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    Studying brain physiology and development is a leading neuroscience strategy not only to illuminate the general understanding of brain structure and function but also to make progress against neurodegenerative disorders that are devastating the healthy aging.




    The volume 11 of our book series Frontiers in Clinical Drug Research - CNS and Neurological Disorders introduces the subject of neurodegeneration by outlining the pathophysiology genetics, and environmental factors. This book besides providing a clear overview of the neurodegeneration and addiction process also introduces the readers to a new synthesis of ideas. To contextualize the research for the general readers, it also provides a brief introduction to the pharmacological and non-pharmacological approaches to treat the commonest neurodegenerative and addictive disorders. This book takes interested beginners on a journey from a cold start to a grasp of neuroscience’s best line of research. The current volume integrates the work of neurobiologists into a coherent account of the nature of neurodegenerative and addictive disorders and their treatment.




    For instance, Chapter 1 highlights the multi-target directed ligands candidate prototypes inspired mostly by natural products to treat some of the most studied diseases, namely, Parkinson’s Disease, Alzheimer’s Disease, and Huntington’s Disease, as well as amyotrophic lateral sclerosis. Chapter 2 discusses the role of psychological and neurological factors as well as genetics and neurobiological mechanisms to review the drugs used for relapse prevention to treat addiction to nicotine, alcohol, or illicit drugs. Chapter 3 summarizes the neuroprotective properties of cinnamic acids and their derivatives in light of their mechanistic aspects to treat various neurodegenerative disorders. Chapter 4 reviews the role of phytosome in the targeted delivery of natural compounds across the blood brain-barrier to improve the efficacy, and bioavailability of Alzheimer's drugs. Chapter 5 glances at clinical trials investigating non-pharmacologic approaches, such as physical activity to improve the symptoms of Alzheimer’s Disease.




    Briefly, this volume is the definitive guide to common neurodegenerative diseases that affect humans. The book covers the mechanisms of some of the most well-known neurodegenerative and addictive diseases, their biomarkers, neuropharmacology, and emerging treatment strategies.




    We are grateful for the timely efforts made by the editorial personnel, especially Mr. Mahmood Alam (Director Publications), and Ms. Asma Ahmed (Senior Manager Publications) at Bentham Science Publishers.
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      Abstract




      The rapid increase in the incidence of dementia has enormous socio-economic impacts and costs for governmental health systems all over the world. Despite this, finding an effective treatment for the different types of neurodegenerative diseases (NDs) so far represents a challenge for science. The biggest obstacles related to NDs are their multifactorial complexity and the lack of knowledge of the different pathophysiological pathways involved in the development of each disorder. The latest advances in science, especially those related to the systems biology concepts, have given new insights for a better comprehension of such multifactorial networks related to the onset and progression of NDs, and how Medicinal Chemists could act in the search for novel disease-modifying drug candidates capable of addressing the multiple pathological factors involved in neurodegeneration. The multi-target directed ligands (MTDLs) concept has captivated and opened new windows for the creativity and rationality of researchers worldwide in seeking innovative drug candidates capable of modulating different molecular targets by a single multifunctional molecule. In fact, in




      the last two decades, thousands of research groups have dedicated their efforts to the use of molecular hybridization as the main tool for the rational design of novel molecular scaffolds capable of expressing multi-target biological activity. In this way, this chapter addresses the most recent pathophysiological hallmarks of the most high-impact NDs, represented by Alzheimer’s, Parkinson’s, Huntington’s diseases, and amyotrophic lateral sclerosis, as well as the state-of-art in the design of new MTDLs, inspired mostly by natural products with improved druggability properties.
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      INTRODUCTION




      Neurodegenerative diseases (NDs) are recognized as a group of incurable, severe, progressive and disabling chronic neurological pathological conditions, with great social and economic impacts worldwide, representing one of the biggest current challenges for all sciences focused on human health [1-6]. Currently, due to their high incidence and epidemiological impact, NDs have Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington’s disease (HD), and amyotrophic lateral sclerosis (ALS) as their main representants, as attested in the scientific literature for the enormous efforts in drug discovery, pharmacological and biological projects addressed for the discovery of novel drug candidate, innovative therapeutics and a continuous search for a better comprehension of their pathophysiological features. Today, it is estimated that about 50 million people have some type of dementia worldwide and that this number is increasing by 10 million new cases every year [7], and medical treatments are onerous and are predicted to amount to 2 trillion US dollars in 2030 [8].




      These four main types of NDs have been currently recognized as chronic inflammatory pathologies, also characterized by multiple interconnected physiological, biochemical, and cellular changes, along with chemical mediators operating concurrently and caused by the same or different pathways [5, 6, 9-12]. During the last decade, we have observed considerable efforts and investments from Governmental and non-Governmental sources, resulting in major advances in different fields of biological and chemical sciences and the consequent establishment of new insights into the knowledge of how complex and multifaceted the pathophysiological hallmarks of NDs are. Despite the efforts of research centers to discover new drugs for NDs, many have failed in clinical trials [8].




      Aging is currently well accepted as one of the main risk factors related to the NDs onset, but why are some people more susceptible than others to be affected by ND? The answer to this question seems to be related to neuronal cells’ vulnerability, which states that different neuronal cells of the central and peripheral nervous systems are exposed and affected differently by environmental and age-related changes, resulting in a time-dependent decline in cognition, memory, sensory, and motor coordination [5, 11, 13-16]. Meanwhile, which nervous region and type of neurons are most affected by aging during life is an individual factor. Despite aging, all these NDs are also related to genetic, epigenetic, and environmental factors. Rare cases of early onset of AD, PD, and ALS are determined by mutations in specific genes, leading to the occurrence of symptoms at 30-40 years old. In general, most cases of dementia are associated with alterations in neuronal physiology as an effect of protein misfolding, imbalance in oxidative processes, neuroinflammation, and mitochondrial dysfunction [6, 12, 13, 17-21]. Recent progress in neurobiology has decisively contributed to clarifying how specific neurons, in specific brain regions and under specific conditions, are more susceptible to molecular, morphological, and functional changes, leading to neurodegeneration and, in turn, how this selective neuronal vulnerability could be the basis of the changes observed in the behavior of neuronal cells, their susceptibility, and responsiveness to aging differently than other non-neuronal cells. Indeed, there is enough evidence that brain cells experience much more exacerbated effects due to oxidative stress (OS), energy supply perturbation, and deleterious effects of protein deposition. Moreover, as age advances, different populations of neurons in different brain regions seem more vulnerable to these biochemical changes, leading to individual responses to and determining which one will develop or not ND, consequently to genetic and environmental factors [5, 6, 11, 13, 16].




      Considering the multifactorial related to NDs, their onset, progression, and severity, a better understanding of the relatively low efficacy of current disease-modifying treatments based on selectively targeted drugs is possible. In this context, and due to the high adaptive ability of our organism and the many concurrent biochemical pathways to be modulated for a single pathology, the most recent literature data point out that it is unavoidable to adopt a new concept for the rational design of drug candidates for the treatment of such multifactorial disorders [1, 4-6, 9, 22, 23]. Thus, the multi-target directed ligands (MTDLs) have emerged as a polypharmacology-based strategy for drug design, and it has called special attention from the scientific community [8].


    




    

      THE MTDLS PARADIGM AND MOLECULAR HYBRIDIZATION (MH) AS A TOOL IN DRUG DESIGN




      Considering the multitude of interconnected cellular and biochemical factors associated with the onset, development, and pathophysiological complexity of NDs, and the lack of efficacy of the current chemotherapeutical practices, it becomes unavoidable that the medicinal chemistry community adopts a strategic re-think of rational design and prospection of novel drugs for such chronic multifactorial diseases, including NDs [5, 24-28]. To date, the current drug design approaches have been usually based on the so-called reductionist concept of “one gene-one drug-one target”, which states in a linear model for a clinical effect, by which a single molecule binds selectively to a single molecular target, resulting in a desired therapeutic response and a set of undesired adverse effects, preferably by a well-characterized mechanism of action [27-30]. Conversely, chronic diseases with multiple biochemical and cellular events operating concomitantly have been focused on the light of polypharmacology, which is based on the modulation of different molecular targets by the use of different and specific chemical entities. By this strategy, three therapeutical strategies are possible, and two of them have been commonly used in the clinics: i) drug cocktails, with more than two different drugs administered in association aiming for different effects from each one; and ii) two or more drugs combined into a single pharmaceutical formulation, each one expected to exert their particular and selective therapeutical effect due to their independent interaction with specific molecular targets. In a third and more recent polypharmacology-based approach, a single molecule constituted by different pharmacophore fragments could lead to the desired multiple pharmacological effects, due to the concomitant recognition by multiple biological targets [1, 9, 10, 15, 31]. In addition to the pharmacodynamics of a single molecule, the MTDLs approach could also circumvent deleterious effects of drug-drug interactions, as well as side and toxic effects due to distinct pharmacokinetics of drugs in association, diverse physical-chemical properties, and bioavailability [1, 9, 10, 15, 31].




      Thus, based on the therapeutical advantages and benefits expected from this new paradigm, the concept of the rational design of multifunctional drugs has gained special attention from the scientific community, which has been adopting molecular hybridization (MH) as a key tool for designing new structural architectures with a potential multifunctional profile of action. The basis of MH in the design of a new ligand structural architecture is the recognition of pharmacophore subunits into the molecular structure of two or more known bioactive prototype molecules [6, 9, 31-33], which are combined to generate a new single hybrid molecular architecture. The resultant new hybrid compounds are then expected to lead to the identification of novel bioactive chemical entities (BCEs), with a more effective ability to modulate a variety of molecular targets related to NDs, due to their relative affinities addressed for multiple targets, preferably in different biochemical cascades [1, 9, 28, 34, 35]. By this strategy, considering that pharmacophores of known bioactive molecules are used in the MH-based design, and that original templates have already been evaluated for their toxicity, physical-chemical properties, and pharmacological features, large chemical libraries of molecular hybrids are possible, which tends to make less erratic the challenge of innovation in drug discovery and development [1, 4, 34, 36-38]. Bearing in mind that the main NDs have multiple causes, it is plausive and potentially promising to direct efforts and investments in the design and further development of drugs that overcome the reductionist paradigm, which require a better understanding of multifactorial aspects that affect these NDs [5, 6, 9, 31, 34, 39-42].


    




    

      General Aspects of Multifactorial Pathogenesis in Nds




      As stated above, there are characteristic biochemical changes behind neurodegeneration in different brain regions affected by specific NDs. For example, cholinergic neurons from the frontal cortex and hippocampus are major affected in AD, and motor neurons mainly located at substantia nigra, mesencephalon, and related cortical structures are associated with PD, whereas cortical structures and striatum are the affected in HD and spinal cord and precentral gyrus is the main impacted region in ALS. Different epigenetic, environmental, and genetic abnormalities are known to be related to such neuronal damage, but the scientific community is still looking for the molecular reasons that determine which neurons from each specific region of the nervous system are more vulnerable to being affected. Vulnerable neurons are typically large, with myelinated axons that extend long distances, connecting different regions of the central nervous system (CNS) or from CNS to the periphery [11, 42-46]. Hippocampal and cortical pyramidal neurons, upper and lower motor neurons, and striatal medium spiny neurons are affected in AD, ALS, and HD, respectively. Dopaminergic neurons from substantia nigra degenerate in PD, but they have relatively long axons connecting the motor circuit of corticosteroid projections from the primary motor cortex, supplementary motor cortex, cingulate motor cortex, and premotor cortex, terminating on dendrites of striatal medium spiny neurons [11, 42-46]. On the other hand, neurodegeneration in ALS affects long-penetration neurons from the primary motor cortex in the brain to the spinal cord [1, 38, 43, 47-52].




      

        Alzheimer’s Disease (AD)




        Among all NDs, AD responds to the major cases of dementia among people above age 65, affecting more than 5.4 million people in the USA, with estimates that this number could increase more than double by 2050 [17]. The main hallmarks of AD are a progressive loss of memory and decline in cognition, task performance, speech ability, motor coordination, and general functional capacity, gradually undermining social behavior, and individual ability to perform routine tasks, such as feeding, personal care, and social behavior [5, 53-56].




        The origin of physiological downregulation in some brain regions remains unclear, but neuronal degeneration, particularly affecting basal forebrain and hippocampus, with consequential inter-neuronal interconnections and synaptic impairment due to a complex set of deleterious changes and neuroinflammatory caused by deposits of proteins aggregates. In the early AD onset, the person is affected by gradually increasing memory impairments as a consequence of lower levels of acetylcholine (ACh) and other neurotransmitters in the synaptic cleft [5, 53-56]. ACh is the main neurotransmitter associated with cholinergic deficits due to pathological changes in neocortical availability of its biosynthetic precursor choline acetyltransferase (ChAT), which is related to reduced choline reuptake and release of ACh from the nucleus basalis of Meynert. In addition, dysregulation of cholinesterase levels (acetylcholinesterase - AChE and butyrylcholinesterase – BuChE) is a central pathophysiological hallmark of disease progression and is considered the origin of decreased ACh levels and the resultant presynaptic cholinergic deficits [19, 41, 57]. Amyloid β (Aβ) peptide is the major constituent of the so-called senile or neuritic plaques, which are extracellular protein deposits derived from abnormal proteolysis of amyloid protein precursor (APP) [2]. Unclear biochemical changes occur during APP processing, due to abnormal cleavage by β- and γ-secretase enzymes and the generation of insoluble fragments of 39-43 amino acid residues. Even at low concentrations, these fragments Aβ1-42 seem to be more prone to oligomerization and the formation of insoluble neurotoxic aggregates organized as extracellular β-sheets structures [36, 58-60]. From another perspective, monoamine oxidases (MAO-A and MAO-B isoforms) have been reported for their role in AD pathology. Increased activity of MAO-B is observed in Aβ plaques, leading to exacerbation in the release of deamination by-products, including H2O2 and ammonia, which contribute to oxidative stress (OS) by increasing the formation of ROS (reactive oxygen species) and RNS (reactive nitrogen species) [61]. In addition, a secondary event is the hyperphosphorylation of tau protein, which plays a critical role in the stabilization of neuronal microtubules. Under pathological conditions, the structure of microtubule assembly is collapsed, leading to releasing of hyperphosphorylated tau monomeric fragments, which undergo conformational changes resulting in the formation of oligomeric forms. Once formed, these tau oligomers easily aggregate into pair helical filaments to generate neurotoxic intracellular neurofibrillary tangles (NFTs) [2, 5, 6, 18, 59].




        Pieces of evidence have highlighted OS as a central event in the pathogenesis of NDs and other chronic diseases. Recent findings from physiological studies have pointed out that some few individual and interconnected deleterious events, cellular and biochemical changes are unified as causative facts for the exacerbation of cellular metabolism, mitochondrial dysfunction, unbalanced glucose supply, and production of radical species, among other aspects related to OS [44, 62-69]. Despite protein deposition, excessive production of RNS, and ROS induced by Aβ and other cellular and biochemical changes have been considered as playing a central role in microglial activation, production of inflammatory mediators, and alteration of antioxidant defenses, which contributes to OS exacerbation [5, 6, 12, 40, 59, 63, 69, 70-75]. Besides biometals like Cu2+, Fe2+, and Zn2+ are closely related to the protein aggregation process, due to their redox properties, which changes in their availability and concentration can increase OS and, in turn, the overproduction of radical species. For example, in AD, APP and Aβ can form complexes with and reduce Cu+2, forming a high-affinity complex with Aβ, inducing its aggregation and promoting protein deposition [56, 70, 71, 73]. In addition, mitochondria are the main intracellular targets of soluble Aβ oligomers (sAβ). Once overproduced, sAβ could meddle in the integrity of the mitochondria membrane, and its functionality, leading to overproduction of OS, imbalanced cellular respiration and ATP production [68, 74, 75]. Data from the literature supports that sAβ interferes with mitochondria functionality as a result of alteration in the homeostasis of intracellular Ca2+ signaling, leading to a massive ion influx in mitochondria and neuronal apoptosis [26, 74, 76, 77]. Indeed, increased concentration of Ca2+ in the mitochondria causes the opening of the mitochondrial permeability transition pores (MPTP), allowing the uncontrolled bidirectional passage of large molecules, which is deleterious for "organelles" integrity and their functional structure [68, 75]. The resultant effect of all these combined pathophysiological changes, coupled with OS and protein deposition, is crucial for the installation and progression of a complex neuroinflammatory process [42, 78-80]. As the main cells of the brain defense system, microglia play a macrophage-like role and seem to have pivotal importance in the signaling of neuroinflammation in NDs. Independently of the brain conditions, these cells are responsible for monitoring their environment and regulating tissue homeostasis through scavenging functions [78, 81-86]. During their regulatory functions in CNS, microglia can change in their metabolism and morphology, leading to two other cellular types: resting and activated microglia. Depending on the signals received, resting microglia may turn into other distinct phenotypes and originate an M1 state that releases pro-inflammatory cytokines and other cytotoxic substances, leading to astrocyte activation and reinforcing inflammation and neurodegeneration [42, 78-80, 87].


      




      

        Parkinson’s Disease (PD)




        As the second most common type of ND, there are estimates of 10 million people affected by PD worldwide, and around 60 thousand new cases in the USA yearly [12, 88]. Although PD is known as a movement disorder, with the major symptoms related to muscle rigidity, postural instability, involuntary tremors, and mobility slowness, as far as the disease progress, its symptoms are increased by a multitude of other non-motor features, including impairing in cognition, smell and sleep, depression and behavioral changes. The characteristic motor impairment observed in PD is mainly attributed to the reduced striatal dopamine level as a result of a degenerative process in dopaminergic neurons in the substantia nigra [48, 85, 89, 90]. As observed for AD, aging is also recognized as the main PD risk factor, with rare cases among people younger than the 50s, but its incidence rises 5 to 10-fold as age increases from the 60s to the 90s [12, 88]. To date, the etiology of PD remains unclear. However, it seems to have a consensus that the pathophysiological hallmarks are based on the loss of dopaminergic neurons mainly located at substantia nigra and striatal projections, with widespread intracellular deposition of α-synuclein aggregates, which forms the so-called Lewy bodies [45, 48, 90, 91]. Overall, the current literature data support that two phenomena are differently associated with PD progression: one is thought to be related to a progressive neuronal loss, and another one is related to neurotoxicity caused by the abnormal accumulation of Lewy bodies. The second mechanism seems to be dominant in patients with late-onset PD [89]. Despite all efforts dedicated to better knowledge about ND’s pathogenesis, particularly for PD, a single cause has not been found and is unlikely to emerge, despite several studies suggesting that increased neuronal α-synuclein protein levels are a primary factor in PD. Similar to AD, neuronal death in parkinsonism may be caused by changes in protein processing, leading to aggregation and deposition of misfolding α-synuclein and formation of neurotoxic aggregates [48, 85, 89, 92, 93]. For unknown causes, brains with PD suffer a dramatic dysfunction in the proteasomal and lysosomal systems, with reduced mitochondrial activity, reinforcing an emerging concept that points out that homeostasis in specific brain regions is vulnerable to different genetic, cellular, and environmental factors. Independently or concomitantly, these factors seem to be responsible for time-dependent neuron apoptosis, with important secondary changes including excitotoxicity, Ca2+-based mitochondrial impairment, and neuroinflammation [43, 89, 94-98]. Dopamine metabolism is considered a critical step for neuronal vulnerability in the ventrolateral substantia nigra. Mediated by enzymes, such as MAO-A MAO-B, catechol-O-methyltransferase (COMT), and aldehyde dehydrogenase (ALDH), dopamine metabolism involves the production of highly reactive species that promotes lipoperoxidation, OS, and contributes to mitochondrial dysfunction. In addition, dopamine is susceptible to auto-oxidization at neutral pH, which is not possible due to its reduced accumulation into the acidic environment of the synaptic vesicles, which may represent another factor for neuronal vulnerability [5, 20, 85, 89]. Dopaminergic neurons with low dopamine transporter activity in the cell membrane are less aware of neurotoxins or dopamine-induced OS and, in turn, are less affected in PD. Despite the lack of at which stage of neuronal death, neurons are most affected by OS or neurotoxins, there is a current consensus that OS plays a central role in NDs pathogenesis, and is present in brains under neurodegenerative process, as a consequence of mitochondrial impairment. Regarding PD, nigral dopaminergic neurons have been suggested as particularly vulnerable to the OS and brain metabolism due to their long unmyelinated axons, with wide-distributed synapses that result in high energy demand. Taken together, mitochondrial dysfunction and OS could lead to a significant reduction in lysosomes and a consequent impairment in the lysosomal autophagy system, leading to disturbance in the clearance process of neurotoxins, digestion of misfolding proteins, their fragments, and aggregates, as well as damaged mitochondria and other cells affected by neuroinflammation and apoptosis [12, 47, 99, 100]. There are important review papers in the literature that highlight neuroinflammation, with T cell infiltration and microglia activation as a central and common pathophysiological aspect of NDs, especially for AD and PD [12, 49, 100]. In fact, in vivo studies have revealed the participation of the immune system in PD pathogenesis, once high levels of glial cells activation are evidenced in substantia nigra and striatum in the midbrain of PD patients, resulting in overproduction of pro-inflammatory mediators such as tumor necrosis factor-alpha (TNF-α), interleukin-1β (IL-1β), and interferon-gamma (IFN-γ) [12, 47, 78, 101]. Furthermore, experimental data evidence that microglia tend to accumulate around Lewy bodies widespread in PD brains, and that overproduced mutant or misfolding α-synuclein reinforces glial activation. Under this continuous damage signaling, a continuous release of inflammatory mediators has supported that neurotoxicity induced by excessive or misfolded protein may be, at least in part, caused by microglia-mediated inflammatory responses [20, 47, 78, 82, 85, 98, 102]. On the order hand, during the PD progress, adenosine triphosphate (ATP) and metalloproteinase-3 (MMP-3) are released by damaged dopaminergic neurons and enhance microglial activation, contributing to the amplification of the inflammatory response, establishing a vicious cycle for neurodegeneration. Under these pathological conditions, ATP released by damaged neurons and activated astrocytes could act as a neurotransmitter and controls the migration of microglia to injured tissue, despite binding to P2Y receptors mainly expressed in microglia, and inducing overproduction of nitric oxide (NO) and cytokines [85]. According to several literature data and many authors worldwide, our current opinion is that NDs pathogenesis is a result of a combined and interconnected set of multiple factors affecting neurons from specific brain regions and that especially in PD, neurons in substantia nigra are mostly affected by a combination of all these alterations related to mitochondrial dysfunction, OS, protein misfolding, impairment in the ubiquitin and chaperone systems. This multitude of biochemical and other forms of subcellular dysfunctions make clear the complex multifactorial underlying the progression of PD (and AD) and the consequent challenge for a co-




        mplete unveiling of its pathophysiology and how difficult should be the discovery of novel, innovative, and efficient disease-modifying drugs.


      




      

        Amyotrophic Lateral Sclerosis (ALS)




        Amyotrophic lateral sclerosis is another group of rare, progressive, incurable, and fatal late-onset ND, related to the degeneration of motor neurons, which are responsible for controlling voluntary muscle movements. Epidemiological data indicate that approximately 90-95% are sporadic cases, affecting 2.7 per 100,000 people, whereas 5-10% of the cases are familial-type ALS (FALS), which are associated with a genetically dominant inheritance factor. Besides aging, current data have shown that ALS has a gender-related prevalence, with men being 1.5-fold more susceptible than women, with the 60s being an average peak age for the sporadic disease type and the 50s for the familiar variant [21, 103]. Usually, the first symptoms manifest around the age of 50-the 60s and include muscle weakness, twitching, and cramping, which eventually lead to muscle impairment and, over time, individuals also develop dyspnea and dysphagia. ALS is characterized by a progressive loss of the upper and lower motor neurons at the spinal or bulbar level [20, 105, 106]. As a result, motor neurodegeneration leads to a progressive impairment in the connection between CNS and muscles, once the neuronal motor system is responsible for the signal transmissions from brain motor neurons to motor neurons in the spinal cord and to motor nuclei of the brain, as well as from the spinal cord and motor nuclei of the brain to muscles [5, 6, 21, 103, 104]. Over time, all muscles are affected, and individuals lose routine abilities such as speaking, eating, moving, and even breathing. Usually, after 3 to 5 years from the disease onset, patients evolve to death by respiratory failure [21, 103, 104]. To date, the etiology of ALS remains unclear, but it is well established that exposure to pesticides, insecticides, herbicides, fertilizers, and other chemicals and toxins, as well as heavy metals, and cigarette fume, play a central role in neurotoxicity related to OS and inflammation associated to ALS. In addition, experimental data support that mutation in the gene encoding copper/zinc superoxide dismutase (Cu/Zn-SOD) could be the primary cause of ALS pathogenesis since misfolded and unstable mutant SOD tend to aggregate and form protein deposits widespread in motor neurons in CNS. On the other hand, one of the most important current hypotheses for ALS pathogenesis, as seen for AD and PD, points out glutamate excitotoxicity, mitochondrial dysfunction, impaired axonal transport, and OS act as key factors in the disease progress and severity [5, 6, 91, 92, 103, 105]. In fact, under physiological conditions, glutamate is transported from presynaptic terminals to synaptic vesicles by specific vesicular transporters. Once released in the synaptic cleft, it activates postsynaptic receptors and then is readily removed by several glial and neuronal cell transporter proteins. This continuous process of release and uptake of glutamate is responsible for balancing the concentration gradient and avoiding its excessive presence in the neuronal environment and the consequent excitotoxicity. Conversely, reduced astroglial glutamate transporter is observed in neuronal tissue with ALS, allowing an increased concentration of glutamate in the synaptic cleft and, in turn, excitotoxicity and neurodegeneration [103]. Moreover, excessive glutamate into the synaptic cleft induces an excessive influx of Ca2+ and overactivation of glutamate receptors such as α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) and N-methyl-D-aspartate (NMDA), which are involved in the control of membrane permeability of mitochondria, also affecting the release of cytochrome C into the cytosol, overproduction of radical species and disturbance in energy production [12, 103].


      




      

        Huntington’s Disease (HD)




        Huntington’s disease is another progressive and incurable ND. Despite being a rare type of dementia, it is the most common monogenic ND in developed countries, with a typical onset between the age of 30-50 and rapid, irreversible, and fatal evolution in 10–15 years [49, 106-108]. Epidemiological studies reveal that HD is endemic to all populations, but due to its strong genetic-related pathogeny, its prevalence is higher among individuals of European ancestry. In fact, in British Columbia and Canada, HD affects 17 per 100,000 people on average, showing to be much more common among individuals of European descent. The ethnically diverse remainder of the population responds for an average of 2 cases per 100,000 citizens, which reinforces that prevalence differences should be ancestry-specific [49, 106, 107, 109]. In this context, it seems undoubted that historically migration process is a major contributor to HD prevalence, and recurrent mutations arising from alleles of intermediate repeat length in the general population also account for an ethnical-dependent prevalence [106, 110-112]. This autosomal-dominant neuropathology is associated with a single defective gene on chromosome 4, that encodes huntingtin protein (HTT). Under such mutation conditions, HTT is produced with abnormally long polyglutamine (poly Q) stretch at the N-terminus, which confers structural instability and predisposition for fragmentation and toxicity, leading to neuronal dysfunction and apoptosis [49, 106]. As a result, neurodegeneration in HD leads to a characteristic triad of motor, cognitive and psychiatric features. Regarding neuronal vulnerability, medium spiny neurons of the striatum are particularly vulnerable to mutant HTT-induced injury, even if HD is recognized as a whole-brain disease. HTT is expressed throughout the body but depending on the cell type, its levels can differ in the nucleus or cytosol as well. To date, despite a lack of a complete comprehension of its physiological functions, it seems to have a consensus that HTT plays a pivotal role in the development of the nervous system, as well as a regulatory influence on the production and transport of brain-derived neurotrophic factor (BDNF) and its activity in cell adhesion. As stated above, structural instability and fragmentation of HTT is a key early step in the HD pathophysiology, and several experimental pieces of evidence point out that the concentration of HTT fragments may vary in the cells, and that its higher levels in neurons than in glial cells is likely to contribute to the neurodegeneration [44, 107, 113]. It is important to note that, regardless of the selective neuronal vulnerability and type of aberrant protein aggregation and deposition in specific brain regions, like other NDs, HD shares complex multifactorial-based pathogenesis, characterized by several concomitants and interconnected protein-related biochemical events. Similar to what was shown previously for Aβ and Tau in AD, as well as for α-synuclein and SOD, in PD and ALS, respectively, once aberrant HTT is formed in HD, a cascade of multiple biochemical and cellular-derived changes begin to take place, including microglial activation, OS, synaptic dysfunction, activation of the immune system, mitochondrial impairment, and neuroinflammation [49, 106, 107].




        Bearing in mind the multitude of interconnected biochemical pathways, and molecular and cellular targets that constitute the multifactorial hallmarks of NDs, medicinal chemists have changed the way of thinking about the rational design from the reductionist paradigm to the multi-target directed ligands (MTDLs) approach searching for novel drug candidates capable to exhibit their pharmacological effects in a multifunctional fashion. In this context, we dedicate the next section of this chapter to showing how molecular hybridization (MH) has been exploited during the last decade as a key tool in drug discovery, especially focused on the challenge of searching for innovative MTDLs as against the most high-impact NDs.


      


    




    

      MOLECULAR HYBRIDS AND CHEMICAL DIVERSITY OF MULTIFUNCTIONAL LIGANDS RATIONALLY DESIGNED AS NEW DRUG CANDIDATES FOR NDs




      Considering the role of monoaminoxidase enzymes in the pathogenesis of AD, Sang and co-workers designed and synthesized a series of 2-acetyl-5-O-(amino-alkyl) phenol derivatives, based on the structures of the bioactive prototypes 2 and 3 (Fig. 1), as multifunctional AChE and MAOs inhibitors. Biological results highlighted compound 1 as a selective AChEI (AChE, IC50= 0.69 µM) with a selective index (SI) of 32.7 concerning BuChE. In silico and kinetic studies suggested that 1 could simultaneously bind to the CAS and PAS of AChE. Compound 1 was also capable of selectively inhibiting MAO-B (IC50= 6.8 µM), exhibiting neuroprotective and antioxidant properties (Oxygen radical absorbance capacity - ORAC= 1.5 eq), as well as a selective metal-chelating ability, with adequate in vitro blood-brain barrier (BBB) permeability [114].
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Fig. (1))


      Design of the new 2-acetyl-5-O-(amino-alkyl)phenol scaffold by MH of compounds 2 and 3, represented by the multipotent derivative 1. Adapted from ref [6].



      Nencini and co-workers designed two new hybrid skeletons A and B, rationally planned based on the structure of compounds 4 and 5, respectively (Fig. 2), aiming to explore the modulation of nicotine ACh receptors (nAChRs) in the pathobiology of AD. Both compounds have been previously identified as agonists of α1, α3, and α7 nicotine receptor subtypes (IC50= 15.1, 7.3, and 0.07 µM, respectively) and of serotonin receptor subtype 5HT3 (IC50 >30 µM). However, despite the high potency of compound 4 towards nAChRs, it has no selectivity. Conversely, compound 5 showed good selectivity but lacked potency (IC50= 0.9 µM for α7 and IC50 >30 µM for both α1 and α3). To optimize their selectivity and potency for α7 nAChRs and based on previous SAR and predicted drug-like properties, these two molecules were additionally studied by molecular docking, leading to a novel series of sixteen hybrid molecules designed by a combination of optimal features of the urea-derivative 4 and the pyrazole analogue 5. Biological data evidenced that compound 6 (Fig. 2) was selective and the most potent α7 nAChR agonist (IC50= 0.22 μM), with IC50 values for α1 and α3 nAChR, and 5HT3 receptor greater than 30 μM [115].




      In another approach, Elmabruk and co-workers proposed the synthesis of new molecular hybrids, represented by compounds 7 and 8 (Fig. 3), which were rationally designed by MH of the pharmacophore subunits from prototypes 9, 10, and 11, as potentially useful MTDLs towards PD. The rationale for the selection of the parent prototypes took into account that compound P7C3A20 (9) has been described as a potent antioxidant, due to the presence of the aminopropyl carbazole subunit, whereas compound 5-OH-DPAT (10) has shown in vivo effective activity in PD models, and compound D-512 (11) showed to be a potent D2/D3 receptor agonist. In vitro pharmacological screening led to the identification of hybrids 7 and 8 as the best D2/D3 agonists, with compound 8 showing the higher potency (EC50= 0.87 and 0.23 nM for D2R and D3R subtypes, respectively). Conversely, compound 7 was less potent (EC50= 48.7 and 0.96 nM, for D2R and D3R subtypes, respectively), but around 51-fold more selective for D3R. In the 6-OHDA-induced neurotoxicity model of PD, compound 8 significantly prevents neurotoxicity at 5 and 10 µM, and both 7 and 8 showed relevant neuroprotective effects (IC50= 172.9 µM), after 30 days of treatment of cells exposed to α-synuclein [116].
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Fig. (2))


      Design strategy for the multipotent hybrid compounds 4 and 5, and the optimized selective α7 nAChR agonist 6. Adapted from ref [6].
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Fig. (3))


      MH of the parent compounds 9, 10, and 11 in the design of the hybrids 7 and 8 with remarkable D2/D3 agonist and neuroprotective activities. Adapted from ref [6].



      Considering scientific evidence highlighting the endocannabinoid system (ECS) as an interesting molecular target on AD pathophysiology, Rizzo and co-workers rationalized several ligands reported in the literature that could be capable to modulate CB1 receptors along with inhibition of AChE and Aβ-aggregation leading to potential innovative multifunctional ligands of therapeutical interest. Thus, they considered the structures of the CB1 antagonist LY320135 12a and its homologue SKF 12, with anti-Aβ aggregating properties, both with a common 2-arylbenzofuran system. This structural fragment was identified in their earlier studies as an important pharmacophore for anti-amyloid and neuroprotective effects, and suitable for MH with AChE inhibitory long-chain N-methyl benzyl-methylene moiety 13 [117]. As a result, a series of 2-arylbenzofuran-based hybrid compounds were rationally designed as multi-potent disease-modifying agents (Fig. 4), leading to the identification of the regioisomers 14a and 14b as the most promising AChE and BuChE inhibitors, with a paramount influence of the position of the O-methylene-amine substituent for modulation of potency and selectivity. Compound 14a, the para-substituted isomer showed inhibition of 47% in the formation of Aβ-fibrils and an antagonist effect on CB1 receptor (EC50= 0.79 µM), but with a low ability for discriminating human AChE and BuChE (IC50= 40.7 and 38.1 µM, respectively). Conversely, the meta-isomer 14b exhibited a significant increase in potency and selectivity towards ChE inhibition, showing a 10-fold higher selectivity for AChE, with IC50 values of 0.24 and 2.88 µM for AChE and BuChE, respectively. However, despite the increased effect on cholinesterase inhibition, the meta-isomer lost the CB1 antagonism and showed only 35% in the inhibition of Aβ-fibrils [117].
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Fig. (4))


      MH of pharmacophore subunits of compounds SKF-64346 (12), LY320135 12a, and 2-arylbenzofuran derivatives 13 in the design of the multipotent compounds 14a-b. Adapted from ref [6].



      Benzofuran nucleus was also exploited by Nadri and co-workers in the design of a series of oxobenzofuranylidene pyridinium derivatives, drawn as new hybrid AChEIs and based on the structure of benzofuran analogues 15 and donepezil 16. Compound 17 (Fig. 5) was identified as the lead compound among all seventeen




      other analogues in the series, showing the best AChE inhibitory activity with an IC50 value of 10 nM [118].
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Fig. (5))


      Design oxobenzofuranylidene pyridinium derivatives, as new series of hybrid AChEIs based on the structure of benzofuran analogues 15 and donepezil 16 and the most active lead-compound 17.



      Riluzole 18 (Fig. 6) is a benzothiazole derivative recently approved for the treatment of ALS, exhibiting multiple profiles of action as neuroprotective, anticonvulsant, anxiolytic, and anti-ischemic. On the other hand, substituted benzamides represented by the basic framework 19 (Fig. 6) have been described for their neuroprotective agents, with strong evidence of their multi-target mechanism of action, related to the modulation of excitotoxicity by inhibition of glutamate release and its postsynaptic effects by noncompetitive blockade of N-methyl-D-aspartate (NMDA) receptor [119]. In addition, these types of benzamides have also been reported for their ability to potentiate the function of postsynaptic GABAA-receptor and affect voltage-dependent Na+ channels. Based on these findings, Calabro and co-workers investigated structural modifications on the benzothiazole scaffold of 18 by combination with the benzamide fragment from 19, aiming to improve their pharmacological profile. The rationale behind this approach was supported by the fact that excitotoxicity and damage in motor neurons is one of the main hallmarks of ALS, and that riluzole-based structural pattern could be conserved or modified by a bioisosteric exchange of thiazole ring by an oxazole system, coupled to benzamide functionality to generate novel chemical entities with improved additional voltage-dependent ion channels blockade and neuroprotective activities. As a result, a series of synthetic hybrid riluzole-amide (20) and riluzole-urea (21) derivatives were obtained and evaluated for their abilities to reduce voltage-dependent Na+ current in primary cultures of cerebellar and cortical neurons, as well as their effects on GABA and NMDA receptors. Compounds 20a and 20b (Fig. 6) were identified as the most active in both series, decreasing by 97% and 98% the voltage-dependent Na+ current in both neuronal cultures. However, no significant affinities at GABA and NMDA receptors were evidenced, suggesting that these two compounds could be further investigated only as good potential single-target blockers of voltage-dependent sodium channels [120].
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Fig. (6))


      Benzoxazole and benzothiazole riluzole-based hybrid derivatives 20a, 20b, and 21 were designed as voltage-dependent Na+ channels blockers and GABA and NMDA receptor antagonists. Adapted from ref [6].



      During the last few years, cannabidiol (CBD, 22, Fig. 7) has been exhaustively investigated for its potential therapeutic benefits for many CNS-related illnesses, including NDs, due to its anti-inflammatory, neuroprotective and antioxidant properties, in addition to its effects on the endocannabinoid system (ECS). Thus, considering the multi-target effects evidenced for CBD and the many experimental data evidencing its safety, it has called the attention of scientists worldwide and has been explored as starting material and molecular prototype in the development of novel multifunctional candidates against NDs. As an example, Breuer and co-workers investigated the neuroprotective properties of 4-fluoro-cannabidiol 23 and 10-fluoro-CBD diacetate (24, Fig. 7), and assessed the SAR contribution of the structural modification of CDB by insertion of a fluorine atom as a substituent in different positions of its structure. The pharmacological evaluation highlighted compound 23 with a considerably higher potency as an anxiolytic, antidepressant, antipsychotic, and anticonvulsant than CBD in many behavioral assays. In addition, biological data suggest that the anti-compulsive effects of 23, similarly to CBD, depend on cannabinoid receptors [121].
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Fig. (7))


      Chemical structures of cannabidiol (CBD, 22) and its fluorinated derivatives 23 and 24 with remarkable properties on CNS. Adapted from ref [16].



      Recently, Perez and co-workers re-investigated compound 23 for its neuroprotective activity in motor and sensory neurons from neonatal rats. Biological data evidenced a significant neuroprotective effect of 23 at 2.5 and 5 mg/kg, leading to an increase of 42% in neuronal survival, and 3- and 6-fold higher neuroprotective effects in comparison to CBD. Moreover, it was observed an 80% of downregulation in peroxisome-proliferator activated receptor γ (PPARγ), which is a broad bioreceptor involved in the anti-inflammatory response, besides complete depletion of expression gene p53 that is an OS modulator and implicated in apoptotic events. These findings suggest that, at least in part, the higher neuronal survival could be due to the modulation of anti-apoptotic pathways and reinforces CBD analogues as interesting candidates for neuroprotection in NDs [84].




      Structural modifications on CBD were also explored by Kinney and co-workers to obtain a new series of resorcinol-like analogues with improved pharmacokinetic (PK) properties. A biological evaluation of twelve CBD derivatives regarding their neuroprotective effects on hippocampal neurons subjected to induced oxidative stress (OS) highlighted compounds 25a-c (Fig. 8) for their significant neuroprotective activities. Despite compound 25c has shown the best cell viability, acylazetidine analogue 25b exhibited the best nanomolar potency in the prevention of OS-induced neuronal damage, with EC50 values ranging from 4 to 8 nM, followed by the ethoxylformyl-azetidine analogue 25c (EC50= 0.02-0.11µM) and the triazole derivative 25a (EC50= 1-5 µM), with slight toxic effects only above 100 µM [122]. Due to its promising therapeutical relevance, with higher potency, safety, aqueous solubility, and permeability than CBD, compound 25b was selected for further investigation on different cellular models for neuroprotection, confirming its strong effect on cell viability in hippocampal neurons, showing a 31-fold higher potency and 5-fold less toxicity than CBD. The mechanism of action underlying neuroprotection of 25b seems to involve mitochondrial Na+/Ca2+ exchanger-1 (mNCX-1) since intracellular Ca2+ plays an important role in OS [123, 124].
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Fig. (8))


      Chemical structures CDB-analogues 25a-c with enhanced neuroprotective, toxicity, and physical-chemistry properties. Adapted from ref [16].



      (-)-Dimethylheptyl-cannabidiol (DMH-CBD, 26, Fig. 9), a non-psychoactive synthetic CBD analogue, has been investigated for its potential therapeutic properties against NDs, including anti-inflammatory effect. Studies on microglial cells of BV-2 mice stimulated by LPS and treated with compound 26 (10 µM) evidenced a pronounced dose-dependent reduction in the expression of pro-inflammatory genes related to cytokine production, including IL-1β (88%), IL-6 (82%), and TNFα (48%). In addition, at the same concentration, 26 led to the upregulation of several genes related to OS and glutathione (GSH) reductase homeostasis, including tribbles homologue 3 (Trb3), hemeoxygenase 1 (Hmox1), and solute carrier family 7, member 11 [cystine/glutamate transporter subunit (Slc7a11/xCT) in 10-fold, 4-fold and 5.4-fold, respectively, suggesting its ability for the activation of redox defense system and reduction of induced neuronal oxidative damage. Moreover, in previous studies, the same group reported that CBD inhibited the in vitro MOG-induced proliferation of MOG35–55-reactive T cells (TMOG), which is an experimental model of autoimmune encephalomyelitis (EAE), commonly used as mimics of multiple sclerosis (MS). These findings evidenced that CBD was also able to ameliorate the severity of EAE in myelin oligodendrocyte glycoprotein 35–55 (MOG35–55)-immunized mice and attenuate microglial activation and T-cell recruitment and markedly reduced their Th17 inflammatory phenotype [125-127]. Based on the same experimental protocol, compound 26 exhibited a similar inhibitory effect on TMOG assay at various doses (0.1–10 μM) and, overall, these biological data suggest that this CBD-analogue may assist neuroprotection and respond in a modulatory manner to oxidative and inflammatory signaling [128].
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Fig. (9))


      Chemical structure of CDB-analogue 26 with effective antioxidant, neuroprotective and anti-inflammatory effects. Adapted from ref [16].



      

        

      




      An innovative series of CBD-based aminoquinone derivatives was designed by Appendino and co-workers aiming to evaluate their potential development as drug candidates for NDs. Biological data revealed ligands 27a-d (Fig. 10) as the best compounds from the series for controlling the expression of genes related to neuroinflammation and neurotoxicity. These compounds were assessed for their agonist activity on PPARs, which are involved in the control of homeostasis in lipid and glucose metabolism and inflammation, showing significant effects, especially for analogues 27a-d. However, literature data report that long-term use of CBD-quinone structural analogues could enhance cytotoxicity due to their electrophilic nature and the possibility of alkylation of crucial cellular proteins and/or DNA and, in turn, the risk of adverse side effects. On the other hand, quinones are well-known highly redox-active molecules and may be responsible for increased ROS formation and OS, despite some quinone-based drugs having been approved for clinical use [129, 130]. In addition, the MTT test in human oligodendrocyte cells (MO3.13) showed that compounds 27a-d exhibited cell viability of 80-100% at 25 µM, suggesting their cellular safety. Face to these promising results, these quinone derivatives were evaluated for their activity on PPARs, highlighting compound 27a that showed a high agonistic effect on PPARγ [131]. To better characterization of the pharmacological profile and the therapeutic potential against inflammatory-related chronic illnesses, such as NDs, new studies were conducted with the CBD-quinone prototype 27a, also known as VCE-004.8. Molecular docking results suggested that 27a could bind to the active PPAR site and washes away at different conformational effects. In fact, in vitro data confirmed the in silico evidence, showing that compound 27a binds to PPARγ (IC50= 1,7 μM) and CB2 (Ki= 170 nM). Furthermore, the MTT assay showed that 27a did not significantly affect the viability of cells NIH-3T3 [131, 132]. Compound 27a has also been studied by Navarrete and co-workers for its potential effects to combat multiple sclerosis (MS), with a central goal to confirm its anti-inflammatory property. It was suggested that the compound could modulate the hypoxia-inducible factor (HIF) pathway, and the transcriptional activity of the EPO (erythropoietin) gene, which is regulated by HIF-1α and HIF-2α, was evaluated. It demonstrated the strong neuroprotective effect of 27a by activation of the HIF pathway in a concentration-dependent manner (0,1-10 µM) through EPO gene expression in mRNA qt-PCR and MO3.13 cells. In vitro assay with primary cell cultures of microglia pre-incubated with 28 and stimulated or not by LPS showed its ability to strongly inhibit COX-2, confirming its anti-inflammatory properties. Additionally, compound 27a inhibits hydroxylation of HIF-1α, showing to be a powerful ion chelator and a partial PPAR agonist, with a positive regulation of ARg-1, which can counteract the pro-inflammatory effects of iNOS. Therefore, its anti-inflammatory activity is mediated by PPARγ and CB2 receptors, in addition to favoring neuroprotective activity through the induction of VEGF and EPO genes [133].




      
[image: ]


Fig. (10))


      Chemical structures of CBD-based aminoquinone derivatives 27a-d, with agonist effects on PPARs and strong neuroprotective and anti-inflammatory properties without significant cytotoxicity. Adapted from ref [16].



      

        

      




      In 2017, Wang and co-workers reported a novel series of cinnamamide-dibenzylamine hybrids, with potential therapeutic use for AD treatment. The structural design was based on the combination of the N, N-dibenzyl-(N-methyl)-amine pharmacophore from AP2238 (28) and the catechol-cinnamamide subunit 29, to furnish a new chemical scaffold, represented by compound 30 (Fig. 11), aiming to discover new single-molecule with dual properties as inhibitors of cholinesterase and Aβ self-induced aggregation. The selection of these two molecular patterns was supported by earlier reports that compound 28 has shown dual-mode inhibition of AChE by interaction with both CAS and PAS and that cinnamamide derivative 29 has been identified as a self-induced Aβ aggregation inhibitor. The pharmacological evaluation led to compound 30 with the best results for inhibition of AChE (IC50= 4.64 μM) and BuChE (IC50= 9.72 μM), Aβ1–42 self-induced aggregation (56.2% at 20 μM) and metal-chelating properties, without significant cytotoxicity against PC12 cells [134].




      
[image: ]


Fig. (11))


      Design strategy and chemical structure of compound 30, a potent multifunctional cinnamamide-dibenzylamine hybrid. Adapted from ref [6].



      In a more recent approach, metal-protein attenuation compounds (MPACs) have been reported as interesting drug prototypes for AD treatment due to their ability to disrupt the interaction between biometals (e.g., Zn2+, Fe2+, Fe3+, and Cu2+) and Aβ peptide in the brain [135]. Successful trials with clioquinol (31, (Fig. 12) for AD treatment have aroused interest in assessing whether its therapeutic action could be related to the coordination of neurotoxic trace metals. One hypothesis is that coordination of Zn2+ and its displacement from low-affinity binding sites of the Aβ protein in the brain would result in the clearance of Aβ oligomers and tangles. On the other hand, concomitant Cu2+ complexation would lead to a net decrease in the neurotoxic production of H2O2 [136]. In 2019, Hu and co-authors reported the synthesis and pharmacological evaluation of a new series of clioquinol-rolipram hybrids (33, Fig. 11) as promising MTDLs for AD treatment. The rational design was based on the combination of the structure of 31 with the ortho-dietheraryl subunit from rolipram (32), a well-known phosphodiesterase-4 (PDE4) inhibitor, reported for its ability to enhance memory performance and contextual learning. Compound 33a was identified as the best PDE4D inhibitor (IC50= 0.4 μM) with 0.60 ORAC activity, comparable to clioquinol, and an additional good cellular permeability (12.9 x 10-6 cm/s) in the parallel artificial membrane permeability (PAMPA) assay. Furthermore, 33a showed a dose-dependent protective effect against t-BuOOH-induced intracellular OS and enhanced memory capacity and cognitive functions in animal models, without significant cytotoxicity [137].
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Fig. (12))


      Molecular hybridization between clioquinol (31) and rolipram (32) in the design of a new series of hybrids 33 and compound 33a with the best multifunctional properties. Adapted from ref [6].



      Considering that the imbalance in radical species generated by impaired brain metabolism decisively contributes to OS, cellular damage, and inflammation related to ND’s pathogenesis, PDEs have been considered promising molecular targets for the design of novel disease-modifying neuroactive drugs. PDEs are members of a superfamily of enzymes responsible for hydrolyzing phosphodiester bonds in 3’,5’-cyclic adenosine monophosphate (cAMP) and 3’,5’-cyclic guanosine monophosphate (cGMP), two intracellular second messengers that play capital roles in various extracellular signals and biological processes. With this information in mind, Song and co-workers also considered the inhibition of PDE4 as a suitable target to modulate the neuroinflammation associated with AD pathogenesis. Moreover, the authors looked at the importance of modulating biometals to counteract OS and improve neuroprotection for a rational design of a novel series of clioquinol-roflumilast/rolipram hybrids (35, Fig. 13). As a result, molecular hybridization of bioactive structural fragments of all three prototypes 31, 32, and roflumilast (34) led to the discovery of compounds 35a, and 35b as the most promising multifunctional hybrids among the target series, with high BBB permeability and potent inhibitory activity of PDE4 with IC50 values of 0.49 and 0.40 µM, respectively. In addition, in vivo Morris Water Maze test evidenced their significant effect on the improvement of cognitive memory, particularly for analogue 35b which showed better behavioral performance, probably due to its higher ability to protect against Aβ-induced neuronal damage [138].
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Fig. (13))


      New clioquinol-roflumilast/rolipram hybrids 35 designed as multi-target ligands for AD and structures of compounds 35a and 35b as the most active PDE4 inhibitors with memory-improving properties. Adapted from ref [6].



      A series of chromone derivatives 38 was designed by Li and co-workers using clioquinol (31), chromone (36), and (E)-N1, N1-dimethyl-N-4-(pyridine-2-ylmethylene)benzene-1,4-diamine (37, Fig. 14). Compound 37 was elected as an interesting bioactive model due to its ability to modulate in vitro Aβ aggregation, ROS production, and neurotoxicity. as suitable structural models for MH. To search for new ligands with potential effects against AD, a family of seven molecular hybrids was screened for MAO inhibition, metal-chelating ability and Aβ-lowering, and antioxidant activities. Compound 38a was highlighted due to its better multifunctional profile, inhibiting both MAO isoforms with IC50 values of 5.12 and 0.816 µM for hMAO-A and hMAO-B, respectively, along with a moderate inhibition of Aβ aggregation (75.1% at 20 µM) and Cu+2, Zn+2, Fe+3, and Fe+2-chelating ability. In addition, 38a was also able to control ROS generati-




      on showed a strong antioxidant activity (ORAC= 3.62), and reduced PC12 cell death induced by OS, with adequate BBB permeability [139].
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Fig. (14))


      Design of a new chromone derivative 38a with antioxidant, metal-chelating, and selective inhibition of AChE, and MAOs properties. Adapted from ref [6].



      Focusing on MAO-B inhibition as a strategy to discover new disease-modifying agents for AD, Xie and co-workers used MH of the pharmacophores of selegiline (Fig. 15) and 31 for the design of a new selegiline-clioquinol hybrid scaffold 40 with potential multifunctional properties (Fig. 14). The choice of 39 as a structural model was based on its activity as an irreversible and selective inhibitor of MAO-B, which acts as a neuroprotective agent in cellular and animal models of AD. Biological results pointed out compound 40 as the best selective MAO-B inhibitor (IC50= 0.21 μM), with additional strong antioxidant activity (ORAC= 4.20) and biometal chelating ability, which effectively inhibited Cu2+-induced Aβ1–42 aggregation [140].
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Fig. (15))


      Design strategy and chemical structures for the most potent selegiline-clioquinol hybrids 40. Adapted from ref [6].



      The coumarin (41, Fig. 16) is a natural product isolated for the first time from Coumarouna odorata Aube, an original French plant. This compound has been used for 200 years in traditional medicine preparations for many different diseases. Nowadays, it is well-known that this coumarin is an abundant secondary metabolite in several natural sources and is responsible for a wide range of biological properties [141]. Its chemical structure is characterized by a 1,2-benzopyrone-oxa-heterocycle system and, alongside different natural and synthetic derivatives, has been reported in the literature by their MAO and ChE inhibitory activities, with some of them exhibiting a multi-target profile [142]. Coumarin is considered a privileged ring system and is commonly found as a structural fragment in a variety of AChEIs, such as hymecromone (42a), umbelliferone (42b), and ensaculin (43), which are capable to interact with PAS of AChE. Based on these findings, and considering that the amine functional group is also necessary for recognizing interactions with CAS of AChE, as elicited by donepezil, the scaffold 42 was explored as a structural model in the design of a novel umbelliferone-benzylamine hybrids 44 (Fig. 16), using a triazole ring as linker subunit. Thus, varying the nature of substituents in the benzyl system, a series of benzyl-triazole-umbelliferone hybrids was synthesized and evaluated for their activities on AChE and BuChE, as well as neuroprotection against H2O2-induced cell death in PC12 neurons. Compound 42a (Fig. 16), bearing 3-methoxy substituent on benzyl moiety was identified as the best AChE inhibitor (IC50= 3.4 µM, with a 3-fold higher selectivity towards BuChE (IC50= 1.1 μM). Neuroprotective evaluation against H2O2-induced damage in neuronal cells disclosed 44a as the most promising derivative with 72.5, 76.4, and 83.3% of cell viability when tested at the concentrations of 1, 10, and 100 µM, respectively, in comparison to quercetin used as a reference drug (90.8% of cell viability at 10 µM). These results are suggestive that coumarin-based ligands may be further investigated for the development of new neuroprotective ChE inhibitors to combat AD [143].




      
[image: ]


Fig. (16))


      Structure of representative coumarins 42 and 43 and structural design of a series of multifunctional hybrids 44, with compound 44a as the most active. Adapted from ref [6].



      Based on these previous data, Jiang and co-authors developed another series of coumarin-based dithiocarbamate hybrids 46 (Fig. 17) as potential multifunctional agents for AD treatment. Biological results evidenced their potent and selective inhibition of AChE, also inhibiting self-induced Aβ aggregation. Compound 46a showed the highest ability for hAChE inhibition (IC50= 0.027 µM), with a 1.5-fold higher inhibitory potency than donepezil, and good inhibition of Aβ aggregation (40.19% at 25 µM). In addition, it also expressed specific metal-chelating ability for Fe3+, without significant toxicity in mice. For these promising results, the authors highlighted compound 46a as the first reported dithiocarbamate derivative with a multi-target profile of action related to the management of AD [144].
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Fig. (17))


      MH between the coumarin 42b and dithiocarbamate 45 in the rational design of novel coumarin-dithiocarbamate hybrids 46 with multipotent activities. Adapted from ref [6].



      Another series of new coumarin-dithiocarbamate hybrids 47 (Fig. 18) was designed and synthesized by He and co-authors as multitarget agents against AD. Pharmacological data revealed compound 47a as the best-balanced multipotent hybrid, with high potency in the inhibition of AChE (IC50= 6.8 and 8.9 nM for eeAChE and hAChE, respectively). In addition, 47b exhibited a strong inhibitory activity of hMAO-B, and a good balanced dual inhibitory activity of both hAChE and hMAO-B with IC50= 0.114 μM for hAChE and 0.101 μM for hMAO-B. Due to these promising multitarget profile of action, compound 47b was further evaluated and showed adequate BBB permeability, as well as no significant toxicity towards human neuroblastoma cells, acute toxicity, and neuroprotective effects in scopolamine-induced cognitive impairment in mice. These results highlighted 47b as a potential multitarget agent for development to combat AD, which was considered as a starting point for the design of new multitarget AChE/MAO-B inhibitors based on a dithiocarbamate scaffold [145].




      The coumarin motif was also explored by Vafadarnejad and co-authors in the envisage of a novel series of coumarin-pyridinium hybrids 49 obtained by the fusion of pharmacophoric subunits of Ensaculin (43) and 1-(4-fluorobenzyl)-pyridinium-(±)-XJP (48, Fig. 19) capable to act as selective AChE inhibitors. Biological results highlighted compound 49a as the best AChE inhibitory activity (IC50= 10.14 µM), whereas compounds 49b and 49c depicted the best potency in the inhibition of BuChE with IC50 values of 0.32 and 0.43 mM, respectively. Moreover, compound 49b exhibited the best selectivity for BuChE with a selective index (SI) of 101.2. Compounds 49a and 49b were also evaluated for β-secretase (BACE-1) inhibition, but both showed only poor activities [146].
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Fig. (18))


      Design strategy for the new coumarin-dithiocarbamate hybrids 47a-b with multi-target properties. Adapted from ref [6].
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Fig. (19))


      Design strategy for the series of coumarin-pyridinium hybrids (49) using ensaculin (43) and 1-(4-fluorobenzyl)-pyridinium-(±)-XJP (48) as structural prototypes. Adapted from ref [6].



      Lipoic acid (50, Fig. 20), which is a known natural product with therapeutic potential as a direct scavenger of ROS, and 3-phenylcoumarin derivative AP2469 (51) that has been reported to show numerous valuable biological activities, especially for NDs, inspired Baleh and co-workers in the draw of two new hybrid scaffolds represented by compounds 52a and 52b (Fig. 20). The pharmacophore fragments from each structural pattern 50 and 51 were connected by application of click reaction to construct a 1,2,3-triazole tether, leading to a series of lipoic acid-coumarin hybrids 52 with a multitarget profile of action. Among several hybrid analogues, varying the length of the spacer subunit and the substituents on the coumarin system, only compounds with four methylene units in the oxymethylene-triazole spacer showed significant inhibitory activity on AChE. Compounds 52a and 52b showed the highest inhibitory activities for AChE, with 52b exhibiting in vitro and in vivo multiple desirable effects, consistent with the intended MTDLs profile. This compound was the most potent AChEI (IC50= 7.3 µM) and displayed the highest antioxidant activity in neuronal PC12 cells at 50 µM (43.7%), aside from a good biometal-chelator for Mg2+, Ca2+, Al3+, Cu2+, Fe2+, and Zn2+. Furthermore, this compound showed 52.6% (at 10 µM) neuroprotection in human neuroblastoma cells [147].
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Fig. (20))


      Molecular hybridization of lipoic acid (50) and the 3-phenylcoumarin derivative 51 in the design of compounds 52a and 52b with remarkable multifunctional properties. Adapted from ref [6].



      In another approach, involving lipoic acid (50) and the coumarin scaffold 41, Jalili-Baleh and collaborators designed a novel series of coumarin-lipoic acid hybrid 53 (Fig. 21). A click cycloaddition reaction was used for the construction of a 1,2,3-triazole spacer subunit, linking the substructure of chromone 41 to the lipoic acid subunit, leading to a new architecture for potential MTDLs against AD. Compound 53a was highlighted for its best multifunctional properties, inhibiting AChE with IC50 of 16.4 μM, besides maintaining 67.8% of viable neuronal cells when treated with H2O2 and evidencing a neuroprotective activity. This compound could also inhibit 51.2% of Aβ aggregation, decrease intracellular ROS generation, and select metal chelation ability, especially Fe3+ [148].
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Fig. (21))


      Structural design of the new series of coumarin-lipoic acid hybrids 53. Adapted from ref [6].



      Yang and co-workers reported the synthesis and biological evaluation of another series of coumarin-based hybrids 56 (Fig. 22), using pargyline (54), an irreversible and selective MAO-B inhibitor, as a prototype drug. The rationale of this approach was based on the hope that the pargyline fragment could assure selective MAO-B inhibition and neuroprotective properties for the new derivatives, as well as inhibitors of Aβ1-42 aggregation in addition to AChE inhibitory activity arising from the coumarin fragment. The biological evaluation revealed compound 56 as a potent and selective inhibitor of MAO-B (IC50= 0.027 µM), with a 121-fold higher selectivity in comparison to MAO-A inhibition (IC50= 3.275 μM), aside from the inhibition of Aβ1-42 aggregation (54.0% at 25 μM) and low in vitro cytotoxicity [149]. Additionally, a novel coumarin-N-benzyl pyridinium hybrid 57 (Fig. 22) was designed as a multipotent inhibitor of ChEs and MAO (Fig. 22). This strategy focused on the structure of benzyl pyridinium salts represented by compound 55, which could interact with the CAS of AChE, and the coumarin 41, used for reaching MAO-B inhibition. Biological screening results disclosed compound 57 as a potent mixed-type inhibitor of human MAO-B (IC50= 1.57 μM) and 62.7-fold higher selective inhibition of AChE (IC50= 0.037 µM) than for BuChE (IC50= 2.32 μM). In addition, compound 57 showed a good ability to inhibit Aβ1–42 self-aggregation and to cross the BBB, with no toxicity on PC12 neuroblastoma cells [150].
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Fig. (22))


      Design strategy and chemical structures for the most potent coumarin-pargyline hybrids 56 and coumarin-N-benzyl pyridinium hybrids 57. Adapted from ref [6].



      Coumarin was also combined with the chalcone framework by Lee and co-workers in the design of novel coumarin-chalcone hybrids with a multi-target profile of activity. Seeking compounds that could modulate Aβ aggregation, with additional antioxidant and neuroprotective properties, the authors used Licochalcone A (58, Fig. 23) as a prototype model for MH with the chromone scaffold 41 Biological evaluation in different cellular models for AD led to the identification of the derivative LM-031 (59) as the most potent chalcone-coumarin hybrid in the inhibition of Aβ aggregation and ROS scavenging ability. In addition to a significant reduction in Aβ misfolding, compound 59 promoted neurite outgrowth and inhibited AChE in Tet-On Aβ-GFP 293/SH-SY5Y cells. Mechanistic studies evidenced multiple modes of action in the upregulation of the HSPB1 chaperone, NRF2/NQO1/GCLC, and CREB/ BDNF/BCL2 pathways. These findings suggested that this novel chalcone-coumarin hybrid small molecule was capable to counteract Aβ aggregation, exerting antioxidant and neuroprotective effects against Aβ toxicity by enhancing HSPB1 and the Nrf2-related antioxidant pathway, as well as by activating the CREB-dependent survival and anti-apoptosis pathway in a very singular mode of action [151].
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Fig. (23))


      Chemical structures of licochalcone A (58) and chromone 41 were used as prototype models in the design of LM-031 (59), with remarkable neuroprotective and antioxidant properties in a multi-target mode of action. Adapted from ref [16].



      Curcumin (60, Fig. 24) is an abundant natural product with many biological and pharmacological activities, including remarkable antioxidant, anti-inflammatory, and neuroprotective properties [91, 152-157]. Based on these findings, Akaishi and Abe have taken inspiration from their structural architecture for planning a series of hybrid pyrazole derivatives as potential ligands to act on the microglia-mediated inflammatory response in AD. Biological screening led to the identification of compound 61 as a promising drug candidate prototype, due to its ability to suppress the lipopolysaccharide (LPS)-induced nitric oxide (NO) production and expression of inducible NO synthase (iNOS), showing a better activity than curcumin at 10 µM. In addition, compound 61 showed a hydroxyl radical (OH.) scavenging activity comparable to that of curcumin [158].
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Fig. (24))


      Chemical structure of the curcumin-based pyrazole derivative 61 with remarkable anti-inflammatory and radical scavenging properties. Adapted from ref [16].



      Interested in the development of novel neuroprotective agents with innovative structural features and mechanisms of action, Bisceglia and co-workers also exploited the curcumin scaffold for the design of a small set of curcumin analogues (62a, 62b, 63a, and 63b, (Fig. 25) aiming to obtain a single molecule that could modulate multiple factors affecting AD. Specifically, the authors were looking for a multifunctional ligand that could be able to inhibit Aβ oligomerization and, additionally, could exert antioxidant and anti-inflammatory effects. For such, a prenyloxy function was introduced as a substituent in one or both curcumin aryl subunits. Besides, structural simplification was carried out on the central keto-enolic linker in compounds 62a and 62b, modified for a conjugated dienone function in 63a and 63b derivatives. The biological evaluation revealed derivative 63a as the most promising ligand, showing greater effectiveness in reducing the formation of Aβ aggregates and suppression of pro-inflammatory cytokines at a concentration of 5 µM, without significant toxicity. In addition, compound 62a showed significant antioxidant activity by induction of Nrf2 nuclear translocation and the consequent increased production of GSH [159].
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Fig. (25))


      Chemical structures of curcumin-prenyloxy analogues 62a-b and 63a-b with anti-Aβ-aggregation and neuroprotective properties. Adapted from ref [16].



      Memoquin (64, Fig. 26) is a quinone-bearing polyamine with multifunctional properties that reached preclinical investigation as an anti-AD drug candidate [160]. Considering the singular pharmacologic profile of 64, as well as its poor solubility and PK limitations, Bolognesi and co-workers designed a new set of memoquin analogues as potential optimized MTDLs. In their goal, the authors planned diverse modifications in the memoquin scaffold, keeping intact the pharmacophore 2,5-diamino-benzoquinone subunit to ensure the capacity of modulating protein-protein interactions. The biological evaluation revealed that the curcumin-memoquin hybrid 65 (Fig. 26), did not affect cell viability and showed the best protective effect against Aβ1-42-induced neurotoxicity in neuroblastoma human SH-SY5Y cells, inhibiting approximately 80% of neuronal damage at 10 µM, similarly to the prototype 64. Furthermore, compound 65 showed significant selective cholinesterase inhibition with IC50 values of 0.198 and 8.24 µM for AChE and butyrylcholinesterase (BuChE), respectively [160, 161].
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Fig. (26))


      Chemical structure of the optimized memoquin-curcumin hybrid derivative 65 with promising multifunctional properties against AD. Adapted from ref [16].



      Considering the multifactoriality associated with AD pathophysiology, Chojnacki and co-workers designed a series of multifunctional compounds merging the structures of curcumin (60) and diosgenin (66, Fig. 27) linked by different triazole-amide spacer subunits. Among all compounds tested in cellular models, derivatives 67 and 68 stood out as the most promising ligands, showing significant inhibition of cellular death induced by Aβ oligomers and induced OS using MC65 cell cultures. Additionally, both compounds showed strong neuroprotective abilities, rescuing cellular viability to >80% with EC50 values of 231.7 and 111.7 nM, respectively, also attenuating ROS levels. Furthermore, compounds 67 and 68 showed inhibitory effects on the process of direct binding interaction with Aβ oligomerization with IC50 values of 4.79 and 10.85 µM, respectively [162].
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Fig. (27))


      Multifunctional bioactive curcumin-diosgenin hybrid compounds 67 and 68 with remarkable neuroprotective properties. Adapted from ref [16].



      Melatonin (69, Fig. 28) is a well-known bioactive compound with modulatory effects on immune response and several other physiologic functions, with free radical scavenging ability. Taking these properties into account, Chojnacki and co-workers used melatonin (69) and curcumin (60) as scaffold models in the design of a novel set of hybrid compounds suitable to act as antioxidant and neuroprotective agents. Structurally, the new hybrid compounds were planned by keeping the phenolic group and β-diketone moiety of 60 and 5-methoxy and acetamide moieties of 69, combined by an amide linkage. In vitro pharmacological screening using MC65 cells, highlighted compound 70 for its potent nanomolar neuroprotective and antioxidant activities, with EC50 of 27.60 nM and IC50 of 68 nM, respectively. The authors speculate that these strong biological effects might be due to its interference in interactions of Aβ oligomers within the mitochondria of MC65 cells. Furthermore, compound 70 was able to p-emeate the BBB and deliver a sufficient amount of brain tissue after oral administration [163].
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Fig. (28))


      Design of curcumin-melatonin hybrid amide 70 with nanomolar potency for neuroprotection in MC65 cells. Adapted from ref [16].



      In another work, Di Martino and co-workers synthesized a small library of curcumin analogues introducing different moieties on the side aryl fragment of the main scaffold of 60. By this approach, the authors aimed to obtain novel curcumin-based derivatives capable to inhibit β-secretase (BACE-1) and glycogen synthase kinase-3β (GSK-3β), acting on the Aβ and tau protein cascades. The Biological evaluation led to the identification of the most promising compounds 71 and 72 (Fig. 29), showing to be a well-balanced low-micro of both enzymes with IC50 values of 0.97 µM and 2.28 µM for BACE-1 and IC50 values of 0.90 µM and 2.78 µM for GSK-3β, respectively. Furthermore, both compounds showed antioxidant effects due to induction of NADPH: quinone oxidoreductase 1 (NQO1) and good BBB permeability evidenced by PAMPA assay, with compound 77 showing additional moderate ROS scavenging activity at 10 µM [164].




      The incorporation of steroidal fragments like 73 and 74 (Fig. 30) to the structure of curcumin (60) was elected by Elmegeed and co-workers as a designing approach to generate a series of novel steroidal-curcumin derivatives 75 and 76 (Fig. 30) with potential molar inhibitor multifunctional profile of action. In addition, they also planned a series of hybrid phenylpyrazolo-curcumin sulfonamides by using pyrazole-curcumin (61) and sulfonamide (77, Fig. 31) as bioactive prototypes. The biological evaluation revealed compounds 75, 76, and 78 as the most promising ligands, being capable of inhibiting AChE in AD-induced rats. Compounds 75 and 78 were responsible for the moderate decrease in AChE activity (15.19 and 17.45%) in comparison to the control group. In addition, all 3 compounds showed a significant increase in GSH levels (58.62%; 86.20% and 75.86%, respectively) and in brain BCL2 levels (32.85%, 87.5% and 76.42%), besides decreasing 8-OHG levels (21.18%, 40.83% and 31.74%, respectively). Administration of compounds 75 and 78 also resulted in a significant decrease in caspase-3 levels (19.19 and 16.16%, respectively) in the brain. Particularly, compound 75 was able to increase urinary paraoxonase activity by 38.12% and decrease brain P53 level showing to be a potential drug candidate for further investigation against neurodegenerative diseases [165].
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Fig. (29))


      Design of curcumin analogues 71 and 72 with BACE-1 and GSK-3β inhibitory properties. Adapted from ref [16].
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Fig. (30))


      Design of steroidal-curcumin hybrid derivatives 75 and 76 with remarkable antioxidant and anti-apoptosis properties. Adapted from ref [16].
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Fig. (31))


      Design of phenylpyrazole-curcumin sulfonamide hybrid derivative 78 with remarkable antioxidant and anti-apoptosis properties. Adapted from ref [16].



      Exploring the biological properties of glutamic acid (79, Fig. 32), Harish and co-workers planned a set of curcumin ester derivatives, aiming to target OS related to NDs, such as AD and PD. In this work, three new compounds were evaluated for protection against GSH depletion mediated by OS, leading to the identification of compound 80 (Fig. 32) as the most promising glutamic acid-curcumin hybrid. The biological evaluation was based on the BSO-N27 model, with an N27 cell line and BSO (buthionine sulfoximine) to mimic PD-related GSH depletion. In this model, compound 80 showed the best increasing effect of ~ 64% in total GSH level, with 83% pre-treatment restoration at 0.5 µM and 136% on post-treatment at 0.5 µM, compared to the control group (BSO alone at 1.5 µM). Furthermore, 80 reduced lipid peroxidation by 50% in pre-treatment and by 90% lipid in the post-treatment regimen [166].
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Fig. (32))


      Chemical Structure of the new glutamic acid-curcumin hybrid 80, designed by MH of glutamic acid (79) and curcumin (60), with remarkable effect on GSH increasing levels under OS conditions. Adapted from ref [16].



      Shi and co-workers investigated the neuroprotective effects of a set of curcumin analogues 81 (Fig. 33) on Oxygen–glucose deprivation and reoxygenation (OGD/R)-induced injury in cortical neurons, which is a widely accepted in vitro model for ischemic-reperfusion. Their results evidenced that derivative 81b (Fig. 33) increased the resistance of cortical neurons to OGD/R by decreasing autophagy and cell apoptosis. Notably, this effect was blocked by the mTOR inhibitor rapamycin, which is suggestive that the neuroprotection effect involved an mTOR-dependent mechanism. Moreover, compound 81a, with a very similar structure to 81b, promoted neurogenesis in mouse hippocampal dentate gyrus after intraperitoneal administration, suggesting its adequate BBB permeability [167].
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Fig. (33))


      Chemical structures of the curcumin analogues 81a and 81b were prepared as simplified curcumin analogues with neuroprotective properties. Adapted from ref [16].



      In another approach, also exploring the structure of curcumin (60) as a model of antioxidant, anti-inflammatory, neuroprotective, and radical scavenger chemical entity, Simoni and co-workers studied structural modifications in the curcumin framework aiming to obtain a family of simplified and conformationally restricted 3,5-dibenzylidenepiperidin-4-one (DBP) scaffolds, with significant potential antioxidant properties, but less pharmacokinetic restrictions. In terms of pharmacodynamics, the authors aimed to target mitochondrial dysfunction related to NDs with a series of polyamine-based derivatives conjugated to N-spermine and norspermidine substituted DBPs (82a-d, Fig. 34). Biological investigation to assess their antioxidant and neuroprotective effects revealed that compounds 82a-d significantly decreased ROS production by 38-45%, similarly to the reference compound 60 (at 10 μM) in fibroblasts, without significant cytotoxicity on healthy cell lines, highlighting these innovative compounds as useful pharmacological tools for developing valid neuroprotective agents [168].
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Fig. (34))


      Design strategy for curcumin-based polyamine-like DBP derivatives 82a-d with remarkable antioxidant properties. Adapted from ref [16].



      Interested in the development of innovative compounds capable to modulate the Aβ-induced OS in AD, Xu, and cols. designed and synthesized the two monocarbonyl analogues of curcumin 83a and 83b (Fig. 35). In vitro biological evaluation, confirmed that both compounds were effective against Aβ-induced oxidative damage under different treatments in PC12 cells. Further investigation on the possible mechanism of action provided evidence that both compounds could exert a neuroprotective effect at low doses by activating Kelch-like ECH-associated protein 1 (Keap1)/Nuclear factor erythroid-2-related factor 2 (Nrf2) signaling pathway. Therefore, activation of the Keap1/Nrf2 pathway led to up-regulating the expression level of hemoxidase 1 (HO-1) and other antioxidant enzymes, such as superoxide dismutase (SOD) and catalase. Moreover, compounds 83a and 83b showed protective ability on PC12 cells against Aβ25-35-induced oxidative damage in very low dosages, both in preventive and restoring ways, suggesting a possible pharmacological basis for its clinical use in the prevention and treatment of AD [169].
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Fig. (35))


      Chemical structures of compounds 83a and 83b, two curcumin analogues with antioxidant properties via activation of the Keap1/Nrf2 pathway. Adapted from ref [16].



      Considering that ferulic acid (84, Fig. 36) could be explored as a mimic fragment of curcumin (60), Sang and co-workers designed a series of ferulic acid-O-alkylamines as MTDLs with antioxidant properties potentially useful in the treatment of NDs. For such a goal, N-benzylpiperidine fragment from donepezil (16, Fig. 36) was combined with a ferulic acid scaffold substituted by a variety of alkylamine groups to generate the desired series of donepezil-ferulic acid-O-alkylamine hybrids. In vitro evaluation led to the identification of compound 85 (Fig. 36) as the most promising multifunctional derivative, showing noteworthy inhibitory effects on self-induced Aβ1-42 aggregation (50.8%), with additional ability to disaggregate self-induced Aβ1-42 aggregation (38.7%). Moreover, compound 85 showed moderate antioxidant activity (0.55 eq of Trolox), good neuroprotective effect against H2O2-induced PC12 cell injury of 76.7% at 10 µM, and low toxicity in PC12 cells of 85.8% at 100 µM. These results were highlighted by the authors, suggesting the potential of compound 85 for further studies in the development of new drugs against NDs, such as AD and PD [170].




      In a different strategy and aiming to obtain novel multifunctional AChE inhibitors, Xiao and co-workers designed a series of chalcone-rivastigmine hybrids, expecting that chalcone moiety could effectively mimic curcumin (60) pharmacophore for antioxidant activity and MAO-A/B inhibition, and that carbamate fragment from rivastigmine (85) could ensure anti-cholinesterase activity. The biological evaluation led to the selection of compound 86 (Fig. 37) as the most promising multi-target bioactive ligand among all compounds from that series. Compound 86 exhibited a selective inhibitory activity of AChE (IC50= 4.91 µM), with excellent antioxidant activity (2.83 Trolox eq.), besides inhibitory effects on self-induced Aβ1-42 aggregation (89.5%) and Cu2+-induced Aβ1-42 aggregation (79.7%). In addition, compound 86 displayed selective inhibition of MAO-B (IC50= 0.29 µM), metal chelation ability, and adequate BBB permeability. Taking into account all these biological properties, compound 86 could be considered a potential disease-modifying drug candidate for AD [171].
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Fig. (36))


      Design strategy for donepezil-ferulic acid-O-alkylamine hybrid compound 85, with potential clinical use against NDs. Adapted from ref [16].



      Wan and co-workers developed a series of curcumin analogues with potential effects on mitigating Aβ pathology in the AD brain. In vivo and in vitro results disclosed the diazo-boron difluoride curcumin analogue 87 (Fig. 38) with a significant effect in the reduction of Aβ neuropathology in AD transgenic mice. Moreover, 97 was able to reduce Aβ (42:40) ratios and α- and β-processing of APP, which data collectively suggest that this compound act in changing the activity of γ-secretase and favoring downregulation of toxic Aβ in cells. Similarly, to curcumin (60), compound 87 also attenuates the maturation of APP in the secretory pathway and, interestingly, upregulated α-secretase processing of APP and inhibited β-secretase processing of APP by decreasing BACE1 protein levels. Face to all these molecular data, compound 87 proved to act in the reduction of Aβ levels in an innovative mechanism of action and strongly supports its potential in the development of novel therapeutic agents to combat AD [172].
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Fig. (37))


      Design strategy for chalcone-rivastigmine hybrid 86 with remarkable potential multifunctional properties against AD. Adapted from ref [16].
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Fig. (38))


      Chemical structure of curcumin (60) and its analogue 87 with a remarkable effect on reducing the Aβ level in vitro and in vivo models. Adapt from [16]



      Gadad and co-workers studied a series of curcumin-glucoside derivatives 88a-d (Fig. 39) designed as novel synthetic ligands capable to inhibit the formation of α-synuclein oligomers in PD conditions. Biological data suggest that the anti-fibrillogenic activities of derivatives 88a-d are much higher in potency than curcumin (60) and, particularly, the monoglucoside derivative 88c. In the in vitro model for α-synuclein fibrillization, compound 88c showed to stabilize the monomer and prevent the oligomer formation, in turn, the fibrils. Compared to the parent monomer, ligand 88c binds to the oligomer or the partially folded intermediate and not to the monomer, suggesting that this glucoside analogue, unlike curcumin (60), also has potent anti-amyloidogenic and anti-aggregating activities [173].
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Fig. (39))


      Chemical structures of Curcumin-glucoside derivatives 88a-d anti-fibrillogenic activities. Adapted from ref [16].



      Recently, Liao and co-workers described the design, synthesis, and pharmacological investigation of six new curcumin-pyrazole derivatives 89a-f (Fig. 40) with potential beneficial properties on the maintenance of mitochondrial function and Nrf2 antioxidant pathway. Firstly, all compounds were screened for their neuroprotective effect on sodium nitroprusside (SNP)-induced PC12 cell injury by testing cell viability and LDH release. Biological data highlighted compounds 89a-d that were capable to antagonize SNP- mediated PC12 cell death and effectively reduced ROS levels at a concentration of 5 μM, being more effective than curcumin and edaravone used as control. Additionally, compound 89c showed to be the most active derivative in the preservation of mitochondria function by inhibiting the mitochondrial membrane potential loss and enhancing nuclear translocation of Nrf2 in PC12 cells [174].
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Fig. (40))


      Chemical structures of curcumin-pyrazole derivatives 89a-f with potent antioxidant properties. Adapted from ref [16].



      Considering the well-known contribution of the 3-methoxy-4-hydroxyphenyl subunit in the antioxidant properties of curcumin (60), Li and co-workers proposed a series of novel 2-methoxy-phenyl dimethyl-carbamate derivatives, as potential MTDLs based on a curcumin-rivastigmine hybrid scaffold. Preliminary in vitro screening data showed that, most of the target compounds exhibited good to excellent inhibition of AChE and BuChE in a sub-micromolar range, especially for compound 90b (Fig. 41), which showed the most potent selective inhibition of AChE with an IC50 of 0.097 µM, being about 20-fold more potent than the reference drug rivastigmine (85). In addition, compounds 90a-c showed inhibitory activity against Aβ self-aggregation, similarly to curcumin, which is an enhanced property in comparison to rivastigmine. Moreover, the N-(3-methoxy-4-hydroxy)benzyl derivative 91 (Fig. 41), which is the product of hydrolysis of the carbamate 90b, showed potent ABTS+ scavenging activity and moderate Copper ion chelating ability in vitro [175].
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Fig. (41))


      Chemical structures of compounds 90a-c with anti-amyloid aggregation activity and derivative 91 with radical scavenging and metal chelating properties.



      In 2014, Jirásek and co-workers performed an investigation on the neuroprotective properties of natural and non-natural curcuminoids against glutamate-induced OS in the HT-22 cells model. In this work, a set of fourteen curcuminoids was synthesized, varying substitution patterns at the aromatic portions and different functionalities in the aliphatic seven-carbon merge chain. Biological screening to evaluate their neuroprotective activity against glutamate-induced neuronal cell death in a murine hippocampal cell line HT-22 model revealed compounds 92 and 93 (Fig. 42) as the most active. A structure-activity relationship (SAR) study led the authors to suggest that this particular property should be due to the presence of a ferulic acid-like 3-methoxy-4-hydroxy feature, suggesting its pharmacophore contribution to protection against glutamate-induced neurotoxicity. Moreover, both compounds showed significant neuroprotective activity in a concentration of 1 to 25 μM, without significant toxic effects on HT-22 cells. Particularly, enone-derivative 92 reached nearly the protective effect of its parent compound curcumin (60), with increased cell viability of 47% at 5 μM and 62% at 10 μM, that is to say, without significant cytotoxicity. Furthermore, compound 94, with a catechol-like feature, displayed neuroprotective activity at a nontoxic concentration of 25 μM, in contrast to the bis-catechol-like derivative 95 which showed increased cytotoxic effects [176].




      
[image: ]


Fig. (42))


      Chemical structures of neuroprotective curcuminoids 92-95. Adapted from ref [16].



      The structures of ferulic (84) and caffeic acids (96, Fig. 43) were considered structural models by He and co-workers in the design of a series of dimeric ligands with multifunctional properties against AD. Biological data evidenced the enhancement in inhibition of Aβ1–42 self-induced aggregation reached by the combination of ferulic and caffeic acid features in the semi-rigid dimers. In particular, the ferulic acid-based dimer 97 (Fig. 43) also showed a potent neuroprotective effect in a glutamate-induced cell death model, without significant cell toxicity in mouse hippocampal neuronal HT22 cells, whereas the caffeic-based derivative 98 effectively scavenged diphenyl-1-picrylhydrazyl (DPPH) free radicals assay [177].




      Searching for novel multifunctional drug candidate prototypes against AD, Liu and co-workers planned a series of bivalent ligands with a curcumin-cholesterylamine combined scaffold. Based on their earlier studies, the attachment position on the curcumin subunit, as well as spacer lengths of 17−21 atoms, were identified as essential features for optimal neuroprotection effects in human neuroblastoma MC65 cells. After optimization studies, the bivalent ligand 99 (Fig. 44), with a spacer length of 17 atoms connected at the methylene carbon between the two carbonyl groups of the curcumin moiety, showed the most promising profile of multifunctional action. Compound 99 showed multiple profiles of action, inhibiting Aβ-oligomers formation (EC50= 0.083 μM), besides antioxidant activity in MC65 cells and metal chelation ability evidenced by the formation of complexes with Cu2+, Fe3+, and Zn2+, without significant cytotoxic effects. Collectively, these results strongly support that this class of bivalent ligands, particularly compound 99, are multifunctional neuroprotective agents potentially suitable for further drug development against AD [178].
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Fig. (43))


      Chemical structures of compounds 97 and 98 with enhanced antioxidant and anti-Aβ aggregation properties. Adapted from ref [16].
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Fig. (44))


      Chemical structure of the novel bivalent ligand 99 with remarkable neuroprotective activity. Adapted from ref [16].



      Liu and co-workers explored the MH of curcumin (60) and tacrine (100, Fig. 45) in the design of a novel series of multifunctional AChE inhibitors. The rationale of this approach was based on the combination of tacrine scaffold and the 3-methoxy-4-hydroxy pharmacophore subunit from curcumin, using a keto-alkylamide chain as a connection fragment. Among all compounds obtained from three different hybrid series, compound 101 (Fig. 45) showed the best neuroprotective profile in the MTT assay, showing higher potency than 66 when PC12 cells were exposed to H2O2-induced OS at 200 μM, without affecting cell viability at different concentrations [179].
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Fig. (45))


      Molecular hybridization of tacrine (100) and curcumin (60) to generate the neuroprotective hybrid compound 101. Adapted from ref [16].



      In another approach, Pan and co-workers elected the structure of the multifunctional drug candidate memoquin (64) as a molecular model for fragment combination with 3-methoxy-4-hydroxy pharmacophore present in ferulic acid (84) and curcumin (60). As a result, a novel series of cinnamoylamide hybrids was obtained, and biological evaluation based on several in vitro models for different pathophysiological aspects related to AD led to the selection of compound 102 (Fig. 46) as the most promising multifunctional neuroprotective ligand. These findings were supported by experimental data from human neuroblastoma SH-SY5Y cells assay, in which compound 102 was shown to keep cell viability at 98.3% at 10 μM and reduced H2O2-induced injury in PC-12 cells. When exposed to H2O2, it was observed a significant reduction in PC-12 cell viability (47.6%), but under the same condition, compound 102 revealed a dose-dependent neuroprotective effect of 88.3 and 68.6% at the concentrations of 10 and 1 μM, respectively [180].
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Fig. (46))


      Molecular hybridization of ferulic acid (84) and memoquin (64) in the design of a novel series of hybrid compounds, represented by ligand 102 with improved neuroprotective properties.



      To obtain new neuroprotective compounds suitable for the treatment of PD and with optimized bioavailability and metabolic stability in comparison to curcumin (60), Pandareesh and co-workers investigated a series of synthetic curcumin monoglycosides. Biological studies evidenced a general 10-fold greater solubility and higher neuroprotective effects of monoglycosides derivatives in comparison to curcumin (60) by inducing rotenone (ROT) toxicity in N27 cells. Particularly, compound 103 (Fig. 47) showed a highlighted effect in mitigating ROT-induced apoptosis in N27 cells and an in vivo Drosophila model. To prove the potential neuroprotective effect of compound 107, it was subjected to a cell protection assay in which N27 dopaminergic neuronal cells were exposed to ROT. In the control assay, 50% of the cells were killed when treated with 500 nM ROT. Compound 107, then, when used as a pre-treatment on N27 cells, promoted cell viability of about 75% at a concentration of 5 μM in comparison to curcumin. The neuroprotective effect of 107 was further confirmed as greater than curcumin, in a cellular LDH release assay [181].
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Fig. (47))


      Chemical structure of curcumin monoglucoside 103 with effective in vitro and in vivo neuroprotective effect in ROT-induced damage in dopamine N27 cells and Drosophila model. Adapted from ref [16].



      Aza-analogs of curcumin (60) were investigated by Qneibi and co-workers in the search for novel antagonists of glutamatergic AMPA receptors with an adequate pharmacological profile for the treatment of PD and other NDs. Biophysical properties of AMPA receptors, specifically on the homomeric GluA2 and the heteromeric GluA2/A3 subunits, were used to characterize the antagonistic effect of the aza-curcumin analogues. Experimental data were based on the electrophysiology of a whole-cell patch clip, with and without the administration of the curcumin derivatives onto HEK293 cells. The results showed that compounds 104-107 (Fig. 48) showed up to 6-fold higher inhibition in all AMPA receptors. Particularly, the most potent AMPA-antagonists 104 and 105 exert neuroprotective effects, which seem to be due to increased desensitization and deactivation of AMPA receptors since inhibition of activity and kinetics of these receptors causes a reduction in excitotoxicity caused by glutamate [182].
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Fig. (48))


      Chemical structures of the aza-curcumin analogues 104-107 with remarkable antagonist effects on AMPA receptors. Adapted from ref [16].



      Considering that extracellular Tau neurofibrils deposition is one of the main AD hallmarks and is reported in the literature as one of the first pathological events in the disease onset, Lo Cascio and cols. investigated new curcumin derivatives as potential inhibitors of Tau neurotoxicity. For such a goal, the authors used recombinant Tau oligomers (TauO) to evaluate the effect of compounds 112-117 (Fig. 49) in the modulation of the aggregation of Tau protein oligomers and, in turn, reduce their neuronal damage. In a preliminary screening for cytotoxicity against the human neuroblastoma SH-SY5Y cell line, compounds 112-117 were selected for their low toxicity, expressed by their IC50 values of 54.53 to 191.1 μM. Biochemical experiments using the anti-oligomeric tau antibody (T22), as well as generic tau antibodies, Tau 5 and Tau 13, revealed that all compounds 112-117 were able to interact with TauO, resulting in decreased oligomer levels. In addition, the ability of curcumin derivatives to rescue SH-SY5Y cells from toxicity induced by oligomeric Tau protein was investigated. In the lactate dehydrogenase (LDH) assay, it was observed an expressive reduction in the release of LDH in comparison to cells exposed only to oligomeric Tau protein. Further, apoptosis assays were performed in SH-SY5Y cell culture, disclosing a significant cell retraction and death when comparing cells exposed only to TauO and cells exposed to TauO along with curcumin derivatives. Altogether, data from molecular biology studies suggest that the six selected curcumin derivatives are capable to interact and subsequently convert the toxic TauO into higher molecular weight aggregates, thereby modulating their toxicity. Additionally, the toxicity of the 108-113-induced aggregates was also evaluated by using primary cortical neurons from embryos of Htau mice, expressing non-mutant human tau, confirming the higher cell viability in neurons exposed to the curcumin derivatives. The experimental data set strongly suggests that all curcumin derivatives 108-113 effectively affect and modulate Tau aggregation pathways, converting them to a non-toxic state of aggregation in the human neuroblastoma SH-SY5Y cell line and primary cortical neuron cultures. Thus, these data provide new insights into tau aggregation and may become a basis for the discovery of new disease-modifying drugs for tauopathies, such as AD [183].
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Fig. (49))


      Chemical structure of the novel curcumin derivatives 108-113 with remarkable effect on tau aggregates formation and neurotoxicity Adapted from ref [16].



      As the current first choice among all other few approved drugs for AD therapy, donepezil (16) has aroused great interest for researchers. Its mechanism of action is based on the specific and reversible inhibition of acetylcholinesterase (AChE), thus inhibiting acetylcholine hydrolysis, and generating, in turn, a set of pharmacological benefits by affecting cellular and molecular processes of neurodegeneration [184]. By maintaining levels of ACh, donepezil may help compensate for the cholinergic deficit, of the main hallmarks of AD [185]. Clinical studies revealed that the use of donepezil significantly improves memory, concentration, language, and reasoning, with no signs of toxicity, but without curative effects [5]. As a consequence, several examples in the literature highlight the structure of donepezil as a model in the design of new multi-target directed drug candidates by MH.




      Aza-analogs of curcumin (60) were investigated by Qneibi and co-workers in the search for novel antagonists of glutamatergic AMPA receptors with an adequate pharmacological profile for the treatment of PD and other NDs. Biophysical properties of AMPA receptors, specifically on the homomeric GluA2 and the heteromeric GluA2/A3 subunits, were used to characterize the antagonistic effect of the aza-curcumin analogues. Experimental data were based on the electrophysiology of a whole-cell patch clip, with and without the administration of the curcumin derivatives onto HEK293 cells. The results showed that compounds 104-107 (Fig. 50) showed up to 6-fold higher inhibition in all AMPA receptors. Particularly, the most potent AMPA-antagonists 104 and 105 exert neuroprotective effects, which seem to be due to increased desensitization and deactivation of AMPA receptors since inhibition of activity and kinetics of these receptors causes a reduction in excitotoxicity caused by glutamate [182].




      Aza-analogs of curcumin (60) were investigated by Qneibi and co-workers in the search for novel antagonists of glutamatergic AMPA receptors with an adequate pharmacological profile for the treatment of PD and other NDs. Biophysical properties of AMPA receptors, specifically on the homomeric GluA2 and the heteromeric GluA2/A3 subunits, were used to characterize the antagonistic effect of the aza-curcumin analogues. Experimental data were based on the electrophysiology of a whole-cell patch clip, with and without the administration of the curcumin derivatives onto HEK293 cells. The results showed that compounds 104-107 (Fig. 50) showed up to 6-fold higher inhibition in all AMPA receptors. Particularly, the most potent AMPA-antagonists 104 and 105 exert neuroprotective effects, which seem to be due to increased desensitization and deactivation of AMPA receptors since inhibition of activity and kinetics of these receptors causes a reduction in excitotoxicity caused by glutamate [182].




      Recently, our group reported the design and synthesis of donepezil-based hybrid compounds with a multifunctional mode of action. The rationale behind the design of the new scaffold 116 (Fig. 50) was based on the combination of the pharmacophore N–benzylpiperidine from 16, with the insertion of a 3-hydroxy substituent present in the AChE inhibitor LASSBio-767 (114) and an N-acyl-arylhydrazone functionality as an auxophoric subunit present in different anti-inflammatory molecules from the literature (115a-d, Fig. 50). Among sixteen analogues, derivatives 116a (IC50= 25.4 µM), 116b (IC50= 2.7 µM), 116c (IC50= 8.7 µM) and 116d (IC50= 10.4 µM) showed the best selective AChE inhibitory activities, with the most potent AChE inhibitor 116b showing the best 12.5-fold higher selectivity in relation to BuChE. On the other hand, additional in vitro and in vivo data revealed compound 116a as the most promising multifunctional ligand, being capable to inhibit the Aβ-oligomers-induced neuroinflammatory response, aside from the in vivo expression of COX-2 and reducing the release of IL-1β and TNFα induced by LPS in THP-1 cells, representative of human microglial cells. Overall, experimental data suggest that compound 116a, with a donepezil-like binding mode to AChE and a 1.89-fold higher selectivity for AChE, with additional neuroprotective, anti-inflammatory activities and adequate in silico ADME properties, could be considered as a novel MTDL, with an innovative donepezil-based scaffold drug prototype for AD [186].
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Fig. (50))


      Rational design of a new series of N-benzyl-piperidinyl-aryl-acyl hydrazone derivatives 116 as donepezil hybrids and compounds 116a-d as the most active AChEIs with anti-inflammatory and neuroprotective activities. Adapted from ref [6].



      A similar strategy was recently applied by Sang and co-workers that combined the 4-benzylpiperidine pharmacophore of donepezil (16) with ferulic acid (84) and secondary amines 117 (Fig. 51) to produce the new hybrid molecular architecture 118 (Fig. 51). The presence of secondary amines was justified by previous evidence that the tertiary amino group linked to a lipophilic moiety represents a key requirement for good AChE inhibition. In vitro studies displayed that all target compounds showed excellent selective inhibitory activity of butyrylcholinesterase (BuChE). Particularly, compound 118a was identified as the most potent BuChE inhibitor with IC50=0.021 µM for EqBuChE, 8.63 µM for rat BuChE and 0.07 µ M for hBuChE. Molecular docking studies suggested a weaker affinity of 118a for AChE, explaining its high selectivity for BuChE. Compound 118a also showed modest antioxidant activity (0.55 eq of Trolox), a good protective effect against H2O2-induced PC12 cell injury, with low toxicity. Moreover, compound 118a proved to be an excellent inhibitor of self-induced Aβ1-42 aggregation (50.8%), counteracting self-induced Aβ1-42 aggregation (38.7%), and good in vitro BBB permeability [170].
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Fig. (51))


      Design and structure of a new series of ferulic acid-O-alkylamine hybrids (118) and the most potent derivative 118a. Adapted from ref [6].



      Another new family of multi-target molecules able to interact with both AChE and BuChE was synthesized by Sang and co-workers that bet in the combination of the structure of JMC49 (119, Fig. 52) and donepezil (16) to produce a 3,4-dihydro-2(1H)-quinoline-O-alkylamine framework. The most promising derivative 120 showed potent and balanced inhibitory activities toward AChE (IC50= 0.56 µM), BuChE (IC50= 2.3 µM), and human MAO-A (IC50= 0.3 µM) and MAO-B (IC50= 1.4 µM), but with low 4.1-fold and 4.6-fold selectivity in favor to AChE and MAO-A, respectively. Both kinetic analyses of AChE inhibition and molecular modeling study suggested a dual-mode of AChE inhibition of 120, that showed the ability to bind simultaneously to the CAS and PAS of AChE. Face to these findings, compound 120 was thought to be an attractive starting point for further lead optimization in the drug discovery process against AD [187].
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Fig. (52))


      MH of JMC49 (133) and donepezil (16) in the design of the most active 3,4-dihydro-2(1H)-quinoline-O-alkylamine derivative 120. Adapted from ref [6].



      Seeking innovative compounds with singular molecular architecture and a multi-target profile of action as strong modulators of the neuroinflammatory process associated with NDs, combining a selective AChE inhibitory activity with a concomitant antioxidant, biometal chelation, and neuroprotective properties, our group worked on the design of new feruloyl-donepezil hybrid compounds. For such a goal, a rational design approach strategy was based on the combination of the N-benzylpiperidine pharmacophore from 16 and the common antioxidant 4-hydroxy-3-methoxy-cinnamoyl fragment present in both curcumin (60) and ferulic acid (84, Fig. 53). In the investigation of cholinesterase inhibition, compounds 121a-c showed to be the best AChEIs, with 121a as the most potent derivative (IC50= 0.46 μM) with a 54-fold higher selectivity for AChE. Further studies revealed significant neuroprotective properties for compound 121a, counteracting oxidative-induced damage in neuronal cells with an IC50 of 16.9 µM, evidenced by the inhibition of H2O2-induced ROS formation in neuronal SH-SY5Y cells. In different animal models, 121a also exhibited anti-inflammatory effects, probably by inhibiting cyclooxygenase (COX) 1 and 2. This set of multiple potential effects on neuroprotection, oxidative stress, and inflammation, may suggest that this compound could be an interesting prototype for the development of new drug candidates for NDs that have OS and neuroinflammation as hallmarks, such as AD, PD, and HD [188].
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Fig. (53))


      The design strategy and chemical structures for the most potent donepezil-based hybrids 121a-c and 122a-c with remarkable multifunctional properties. Adapt from [6].



      Mishra and co-workers also exploited curcumin (60) and donepezil (16) for a rational design of novel series of donepezil-based multifunctional agents, aiming to target the inhibition of AChE and Aβ aggregation. The strategy consisted of joining the N-benzylpiperidine pharmacophore fragment from donepezil (16) to the benzylic α,β-unsaturated ketone portion from the curcumin scaffold, with the insertion of a basic piperazine moiety within a single molecule (122, Fig. 52). The authors installed a piperazine scaffold aiming to provide higher anti-AD efficacy, due to earlier findings that piperazine and its derivatives exhibit a broad spectrum of CNS activities. Biological results revealed compounds 122a (IC50= 0.045 µM), 122b (IC50= 0.034 µM), and 122c (IC50= 0.025 µM) as the most active ChEs inhibitors, also shown excellent inhibition of Aβ-aggregation in 78.2, 80.4 and 81.6%, respectively. These three compounds also successfully diminished the H2O2-induced OS in human neuroblastoma SH-SY5Y cells and displayed expressive neuroprotective activities [189].




      In the hippocampus and cerebral cortex, the nitric oxide (NO)-soluble guanylate cyclase (sGC)-cyclic guanosine monophosphate (cGMP) - NO/sGC/cGMP- signaling pathway plays a pivotal role in the processing of learning and memory. Recent studies have shown that the inhibition of the NO/sGC pathway alters the expression and activity of NOS, sGC, and phosphodiesterase (PDE) [190]. On the other hand, PDE belongs to one super enzyme family, and their effects include the mediation of physiological processes mediated by cAMP or cGMP. Particularly related to AD, unbalancing expression of PDEs led to increased hydrolysis of cGMP and contributed to Aβ neuropathology, and phosphodiesterase-9 (PDE9) inhibitors could regulate the NO/sGC/cGMP signaling pathway, which plays a very central role in synaptic transmission and plasticity. Therefore, new PDE9 inhibitors, such as compound 123 (Fig. 54), have been developed as potential drug prototypes for AD treatment. In this context, Hu and co-workers designed a series of pyrazolopyrimidinone-donepezil hybrids 124, by MH of the pyrazolopyrimidinone moiety from 123 and the pharmacophore benzylpiperidine subunit from donepezil (16). Pharmacological studies disclosed compounds 124a (IC50= 0.048 µM for AChE and IC50= 0.530 µM for PDE9A) and 124b (IC50 = 0.223 µM for AChE and IC50 = 0.285 µM for PDE9A) as a well-balanced dual-target AChE/PDE9A inhibitors [191]. Meanwhile, both compounds exhibited good BBB permeability, and low neurotoxicity, and showed abilities to ameliorate learning deficits induced by scopolamine in in vivo models. Particularly, compound 124a also exhibited effects to improve cognitive and spatial memory in cognitive deficit induced by Aβ25-35 in mice on the Morris water-maze test. Altogether, these results highlighted compound 124a as a genuine potential drug candidate prototype for AD therapeutics [191].
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Fig. (54))


      The design strategy of a series of donepezil-PDE9A hybrids (124) and the most promising dual AChE/PDE9A inhibitors 124a and 124b. Adapted from ref [6].



      The structure of donepezil (16) was also used as a structural model by Hiremathad and co-workers in the drawing of a donepezil-like hybrid scaffold (125, Fig. 55), endowed with inhibitory properties of AChE, Aβ aggregation, metal chelation ability, and radical scavenging activities. The design strategy was based on the combination of benzyl-hydroxypyridinone and benzofuran moieties as bioisosteric fragments of the benzylpiperidine and the indanone moieties, respectively considered as the main pharmacophore fragments of 16, connected through alkyl linkers of different lengths. Previous docking studies suggested that this new molecular pattern can interact with both CAS and PAS of the AChE. In addition, the potential AChE inhibition could be suggestive of possible inhibition of the formation of the senile plaques, since the PAS allosteric site of AChE is associated with Aβ-aggregation [192]. Based on this premise, a series hydroxypyridinone-benzofuran hybrid (HP-BF, 126, Fig. 55) was synthesized and evaluated for AChE inhibition, anti-Aβ-aggregation, metal chelating ability, radical scavenging activity, and neuroprotection. Compounds 126a-c were highlighted for their significant multiple-action profile, showing moderate inhibition of AChE (IC50= 76 µM, 246 µM, 408 µM, respectively), and Aβ-aggregation (36.1, 49.8, and 59.3%, respectively). In particular, derivatives 126b and 126c also showed radical scavenging activity with EC50 values of 199, and 227 µM, respectively, and good metal chelation ability for Fe3+ and Cu2+ [192].




      Considering the structures of the representative indanone 127 and the benzylidene-indanone derivatives such as compound 128, previously reported as promising AChE and Aβ-aggregation inhibitors, respectively, Huang and co-workers designed a new series of indanone hybrid derivatives (129, Fig. 56). Seeking novel potential dual inhibitors of AChE and Aβ aggregation, fourteen indanone derivatives were obtained and evaluated, revealing compounds 129a and 129b as potent and effective AChEIs with IC50 values of 14.8 nM and 18.6 nM, showing similar potency to donepezil and a markedly higher inhibitory activity than tacrine. Moreover, both compounds exhibited antioxidant activity, and inhibitory effects on Aβ aggregation in 85.5% and 83.8%, respectively, and were capable to catalyze the disaggregation of Aβ fibrils generated by self-induced Aβ aggregation. In the PAMPA assay, both compounds showed a good ability to cross BBB, which highlighted them as potential ligands for further development of multifunctional drug candidates for AD [193].
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Fig. (55))


      The design strategy of the series of hydroxypyridinone-benzofuran (HP-BF) hybrids (126) from the in silico-based donepezil analogue 125. Adapted from ref [6].
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Fig. (56))


      Design of the optimized multifunctional indanone hybrids 129a-b by MH of the indanone derivative 127 and benzylideneindanone 128, with AChEI, antioxidant, anti-Aβ aggregation, and Aβ-disaggregation properties.



      Based on the structures of curcumin (60) and donepezil (16), Yan and co-authors obtained two novel series of compounds designed as MTDLs against AD. The rationale took into account the combination of structural fragments from 60 and 16, as depicted in Fig. 57, aiming for novel ligands capable to bind to AChE and act as metal chelators, antioxidants, and inhibitors of Aβ-aggregation. As a result, series 130 and 131 were obtained and evaluated, leading to the identification of compound 131a (Fig. 57) as the best potential MTDL among the two series, showing a potent nanomolar inhibition of AChE (IC50= 187 nM), with a 66.3-fold higher selectivity for AChE in comparison to BuChE inhibition, and a 45.3% of inhibition of Aβ1-42 self-aggregation at 20 µM. In addition to its remarkable antioxidant effect, compound 131a showed also showed significant metal-chelating ability for Cu2+, and an excellent BBB permeability [194].
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Fig. (57))


      Design of new donepezil-curcumin hybrid series 130and 131, and the structure of the most active and promising MTDL 131a. Adapted from ref [6].



      Monoamine oxidases (MAO) A and B are other interesting molecular targets for the development of disease-modifying drug candidates against NDs, like AD and PD. Recently, many reports from the literature have described the role of these enzymes in the pathogenesis of NDs, once these enzymes catalyze the deamination of a variety of endogenous amines with concomitant production of H2O2. Hydrogen peroxide is the reagent for the Fenton reaction that produces ROS and, in turn, exacerbates the OS and neuronal damage. In addition, many experimental data have proven the benefits of MAO modulation in the control of NDs-related depressive conditions, as well as in the misfolding process of key proteins and neurotransmitters such as Tau in AD or α-synuclein and dopamine in PD conditions. Based on these findings, and seeking innovative multifunctional ligands acting simultaneously in the inhibition of MAOs and ChEs, Wang and co-workers elected the propargylamine functionality as a pharmacophore for MAO-A and B inhibition, as a common structural fragment in MAO selective inhibitors 132 and 133, to be coupled to an 8-hydroxyquinoline subunit aiming to improve the metal chelating ability observed for prototype 132 in combination with an N-benzylpiperidine as AChEI pharmacophore from donepezil (16) and in the MAO/AChEI ASS234 (133, Fig. 58). As a result, the authors obtained newer series of molecular hybrids with the general scaffold 134 (Fig. 58), which biological evaluation led to the discovery of the racemic compound 134a active in a multi-target fashion. The lead-compound 134a exhibited an inhibitory activity of MAO-A/B (IC50= 6.2 and 10.2 μM, respectively) and AChE/BuChE (IC50= 1.81 and 1.6 μM, respectively) in a non-selective mode. Additional kinetic studies revealed that 134a acts as an irreversible inhibitor of MAO A/B and a mixed-type inhibitor of AChE, with also metal-chelating ability. In silico studies suggested that both enantiomers of 134a could be well accommodated similarly manner in the cavity of MAO-A, MAO-B, and ChEs, with comparable affinities in each case, which may explain the low selectivity in the inhibition of both enzyme isoforms. In vivo assays confirmed that 134a was capable to revert induced impairment in memory and cognition, which coupled with the adequately predicted ADMET properties, and lesser toxicity than donepezil, make this compound an interesting disease-modifying candidate for further development for AD and PD [195].
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Fig. (58))


      The general structure of multifunctional DPH hybrids and the most promising 134, designed by MH of the structures of donepezil (16), M30 (132), and ASS234 (133). Adapted from ref [6].



      In a very similar strategy to that envisaged by Wang and co-workers, Wu and co-workers also used the N-benzylpiperidine from donepezil (16) aside from the 8-hydroxyquinoline system (135) and a propargylamine functionality (136, Fig. 59) for MH in the design of a new series of multifunctional inhibitors of AChE and MAO, with antioxidant properties. Pharmacological studies evidenced derivative 137a as a promising multi-target ligand, showing a selective MAO inhibition with IC50 values of 10.1 and 100 μM for MAO-A and MAO-B, respectively, and an interesting, but non-selective, AChE inhibition (IC50= 0.029 μM), and BuChE (IC50= 0.039 μM). In addition, compound 137a showed a significant ability for chelating Zn2+ and Cu2+ ions and antioxidant activity with 1.12 Trolox equivalents in the ORAC assay [101].
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Fig. (59))


      Design of a new series of N-benzylpiperidine-8-hydroxyquinoline-propargylamine hybrids 151 and the most active MTDL 137a with potent inhibitory effects of AChE, BuChE, MAO-A, and MAO-B, with antioxidant and metal chelating properties. Adapted from ref [6].



      In another attempt to discover new AChEIs, Fernandes and co-workers used previous data reported for the donepezil-based piperazine-acyl hydrazone derivative 138 and acylhydrazone-4-quinolone derivative 139, with moderate activity on AChE, BuChE, and Aβ-aggregation, to devise a novel structural pattern with a bioisosteric exchange of the acyl hydrazone moiety from 138 for the sulfonylhydrazone in 140 (Fig. 60). Biological results disclosed that among fifteen hybrid compounds, twelve showed IC50 values in the range of 0.64 µM to 51.09 µM. A SAR analysis suggested that the methyl catechol moiety and arylsulfonyl substituents were responsible for the best AChE inhibition than both the benzodioxole and alkylsulfonyl chains [196]. In silico studies evidenced that, the most potent AChEI 140a could interact with the PAS of AChE similarly to donepezil. Additionally, compound 140a showed antioxidant activity, with no significant toxicity on LL24 cells, and adequate in silico predicted oral absorption and brain penetration, which was considered a promising pharmacological profile for further development against AD [196].
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Fig. (60))


      Design of sulfonylhydrazone derivatives 140 (and 140a) based on the structure modification of acyl hydrazone analogues 138 and 139, with improved AChE inhibition. Adapted from ref [6].



      In another work, Valencia, and cols. described the synthesis and evaluation of donepezil-flavonoid hybrids 142 (Fig. 61), designed by MH between the structure of donepezil (16) and a flavonoid nucleus, represented by luteolin (141a) and apigenin (141b). Compound 141a was identified as a nanomolar AChEI (IC50= 46 nM), with anti-inflammatory properties due to moderate inhibition of 5-LOX (IC50= 74.3 μM), besides a selective inhibitory activity of MAO-A (IC50= 15.3 μM) and MAO-B (IC50= 5.2 μM), and a good BBB permeability [197].




      The N-benzylpiperidine pharmacophore subunit of donepezil (16) was also combined with the coumarin framework (143, Fig. 62) into a single molecule, in the design of hybrid ligands with expected inhibitory activity on ChEs and MAO-B. In this work, Xie and co-workers investigated a tentative optimization of an earlier series of tacrine-coumarin hybrids as MTDLs for the treatment of AD, represented by compound 144 (Fig. 62) that showed good enzyme-inhibitory activity, but with tacrine-like hepatotoxicity [198]. In that previous study, tacrine was used as a structural pattern aiming at the inhibition ChEs, while the coumarin moiety was thought of as a pharmacophore for MAOs inhibition. In another attempt, the authors decided on the replacement of tacrine fragment for the N-benzylpiperidine, once donepezil is a safe and potent AChEI. Thus, a novel series of donepezil-coumarin hybrids were synthesized and evaluated for their activity on ChEs and MAO inhibition. Interestingly, most compounds displayed potent inhibitory activity for AChE and BuChE, besides highly selective inhibition of MAO-B. Compound 144a was identified as the most potent non-selective inhibitor for AChE and BuChE (IC50= 0.87 μM and 0.93 μM, respectively), with additional good and balanced inhibition of the human ChEs and MAO-B, with IC50 values of 1.37 μM for hAChE, 1.98 μM for hBuChE and 2.62 μM for hMAO-B). Kinetic and in silico studies evidenced that 144a is a mixed-type inhibitor, could binding simultaneously to CAS, PAS, and mid-gorge sites of AChE, and showed a competitive mode of inhibition related to MAO-B. Results from membrane permeability assay (PAMPA) and toxicity on SH-SY5Y human neuroblastoma cells, evidenced that compound 144a has a good ability to cross the BBB, with no cytotoxicity. Face to these biological data, 144a might be considered a promising multifunctional lead candidate suitable to further investigation and development towards AD treatment [199].
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Fig. (61))


      Structural design of donepezil-flavonoid hybrids 142 and compound 142a with remarkable properties on the inhibition of AChE, MAOs, 5-LOX, and BBB permeability. Adapted from ref [6].



      MH between structural fragments of donepezil (16) and butylated hydroxytoluene (BHT, 145) was used as a strategy by the research group of Cai in the design of a donepezil-BHT hybrid series 146 (Fig. 63). Derivative 146a was highlighted due to its best and balanced multifunctional profile of action, inhibiting AChE (IC50= 0.75 μM) and MAO-B (IC50= 7.4 μM), with additional strong antioxidant activity (IC50= 71.7 μM in the DPPH assay; 0.82 and 1.62 Trolox equivalents in the ABTS and ORAC methods, respectively) and significant inhibition of AChE-induced Aβ aggregation. In addition, compound 146a displayed neuroprotective activity toward H2O2-induced oxidative damage in PC12 cells and LPS-induced inflammation in BV2 cells, with adequate BBB penetration elicited in PAMPA assay [200].




      
[image: ]


Fig. (62))


      Design strategy for the optimized donepezil-coumarin hybrids 144, and compound 144a as the most promising AChE and MAO-B inhibitor. Adapted from ref [6].
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Fig. (63))


      Donepezil-BHT hybrids 146 with anti-cholinesterase, anti-MAO-B, neuroprotective and antioxidant properties. Adapted from ref [6].



      Ebselen (147, Fig. 64), an organoselenium glutathione peroxidase mimic, with antioxidant and anti-inflammatory activities, has recently undergone clinical trials as a drug candidate for AD. For this reason, its structure was used as a model in combination with a donepezil-like N-benzyl-aza-heterocycle subunit, considered as an AChEI pharmacophore, to furnish the new molecular architecture 148 (Fig. 64). The resultant donepezil-ebselen hybrids were evaluated for their in vitro inhibitory effects on AChE, BuChE, and H2O2-induced oxidative cellular damage. Compounds 148a and 148b exhibited good, but not selective, AChE and BuChE inhibition with IC50= 0.76 and 0.46 μM, respectively. Regarding glutathione peroxidase (GPx)-like activity, most of the compounds were able to catalytically reduce peroxide production and, particularly, 148a and 148b exhibited higher activities than ebselen used as a reference drug. Both compounds also showed similar effects to 147 in the H2O2-sequestering activity, suggesting that these organoselenium hybrids could represent interesting innovations in the search for new multifunctional agents for AD treatment [201].
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Fig. (64))


      MH-based design for the new ebselen-based hybrids 148a and 148b with remarkable antioxidant activity and AChE inhibition. Adapted from ref [6].



      Geniposide (149, Fig. 65), an abundant bioactive glycoside iridoid from many plant species, with a wide spectrum of medicinal properties including anti-inflammatory, anti-oxidative, anti-diabetic, neuroprotective, and hepatoprotective, could be hydrolyzed by β-glucosidase to generate genipin (150, Fig. 65) [202, 203]. These two natural metabolites and analogues have been reported for their ability in the relief of AD symptoms [204]. Based on these findings, the structure of 150 was used in combination with the N-benzylpiperidine moiety of 16 for the design of a series of donepezil-genipin hybrids (151, Fig. 65). In the structural design strategy, the N-benzylpiperidine fragment of donepezil was modified by incorporating a bioisosteric substituted aryl methyl-piperazine portion at the C-8 position of genipin. Besides, the C-1 hydroxyl group of 150 was replaced by a methoxy group, aiming to contribute to the chemical stability of the target compounds. The biological evaluation revealed higher AChE inhibitory activity of most of the compounds from the new series compared to 150, especially for derivative 151b (IC50= 218 nM) that showed similar nanomolar potency to 16. Moreover, this compound exhibited a higher neuroprotective effect in Aβ-injured PC12 cells than donepezil, which is indicative of a needing for further studies to elucidate its neuroprotective mechanism, aside from its promising properties for drug development [205].
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Fig. (65))


      MH between Genipin (149) and donepezil (16) to generate a series of genipin-donepezil hybrids 165, and the most promising derivatives 151a and 151b with improved AChE inhibitory activity. Adapted from ref [6].



      Samadi and co-works investigated a family of 6-chloro-pyridonepezils designed to be new dual AChEIs with potential use in AD therapeutics. The structural architecture of the 6-Chloro-pyridonepezil (153, Fig. 66) scaffold was envisaged as a hybrid scaffold, represent by compound 152 (Fig. 66) and donepezil (16), in which the 2-chloropyridine-3,5-dicarbonitrile heterocyclic ring system of 152 is connected by an adequate polymethylene fragment with the well-known donepezil-pharmacophore N-benzylpiperidine moiety. Biological evaluation of that series against human AChE and BuChE revealed strong inhibitory activity of ChEs for most of the compounds. Among them, the derivative 6-chloro-pyridonepezil (153a, Fig. 66) showed a higher inhibitory potency (IC50= 0.013 and 8.13 µM) for human AChE and BuChE, respectively, exhibiting a 625-fold higher selectivity for AChE. Besides being an equipotent AChE inhibitor compared to donepezil (IC50= 0.01 µM), compound 153a showed good BBB permeability by passive diffusion in the PAMPA assay. Moreover, docking studies corroborated the AChE selectivity observed in vitro, showing that these 6-chloro-pyridonepezil hybrids, and especially derivative 153a, behave as dual AChEIs, binding simultaneously to the CAS and PAS and could represent an improved pharmacological profile for development as anti-AD drugs [206].
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Fig. (66))


      Chemical structure of the 6-chloropyridine-donepezil hybrid series 153, and the best AChE inhibitor 153a designed as dual AChEIs based on the structure of donepezil (16) and 2-choropyridine (152). Adapted from ref [6].



      In an ambitious project for searching for new potent cholinesterase inhibitors as drug candidates for AD, Jin and co-workers designed and studied more than sixty hybrid molecules based on acridine, tetrahydroacridine, and quinoline structural scaffolds present in the structure of tacrine (100, Fig. 67) and donepezil (16). Derivative 154a (Fig. 67) was identified as a very potent, selective and dual binding AChE inhibitor with IC50= 5.6 nM (Ki= 1.8 nM) and BuChE (IC50= 321 nM, Ki= 36.3 nM) with a high 57-fold selectivity. These results highlighted the importance of structural changes made in the tacrine structure (a single site binder) and the insertion of the N-benzyl-piperidine pharmacophore from donepezil for modulating potency and selectivity between both cholinesterase isoforms [207].
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