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Summary and outline of this thesis 

 

Traditionally, pharmacological treatment for neurodegenerative diseases, such as 

Alzheimer and mild to moderate vascular dementia or similar diseases related to a deficit of 

the neurotransmitter acetylcholine, are treated through acetylcholinesterase (AChE) 

inhibitors. In this regard several compounds from synthetic and natural origin have been 

approved as AChE inhibitors by Food and Drug Administration in the United States. 

Although AChE inhibitors have demonstrated high efficacy in Alzheimer treatment, 

compounds from synthetic origin, such as donepezil and rivastigmine have reported several 

side-effect in patients from hepatotoxicity to gastrointestinal symptoms, in contrast with the 

fewer side-effects reported by natural compounds galanthamine and physostigmine. In this 

regard, after the discovery of Amaryllidaceae-derived alkaloid galanthamine (Reminyl®) as 

a competitive and reversible inhibitor of AChE from several Amaryllidaceae species, these 

have been studied as new sources of alkaloids with potential AChE inhibitory activity. 

Additionally, with the purpose of enhancing the cholinergic system damaged by 

Alzheimer‘s disease, several studies suggest that allosteric modulators of nicotinic 

acetylcholine receptors (nAChR) could be used as therapy in addition to AChE inhibitors. 

Therefore, the aim of this thesis was to characterize the alkaloid composition of bulbs of 

Rhodolirium andicola (Poepp.) Traub, a native Chilean Amaryllidaceae specie, and assess 

their inhibitory activity on AChE by in vitro and in silico methodologies. Likewise, the 

effects of isolated compounds on the agonist responses of nAChR α7, α3β4, (α4)2(β2)3 and 

(α4)3(β2)2 expressed heterologously in Xenopus oocytes were determinated by 

electrophysiological techniques. The alkaloids from bulb extracts along with isolated 
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compounds, galanthamine, haemanthamine and tazettine, were identified by gas 

chromatography-mass spectrometry (GC-MS). The AChE inhibitory activity assays of 

alkaloidal bulb extract and isolated compounds were carried out by Ellman method. 

Alkaloidal extracts from R. andicola exhibited an inhibitory activity with IC50 values 

between 11.25 ± 0.04 and 57.78 ± 1.92 μg/ml that included isolated alkaloid, galanthamine 

(2.3 ± 0.18 μg/ml). Additionally, 12 alkaloids were detected using GC-MS and identified 

by comparing their mass fragmentation patterns with literature and database NIST vs.2.0. 

In silico results suggested that alkaloids, such as lycoramine, norpluvine diacetate and 6α-

deoxy-tazettine expand the list of potential AChE inhibitors besides galanthamine. On the 

other hand, using nAChR expressed heterologously in Xenopus oocytes in conjunction with 

two-electrode voltage clamping, we found that galanthamine inhibits the function of 

nAChRs assayed through a mix competitive and non-competitevely. The nAChR α7 was 

significantly more sensitive to inhibition (17 ± 0.6 µM), whereas the heteromeric receptor 

α3β4 was the less affected (90 ± 3.4 µM). Moreover, neither haemanthamine nor tazettine 

were more potent than galanthamine. Finally, the findings of the present research show that 

this endemic plant is a potential source of AChE inhibitors that could be used eventually for 

treatment of neurodegenerative diseases. In addition, we found that galanthamine is an 

inhibitor of nAChR, contrary to studies that have found that this alkaloid enhances agonist 

responses of α7 and (α4)3(β2)2 receptors through an allosteric mechanism.  
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General introduction 
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1.1 General Introduction 

The Acetylcholinesterase (AChE) inhibitors are the most used approved drugs for 

treating of patient with Alzheimer‘s disease (AD) (McGleenon et al., 1999). Additionally, 

with the objective to enhance the cholinergic system damaged in AD (Bourin et al., 2003), 

several studies suggest that allosteric modulators of nicotinic acetylcholine receptors 

(nAChRs) could be used as therapy in addition to AChE inhibitors (Maelicke et al., 2001; 

Pereira et al., 2002; Kihara et al., 2004; Texidó et al., 2005). After the isolation of 

Amaryllidaceae-alkaloid galanthamine, an AChE inhibitor approved by USA Food and 

Drug Administration (FDA), the focus has been on the identification and isolation of new 

compounds from Amaryllidaceae family with prominent use in AD (López et al., 2002, 

Ortiz et al., 2012, de Andrade et al., 2016). Pharmacological and biological properties, such 

as antitumor, antiviral, antibacterial, antifungal, antimalarial, analgesic, cytotoxic and 

AChE inhibitory activities, are attributable to plants from Amaryllidaceae family in which 

the presence of isoquinolinic alkaloids in bulbs appear to play a key role (Bianchi and Cole 

1969; Jimenez et al., 1976; Castilhos et al., 2002; Lubbe and Verpoorte 2011; de Andrade 

et al., 2011; Cheesman et al., 2012; Ortiz et al., 2012; He et al., 2015). 

 

1.1.1 Colinergic nervous system  

The cholinergic system is an excitatory pathway using acetylcholine (ACh) as a 

neurotransmitter in the parasympathicus, sympathicus and central nervous systems 

(Pohanka, 2012). Cholinergic neurons in the mammalian central nervous system play an 

important role in fundamental brain functions, such as learning, memory, sleep and 

movement (Woolf et al., 1986; Woolf, 1991). The neurotransmitter ACh is synthesized 

from choline and acetylcoenzyme A by enzyme choline O-acetyltransferase (ChAT) (Oda 
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and Nakanishi, 2000; Gabrielle et al., 2003). As is the case for all nerve terminal proteins, 

ChAT and ACh can be found throughout the neuron. However, the highest concentration is 

found mainly in the axon terminals (Schmidt and Rylett, 1993). The rate-limiting steps in 

ACh synthesis is the availability of choline and acetyl-CoA. During increased neuronal 

activity the availability of acetyl-CoA from the mitochondria is upregulated as is the uptake 

of choline into the nerve ending from the synaptic cleft (Bahr and Parsons, 1986). The 

Calcium ion (Ca
2+

) appears to be involved in both of these regulatory mechanisms (Parsons 

et al., 1993). Consequently, much of the choline used for ACh synthesis comes from the 

recycling of choline from metabolized ACh (Gabrielle et al., 2003). The majority of the 

ACh in nerve endings is contained in vesicles. Vesicle-bound ACh is not accessible to 

degradation by AChE (Llona, 1995). Thus, the uptake of ACh into storage vesicle occurs 

through an energy-dependent pump that acidifies the vesicle (Parsons, 1993). Subsequently, 

the acidified vesicle uses a vesicular ACh transporter (VAChT) to exchange protons for 

ACh molecules (Parsons,  1993). The release of ACh occurs through Ca
2+

 stimulated 

docking, fusion, and fission of the vesicle with the nerve terminal membrane (Llona, 1995). 

ACh binds only briefly to the pre- or postsynaptic receptors followed by dissociation from 

the receptor, and a rapid Ach hydrolyzation by the enzyme AChE (Stryer, 1995).  

 

1.1.2 Acetylcholinesterase  

The enzyme acetylcholinesterase (AChE), localized to the cytoplasm and outer cell 

membrane of blood and neural synapses its known by its rapid hydolisis of neurotransmitter 

acetylcholine (ACh) in the cholinergic neurotransmission (Barnard, 1974, Stryer, 1995). 

According with its physiological role, AChE has an unusually high specific activity, 

especially for a serine hydrolase, operating at a rate approaching that of a diffusion-
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controled reaction (Quinn, 1987). Furthermore, AChE occurs in an array of molecular 

forms, differing in both quaternary structure and the mode of anchoring within the synapse 

(Silman and Futherman, 1987), probably to satisfy the individual requirements of diferents 

type of synapses (Magazanik et al., 1984). As consequence of its key physiological role, 

AChE is the target of a several natural or synthetic toxins (Čolović, et al., 2013).  

At the present, the structural knowledge concerning AChE is mostly based on several 

oligomeric AChE forms obtained from Electrophorus electricus and Torpedo californica 

electric organs (Bon et al., 1979). In this regard, considering the 88.52% global sequence 

identity between structures of AChE from T. californica 1C2B.pdb and human AChE 

(PDB: 4PQE) (Moraga-Nicolás et al., 2018) several in vitro works has been carried out 

using T. californica AChE as enzyme model. 

 The knowledge of the 3D structure of AChE is, therefore, essencial for understanding 

its remarkable catalytic efficacy, for rational drug desing (Silman and Sussman, 2005).  Its 

active site is located at the bottom of a deep and narrow cavity 20 Å under enzyme surface, 

lined by 14 conserved amino acid recidues (Dvir et al., 2010). Several kinetics and 

computacional studies have indicated that the active site of AChE contains two subsites, the 

first of them called esteratic subsite and the second one anionic subsite (Nachmansohn and 

Wilson, 1951; Dvir et al., 2010) corresponding, to the catalytic machinery (Ser, His and 

Glu) and the choline-binding pocket, respectively. The choline-binding pocket or so-called 

anionic subsite highlight by indole ring from trytophan residues, with which the quaternary 

group of choline moiety of acetylcholine make a π-cation ineteraction. Several researches 

have demostred the π-cation interaction between quaternary inhibitors and the anionic 

subsite from AChE. In this regard, Wilson and Quan (1958) reported that the anionic 

subsite interacts with the charged quaternary group of endrophonium, which act as 

https://www.ncbi.nlm.nih.gov/pubmed/?term=%26%23x0010c%3Bolovi%26%23x00107%3B%20MB%5BAuthor%5D&cauthor=true&cauthor_uid=24179466
http://www.spanishdict.com/traductor/to%20highlight
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competitive inhibitor of AChE. Additionaly, Mooser and Sigman (1974) described the 

same effect of AChE obtained from chemicals studies with  N-methylacridinum.  

In addition, with the esteratic and the anionic AChE subsites, several authors have 

described that AChE possess additional binding sites for ACh or others quaternary ligands 

called ‗peripheral anionic site‘ (PAS), ―Acyl pocket‖ and ―Oxyanion hole‖. In this regard, 

Taylor and Lappi (1975) by use of the fluorescent probe, propidium, established the 

‗peripheral anionic site‘ (PAS), clearly distinct from the choline-binding pocket of the 

active site. Enzymatic studies showed that the peripheral anionic site could be associated 

with substrate inhibition characteristic of AChE (Reiner et al., 1991). Additionaly, 

Szegletes and colleagues (1999) suggest that the first step in the acetylthiocholine (ATCh) 

catalytic pathway could be through of a transiently bound with PAS, however high ATCh 

concentrations in the PAS could produce to substrate inhibition. In the other hand, at lower 

substrate concentrations, substrate binding to the PAS could actually accelerate the 

acylation step in the catalytic pathway (Johnson et al., 2003). Additionaly, to peripheral 

anionic site, crystallographic and NMR studies suggest the existence of additional binding 

site from AChE called oxyanion hole (Steitz and Shulman, 1982). These authors suggest 

that the oxyanion hole could be formed main by chain nitrogens from two glycine and one 

alanine residues, interacting with the ACh carbonyl oxygen. This step will be key for the 

interaction bettwen the ACh with the imidazole ring from histidine in the active site 

(Houghton et al., 2006). The additional bending site called acyl pocket, consists of two 

phenylalanine residues, which are believed to play a role in limiting the dimension of 

substrates, which are able to enter the active site (Kua et al., 2002).   

In addition to knowledge of 3D structure form AChE several computacional studies 

suggest that AChE is characterized by a strong electrostatic dipole caused by the 
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asymmetric charge distribution (Dvir et al., 2010), it is unlikely that the choline produced 

by hydrolysis leaves the active site through the same path by which the substrate entered. 

For this reason the called“back door” mechanism has been proposed in order to account 

for these properties (Houghton et al., 2006). It has been proposed, based on molecular 

dynamics and site-directed mutagenesis, that the process occurs through the opening of the 

bottom of the AChE gorge to provide a channel through which the products can pass, so 

enabling a part flow of substrate through the enzyme active site (Gilson et al., 1994). 

 

1.1.3 Nicotinic Acetylcholine Receptors, Galanthamine and Alzheimer disease 

Nicotinic Acetylcholine Receptors (nAChRs) belong to the Cys loop ligand-gated ion 

channel family are key elements of cholinergic transmission. In mammalian brain, the most 

prevalent receptors found are α4β2 and α7 types (Séguéla et al., 1993, Cassels et al., 2005). 

Several researches have demostred a considerable variation in the density of nAChRs 

observed in patients with AD that involve difficulties in maintaining and sustaining 

attention, and profound cognitive impairments, such as loss of memory and learning ability 

(Coyle et al., 1983; Aubert et al., 1992). Numerous studies using nicotinic agonist have 

demostred beneficial results on patients with AD in functions such as verbal learning, 

memory on the selective reminding task and attention (Newhouse et al., 1993; Potter et al., 

1999). These results have demonstrated the potential use of nAChRs as target for find new 

candidate AD drugs from natural or synthetic origin (Arneric et al., 2007). 

In this regard, in addition to its effects on AChE, electrophysiological studies have 

suggested that the Amaryllidaceae alkaloid, galanthamine, allosterically enhances the 

function of a number of nAChR providing therapeutic benefits in the areas of cognition, 
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attention and antineurodegenerative activity (Samochocki et al., 2003). However, other 

studies using slightly different experimental procedures have found that galanthamine 

inhibits nAChR in a non-competitive manner (Smulders et al., 2005). This is in contrast to 

studies that have found that galanthamine enhances agonist responses of α7 and (α4)3(β2)2 

receptors through an allosteric mechanism (Maelickeet al. 2001; Texidó et al. 2005). In 

contrast to this results, Kuryatov et al. (2008) found no significant potentiating effects of 

galanthamine on (α4)3(β2)2 or (α4)2(β2)3 receptors, although they reported that 

galanthamine appeared to be a specific allosteric modulator of 542 nAChR. These 

discrepancies may well reflect differences in experimental conditions. For example, Texidó 

et al. (2005) tested the effects of galanthamine on the responses of 7 receptors to 500 µM 

ACh, a concentration that is well above the ACh EC50 for human 7 nAChR expressed 

heterologously in Xenopus oocytes (Chavez-Noriega et al., 1997) and, critically, observed 

significant potentiation at only one concentration of galanthamine. Further studies have to 

be carried out to resolve these discrepancies.  

 

1.1.4 Acetylcholinesterase inhibition and Alzheimer disease   

Inhibition of enzyme Acetylcholinesterase, is an important strategy for the treatment of 

diseases that involve cholinergic transmission deficit such as myasthenia gravis and 

Alzheimer‘s disease (AD) (Rahman and Choudhary, 2001; Mehndiratta et al., 2011).  AD is 

the most common form of dementia in our society (World Alzheimer Report, 2015). 

Worldwide, it is currently estimated that 46 million people have AD or a related dementia, 

and considering that life expectancy will increase, it is estimated that people with AD will 

reach to 131.5 million by 2050 (World Alzheimer Report, 2015). Although AChE 
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inhibition is an established therapeutic strategy to ameliorate cognitive dysfunction and 

memory loss associated with AD (Rahman and Choudhary, 2001), only a few compounds, 

such as tacrine, donepezil, physostigmine and galanthamine (Zarotsky et al., 2003) have 

been approved by the Food and Drug Administration (FDA) in the United States. However, 

several side-effect such as hepatotoxicity and problems associated with gastrointestinal 

symptoms, have been reported for the synthetic drugs tacrine and donepezil, respectively 

(Schulz, 2003; Mehta et al., 2012). In contrast, physostigmine and galanthamine, both from 

natural origin, have fewer side effects in patients with mild to moderate AD (Mehta et al., 

2012). Consequently, many research groups have focused their studies on finding new 

renewable sources of compounds with acetylcholinesterase inhibitory activity (Mukherjee 

et al., 2007). In this regard, after the isolation of natural compound galanthamine, a long-

acting, selective, reversible and competitive AChE inhibitor, approved in 2001 by FDA 

(Razadyne®), for clinical treatment of mild and moderate AD, several Amaryllidaceae 

species have been evaluated as new sources of galanthamine or other alkaloids with 

potential AChE inhibitory activity (López et al., 2002; Rhee et al., 2004; Ortiz et al., 2012). 

Although the chemical synthesis of galanthamine is available (Marco and Carreiras, 2006; 

Bulger et al., 2008), current pharmaceutical production of this compound is mainly limited 

to the extraction of natural populations of the Amaryllidaceae Leucojum aestivum and 

Narcissus spp. (Heinrich and Teoh, 2004).  

 

1.1.5 Chilean Amaryllidaceae family  

The Amaryllidaceae family have been cultivated for centuries as ornamental plants for 

their colourful flowers and fragrant oils, but also for their efficacious medicinal properties 

(Ding et al., 2017). This family includes about 1600 native species from Asia, Europe, 



9 
 

North Africa, Oceania and South America (Heywood, 1985; Meerow and Snijman 1998) 

distribute on three subfamilies: Amaryllidoideae, Agapanthoideae and Allioideae (Chase et 

al., 2009). In Chile there are more than 30 native species from the subfamily 

Amaryllidoideae covering a wide variety of eleven genera (Ravena, 2003). Despite the 

variety of Amaryllidoideae species in Chile, there are a few studied species in relation to 

chemical constituents (Pacheco et al., 1978, 1981, 1982; Sepúlveda et al., 1982; Pacheco 

and Silva, 1992; Lizama-Bizama et al., 2018; Tallini et al., 2018). Particularly, Rhodolirium 

andicola (Poepp.) Traub, part of endemic Amaryllidoideae species growing in Chile could 

be consider as new source of secondary metabolites with potential AChE from that there 

are not chemicals studies yet. Considering the limited knowledge on secondary metabolites 

regarding to a native Amaryllidoideae species, this work will contributed to knowledge of 

metabolites presents on native Amaryllidoideae species. 

 

1.1.6 Chemical constituents of the Amaryllidoideae subfamily 

The chemical constituents isolated and identified from Amaryllidaceae species include 

alkaloids, anthocyanins, flavonoids and peptide (López et al., 2002; Rhee et al., 2004; Chu 

and Ng, 2004; Ortiz et al., 2012; Byamukama et al., 2006; Mikátková et al., 2014; Ortiz et 

al., 2016). However, the most bioactive constituents in the Amaryllidaceae family are the 

isoquinoline alkaloids (Bastida et al., 2006; Bastida et al., 2011; de Andrade et al., 2011). 

These compounds are identified primarily in steam and bulbs containing higher 

concentrations and variety of isoquinoline alkaloids (Bastida et al., 2011; de Andrade et al., 

2011; Tallini et al., 2018). Some of the major alkaloids reported from various 

Amaryllidaceae species are Galanthamine, Tazettine, Haemanthamine and Lycorine, 

(Bastida et al., 2011; de Andrade et al., 2016: Ortiz et al., 2016).  
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The differences alkaloids content depending on geographical distribution (altitude). For 

example, geographical distribution of Habranthus jamesonii plants showed differences on 

galanthamine content and the authors suggest that is influenced by altitude, and season 

(Ortiz et al., 2012). Additionaly, Berkov et al. (2011) reported an intraspecies diversity in 

alkaloid profiles in Galanthus elwesii and G. nivalis populations collected in different 

locations in Bulgaria.  

The biosynthesis of the isoquinoline Amaryllidaceae alkaloids (Figure 1) in begins 

with the enzyme preparation of precursors from the amino acids L-Phenylalanine (L-Phe) 

and L-tyrosine (L-Tyr). Although L-Phe and L-Tyr are closely related in chemical 

structure, they are not interchangeable in plants (Bastida et al., 2006). 

In the biosynthesis pathway of Amaryllidaceae alkaloids, the fragment C6-C1 is derived 

from L-Phe, whereas, L-Tyr is the precursor of fragment, C6-C2-N. The conversion of L-

Phe to the C6-C1 unit requires the loss of two carbon atoms from the side chain as well as 

the introduction of at least two oxygenated substituents into the aromatic ring, which occurs 

through cinnamanic acid or its derivatives, involving the participation of the enzyme 

phenylalanine ammonia lyase (PAL) (Bastida et al., 2006). The fragmentation of the 

cinnamic acid involves oxidation of the β-carbon to the ketone or acid level, where the final 

product is protocatechuic aldehyde. Additionaly, L-Tyr is degraded no further than 

tyramine before incorporation into the Amaryllidaceae alkaloids (Figure 1) (Machocho, 

2000; Bastida et al., 2011). The second stage involves merging the biosynthesis of tyramine 

and the protocatechuic aldehyde, resulting in norbelladine by forming a Schiff‘s base. This 

reaction occupies a pivotal position since it represents the entry of primary metabolites into 

a secondary metabolic pathway (Figure 1) (Bastida et al., 2011). Norbelladine can undergo 

oxidative coupling of phenols in Amaryllidaceae plants, Norbelladine has been suitably 
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protected by methylation, which is considered as the third step. Finally, the last stage 

includes a series of sequential oxidative coupling resulting in the diversification into the 

other eight skeletons (Figure 2). Ortho-para‘ phenol oxidative coupling of O-

methylnorbelladine results in the formation of a lycorine-type skeleton, from which 

homolycorine-type compounds proceed as well. The galanthamine-type is the only skeleton 

which originates from para-ortho‘ phenol oxidative coupling.  The formation of Crinine, 

haemanthamine, tazettine, narciclasine and montanine structures derived from the para-

para‘ phenol oxidative coupling (Figure 2) (Bastida et al., 2006). Subsequent 

transformations may involve oxidation, reduction, ring opening and rotation, where one 

alkaloid may be converted into another (Machocho, 2000). 
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Figure 1. Biosynthetic patways of commun precursor of isoquinoline alkaloids identified in 

Amaryllidaceae species, 4‘-O-metylnorbelladine. Unbroken arrows from L-Phe and L-Tyr 

indicate single enzymatic conversions. PAL enzyme phenylalanine ammonia lyase, Tyr-

decarboxylase, enzyme Tyrosine-decarboxylase (Adapted from Bastida et al., 2006). 
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Figure 2. Phenol oxidative coupling in Amaryllidaceae alkaloids (Adapted from Bastida et 

al., 2006) 

 

1.1.7 Acetylcholine receptors 

Nicotinic acetylcholine receptors (nAChR) are distributed throughout the central 

nervous system (CNS), peripheral nervous system (PNS) and additionally in non-exitable 

cells (Gahring and Rogers, 2005; Bschleipfer et al., 2008; Song and Spindel, 2008). Like 

many other ligand-activated neurotransmitter receptors, consist of two major subtypes: the 

metabotropic muscarinic receptors and the ionotropic nicotinic receptors (Albuquerque et 
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al., 2009). Both major subtypes are activated by the endogenous neurotransmitter 

acetylcholine (ACh) (Alkondon and Albuquerque, 1991; Gotti and Clementi, 2004). 

Nicotinic acetylcholine receptors belongs to the Cys loop ligand-gated ion channel family 

that also includes the muscle nAChR, γ−aminobutyric acid receptors type A and C, glycine 

receptors and serotonin type 3 receptors (Taly et al., 2009).  

 The nAChR are transmembrane glycoproteins of 290 kDa, formed by bending of five 

sub-units, positioned symmetrically inserted into the lipid membrane around a pore that 

constitutes the ion channel. The neuronal subunits are divided into the alpha (α2–α7, α9, 

and α10) and beta (β2–β4) classifications based on the presence of adjacent cysteine groups 

in the extracellular domain of only the α subunits (Albuquerque, et al., 2009; Dani and  

Balfour, 2011).  Each one of this sub-units are formed by four hydrophobic segments called 

M1, M2, M3 and M4 composed by alpha helices through the membrane (Blanton and 

Cohen, 1994; Corbin et al., 1998). Several sub-units combinations in diferents 

stoichiometry build a functional nAChR (Dani, 2015). 

The relatively long extracellular N-terminal domain formed by 200 amino acid 

contributes to ligand binding, followed by the three hydrophobic transmembrane regions 

formed by 90 amino acids (M1–M3), a large intracellular loop, a fourth transmembrane 

region (M4), and ultimately a short extracellular C-terminus (10 to 30 amino acids) 

(Sargent, 1993; Lindstrom et al., 1995).  

Several analysis of electron microscopy on nAChR isolated from the electric fish 

Torpedo marmonata showed a pentameric pseudosymmetric transmembrane assembly, 

formed by the bendig of five sub-units in torn to central pore conformed by transmembrane 

region M2 and extracellular N-terminal segment M1 (Zhang and Karlin 1997; Unwin, 

2005).  
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1.1.7.1 Agonist bending site on nAChR  

The receptor activation is carried out when a ligand (agonist) is capable to  

binding a specific sequence from the receptor structure, and generate with this a 

conformational change, opening the central pore, allowing the flow of ions (Dani, 2015).  

Several authors have suggest that the site of recognition of the ligand is located between of 

α subunit of the receptor and a complementary site of another subunit, and in particular 

implies a series of amino acids within the polypeptide chain (Dennis at al., 1988; Middleton 

and Cohen, 1991). However, for this interaction between quaternary group from ACh and 

the binding site from receptors is necessary a high density of electrons from the recognition 

site.  In this regard, Celie and colleagues (2004) showed that both ACh (isolated from 

Lymnaea stagnalis, Bulinus truncatus and Aplysia californica) and Carbachol to bind by π-

cation interactions to the same recognition site conformed by a conserved aromatic amino 

acid residue. 

 

1.1.7.2  Physiological role of nAChR 

The nAChR are involved in several cognitive functions from CNS such as learning 

memory, attention, control of motor activity, sensory perception, pain and corporal 

temperature regulation (Giacobini, 1990; Gotti et al., 1997). Generally, these effects are due 

to the existence of nAChR (which usually contain the subunit α7) in  

the presynaptic terminal, which act by modulating of neurotransmitters secretion 

(Wonnacott, 1997).   

The most relevant action of nAChR is the neuroprotection, mediated mainly by α7 

subtype, inducing the synthesis of nervous factors growth or to reduce the cytotoxicity 

mediated by Glutamate (Flores et al., 1992; Shimohama et al., 1996).  



16 
 

Additionally has also been demonstrated the involvement of nAChR in 

neurodegenerative diseases such as Alzheimer's or Parkinson's disease, and even in  

cerebral dysfunctions such as autism or schizophrenia, anxiety or analgesia (Court et al., 

2000; Cassels et al., 2005). 

 

1.1.7.3 Agonist and Antagonist of nAChR 

The first known agonists acting on nAChR were molecules isolated from  

natural origin such as (-)-Nicotine, Anabaseína-a, (-)-cytisine. Despite the potency of these 

natural agonists, their therapeutic use is limited by their high toxicity, linked to their lack of 

selectivity, and dependency problems, although this would depend strongly on the route of 

administration (Daly, 2005; Cassels et al., 2005).  

Currently there are a great interest in determining the structure and functional diversity 

of nAChR and developing selective agonists to subtypes that have potential as  

therapeutic agents for some neuropathologies and diseases. However, little attention has 

been paid to development of selective nAChR antagonists to subtypes. These antagonists 

could be effective in establishing the role of each receptor-specific subtype in its 

physiological function and for the treatment of some pathologies to which they are 

associated (Cassels et al., 2005). 

 

1.1.7.4 Assays of biological activity against nAChR 

Currently are performed mainly two assays: the displacement of a radioligation, which 

determines the affinity of tested compound for the nAChR and the electrophysiological, 

which allows to establish the functionality of a tested compound against nAChR, therefore 
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known if is agonist, antagonist, inverse agonist, positive allosteric modulator, 

competitive antagonist, or non-competitive antagonist.  

There are several electrophysiological methods to determine the effect produced by  

ligands on excitable cells (voltage techniques) one of them called voltage clamp (Halliwell 

and Adams, 1982) a the other one known as patch-clamp (Neher and Sakmann, 1976). 

The Xenopus leavis oocytes are widely used to study the behavior of ion channels of known 

molecular identity and have been the expression method of choice for studies of the 

structure-function relationships of ion channels (Stühmer, 1998). This technique was used 

for first time for Gurdon and colleagues (1971) for study of messenger RNA and its 

translation in living cells. 

Since 1986 this technique has also been applied to express nAChRs and study its  

functional characteristics against different ligands reported as well as the new  

ligands synthetic that have been developed since them (Methfessel et al., 1986). 

This electrophysiological method allows the control of the membrane potential to 

measure the streams flowing through the channels, or ionic pumps. In the process are 

implanted two borosilicate capillary glass inside the oocyte, one of them record the 

potential of membrane, which fixes the voltage, and the other to measure the current. The 

first electrode is connected to an amplifier where the signal is compared to the voltage 

value supplied by a generator. The amplified difference of this signal is applied as a current 

by means of the electrode through the membrane. When the channels are open, a flow of 

ions are transported inside of the oocyte, the change is measured as a deflection of the 

baseline of the current.  
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The compounds that by themselves can open the nAChRs channel are called agonists.  

Those who do not reach a maximum response to high concentrations are called  

partial agonists, which block the currents produced by agonists are 

called antagonists and those that increase the current produced by an agonist is  

they call positive allosteric modulators  (Figure 3). 

 

 

 

 

 

 

                       

 

  

 

 

 

Figure 3: Behavior and analysis of ligands nAChRs. A.  Currents produced by a single 

agonist, more antagonistic agonist and more agonist allosteric positive. B. Graphic analysis 

of the currents produced by an agonist, a partial agonist and an antagonist. C. Graphic 

analysis of inhibition produced by increased concentrations of an antagonist coapplied with 

an agonist (figure adapted from Pérez, 2008). 
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1.2 Hypothesis 

 

Considering that Amaryllidaceae plants are a source of galanthamine type alkaloids 

and galanthamine is a powerful acetylcholinesterase inhibitor, and have modulator effects 

on nicotinic acetylcholine receptors the hypothesis of this work is: Bulbs from Rhodolirium 

andicola (Poepp.) Traub, (Amaryllidaceae) contain active alkaloids such as galanthamine 

or others that inhibit acetylcholinesterase activity and have modulator effects on nicotinic 

acetylcholine receptors. 

 

1.3 General Objetive 

 

To evaluate the potential acetylcholinesterase inhibitory activity and modulator effect 

on nicotinic acetylcholine receptors of Rhodolirium andicola (Poepp.) Traub alkaloids. 

1.4 Specific Objetives  

 

(i) To evaluate the AChE inhibitory activity of pure alkaloids isolated from R. andicola, by 

enzymatic assays. 

(ii) To determine the interactions between bioactive alkaloids and AChE previously 

identified, by molecular docking.  

(iii) To evaluate the pharmacological response of pure alkaloids on nicotinic acetylcholine 

receptors. 
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Abstract 

Acetylcholinesterase (AChE) plays a key role as an essential enzyme in memory and 

cognition process through the hydrolysis of neurotransmitter acetylcholine. Although the 

physiological role of AChE in neural transmission is well known, its role as pharmaceutical 

target for the treatment of Alzheimer‘s disease (AD) is still matter of extensive research. It 

has been elucidated that cholinergic deficiency is associated with AD. Therefore, one of the 

major therapeutic strategies is to inhibit the biological activity of AChE, increasing the 

acetylcholine level in the brain. However, one of the major limitations of up-regulating 

AChE activity through acetycholinesterase inhibition is that repeated doses of 

acetylcholinesterase inhibitor (AChEi) lead to the development of tolerance. Despite its 

limited success, AChEi remains as the only approved treatment by Food and Drug 

Administration (FDA) for AD. This scenario has led to strong efforts to discover new 

AChEi from a vast number of plant species, which can provide new bioactive compounds 

for control strategies in AD. Thus, natural alkaloids have been shown to be potent AChEi. 

However, the process of AChEi-based drug development is challenging, time consuming, 

expensive, and requires consideration of many aspects (eg. chemical structure, 

identification and biological assay). Therefore, the computer-based methods are becoming 

increasingly important as they complement laboratory experiments in studying the structure 
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and function of biomolecules. Specifically, molecular docking has been highlighted as a 

frequently used tool in structure-based drug discovery. Although early efforts were 

hindered by limited possibilities in computational resources, the recent advance in high 

performance computing with virtual screening methods has become drug discovery more 

efficient. Therefore, the objective of this review is to summarize the usefulness of 

molecular docking related to alkaloid research as well as new approaches for alkaloid 

discovery using AChE as targets. 

Keywords: Molecular docking, alkaloids, acetylcholinesterase inhibitors. 

 

2.1 Introduction 

Alzheimer‘s disease (AD) is the most common single cause of dementia (Ferris and 

Farlow, 2013). This illness is characterized by progressive neurodegenerative disorders, 

collapse of cognitive functions and formations of amyloid plaques along with 

neurofibrillary tangles (Auld et al., 2002; Blennow et al., 2006). The AChEi have been 

approved for the symptomatic treatment of AD for over a decade, which is highlighted by 

preventing the hydrolysis of acetylcholine (Zaheer-ul-Haq et al., 2010). However, it seems 

that all long-term studies have not shown clinical efficacy resulting in a loss of drug 

efficacy or the relentless progression of the disease (Zaheer-Ul-Haq et al., 2003). Thus, 

interest in the discovery of novel AChEi remains since the lack of perfection in the current 

ones.  

Many of AChEi and structures known today are derived from natural products, such as 

galantamine and huperzine A (Lilienfeld, 2002; Ma and Gang, 2008). Natural products 

have played a significant role in the development of new drugs for the treatment of diseases 
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(Ingrassia et al., 2008). Thus, alkaloids can exhibit a wide range of bioactivities, such as 

antitumor, antiviral, antibacterial, antifungal, antimalarial, analgesic and AChEi (Evidente 

and Kornienko, 2009; Jin, 2011). It is thought that novel natural sources of drugs can be 

discovered by traditional extraction methods and bioassays associated.  

The use of AChE as target and potential AChEi as ligands can involve an in silico 

approach called molecular docking, which is frequently used in structure-based drug 

discovery. Unfortunately, no perfect representation has been obtained for ligand-receptor 

systems since physicochemical conditions and dynamics have apparently been overlooked 

in diferent receptors (Guo et al., 2004). Likewise, the results of previous studies on AChE-

ligand interactions seemed to be heavily dependent on the type of ligand (Berg et al. 2011), 

the protein conformation (Alonso et al.,2006) and the presence of water (Roberts and 

Mancera, 2008). Despite these difficulties, molecular docking of AChE ligands has been 

applied in numerous cases to explore the role of identified and subsequently synthesized 

compounds in terms of AChE-ligand interactions and quantitative structure-activity 

relationships (QSARs). However, to answer the question of how useful molecular docking 

could be for alkaloid discovery, some facts need to be addressed. Can alkaloids be 

successfully docked in to AChE crystal structures? Is it likely to achieve consistency 

between experimental and in silico AChE-alkaloid interactions? This review seeks to 

answer these and other questions summarizing the usefulness of molecular docking with 

successful results related to alkaloid research. Likewise, the best conditions along with new 

approaches for alkaloid discovery using AChE as targets are proposed. 
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2.2 Alkaloids and their impact for the treatment of human diseases.  

Plants used in traditional medicine have the potential to provide pharmacologically 

active natural products such as alkaloids, which can be used to treat several diseases. This 

could be achieved by taking advantage of information available from traditional medicine 

and/or ethnobotanical knowledge (Elgorashi and Van Staden, 2004). Alkaloids are 

important molecules derived from secondary metabolism that can act as rich sources of 

research in biomedicine and drug discovery area (Lu et al., 2012). Thus, several alkaloids 

isolated from natural herbs exhibit potential activity against cancer. In fact, the first agents 

to advance into clinical use were indole alkaloids, vinblastine and vincristine, isolated from 

the Madagascar periwinkle, Catharanthus roseus (Apocynaceae), used in combination with 

other chemotherapeutic drugs for the treatment of a variety of cancers including 

lymphocytic leukemia, testicular cancer, breast and lung cancer (Cragg and Newman, 

2005). On the other hand, the diterpene alkaloid paclitaxel isolated from Pacific Yew 

(Taxus brevifolia), inhibits cell proliferation by altering the dynamics of tubulin addition 

(Mohan et al., 2012), and is used in the treatment of breast, ovarian, and non-small cell lung 

cancer, and has also shown efficacy against Kaposi sarcoma (Cragg and Newman, 2005). 

Another important source of important remedies in Oriental medicine is Chinese herbs, on 

this matter, evodiamine, a quinolone alkaloid, is one of the major bioactive compounds 

isolated from Evodia rutaecarpa. Studies have demonstrated that evodiamine has anti-

cancer activities both in vitro and in vivo by inhibiting proliferation, invasion, metastasis 

and apoptosis in a variety of cancer cell lines (Jiang and Hu, 2009). On the other hand, 

berberine, an isoquinoline alkaloid widely distributed in natural herbs including Rhizoma 

coptidis (a prescribed Chinese herb), has shown potential anti-cancer activity in in vitro and 
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in vivo experiments by interfering with the multiple aspects of tumorigenesis and tumor 

progression (Lu et al., 2012). Furthermore, Amaryllidaceae alkaloids; lycorine, 

amarbellisine, haemanthamine, and haemanthidine reported by Van Goietsenoven et al. 

(2010), exert antiproliferative activities toward cancer cell lines that are apoptosis-resistant. 

Although the source of alkaloids with anti-cancer potentials is very extensive, 

considerations, such as water solubility, bioavailability and toxicity must be evaluated (Lu 

et al., 2012).  

Malaria is an infectious disease, causing approximately one million deaths annually 

and 300–400 million infections per annum (Şener et al., 2003; Dua et al., 2013). Protozoan 

species of the genus Plasmodium are responsible for this infection, although the majority of 

fatal cases are caused by P. falciparum. The challenge in malaria chemotherapy is to find 

safe and selective agents with potency that will not be compromised by plasmodial 

resistance (Frederich et al., 2008). Literature supports the potential of plant-derived 

alkaloids as source for anti-malarial drug development (Frederich et al., 2008; Onguéné et 

al., 2013). In this regard, the study reported by Chierrito et al. (2014) highlights the activity 

against P. falciparum and low cytotoxicity in in vitro experiments shown by the 

monoterpene indole alkaloid, aspidoscarpine, isolated from Aspidosperma olivaceum. On 

the other hand, Dua et al. (2013) reported that the steroidal alkaloid conessine isolated from 

the bark of Holarrhena antidysentrica exhibited substantial anti-malarial activity with 

slight cytotoxic nature.  

Likewise, alkaloids can be used for antiparasitic activity in the control of Trichomonas 

vaginalis, a flagellate protozoan which infects the human urogenital tract and causes 

vaginitis in women and urethritis in men, the most common non-viral sexually transmitted 
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disease (He et al., 2015). In relation to this, the reports agree on the potential of lycorine 

alkaloid and its chemical derivates as anti-protozoal (Vieira et al., 2011; Giordani et al., 

2011).  

Furthermore, antiviral activities of alkaloids have been described. For example, 

Özçelik et al. (2011) evaluated the antiviral activity of commercial alkaloids. Atropine, a 

tropane-type alkaloid showed potent antiviral effect on Herpes Simplex Virus (HSV) and 

parainfluenza type 3 virus (PI-3). Moreover, Farnsworth et al. (1968) evaluated 36 

alkaloids isolated from Catharanthus roseus and Catharanthus lanceus for their antiviral 

activity. Nine of these alkaloids were classified with effective antiviral against vaccinia and 

polio type III viruses, with pericalline being the most effective. Evaluation of lycorine, 

pseudolycorine and pretazettine exhibited in vitro activity against the flaviviruses, such as 

Japanese encephalitis, yellow fever, and dengue viruses (Gabrielsen et al., 1992). Another 

important biological property of alkaloids is their antibacterial activity, where it is possible 

to find literature that supports the broad spectrum of microorganisms Gram positive and 

Gram negative, on which different type of alkaloids present bacteriostatic and/or 

bactericidal activity (Karou et al., 2005; Zuo et al., 2011; Cheesman et al., 2012). As it has 

been demonstrated, alkaloids seem to play a significant role in human diseases showing 

their potential as natural drugs. Recently, optimization of bioactive alkaloids seems to be 

performed using QSAR, resulting in new more potent compounds. For instance, Akula et 

al. (2006) described that three-dimensional quantitative structure–activity relationship (3D-

QSAR) studies by molecular docking and comparative molecular field analysis (CoMFA) 

may serve as a useful tool to gain insight into the mechanism of inhibition and to predict 

the inhibitory properties of newly designed compounds. QSAR development provides a 
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powerful tool to correlate the biological activities of compounds to their structural or 

physicochemical parameters and extends the correlated parameters for the prediction of 

new active ligands (Viswanadhan et al., 1989). CoMFA, needs the studied molecules to be 

aligned in the 3D space. In conventional CoMFA studies, as in the first study by Cramer et 

al. (1988), the molecules are fitted to a reference molecule. 
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Table1: Summary of the most used currently Protein-ligand complexes. 

 

 

 
*Alkaloid compounds identified from plants  

 

 

 

 

 

Compounds Software 
Crystal 
structure (PDB 

code) 

Resolution    

(Å) 
Post-docking approach Validation Reference 

Euchrestifoline* FRED 2.1 1ACL 2.80 Further, 3D-QSAR Enzymatic bioassay (Rehman et al., 2013) 

 

Buxamine –B* 

Buxamine –C* 

FlexX 1ACL 2.80 LIGPLOT and WebLab 

ViewerPro 

Yes, by enzymatic 

bioassay 

 

(Khalid et al., 2005) 

 

82 N-benzylpiperidine 

derivatives 

 1ACE; 1AMH 2.50; 2.50 3D-QSAR, CoMFA No  

(Bernard et al., 1999) 

Hybrid  tacrine-donepezil GOLD 2.1.1 1EVE 2.50 ADMTE No  

(da Silva et al., 2006) 

Corydaline* GOLD 3.0.1 1EVE 2.50  No  
(Dan et al., 2007) 

Hypol A 

Hypol B 

 

GOLD 1EVE 2.50  Fischer‘s 

randomization test 
 
(Gupta and Mohan, 2014) 

 

1-nitro-2-phenylethane 

Molegro 

Virtual 

Docker 
(MVD) 

1C2B 4.50 Gaussian 03 Biautogram  
(Silva et al., 2014) 

eburnamine*, 

eburnamonine*, 

eburnamenine*  

geissoschizol* 

 

CHIMERA 

 

1B41 
 

2.76 

 
Further ADME and 3D-

QSAR 

 

No 

 
(Naaz et al., 2013) 
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Table1: Summary of the most used currently Protein-ligand complexes. Continued 
 

 

 

*Alkaloid compounds identified from plants  

Compounds Software 

Crystal 

structure (PDB 

code) 

Resolution    

(Å) 
Post-docking approach Validation Reference 

 

Selection of compounds 

from Chem Score 

 

GOLD 

 

1EVE; 1B41 

 

2.50 

2.76 

 

CoMFA 

 

No 

 

(Guo et al., 2004) 

Steroidal Alkaloid* AUTODOCK 

2.4 

1ACL 2.80  No (Zaheer-Ul-Haq et al., 

2003) 

 

Bis-tacrina structures FleXx and 

FlexiDock 

1Q84 2.45 3D-QSAR No (Akula et al., 2006) 

 
N-Aryl derivates AutoDock 

(3.0.5) 

1B41 2.76  Kinetic assays (Correa-Basurto et al., 

2007) 

 

Tacrine-hybrids CDOCKER 2CKM 2.15 MM/PBSA Ellman assay (Chen et al., 2012) 

 

Xanthstigmine derivatives FleXx 1EVE 2.50 3D-QSAR No (Gupta and Mohan, 2011) 

 

Tacrine-hybrids GOLD v 5.2 4EY7; 2CMF 2.35 

2.50 

 Ellman assay (Jin, 2014) 

 

Pharmacophore model GOLD 1EVE 2.50 QSAR NO (Tyangi et al., 2010) 

 

Salicylanilide N-
alkylcarbamates 

GOLD v 5.0 2WHQ 2.15  Ellman assay (Imramovsky et al., 2012) 

Genistein derivatives* MOE 2010 4EY7 2.35 MM/GBSA Ellman assay (Fang et al., 2014) 

 

Oliveline*noroliverioline*, 

liridoline*, isooncodine*, 

polyfothine*, darienine* 

CHIMERA 1B41 2.76  No (Naaz et al., 2013) 

pleiocarpine*, kopsinine*, 

pleiocarpamine* 

CHIMERA 1B41 2.76  No (Naaz et al., 2013) 
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This reference molecule should be the most rigid of the active molecules. In this case, the 

molecule is always in its ―biologically active‖ conformation. However, when active 

molecules are flexible, finding an appropriate alignment becomes a complicated task with 

high probability of a misleading result. Another example is the study performed by Gupta 

and Mohan (2011), where a good quality of CoMFA model would suggest the validity of 

proposed models of inhibitor-enzyme interactions obtained by the automated docking 

procedure. The applications of QSAR methods for alkaloid discovery are summarized in 

Table 1. 

2.3 Alkaloids and their potential as natural AChEi drugs.  

The AD is the most common cause of dementia in our ageing society. Although recent 

evidence suggests that AD is a heterogeneous disorder comprising several different 

phenotypic and genotypic expressions, it is characterized by an insidious decline in 

cognitive and non-cognitive function. Traditionally, short and long-term memory is 

impaired, while language skills, concentration and attention are often affected (McGleenon 

et al., 1999). An important approach to treat AD involves the inhibition of the AChE 

enzyme, which has proven to be the most viable therapeutic target for symptomatic 

improvement in AD because cholinergic deficit is a consistent and early finding in this 

disease (Mehta et al., 2012).  

Alkaloids have been studied as AChEi with more than 35 alkaloids reported so far. 

However, a few of them have entered therapeutic use (Mukherjee et al., 2007). Different 

classes of compounds have been considered, namely indole derivatives (such as 
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physostigmine and related compounds), isoquinoline and related derivatives (such as 

galantamine and lycorine-type alkaloids), steroid and terpenoid alkaloids, and many other 

derivatives that present significant inhibitory effects on AChE (Mukherjee et al., 2007).  

Galantamine is a natural plant alkaloid (Ma and Gang, 2008), produced by Galanthus 

nivalis L. and related plants (Amaryllidaceae family) (Lilienfeld, 2002). Huperzine A, is a 

potent but reversible inhibitor of AChE used in China for treating patients with AD. The 

source of huperzine A is Huperzia serrata, a moss that has been used for treating 

contusions, strains, hematuria and swelling in Chinese folk medicine (Mukherjee et al., 

2007). Furthermore, Montanine (Ortiz et al., 2012) as well as 11β-hydroxygalanthamine, 

(de Andrade et al., 2011), orydaline and corydine (Adsersen et al., 2007) and stepharanine, 

cyclanoline and N-methyl stepholidine (Ingkaninan et al., 2006) showed significant 

acetylcholinesterase inhibitory activity in a dose-dependent way. 

2.4 Acetylcholinesterase: 3D structure and its role as target 

Acetylcholinesterase is known for carrying out a rapid hydrolysis of the 

neurotransmitter acetylcholine (ACh) at cholinergic synapses (Zaheer-ul-Haq et al., 2010; 

Hai et al.,2013) (Dvir et al., 2010). Availability of AChE crystal structures from several 

species with and without ligands provides a solid basis for structure-based design of novel 

AChE inhibitors (Guo et al., 2004). One main feature that must be known for drug 

discovery using AChE is its active site. This active site, widely called ―binding site or 

pocket‖. For proteins, is mainly composed by five subsites: (1) esterasic (ES), (2) anionic 

(AS), (3) axyanion hole (AH), (4) acyl poket (AP) and (5) periphericor anionic subsites 
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(PAS) (da Silva et al., 2006). Thus, the entire active site is buried near the bottom of a deep 

and narrow gorge that penetrates half way into the enzyme and widens out close to its base. 

This gorge is named as the ―aromatic gorge‖ since it is lined by 14 conserved ar omatic 

amino acids (Khalid et al., 2005). It has been reported that this area contains a catalytic 

triad (ES), composed by Ser203, Glu334 and His447 (human AChE, PDB code: 1B41) 

(Guo et al., 2004) responsible for hydrolyzing the ester bond in ACh and oxyanion hole 

forming residues (Gly118, Gly119, and Ala204) (Harel et al., 1995) (Figure 1). 

                       

Figure 1. Super-imposed crystal structures of huAChE (PDB: 1B41) (green). Right scheme 

shows the super-imposed active site. 

 

The anionic subsite (Trp86), also known as quaternary ammonium-binding site, is 

responsible for binding the quaternary trimethyl ammonium tail group of ACh by cation–

electrostatic interaction (Harel et al., 1993). The active site of AChE is characterized by 

having a highly negative electrostatic potential, which is the binding site for the quaternary 

nitrogen of their substrates and some ligands (Dvir et al., 2010). It has been proposed that 
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to be recognized by the active site of AChE, the ligands should have nitrogen atoms, which 

could carry a positive partial charge generated by resonance effects through an aromatic 

system (Correa-Basurto et al., 2007). For instance, computational studies on the alkaloid 

euchrestifoline (Ecf) exhibited considerable inhibitory activity with half maximal inhibitory 

concentration (IC50: 93.1 μM) against AChE, according to Rehman et al. (2013). Their 

results showed favorable molecular interactions between aromatic rings of Ecf with His440, 

Phe330, Gly441 and Ile444, and interactions of heterocyclic oxygen atoms of Ecf with the 

residue Ser122 of AChE through hydrogen bonds at a distance of 3.49Å. Interestingly, the 

carbonyl oxygen of Ecf was found to be involved in holding the molecular contact with 

Tyr121 of PAS in AChE via dipole-dipole electrostatic interactions. Involvement of PAS 

subsite of AChE in macromolecular complex of inhibitor and enzyme seems to be an 

additional factor behind considerable inhibitory activity of the compound. Likewise, PAS 

subsite seems to be involved in favorable molecular contacts between Ecf and AChE. 

Moreover, for Trp84 residue, it has been reported a parallel conformation to the aromatic 

frame of Ecf, which ultimately leads to favorable π-π stacking effects with the inhibitor 

showing favorable hydrophobic interactions. The aromatic rings of Ech were found to be 

favorably surrounded by His440, Phe330, Gly441 and Ile444, providing support to the 

macromolecular complex. Overall, compounds with instantaneous and good binding 

interactions with PAS subsite provided a major clue behind their significant AChE 

inhibitory activity. 
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2.5 Molecular docking for alkaloids and its application for natural drug discovery as 

AChEi. 

Currently, it has been proposed that the prediction of protein-ligand interaction could 

be useful to screen thousands of candidate molecules. Thus, in silico approaches could be 

able to generate suitable conformations of a ligand within a protein-binding site and 

demand energetic evaluations for the quality of the interaction (Danuello et al., 2012). 

Taking into account the disadvantages from experimental procedures, in silico methods 

have arisen as a cheaper, faster and safety way to identify potential bioactive drugs. Thus, 

molecular docking simulations can be used. This method can give information about how to 

optimize the structure of the target and account for flexibility; how to proceed for the 

refinement of docked complexes to calculate binding free energies, to provide an accurate 

ranking of the potential ligands; and in the latest developments, to find the binding site 

(Alonso et al., 2006).  

The development of new technologies has produced not only a general improvement in 

health from the discovery and manufacture of new and more effective drugs, but also has 

contributed to the advance of science itself, impelling the development of complex and 

more accurate tools and techniques for the discovery of new active compounds along with 

the understanding of their targets (Vyas et al., 2008). When the structure of the target 

protein is known, drug discovery process follows a well-established procedure. Usually, 

docking techniques are designed to find the correct conformation of a ligand into its 

receptor (Khalid et al., 2005). The process of binding a small molecule to its protein target 
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is not simple; several entropic and enthalpic factors influence the interactions them (Correa-

Basurto et al., 2007; Gupta and Mohan, 2014). The mobility of both ligand and receptor, 

the effect of the protein environment on the charge distribution over the ligand and their 

interactions with the surrounding water molecules, complicates the quantitative description 

of the process (Silva et al., 2014). For example, Zaheer-ul-Haq et al. (2010), highlighted 

that the presence of water molecules played an important role in the accuracy of ligand-

protein docking predictions. Water molecules can be involved in protein ligand recognition 

either by forming mediating hydrogen bonds between the protein and the ligand or by being 

displaced by the ligand; both mechanisms have been shown to be important for drug 

discovery. For example, an inhibitory activity of the compound tacrine against the AChE 

revealed that its binding mode was found to sandwich between the rings of Phe330 and 

Try84 and its aromatic phenyl and pyridine rings showing parallel π-π bond interaction 

with the phenyl ring of Phe330 forming average distances of 3.4 and 3.6 Å (Badran et al., 

2010), respectively. Likewise, Kapkova et al. (2003) performed docking experiment to 

explore the binding affinity of several synthetic bispyridinium type-ligands with the 

homology model of AChE enzyme. They observed many interactions like π-π stacking and 

cation-π contacts with amino acid residues of the anionic substrate binding site (Trp84, 

Phe331, and Tyr334) and the peripheral anionic binding site (Trp279). Likewise, docking 

analysis with two alkaloids, (+)- buxabenzamidienine and (+)-buxamidine isolated from 

Buxus sempervirens, also showed good interactions with the active site of human AChE 

including several hydrophobic interactions (Orhan et al., 2011). The idea behind this 

technique is to generate a comprehensive set of conformations of the protein-ligand 
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complex, and then, to rank them according to their stability and energy. In this sense, the 

most popular docking software includes FRED 2.1 (Rehman et al., 2013); AutoDock4.2 

(Zaheer-Ul-Haq et al., 2003), CDOCK (Kuntz et al., 1982) and FlexX (Gupta and Mohan 

2011). Considering that the 3D structure of both ligand and protein are necessary for the 

application of docking techniques, the 3D structure of several AChE has been solved 

experimentally by both X-ray diffraction and Nuclear Magnetic Resonance (NMR) of 

proteins. This last allowing to build homology models of AChE from very specific species. 

The above provides the essential part for drug discovery and design (Rudnitskaya et al., 

2010). Recently, a number of potential candidates have been tested for the development of 

drugs against AD, which have been also studied using molecular docking and reported 

targeting AChE (Khalid et al., 2005; Alonso et al., 2006; Danuello et al., 2012). For 

example, binding and potential inhibitory activity of several alkaloids have been analysed 

by Naaz et al. (2013). Their results showed pleiocarpine as the best ligand in term of its low 

binding energy (-12.50 kcal/mol) and in silico Ki associated (6.90 × 10-4 μM). Binding 

energies, such as -11.12 (kcal/mol), -10.84(kcal/mol), -10.77 (kcal/mol), -10.61(kcal/mol), -

10.48(kcal/mol), -10.35(kcal/mol), -10.35 (kcal/mol), -8.56 (kcal/mol), -9.36 (kcal/mol), -

7.10(kcal/mol), -8.37(kcal/mol) and -6.57(kcal/mol) were obtained for the rest of alkaloids.  

Although many comparative molecular docking studies have been reported for AChE 

(Vigers and Rizzi, 2004; Xie et al., 2006), the reported findings were devoid of the 

comments regarding conserved water molecules in the active site of AChE, which can 

mediate the interaction between amino acid side chains and inhibitors (Zaheer-ul-Haq et al., 
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2010). Success and failures of molecular docking are probably based on the conformations 

of Phe330, which was reported to be involved in the recognition of ligands (Dan et al., 

2007).  

For AChE, there are three orientations of the Phe330 side chain, i.e., open, half open 

and close gate. The TcAChE-E2020 complex (1EVE) with the open-gate conformation, 

TcAChE-THA (1ACJ) with closed conformation and TcAChE-TMTFA (1AMN) with the 

half-open conformation was used separately to determine the importance of side-chain 

flexibility of Phe330 for ligand traffic (Zaheer-ul-Haq et al., 2010). These methods can be 

combined to identify a number of new hit compounds with potent inhibitory activity and to 

understand the main interactions at the binding sites. It is believed that the current use of 

molecular docking and consensus scoring functions could readily minimize false positive 

and false negative errors encountered by ligand-based (pharmacophore) virtual screening 

(Lu et al., 2011). In this sense, Akula et al. (2006) described that the steric contour of 

compound situated near the peripheral binding site (nitrogen) suggests an addition of bulky 

groups in this region will cause a reduction in activity. Studies carried out for Khalid et al. 

(2005) described the importance of amino groups on the inhibitory activities of 

triterpenoidal alkaloid compounds. Instead, theoretical studies of Correa-Basurto et al. 

(2007) showed that several functional groups modify the electronic density on the aromatic 

ring and the nitrogen atom, which might change the affinity between the ligands and the 

enzymes. In conclusion, although all compounds are able to bind the active side of the 

gorge, not all of them are able to interact with all the important residues (Lu et al., 2011). 
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Ligand size, electron density, hydrogen bonding and orientations of the Phe330 may be the 

reason for some of the inhibitory activities. Thus, it seems that the complement between 

drug discovery and molecular docking can provide new putative drugs, which is 

corroborated by 26 studies performed on AChE enzymes using the in silico approach. Less 

research has been carried out on alkaloid discovery, where 9 studies can be highlighted. 

More detailed information has been summarized in Table 1. Virtual screening has become 

an important tool for for chemical optimization in drug discovery programs (Dasgupta et 

al., 2009; Klebe, 2006). When a target of high resolution is available, the most common 

methodology of virtual screening involves the use of docking algorithms in which 

conformational sampling methods are used to insert the ligand into the active site of the 

target macromolecule (Zaheer-ul-Haq et al., 2010). There are two main types of virtual 

screening: (1) ligand-based and (2) receptor-based. Ligand-based methods are based on 

finding new ligands similar to existing high affinity ones. On the other hand, receptor-based 

methods are trying to find molecules that are capable to bind in a receptor binding site 

(Marsh, 2011). These methods have shown the potential to find completely novel ligands 

(Katritch et al., 2010; Lu et al., 2011). However, their success has been dependent on the 

ability to accurately classify virtual ligands (molecules based on AChE inhibition collected 

from the ChemBank data base (Seniya et al., 2014) and/or National Cancer Institute (NCI) 

chemical database (Lu et al., 2011), considering whether they have the potential to bind 

tightly to a binding site or not. It is worth mentioning, that the complexity of the docking 

problem increases with the size of the ligand and its number of rotatable bonds (Klebe, 

2006). The rotations around bonds lead to deviations from ideal geometry that results in a 
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small energy penalty when compared to deviations from ideality in bond lengths and bond 

angles (Zaheer-ul-Haq et al., 2010). Likewise, the presence of water molecules plays an 

important role in the accuracy of ligand-protein docking predictions as it was mentioned 

before. Both of these mechanisms have been shown to be important for drug discovery 

(Ladbury, 1996; Graaf et al., 2006). For example, the analysis of several thousand crystal 

structures of ligand–protein complexes using the waterbase module in Relibase (Hendlich 

et al., 2003) revealed that, in about two-thirds of all cases, a water molecule is involved in 

ligand binding, frequently mediating contacts between protein and ligand.  

Preliminary studies using virtual screening, resulted in discouraging findings, where no 

consistency was shown between in silico and experimental assays. Thus, Kellenberger et al. 

(2004) described that failures are often due to insufficient conformational sampling for 

highly flexible ligands, which means that the ligand could not take all the available 

conformations and subsequently, the most favourable energies. Nowadays, virtual 

screening has shown its potential as strong screening method. For example, Carlsson et al. 

(2011) reported the use of virtual screening of 1.5 million molecules using the D3 receptor 

as target. Despite authors used both crystal and homology model structures, they could 

reduce the number of candidates to only 26 molecules. Subsequently, a compound 

(eticloprida derived) was found to bind strongly to the receptor, which was further 

optimized to bind even stronger.  

As it was listed for molecular docking, virtual screening in AChEi discovery (Dan et 

al., 2007; Chen et al., 2012) currently uses AutoDock3.0.5 (Goodsell et al., 1996), 
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FlexX1.10 (Böhm, 1998), MOE2006.08 (Ding et al., 1995), GOLD3.2 (Jones et al., 1997) 

and FRED2.2.3 (McGann et al., 2003) as docking software. 

 

2.6 Future Perspectives  

The development of new drugs is undoubtedly one of the most challenging tasks of 

today‘s science. Alkaloids have been shown to be potent source of new drugs. Thus, 

molecular docking methods have proved to be helpful in understanding the interaction 

between the AChE with various drug/lead molecules. Considering that, the accurate 

prediction of protein-ligand interaction suggests how useful can be for the success of the 

screening approaches employed during structure-based drug descovery. For this approach 

in silico tools are required, which are able to generate suitable conformations of a ligand 

within a protein-binding site and demands energetic evaluations for the quality 

determination of the interaction (Danuello et al., 2012). Taking into account the 

disadvantages derived from experimental procedures, these in silico methods have arisen as 

a cheaper, faster and safe way to identify potential bioactive drugs. Thus, molecular 

docking simulations can be used, which can give information about how to optimize the 

flexibility of structure target; how to proceed for the refinement of docked complexes, to 

include solvent effects; to calculate binding free energies, to provide an accurate ranking of 

the potential ligands; and find the binding site (Alonso et al., 2006). 
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Abstract  

Acetylcholinesterase (AChE) is an important target for control of neurodegenerative 

diseases causing cholinergic signaling deficit. Traditionally, galanthamine has been used as 

an Amaryllidaceae-derived AChE inhibitor, although new Amaryllidaceae plants could 

serve as source for better AChE inhibitors. Therefore, the objective of this study was to 

characterize the alkaloid composition from bulbs of Rhodolirium andicola, a native Chilean 

Amaryllidaceae specie, and assess their inhibitory activity on AChE by in vitro and in silico 

methodologies. Alkaloidal extracts from R. andicola exhibited an inhibitory activity with 

IC50 values between 11.25 ± 0.04 to 57.78 ± 1.92µg/mL that included isolated alkaloid, 

galanthamine (2.3 ± 0.18 µg/mL), Additionally, twelve alkaloids were detected using gas 

chromatography-mass spectrometry (GC-MS) and identified by comparing their mass 

fragmentation patterns with literature and database NIST vs.2.0. To better understand the 

bioactivity of isolated compounds and alkaloidal extracts against AChE, a molecular 

docking approach was performed. Results suggested that alkaloids such as lycoramine, 

norpluvine diacetate and 6α-deoxy-tazettine expand the list of potential AChE inhibitors to 

not only galanthamine. The role of R. andicola as a source for AChE inhibitors is further 

discussed in this study.  

 

Keywords: Rhodolirium andicola; Alkaloids; Acetylcholinesterase inhibitors; Molecular 

docking 
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3.1. Introduction 

 

The enzyme acetylcholinesterase (AChE) is known by its rapid hydrolysis of 

neurotransmitter acetylcholine (ACh) in the cholinergic synapses (Barnard, 1974; Stryer, 

1995). Inhibition of AChE is an important strategy for the treatment of diseases that involve 

cholinergic transmission deficit such as myasthenia gravis and Alzheimer‘s disease (AD) 

(Rahman and Choudhary, 2001; Mehndiratta et al., 2011). AD is the most common form of 

dementia in our society (World Alzheimer Report, 2015). Worldwide, it is currently 

estimated that 46 million people have AD or a related dementia, and considering that life 

expectancy will increase, it is estimated that people with AD will reach to 131.5 million by 

2050 (World Alzheimer Report, 2015). These facts make AD one of the most investigated 

diseases throughout the world (Perry, 1986; Greig et al., 2001). Although AChE inhibition 

is an established therapeutic strategy to ameliorate cognitive dysfunction and memory loss 

associated with AD (Rahman and Choudhary, 2001), only a few compounds, such as 

tacrine, donepezil, physostigmine and galanthamine (Zarotsky et al., 2003) have been 

approved by the Food and Drug Administration (FDA) in the United States. However, 

several side-effect such as hepatotoxicity and problems associated with gastrointestinal 

symptoms, have been reported for the synthetic drugs tacrine and donepezil, respectively 

(Schulz, 2003; Mehta et al., 2012). In contrast, physostigmine and galanthamine, both from 

natural origin, have fewer side effects in patients with mild to moderate AD (Mehta et al., 

2012). Consequently, many research groups have focused their studies on finding new 

renewable sources of compounds with acetylcholine esterase inhibitory activity (Mukherjee 

et al., 2007). In this regard, after the isolation of natural compound galanthamine, a long-

acting, selective, reversible and competitive AChE inhibitor, approved in 2001 by FDA 

(Razadyne®), for clinical treatment of mild and moderate AD, several Amaryllidaceae 

species have been evaluated as new sources of galanthamine or other alkaloids with 
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potential AChE inhibitory activity (López et al., 2002; Rhee et al., 2004; Ortiz et al., 2012). 

Although the chemical synthesis of galanthamine is available (Marco and Carreiras, 2006; 

Bulger et al., 2008), current pharmaceutical production of this compound is mainly limited 

to the extraction of natural populations of the Amaryllidaceae Leucojum aestivum and 

Narcissus spp. (Heinrich and Teoh, 2004).  

In Chile, around 35 species of the Amaryllidaceae family are present covering a wide 

variety of 11 genera (Ravena, 2003). Particularly, Rhodolirium andicola, part of endemic 

Amaryllidaceae species growing in Chile, represents a potential source of alkaloids with 

AChE inhibitory activity. In this study, we describe the alkaloidal composition of R. 

andicola for the first time. We isolated three well known alkaloids and evaluated their 

AChE inhibitory by the Ellman method (Ellman et al., 1961) as a first approach to probe R. 

andicola as a source of alkaloids. Additionally, we tested twelve other alkaloids identified 

by gas chromatography-mass spectrometry (GC-MS) by molecular docking using a crystal 

structure of AChE to propose new alkaloids as potential AChE inhibitors that could be used 

in further assays and likely treatments of neurodegenerative diseases.  

 

3.2. Materials and Methods  

3.2.1. Chemicals  

Silica gel 60 Merck, (70-230 mesh) was used for Column chromatography (CC) and 

silica gel 60 F254 for Thin Layer Chromatography (TLC) analytical and preparative. MeOH 

and water (HPLC grade), CHCl3, H2SO4, Et2O, NH4OH, n-hexane, BuOH, NH3, EtOAc 

(analytical grade) were purchased from J.T. Baker (México). Acethyltiocholine iodide 

(ATCI), Acetylcholinesterase (AChE) from Electhrophorus electricus (type VI-S 

lyophilized powder), 5,5-dithio-bis-2-nitrobenzoic acid (DTNB) and hydrocarbon mixture 

(C6-C26) (chemical purity > 99%) were obtained from Sigma-Aldrich (St. Louis, MO, USA) 
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whereas, Reminyl® (Galanthamine hydrobromide salt) were purchased from JANSSEN-

CILAG (Spain). 

 

3.2.2. Plant material  

The Rhodolirium andicola bulbs were collected during the flowering season in 

December 2016 from National park Conguillio, Araucanía Region, Chile (S 38°44,426‘ 

WO 72°38,887 height: 1389 m.a.s.l.). The plant was identified by Dr. Marcelo Baeza and 

deposited at the herbarium of Universidad de Concepción, Concepción, Chile (voucher N° 

CONC 182466).  

 

3.2.3. Alkaloid extraction and fractionation 

Dried bulbs (2.5 Kg) were extracted three times with MeOH (1 g of dry sample by 10 

mL of solvent) at room temperature for one week (Rhee et al., 2004). The solution was 

filtered and the solvent was evaporated under reduced pressure on a rotary evaporator 

(40°C). The residue (150 g) was dissolved in water (250 mL) and acidified to pH 2 with 

H2SO4 (2% v/v). The acid solution was defatted with Et2O (5 x 100 mL) and CHCl3 (5 x 

100 mL). Then, the acid solution was basified with 25% ammonia solution up to pH = 9-10 

and the alkaloids were extracted with n-hexane (5 x 100 mL), CHCl3 (5 x 100 mL) and 

BuOH (5 x 80 mL), to obtain the hexanic (0.27 g), chloroformic (1.3 g), and buthanolic 

alkaloidal extracts (2.5 g) respectively (Ortiz et al., 2012; Sheng-Dian et al., 2013; de 

Andrade et al., 2016). The hexanic alkaloidal extract was roughly separated by column 

chromatography on 10 g of silica gel 60 (Merck, 70-230 mesh) using a gradient with n-

hexane (100%), gradually enriching with CHCl3 (0100%) and subsequently increasing 

the polarity with EtOAc, and finally increasing it with MeOH (050%) (de Andrade et al., 

2014; Ortiz et al., 2016) to give five fractions (I-V). Column fractions were monitored by 

TLC, and similar ones were combined and evaporated to dryness. Fractions I and II were 
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combined and subjected to preparative TLC, (silica gel 60 F254 with CHCl3/n-

hexane/MeOH, 5:2:3, in NH3 atmosphere) to give the compound-A (10 mg). Column 

chromatographic on Sephadex LH-20 of fractions III to V in MeOH gave three 

subfractions. The second subfraction, positive to Dragendorff reagent, was subjected to 

preparative TLC, (silica gel 60 F254 with CHCl3/MeOH, 9:1, in NH3 atmosphere) to give 

the compound-B (15 mg). Whereas, the separation of compounds from chloroformic 

alkaloidal extract (1.3 g) was performed by preparative column chromatography on 50 g of 

silica gel 60 (Merck, 70-230 mesh), as stationary phase (Ortiz et al., 2012). The elution 

started with chloroform increasing the polarity with methanol, enriched gradually with 10% 

methanol up to 100% methanol (Elisha et al., 2013) to give one hundred fractions of 10 

mL. Fractions with similar profiles based on visualized under ultraviolet light (254 nm), 

and analysis by Dragendorff reagent were combined and evaporated to dryness. Column 

chromatographic on Sephadex LH-20 of fractions 60-100 in MeOH gave four subfractions. 

The third subfraction, positive to Dragendorff reagent, was subjected to preparative TLC, 

(silica gel 60 F254 with CHCl3/MeOH, 9:1, in NH3 atmosphere) to give the compound-C (20 

mg) and compound-D (40 mg) respectively.  

 

3.2.4. GC/MS analysis 

The extracts were analyzed by coupled gas chromatography-mass spectrometry (GC-

MS) with electron impact ionization (70 eV) using an Agilent, model 7890A 

chromatograph equipped with a HP-5ms capillary column (30 m by 0.25 mm by 0.25μm; 

J&W Scientific) with helium carrier gas. The GC oven was programmed to ramp from 

100°C (for three minute) to 280 °C at 10 °C/min and held for 19 min. The injector and 

transfer line temperatures were 250°C and 285°C respectively. The alkaloid compounds 

were identified by comparing their GC mass spectra with data from the NIST MS Search 

2.0 library, Kovats indices (RI) and mass spectra reported in the literature (Mukherjee et al., 
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2007; Ortiz et al., 2016). The Kovats retention indexes of the compounds were recorded 

with standard of an n-hydrocarbon mixture (C9-C26). The proportion of each alkaloid in the 

basic extracts is expressed as a percentage of ion current (TIC).  

 

3.2.5. Acetylcholinesterase inhibitory activity 

Inhibition of AChE by alkaloidal extracts and isolated compounds was determined 

using the spectrophotometric method according to Ellman et al. (1961) and modified by 

Ortiz et al. (2012). Fifty microliters of AChE (0.25 U/mL) in phosphate buffer saline (8 

mM KH2PO4, 2.3 mM Na2HPO4 , 0.15 M NaCl, pH 7.5) and 50 μL of the samples 

dissolved in the same buffer were added to the wells. The plates were incubated for 30 

minutes at 25°C before the addition of 100 μL of the substrate solution (0.04 M Na2HPO4, 

0.2 mM, 5,5‘-dithio-bis-2-nitrobenzoic acid (DTNB), 0.24 nM acethyltiocholine iodide 

(ATCI) in HPLC grade water). The absorbance was read in a microplate reader 

(Varioskan™ Flash) at 405 nm after 5 min. Inhibition of enzyme was calculated as a 

percentage compared with an assay using a buffer without any inhibitor. The IC50 values 

were the means ± SD of three determinations. Reminyl® was used as positive control. 

 

3.2.6. AChE refinement and molecular docking 

Binding affinities of alkaloids were evaluated through molecular docking against a 

refined 3D structure of AChE 1C2B.pdb and the human AChE 4PQE.pdb. For 1C2B, 5 ns 

of molecular dynamics were run to refine the crystal structure of AChE. The AChE 

structure was refined using molecular dynamics with NAMD v2.9 and CHARMM36 force 

field. The protein was solvated with water (TIP3P model) in a cubic box with a minimum 

distance of 15 Å between the protein and the edge of the box. Likewise, the system was 

neutralized by adding Na
+
 or Cl

-
 randomly placed in the box. All protein preparation was 

carried out using Visual Molecular Dynamics software (VMD). Configuration files were 
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prepared in order that the system was simulated under periodic boundary conditions with a 

cutoff radius of 12 Å for non-bonded interactions and a time step of 2 fs. Extensive energy 

minimizations (50000 steps) were performed followed by heating through short simulations 

of 1 ps at 50, 100, 150, 200, 250 and 300 K. Long simulations were kept at 298 K and 1 bar 

pressure in the NTP (referred to a constant number of particles, temperature and pressure) 

during 5 ns. Root-mean-square deviation (RMSD) trajectory tool in VMD was used to 

calculate the RMSD with reference to the starting structure. When the plotted RMSD did 

not showed any big changes, coordinates were analyzed every 50 frames to obtain the best 

representative structure (lowest energy, kcal mol
-1

). When the representative structure of 

the enzyme was selected, molecular docking was performed using Autodock 4.2 (Morris et 

al., 1998). Thus, ligands were prepared as PDBQT files including torsional bonds when 

corresponding using Autodock Tools (ADT). Two hundred runs of Lamarckian genetic 

algorithm (GA) as the best method to find the lowest energy structures were used (Morris et 

al., 1998). Likewise, a grid box with dimension 50x50x50 and orientations 27.05 (x-center), 

77.14 (y-center) and 20.109 (z-center) with default space of 0.375 Å using Autogrid, was 

set for 1C2B. Moreover, dimensions of 50x50x50 and orientations -25.3 (x-center), 24.623 

(y-center) and -6.754 (z-center) were set for the human AChE (4PQE). Ligands were 

optimized using SPARTAN Software with Hartree-Fock with basis set 6-31G* and water 

environment, considered flexible while the protein was rigid. Every docked conformation 

and clusters were analyzed by ADT and the best binding modes were selected according to 

the lowest binding energy. 

 

3.3. Results and Discussion  

Spectroscopic analysis by GC-MS is a valuable tool for the detection, identification 

and quantification of alkaloids in Amaryllidaceae plants (Cortes et al., 2015). For this 

study, the technique was used to detect thirteen alkaloids from extracts of bulbs from R. 
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andicola, six of them identified from their mass spectra and retention index (Table.1). 

Galanthamine was found in hexanic and chloroformic alkaloidal extracts and ranged from 

1.64 to 4.96 % of total ion current (TIC), respectively. Furthermore, galanthamine-type 

alkaloids such as lycoramine, galanthaminon and 3-O-acetyl-1,2-dihidro-galanthamine 

were detected in hexanic alkaloidal extract. The isolated and purified compounds were 

identified as galanthamine (A), haemanthamine (B, C) and tazettine (D) from their mass 

spectra and retention index. 

The alkaloidal extracts and purified compounds were tested to evaluate their AChE 

inhibitory activity, using Reminyl® as positive control. The results expressed as half-

maximal inhibitory concentration (IC50) values, are showed in Table 2. The hexanic and 

chloroformic alkaloidal extracts showed a notable AChE inhibitory effect, considering that 

they are fractions and not pure compounds, with IC50 values of 11.25 ± 0.04 and 17.34 ± 

1.13 μg/mL respectively, compared with IC50 value of 0.17 ± 0.15 μg/mL for Reminyl® 

(positive control). On the other hand, buthanolic alkaloidal extract showed a low activity 

against AChE with an IC50 value of 57.78 ± 1.92 μg/mL which was three hundred-fold less 

than that of Reminyl®. The results expressed as IC50 values can be compared with values 

obtained by Cortes et al. (2015), where AChE inhibitory activity of alkaloidal extracts from 

five Amaryllidaceae plants was evaluated obtaining IC50 values between 5.97 ± 0.24 and 

70.22 ± 0.24 μg/mL, compared with IC50 value of 1.55 μg/mL for galanthamine (reference 

compound). Cortes and his colleagues suggested that the notable activity showed by 

alkaloidal extract from Zephyranthes carinata (5.97 ± 0.24 μg/mL) could be specifically 

related to the presence of lycoramine, galanthamine and lycorine. In this regard, Ortiz et al. 

(2012) evaluated six alkaloidal extracts from different Amaryllidaceae species that grow in 

Argentina against AChE-activity by spectrophotometric Ellman assay (Ellman et al., 1961), 

obtaining a high AChE inhibitory activity with IC50 values between 1.0 ± 0.01 to 2.0 ± 0.20 

μg/mL, compared with  the IC50 value 0.29 ± 0.07 μg/mL reported for galanthamine. The 
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authors describing that the highest AChE inhibitory activity showed by alkaloid extract 

from Habranthus jamesonii, could be related to the high content of galanthamine and 

galanthamine-type alkaloids showed by GC-MS analysis. On the other hand, Elisha et al. 

(2013) showed both a high and low AChE inhibitory activity for buthanolic and ethyl 

acetate alkaloidal extracts from bulbs of Ammocharis coranica with  IC50 values of 0.05 ± 

0.02 and 43.1 ± 1.22 μg/mL respectively, compared with IC50 value of reference compound 

physostigmine (1.51 μg/mL). In our study, the notable AChE inhibitory activity showed by 

hexanic and chloroformic alkaloidal extracts could be associated with the content of 

galanthamine-type alkaloids showed by GC-MS analysis. For the isolated compounds, 

galanthamine showed an IC50 value (2.3 ± 0.18 μg/mL) lower than all alkaloidal extracts 

and other isolated compounds (Table 2), which corroborates its selective, competitive and 

reversible affinity for AChE (López et al., 2002). In contrast, haemanthamine showed a 

weak AChE inhibitory activity with a IC50 value of 287.32 ± 1.82 μg/mL, similar to 

reported in literature (López et al., 2002; Houghton et al., 2006). The other major isolated 

alkaloid, tazettine, did not show AChE inhibitory activity (López et al., 2002). 

 In general, it is difficult to compare the results obtained from different studies in 

relation to AChE inhibitory activities for alkaloids isolated from Amaryllidaceae plants. 

The possibility of false-positive results in the AChE inhibitory activity values due to 

chemical inhibition (Rhee et al., 2003) should not be ruled out; however, different authors 

have showed that members of the galanthamine and lycorine group have notable AChE 

inhibitory activities (López et al., 2002; Elisha et al., 2013) . Recently, a series of lycorine 

derivatives were synthesized and evaluated for anti-cholinesterase activity; in fact the 

lycorine derivate compound, 2-O-tert-butyldimethylsilyl-1-O-(methylthio)methyl lycorine, 

showed dual cholinesterase inhibitory activities of human AChE and butyrylcholinesterase 

with IC50 values of 11.40 ± 0.66 μM and 4.17 ± 0.29 μM, respectively (Wang  et al., 2012). 

On the other hand, galanthamine-type alkaloid such as sanguinine and N-(14-methylallyl) 
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norgalanthamine have showed an IC50 value lower than galanthamine (0.10 against 1.07 

μM and 0.16 vs 1.82 μM respectively) (López et al., 2002 ; Berkov et al., 2008). 

 

Table 2. Enzymatic inhibition activity of alkaloidal extracts and isolated compounds from 

bulbs of Rhodolirium andicola expressed as IC50 values. 

Sample      IC50 (µg/mL)
*         

 

hexanic alkaloidal extract  

 

11.25 ± 0.04 

chloroformic alkaloidal extract 17.34 ± 1.13 

buthanolic alkaloidal extract  57.78 ± 1.92 

tazettine
 

441.04 ± 1.67 

hemanthamine
 

287.32 ± 1.82 

galanthamine 2.3 ± 0.18 

**
galanthamine (Reminyl ®) 0.17± 0.15 

*Expressed as mean ± standard error mean (SEM). **Reference compound. 

 

 

The present study demonstrates that that R. andicola serves as source of alkaloids with 

AChE inhibitory activity, containing thirteen alkaloid compounds, including galanthamine 

and other galanthamine–type alkaloids. Our efforts that led to the isolation of three 

alkaloids (galanthamine, haemanthamine and tazettine) allowed us to corroborate R. 

andicola as a rich source of AChE inhibitors, mainly based on successful inhibition assays 

with galanthamine. However, in an attempt to explain the bioactivity of hexanic and 

chloroformic alkaloidal extracts and considering the difficulties to obtain enough plant 

material for the isolation of the other ten compounds, molecular docking was conducted to 
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simulate the interactions of the entire profile of alkaloidal compounds in the catalytic site of 

a crystal structure of Electrophorus electricus AChE (PDB: 1C2B), same enzyme as the 

one used in inhibitory assays. Additionally, we performed molecular docking studies on the 

human AChE 4PQE.pdb and compared the resulting binding energies between the top 

scoring alkaloids.  

Molecular docking is a useful tool to predict the binding mode of small molecules to 

target proteins as well as giving an approximation of the binding affinity of small 

molecules. Table 3 shows the results of binding interactions with the active site of the 

crystal structure of AChE from T. californica (1C2B) with alkaloids identified in extracts 

from R. andicola bulbs as ligands. In order to extrapolate potential human activity, the top 

four scoring ligands at 1C2B were carried forward for docking calculations at the human 

AChE with scores shown in table 4.  The 1C2B AChE active-site gorge is shown as a 

schematic in figure 1. The bottom of the gorge is characterized by several subsites: the 

‗anionic‘ site (Trp86, Phe338 and Glu202), in which the choline moiety of ACh interacts by 

π-cation interactions; the ‗catalytic‘ site, which contains the three residues of the catalytic 

triad (Ser203, Glu334 and His447); the ‗oxyanion‘ hole (Gly121, Gly122, Ala204), and the 

―acyl pocket‖ (Phe295, Phe297), which confers substrate specificity (Houghton et al., 

2006). 
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Table 1. Alkaloid composition of Rhodolirium andicola 

Alkaloid Area % in  

alkaloidal extract 

[M
+
] and characteristic 

ions (%) 

RI
* 

RI 

reference 

MS 

reference 

 hexanic chloroformic     

 

Galanthamine 

 

4.96 

 

1.64 

 

287(90), 286(99); 244(27) 

 

2433 

 

[1] 

 

[2] [3] [4] 

Lycoramine 1.05 1.53 289 (62),288 (99), 274 (10) 2449 [1] [1] 

Galanthaminon 0.70 - 284(99), 285 (93), 216(42) 2508 [1] [1] 

6α-deoxy-tazettine 0.45 0.43 315( 31), 300(36), 231(71) 2516 [NIST] [4]  

norpluviine diacetate 6.49 - 357 (46), 296(13), 270(14) 2554  [NIST] 

3-O-acetyl-1,2-dihidro- galanthamine 40.77 - 330(77), 270(21), 213(14) 2577  [NIST] 

Heamanthamine 17.60 3.58 301 (77), 272 (99), 257(53) 2595 [6] [2] [4] 

undulatine diol 19.25 - 349(38), 247(99), 318(78) 2594  NIST 

Tazettine - 90.21 331(19), 247(71), 240 (20) 2593 [7] [NIST] [2] [4] 

Acetylnatalensine 0.51 - 343(76), 250 (28), 225( 25) 2592  [NIST] 

undulatine  0.27 - 331(99), 258(35), 205(69) 2587  [5] 

3-epi-macronine 7.92 - 314(19), 245(65), 201(83) 2583  [2] 

crinan-3-one - 2.23 271(99), 270 (48), 238(16) 2580  [4] 

(-) Not found in extract; *Experimental Kovats index; [NIST]; NIST reference; [1] Berkov et al. (2012); [2] de Andrade et al (2016 ); [3] Ortiz et al. 

(2016); [4] Berkov et al. (2004); [5] Tram et al. (2014); [6] de Andrade et al. (2014); [7] Gotti et al. (2006).
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The molecular docking calculations from 1C2B predict that the binding energy of 

galanthamine is −8.0 kcal/mol (1.38 µM of predicted Ki), whereas the binding energies for 

compounds lycoramine, norpluvine diacetate and 6α-deoxy-tazettine are -9.07 (0.23 µM of 

predicted Ki), -8.94 (0.28 µM of predicted Ki) and -8.12 kcal/mol (1.13 µM of predicted Ki), 

respectively. In human AChE (4PQE), alkaloids galanthamine, lycoramine, norpluvine 

diacetate and 6α-deoxy-tazettine had comparable binding affinities as shown in table 4. For the 

complexes lycoramine, norpluvine diacetate and 6α-deoxy-tazettine with 1C2B, the amino 

acids Glu202 (anionic site), Ser203 and His447 (catalytic site) have a structural arrangement 

similar to that observed in the AChE-galatanthamine complex (Bartolucci et al., 2001). The 

similar binding affinities observed for all ligands and side chain conformations of amino acids 

are unsurprising considering the 88.52 % global sequence identity and near complete 

conservation of residues at the level of the active site between both models (Edgar, 2004; 

Waterhouse et al., 2009) (figure 3). In AChE-lycoramine complex, the inhibitor binds at the 

base of the active site gorge. The hydroxyl oxygen of lycoramine forms a closed hydrogen 

bond with Ser203 (2.0Å), similar to that observed in AChE-galanthamine complex (Ortiz et al., 

2016), where the hydroxyl oxygen of galanthamine forms a closed hydrogen bond with the 

charged Glu202 (2.1Å) and methoxy group with Ser203 (3.2Å). There may also be hydrogen 

bonding interactions between the N-methyl group of the inhibitor lycoramine and amino acid 

residues Tyr449 and Tyr337. It must be assumed that the binding energy for lycoramine and 

galanthamine comes from a number of smaller enthalpic contributions, coupled to an unusually 
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small entropic penalty (Lee et al., 2007; Cortes et al., 2015). This latter point arises from the 

rigidity of the molecule, which allows the numerous interactions to occur with minimal loss of 

entropy (Greenblatt et al., 1999). The theoretical representation presented in Figure 2 provides 

information about how the galanthamine inhibitor is stabilized by the AChE enzyme. These 

same interactions occurred with lycoramine, norpluvine diacetate and 6α-deoxy-tazettine. The 

binding poses for these molecules suggest that the hydroxyl functional group could play a key 

role to stabilizing these alkaloids through hydrogen bonds with Ser203 and Glu202 (Figure 2A 

and 2B). Likewise, epoxides present in 6α-deoxy tazzetine could form hydrogen bonds with 

close residues (Figure 2C). For norpluvine diacetate, residues such as Ser125 and Ser203 are 

candidates to establish hydrogen bonds due to their proximity to alcohol groups. Moreover, 

hydrophobic interactions seem to predominate in the stabilization of norpluvine diacetate with 

the participation of Tyr and Phe residues (Figure 2D). The most stable conformation of this 

complex shows that the Ser203 and His447 residue are close to the inhibitor. Besides, the 

amino acid residues Tyr86 (involved in π – cation interactions with the protonated head of 

ACh) and Glu202 are in a close conformation to the inhibitor molecule, similar to the AChE-

galanthamine complex (Atanasova et al., 2005). Therefore, the amino acid Glu202 (anionic 

site) is implicated in AChE inhibitory mechanism. 



  

57 
 

Table 3. Estimated binding energies of inhibition for alkaloid compounds from Rhodolirium andicola in the active site of AChE (PDB: 

1C2B) 

Alkaloid Type Chemical structure 
Free binding energy 

(kcal mol
-1

) 
Closest residues 

Hydrogen 

bonds 

galanthamine 

 
galanthamine 

 

 

 

 

 

 

 

 

 

-8.00 

Trp86, Gly120, Gly121, 

Gly122, Tyr124, Glu202, 

Ser203, Ala204, Phe297, 

Tyr337, Phe338, Tyr341 

 

Glu202 

lycoramine galanthamine 

 

-9.07 

Trp86, Gly121, Gly122, 

Tyr124, Glu202, Ser203, 

Phe297,  Tyr337, His447, 

Tyr449 

Ser203, 

Tyr337 

galanthaminon galanthamine 

 

-8.09 

Trp86, Gly120, Gly121, 

Gly122, Gly126, Tyr133, 

Glu202, Tyr337 

Tyr133, 

Glu202 
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Table 3. Estimated binding energies of inhibition for alkaloid compounds from Rhodolirium andicola in the active site of AChE (PDB: 

1C2B) Continuation 

Alkaloid Type Chemical structure 
Free binding energy 

(kcal mol
-1

) 
Closest residues 

Hydrogen 

bonds 

6α-deoxy-tazettine 

 

tazettine 

 

 

 

 
-8.12 

Trp86, Gly121, Gly122, 

Tyr124, Ser125, Glu202, 

Ser203, Phe297, Tyr337, 

Phe338, Tyr341, His447 

Tyr341 

norpluvine diacetate lycorine 

 

-8.94 

Gly121, Gly122, Tyr124, 

Ser125, Glu202, Ser203, 

Ala204, Trp236, Phe295, 

Phe297, Tyr337, Phe338, 
Tyr341,  His447 

 

3-O-acetyl-1,2-dihidro- 

galanthamine 
galanthamine 

 
 

 

-8.09 

Trp86, Gly121, Tyr124, 

Ser125, Glu202, Phe295, 

Phe297, Phe338, Tyr341, 

Tyr337 

Glu202 
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Table 3. Estimated binding energies of inhibition for alkaloid compounds from Rhodolirium andicola in the active site of AChE (PDB: 

1C2B) Continuation 

Alkaloid Type Chemical structure 
Free binding energy 

(kcal mol
-1

) 
Closest residues 

Hydrogen 

bonds 

haemanthamine haemanthamine 

 

 

 

-7.22 

Gly121, Gly122, Tyr124, 

Ser125,  Glu202, Ser203, 

Ala204, Trp236, Phe297, 

Tyr337, Phe338, His447 

Gly122, 

Tyr337 

undulatiane diol crinine 

 

-6.61 

Trp86, Gly121, Gly122, 

Tyr124,  Ser125, Glu202,  

Ser203, Ala204, Tyr337, 

Phe338, His447 

Gly122, 

Glu202 

tazettine tazettine 

 

-8.08 

Trp86, Gly121, Gly122, 

Ser125, Ser203 Ala204, 

Phe297, Tyr337,  Phe338, 

Tyr341, His447 
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Table 3. Estimated binding energies of inhibition for alkaloid compounds from Rhodolirium andicola in the active site of AChE (PDB: 

1C2B) Continuation 

Alkaloid Type Chemical structure 
Free binding energy 

(kcal mol
-1

) 
Closest residues 

Hydrogen 

bonds 

acetylnatalensine crinine 

 

 

-8.08 

 

Gly121, Gly122, Tyr124, 

Ser125,  Glu202, Ser203, 

Trp236, Tyr337, Phe338,  

Phe297, His447 

 

Gly122 

undulatine crinine 

 

-8.09 

Trp86, Gly121, Gly122, 

Tyr124,  Ser125,  Ser203, 

Ala204, Trp236, Phe297, 

Tyr337, Phe338, His447 

Gly122 

3-epi-macronine tazettine 

 

-7.97 

Trp86,  Gly121, Gly122,  
Try124, Ser125,  Phe297, 

Tyr337, Phe338, Try341, 

His447 
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Table 3. Estimated binding energies of inhibition for alkaloid compounds from Rhodolirium andicola in the active site of AChE (PDB: 

1C2B) Continuation 

Alkaloid Type Chemical structure 
Free binding energy 

(kcal mol
-1

) 
Closest residues 

Hydrogen 

bonds 

crinan-3-one crinine 

 

-7.55 

Trp86, Gly121, Tyr124, 

Gly126, Glu202, Typ337, 

Phe338 

 

 

 

 

 
 

 

 

dimethyl sulfoxide* - 

 
 

-3.32 

Gly120, Gly121, Gly122, 

Ser203, Ala204, Phe297, 

His447 

Gly122, 

Ala204 

*Ligand considered as negative control for molecular docking. 



  

62 
 

 

 

 

 

 

 

 

Figure. 1. Schematic view of the active-site gorge of AChE from T. californica (1C2B) 

‗anionic‘ site (Trp86, Phe338 and Glu202), ‗catalytic‘ (Ser203, Glu334 and His447) 

‗oxyanion‘ hole (Gly121, Gly122, Ala204) ―acyl pocket‖ (Phe295, Phe297). 
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Figure 2. Schematic representation of main interactions of galanthamine (A), lycoramine (B), tazettine, 6a-deoxy (C) and norpluvine 

diacetate (D) with AChE- catalytic site (Ser203, Glu334 and His447) and ‗anionic‘ site (Trp86, Phe338 and Glu202). The schematic 

representations of protein-ligand interactions were created with Maestro software. Green color represents hydrophobic interactions, 

light blue represents polar interactions, blue represents positively charged residues, red represents negatively charged residues, arrows 

represent the presence of hydrogen bonds and connected residues by lines represent pi-pi interactions.

A B
 

C 

D 
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Figure 3. Sequence alignment of active site regions of 1C2B and 4PQE generated in MUSCLE 

(Edgar, 2004) and displayed in Jalview (Waterhouse et al., 2009). Active site residues 

Glutamate, Serine and Histidine are highlighted by arrows in positions 233, 260 and 478 

respectively. 

Considering the results from molecular docking and the presence of lycoramine, 

norpluvine diacetate, galanthamine and 6α-deoxy-tazettine in hexanic and chloroformic 

alkaloidal extracts, we propose that these compounds should be considered for further AChE 

inhibitory activity assays. 
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Table 4. Estimated binding energies between four best alkaloids and the human 

acetylcholinesterase (PDB:4PQE) 

Alkaloid 
Free binding energy (kcal 

mol
-1

) 
Closest residues Hydrogen bonds 

galanthamine -8.58 
Tyr72, Trp86, Thr83, Asn87, 

Gly121, Tyr124, Ser125, Tyr337,  
Tyr72 

lycoramine -8.83 

Gln71, Val73, Asp74, Thr83, Trp86, 

Asn87, Gly121, Tyr124, Ser125, 

Tyr337, Tyr341   

 

6α-deoxy-tazettine -8.57 Arg18, Gly19, Ile20, Val59, Thr63  

norpluvine diacetate -8.92 Ser203, Ser125, Phe295 Ser125, Phe295 

 

3.4 Conclusions  

The findings of the present study integrated in vitro and in silico methodologies, which 

demonstrated the potential of a wild Chilean Amaryllidaceae plant, R. andicola, as a new 

renewable source of galanthamine and other alkaloids with potential use as AChE inhibitors. 

Thus, molecular docking approaches suggested that lycoramine, 6α-deoxy-tazettine and 

norpluvine diacetate are interesting AChE-inhibitory alkaloids based on their presence in active 

hexanic and chloroformic extracts. Although galanthamine is known for its use in treating 

neurodegenerative diseases, the tazettine-type alkaloids should be evaluated in the search for 

more selective compounds with potential AChE inhibitory activity, though more experimental 

evidence is required.  
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Galanthamine and other Amaryllidaceae related alkaloids are inhibitors of α7, α4β2 and 34 
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Abstract  

Galanthamine is an Amaryllidaceae-derived acetylcholinesterase inhibitor used to treat 

memory impairment in Alzheimer‘s disease and vascular dementia. There is evidence that 

galanthamine, in addition to its effects on acetylcholinesterase, may enhance or inhibit 

brain nicotinic acetylcholine receptors, which could increase or decrease the therapeutic 

efficacy of galanthamine, respectively. Here, we evaluated the effects of galanthamine and 

two others Amaryllidaceae acetylcholinesterase inhibitors (haemanthamine and tazettine) 

analysed by gas chromatography–mass spectrometry and identified by comparing their 

mass fragmentation patterns with literature and database NIST vs.2.0 on the agonist 

responses of brain nicotinic acetylcholine receptors α7, α3β4, (α4)2(β2)3 and (α4)3(β2)2. 

Using nicotinic acetylcholine receptors expressed heterologously in Xenopus oocytes, in 

conjunction with two-electrode voltage clamping, we found that galanthamine inhibits the 

function of nicotinic acetylcholine receptors assayed through a mix competitive and non-

competitevely. Nicotinic acetylcholine receptor 7 was significantly more sensitive to 

inhibition (17±0.6µM) than the heteromeric receptor, α3β4 (90±3.4µM). Neither 

haemanthamine nor tazettine were more potent than galanthamine. 

Keywords: Isoquinolinic alkaloids, Nicotinic Acetylcholine Receptors, Xenopus 

oocytes 
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4.1 Introduction 

Galanthamine is a competitive and reversible inhibitor of the enzyme acetylcholinesterase 

(AChE), used for the treatment of neurodegenerative Alzheimer‘s disease (AD) (Zarotsky 

et al. 2003). Traditionally, pharmacological treatments for AD, or similar diseases, related 

to a deficit of the neurotransmitter acetylcholine (ACh) are aimed to acetylcholinesterase 

inhibitors (Zarotsky et al. 2003). However, the putative roles for nicotinic acetylcholine 

receptors (nAChR) in AD has led to search of new candidate AD drugs targeting nAChR 

from natural or synthetic origin (Arneric et al., 2007). In this regard, in addition to its 

effects on AChE, electrophysiological studies have suggested that the Amaryllidaceae 

alkaloid, galanthamine, allosterically enhances the function of a number of nAChR 

providing therapeutic benefits in the areas of cognition, attention and antineurodegenerative 

activity (Samochocki et al., 2003). However, other studies using slightly different 

experimental procedures have found that galanthamine inhibits nAChR in a non-

competitive manner (Smulders et al., 2005). The aim of this study was to examine the 

effects of galanthamine and other Amaryllidaceae alkaloids on the function of 7, 34 

and the alternate forms of the 42 [(α4)2(β2)3 and (α4)3(β2)2] nAChR expressed 

heterologously in oocytes using electrophysiological. 
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4.2 Material and Methods 

4.2.1 Chemicals  

Galanthamine, haemanthamine and tazettine were previously isolated from of 

Rhodolirium andicola (Poepp.) Traub, Amaryllidaceae bulbs (Moraga-Nicolás et al., 2018). 

The plant was identified by Dr. Marcelo Baeza and deposited at the herbarium of 

Universidad de Concepción, Concepción, Chile (voucher no. CONC 182466). Other 

chemicals were purchased from Sigma Chemical (Poole, Dorset, UK). Fresh ACh stock 

solutions were made daily in a oocyte perfusion solution (OPS) containing 100 mM NaCl, 

2 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, 5 mM HEPES, pH 7.4. 

 

4.2.2 Gas Chromatography–Mass Spectrometry (GC/MS) analysis of Galanthamine, 

Haemanthamine and Tazettine 

The well-known Amaryllidaceae alkaloids galanthamine, haemanthamine and tazettine 

were analyzed by coupled GC-MS with electron impact ionization (70 eV) using an 

Agilent, model 7890A chromatograph equipped with a HP-5ms capillary column (30 m by 

0.25 mm by 0.25μm; J&W Scientific) with helium carrier gas. The GC oven was 

programmed to ramp from 100°C (for three minute) to 280 °C at 10 °C/min and held for 19 

min. The injector and transfer line temperatures were 250°C and 285°C respectively. The 

alkaloid compounds were identified by comparing their gas chromatography mass spectra 

with data from the NIST mass spectrometry Search 2.0 library, Kovats indices (RI) and 

mass spectra reported in the literature (Mukherjee et al., 2007; Ortiz et al., 2016). The 

Kovats retention indexes of the compounds were recorded with standard of an n-

hydrocarbon mixture (C9-C26). The proportion of each alkaloid in the basic extracts is 

expressed as a percentage of ion current (TIC). 
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4.2.3 Nicotinic acetylcholine receptors expression in Xenopus laevis oocytes  

The α7, α3β4, (α4)2(β2)3 and (α4)3(β2)2 nicotinic acetylcholine receptors (wild type) 

were expressed heterologously in defolliculated oocytes from Xenopus laevis, which were 

dissected from adult female X. laevis frogs (Nasco, USA). The care and use of X. laevis 

frogs in this study was approved by the Oxford Brookes University Animal Research 

Committee, in accordance with the guidelines of the 1986 Scientific Procedures Act of the 

United Kingdom. Human α7 cDNA or a mixture of α4 and β2 or α3 and β4 subunit cDNAs 

were injected into the nuclei of oocytes in a volume of 23 nl/oocyte by using a Nanoject 

Automatic Oocyte Injector (Drummond Scientific, Broomall, PA). For expression of α3β4 

receptors the ratio of α3 and β4 cDNAs injected was 1:1, whereas for the expression of 

(α4)2(β2)3 the ratio was 1 α4 to 10 β2 (Moroni and Bermudez, 2006). For expression of 

(α4)3(β2)2 the ratio used was 10 α4 to 1 β2 (Moroni and Bermudez, 2006). After injection, 

oocytes were incubated at 17°C in OPS supplemented with a mixture of penicillin-

streptomycin-anphotericin-B (10,000 penicillin, 10 mg streptomycin and 25 µg 

amphotericin-B/ml) and amikacin (100 µg/ml). Experiments were performed on oocytes 2 

to 6 days after injection. 

 

4.2.4 Electrophysiological Recordings 

Electrophysiological recording from oocyte post-injection was made at room 

temperature using a standard two electrode voltage clamp technique with an automatic 

multichannel system (HiClamp, Multichannel Systems, Germany). Oocytes were impaled 

by two borosilicate capillary glass (Harvard Instrument: 150 TF GC) microelectrodes filled 

with 3 M KCl (0.3–2.0 MΩ) and voltage-clamped at -60 mV. During recording, oocyte 
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were perfused OPS, as described in the manual of HiClamp. The sensitivity of the receptors 

to inhibition by antagonists was tested by first immersing the oocyte into the antagonist for 

5 s and then coupling it with an EC50 concentration of ACh (100µM) 10 s. Antagonist 

concentration-response data were normalized to the appropriate ACh EC50. Between each 

successive ACh and/or compound application, the cell was perfused with OPS solution for 

3 min to allow drug clearance and prevent receptor desensitization. To construct antagonist 

concentration-effect curves, the responses elicited by co-application of an EC50 ACh 

concentration and increasing concentrations of compound were normalized to the response 

elicited by an EC50 concentration of ACh alone. 

 

 4.2.5 Data Analyses 

Concentration-response data for antagonists were fitted using a nonlinear regression 

(Prism 5.0; GraphPad, USA). The data were fitted to the logistic equation Y=Bottom+Top-

Bottom)/(1+10
((LogEC50-X)*HillSlope)

), where X is the logarithm of concentration of the 

antagonist. Y is the response; Y starts at the bottom and goes to Top with sigmoidal shape. 

Results are presented as mean ± S.E.M. of at least six separate experiments from at least 

two different batches of oocytes. 

 

4.2.6 Statistical analysis 

The data and statistical analysis comply with the recommendations on experimental 

design and analysis in pharmacology (Curtis et al. 2015). Data for wild type receptor 

studied were obtained from oocytes from at least three different donors. Statistical and non-

linear regression analyses of the data from concentration response were performed using 

Prism 5 (GraphPad, San Diego, CA). Unpaired Student‘s t-tests were used for comparison 
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between two groups (control and test). Values are presented as arithmetic mean ± SEM. 

Statistical tests with p < 0.05 were considered significant. 

 

4.3 Results and Discussion  

Spectroscopic analysis by GC-MS is a valuable tool for the detection, identification 

and quantification of alkaloids in Amaryllidaceae plants (Cortes et al., 2015). For this 

study, the technique was used to identify the well-known Amaryllidaceae alkaloids 

galanthamine, haemanthamine and tazettine comparing their mass spectra with data from 

the NIST mass spectrometry Search 2.0 library, literature and retention index (Table 1). 

The effects of galanthamine and two others related Amaryllidaceae alkaloids, tazettine and 

haemanthamine, on oocytes expressing heterelogously α7, α3β4, (α4)2(β2)3 or (α4)3(β2)2 

were assayed using two electrode voltage clamp recording. Galanthamine inhibited all 

receptors tested in a concentration-dependent manner with an inhibitory potency (IC50) that 

was receptor-dependent (Table 2). The rank order of sensitivity to inhibition by 

galanthamine was: 7> (α4)3(β2)2  (α4)2(β2)3 >> α3β4 (see Table 2).  

Haemanthamine and tazettine inhibited all nAChR tested but with low potency, 

compared to galanthamine (Table 2). Galanthamine has been reported to enhance the 

agonist responses of 42, 34, 64 and 7 nAChRs (Samochocki et al., 2003). 

However, we did not find any potentiating effects for galanthamine, even at concentrations 

reported to potentiate nAChRs. To determine if the inhibitory effects of galanthamine were 

competitive or non-competitive, we examined the effect of galanthamine on the ACh 

concentration-response of the receptors α7 and (α4)3(β2)2. As shown Table 3, galanthamine 

decreased the maximal responses to ACh (Imax, which was accompanied by a decrease in 
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ACh potency (EC50). This pattern of inhibition is consistent with a mixed competitive and 

non-competitive mode of inhibition. This is in contrast to studies that have found that 

galanthamine enhances agonist responses of α7 and (α4)3(β2)2 receptors through an 

allosteric mechanism (Maelicke et al., 2001; Texidó et al., 2005). Interestingly, these 

studies reported that galanthamine enhanced the agonist responses of nAChR at 

concentrations ranging from nM (100 nM; Texidó et al., 2005) to µM (0.1-1 µM; Maelicke 

et al., 2001; Samochocki et al., 2003), concentrations at which we observed inhibition. 

 

Table 1. GC-MS analysis of isolated alkaloids from R. andicola bulbs 

 

Alkaloid              [M
+
] and characteristic ions (%) RI

*
 RI reference MS 

reference 

 

 

galanthamine 

 

287(90); 286(99); 244(27) 

 

2433 

 

2406 
[1]

 

 

[2][3][4] 

 

heamanthamine 

 

301 (77), 272 (99), 257(53) 

 

2595 

 

2441 
[5]

 

 

[2] [4] 

 

tazettine 

 

331(19), 247(71), 240 (20) 

 

2593 

 

2585 
[6]

 

 

[2] [4] 

 

*Experimental Kovats index; [NIST]; NIST reference; [1] Berkov et al., (2012); [2] de 

Andrade et al., (2016); [3] Ortiz et al., (2016); [4] Berkov et al., (2004); [5] de Andrade et 

al., (2014); [6] Gotti et al., (2006). 
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Table 2. Antagonism of galantahmine and other Amaryllidaceae alkaloids on nicotinic acetylcholine receptors.  

 IC50 ± SEM (µM) 

Compound α7 α3β4 (α4)2(β2)3 (α4)3(β2)2 

Galanthamine 17±0.6
*** 

90±3.4
*** 

24±3.7
***,a 

22±0.6
***,a 

Hemanthamine 97±1.6
***

 216±32
***

 349±7.9
***,b

 246±18
***,b

 

Tazettine 276±39 169±12
*
 305±48

* 
367±49

*
 

Data represent the mean ± S.E.M. of five experiments. Asterisks indicate levels of significances. Letter a indicate IC50 values are not significantly 

different; *** denotes that the IC50 values are all significantly different from each other (p< 0.0001); letter b, indicate that IC50 values between 

(α4)3(β2)2 and (α4)2(β2)3 are not significantly different; * Effects of tazettine on heteromeric receptors are significantly different from each other 

but they are not different from α7 (p< 0.05). 
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Table 3. Effects of galanthamine on the concentration response curve evoked by acetylcholine on α7 and (α4)3(β2)2 nicotinic receptors.  

 Galanthamine–concentration (µM) 

 0 20 40 100 

Receptors EC50 Imax EC50 Imax EC50 Imax EC50 Imax 

α7 122±6.2* 0.9848*** 129±12* 0.8511*** 132±6.7* 0.6773*** 180±14* 0.6404*** 

(α4)3(β2)2 94±1.3* 1.107*** 123±19* 0.8313*** 136±7.1* 0.5963*** 164±3.5* 0.3824*** 

*, p<0.05; ***, p< 0.0001, relative to the effects of alkaloid galanthamine 

 

The EC50 values estimated from the concentration-response curve data are shown as means ± S.E.M. 
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Figure 1. Chromatograms from GC-MS analisys of haemanthamine (A), tazettine (B) and  

galanthamine (C), shown estimated purity of isolated compounds.   

 

In agreement with our findings, Smulders et al. (2005) reported that galanthamine 

inhibits 42 nAChRs. Furthermore, Kuryatov et al. (2008) found no significant 

potentiating effects of galanthamine on (α4)3(β2)2 or (α4)2(β2)3 receptors, although they 

reported that galanthamine appeared to be a specific allosteric modulator of 542 

nAChR. These discrepancies may well reflect differences in experimental conditions. For 
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example, Texidó et al. (2005) tested the effects of galanthamine on the responses of 7 

receptors to 500 µM ACh, a concentration that is well above the ACh EC50 for human 7 

nAChRs expressed heterologously in Xenopus oocytes (Chavez-Noriega et al., 1997, see 

also, Table 2) and, critically, observed significant potentiation at only one concentration of 

galanthamine. Further studies have to be carried out to resolve these discrepancies, 

however, it is important to note that our studies and those of Smulders et al (2005) and 

Kuryatov et al. (2008) were carried out using a wide range of concentrations of 

galanthamine and that our findings showed that the effects of galanthamine were clearly 

graded over a wide concentration range. 

Does the inhibitory effect of galanthamine on nAChRs offset its effects on cholinergic 

signaling through its effects on AChE? This is unlikely. The IC50 for inhibition of AChE by 

galanthamine is around 0.1-1 µM, whereas inhibition of nAChRs occurs at concentrations 

higher than 10 µM. Indeed, the plasma concentration of galanthamine needed for 

therapeutic efficacy is of 0.163 ± 0.073, 0.261 ± 0.105 and 0.368 ± 0.145 μmol/L, for 

different daily doses of 8 mg, 16 mg or 24 mg, respectively, a concentration ten times lower 

than the concentration of galanthamine required for maximal inhibition of 42 nAChRs 

(Wattmo et al., 2013). From this, it is clear that the mild cognitive benefits for patients with 

Alzheimer‘s disease are exerted by enhancing cholinergic signaling through inhibition of 

the enzyme AChE. The cognitive effects of galanthamine are similar to those other 

cholinesterase inhibitors including donepezil, rivastigmine, and tacrine. In addition, safety 

galanthamine profile is similar to that of other cholinesterase inhibitors with regard to 

cholinergically mediated gastrointestinal symptoms. Indeed, the use of galanthamine in 

Alzheimer‘s disease has been approved in several countries, including Argentina, Australia, 
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Canada, Czechia, the European Union (except for The Netherlands), Iceland, Korea, 

Mexico, Norway, Poland, Singapore, South Africa, Switzerland, Thailand, and the United 

States (Loy and Schneider,  2006).  

Allosteric modulation of 542 nAChRs could still be a therapeutic target for 

galanthamine, as reported by Kuryatov et al. (2008), making galanthamine a multi-target 

therapeutic tool. 

4.4 Conclusions  

In conclusion, the results demonstrate that galanthamine and related Amaryllidaceae 

alkaloids inhibit neuronal nicotinic acetylcholine receptor function. The α7 receptor was 

significantly more sensitive to inhibition than the heteromeric receptors. We found that 

galanthamine behaves as a mixed competitive and non-competitive inhibitor of α7 and 

(α4)3(β2)2 receptors. Although several authors have suggested that galanthamine 

allosterically modulate neuronal nicotinic receptors, our findings revealed that neither 

galanthamine nor tazettine or haemanthamine allosterically enhanced the function of the 

nicotinic receptors. 
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CHAPTER V 

 

General discussion, concluding remarks and future directions 
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5.1. General discussion 

Secondary metabolites contained in plants have been a source of novel drugs that have 

served as an inspiration for the synthesis of non-natural molecules (Houghton, 2001). 

Among these, alkaloids constitute an important class of secondary metabolites with a wide 

range of pharmacological (Orhana et al., 2007; Kosalec et al., 2009; Kaur and Arora, 2015) 

and biological properties (Macel et al., 2005; Bustamante et al., 2006; Domínguez et al., 

2012).  

Amaryllidaceae family species from Chile and Argentina have gained importance in 

recent years due to the presence of isoquinoline alkaloids and related biological activities 

(Ortiz et al., 2012; Ortiz et al., 2016; Tallini et al., 2018). Particularly, Rhodolirium 

andicola, part of endemic Amaryllidaceae species growing in Chile, represents a potential 

source of alkaloids with AChE inhibitory activity from which there are no reports on the 

chemistry and biological activity For this reason, we have considered the study of chemical 

profile of alkaloids present in Rhodolirium andicola and evaluate their biological activity 

against AChE and modulator effect on nAChRs. 

In the present thesis the chemical composition and biological activity of alkaloidal 

extracts and isolated compounds from R. andicola were evaluated for potencial use as 

AChE inhibitors and enhance the agonist responses of nAChRs. This study was carried out 

following three approaches: (1) To evaluate the AChE inhibitory activity of pure alkaloids 

isolated from R. andicola, by enzymatic assays; (2) To determine the interactions between 

bioactive alkaloids and AChE previously identified, by molecular docking and (3) To 

evaluate the pharmacological response of pure alkaloids on nAChRs.  
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Thus, the chemical analysis in bulbs of R. andicola collected from National Park 

Conguillio showed different types of isoquinoline alkaloids as expected from a member of 

Amaryllidaceae family. Spectroscopic analysis by GC-MS is a valuable tool for the 

detection, identification and quantification of alkaloids in Amaryllidaceae plants (Cortes et 

al., 2015). For this study, the technique was used to detect thirteen alkaloids from extracts 

of bulbs from R. andicola, six of them identified from their mass spectra and retention 

index. Thus, galanthamine was found in hexanic and chloroformic alkaloidal extracts and 

ranged from 1.64 to 4.96% of total ion current (TIC), respectively. Furthermore, 

galanthamine-type alkaloids, such as lycoramine, galanthaminon and 3-O-acetyl-1,2-

dihidro-galanthamine were detected in hexanic alkaloidal extracts. In this sense, similar 

alkaloidal profile was observed in Chilean representatives of Rhodophiala genus in which 

the biosynthesis of alkaloids is specific to an organ of the plant (Tallini et al., 2018).   

In an attempt to evaluate the biological activity of pure compounds and alkaloidal 

extracts in vitro AChE inhibitory and effect assays on nAChRs, were performed. In this 

way, the alkaloidal extracts and purified compounds were tested, using Reminyl® as 

positive control by Ellman method (Ellman et al., 1961). The hexanic and chloroformic 

alkaloidal extracts showed a notable AChE inhibitory effect, considering that they are 

fractions and not pure compounds, with IC50 values of 11.25 ± 0.04 and 17.34 ± 1.13 

μg/mL respectively, compared with IC50 value of 0.17 ± 0.15 μg/mL for Reminyl® 

(positive control). On the other hand, buthanolic alkaloidal extract showed a low activity 

against AChE with an IC50 value of 57.78 ± 1.92 μg/mL which was three hundred-fold less 

than that of Reminyl®. The results expressed as IC50 values can be compared with values 

obtained by Cortes et al. (2015), where AChE inhibitory activity of alkaloidal extracts from 

five Amaryllidaceae plants was evaluated obtaining IC50 values between 5.97 ± 0.24 and 
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70.22 ± 0.24 μg/mL, compared with IC50 value of 1.55 μg/mL for galanthamine (reference 

compound). Cortes and his colleagues suggested that the notable activity showed by 

alkaloidal extract from Zephyranthes carinata (5.97 ± 0.24 μg/mL) could be specifically 

related to the presence of lycoramine, galanthamine and lycorine. Likewise, Ortiz et al. 

(2012) evaluated six alkaloidal extracts from different Amaryllidaceae species that grow in 

Argentina against AChE-activity by spectrophotometric Ellman assay (Ellman et al., 1961), 

obtaining a high AChE inhibitory activity with IC50 values between 1.0 ± 0.01 to 2.0 ± 0.20 

μg/mL, compared with  the IC50 value 0.29 ± 0.07 μg/mL reported for galanthamine. The 

authors described that the highest AChE inhibitory activity showed by alkaloid extract from 

Habranthus jamesonii, could be related to the high content of galanthamine and 

galanthamine-type alkaloids showed by GC-MS analysis. On the other hand, Elisha et al. 

(2013) showed both a high and low AChE inhibitory activity for buthanolic and ethyl 

acetate alkaloidal extracts from bulbs of Ammocharis coranica with IC50 values of 0.05 ± 

0.02 and 43.1 ± 1.22 μg/mL, respectively, compared with IC50 value of reference 

compound physostigmine (1.51 μg/mL). In this way, the notable AChE inhibitory activity 

showed by hexanic and chloroformic alkaloidal extracts could be associated with the 

content of galanthamine-type alkaloids showed by GC-MS analysis. For the isolated 

compounds, galanthamine showed an IC50 value (2.3 ± 0.18 μg/mL) lower than all 

alkaloidal extracts and other isolated compounds, which corroborates its selective, 

competitive and reversible affinity for AChE (López et al., 2002). In contrast, 

haemanthamine showed a weak AChE inhibitory activity with an IC50 value of 287.32 ± 

1.82 μg/mL, similar to reported in literature (López et al., 2002; Houghton et al., 2006). 

The other major isolated alkaloid, tazettine, did not show AChE inhibitory activity. 

Furthermore, in an attempt to explain the bioactivity of hexanic and chloroformic alkaloidal 
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extracts and considering the difficulties to obtain enough plant material for the isolation of 

the other ten compounds, molecular docking was conducted to simulate the interactions of 

the entire profile of alkaloidal compounds in the catalytic site of a crystal structure of 

Electrophorus electricus AChE (PDB: 1C2B), same enzyme as the one used in inhibitory 

assays. In addition, we performed molecular docking studies on the human AChE 

4PQE.pdb and compared the resulting binding energies between the top scoring alkaloids.  

    Molecular docking is a useful tool to predict the binding mode of small molecules to 

target proteins as well as giving an approximation of the binding affinity of small 

molecules. In order to extrapolate potential human activity, the top four scoring ligands at 

1C2B were carried forward for docking calculations at the human AChE with scores. The 

molecular docking calculations predict that the most favourable binding energies are 

showed by galanthamine −8.0 kcal/mol (1.38 µM of predicted Ki), lycoramine, norpluvine 

diacetate and 6α-deoxy-tazettine are -9.07 (0.23 µM of predicted Ki), -8.94 (0.28 µM of 

predicted Ki) and -8.12 kcal/mol (1.13 µM of predicted Ki), respectively. In human AChE 

(4PQE), alkaloids galanthamine, lycoramine, norpluvine diacetate and 6α-deoxy-tazettine 

had comparable binding affinities. For the complexes lycoramine, norpluvine diacetate and 

6α-deoxy-tazettine with 1C2B, the amino acids Glu202 (anionic site), Ser203 and His447 

(catalytic site) have a structural arrangement similar to that observed in the AChE-

galatanthamine complex (Bartolucci et al., 2001). The similar binding affinities observed 

for all ligands and side chain conformations of amino acids are unsurprising considering the 

88.52% of global sequence identity and near complete conservation of residues at the level 

of the active site between both enzymes (i.e., E. electricus and human AChE) (Edgar, 2004; 

Waterhouse et al., 2009; Moraga-Nicolás et al., 2018). In AChE-lycoramine complex, the 

inhibitor binds at the base of the active site gorge. Thus, the hydroxyl oxygen of lycoramine 
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forms a closed (2.0 Å) hydrogen bond with Ser203, similar to that observed in AChE-

galanthamine complex (Ortiz et al., 2016), where the hydroxyl oxygen of galanthamine 

forms a closed hydrogen bond with the charged Glu202 (2.1 Å) and methoxy group with 

Ser203 (3.2 Å). There may also be hydrogen bonding interactions between the N-methyl 

group of the inhibitor lycoramine and amino acid residues Tyr449 and Tyr337. Besides the 

above, we can assume that the binding energy for lycoramine and galanthamine comes 

from a number of smaller enthalpic contributions, coupled to an unusually small entropic 

penalty (Lee et al., 2007; Cortes et al., 2015). This latter point arises from the rigidity of the 

molecule, which allows the numerous interactions to occur with minimal loss of entropy 

(Greenblatt et al., 1999). The binding poses for these molecules suggest that the hydroxyl 

group could play a key role to stabilize these alkaloids through hydrogen bonds with 

Ser203 and Glu202. Likewise, epoxides present in 6α-deoxy tazzetine could form hydrogen 

bonds with close residues (Moraga-Nicolás et al., 2018). For norpluvine diacetate, residues 

such as Ser125 and Ser203 are candidates to establish hydrogen bonds due to their 

proximity to alcohol groups. Moreover, hydrophobic interactions seem to predominate in 

the stabilization of norpluvine diacetate with the participation of Tyr and Phe residues. The 

most stable conformation of this complex shows that the Ser203 and His447 residue are 

close to the inhibitor. Besides, the amino acid residues Tyr86 (involved in π – cation 

interactions with the protonated head of ACh) and Glu202 are in a close conformation to 

the inhibitor molecule, similar to the AChE-galanthamine complex (Atanasova et al., 

2005). Therefore, the amino acid Glu202 is implicated in AChE inhibitory mechanism. 

Finally, the effects of isolated compounds galanthamine and two other related 

Amaryllidaceae alkaloids, tazettine and haemanthamine, on oocytes expressing 

heterelogously α7, α3β4, (α4)2(β2)3 or (α4)3(β2)2 were assayed using two electrode voltage 
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clamp recording. We showed that galanthamine inhibited all tested receptors in a 

concentration-dependent manner with an inhibitory potency (IC50) that was receptor-

dependent (7> (α4)3(β2)2  (α4)2(β2)3 >> α3β4). Additionally, haemanthamine and 

tazettine inhibited all tested nAChRs but with low potency, compared with galanthamine. 

In this sense, galanthamine has been reported to enhance the agonist responses of 42, 

34, 64 and 7 nAChRs (Samochocki et al., 2003). However, we did not find any 

potentiating effects for galanthamine, even at concentrations reported to potentiate nAChRs 

This is in contrast to studies that have found that galanthamine enhances agonist responses 

of α7 and (α4)3(β2)2 receptors through an allosteric mechanism (Maelicke et al., 2001; 

Texidó et al., 2005). Interestingly, these studies reported that galanthamine enhanced the 

agonist responses of nAChR at concentrations ranging from nM (100 nM; Texidó et al., 

2005) to µM (0.1-1 µM; Maelicke et al., 2001; Samochocki et al., 2003), concentrations at 

which we observed inhibition. In agreement with our findings, Smulders et al., (2005) 

reported that galanthamine inhibits 42 nAChRs. Furthermore, Kuryatov et al. (2008) 

found no significant potentiating effects of galanthamine on (α4)3(β2)2 or (α4)2(β2)3 

receptors, although they reported that galanthamine appeared to be a specific allosteric 

modulator of 542 nAChR. These discrepancies may well reflect differences in 

experimental conditions. For example, Texidó et al. (2005) tested the effects of 

galanthamine on the responses of 7 receptors to 500 µM ACh, a concentration that is well 

above the ACh EC50 for human 7 nAChRs expressed heterologously in Xenopus oocytes 

(Chavez-Noriega et al., 1997) and, critically, observed significant potentiation at only one 

concentration of galanthamine. Further studies have to be carried out to resolve these 

discrepancies, however, it is important to note that our studies and those of Smulders et al. 
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(2005) and Kuryatov et al. (2008) were carried out using a wide range of concentrations of 

galanthamine and that our findings showed that the effects of galanthamine were clearly 

graded over a wide concentration range. 

 

5.2. Concluding remarks 

Alkaloid composition of R. andicola bulbs were determined and the effects of 

alkaloid extracts and pure compounds against AChE and nAChRs 7; (α4)3(β2)2; 

(α4)2(β2)3; α3β4 were evaluated. Thus, isoquinoline alkaloids were identified in bulb 

extracts of R. andicola where the type and amount of alkaloids depend on the organ of the 

plant and the geographical conditions. In this regards, tazettine was the more abundant 

alkaloid isolated and identified from R. andicola bulbs.  

In relation with AChE inhibitory activity of alkaloid extracts and isolated 

compounds by in vitro and in silico methodologies, we demonstrated the potential of a wild 

Chilean Amaryllidaceae plant, R. andicola, as a new renewable source of well-known 

AChE inhibitor galanthamine and other alkaloids, with low inhibitory activity against 

AChE. Although, molecular docking approaches suggested that lycoramine, 6α-deoxy-

tazettine and norpluvine diacetate bind to the catalytic site of AChE with good binding 

energies, these results must to be confirmed with future in vitro experiments. 

On the other hand, galanthamine inhibit neuronal nAChR function, whereas related 

Amaryllidaceae alkaloids haemanthamine and tazettine inhibit neuronal nAChR function 

with low potency. The α7 receptor was significantly more sensitive to inhibition than the 

heteromeric receptors. We found that galanthamine behaves as a mixed competitive and 

non-competitive inhibitor of α7 and (α4)3(β2)2 receptors. Although several authors have 
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suggested that galanthamine allosterically modulate neuronal nicotinic receptors, our 

findings revealed that neither galanthamine nor tazettine or haemanthamine allosterically 

enhanced the function of the nicotinic receptors. 

The obtained results in this research confirm that galanthamine has inhibitory effect 

on AChE and acts as competitive and selective antagonist on nAChR a4b2 subtype, though 

at high concentrations galanthamine blocked the stimulated currents by ACh on nAChR. 

On the other hand, the isolated alkaloids tazettine and haemanthamine are not potent 

AChE inhibitors, and do not has antagonist effects on nAChR. However there is few 

knowledge about the others alkaloids presents in this plant, which could has better activities 

against biological systems assayed in this research, which leaves open the possibility of 

continuing with the study and isolation of other secondary metabolites from this plant. 
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5.3. Future directions  

Alkaloids are widespread in nature showing a wide range of pharmacological activities. 

Many of the plants that contain alkaloids from the native flora of Chile have been used in 

traditional medicine, though chemical and biological studies have been scarce.  

In this sense, our results reveal that R. andicola extracts are a rich source of 

isoquinoline alkaloids with promising AChE inhibitory activity. Additionally, molecular 

docking approaches suggested that isoquinolinic alkaloids found in R. andicola bulbs, 

lycoramine, 6α-deoxy-tazettine and norpluvine diacetate are interesting AChE-inhibitory 

alkaloids based on their presence in active hexanic and chloroformic extracts. Although 

galanthamine is known for its use in treating neurodegenerative diseases, the tazettine-type 

alkaloids should be evaluated in the search for more selective compounds with potential 

AChE inhibitory activity, though more experimental evidence is required. In this regard, in 

vitro assays with tazettine-type alkaloids are necessary for confirm the activity showed by 

in silico methods.  Futhermore, our findings revealed that neither galanthamine nor 

tazettine or haemanthamine allosterically enhanced the function of the nicotinic receptors. 

Further studies have to be carried out to resolve these discrepancies. 
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