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    It is my pleasure to write the foreword for this edited book titled “Enzymatic Targets for Drug Discovery against Alzheimer's Disease” by Dr. Dileep Kumar and his editorial team, which focuses on novel therapeutics and strategies for the treatment and/or management of Alzheimer's disease.




    The book summarizes the role of multiple targets and strategies to design and develop novel drug candidates against both established and new drug targets viz., Tau, TREM, and Microglia.




    The book highlights the current information in order to unravel the origin, pathogenesis and prevention of AD. The purpose of this book is to capture and discuss improvements in both the diagnosis and potential treatment of AD by established and novel strategies. It brings researchers across the globe having a different scientific interests and expertise under one roof to specifically focus on AD.




    The book will benefit not only students but researchers and avid readers around the globe to devour the nuances of AD in a simple yet lucid manner.




    I wish all success to the editor Dr. Dileep Kumar and his team for their endeavor to fulfill this assiduous task. I sincerely believe that the book has been prepared with scientific skills and experimental details and will provide useful information to researchers.




    

      Sushil K. Singh


      Department of Pharmaceutical Engineering & Technology


      IIT(BHU), Varanasi


      India
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    Alzheimer's disease (AD) is a progressive, degenerative, and often fatal neurological disorder. This disorder is clinically attributed to a progressive loss of memory and cognitive functions, eventually culminating in difficulty in carrying out the simplest of tasks. Currently, AD is ranked as the sixth leading cause of death in the United States but is projected to be ranked third, just after cardiovascular diseases and cancer. In 2020, the total payments for healthcare, long-term and hospice care for people aged 65 years and above, amounted to around $305 billion, raising a grave public health concern. Despite epidemiological research statistics directed towards a global Alzheimer’s epidemic, the current physician’s armamentarium comprises only treatments that provide brief symptomatic relief to the patients.




    The prime intent of the book titled, ‘Enzymatic Targets for Drug Discovery against Alzheimer’s Disease’, is to present a comprehensive approach to AD sheerly based on molecular, clinical, and translational research, while addressing the novel targets and recent research in the progression, development, and prevention of AD. However, all the broad multi-disciplinary research in AD would be beyond the purview of the book. Instead, the book would shed light on the various novel mechanistic pathways in the development, diagnosis, and prevention of AD, which would certainly be thoroughly studied and established in the years to come. These chapters address thought-provoking and challenging ideas that could be of great interest to those, both in and out of the AD sector. It is gratifying to receive 15 exceptional contributions that skillfully craft the current book.




    Globally, researchers have been relentlessly working to develop treatments and therapeutics to curb the risk and danger inflicted by AD. This has facilitated the unfolding of the byzantine signaling pathways and several contributing factors that form the basis of sporadic AD. The revelation of the latter has engaged multidisciplinary research converging from genetics, pharmacogenomics, proteomics, cell signaling and metabolomics, human nutrition, and physical education, to list a few. The most noteworthy grounds of research include the mechanisms of amyloid plaque depositions, the natural mechanism of deposited amyloid- β plaques (Aβ), and employing anti-Aβ antibodies. However, a deeper understanding of byzantine pathways precedes the development of newer drug molecules and treatment regimens. This would result in the formulation and development of novel drugs for the treatment of AD, and alleviating the symptoms associated with the latter.




    This book comprises 15 chapters written by a group of eminent experts in various facets of AD research. These chapters elucidate the recent advances, observations, challenges, and future prospects of various pathways involved in the precipitation of AD. This would further direct the development of drugs that modulate and/or intercept these signaling pathways in a variety of ways.




    AD has become the prototype of menacing neurodegenerative diseases. The rising public health concern has elicited the need for remedies at affordable prices, to ensure universal health coverage. In the first chapter, Dorababu underscores recent advances in the design and development of various tacrine-based anti-Alzheimer’s. Recent research also reveals that heterocyclic scaffold-based drugs have potent pharmacology. Tacrine was one such quinoline-containing heterocyclic compound, which was an acetylcholinesterase inhibitor. However, it was withdrawn from the commercial markets because of its toxicity profile. To address this, tacrine is currently being chemically modified to produce safer, more effective, and more potent anti-Alzheimer’s drugs and to develop their structure-activity relationship maps.




    To develop these drugs and ensure their efficient delivery, it is imperative to understand the causal mechanism underlying the pathogenesis. From a clinical point of view, another challenge would be to distinguish and diagnose the type and velocity of AD, to devise the treatment regimen. Chapter 2 authored by Adiga et al. aims to explore the epigenetics of AD, which have transpired as key modulators in the pathogenesis and progression of AD. The authors opine that these modalities would prove to be novel and reliable in diagnosing and demarcating different types of AD, directing towards personalized medications.




    With the advent of technology in the healthcare sector, there have been several signaling pathways that have been attributed to the progression and development of AD. One such molecule is TMP21, which is imperative in the trafficking of cellular proteins. Dysregulation of this protein has been linked to the production of neurotic plaques, which is the clinical characteristic of AD. The article would aim to explore the various facets that have been correlated to TMP21 dysregulation and the formation of neurofibrillary tangles, synaptic disbalance, and subsequent nerve cell death.




    Although Aβ plaques and neurofibrillary tangles (NFT) are potential neuropathological markers, the role of inflammation in the pathogenesis of AD cannot be ignored. Neurodegeneration is caused by abnormal detachment of microtubules (MT) from axon MTs, cellular mislocalization, and tau hyperphosphorylation. Tau's ability to aggregate and form NFTs is thought to be regulated by post-translational modifications, which are thought to be an important regulatory mechanism. Drugs that target tau phosphorylation and aggregation have so far failed to show any therapeutic benefit. The recent finding including deleterious mutations in enzymes involved in the surface modification of MT adds to the relevance of such enzymatic machinery in neurobiology. Chapter 4 authored by Shrivastava et al., presents the therapeutic potential of pharmacologically targeting tubulin-modifying enzymes in the treatment of neurodegenerative diseases, especially AD.




    Although several drugs have been studied and researched for the treatment of AD, only a few therapies have been approved by the FDA, especially due to neurotoxicity issues. Memantine is one such drug that resolves the neurotoxicity issue. It acts on glutamate and its receptors to provide a treatment to combat AD. Chapter 5 authored by Kore et al. attempts to review the available literature on memantine and other glutamate antagonists used to alleviate symptoms associated with AD.




    Irrespective of the causal factor, neuronal cell depletion is often the predominant factor for AD. However, for the treatment of AD, drug delivery remains a major concern, due to poor permeability, which limits the therapeutic utility of drugs. Chapter 6 of this book authored by Geetha et al, intends to review the novel approaches reported for therapeutic management, as well as to counteract the conventional therapeutic limitation of AD.




    With conventional therapies tossed out, nanotechnology has become the new promising hope for the treatment of AD. Since, the constraints created by the blood-brain barrier surrounding the CNS impede drug delivery to the central nervous system for AD therapy, decreasing therapeutic bioavailability. To overcome these barriers to the effective delivery of medications to the CNS, a wide range of nanoparticle devices are available. The goal of chapter 7 authored by Yadav et al. is to describe and highlight recent advances in nanotechnology-based medicines and their implications for the treatment of AD.




    However, these nanotechnological interventions must be attributed to a target for the successful therapeutic outcome in the patient. In addition, many targets have been identified for possible therapeutics, and from these targets, numerous drug candidates have been evaluated in clinical trials. Unfortunately, most of these trials failed due to the enigmatic nature of this disease. Currently, there are 7103 AD targets listed on the Open Targets Platform, where 1240 of them are enzyme-related. The chapter by Ozgen et al. aims to explore the various enzymatic targets of AD, which have been claimed to possess disease-modifying effects, according to their clinical significance.




    After the administration of the drug, the side effects are often inevitable, due to the intrinsic nature of the drug and/or drug therapy. Furthermore, the growing body of evidence has implied that the regular use of currently available anti-Alzheimer's drugs, which provide symptomatic relief in AD, still causes harmful effects such as mood disorders, sleeplessness, and depression. The importance of sirtuins in cellular biological control and neurological deficits has increased understanding of their novel role, with particular relevance to Alzheimer's disease. The data curated by Bhushan et al. in Chapter 9 have thoroughly reviewed the imperative role of sirtuins in the pathogenesis of AD, while simultaneously providing a prospect for drug discovery and delivery.




    The structure-activity relationship for various benzothiazolourea derivatives has demonstrated outstanding potential in the alteration of illnesses against the CNS. Chapter 10, by Tiwari et al., aims to curate and compare the statistics acquired from several data sources that demonstrate the potential effect of benzothiazolourea derivatives on the production of a significant lead compound. To date, inhibiting acetylcholine esterase is one of the key Alzheimer's processes discovered. Thus, innovative benzothiazole design and development could have a wide range of applications in the treatment of Alzheimer's disease.




    Tau neuronal and glial abnormalities drive the clinical symptoms of Alzheimer's disease (AD) and are often related to human tauopathies. Due to its lack of a stable structure and high flexibility, tau, a microtubule-associated protein, is intrinsically disordered. In the brains of people diagnosed with AD and other tauopathies, intracellular inclusions of fibrillar tau with a sheet structure accumulate. As a result, tau dissociation from microtubules and tau transformation from a disordered to an improperly aggregated state are crucial processes before tau-related disorders manifest. Chapter 11, by Dubey et al., aims to explore the efficacy of some of the most well-developed and/or commercialized molecules, in both pre-clinical and clinical studies for research pertaining to tau-targeted therapies.




    The effectiveness of traditional Alzheimer's medications is heavily dependent on physiological factors such as the blood-brain barrier, the blood-cerebrospinal fluid barrier, and drug efflux by P-glycoprotein, all of which limit AD therapies' ability to make it to the central nervous system (CNS). The blood-brain barrier protects the central nervous system, while simultaneously limiting the access of therapeutic compounds to it. Therefore, to overcome the barrier and existing restrictions that CNS drugs face in crossing the BBB, novel drug development approaches have become a necessity. Several nano carrier-based techniques successfully address this goal by improving efficacy and facilitating the continuous release of encapsulated AD medication via targeted drug delivery. The study in chapter 12 by Kumari et al. aims to review these nanocarriers, which would mark a milestone in the nanotechnology-based drug delivery options to alleviate symptoms and provide remission from AD.




    The function of carbonic anhydrase (CA) and its isoenzymes in Alzheimer's disease (AD) pathology have garnered the interest of researchers all over the world since their discovery in several AD models and the brains of AD patients. The release of the pro-apoptotic factor Cytochrome C (Cyt C) from challenged mitochondria was significantly reduced after treatment with a carbonic anhydrase inhibitor (CAI). As a result, a link was discovered between aging, oxidative stress, mitochondrial malfunction, and AD etiology. Chapter 13 by Bhatnagar et al. aims to review the effects of these CAIs on mitochondrial dysfunction and consequently on AD, which could prove to be a viable strategy for future developments.




    Despite decades of study on novel drugs and therapy regimens, AD still has limited treatment options. Although currently available drugs for AD do not slow or stop the progression of the disease, they are used to treat symptoms and provide temporary relief to patients. In recent years, there has been a rise in interest in understanding the mechanism of AD due to the introduction of drugs and other therapy modalities to address an unmet medical need. Somatostatin-evoked Aβ catabolism in the brain is intercepted via the -endosulfan-KATP channel route, according to a growing body of evidence. Chapter 14 by Varghese et al. aims to explore Somatostatin-evoked Aβ catabolism in their endeavour for the pursuit of drug design in Alzheimer’s disease. The latter can be accomplished by repurposing or repositioning medications that have previously been approved by regulatory bodies and are used to treat different ailments. This study can potentially be a landmark in the treatment of diseases and could revolutionize the way neurodegenerative diseases, especially AD, are perceived and treated. Additionally, the repurposing of the pre-approved drugs would mean no loss of time for the conduction of extensive clinical trials for safety and toxicity profiles. Thus, success in this could potentially be the next treatment regimen for remission from AD. The last chapter 15 by Manjunath et al. delves deep into non-invasive, patient-affordable diagnosis methods that are also potential targets to discover new drugs beyond conventional and available drugs against Alzheimer's disease.




    In short, this book shows a window to the future, with the potential remedies and treatment regimen concisely penned down in 15 multidisciplinary yet interconnected chapters. Finally, I extend my gratitude to all authors for their valuable contributions, their perseverance through the peer review process, and their patience with the publication process. The editors and the publishing team appreciate the researchers who contributed to the peer-review, verifying and amending various chapters and the editorial. I would also express my appreciation and gratitude to the authors and publisher of ‘Enzymatic Targets for Drug Discovery against Alzheimer’s Disease’ for their unwavering guidance, unabated efforts, and unrelenting assistance in the development of this book. It is a pleasure to thank Ms. Humaira Hashmi, the Editorial Manager of Publications, and Ms. Asma Ahmed, Senior Manager of Bentham Publication for their valuable assistance during this whole journey.
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      Abstract




      Alzheimer’s has become a common disease in aged people that leads to cognitive impairment and finally results in dementia and death. As the disease has a complicated etiology, it can hardly be prevented and cured. Hence, it turned out to be one of the menacing neurodegenerative diseases. The important concerning factor about Alzheimer’s is its unaffordable treatment cost. Also, there are only a few efficient anti-Alzheimer drugs. Now, it is a very urgent need to discover the most efficient and cost-effective anti-Alzheimer’s drugs. Nowadays, research reveals drugs based on heterocyclic scaffolds that have attributed to potent pharmacology. Quinoline-contai- ning molecule, tacrine was recommended as an acetylcholinesterase inhibitor. How- ever, its use has been withdrawn because of its toxicity. While research is going on designing derivatives of tacrine. Fortunately, some tacrine derivatives showed the most potent anti-Alzheimer properties. In view of this, here, anti-Alzheimer properties of recently reported tacrine-based Alzheimer’s agents are discussed and evaluated. The structure-activity relationship has been helpful in identifying potent molecules in a series of derivatives.
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      INTRODUCTION




      Alzheimer’s disease (AD), a neurodegenerative disease is responsible for 60-70% of dementia deaths. AD starts with an early symptom like difficulty in remembering recent events and progresses with problems associated with difficulty in language, loss of motivation, disorientation and behavioral issues [1]. Gradually, AD patients lose bodily functions leading to death. AD is caused by environmental or genetic factors or head injury, clinical depression, and high blood pressure [1].




      Theories such as amyloid hypothesis [2], tau hypothesis [3], cholinergic hypothesis [4] and inflammatory hypothesis [5] have been proposed to determine the cause of AD. Drugs have been designed and discovered based on these hypotheses. However, to date, no Alzheimer’s drug could stop the progression of the disease or cure it. These drugs can only slow the rate of progression of the disease. Alongside, there is no well-documented method of prevention of AD [6]. Till now, most promising anti-Alzheimer’s medications used for treatment are rivastigmine, galantamine, and donepezil which act as cholinesterase inhibitors [7, 8]. While, memantine is an NMDA receptor antagonist [9]. Aducanumab is a recently FDA-approved anti-Alzheimer’s drug that works by reducing amyloid plaques [10]. A continuous effort is being put in by the researchers in bringing up efficient anti-Alzheimer’s drugs. Especially, heterocycle-based hybrid molecules have been reported as potent pharmacological agents including anti-Alzheimer’s. A quinoline-based drug, tacrine Fig. (1) is a centrally-acting acetylcholinesterase inhibitor developed by Adrien Albert.
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Fig. (1))


      Structure of Anti-AD drug tacrine.



      However, the use of tacrine has been stopped because of its adverse side effects. While, research is being continued in designing tacrine derivatives as potent anti-Alzheimer agents. In fact, galantamine is a tacrine derivative. This review is aimed at update of recently developed tacrine-based anti-Alzheimer’s molecules. Here, structure-activity relationship (SAR) is discussed among the derivatives of a particular family of molecules.




      

        Multi-Target Anti-Alzheimer’s Agents




        Repeated failure of clinical trials of target-specific drugs suggests the complex multifactorial nature of AD. Most of the anti-AD drugs being designed address a particular signaling pathway by modulation of a single biological target. However, the disease progresses via the other signaling pathways resulting in low efficacy of single-target drugs. This fact warrants the discovery of an alternative approach that modulates several biological targets of AD simultaneously [11, 12] which is a challenging job [13]. Here are some tacrine-based multi-target anti-AD agents.




        

          



          Tacrine-Heterocycle Hybrids




          As accumulating evidence suggests 1,2,4-thiadiazole/thiazolidinone derivatives were efficient anti-AD agents [14-16], G.F. Makhaeva et al. prepared conjugates of tacrine and 1,2,4-thiadiazole and eventually investigated their cholinesterase inhibitory activity [17]. All the evaluated tacrine derivatives showed remarkable cholinesterase inhibitory activity. Especially, propanamine fragment-bearing derivatives 2-5 (Table 1) bestowed the most promising cholinesterase inhibitory activity compared to propanamine analogs. Among them, the strongest AChE activity was noticed for 4-fluorophenyl analog 3. While, 4-chlorophenyl analog 5 emerged as the most potent BChE inhibitor. However, variation in cholinesterase inhibitory activity was very small with a change in substitution on phenyl ring. Propanamine analogs were inferior to propanamine analogs with respect to CES inhibitory activity. Alongside this, synthesized molecules exhibited good scavenging activity. Particularly, propanamine analogs possessed superior activity (TEAC = 1.28-1.45) to propanamine scaffolds (TEAC = 0.38-0.51). These facts reveal that, compounds 2-5 showed moderate scavenging activity and CES activity. Although, they can be developed as potent anti-AD agents.




          

            Table 1 Cholinesterase and CES inhibitory activities of tacrine-1,2,4-thiadiazole hybrids.
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          Literature unveils that pyridine derivatives were good at inhibition of Alzheimer’s disease [18, 19]. This fact was considered by K. Czarnecka et al. for hybridization of tacrine with pyridine moiety and explored tacrine-pyridine molecules for anti-AD properties [20]. Nanomolar cholinesterase inhibitory activity was observed for evaluated molecules. Particularly, compounds 6-9 (Table 2) demonstrated noteworthy activity. Compound 6 bearing the shortest alkyl chain (propylene) exhibited the highest AChE inhibitory activity the and highest selectivity over BChE activity. While compounds 7 and 8 exerted slightly reduced AChE inhibitory activity. As the alkyl chain length was increased, AChE activity was decreased up to a chain length of eight carbons. However, compound 9 with the highest alkyl chain length showed good AChE inhibitory activity as well as the most potent BChE inhibitory activity. Increased alkyl chain length resulted in increased BChE inhibitory values. In Aβ-aggregation inhibitory activity, compound 6 rendered the strongest activity of 46% at the concentration of 50 µM. Also, compound 6 retained Aβ-aggregation inhibitory activity even at low drug concentrations but with reduced activity. Alongside this, good hyaluronidase inhibitory activity (IC50 = 465.7 µM) was noticed for compound 6, comparatively weaker than heparin (IC50 = 56.4 µM). Besides, compound 6 was found to be non-toxic (viability = 82.3% at 0.9 µM) at the concentration range used for in vitro inhibition studies.




          

            Table 2 Cholinesterase inhibitory activity of tacrine-pyridine hybrids.
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                  	Compd.



                  	n



                  	Anti-AD Properties

                




                

                  	AChE (IC50, nM)



                  	BChE (IC50, nM)



                  	-

                


              



              

                

                  	6



                  	3



                  	1.02



                  	159.7



                  	-

                




                

                  	7



                  	4



                  	1.65



                  	41.4



                  	-

                




                

                  	8



                  	5



                  	2.90



                  	13.4



                  	-

                




                

                  	9



                  	9



                  	3.12



                  	3.33



                  	-

                




                

                  	Tacrine



                  	89.9



                  	14.9



                  	-

                


              

            




          




          The fact that coumarin has affinity for the PAS of cholinesterases [21, 22], was considered for tagging coumarin to tacrinevia 1,2,3-triazoles and then screened tacrine-coumarin hybrids for Alzheimer’s inhibitory property by Z. Najafi et al [23]. Micromolar to nanomolar cholinesterase inhibitory activity was observed for evaluated molecules. Of the most potent molecules 10-13 (Table 3), compound 10 elicited the most promising AChE inhibitory activity. While, compound 12 rendered the strongest BChE activity. Compounds 10 and 12 exerted better AChE and BChE inhibitory activity respectively, compared to tacrine. Among the AChE/BChE dual inhibitors, compounds 11 and 13 emerged as remarkable molecules. SAR analysis indicates a gradual increase in AChE and BChE inhibitory activities with increased alkyl chain length. Particularly, stronger activities were evident for the pentylene chain. In the inhibitory activity of BACE1 enzyme that is responsible for the construction of Aβ peptides [24], compound 12 exerted moderate activity of 28.69% at a concentration of 50 µM. Also, no complete protection from the neurotoxic effect of Aβ25-35 was exhibited by compound 12 up to 12 µM concentration.




          

            Table 3 Cholinesterase inhibitory properties of tacrine-coumarin hybrids.
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                  	Compd.



                  	n



                  	R1



                  	R2



                  	R3



                  	Anti-AD Properties

                




                

                  	



                  	-



                  	-



                  	AChE (IC50, nM)



                  	BChE (IC50, nM)



                  	-

                


              



              

                

                  	10



                  	1



                  	Cl



                  	H



                  	Me



                  	27



                  	104



                  	-

                




                

                  	11



                  	2



                  	Cl



                  	H



                  	H



                  	44



                  	60



                  	-

                




                

                  	12



                  	3



                  	H



                  	H



                  	H



                  	95



                  	6



                  	-

                




                

                  	13



                  	3



                  	H



                  	H



                  	Me



                  	50



                  	38



                  	-

                




                

                  	Tacrine



                  	-



                  	-



                  	-



                  	48



                  	10



                  	-

                


              

            




          




          Isatin moiety has been appended with tacrine to synthesize a series of tacrine-isatin Schiff bases [25], inspired by its inhibitory activity against monoamine oxidases [26, 27], cholinesterases [28], and Aβ-aggregation [29]. Synthesized molecules showed micromolar to nanomolar cholinesterase inhibitory properties. Amongst those, 3-chlorophenyl analog 16 (Table 4) with hexylene spacer exhibited the highest eelAChE inhibitory activity. It was also an eelAChE/eqBChE dual inhibitor. Then, slightly diminished activity was noticed for 3-nitrophenyl analog 18. It was observed that regardless of the substitution of phenyl ring, tacrine-isatin Schiff bases possessing 6-carbon spacer showed superior eelAChE inhibitory activity. Especially, tacrine-isatin hybrids bearing electron-withdrawing group-substituted phenyl ring were the most potent eelAChE inhibitors. In case of eqBChE inhibitory activity, 3-tolyl analog 14 with a 5-carbon spacer exhibited the strongest activity. Other potent eqBChE inhibitors include compounds 15-17 with almost similar activity. SAR reveals that phenyl rings with an electron-donating group have favored eqBChE inhibitory activity. In addition, compound 16 demonstrated greater AChE-induced Aβ-aggregation inhibitory activity (79.1%) compared to donepezil (72.7%). Whereas, compound 18 rendered threefold higher self-induced Aβ-aggregation inhibitory activity (84.6%) and almost similar AChE-induced Aβ-aggregation inhibitory activity (70.8%) as compared with donepezil. Besides this, compound 16 exerted excellent Fe2+ chelating effect (81.52%) which was close to that of tacrine (83.56%). These facts confirm the therapeutic efficacy of compound 16 for Alzheimer’s.




          

            Table 4 Representation of cholinesterase inhibitory activity of tacrine-isatin Schiff bases.
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                  	Compd.



                  	n



                  	R1



                  	R2



                  	Anti-AD Properties

                




                

                  	



                  	-



                  	
eelAChE (IC50, nM)



                  	
eqBChE (IC50, nM)



                  	-

                


              



              

                

                  	14



                  	5



                  	Me



                  	H



                  	57.8



                  	0.11



                  	-

                




                

                  	15



                  	5



                  	H



                  	OMe



                  	35.1



                  	0.59



                  	-

                




                

                  	16



                  	6



                  	Cl



                  	H



                  	0.42



                  	0.57



                  	-

                




                

                  	17



                  	6



                  	Me



                  	H



                  	2.41



                  	0.46



                  	-

                




                

                  	18



                  	6



                  	NO2




                  	H



                  	0.62



                  	3.52



                  	-

                




                

                  	Tacrine



                  	-



                  	-



                  	38.7



                  	6.21



                  	-

                


              

            




          




          Hoping that hydroxyphenyl benzimidazole provides extra favorable interaction with the active site of AChE, A. Hiremathad et al. envisaged combining tacrine and hydroxyphenyl benzimidazoles to give a series of hybrids [30]. The synthesized hybrids showed micromolar to nanomolar AChE inhibitory activity. Ethylene spacer-containing chlorotacrine analog 19 Fig. (2) exerted the most promising AChE inhibitory activity (IC50 = 6.3 nM). Compound 20 comprising Hydroxypropylene spacer rendered remarkable activity (IC50 = 16.8 nM), followed by slightly diminished activity (IC50 = 18.1 nM) of chlorotacrine analog 21. It indicates that chlorine atom is not beneficial for potent AChE inhibitory activity. Further increase in spacer length (butylene) resulted in micromolar activity. Also, hydroxyl propylene spacer-entailing hybrids exhibited stronger activity as compared with propylene analogs. Besides, compound 22 was found to be the strongest Aβ-aggregation inhibitor. It showed an inhibitory percentage of 74.6% and 77.3% against self-induced Aβ42-aggregation and Cu-induced Aβ42-aggregation respectively. While, compound 20 showed noteworthy self-induced Aβ42-aggregation inhibitory activity (70.9%). Other derivatives exerted moderate-to-poor Aβ-aggregation inhibitory activity.
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Fig. (2))


          Depiction of tacrine-hydroxyphenylbenzimidazole hybrids as anti-AD agents.

        




        

          



          Tacrine - Non-Heterocycle Hybrids




          Considering NMDA antagonistic activity of benzohomodamantanamine and potent AChE inhibitor 6-chlorotacrine [31], F.J. Perez-Areales et al. envisaged synthesis and investigation of anti-Anti-Alzheimer’s properties of benzohomoadamantane-chlorotacrine hybrids [32]. Surprisingly, the promising anti-AD activity was observed for most of the evaluated derivatives. All the synthesized molecules exhibited nanomolar AChE inhibitory activity, compound 24 (Fig. 3) being the most potent molecule (Table 5). All the compounds possessed higher AChE inhibitory activity. Particularly, compound 24 was 44-fold stronger compared to 6-chlorotacrine. While, compounds 23-25 were as good as 6-chlorotacrine in case of BChE inhibitory activity. Whereas, both compounds 23 and 24 showed more or less similar NMDA receptor activity. In the inhibitory activity of tau protein and Aβ aggregation, poor activity was noticed. Besides, evaluated molecules showed good permeability towards the blood-brain barrier. SAR indicates that the structural analog of compound 23 possessing tetramethylenediamine showed reduced activity. Also, the introduction of carbonyl group showed diminished anti-AD properties. While, connecting 6-chlorotacrine to benzoadamantane through benzene ring (compounds 24 and 25) resulted in excellent anti-AD properties, regardless of the type of linker.




          

            Table 5 Anti-AD properties of benzohomoadamantane-chlorotacrine hybrids.




            

              

                

                  	Compd.



                  	Anti-Alzheimer’s Activity

                




                

                  	
hAChE (IC50, nM)



                  	
hBChE (IC50, µM)



                  	NMDA (IC50, µM)

                


              



              

                

                  	23



                  	1.4



                  	0.2



                  	0.9

                




                

                  	24



                  	0.3



                  	0.5



                  	1.2

                




                

                  	25



                  	2.5



                  	0.02



                  	3.4

                




                

                  	Chlorotacrine



                  	14.5



                  	0.5



                  	-
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Fig. (3))


          Structures of benzohomoadamantane-chlorotacrine hybrids as anti-AD agents.



          Phenylhydroxamic acid, a core moiety of various HDAC inhibitors such as PCI-24781, tubastatin [33], and NCC149 [34] has been utilized in the synthesis of tacrine-phenylhydroxamic acid derivative 26 Fig. (4) by H.-J. Tseng et al [35]. In the HDACs inhibitory activity, compound 26 showed poor activity (IC50 >40 µM) against Hela nuclear HDAC, HDAC4, HDAC7, and HDAC9. While moderate activity was observed in case of HDAC5, and HDAC6 with IC50 values of 17.54 µM and 3.55 µM respectively. However, it exhibited good AChE inhibitory activity (IC50 = 1.97 µM).
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Fig. (4))


          Structure of tacrine-phenylhydroxamic acid derivative.



          Almost similar structural analogs (as discussed previously), tacrine-hydroxamates with a variety of alkylamide/alkylamine/alkylsulfonamide linkers were designed by A. Xu et al. [36]. Introduction of the linker had a profound effect on the anti-AD properties. Combination of chlorotacrine and propylene hydroxamic acid with N-propylamide (compound 29) bestowed the strongest AChE inhibitory activity (IC50 = 0.12 nM) and highest selectivity (3098) over BChE activity. Either increase or decrease of alkyl chain length led to diminished activity. Other potent molecules include compounds 27 and 31 Fig. (5) with IC50 values of 0.94 nM and 0.26 nM, respectively. Also, sulfonamide analogs and pyrimidine hydroxamic acid derivatives showed reduced activity. In case of BChE inhibitory activity, compound 28 was found to be the best molecule (IC50 = 0.58 nM). Compounds 28 and 30 showed potent Aβ1-41 inhibitory activity with inhibitory percentages of 53.6% and 60.3%, respectively. In addition, compounds 29 and 30 demonstrated remarkable HDAC inhibitory activity with IC50 values of 0.23 nM and 0.28 nM, respectively. Particularly, towards isoforms of HDAC, compound 30 rendered potent activity against HDAC1, HDAC3, and HDAC7 with IC50 values of 7.79 nM, 5.04 nM, and 7.58 nM, respectively. Besides, compound 30 exerted the highest 1:1 inhibitory percentage of 96.5% towards the Cu2+ chelating effect. These facts prove that compound 30 is a promising therapeutic agent for AD.
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Fig. (5))


          Depiction of tacrine-hydroxamate derivatives with promising anti-AD activity.



          J.M. Roldan-Pena et al. envisaged the synthesis and investigation of tacrine-O-protected phenolic derivatives [37]. Micromolar anti-AChE activity was noticed for most of the evaluated molecules. Among them, compounds 32-36 Fig. (6) were the most potent AChE inhibitors Table 6. Particularly, 4-methoxyphenyl analog 33 showed the best activity. While, dimethoxyphenyl derivative 34 exhibited slightly reduced activity. Similarly, dibenzyl analog 36 exerted inferior activity compared to monobenzyl analog 35. Whereas, nanomolar anti-BChE activity (Table 6) has been exhibited by tacrine-phenolic compounds 32-36 suggesting that these were AChE/BChE dual inhibitors. Especially, compound 35 was found to be the most efficient dual inhibitor. Also, broadly speaking, tacrine-phenolic compounds with ether spacer elicited the strongest cholinesterase inhibitory activity. Then, amine spacer-containing tacrine-phenolic hybrids stood next to ether spacer-possessing analogs. Further, compounds 33-36 exerted potent hAChE inhibitory activity (IC50 = 0.17-0.51 µM). Similar to previous results, compounds 33-36 bestowed with nanomolar hBChE inhibitory activity (IC50 = 0.50-2.92 nM). However, disubstituted phenyl analogs 34 and 36 demonstrated the most promising results with IC50 values of 0.51 nM and 0.50 nM, respectively. Alongside, moderate Aβ42-aggregation inhibitory activity (63.5-75.3%) was noticed for compounds 33-36. Besides, the most efficient anti-AD agents 34 and 36 showed no significant neurotoxicity up to 5 µM concentration.




          

            Table 6 Cholinesterase inhibitory activity of tacrine-O-protected phenolic compounds.




            

              

                

                  	Compd.



                  	Cholinesterase Inhibitory Activity

                




                

                  	
eelAChE



                  	
eqBChE

                




                

                  	(Kia, µM)



                  	(Kib, µM)



                  	(Kia, nM)



                  	(Kib, nM)

                


              



              

                

                  	32



                  	0.12



                  	0.058



                  	7.9



                  	1.7

                




                

                  	33



                  	0.075



                  	0.075



                  	29



                  	2.9

                




                

                  	34



                  	0.17



                  	0.055



                  	7.0



                  	1.9

                




                

                  	35



                  	0.11



                  	0.11



                  	1.9



                  	1.5

                




                

                  	36



                  	0.34



                  	0.13



                  	4.6



                  	2.7
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Fig. (6))


          Representation of tacrine-phenolic compounds as remarkable anti-AD agents.

        


      




      

        



        Cholinesterase Inhibitors




        In Alzheimer’s patients, acetylcholine levels are reduced by cholinesterase enzymes, thereby reducing cholinergic transmission. Hence, an efficient approach in AD drug design is to target cholinesterases, developing cholinesterase inhibitors [38]. Reports also indicate that AChE interacts with Aβ-protein to produce AChE-Aβ complex which is found in Aβ aggregates [39]. Herein, information on tacrine-based cholinesterase inhibitors is discussed.




        

          Tacrine-Heterocycle Based ChE Inhibitors




          Previously identified moderate AChE inhibitor, indol-3-acetic acid (IAA) derivative [40] was considered as a lead compound in designing a series of tacrine-IAA hybrid molecules by J.-Q. Cheng et al [41]. The synthesized molecules exerted micromolar AChE inhibitory activity (IC50 = 0.17-1.66 µM) and nanomolar BChE inhibitory activity (IC50 = 57-353 nM). Among the remarkable AChE inhibitors, 37-39 (Table 7) hexylamine analog 39 elicited the strongest activity. It was found that increased alkylamine length led to increased AChE inhibitory activity. However, maximum activity was noticed for six carbon spacer and further increase in chain length resulted in gradual reduction in the activity. While, the strongest BChE inhibitory activity has been observed for tacrine-IAA derivative 38 with pentylamine spacer. Further increase in alkyl chain length led to slightly diminished activity. Nonetheless, compound 38 emerged as a promising AChE/BChE dual inhibitor.




          

            Table 7 Depiction of cholinesterase inhibitory activity of tacrine-IAA hybrids.
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                  	Compd.



                  	n



                  	Cholinesterase Inhibitory Activity

                




                

                  	AChE (µM)



                  	BChE (nM)

                


              



              

                

                  	37



                  	3



                  	0.39



                  	76

                




                

                  	38



                  	4



                  	0.26



                  	57

                




                

                  	39



                  	5



                  	0.17



                  	66

                




                

                  	Tacrine



                  	0.16



                  	268

                


              

            




          




          Phenyl ring of tacrine was modified so as to transform it to the pyrimidine ring and obtained a series of pyrimidino-tacrine analogs [42]. The synthesized compounds were subjected to in vivo inhibition of AChE wherein 4-chlorophenyl analog 42 Fig. (7) rendered excellent activity (22.7%), approximately, twofold higher as compared with tacrine (9.0%). While, phenyl 40 and p-tolyl 41 analogs showed lower activity of 15.8% and 17.6%, respectively, however, found to be stronger than that of tacrine. Almost similar activity was exhibited by pyrimidinone-amine derivatives but inferior to compound 42.
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Fig. (7))


          Structures of pyrimidino-tacrine hybrids with AChE inhibitory activity.



          Further, C.D.L. Rios et al. designed pyrido-tacrine analogs by incorporating nitrogen atom into benzene ring of tacrine and the cyclohexane ring may be retained or replaced by other cycloalkanes [43]. In the cholinesterase inhibitory activity, compound 43 Fig. (8) with combination of phenylpyridine and cyclohexane ring exerted remarkable activity against AChE and BChE with IC50 values of 0.82 µM and 5.0 µM, respectively. While, increase/decrease in cycloalkane ring size and even the introduction of methoxy group on pyridine ring resulted in moderate-to-poor activity. Considering compound 43 as lead, a variety of substituted phenyl derivatives were prepared and screened for cholinesterase inhibitory activity and VGCC blockade activity. Improvement in eeAChE inhibitory activity (IC50 = 0.7 µM) was observed for 4-fluorophenyl analog 44. Also, twofold stronger VGCC inhibitory activity (38%) was showed by compound 44 compared to tacrine (17%). In addition, cholinesterase inhibitory activity of pyridyl-tacrine analogs devoid of phenyl ring was also reported. Significant improvement in the activity was noticed. Particularly, cyclohexane analog 45 contributed excellent eeAChE (IC50 = 0.060 µM), and hAChE activity (IC50 = 0.78 µM) over BChE (IC50 = 12 µM).
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Fig. (8))


          Structures of pyridyl-tacrine derivatives with excellent cholinesterase activity.



          Benzene ring of tacrine was replaced by a potent pharmacophore, pyranopyrazole moiety to afford a series tacrine-pyranopyrazole hybrids [44]. In cholinesterase inhibitory activity, low micromolar AChE inhibitory activity (IC50 = 0.044-5.80 µM) has been exhibited by evaluated molecules. Biphenyl moiety in compound 46 Fig. (9) attributed to the strongest AChE activity (IC50 = 44 nM). While, slightly diminished activity (IC50 = 58 nM) was observed for 4-thiomethylphenyl analog 47. The presence of strong electron-withdrawing group like NO2 led to moderate activity. Although thiomethyl group-bearing compound 47 exhibited excellent activity, dimethoxyphenyl analog could only show fivefold lower activity as compared with compound 47. It indicates that the AChE inhibitory activity was not only favored by the electron-withdrawing nature of the substituent but also by the structural conformation of the group. In case of BChE inhibitory activity, the presence of strong electron-withdrawing groups resulted in potent activity. Whereas electron-donating groups attributed to moderate activity. Compound 48 was found to be AChE/BChE dual inhibitor with IC50 values of 1.77 µM and 1.84 µM respectively, and it was the most potent BChE inhibitor. Besides, compounds 46 and 47 were selective AChE inhibitors with mild BChE inhibitory activity.
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Fig. (9))


          Illustration of tacrine-pyranopyrazoles as cholinesterase inhibitors.



          Taking into consideration the AChE and PDE4 inhibitory property of pyrazolo-pyridine derivatives [45], T. Pan et al. synthesized a set of tacrine-pyrazolo- pyridine hybrids [46]. The synthesized molecules exerted remarkable AChE and BChE inhibitory activity with IC50 values in the range of 0.125-0.812 µM and 0.245-0.891 µM, respectively. An increase in alkyldiamine chain length led to a reduction in AChE activity. However, optimum activity was noticed for derivatives possessing hexyldiamine spacer. Compound 49 Fig. (10) exhibited noteworthy AChE activity (IC50 = 0.149 µM). While, the introduction of chloro group on phenyl ring of tacrine resulted in increased activity (IC50 = 0.125 µM). No significant difference in cholinesterase inhibitory was evident for tacrine and chlorotacrine analogs. In addition, the synthesized molecules rendered potent PDE4D2 inhibitory activity (IC50 = 0.025-1.307 µM). Especially, derivatives with small alkylamine chain length favored the PDE4D2 activity. Here, compound 51 and 52 demonstrated the best activity with IC50 values of 0.025 µM and 0.041 µM, respectively. While, least activity was observed for tacrine-pyrazolopyrimidines with the highest alkyldiamine chain length.
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Fig. (10))


          Representation of tacrine-pyrazolopyridines as AChE and PDE4 inhibitors.



          Irreversible AChE inhibition by nerve agents causes toxicity and excessive accumulation of the neurotransmitter acetylcholine (ACh) in the synapse, continuously stimulating post-synaptic ACh receptors [47]. J. Kim et al. envisa- ged synthesis of tacrine-pyridinium hybrids and investigation of reactivation of inhibited acetylcholinesterase [48]. Initially synthesized molecules tested for inhibition of free AChE wherein few oxime analogs showed the highest AChE activity (90%-95%) at 1 µM concentration. Then, these analogs were subjected to reactivation of paraoxon-inhibited AChE. In this activity, compounds 53 and 54 Fig. (11) bestowed with the strongest reactivation ability of 41% compared to 2-PAM (16%). It was found that both spacers with a length of two, three as well as six to eight carbons resulted in diminished reactivation ability. The optimum spacer-length for potent activity was four or five carbon atoms.
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Fig. (11))


          Illustration of tacrine-pyridinium derivatives with AChE reactivation activity.



          M. Maspero et al. synthesized tacrine-xanomeline and tacrine-iperoxo hybrids as cholinesterase inhibitors as well as antagonists of muscurine acetylcholine receptor (mAChR) [49] as these hybrids were reported be active at mAChR and potent anti-dementia agents [50, 51]. In the AChE inhibitory activity, tacrine-xanomeline hybrids 55 and 56 Fig. (12) demonstrated comparable activity with that of tacrine (pIC50 = 7.73 M). The most potent compound (pIC50 = 7.83 M) being octylamine-linker bearing molecule 57. While, compound 56 possessing increased alkylamine chain length by two carbons exhibited slightly diminished activity. It suggests that longer alkylamine linkers were not beneficial for AChE inhibitory activity. The similar pattern of activity was noticed for N-methyl tetrahydropiperidinium salts 57-59. These compounds exhibited stronger activity (pIC50 = 8.12-9.55 M) compared to their non-methylated analogs. Of these, octylamine-bearing compound 57 exerted the strongest activity (pIC50 = 9.55 M). While, a gradual increase in alkylamine spacer length led to reduced AChE inhibitory activity. Further, improvement in the activity (pIC50) of 8.76 M and 9.81 M was noticed for tacrine-iperoxo hybrids 60 and 61, respectively. Then, tacrine-xanomeline hybrids 55-59 failed to exhibit antagonism towards mAChR. Whereas, tacrine-iperoxo hybrids 60 and 61 demonstrated good affinity for mAChR and activated heterodimeric protein G with pEC50 values of 8.24 and 8.06, respectively.
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Fig. (12))


          Representation of tacrine-xanomeline hybrids with AChE inhibitory activity.

        




        

          



          Tacrine-Non-Heterocycle-Based Derivatives




          As carbohydrate derivatives have been reported to possess potent cholinesterase inhibitory properties [52-54], J. Lopes et al. tagged carbohydrate moiety to tacrine to afford a series of tacrine-carbohydrate analogs [55]. Synthesized molecules exhibited nanomolar cholinesterase inhibitory activity. Among the five-membered carbohydrate analogs, the most promising cholinesterase inhibitory activity (Table 8) was observed for compound 63 (Fig. 13) possessing octane-amine spacer. Reduced spacer-length resulted in diminished activity. However, hexane-amine spacer-containing analog 62 showed remarkable AChE activity. Whereas, six-membered carbohydrate derivatives 64 and 65 were also potent cholinesterase inhibitors. All the derivatives 62-65 exhibited superior cholinesterase inhibitor activity as compared with tacrine.




          

            Table 8 Cholinesterase inhibitory activity of tacrine-carbohydrate hybrids.




            

              

                

                  	Compd.



                  	
Cholinesterase Inhibitory Activity (IC50, nM)

                




                

                  	
MmAChE



                  	
MmBChE

                


              



              

                

                  	62



                  	5.1



                  	25.8

                




                

                  	63



                  	2.2



                  	4.93

                




                

                  	64



                  	4.8



                  	36.7

                




                

                  	65



                  	7.6



                  	26.2

                




                

                  	Tacrine



                  	34.3



                  	62.5
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Fig. (13))


          Illustration of tacrine-carbohydrate hybrids with remarkable cholinesterase activity.



          In view of reducing toxicity of tacrine, bifendate moiety was appended to tacrine affording tacrine-bifendate hybrids [56] as bifendate has been reported to decrease tacrine-induced toxicity [57, 58]. The synthesized molecules exerted excellent cholinesterase inhibitory activity at micromolar/nanomolar concentration. Variation in AChE activity with the length of alkyldiamine linker was observed. AChE inhibitory activity was increased with an increase in the alkyldiamine chain length. The optimum activity has been exhibited by compound 68 (Table 9) with octyldiamine linker. Further increase in chain length led to twofold reduced activity in compound 69. In case of BChE inhibitory activity, all the compounds were reported to be active at nanomolar concentration and comparatively stronger than tacrine. However, contrary to AChE results, compound 66 with butyldiamine spacer resulted in the most potent BChE inhibitory activity. While, an increase in alkyldiamine chain length paved for reduced BChE inhibitory activity. Besides, most of the synthesized compounds showed low toxicity as compared with tacrine.




          

            Table 9 Cholinesterase inhibitory activity of tacrine-bifendate hybrids.
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                  	Compd.



                  	n



                  	
Cholinesterase Inhibitory Activity (IC50, µM)

                




                

                  	AChE Activity



                  	BChE Activity

                


              



              

                

                  	66



                  	2



                  	0.61



                  	0.004

                




                

                  	67



                  	4



                  	0.94



                  	0.0065

                




                

                  	68



                  	6



                  	0.027



                  	0.0086

                




                

                  	69



                  	8



                  	0.052



                  	0.035

                




                

                  	Tacrine



                  	0.143



                  	0.024

                


              

            




          




          As continuation of research on potent cholinesterase inhibitory properties of silyl tacrine derivatives [59], S. Okten et al. synthesized new silyl tacrine analogs and screened them for cholinesterase inhibitory properties [60]. Nanomolar inhibitory properties have been noticed for evaluated molecules. Cycloheptyl ring analogs 71 and 72 (Table 10) demonstrated comparatively better AChE inhibitory activity than cyclohexyl derivative 70. In particular, bromo derivative 71 exhibited excellent activity. While, substitution of Br group with silyl group in compound 72 resulted in twofold diminished activity. Contrary to this, cyclohexyl analog 70 rendered the strongest BChE inhibitory activity. An increase in the ring size led to a decrease in the BChE inhibitory activity. Even in the BChE inhibitory activity, silyl-tacrine derivative 71 with bromo group exerted stronger BChE activity. This data reveals that silyl-tacrine derivatives are good candidates for Alzheimer’s drug discovery.




          

            Table 10 Cholinesterase inhibitory activity of silyl-tacrine derivatives.
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                  	Compd.



                  	X



                  	n



                  	
Cholinesterase Inhibitory Activity (IC50, nM)

                




                

                  	AChE Activity



                  	BChE Activity

                


              



              

                

                  	70



                  	Br



                  	1



                  	157.28



                  	49.21

                




                

                  	71



                  	Br



                  	2



                  	37.74



                  	112.48

                




                

                  	72



                  	Si(CH3)3




                  	2



                  	81.02



                  	139.31

                




                

                  	Tacrine



                  	241.21



                  	192.72

                


              

            




          


        


      


    




    

      DISCUSSION And CONCLUSION




      Reports suggest that tacrine was the first FDA approved cholinesterase inhibitor used for the treatment of AD. Unfortunately, it was withdrawn from usage because of its severe side effects such as hepatotoxicity. However, research has been continued on tacrine derivatives to discover efficient anti-AD agents. In this review, recently reported tacrine-based anti-Alzheimer’s agents are described. The review is classified based on whether tacrine analogs are multi-target anti-AD agents or cholinesterase inhibitors. Further, sub-classification is made based on the type of moiety (heterocycle/non-heterocycle) connected to tacrine. Among the tacrine-heterocycle based derivatives, tacrine-thiadiazole derivatives showed micromolar AChE inhibitory activity and nanomolar BChE inhibitory activity. Alongside, these molecules showed potent CES inhibitory activity. While, connecting pyridine moiety resulted in nanomolar cholinesterase inhibitory activity and remarkable Aβ inhibitory activity. Also, coumarin-triazole analogs, benzimidazole derivatives and isatin analogs exhibited nanomolar cholinesterase inhibitory activity in addition to BACE, Aβ, and metal chelating activity. Besides, appending non-heterocyclic moieties such as phenols, aryl hydroxamic acids, and benzohomoadamantane paved for excellent anti-AD agents. Then, IAA derivatives of tacrine and pyrazolopyran derivatives demonstrated potent anti-AD properties. While, pyridotacrine, and pyrazolopryridine analogs could only show micromolar anti-AD properties. Hybrids of tacrine and carbohydrates emerged as nanomolar inhibitors of cholinesterases. Whereas, bifendate analogs showed slightly reduced activity. In case of silyl-tacrine derivatives, cycloheptyl analogs emerged as remarkable AChE inhibitors. Also, most often tacrine has been connected to heterocycle/non-heterocycle through alkylamine chain. It reveals that alkylamine linker plays a pivotal role in tacrine-based Alzheimer’s drug discovery.
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