adhesion assay

HUVEC and HUVEC transfected hSSAO/VAP-1 mono-

layers were prepared, as previously reported (Sole et al.

2011). For leukocyte adhesion assays, cells were pre-trea-

ted with JL72 or phenelzine at 10 lM for 1 h. Then,

1 mM methylamine (MA), a SSAO/VAP-1 specific sub-

strate, was added to the media for the next 24 h. At the end

of the treatment, calcein/AM-dyed THP-1 cells were added

to the HUVEC monolayer, and were allowed to bind to the

endothelial cells for 30 min at 37 �C. After this period,

plates were successively washed in order to discard non-

bound THP-1 cells. Leukocyte-binding ability was deter-

mined by the emitted fluorescence of bound THP-1 cells,

measured at ex/em 495/530 nm. Non-treated cells were

used as control.

Results and discussion

MAO-A, MAO-B and SSAO enzymatic inhibition

The indole substituted hydrazines and hydrazides were first

evaluated as inhibitors of MAO-A and MAO-B (from rat

liver mitochondria), and SSAO (from bovine lung micro-

somes). Values were compared with the inhibition exerted

by the reference compound phenelzine (Table 1).

Although compounds JL87, JL71, JL432, JL411, JL418

were not active for MAO-A, compounds JL40, JL34,

JL317 showed a significant MAO-A inhibitory profile,

acting in the micromolar range (IC50 = 3.3 ± 0.9 to

80.3 ± 14.7 lM) (Table 1). Interestingly, JL72 showed

the highest potency (IC50 = 0.12 ± 0.03 lM) and gave a

similar value than that observed for the reference

compound phenelzine (IC50 = 0.13 ± 0.02 lM). Inter-

estingly, we observed that only compounds JL40 and

JL317 were able to interact with both MAO-A and MAO-

B enzymes. Conversely, all analysed compounds showed

high affinity towards SSAO/VAP-1 enzyme, showing IC50

values ranging from 0.19 ± 0.04 lM for JL72 to

79.2 ± 10.5 lM for JL40.

From the structure–activity relationship (SAR) study

some conclusions can be drawn. First of all, and comparing

compounds bearing a substituent at the indole C2 position,

it is clear that the N0-alkylidene-1H-indole-2-carbohydra-

zides JL87, JL71, and JL432 are very weak towards

MAO-A, but moderate towards MAO-B inhibitors, while

the N0-alkyl-1H-indole-2-carbohydrazides JL34 and JL317

are moderate and selective MAO-A inhibitors. Also note

that the substitution of a methyl by a phenyl group in JL40

to render JL34 increases the inhibitory effect on MAO-A,

but strongly drops its inhibitory potency on MAO-B.

Comparing with compounds bearing substituents at C3

position of the indole ring, such as JL411 and JL418 the

presence of the carbonyl group loses the inhibitory activity

drastically in both MAO-A and MAO-B isoforms. On the

other hand, JL72 is the only compound that does not have

carbonyl group in its molecule. This could be the structural

feature responsible for the facilitation of the interaction

with the active centre showing its high inhibitory potency

towards MAO-A and MAO- B comparing with the rest of

molecules. It is worth to remark the high selectivity of

JL72 towards MAO-A, comparing with MAO-B.

Concerning the effects on SSAO inhibition, very sur-

prisingly, the presence of such substituents on the C2 and

C3 position does not affect the inhibitory activity of these

compounds. Among them, the most potent are JL34,

JL411, JL418 and JL72, the more active being 3-(3-hy-

drazinylpropyl)-1H-indole (JL72). It is worth to remark

that the presence of the indole ring in all these hydrazine

analogs can induce the inhibitory interaction towards

MAO-A because of the similarity towards serotonin, its

specific substrate. Furthermore, they could act as potential

pharmacological agents stimulating the monoaminergic

and catecholaminergic transmission, showing the JL72 the

highest affinity towards MAO-A inhibition. The potency of

JL72 as SSAO inhibitor, suggests that this compound may

also possess a good anti-inflammatory profile.

AChE and BuChE inhibition

To complete the study of the biological profile of the indole

substituted hydrazides and hydrazines, the inhibitory

activity against AChE (from Electrophorus electricus,

EeAChE) and BuChE (from equine serum, eqBuChE) was

determined by using Ellmans method (Ellman et al. 1961)

and compared with that of the reference compound
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donepezil. The obtained IC50 values are summarised in

Table 1. According to these values, the derivatives are poor

inhibitors of EeAChE, with the exception of JL34 and

JL72 that showed activity in the micromolar range

(IC50 = 86.4 ± 15.8 lM and 46.3 ± 2.9 lM, respec-

tively). Nevertheless, these values are very far from the

IC50 value determined for donepezil (Table 1), one of the

most potent AChE inhibitors used in AD therapy. Similar

trends were observed when the inhibitory potency was

determined towards eqBuChE. In this case, only com-

pounds JL317, JL71 and JL72 proved to be active in the

micromolar range showing IC50 from 16.1 ± 1.0 lM to

49.2 ± 11.3 lM, being the most potent 3-(3-hydrazinyl-

propyl)-1H-indole (JL 317), almost equipotent with

donepezil. Note that, whereas compounds JL317 and JL71

are selective towards eqBuChE, JL72 is almost equipotent

for both enzymes.

Concerning the SAR study, the best inhibitor for both

enzymes (EeAChE and eqBuChE) is the indole hydrazine

JL72, bearing the substituent at C3 position on the indole

ring. Taking all these results into account, JL72 (3-(3-hy-

drazinylpropyl)) was selected as the most interesting

compound to follow up with its biological evaluation as an

indole-2-carbohydrazyde able to interact with five different

enzymatic systems, all of them involved in Alzheimer’s

disease pathology.

Reversibility and time-dependence inhibition

To study the type of inhibition of JL72, the most potent

inhibitor of the series, towards MAO-A, we analysed the

reversibility/irreversibility of the binding. We observed

that JL72 reversibly inhibited MAO-A, since the inhibition

was significantly reverted (from 34.1 to 19.1 %) after three

consecutive washings and centrifugations with buffer

(Fig. 2a). Clorgyline was used under the same experi-

mental conditions for comparative purposes and, in

agreement with data reported in literature, behaves as an

irreversible inhibitor. The reversibility of MAO-A inhibi-

tion by JL72 was also confirmed by the time-dependent

inhibition analysis (Fig. 2b), where identical inhibition was

observed in spite of the different periods of incubation-time

(0–180 min). The observed slight shift of the curve from

zero time could be explained by the small delay in adding

the substrate. This was considered not significant, since the

time-independent inhibition was confirmed by finding

similar inhibitory behavior at the other analysed times.

Thus, these results allowed us to conclude that JL72

behaves as a reversible and non time-dependent inhibitor of

MAO-A.

In this regard, and because of the structural similarity

with serotonin, a specific MAO-A substrate, JL72 can be

considered a potent inhibitor of this MAO isoform with

potential benefit in restoring and enhancing the serotonin-

ergic transmission altered in depression and other psy-

chological disorders.

Kinetic analysis of SSAO and MAO-A

To gain further insight into the kinetic behavior of this

family of compounds on SSAO and MAO-A, a kinetic

study was carried out with JL72, the most promising

compound investigated. Graphical analysis of the recipro-

cal to Lineweaver–Burk plots (Fig. 3), showed increased

slopes (decreased Vmax) and constant Km values in both

enzymes analysed, indicating that JL72 behaves as a

noncompetitive inhibitor and thus it binds to a different site

from the active site in both MAO-A and SSAO enzymes.

Table 1 EeAChE, eqBuChE, rMAO-A, rMAO-B and bSSAO/VAP-1 Inhibitory activities of indole substituted hydrazides and hydrazines

JL34, JL40, JL71, JL87, JL317, JL432, JL72, JL411, and JL418

Compound IC50 (lM)a

rMAO-A rMAO-B bSSAO/VAP-1 EeAChE eqBuChE

JL40 80.3 ± 14.7 5.0 79.2 ± 10.5 [100 [100

JL34 3.3 ± 0.9 [100 10.6 ± 0.4 86.4 ± 15.8 [100

JL317 5.5 ± 1.5 33.2 45.8 ± 4.3 [100 16.1 ± 1.1

JL87 [100 47.1 31.6 ± 8.1 [100 [100

JL71 [100 84.0 29.7 ± 8.5 [100 49.2 ± 11.3

JL432 [100 54.3 37.2 ± 5.5 [100 [100

JL411 [100 [100 13.3 ± 2.9 [100 [100

JL418 [100 [100 17.2 ± 4.2 [100 [100

JL72 0.12 ± 0.03 [100 0.19 ± 0.04 46.3 ± 2.9 25.3 ± 6.5

Phenelzine 0.13 ± 0.02 2.3 ± 0.41 0.011 ± 0.002 [100 [100

Donepezil [100 [100 – 0.022 ± 0.003 3.6 ± 0.53

a Values are expressed as the mean ± SEM of at least three independent experiments performed in triplicate
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Replots of the slope versus concentration of JL72, gave an

estimate of the inhibition constant Ki towards MAO-A of

163.2 ± 12.1 and 60.8 ± 12.5 nM towards SSAO. These

results confirm the high inhibitory potency of JL72

towards both MAO-A and SSAO.

Inhibition of SSAO activity in HUVEC hSSAO/VAP-1

cells by JL72 and phenelzine

The toxicity of JL72 and phenelzine on HUVEC trans-

fected hSSAO/VAP-1 cells was assessed as a previous step

to determine their inhibitory behavior. Thus, the viability

of cells treated with JL72 and phenelzine at concentration

range of (0.1–100 lM) was analysed after 30-min pre-

incubation by the MTT method (Mosmann 1983). Phe-

nelzine did not affect cell viability at all concentrations

assayed, whereas 10 lM JL72 induced a loss of cell via-

bility of the 20 %. Thus, the concentrations used were

always lower than 10 lM. Then, in order to determine the

enzymatic inhibition of hSSAO/VAP-1 expressed in

HUVEC cells, treatments with JL72 and phenelzine at

concentrations of 0.1, 1 and 10 lM for 30 min were carried

out. SSAO/VAP-1 activity was determined in cell lysates

radiometrically as previously stated in ‘‘Materials and

methods’’, and expressed as percentage activity compared

to non-treated cells. A complete inhibitory effect was

observed at concentrations higher than 1 lM in both cases

(Fig. 4), showing that both compounds behave as potent

SSAO inhibitors on HUVEC human transfected hSSAO/

VAP-1 cells model.

Leukocyte (THP-1)-endothelial (HUVEC) cell

adhesion assay

Concerning cerebrovascular diseases, where the inflam-

mation is one of the most significant factors involved,

finding a molecule capable of inhibiting leukocyte adhe-

sion to the endothelial wall has an important therapeutic

value. The high inhibitory potency of JL72 towards SSAO

enzymatic activity (IC50 = 0.19 ± 0.04 nM) led us to
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consider whether this molecule can possess a potential anti-

inflammatory effect. Consequently, endothelial HUVEC

wild type cells, that do not express SSAO/VAP-1, and

transfected hSSAO/VAP-1 cells were cultured as described

in ‘‘Materials and methods’’. When cells were treated with

methylamine (MA), a specific substrate of SSAO/VAP-1,

the adhesion of leukocytes significantly increased when

compared with the HUVEC wild type cells. One of the

functions of this multifunctional enzyme through its cata-

lytic action is to mediate the leukocyte-adhesion in

inflammatory processes (Salmi et al. 1993). As expected,

this effect disappears when transfected cells were

pre-treated with JL72 or Phenelzine, confirming the anti-

inflammatory effect of these drugs on inhibiting the SSAO/

VAP-1 activity (Fig. 5).

Conclusion

To sum up, some of the hydrazides and hydrazines studied

here show a wide enzymatic inhibitory profile towards the

two MAO isoforms, SSAO/VAP-1 and both AChE and

BuChE, all them involved in Alzheimer’s disease pathol-

ogy. Among them, JL34, JL317, and JL72, are good and

selective MAO-A inhibitors, thus possible modulators of

the monoaminergic neurotransmission. In this regard, these

molecules could act as potential antidepressant, and

behavior enhancers, especially JL72 a highly potent and

selective MAO-A inhibitor. Then, JL72, may be able to

stimulate the serotoninergic, catecholaminergic and nor-

adrenergic transmission. Some other derivatives, such as

JL34, JL411, JL418, and JL72 were potent and selective

inhibitors of SSAO/VAP-1. The involvement of this mul-

tifunctional enzyme in different pathologies, especially

regarding Alzheimer and stroke (Ferrer et al. 2002;

Hernandez-Guillamon et al. 2010, 2012), suggest that

inhibitors of this enzyme can be a good therapeutic approach

to solve these neurological disorders. Furthermore, the fact

that JL72 is able to block the leukocytes adhesion in

human endothelial cells, transfected with human SSAO/

VAP-1, confers to this molecule an additional anti-

inflammatory profile. On the other hand, JL317, JL71 and

JL72 were moderate and selective BuChE inhibitors. Only

the hydrazine JL72 showed a moderate non selective

AChE inhibitory behavior. According to the Cholinergic

hypothesis of Alzheimer’s disease (Geula and Mesulam

1999), the cholinergic transmission is affected in this dis-

order. The IC50 values of JL72, herein, reported show that

this compound could be able to restore cholinergic trans-

mission by inhibiting AChE and at the same time to inhibit

BuChE present in glia and both involved in Alzheimer’s

pathology. Recently it has been reported that the hydrazine

type phenelzine, besides its antidepressant profile, it has a

neuroprotective effect on neurons and astrocytes against

formaldehyde-induced toxicity (Song et al. 2010). On the

other hand phenelzine provided robust neuroprotection in

the gerbil model of transient forebrain ischaemia (Wood

et al. 2006).

Herein, we report a new hydrazine, JL72, that behaves

as a multitarget ligand able to modulate monoaminergic

transmission and besides showing an anti-inflammatory

profile, both pathways known to be altered in neurological

disorders. Further experimental work should be done to

definitively confirm the neuroprotective effect of this novel

hydrazine, JL72. The interesting pharmacological profile
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of JL72, together with the observation of a significant anti-

inflammatory activity, suggests that JL72 is a promising

lead compound for further development of drugs to be used

in the therapy of cerebrovascular and neurological diseases.
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Catecholaminergic and cholinergic systems of
mouse brain are modulated by LMN diet, rich in
theobromine, polyphenols and polyunsaturated
fatty acids

Laura Fernández-Fernández,†a Gerard Esteban,†a Mercedes Giralt,b Tony Valente,a,c

Irene Bolea,a Montse Solé,a Ping Sun,a Susana Benítez,a José Ramón Morelló,d

Jordi Reguant,d Bartolomé Ramírez,d Juan Hidalgob and Mercedes Unzeta*a

The possible modulatory effect of the functional LMN diet, rich in theobromine, polyphenols and poly-

unsaturated fatty acids, on the catecholaminergic and cholinergic neurotransmission, affecting cognition

decline during aging has been studied. 129S1/SvlmJ mice were fed for 10, 20, 30 and 40 days with either

LMN or control diets. The enzymes involved in catecholaminergic and cholinergic metabolism were

determined by both immunohistological and western blot analyses. Noradrenalin, dopamine and other

metabolites were quantified by HPLC analysis. Theobromine, present in cocoa, the main LMN diet com-

ponent, was analysed in parallel using SH-SY5Y and PC12 cell lines. An enhanced modulatory effect on

both cholinergic and catecholaminergic transmissions was observed on 20 day fed mice. Similar effect

was observed with theobromine, besides its antioxidant capacity inducing SOD-1 and GPx expression.

The enhancing effect of the LMN diet and theobromine on the levels of acetylcholine-related enzymes,

dopamine and specially noradrenalin confirms the beneficial role of this diet on the “cognitive reserve”

and hence a possible reducing effect on cognitive decline underlying aging and Alzheimer’s disease.

Introduction

Aging is a highly complex process that can affect multiple
organs and induce changes that will disturb the correct func-
tioning of the organism over time, leading to different
pathologies.1 In this respect, neurological disorders such as
Alzheimer’s disease (AD), are deeply related to the aging
process2,3 and research in this area is becoming promising
especially regarding the implications for both public health
and social policies.

AD is a progressive neurodegenerative disorder character-
ized by memory loss and cognitive impairment. AD is a multi-

factorial disease in which oxidative stress, mitochondrial
dysfunction, inflammation, metal dyshomeostasis, accumu-
lation of miss-folded proteins, deficit of cholinergic trans-
mission or apoptosis, among others play an important role.4,5

AD histological hallmarks such as the deposition of
β-amyloid protein or the neurofibrillary tangle formation have
been widely reported.6,7 However, the correlation between the
biological measurement of the pathology markers that are
shown in the brain at middle age and the real loss of cognitive
function that appears at advanced life stages has not yet been
found. This gap between symptoms and pathology has been
explained by the “cognitive reserve” theory, in which a set of
variables such as education, training, intelligence or mental
stimulation allow the brain to adapt or mask the pathology,
maintaining the cognition in spite of the neuronal loss. It has
been hypothesised that these key elements of “cognitive
reserve” normalize the otherwise declining noradrenergic
system during aging, and therefore the optimization of
noradrenergic activity may reduce the risk of AD.8

The complexity of AD is corroborated by the fact that
currently no drug is able to prevent this neurodegenerative
process. To date, only five drugs have been approved by the
Food and Drug Administration to enhance cholinergic trans-†Both authors contributed equally.
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mission related to cognitive deficits associated with AD,9

leaving a vast majority of other potential AD targets nearly
unaffected by current therapies.

Diet has been extensively reported to play an important role
in cognition10 and at present, there is mounting evidence that
certain components of diet intake, especially those exhibiting
antioxidant properties, could be beneficial for preventing and
delaying neurodegenerative disorders such as AD.11,12 Fish,
vitamins and methionine-rich proteins have been identified to
confer protection against AD.13

In this regard, polyphenolic compounds present in dry
fruits, nuts and almonds, wine, tea, berry fruits, cocoa and
fish oils, have shown anti-aging and neuroprotective effects.14

All of them are potent antioxidant agents that could be useful
as a nutritional approach against the oxidative stress and
inflammation associated with AD.15 Therefore, diet sup-
plementation may offer an alternative or supplementary
therapy to the use of acetylcholinesterase inhibitors.

It has been previously reported that LMN cream intake,
[Patent ref WO2007063158 A2], based on cocoa, hazelnuts,
polyphenols, vegetable oils rich in polyunsaturated fatty acids
and flours rich in soluble fiber, is able to reduce the cardio-
vascular risk factors that are underlying AD.16 Moreover, the
LMN diet has been described as an inductor of neurogenesis
in the adult mouse brain by promoting the proliferation and
differentiation of neuronal cells in both the olfactory bulb and
the hippocampus, being the latest one of the most highly
affected brain regions in AD.17

Besides, the LMN diet is able to decrease the behavioural
deterioration caused by aging in both wild type and in
Tg2576 mice and diminish the Aβ plaque formation. LMN also
reduces the Aβ (1–40 and 1–42) plasma levels in adult mice.18

Taking all these results into account, the increasing impor-
tance of polyphenols as human dietary supplements playing a
potential role in ameliorating the cognitive impairment during
aging and neurological disorders is corroborated.

The objective of the present work was to evaluate the poss-
ible modulatory effect of the LMN diet on both cholinergic
and catecholaminergic systems in 129S1/SvlmJ mice fed for 10,
20, 30 and 40 days by immunodetection and high-performance
liquid chromatography (HPLC) approaches.

Results
AChE and ChAT immunohistochemical analysis in the
striatum of LMN fed mice

The effect of the LMN diet on AChE and ChAT as the main
enzymes involved in acetylcholine (ACh) metabolism has been
studied since ACh is a depleted neurotransmitter in AD. Fig. 1
shows representative immunohistochemistry images for AChE
and ChAT in basal ganglia (striatum) of 4-month old 129S1/
SvImJ mice fed with the LMN diet for 10, 20, 30 and 40 days.
The LMN diet induced a decrease of the AChE levels immuno-
staining in the striatum at early times, which was significantly
different at 20 day feeding. However, AChE levels were reestab-

lished at longer times. In contrast, ChAT levels showed an
opposite pattern, being increased at 20 days and returning to
normal values afterwards.

Immunohistochemical quantification of TH expression in
basal ganglia of LMN fed mice

The effect of the diet on the TH expression, as a key enzyme in
the synthetic pathways of catecholamines DA and NA was ana-
lysed. TH expression was determined in the catecholaminergic
circuits of both striatum and substantia nigra as shown in
Fig. 2. The corresponding quantification of the immunofluo-
rescence signal showed a significant increase of TH expression
in the catecholaminergic fibers of the striatum at 20 and 30
day feeding. In the substantia nigra, a progressive increase of
the TH expression was observed in the neurons and fibers of
catecholaminergic circuits. It was significant at 30 and 40 day
feeding. The different periods of time observed on the
expression of TH in the striatum and substantia nigra could be
explained by the fact that different components of the LMN
diet are probably not processed by the gastro-intestinal track
with the same efficacy and furthermore, they can cross the
blood–brain barrier with different accessibilities and hence to
reach the selected cerebral locations at different rates.19

LMN cream modulates COMT expression in the hippocampus

The expression of Catechol-O-Methyl Transferase (COMT) was
analysed in the hippocampus of 129S1/Svlmj mice fed with the
LMN diet for 10, 20, 30 and 40 days. This brain region is
involved in memory and learning processes and it is severely
affected in AD. As shown in Fig. 3, the highest COMT
expression was observed at 20 days while it progressively
decreased at longer times.

HPLC analysis of the catecholaminergic neurotransmitters DA
and NA in the striatum

The levels of DA, NA, their metabolites DOPAC and HVA, and
5HIAA were determined by HPLC in basal nuclei of 4-month
old mice fed with the LMN diet for 10, 20, 30 or 40 days. Fig. 4
shows an increase in the levels of DA and NA at 20 day
feeding. In the case of their metabolites DOPAC and HVA, the
same trend was observed. However, no effect on the levels of
the serotonin metabolite 5-HIAA was detected.

Theobromine, the main component of the LMN cream shows
similar antioxidant effects on SH-SY5Y cells

It was also analyzed the antioxidant effect of theobromine
(TBr) and compared to that of LMN cream. Theobromine is
present in cocoa, the main component of LMN cream. Fig. 5a
shows a similar protective effect of both the LMN cream and
TBr on SH-SY5Y cells lesioned with 150 µM H2O2 for 24 h. Pro-
tection was observed in all doses, the highest effect being
detected with 10 μg ml−1 LMN cream. An increase in the
protein levels of the antioxidant enzymes Superoxide Dismu-
tase-1 (SOD-1) (Fig. 5b) and Glutathione Peroxidase (GPx)
(Fig. 5c) was observed after TBr and LMN cream treatment
without H2O2 addition.
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In order to corroborate this antioxidant effect, Nrf2 acti-
vation, the transcription factor that activates the gene
expression of these antioxidant enzymes, was determined after
LMN or TBr treatments without the addition of H2O2. Fig. 5d

shows representative images for Nrf2 immunofluorescence
analysis in LMN or TBr-treated SH-SY5Y cells for 24 h. These
results clearly show a translocation of Nrf2 to the nucleus as a
response to LMN and TBr treatments.

Fig. 1 Immunohistochemical analysis of AChE and ChAT in the striatum of 129S1/SvlmJ mice fed with the LMN diet. (a) Representative images for
acetylcholinesterase (AChE, 2×) and (b) for choline acetyltransferase (ChAT, 10×) immunohistochemistry in basal nuclei of 4-month old 129S1/SvImJ
mice fed with the control or the LMN diet for 10 (n = 4), 20 (n = 4), 30 (n = 4) or 40 (n = 4) days. Graphs at the bottom show the IHC quantifications
carried out in 10× images. Data are related to each representative control. *p < 0.05 vs. its own control (C), by Student’s t-test; #p < 0.05, ##p < 0.01
by one-way ANOVA and the addition of Newman–Keuls multiple comparison test.
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Theobromine as a modulator of catecholaminergic
metabolism in undifferentiated PC12 cells

Undifferentiated PC12 cells, derived from rat pheochromo-
cytoma adrenal medulla, were treated with TBr (1–100 μM) for
24 h and catecholamine levels were subsequently quantified
by HPLC-ED analysis. Broadly, the levels of NA, L-DOPA, DA
and DOPAC increased after treatments with all concentrations
of TBr used (Table 1). However, no changes were observed in
3-MT or HVA levels.

Significant increase in the levels of NA (60.6%), DOPAC
(65.3%) and DA (78.5%) were only detected at 10 μM TBr

versus non-treated cells. These results are in agreement with
those previously determined in the mice fed with LMN for
20 days.

Discussion

The main component of the LMN cream is cocoa that contains
a large amount of polyphenols, natural substances that are
present in plants, coloured fruits and vegetables as well as in
olive oil, tea and red wine. This wide family of natural products

Fig. 2 Quantification of TH expression in nucleus basalis of the LMN fed mice. Representative images for tyrosine hydroxylase (TH) immunofluore-
scence in the striatum and substantia nigra of 4-month old 129S1/SvlmJ mice fed with the LMN diet for 10 (n = 4), 20 (n = 4), 30 (n = 4) or 40 (n = 4)
days. Graphs show the quantification for each brain area. *p < 0.05, ***p < 0.001 vs. control diet fed animals; #p < 0.05, ##p < 0.01, ###p < 0.001 vs.
LMN 20D in striatum or vs. LMN 30D in substantia nigra, by one-way ANOVA and the addition of Tukey’s multiple comparison test.
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contains flavonoids, the largest group of polyphenols includ-
ing subclasses of flavones, isoflavones, flavonols, or flavans,
among others. Because of their antioxidant properties, some
of them are able to promote physiological benefits especially
regarding the cognitive function and memory impairment.20

The most abundant polyphenol present in green tea, the
EGCG, also present in the LMN cream, has been reported to
possess beneficial effects on cancer and cardiovascular
function, with anti-inflammatory and antioxidant properties.21

Furthermore, the importance of long-chain polyunsaturated
fatty acids in neural development and neurodegeneration has
been widely reported,22 such as omega-3, present in dry fruits
like hazelnuts, one of the LMN cream components.

According to the cholinergic hypothesis of AD, this
neurological disorder is characterized by a loss of cholinergic
neurons present in nucleus basalis, responsible for learning
and memory functions.

Moreover, the existing gap between symptoms and patho-
logy in AD has been explained by the concept of “cognitive
reserve” in which both cognition and memory are maintained
despite the progress in the pathology. Cognitive reserve has
been hypothesized to help people to avoid greater brain
pathology and it has been considered a preventive factor for
dementia. Compensatory adjustments, such as an enhance-
ment on the noradrenergic transmission, have been proposed
to be involved.8 Regarding nutritional aspects, some authors
report that the Mediterranean diet does not support a beneficial
effect on cognitive function, irrespective of educational level,
which is the strongest indicator of cognitive reserve.23 These
results are in contrast with other studies which conclude that
the Mediterranean diet is associated with lower risk of demen-
tia.24 In line with this, other authors have provided support for
the hypothesis that cognitive reserve moderates the relation-
ship between brain structure and cognition at middle age well
before the onset of dementia.25

Neurotransmitters NA, DA and ACh are considered neuro-
modulators released by neurons, whose cell bodies are found
in specific nuclei in the brainstem. The function of many
brain regions can be influenced through their wide spread pro-
jections. Dopaminergic neurons innervate the striatum, pre-
frontal cortex and hippocampus. Noradrenalin has multiple
effects on cellular excitability, intracellular cascades or synap-
tic plasticity of its target neurons. It is also able to enhance/
block excitatory responses to glutamate depending on its
concentration. The effect of NA on synaptic plasticity in the
hippocampus promotes long-term potentiation (LTP) in both
dentate gyrus through the action on β-receptors and in the pre-
frontal cortex improving working memory in primates.26

In this respect, the search for some natural products able to
modulate cholinergic and noradrenergic systems could help
delaying the loss of cognition. In this work, adult male 129S1/
SvImJ mice were selected as a mid-age model in which
strengthening of this neurotransmission could have beneficial
effects during aging.

Basal nuclei, containing striatum, were selected as a rich
area in both cholinergic as well as catecholaminergic term-
inals. The expression of both ChAT and AChE, the two main
enzymes involved in the ACh metabolism, was modulated after
LMN diet intake. The increase of ChAT expression indicates a
stimulation of ACh synthesis, a neurotransmitter that is dimin-
ished in AD. Furthermore, the expression of AChE, the enzyme
responsible for ACh degradation at the synaptic cleft, was sig-
nificantly decreased after LMN feeding. Taken together, these
results strongly suggest that the LMN diet shows a beneficial
modulatory effect on the stimulation of cholinergic
transmission.

The previous results were correlated with the increasing TH
expression in the dopaminergic fibers of both striatum and
substantia nigra. This is the key enzyme responsible for the
regulation of the catecholamine synthesis pathway, which

Fig. 3 Quantification of COMT in the hippocampus from LMN fed mice. Representative western blots for catechol-O-methyltransferase (COMT) in
hippocampi from 4-month old mice fed with the control or the LMN diet for 10 (n = 3), 20 (n = 4), 30 (n = 4) or 40 (n = 4) days. Graph shows the
data corresponding to the western blot densitometric analysis. *p < 0.05 vs. its respective control by Student’s t-test. #p < 0.05 by one-way ANOVA
and the addition of Newman–Keuls multiple comparison test.
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controls reward-induced neurotransmitter change in cognitive
brain regions and learning processes.27 Therefore, the LMN
diet enhances the dopaminergic system and consequently, cat-
echolamine production. COMT is the enzyme responsible for
dopamine metabolism rendering HVA after its catalytic
action on DOPAC, a metabolite of DA generated by both alde-
hyde dehydrogenase and monoamine oxidase activities. The
increased expression of COMT in the hippocampus, the
specific area related to memory and cognition, strongly con-

firms the stimulatory effect of the LMN diet on catecholamine
metabolism. All these data obtained by immunohistological
assays were corroborated by the metabolite quantification by
HPLC analysis. The levels of NA, DA and their metabolites
were also found to be increased in PC12 cells treated with TBr.

The antioxidant properties of the LMN cream previously
reported17,28 were also observed with TBr. This main com-
ponent of cocoa is able to stimulate the Nrf2 activation, a tran-
scription factor responsible for the expression of both SOD-1

Fig. 4 HPLC analysis of catecholaminergic neurotransmitters: DA and NA in the striatum. Quantification of noradrenaline (NA), dopamine (DA), the
metabolites DOPAC and HVA and 5-HIAA in basal nuclei of 4-month old mice fed with the LMN diet for 10 (n = 3), 20 (n = 4), 30 (n = 4) or 40 (n = 4)
days. Data are related to each respective control. #p < 0.05 by one-way ANOVA and the addition of Bonferroni’s multiple comparison test.
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Fig. 5 Antioxidant effects of the LMN cream and its main component, theobromine, in SH-SY5Y cells. (a) SH-SY5Y cells were pretreated for 24 h
with the LMN cream or with theobromine (TBr) and then lesioned with 150 µM hydrogen peroxide (H2O2) for 1 h. Cell viability was determined by
the MTT method. Data are the mean ± S.E.M. of three independent experiments. *p < 0.05 vs. H2O2 by one-way ANOVA and the addition of
Newman–Keuls multiple comparison test. (b, c) Effect of the LMN diet (0.1 µg ml−1) or TBr (0.001–1 µM) on the expression of Superoxide Dismu-
tase-1 (SOD-1, b) or Glutathione Peroxidase (GPx, c) in 72 h-treated SH-SY5Y. Tubulin (Tub) or β-actin (Act) was used as loading control. Graphs rep-
resent the western blot quantification of three independent experiments. ***p < 0.001 by one-way ANOVA and the addition of Tukey’s multiple
comparison test (TBr in SOD-1 analysis) or by Student’s t-test (LMN treatment in GPx analysis). (d) Representative images for Nrf2 immunofluore-
scence analysis in LMN or TBr-treated SH-SY5Y cells for 24 h. Red staining represents Nrf2 whereas nuclei are stained in blue (DAPI).
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and GPx by themself, in the absence of any oxidant
contaminant.

All these results suggest that TBr may be one of the main
components responsible for the modulatory effects on cat-
echolaminergic and cholinergic observed with the LMN cream.
The effects observed only in a short-time window could be
explained by the activation of compensatory mechanisms that
need to be further elucidated.

Only male mice were used in this study due to their homo-
geneity. However, since females also experience aging and
show higher AD prevalence, further studies carried out in
females would also be interesting in order to confirm these
results.

Experimental
Animals and diets

Mice were bred under controlled temperature and light con-
ditions and were fed with control diet prior to the experiments.
Animal care and experimental procedures were performed in
accordance with European Community Council Directive 86/
609/ECC. Four-month 129S1/SvImJ adult male mice were fed
either with control diet (Harlan Global Diet 2014, Mucedola
SRL, Milano, Italy) or control diet supplemented with the LMN
cream (LMN diet, Harlan Global Diet 2014 containing 9.27%
LMN cream, Mucedola SRL, Milano Italy) for 10, 20, 30 or 40
days. The LMN cream consists of a mixture containing at least
one ingredient from each of the following four groups: dry
fruits, cocoa, vegetable oils rich in unsaponifiable lipids and
flours rich in soluble fibers [Patent ref WO2007063158 A2].
After predetermined feeding periods, all mice were killed by
decapitation and their brains were immediately removed.
Right hemispheres were dissected into regions and frozen in
liquid nitrogen at −80 °C for subsequent western blot and
HPLC analyses. Left hemispheres were fixed in 4% paraformal-
dehyde (PFA) for 24 hours. Then, tissue was cryoprotected in
30% sucrose/PBS solution for 48 hours at 4 °C, frozen in dry
ice and cut into sagittal sequential 30 μm sections using a

Leica cryostat. These sagittal slices were used for immuno-
histochemistry and histological techniques.

Cell lines and treatments

Human neuroblastoma SH-SY5Y cells were purchased and cul-
tured as previously described.18 PC12 cell line was purchased
from the American Type Culture Collection (ATCC) and grown
in DMEM containing 7% FBS, 7% foetal horse serum (FHS),
1.14 mM HEPES pH 6.8, 60 U ml−1 penicillin and 60 µg ml−1

streptomycin. Both cell lines were maintained at 37 °C under a
saturating humidity atmosphere containing 5% CO2.

For treatments, both SH-SY5Y and PC12 cells were seeded
at a density of 2.5 × 104 cells mL−1 in full media onto collagen
type I (BD Biosciences)-coated plates until 70–80% confluence
was reached. Before treatments, full medium was replaced by
1% FBS-medium overnight except for HPLC analysis. Both
theobromine (TBr) and the LMN cream were dissolved in PBS
at 37 °C and added to the media for desired times. Non-toxic
TBr concentrations (1, 10 or 100 μM) were used for 24 h. At the
end of each treatment, cells were collected in PBS, centrifuged
at 3000g for 5 minutes and the pellets resuspended in 100 μL
of homogenization solution (0.25 M HClO4, 100 μM sodium
bisulfate and 250 μM EDTA). Samples were sonicated for
10 seconds on ice and lysates kept at −80 °C for at least 24 h
prior to the HPLC analysis.

Histochemistry and immunohistochemistry

The brain sections were permeabilized in PBS-0.3% Triton
X-100 for 30 min and blocked in PBS-Triton X-100 containing
10% FBS, 0.2 M glycine and 1% BSA for 10 minutes. After-
wards, the slides were incubated with goat anti-Choline Acetyl-
transferase (ChAT, 1 : 200, Millipore AB144P) overnight at 4 °C,
washing with PBS-Triton X-100 and incubated with donkey
anti-goat HRP (1 : 200; Thermo PA 1-28664) for 1 or 2 hours at
room temperature. After washing, sections were incubated
with the streptavidin–HRP (1 : 1250; Sigma, S5512) for one
hour and developed with DAB/H2O2 (0.5 mg/0.22 µl ml−1;
Sigma). Acetylcholinesterase (AChE) histochemistry was per-
formed according to the Geneser-Jensen procedure.29

Quantification of ChAT and AChE was carried out in the
striatum. Brain sections from 4 animals per group were used
and pictures were taken at 2× and 10× magnifications using
the software ACT-1 version 2.70 (Nikon Corporation). They
were examined with a Nikon Eclipse 90i microscope interfaced
to a DXM 1200F camera. Three to five pictures per section
were evaluated and quantified in 10× images using image
analysis software ImageJ.

Immunofluorescence

For tyrosine hydroxylase (TH) immunohistofluorescence, the
brain sections were rinsed in PBS, treated with 2% H2O2 in
methanol for 15 minutes, rinsed in PBS-0.5% Triton X-100,
blocked with 10% of normal goat serum in PBS-0.5% Triton
X-100 and incubated overnight at 4 °C with polyclonal rabbit
anti-TH (1 : 1000; Millipore). After rinsing in PBS-0.5% Triton
X-100, sections were incubated for 2 h at room temperature

Table 1 Modulation of the levels of catecholaminergic neurotransmit-
ters in PC12 cell lysates treated with theobrominea

Metabolite NT

[Theobromine] (μM)

1 10 100

Noradrenalin 100.0 ± 6.6 151.8 ± 15.5 160.6 ± 22.8* 138.2 ± 12.0
L-DOPA 100.0 ± 14.3 131.1 ± 7.9 135.8 ± 27.1 104.8 ± 9.7
DOPAC 100.0 ± 5.1 105.0 ± 11.4 165.3 ± 23.5* 120.6 ± 9.3
Dopamine 100.0 ± 4.3 142.6 ± 21.5 178.5 ± 35.0* 124.9 ± 16.8
HVA 100.0 ± 4.4 83.1 ± 4.3 92.7 ± 5.9 96.2 ± 6.2
3-MT 100.0 ± 6.7 123.8 ± 16.6 119.8 ± 10.5 113.8 ± 11.4

a PC12 cells were treated for 24 h with theobromine (TBr) (1–100 μM).
The levels of the catecholamines were quantified by HPLC analysis.
Values are expressed as the mean of the percentage increase from at
least four independent experiments; *p < 0.05 vs. NT.
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with goat anti-rabbit Alexa 546 (1 : 500; Molecular Probes).
Finally, the sections were counterstained with DAPI and after
being washed in PBS, were mounted in Mowiol medium
(Sigma-Aldrich). For quantification of TH immunofluores-
cence, photographs of four sequential histological sections per
animal were acquired with a Zeiss Axio observer Z1 microscope
(Carl Zeiss) and a digital camera (QImaging Retiga Exi, QIma-
ging). Using ImageJ software and Paxinos brain mouse atlas,
the striatum and substantia nigra areas were delimited
(striatum: lateral 1.32 to 2.04 mm; substantia nigra: lateral
0.84 to 1.68 mm) and relative TH immunofluorescence densi-
tometry was obtained for each individual section, as well as for
relative Alexa 546 immunofluorescence. The quantification of
TH immunofluorescence was obtained by its normalization
with Alexa 546 tissue background.

SH-SY5Y cells fixed in 4% PFA were incubated with the
primary antibody against Nrf2 (1 : 100; Santa Cruz) diluted in
PBS containing 0.2% gelatin, 0.1% Triton X-100, 20 mM
glycine and 5% FBS overnight at 4 °C. Secondary anti-rabbit
conjugated to Alexa Fluor® 594 (1 : 1000; Invitrogen) and
0.5 mg ml−1 Hoechst were then incubated for 1 h at room
temperature and cells were mounted in Fluorescent Mounting
Medium (Dako). Preparations were observed under a Nikon
Eclipse TE 2000-E inverted fluorescence microscope with
a Hamamatsu C-4742-80-12AG camera and Metamorph®
Imaging System software.

Western blot analysis

SH-SY5Y cells were lysed in RIPA buffer, centrifuged at 3000g
for 10 min at 4 °C and the supernatants were kept at −80 °C
until their use. Protein concentration was determined using
Bradford reagent (Bio-Rad). Twenty-five µg of total protein
extract were resolved by SDS-PAGE according to standard pro-
tocols. Primary antibodies used were: Catechol-O-Methyl
Transferase (COMT) (1 : 1000; Santa Cruz), Superoxide Dismu-
tase-1 (SOD-1) (1 : 1000; Santa Cruz), Glutathione Peroxidase
(GPx) (1 : 1000, Abcam), β-tubulin (1 : 50 000; Sigma) and
β-actin (1 : 40 000; Sigma). Secondary antibodies used were
horseradish peroxidase-conjugated goat anti-mouse IgG
(1 : 2000; Dako) or goat anti-rabbit IgG (1 : 1000; BD Bio-
sciences). Densitometry analyses were performed using
Quantity One® software (Bio-Rad) following manufacturer’s
instructions.

Cell viability analysis

Cell viability was determined by the MTT [3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide] reduction assay.
MTT solution was added at a final concentration of 0.5 mg
ml−1 for 45 min. DMSO was used to dissolve the formazan
blue precipitate formed, which was quantified at 560–620 nm
using a microplate reader (Labsystems Multiskan RC).

Determination of catecholamine levels by HPLC

Catecholamine levels were determined by HPLC coupled to an
electrochemical detector. The mobile phase consisting of
0.1 M citric acid, 0.05 mM EDTA and 1.2 mM sodium octylsul-

phate (SOS) was adjusted at pH 2.75 with triethylamine (TEA).
Acetonitrile was added to reach 10% (v/v). Elution was per-
formed at a flow rate of 1 mL per minute. A Coulochem 5100A
Electrochemical Detector (ESA) with a Model 5011 dual-
electrode analytical cell with porous graphite electrodes was
used. The potential of the electrodes 1 and 2 was set at 70.05 V
and +0.4 V, respectively.

PC12 cell lysates were thawed and centrifuged at 12 000g for
10 min at 4 °C. Next, 20 μL of each sample supernatant was
injected into the HPLC system for analysis. Catecholamine
analysis was performed at room temperature (20–25 °C). The
level of metabolites was expressed in pg of metabolite per mg
of protein.

Frozen samples from basal nuclei were homogenized in
RIPA buffer. After that, samples were split into two parts and
diluted (1 : 1) in homogenization solution containing 2000 pg
ml−1 of 3,4-dihydroxybenzylamine (DHBA) as an internal stan-
dard for catecholamine determination and 4000 pg ml−1 of
NW-5-met-5HT as an internal standard for serotonin determi-
nation. After homogenization, the samples were sonicated and
centrifuged (15 000g, 10 min, 4 °C) and supernatants were
injected into the HPLC system for analysis of 3,4-dihydroxy-
phenylacetic acid (DOPAC), noradrenalin (NA), homovanillic
acid (HVA), dopamine (DA), serotonin (5-HT) and serotonin
metabolite 5-hydroxyindoleacetic acid (5HIAA). DHBA was
used as an internal standard.

Statistics

Graphs were plotted and data were analysed using the Graph-
Pad Prism 4.02 software. Values of p < 0.05 were considered to
be statistically significant.

Conclusions

At present, there are few reports on the beneficial effect of
nutrients on the stimulation of cholinergic and catecholamin-
ergic transmission.30 In this work, we report for the first time
the enhancement of cholinergic and catecholaminergic trans-
missions, both of which are highly impaired in neurodegen-
erative disorders such as AD, by some natural nutrients
present in the LMN cream. These results will give an insight
into the possible contribution of the LMN cream in the “cogni-
tive reserve”8 and its beneficial effect on the cognitive decline
related to aging and neurological disorders.
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Annex IV 

“Protective effect of the multitarget compound DPH-4 on human 

SSAO/VAP-1-expressing hCMEC/D3 cells under oxygen-glucose 

deprivation conditions, an in vitro experimental model of cerebral 

ischemia” 

 

 

 

 

 

http://www.ncbi.nlm.nih.gov/pubmed/25756794
http://www.ncbi.nlm.nih.gov/pubmed/25756794
http://www.ncbi.nlm.nih.gov/pubmed/25756794
http://www.ncbi.nlm.nih.gov/pubmed/25756794


Annexes 

 

 

324 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

This article has been accepted for publication and undergone full peer review but has not 
been through the copyediting, typesetting, pagination and proofreading process which may 
lead to differences between this version and the Version of Record. Please cite this article as 
doi: 10.1111/bph.13328 
 

This article is protected by copyright. All rights reserved. 

Protective effect of the multitarget compound DPH-4 on human SSAO/VAP-1-

expressing hCMEC/D3 cells under oxygen-glucose deprivation conditions, an in vitro 

experimental model of cerebral ischemia   

P. Sun
1
, G. Esteban

1
, T. Inokuchi

2
, J. Marco-Contelles

3
, B.B. Weksler

4
, I.A. Romero

5
, P.O. 

Couraud
6
, M. Unzeta

1
*, M. Solé

1
* 

1
Institut de Neurociències i Departament de Bioquímica i Biologia Molecular. Edifici M, 

Facultat de Medicina. Universitat Autònoma de Barcelona (UAB), Bellaterra, Barcelona 

(Spain) 

2
Division of Chemistry and Biotechnology, Graduate School of Natural Science and 

Technology, Okayama University, 3.1.1 Tsushima-Naka, Kita-ku, Okayama 700-8530 

(Japan) 

3
Instituto de Química Orgánica General (CSIC); 3, Juan de la Cierva, 28006-Madrid (Spain) 

4
Department of Medicine, Division of Hematology-Oncology, Weill Cornell Medical 

College, New York, NY 10065 (USA) 

5
Department of Life, Health and Chemical Sciences, Open University, Milton Keynes (UK) 

6
Institut Cochin, INSERM U1016, CNRS UMR 8104, Université Paris Descartes, Sorbonne 

Paris Cité, Paris (France) 

 

Short title: DPH-4 as a multitarget compound for AD and stroke treatment 

 

* Corresponding authors: Montse Solé and Mercedes Unzeta. Neurosciences Institute and 

Department of Biochemistry and Molecular Biology, Universitat Autònoma de Barcelona 

(UAB), 08193 Bellaterra, Barcelona (Spain). Telephone: +34 93 581 1624; Fax: +34 93 581 

1573. E-mail: montserrat.sole@uab.cat, mercedes.unzeta@uab.es  

 

Authorship contributions: 

P Sun and G Esteban performed the research study 

M Unzeta and M Solé designed the research study, and contributed to data analysis 

T Inokuchi provided compound DPH-4 

J Marco-Contelles designed compound DPH-4 

BB Weksler, IA Romero and PO Couraud provided the hCMEC/D3 cellular model 

All authors contributed to drafting and revising the manuscript, and accepted the final 

manuscript 

 

Key Words: Multitarget-directed ligands (MTDLs); stroke; blood-brain barrier (BBB); 

semicarbazide-sensitive amine oxidase/vascular adhesion protein-1 (SSAO/VAP-1); 

inflammation. 

mailto:montserrat.sole@uab.cat
mailto:mercedes.unzeta@uab.es


 

This article is protected by copyright. All rights reserved. 

Abstract 

 

BACKGROUND AND PURPOSE 

Stroke and Alzheimer’s disease (AD) are related pathologies in which the cerebrovascular 

system is involved. Semicarbazide-sensitive amine oxidase/vascular adhesion protein-1 

(SSAO/VAP-1), increased in both stroke and AD patients’ plasma, contributes to the vascular 

damage. During inflammation its enzymatic activity mediates leukocyte recruitment into the 

injured tissue, inducing damage in the blood-brain barrier (BBB) and neuronal tissue. We 

hypothesized that through the alteration of cerebrovascular function, SSAO/VAP-1 might 

play a role in the stroke-AD transition. Therefore, the protective effect on the BBB of the 

novel multitarget-directed ligand (MTDL) DPH-4, initially designed for AD therapy, was 

evaluated. 

 

EXPERIMENTAL APPROACH 

A human microvascular brain endothelial cell line expressing the human SSAO/VAP-1 

(hCMEC/D3 hSSAO/VAP-1) was generated, as SSAO/VAP-1 expression is lost in cultured 

cells. To simulate ischemic damage, oxygen and glucose deprivation (OGD) and 

reoxygenation conditions were established in these cells. The protective role of DPH-4 was 

then evaluated in the presence of methylamine as an SSAO/VAP-1 substrate and/or -

amyloid (A). 

 

KEY RESULTS 

Under these conditions, DPH-4 was able to protect brain endothelial cells from OGD and 

reoxygenation-induced damage, as well as to decrease SSAO-dependent leukocyte adhesion. 

DPH-4 was also effective against the damage induced by OGD and reoxygenation in the 

presence of A as a model of AD pathology. 

 

CONCLUSIONS AND IMPLICATIONS: These results allow us to conclude that the 

multitarget compound DPH-4 might provide a therapeutic benefit to delay the onset and/or 

progression of these two linked neurological pathologies. 

 

Abbreviations 

A, beta amyloid peptide; AD, Alzheimer’s disease; ADME, absorption, distribution, 

metabolism and excretion; BBB, blood-brain barrier; bFGF, basic Fibroblast Growth Factor; 

Dep, deprenyl; DMSO, dimethylsulfoxide; FBS, foetal bovine serum; G418, Geneticine; 

hCMEC/D3, human cerebral microvascular endothelial cells/D3; HUVEC, human umbilical 

vein endothelial cells; MA, methylamine; MAO, monoamine oxidase; MTDL, multitarget-

directed ligand; OGD, oxygen-glucose deprivation; PBS, phosphate-buffered saline; SC, 

semicarbazide; SMC, smooth muscle cells; SSAO/VAP-1, semicarbazide sensitive amine 

oxidase/vascular adhesion protein 1; WT, wild type. 
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Introduction 

Increasing evidence suggests that the neurovasculature plays an important role in the onset 

and progression of neurological disorders like Alzheimer’s disease (AD) (Zlokovic, 2008; 

Grammas, 2011; Marchesi, 2014). In this regard, the concept of “neurovascular unit”, 

integrated by neurons, astrocytes and vascular cells, constitutes a functional unit able to 

maintain the homeostasis of the brain microenvironment (Iadecola, 2010). Stroke is a 

vascular disorder and the second leading cause of death worldwide with higher incidence in 

elderly people. Inflammation and oxidative stress accumulated during human aging worsen 

the vascular damage following a stroke incident (DiNapoli et al., 2008), and the immune 

system may contribute to infarct progression (Iadecola and Anrather, 2011). In fact, the 

observation that a high percentage of patients having suffered stroke subsequently developed 

AD, suggests that a strong link between these two pathologies exists. In this sense, hypoxia 

and ischemic injury induce the up-regulation of BACE-1 that increases β-amyloid (A) 

formation (Guglielmotto et al., 2009). In addition, endothelial cells activated by hypoxia 

during stroke produce free radical species, which induce the expression of adhesion 

molecules such as the vascular adhesion protein 1 (VAP-1) that mediates the leukocytes 

recruitment, which infiltrate through the blood-brain barrier (BBB) into the injured tissue, 

inducing tissue damage by their release of cytokines. 

VAP-1 is a homodimeric glycoprotein with enzymatic function that binds leukocytes through 

its semicarbazide-sensitive amine oxidase (SSAO, E.C 1.4.3.21) activity (Smith et al., 1998; 

Jalkanen and Salmi, 2008).
 
As an enzyme, SSAO/VAP-1 metabolizes primary amines 

producing aldehydes, hydrogen peroxide, and ammonia, which are able to induce cellular 

damage when overproduced (Yu and Deng, 1998). SSAO/VAP-1, either present at the cell 

membrane or in a soluble form, released into blood plasma, is altered in several human 

pathologies (Kurkijarvi et al., 1998; Boomsma et al., 2003) including AD (Ferrer et al., 2002; 

Hernández et al., 2005) and cerebral ischemia (Airas et al., 2008). The mediators that induce 

these alterations in the SSAO/VAP-1 levels are still unknown, but it is believed that increased 

SSAO/VAP-1 levels may contribute to the physiopathology in these diseases (Conklin et al., 

1998; Solé et al., 2008), constituting therefore a potential therapeutic target. In addition, 

increased human plasma SSAO activity is a strong predictor of parenchymal haemorrhages in 

ischemic stroke patients following tissue plasminogen activator (tPA) treatment (Hernández-

Guillamón et al., 2010). On the other hand, plasma SSAO activity, also elevated in 

haemorrhagic stroke patients, predicts neurological outcome (Hernández-Guillamón et al., 

2012). Altogether, these data suggest that SSAO/VAP-1 may contribute to the association 

between stroke and the progression to AD through the alteration of cerebrovascular tissue 

function.  

AD is a complex disease for which therapy has been long focused on one of its multiple 

pathological signs, the depletion of basal forebrain cholinergic neurons with a subsequent 

decrease in the cholinergic transmission (Perry et al., 1977; Geula and Mesulam 1999). At 

present, no drug has been able to successfully prevent or cure the neurodegenerative process 

of AD. The Food and Drug Administration (US)-approved drugs for the treatment of AD are 

based on the cholinergic hypothesis of AD and therefore, aimed to increase the cholinergic 

transmission to recover cognitive function. To date, only four drugs (rivastigmine, 

galantamine, donepezil and memantine) have been approved by the FAD for the treatment of 

AD (Birks and Harvey, 2006). Among them, donepezil has shown some temporary efficacy, 

but fails to reverse the cognitive decline. In the search for more effective therapies, the “one 

drug, multiple target” strategy, also called multitarget-directed ligand (MTDL) approach, 

might be more appropriate (Buccafusco and Terry, 2000; Youdim and Buccafusco, 2005; 
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Bolea et al., 2013; León et al. 2013). This strategy suggests the use of compounds with 

multiple activities for different biological targets (Cavalli et al., 2008). In this context, we 

recently designed a novel series of derivatives based on the hybridisation of selected moieties 

from donepezil, propargylamine and 8-hydroxyquinoline (DPH), that were synthesised and 

pharmacologically evaluated for the potential prevention and treatment of AD (Wang et al., 

2014). They behaved as dual inhibitors of cholinesterase (AChE and BuChE) and monoamine 

oxidase (MAO A and MAO B) activities, both altered in AD, for the potential prevention and 

treatment of this neurological disorder. Among them, hybrid DPH-4 showed strong biometal-

chelating properties vs Cu
2+ 

and Fe
2+

, good ADMET properties and brain penetration 

capacity, as well as a significant decrease in scopolamine-induced learning deficits in healthy 

adult mice (Wang et al., 2014). Additionally, compound DPH-4 (Fig 1) inhibited bovine 

SSAO activity in the low micromolar range (IC50 = 2.8 ± 0.7 µM).  

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Structure of the multifunctional compound DPH-4. DPH-4 inhibits AChE (Ee, 

electric eel), BuChE (eq, equine), MAO (A and B) enzymes, showing biometal-chelating 

properties, as described in the corresponding publication. 

 

Taking into account that stroke and AD are related pathologies and that one can trigger the 

progression of the other, the aim of this work was to analyse whether the beneficial effect of 

DPH-4, previously observed in an experimental model of AD (Wang et al., 2014), could also 

exhibit a protective effect on a new in vitro experimental model of cerebral ischemia that uses 

human cerebral microvascular endothelial cells as a model of the BBB expressing the human 

SSAO/VAP-1 protein (hCMEC/D3 hSSAO/VAP-1). Obtaining SSAO/VAP-1-expressing 

cells was an essential preliminary step as the expression of this protein is lost in cultured 

cells. 
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Methods 

 

Cell culture and transfection: 

The human cerebral microvascular endothelial cell line hCMEC/D3 was obtained from 

coauthors from the Institut COCHIN (Paris, France) as previously described (Weksler et al., 

2005) as a model of the BBB. hCMEC/D3 cells were cultured as recommended, on 150 µg 

mL
-1

 collagen type I (Rat Tail, Corning)-coated plates in EBM-2 (Lonza) medium 

supplemented with 5% FBS (Fetal Bovine Serum, Life Technologies), 1.4 µM 

Hydrocortisone (Sigma), 5 µg mL
-1

 Ascorbic Acid (Sigma), 1% Chemically Defined Lipid 

Concentrate (Life Technologies), 10 mM HEPES (Life Technologies) and 1 ng·mL
-1

 human 

bFGF (Fibroblast Growth Factor-basic, Sigma). Human SSAO/VAP-1-expressing human 

umbilical vein endothelial cells (HUVEC hSSAO/VAP-1) and rat smooth muscle cells 

(SMC) (A7r5 hSSAO/VAP-1) were previously developed in our group, and cultured as 

described (Solé and Unzeta, 2011; Solé et al., 2007). THP-1 monocytic cells were obtained 

from the American Type Culture Collection (ATCC) and grown in RPMI 1640 medium (Life 

Technologies) supplemented with 10% FBS. All cells were maintained at 37 °C in a 

humidified atmosphere containing 5% CO2. Geneticine (G418, 100 μg mL
-1

; Invitrogen) was 

added to the culture medium of HUVEC and SMC cells to ensure the hSSAO/VAP-1 DNA 

maintenance.  

In order to obtain the hCMEC/D3 cell line stably expressing the human SSAO/VAP-1, wild 

type (WT), hCMEC/D3 cells were transfected with a PcDNA3.1(+) vector containing the 

human SSAO/VAP-1 cDNA (Solé et al., 2007) using the Fugene® HD transfection reagent 

(Roche) according to the manufacturer’s conditions. After transfection, cells were selected by 

the addition of G418 antibiotic (800 μg mL
-1

) for 1-2 months. Then, cells were diluted to 

allow the formation of monoclonal colonies in the presence of 200 μg mL
-1

 G418, an 

antibiotic concentration that was used thereinafter for cell maintenance. Cell colonies were 

amplified and checked for SSAO/VAP-1 expression and activity before being frozen. 

Cell lysates and concentrated culture medium: 

Cells were collected and homogenized in 50 mM Tris-HCl (pH 7.5), containing 1% Triton X-

100, 10 mM EDTA and a protease inhibitor cocktail (Sigma) (1:100) and were sonicated for 

10 sec. To obtain concentrated culture medium samples, culture media were collected after 

cell treatments and centrifuged at 4400 g for 10 min to eliminate dead cells and debris. Then 

media samples were lyophilized by evaporation in a Refrigerated CentriVap Concentrator 

(Labconco) and reconstituted in a smaller, known volume of distilled water to obtain ten-fold 

concentrated culture medium.  

Sub-cellular fractionations:  

Membrane-enriched preparations were obtained by homogenization of cells in 10 mM 

HEPES, 1.5 mM MgCl2 and 10 mM KCl buffer at pH 7.9, containing protease inhibitor 

cocktail. After centrifugation at 2000 g for 15 min at 4 °C, the resulting supernatant was 

ultracentrifuged at 100000 g (Sorvall Discorvery M120 SE) for 30 min at 4 °C to separate the 

soluble cytosolic fraction from the pellet containing the membrane-enriched fraction.  

Lipid raft-enriched fractions were obtained by scraping the cells in PBS, recovering them by 

centrifugation for 5 min at 800 g and then reconstituting the pellet in 450 μL of 50 mM Tris-

HCl, 150 mM NaCl, 1 mM EDTA and 1% Brij 98 buffer at pH 7.2, containing protease 

inhibitor cocktail. After 15 min incubation at 37 ºC under continuous agitation, samples were 
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centrifuged for 10 min at 2000 g to discard nuclei. The supernatants were mixed with 450 μL 

of 90% sucrose in Tris-HCl buffer to obtain 45% sucrose fractions, which were deposited at 

the bottom of ultracentrifuge tubes. Two additional fractions of 35% (2 mL) and 5% (0.8 mL) 

sucrose were added to the former to generate a sucrose gradient, and then the samples were 

centrifuged for 19 h at 120000 g. Ten 370 μL-fractions were recovered and analysed by 

western blot to identify the lipid raft and soluble membrane-enriched fractions. 

OGD model and cell treatment:  

Combined oxygen and glucose deprivation (OGD) and reoxygenation have been used as an 

experimental approach to ischemic stroke. For HUVEC hSSAO/VAP-1 cells, the ischemic 

condition was carried out by subjecting the cells to a 24 h OGD followed by a 7 h 

reoxygenation, as previously described (Sun et al., 2014). For WT and hSSAO/VAP-1 

hCMEC/D3 cells, the OGD treatment was performed in glucose-free DMEM (Life 

Technologies) after washing cells with glucose-free PBS, and then introducing the cells into a 

temperature-controlled (37±1 °C) Invivo2 hypoxia workstation (RUSKINN) containing a gas 

mixture composed of 5% CO2, 95% N2 and 0.5% O2. Control cells were maintained in 

DMEM (5 mM glucose) in the incubator under normoxic conditions (5% CO2/95% air). In 

experiments including reoxygenation, cells that have undergone OGD were returned to 

normoxia conditions after replacing glucose-free DMEM by serum-free DMEM (5 mM 

glucose) and adding the same treatments present during OGD. In experiments analysing 

release of soluble SSAO/VAP-1, DMEM was not replaced for the reoxygenation period, but 

glucose was added into OGD plates.  

For cell viability and adhesion assays, HUVEC hSSAO/VAP-1 were seeded at 53200 cells 

mL
-1

, hCMECs were seeded at 50000 cells/mL, and both were grown for 48 h before the 

addition of treatments for another 24 h. For immunoblot analysis, cells were seeded at 60000 

cells mL
-1

, and grown to 80% - 90% confluence before treatments. MA (methylamine), SC 

(semicarbazide), Aβ1-40D (Aβ1-40 peptide containing the Dutch mutation, Anaspec), and/or 

DPH-4 (Wang et al., 2014) were added into DMEM before OGD starting. In the 

reoxygenation process, the compounds were maintained at the same concentrations as during 

OGD. For the preparation of Aβ1-40D, it was pretreated with 1,1,1,3,3,3-hexa-fluoro-2-

propanol (HFIP, Sigma-Aldrich) for more than 4 h but less than 6 h, then aliquoted, 

evaporated at room temperature, and stored at -80 °C until using, then dissolved in sterile 

PBS containing 0.1% ammonium hydroxide. 

Cell viability assay: 

MTT [3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide] reduction assay was 

employed to evaluate the cell viability. Briefly, at the end of the treatments, cells were 

incubated with 0.5 mg mL
-1

 MTT for 3 h in HUVECs and for 1.5 h in hCMECs at 37 °C. The 

medium was then replaced by dimethylsulfoxide (DMSO) to dissolve the blue formazan 

precipitate, and color was spectophotometrically quantified at 560 nm and 620 nm in a 

microplate reader (Labsystems multiscan RC) (Plumb et al., 1989). 

Antibodies and western blot analysis: 

The antibodies used were: rabbit anti-VAP-1 (abcam, 1:1000), rabbit anti-bovine SSAO 

(1:1000) (Lizcano et al., 1998), rabbit anti-VCAM-1 (Epitomics, 1:1000),  rabbit anti-ICAM-

1 (GeneTex, 1:1000), rabbit anti-P-selectin (BioVision, 1:1000), rabbit anti-E-selectin (Santa 

Cruz, 1:500), rabbit anti-IGF1-R (insulin-like growth factor 1 receptor) (Santa Cruz 

Biotechnology, 1:1000), mouse anti-Flotillin (BD Biosciences, 1:1000), mouse anti-GAPDH 
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(glyceraldehyde-3-phosphate dehydrogenase) (Ambion-Invitrogen, 1:40000); mouse anti-Tf 

Rec (ZYMED, 1:1000), HRP (horseradish peroxidase)-conjugated anti-rabbit IgG (BD 

Biosciences, 1:2000), HRP anti-mouse IgG (Dako, 1:2000). Equal amounts of protein (20 μg 

per lane) determined by the Bradford method, or equal volumes of media (45 μL per lane) 

were separated by SDS/PAGE and transferred onto nitrocellulose membranes. Membranes 

were blocked for 1 h with TBS/0.1%-Tween buffer containing 5% (w/v) non-fatty milk and 

incubated overnight at 4 °C with the corresponding primary antibodies. After incubation with 

the secondary antibodies, blots were developed using ECL® Chemoluminiscent detection 

reagents and High Performance Chemiluminiscence Films (GE Healthcare). The ImageJ 

software was used to quantify the western blot signals.  

SSAO enzymatic activity determination: 

For SSAO activity determinations, cells were collected and homogenized in 100 mM Tris-

HCl, pH 9, and containing protease inhibitors cocktail. Enzymatic activity was determined 

radiochemically by using a modification of the Otsuka and Kobayashi method (Otsuka et al., 

1964).  Briefly, [
14

C]-benzylamine hydrochloride (100 μM and 2 mCi mmol
-1

, American 

Radiolabeled Chemicals) was used as substrate, and 1 μM Dep (deprenyl) was added to avoid 

monoamine oxidase (MAO) B interference. A 30-min inhibitory pre-treatment of samples 

was performed at 37 °C with 1 μM Dep or Dep plus DPH-4. Reactions were performed at 37 

°C for 120 min in 100 mM Tris-HCl buffer, pH 9.0, adding 25 μL of substrate to the 200 μL 

of reaction. Eighty to a hundred μg of HUVEC hSSAO/VAP-1 or hCMEC/D3 hSSAO/VAP-

1 cell lysates were used in each reaction. Reaction was stopped by adding 100 μL of 2 M 

citric acid. The [
14

C]-aldehyde products were extracted into 4 mL of toluene/ethylacetate 

(1:1, v/v) solution containing 0.6% (w/v) of diphenyloxazole. The amount of [
14

C]-aldehyde 

was quantified using a Tri-Carb 2810TR liquid scintillation counter (Perkin Elmer) and the 

Quanta Smart 3.0 software (Perkin Elmer).  

Adhesion assays: 

THP-1 monocytes were labelled with 1 μM calcein-AM, and at the end of treatments, 

endothelial cells were incubated with the calcein-AM-labelled THP-1 cells (2.5×10
5
 per well 

in 24-well plates) for 30 min at 37 °C. Then, unbound monocytes were removed by turning 

over the plates onto absorbent paper, carefully adding FBS-free RPMI 1640 medium to the 

plates with an auto-pipette, and repeating the washing for at least three times. The 

fluorescence intensity was measured using a fluorescence microplate reader (λex/λem: 495/530 

nm). Results are represented as the percentage of fluorescence intensity, referring values to 

those obtained for the non-treated cells. 

Analysis of Data: 

Results are given as mean ± SEM of independent experiments. Statistical analysis was 

performed by one-way ANOVA and further Newman-Keuls multiple comparison test. 

P<0.05 was considered to be statistically significant. Statistical analyses and graphic 

representations were obtained with the Graph-Pad Prism 6.0 software. 

Results 

 

Generation and characterization of the human SSAO/VAP-1-expressing hCMEC/D3 cell line. 

 

In order to obtain a brain endothelial cell model to study in vitro the role of SSAO/VAP-1 in 

cerebrovascular tissue, the immortalized human brain endothelial cell line hCMEC/D3 
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(Weksler et al., 2005) was stably transfected with human SSAO/VAP-1 cDNA. This step was 

necessary because SSAO/VAP-1 expression is lost in cultured cells (El Hadri et al., 2002). 

After selection and amplification of G418-resistant cells, different clones were analysed for 

SSAO activity and expression (Fig. 2a,b). Clones 1 and 2 showed the highest SSAO 

enzymatic activity using benzylamine as specific substrate, as well as the highest protein 

expression of SSAO by western blot analysis. The activity levels observed were significantly 

higher than those obtained with previously generated HUVECs (H) or A7r5 smooth muscle 

(SMC) SSAO/VAP-1-transfected cell lines (Solé and Unzeta, 2011; Solé et al., 2007).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Characterization of the hCMEC/D3 cell line stably transfected with human 

SSAO/VAP-1. (a) SSAO specific activity (expressed as pmol min
-1

 mg
-1

 of protein) of the 

antibiotic-selected and amplified positive clones (1 - 7). HUVEC endothelial (H) or A7r5 

smooth muscle (SMC) SSAO/VAP-1-transfected cell lines are shown for comparison. (b) 

SSAO/VAP-1 protein visualization by western blot corresponding to the same clones than in 

a. The overexposure (ov) of the SSAO western blot is shown to highlight the weaker bands. 

GAPDH was used as loading control. WT, wild type (non-transfected cells). (c) The 

transfected SSAO protein is located in the membrane fraction, and absent from the cytosol in 

clone 1 cells, shown as example. Flotillin and IGF1-R were used as membrane-positive 

markers; GAPDH was used as cytosolic marker. W, whole fraction; C, cytosolic fraction; Mb, 

membrane fraction.  (d) The transfected SSAO is located in the lipid raft fractions of the cell 

membrane; clone 1 is shown as example. Flotillin was used as raft-positive protein and 

transferrin receptor (Tf Rec) was used as marker of the soluble membrane fraction. 

 

 

The correct sub-cellular localization of the expressed SSAO/VAP-1 protein was checked by 

two distinct cell fractionation procedures. On one hand, the membrane and cytosolic fractions 

were separated and their subsequent analysis by western blot showed that SSAO/VAP-1 

expression is associated with the membrane fraction, while it is absent in the cytosol (Fig 2c). 

Furthermore, SSAO/VAP-1 was located in the lipid rafts regions as revealed by its presence 

in flotillin-containing fractions, a characteristic raft-positive protein (Fig 2d). The presence of 

other amine oxidases was also assessed in both WT and SSAO/VAP-1-expressing cells 

showing an absence of MAO B and a moderate MAO A activity with slightly increased 



 

This article is protected by copyright. All rights reserved. 

levels in SSAO/VAP-1-expressing cells compared to WT (data not shown).  

 

Effect of OGD and reoxygenation on the cell viability of WT and hSSAO/VAP-1-expressing 

hCMEC/D3 cells, and influence of SSAO activity.  

 

Both WT and hSSAO/VAP-1 hCMEC/D3 cells underwent OGD for different time periods (1 

to 24 h). This treatment induced a decrease in cell viability reaching 50% of cell death after 

24 h of OGD exposition. No differences between both cell types were observed at any of the 

analysed time-points (Fig 3a).  

 

Figure 3. Effect of OGD, OGD with reoxygenation, and methylamine (MA) on cell 

viability of wild type (WT) and human SSAO/VAP-1-transfected hCMEC/D3 cells 

(hCMEC/D3 hSSAO/VAP-1). Different duration of OGD (a) or 16 h-OGD with different 

duration of reoxygenation (b) induces WT and hSSAO/VAP-1-transfected hCMEC/D3 cell 

death. MTT reduction assay was used to assess cell viability under the different assayed 

conditions. Cells without OGD were maintained under normoxia conditions, and are 

considered control cells (Ctrl). The metabolism of MA under 16 h-OGD plus 24 h of 

reoxygenation condition (OGD+Reox) (c) induces a reduction of cell viability in 

hSSAO/VAP-1-expressing hCMEC/D3 cells, which is partially prevented by the SSAO 

activity inhibitor semicarbazide (SC). MA (1 mM or 3 mM) and SC (1 mM) were added 

before OGD and maintained during reoxygenation. Control cells are non-treated cells in 

normoxia (Norm). Data are expressed as mean ± SEM of at least 3 independent experiments. 
***

P<0.001 versus control of the corresponding cell type. 
#
P<0.05 and 

###
P<0.001 versus non-

treated hSSAO/VAP-1-expressing hCMEC/D3 cells in the corresponding condition (Norm or 

OGD+Reox); 
&

P<0.05 between the indicated treatments. Statistical analyses were performed 

by a one-way ANOVA test and the addition of Newman-Keuls multiple comparison test. 
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A 16h OGD treatment inducing 40% cell death was selected to further study the effect of 

different reoxygenation times (4 to 24 h) after OGD. Results shown in Fig 3b revealed that 

the addition of reoxygenation did not increase cell death following OGD treatment. In order 

to assess whether the SSAO catalytic activity vs methylamine (MA) as specific substrate 

could contribute to the vascular damage under these conditions, a 16 h OGD with 24 h 

reoxygenation treatment was selected. SSAO/VAP-1-expressing cells were incubated in the 

presence of MA (1 and 3 mM) and/or semicarbazide (SC, 1 mM) under the OGD with 

reoxygenation conditions selected. Fig 3c shows that the presence of MA enhanced the loss 

of cell viability induced by OGD with re-oxygenation in a dose-dependent manner, which 

was partially recovered by SC, a specific SSAO inhibitor. These results confirm that the 

SSAO catalytic activity enhances the cell death induced by OGD with reoxygenation 

conditions. 

 

OGD with reoxygenation induces the release of soluble SSAO/VAP-1 into the culture media 

by hCMEC/D3 hSSAO/VAP-1 cells. 

 

The soluble SSAO/VAP-1 form derives from the membrane-bound protein by a shedding 

process that may be activated under some pathological conditions (Abella et al., 2004; Sun et 

al., 2014). In order to assess whether stroke can induce SSAO/VAP-1 release by human brain 

endothelial cells, concentrated culture media of SSAO/VAP-1-expressing cells subjected to 

different periods of OGD and OGD with reoxygenation were analysed using TNF- as 

positive control (Fig 4a).  

 

 

Figure 4. OGD with reoxygenation induces the release of soluble SSAO to the culture 

media by hCMEC/D3 hSSAO/VAP-1 cells. (a) Presence of soluble SSAO/VAP-1 in ten-

fold concentrated culture media corresponding to TNF- treatment (24 h in normoxia, 100 ng 

mL
-1

), different OGD times and 16 h-OGD with 24 h-reoxygenation (OGD+Reox). TNF- 

was used as positive control of SSAO/VAP-1 release. Flotillin-1 was used as control of cell 

debris absence in the media. (b) Presence of membrane-bound SSAO/VAP-1 in hCMEC/D3 

hSSAO/VAP-1 cell lysates under the same experimental conditions than in a. The presence 

of membrane-bound SSAO was normalized to the GAPDH levels. Non-treated cells or media 

under normoxia conditions were considered control samples (Ctrl). Data in graphs represent 
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the western blot quantifications and are expressed as mean ± SEM of data obtained from 3 

independent experiments. 
*
P<0.05 and 

***
P<0.001 as indicated; 

#
P<0.05 and 

###
P<0.001 

versus control cells, by a one-way ANOVA test and the addition of Newman-Keuls multiple 

comparison test. 

 

 

The western blot results showed soluble SSAO/VAP-1 release into the medium occurred after 

16 h OGD and 24 h reoxygenation by contrast to OGD only. This result correlated with the 

loss of signal observed in the membrane-bound form, obtained by analysing the cell lysates 

under the same experimental conditions (Fig 4b). 

 

DPH-4 attenuates the cell death induced by the SSAO-mediated methylamine metabolism in 

both normoxia and OGD with reoxygenation conditions in a dose-dependent manner. 

 

In order to determine a possible protective effect of DPH-4 in the stroke conditions, the above 

established experimental model with hSSAO/VAP-1-expressing hCMEC/D3 cells was 

compared with a peripheral endothelial model using hSSAO/VAP-1-expressing HUVEC 

cells, in the same conditions previously described (Sun et al., 2014). Both endothelial cell 

lines were pre-incubated with DPH-4 (1 µM) prior to addition of MA (3 mM) and subjected 

to OGD and re-oxygenation. A significant loss of cell viability was observed in the presence 

of MA (Fig. 5a,b) in normoxia as well as an enhancement of cell toxicity induced by OGD 

and reoxygenation.  

 

 

Figure 5. DPH-4 attenuates the cell death induced by the metabolism of methylamine in 

normoxia or in OGD with reoxygenation conditions in different endothelial cell types. 
MTT reduction assay was used to determine the cell viability of hCMEC/D3 hSSAO/VAP-1 

cells subjected to 16 h-OGD with 24 h-reoxygenation (a), and HUVEC hSSAO/VAP-1 cells 
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subjected to 24 h-OGD with 7 h-reoxygenation (b). MA (3 mM) and DPH-4 (1 μM) were 

added before OGD and maintained during reoxygenation. Non-treated endothelial cells under 

normoxia were used as control (Ctrl) cells.  The SSAO activity inhibiting capacity of DPH-4 

was determined by investigating SSAO activity remaining in hCMEC/D3 hSSAO/VAP-1 cell 

lysates after being incubated with DPH-4 (0.1-10 μM) for 30 min (c), or by evaluating SSAO 

activity present in HUVEC hSSAO/VAP-1 cell lysates from DPH-4 (0.1-10 μM)-treated cells 

for 24 h (d).  SSAO activity was analyzed by radiometric method, using 
14

C-benzylamine as 

substrate. A non-treated cell lysate was considered the control (Ctrl) sample. Data in graphs 

are expressed as mean ± SEM and represent data obtained from 3 independent experiments. 
*
P<0.05, 

**
P<0.01 and 

***
P<0.001 versus non-treated samples; 

#
P<0.05, 

##
P<0.01 and 

###
P<0.001 as indicated, by a one-way ANOVA test and the addition of Newman-Keuls 

multiple comparison test. 

 

 

The effect of MA was higher in HUVECs (Fig 5b) than in hCMEC/D3 cells (Fig 5a), 

revealing a greater resistance of the latter although showing higher SSAO/VAP-1 expression 

and activity levels (see Fig 2). Interestingly, the loss of cell viability was partially restored in 

both cell types in the presence of DPH-4, although the protective effect was surprisingly 

more significant in HUVECs (Fig 5b), reaching 50% recovery in normoxia and almost 100% 

under OGD with reoxygenation conditions, than in hCMEC/D3 (Fig 5a), which showed less 

cell toxicity with MA. These results confirmed the protective effect of DPH-4 on human 

brain endothelial cells expressing SSAO/VAP-1 in this experimental stroke model. The 

protective behaviour of DPH-4 might be explained by the SSAO activity inhibition, since it is 

clearly evidenced in the presence of MA. Thus, different concentrations of DPH-4 (0.1-10 

µM) were used to determine the inhibition of SSAO activity using 
14

C-benzlylamine as 

substrate in both hSSAO/VAP-1-expressing hCMEC/D3 (Fig 5c) and HUVEC (Fig 5d) cells. 

Results revealed that DPH-4 inhibited SSAO activity with a rough IC50 value of 1µM in both 

endothelial cell types from different vascular origin. 

 

In order to determine whether this effect was concentration-dependent, we performed the 

same analysis using the hCMEC/D3 and different concentrations of DPH-4 (Fig 6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Dose response effect of DPH-4 on hCMEC/D3 cell viability under OGD with 

reoxygenation. MTT reduction assay was used to determine the cell viability of 

hSSAO/VAP-1-expressing hCMEC/D3 cells subjected to normoxia (Norm) or 16 h-OGD 

with 24 h-reoxygenation (OGD+Reox). MA (3mM) and DPH-4 (0.1, 1 and 5 M) were 
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added before OGD and maintained during reoxygenation. Data in graph are expressed as 

mean ± SEM and represent data obtained from 3 independent experiments. 
#
P<0.05, 

##
P<0.01 

and 
###

P<0.001 as indicated, by a one-way ANOVA test and the addition of Newman-Keuls 

multiple comparison test. 

 

These results showed that the 5 M concentration of DPH-4 was the most effective in 

protecting hCMEC/D3 cells from OGD and reoxygenation when MA was present. No effect 

was observed in the absence of MA. 

 

 

DPH-4 shows an anti-inflammatory activity preventing MA-induced leukocyte binding to 

hSSAO/VAP-1-expressing hCMEC/D3 cells subjected to OGD.  

 

BBB dysfunction and the occurrence of haemorrhages after stroke have been associated with 

leukocyte adhesion to brain endothelium and subsequent transmigration into the injured 

tissue. Because SSAO/VAP-1 mediates leukocyte extravasation, the anti-inflammatory 

behaviour of DPH-4 was assessed in hSSAO/VAP-1-expressing hCMEC/D3 cells under 

normoxia and OGD conditions as well as in the presence of MA by quantifying the binding 

of calcein-AM-labelled THP-1 leukocytes to the endothelial cells (Fig 7). The presence of 

MA induced an increase of leukocyte adhesion to the endothelium in hSSAO/VAP-1-

expressing cells after short OGD (5 h, Fig 7a), long OGD (16 h, Fig 7b) and OGD with 

reoxygenation (16 h + 24 h, Fig 7c), while no effect was observed in WT cells after MA 

treatment, indicating that this inflammatory behaviour was induced by the catalytic action of 

SSAO with MA as substrate. This effect was prevented when cells were incubated in 

presence of DPH-4 in all the conditions assayed. 
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Figure 7.  DPH-4 prevents increased leukocyte adhesion to endothelial cells under 

different OGD conditions in presence of the SSAO substrate. Leukocyte-endothelium 

adhesion assay was performed to analyze the anti-inflammatory effect of DPH-4 against 

SSAO mediated pro-inflammatory action. WT and hSSAO/VAP-1-expressing hCMEC/D3 

cells treated with MA (3 mM) or/and DPH-4 (1 or 5 μM) undergone 5 h-OGD (a), 16h-OGD 

(b) or 16h-OGD with 24 h-reoxygenation (OGD+Reox, c) and the binding of calcein-AM-

labelled THP-1 leukocytes on these cells was quantified. Non-treated cells under normoxia 

conditions were considered as control (Ctrl) for each type of cells. Data are expressed as 

mean ± SEM of three independent experiments. 
*
P<0.05, 

**
P<0.01 and 

***
P<0.001 versus 

hCMEC/D3 hSSAO/VAP-1 treated with MA under OGD conditions; 
###

P<0.001 versus 

control of the corresponding cell type, by a one-way ANOVA and the addition of Newman-

Keuls multiple comparison test. 

 

In order to analyse whether other adhesion proteins would be involved in this adhesion 

process after OGD + reoxygenation, we also measured SSAO/VAP-1, VCAM-1, ICAM-1, P-

selectin and E-selectin levels in SSAO/VAP-1-expressing hCMEC/D3 cells (Figure 8). 

ICAM-1 and E-selectin showed very low expression levels with no changes among the 

performed treatments (data not shown). SSAO/VAP-1 and VCAM-1 displayed similar 

behaviour, being decreased after the OGD + reox treatment and with no changes among the 

pharmacological treatments under these conditions. P-selectin showed non-significant 

changes after OGD + reox or other treatments.  
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Figure 8. Effect of DPH-4 on the response of other adhesion molecules to the OGD with 

reoxygenation stimulus and its role on the leukocyte adhesion on hCMEC/D3 

endothelial cells. Presence of membrane-bound SSAO/VAP-1 (a), VCAM-1 (b) and P-

selectin (c) in hCMEC/D3 hSSAO/VAP-1 cell lysates subjected to 16 h-OGD with 24 h-

reoxygenation (OGD+Reox) in the presence of DPH-4 (5 M) and MA (3 mM). (d) 

Representative western blots. The presence of each protein was normalized to the GAPDH 

levels. Non-treated cells were considered control samples (Ctrl). Data in graphs represent the 

western blot quantifications and are expressed as mean ± SEM of data obtained from at least 

2 independent experiments. 
*
P<0.05, 

***
P<0.001 vs Ctrl, by a one-way ANOVA test and the 

addition of Newman-Keuls multiple comparison test. 

 

 

DPH-4 protects against cell death caused by the co-treatment of SSAO substrate 

methylamine (MA) and Aβ1-40D in hCMEC/D3 hSSAO/VAP-1 cells under OGD with 

reoxygenation. 

 

In order to determine whether the presence of Aβ and SSAO/VAP-1 promoted vascular 

damage under ischemic conditions, as we previously described in normoxia (Solé et al., 

2015), cells under normoxia and OGD with reoxygenation were incubated in the presence of 

Aβ1-40D and cell viability was determined. Both the co-treatment of MA with Aβ1-40D (Fig 
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9a), and the 24 h pre-treatment with Aβ1-40D (Fig 9b) induced an increased loss of the cell 

viability compared to that induced by either treatment under OGD with reoxygenation. The 

addition of DPH-4 in the presence of both treatments significantly increased cell viability; 

similar results were obtained when SC was used (data not shown). 

 

 

Figure 9.  DPH-4 protects against cell death caused by the co-treatment of SSAO 

activity and Aβ1-40D in hCMEC/D3 hSSAO/VAP-1 cells under OGD with reoxygenation. 

MTT reduction assay was used to evaluate the cell viability of hCMEC/D3 hSSAO/VAP-1 

cells subjected to 16h-OGD with 24 h-reoxygenation (OGD+Reox) in the presence of Aβ1-40 

containing the Dutch mutation (Aβ1-40D, 2.5 or 5 µM), MA (1 mM) or/and DPH-4 (5 µM). (a) 

Aβ1-40D (5 M), MA and DPH-4 were added at the same time before OGD. (b) A 24 h pre-

treatment was performed with Aβ1-40D (2.5 M) and cells were then subjected to 8 h-OGD 

with 24 h-reoxygenation. All treatments were maintained during reoxygenation. Non-treated 

cells under normoxia were considered as control (Ctrl). Data are expressed as mean ± SEM of 

three independent experiments. 
***

P<0.001 versus Ctrl; 
##

P<0.05 and 
###

P<0.001 versus non-

treated cells under OGD+Reox; 
&

P<0.05 as indicated, by a one-way ANOVA test and the 

addition of Newman-Keuls multiple comparison test. 

 

 

Discussion & Conclusions 

Cerebral hypoperfusion, atherosclerosis, oxidative stress, vascular Aβ deposition or a failure 

of its clearance are insults that can disturb the transport of nutrients across the BBB. These 

alterations can lead to an acute and big failure of the cerebrovascular function due to brain 

ischemia or haemorrhage, contributing to the cognitive decline and dementia. Moreover, a 

deep meta-analysis recently reported that stroke significantly and independently increases the 

risk for AD and in turn, the risk of intracerebral haemorrhage (Zhou et al., 2015). 

Furthermore, both hypoxia and ischemic injury induce the up-regulation of BACE 1 and 

increase the Aβ generation (Guglielmotto et al., 2009) confirming a link between AD and 

stroke.  

Although the pathogenesis of AD is not yet fully understood, there is a clear consensus in 

describing it as a multifactorial disease caused by several agents, including BBB dysfunction. 

At present, it is widely accepted that a more effective therapy for the multifactorial nature of 

AD would result from the development of molecules aimed to interact with several or all the 

systems altered in this disorder. Among them, hybrid DPH-4 emerged as an interesting 

compound able to dually inhibit cholinesterase and monoamine oxidase activities with metal 
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chelating properties and hence, to show a great therapeutic interest for AD treatment (Wang 

et al., 2014). 

Because of the SSAO/VAP-1 alteration in AD (Ferrer et al., 2002) and stroke (Hernández-

Guillamón et al., 2010), and due to its high expression in cerebrovascular tissue, we 

hypothesized that this protein could be a potential link and therapeutic target for both 

pathologies. However, the expression of some proteins is lost when cells are cultured, as it is 

the case for SSAO/VAP-1; therefore, we report for the first time the preparation of a human 

brain endothelial-immortalized cell line derived from the hCMEC/D3 cell line (Weksler et 

al., 2005), that stably expresses the human SSAO/VAP-1 gene. The hCMEC/D3 

hSSAO/VAP-1 cell line was characterized and compared with previously developed 

endothelial and smooth muscle cell lines expressing SSAO/VAP-1 (Solé and Unzeta, 2011; 

Solé, et al., 2007). Then, we established a new experimental model of stroke consisting of 

subjecting these brain endothelial cells to OGD and reoxygenation conditions. The 

hCMEC/D3 cell line is the first stable well differentiated and well characterized human brain 

endothelial cell line (Weksler et al., 2005) in terms of expression of endothelial markers, up-

regulation of adhesion molecules in response to inflammatory cytokines, as well as BBB 

characteristics, so it was chosen as an accepted BBB cellular model (Weksler et al., 2013), 

instead of peripheral endothelial HUVEC cells, because genes expressed by cerebral 

endothelial cells are important and distinct in several processes as vasculo- and angiogenesis 

(VEGF), immunoregulation (decorin, IL6) or have growth-supporting properties (BDNF, 

transforming growth factor-β) (Kalmann et al., 2002). Although this cell line is a good 

approximation to a BBB model, it has some limitations and co-cultures including neurons and 

glia would be a better physiologic model. 

Under OGD with reoxygenation conditions, cell viability was observed to be significantly 

decreased in the presence of MA, the main physiological SSAO/VAP-1 substrate, and 

restored when cells were pre-incubated in the presence of semicarbazide, a specific 

SSAO/VAP-1 inhibitor. These results confirmed that this enzyme plays an important role 

enhancing endothelial cell death under ischemia. Moreover, under these hypoxic conditions, 

membrane-bound SSAO/VAP-1 is released due to an increase in its shedding, likely resulting 

from the activation of metalloproteinase 2 (MMP-2) (Sun et al., 2014). This soluble form of 

the enzyme may be also able to contribute to the vascular cell damage through its catalytic 

activity, as previously described by some of us (Hernández et al., 2006). At the 

concentrations assayed, DPH-4 inhibits about 50% of the SSAO/VAP-1 activity. DPH-4 pre-

treatment shows a dose-dependent protective effect on hSSAO/VAP-1-expressing 

hCMEC/D3 cells in the presence of MA in both normoxia and in OGD with reoxygenation 

conditions. This protection was found to be even more significant when the same experiment 

was carried out on hSSAO/VAP-1-expressing HUVEC cells. This different behaviour might 

be explained because cerebral endothelial cells are somewhat protected from cell death by the 

SV40T antigen that was used to in their immortalization, so are more hardy under difficult 

conditions. However, a different sensitivity of both cells to the toxicities generated by SSAO 

activity cannot be ruled out.  

The beneficial effect of DPH-4 was also noticeable in terms of inflammation, since it 

significantly reduced the leukocyte adhesion to the endothelia subjected to different OGD 

conditions in the presence of MA, as a result of its inhibitory effect on the SSAO/VAP-1 

activity. In this regard, the participation of other adhesion molecules cannot be ruled out, but 

it would be more likely to happen after the OGD + Reox stimulus, where both the WT and 

the SSAO/VAP-1-expressing cells increase the leukocyte adhesion, rather than in response to 

MA treatment, where leukocyte adhesion increases only in SSAO-expressing cells. 
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Moreover, although the western blot results show mainly a reduction of the membrane-bound 

form of these adhesion molecules, especially SSAO/VAP-1 and VCAM-1, it is worth to point 

out that both proteins can be shed to generate a soluble form, as we demonstrate for 

SSAO/VAP-1. As it is known the soluble SSAO/VAP-1 contributes to the adhesion process 

through the generation of H2O2 and probably other unknown mechanisms. Therefore, it is 

reasonable to think that VCAM-1 could show a similar behaviour. This anti-inflammatory 

effect may also contribute to the protective effect observed in this experimental model of 

stroke. 

 

In addition, when Aβ1-40D treatment was introduced in this experimental model of ischemia 

simulating a pre-existing AD pathology, DPH-4 showed a protective effect on the synergic 

damage induced by MA and Aβ1-40D. These results allow us to conclude that Aβ1-40D 

together with the catalytic action of SSAO/VAP-1 induces more vascular damage under OGD 

with reoxygenation conditions, and that the protective effect of DPH-4 is higher than that 

observed using each toxic molecule separately. 

 

To sum up, herein we report for the first time that DPH-4, a new MTDL hybrid, designed by 

juxtaposition of selected pharmacophoric groups present in donepezil, propargylamine, and 

8-hydroxyquinoline, protects hCMEC/D3 hSSAO/VAP-1 cells under hypoxia conditions 

through its inhibitory and anti-inflammatory effect on SSAO/VAP-1. In the context of the 

close relationship between AD and stroke, and the involvement of SSAO/VAP-1 in both 

diseases, DPH-4 could be considered as a promising multivalent drug with potential 

therapeutic interest to be used in both neurological pathologies. 
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