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    Heteroatoms can be found in a number of naturally occurring substances, active pharmaceutical ingredients as well as excipients, substituting isosterically/bioisosterically carbon atoms. Many nitrogen-containing heterocycles can be considered as privileged scaffolds due to statistics describing as more than 85% of all biologically-active chemical entities are endowed with a heterocycle and that approximately 60% of FDA-approved drugs contain a nitrogen heterocycle in their structure. This volume reflects the pivotal role of nitrogen-containing heterocycles in modern drug design from natural compounds and their utilization in the scaffold-hopping strategy. Moreover, the presence of these heterocycles could provide the improvement of solubility, lipophilicity, polarity and hydrogen bonding capacity to biologically active agents, as well as the optimization of their ADME/Tox properties.




    Nitrogen-containing compounds were shown to exhibit a very wide range of biological activities mimicking natural compounds or endogenous metabolites. A large chemical diversity can be obtained by different and innovative synthetic methodologies to expand/explore the available drug-like chemical space and to obtain robust Structure-Activity Relationships (SARs) within the scaffold.
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        	Updated information on natural compounds and their semi-synthetic derivatives;




        	In-depth analysis of novel findings and promising applications;




        	Use of organic reactions as a powerful tool in drug discovery to enhance the biological potential or give new chemical and biological properties to the parent molecules;




        	Investigation of the molecular mechanisms.
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    Natural products are often used in drug development due to their ability to provide unique and chemically diverse structures unmatched by any synthetic chemical collection. Medicinal Chemists have always been inspired by nature because natural products are often perceived as safer and for their capability to interact with biological targets. Indeed, in recent years, there has been emerging research on traditional herbal medicines based on their efficacy in the treatment of diseases to which they have been traditionally applied.




    Conversely, natural compounds suffer from several issues such as scarce availability and seasonality, high differences in the production/extraction/isolation, low purity in commercial products from worldwide suppliers, and side effects. Moreover, due to their chemical complexity and the optional presence of different chiral centers, the total synthesis of a natural compound can also be challenging and expensive.




    This book series would propose the latest discoveries in the field of compounds inspired by nature and obtained by chemical/enzymatic modification of a natural compound in the search for biologically active molecules for the treatment of human/animal ailments and permit the disposal of a wider arsenal for clinicians. The natural compounds are grouped into three clusters. The chapters are built in the following format: • General background on the (phyto)chemistry of the scaffold; • General background on the pharmacological profile of the scaffold; • Description of the proposed derivatives and their potentialities with respect to the parent compounds (with a particular emphasis on the synthetic approaches and structure-activity relationships); • In silico analysis of the crucial interactions with the biological target, when available; • Clinical studies and patent surveys (if available) on the new and proposed structures.




    The readership of this book is represented primarily by Academies, Researchers, Specialists in the pharmaceutical field, Industry sector, Contract Research Organizations and hospitals dealing with clinical research.
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      Abstract




      The classical definition of alkaloids describes this class of secondary metabolites as chemical structures containing nitrogen as part of a heterocyclic, with alkaline character, characterized by complex structure and limited distribution, mainly in the plant kingdom. The modern history of alkaloids starts in the early nineteenth century as figured by two milestone dates, 1803 when Derosne described the isolation of a mixture containing narcotin and morphine from opium, and 1819 when the chemist Meissner delivered an operative definition of the term alkaloid. They have been observed with sporadic distribution in bacteria, fungi, Pteridophytae and Gymnophytae, while they are mainly represented in higher plants and within Angiosperms, particularly in selected families, such as Annonaceae, Lauraceae, Loganaceae, Menispermaceae, Papaveraceae, Ranuncolaceae, Rubiaceae, Rutaceae, Solanaceae and others. Frequently, a plant activates selectively a metabolic pathway that produces a mixture of multiple but structure-related alkaloids. Sometimes, dozens may be with a restricted number representing the majority of the total content. The latter parameter could change significantly as a result of a plethora of many factors, including the plant organ, seasonal variations, phenological status and others. As general rules, the alkaloids are segregated in the form of salt inside cell vacuole or sometimes in laticifer, mainly through the superficial tissues, supporting the hypothesis of their biological involvement in plant-environment interactions.
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      INTRODUCTION




      The alkaloids, whose name was coined by the German chemist Carl Friedrich Wilhelm Meissner, in 1819, constitute a heterogeneous group of plant secondary metabolites, which are generally characterized by one or more nitrogen atoms




      placed in an amino acid-deriving heterocycle. Basically, the alkaloids are organic compounds whose elementary analysis yields quaternary composition (C,H,O,N), although it is also possible to find ternary molecules (C, H, N), and more rarely they can be formed by five elements (C, H, N, O, S), as well. Ternary alkaloids are generally volatile compounds, whereas quaternary molecules are non-volatile and crystallizable molecules. They are also characterized by variability in the saturation of nitrogen atoms and overall have low solubility in water. By contrast, they are largely soluble in organic solvents. Noteworthy, a relevant number of alkaloids are also produced by amphibians, including potent neurotoxins [1]. According to their chemical-physical properties, many analytical methods have been developed for the extraction and quali-quantitative determination of the alkaloids. A classical extraction procedure for alkaloid extraction starts with diluted acid extraction (i.e., 5% sulfuric acid in water/hydroalcoholic solution) and subsequent organic extraction to remove pigments and other impurities. The subsequent alkalinization (ammonia or sodium bicarbonate) induces the precipitation of alkaloids as free bases that can be recovered by filtration or by liquid-liquid extraction in organic solvents. Ultrasound- and microwave-assisted methods proved to be very efficacious for extracting phytocomplexes containing alkaloids from different plant materials, whereas liquid and gas chromatography methods are now routinely employed, especially if hyphenated with mass spectrometry and nuclear magnetic resonance detection [2]. However, radio- immuno- and ELISA assays are also diffuse. Different qualitative tests are described to define the presence of alkaloids in plant extracts, such as Dragendorff’s reagent (bismuth potassium iodide solution) that results positive with an orange precipitate, but a multiple test approach is required to discriminate among the different alkaloid subclasses [3, 4]. Basically, alkaloids are small molecules with numerous bio-pharmacological effects, including antibiotic, narcotic, stimulant, antiproliferative/anticancer. Among natural compounds, about 15-20% are alkaloids, and up to now, more than 12,000 alkaloids have been identified in numerous plants, especially in the angiosperm clade, whereas they are almost absent in the gymnosperms and other lower plants (considering some exceptions such as taxine alkaloids, lycopodine or ergot alkaloids from fungi). The alkaloids investigation started in the early nineteenth century with an exponential increase of structure isolation and characterization only in the second half of 1900. This delay could be related to the technological development of phytochemical techniques, but also to the frequent presence in natural sources in low amounts (in a free state, as salt or as N-oxide) and not related to vexillary effects, as confirmed by mainly (but not exclusive, i.e., the reddish sanguinarine) colorless feature. In the past, these phytocompounds were suggested to be a reservoir, defence substances, phytohormones or also waste products. The diverse nature and physical-chemical characteristics reflect in a wide range of biological activities when administered to animals, mainly related to the evidence of strong pharmacological activities (due to a reduced therapeutic index) rather than a common biological target. More probably, the alkaloids can be regarded as intermediates of plant secondary metabolism with a different and often unknown role for the plant. Different hypotheses on their functions are proposed and supported by evidence, but for everyone, a number of exceptions are always available. Therefore, no general rule can be extrapolated for their function in plants. Alkaloids contain nitrogen, but frequently they are present in a low amount to be considered an efficient storage system [5]. In some cases, the alkaline nature is associated with the presence of specific acids, but this was evidenced in a limited number of cases, such as for quinine and quinic or chinchotannic acids in Cinchona species. It is not clear if they are necessary for the same alkaloid producing plant; indeed, they actively participate in plant metabolism, as highlighted by daily and long-term qualitative and quantitative variations. However, it was also demonstrated that plant producing alkaloids can lose this peculiarity after grafting, with no evident physiological effects. At the same time, alkaloids are not generally toxic for the producer and are well tolerated and metabolized by other plants (the mitostatic effect of Colchicum autumnalis alkaloid could be considered as an exception). The origin from common and ubiquitous precursors coupled with no negative effect on plant metabolism also suggests the hypothesis that the synthesis is due to either fortuitous or relictual biosynthetic pathways still not affected by metabolism evolution. More widely plausible results the interpretation of alkaloids as products of specialized plant metabolism useful for interactions with other living organisms and abiotic factors. In this sense, the bitter taste or the strong pharmacological effects (even when toxic) should be an easily decodable deterrent message for herbivores, for example, as well as the protective diurnal variation of alkaloids could be related to the protective effects exerted by selected alkaloids against oxidative stress induced by both solar irradiation and light metabolism reactions. The interactions are more complex in the presence of parasite/hemiparasite plants. Some plants, such as Castilleja integra can accumulate selectively different classes of alkaloids depending on the host plant metabolism, while an exception can be the hemiparasite Osyris alba that has a concomitant presence of quinolizidine and pyrrolizidine alkaloids, probably related to a concomitant parasitism of multiple hosts, that could represent an evolved strategy to enhance the defense effect attributed to both sub-classes of secondary metabolites [6]. However, alkaloids are also found in bacteria, fungi and animals (Fig. 1)




      Both terrestrial (insects, amphibians, reptiles, birds, mammals) and marine (sponges, asteroids, tunicates, scleractinians, dogfish sharks) animals synthesize and release alkaloids for protecting against infections and predators. Considering the heterogeneity of this group of natural compounds, different classification criteria have been adopted, namely botanical (origin plant), pharmacological (therapeutic and toxicological properties), chemotaxonomical and chemical [1].
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Fig. (1))


      General structure of alkaloids.



      Based on the chemical structure, it is possible to identify amino acid-deriving heterocycle alkaloids (true alkaloids), non-amino acid-deriving heterocycle alkaloids (pseudoalkaloids), and amino acid-deriving heterocycle molecules with nitrogen not included in the heterocyclic ring (proto-alkaloids) (Fig. 2). From a bio-pharmacological point of view, it is also possible to describe the alkaloids as phytochemicals targeting cholinergic and adrenergic endings, central nervous system (CNS) stimulants, narcotic, analgesic, antipyretic, antihypertensive, antinevralgic and chemotherapy compounds (Fig. 3) [3, 6-10]. This is consistent with the reported chemical structures that permit a high absorption following oral administration and with their multitarget mechanisms that could explain, albeit partially, the numerous traditional and innovative pharmacological applications reported in the literature.
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Fig. (2))


      Biosynthesis of alkaloids derived from lysine and nicotinic acid. Further details about the alkaloid biosynthesis are included in the pathway analysis (map01064) present in the bioinformatics platform KEGG (Kyoto Encyclopedia of Genes and Genomes: https://www.kegg.jp/kegg/pathway.html).
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Fig. (3))


      Targets-components analysis highlighting the multitarget mechanisms related to some alkaloids with recognized phytotherapeutic applications. A) Theophylline; B) Atropine; C) Pilocarpine. The bioinformatics analysis was conducted on the online platform STITCH (http://stitch.embl.de/) and yielded multiple interactions between selected alkaloids with human target proteins. Colored nodes with large sizes indicate proteins with known or predicted 3D structures and that represent main interactors with the run small molecule. Line size is directly related to the interaction probability.

    




    

      INDOLE ALKALOIDS




      Indole alkaloids are a large group (more than 4000 known molecules) of plant-deriving secondary metabolites whose structure is based on tryptophan or tryptamine moiety. Basically, the structure consists of a benzene ring coupled with pyrrole residue, with usually two nitrogen atoms. Different subclasses can be identified depending on final α- or β-condensation, namely β-carboline or indolenine, as well as on complexity, with alkaloids presenting only the tryptamine structure and more complex alkaloids that combine tryptamine and terpene portions, deriving from mevalonic acid pathway (like ergot alkaloids, for example). Among the known natural compounds belonging to the indole alkaloids class, there are Catharanthus roseus alkaloids, namely vincristine, vinblastine, vincamine, and strychnine, from Strychnos nux vomica, ajmaline and ajmalicine, from Rauwolfia serpentina. Additionally, ergot alkaloids, which are a paradigmatic example of natural compounds of microbiological origin, mainly produced by the fungi Claviceps purpurea, Neotyphodium lolii, Aspergillus fumigatus and A. japonica, are also distinguished representatives of the indole alkaloid group. The main pharmacological uses of the indole alkaloids are described below. All have been widely investigated for a long time, and the pharmacological profile results well characterized [11].




      Vinca alkaloids represent a cornerstone in the chemotherapy strategies against cancer, being employed in clinical oncology for almost fifty years. They are used in different neoplastic conditions, including lymphatic leukemia, lymphosarcoma and testis cancer. The cytotoxic effects induced by these alkaloids are strictly related to the capability to prevent cytoskeleton microtubule assembly and polymerization. This drives cellular cycle arrest and cell death. In Fig. (4)., it is reported the capability of vincristine and vinblastine to interact with several tubulin proteins forming microtubules. Additionally, the same components-targets analysis displayed the putative interactions with efflux pumps (ABC proteins), deeply involved in the xenobiotic transport and resistance to chemotherapy agents.
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Fig. (4))


      Components-targets analysis yielded by the bioinformatics platform STITCH highlighting the capability of vincristine and vinblastine to form interactions with different tubulin isoforms.



      While microtubule disruption is known to occur at low doses, high alkaloid doses are capable of promoting cell cycle arrest and apoptosis. However, these effects are not selective for the malignant cells, and numerous side effects are related to the vinca alkaloid administration, including peripheral neuropathy, encephalo- pathy, liver, gastro-intestinal and pulmonary toxicity. Vincristine and vinblastine are also known to act as vesicants and induce extravasation, whereas alopecia is a rare effect. In analogy with other chemotherapy agents, vinca alkaloids are used in combination with other cytotoxic agents. The main pharmacological mechanisms of resistance include the tumor overproduction of p-glycoprotein and mutations of tubulin proteins expressed by the neoplastic cell [12].




      Catharanthus roseus is the botanical source of vinca alkaloids and is even considered a medicinal plant. The use is not reported due to the extremely complex metabolites pattern (over one hundred alkaloids were identified), thus being suitable for controlled medical use. On the other hand, plant material can be used for pure compound isolation, but the low concentration of therapeutical alkaloids limits the plant manipulation to large scale plants, often involving innovative and biotechnological applications to selectively and efficiently extract vincristine and vinblastine [13].




      Roots and rhizomes of Rauvolfia serpentina (Apocynaceae) were traditionally used in India, and during the second half of the previous century, their use as medicines spread out. The pharmacological activity is recognized in some of the dozens of alkaloids present in the phytocomplex, including ajmaline, reserpine and serpentine. Originally, the plant derives only from wild collection, and the increased request from occidental pharmaceutical companies determines hazardous effects on species survival and potentially dangerous health effects determined by uncontrolled collection (exacerbated by low germinability of seeds), erroneous plant identification (more than 80 species are recognized), or sophistication and adulteration [14]. Today, the use of the plant is limited and alternative production plans were investigated, such as in vivo propagation. However, it still survives relevant information focused on macroscopical and microscopical characters to drive the pharmacognostic identification of dried plant material. Ajmaline, from R. serpentina, is a sodium channel blocker drug, still used as antiarrhythmic, in several countries. Additionally, it is clinically useful as an arrhythmic diagnostic drug in patients suspected to suffer from Brugada syndrome, a genetic disorder characterized by abnormal electric activity, in the heart. This is due to the ability of this phytocompound to prolong the duration and fragmentation of abnormal epicardial electrograms, thus revealing an ST-segment elevation. In the diagnosis of the Brugada syndrome, ajmaline is often preferred to other sodium channel blockers because of its better safety profile related to faster binding kinetics towards sodium channels [15]. Besides sodium channels, this molecule has also been predicted to interact with other membrane channels, namely potassium and calcium channels (Fig. 5)




      
[image: ]


Fig. (5))


      Components-targets analysis yielded by the bioinformatics platform STITCH highlighting the capability of ajmaline to form interactions with sodium, potassium and calcium membrane channels.
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Fig. (6))


      Components-targets analysis yielded by the bioinformatics platform STITCH highlighting the capability of ergocryptine, ergotamine and ergometrine (ergonovine) to form interactions with dopamine (DRD2), norepinephrine (ADRA1D) and serotonin (HTR1A-F, HTR2A-B, HTR6) receptors.



      Ergot alkaloids are divided into three major classes: clavines (agroclavine, festuclavine), lysergic acid derivatives (ergometrine, ergonovine) and ergopeptides (ergotamine, ergocristine, ergocriptine). The high pharmacological activity of these compounds is related to their ability to act as agonists or antagonists of numerous central receptors, with particular regards to the adrenergic, dopaminergic and serotonergic receptors. Currently, the natural ergot alkaloids of therapeutic interest are ergotamine, ergocriptine, ergotoxine and ergometrine (ergonovine). Ergotoxine, which is a mixture of the alkaloids ergocornine, ergocristine and ergocryptine, is rarely used as a preventive agent, in migraine, whereas the sole ergocriptine is employed for the treatment of hypertension and acromegaly. Ergotamine is effective as a uterus-stimulating drug, and is used to induce childbirth, whereas ergometrine is administered to stop post-partum hemorrhages. Ergotamine is also used in the treatment and prophylaxis of migraine (Fig. 6) [16].


    




    

      TROPANE ALKALOIDS




      Tropane alkaloids are characterized by the tropane ring moiety, which originates from ornithine and arginine amino acid pathways in plants, and can be either ester of tropine or pseudotropine (Fig. 7).
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Fig. (7))


      Structure of the main core nuclei in tropane alkaloids.



      The distribution of tropane alkaloids in plants shows a selective activation of metabolic pathways that could result in characteristics for a restricted group of plants and has been recognized as useful tool for chemotaxonomic investigations. In this sense, the pragmatic definition of Solanaceae, coca and senecio alkaloids is common to identify a limited number of parent metabolites that result characteristic for a plant family or genus. Experimental data, for example on Solanaceae, confirmed the presence of hyoscyamine and atropine only in this family, but with relevant variability related to plant organs, age, phenological status, climatic and agronomic conditions and other factors, such as selection of chemical races. Currently, for practical application, the tropane alkaloids can be summarized into three groups (Fig. 8):
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Fig. 8)


      The main tropane-based alkaloids.



      1. Alkaloids from Solanaceae: hyoscyamine, scopolamine;




      2. Alkaloids from Erythroxylaceae: cocaine;




      3. Calystegines from Solanaceae, Brassicaceae, Erythroxylaceae, Moraceae and Convolvulaceae.




      Although they are very similar in structures, the pharmacological properties can be dramatically different. Hyoscyamine, scopolamine and cocaine are characterized by high gastrointestinal and blood-brain barrier permeant capacities, whereas calystegine A3, as predicted by the SwissADME bioinformatics platform (http://www.swissadme.ch/index.php), is able to cross the sole gastrointestinal barrier. This is due, albeit partially, to its higher polarity compared to the other alkaloids. The structural differences also influence their protein targeting. Below, it is reported the components-targets analysis was carried out through the STITCH platform of cocaine, scopolamine and atropine (the racemic form of hyoscyamine) (Fig. 9) The targeting of aminergic and cholinergic pathways by cocaine and Solanaceae alkaloids, respectively, is consistent with their capability to induce psychoactive effects. However, the STITCH platform did not predict putative targets for the calystegines, and this is probably due to the little biological information existing on this newly discovered alkaloid class. The capability of calystegines in inhibiting α-glucosidase has been reported in literature. However, the putative low affinity (Ki>100 µM) ͔͔predicted by virtual screening towards this enzyme suggests a minor role of this class of alkaloids on carbohydrate metabolism (Fig. 10) [17].
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Fig. (9))


      Components-targets analysis yielded by the bioinformatics platform STITCH. A: putative interactions of atropine with muscarinic receptors (CHRM1-M5), cholinesterases (ACHE, BCHE), gastrin (GAST) and cholecystokinin (CCK). B: putative interactions between cocaine with aminergic [serotonin receptors (HTR2A) tyrosine hydroxylase (TH)] and opioid pathways (k and µ receptors: OPRK1, OPRM1). C: putative interactions between scopolamine with a cholinergic pathway (CHRM1-M5, BCHE, ACHE).
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Fig. (10))


      Putative interactions between calystegine A3 (SubFigure A) and calystegine B2 (SubFigure B) with human α-glucosidase (PDB ID: 3WY1). PDB structure of the enzyme is available online (https://www.rcsb.org/structure/3WY1). Calystegine A3 and calystegine B2 showed medium to low affinity (Ki= 114.4 µM and Ki=28.9, respectively) towards the enzyme. This is consistent with the low number (3-4) of non-bonding interactions at the active site of the enzyme.



      Belladonna (Atropa belladonna), Hyoscyamus (Hyoscyamus niger) and Stramonium (Datura stramonium) represent the classical trio of medicinal plants from Solanaceae family, characterized by the presence, in different percentages, of tropane alkaloids. Intriguingly, we can consider these plants highly representative of the evolution of human knowledge of the plant kingdom. From the traditional use in magic and spirit rituals, their medical potentials were subsequently recognized and adopted by modern phytotherapy. At the same time, the potential toxicological effects were also highlighted, determining the limitation to the use only under strict physician and pharmacist monitoring. Nowadays, the use of plants in phytotherapy is considered obsolete, while to the parent alkaloids (obtained by industrial extraction and isolation or by chemical synthesis), a relevant position is reserved in the pharmacology knowledge.




      Hyoscyamine, atropine and scopolamine are well-known anti-cholinergic drugs, being able to act as non-competitive and non-selective antagonists of muscarinic receptors (M1-M5). M1 and M4 receptors are highly expressed in the CNS, where they modulate memory, learning and pain processes. M2 and M3 receptors are mainly present in the heart and smooth muscle, respectively, whereas M5 receptors are assumed to be involved in vascular homeostatic control. The receptor activity is stereoselective. In this context, it is sensitive to highlight that the left-handed stereoisomer of hyoscyamine is about 100-fold more potent than both right-handed stereoisomer and atropine, the racemic mixture. The blockade of muscarinic receptors by Solanaceae alkaloids leads to the following main side effects: increased heart rate, bronchodilation with concomitant reduction of secretory activity, mydriasis and anti-diaforetic effects. Additionally, hallucinogenic effects could also occur at therapeutic doses, following systemic administration.




      Scopolamine, per os and in the form of the transdermal delivery system, is currently employed as a drug for treating motion sickness. This alkaloid is also employed as an adjuvant drug in pre-anesthetic medication. Specifically, in association with opioid drugs, it is used for reducing bronchial secretory activity before inhalatory anesthetic administration. The N-butylbromide derivative of scopolamine is also used for the treatment of irritable bowel syndrome (IBS). Both scopolamine and atropine are also used as cardiovascular-stimulating drugs, following parenteral administration, whereas the local application of atropine is still used to open the iris of the eye for diagnostic purposes and for treating the uveitis, an inflammatory condition of the middle layer of the eye [18].




      The history of Erythroxylon coca leaf use in rituals also originates with ancient civilizations, for being subsequently adopted by phytotherapy. Although the traditional use of chewing leaf as anti-fatigue still survives in origin countries, the phytotherapic use of the plant, due to the unsafe toxicological profile, is completely replaced by pure metabolites chemically obtained or industrially isolated. The plant results are still largely cultivated and transformed to obtain fraction and pure metabolites for the illegal and dangerous, but remunerative, use as recreant. Cocaine has limited importance in medicine, being rarely used as a local anesthetic in ocular surgery and as a pain reliever in patients suffering from terminal cancer. As anesthetic, cocaine represented the lead compound for the development of local anesthetic drugs. The mechanism of action underlying the anesthetic activity involves the blockade of neural ion channels, whereas the central inhibition of biogenic amine reuptake could explain, albeit partially, its stimulating effects in the CNS, such as euphoria and fatigue inhibition. In the periphery, the stimulation of adrenergic tone induces cardiovascular toxicity, including hypertension and tachycardia [19].




      The genus Duboisia is also relevant for the production of tropane alkaloids. Noteworthy, Duboisia species are used for the industrial production of tropane alkaloids, a process that permits duly investigation of the metabolism of different species and the selection of more productive hybrids. Duboisia species produce and accumulate the medically relevant tropane alkaloids (hyoscyamine and scopolamine) and the undesirable nicotine, both deriving from arginine or ornithine precursors [18]. It can be mentioned as a relevant example of how the application of specific agronomical conditions and selection of genotypes allow discriminating chemical races with selective production of only tropane alkaloids or nicotine and anabasine fractions.


    




    

      PYRIDINE AND PIPERIDINE ALKALOIDS




      Piperidine and pyridine alkaloids are characterized by a six-membered hetero- cycle amine. They are synthesized from the lysine pathway and compounds belonging to these classes are characterized by a high grade of toxicity. From a pharmacological point of view, they exert antimicrobial, but also stimulating effects, particularly in the peripheral and central nervous system. While their physiologic roles in plant physiology include plant-herbivore interactions and antimicrobial effects. This last aspect has been particularly studied in conifers.




      Arecoline is an alkaloid extracted from the seeds of Areca catechu that are still used for treating gastrointestinal diseases, including tapeworm infestations and diarrhea. The nuts are combined with leaves of Piper betel and lime to prepare the betel, a traditional preparation that was commonly chewed. Today Myanmar is one of the biggest consumers, and the practice widely survives despite the sensibilization activities of dangerous health and social effects, more evident when also tobacco is added to the preparation. Numerous pharmacological and toxicological effects have been reported for the arecoline that results in the only metabolite with relevant effects. In the CNS, the arecoline is able to stimulate the muscarinic receptor, and this could explain, albeit partially, the arecoline stimulating effects on learning and memory in rodents. Moreover, the traditional use of chewing areca nuts for memory improvement is consistent with the capacities of arecoline to activate the muscarinic receptor and to easily cross the blood-brain barrier [20]. However, the traditional use of areca nuts has been related to serious oral side effects, such as oral submucous fibrosis.




      In the cardiovascular and endocrine systems, arecoline was reported to improve acetylcholine-induced vasorelaxation and to exert an anti-atherogenic effect, possibly through the down-regulation of pro-inflammatory cytokines. In the endocrine system, arecoline stimulates the hypothalamic corticotrophin-releasing hormone. Whereas, in the gastrointestinal system, the activation of the muscarinic receptor by the alkaloid stimulates smooth muscle motility, and this is particularly useful in anti-tapeworm therapy. In this context, an inhibitory effect on tapeworm motility was also suggested (Fig. 11).
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Fig. (11))


      Components-targets analysis yielded by the bioinformatics platform STITCH. Putative interactions of arecoline with muscarinic receptors (CHRM1-M5) and pro-inflammatory interleukins (IL-8, IL-6) and enzymes [cyclooxygenase 2 (COX-2, PGTS2)].



      Structurally related to arecoline, pelletierine is a piperidine alkaloid extracted from the root bark of the Punica granatutm (pomegranate) (Fig. 12). As a multifunctional plant, fruit, seeds, flower and root and stem bark are used. The dried woody pericarp is rich in tannins, and similarly, also the seeds are used for the astringent activity. The juice is consumed as food and possesses a strong antioxidant activity [21]. The plant phytocomplex includes tannins, from ellagic and tannic acid, catechin, anthocyanins and other bioactive polyphenols. The anti-tapeworm effects of the pomegranate bark are well-known [22], and arecoline seems to be the prominent compound underlying this traditional use of the plant [23]. Although the STITCH platform did not predict any protein target for the pelletierine, another recognized bioinformatics database, SwissTargetPrediction (http://www.swissadme.ch/index.php; Swiss Institute of Bioinformatics), suggested the capability of this alkaloid to directly interact with membrane transporter proteins of dopamine, norepinephrine and serotonin. The results of the target prediction conducted on pelletierine are described on the following page: http://old.swisstargetprediction.ch/result.php?job=383613343&organism=Homo_sapiens. These putative interactions could explain, albeit partially, the capability of pomegranate juice to prevent the aluminum exposure induction of learning, memory and brain aminergic neurotransmitter reduction, in mice. This hypothesis is strengthened by the putative gastrointestinal and blood-brain barrier permeant capabilities predicted by the SwissADME platform (http://www.swissadme.ch/ index.php; Swiss Institute of Bioinformatics), as well.
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Fig. (12))


      Structures of pelletierine and piperine.



      Black pepper (Piper nigrum) is one of the most worldwide diffused spices and its history is representative of the relevance and impact of the spice trade on modern society and economy, as strictly related to European colonialism and through the definition of new spice routes. The plant is lianaceous and cultivation is on the support that can be represented by trees or artificial ones. Green, white and black peppers derive all from Piper nigrum fruits that are harvested unripe to obtain the aromatic green pepper. Full ripe fruits are subjected to maceration and mechanical removal of the pericarp to obtain the smelling and aromatic white pepper or directly dehydrated to give the black pepper that combines the aromatic component of the essential oil present in the seeds with the pungent taste of the pericarp, where alkaloids and resin are accumulated. Frequently, the use of colloquial form can result in misleading; indeed, pepper is a pungent and aromatic spice that can be identified as different products from the same plants as well as fruits obtained from different species (such as P. longum, P. cubeba) or different genera (i.e., pink pepper, Schinus molle) [24]. Piperine is a piperidine alkaloid mainly extracted from Piper nigrum and P. longum (Fig. 12). The presence of different subunits in its structure, namely butadiene, amide and piperonal residues, could partly explain the different observed biological activities and multitarget mechanisms. Specifically, literature data indicate antibacterial, antiparasitic, antioxidant/anti-inflammatory and hepatoprotective and neuroprotective effects induced by this alkaloid [25-28]. Most of the reported effects were evidenced by preclinical studies. However, the good pharmacokinetics, characterized by gastrointestinal and blood-brain barrier permeation, together with the capability to inhibit different liver cytochromes involved in drug metabolism, suggest potential applications in pharmacotherapy [28]. Specifically, piperine was reported to inhibit Helicobacter pylori proliferation. Additionally, this compound was found effective in inhibiting the activity of the H. pylori efflux, thus representing a promising agent for reducing bacterial resistance towards chemotherapy agents. Anticancer properties were also suggested, including the capability to prevent the gastric tumor associated with H. pylori [29]. Different molecular mechanisms could be involved in the anticancer effects of piperine, including the inhibition of tumor necrosis factor (TNF)-α, interleukin-6 (IL-6), cAMP response element-binding (CREB), matrix metalloproteinases (MMPs), p-glycoprotein (ABCB1). The efficacy of piperine in contrasting the burden of oxidative stress and inflammation occurring in cancer makes piperine also a promising adjuvant agent for the first-line anticancer treatment, including radiotherapy, that is known to lead to reactive oxygen species overproduction, particularly in the lung. The antioxidant/anti-inflammatory properties could also be the basis of the protective effects in the liver and brain suggested by preclinical models of tissue toxicity. Piperine was able to contrast liver toxicity induced by CCl4, but also the neurochemical, inflammatory and behavioral changes induced by 6-OH-dopamine, a neurotoxin capable of inducing a parkinsonian status in rodents [30, 31]. The immunomodulation induced by piperine seems to be one of the putative mechanisms underlying its efficacy as an antiparasitic drug, especially against Trypanosoma cruzi [32]. However, the STITCH platform also predicted the ability of piperine to interact with the T. cruzi lanosterol 14-α-demethylase, which is deeply involved in ergosterol biosynthesis. As a concluding remark, a clinical trial is currently underway for evaluating the efficacy of piperine, in co-administration with curcumin, on the burden of inflammation and oxidative stress occurring in patients with COVID-19 (Fig. 13) [33].
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Fig. (13))


      Components-targets analysis yielded by the bioinformatics platform STITCH. A: putative interactions of piperine with human proteins involved in the antioxidant/anti-inflammatory and chemopreventive effects of piperine. B: putative interactions of piperine with Trypanosoma cruzi lanosterol 14-α-demethylase (CYP51/CYP51B).



      Coniine is a piperidine alkaloid occurring in diverse plants, including Aloe and Conium species, although it is particularly known for its presence in fruits of poison hemlock (C. macalutum), selected by the philosopher Socrates for his death (Fig. 14)
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Fig. (14))


      Structures of coniine, lobeline and nicotine.



      Among all alkaloids, coniine was the first to be structurally resolved and chemically synthesized. However, the narrow treatment window currently excludes any pharmacological use of both coniine and hemlock extracts [34, 35]. Specifically, coniine is an antagonist of acetylcholine receptors that behaves as a neurotoxin and teratogen compound [36]. The blockade of acetylcholine receptors could be the basis of both respiratory depression and reduced fetal movements following alkaloid exposure. However, in the past, poison hemlock preparations have been externally used for treating viral and bacterial skin infections. Other traditional uses included the treatment of joint and stomach pains, gout, rabies, cancerous ulcers, cramps, tetanus, asthma, cough, epilepsy and angina. Up to the second half of the 19th century, poison hemlock was also described in British Pharmacopeia. Nowadays, the interest in poison hemlock is exclusively toxicological, especially inbred and wild herbivores, that could feed the plant accidentally or when climatic conditions reduce trophic resources. In this context, the alkaloid is accumulated unmetabolized by animals resulting in a toxicological risk for the wild game consumer. Conversely, the direct toxicity for human consumption is not reported and could be related to the evident red speckled stem, which results in evident macroscopical characteristics that easily help to distinguish within other Apiaceae. Generally, the typical signs of poison hemlock intoxication include muscle weakness, intestinal irritation, loss of appetite, cyanotic membranes, CNS and respiratory depression. Heart stimulation and purgative therapy are first-line aids for poisoned animals. As a typical character, coniine is not derived directly from an amino acid and, due to its volatility, can be extracted with related alkaloids and essential oil by distillation.




      Lobeline is a piperidine alkaloid extracted by the Lobelia inflata, particularly from the seeds that contain the highest percentage of this alkaloid (up to 0.4%) and related compounds as well (Fig. 14). However, the leaves are traditionally used by folk populations (American Indians), especially for recreative and adaptogen effects. The plant is also called “Indian tobacco” because of the tobacco-like sensation after chewing L. inflata leaves due to the CNS-stimulating effects [37]. The plant part used are the aerial parts, mainly represented by stems followed by leaves and seeds, typically without flowers because. Considering the higher concentration of seeds, the harvest is preferred during the late fruiting phase. From a pharmacological point of view, lobeline behaves as a nicotine-like drug. This is related to the capability of lobeline to cardiovascular and central nervous systems, following administration. However, the mechanism of action seems to be different from nicotine. Lobeline is able to induce a primary stimulant and a secondary inhibition of sympathetic activity, thus leading to transient cardiovascular stimulation [37]. Lobeline is also able to block the nicotinic receptor, and this leads to the non-depolarizing blockade at the neuromuscular junction. Whereas the direct stimulation of chemoreceptors of the carotid body underlies the capability of lobeline to act as a respiratory-stimulating drug in fever cases and respiratory paralysis following poisoning with narcotics, ethanol and asphyxiating gases. Additionally, lobeline was reported to be efficacious also in the cases of respiratory diseases, infantile convulsions and tetanus [37]. In the first half of the 20th century, lobeline was also suggested as a smoking cessation drug for its mild capability to reduce the symptoms of nicotine withdrawal [38]. We cannot exclude that this could depend on interferences induced by lobeline on the nicotine-evoked release of dopamine, in the nuclei accumbens and striatum, thus disrupting the reward circuitries involved in the addiction. A similar mechanism could also explain the capability of lobeline to inhibit metamphetamine self-administration in rats [39]. However, long-term trials did not confirm the efficacy of lobeline as a pharmacological aid in smoking cessation.




      Nicotine is the principal alkaloid present in Nicotiana tabacum leaves, structurally articulated in a pyridine unit combined with a pyrrolidine ring (from ornithine) or piperidine ring (from lysine) (Fig. 14). It is widely known for its efficacy as a natural insecticide that still represents a process that can use leaves. Indeed, the plant material is produced only for hedonistic production of tobacco or for active metabolite extraction, while phytotherapeutic or pharmaceutic use of leaves can be considered obsolete. Nicotine represents the main alkaloid in the plant. About 1.5% weight of dried leaves is represented by nicotine content. In the leaves, nicotine corresponds to about 95% of the total alkaloid content. Other minor alkaloids are nornicotine, anabasine and anatabine. Most of the nicotine in N. tabacum leaves is present as left-handed isomer.




      Nicotine is a volatile and oily liquid that has long been recognized to activate neuronal and muscle acetylcholine receptors. The cholinergic mechanism is also at the basis of the antiparasitic use of nicotine and extracts from N. tabacum [40]. Multiple studies suggest in vitro anthelmintic effects and the capability of nicotine to promote evacuation of the bowel, thus further strengthening the antiworm effect. Additionally, the bioinformatics analysis conducted via the STITCH platform also highlights the putative ability of nicotine to activate acetylcholine receptors expressed by the nematode Caenorhabditis elegans (Fig. 15). However, besides this promising use as antiparasitic, nicotine and N. tabacum leaves are only considered recreant substances, with high addictive potential and numerous side effects, especially in the cardiovascular and respiratory systems. Most of these effects are related to both nicotine and the route of administration (smoking) that is associated with the rapid absorption of the alkaloid and combustion products of tobacco leaves, including volatile hydrocarbons. Nicotine is characterized by both peripheral and central effects. In the CNS, it ameliorates the sense of well-being and the tone of mood. This is strictly related to the stimulation of dopamine firing, in the nucleus accumbens, following the activation of neuronal acetylcholine receptors. The stimulation of dopamine release could partly explain the addictive properties of nicotine. However, nicotine replacement therapy, consisting of the administration of nicotine in different formulations and dosages (gum, transdermal patch, nasal spray, oral inhaler and tablet), is one of the most studied and used pharmacotherapy approaches for managing addiction and withdrawal. The levels of efficacy of these products are variable and depend on the absorption rate and improve if paralleled by accessory behavioral therapy [41, 42]. In addition, memory and learning, muscle contraction and the cardiovascular system are improved by nicotine, especially at low doses. However, at high dosages, nicotine causes hypotension and respiratory paralysis due to depolarization block. Furthermore, the contraction of gastrointestinal and bladder smooth muscles is reduced because of the ganglion blockade following high nicotine doses.
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Fig. (15))


      Components-targets analysis yielded by the bioinformatics platform STITCH. Putative interactions of nicotine with proteins expressed by the nematode Caenorhabditis elegans, including acetylcholine receptors (acr-3, 8, 11, 12, 16).

    




    

      IMIDAZOLE ALKALOIDS




      These alkaloids are associated with L-histidine or threonine as biogenetic precursors. In the plant kingdom, a few genera or species contain imidazole alkaloids, with the exception of the Pilocarpus genus, which comprises all imidazole alkaloids producing species. Within this class of alkaloids, only pilocarpine and related alkaloids are used in therapy and plants, both from wild collection or cultivation, are only used in western countries for industrial extraction of bioactive compounds [43, 44].




      Pilocarpine was the first imidazole alkaloid isolated in P. jaborandi. This phytocompound is a muscarinic agonist that exerts stimulating effects on multiple organs, including bladder, tear ducts, and salivary and sudoriferous glands (Fig. 17) For its ability to improve intraocular aqueous outflow, pilocarpine is used in the treatment of intraocular hypertension and chronic simple glaucoma. Pilocarpine is also employed for treating xerostomia (dry mouth), especially in patients on hemodialysis and radiotherapy for neck and head cancer [45]. The rationale for pilocarpine use in xerostomia is the induced stimulation of salivary gland function. The efficacy of pilocarpine as a diaphoretic is also at the basis of its therapeutic use in Sjӧgren’s syndrome, an autoimmune disorder involving salivary and lacrimal glands [46]. The stimulation of muscarinic M3 receptors has been suggested to mediate pilocarpine effects. Pilocarpine is also used in experimental pharmacology to induce seizures in rodents, following either systemic or intracerebroventricular administration. The epilepsy status induced in rodents resembles the mesial temporal lobe epilepsy in humans, thus representing a valuable tool for exploring new pharmacological approaches for refractory epilepsies.
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Fig. (16))


      Components-targets analysis yielded by the bioinformatics platform STITCH. Putative interactions of pilocarpine with human proteins, including muscarinic receptors (CHRM1, M2, M3, M5).

    




    

      PURINE ALKALOIDS




      The compounds belonging to this class are methylated derivatives of xanthine that include imidazole and pyrimidinedione rings. The main plant-deriving purine alkaloids are caffeine, theophylline and theobromine, which differ in the number and position of methyl group residues [47]. These molecules exert a wide broad of pharmacological effects, following systemic administration that is also characterized by a rapid and complete gastrointestinal absorption and tissue distribution, without determining significant bioaccumulation. Up to now, the main mechanisms recognized to be at the basis of the pharmacological effects induced by caffeine, theophylline and theobromine, are adenosine receptor antagonism, phosphodiesterase inhibition and regulation of ryanodine channels [48]. However, as also indicated by the network pharmacology analysis (Fig. 17), the inhibition of adenosine signaling could be the main mechanism underlying the pharmacology of these compounds. In the components-targets analysis, all methylxanthines were reported to interact with cytochromes, and consistently with the oxidative demethylation reactions characterizing the inactivation of these compounds in the liver.
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Fig. (17))


      Components-targets analysis conducted through the STITCH platform underlying the interactions with adenosine receptors (ADORA1, ADORA2A) as crucial in the pharmacological mechanism of caffeine, theophylline and theobromine. The same analysis also indicated the interactions between these methylated xanthines with cytochromes CYP1A1, CYP2E1 and CYP1A2.



      Regarding the pharmacological spectrum, caffeine, theophylline and theobromine are well-known to stimulate CNS [49]. They are also able to stimulate the cardiovascular system and induce relaxation of smooth muscle, particularly at the bronchial level [50]. Additionally, they are able to increase gastric secretion and diuresis. In pharmacotherapy, theophylline has been long used in the treatment of asthma. However, also caffeine and theobromine are used for treating respiratory diseases, namely apnea of prematurity and cough, respectively. Caffeine is used as antimigraine agent, in association C. purpurea alkaloids and antipyretic-antineuralgic drugs, whereas the neuroprotective and ergogenic effects induced by caffeine were extensively studied, in the last years. Very recently, the putative use of caffeine, theophylline and theobromine has been suggested in COVID-19 therapy. Specifically, the anti-inflammatory action on bronchial airways and the neuroprotection is increasing the interest in these alkaloids, especially for treating COVID-19 patients with CNS dysfunction [51].




      Within purine alkaloids, a clear distinction is evident between the medical and food use of these secondary metabolites-producing plants. The history, tradition, knowledge and characters attributed to coffee beans, the leaves and cocoa seeds are only marginally linked to the pharmaco-toxicological knowledge of caffeine, theophylline and theobromine. Coffee is considered one of the most worldwide used plants, if someone asks what is the active principle of coffee, the answer will indicate caffeine. And this is absolutely correct but it describes a situation that is really far from common use as a beverage that activates the largest part of the coffee beans trade. Even in a cafeteria or at home, when preparing a coffee, we expect to obtain a beverage, with our preferred combination of color, smell, taste and consistency that are directly related to the quality of plant material, transformation processes and extraction conditions. Furthermore, in recent decades producers offer the alternative of caffeine-free coffee, but the typical consumer never paid attention to quantitative presence of caffeine in the commercial coffee. Basically, the most common practice is to consume water extract obtained from one of the most popular and known medicinal plant applying as qualitative standard the complex fractions that include essence, pigment and adduct derived from roasted, instead of the active principle.


    




    

      STEROIDAL ALKALOIDS
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Fig. (18))


      Structures of the main steroidal alkaloids.



      Steroidal alkaloids are generally present in plants belonging to different families traceable to two main groups with a 27 C skeleton as including the alkaloids from Solanaceae and C21 skeleton present in metabolites extracted from Liliaceae, Apocynaceae, and Bruxaceae families. They are characterized by the steroidal scaffold, with the nitrogen atom included either in the ring or in the side chain. In the plant, they are available in the glycosylated form. Steroidal alkaloids are also described to possess many biological effects. However, the anticancer properties have been more extensively studied. Specifically, several compounds, including solasodine, α-solanine and α-chaconine can activate the apoptosis pathway through the modulation of BAX, BCL-2 and caspase-3 levels. Solamargine and solanidine can disrupt the cell cycle progression, whereas tomatidine, jervine, cyclopamine and veratramine possess cytotoxic and antiproliferative effects against numerous human cancer cell lines (Fig. 18) [52].


    




    

      ISOQUINOLINE ALKALOIDS




      Isoquinoline alkaloids are a large group of phytochemicals, deriving from the tyrosine and phenylalanine pathways and mainly present in plants belonging to Ranunculaceae, Papaveraceae and Berberidaceae families. Isoquinoline alkaloids are characterized by relevant pharmacological activities and well-established uses in the folk populations [53].




      Opium identifies the latex that is collected from capsules of Papaver somniferum. After a superficial incision, the latex flows out and is spontaneously dehydrated. The use of opium probably originates in South Asia, where it started as food. Recently, new routes and forms of administration, such as fumigation or smoking, have been raised. In western countries, the trade was mainly managed by the British government and significantly related to the smoking destination rather than to pharmaceutical use. Different destinations of use and valuable aspects determine the selection of numerous sub-entities such as garden hybrids and varieties. Intriguingly, recent archaeobotanical findings indicate in Central Italy, the oldest site where it is documented (5881-5636 B.C.), the cultivation of Papaver setigerum, a wild precursor identified as P. somniferum subsp. setigerum. Nowadays, the main production still derives from illegal production and is destinated to hedonistic use as psychotropic, with well-known toxicological and social effects. Opium consists of agglomerates of latex masses of plastic consistency, containing as foreign materials pollen grains and other damaged tissue residuals such as trichomes, vessels, stellate and epidermal cells. It contains a mixture of dozens of alkaloids and other secondary metabolites, including morphine, with the phenanthrene structure, papaverine, with the benzylisoquinoline nucleus, and other different structure-type alkaloids of less relevant use (i.e., protropine) and meconic acid, that is also proposed as a chemotaxonomical marker of Papaver genus. Morphine and codeine are opioid alkaloids isolated from the dried opium latex for the first in 1804 and 1832, respectively. They are characterized by the phenanthrene moiety whose hydroxyl residues have been associated with nausea and hallucination effects. Morphine is also considered the prototype of the opioid µ receptor agonists, whereas the activity of codeine towards this receptor is weak. Morphine is mainly used in pharmacotherapy as an analgesic in neoplastic pain, while codeine is used as an antitussive drug [54].




      Papaverine, also extracted from Papaver somniferum, is a muscle relaxant drug that could be used for treating sexual impotence following direct injection in the corpora cavernosa [55]. The efficacy of papaverine could be related, albeit partially, to its capability to behave as a non-selective inhibitor of phosphodiesterases (Fig. 19)
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Fig. (19))


      Structures and components-targets analysis conducted through the STITCH platform underlying the papaverine interactions with phosphodiesterases (PDE4D, PDE5A, PDE10A) and opioid receptors (OPRM1, OPRD1, OPRL1, OPRK1).



      Berberine is described as a component of the alkaloid fraction present in the dried rhizome of Hydrastis canadiensis, including hydrastine and canadine, from the aerial parts of Chelidonium majus, combined with allocryptines, chelerythrine, chelidonine and others. The traditional use involves goldenseal root as an antimicrobial agent and to threaten different conditions related to the genito-urinary dysfunction, while aerial parts of greater celandine are reported as spasmolytic, diaphoretic, diuretic and cathartic. Particularly, the empirical use of yellow latex is reported as caustic directly applied to skin warts. However, berberine has also been described as a tonic and glucose and cholesterol lowering drug. The hypotensive properties of berberine were also reported, possibly related to its capability to activate α2-adrenoceptors. Antiproliferative effects of berberine and its analogs have also been reported (Fig. 20) [56].
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Fig. (20))


      Structures of berberine, tubocurarine and boldine.



      The general term “curare” indicates a poisonous preparation typical of the South America Amazon that is extracted from the bark and root of several liane plants belonging to the genera Chondrodendron, Strichnos, Curarea and occasionally others, depending mainly on the geographic origin. Still, the original recipe is unclear due to adaptation made by the local population to the relative context in terms of the plant use and preparation. Classical approaches discriminate between tube curare, calabash curare and pot curare that formerly identify the packaging used to store and trade curare. The tube indicates the use of a stem section of bamboo as a tube, while calabash indicates the use of ligneous fruit obtained from a selected variety of gourd [57]. Tubocurarine is recognized as the main alkaloid present, and the name derives from the isolation that was operated from samples stored in bamboo tubes (Fig. 20). It is able to bind and block the nicotinic receptor at the neuromuscular junction, thus leading to muscle paralysis. However, the paralysis is gradual, starting from neck and head muscles, passing through the limbs to finally reach the diaphragm. Tubocurarine is currently used in anesthesiology for inducing muscle relaxation during surgery. Because of its cationic form, tubocurarine is administered intravenously [58].




      Boldine is extracted from the leaves of Peumus boldus. Plant leaves are used to prepare an infusion with tonic function as a co-adjuvant of digestion with a slightly bitter taste. Boldine is reported as a saporphine structure alkaloid and has remarkable antiradical and muscle-relaxant effects. Antiproliferative effects were also demonstrated in prostate cancer cells in vitro (Fig. 20) [59].




      Colchicine and demecolcine are extracted from the seeds of the Colchicum autumnalis. The poisonous effects of plants have been well known since ancient times, and the medicinal use of plants remains limited (Fig. 21). Commonly known as meadow saffron, plant structure and particularly flowers and season of flowering can determine the rare reliable advertise to be not confused with Crocus sativus (saffron). The potential risk is mitigated by evident differences, including the presence of saffron only as a cultivated plant and the absence of the red stigmas on Colchicum, that reduce but do not exclude serious toxication for inexpert and improvised harvesters due to the presence of colchicine in all plant organs [60]. However, colchicine has long been used in the treatment of gout, because of its efficacy on neutrophil migration, in acute attacks. Colchicine is also effective in inhibiting histamine release and the formation of the mitotic spindle. As an antimitotic agent, it is also used for inducing polyploidy in plants [61]. Demecolcine is used in the treatment of malignant lymphoma and myelogenic leukemia [62].




      Emetine is the main alkaloid extracted from the roots of Cephaelis acuminata and C. ipecacuana. At low doses, emetine is mainly used as an expectorant and antiamebic drug. Whereas at high doses it is also active as an emetic drug (Fig. 21). This is due, albeit partially, to its irritating properties, in the gastrointestinal tract. Historically used as an antiviral against Spanish influenza, emetine has been reputed to be effective against COVID-19 [63]. In the past, the plant was subjected to extensive investigation on pharmacognostic characteristics, as confirmed by the detailed description of macro and microscopic features, useful to guarantee plant identity. This resulted from the large amount requested from the western market that induces the local populations to increase the over-utilization of wild resources, including the practice, voluntary or as a mistake, of collecting similar roots from different species. In recent times, this risk has been mitigated by the cultivation and monitoring collection as well as the introduction of less invasive collection techniques [64].
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Fig. (21))


      Structures of colchicine, demecolcine and emetine.
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