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    This is the second volume of the book series, “Medicinal Chemistry for Pharmacy Students”. The primary objective of this e-Book series is to educate PharmD students in the area of medicinal chemistry and serve as a reference guide to pharmacists on aspects of chemical basis of drug action. A thorough discussion of key physicochemical parameters of therapeutic agents and how they affect the biochemical, pharmacological, pharmacokinetic processes and clinical use of these agents is the primary focus of the whole book. The rationale for putting together a book of this nature is to equip PharmD students with the scientific basis to competently evaluate, recommend and counsel patients and health care professionals regarding the safe, appropriate, and cost-effective use of medications.




    This second volume of the series is comprised of 8 chapters focusing on a comprehensive account of medicinal chemistry of drugs affecting autonomic and central nervous system. It provides the mechanism of drug action, details structure-activity relationships and metabolism as well as clinical significance of drugs affecting the autonomic and central nervous system to give the knowledge base for pharmacist.




    Chapter 1 provides a comprehensive account of the medicinal chemistry of “drugs affecting the cholinergic system”. This chapter includes s pathophysiologic principles, mechanism of action, structure -activity relationships and metabolism of drugs affecting cholinergic system including cholinergic agonists, antagonists neuromuscular blocking agents and related drugs.




    Chapter 2 is a comprehensive account of medicinal chemistry of “drugs affecting the adrenergic system”. It details the pathophysiologic principles, mechanism of drug action, structure-activity relationships and metabolism of the adrenergic and related drugs with their clinical significance. This chapter provides a thorough discussion of direct and indirect acting sympathomimetic (adrenergic agonists) and sympatholytic (adrenergic antagonists) drugs.




    Chapter 3 focuses on the medicinal chemistry of “phenothiazines and related antipsychotic drugs”. This chapter is a comprehensive account of medicinal chemistry of the antipsychotic drugs. It discusses the pathophysiologic principles of schizophrenia and other psychotic disorders and receptor pharmacology, mechanism of action and structure-activity relationships of the first- and second-generation antipsychotics and related drugs. This chapter also delineates the clinical significance of all classes of antipsychotic drugs, their therapeutic indications, side effects and metabolic pathways of selected first- and second-generation antipsychotic agents.




    Chapter 4 is a comprehensive account of medicinal chemistry of the “antidepressant drugs” – their pathophysiologic principles, mechanism of action, structure-activity relationships and metabolism. Topics include biogenic amine hypothesis, the roles of dopamine, serotonin and norepinephrine in depression.




    Chapter 5 concisely explains the chemical and pharmacological basis of traditional/conventional and newer sedative-hypnotics and anxiolytics that include barbiturates, benzodiazepines and non-benzodiazepine agents. Topics discussed include chemical and pharmacological classes, mechanisms of action, Structure-activity relationships, and key pharmacokinetic (ADMET) characteristics of individual drug molecules.




    Chapter 6 is a comprehensive account of the medicinal chemistry of antiepileptic drugs. It discusses the physicochemical principles, mechanism of action, structure-activity relationships and metabolism of the antiepileptic and related drugs, such as barbiturates, hydantoins, oxazolidinediones, succinimides, amides, benzodiazepines, valproic acid and its derivatives, GABA-analogs, and miscellaneous compounds, and their clinical relevance.




    Chapter 7 is a comprehensive account of the medicinal chemistry of general and local anesthetic agents. It provides the physicochemical principles, mechanism of drug action, structure-activity relationships, and drug metabolism to build a strong knowledge base for pharmacy students.




    Chapter 8 provides a comprehensive account of Parkinson’s disease and the medicinal chemistry of antiparkinsonian drugs. It details the mechanism of disease progression, drug action and structure- activity relationships of antiparkinsonian drugs.




    The chapters in this volume are designed to guide the reader to review, integrate and apply principles of medicinal chemistry to drug action of therapeutic agents. All concepts are illustrated with diagrams or figures, with the keywords highlighted, bulleted or numbered. Wherever needed, special boxes and case studies are included. In addition, each chapter is reinforced with student’s self-study guides and self-assessment questions. Special notations are highlighted using call-out boxes for visual effect. Tables and figures are used to augment the text as needed.




    We would like to express our sincere gratitude to the contributing authors for their time and effort in completing this volume. We would also like to thank the Bentham Science Publishers, particularly Ms. Fariya Zulfiqar (Manager Publications) and Mr. Mahmood Alam (Director Publications) for their support. We are confident that this volume of the book series will guide students and educators of pharmacy and related health professions worldwide.
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      Abstract




      This chapter is a comprehensive account of the medicinal chemistry of drugs affecting the cholinergic system. It provides the mechanism of drug action and the structure-activity relationship (SAR) of the cholinergic and related drugs. After a study of this chapter, students will be able to:




      • Relate principles of acetylcholine (ACh) discovery, biosynthesis, storage, transport, and metabolism.




      • Describe the effects of agonism and antagonism of cholinergic receptors and modulation of ACh levels at the synapse.




      • Describe cholinergic biochemistry and neurochemical interactions.




      • Compare muscarinic and nicotinic receptor subtypes.




      • Illustrate the mechanism of action, structure-activity relationship (SAR), metabolites, and clinical considerations of:




      ▪ muscarinic receptor agonists




      ▪ muscarinic receptor antagonists (anticholinergics)




      ▪ acetylcholinesterase (AChE) inhibitors




      ▪ o reversible




      ▪ o quasi-irreversible




      ▪ o antidotes for irreversible inhibitors




      ▪ neuromuscular blocking agents


    




    

      Keywords: Acetylcholine, Acetylcholinesterase inhibitors, Anticholinergics, Alzheimer's Disease, Muscarinic agonists, Neuromuscular Blocking Agents, Structure-activity relationship.
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      HISTORICAL PERSPECTIVES




      During the years 1898 - 1906, Reid Hunt of John Hopkins Medical School and Rene Taveau demonstrated the presence of acetyl choline (ACh) in the extracts of the adrenal cortex as a potent hypotensive agent. ACh was later extracted in 1914 from ergot and was shown to be a parasympathomimetic agent by Arthur Ewins and Henry Dale. Dale and Ewins also proposed that physostigmine could prevent the esterase mediated hydrolysis of ACh, which was later demonstrated by Otto Loewi in 1926. In 1921, Loewi also demonstrated that ACh slowed down the heart rate. Dale and Loewi shared the Nobel Prize for physiology or medicine in 1936 for this work. Long before these discoveries, A.W. Gerrard (London) and E. Hardy (France) independently discovered the cholinomimetic alkaloid, pilocarpine, in 1875 from Pilocarpus jaborandi and P. pinnatus. Its value in ophthalmology for the treatment of glaucoma was discovered by Adolf Weber in 1877. The historical use of deadly nightshade (Atropa belladonna) berry juice in the early 1800s by Italian women to enlarge their pupils for a striking appearance gave the name of the plant “belladonna” (means “beautiful lady”). In 1831, German pharmacist Heinrich F. G. Mein isolated it in pure crystalline form, which was identified as atropine. In 1869, Henry Salter described the use of atropine as well as belladonna in the treatment of asthma, and atropine and its derivatives are now widely used for this purpose, in addition to other antimuscarinic uses.




      Physostigmine, an AChE inhibitor, was isolated as an amorphous powder from Physostigma venenosum (Calabar bean) by Robert Christinson and his coworker, Thomas Fraser. Christinson examined the effects of the plant extracts which showed that it stopped the heart and/or caused atrial fibrillation. In 1875, Ludwig Laquer revealed the value of physostigmine in preventing blindness, and its use in the treatment of glaucoma. This led to the development of all the carbamate type of anticholinesterases. In 1932, Willy Lang and his student at the University of Berlin experienced marked pressure in the larynx followed by breathlessness, clouding of consciousness and blurred vision, effects similar to those produced by nicotine, when they were preparing phosphorus-fluorine compounds. Garhard Schrader of Leverkussen laboratories then prepared >2000 organic phosphate compounds as potential insecticides. Eberhard Gross of the same company showed that these compounds are irreversible inhibitors of AChE, some of which were highly toxic to the laboratory animals causing death. Tabum, discovered by Schrader in 1936, was the first war gas manufactured on large scale in 1942. Sarin, discovered by Schrader in 1938, was far more toxic than tabum. The first safe insecticide, malathion, was introduced by American Cyanamid in 1951, and in 1952, another insecticide metrifonate (a prodrug of dichlorvos) was developed by Schrader and his colleagues at the Bayer laboratories. Today, drugs affecting the cholinergic system are commonly used with many of these ranked in the top 200 drug list and are shown in Fig. (1). For additional information, please refer to the Further Reading section at the end of the chapter.
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Fig. (1))


      Structures of cholinergic drugs frequently ranked in the top 200 drugs list.

    




    

      INTRODUCTORY CONCEPTS




      

        Choline and Acetylcholine




        Circulating levels of molecular choline are essential for human biological homeostasis. Cell membrane structural integrity, lipid transport/metabolism, transmembrane signaling, and cholinergic neurotransmission are all dependent on choline levels that cannot be met by endogenous de novo synthesis. Human nutritional needs require the intake of choline-containing foods (e.g. eggs, seafood, soy products, broccoli) for proper health and physical performance [1]. Choline requires a carrier-mediated transport system to permeate cell membranes and is taken up by cholinergic neurons via a high-affinity choline transporter (CHT). Choline is a quaternary ammonium cationic molecule necessary for the synthesis and release of the essential chemical neurotransmitter ACh, which contains an acetylated hydroxyl group (Fig. 2). ACh has a wide range of biochemical activities essential for memory storage, muscle control, and other functions relating to the sympathetic and parasympathetic nervous systems [2-4].




        Since cholinergic pharmacologic agents usually interact in vivo in a manner similar to physiologic ACh, most of the drugs discussed in this chapter contain a nitrogen atom with four substituents that is positively charged, or they contain a nitrogen atom with three substituents that is protonated at physiologic pH. Keep in mind these molecular characteristics when classifying agents that affect cholinergic tone in the patient.
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Fig. (2))


        Choline and acetylcholine structures.

      




      

        Acetylcholine and Neurotransmission




        Pharmacological interest in choline derivatives already existed when ACh was first synthetically produced in 1894 by Nothnagel [5]. It took scientists until 1914 to identify ACh as the component of ergot extract that both inhibited heart muscle and stimulated intestinal muscle [6]. This discovery was effectively made and fully explored by Sir Henry Dale, who also coined the term “cholinergic” to describe the activity of ACh and “adrenergic” to describe the (opposite) activity of adrenaline. The elegant experiments of Otto Loewi later proved the neuromodulatory activity of ACh by demonstrating that it was the essential component of vagus nerve secretions (“vagusstoff”) that affected changes in heart muscle activity.




        ACh was the first neurotransmitter to be discovered and subsequent experimental work by Dale and others proved that ACh is the neurotransmitter at the terminals of all parasympathetic and some (e.g. sweat gland) sympathetic ganglia, as well as at the preganglionic fibers of both parasympathetic and sympathetic nervous systems. Furthermore, ACh was identified at voluntary motor fibers of skeletal muscles and at fibers within the central nervous system (CNS). The combined work of Loewi and Dale led to them being awarded the Nobel Prize in Physiology or Medicine in 1936 “for discoveries relating to the chemical transmission of nerve impulse” [7-9].


      




      

        Cholinergic Neurochemistry: ACh Biosynthesis, Storage, Release, and Metabolism




        Acetylcholine has its effect at numerous sites in the body, but let us first consider the biosynthesis, action, and metabolism of ACh near a cholinergic chemical synapse. ACh is formed in the cytosol of a presynaptic cell by the choline acetyltransferase (ChAT) enzyme (Fig. 3). In this transformation, a molecule of choline receives an acetyl group from mitochondrion-derived acetyl coenzyme A (acetyl-CoA).
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Fig. (3))


        ACh biosynthesis in the presynaptic nerve cell.



        Once formed in the presynaptic environment, much of the ACh is stored in vesicles along with other co-transmitters, where it awaits a release into the synaptic cleft. Vesicular acetylcholine transporter (vAChT) mediates the transport of ACh from the cytoplasm into cholinergic synaptic vesicles. These vesicles contain enzymes and transporters that concentrate and store ACh before neurotransmitter release commences. Estimates of the number of molecules of ACh contained in one vesicle vary between 1000 and 50,000 (defined as one quantum of neurotransmitters), and a single presynaptic cell terminus may contain hundreds of thousands of vesicles. Neurotransmitter release into the synapse is initiated by depolarization of the nerve cell; subsequent calcium ion (Ca2+) influx triggers the fusion of hundreds of vesicles to the presynaptic cell membrane and a release of a quantum of ACh from each vesicle along with co-transmitters into the synaptic cleft. The storage vesicles then reassemble and utilize the same enzymes and transporters to store ACh in the presynaptic area (Fig. 4).
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Fig. (4))


        ACh in the synaptic area.



        When vesicles from the presynaptic nerve cell release ACh, stimulation of presynaptic muscarinic receptors (mChR) inhibits the additional release of ACh, whereas stimulated presynaptic nicotinic receptors (nChR) enhance ACh concentrations in the synapse. This feedback modulation of presynaptic receptors is essential for the regulation of synaptic ACh levels.




        Once in the synapse, ACh is also susceptible to metabolism into choline and acetyl-CoA via the actions of acetylcholinesterase (AChE) present in local synaptic membranes (Fig. 5). This metabolic conversion of ACh to choline actively reduces the concentration of ACh in the synapse, and thus modulates the local cholinergic activity
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Fig. (5))


        Breakdown of ACh by the acetylcholinesterase enzyme.

      




      

        Cholinergic Receptors - Muscarinic and Nicotinic Subtypes




        The autonomic nervous system mediates most of the involuntary functions of the body, where essential nerve signals are transmitted to most tissues through two opposing systems, the sympathetic and parasympathetic (Fig. 6). The sympathetic and parasympathetic systems innervate many of the same tissues and can be generally considered to have opposite effects. For example, sympathetic stimulation increases heart rate and inhibits digestion, whereas parasympathetic stimulation lowers heart rate and promotes digestion.




        Each of the sympathetic and parasympathetic nerves consists of two neurons, a preganglionic neuron that originates from the central nervous system and a postganglionic neuron that connects to the peripheral effector tissue. These neurons communicate with each other at ganglia (clusters of neuronal soma and dendrites) via the release of chemical neurotransmitters into the chemical synapse. A chemical synapse is 100-200 angstroms wide and is present wherever nerve cells meet other nerve cells as well as when nerve cells meet gland or muscle cells. Chemical neurotransmitter signaling is therefore intrinsic to normal neurological and physiological functions in human beings.




        All preganglionic neurons are cholinergic in both the sympathetic and parasympathetic nervous systems. Postganglionic parasympathetic neurons are cholinergic as well as postganglionic sympathetic neurons that affect the sweat glands, piloerector muscles, and a few blood vessels. All other postganglionic sympathetic neurons are adrenergic [10].
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Fig. (6))


        Peripheral nerve fiber structure and chemical neurotransmitters.



        As a neurotransmitter, ACh activates two subtypes of receptors that are classified by their sensitivity to muscarine and nicotine (Fig. 7). These receptors, as well as the cholinergic drugs that act at these receptors, are termed muscarinic and nicotinic, respectively. Although nicotine and muscarine are not endogenous to human bodies, these chemical compounds have enabled researchers to identify the location and effect of a number of cholinergic receptors in human tissues.
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Fig. (7))


        Nicotine and muscarine.



        Muscarinic acetylcholine receptors (mAChR) are metabotropic G-protein coupled receptors (GPCRs) that act slowly and may cause excitatory or inhibitory responses (Table 1).




        

          Table 1 Parasympathetic effects from ACh-mediated stimulation of muscarinic receptors.




          

            

              

                	Location



                	Effect of Muscarinic Stimulation

              


            



            

              

                	Eyes



                	Miosis


                Decreased intra-ocular pressure


                Near vision adjustment

              




              

                	Digestive Tract



                	Increased saliva secretion


                Increased Stomach acid secretion


                Peristalsis

              




              

                	Other



                	Decreased heart rate


                Bronchial constriction


                Enhanced urination

              


            

          




        




        G-Proteins bind ACh and initiate intracellular signaling through several different pathways. These receptors are expressed at autonomic ganglia and at effector organs. The primary uses of muscarinic agonists and antagonists are to modulate the responses of effector organs. These receptors are numbered by subtype (M1-M5) and are found in the CNS, gastric and salivary glands, smooth muscle, and heart (Table 2). All the muscarinic actions of ACh are blocked by atropine (a competitive antagonist). The gene sequences and detailed structural characteristics of muscarinic receptors have been summarized [11-13].




        Nicotinic acetylcholine receptors (nAChR) are ligand-gated ion channels that cause a rapid increase in the calcium (Ca2+) and sodium (Na+) ion permeability of the cell, resulting in depolarization and excitation following activation (Table 2). These ionotropic receptors comprise all of the cholinergic receptors at the neuromuscular junction (Nm), and they predominate at autonomic ganglia (Nn). The primary functions mediated by nAChR are skeletal muscle contraction and autonomic activity. Pharmacologic agents directed at nAChR are applied in neuromuscular blockade through competitive antagonism as well as agonism leading to muscle cell depolarization [11].




        

          Table 2 Anatomical distribution of muscarinic and nicotinic receptors.




          

            

              

                	Receptor Type



                	Location

              


            



            

              

                	Muscarinic


                M1


                M2


                M3


                M4


                M5




                	Nerves


                Heart, nerves, smooth muscle


                Glands, smooth muscle, endothelium


                CNS


                CNS

              




              

                	Nicotinic


                N1 (or Nm)


                N2 (or Nn)



                	Skeletal muscle, neuromuscular junction


                Postganglionic cell body, dendrites

              


            

          




        




        The nicotinic receptor is a pentameric complex assembled from a family of 17 subunits in mammals designated α1-α10, β1-β4, δ, γ, and ε. They are arranged in five wedge-shaped pieces around a central (ion) pore and a single nAChR subunit contains four transmembrane α-helical protein domains designated M1 through M4. Since the entire ion channel may be assembled from various subtypes of subunits in various combinations, there is the possibility of a large number of unique nicotinic receptors in the body [12-16]. When the subunit composition and subunit stoichiometry is known, the assembled pentamer is indicated by subscript numbers, for example, an α75 nAChR contains five α7 subunits and an α12β1δγ nAChR contains two α1 subunits and one each of the β1, δ, and γ subunits.




        Nicotinic receptors contain two agonist sites per receptor and require the binding of two nAChR agonists in order for channel activation to occur. Upon activation, the receptor is stabilized in the open state, allowing an influx of cations such as calcium, sodium, and potassium. The increased permeability of the ion channel to cations affects the release of neurotransmitters and modulates cell sensitivity, potentially influencing the physiological effects of sleep, anxiety, pain, and cognition. Both muscarinic and nicotinic receptors are ubiquitous in the CNS, where ACh plays an essential role in cognition, attention, arousal, and analgesia.


      




      

        Clinical Use of Acetylcholine




        Unmodified ACh (stable in crystalline form as the hydrochloride salt) is not a clinically useful agonist of cholinergic receptors, primarily because the endogenous chemical neurotransmitter lacks specificity for either muscarinic or nicotinic receptor subtypes. It is also highly water-sensitive, especially in the presence of acid or base, and therefore broken down quickly in the gut (Fig. 8). Parenteral administration is also ineffective because of the metabolic degradation, by cholinesterases, in plasma. Additionally, the quaternary ammonium nitrogen necessary for cholinergic activity renders the molecule highly hydrophilic and therefore incapable of effectively penetrating lipid membranes. Preparations of ACh chloride used to produce miosis during ocular surgery (Miochol-E™) are packaged as two separate ampoules, one containing crystalline ACh chloride and one containing isotonic aqueous solution. These two ampoules must be constituted immediately before topical administration to the eye [17].
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Fig. (8))


        Liabilities of acetylcholine as a therapeutic agent.

      


    




    

      MUSCARINIC RECEPTOR AGONISTS




      The mAChR agonists can be divided into two distinct classes: 1) ACh and its synthetic derivatives, and 2) Alkaloids and chemical compounds, including muscarine, that are selective for muscarinic receptors. However, the clinical usefulness of these drugs is limited to only a few compounds.




      Exhaustive research has been conducted into the structure-activity relationship (SAR) of simple ACh derivatives for use as muscarinic agonists. There are only a few modifications to ACh that may be made in order to retain the cholinergic activity of the natural neurotransmitter. While there are exceptions to the SAR, the general tenets are (Fig. 9) [18, 19]:





      

        	The molecule must have a nitrogen atom possessing a positive charge, preferably a quaternary ammonium salt.




        	The size of the alkyl groups on this nitrogen may not be larger than a methyl group.




        	The molecule must have an oxygen atom analogous to the oxygen in the (acetyl) ester group of ACh.




        	There must be no more or less than two carbon atoms linking the (aforementioned) nitrogen and oxygen atoms.




        	Functionality on the carbon atom linker may not exceed the size of methyl groups.




        	A β-methyl group on the carbon linker may impart muscarinic receptor selectivity.
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Fig. (9))


      SAR of acetylcholine-derived cholinergic agonists.



      Methacholine is a derivative of ACh that contains a β-methyl substituent (Fig. 10). While this methyl group imparts significant resistance to metabolism by the AChE enzyme, its therapeutic utility is limited by unpredictable absorption and several cardiovascular side effects (e.g. bradycardia, vasodilation). This compound has a specific clinical use in the diagnosis of asthma, where it causes and exaggerates bronchial hyper reactivity response after administration.




      Carbachol and bethanechol (Fig. 10) both contain a carbamoyl group substituted for the acetyl ester of ACh, which has the clinical effect of reducing metabolism by cholinesterase enzymes and extending their duration of action and distribution in tissues. Carbachol has significant nicotinic receptor activity and thus its use is limited to topical administration to the eye to induce miosis and reduce intraocular pressure in glaucoma patients. Bethanechol has very high muscarinic receptor selectivity and is the agent of choice for stimulating urination and gastrointestinal motility, particularly to counteract pre-surgical atropine administered to prevent bowel emptying. Nicotinic symptoms of cholinergic stimulation are usually absent or minimal when ACh derivatives carbachol and bethanechol are orally or subcutaneously administered in therapeutic doses. Muscarinic effects typically occur within minutes of subcutaneous injection, reach a maximum in 15 to 30 minutes, and disappear in 1-2 hours [20, 21].
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Fig. (10))


      Carbachol, methacholine, and bethanechol cholinergic agonists.



      Muscarine (Fig. 11) is found in pharmacologically dangerous levels in certain types of mushrooms (Inocybe and Clitocybe), and it is interesting to note the structural similarities it shares with ACh even though it is not a synthetic derivative of the ACh core structure. Muscarine poisoning (and the effects of muscarinic agonists) may be readily counteracted by atropine (itself an extract of plants from the Solanaceae family) since atropine is a competitive muscarinic receptor antagonist.
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Fig. (11))


      Structural similarity of ACh and muscarine.



      The other clinically relevant muscarinic agonists are pilocarpine and cevimeline (Fig. 12). Pilocarpine is primarily used to decrease intraocular pressure in glaucoma patients, but both pilocarpine and cevimeline have been specifically labeled for oral administration in the treatment of dry mouth secondary to Sjögren’s syndrome (which causes autoimmune degradation of the salivary glands). The sulfur in cevimeline is susceptible to oxidative metabolism and over 40% of the drug is excreted as a mixture of the R and S sulfoxide [22]. Pilocarpine has a significantly shorter half-life than cevimeline (Table 3) and is associated with a greater incidence of side effects. Studies have shown that patients are more likely to continue cevimeline than pilocarpine for long-term therapy [23].
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Fig. (12))


      Pilocarpine and cevimeline plus sulfoxide cevimeline metabolites.



      

        Table 3 PK/PD Summary of pilocarpine and cevimeline.




        

          

            

              	



              	
Pilocarpine


              (Salagen®)




              	
Cevimeline


              (Exovac®)


            


          



          

            

              	Dosage Forms



              	Tablet



              	Capsule

            




            

              	Initial Dose



              	5 mg TID



              	30 mg TID

            




            

              	Max Dose



              	10 mg TID



              	30 mg TID

            




            

              	FDA Indication



              	Dry mouth from radiation therapy or secondary to Sjögren’s



              	Dry mouth secondary to Sjögren’s

            




            

              	Mechanism of action (MOA)



              	mAChR agonist



              	mAChR agonist

            




            

              	Half-life (T1/2)



              	0.76-1.35h



              	5 +/-1h

            




            

              	Protein Binding



              	low



              	<20%

            


          

        




      


    




    

      MUSCARINIC RECEPTOR ANTAGONISTS (ANTICHOLINERGICS)




      Antagonists of ACh receptors act by blocking stimulation of ACh receptors by endogenous ACh or exogenous agonists of ACh receptors. These compounds are sometimes called parasympatholytics because they stop parasympathetic stimulation and allow sympathetic effects to dominate. These drugs are also sometimes referred to as antimuscarinics or, more generally, anticholinergics since mAChR dominates the autonomic nervous system.




      Atropine saw its first use as a cosmetic agent in the Renaissance era. Italian women would apply or ingest extracts of the nightshade plant (Atropa belladonna) to induce dilation of the pupils (mydriasis), which was perceived as an attractive physical feature in that time period. Atropine is still extracted from the plant material and is still used clinically to induce mydriasis before optical examinations. It also has uses to inhibit salivation and mucus secretions as well as to prevent vagal nerve reflex responses during surgical procedures.




      The tropine ring in atropine is a 3-endo-hydroxy tropane derivative that is the core structure for many of the alkaloid mAChR antagonists (Fig. 13). Atropine is a mixture of D- and L-isomers and has very low activity at nicotinic receptors; effects at the neuromuscular junction are therefore only seen with very high doses.
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Fig. (13))


      Atropine and tropine core structure.



      Scopolamine (Fig. 14) is also obtained from plant extracts and differs from atropine in that it has an epoxide on the tropine ring system. It has greater CNS activity than atropine and these effects are often adverse, affecting memory and psychomotor reflexes. Scopolamine is most often administered for nausea associated with motion sickness; a transdermal route of administration minimizes CNS effects and acts to control the rate of delivery. It may be administered intravenously to reduce nausea in chemotherapy if a reduction in mucus secretions is also desired. Scopolamine is administered as a single enantiomer and is rapidly metabolized in vivo. The PK/PD profile of scopolamine has not been fully clarified, but it has a long half-life. Scopolamine does not induce or inhibit liver enzymes and the exact enzymes involved in metabolism have not been identified, but scopolamine is extensively metabolized and conjugated with less than 5% of a dose excreted in intact form. Since atropine is extensively used as a rescue agent, its PK profile is age- and sex-specific. In pediatric subjects under 2 years, the T1/2 is 6.9 ± 3.3; in adults 16-58 years, it is 3.0 ± 0.9h; in geriatric patients 65-75 years, it is 10.0 ± 7.3. The protein binding of atropine is 14 to 22% in plasma. Gender differences include an AUC(0-inf) and Cmax that were 15% higher in females than males. The half-life of atropine is slightly shorter (approximately 20 minutes) in females than males [24].
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Fig. (14))


      Scopolamine.



      Methscopolamine and glycopyrrolate (Fig. 15) are both mAChR antagonists that have a quaternary ammonium nitrogen atom that has the effect of reducing CNS penetration and therefore renders these compounds more effective as peripherally acting drugs. Note that the glycopyrrolate structure lacks the tropine ring system, but retains quaternary nitrogen, hydroxyl, and ester functional groups seen in the tropine analogs. Both drugs are used to reduce the acidity of gastric secretions. Glycopyrrolate is used parenterally as a peripheral mAChR antagonist to counteract the adverse bradycardia seen when neostigmine is used post-surgically to reverse the effects of non-depolarizing muscle relaxants. The reduction of gastric secretions by mAChR antagonists is also useful clinically in the treatment of peptic ulcers, and pirenzepine, specifically for the M1 and M4 receptor subtypes, is used for this purpose.
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Fig. (15))


      Methscopolamine, glycopyrrolate, and pirenzepine.



      A few mAChR antagonists have widespread clinical use in the treatment of asthma and chronic obstructive pulmonary disease (COPD). Reduction in bronchial secretions is seen with mAChR antagonists when dosed internally, and this effect might be counterproductive in a patient with compromised lung function since natural mucus formation and expulsion is essential to prevent infections and blockages of the lung airways. Ipratropium (Atrovent™) and tiotropium (Spiriva™) administered by inhalation both act to relax smooth muscles in the lungs and therefore result in bronchodilation and alleviation of respiratory distress (Fig. 16). Tiotropium is more selective for the M3 receptor subtype and has a lower incidence of adverse effects, and it is labeled for use long-term as a once-daily maintenance treatment for COPD [25, 26]. Both compounds do not reduce mucociliary clearance, so their anticholinergic properties may safely treat the symptoms of asthma and COPD [25]. As observed in excretion and blood level studies, a significant amount of the compound is usually administered orally when the powder is inhaled, but the quaternary ammonium salts are not readily absorbed into the systemic circulation either from the surface of the lung or from the gastrointestinal tract [27, 28]. A majority of administered tiotropium (74%) and ipratropium (50%) is excreted unchanged in the urine, and both drugs contain esters that are susceptible to non-enzymatic hydrolysis. It should be noted that short-acting β-adrenergic agonists are usually the first-line agents for the treatment of asthma.
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Fig. (16))


      Tiotropium and ipratropium.



      Muscarinic receptor antagonists also see a significant amount of use in the treatment of overactive bladder and urinary incontinence. Antimuscarinics have the effect of relaxing the bladder detrusor muscle and tightening the bladder sphincter, and many compounds are approved for use in the treatment of overactive bladder.




      Oxybutynin is metabolized primarily by the cytochrome P450 enzyme systems, particularly CYP3A4 found mostly in the liver and gut wall (Fig. 17). Its metabolic products include inactive phenylcyclohexylglycolic acid and pharmacologically active desethyloxybutynin, which can achieve plasma levels six times that of parent drug after administration of the immediate-release formulation. Extended-release formulations will reduce blood levels of desethyloxybutynin and achieve steadier plasma concentrations of oxybutynin, and transdermal formulations bypass first-pass hepatic metabolism, resulting in significantly lowered plasma levels of the desethyloxybutynin metabolite [29].
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Fig. (17))


      Oxybutynin metabolism products.



      Tolterodine (Detrol™) is one of the most prescribed cholinergic drugs in the US and its 5-hydroxy CYP2D6 liver enzyme metabolite (5-HMT) is equally active at the mAChR (Fig. 18). The logD value for 5-HMT (0.74) is considerably lower versus tolterodine (1.83). This clinical observation resulted in the development of the prodrug fesoterodine in order to improve the systemic bioavailability of 5-HMT after oral administration. In contrast to the metabolism of tolterodine, 5-HMT is produced from fesoterodine via ubiquitous nonspecific esterases. Consequently, treatment with fesoterodine results in consistent, genotype-independent exposure to a singular active moiety (5-HMT); treatment with tolterodine results in CYP2D6 genotype-dependent exposure to varying proportions of the two active moieties (5-HMT and tolterodine) [30, 31].




      While most antimuscarinic drugs for urinary incontinence are not selective for receptor subtypes, darifenacin and solifenacin are more selective for the M3-subtype of the mAChR and are associated with lowered adverse effects during clinical use (Fig. 19). The half-life of darifenacin may be longer in individuals who are poor metabolizers (PM) of drugs metabolized by CYP 2D6. Solifenacin has a very large half-life but is not recommended for patients with a history of congenital or acquired QT prolongation [32, 33]. A summary of muscarinic receptor antagonists that are used for the treatment of overactive bladder is provided in Table 4.
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Fig. (18))


      Tolterodine, 5-HMT metabolite and fesoterodine prodrug.
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Fig. (19))


      Darifenacin and solifenacin.



      

        Table 4 PK/PD Summary of muscarinic receptor antagonists for overactive bladder and urinary incontinence




        

          

            

              	



              	
Oxybutynin


              (Ditropan XL®)




              	
Tolterodine


              (Detrol LA®)




              	
Fesoterodine


              (Toviaz®)




              	
Darifenacin


              (Enablex®)




              	
Solifenacin


              (Vesicare®)


            


          



          

            

              	Dosage Forms



              	Tablet, Gel, Syrup, Patch



              	Capsule



              	Tablet



              	Tablet



              	Tablet

            




            

              	Initial Dose



              	5-10 mg QD



              	4 mg QD



              	4mg QD



              	7.5 mg QD



              	5 mg QD

            




            

              	Max Dose



              	30 mg QD



              	5 mg QD



              	8 mg QD



              	15 mg QD



              	10 mg QD

            




            

              	Half-life (T1/2)



              	13h (XL Tab)



              	8h (LA Tab)



              	5h



              	12h (EM)


              20h (PM)*



              	55h

            




            

              	Protein Binding



              	>97%



              	>96%



              	50%



              	98%



              	98%

            




            

              	
Clearance/


              Metabolism




              	Hepatic


              CYP 3A4



              	Hepatic


              CYP 2D6



              	Esterases


              Hepatic


              CYP 3A4/2D6



              	Hepatic


              CYP 3A4/2D6



              	Hepatic


              CYP 3A4

            


          

        




        




      




      The antimuscarinics benztropine and trihexphenidyl (Fig. 20) were the first types of drugs used to reduce tremors and rigidity associated with idiopathic Parkinson’s disease (IPD). Dopamine depletion in Parkinson’s patients results in an excess cholinergic activity that is believed to contribute to tremors. Although antimuscarinics may be used in conjunction with L-dopa or other antiparkinson agents, they are contraindicated for use in the elderly and cognitively impaired due to the high incidence of adverse effects [34].
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Fig. (20))


      Trihexphenidyl and benztropine antiparkinsonian agents.



      The peripheral effects of antimuscarinics may be exploited in a variety of clinical applications. Quaternary ammonium antimuscarinics will not effectively cross the blood-brain barrier and thus have fewer CNS effects, yet are more likely to exhibit nicotinic blocking activity (Fig. 21). Propantheline bromide is a nonselective muscarinic antagonist used for the treatment of mydriasis and IBS that acts as a ganglionic blocker at high doses. Atropine methonitrate has the same effect as atropine with reduced CNS activity. Glycopyrrolate is used preoperatively to inhibit gastrointestinal motility and may be used as a vagal nerve blocker in a parenteral application [35, 36].
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Fig. (21))


      Quaternary antimuscarinics utilized for peripheral effects.



      Tropicamide finds utility as a short-acting topical antimuscarinic that induces mydriasis and cycloplegia after application to the eye. The activity of mebeverine is highly localized in the musculature of the gastrointestinal tract and colon and is also used for the treatment of IBS (Fig. 22).
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Fig. (22))


      Non-quaternary antimuscarinics utilized for peripheral effects.



      

        Acetylcholinesterase (AChE) Inhibitors





        

          	Reversible noncovalent inhibitors – Short-acting (~minutes) inhibitors that do not covalently modify the AChE active site serine hydroxyl group.




          	Reversible covalent inhibitors – Intermediate-acting (~hours) inhibitors that covalently modify the AChE active site serine hydroxyl group in a reversible manner.




          	Irreversible covalent inhibitors – Agents that form stable, persistent covalent bonds with the AChE active site serine hydroxyl group and may permanently deactivate the AChE enzyme.


        




        Cholinergic substances may act directly by imitating the action of ACh at receptors, or indirectly through the increase or decrease of ACh available for neurotransmission at those receptors. Since AChE is the enzyme responsible for the breakdown of free ACh at the synapse, antagonism of this enzyme will cause a local increase in ACh levels (Fig. 23). These types of drugs may, therefore, be considered indirectly-acting ACh receptor agonists.
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Fig. (23))


        ACh is decomposed by the acetylcholinesterase enzyme into choline and acetate.



        The AChE enzyme is a serine protease, so its activity depends on a nucleophilic serine hydroxyl group positioned in the active site that facilitates cleavage of the acetate ester on ACh. The AChE serine hydroxyl covalently attaches to the acetate group and liberates choline from ACh. Aqueous hydrolysis of the acetylated enzyme then takes only milliseconds, regenerating AChE enzyme and acetate anion (acetic acid). This reaction occurs at both pre- and post-synaptic membranes, where AChE is densely localized and has the effect of modulating chemical neurotransmission at the cholinergic synapse (Fig. 24).
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Fig. (24))


        Decomposition of ACh by AChE: The active site serine amino acid hydroxyl in AChE becomes acetylated when extracting the acetyl group of ACh. The acetylated enzyme is then rapidly hydrolyzed, regenerating the enzyme.

      




      

        Reversible Noncovalent Inhibitors




        There are three effective chemical classes of molecules used in controlling the activity of the AChE enzyme. The first are structures that contain quaternary ammonium nitrogen atoms and are selective for the AChE enzyme active site. These inhibitors do not covalently modify the essential serine amino acid in the active site as physiologic ACh does, but they are effective at decreasing enzyme activity and increasing levels of ACh at the synapse. Edrophonium is a rapid-acting drug that is used for acute clinical situations and has effects that last around 10 minutes. Ambenonium is another reversibly binding inhibitor that has a longer duration of action (Fig. 25).
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Fig. (25))


        Reversible noncovalent AChE inhibitors edrophonium and ambenonium.
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Fig. (26))


        Reversible noncovalent inhibitor edrophonium. Synaptic ACh is not degraded by the enzyme.



        Reversible AChE inhibitors are used in the treatment of myasthenia gravis, where autoimmune production of antibodies directed against cholinergic (Nm) receptors at the neuromuscular junction cause muscle weakness and paralysis. The muscle effects of myasthenia gravis can be minimized by utilizing reversible AChE inhibitors like edrophonium to increase ACh concentrations at the synapse (Fig. 26). When chronic treatment of myasthenia gravis is indicated, longer-acting inhibitors such as ambenonium, pyridostigmine, and neostigmine may be used.


      




      

        Reversible Covalent Inhibitors




        The second category of AChE inhibitors is comprised of carbamates of simple alcohols that also contain quaternary nitrogen atoms or structural features that ensure interaction with the AChE active site. Physostigmine is an example of a compound with a high affinity for AChE that has a methyl carbamate functional group. The carbamate is positioned in the active site to covalently modify the AChE serine hydroxyl and decrease catalytic activity. While the carbamylated enzyme is deactivated, synaptic ACh levels are not degraded. The carbamylated serine hydroxyl eventually hydrolyzes to regenerate the AChE enzyme, but this hydrolysis takes longer than the hydrolysis of acetylated AChE detailed in Fig. 27. Covalently binding reversible ACh inhibitors drugs have a longer duration of effect (measured in hours) when compared to noncovalently binding inhibitors (measured in minutes). The eseroline metabolite has been shown to be an opioid agonist [37].
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Fig. (27))


        Carbamylation of serine hydroxyl in ACh by physostigmine results in slower hydrolysis and slower regeneration of ACh.



        Physostigmine is a CNS-penetrant tertiary amine and may be used for the reversal of the CNS effects of anticholinergic poisoning. Rivastigmine also penetrates CNS and is used for the treatment of dementia associated with Parkinson's Disease (PD) and Alzheimer’s Disease (AD). Many reversible covalent AChE inhibitors have quaternary ammonium nitrogens that prevent CNS penetration and limit their effect to peripheral synaptic ACh levels (Fig. 28). Pyridostigmine and neostigmine are used as peripherally acting agents for enhancing cholinergic activity for the symptomatic treatment of myasthenia gravis. The efficacy and pharmacokinetics of FDA approved AChE inhibitors for the treatment of Alzheimer’s disease (AD) are discussed in detail later in this chapter.


      




      

        Irreversible Covalent Inhibitors




        The third class of AChE inhibitors is highly electrophilic alkoxy derivatives of phosphoric acid. Diisopropyl fluorophosphate and ecothiopate are examples of 2 phosphoric acid ester AChE inhibitors that have limited use as a miotic agent in the treatment of glaucoma. Compounds in this structural series react with the serine hydroxyl in AChE and form very stable phosphate esters. The phosphorylated serine may persist for hours. Additionally, the phosphorylated AChE may undergo a process of “aging”, wherein one of the phosphoester alkyl groups is eliminated. This renders the phosphate ester of AChE impervious to hydrolysis and permanently deactivates AChE activity (Fig. 29). Diisopropyl fluorophosphate and ecothiopate are thus extremely toxic and have very low LD50 values (Fig. 30) [38, 39].
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Fig. (28))


        Reversible covalent AChE inhibitors affecting the CNS (tertiary amines physostigmine and rivastigmine) and peripheral effects (quaternary amines pyridostigmine and neostigmine).
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Fig. (29))


        Inhibition of AChE by phosphoric acid derivatives. Hydrolysis of serine phosphate ester on AChE is very slow and becomes impossible when the ester “ages” in vitro.



        Before a phosphate ester “ages” and irreversibly inhibits enzyme activity, a patient may be given pharmacologic agents designed to reverse the mechanism of action of phosphorous-based covalent AChE inhibitors. Pralidoxime (2-pyridine aldoxine methyl chloride, or 2-PAM) contains quaternary ammonium nitrogen that associates with the AChE active site and positions its highly nucleophilic oxime oxygen atom for maximum effect near the AChE active site serine hydroxyl functional group (Fig. 31). Rescue therapy with 2-PAM accelerates the decomposition of the phosphate ester and allows for regeneration of the AChE enzyme. If the phosphate esters have aged, however, rescue agents are incapable of effectively promoting hydrolysis of the serine phosphate ester and the AChE enzyme is thereafter permanently deactivated [40].
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Fig. (30))


        Dyflos and ecothiopate LD50 information.
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Fig. (31))


        Pralidoxime contains a nucleophilic oxime hydroxyl group capable of accelerating the decomposition of AChE phosphate ester, regenerating the enzyme.



        When an AChE inhibitor is overdosed, ACh is not degraded at the synapse and the synapse becomes hyperstimulated, leading to serious adverse effects. Atropine may be administered to prevent overstimulation of muscarinic receptors in AChE inhibitor poisoning. Also, co-administration of diazepam as a sedative and antiseizure agent may be indicated.




        Due to their extreme duration of the activity, phosphoric acid derivatives are not clinically useful therapeutics. They have significant toxicities and therefore have seen the most use as pesticides or as chemical warfare agents designed to incapacitate living things. There are many examples of pesticides and “G- and V-series” organophosphorus “area denial” chemical weapons that have been designed for these uses (Fig. 32) [41].
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Fig. (32))


        Examples of pesticides and chemical warfare agents that are phosphoric acid-derived acetylcholinesterase inhibitors.

      


    




    

      NEUROMUSCULAR BLOCKING AGENTS





      

        	Depolarizing muscle nicotinic receptor neuromuscular blocking agents




        	Non-depolarizing muscle nicotinic receptor neuromuscular blocking agents




        	Ganglionic-nicotinic receptor blocking agents


      




      The neuromuscular junction (Fig. 33) contains mostly nAChR and therefore agonists and antagonists of nicotinic receptors are used to affect muscle function. Clinically, they are most often employed for peripheral muscle paralysis during surgical procedures.




      

        Depolarizing Muscle Nicotinic Receptor Neuromuscular Blocking Agents




        Only a single depolarizing agent, succinylcholine, is regularly used in clinical settings. Succinylcholine is an agonist of nAChR, stimulating the opening of the receptor and causing depolarization of the cell membrane. Succinylcholine persists at the nAChR and continuously activates it, preventing normal stimulation from presynaptically released ACh and halting further action potentials in the muscle cell (Fig. 34). Succinylcholine, therefore, causes a “depolarizing” blockade of the neuromuscular junction. It is a very short-acting drug that is metabolized by plasma cholinesterase to pharmacologically inactive succinylmonocholine [42].
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Fig. (33))


        Nicotinic acetylcholine receptors at the neuromuscular junction.
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Fig. (34))


        Rapid hydrolysis of succinylcholine by plasma cholinesterase.

      




      

        Non-depolarizing Muscle Nicotinic Receptor Neuromuscular Blocking Agents




        Nicotinic receptor antagonists may prevent endogenous ACh binding and therefore inhibit muscle cell depolarization by preventing nAChR activation. These antagonists are referred to as competitive “nondepolarizing” neuromuscular blocking agents (Fig. 35). They are generally categorized by the duration of action as short-acting (5-20 min), intermediate (30-80 min), and long (80-180 min), agents. They are further defined by an onset of action that is either short (~1 minute) or long (4-6 minutes) [43].
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Fig. (35))


        Long- and intermediate-duration neuromuscular blocking agents.



        Originally derived from the curare arrow poisons used by South American Indians, tubocurarine is a long-acting agent which causes a persistent neuromuscular blockade that is difficult to completely reverse. Both tubocurarine and the ammonia steroid pancuronium instigate a prolonged blockade with a long onset of action. Intermediate-acting agents such as atracurium and short-duration derivatives such as mivacurium offer more control during blockade reversal (Fig. 36). Enzymatic hydrolysis by plasma cholinesterase is the primary mechanism for inactivation of short-acting mivacurium and yields a quaternary alcohol and a quaternary monoester metabolite. The clearance of this drug is very high and extremely dependent on the concentration of plasma cholinesterases [44].




        
[image: ]


Fig. (36))


        Mivacurium short-duration neuromuscular blocking agent.



        Because nAChR is expressed in autonomic ganglia as well as the neuromuscular junction, adverse effects from ganglionic blockade may be seen.


      




      

        Ganglionic-Nicotinic Receptor Blocking Agents




        Certain nAChR antagonists with specificity for ganglionic nicotinic receptors are used as ganglionic blockers. Mecamylamine is indicated for use to reduce blood pressure in instances of aortic dissection while also reducing the sympathetic reflexes that would result from increases in pressure at the site of vascular injury. Mecamylamine concentrates in the liver and kidneys and is excreted slowly in the urine unchanged. The rate of renal elimination is influenced markedly by urinary pH, and acidification promotes renal excretion of the secondary amine (Fig. 37) [45].
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Fig. (37))


        Mecamylamine renal excretion is enhanced by acidic urine.

      


    




    

      TREATMENT OF ALZHEIMER’S DISEASE (AD)




      Alzheimer’s Disease (AD) is the most common type of dementia. It is a progressive and debilitating disease that has a significant clinical impact on both the patient, family members, and caregivers. Dementia associated with AD has been termed organ failure of the brain; it is a failure of cognition, function, and behavior [46]. AD is classified as late-onset, usually occurring in patients > 65 years of age, or as early-onset if diagnosed in patients < 65 years of age. Early signs and symptoms of the disease include short-term memory loss, such as names or events. Additionally, early symptoms displayed by patients include the appearance of being withdrawn or depression and anxiety. With further decline, patients will often be confused or disoriented; they show signs of impaired judgment with behavioral changes like agitation and irritability in addition to potential delusions and hallucinations. In the later stages of the disease, patients exhibit impairment of activities of daily living (ADL) such as hygiene activities, dressing, eating, etc. and patients will likely have difficulty speaking and walking. As the disease progresses and complications ensue, family members often become overwhelmed with providing care, requiring nursing home placement [46].




      

        Epidemiology




        According to the 2019 Alzheimer’s Disease Facts and Figures, 5.6 million Americans > 65 years of age have AD; additionally, there are 200,000 Americans with younger-onset AD to a total of 5.8 million Americans of all ages diagnosed with AD [47]. In 2010, the reported incidence of AD worldwide was more than 35 million people [48]. Alzheimer’s disease affects women more than men. Of the 5.2 million Americans older than 65 years of age, 3.4 million (about 65%) are women and 1.8 million (about 35%) are men. When evaluating ethnicity, older African-Americans are about 2 times more likely than older whites to have AD while older Hispanics are about 1.5 times as likely as older whites to have AD [47].


      




      

        Pathophysiology




        Although we do not know of one definitive cause of Alzheimer’s Disease, there are several potential etiologies reported that include the amyloid hypothesis, cholinergic deficit, appearance of neurofibrillary tangles (NFT) and neuronal cell death, most notably in the areas of the brain that are important for memory (the cortex and especially the hippocampus) and cognitive functions. Important pathophysiological consequences of the disease include a decline in cholinergic activity as well as other neurotransmission abnormalities such as sustained excitatory glutamate activity, both of which are target areas for current drug therapy. Other additional pathophysiological components that potentially increase the risk of AD include inflammatory or immunologic alterations, hypercholesterolemia, and cerebrovascular disease, with genetics playing a key role in AD progression [48-50].


      




      

        β-Amyloid Hypothesis




        AD is characterized by the deposition of amyloid β peptide (Aβ) plaques. Amyloid precursor protein (APP) is found on chromosome 21; it is a cellular membrane protein that is highly concentrated in neuronal synapses, functioning in cell adhesion and signal transduction [51]. APP undergoes proteolysis by either α-secretase or β-secretase and then by γ-secretase. APP that is sequentially cleaved by α-secretase and then by γ -secretase yields p3 fragment, a small, soluble peptide. If APP is sequentially cleaved by β-secretase and then by γ-secretase, it yields β-amyloid protein fragment, a small insoluble peptide that is neurotoxic with effects seen at neuronal synapses. Aβ peptides are degraded by two proteases: insulin-degrading enzymes and neprilysin. Accumulation results when the formation is greater than clearance of Aβ protein peptides, allowing aggregation with resultant formation of Aβ protein plaques; the “amyloid hypothesis” of Alzheimer’s Disease [48-50].




        Accumulation of Aβ peptides also has a deleterious effect on tau, a phosphorylated protein found in cell membranes. Tau attaches to and helps stabilize microtubules, which are important in nutrient transport, and propagation of signaling along the axon. Hyperphosphorylated tau, thought to occur after Aβ peptide accumulation and plaque formation, is an insoluble protein that lacks affinity for microtubules. The resultant impairment in the ability of hyperphosphorylated tau to attach and stabilize the microtubule allows the tubule to “unravel,” thereby impairing axonal transport with eventual neuronal cell death. Furthermore, hyperphosphorylated tau proteins can aggregate to one another, causing them to twist with the formation of neurofibrillary tangles (NFT). NFT formation is believed to be a major contributing factor to AD and cognitive impairment with a correlation seen between dementia and quantity of NFTs; higher concentrations of NFTs are associated with a higher degree of cognitive decline and severity of AD [48-50].


      




      

        Cholinergic Hypothesis




        Aβ protein plaques destroy multiple neuronal pathways, the most prominent of which involves the cholinergic pathway, with a decline in cholinergic activity correlating with cognitive impairment and AD severity. The “cholinergic hypothesis” is believed to be a consequence and not an etiology of AD. As AD progresses, there are fewer cholinergic neurons and fewer nicotinic receptors in the hippocampus and cortex. Neurotrophin receptors on cholinergic neurons are also significantly reduced in the late stages of AD. The decline in neurotrophins may help explain some of the cognitive and behavioral decline seen in AD as they play a role in learning and memory as well as behavior; they are also involved in proliferation and differentiation of neurons [48]. Presynaptic nicotinic receptor stimulation regulates the release of neurotransmitters important in memory and mood, including ACh, glutamate, serotonin, and norepinephrine. Aβ peptides have the potential to bind to nicotinic receptors and cause a decrease in ACh release, also decreasing cholinergic activity [49, 50, 52].


      




      

        Other Hypothesis




        Glutamate, serotonin, and norepinephrine are neurotransmitters that have been identified with altered activity in AD patients. Glutamate is an excitatory neurotransmitter involved in >60% of brain synapses, including many neuronal transmissions important to learning and memory. The N-methyl-D-aspartate (NMDA) receptor, one of the three postsynaptic glutamate receptors, has been linked to AD pathophysiology. When left in synapses for extended periods, glutamate becomes neurotoxic, destroying nerves by allowing an influx of calcium with altered neuronal signal transduction; it appears there is a continual low-level stimulation of this receptor in the brains of AD patients. Abnormal glutamate activity may also be linked to the development of NFT by an increase in APP production, hyperphosphorylated tau protein and plaques [49]. Serotonin receptors may be altered in AD, leading to the depression and anxiety that is often observed in AD patients. A decrease in norepinephrine, as well as its receptors, is likely associated with the aggression and agitation seen with the disease.




        Other risk factors (Table 5) that contribute to AD progression have been identified as well. Apolipoprotein E (APOE) is a gene carrying the code for the synthesis of proteins that function to transport cholesterol in the blood. Possession of apolipoprotein E-ε4 (APOE- ε4), one of three of the alleles for APOE, is the greatest genetic risk factor (especially if the patient inherits an APOE- ε4 allele from each parent) for the development of late-onset AD. APOE- ε4 may lead to increased production of Aβ [47]. Additionally, Aβ peptide production is believed to increase in the presence of hypercholesterolemia; lower Aβ levels have been observed with inhibition of cholesterol synthesis in patients receiving statin therapy. Cerebrovascular disease causes decreased perfusion to the brain leading to degenerative changes and cognitive impairment, thereby resulting in vascular dementia. Besides previously mentioned actions, Aβ peptides in the brain are involved in biochemical reactions that yield oxidized free radicals; this oxidative stress is believed to be important early in the progression of the disease as it has been linked to plaque and NFT formation. Aβ peptides, NFT, and neuronal cell damage stimulate an inflammatory response which precipitates further damage, one of which is cell apoptosis via cytokine release [48-50].




        

          Table 5 AD Risk Factors.




          

            

              

                	Risk Factors for Developing Alzheimer’s Disease

              


            



            

              

                	Non-modifiable



                	Modifiable

              




              

                	Age*



                	Hypertension

              




              

                	Apolipoprotein E-ε4 (APOE-ε4)§



                	Hypercholesterolemia

              




              

                	Family history¥



                	Diabetes Mellitus

              




              

                	Head trauma or brain injury



                	Obesity

              




              

                	



                	Smoking

              


            

          




          




        


      




      

        Pharmacotherapy




        While there are no drugs currently available to cure the disease or stop its progression, there are two classes of medications available that help improve symptoms and cognitive function, as well as slow disease progression and patient decline associated with AD. The two classes are AChE inhibitors and N-Methyl-D- Aspartate (NMDA) receptor antagonists.


      




      

        Acetyl Cholinesterase (AChE) Inhibitors




        Loss of cholinergic activity in the central nervous system; decline in ACh levels and degeneration of cholinergic neurons, has been linked to impaired memory and cognition associated with Alzheimer’s dementia [55-57]. Based on this “cholinergic hypothesis”, AChE inhibitors alone or in combination with Memantine are currently FDA approved for the treatment of cognitive symptoms of AD [58, 59]. The AChE inhibitors act by inhibiting the rapid hydrolysis of ACh and thereby increasing synaptic concentrations of this neurotransmitter. It should be noted that even though the clinical benefits of AChE inhibitors are dose-dependent, increased doses also increase the risk of side effects. The side effects associated with the use of AChE inhibitors are mostly due to cholinergic stimulation and include gastrointestinal (GI) symptoms such as diarrhea and flatulence. Because of their side effects on the GI tract, AChE inhibitors should be used with caution in patients with active peptic ulcer disease or active GI bleed, and concurrent administration with NSAIDs, which can also aggravate GI bleed, should be avoided. Their cholinergic effects may aggravate asthma or chronic obstructive pulmonary disease and may affect bladder outflow with urinary incontinence/obstruction. These agents should also be used with caution in individuals with cardiovascular disease or cardiac arrhythmias; AChE inhibitors may cause bradycardia, atrioventricular heart block, or Torsades de Pointes. CNS effects seen by AChE inhibitors warrant that they be used with caution in patients with epilepsy, a seizure may occur with increased cholinergic activity, unexplained syncope, and cholinesterase (ChE) inhibition may exacerbate extrapyramidal symptoms (EPS) [46].


      




      

        Donepezil (Aricept®)

[image: ]



        Donepezil is FDA-approved for the treatment of mild to moderate or moderate to severe dementia associated with AD [46]. A combination product Namzaric®, with Memantine, is indicated for the treatment of moderate to severe dementia of the Alzheimer's type. Donepezil, a piperidine derivative, is marketed as its racemic mixture. Both the R- and S-enantiomers inhibit AChE with the R-enantiomer being more potent than the S-enantiomer in vitro. Donepezil is a noncovalent, non-competitive, reversible inhibitor of AChE. Donepezil is classified as a short-acting agent since it binds to AChE via hydrogen bonds and inhibits the enzyme for a short duration of time. However, relative to tacrine, donepezil is considered to be more potent with a high degree of selectivity for AChE (~1250-fold) than for butyrylcholinesterase (BuChE). Additionally, donepezil exhibits greater selectivity for central AChE than for non-neuronal AChE [60-62].




        

          Pharmacokinetics




          Donepezil exhibits good oral absorption (100% relative oral bioavailability) and may be given with or without food. Peak plasma concentrations are reached in about 3-4 hours. Donepezil is highly protein bound (about 96%) with ~75% bound to albumin and ~21% bound to α1-acid glycoprotein.60 Donepezil undergoes hepatic metabolism via CYP3A4 and CYP2D6 with CYP3A4 being the primary metabolizing enzyme (Fig. 38) [63, 64]. The 6-O-desmethyl metabolite is pharmacologically active and inhibits AChE to the same extent as the parent compound in vitro [65].
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Fig. (38))


          Metabolism of Donepezil.



          The half-life of donepezil is about 70 hours [50]. It is initiated at a dose of 5 mg orally once daily and may be titrated after 4-6 weeks to a maximum dose of 10 mg orally once daily. Dosage forms available are tablets and orally disintegrating tablets (ODT); furthermore, generic dosage forms are available in the United States.


        




        

          Side effects/Drug Interactions




          Additional side effects to the ones previously mentioned include nausea, hypertension, dizziness, headache, insomnia or somnolence, fatigue, and depression. Potential drug-drug interactions include donepezil and succinylcholine where prolongation of neuromuscular blockade may be seen. When combined with bethanechol, cholinergic adverse effects, such as bradyarrhythmias, bronchospasm, hyperhidrosis (excessive sweating), diarrhea, and vomiting may be observed. Decreased efficacy of donepezil may be seen when combined with oxybutynin or tolterodine (due to their anticholinergic effects). Ketoconazole and quinidine increase donepezil’s bioavailability (due to CYP enzyme inhibition) whereas; donepezil causes increased exposure to ramelteon when these two drugs are administered concurrently [46, 50, 53].


        




        

          Rivastigmine (Exelon®) 2000, Oral; 2008, Patch
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          Rivastigmine, a carbamate derivative, forms a covalent bond with the OH group of Ser200 of AChE resulting in a carbamylated esteratic site (Fig. 39). The regeneration of active AChE is extremely slow and results in prolonged inhibition of AChE’s activity, for ~10 hours. Therefore, rivastigmine is classified as a pseudo-irreversible or intermediate-acting agent relative to the other AChEIs [66-68]. It should also be noted that rivastigmine not only inhibits acetylcholinesterase activity but also inhibits BuChE to an equal extent, this is the cholinesterase inhibitor with the highest degree of BuChE inhibition. However, it does exhibit selectivity for CNS enzyme inhibition over peripheral enzyme inhibition [66]. Rivastigmine is FDA-approved for the treatment of mild to moderate dementia.


        




        

          Pharmacokinetics




          Rivastigmine is a lipophilic agent with excellent blood-brain barrier penetration. Oral rivastigmine is well absorbed and is recommended to be taken with food to potentiate absorption and GI tolerability [66]. Peak plasma concentration is reached in about one hour. Rivastigmine is about 40% protein bound. Esterases, such as cholinesterase, hydrolyze rivastigmine to the phenolic derivative which then undergoes N-demethylation and/or sulfate conjugation with the metabolites undergoing renal excretion predominantly, 97%. The half-life of oral rivastigmine is about 1.5 hours and about 3 hours for the transdermal route [50]. Initial doses of the oral dosage form are 1.5 mg orally twice daily. If doses are tolerated, oral rivastigmine may be titrated every two weeks to 3 mg, then 4.5 mg then up to a maximum dosage of 6 mg orally twice daily.
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Fig. (39))


          Mechanism of action of rivastigmine.



          Rivastigmine is also available as a transdermal patch with extended-release of the medication. The patch allows titration to maximal doses while diminishing or eliminating intolerable side effects. The initial starting dose of the transdermal formulation is 4.6 mg/24 hr patch applied once daily and after tolerating for at least four weeks, it may be increased to a maximum dose of 9.5 mg/24 hr patch applied once daily. For patients who have trouble tolerating an oral ChEI due to GI side effects, the transdermal patch of rivastigmine is a good option.


        




        

          Side effects/Drug Interactions




          Since rivastigmine does not undergo hepatic metabolism via the CYP mediated pathways, the potential for clinically significant drug interactions when co-administered with other CYP enzyme substrates is low. Immediate switching from an oral AChEI to rivastigmine does not require a washout period and is generally safe and well-tolerated in AD patients; minimal adverse events have been reported but may include skin lesions, erythema or itching, and some may still experience the GI side effects [54]. For patients switching from oral to patch on a daily dose < 6 mg of PO rivastigmine, the patient should be started on the 4.6 mg/24 hr patch. If the daily dose is 6-12 mg, the patient should be switched to 9.5 mg/24 hr patch. The patch should be applied the day after the last oral dose is taken. The patch should be applied to hairless skin free of cuts, preferably on the upper back, arm, or chest, and the application sites should be rotated. There are currently no generics available of either dosage form. Additional side effects to the once previously mentioned include weight loss and dizziness. Rivastigmine in combination with metoclopramide may result in increased extrapyramidal side effects (EPS). Concurrent use with tolterodine and oxybutynin may result in decreased efficacy of rivastigmine [46, 50, 53].


        




        

          Galantamine (Razadyne®) 2001
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          Galantamine is a tertiary amine alkaloid that inhibits AChE in a competitive reversible manner. However, reports indicate that its ability to allosterically potentiate neuronal nicotinic receptors (nAChRs), by binding to the α-subunit, is primarily responsible for its therapeutic effects [69]. Galantamine also exhibits greater selectivity (~53-fold) for AChE in vitro than for BuChE which may explain the better tolerability, decreased peripheral adverse effects, observed with galantamine use [70, 71]. Galantamine is FDA-approved for the treatment of mild to moderate Alzheimer’s Disease.


        




        

          Pharmacokinetics




          Galantamine has good absorption after oral administration and should be taken with food. Peak plasma concentration is reached in about one hour with immediate release formulations and about 5 hours with extended-release formulations. Galantamine exhibits much less protein binding than observed with other cholinesterase inhibitors, about 20%. It is hepatically metabolized by CYP3A4 to norgalantamine and by CYP2D6 to O-desmethyl galantamine followed by glucuronidation. Other metabolic outcomes include N-demethylation, N-oxidation, and epimerization (Fig. 40) [72]. Almost all pharmacological activity is attributed to unchanged galantamine in plasma with none of the unconjugated plasma metabolites found to exhibit appreciable AChE activity (considered to be inactive) [71-73].
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Fig. (40))


          Galantamine metabolism.



          The half-life of galantamine is about seven hours.50 Initiation of galantamine is usually with the extended-release (ER) product at a dose of 8 mg orally once daily and is titrated at four-week intervals to 16 mg and then to a maximum dose of 24 mg orally once daily. It is also available as an immediate-release tablet and as an oral solution, the initiating doses of these formulations are 4 mg orally twice daily and it may be titrated at four-week intervals up to 8 mg twice daily and then to 12 mg twice daily. For patients with moderate renal impairment or moderate hepatic impairment, the maximum daily dose should not exceed 16 mg and for severe renal impairment or severe hepatic impairment, galantamine should not be used. There are generic formulations available for each of these dosage forms.


        




        

          Side effects/Drug-interactions




          Additional side effects to the once previously mentioned include weight loss, dizziness, and headache. Thrombocytopenia is a rare adverse effect that may be observed with galantamine. Potential drug-drug interactions include decreased efficacy of galantamine if given with oxybutynin or tolterodine (anticholinergic agents). Concurrent administration with quinidine, ketoconazole, fluoxetine, paroxetine, amitriptyline, or fluvoxamine may result in increased galantamine concentrations [46, 50, 53].


        




        

          NMDA Receptor Antagonist: Memantine (Namenda®) 2003
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          The N-methyl-D-aspartate (NMDA) receptors are a subtype of glutamate receptors and mediate a number of physiological neuronal functions. These ligand-gated ion channel (ionotropic) receptors are composed of four subunits with the NR2 and NR1 subunits required for the receptor’s activity. NMDA receptor activation has immense functional significance; normal physiological activation results in beneficial effects like neuronal survival whereas sustained excessive activation (glutamate-mediated “Excitotoxicity”) results in neuronal death, a characteristic feature observed in acute and chronic neurological disorders. These differential effects observed with NMDA receptor activation can be attributed to NMDA receptor location with postsynaptic receptor activation associated with favorable outcomes whereas extrasynaptic receptor activation leads to neuronal cell death. Therefore, it is imperative that NMDA receptor blockers differentiate between extrasynaptic and postsynaptic receptors; block pathological activation of NMDA receptors without affecting their normal physiological function [74-77].




          Memantine is the only FDA-approved NMDA antagonist currently available for the treatment of moderate to severe Alzheimer’s disease. Namzaric®, a donepezil combination product, is indicated for the treatment of moderate to severe dementia of the Alzheimer's type in patients stabilized on 10 mg of donepezil hydrochloride once daily. Memantine exhibits an excellent safety profile whereas the use of other NMDA receptor blockers like ketamine is associated with deleterious effects like memory loss and symptoms of schizophrenia. This unusual safety profile of memantine can be explained by its ability to preferentially block extrasynaptic NMDA receptors with a rapid off-rate. Additional reasons include the ability of memantine to act as an open-channel blocker (is only able to enter the channel and block current flow after the channel opening) and block the NMDA receptor in an un-competitive manner [74, 75].


        




        

          Pharmacokinetics




          Memantine exhibits good oral absorption and can be given with or without food. It reaches peak plasma concentrations in about 3-8 hours for the immediate release formulation and in 9-12 hours for the extended release formulation. It is ~45% protein bound and is predominantly excreted renally in its unchanged form. The half-life of memantine is 60-80 hours [50]. The metabolism of memantine is independent of the CYP enzyme system and undergoes partial hepatic metabolism. Memantine is available as oral tablets, capsules and as a liquid formulation. Patients initiated on the immediate release formulations, tablets, and solution, may begin at a dose of 5 mg orally once daily or divided as 2.5 mg orally twice daily. The dose may be titrated at one-week intervals to a total daily dose of 10 mg, then a total daily dose of 15 mg up to a maximum of 20 mg orally once daily or divided as 10 mg orally twice daily. The extended release formulation, capsules, the initial dose is 7 mg orally once daily and titration of 7 mg at 1-week intervals may be given up to a maximum dose of 28 mg once daily as tolerated. For patients with severe renal impairment, the maximum doses of the immediate release formulation are 10 mg daily or 5 mg twice daily and for the extended release formula, the maximum dose recommended is 14 mg once daily. There are no generic formulations available.


        




        

          Side effects/Drug interactions




          Patients may experience side effects, especially while the dose is titrated, which include confusion, dizziness, headache, and somnolence.46 Other potential side effects include hypertension or hypotension, syncope, diarrhea, constipation, and vomiting. Serious side effects include Stevens-Johnson syndrome, deep vein thrombosis, liver impairment or hepatitis, acute renal failure, cerebral infarction, cerebrovascular accident or transient ischemic attack, intracranial hemorrhage, and seizures. Potential drug-drug interactions include carbonic anhydrase inhibitors and sodium bicarbonate, which may decrease memantine clearance. Interactions that may alter the serum concentrations of both memantine and the interacting drug include nicotine polacrilex, quinidine, ranitidine, cimetidine, and hydrochlorothiazide [52].




          

            Table 6 PK/PD Summary of AChEIs




            

              

                

                  	



                  	
Donepezil


                  (Aricept®)




                  	
Rivastigmine


                  (Exelon®)




                  	
Galantamine


                  (Razadyne®)




                  	
Memantine


                  (Namenda®)


                


              



              

                

                  	Dosage Forms



                  	Tablet and orally disintegrating tablet



                  	Capsule & solution



                  	ER transdermal Patch



                  	Tablet & solution



                  	ER capsule



                  	Tablet & solution



                  	ER capsule

                




                

                  	Initial Dose



                  	5 mg QD



                  	1.5 mg BID



                  	4.6 mg/24 hr patch applied QD



                  	4 mg BID



                  	8 mg QD



                  	5 mg QD or


                  2.5 mg BID



                  	7 mg QD

                




                

                  	Max Dose



                  	10 mg QD



                  	6 mg BID



                  	9.5 mg/24 hr patch applied QD



                  	12 mg BID



                  	24 mg QD



                  	20 mg QD or


                  10 mg BID



                  	28 mg QD

                




                

                  	FDA Indication



                  	Mild to moderate AD


                  Moderate to severe AD



                  	Mild to moderate AD



                  	Mild to moderate AD



                  	Moderate to severe AD

                




                

                  	Mechanism of action (MOA)



                  	AChEI



                  	AChEI


                  BuChEI



                  	AChEI


                  Nicotinic agonist



                  	NMDA receptor


                  antagonist

                




                

                  	Half-life (T1/2)



                  	70 hours



                  	1.5 hours



                  	3 hours



                  	7 hours



                  	60-80 hours

                




                

                  	Protein Binding



                  	96%



                  	40%



                  	18%



                  	45%

                




                

                  	Clearance/


                  Metabolism



                  	Hepatic


                  CYP 3A4/2D6



                  	Urinary



                  	Hepatic


                  CYP 3A4/2D6



                  	Urinary
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